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1. WPROWADZENIE

1.1. Charakterystyka glejaka wielopostaciowego (GBM)

Jednym z najwigkszych wyzwan wspoétczesnej medycyny sg choroby nowotworowe
ze wzgledu na powszechno$¢ ich wystepowania, niedoskonato$¢ profilaktyki oraz
trudnos$ci w procesie leczenia. Zgodnie z szacunkami Miedzynarodowej Agencji Badan
nad Rakiem (ang. International Agency for Research on Cancer, IACR) z 2022 roku,
odnotowano blisko 20 milionow przypadkéw zachorowan na nowotwory oraz okoto 9,7
miliona spowodowanych przez nie zgondw. Poszczegolne rodzaje nowotwordw roéznig
si¢ od siebie czesto$cig wystepowania oraz wskaznikami przezywalnosci pacjentow.
Jednym z najbardziej $miertelnych typéw sa nowotwory moézgu oraz osrodkowego
uktadu nerwowego (OUN), ktore byly przyczyna okoto 250 tysigcy zgondéw przy 320
tysigcach stwierdzonych nowych przypadkéw (1). Ze wzgledu na pelniong funkcje, OUN
jest czeSciowo izolowany od reszty organizmu przez tzw. uprzywilejowanie
immunologiczne, m.in. dzigki obecnos$ci bariery krew-mozg (ang. blood-brain barrier,
BBB) (2, 3). Ogranicza ona kontakt komorek nerwowych ze srodowiskiem zewnetrznym
przy jednoczesnym zapewnieniu im optymalnych warunkéw do funkcjonowania, lecz
stanowi rowniez barier¢ dla ponad 98% stosowanych terapeutykow, w tym wielu lekow

stosowanych w terapii przeciwnowotworowej (4).

Najczgsciej wystepujacym  zto$liwym nowotworem moézgu o medianie
przezywalno$ci wynoszacej 14-15 miesiecy jest glejak (ang. glioblastoma, GBM) (5).
Okoto 90% przypadkoéw stanowig nowotwory pierwotne, czyli rozwijajace si¢ de novo ze
zdrowych komorek glejowych — rozwdj guza w ich przypadku jest bardzo szybki oraz
szybko prowadzi do zgonu. Wystepowanie pierwotnego GBM obserwuje si¢ gldwnie u
osOb starszych o medianie wieku wynoszacej 65 lat, w odrdznieniu od rzadziej
wystepujacych wtérnych GBM, ktore zazwyczaj rozwijajg si¢ stopniowo z glejakow o
niskim stopniu ztosliwosci, wystepuja u miodszych pacjentéw niz w przypadku
pierwotnych GBM (mediana wieku 39 lat) i charakteryzuja si¢ wieksza przezywalno$cia
(6-8). Trudno$ci w leczeniu pierwotnych GBM wynikaja rowniez z duzej
heterogenicznos$ci guza oraz obecnosci komoérek glejowych o wtasciwosciach komorek
macierzystych (ang. glial stem-like cells, GSCs), ktore pelnig wazng rolg w procesach
wzrostu guza oraz nabywania opornos$ci na leki i promieniowanie dzigki swojej zdolnosci

do réznicowania oraz naprawy uszkodzonego DNA (9, 10). Dodatkowym czynnikiem
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utrudniajacym opracowanie skutecznej terapii jest obecnos¢ BBB, ktora uniemozliwia
zastosowanie wielu potencjalnie skutecznych lekow. Aktualny standard leczenia polega
na bezpiecznej resekcji guza, po ktérej pacjent poddany zostaje zlokalizowanej
radioterapii polaczonej z jednoczesnym przyjmowaniem adiuwantu w postaci
temozolomidu. Efektem terapii jest nieznaczne wydluzenie czasu przezycia pacjentow,
lecz wcigz poszukiwane sg skuteczniejsze metody walki z GBM w oparciu o najnowsze

odkrycia genetyki molekularne;.

1.2. Znaczenie Zelaza w rozwoju GBM

Zelazo jest pierwiastkiem odgrywajacym bardzo istotna role w funkcjonowaniu
organizmu czlowieka, stanowigc integralny element budowy blisko 400 biatek, w ktorych
wystepuje jako kofaktor w formie wolnych jondéw zelaza, hemu lub centrow zelazowo-
siarkowych (11). Fizykochemiczne wtasciwosci tego metalu pozwalajag mu na swobodnag
wymiang elektronow poprzez reakcje redoks, dzicki ktorym enzymy wykorzystujace
zelazo mogg bra¢ udzial m.in. w transporcie 1 magazynowaniu tlenu, replikacji DNA,
regulacji ekspresji gendw oraz transferze elektrondéw w ramach tancucha oddechowego
(12). Ze wzgledu na rozlegle zastosowanie w wielu kluczowych procesach
metabolicznych, niedobor zelaza w mikrosrodowisku komorki prowadzi do zaburzenia
homeostazy uniemozliwiajacego jej prawidtowy rozwdj. Pomimo duzej zawartosci
zelaza w przyrodzie, w wiekszos$ci wystepuje ono w biologicznie niedostepnej postaci
trojwartosciowej (Fe®"), dlatego na drodze ewolucji powstaly liczne mechanizmy
przyswajania zelaza z otoczenia oraz jego wewnetrznego odzyskiwania. W przypadku
fatwej dostepnosci tego pierwiastka istnieje jednak ryzyko nadmiernej akumulacji zelaza,
ktorej skutkiem jest powstanie stresu oksydacyjnego. Jednym z produktoéw reakcji redoks
zachodzacych z udziatem zelaza, nazywanej reakcjg Fentona, jest rodnik hydroksylowy
(‘OH) bedacy jedng z reaktywnych form tlenu (RFT) (13). Wysokie stezenie RFT
prowadzi do uszkodzenia biatek, kwasow nukleinowych oraz peroksydacji lipidow,
zwigksza ryzyko wystgpienia mutacji prowadzacych do transformacji nowotworowej, a
w skrajnych przypadkach moze prowadzi¢ do $mierci komoérki na drodze ferroptozy.
Utrzymanie homeostazy zelaza w komodrce stanowi zatem wyzwanie polegajace na
kontrolowaniu ilo$ci uwolnionych jondéw zelaza, magazynowaniu nadmiaru jonow
poprzez zwigzanie z uniemozliwiajaca zachodzenie reakcji redoks ferrytyng oraz

ochronie przed stresem oksydacyjnym (14).



