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I STRESZCZENIE

Bisfenol A (BPA) jest organicznym zwigzkiem chemicznym, wykorzystywanym do
produkcji tworzyw sztucznych, ktory jest uwazany za ksenobiotyk szkodliwy dla zdrowia
cztowieka i1 zwierzat. Pomimo tego, ze BPA jest stabo rozpuszczalny w wodzie, jego obecnos¢
odnotowano nie tylko w glebie i w powietrzu, ale takze w wodach powierzchniowych. Do tej
pory szeroko analizowano zmiany liczebnos$ci i ptodnosci bezkregowcdéw stodkowodnych,
jednak brakuje badan o podej$ciu holistycznym z uwzglednieniem réznych pozioméw
organizacji ciata zwierzat. Z tego powodu do badan wybrano stodkowodnego skorupiaka

Neocaridina davidi.

Stodkowodna krewetka N. davidi pochodzi z Azji i cieszy si¢ duzym zainteresowaniem
hodowcoéw i naukowcow na calym $wiecie. Jelito srodkowe N. davidi sktada si¢ z jelita i
watrobotrzustki. Nabtonek jelita ma rurkowaty ksztalt i charakteryzuje si¢ wystepowaniem
komorek trawiennych (D) oraz embrionalnych/regeneracyjnych komorek E. Watrobotrzustka
jest utworzona przez dtugie cewki, ktore mozna podzieli¢ na strefy: proksymalna, posrednig i
dystalng. Jednowarstwowy nabtonek jelita sktada si¢ z komorek
embrionalnych/regeneracyjnych (E) oraz z roéznicujacych sie komorek:

fibrylarnych/wtoknistych (F), resorpcyjnych (R), a takze spichrzowych/magazynujacych (B).

Osobniki N. davidi poddano dziataniu BPA w st¢zeniach: 1, 5, 10mg/l przez 24, 48 i 72
godziny. Wyizolowany materiat w postaci jelita i watrobotrzustki poddano analizie za pomoca
metod jakosciowych (mikroskopia $wietlna, konfokalna oraz transmisyjna elektronowa) i
ilosciowych (cytometria przeptywowa). Celem badan bylo zbadanie wybranych parametrow

cytotoksyczno$ci wywotlanych (lub nie) obecnoscia BPA w §rodowisku zycia krewetek.

Badania wykazaly, ze wraz z rosngcym st¢zeniem BPA oraz czasem ekspozycji na
ksenobiotyk zmiany w strukturze organelli w komorkach jelita srodkowego nasilajg si¢
zardbwno w jelicie, jak 1 w watrobotrzustce. Ponadto, BPA wywotuje procesy degeneracyjne
(apoptoze/nekroze) komorek i tkanek, przy czym watrobotrzustka zdaje si¢ by¢ narzadem mniej
wrazliwym na dziatanie BPA niz jelito. Udowodniono rowniez, ze BPA indukuje autofagie, jako
mechanizm ochronny dla tkanek, jednak zmiany te byly zalezne od rodzaju narzadu, stezenia 1
czasu ekspozycji na ksenobiotyk. Ponadto wykazano, ze w ochronie komorek bierze udziat
réwniez trawienie lipidow. Wykazano rowniez zwigzek mi¢dzy dziataniem BPA, a zmianami

cyklu komoérkowego i poziomem proliferacji komoérek macierzystych jelita srodkowego.



Bisfenol A wywotuje rowniez zmiany w potencjale blonowym mitochondriow, w syntezie ROS

1 aktywno$ci systemu antyoksydacyjnego.

Wyniki badan zostaly opublikowane w dwdéch oryginalnych pracach (Gorol i in. 2025,
Gorol 1 in. 2026).



Il ABSTRACT

Bisphenol A (BPA) is an organic chemical compound used in the production of plastics that
iS considered a xenobiotic harmful to human and animal health. Although BPA is poorly soluble
in water, its presence has been reported not only in soil and air, but also in surface waters. So
far, changes in the population size and fertility of freshwater invertebrates have been widely
analyzed, but there is a lack of studies with a holistic approach taking into account different
levels of animal body organization. For this reason, the freshwater crustacean Neocaridina

davidi was chosen for the study.

The freshwater shrimp N. davidi originates from Asia and is of great interest to breeders and
scientists worldwide. The N. davidi midgut consists of the intestine and the hepatopancreas.
The intestinal epithelium is a tube-shaped organ characterized by the presence of digestive cells
(D) and embryonic/regenerative cells (E). The hepatopancreas is formed by long tubules that
can be divided into proximal, medial, and distal zones. Its single-layer epithelium consists of
embryonic/regenerative cells (E) and differentiating cells: fibrillar (F), resorptive (R), and
storage cells (B).

N. davidi individuals were exposed to BPA at concentrations of 1, 5, 10mg/1 for 24, 48, and
72 hours. The isolated material consisting of intestine and hepatopancreas was analyzed using
qualitative (light, confocal, and transmission electron microscopy) and quantitative (flow
cytometry) methods. The aim of the study was to investigate selected cytotoxicity parameters

induced (or not) by the presence of BPA in the living environment of shrimp.

\Studies have shown that with increasing BPA concentration and time of exposure to the
xenobiotic, changes in the structure of organelles in the cells of the midgut intensify both in the
intestine and in the hepatopancreas. Moreover, BPA induces degenerative processes
(apoptosis/necrosis) in cells and tissues, with the hepatopancreas appearing less sensitive to
BPA than the intestine. BPA has also been shown to induce autophagy as a tissue-protective
mechanism, but these changes depend on the type of organ, the concentration, and the time of
exposure to the xenobiotic. Furthermore, lipid digestion has been shown to play a role in cell
protection. A relationship between BPA action and changes in the cell cycle and the proliferation
of midgut stem cells has also been demonstrated. Bisphenol A also causes changes in the

mitochondrial membrane potential, ROS synthesis, and antioxidant system activity.

The research results were published in two original manuscripts (Gorol et al. 2025, Gorol

et al. 2026).
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IV AUTOREFERAT ROZPRAWY
1. Wprowadzenie
1.1 Zanieczyszczenie Srodowiska bisfenolem A

Zanieczyszczenie S$rodowiska stanowi powazny problem ekologiczny i jak dotad
zidentyfikowano wiele zmian pojawiajacych si¢ na réznych poziomach organizacji ciata
zwierzat na skutek dziatania stresorow takich jak zwigzki chemiczne wykorzystywane do
produkcji tworzyw sztucznych. Bisfenol A (BPA) to organiczny zwigzek chemiczny, nalezacy
do pochodnych fenoli. Istnieje wiele doniesief, ze zwigzek ten moze by¢ przyczyna licznych
chorob metabolicznych oraz stanowi zanieczyszczenie srodowiska (Gross 2007, Canesi i Fabbri
2015). Bisfenol A nalezy do antropogenicznych zrddetl zanieczyszczenia, poniewaz jego
wystepowanie w srodowisku jest wynikiem dziatalnosci czlowieka (Gonkowski i Makowska
2022). BPA jest najbardziej znanym i najlepiej przebadanym zwigzkiem chemicznym
nalezacym do grupy bisfenoli (Jurek i Leitner 2018). Do jego gléwnych zastosowan w
procesach  przemystowych nalezy produkcja: zywic  epoksydowych, tworzyw
poliweglanowych, wyrobow papierniczych, wyrobow medycznych, a takze opakowan na
zywnos$¢, w zwiazku z tym jest obecny w przedmiotach codziennego uzytku (Bjornsdotter i in.

2017, Neri i in. 2024) (Fig. 1).
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Fig. 1 Przykiadowe produkty codziennego uzytku zawierajgce w swym sktadzie BPA
(Muhamad i in. 2016).



BPA wykryto w glebie, wodzie 1 powietrzu, a jego powszechne i szerokie zastosowanie w
procesach produkcyjnych prowadzi do jego kumulacji zarowno w $rodowisku, jak 1 w
organizmach zywych (Corrales i in. 2015, Careghini 1 in. 2015). Male organizmy wodne, bedac
jednymi z ogniw w tancuchu troficznym, stanowia pozywienie dla innych zwierzat. W
konsekwencji, bisfenol A znajdujacy si¢ w wodach moze zosta¢ przeniesiony do ich organizmu,
a nastepnie moze wykazywac transfer troficzny (Lee 1 in. 2015, Li 1 in. 2021). BPA moze tez
gromadzi¢ si¢ w réznych narzadach matych organizméw wodnych, wywotujac ostatecznie

liczne zmiany kancerogenne lub mutagenne (Corrales i in. 2015, Li i in. 2018).
1.2 Cytotoksycznos¢

Mianem cytotoksyczno$ci okres$la si¢ niszczenie zywych komorek za posrednictwem
szkodliwych substancji chemicznych lub komoérek mediatorowych. Pod wptywem dziatania
zwigzku cytotoksycznego na komorki, moze dochodzi¢ do aktywacji licznych procesow, ktore
to wskazywac beda na sile dziatania stresora, a wiec sile cytotoksycznosci. Tak wiec sposrod
parametréw cytotoksycznosci wymieni¢ mozna: uszkodzenia organelli komérkowych (np.
jadro komodrkowe, mitochondria), aktywacj¢ $mierci komorkowej (apoptozy/nekrozy),
aktywacje autofagii, proliferacje komorek, wzrost poziomu reaktywnych form tlenu (ROS),

aktywacje¢ enzyméw antyoksydacyjnych i inne (Celik 2018).
1.2.1 Smieré komoérkowa

Wymiana komorek jest naturalnym procesem, ktéry polega na réwnowadze pomiedzy
liczbg nowych komorek a liczbg komoérek usuwanych z organizmu (D’Arcy 1 in. 2019).
Genetycznie zaprogramowana $mier¢ komorki jest uwazana za wazny aspekt homeostazy
organizméw wielokomorkowych. Wyrézniamy wiele rodzajow $mierci komorkowej. Apoptoza
to nielityczny rodzaj $mierci, z kolei nekroza jest litycznym rodzajem $mierci komorki, ktory

w przeciwienstwie do apoptozy prowadzi do rozwoju stanu zapalnego (Newton 1 in. 2024).

Badania wykazaty, ze apoptoza, autofagia i nekroza moga by¢ regulowane przez podobne
szlaki | moga dzieli¢ czgsteczki inicjujgce i efektorowe. Apoptoza jest uwazana za glowny
mechanizm regulowanej $mierci komérkowej 1 jest waznym elementem takich procesow jak:
uszkodzenie lub stres komorkowy, ale takze morfogeneza i rozwdj. Zaréwno bodzce
zewnetrzne, jak i wewngtrzne mogg wywota¢ apoptoze (Nikoletopoulou i in. 2013). Do cech
morfologicznych apoptozy naleza: kurczenie cytoplazmy, kondensacja jadra komoérkowego 1
fragmentacja jadra, a w rezultacie fragmentacja catej komodrki. Za tymi procesami stoja
mechanizmy molekularne, m.in. permeabilizacja btony mitochondrialnej, kondensacja

chromatyny i fragmentacja DNA wywotywane aktywacja kaspaz, czyli proteaz cysteinowych



uczestniczacych we wszystkich szlakach apoptotycznych (Nikoletopoulou i in. 2013, Newton
i in. 2024).

Do morfologicznych cech komoérek nekrotycznych nalezy: pecznienie organelli, pekniecie
btony komoérkowej, wakuolizacja cytoplazmy i liza calej komorki. Dawniej uwazano, ze
nekroza nie jest procesem prowadzacym do naturalnego obumierania komorek, jednakze

badania dowiodly istnienia takze nekroptozy, czyli zaprogramowanej formy nekrozy

(Nikoletopoulou i in. 2013).

Procesem, ktory takze moze prowadzi¢ do $mierci komoérkowej jest makroautofagia, zwana
roOwniez autofagig. W trakcie tego procesu dochodzi do tworzenia autofagosomow, czyli
otoczonych podwojng blong pecherzykow, ktore gromadza cytoplazme z uszkodzonymi
organellami czy substancjami toksycznymi, ktore maja uleC neutralizacji. Autofagosomy tacza
si¢ z lizosomami, tworzac autolizosomy, w ktérych zawarto$¢ ulega degradacji pod wplywem
kwasnych hydrolaz. Produkty trawienia mogg nast¢pnie postuzy¢ do wytworzenia nowych
struktur albo by¢ wykorzystane jako Zrddto energii (D’Arcy i in. 2019, Nikoletopoulou i in.
2013). Autofagia moze by¢ inicjowana przez czynniki stresogenne (Mizushima i in. 2008).
Zatem proces ten bedzie poczatkowo umozliwiat komérkom przetrwanie, jednak w przypadku
duzej sity stresora lub jego dtugotrwatego dziatania bedzie uruchamiat apoptoze lub nekroze

(Klionsky i in. 2016, 2021).
1.2.2 Stres oksydacyjny

Stres oksydacyjny jest brakiem réwnowagi miedzy produkcjg reaktywnych form tlenu
(ROS), a ich rozktadem, czyli mi¢dzy mechanizmami oksydacyjnymi i antyoksydacyjnymi
(Candas i Li 2014, Gao 2025). ROS sa toksycznymi produktami ubocznymi metabolizmu
komorkowego, a nalezg do nich migdzy innymi wolne rodniki i liczne nadtlenki. ROS sa
jednymi z czynnikow apoptotycznych, poniewaz wywotujg stres oksydacyjny (Sinha i in. 2013,
Kamogashira 1 in. 2015, Gao 2025).

Uposledzenie funkcji mitochondriéw i zmiany w ich ultrastrukturze prowadzg do zaburzen
funkcjonowania uktadu enzymatycznego przez akumulacj¢ ROS, poniewaz dochodzi do
zaburzen produkcji wody w wewnetrznej blonie mitochondrialnej i produkcji  O?,
przeksztatcajacego si¢ w -OH 1 H202, co prowadzi do zmian potencjatu blony mitochondrialne;j
(Koizumi 1 in. 1994, Cannino i in. 2009, Wtodarczyk i in. 2019b, Rost-Roszkowska i in. 20214,
Gao 2025). Te mechanizmy prowadza do zaburzen funkcji biatek, lipidow i DNA, ale takze do
aktywacji enzymoéw antyoksydacyjnych (Yao i in. 2007, Ramalho-Santos 1 in. 2009,
Wtodarczyk i in. 2019b, Rost-Roszkowska i in. 2021a, Viebahn-Haensler i Leon Fernandez



2024). Niewielkie ilosci ROS sg neutralizowane przez przeciwutleniacze, a stres oksydacyjny
definiujemy jako produkcje ROS przekraczajaca zdolnos¢ 1 site przeciwutleniaczy (Li 1 in.
2013, Aaser 2024). Przeciwutleniacze wptywaja na stgzenie ROS, co prowadzi do poprawy
funkcjonowania mitochondriow i jadra komdrkowego, dzigki czemu mozna chroni¢ DNA, czy
liczne biatka cytoplazmatyczne przed uszkodzeniami (Chelikani i in. 2004, Luberda 2005,
Combelles 1 in. 2009). Uklad antyoksydacyjny dzielimy na enzymatyczny oraz
nieenzymatyczny (Gao 2025). Do ukladu antyoksydacyjnego naleza np.: dysmutaza
ponadtlenkowa (SOD), przeksztatcajagca ponadtlenek w nadtlenek wodoru i tlen (Combelles
2009, Napolitano i in. 2021), zredukowana forma glutationu (GSH) (Luberda 2005, Combelles
iin. 2009) oraz katalaza (CAT) i peroksydaza glutationowa, ktore przeksztalcajg nadtlenck
wodoru w wodg 1 tlen (Brigelius-Flohé 1999, Chelikani i in. 2004, Combelles i in. 2009,
Napolitano i in. 2021). Dzigki temu systemowi uszkodzone organelle komorkowe moga by¢
chronione lub ulega¢ regeneracji. I tak np. GSH (y-glutamylo-cysteinylo-glicyna) jest jednym
z przeciwutleniaczy biorgcych udziat w regulacji przepuszczalnosci btony mitochondrialne;.
Wystepuje w réznych organellach i strukturach komérkowych, w tym w mitochondriach (Ribas
i in. 2014). GSH moze reagowa¢ z licznymi wolnymi rodnikami, co prowadzi do redukcji
nadtlenku hydroksylowego. Moze takze wzmacnia¢ aktywno$¢ niektorych enzymow
antyoksydacyjnych, umozliwiajac w ten sposéb aktywacje mechanizméw antyoksydacyjnych.
W ten sposob GSH stanowi barier¢ ochronng dla mitochondriéw, zapobiegajac ich degeneracji

lub inaktywacji (Mari i in. 2020, Dawood i in. 2022).
1.3 Budowa i charakterystyka jelita Srodkowego skorupiakéw

Uklad pokarmowy bezkrggowcow jest uwazany za jedng z pierwszych barier (obok
pokrycia ciata) przed wptywem na organizm czynnikéw stresogennych pochodzacych ze
srodowiska zewnetrznego (Rost-Roszkowska i in. 2010). Przewod pokarmowy skorupiakow
sktada si¢ z jelita przedniego, srodkowego oraz tylnego. Jelito srodkowe jest wlasnie tym
odcinkiem, ktory majac bezposredni kontakt z substancjami toksycznymi zawartymi w
pokarmie lub wodzie, bierze udzial w utrzymaniu homeostazy organizmu (Malagoli i in. 2010,
Rost-Roszkowska i in. 2021b, 2022). Jelito srodkowe ma pochodzenie endodermalne i nie jest
pokryte kutikulg, w przeciwienstwie do jelita przedniego i tylnego o pochodzeniu
ektodermalnym. U skorupiakoéw jelito srodkowe moze sktada¢ si¢ z rurowatego jelita oraz
watrobotrzustki, ktora jest gruczotem trawiennym lub z samej watrobotrzustki (Coleman 1990,
Herrera-Alvarez i in. 2000, Sousa i Petriella 2006, Symonova 2007, Roszt-Roszkowska 1 in.

2012), a u Malacostraca sktada si¢ z jelita i watrobotrzustki (Sousa i Petriella 2001, Symonova



2007). Jelito srodkowe skorupiakow, a konkretnie nabtonek go wyscietajacy, sktada si¢ z kilku
rodzajow komorek, ktorych funkcje opisano w tabeli (Tab.1), sporzadzonej na podstawie pracy
Sonakowskiej 1 in. 2015. U niektorych skorupiakéw w jelicie sSrodkowym moga wystgpowaé
tylko komorki trawienne (Rost-Roszkowska i in. 2012). Funkcjonalnie jelito $rodkowe
skorupiakéw odpowiada za syntez¢ i wydzielanie enzymdw, hormondw, a takze za trawienie

wewnatrzkomorkowe, wchtanianie 1 magazynowanie (Sonakowska i in. 2015).

Rodzaj komorki Funkcje

E (embrionalne/regeneracyjne) | Komorki macierzyste jelita, podzialy komorkowe,

regeneracja
R (resorpcyjne) Detoksykacja, recykling, dostarczanie energii
F (fibrylarne) Synteza i wydzielanie enzymow
M Gromadzenie lipidow i polisacharydow
B Trawienie wewnagtrzkomorkowe, gromadzenie

substancji, wydzielanie

Tabela 1 Rodzaje komorek w uktadzie pokarmowym skorupiakow (Sonakowska i in. 2015).

1.4 Charakterystyka Neocaridina davidi

Jako obiekt badan wybrano jednego ze stodkowodnych gatunkéw skorupiakéw —
stodkowodng krewetke Neocaridina davidi (Crustacea, Malacostraca). Doktadng
przynaleznos¢ systematyczng gatunku przedstawiono w Tabeli 2. N. davidi wystepuje w wielu
odmianach kolorystycznych, jednak najpopularniejsza jej odmiang jest Red cherry (Fig. 2).
Osobniki doroste osiagaja rozmiary do 3 cm. Z jaj wykluwaja si¢ larwy, ktore po okoto 2-3
miesigcach osiggaja dojrzatos¢ piciowa. Cykl zyciowy gatunku charakteryzuje si¢ tym, ze
larwy pelagiczne mogg catkowicie rozni¢ si¢ morfologia i zwyczajami od osobnikow dorostych
(Anger 2001, Pantalefio i in. 2015). Tak wigc wyrdzni¢ mozna stadia larwalne: zoea I, zoea II i
zoea III, ktore roznig si¢ siedliskami zerowania: zoea I nie zeruje i jest lecytotroficzna, podczas
gdy zoea Il 1 II Zerujg na materiale roslinnym 1 szczatkach zwierzgcych. Doroste osobniki tego

gatunku nalezag do organizméw wszystkozernych, zywigc si¢ detrytusem, czy glonami

(Sonakowska-Czajka i in. 2021).



Fig. 2 Krewetka Neocaridina davidi [opracownie wiasne].

Gatunek ten charakteryzuje si¢ prosta budows ciata, duza ptodnoscia 1 plennoscia, a
takze latwoscia hodowli, w zwigzku z czym cieszy si¢ wysokim zainteresowaniem wsrod
hodowcow 1 akwarystéw na catym §wiecie oraz zainteresowaniem naukowcow (Sonakowska 1
in. 2015, Sonakowska-Czajka 1 in. 2021, Wtodarczyk 1 in. 2017, 2019a, 2019b, Ostrozka 1 in.
2022, 2024, 2025). Ta pochodzaca z Azji krewetka zostala wykryta rowniez w rzekach
europejskich takich jak Odra (Jabtonska i in. 2018). Podobnie jak inne skorupiaki, N. davidi
odgrywa kluczowg rolg¢ w ekosystemie wodnym (Weber i Traunspurger 2016), a zatem stanowi
przedmiot zainteresowania badan toksykologicznych (Tropea i in. 2015, Pantaledo i in. 2015,

Witodarczyk i in. 2017, Wiodarczyk i in. 2019a, 2019b, Ostrozka i in. 2022, 2024).
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Typ Arthropoda
Podtyp Crustacea
Gromada Malacostraca
Rzad Decapoda
Rodzina Atyidae

Rodzaj Neocaridina
Gatunek Neocaridina davidi

Tabela 2 Przynaleznosé systematyczna N. davidi.

Jelito srodkowe N. davidi jest najdtuzszym odcinkiem przewodu pokarmowego, sktada
si¢ z jelita oraz watrobotrzustki. Nablonek jelita N. davidi jest nabtonkiem walcowatym,
lezacym na blaszce podstawnej i sktada si¢ z dwoch rodzajéw komorek: trawiennych (D) oraz
embrionalnych/regeneracyjnych (E), przy czym komorki regeneracyjne sa rozmieszczone tylko
w czesci przedniej tego odcinka uktadu pokarmowego. Charakterystycznymi cechami komorek
E s3: owalny ksztalt, duze, owalne jadro komérkowe oraz brak pofaldowania btony podstawne;.
Komoérki D majg charakterystyczng regionalizacj¢ cytoplazmy, dzigki czemu mozemy
wyrdzni¢ regiony: podstawny (bazalny), okotojadrowy (perinuklearny) i szczytowy (apikalny).
Komorki trawienne charakteryzuje walcowany ksztalt, silnie pofaldowana btona podstawna
oraz kontakt ze $§wiattem jelita. Cytoplazma bazalna jest bogata w mitochondria, cysterny
siateczki $rodplazmatycznej szorstkiej (RER) i gladkiej (SER), a takze kompleksy aparatu
Golgiego. Cytoplazma okotojadrowa ma podobng budowe, jednak z mniejsza liczba
mitochondriow. Charakterystyczng cechg regionu apikalnego jest wystepowanie dlugich
mikrokosmkow oraz licznych mitochondriéw, cystern RER i SER. Moga w niej rowniez
wystepowaé autofagosomy, ciala wielopecherzykowe 1 pecherzyki o rdéznej gestosci

elektronowej (Sonakowska i in. 2015).

Watrobotrzustka takze wysScielona nabtonkiem jednowarstwowym, jest utworzona
przez dlugie cewki, w ktérych mozna wyrdzni¢ trzy regiony: strefe proksymalng, srodkowa
(posrednia) 1 dystalng. W strefie dystalnej mozna znalez¢ komorki embrionalne/regeneracyjne
(E), a w strefie posredniej oprocz komorek E, znajduja si¢ takze komorki réznicujace sie. W
strefie proksymalnej rozmieszczone sg komorki zréznicowane: fibrylarne/widkniste (F),
resorpcyjne (R) oraz spichrzowe/magazynujace (B). Charakterystyczng cecha komoérek B sg
duze kule materialu zapasowego, a cytoplazma jest bogata w wolne rybosomy, wakuole,

mitochondria, z kolei cysterny RER 1 SER wystepuja w niewielkich ilosciach (Sonakowska 1
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in. 2015, Sonakowska-Czajka 1 in. 2021, Ostrézka i in. 2022). Cytoplazma komoérek R jest
bogata w cysterny RER, SER, aparaty Golgiego, mitochondria, pecherzyki o $redniej gestosci
elektronowej oraz autofagosomy. Cytoplazma komodrek F jest pozbawiona materiatéw
zapasowych, jest jednak bogata w cysterny RER, SER i cysterny aparatu Golgiego, ktérych
rozmieszczenie i struktura nadajegtym komorkom wyglad fibrylarny (Sonakowska i in. 2015).
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2. Cel rozprawy doktorskiej i hipotezy badawcze

W literaturze znalez¢ mozna dane na temat wptywu bisfenolu A na narzady zwierzat,
jednakze analizowane byly jedynie wybrane aspekty histologii, cytologii, fizjologii oraz
ekologii (Canesi 1 Fabbri 2015, Crain 1 in. 2007). Brakuje w literaturze holistycznego
omoOwienia wplywu bisfenolu A na rézne poziomy organizacji ciata, czyli na narzady, tkanki,
komorki, organelle i ich btony, az po zmiany na poziomie molekularnym. Rézne czynniki
stresowe wyzwalaja procesy $mierci komoérkowej, ktore moga dziala¢ jako mechanizm
przetrwania komorek i tkanek (Franzetti i in. 2012, Bednarska i Swiatek 2016, Rost-
Roszkowska 1 in. 2022, Ostrozka i in. 2024). W celu lepszego zrozumienia potencjalnych
skutkow wptywu bisfenolu A na funkcjonowanie organizméw nalezy przedstawi¢ wszystkie

zmiany, ktore zachodzg na réznych poziomach organizméw zywych.

Glownym celem niniejszych badan byto zanalizowanie u dorostych osobnikéw N. davidi
wybranych parametréw cytotoksycznos$ci, a wigc takich, ktore sg aktywowane W organizmie na
skutek ekspozycji zwierzat na dzialanie szkodliwego BPA. Szczegétowe cele rozprawy
doktorskiej to:

(1) opisanie na poziomie ultrastrukturalnym zmian w komorkach nabtonka jelita srodkowego
N. davidi, pojawiajacych si¢ w wyniku ekspozycji organizmu na dziatanie BPA;

(2) opisanie zalezno$ci pomigdzy autofagia i apoptoza/nekroza, uruchamianych w komorkach
nabtonka jelita Srodkowego na skutek ekspozycji N. davidi na dziatanie BPA;

(3) zanalizowanie zalezno$ci miedzy iloScig materialdow zapasowych a procesem autofagii,
pojawiajacych sie w wyniku ekspozycji zwierzat na BPA;

(4) zbadanie zaleznosci pomi¢dzy zmianami w mitochondriach i jadrach komorkowych a
poziomem ROS 1 wybranych substancji antyoksydacyjnych w komodrkach nabtonka jelita
srodkowego pod wptywem dzialania BPA;

(5) opisanie zalezno$ci pomiedzy pojawiajacymi si¢ zmianami wybranych parametrow
cytotoksycznosci a stezeniem BPA w $rodowisku oraz czasem ekspozycji zwierzat na ten

zwigzek.
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Hipotezy badawcze, ktore byly w wyniku badan weryfikowane to:

- H1: ekspozycja organizmu na dziatanie BPA wywotuje zmiany w strukturze organelli w

komorkach nabtonka jelita srodkowego;

- H2: ekspozycja organizmu na dziatanie BPA wywoluje degeneracj¢ (apoptoze/nekroze)

komorek 1 tkanek;

- H3: ekspozycja na dziatanie BPA aktywuje autofagie w komoérkach jelita jako mechanizmu
ochrony tkanek, poniewaz zbyt duza liczba organelli ulega uszkodzeniu pod wplywem jego

dzialania;

- H4: Ekspozycja zwierzat na BPA wywoluje zmiany w ilo$ci materiatow zapasowych, co

koreluje ze zmianami intensywnosci autofagii,

- H5: BPA w $rodowisku wptywa na zmiany cyklu komoérkowego oraz proliferacje komorek

jelita srodkowego;

- H6: BPA w $rodowisku wywoluje zmiany w potencjale blonowym mitochondriow,
uszkodzenia DNA, zmiany W syntezie ROS oraz aktywnos$ci systemu antyoksydacyjnego,
poniewaz BPA powoduje uszkodzenie mitochondriow;

- H7: istnieje wyrazna zalezno$¢ pomigdzy zmianami pojawiajgcymi si¢ na terenie komorek,
organelli, stgzeniem ROS 1 enzymoéw antyoksydacyjnych na skutek ekspozycji organizmu na

dzialanie BPA;

- H8: w obu narzadach tworzacych jelito srodkowe, pod wptywem BPA w $rodowisku,
aktywowane sg takie same procesy cytotoksyczne, a ich intensywnos$¢ zalezna jest od czasu

ekspozycji zwierzat oraz stezenia BPA.
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3. Materialy i metody
3.1 Material

Material stanowity doroste samce i samice stodkowodnej krewetki Neocaridina davidi
(Crustacea, Malacostraca). Wczesniejsze badania nad tym gatunkiem nie wykazaty istotnych
réznic miedzy samcami i samicami podczas narazenia zwierzat na rézne czynniki stresowe
(Wtodarczyk 1 in. 2017, 2019a, 2019b, Ostrozka 1 in. 2022, 2024, 2025). Do analizy i
poréwnania zmian na réznych poziomach organizacji ciata zwierzat wybrane zostalty dwa
odcinki jelita srodkowego: jelito oraz watrobotrzustka. Krewetki karmiono ad libitum karma
JBL Novo Prawn (Sonakowska iin. 2015, 2016, Wtodarczyk i in. 2017, 2019a, 2019b, Ostrozka
1 in. 2024). Zwierz¢ta hodowano w akwarium o pojemnosci 105 1 w stalych warunkach, z
filtracja mechaniczng, grzatka termostatyczng oraz napowietrzeniem. Starano si¢ stworzy¢
warunki, ktére odpowiadaja naturalnemu §rodowisku zwierzat, temperatura wody wynosita 21
°C, pH =7, a twardo$¢ wody (GH) = 10. Hodowla ta byta prowadzona w sposob ciagly przez

caty okres trwania eksperymentu.
3.2 Warunki eksperymentu

Odpowiednie stgzenia i czas trwania ekspozycji na BPA dla kazdej z grup badawczych
dobrano na podstawie artykulow opisujacych podobne eksperymenty, ktore byty
przeprowadzane na skorupiakach stodkowodnych (Castritsi-Catharios i in. 2013, Gerhardt
2019, Lee i in. 2003, Gonzalez-Olalla i in. 2024, Liang i in. 2024). Bisfenol A jest wykrywany
w wysokich stezeniach w odciekach ze sktadowisk odpadéow w stezeniach az do 10 mg/l
(Yamamoto iin. 2001, Lee 1 in. 2003, Fabrello i Matozzo 2022). Zwierzeta podzielono na grupy
eksperymentalne 1 poddano dziataniu trzech stezen BPA (1, 5 i 10 mg/l) przez 24, 48 1 72
godziny. Oddzielnie analizowano jelito (CIn) i watrobotrzustke (CH). Odpowiednie stezenia
uzyskano dzigki zastosowaniu sonikatora do rozpuszczenia bisfenolu A w wodzie akwariowej.
Krewetki z grup badawczych trzymano pojedynczo w pojemnikach o pojemnosci 0,5 litra, aby
wyeliminowa¢ wpltyw konkurencji migdzy osobnikami. Utrzymywano state warunki i
parametry wody: temperatur¢ wody ustawiono na 21 °C, pH = 7, a twardo$¢ wody (GH) = 10.
Osobniki karmiono ad libitum karmg JBL Novo Prawn. Odchody usuwano z dna co 12 godzin.
Grupe kontrolng stanowity osobniki z hodowli ciggtej w wodzie akwariowej bez dodatku BPA.
Grupy kontrolne i do$wiadczalne hodowano w sposob ciagly, ale dla kazdego osobnika
przygotowywano $wiezg wode za kazdym razem. Z kazdej grupy badawczej wybierano po pi¢é
osobnikéw do wykonania kazdej z opisanych ponizej metod (n = 5). Przed wykonaniem sekcji

i wyizolowaniem jelita i watrobotrzustki, zwierzeta znieczulano chloroformem lub CO2. Zatem
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doroste osobniki N. davidi byty podzielone na nast¢pujace grupy eksperymentalne: (Tab. 3,

Fig. 3).
Stezenie Jelito Watrobotrzustka
BPA/ 24h 48h 72h 24h 48h 72h
czas
ekspozycji
Omg/L CIn CH
1mg/L 1In24 11n48 1In72 1H24 1H48 1H72
Smg/L 5In24 5In48 5In72 5H24 5H48 SH72
10mg/L 10In24 10In48 10In72 10H24 10H48 10H72

Tabela 3 Grupy eksperymentalne. In — jelito, H — wqtrobotrzustka, 24, 48 i 72 — Oznaczajg

Neocaridina
davidi

Hodowla

liczbe godzin eksperymentu.

Grupy eksperymentalne

11n24 1H24
11n48 1H48
1In72 1H72
524 SH24
5In48 SH48
5In72 SHT2
10In24 10H24
101n48 10H48
10In72 10H72
Eksperyment
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Mikroskopia konfokalna
Cytometria przeplywowa

Metody

Fig. 3. Schemat eksperymentu (Gorol i in. 2026, zmodyfikowane).




3.3 Metody

3.3.1 Mikroskopia Swietlna, barwienia histochemiczne i transmisyjna mikroskopia

elektronowa (TEM) — analiza jakoSciowa
3.3.1.1 Mikroskopia Swietlna i barwienia histochemiczne

Wyizolowane narzady utrwalono w 2,5% glutaraldehydzie i 1% tetratlenku osmu w 0,1 M
buforze fosforanowym (2 godz., 4 °C) i przygotowano zgodnie z protokotem (Sonakowska i in.
2015, Sonakowska-Czajka 1 in. 2021). Material zatopiony w zywicy epoksydowej krojono za
pomoca mikrotomu Leica Ultracut UCT25. Uzyskane polcienkie skrawki (o grubosci 0,8 pm)
barwiono 1% blegkitem metylenowym w 0,5% boraksie (w celu uwidocznienia topografii
tkanki). Polcienkie skrawki barwiono odczynnikiem Schiffa (barwienie polisacharydow) i
biekitem bromofenolowym (BPB, barwienie biatek) zgodnie z protokotem opisanym dla N.
davidi (Sonakowska i in. 2015, Ostrézka i in. 2022) i analizowano przy uzyciu mikroskopu
swietlnego OLYMPUS BX60.

3.3.1.2 Transmisyjna mikroskopia elektronowa (TEM)

Jelito 1 watrobotrzustk¢ z wszystkich grup eksperymentalnych utrwalono w 2,5%
glutaraldehydzie i 1% tetratlenku osmu w 0,1 M buforze fosforanowym (2 godz., 4 °C) i
odpowiednio przygotowano zgodnie z protokolem opisanym w poprzednich pracach (Rost-
Roszkowska i in. 2020a, 2020b, 2022). Narzady utrwalono, przemyto, odwodniono i zatopiono
w zywicy epoksydowej (Epoxy Embedding Medium Kit; Sigma). Nastepnie skrawki
ultracienkie (70 nm) krojono na ultramikrotomie Leica Ultracut EM UC7 RT oraz przeniesiono
na siatki miedziane 1 kontrastowano octanem uranylu i cytrynianem otowiu (Sonakowska 1 in.
2015, 2016, Rost-Roszkowska 1 in. 2020a, 2020b, Poprawa 1 in. 2022). Material analizowano
za pomocg mikroskopow elektronowych Hitachi H500 i Quanta FEG250.

3.3.2 Mikroskopia konfokalna — analiza jakoSciowa
3.3.2.1 LysoTracker Red - znakowanie organelli o silnie kwasnym pH

LysoTracker Red stuzy do wykrywania silnie kwasnych organelli takich jak lizosomy oraz
autolizosomy. Wyizolowane narzady inkubowano (bez utrwalania) w 2,5 mmol/l LysoTracker
Red DND-99 (Molecular Probes, L 7528; Thermo Fisher Scientific, Waltham, Massachusetts,
USA) i 1 pg/ml DAPI (Sigma-Aldrich), zgodnie z protokotem (Poprawa i in. 2022). Do
obserwacji wykorzystano mikroskop konfokalny Olympus FluoView FV1000, z laserami 559

nm dla LysoTracker Red i 405 nm dla barwnika DAPI. W efekcie mozna zaobserwowaé
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niebieska fluorescencje uwidaczniajaca jadra komérkowe oraz czerwong fluorescencje silnie

kwasnych struktur.
3.3.2.2 BODIPY - wykrywanie lipidow

Wyizolowane narzady — jelito oraz watrobotrzustke barwiono bez utrwalenia roztworem
roboczym BODIPY o stezeniu 20 pl/ml (30 min, RT, w ciemnosci) przygotowanym z roztworu
wyjsciowego BODIPY zgodnie z protokolem producenta (Molecular Probes). Nastgpnie
materiat przemyto za pomocg TBS oraz barwiono roztworem DAPI (1 pg/ml, 30 min, RT, w
ciemnosci). Do obserwacji wykorzystano mikroskop konfokalny Olympus FluoView FV1000
oraz lasery argonowe: 405 nm (detekcja DAPI) i 559 nm. Nastepnie obserwowano niebieska
fluorescencje jader komodrkowych i zielong fluorescencje lipidow (Rost-Roszkowska 1 in.

2024).

3.3.2.3 JC1 (5,5,6,6'-tetrachloro-1,1',3,3'-tetraetylo-benzimidazolylo-karbocyjaniny

jodku) - wykrywanie zmian potencjalu transblonowego mitochondriéw (ACm)

JC-1 roéznicuje komorki 0 wysokim potencjale mitochondrialnym
(pomaranczowa/czerwona fluorescencja - spolaryzowane mitochondria) i niskim potencjale
mitochondrialnym (zielona fluorescencja — zdepolaryzowane mitochondria) (Salvioli 1 in.
1997). Wyizolowane narzady inkubowano w ciemnosci bez utrwalenia z 5 pl 1,5 mM roztworu
JC-1 w DMSO (99,97%, H20 < 0,1%) przez 15 minut w temperaturze pokojowej (RT).
Nastepnie barwiono DAPI (30 minut, RT, ciemnos¢). Material przemyto za pomoca TBS. Do
obserwacji wykorzystano mikroskop konfokalny Olympus FluoView FV3000. Sygnaty
rejestrowano w zakresie 405 nm dla DAPI oraz 500-600 nm 1 570—-670 nm dla JC-1.

3.3.2.4 ThiolTracker Violet - wykrywanie poziomu zredukowanego glutationu (GSH)

w komorkach

GSH  jest przeciwutleniaczem  stuzacym do  detoksykacji ~ komodrkowe;.
Wyizolowane narzady barwiono odczynnikiem ThiolTracker Violet (10 uM)
zgodnie z protokotem producenta (chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://assets.thermofisher.com/TFS Assets/LS
G/manuals/mp10095.pdf) i DAPI (1 pg/ml, 30 min, RT, w ciemno$ci). Material przemyto PBS
1 obserwowano za pomoca konfokalnego mikroskopu skaningowego Olympus FluoView
FV3000. Sygnaty rejestrowano w zakresie 405 nm dla DAPI i 430-470 nm dla ThiolTracker
Violet.
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3.3.3 Analiza iloSciowa

Narzady wyizolowano i przygotowano homogenaty w PBS (buforowanym roztworze soli
fizjologicznej) (pH 7,4) przy uzyciu homogenizatora mechanicznego (BEAD BUG
MICROTUBE HOMOGENIZER) w celu przygotowania zawiesiny komorek, ktorg nastepnie
przemywano 1 wirowano z predkoscig 1500 obr./min przez 5 minut, a osad zawieszano w 100

ul PBS (Rost-Roszkowska i in. 2020b).
3.3.3.1 Zestaw MUSE Cell Cycle (Cytek MCH100106)

Zestaw odczynnikéw wykorzystywany jest w analizie iloSciowej komodrek bedacych w
réznych fazach cyklu komoérkowego (GO/G1, S, G2/M).Materiat przygotowano do analizy
zgodniec z  protokotem  producenta:  https:/www.luminexcorp.com/muse-cell-cycle-
kit/#overview. Utrwalono w 70% etanolu (24 godz., na lodzie), nast¢pnie przemyto w buforze
PBS, inkubowano w odczynniku Muse Cell Cycle (30 minut, RT, w ciemno$ci). Analize

przeprowadzono za pomocg cytometru MUSE.
3.3.3.2 Zestaw MUSE Ki67 Proliferation Kit (Cytek MCH100114)

Muse Ki67 Proliferation Kit stuzy do pomiaréw ilo§ciowych odsetka komoérek proliferujacych
(Ki67+) 1 nieproliferujacych (Ki67-) na podstawie ekspresji biatka Ki67. Narzady
przygotowano bez utrwalania zgodnie z protokotem producenta
(https://www.luminexcorp.com/muse-ki67-proliferation-kit/#overview). Materiat analizowano

za pomocg cytometru MUSE.
3.3.3.3 Zestaw Muse Oxidative Stress Kit (Merck Millipore, nr MCH100111)

Zestaw odczynnikow dedykowany jest analizie ilosciowe] populacji komorek ROS+ i
ROS-. Materiat przygotowano zgodnie z protokotem producenta  (chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://welcome.cytekbio.com/hubfs/Amnis-
and-Guava-Products/Muse-Oxidative-Stress-Kit-RSP.pdf). Materiat analizowano za pomocg
analizatora komorek MUSE (Ostrozka 1 in. 2024).