Badania prowadzone na komérkach GBM wskazuja na zwigkszone zapotrzebowanie
na zelazo w poréwnaniu ze zdrowymi komoérkami glejowymi. Jednym z aspektow jest
zwigkszona proliferacja charakterystyczna dla wszystkich rodzajow nowotworow, ktora
w celu szybszego przeprowadzania podziatow komorkowych wymaga wigkszej ilosci
wszystkich potrzebnych substratow. Enzymy zalezne od zelaza biorg roéwniez istotny
udzial w procesach replikacji DNA oraz regulacji cyklu komdrkowego, dodatkowo
zwiekszajac 1los$¢ potrzebnego labilnego zelaza wewnatrz GBM (15). Oprocz tego duze
znaczenie ma intensywno$¢ procesow metabolicznych w komorkach GSC, ktére nadaja
guzowi agresywnego charakteru wzrostu oraz uczestnicza w procesie nabywania
opornosci na leczenie dzigki swojej zdolnosci do samoodnowy oraz rdéznicowania.
Schonberg 1 in. (16) wykazali, wykorzystujac metod¢ znakowania radioaktywnego, ze
komorki GSC pobieraja wigcej zelaza niz komorki glejaka pozbawione wiasciwosci
komorek macierzystych. Wigksza zawarto$¢ jondw zelaza w komorkach GBM moze by¢
wykorzystana jako cel terapeutyczny. Zastosowanie chelatorow pozbawia komorke
biodostepnego zelaza, przez co procesy metaboliczne zalezne od tego kofaktora zostaja
zaburzone. Na szczegolng uwage zastuguja zwigzki z grupy tiosemikarbazonu, ktore
charakteryzuja si¢ zachowaniem zdolnosci skompleksowanego zelaza do uczestnictwa w
reakcjach redoks (17). Potencjalnie skuteczne moze by¢ rowniez zwigkszone podawanie
zelaza celem doprowadzenia do przetadowania komorek oraz powigzanego wzrostu
poziomu RFT w komorkach guza. Badania przeprowadzone na modelu in vitro przez
Trujillo-Alonso 1 in. udowodnity, ze podanie nanoczastek tlenku zelaza wywotuje stres

oksydacyjny 1 prowadzi do $mierci komorkowej (18).

1.3. Znaczenie biatka IGFIR oraz jego mutacji w rozwoju GBM

Znaczenie receptorowych kinaz tyrozynowych w regulacji réznych procesow
komoérkowych, takich jak wzrost 1 proliferacja komorek, jest zagadnieniem bardzo
ztozonym i pomimo znajomos$ci mechanizmow zwigzanych z poszczego6lnymi $ciezkami
sygnatowymi petne zrozumienie interakcji migdzy ligandami, ich receptorami i biatkami
modulowanymi przez te receptory wcigz wymaga glebszego poznania (19). Jednym z
wazniejszych biatek nalezacych do tej grupy jest receptor insulinopodobnego czynnika
wzrostu 1 (ang. insulin-like growth factor-1 receptor, IGFIR), wystepujacy na
powierzchni komodrki w formie dimeru zdolnego wigza¢ si¢ z insulinopodobnymi

czynnikami wzrostu 1 1 2 oraz w mniejszym stopniu z insuling. Jest to receptor blisko
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spokrewniony z receptorem insuliny (IR), z ktorym posiada okolo 70% wspdlne;j
sekwencji oraz mozliwo$¢ wigzania tych samych ligandow, a takze obserwuje si¢
czesciowe oddziatywanie krzyzowe regulowanego sygnatu. W zwigzku z tym IGF1R jest
w stanie dokonywa¢ transdukcji sygnatu w wielu $ciezkach sygnatowych, lecz przede
wszystkim odpowiada on za regulacje szlaku MAPK/ERK poprzez aktywacje biatka Ras,
a takze wykazuje wptyw na $ciezke PI3K/AKT/mTOR (20, 21).

Receptorowe kinazy tyrozynowe czg¢sto ulegaja zmianom w komorkach
nowotworowych, ktore w efekcie prowadza do przyspieszenia proliferacji, angiogenezy
oraz nabywania opornos$ci na stosowang terapi¢. Przykladowo, w wyniku mutacji
mozliwe jest zwickszenie powinowactwa do ligandu lub wzrost aktywnos$ci domeny
kinazy tyrozynowej (22). W przypadku biatka IGFIR czgsto obserwuje si¢ jego
nadekspresje w komodrkach GSC, gdzie odpowiada ono za proces autoodnowy oraz
poprzez fosforylacj¢ biatka Akt chroni komoérki guza przed wejsciem na S$ciezke

apoptotyczng (23).

Obecnie, stosowanie inhibitoréw kinaz tyrozynowych wzbudza coraz wicksze
zainteresowanie badaczy ze wzgledu na obiecujace wyniki badan przedklinicznych
pokazujacych ich skuteczno$¢ przeciwko komorkom nowotworowym, w tym GBM.
Zmniejszenie ekspresji oraz zatrzymanie aktywno$ci receptorow takich jak IGFIR
stanowig jedng z metod ukierunkowanego oddzialywania na guza przy zachowaniu

bezpieczenstwa zdrowych komorek (24).