3.3.3.4 Zestaw Muse Annexin V & Cell Death Kit (Cytek, SKU MCH100105)

Zestaw odczynnikow umozliwia ilosciowa analize komorek zywych, bedacych na
wczesnym etapie apoptozy, péznym etapie apoptozy i nekrotycznych. Zawiesing komorek
barwiono 1 przygotowywano do analizy zgodnie z protokolem producenta (chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://welcome.cytekbio.com/hubfs/Amnis-
and-Guava-Products/Muse-Annexin-V-&-Dead-Cell-Kit-RSP.pdf). Material analizowano za

pomoca analizatora komoérek MUSE.
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3.3.3.5 Zestaw Muse MultiCaspase Kit (Cytek, MCH100109)

Zestaw  odczynnikdw  roznicuje  komodrki  zywe/kaspaza(-), zywe/kaspaza(+),
martwe/kaspaza(+) i1 martwe/kaspaza(-). Analiz¢ przeprowadzono zgodnie z procedurg
przedstawiong w protokole producenta (https://welcome.cytekbio.com/hubfs/Amnis-and-
Guava-Products/Muse-MultiCaspase-Kit-RSP.pdf). Material analizowano za pomoca
analizatora komorek Muse Cell Analyzer (Ostrozka 1 in. 2024).

3.3.3.6 Zestaw Muse Bcl-2 Activation Dual Detection Kit (Cytek, SKU MCH200105)

Zestaw Muse Bcl-2 Activation Dual Detection Kit umozliwia pomiar calkowitego
i fosforylowanego biatka Bcl-2 za pomocg fosfospecyficznego przeciwciata
anty-fosfo-Bcl-2 ~ (Ser70)-Alexa  Fluor 555  oraz  sprz¢zonego  przeciwciala
anty-Bcl-2-PECy5. Przygotowanie materiatu przeprowadzono zgodnie z protokotem
producenta (https://cytekbio.com/products/muse-bcl-2-activation-dual-detection-

kit?variant=40651391008804). Materiat analizowano za pomocg analizatora komérek MUSE.
3.3.3.7 Zestaw Muse Multi-Color DNA Damage Kit (Cytek, MCH200107)

Zestaw Muse Multi-Color DNA Damage Kit (Cytek, MCH200107) umozliwia pomiar
odsetka komorek nie posiadajacych uszkodzen w DNA i1 komoérek z DNA uszkodzonym
(poprzez aktywacje¢ biatka ATM, aktywacje X2A.X). Material przygotowano zgodnie z
protokotem producenta (https://welcome.cytekbio.com/hubfs/Amnis-and-Guava-
Products/muse-multi-color-dna-damage-kit-rsp.pdf). Pomiary przeprowadzono za pomoca

analizatora komoérek Muse.
3.3.4 Analiza statystyczna

Do analizy statystycznej wykorzystano pakiet programu STATISTICA 13.1. Za pomoca
testu Shapiro-Wilka oceniano normalnos$¢ rozktadu, z kolei za pomocg testu Levene’a zbadano
dane pod katem jednorodno$ci wariancji dla réwnowagi wariancji bledow. Zastosowano
metod¢  jednokierunkowej i dwukierunkowej/wielokierunkowej analizy — wariancji
(ANOVA/MANOVA), aby oceni¢ istotno$¢ roznic w poziomach analizowanych parametrow
pomiedzy grupami eksperymentalnymi (rodzaj narzadu/ stezenie BPA/ okres ekspozycji na
BPA). Test Tukey’a (p < 0,05) zastosowano do oceny istotnosci réznic w poziomach
analizowanych parametrow ilo$ciowych pomigdzy grupami eksperymentalnymi w obrebie

badanych narzadéw oraz okresow ekspozycji na BPA (Ostrozka i in. 2024).
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4. Wiyniki i dyskusja
H. Gorol, A. Ostrézka, G. Wilczek, L. Chajec, S. Student, A. Aleksa & M. Rost-
Roszkowska. 2025. How does bisphenol A damage cells? Studies on the freshwater shrimp

Neocaridina davidi. The European Zoological Journal, 390-409. Vol. 92, No. 1,
https://doi.org/10.1080/24750263.2025.2463421

Wptyw bisfenolu A na strukture, ultrastruktur¢ oraz wybrane parametry
cytotoksycznosci zostat badany i opisany u N. davidi w nabtonku jelita sSrodkowego. Jelito to
utworzone jest przez dwa narzady: jelito oraz watrobotrzustke. Jelito jest prostym narzadem
rurowym nieposiadajacym zadnych uchytkow. Natomiast watrobotrzustka jest utworzona przez
liczne uchyiki slepo zakonczone, a w kazdym z nich mozna wyr6zni¢ wyrazne regiony (strefy):
dystalny, posredni i proksymalny. Oba narzady sa wyscielone nabtonkiem spoczywajacym na
bezkomorkowej btonie podstawnej. W jelicie nablonek ten jest tworzony przez komorki
trawienne (D) oraz regeneracyjne/embrionalne (E). W cewkach watrobotrzustki wyrdznié
mozna komodrki embrionalne (E) w strefie dystalnej, komodrki roznicujace sie w strefie
posredniej oraz komorki magazynujace (B), resorpeyjne (R) i fibryllarne (F)(Sonakowska i in.
2015) . Tak wigc badania dotyczace wptywu bisfenolu A dotyczyly zmian w wymienionych

komorkach obu narzadow tworzacych jelito sSrodkowe badanego gatunku.

W przypadku zmian ultrastrukturalnych wywotanych obecnoscig bisfenolu A w wodzie,
w nabtonku jelita w grupach 1In24 i1 1In48 uwidoczniono wakuole o wnetrzu jasnym
elektronowo, dodatkowo w grupie 1In48 w komoérkach wystepowato wiele rozdetych cystern
RER oraz pojedyncze, zdegenerowane mitochondria. W grupie 1In72h zaobserwowano
wigkszg liczbg zdegenerowanych mitochondriéw oraz wakuoli o wngtrzu jasnym elektronowo,
ale nie zaobserwowano zmian w budowie cystern RER, SER i aparatu Golgiego w poréwnaniu
z grupa kontrolng. Budowa komodrek w grupach 5In25 i1 5In48 byta bardzo podobna. W obu
grupach w cytoplazmie okolojadrowej i podstawnej zaobserwowano liczne struktury
elektronowo-geste. W obu grupach w calej cytoplazmie uwidoczniono duzg liczbe
zdegenerowanych mitochondriow oraz pojedyncze rozdete cysterny RER, SER i kompleksy
aparatu Golgiego. Liczne zmiany degeneracyjne zaobserwowano w grupach: 10In24, 10In48,
10In72. Wszystkie trzy grupy charakteryzowaly si¢ wystgpowaniem rozdgtych cystern RER,
SER i aparatu Golgiego, mitochondriéw, a takze licznych wakuol o elektronowo-jasnym
wnetrzu w o cytoplazmie apikalnej 1 okolojadrowej. Dodatkowo w grupie 10In72

zaobserwowano rozlegle zmiany nekrotyczne.
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W nabtonku watrobotrzustki osobnikow z grup 1H24, 1H48, 1H72 zaobserwowano
zdegenerowane mitochondria w komorkach R 1 F, a w komoérkach B zmniejszenie liczby kul z
materiatem zapasowym. W grupach 5H24 i1 SH48 zauwazono w komorkach B, Ze cytoplazma
staje si¢ elektronowo jasna. W grupie SH72 jasna elektronowo cytoplazma komorek R 1 B
wykazywata takze obecno$¢ licznych zdegenerowanych mitochondriéw. Liczne zmiany
zaobserwowano w grupie 10H24: w komodrkach R znajdowaty si¢ liczne, zdegenerowane
mitochondria, rozdete cysterny RER 1 aparaty Golgiego, a takze liczne, duze wakuole o
elektronowo jasnym wnetrzu, z kolei w komorkach B zaobserwowano zdegenerowane
mitochondria i bardzo czesto strawiony material zapasowy. Ponadto elektronowo jasna
cytoplazma wielu komoérek byta uboga w organelle, wykazujgc zmiany nekrotyczne. We
wszystkich typach komoérek w grupie 10H48 zaobserwowano liczne wakuole, zdegenerowane
mitochondria oraz intensywng autofagie, a w komorkach B dodatkowo materiat zapasowy byt
strawiony. Podobne zmiany wykazywaly komorki nablonka watrobotrzustki osobnikow grupy

10H72.

Nalezy nadmieni¢, ze nie zaobserwowano zadnych zmian w cytoplazmie komoérek E
oraz rdznicujacych si¢ watrobotrzustki, zmiany zaobserwowano jedynie w grupach 10In48 oraz
10In72. W tych przypadkach pojawily si¢ wyrazne zmiany nekrotyczne. W przypadku
eksperymentow zwigzanych z ekspozycja osobnikow N. davidi na inne stresory (np. gtodzenie,
pestycydy, nikiel) rowniez nie zaobserwowano zadnych zmian na terenie komoérek E jelita i
watrobotrzustki (Wtodarczyk 1 in. 2017, 2019a, 2019b, Ostrézka 1 in. 2022, 2024, 2025).
Prawdopodobnie zwigzane jest to z faktem, ze komorki te nie majg bezposredniego kontaktu
ze $wiattem jelita, a wigc i ze spozywanym pokarmem (Sonakowska i in. 2015), a substancje
toksyczne znajdujace si¢ w pokarmie czy wodzie nie oddziatujg bezposrednio na te komorki.
Poniewaz zmiany degeneracyjne nie byly obserwowane w komodrkach E watrobotrzustki,
mozna przypuszczac, ze nie majac bezposredniego kontaktu z pokarmem, nie beda narazone na
dziatanie BPA. Tymczasem komorki jelita moga mie¢ bezposredni kontakt z masami

pokarmowymi (pokarm i woda dostajg si¢ w pierwszej kolejnosci do jelita).

Zatem podsumowujac badania wykorzystujagce TEM, mozna stwierdzi¢, ze ekspozycja
organizmu na dziatanie BPA wywotuje zmiany w strukturze organelli w komodrkach nabtonka
jelita srodkowego, co potwierdza hipotez¢ H1. Zmiany te mozna byto zaobserwowaé zarowno
w jelicie, jak i w watrobotrzustce, a nasilenie zmian byto tym wigksze, im dluzej zwierze miato
kontakt z toksycznym bisfenolem A oraz im wyzsze stezenie bisfenolu A zastosowano. Za

posrednictwem transmisyjnej mikroskopii elektronowej udato si¢ takze potwierdzi¢ hipotezg
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H2, poniewaz ekspozycja organizmu na BPA wywotuje degeneracje komorek i tkanek. Trzeba
jednak nadmieni¢, ze nie we wszystkich grupach badawczych zaobserwowano zmiany
degeneracyjne. Narzady réznie reagowaty na rozne czasy ekspozycji na BPA oraz na rdézne
stezenia BPA. Zmiany degeneracyjne obserwowane w komodrkach D jelita byly stopniowe i
nasilaly si¢ wraz z rosngcym stezeniem BPA i czasem ekspozycji, podczas gdy wyraznie
widoczne zmiany degeneracyjne w komorkach watrobotrzustki byly obserwowane dopiero
przy stezeniu 10mg/l. Ta obserwacja potwierdza, ze watrobotrzustka jest narzadem mniej
wrazliwym na toksyczne dziatanie BPA niz jelito (Wlodarczyk i in. 2017, 2019a, 2019b,
Ostrozka 1 in. 2022, 2024, 2025). Wykazano, ze toksyczne dzialanie BPA prowadzi do
wakuolizacji cytoplazmy, uszkodzenia jadra komorkowego oraz rozdecia cystern RER i
mitochondriow (Hasanluyi i in. 2016, Vijaykumar i in. 2017). Podobne zmiany degeneracyjne
na poziomie ultrastrukturalnym wywotane obecnoscig bisfenolu A w srodowisku obserwowano
takze u innych organizméw, w tym u Drosophila melanogaster (Yu i in. 2007, Li i in. 2009,
Chen i in. 2022, Fabrello i in. 2024). Analiza TEM potwierdzita rowniez, ze ekspozycja na
dziatanie BPA aktywuje autofagiec w komorkach jelita jako mechanizm ochrony tkanek,
poniewaz zbyt duza liczba organelli ulega uszkodzeniu pod jego wptywem (hipoteza H3),
natomiast nie we wszystkich rodzajach komoérek ani w kazdej grupie badawczej zmiany te nie
obserwowano. Badania ultrastrukturalne nalezalo wigc potwierdzi¢ analizg jakosciowa i

ilosciowa wykorzystujgca mikroskopi¢ konfokalng oraz cytometri¢ przeptywowa.

Do oceny autofagicznych, silnie kwasnych struktur wykorzystano metod¢ LysoTracker
Red w celu weryfikacji hipotezy H3. W przypadku jelita zaobserwowano, ze intensywnos¢
sygnatow pochodzacych z silnie kwasnych organelli po ekspozycji na BPA wzrasta wraz z
czasem ekspozycji w przypadku stezenia Smg/l oraz 10mg/l, a w przypadku stezenia 1mg/l
intensywno$¢ sygnatéw wzrastata, jednak zaczynala male¢ po 72 godzinach. Intensywnos$¢
sygnatéw pochodzacych od silnie kwasnych struktur (w tym autolizosoméw i lizosoméw) w
przypadku watrobotrzustki wzrastala wraz ze wzrostem ste¢zenia i czasu ekspozycji na BPA we
wszystkich grupach badawczych. W trakcie autofagii dochodzi do zamykania uszkodzonych
organelli lub struktur komorkowych w obtonionych autofagosomach. Te, po fuzji z lizosomami
tworzg autolizosomy, w ktorych dzigki enzymom lizosomalnym zachodza procesy trawienia, a
wigc uszkodzone struktury komorkowe ulegaja neutralizacji. Nie dochodzi wigc do aktywacji
apoptozy ani do powstania stanu zapalnego, ktory nastgpnie mogtby aktywowac nekroze. W
ten sposob autofagia jest procesem umozliwiajagcym komoérkom przetrwanie (Klionsky 2016,

2021). W jelicie N. davidi autofagia jest procesem ochronnym, ktory neutralizuje uszkodzone
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przez rozne stresory organelle komodrkowe, tak wiec peini funkcje ochronng (Ostrézka i in.
2022, 2024). Analiza jelita srodkowego N. davidi pod wplywem BPA z wykorzystaniem
mikroskopii  konfokalnej potwierdzita obserwacje ultrastrukturalne, jednocze$nie
potwierdzajac wczesniejsze badania oraz hipotez¢ H3. Badania te jednocze$nie czgsciowo
potwierdzity ostatnig z hipotez, a wigc H8, jednak aby ostatecznie ja potwierdzi¢, konieczne
byto przeprowadzenie dalszych badan. Autofagia jest takze procesem, dzigki ktéremu dochodzi
do trawienia materialu zapasowego, zwlaszcza lipidow, ktore sa waznym zrodtem energii,
szczegllnie w procesach wymagajacych duzego naktadu ATP, oraz waznym substratem w
procesie lipofagii i lipolizy (Jaishy i Abel 2016, Zechner i in. 2017, Elander i in. 2018, Xie i in.
2020, Rost-Roszkowska i in. 2022). Proces ten jest autofagia selektywng i nazywany jest
lipofagia (Lee i in 2021, Park i in.2023). Zatem waznym bylo réwniez wykorzystanie
odpowiednich barwien histochemicznych, dzigki ktérym mozna bylo stwierdzi¢, jakim
zmianom podlegaja nagromadzone w komorkach watrobotrzustki struktury materiatow
zapasowych. Obserwacje z wykorzystaniem mikroskopii konfokalnej (barwienie BODIPY)
oraz klasycznych metod histochemicznych (BPB, PAS) wykazaty, ze wraz z wydtuzajacym sie¢
czasem ekspozycji zwierzat na BPA dochodzilo do zmniejszania ilo$ci materiatu zapasowego
w komorkach B. W ten sposob zweryfikowano hipotez¢ H4. Korelowato to z intensywnie
zachodzaca autofagia, dzigki ktorej lipidy ulegaty trawieniu. Na uwage zastuguje jednak fakt
pojawienia si¢ lipidow w komorkach D jelita (hipoteza H4). Wykazano, ze materiaty zapasowe
nie gromadza si¢ w cytoplazmie tych komorek u osobnikow kontrolnych (Sonakowska i in.
2015, Sonakowska-Czajka i in. 2021), jednakze inne badania sugeruja, ze materialy zapasowe
moga by¢ obserwowane w cytoplazmie komorek D w przypadku osobnikow N. davidi
traktowanych pestycydem (Ostrozka 1 in. 2022). Mikroskopia konfokalna wykazata, ze w
watrobotrzustce ilos¢ lipidow w proksymalnych czesciach cewek, gdzie obecne sg komorki B,
zmniejsza si¢ wraz ze wzrostem stezenia ksenobiotyku oraz wydtuzaniem sie czasu ekspozycji.
Sugeruje to, ze pod wptywem autofagii dochodzi do trawienia materiatow zapasowych w tym
narzadzie, a trawienie lipidéw skorelowane z intensywng autofagia opisane byto w komodrkach
B watrobotrzustki osobnikéw N. davidi eksponowanych na dziatanie dimetoatu i niklu

(Ostrozka 1 in. 2022, 2024). Dzi¢ki tym badaniom potwierdzili$my hipotezy H3 oraz H4.

W celu weryfikacji hipotezy H5 wykorzystano transmisyjna mikroskopi¢ elektronowa,
zestaw MUSE Ki67 Proliferation Kit oraz zestaw MUSE Cell Cycle. W kazdej z grup
kontrolnych 1 eksperymentalnych w TEM zaobserwowano podziaty komorek E, jednak zmiany

degeneracyjne (zdegenerowane mitochondria, rozdgte aparaty Golgiego, wakuole z wnetrzem
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przepuszczajacym elektrony) wykryto w cytoplazmie tych komorek u osobnikow w grupach
10In48 oraz 10In72. W stezeniach BPA nizszych niz 10mg/l nie obserwowano zmian

degeneracyjnych w komorkach.

Zestaw MUSE Ki67 pozwala na ilo$ciowg analize komorek proliferujacych (Ki67+) i
nieproliferujacych (Ki67-) na podstawie ekspresji biatka Ki67. Biatko to jest uwazane za dobry
wskaznik proliferacji komorek, poniewaz jest aktywowane tylko podczas aktywnych faz cyklu
komoérkowego (Bullwinkel i1 in. 2006). Wykryto, ze odsetek komorek Ki67+ byl wyzszy w
jelicie niz w watrobotrzustce, niezaleznie od ste¢zenia BPA i czasu ekspozycji. Odsetek komorek
Ki67+ byl wyzszy w grupie kontrolnej niz w grupach 1In24 i 11n48 oraz 5In24 1 5In48. Z kolei
w grupach 10In24, 10In48 oraz 10In72 odsetek komoérek Ki67+ byt prawie dwukrotnie nizszy
niz w grupie kontrolnej CIn. Nie zaobserwowano réznic pomigdzy grupa kontrolng Cln, a
grupami, w ktorych jelito byto narazone na BPA przez 72h. W przypadku watrobotrzustki tylko
w grupie 1H24 zaobserwowano prawie dwukrotnie wyzszy odsetek komorek Ki67+ w
porownaniu do pozostatych grup, a z kolei pomiedzy grupami 1H24 i 1H48 zaobserwowano
istotne statystycznie réznice. Badania za pomoca zestawu MUSE Ki67 wskazuja, ze w obu
narzadach liczba komorek Ki67+ maleje wraz ze wzrostem stezenia i czasu ekspozycji na BPA,
chociaz w watrobotrzustce spadek ten nie jest istotny statystycznie. Powyzsze obserwacje moga
sugerowa¢ zahamowanie proliferacji komoérek E pod wptywem BPA, jednakze w komorkach E

watrobotrzustki zmiany ultrastrukturalne nie byty widoczne.