1.4. Cel pracy

Wykorzystanie chelatorow zelaza w terapii celowanej przeciwko GBM wcigz jest
niedostatecznie zbadanym zagadnieniem. Aktualnie dostgpne wyniki badan na modelu in
vitro oraz badan klinicznych (25, 26) wskazuja na duzy potencjat ich zastosowania,
szczegoOlnie przy roéwnoczesnym oddziatywaniu na inne cele molekularne. Pomyst
zaprojektowania chelatorow zelaza z domeng wykazujacg powinowactwo do bialek
receptorowych, czego efektem byloby wielokierunkowe oddziatywanie na szlaki
metaboliczne, stanowi innowacyjne podejscie do postawionego problemu. Celem

niniejszej pracy byto zweryfikowanie stusznos$ci tego zatozenia poprzez:



— sprawdzenie aktywnosci przeciwnowotworowej trzech grup zwigzkéw zdolnych
do chelatacji jonow zelaza i dokonanie selekcji najbardziej efektywnych sposrod
nich,

— analize interakcji badanych zwigzkoéw z jonami zelaza oraz zdolno$¢ do inhibicji
wybranych kinaz tyrozynowych,

— ocen¢ wptywu chelatorow na przebieg cyklu komorkowego, generowanie stresu
oksydacyjnego oraz zdolno$¢ indukcji apoptozy,

— okreslenie molekularnego mechanizmu dziatania aktywnych zwigzkéw w oparciu
o analizg ekspresji biatek oraz gendéw zwigzanych z metabolizmem zelaza,
stanowigcych czgs¢ istotnych $ciezek sygnatowych oraz odpowiedzialnych za

inicjacje procesu apoptozy.

Przedstawione ponizej wyniki otrzymano podczas badan prowadzonych w ramach
projektu Narodowego Centrum Nauki PRELUDIUM BIS 2 (2020/39/0/NZ5/02342) pod
kierownictwem dr hab. Anny Mrozek-Wilczkiewicz, prof. US, ktdrego bylem

wykonawca.

1.5. Materialy i metody

Wszystkie przedstawione w tej pracy badania zostaty wykonane w Zespole Biofizyki
Farmaceutycznej w Instytucie Fizyki im. Augusta Chetkowskiego Uniwersytetu
Slaskiego w Katowicach, pod kierownictwem dr hab. Anny Mrozek-Wilczkiewicz, prof.

US. Promotorem pomocniczym niniejszej pracy jest dr Katarzyna Malarz, prof. US.

1.5.1. Synteza badanych zwiqzkow

Zwiazki, ktorych wilasciwosci byly okreSlane podczas badan zostaly

zaprojektowane 1 otrzymane we wspOtpracy z nastgpujacymi badaczami:

— synteza bis(terpirydyn) (BC) (Rys. 1A) - dr hab. Dawid Zych, prof. UO
(Wydziat Chemii Uniwersytetu Opolskiego),

— synteza tiosemikarbazonoéw (TSC) (Rys. 1B) - dr hab. Mateusz Korzec oraz
dr hab. inz. Maciej Serda, prof. US (Instytut Chemii Uniwersytetu Slaskiego)

— synteza styrylochinolin (SQ) (Rys. 1C) - prof. dr hab. Robert Musiot (Instytut
Chemii Uniwersytetu Slaskiego).
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Rys. 1. Struktury badanych zwigzkoéw: (A) bis(terpirydyn), (B) tiosemikarbazonéw, (C)

styrylochinolin

1.5.2. Hodowla komorek w warunkach in vitro

Podczas prac badawczych wykorzystano nastgpujace ludzkie linie komorkowe:

pie¢ linii glejaka wielopostaciowego LN-18, LN-229, T98G, U-87 MG, U-251; lini¢

gruczolakoraka ptuca PC-9; lini¢ gruczolakoraka piersi MCF-7; lini¢ gruczolakoraka
trzustki PANC-1 oraz lini¢ prawidlowych fibroblastow NHDF. Linia komérkowa U-251

zostala udostgpniona przez prof. Gabriele¢ Kramer-Marek (Institute of Cancer Research,

Londyn, Wielka Brytania), lini¢ NHDF zakupiono w PromoCell, podczas gdy pozostate

linie komorkowe nabyto w American Type Culture Collection (ATCC).
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Hodowle wszystkich linii komoérkowych prowadzono w butelkach o obj¢tosci 75
cm® (Nunc) w standardowych warunkach — w temperaturze 37°C, w atmosferze
wysyconej parag wodng zawierajacej 5% COs. Linie glejaka hodowano na pozywce
Dulbecco's Modified Eagle's Medium (DMEM) suplementowanej 10% v/v ptodowa
surowicg bydleca (FBS), natomiast dla linii NHDF stosowano rekomendowang przez
producenta pozywke Fibroblast Growth Medium (FGM) wraz z suplementem. Obydwie
pozywki zostaty dodatkowo wzbogacone mieszaning antybiotykéw penicyliny 1
streptomycyny — 1% v/v w przypadku pozywki DMEM oraz 0,5% v/v dla pozywki FGM.
Linie komérkowe poddawano regularnym testom pod katem potencjalnej kontaminacji
bakteriami z rodzaju Mycoplasma przy uzyciu techniki PCR z zastosowaniem starterow

specyficznych wobec genu kodujacego 16S rRNA.

1.5.3. Badania cytotoksycznosci

Cytotoksyczno$¢ na dwuwymiarowym modelu hodowli in vitro oznaczano dla
wszystkich grup zwiazkoéw przy uzyciu testu kolorymetrycznego MTS. Zasada dziatania
tego testu polega na redukcji soli tetrazolowej do barwnego formazanu przez
dehydrogenazy znajdujace si¢ w metabolicznie aktywnych komorkach. Ilo$¢ produktu

reakcji enzymatycznej mozna oznaczy¢ ilo§ciowo poprzez pomiar absorbancji.