Cykl komoérkowy badano ilosciowo za pomocg zestawu MUSE Cell Cycle. W grupach
10In24, 10In48 oraz 10In72 obserwowano zmniejszenie liczby komorek w fazie GO/G1 w
poréwnaniu z grupa kontrolng Cln. Istotne zmniejszenie odsetka komorek w fazie GO/GI
zaobserwowano takze w grupach 1In72, 5In24 oraz 5In72. W przypadku watrobotrzustki
wykazano istotny statystycznie spadek liczby komorek w fazie GO/G1 w grupach 5H48 oraz
10H48. W przypadku liczby komorek bedacych w fazie S cyklu komérkowego, jedyne istotne
statystycznie roznice zaobserwowano w grupie 5SH48, w poroOwnaniu z grupg kontrolng
zmniejszyl si¢ odsetek komoérek w fazie S. W przypadku fazy G2/M, zaréwno w jelicie, jak i
watrobotrzustce zaobserwowano istotne statystycznie rdéznice we wzroscie liczby komorek w
tej fazie, we wszystkich grupach traktowanych bisfenolem A w stezeniach 51 10mg/I po 24, 48
oraz 72 godzinach ekspozycji. Zaobserwowano rowniez istotny statystycznie wzrost odsetka
komorek w fazie G2/M w grupie 1In72 w pordwnaniu z grupa kontrolng. Uszkodzenie DNA
prowadzi do zatrzymania komorki w fazie G1, przez co nie wchodzi ona w faze S i (Trzcinska

2003). W przypadku uszkodzen tkanek i narzadow lub aktywacji $mierci komoérkowej, moze
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dojs¢ do zwigkszenia liczby podziatdw komorkowych, w celu utrzymania homeostazy
(Amcheslavsky 1 in. 2009, Istifli i in. 2019, Lee 1 in. 2021). Zaobserwowano réwniez, ze
wakuolizacja komorek E jelita byla skorelowana ze spadkiem liczby komorek Ki67+ oraz
komorek w fazach S 1 G2/M, czego powodem moze by¢ wyzsza wrazliwo$¢ komorek jelita na
dziatanie ksenobiotykow w porownaniu do komorek watrobotrzustki u skorupiakow (Ostrozka
11n. 2022, 2024). Wyniki wskazuja, ze BPA moze powodowa¢ zwigkszenie lub zmniejszenie
proliferacji, w zaleznos$ci od stgzenia i czasu ekspozycji zwierzat na ten ksenobiotyk, co

potwierdza hipoteze H5.

W przypadku zmian ilosciowych, st¢zenie BPA bylo zmienna, ktéra miata najwigkszy
wplyw na réznice migdzy grupami badawczymi, w poréwnaniu do reszty zmiennych (rodzaj
narzadu, czas ekspozycji na BPA). Wykazano laczny wpltyw wszystkich zmiennych w
przypadku zmian parametrow cyklu komorkowego i liczby komoérek Ki67+. Zmienna
dotyczaca rodzaju narzadu miata istotne znaczenie w przypadku ilosciowych zmian w
komorkach Ki67+ i komoérkach w fazie S, a z kolei czas ekspozycji na BPA byt zmienng istotng

w odniesieniu do ilo$ciowych zmian w komoérkach w fazach GO/G1 i G2/M oraz Ki67+.
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H. Gorol, L. Chajec, G. Wilczek, S. Student, A. Ostrézka & M. Rost-Roszkowska. 2026.
Bisphenol A disrupts epithelial homeostasis in the midgut of the freshwater shrimp
Neocaridina davidi. The European Zoological Journal VOL. 93, NO. 1, 563-582
https://doi.org/10.1080/24750263.2026.2652113.

W celu dodatkowego zweryfikowania hipotezy H2 (Gorol i in. 2025 przedstawiaja
wyniki uzyskane jedynie na podstawie analizy TEM), a takze ustalenia, ktdre procesy $mierci
komoérkowej sa aktywowane, przeprowadzono badania wykorzystujace cytometri¢
przeptywowa oraz zestawy: Muse Annexin V & Cell Death Kit, Muse MultiCaspase Kit oraz
Muse Bcl-2 Activation Dual Detection Kit. Wszelkie stresory moga aktywowa¢ w komoérkach
liczne procesy cytotoksyczne, ktore beda miaty na celu utrzymanie homeostazy komorek lub
tkanek. Takim procesem jest migdzy innymi apoptoza, dzigki ktorej obumieraja pojedyncze
komorki lub grupy komorek, nie dopuszczajagc ostatecznie do powstania stanu zapalnego
prowadzacego do nekrozy (Chen i in. 2022, Vogler i in. 2025). U N. davidi BPA indukuje $mier¢
komorek poprzez nekroze i apoptoze. Istotne statystycznie rdznice zaobserwowano w grupie
10In72 (az czterokrotny wzrost odsetka wczesnych zmian apoptotycznych wzgledem grupy
kontrolnej), z kolei w grupach 1In24, 1In48 i 1In72 zaobserwowano dwukrotny wzrost odsetka
wczesnej apoptozy. Czterokrotny wzrost liczby komorek pdznej apoptozy w poréwnaniu do
grupy kontrolnej zaobserwowano w watrobotrzustce we wszystkich grupach, zardwno przy
stezeniach 1, 5, 10 mg/l, jak i czasach ekspozycji 24, 48, 72 godziny. Najwyzszy odsetek
komorek nekrotycznych zaobserwowano w grupie 5In24 (poziom pigciokrotnie wyzszy niz w
grupie kontrolnej). W przypadku watrobotrzustki wzrost liczby komorek nekrotycznych
zaobserwowano w grupach SH24, SH48, SH72. Tak wigc wzrost intensywnosci apoptozy jest
szczegollnie zauwazalny w watrobotrzustce, natomiast w jelicie zmiany sg najbardziej widoczne
przy najwyzszym ste¢zeniu BPA w wodzie. Jednakze mozna stwierdzi¢, ze nekroza jest
procesem dominujagcym w obu analizowanych narzadach. Nekroza w jelicie i watrobotrzustce
dorostych osobnikoéw oraz larw N. davidi w stanie fizjologicznym zostata doktadnie opisana
przez Sonakowska i in. (2016) oraz Sonakowska-Czajka i in (2021). Mniejszy udziat apoptozy
niz nekrozy w procesach degeneracji nabtonka jelita $rodkowego pod wpltywem BPA
potwierdzaja badania dotyczace liczby komorek, w ktérych nastgpita aktywacja kaspazy —
zmiany te nie s3 statystycznie istotne (wykorzystanie zestawu Muse MultiCaspase Kit). Jak
wiadomo, kaspazy sa biatkami enzymatycznymi uczestniczagcymi we wszystkich szlakach
apoptotycznych (Mustafa i in. 2024, Vogler i in. 2025). Apoptoza jest rOwniez regulowana przez
rodzine biatek Bcl-2, w obrebie ktorych wystepuja biatka pro- i antyapoptotyczne. Aktywacja
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antyapoptotycznego biatka Bcl-2 ma na celu zablokowanie apoptozy w komoérkach (Warren i
in. 2019, Nguyen i in. 2024, Vogler i in. 2025). W grupie 1In48 zaobserwowano najwyzszy
odsetek komoérek Bcl-2-pozytywnych, a w grupie 10In72 - rdwniez istotny wzrost liczby tych
komorek (zmiany czterokrotnie wyzsze niz w grupie kontrolnej Cln). Nie bylo istotnych
statystycznie réznic w liczbie komorek Bcel-2-negatywnych w zadnej z grup wzgledem grup
kontrolnych zarowno w jelicie, jak i w watrobotrzustce. Dwukrotny wzrost liczby komérek z
brakiem ekspresji biatka Bcl-2 zaobserwowano w grupach 1In24, 1In48 oraz 1H24 i 1H48, z
kolei w grupie 1H72 liczba tych komorek istotnie spadta wzgledem grupy kontrolnej. Zaréwno
w jelicie, jak i w watrobotrzustce osobnikéw N. davidi traktowanych BPA, dominujacym
rodzajem $mierci komodrkowej jest wigc nekroza, jednakze apoptoza roOwniez zostata
zidentyfikowana, a wzrost jej intensywnosci byt wyrazny w watrobotrzustce, podczas gdy
zmiany w jelicie byly najbardziej widoczne w stezeniu 10mg/l BPA. Powyzsze badania
potwierdzity, Ze ekspozycja organizmu na dzialanie BPA wywoluje degeneracj¢

(apoptoze/nekroze) komorek i tkanek (potwierdzenie hipotezy H2).

W celu weryfikacji hipotez H6 i H7 wykorzystano zestaw Muse Oxidative Stress Kit
1 Muse Multi-Color DNA Damage Kit oraz barwienia odczynnikami JC-1 1 ThiolTracker, a
takze transmisyjng mikroskopi¢ elektronowa. Zaobserwowano najwyzszy 1 jedyny istotny
statystycznie odsetek komodrek ROS+ ($rednio dwukrotnie wyzszy w poroéwnaniu do grup
kontrolnych) po 24 godzinach ekspozycji na BPA zaréwno w przypadku jelita, jak i
watrobotrzustki, niezaleznie od stezenia BPA. Jednakze po 48 1 72 godzinach eksperymentu
obserwowano spadek poziomu ROS. Jak wiadomo, niski poziom ROS reguluje liczne procesy
metaboliczne, dzialajac jako mediatory i regulatory réznych procesow fizjologicznych oraz
uczestniczgc w przekazywaniu sygnalow migdzy komorkami (Drége 2002). ROS uczestnicza
roOwniez w procesach odpornosciowych i starzeniu komorek, a ich poziom bedzie decydowat o
tym, czy komorki wejda na $ciezke $mierci, czy przetrwania (An i in. 2024). Podwyzszony
poziom ROS prowadzi do toksycznego uszkodzenia organelli komorkowych, bialek
komorkowych, DNA lub catych komorek, a w konsekwencji do uruchomienia procesow
$mierci komorkowej. Wystepuje wowczas stres oksydacyjny (Schieber i Chandel 2014, Akhtar
1 in. 2017). Dziatanie BPA prowadzi réwniez do uszkodzenia DNA (Susiarjo 1 in. 2013, Di
Pietro 1 in. 2020, Perin i in., 2022). Zarowno w jelicie, jak i w watrobotrzustce N. davidi w
komorkach zaobserwowano rozdeta otoczke jadrowa i1 geste elektronowo skupiska chromatyny
w jadrze komoérkowym przy 48- 1 72-godzinnej ekspozycji na BPA. W niektorych jadrach

komoérkowych komoérek D zaobserwowano struktury blaszkowe. Test Total DNA damage
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wykazat, zar6wno w jelicie, jak i w watrobotrzustce, we wszystkich grupach traktowanych BPA
przez 48 godzin, wzrost liczby komorek z uszkodzonym DNA. W odpowiedzi na uszkodzenia
DNA dochodzi do aktywacji jego procesoOw naprawczych (Srinivas i in. 2019). Jak opisano w
publikacji Gorol 1 in. (2025) po 48 h eksperymentu odnotowano wzrost liczby komoérek, w
ktoérych intensyfikacji ulega synteza DNA, a w jelicie dodatkowo zwigksza si¢ liczba komorek
proliferujacych. Tak wigc stopniowy spadek zaréwno poziomu ROS, jak tez uszkodzen DNA
po ekspozycji zwierzat na BPA wyraznie aktywuje mechanizmy obronne w nabtonkach obu

narzadow, co wykazane zostalo w niniejszej publikacji.

Mitochondria sg organellami, ktore, poza udzialem w procesach energetycznych
komorki, odgrywaja takze migdzy innymi wazng rol¢ w aktywacji $mierci komodrkowej
wywotanej stresem oksydacyjnym (Kamogashira i in. 2015). U N. davidi hodowanej w wodzie
zawierajacej BPA, aktywno$¢ mitochondriow badano za pomocg odczynnika JC1 1 mikroskopii
konfokalnej. Zaréwno w jelicie, jak 1 watrobotrzustce wraz ze wzrostem stezenia BPA oraz
czasu ekspozycji wzrasta liczba zielonych sygnalow, ktore sa emitowane przez nieaktywne
mitochondria. Wzrost sygnaléw czerwonych/pomaranczowych, emitowanych przez
mitochondria aktywne, zaobserwowano jedynie w grupie 5In48. Za pomocg transmisyjnej
mikroskopii elektronowe] wykazano wiele zmian w strukturze mitochondriow (uszkodzone
btony, rozdete mitochondria, macierz jasna elektronowo, skrocenie grzebieni
mitochondrialnych) we wszystkich grupach eksperymentalnych. Zdegenerowane mitochondria
podczas badan nad wpltywem czynnikow stresowych na N. davidi zaobserwowano juz
wczesniej (Wlodarczyk i in. 2019a, 2019b, Ostrozka i in. 2022, Ostrézka i in. 2025).
Mitochondria to jedne z organelli, ktore odpowiadaja za synteze¢ ROS i maja wpltyw na
aktywacje $mierci komorkowej (Martin 2010, Kamogashira i in. 2015, Wtodarczyk i in. 2019b,
Ostrozka 1 in. 2025), jednak akumulacja ROS moze prowadzi¢ do zmian potencjatu btony
mitochondrialnej poprzez uszkodzenia uktadu enzymatycznego mitochondrium (Koizumi i in.
1994, Cannino i in. 2009, Rost-Roszkowska i in. 2021a). Wazng rol¢ w ochronie tych organelli,
a takze DNA, odgrywaja liczne substancje antyoksydacyjne modulujgce stezenie ROS
(Chelikani i in. 2004, Johnson 1 Giuilivi 2005, Luberda 2005, Combelles 1 in. 2009). Do takich
przeciwutleniaczy redukujacych stres oksydacyjny nalezy migdzy innymi GSH (zredukowany
glutation) (Kvedariene i in. 2025), jednak utrzymywanie GSH na wysokim poziomie w
warunkach braku stresu oksydacyjnego moze prowadzi¢ do uszkodzen (Fernandez-Checa i in.
2005). W warunkach stresu oksydacyjnego GSH oddajac elektron ROS, takim jak rodnik

hydroksylowy, czy nadtlenki, bedzie ulegal utlenieniu tworzac utleniong forme¢ glutationu

29



(GSSG) (Forman i in. 2009). Poziom komoérkowy GSH u osobnikow N. davidi poddanych
ekspozycji na BPA badano za pomocg odczynnika ThiolTracker Violet i mikroskopii
konfokalnej. W badaniach, zarowno w jelicie, jak i w watrobotrzustce, poziom GSH wzro6st po
24 148 godzinach ekspozycji na BPA (wyjatek stanowi grupa 5In48). W grupach traktowanych
BPA przez 72 godziny, zwlaszcza w watrobotrzustce, zaobserwowano, ze liczba sygnalow
emitowanych przez GSH spadta. Wyniki te wskazujg na udziat GSH w procesach obnizenia
poziomu stresu oksydacyjnego u badanego gatunku, jednak konieczne jest przeprowadzenie
dalszych badan zwigzanych z tym zagadnieniem, a wi¢c na przyktad analiza wybranych
enzymoéw antyoksydacyjnych jak katalaza, peroksydaza, czy dysmutaza ponadtlenkowa.
Podsumowujac, na podstawie wyzej opisanych badan udato si¢ potwierdzi¢ hipotezy H6 i H7,
a wigc mozna stwierdzi¢, ze BPA w §rodowisku wywotuje zmiany w potencjale btonowym

mitochondriow, w syntezie ROS oraz w aktywno$ci GSH .

Poréwnujac wszystkie uzyskane dane, w przypadku weryfikacji hipotezy H8 mozna
stwierdzi¢, ze czas ekspozycji byt zmienna, ktéra miata najwigkszy wplyw na zmiany
wszystkich mierzonych parametréw, w poréwnaniu do innych parametrow, takich jak stezenie
BPA oraz rodzaj narzadu. Zaobserwowano istotne statystycznie interakcje miedzy czasem
trwania ekspozycji a typem narzadu, a takze migdzy stezeniem BPA a typem narzadu w
przypadku metod z wykorzystaniem odczynnikéw Muse Bcl-2 Activation Dual Detection Kit i
Muse Milticaspase Kit. Podczas badania z wykorzystaniem tej ostatniej metody,
zaobserwowano taczny wplyw wszystkich trzech czynnikéw. Istotny wplyw na zmiennos¢
parametréw mial typ narzadu i czas ekspozycji w przypadku analizy zmian apoptotycznych i
nekrotycznych, poziomu ROS i uszkodzen DNA, a statystycznie istotny wptyw na wszystkich
czynnikow (taczny efekt i interakcje dwukierunkowe) wykazano jedynie w trakcie badania

odsetka komorek z uszkodzeniem DNA.
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. Whnioski

Zgodnie z hipoteza H1 wykazano, ze ekspozycja na dziatanie BPA wywoluje zmiany w
strukturze organelli w komoérkach nabtonka jelita sSrodkowego, zarowno w jelicie, jak i
w watrobotrzustce. Nalezy wysnu¢ wniosek, ze zmiany nasilajg si¢ wraz ze wzrostem
stezenia BPA oraz czasem ekspozycji na jego szkodliwe dziatanie.

Potwierdzono hipotez¢ H2, zgodnie z ktorg ekspozycja organizmu na dziatanie BPA
wywoluje degeneracje (apoptoze/nekroze) komorek i tkanek. Nalezy jednak nadmienic,
ze nie wszystkie narzady i tkanki reaguja tak samo na BPA, ponadto wyst¢powanie
zmian degeneracyjnych bylo zalezne od stezenia substancji toksycznej oraz czasu
ekspozycji. Na podstawie wynikéw mozna potwierdzi¢, ze watrobotrzustka jest
narzagdem mniej wrazliwym na dziatanie BPA niz jelito. Dodatkowo wykazano, ze
nekroza jest dominujagcym rodzajem $mierci komérkowej w przypadku krewetki N.
davidi traktowanej BPA.

Ekspozycja na dzialanie szkodliwego BPA aktywuje autofagi¢ w komorkach jelita jako
mechanizmu ochrony tkanek, poniewaz zbyt duza liczba organelli ulega uszkodzeniu
pod wplywem jego dziatania, co jest potwierdzeniem hipotezy H3. Nalezy jednak
zaznaczyC€, ze nie obserwowano aktywacji autofagii w kazdym rodzaju komorek 1 w
kazdej grupie badawczej, co moze swiadczy¢ o roznym wptywie BPA na komorki jelita
srodkowego w zaleznosci od rodzaju narzadu, stezenia i czasu ekspozycji na
ksenobiotyk. Ponadto wykazano, ze oprocz autofagii, w ochronie komorek przed
toksycznym dziataniem BPA bierze udziat trawienie lipidéw jako mechanizm zwigzany
ze zwigkszonym zapotrzebowaniem komorki na energi¢ (potwierdzenie hipotezy H4).

Wyniki wskazuja, ze BPA w $rodowisku wptywa na zmiany cyklu komorkowego oraz
proliferacje komorek jelita sSrodkowego, co potwierdza hipoteze H5. Badania wskazuja,
ze wrazliwo$¢ jelita na dziatanie BPA prawdopodobnie jest wyzsza niz w przypadku
watrobotrzustki. Ponadto, BPA moze powodowaé¢ zwigkszenie lub zmniejszenie
proliferacji komorek macierzystych, w zaleznos$ci od stezenia i czasu ekspozycji
zwierzat na ten ksenobiotyk, wiec moze on mie¢ dziatanie anty- lub pro-proliferacyjne.
Potwierdzono roéwniez hipoteze H6 1 wykazano, ze BPA w $§rodowisku wywotuje
zmiany w potencjale blonowym mitochondriow, w syntezie ROS oraz aktywnosci

systemu antyoksydacyjnego, poniewaz BPA powoduje uszkodzenie mitochondriow.
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6. Zauwazono rowniez, ze istnieje wyrazna zalezno$¢ pomigdzy zmianami pojawiajacymi
si¢ na terenie komorek, organelli, stezeniem ROS 1 enzymow antyoksydacyjnych na
skutek ekspozycji organizmu na dziatanie BPA, co potwierdzito hipotezg H7.

7. W obu narzadach tworzacych jelito srodkowe, pod wplywem BPA w $rodowisku,
aktywowane sg takie same procesy cytotoksyczne, a ich intensywno$¢ zalezy od czasu

ekspozycji zwierzat oraz stezenia BPA.