Komoérki wysiano na ptytkach 96-dotkowych (Nunc) w ilo$ci 5 x 10° komorek na
dotek w objetosci 100 puL, za wyjatkiem linit NHDF, ktérej komorki wysiano w ilosci 4
x 10° na dotek. Przygotowane w ten sposob plytki inkubowano przez 24 godziny w
standardowych warunkach, a nast¢pnie podano 200 pL pozywki zawierajacej badane
zwiazki w réznych stezeniach na okres 72 godzin. Po uplyni¢ciu tego czasu wymieniono
pozywke DMEM na 100 pL $wiezej, pozbawione] czerwieni fenolowej oraz 20 pL
odczynnika CellTiter 96® AQueous One Solution (Promega). Po trwajacej 1 godzing
inkubacji zmierzono absorbancje dla dlugosci fali A =490 nm z uzyciem czytnika plytek
wielodotkowych (Varioskan LUX, Thermo Scientific). Kazdy pomiar zostal wykonany
w duplikacie oraz powtdrzony minimum trzykrotnie, znormalizowany do nietraktowane;j
kontroli, a uzyskane wyniki wykorzystano do obliczenia wartosci 1Cso — stezenia
substancji, dla ktorego proliferacja populacji komodrek zostaje spowolniona o 50%.

Wartosci te obliczono w programie GraphPad Prism 9.
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Dodatkowo dla grupy zwigzkéw TSC sprawdzano cytotoksyczno$¢ na
trojwymiarowym modelu hodowli sferoidow in vitro z uzyciem testu CellTiter-Glo® 3D
Cell Viability Assay. W wyniku dziatania odczynnika komorki ulegaja lizie, po
zakonczeniu ktorej uwolnione zostaje znajdujgce si¢ w komorkach ATP. Zawarta w
odczynniku lucyferaza wchodzi z nim w kontakt i generuje sygnat luminescencyjny,

ktorego warto$¢ mozna okresli¢ przy uzyciu spektroskopu.

W badaniach cytotoksycznosci na wspomnianym wczesniej modelu
wykorzystano wylacznie komorki glejakowe. Komorki wysiano na nieadherentnych
ptytkach 96-dotkowych o U-ksztattnym dnie (Sarstedt) w ilosci 4 x 10° na dotek w
objetosci 200 pL, a nastepnie inkubowano je przez 96 godzin w standardowych
warunkach. Po zakonczeniu procesu formowania sferoidow z dotkéw ostroznie usuni¢to
100 puL pozywki oraz dodano 100 puL pozywki zawierajacej badane zwigzki w roznych
stezeniach — roztwory przygotowano w stezeniu dwukrotnie wyzszym, aby po
wymieszaniu z obecnym w dotku medium uzyskaé¢ roztwory o oczekiwanym stgzeniu.
Ptytki inkubowano ze zwigzkami przez 72 godziny, a nast¢pnie umieszczono w
temperaturze pokojowej na okoto 1 godzing w celu wyréwnania temperatury. Z dotkow
ponownie usuni¢to 100 pL pozywki, dodano taka sama objetos¢ odczynnika CellTiter-
Glo® 3D Cell Viability Assay Reagent, po czym ptytke wymieszano (600 obrotow na
minute, 5 minut) oraz inkubowano w temperaturze pokojowej kolejne 25 minut.
Nastepnie 100 pL ptynu znajdujacego si¢ w dotkach przeniesiono do biale;j,
nieprzezroczystej plytki  96-dotkowej 1 zmierzono luminescencje. Wyniki
znormalizowano do nietraktowanej kontroli, ktore nastgpnie postuzyty do wyznaczenia

warto$ci I1Csg.

1.5.4. Zestawienie zwiqzkow wyselekcjonowanych do dalszych badan

Na podstawie wynikow testow cytotoksycznosci na obydwu modelach
komoérkowych wybrano najbardziej aktywne zwigzki do dalszych analiz. Wybrane

zwiazki, stosowane stezenia oraz przeprowadzone testy zestawiono w Tabeli 1.
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Tabela 1. Zestawienie zwigzkow wybranych do dalszych badan oraz wykorzystywanych stezen

Nazwa Stosowane stezenie
Badania z uzyciem zwiazku
zwiazku zwiazku
analiza spektroskopowa, generowanie RFT, inhibicja
MS165 (TSC) 2,5 uM T ‘ o
kinaz, indukcja apoptozy, analiza ekspresji bialek
analiza spektroskopowa, generowanie RFT, inhibicja
MS179 (TSC) 5 M T . L
kinaz, indukcja apoptozy, analiza ekspresji biatek
analiza spektroskopowa, generowanie RFT, inhibicja
kinaz, termoforeza mikroskalowa, dokowanie
MRS5K3 (TSC) 1 uM ] ) ) .
molekularne, indukcja apoptozy, analiza ekspresji
biatek
analiza spektroskopowa, generowanie RFT, inhibicja
kinaz, termoforeza mikroskalowa, dokowanie
MS168 (TSC) 65 pM ) ) ) .
molekularne, indukcja apoptozy, analiza ekspresji
biatek, test przenikalno$ci przez BBB
zatrzymanie cyklu komorkowego, indukcja apoptozy,
BC2 (BC) 5,1 uM, 10,2 uM, 16,8 uM generowanie RFT, analiza ekspresji genow, analiza
ekspres;ji biatek
ES2B, ES20B,
ES25A, ES25B,
ES26B, ES28B,
1 uM inhibicja kinaz, dokowanie molekularne
ES29B, ES45A,
ES45B, ESS8
(8Q)