Podsumowujac, mozna stwierdzi¢, ze BPA obecny w Srodowisku wodnym wyraznie
wplywa na aktywacje¢ procesow cytotoksycznych w badanym narzadzie slodkowodnej
krewetki, pomimo faktu, Ze w ramach niniejszych badan nie badano wszystkich
parametrow cytotoksycznosci, a jedynie wybrane. Tak wiec z cala pewnoscig badania

wymagajq dalszych analiz, dla ktérych niniejsze wyniki powinny stanowi¢ podstawe.
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Abstract

Bisphenol A (BPA) is an organic compound used in the production of numerous plastics, which poses a real threat to health
and life. Although BPA is poorly soluble in water, its presence in marine and freshwater environments has been recorded at
quite high levels. Numerous studies are being conducted on the impact of this xenobiotic on the population size, fertility, and
reproduction of various animals. A freshwater shrimp Neocaridina davidi (Crustacea) originates from Asia and enjoys great
interest among breeders and researchers studying the influence of various xenobiotics on the functioning of freshwater animals.
Therefore, we selected this species to analyze the cytotoxicity of BPA and possible changes in cells leading to their protection.
The study aimed to determine whether BPA only causes degenerative changes in the midgut epithelium of freshwater
crustaceans or whether cell and tissue protection processes (e.g. stem cell proliferation) will be visible at the ultrastructural
level. The most important goals were to establish whether the cytotoxicity of BPA is connected with its concentration and the
period of animal exposure and whether it proceeds in the same manner in different organs. Thus, we used different
concentrations of BPA, corresponding to its concentrations in different waters and different times of the animals’ breeding
in a contaminated environment. Shrimps were exposed to three concentrations of BPA: 1, 5, and 10 mg/L for 24, 48, and 72 h.
Two organs that form the midgut were isolated — the intestine and hepatopancreas. The results revealed that the concentration
and exposure time of freshwater animals affect the functioning of stem cells. However, autophagy and lipid digestion play an
important role in protecting cells against the effects of BPA, which is also related to the increased energy demand of cells.
Further studies connected with cell death processes and antioxidative mechanisms are needed.

Keywords: Bisphenol A, midgut stem cells cycle, cycle, cytotoxicity

1. Introduction 2022). Bisphenols are organic compounds, phenol

Environmental pollution is a serious ecological pro-
blem, negatively affecting humans and other living
organisms, and leading to adverse consequences for
natural ecosystems. Pollution of the environment
can be caused by natural or artificial sources, also
known as anthropogenic sources. Bisphenol
A (BPA) is a substance that pollutes the environ-
ment, results from human activity, and harms the
health of living organisms (Gonkowski & Makowska

derivatives, which have two hydroxyphenol groups
linked to each other in their structure, usually
through a carbon atom. The best-known and most
studied is bisphenol A (BPA) (Jurek & Leitner
2018). BPA is used to produce medical products,
tableware, food packaging, plastic bottles, cookware,
plastic bowls, etc. In addition, it is a component of
epoxy resins that coat food cans and is used in the
production of thermal paper (Bjérnsdotter et al.
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2017; Neri et al. 2024). BPA can be detected in soil,
water, and the air of many countries in Asia, North
America, and Europe. Its wide application in various
industrial processes leads to the accumulation of
BPA in the environment and living organisms,
while its bioaccumulative potential is moderate
(Corrales et al. 2015; Careghini et al. 2015). The
concentration of BPA and its analogs in aquatic
environments ranges from ng/l to mg/l levels
(Careghini et al. 2015; Fabrello & Matozzo 2022;
Fabrello et al. 2024). This means that BPA was
detected in a concentration that reached hundreds
of ng/L to tens of ug/L (Fabrello & Matozzo 2022).
Thus, the degrees of toxicity of BPA in the aquatic
environment were determined as follows: very toxic
(<1 mg/L), toxic (1-10 mg/L), and harmful to aqua-
tic organisms (10-100 mg/L) (Fabrello et al. 2024).
It has been reported that BPA exhibits trophic trans-
fer (Lee et al. 2015; Li et al. 2021). BPA will accu-
mulate in their various organs after entering the
body of small aquatic organisms (through the diges-
tive system or body covering (Corrales et al. 2015;
Liet al. 2018). These animals, being one of the links
in the trophic chain, will be food for other animals,
and BPA will consequently be transferred to their
body.

BPA enters the organisms of freshwater animals
through the epidermis, gills, and the digestive sys-
tem with food. The toxin is then distributed via the
body fluids (blood/lymph/hemolymph), throughout
the body (Careghini et al. 2015, Nayak et al. 2022).
Properly functioning organs regulate the assimila-
tion of molecules necessary for metabolic changes,
and various pathways of epithelial cell degradation
defend against the accumulation of xenobiotics in
the body. Changes occurring under the influence of
stressors may change the homeostasis of organisms
(Rost-Roszkowska et al. 2010). For this reason, liv-
ing organisms have several mechanisms responsible
for protecting against toxic substances (Rost-
Roszkowska et al. 2018, 2019, 2020).

Some organs are essential in maintaining the
body’s homeostasis, one of which is the middle
region of the digestive system - the midgut
(Malagoli et al. 2010; Rost-Roszkowska et al.
2021, 2022). In invertebrates, it has a simple struc-
ture, is not covered with a cuticle, and is responsible
for the synthesis and secretion of many enzymes and
hormones, intracellular digestion, absorption of
digestive products, and storage of reserve sub-
stances. In Crustacea, e.g., Malacostraca, the mid-
gut can be formed by the tube-shaped intestine and
different glands, e.g., hepatopancreas (Sonakowska
et al. 2015). Research has shown that these animals
are susceptible to the effects and occurrence of toxic
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BPA in the environment. Studies on this subject
conducted on freshwater animals have considered
only selected organ changes, while a holistic point
of view is lacking (Canesi & Fabbri 2015).
Numerous stressors will trigger cell death processes,
e.g., apoptosis, necrosis, or autophagy, which in
many cases can act as a survival factor for cells or
tissues (Franzetti et al. 2012; Bednarska & Swiatek
2016; Rost-Roszkowska et al. 2022; Ostrozka et al.
2024). The relationships between these processes
are currently being intensively analyzed worldwide,
but there remains a need for further analysis not
only at the level of tissues or cells but also of cell
organelles, their structures, and functions.

The freshwater shrimp, Neocaridina davidi
(Crustacea, Malacostraca), was selected as the
research object. This species is native to Asia, but its
presence has been noted in European rivers such as
the Odra (Jablonska et al. 2018). It is very popular
with breeders all over the world. It is characterized by
a simple body structure, high fertility, and is easy to
breed — characteristics that have long ensured its
interest to scientists (Sonakowska et al. 2015;
Sonakowska-Czajka et al. 2021). Like most crusta-
ceans, N. davidi plays a key role in the aquatic eco-
system (Weber & Traunspurger 2016). Accumulation
of various xenobiotics in different organs of such
organisms may affect the subsequent links of the
trophic chains. Thus, this species is of interest in
toxicological studies (Tropea et al. 2015; Pantaledo
et al. 2015; Wlodarczyk et al. 2017; Wlodarczyk,
Student et al. 2019, Wtodarczyk, Wilczek et al.
2019; Ostrozka et al. 2022, 2024). The assessment
of the toxicity of BPA and its derivatives most often
involves the analysis of population size, reproduction,
and fertility, and among freshwater invertebrates, it
most often concerns molluscs, crustaceans, and
nematodes (Canesi et al. 2005; Crain et al. 2007;
Fabbri et al. 2014; Canesi & Fabbri 2015; Siracusa
et al. 2018). However, there is a paucity of data on
cytotoxic effects, i.e., changes in cells at the ultrastruc-
tural level, activation of cell death processes, or even
activation of cell and tissue protection processes.
Thus, in our study, we aimed to determine whether
BPA only causes degenerative changes in intestinal
and hepatopancreatic cells of freshwater crustaceans
or whether cell and tissue protection processes will be
visible at the ultrastructural level. We additionally
aimed to analyze changes in the cell cycle or the
proliferative capacity of midgut epithelial stem cells
of this species. The most important goals were to
establish whether the cytotoxicity of BPA is connected
with its concentration and the period of animal expo-
sure and whether it proceeds in the same manner in
different organs. In our research, we used different
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concentrations of BPA and different times of the ani-
mals’ breeding in a contaminated environment. Many
experiments connected with BPA were conducted with
concentrations ranging from 1 to 50 mg/L. (Esperanza
et al. 2020; Chen et al. 2021). 1 mg/L of BPA can be
found in a freshwater environment (Lee et al. 2003;
Umar et al. 2013). 5 and 10 mg/L are high concentra-
tions that are not usually found in the environment, but
within the ranges described for the freshwater
(Yamamoto et al. 2001; Fabrello & Matozzo 2022).

2. Materials and methods

2.1. Material

The research material consisted of mature indivi-
duals (males and females) of the freshwater shrimp
Neocaridina davidi  (Crustacea, Malacostraca),
obtained from local shrimp breeders and kept in
a 105 L aquarium equipped with a mechanical fil-
tration system and a heater with a thermostat. The
water temperature was set at 21°C, pH=7, and
water hardness (GH) = 10. Conditions were created
to resemble the animals’ natural habitat. The indi-
viduals were fed ad lLbitum with JBL Novo Prawn
food (Ostrézka et al. 2024). This culture was pro-
vided continuously throughout the experiment.

2.2. Experiment

The concentrations and experimental times for each
experimental group were selected based on the litera-
ture concerning similar experiments conducted on
freshwater crustaceans (Castritsi-Catharios et al.
2013; Gerhardt 2019). BPA is detected in higher
concentrations in landfill leachates and may occur at
concentrations up to 10 mg/L (Yamamoto et al. 2001;
Lee et al. 2003; Fabrello & Matozzo 2022). Based on
the literature data, three concentrations were estab-
lished and were used to determine the research groups
(Lee et al. 2003). Thus, shrimps selected from labora-
tory culture were exposed to three concentrations of
BPA: 1 mg/L, 5mg/L, and 10 mg/L for 24, 48, and
72h (Table I) obtained due to using a sonicator.

Animals of experimental groups were kept separately
in 0.5-liter containers (1 individual per container).
The water temperature was set at 21°C, pH =7, and
water hardness (GH) = 10. The individuals were fed
ad libitum with JBL Novo Prawn food as the control
group. Animals were cultured at the above concentra-
tions for 24, 48, and 72hours. Excrements were
removed from the bottom every 12h. The control
and experimental groups were cultured continuously
to provide research material for all methods used.
However, water was prepared fresh for each specimen
each time. Five specimens of each group were selected
for performing each method described below (n=75).
Two organs that form the midgut were isolated —
intestine and hepatopancreas — so we obtained several
experimental groups, as presented in Table I
Individuals from continuous culture in uncontami-
nated water were considered as the control group.

During the experiment, shrimp were bred sepa-
rately in plastic containers to eliminate the effects of
competition between individuals. All individuals,
both from the control group and from the research
groups, were fed ad hbirum. The animals were
anesthetized with chloroform before sectioning and
isolating the intestine and hepatopancreas. As our
previous studies on N. davidi revealed that no changes
appeared between males and females when animals
were exposed to different stressors (Wlodarczyk et al.
2017; Wlodarczyk, Student et al. 2019; Wilodarczyk,
Wilczek et al. 2019; Ostrozka et al. 2022, 2024), the
studies were conducted independently on the sexes.
The experimental design is shown in Figure 1.

2.3.  Methods

2.3.1. Light microscope and histochemistry. Isolated
organs (intestine and hepatopancreas) were fixed in
2.5% glutaraldehyde (2h, room temperature (RT)
and 1% osmium tetroxide in 0.1 M phosphate buffer
(2h, 4 °C) and prepared according to standard meth-
ods for analysis using transmission electron micro-
scopy (TEM) (Sonakowska et al. 2015; Sonakowska-
Czajka et al. 2021). Epoxy resin blocks were cut on
a Leica Ultracut UCT25 microtome. The semi-thin

Table I. Experimental groups of adult specimens of N. davidi. In — intestine, H — hepatopancreas, C — control.

Intestine Hepatopancreas
BPA concentration/
Period 24h 48 h 72 h 24 h 48 h 72 h
0 mg/L - - Cln - - CH
1 mg/L 1In24 1In48 1In72 1H24 1H48 1H72
5 mg/L 5In24 5In48 5In72 5H24 5H48 5H72
10 mg/L 10In24 10In48 10In72 10H24 10H48 10H72

48
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Control |

10 mg BPA/L
24h

10 mg BPA/L
48h

10 mg BPA/L
72h

! Isolation of midgut organs ‘

intestine

Figure 1. Scheme of experimental setup on N. davidi exposed to BPA.

sections obtained (0.8 um thick) were stained with 1%
methylene blue in 0.5% borax (for visualization of the
tissue topography). Semi-thin sections were stained
with Schiff’s reagent (polysaccharide staining) and
bromophenol blue (BPB, protein staining) according
to the protocol described for N. davidi (Sonakowska
et al. 2015; Ostrozka et al. 2022) and analyzed using
the OLYMPUS Bx60light microscope.

2.3.2. Transmission electron microscopy. Ultrathin
sections (70nm thick) were cut on a Leica
Ultracut EM UC7 RT ultramicrotome, and were
transferred to copper grids and contrasted with ura-
nyl acetate and lead citrate (Sonakowska et al. 2015,
2016). The material was analyzed in a Hitachi H500
and Quanta FEG250 electron microscopes.

49

2.3.3. Qualitative analysis — confocal microscopy.
2.3.3.1. LysoTracker Red staining. LysoTracker Red
is commonly used for detecting strongly acidic orga-
nelles (e.g., lysosomes, autolysosomes). The dis-
sected intestine and hepatopancreas of adult
specimens of N. davidi from all experimental groups
were incubated in 2.5 mmol/LL LysoTracker Red
DND-99 (Molecular Probes, L 7528; Thermo
Fisher Scientific, Waltham, Massachusetts, USA)
and 1pg/ml DAPI (Sigma-Aldrich), as described
by Poprawa et al. (2022). The organs were observed
using an Olympus FluoView FV1000 confocal
microscope using a 559 nm laser for LysoTracker
Red and a 405 nm laser for the DAPI dye, resulting
in blue fluorescence of nuclei and red fluorescence
of strongly acid structures.

52:7701603591
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2.3.3.2. BODIPY lipid probes. BODIPY
(4,4-difluoro-3a,4a-diaza-s-indacene) fluorophore

incorporates natural lipids. Isolated organs without
fixation were stained with 20 pl/ml BODIPY work-
ing solution (30 min, RT, in the dark) prepared
from BODIPY stock according to the manufac-
turer’s protocol (Molecular Probes). After washing
with TBS, the material was stained with DAPI solu-
tion (1 pg/ml, 30 min, RT, in the dark). Organs were
examined using an Olympus FluoView FV1000
confocal microscope and argon lasers: 405 nm laser
(detection of DAPI) and 559 nm resulting in blue
fluorescence of nuclei and green fluorescence of
lipids (Rost-Roszkowska et al. 2024).

2.3.4. Quantitative analysis. Intestines and hepato-
pancreas isolated from adult individuals of all
experimental groups were homogenized in cold
PBS (Phosphate buffered saline) (pH 7.4) using
a  mechanical homogenizer (BEAD BUG
MICROTUBE HOMOGENIZER) to perform
quantitative analyses. The cell suspension was
washed by centrifugation at 1500 rpm for 5 min,
and the pellet was suspended in 100ul of PBS
(Rost-Roszkowska et al. 2020).

2.3.4.1. MUSE Cell Cycle Kit. The Muse Cell
Cycle Kit enables quantitative measurements of the
percentage of cells in different cell cycle phases: GO/
G1, S, G2/M. Isolated organs were prepared for
analysis using a MUSE cytometer according to the
protocol recommended on the manufacturer’s web-
site (https://www.luminexcorp.com/muse-cell-cycle-
kit/#overview): fixed in 70% ethanol (24 h, on ice),
washed in PBS buffer, incubated in Muse Cell Cycle
Reagent (30 minutes, RT, in the dark) and analyzed
on a MUSE cytometer.

2.3.4.2. MUSE Ki67 Proliferation Kit. The Muse
Ki67 Proliferation Kit enables quantitative mea-
surements of the percentage of proliferating (Ki67
+) and non-proliferating (Ki67-) cells based on
Ki67 protein expression. Isolated organs were pre-
pared without fixation according to the protocol for
this kit (https://www.luminexcorp.com/muse-ki67-
proliferation-kit/#overview) and then analyzed
using a MUSE cytometer.

2.3.5. Srawnstical analysis. Statistical analyses were
performed using the STATISTICA 13.1 software
package. Normality was assessed using the Shapiro-
Wilk test. The data were tested for homogeneity of
variance using Levene’s test for equality of error
variances. To assess the significance of differences
in the levels of analyzed parameters with respect to
the organ, concentrations of BPA and exposure
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periods to BPA among the experimental groups,
the method of one-way and multi-way analysis of
variance (ANOVA/MANOVA). The significance of
differences in the levels of analyzed quantitative
parameters among experimental groups within the
investigated organs and periods of BPA exposure
was assessed using the Tukey test (p<0.05)
(Ostréozka et al. 2024).

3. Results

3.1. Changes in the midgut epithelium of N. davidi at
the ultrastructural level caused by the presence of

BPA in the environment

3.1.1. Intestine. The intestinal epithelium of control
animals (CIn) comprised two types of cells: D-cells
(digestive cells) and E-cells (embryonic, regenerative
cells). Cylindrical in shape, D-cells lay on
a noncellular basal lamina and had distinct regiona-
lization in the arrangement of cell organelles. Thus,
we could distinguish three regions of the cytoplasm:
basal, perinuclear, and apical. Both the basal cyto-
plasm (Figure 2(a)) and the perinuclear cytoplasm
were rich in cisternae of the rough (RER) and
smooth (SER) endoplasmic reticulum and Golgi
complexes. The apical cytoplasm (Figure 2(b)) had
numerous mitochondria, cisternae of RER and SER,
electron-dense granules, and vesicles with various
electron densities. The exact structure of the intes-
tine and its cells has been described (Sonakowska
et al. 2015; Sonakowska-Czajka et al. 2021;
Ostrozka et al. 2022).

In the 1In24 group, no changes in the ultrastruc-
ture of the cytoplasm were observed. However,
vacuoles with an electron-lucent interior appeared
(Figure 2(c)). The 1In48 group was characterized
by a similar structure (Figures. 2(d-e)) additionally,
numerous distended RER cisternae and single,
degenerated mitochondria appeared (Figure 2(e)).
After 72 h, the number of vacuoles with electron-
lucent content and degenerated mitochondria
increased, while the cisternae of RER, SER, and
Golgi complexes had a normal structure
(Figure 2(f)). In the 5In24 and 5In48 groups,
numerous degenerating mitochondria and single
distended cisternae of the RER, SER or Golgi com-
plexes were detected throughout the cytoplasm
(Figures 2(g-j)). Electron-dense structures were
noted in the perinuclear and basal cytoplasm
(Figures 2(g,j)). However, after 72 hours of life of
the animals in water contaminated with 5mg/l of
BPA, the cytoplasm of D-cells showed normal ultra-
structure (Figure 2(k)). Growing shrimp in water
with BPA at a concentration of 10 mg/l for 24, 48,
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Figure 2. Intestine in N. davidi exposed to different BPA concentrations. Experimental groups described in Methodology. D-cells (dc),
nuclei (n), mitochondria (m), cisterns of RER (RER) and SER (SER), microvilli (mv), autophagic structures (au), intestine lumen (1),
vacuoles (v), multivesicular bodies (mvb), electron-dense structures (black arrows), Golgi complexes (G), degenerated mitochondria
(white circle), visceral muscles (vm), necrotic cytoplasm (stars). TEM. (a) Scale bar = 1.3 um. (b) Scale bar=1.6 um. (c) Scale bar =
1.1 pm. (d) Scale bar = 1.2 uym. (e) Scale bar = 1.3 uym. (f) Scale bar = 0.4 um. (g) Scale bar = 1.7 pm. (h) Scale bar = 1 um. (i) Scale bar =
1.1 pm. (j) Scale bar=1.3 pm. (k) Scale bar =1 um. (I) Scale bar = 0.8 um. (m) Scale bar = 1.9 pm.

and 72hours induced numerous degenerative
changes in the intestinal epithelium. Thus, dis-
tended cisternae of the RER, SER, Golgi com-
plexes, mitochondria, and numerous vacuoles
with electron-lucent interiors occurred in the api-
cal and perinuclear cytoplasm (Figures. 2(l-m)).
Additionally, in the intestinal epithelial cells of
individuals from the 10In72 group, the entire
basal cytoplasm was characterized by extensive
degenerative changes (necrosis) (Figure 2(m)).

51

3.1.2. Hepatopancreas. The proximal region of the
hepatopancreatic tubules of control (CH) individuals
consisted of several types of cells: R-cells, F-cells, and
B-cells. R (resorptive) cells are characterized by
a cytoplasm rich in Golgi complexes, cisternae of
RER and SER, mitochondria, and vesicles of medium
electron density (located mainly in the apical cyto-
plasm). F cells (fibrillar) are devoid of reserve materi-
als but have well-developed cisternae of RER and
Golgi complexes. B cells (storage cells) have

54:4400847609
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a cytoplasm rich in free ribosomes, vacuoles of various
sizes, mitochondria, and spheres of storage material
(Figures 3(a-b)). The detailed ultrastructure of hepa-
topancreatic cells has been described in N. davidi
(Sonakowska et al. 2015; Sonakowska-Czajka et al.
2021).

In groups 1H24, 1H48, and 1H72 (Figure 3(c-i)),
no changes in the structure of hepatopancreatic cells
were observed. However, degenerated mitochondria
could be distinguished in the cytoplasm of R and
F cells, and a slightly smaller number of spheres with
storage material was distinguished in B cells (Figure 3
(c,fh)).

In groups 5H24 and 5H48, no changes in the struc-
ture of R and F cells were observed (Figure 4(a-d,f)).

However, the cytoplasm of B cells became electron
lucent, and spheres of the storage material were
observed (Figure 4(c-¢)). In turn, in the 5H72 group,
no changes were detected in the ultrastructure of the
F cells (not shown). In contrast, the R cells were char-
acterized by an electron-lucent cytoplasm and the pre-
sence of degenerated mitochondria (Figure 4(g-h)).
B cells’ cytoplasm resembled the 5H24 and 5H48
groups (Figure 4(h)). In individuals cultured in water
with BPA at a concentration of 10 mg/1 for 24 h (group
10H24), R cells had numerous large vacuoles with an
electron-lucent interior, numerous degenerated
mitochondria, and distended RER or Golgi cister-
nae (Figure 5(a-b)). In many B cells, the storage
material was digested (Figure 5(a)), mitochondria

Figure 3. Hepatopancreas in N. davidi exposed to different BPA concentrations. Experimental groups described in Methodology. Storage
cells (bc), fibrillar cells (fc), resorptive cells (rc), nuclei (n), mitochondria (m), cisterns of RER (RER), microvilli (mv), reserve materials
(rm), autophagic structures (au), lumen (1), vacuoles (v), multivesicular bodies (mvb), degenerated mitochondria (white circles). TEM. (a)
Scale bar = 0.6 um. (b) Scale bar = 1.4 pm. (c) Scale bar = 1.3 pm. (d) Scale bar = 1.2 um. (e) Scale bar = 1.1 pm. (f) Scale bar = 0.8 um. (g)
Scale bar = 1.8 um. (h) Scale bar = 1.8 um. (i) Scale bar=1.3 pm.

52
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Figure 4. Hepatopancreas in N. davidi exposed to different BPA concentrations. Experimental groups described in Methodology. Storage
cells (bc), fibrillar cells (fc), resorptive cells (rc), nuclei (n), mitochondria (m), cisterns of RER (RER), microvilli (mv), reserve materials
(rm), autophagic structures (au), lumen (1), vacuoles (v), degenerated mitochondria (white circles), basal lamina (bl), visceral muscles
(vm). TEM. (a) Scale bar = 2.2 ym. (b) Scale bar = 2 pm. (c) Scale bar = 1.6 um. (d) Scale bar = 1.8 um. (e) Scale bar = 1 um. (f) Scale bar

=1.5um. (g) Scale bar =2.4 um. (h) Scale bar=1.1 pm.

degenerated, and the cytoplasm, poor in orga-
nelles, being electron-lucent, showed necrotic fea-
tures (Figure 5(c)). No ultrastructural changes
were observed in F cells. In the case of shrimp
cultured in water at this concentration for 48h
(10H48), degenerated mitochondria, strong
vacuolization, and autophagy appeared in the
cytoplasm of all cell types. Additionally, the sto-
rage material in B cells was digested (Figure 5
(d-e)). Extending the time to 72 hours induced
severe vacuolization, autophagy, and organelle
degeneration in all types of hepatopancreatic
cells (Figure 5(f-h)).

53

3.2. Autophagy in N. davidi midgut epithelium after
BPA exposure

In the case of the intestine, in groups 1In24 and
1In48, the intensity of signals originating from
strongly acidic organelles increased with increasing
exposure time to BPA, but decreased after 72h.
However, in the groups, 5In24, 5In48, 5In72, and
10In24, 10In48, and 10In72, the intensity of signals
originating from strongly acidic structures increased
with increasing exposure time to BPA within each
concentration. Analyzing the relationship between
concentration and signals coming from strongly

56:5296468463
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Figure 5. Hepatopancreas in N. davidi exposed to different BPA concentrations. Experimental groups described in Methodology. Storage
cells (bc), fibrillar cells (fc), resorptive cells (rc), nuclei (n), mitochondria (m), cisterns of RER (RER), microvilli (mv), lumen (1), basal
lamina (bl), visceral muscles (vm), autophagic structures (au), necrotic cells (NC), vacuoles (v), reserve materials (rm), digested reserve
material (star), degenerated mitochondria (white circles), necrotic cytoplasm (stars). TEM. (a) Scale bar = 1.8 um. (b) Scale bar = 1.6 um.
(c) Scale bar = 1.8 um. (d) Scale bar = 1.8 um. (e) Scale bar = 1.2 um. (f) Scale bar = 1.8 um. (g) Scale bar = 1.6 um. (h) Scale bar = 1.2 ym.

acidic structures within each time of exposure of
animals to the xenobiotic, it was observed that the
intensity of the signal increased with increasing BPA
concentration (Figure 6). In the case of the shrimp
hepatopancreas, the intensity of signals emitted by
strongly acidic structures in all study groups
increased with increasing BPA concentration and
with increasing BPA exposure time (Figure 7).
Transmission electron microscopy (autophagic
structures) confirmed the results obtained with the
LysoTracker Red reagent.

54

3.3. Reserve materials in the intestine and
heparopancreas of N. davidi

No signals originating from lipids were observed in the
intestine of the control group (Cln). Their occurrence
was observed in the 5In24, 5In48, and 10In24 groups
(Figure 8). This coincides with the occurrence of
electron-dense structures in the perinuclear and
basal cytoplasm of D-cells (Figure 2(g,j,l)). In the
hepatopancreas, throughout the entire proximal part
of the tubules, decreasing strength of lipid signals was
observed with increasing BPA concentration and BPA

57:5191895696
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Figure 6. 3D representation of LysoTracker Red and DAPI staining of N. davidi intestine. BPA exposure. Confocal microscopy shows red
(strongly acid structures) and blue signals (nuclei). Scale bars =45 um.

exposure time (Figure 8). The remaining reserve
material accumulated in the cytoplasm of intestinal
and hepatopancreatic cells is presented in Table II.

3.4. Regenerative cells in the intestine and
hepatopancreas of N. davidi

E-cells are located between the basal regions of
D-cells in the anterior intestine and have no contact
with the lumen of the organ. They are also located in
the distal regions of the hepatopancreatic tubules.
The exact ultrastructure of these cells in N. davidi
midgut epithelium has been previously described
(Sonakowska et al. 2015; Sonakowska-Czajka et al.
2021; Ostrézka et al. 2022). Division of these cells
in both organs was observed in all control and
experimental groups (Figure 9(a)). No alterations
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were detected in the cytoplasm of E-cells in all
experimental groups except the intestine from ani-
mals in the 10In48 and 10In72 groups. Distended
Golgi complexes, vacuoles with an electron-lucent
interior, and degenerated mitochondria appeared
(Figure 9(b)).

3.5. The quantitative changes of selected parameters in
the intestine and hepatopancreas of N. davidi

Among the defined grouping variables — organ,
concentrations of BPA, and periods of BPA expo-
sure — the second had the greatest influence on the
differences observed between similarly treated
groups of shrimp. The significance of periods of
BPA exposure was confirmed in relation to quanti-
tative changes in cells across the phases G0/G1 and
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Figure 7. 3D representation of LysoTracker Red and DAPI staining of N. davidi hepatopancreas. BPA exposure. Confocal microscopy
shows red (strongly acid structures) and blue signals (nuclei). Scale bars =40 um.

G2/M, as well as in Ki67-positive cells. The organ
variable was significant in cases involving quantita-
tive changes in Ki67-positive cells and cells in the
S phase. Furthermore, the combined effect of all
grouping variables was demonstrated with respect
to both quantitative changes in cell cycle parameters
and variations in the populations of Ki67-positive
cells (Table III).

3.5.1. Ki67-positive cells. Regardless of the bisphe-
nol concentration and the time of exposure to this
compound, the average percentage of Ki67-positive
cells in the intestine of the individuals was higher
than in the hepatopancreas. In the intestines of indi-
viduals exposed to bisphenol at concentrations of 1
mg-1"! and 5 mg-17!, the percentage of Ki67-positive
cells was significantly lower than in the control after
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24 hours (F(1, 8)=8.93, p=0.017 and F(1, 8) =
196.5, p=0.0002, respectively) and 48 hours (F
(1, 8) =197.8, p=0.0002 and F(1, 8)=312.2, p=
0.000001, respectively). After 72 hours, no changes
in the percentage of Ki67-positive cells were
recorded compared to the control. Only in the case
of individuals exposed to  bisphenol at
a concentration of 10 mg-1™?, the percentage of Ki67-
positive cells was nearly twice as low as in the
control, regardless of the exposure time (24h: F
(1, 8)=134.8, p=0.0004; 48h: F(1, 8)=419.3,
p»=0.000002; 72h: F(1, 8)=419.3, p=0.00001).
At the specified concentrations of bisphenol, no
changes in the percentage of Ki67-positive cells
were recorded compared to the control after
72 hours. Only in the case of individuals exposed
to bisphenol at a concentration of 1 mg-1~! for 24
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Figure 8. 3D representation of BODIPY and DAPI staining of N. davidi intestine and hepatopancreas. BPA exposure. Confocal
microscopy shows green (lipids accumulation) and blue signals (nuclei). Scale bars = 40 um.

hours, the percentage of Ki67-positive cells in the
hepatopancreas was nearly twice as high as in the
other groups. However, statistically significant
differences were observed between 24 and 48 hours
of exposure (F(1, 9)=37.04, p=0.0004).
(Figure 9(c))

3.5.2. Cell cycle disorders in the intestine and hepato-
pancreas of N. davidi.
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3.5.2.1. GO/GI1 phase. Regardless of the exposure
time, bisphenol at a concentration of 10mg1™"
caused a significant reduction in the percentage of
cells in the GO/G1 phase in the intestine compared
to the control (24 h: F(1, 8) =1049.0, p =0.000001;
48 h: F(1, 8)=1123.0, p=0.000001; 72 h: F(1, 8)
=80.4, p=0.0002). The effects of lower concentra-
tions of this compound were weaker. Bisphenol at
a concentration of 1mgl™' caused a significant
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Table II. Proteins and polysaccharides accumulated in the cytoplasm of the midgut epithelial cells in N. davidi.
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Intestine

CIn 1In24 1In48 1In72 5In24 5In48 5In72 10In24 10In72
};ol¥saccharides - - - — - - — — _

roteins - - - - _ _ _ _ -

Hepatopancreas

CH 1H24 1H48 1H72 5H24 5H48 5H72 10H24 10H72
Polysaccharides + - - - - — — _ _
Proteins - - - - - - - — _

Ki67 positive cells
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Figure 9. (a-b) Ultrastructure of E-cells in 10In48 (a) and 10In72 (b) experimental groups (BPA exposure). D-cells (dc), E-cells (ec),
cisterns of ER (ER), nuclei (n), vacuoles (v), basal lamina (bl), mitochondria (m), degenerated mitochondria (white circles). TEM. (a)
Scale bar = 1.8 um. (b) Scale bar =0.7 um. (c) Percentage of Ki67-positive cells (mean * SE) in the intestine (CIn) and hepatopancreas
(CH) of N. davidi individuals subjected to BPA exposure in concentrations: 1 mg1™!, 5mg171 and 10mg1™! for 24, 48 and 72h.
Different letters (a, b) indicate statistically significant differences between experimental groups within each concentration and organ using
the Tukey test, p < 0.05; n=5.
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Table III. Analysis of variance (ANOVA/MANOVA) for measured parameters in the intestine and in the hepatopancreas of N. davidi
(with organ — O; concentrations of BPA — C; periods of BPA exposure — P, as categorical factors).

GO0/G1 N G2/M Ki67

Source of

variation daf F P F P F P F P
O 1 0.50 0.481 43.50 <0.001 3.72 0.057 165.94 <0.001
C 2 27.55 <0.001 4.42 0.014 60.46 <0.001 15.71 <0.001
P 3 35.85 <0.001 2.01 0.118 76.52 <0.001 25.26 <0.001
o/C 2 0.53 0.593 8.15 0.001 0.62 0.541 0.44 0.645
or 3 11.40 <0.001 5.321 0.002 13.61 <0.001 27.76 <0.001
(0] o4 6 5.90 <0.001 2.21 0.048 10.06 <0.001 5.57 <0.001
OICIPT 6 2.65 0.020 2.43 0.031 5.57 <0.001 5.77 <0.001

reduction in the percentage of cells in the G0/G1
phase in this organ compared to the control only
after 72hours of exposure (F(1, 8)=41.6, p=
0.0001), while bisphenol at a concentration of 5
mg-1~! caused a significant reduction in the percen-
tage of cells in the GO/G1 phase compared to the
control after 24 hours (F(1, 8) =870.5, p=0.00001)
and 72 hours (F(1, 8)=48.6, p=0.0001). In the
group of individuals exposed to bisphenol at
a concentration of 1mg1', the percentage of cells
in the GO/G1 phase in the hepatopancreas was simi-
lar to the control, regardless of the time of exposure
to this compound. Exposure of shrimp to higher
concentrations of bisphenol, 5 mg-1~! and 10 mg17?,
resulted in a significant decrease in the percentage of
cells in the GO/G1 phase only after 48 hours of
exposure: F(1, 8) =86.1, p=0.0001 and F(1, 8) =
93.9, p=0.0001, respectively) (Figure 10).

3.5.2.2. S phase. No significant changes were
observed in the percentage of cells in the S phase
in the shrimp intestine compared to the control after
bisphenol exposure. A significant reduction in the
percentage of cells in this phase in the hepatopan-
creas was recorded only after exposure to bisphenol
at a concentration of 5 mg-1~* for 48 hours (F(1, 8)
=159.1 p=0.0002) compared to the control
(Figure 10).

3.5.2.3. G2/M phase. In both the intestine and the
hepatopancreas, bisphenol at concentrations of 5
mg-17! and 10mg-1™! caused a significant increase
in the percentage of cells in the G2/M phase com-
pared to the control (on average, more than 20-
fold in the intestine and fourfold in the hepato-
pancreas) at all exposure times. The lowest con-
centration of bisphenol did not cause changes in
the percentage of cells in the G2/M phase in the
hepatopancreas, whereas, in the intestine, bisphe-
nol at a concentration of 1mgl' caused
a significant increase in the percentage of cells in
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the G2/M phase compared to the control after
72 hours of exposure (F(1, 8)=65.4, p=0.0002)
(Figure 10).

4. Discussion

Several studies revealed the cytotoxicity of BPA for
vertebrate cells and tissues (Canesi & Fabbri 2015).
However, data on the cytotoxicity of BPA or its deri-
vatives on invertebrates, including those living in
freshwater environments, which constitute an impor-
tant link in trophic chains and are a source of food for
other animals, are sporadic (Canesi & Fabbri 2015; Li
et al. 2021). Therefore, it is currently difficult to dis-
cuss the obtained results related to changes in cells at
the ultrastructural level or the activation of cell death
and cell proliferation processes. Cytotoxic activity is
measured, among other methods, by the assessment of
cell proliferation, i.e., activation or inhibition of cell
division and the occurrence of changes in successive
phases of the cell cycle (Morgan et al. 2006). When
cells in tissues and organs are damaged or cell death is
activated, cell division is intensified for repair pur-
poses. In this way, homeostasis is maintained in the
organs (Amcheslavsky et al. 2009; Istifli et al. 2019;
Lee et al. 2021). Activation of cell proliferation under
the influence of BPA or its derivatives has been
demonstrated in the case of cancer cells whose devel-
opment is hormone-dependent (Zhang et al. 2024),
while in non-cancerous cells, it inhibits DNA replica-
tion and proliferation and activates cell death pro-
cesses (Liu et al. 2013; Kidani et al. 2017; Aysin
2024). In the freshwater fish Carassius auratus,
increased lymphocyte proliferation has been described
at concentrations ranging from 5 pg/l to 50 mg/1, while
at higher doses (500-1000 mg/1), BPA inhibits macro-
phage proliferation (Yin et al. 2007). In
D. melanogaster, BPA, by causing the death of midgut
cells, also induces the proliferation of intestinal stem
cells in this organ (Chen et al. 2022). Thereby, this
organ’s homeostasis is maintained (Lee et al. 2021).
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Figure 10. (a) Percentage of cells in GO/G1 phase (mean * SE) in the intestine (CIn) and hepatopancreas (CH) of N. davidi individuals

subjected to BPA exposure in concentrations: 1 mg-l-1, 5 mg-l-1, and

10 mg-17! for 24, 48, and 72 h. Different letters (a, b, c) indicate

statistically significant differences between experimental groups within each concentration and organ using the Tukey test, p <0.05; n=5.
(b) Percentage of cells in S phase (mean * SE) in the intestine (CIn) and hepatopancreas (CH) of N. davidi individuals subjected to BPA

exposure in the concentrations: 1 mg-17!, 5mg-1"1 and 10 mg-1~" for 24,

48 and 72 h. Different letters (a, b) indicate statistically significant

differences between experimental groups within each concentration and organ using the Tukey test, p <0.05; n =5. (c) Percentage of cells
in G2/M phase (mean * SE) in the intestine (CIn) and hepatopancreas (CH) of N. davidi individuals subjected to BPA exposure in the
concentrations: 1 mg1~!, 5mg171, and 10 mg-1~" for 24, 48 and 72 h. Different letters (a, b, c) indicate statistically significant differences
between experimental groups within each concentration and organ using the Tukey test, p <0.05; n=5.

Thus, in many cases, BPA may have an anti-
proliferative or pro-proliferative effect, depending on
what other additional mechanisms are activated.
Electron microscopy revealed the presence of mitotic
divisions after exposure of N. dawvidi to different BPA
concentrations. In both organs, E-cells located in the
anterior part of the intestinal epithelium between
D-cells and in the distal regions of the hepatopancrea-
tic tubules are capable of proliferation. They act as
stem cells of the midgut epithelium of the tested
shrimp (Sonakowska et al. 2015; Sonakowska-Czajka
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et al. 2021). However, at a concentration of 10 mg/L.
and an experiment duration of 48 and 72 h, necrotic
changes appear in the cytoplasm of N. davidi intestinal
E-cells, indicating degenerative changes. BPA concen-
trations lower than 10mg/LL did not activate the
degeneration of cell organelles in these cells.
Quantitative analysis of Ki67-positive cells showed
that in both the intestine and hepatopancreas, their
number decreases with increasing BPA concentration
in the environment and the animals’ lifetime in con-
taminated water. This would indicate inhibition of the

63:7894519780



proliferation of epithelial stem cells in both organs
under the influence of the tested xenobiotic.
However, in the hepatopancreas, this decrease is not
statistically significant. There are also no changes in
hepatopancreatic E-cells at the ultrastructural level,
meaning these cells were not directly exposed to the
xenobiotic. Ki67 protein is activated in the cell during
the active phases of the cell cycle, i.e., G1, S, G2, and
M, but undetected in the GO phase. Therefore, it is
considered a good indicator of cell proliferation
(Bullwinkel et al. 2006). BPA present in the living
environment of freshwater shrimp caused a slight
reduction in the level of cell proliferation in the intest-
inal epithelium, while in the hepatopancreas, BPA at
selected concentrations did not affect the mitotic divi-
sion of E-cells. However, DNA damage causes the
arrest of the cell in the G1 phase of the cell cycle.
Thus, it does not enter the S phase, and eventually
mitosis is blocked (Trzcinska 2003). This is also con-
firmed by studies analyzing cells in individual phases of
the cell cycle in the hepatopancreas. The exception,
however, is a distinct increase in the number of cells
in the G2/M phase (48 h for concentrations of 5 and 10
mg/l) and the number of cells in the S phase (48 h for
a concentration of 10 mg/l) in the hepatopancreas, so
a pro-active effect is suggested at these concentrations.
In the intestine, where E-cells show vacuolation, the
number of Ki67-positive cells and cells in the S and
G2/M phases is reduced. This will probably be related
to greater exposure of the intestinal epithelium to the
action of xenobiotics and increased protection of hepa-
topancreatic tubular cells of the crustacean, which has
already been suggested in previous studies on this spe-
cies (Ostrozka et al. 2022, 2024). These results indicate
that depending on the concentration of BPA in the
living environment of freshwater crustaceans, epithelial
stem cells in the digestive system will show increased
proliferative potential or their functioning will be inhib-
ited by activated degenerative processes in them.