1.5.5. Zatrzymanie cyklu komdorkowego

Komoérki wysiano na ptytkach 6-dotkowych (Nunc) w iloéci 2 x 10° na dotek w
objetosci 1 mL, ktére nastgpnie inkubowano przez 24 godziny w standardowych
warunkach. Po tym czasie podano §wiezo przygotowane roztwory wybranych zwigzkow
w tej samej objetosci 1 inkubowano przez 24 godziny. Okreslenie zatrzymania cyklu
komoérkowego przeprowadzono z wykorzystaniem komercyjnego zestawu Muse Cell
Cycle Kit (Millipore) zgodnie z protokotem producenta. Komorki zebrano przy uzyciu
0,05% roztworu trypsyny-EDTA, zneutralizowano i zwirowano (300 X g, 5 min.).
Nastepnie pellet komorkowy przemyto buforem PBS, ponownie zwirowano, zawieszono
w 1 mL zmrozonego 70% etanolu i umieszczono w temperaturze -20°C na 24 godziny.
Nastepnego dnia utrwalone komoérki zwirowano, pellet przemyto PBS, ponownie

zwirowano 1 zawieszono w 200 pL odczynnika Muse Cell Cycle Reagent. Probki
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inkubowano w temperaturze 25°C w ciemnosci przez 30 minut, po zakonczeniu ktérych
wykonano pomiary z uzyciem cytometru przeptywowego Muse Cell Analyzer

(Millipore). Eksperymenty wykonano przynajmniej w czterokrotnym powtorzeniu.

1.5.6. Pomiar indukcji apoptozy
Komoérki wykorzystane w publikacji [P1] wysiano na ptytkach 6-dotkowych

(Nunc) zgodnie z protokotem stosowanym podczas badania zatrzymania cyklu
komorkowego, a nastgpnie inkubowano przez 24 godziny w standardowych warunkach.
W publikacji [P2] komoérki wysiano na nieadherentnych plytkach 96-dotkowych o U-
ksztaltnym dnie (Sarstedt) w ilosci 4 x 10 na dotek w objetosci 200 pL, a nastepnie
inkubowano je przez 96 godzin w standardowych warunkach. Swiezo przygotowane
roztwory wybranych zwigzkoéw podano, a ptytki inkubowano przez 48 godzin. Do
sprawdzenia zywotnosci populacji traktowanych komorek wykorzystano komercyjny
zestaw Muse Annexin V & Dead Cell Kit (Millipore) zgodnie z dostarczonym
protokotem. Komorki hodowane na ptytkach 6-dotkowych zebrano przy uzyciu 0,05%
roztworu trypsyny-EDTA, ktory nastepnie zneutralizowano i zwirowano (300 % g, 5
min.), natomiast sferoidy hodowane na ptytkach 96-dotkowych dysocjowano do
pojedynczych komorek z wykorzystaniem roztworu akutazy. Otrzymany pellet przemyto
buforem PBS, ponownie zwirowano oraz zawieszono w mieszaninie sktadajacej si¢ z 100
uL odczynnika Annexin V Binding Buffer oraz po 5 pL roztworéw barwnikow: aneksyny
V oraz 7-AAD. Po tagodnym wymieszaniu probowki inkubowano w temperaturze 25°C
w ciemnosci przez 15 minut. Probki bezposrednio przed pomiarem rozcienczono 200 puL
odczynnika Annexin V Binding Buffer, a nastgpnie przeanalizowano z uZyciem
cytometru przeptywowego Muse Cell Analyzer (Millipore). Eksperymenty wykonano

przynajmniej w czterokrotnym powtorzeniu.

1.5.7. Analiza profilu ekspresji genow
Komorki wysiano na ptytkach 6-dotkowych (Nunc) w iloéci 5 x 10° na dotek w

objetosci 1 mL, po czym ptytki inkubowano przez 24 godziny w standardowych
warunkach. Nastgpnego dnia podano §wiezo przygotowane roztwory i kontynuowano
inkubacj¢ w tych samych warunkach przez kolejne 24 godziny. RNA zostato

wyizolowane z komorek metoda Chomczynskiego przy uzyciu odczynnika TRIzol
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(Ambion). Lizaty komodrkowe przeniesiono do probowek zawierajacych 200 pL
chloroformu, a nastepnie inkubowano w temperaturze 25°C przez 3 minuty i odwirowano
(12 000 x g, 20 min, 4 °C). Do nowych probowek przeniesiono faz¢ wodng i dodano 500
uL izopropanolu, po wymieszaniu probdéwki inkubowano w temperaturze 25°C przez 10
minut i ponownie odwirowano (12 000 x g, 10 min, 4 °C). Otrzymany osad RNA
przemyto trzykrotnie 1 mL 75% etanolu, po kazdym plukaniu wirujac (7 500 x g, 5 min,
4 °C). Na koncu pellet RNA suszono do momentu odparowania etanolu w temperaturze
25 °C 1 zawieszono w 20 pL. wody z dodatkiem dietylopiroweglanu (ddH.O-DEPC).
Stezenie otrzymanego RNA oraz jego czysto$¢ zmierzono spektrofotometrem NanoDrop
2000 (Thermo Scientific™), po czym przeprowadzono syntez¢ cDNA z wykorzystaniem
zestawu ProtoScript II First Strand ¢cDNA Synthesis Kit (New England BioLabs).
Mieszanina reakcyjna sktadata si¢ z 1 ug wyizolowanego RNA i 1 pL startera d(T)23 VN
uzupetnionych do objetosci 8 ul. woda pozbawiong nukleaz, ktora po przygotowaniu
inkubowano w temperaturze 70 °C przez 5 minut i natychmiast schtodzono na lodzie
przez kolejne 5 minut. Do przygotowanych probéwek dodano 10 uL. gotowych mieszanin
M-MuLV Reaction Mix oraz 2 pL. M-MulLV Enzyme Mix. Reakcje¢ odwrotnej
transkrypcji prowadzono w termocyklerze SimpliAmp™ Thermal Cycler (Thermo
Scientific™) w temperaturze 42 °C przez 1 godzing, po czym probowki umieszczono na
5 minut w temperaturze 80 °C celem inaktywacji enzymu. Mieszaning reakcyjna

rozcienczono ddH>O-DEPC do objetosci 50 pL i przechowywano w temperaturze -80 °C.