BPA is known to cause degenerative changes in
organelles in various cells and tissues (Pan et al.
2021). It causes severe vacuolization of the cyto-
plasm, distention of the cisternae of the endoplasmic
reticulum and mitochondria, and damage to the cell
nucleus (Hasanluyi et al. 2016; Vijaykumar et al.
2017). Analyzing changes in the structure of cell
organelles in the intestine of N. dawvidi, gradual
degeneration of D-cells was observed with increas-
ing exposure time of crustaceans to BPA and its
increasing concentration. Meanwhile, these changes
appeared gradually in the hepatopancreas and were
clearly visible only at the highest BPA concentration,
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i.e. 10 mg/l. This again confirms that the hepatopan-
creas is a more protected organ than the intestine.
Similar changes in cell organelle degeneration have
been reported in the midgut of D. melanogaster
under the influence of BPA and oxidative stress-
activated by this xenobiotic (Chen et al. 2022).
Significant changes at the ultrastructural level,
caused by the presence of BPA and its derivatives
in the aquatic environment, have been well
described in e.g., algae in which distinct degradation
of cytoplasm and organelles were detected (Yu et al.
2007; Li et al. 2009; Fabrello et al. 2024). It is
suggested that the bioaccumulation of BPA in
these organisms may affect subsequent links in the
food chain (Fabrello et al. 2024), including the cur-
rently investigated shrimp. In N. davidi, changes in
the ultrastructure of cell organelles caused by var-
ious stressors are manifested before other mechan-
isms are impaired (Wlodarczyk et al. 2017;
Wlodarczyk, Student et al. 2019; Wtodarczyk,
Wilczek et al. 2019; Ostrozka et al. 2022, 2024).
Additionally, it was observed that autophagy occurs
more intensively in the epithelial cells of both the
intestine and the hepatopancreas with increasing
degeneration of cell organelles. This process is acti-
vated, among other factors, when damaged orga-
nelles and cell structures appear in the cells. Their
destruction protects the cell from triggering cell
death (Klionsky 2016, 2021). During this process,
reserve materials accumulated in cells may be
digested, e.g., lipids, polysaccharides, or proteins,
which will constitute an energy reservoir (Zhang
et al. 2022). The activation of degenerative pro-
cesses requires energy input to activate, for example,
antioxidant processes and facilitate tissue regenera-
tion (Pook et al. 2009; Bednarska et al. 2013;
Bednarska & Stachowicz 2013; Lipovsek et al.
2018). It was revealed during analyses connected
with effects of different stressors on aquatic verte-
brates and invertebrates e.g., Danio rerio, (Smolders
et al. 2003), Neomysis integer (Verslycke et al. 2004),
N. davidi (Wlodarczyk, Student et al. 2019,
Ostrozka et al. 2022) as well as terrestrial animals,
e.g., insects (Bednarska et al. 2013; Tettamanti &
Casartelli 2019), crustaceans (Donker 1992), ara-
chnids (Lipovsek et al. 2018). BPA is one of the
stressors that activate autophagy, including lipo-
phagy (Lee et al. 2021; Park et al. 2023). In the
intestine of N. davidi, where cell organelles are
damaged, autophagy will be responsible for their
neutralization to protect the cell against apoptosis
or even necrosis with inflammation for as long as
possible (Ostrozka et al. 2022, 2024). However, in
hepatopancreatic cells, autophagy will be mainly
responsible for the digestion of reserve materials
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accumulated in tubular B cells (especially lipids and
small amounts of polysaccharides), which suggests
a decreasing amount of these reserve materials with
increasing exposure time of animals to BPA, as well
as with their increasing concentrations. Lipids are
essential for providing the energy needed for numer-
ous cellular processes, and they are constantly
recycled within the cytoplasm and organelles
(Jaishy & Abel 2016). Lipids can be utilized during
lipophagy, which is a type of selective autophagy, or
during lipolysis (Zechner et al. 2017; Elander et al.
2018; Xie et al. 2020; Rost-Roszkowska et al. 2022).
Similar results were obtained for N. davidi indivi-
duals exposed to pesticide or nickel (Ostrozka et al.
2022, 2024). However, the fact that lipids appear in
D-cells of the intestinal epithelium in the 5In24,
5In48, and 10In24 groups seems interesting, espe-
cially since the cytoplasm of these cells does not
accumulate reserve materials (Sonakowska et al.
2015; Sonakowska-Czajka et al. 2021). Similarly,
when individuals of this species are exposed to
a pesticide (dimethoate), reserve materials begin to
accumulate in the cytoplasm of D-cells (Ostrozka
et al. 2022). The accumulation of lipid droplets
seems to be correlated with the effect of BPA on
animal cells (Wang et al. 2012; Vijaykumar et al.
2017), because BPA disturbs lipid metabolism in
animal cells and tissues (Haq et al. 2020; Yang
et al. 2022). This confirms previous suggestions
that in both organs the processes of detoxification
and cell protection occur slightly differently, being
related to the energy budget and its balancing.
Degenerative changes occurring in cells as a result
of exposure to toxic substances regenerate faster in
the event of increased energy expenditure
(Bednarska et al. 2013; Bednarska & Stachowicz
2013).

5. Conclusions

This study provided information about BPA-
induced degenerative changes in the endodermal
region of the digestive system in the freshwater
shrimp N. davidi. The results suggest that (1) not
all organs and tissues react similarly to the highly
toxic BPA; (2) the concentration and exposure time
of freshwater animals affect the functioning of stem
cells — it may have anti- or pro-proliferative effects;
(3) autophagy and lipid digestion play an important
role in protecting cells against the effects of BPA,
which is also related to the increased energy demand
of cells. However, further studies are needed to
determine whether the effects of BPA are reversible,
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which cell death processes are involved in tissue
damage, including the participation of different
pathways, and which antioxidative mechanisms
may play a role in cell survival.
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ABSTRACT ARTICLE HISTORY
Bisphenol A (BPA) is commonly used in the production of plastics and epoxy resins. Received 1 December 2025
Hence, it is used to produce many everyday items. It is classified as a hazardous chemical Accepted 24 March 2026

due to its potential to cause serious eye damage, allergic skin reactions, and respiratory KEYWORDS
irritation or can affect reproductive function, cognitive function, and metabolism. BPA; oxidative stress;
Furthermore, BPA, due to its ability to mimic the human hormone estrogen, is an cytotoxicity; cell death;
endocrine disruptor. However, aquatic organisms are most vulnerable to BPA. While mitochondria
changes in the abundance and fecundity of freshwater invertebrates have been ana-

lysed, data on the cytotoxic effects of BPA are scarce. Cytotoxicity triggers numerous

degenerative or regenerative processes that attempt to maintain homeostasis in the

body. Thus, to determine which cytotoxicological processes could be activated after BPA

exposure, we used the freshwater shrimp Neocaridina davidi, a species widely cultured

worldwide. Individuals of N. davidi were exposed to three concentrations of BPA: 1, 5,

and 10 mg/L for 24, 48, and 72 h. Isolated from the specimens, the intestine and

hepatopancreas were prepared for qualitative and quantitative analysis. The present

findings demonstrate that BPA disrupts multiple cytotoxicity pathways, triggering

a cascade of cellular interactions, including damage to mitochondria, nuclei, and DNA.

We conclude that the oxidant-antioxidant imbalance induced by BPA compromises

epithelial cell homeostasis, leading to midgut barrier dysfunction and impairing the

regenerative capacity of the digestive system.

1. Introduction

Bisphenol A is an organic chemical compound widely used in the production of epoxy resins, polycarbonate
plastics, and numerous paper products. Consequently, it is present in everyday items such as food contain-
ers, medical devices, toys, and receipts. BPA is also detected in soil, water, and air, and its extensive use in
plastic manufacturing leads to its accumulation in the environment and living organisms (Careghini et al.
2015; Corrales et al. 2015; Bjornsdotter et al. 2017).

There is increasing evidence that the induction of reactive oxygen species (ROS) by BPA contributes to its
toxicity and carcinogenicity (Rochester 2013; Gassman & Wilson 2017; Seachrist et al. 2016; Gassman 2017).
ROS are toxic byproducts of cellular metabolism and are among the key factors inducing apoptosis through
both mitochondria-dependent and -independent pathways (Sinha et al. 2013; Komogashira et al., 2015).
Oxidative stress is defined as an imbalance between the production of ROS and the detoxification of reactive
intermediates (Candas & Li 2014). Mitochondria, among other organelles, are responsible for the synthesis of
ATP and ROS, as well as for the activation of cell death (Martin 2010; Kamogashira et al. 2015; Wtodarczyk
et al. 2019; Ostrézka et al. 2025). Changes in mitochondrial ultrastructure can cause changes in the
functioning of the entire enzymatic system (Wtodarczyk et al. 2019). ROS accumulation can lead to damage
of the mitochondrial enzymatic system, which causes changes in mitochondrial membrane potential
(Koizumi et al. 1994; Cannino et al. 2009; Rost-Roszkowska et al. 2021), as well as the activation of antioxidant
enzymes (Yao et al. 2007; Ramalho-Santos et al. 2009; Wtodarczyk et al. 2019; Rost-Roszkowska et al. 2021).
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Thus, impairment of mitochondrial function caused by their damage can lead to disruption of cellular
homeostasis (Nunnari & Suomalainen 2012; Xia et al. 2019; Rost-Roszkowska et al. 2021). However, there
are many antioxidants that modulate ROS concentrations, influencing the proper functioning of cellular
organelles, including mitochondria and the cell nucleus, where DNA damage is prevented (Chelikani et al.
2004, Johnson and Guilivi, 2005; Luberda 2005; Combelles et al. 2009). Superoxide dismutase (SOD) converts
superoxide into hydrogen peroxide and oxygen (Johnson and Guilivi, 2005; Combelles, 2009), catalase and
glutathione peroxidase convert hydrogen peroxide into water and oxygen (Brigelius-Flohé 1999; Chelikani
et al. 2004; Combelles et al. 2009), and GSH, the reduced form of glutathione, is involved in protection against
oxidative damage (Luberda 2005; Combelles et al. 2009).

Freshwater organisms are highly exposed to BPA due to its widespread use and persistence in freshwater
environments. It occurs through contact with BPA-contaminated water, ingestion of BPA-containing food, or
absorption through the epidermis, digestive, and respiratory systems. Eventually, BPA exposure negatively
impacts aquatic life, resulting in a decline in the animal population. Most studies on BPA toxicity focus on the
analysis of population size, reproduction, and fecundity, and the most frequently selected freshwater animals
for study are molluscs, crustaceans, and nematodes (Canesi et al. 2005; Crain et al. 2007; Fabbri et al. 2014;
Canesi & Fabbri 2015; Siracusa et al. 2018). However, it is important to determine how BPA present in the
aquatic environment will affect various cytotoxicity parameters, leading to cell death or triggering repair
processes. The freshwater crustacean Neocaridina davidi (Crustacea, Malacostraca) was selected as the study
subject. It is a freshwater shrimp native to Asia, whose presence has also been reported in European rivers,
such as the Oder River (Jabtonska et al. 2018). N. davidi is widely cultured worldwide as an ornamental
aquarium shrimp. Due to its simple body structure, high fecundity, ease of reproduction, and ease of rearing,
it is a species that attracts interest among scientists (Sonakowska et al. 2015; Sonakowska-Czajka et al. 2021;
Ostrozka et al. 2022, 2024, 2025). Like other crustaceans, it plays a key role in the aquatic ecosystem (Weber &
Traunspurger 2016). In our previous studies, we focused on ultrastructural changes and activation of cell
death and regenerative processes induced by BPA (Gorol et al., 2025). The aim of this study was to analyse
additional cytotoxicological parameters, such as ROS level, DNA damage, and mitochondrial alterations
caused by living in BPA-contaminated water. Ultimately, the research aimed to establish whether the
oxidant-antioxidant imbalance activated by BPA can impair the homeostasis of epithelial cells.

2. Material and methods
2.1. Material

The material consisted of adult specimens of the freshwater shrimp Neocaridina davidi (Crustacea,
Malacostraca), obtained from local breeders. Our previous studies on this species showed no differences
between males and females when the animals were exposed to various stressors (Wtodarczyk et al. 2017,
2019; Ostrozka et al. 2022, 2024, 2025; Gorol et al. 2025); therefore, adults of both sexes were selected for the
study. The shrimps were bred in a 105 L aquarium under constant conditions, with mechanical filtration and
a thermostatic heater. The water temperature was 21°C, pH = 7, and water hardness (GH) = 10. The containers
with shrimp were continuously oxygenated using filters with an aeration function that are dedicated to
shrimp breeding. The shrimp were fed ad libitum with JBL Novo Prawn (Sonakowska et al. 2015, 2016;
Wtodarczyk et al. 2017, 2019; Ostrézka et al. 2024; Gorol et al. 2025). The described culture was carried out
continuously throughout the experiment.

2.2. Experiment

The study was a continuation of the experiment described by Gorol et al. (2025), so the animals
were divided into the same experimental groups where we analysed the intestine and hepatopan-
creas separately (Figure 1). Individuals selected from the culture were exposed to three concentra-
tions of BPA (1, 5, and 10 mg/L) for 24, 48, and 72 h. The BPA concentrations and experimental times
were selected based on the literature concerning similar experiments including animals survival
(Castritsi-Catharios et al. 2013; Gerhardt 2019; Gonzéalez-Olalla et al. 2024; Liang et al. 2024). The
exposure solutions were prepared by dissolving bisphenol A in water using a sonicator. Experimental
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Figure 1. Diagrammatic representation of the experiment: N. davidi cultured in different concentrations of BPA.

Table 1. Experimental groups of N. davidi exposed to BPA.

Intestine Hepatopancreas
BPA concentration/
Period 24h 48h 72h 24h 48 h 72h
0mg/L Cln CH
1mg/L 1In24 1In48 1In72 1H24 1H48 1H72
5mg/L 5In24 5In48 5In72 5H24 5H48 5H72
10 mg/L 10In24 10In48 10In72 10H24 10H48 10H72

groups are presented in Table 1. Additionally, two control groups were examined: CIn (intestine) and
CH (hepatopancreas). The control group consisted of shrimp raised in non-polluted aquarium water.
The experimental animals were cultured separately in 0.5L containers, with one individual per
container, to eliminate competition between individuals. Excrement was removed from the bottom
of the container every 12 h. The control and experimental groups were cultured continuously, and
fresh water with or without BPA was prepared for each group. All individuals in both the control
and experimental groups were fed JBL Novo Prawn ad libitum.

2.3. Methods

Before sectioning, the animals were anesthetized with CO,, and then their intestines and hepatopancreas
were isolated. For each method, five adult specimens from each control and experimental group were used.
According to our previous studies, the research was conducted regardless of the sex of the individuals, as no
differences were found in the course of the experiment between males and females (Wtodarczyk et al. 2017,
2019; Ostrézka et al. 2022, 2024; Gorol et al. 2025).

2.3.1. Light and transmission electron microscopy

Organs isolated from 10 N. davidi specimens of all experimental groups were fixed, washed, dehy-
drated, and embedded in epoxy resin (Epoxy Embedding Medium Kit; Sigma) according to the
standard protocol described in our previous papers (Rost-Roszkowska et al. 2020a, 2020b, 2022).
After cutting ultrathin sections (70 nm), the sections were contrasted using the standard method (Rost-
Roszkowska et al. 2020a, 2020b; Poprawa et al. 2022) and analysed with the Hitachi H500 and Quanta
FEG250 transmission electron microscopes.
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2.3.2. Qualitative analysis - confocal microscopy

Confocal microscopy was used for the qualitative analysis of changes observed in organs isolated from
N. davidi individuals across all experimental groups. For each of the qualitative methods described below,
organs were isolated from five individuals. The dissected organs were subjected to the procedure without
fixation (vital analysis).

JC1 (5,5,6,6'-tetrachloro-1,1',3,3'-tetraethyl-benzimidazolyl-carbocyanine iodide) staining JC-1 is
a membrane-permeant cationic dye that is commonly used for the detection of changes in mitochondrial
transmembrane potential (ACm). JC-1 differentiates cells with a high mitochondrial potential (orange
fluorescence; polarized mitochondria) and a low mitochondrial potential (green fluorescence; depolarized
mitochondria) (Salvioli et al. 1997). The isolated organs were incubated in the dark with 5 uL of 1.5 mM JC-1
solution in DMSO (99.97%, H,0 < 0.1%) for 15 min at room temperature (RT), followed by DAPI staining
(30 min, RT, darkness). After washing in TBS, the material was visualized using an Olympus FluoView FV3000
confocal laser scanning microscope. Signals were collected in the range of 430-470 nm for DAPI and
500-600 nm and 570-670 nm for JC-1.

ThiolTracker Violet is commonly used to estimate the cellular level of reduced glutathione (GSH), a key
mechanism of cellular detoxification. Dissected organs were stained with ThiolTracker Violet (10 uM) accord-
ing to the manufacturer’s protocol (chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://assets.
thermofisher.com/TFS-Assets/LSG/manuals/mp10095.pdf) and DAPI (1 ug/mL, 30 min, RT, in the dark). After
washing the material with PBS, it was examined using an Olympus FluoView FV3000 confocal laser scanning
microscope. Signals were collected in the range of 430-470 nm for DAPI and 500-600 nm for ThiolTracker
Violet.

2.3.3. Quantitative analysis - flow cytometry

The dissected intestine and hepatopancreas were mechanically fragmented and gently crushed in 200 uL of
cold PBS (pH 7.4) buffer using a mechanical homogenizer (BEAD BUG MICROTUBE HOMOGENIZER). Cells
were acquired shortly after the preparation of samples. The cell suspension was washed using centrifugation
at 1500 rpm for 5 min, and the precipitate was resuspended in 100 uL of PBS buffer. The cell suspension was
filtered through a 40-100 um sterile cell strainer (Thermo Fisher, Falcon Cell Strainers) and suspended in
100 pL of PBS buffer. To obtain a sample size of 5 for statistical analysis, five cell suspensions from each
experimental group were prepared. The cell suspension was then treated according to the manufacturer’s
protocol for each method described below.

The Muse Oxidative Stress Kit (Merck Millipore, N MCH100111) enables quantitative analysis of the
differentiated population of ROS- and ROS+ cells. The procedure was conducted according to the manu-
facturer’s protocol (chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://welcome.cytekbio.com/
hubfs/Amnis-and-Guava-Products/Muse-Oxidative-Stress-Kit-RSP.pdf), and the measurements were per-
formed using the Muse Cell Analyzer (Millipore) (Ostrézka et al. 2024).

The Muse Annexin V & Cell Death Kit (Cytek, SKU MCH100105) enables the quantitative analysis of live,
early, and late apoptosis, as well as necrosis. The material was stained and prepared for analysis according to
the manufacturer’s protocol (chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://welcome.
cytekbio.com/hubfs/Amnis-and-Guava-Products/Muse-Annexin-V-&-Dead-Cell-Kit-RSP.pdf). The measure-
ments were performed using the Muse Cell Analyser.

The Muse MultiCaspase Kit (Cytek, MCH100109) differentiates live/caspase(-), live/caspase(+), dead/
caspase(+), and dead/caspase(-) cells. The quantitative analysis enables the determination of the relative
percentages of live, caspase-active, and dead cells (resulting from apoptosis and necrosis), as well as the
involvement of apoptotic caspases in cellular function. The quantitative analysis was conducted according to
the procedure presented in the manufacturer’s protocol (https://welcome.cytekbio.com/hubfs/Amnis-and-
Guava-Products/Muse-MultiCaspase-Kit-RSP.pdf) (Ostrézka et al. 2024).

The Muse Bcl-2 Activation Dual Detection Kit (Cytek, SKU MCH200105) enables the measurement of total
and phosphorylated Bcl-2 protein using two antibodies: a phospho-specific anti-phospho-Bcl-2 (Ser70)-Alexa
Fluor 555 and an anti-Bcl-2-PECy5 conjugated antibody. The quantitative analysis of inactivated cells, cells
activated via phosphorylation, and non-expressing cells was conducted according to the manufacturer’s
protocol (https://cytekbio.com/products/muse-bcl-2-activation-dual-detection-kit?variant=
40651391008804). The measurements were performed using the Muse Cell Analyser.
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The Muse Multi-Color DNA Damage Kit (Cytek, MCH200107) enables investigation of the DNA damage
response through the ATM-dependent signalling pathway. Measuring the percentage of negative cells (no
DNA damage), ATM-activated cells, X2A.X-activated cells, and DNA double-strand breaks was conducted
following the manufacturer’'s protocol (https://welcome.cytekbio.com/hubfs/Amnis-and-Guava-Products
/muse-multi-color-dna-damage-kit-rsp.pdf). The measurements were performed using the Muse Cell
Analyser.