Ilo$ciowa reakcja PCR w czasie rzeczywistym (RT-qPCR) wykonywana byta z
uzyciem termocyklera CTX96 Touch™ Real-Time PCR Detection System (Bio-Rad). W
sklad mieszaniny reakcyjnej wchodzity: c¢cDNA, 1 pL mieszaniny starteréw
specyficznych dla poszczegolnych gendéw oraz 10 pL Luna® Universal gPCR Master
Mix (New England BioLabs), ktora uzupelniono do objetosci 20 uLL woda pozbawiong
nukleaz. Reakcja przebiegata nastepujaco: wstepna denaturacja (95 °C, 60 s), nastepnie
40 cykli: denaturacja (95 °C, 15 s), przyltaczanie starteréw (60 °C, 30 s), wydluzanie (72
°C, 30 s), odczyt plytki. Po zakonczeniu wszystkich cykli przeprowadzana byla
trzystopniowa ocena temperatury topnienia produktow (95 °C, 15 s; 60 °C, 60 s; 95 °C,
15 s). Otrzymane wyniki znormalizowano do genu referencyjnego GAPDH z uzyciem
metody Livaka i Schmittgena (metoda 222¢T). Kazdy eksperyment wykonano w
tryplikacie w trzech niezaleznych powtorzeniach. Analize ekspresji genow

przeprowadzono z uzyciem oprogramowania Bio-Rad CFX Manager 3.1.
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Sekwencje mRNA badanych gendéw pozyskano z bazy National Center for
Biotechnology Information (NCBI). Startery dla poszczegodlnych sekwencji zostaty
zaprojektowane z uzyciem narzedzia Primer-BLAST (NCBI). Syntezg starteréw oraz ich

oczyszczanie zlecono firmie Sigma-Aldrich.

1.5.8. Analiza profilu ekspresji biatek

Podczas badan uzyto komorek hodowanych w dwoch modelach: dwuwymiarowe;j
hodowli jednowarstwowej oraz trojwymiarowej hodowli sferoidowej. Komorki wysiano
odpowiednio na plytki 6-dotkowe (Nunc) w iloéci 5 x 10° na dotek lub na nieadherentne
szalki Petriego o $rednicy 3 cm (Nunc) w ilo$ci 2 x 10° komdrek w objetoséci 2 mL, po
czym ptytki inkubowano przez odpowiednio 24 godziny lub 10 dni w standardowych
warunkach. W przypadku hodowli sferoidow po uplywie 5 dni dolano do szalek
dodatkowy 1 mL $wiezej pozywki. Po zakonczonej inkubacji wymieniono pozywke na
roztwory badanych zwiazkow, po czym wznowiono inkubacj¢ przez kolejne 24 godziny.
Traktowane komorki nastgpnie zebrano, zwirowano (2 000 X rpm, 5 min.) i zawieszono
w 300 pL $wiezo przygotowanego buforu do radioimmunoprecypitacji (RIPA),
zawierajacego mieszaniny inhibitoréw proteaz i fosfataz oraz kwas wersenowy (EDTA).
Probéwki umieszczono w tazni lodowej, nastepnie inkubowano na kotysce przez 20
minut, zawarto$¢ sonikowano przez 15 sekund, po czym uzyskane lizaty ponownie
wirowano (10 000 x rpm, 10 min., 4 °C). Otrzymany supernatant przeniesiono do nowych
probowek 1 przechowywano w temperaturze -80 °C. Przed kazdg analiza wykonywano
pomiar stezenia biatka metodg Smitha, z wykorzystaniem komercyjnego zestawu Micro
BCA™ Protein Assay Kit (Thermo Scientific™). Test Western Blot, w wyniku ktorego
wykrywano obecno$¢ specyficznych biatek sklada si¢ z nastgpujacych etapow:
elektroforeza poliakrylamidowa (125 V, 90 min.), transfer bialek z zelu na membrang
nitrocelulozowg (15 V, 90 min.), blokowanie membrany przy uzyciu 5% roztworu
odttuszczonego mleka w buforze soli fizjologicznej buforowanej Tris z dodatkiem Tween
20 (TTBS) (60 min.), inkubacja fragmentéw membran w roztworach przeciwciat
pierwszorzgdowych do nastepnego dnia, ptukanie w buforze TTBS (3 razy po 5 min.),
inkubacja w roztworach przeciwciat drugorzedowych (60 min.), ponowne ptukanie w
buforze TTBS (3 razy po 5 min.), inkubacja w substracie chemiluminescencyjnym

SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Scientific™) oraz
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detekcja sygnatu przy uzyciu transiluminatora ChemiDoc™ XRS + System (Biorad).

Przeciwciata wykorzystane podczas badan zebrano w Tabeli 2.

Tabela 2. Zestawienie przeciwcial wykrywanych podczas analizy ekspresji biatek oraz

publikacji, w ktorych je wykorzystano

Wykrywane bialko Numer katalogowy przeciwciala Lista publikacji

4F2he #47213 [P2]

Akt #9272 [P1], [P2]
phospho-Akt (Ser473) #4060 [P1]
BID #2002 [P1]
cdc2 #9116 [P1]
cde25c¢ #4688 [P1]
cyclin A2 #4656 [P1]
cyclin Bl #4138 [P1]

FECH sc-377377 [P1], [P2]
FXN STJ113368 [P2]
GPX4 #52455 [P2]
HIF-1a #14179 [P1]

HO-1 #5853 [P1], [P2]
IDHI #8137 [P1]
IRP1 #20272 [P2]
IRP2 #37135 [P2]
Mitoferrin 1 26469-1-AP [P1]
Nrf2 #12721 [P1]
p21Wafl/Cipl #2947 [P1]

p2 7Kl #3688 [P1], [P2]
p44/42 MAPK #9102 [P2]
phospho-p44/42 MAPK #9101 [P2]

p70 S6 Kinase #2708 [P1], [P2]
RAS ab52939 [P2]

1.5.9. Wykrywanie reaktywnych form tlenu (RFT)

Podczas badan uzyto komorek hodowanych w dwoch modelach: dwuwymiarowe;j
hodowli jednowarstwowej oraz trojwymiarowej hodowli sferoidowej. Komorki wysiano
odpowiednio na plytki 96-dotkowe (Nunc) w ilosci 9 x 10° na dotek w objetosci 100 L
lub na nieadherentne plytki 96-dotkowe o U-ksztattnym dnie (Sarstedt) w iloéci 4 x 10°

18



na dotek, po czym ptytki inkubowano przez kolejno 24 godziny lub 96 godzin w
standardowych warunkach. Po tym czasie podawano badane zwiazki kilkuetapowo, tak
aby w momencie odczytu czasy inkubacji wynosity kolejno 3, 6, 9, 12 oraz 24 godziny,
a nastepnie do wszystkich dotkéw dodano barwnik fluorescencyjny reagujacy z RFT
(CellROX® Green Reagent, Molecular Probes) w stezeniu 5 pM. Tak przygotowana
ptytke inkubowano przez 30 minut w standardowych warunkach. Wszystkie dotki
nastepnie plukano trzykrotnie buforem PBS, dodano 100 pL pozbawionej czerwieni
fenolowej pozywki DMEM i zmierzono fluorescencje przy dtugosci fali ekscytacji A =

485 nm.

W celu normalizacji wynikow pomiaréw fluorescencji barwnika CellROX®
Green Reagent, podczas pomiarow na modelu dwuwymiarowym dodano barwnik
wiazacy si¢ z DNA (Hoechst 33342, Molecular Probes) w stezeniu 4 pg/mL 10 min. przed
koncem inkubacji, natomiast po zakonczeniu pomiaréw na modelu trojwymiarowym

wykonano pomiar st¢zenia biatka metodg Smitha opisang w sekcji 1.4.7.

Wszystkie eksperymenty mierzono w duplikacie, pomiary powtdérzono
trzykrotnie, a ich wyniki przedstawiono jako poziom RFT w odniesieniu do kontroli

negatywnej wyrazony w procentach.

1.5.10. Pomiar stopnia inhibicji kinaz tyrogynowych

Stopien inhibicji wybranych kinaz tyrozynowych przez wyselekcjonowane
zwiazki okreslono z wykorzystaniem dwoch komercyjnie dostgpnych zestawow: Kinase
Selectivity Profiling System oraz ADP-Glo Kinase Assay (Promega) zgodnie z
protokotem dostarczonym przez producenta. Roztwory wyjsciowe zwigzkéw
przygotowano w DMSO w stezeniu 100 uM, ktore nastepnie rozcienczono do st¢zenia 1
uM. Testy przeprowadzano w 384-dotkowej bialej ptytce przystosowanej do pomiaréw
luminescencji (Corning). Eksperymenty powtdrzono trzykrotnie, a uzyskane wyniki

przedstawiono jako procent inhibicji kinazy tyrozynowej po inkubacji ze zwigzkiem.

1.5.11. Termoforeza mikroskalowa

Wszystkie pomiary termoforezy mikroskalowej wykonano przy uzyciu sprzetu
Monolith NT.115 Blue/Red (NanoTemper Technologies). Technika ta wykorzystuje
zmiany w fluorescencji wyznakowanych czasteczek wynikajace z interakcji z ligandem
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oraz ze zjawiska termoforezy, czyli ukierunkowanego ruchu czasteczek w srodowisku o
zmiennej temperaturze. W wyniku kontaktu kinazy tyrozynowej z badanym zwigzkiem
dochodzi do zmiany otoczki solwatacyjnej wokoét biatka, ktora wplywa na jego szybkos¢
ruchu w gradiencie temperatury. Ro6znice w intensywnosci fluorescencji wynikajace z
szybko$ci przemieszczania si¢ biatka inkubowanego w réznych stezeniach ligandu sa

mierzone i analizowane, w efekcie czego okre$lona zostaje stata powinowactwa (Kp).

1.5.12. Pomiary chelatacji jonow Zelaza

Zdolno$¢ badanych zwigzkow do chelatowania jonow zelaza (III) oceniano
poprzez analiz¢ spektroskopowa UV-Vis. Przygotowano roztwory wyjsciowe w DMSO
o stezeniu 8,358 mM, nastepnie roztwory rozcienczano woda do stezenia 100 uM. Do
dotkéw plytki 96-dotkowej z przezroczystym dnem (Nunc) wprowadzano 100 pL
przygotowanego roztworu oraz 100 pL roztwordéw o stopniowo zwickszanym stezeniu
jonow zelaza (III) w zakresie 0-100 puM, ktore po wymieszaniu dawaty mieszaning
zwiagzku o stezeniu 50 pM 1 jondéw zelaza o stgzeniach 0-50 uM. Po 4 godzinach inkubacji
w temperaturze pokojowej rejestrowano widma absorpcyjne przy uzyciu czytnika
mikroptytek Varioskan LUX (ThermoFisher) w przedziale 275-800 nm, z krokiem co 5
nm. Uzyskane dane przedstawiono graficznie oraz poddano analizie z wykorzystaniem

programu OriginPro (OriginLab Corporation).