2.3.4. Statistical analysis

The statistical analyses were conducted using the STATISTICA 13.3 software. The normality of the data was
assessed using the Shapiro-Wilk test. Levene’s test was applied to check the homogeneity of variance. To
evaluate the significance of differences in the levels of quantitative parameters across experimental groups,
considering the studied concentrations of bisphenol A and applied stress factors, the Tukey test was used (p
< 0.05). Additionally, to assess the significance of differences in parameter levels with respect to organ type
and treatment across experimental groups, both one-way and two-way analyses of variance (ANOVA/
MANOVA) were performed.

3. Results
3.1. ROS

Regardless of the BPA concentration and the organ examined, the highest percentage of ROS-positive cells
was observed after 24 h of exposure to the xenobiotic. In both organs, the level of ROS-positive cells at this
time point was, on average, twice as high as in the control group (Figure 2). Prolonged exposure to higher
concentrations of BPA did not result in a significant increase in ROS compared to the control.

3.2. Cell death

No statistically significant differences were observed in the percentage of early apoptotic cells in the
hepatopancreas, regardless of the exposure duration or BPA concentration. In the midgut, the highest
percentage of early apoptotic changes was recorded after 72 h of exposure to the highest BPA concentration
(Figure 3(A)), with a fourfold increase compared to the control group. Additionally, exposure to the lowest
concentration of BPA resulted in a statistically significant, approximately twofold increase in the percentage
of early apoptotic cells at all exposure durations (Figure 3(A)). In the intestine, no significant differences were
observed in the percentage of late apoptotic cells following exposure to the BPA. In contrast, the hepato-
pancreas showed an almost fourfold increase in the percentage of late apoptotic cells across all exposure
durations and concentrations, compared to the control (Figure 3(B)). The percentage of necrotic cells in the
midgut was highest after 24-h exposure to 5 mg/L BPA, reaching nearly five times the control level. Similar
changes were observed in the hepatopancreas at this concentration, with statistically significant differences
compared to the control noted at all exposure times (Figure 3(C)).

The lowest percentage of viable cells was recorded in the intestine of individuals exposed to BPA at the
highest concentration (10 mg/L) for 72 h. In this organ, the level of this parameter was 17% lower than in the
control group (Figure 4(A)). The highest percentage of caspase-positive viable cells on average — 10 times
higher than in the control group — was observed in the intestine following a 72-h exposure to BPA at
a concentration of 10 mg/L (Figure 4(B)). Lower concentrations of BPA also caused a significant increase in
the proportion of these cells in the intestine, with values approximately twofold higher than in the control
after 24 and 48 h of exposure (Figure 4(B)). This organ also exhibited a significant increase in the percentage
of dead caspase-positive cells compared to the control after 48 h of exposure to BPA at 1 mg/L, as well as an
increase in dead cells after 24 and 72 h of exposure at 5 mg/L (Figure 4(C-D)). Additionally, a statistically
significant decrease in the percentage of dead cells was observed in the intestine after exposure to the
highest concentration of BPA at both 48 and 72 h, relative to the control (Figure 4(D)). No significant changes
were recorded in any of the analysed parameters in the hepatopancreas of exposed individuals
(Figure 4(A-D)).
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Figure 2. The percentage of ROS-positive cells in the intestine and hepatopancreas of individuals from control groups (CT)
and exposed to BPA for 24 h, 48 h, or 72 h. Different letters (a, b) indicate statistically significant differences among groups
within each concentration and organ (Tukey’s test, p < 0.05).

The highest percentage of Bcl-2-activated cells was observed in the intestine after 48 h of exposure to BPA
at a concentration of 1 mg/L. A significant increase in the proportion of activated intestinal cells was also
observed after 72 h of exposure to BPA at a concentration of 10 mg/L, with the changes being nearly four
times higher compared to the control group. In contrast, no significant differences were observed in the
hepatopancreas with respect to this parameter when compared to the control (Figure 5(A)). In both the
intestine and hepatopancreas, regardless of the BPA concentration or exposure duration, the percentage of
Bcl-2-inactivated cells remained similar to that of the control group (Figure 5(B)). BPA at a concentration of 1
mg/L induced a significant, nearly twofold increase in the proportion of cells lacking marker expression in
both intestinal and hepatopancreatic tissues compared to the control. However, after 72 h of exposure, the
percentage of such cells in the hepatopancreas decreased, reaching approximately half the control value at
the same concentration. Exposure to higher concentrations of BPA at both time points did not induce
comparable changes, as the values of this parameter remained close to those observed in the control group
(Figure 5(Q)).

3.3. DNA damage

Transmission electron microscopy revealed that in both midgut organs in animals exposed to BPA for 48 and
72 h, the nuclear envelope was distended, and within the nucleus, chromatin formed electron-dense patches
that were larger than those in the control group. These changes were dominant after 48 h of the experiment
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Figure 3. The percentage of early apoptosis (A), late apoptosis (B), and necrosis cells (C) in the intestine and hepatopancreas
of individuals from control groups (CT) and exposed to BPA for 24 h, 48 h, or 72 h in cells of the analysed organs. Different
letters (a, b, c) indicate statistically significant differences among groups within each concentration and organ (Tukey’s test,
p < 0.05).

(Figure 6(A-F)). Additionally, lamellar structures were observed in several nuclei of D-cells in the intestine
(Figure 6(B)). At each of the applied BPA concentrations, a significant increase in the percentage of cells with
DNA damage in the hepatopancreas was observed after 48 h of exposure, compared to the control. In this
organ, the levels of DNA-damaged cells at the other time points were nearly twofold lower and comparable
to those in the control group. Similar trends were observed in the intestine (Figure 6(G)).

3.4. Mitochondrial activity

Analysis using the JC1 reagent showed that in both organs that form the midgut (intestine and hepatopan-
creas), the number of green signals emitted by depolarized, inactive mitochondria increases according to
increasing concentration and prolonged time of BPA exposure. Only in the intestines of animals from the
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Figure 4. The percentage of viable cells (A), viable caspase-positive cells (B), dead caspase-positive cells (C), and dead cells
(D) in the intestine and hepatopancreas of individuals from control groups (CT) and exposed to BPA for 24 h, 48 h, or 72 hin
cells of the analysed organs. Different letters (a, b) indicate statistically significant differences among groups within each
concentration and organ (Tukey'’s test, p < 0.05).

5In48 group was a strong increase in signals emitted by active mitochondria detected (Figure 7).
Transmission electron microscopy revealed numerous changes in the fine structure of mitochondria in all
experimental groups. Bloated mitochondria with damaged membranes, electron-lucent mitochondrial
matrix, or with short crista occurred (Figure 8(A-I)).

3.5. GSH

ThiolTracker Violet staining revealed that the cellular level of reduced glutathione (GSH) increased in both
the intestinal epithelium and the hepatopancreas following prolonged BPA exposure at 24 and 48 h.
However, in animals cultured in a concentration of 5 mg/L, a weaker GSH signal was detected in the 5In48
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Figure 5. The percentage of Bcl-2-cells activated (A), Bcl-2-cells inactivated (B), and cells lacking expression of Bcl-2 (C) in
individuals from control groups (CT) and exposed to BPA for 24 h, 48 h, and 72 h in cells of the analysed organs. Different
letters (a, b, ¢) indicate statistically significant differences among groups within each concentration and organ (Tukey'’s test,
p < 0.05).

experimental group. After 72 h, a decrease in the intensity of GSH signals was observed, which was
particularly noticeable in the hepatopancreas (Figure 9).

Among the analysed grouping factors - BPA exposure duration (T), BPA concentration (C), and
organ type (O) - exposure duration (T) exerted the strongest influence on the variability of all
measured parameters across the experimental groups (Supplementary material, Tables S2 and S3).
For parameters reflecting the status of Bcl expression and caspase-dependent cell states, statistically
significant interactions were observed between exposure duration (T) and organ type (O), and between
BPA concentration (C) and organ type (O). The combined effect of all three factors was most
pronounced in relation to the levels of parameters describing caspase-dependent cellular states
(Supplementary material, Table S2). In the case of parameters related to apoptotic and necrotic
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Figure 6. (A-F) nuclei (n) in selected experimental groups of N. davidi exposed to BPA. Lamellar structures (arrow). TEM. (A)
Scale bar = 0.8 um. (B) Scale bar = 1.2 pm. (C) Scale bar = 1.2 um. (D) Scale bar = 1 um. (E) Scale bar = 0.9 um. (F) Scale bar =
0.7 um. (G) The percentage of cells with total DNA damage in the intestine and hepatopancreas of individuals from control
groups (CT) and exposed to BPAA for 24 h, 48 h, or 72 h. Different letters (a, b) indicate statistically significant differences
among groups within each concentration and organ (Tukey's test, p < 0.05).

changes, ROS levels, DNA damage, and organ type, in addition to exposure duration, showed
a significant impact on parameter variability (Supplementary material, Table S3). A statistically signifi-
cant influence of all three differentiating factors - both in terms of two-way interactions and their
combined effect - was observed only for the percentage of cells with DNA damage.
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Figure 7. 3D representation of the localization of active mitochondria with the high membrane potential (red signals),
inactive mitochondria with a low membrane potential (green signals), and nuclei (blue signals). Intestine and hepatopan-
creas of N. davidi. JC-1 cationic dye (red/green signals), DAPI (blue signals) staining. Confocal microscope. Scale bars =

40 pm.
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Figure 8. Mitochondria (m) in selected experimental groups of N. davidi exposed to BPA. TEM. (A) Scale bar=0.3 um. (B)
Scale bar = 0.3 um. (C) Scale bar = 0.3 pm. (D) Scale bar = 0.4 um. (E) Scale bar = 0.3 um. (F) Scale bar = 0.2 um. (G) Scale bar
=0.4 um. (H) Scale bar = 0.2 pm. () Scale bar =0.2 pm.

4. Discussion

The midgut of invertebrate animals is an organ that, in direct contact with ingested food, constitutes one of
the first barriers preventing harmful substances from entering the body (Beaty et al. 2002; Ostrézka et al.
2022; Zeng et al. 2022, Rost-Roszkowska et al., 2020a, 2022; Rost-Roszkowska et al. 2025). These substances,
once they penetrate the intestinal epithelium, can damage it and then enter other organs of the body.
However, to maintain homeostasis in the digestive system and throughout the body, various mechanisms
are activated to protect the midgut epithelial cells from damage (Chen et al. 2022). One such process is cell
death, specifically apoptosis. This process is primarily induced by two pathways: the extrinsic pathway,
associated with membrane receptors, and the intrinsic pathway, associated with mitochondria. In both cases,
proteolytic enzymes belonging to the caspases are activated (Genchi et al. 2020; Mustafa et al. 2024; Vogler
et al. 2025). The intrinsic pathway is regulated by both pro- and anti-apoptotic factors, which belong to the
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Bcl-2 protein family (Singh et al. 2019). Anti-apoptotic Bcl-2 is the key regulator of mitochondrial activity
through the mitochondrial outer membrane permeabilization (Vaux et al. 1988; Petros et al. 2004; Warren
et al. 2019; Nguyen et al. 2024; Vogler et al. 2025). BPA is a toxic substance that induces apoptosis in many
cells, causing damage to cell organelles and leading to cell death (Qu et al. 2018; Wang et al. 2019; Zhao et al.
2019; Chen et al. 2022; Yang et al. 2025). In N. davidi, BPA induces cell death via both necrosis and apoptosis. The
increase in apoptosis is particularly noticeable in the hepatopancreas, while in the intestine, changes are most
evident at the highest BPA concentration in water. Necrosis, however, is the dominant process in both analysed
organs. This is confirmed by studies examining the number of cells in which caspase activation occurred; these
changes are not statistically significant. Many caspases are proteins involved in both the extrinsic and intrinsic
pathways of apoptosis (Genchi et al. 2020; Mustafa et al. 2024; Vogler et al. 2025). Necrotic changes are
accompanied by changes in organelles at the ultrastructural level and may be connected with inflammation
(Rost-Roszkowska et al. 2010, 20204, 2020b; Chajec et al. 2012; Gowda & Kokila 2017). Necrosis in adult N. davidi
intestine and hepatopancreas during the physiological state was precisely described by Sonakowska et al.
(2016). Cell death is also a common process in the midgut epithelium of N. davidi larvae (Sonakowska-Czajka
et al. 2021). Necrotic cytoplasmic alterations, including changes in mitochondria and nuclei, were detected in
freshwater shrimp cultured in BPA-contaminated water. Statistically insignificant changes in the level of the
antiapoptotic protein Bcl-2 confirmed the minimal involvement of apoptosis in the degenerative processes
induced by BPA. Bcl-2 is activated to prevent cells from undergoing apoptosis (Warren et al. 2019; Nguyen et al.
2024; Vogler et al. 2025). Necrosis is markedly more destructive to tissue and the entire organism, and, unlike
controlled apoptosis, it is a random, catastrophic process that invariably triggers inflammation (Majno & Joris
1995; Gowda & Kokila 2017; Bertheloot et al. 2021).

Apoptosis may be activated in response to oxidative stress induced by increased ROS levels (Ryter et al.
2007; Schieber & Chandel 2014; Rost-Roszkowska et al. 2022; Ostrozka et al. 2024). However, different
mechanisms may be involved in ROS neutralization to protect cells against death. The key role in antiox-
idative processes is fulfilled by enzymes, e.g. superoxide dismutase (SOD), catalase (CAT), peroxiredoxins, and
glutathione peroxidase (GPx) (Srinivasan & Avadhani 2012; Perkins et al. 2015; Rost-Roszkowska et al. 2021,
2022; Kozlov et al. 2024; Tumilaar et al. 2024; Gulcin 2025; Kvedariene et al. 2025). In N. davidi, BPA caused an
increase in ROS levels in both analysed organs only after 24 h of the experiment at all concentrations.
However, prolonged exposure to contaminated water led to a marked decrease in ROS level. This phenom-
enon was observed regardless of the BPA concentration in water. Similar activation of ROS production has
been reported in other freshwater invertebrates, including freshwater crustaceans, e.g. Macrobrachium
nipponense (Zhao et al. 2024; Liu et al. 2025), Artemia franciscana (Castritsi-Catharios et al. 2013), and
Procambarus clarkii (Zhang et al. 2020).

Damage to cell organelles such as mitochondria or nuclei indicates that oxidative stress has occurred (Guo
et al. 2013; Coluzzi et al. 2014; Xu et al. 2025). However, ultrastructural damage may be caused not only by
increased ROS levels but also by other free radicals (Chandimali et al. 2025). Free radicals or pro-oxidants are
classified into two types: reactive oxygen species (ROS) and reactive nitrogen species (RNS). ROS oxidants are
classified into superoxide anions (O,+"), peroxyl radicals (ROO-), hydroxyls (OH-), and hydrogen peroxide (H,0,),
while nitrogen oxide (NO-) and peroxynitrite (NO3-) belong to RNS oxidants (Sies et al. 2022). In N. davidi, changes
in mitochondria at the ultrastructural level occur under the influence of BPA, which indicates that these organelles
are stressed. Additionally, changes in mitochondrial membrane potential occur, which are associated with
decreased mitochondrial activity (Kroemer et al. 2007; Yapryntseva et al. 2024). An increase in the number of
degenerated mitochondria as a result of exposure to a stressor was observed in N. davidi shrimps subjected to
starvation (Wlodarczyk et al. 2019), exposed to dimethoate (Ostrézka et al. 2022), or nickel (Ostrézka et al. 2025). In
addition to damaging mitochondria, BPA also induces DNA damage, having a strong genotoxic and mutagenic
effects (Susiarjo et al,, 2013; Di Pietro et al. 2020; Perin et al. 2022). In the studied shrimp, an increase in DNA
damage and degenerative changes in the nucleus structure was observed with increasing duration of the
experiment (mainly after 48 h) and increasing BPA concentration. Our previous studies on N. davidii cultured in
BPA-contaminated water showed no significant change in the percentage of cells in the S phase of the intestine
after BPA exposure compared with the control, whereas a significant reduction in DNA synthesis was detected in
the hepatopancreas (Gorol et al. 2025). Summarizing our studies on N. davidi exposed to BPA-contaminated
water, we suggest that damaged DNA and mitochondria cannot be regenerated, indicating that BPA is a highly
toxic substance (Karzi et al. 2023). In numerous freshwater and marine invertebrates, the effect of BPA on the
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activation of damage to cell organelles, such as mitochondria or the nucleus, has been described as an effect of
oxidative stress (Park & Choi 2009; Neighmond et al. 2023; Abd Elkader & As 2023; Abidi et al. 2026). Since our
studies examined only changes in ROS levels, it is difficult to determine whether the increased levels of other
oxidants were due to BPA. Therefore, it is necessary to conduct further research on the activation of oxidants other
than ROS that cause oxidative stress by BPA.

Additionally, our GSH ((y-glutamyl-cysteinyl-glycine)-related results from this experiment support this sugges-
tion. GSH is likely one of the antioxidants involved in reducing this stress (Kvedariene et al. 2025). It participates in
regulating mitochondrial membrane permeabilization, preventing mitochondrial degeneration or inactivation
(Franco & Cidlowski 2009; Mari et al. 2009; Golbidi et al. 2014; Ribas et al., 2014; Mari et al. 2020; Dawood & Abaas
2022). Although GSH is a key mitochondrial antioxidant, its level must be regulated to avoid disruption of normal
cellular processes, which can lead to dysfunction. Thus, under oxidative stress, GSH will act as a protective
antioxidant. However, in the absence of a stressor, elevated GSH levels can lead to mitochondrial damage
(Fernandez-Checa et al. 2005; Chen et al. 2024). A continuous increase in GSH level was observed in the epithelial
cells of the intestine and hepatopancreas. It is very likely that in N. davidi, BPA induced different oxidants
production, leading to a rapid increase in GSH levels in cells of both organs after 24 h of experiment. However,
it is important to conduct further research not only on the activation of oxidants but also on the antioxidant
enzymes that are activated during oxidative stress.

5. Conclusions

The present findings demonstrate that BPA disrupts multiple cytotoxicity pathways, including damage to
organelles, nuclei, and DNA, and eventually triggers a cascade of cellular interactions. Collectively, these
effects result in pronounced degenerative changes in the cells of animals exposed to BPA-contaminated
water. We conclude that the oxidant-antioxidant imbalance induced by BPA compromises epithelial cell
homeostasis, leading to midgut barrier dysfunction and impairing the regenerative capacity of the digestive
system.
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Grant Rektora US dla najlepszych studentéw otrzymany w 2019 roku.

Organizacja i1 prowadzenie warsztatow podczas Ogodlnopolskiej Nocy Biologow
organizowanej przez Uniwersytet Slaski w Katowicach w latach 2022-2024.

Czynny udziat w Slaskim Festiwalu Nauki w 2021 roku.

Popularyzacja nauki poprzez prowadzenie warsztatow mikroskopowych i terenowych dla
dzieci i mlodziezy w ramach Projektu Warsztaty Edukacji Przyrodniczej i Ekologicznej
SOB realizowane w latach 2019-2020.

Gorol H., Krodkiewska M., Gorgon S., Cebulska K., Rost-Roszkowska M. Ultrastructure
of the midgut epithelial cells in some invasive polychaetes (Annelida, Polychaeta). Seeing
is Believing Imaging the Molecular Process of Life, 9-12.10.2019, Heidelberg, Niemcy.
Poster naukowy.

Gorol H., Rost-Roszkowska M., Wilczek G., Chajec L. Does bisphenol A affect the cell
cycle and midgut stem cells in the freshwater shrimp Neocaridina davidi (Crustacea,
Malacostraca)? XXXV Konferencja Embriologiczna, 20-23.05.2024, Katowice. Poster
naukowy.

Gorol H., Rost-Roszkowska M., Wilczek G., Chajec L., Ostrézka A. Effect of bisphenol A
on regeneration of intestine and hepatopancreas epithelium in the freshwater shrimp
Neocaridina davidi. Visegrad Group Society for Developmental Biology Meeting 2025, 5-
7.09.2025, Stara Lesna, Stowacja. Poster naukowy.

Staz zagraniczny realizowany pod opickg dr Richarda Galajdy, University of Veterinary
Medicine and Pharmacy in Kosice, 19-23.05.2025.

Uczestnictwo w warsztatach Kitazato Vitrification Workshop, 23.05.2023, Walencja,
Hiszpania.

Uczestnictwo w indywidualnym kursie Ovarian Tissue Cryopreservation, 27-28.10.2025,
Barcelona, Hiszpania.
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