1.5.13. Analiza statystyczna

Wyniki przedstawiono w formie S$redniej arytmetycznej + odchylenie
standardowe (SD), obliczone na podstawie co najmniej trzech niezaleznych
eksperymentow. Analizy statystyczne wykonano z wykorzystaniem programu GraphPad
Prism 9 (GraphPad Software), stosujac analiz¢ wariancji (ANOVA) oraz test post-hoc

Tukeya. Za istotne statystycznie uznawano rdznice przy poziomie p < 0,05.
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2. WYNIKI I DYSKUSJA

2.1. Cytotoksycznosé¢ analizowanych zwigzkow

Badania rozpocz¢to od oceny aktywnosci przeciwnowotworowej wszystkich
zaprojektowanych chelatorow w celu znalezienia zwigzkow najsilniej spowalniajacych
proliferacje komorek GBM, prowadzac do ich $mierci komorkowe;j. Selekcja substancji
o najsilniejszym efekcie cytotoksycznym do dalszych badan jest istotna, poniewaz
zwigzki nieaktywne w warunkach hodowli in vitro nie moga stanowi¢ podstawy

skutecznego leczenia nowotworu wystepujacego u pacjenta.

Badania cytotoksycznosci wykonano kolejno na dwoch modelach badawczych:
hodowli dwuwymiarowe] oraz trojwymiarowej in vitro. Wyniki z modelu
dwuwymiarowego opisane w publikacjach [P1-3] zestawiono w Tabeli 3, natomiast
wyniki z modelu tréjwymiarowego zastosowanego w publikacji [P2] przedstawiono w
Tabeli 4. Na tej podstawie mozna zaobserwowac, ze aktywno$¢ antyproliferacyjna
badanych pochodnych na modelu dwuwymiarowym jest bardzo zr6znicowana i zalezna
od rodzaju obecnych grup funkcyjnych lub skompleksowanych jonow. Oprocz tego
kazda z badanych linii komérkowych wykazywata si¢ roznym stopniem wrazliwosci na
chelatory — najwieksza opornoscig wykazala si¢ linia T98G, natomiast najbardziej
podatna zazwyczaj byla linia U-251. Nalezy jednak zaznaczy¢, ze nie zaobserwowano
takiej zaleznosci dla zwiazkow referencyjnych: erlotinibu 1 osimertinibu, ktore
wykazywaty si¢ brakiem albo stabym efektem cytotoksycznym na wszystkich badanych
liniach. Badania cytotoksycznosci wykonano takze na prawidlowej linii fibroblastow
NHDF, dzigki ktérym mozliwe byto okreslenie selektywnos$ci chelatorow wobec
komorek zdrowych. Wigkszo§¢ zwiazkow nie oddziatywata w zadnym lub wplywata w
znikomym stopniu na zahamowanie proliferacji linii NHDF. W pojedynczych
przypadkach obserwowano istotny efekt cytotoksyczny uniemozliwiajacy bezpieczne

zastosowanie chelatora w terapii.

Kompleksy BC roznity si¢ migedzy sobg rodzajem skompleksowanego jonu metalu,
ktory bierze aktywny udzial w procesie transferu elektronow w reakcji rodnikowe;.
Sposréd wszystkich badanych pochodnych terpirydyny najnizszag warto$¢ ICso
odnotowano dla pochodnej BC5 z jonami Cu** wynoszaca 0,36 uM w przypadku linii
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komorkowej PC-9 (rak pluc). Zwiazek ten wykazat najwyzsza aktywno$¢ we wszystkich
badanych liniach, gdzie warto$¢ 1Cso wynosita ponizej 2 uM dla czterech badanych linii

komoérkowych (PC-9, U-251 (GBM), MCF-7).

W przypadku zwigzkow TSC, przedstawionych w publikacji [P2], kluczowy wplyw
na hamowanie proliferacji komorek nowotworowych miata struktura wiodaca chinoliny
(Rysunek 1, B) potaczona z fragmentem tiosemikarbazonu. W pracy tej zebrano
najbardziej aktywne pochodne syntezowane przez zespot na przestrzeni lat. Z wczesniej
przeprowadzonej analizy struktura-aktywnos$¢ wynika, iz podstawienie pierscienia
chinoliny grupa hydroksylowa wplywa pozytywnie na aktywno$¢ catej molekuty,
prawdopodobnie wplywajac na jej lipofilowo$¢, Ponadto fragmenty piperazyny oraz
morfoliny przytaczone do czgsci tiosemikarbazonowej wytypowano jako potencjalne

farmakofory wptywajace pozytywnie na aktywno$¢ zwigzku.

Dla grupy zwiazkéw SQ, istotny wpltyw na aktywnos$¢ przeciwnowotworowa miata
obecno$¢ dwoch podstawnikéw chlorowych w pozycjach 5 oraz 7 pierScienia
chinolinowego - chelatory je posiadajace wykazywaly sie wigkszym efektem
cytotoksycznym. W przypadku par zwigzkéw rdznigcych si¢ podstawnikiem w pozycji
8, obecnos¢ grupy hydroksylowej rowniez korelowata z wigkszg aktywnoscia
biologiczng. Kolejnym czynnikiem determinujagcym  skuteczno$¢ badanych
styrylochinolin byta ilo§¢ oraz pozycja grup nitrowych na pierScieniu fenylowym.
Najbardziej aktywne zwigzki posiadaly dwa takie podstawniki w pozycjach orto oraz
para, podczas gdy obecnos$¢ jednego podstawnika najczesciej skutkowata przecigtnym

efektem cytotoksycznym.

Poréwnujac warto$ci parametru ICso pomigdzy modelem dwu- oraz trojwymiarowym
przedstawione w publikacji [P2], zaobserwowa¢ mozna zwigkszenie opornosci komorek
uformowanych w sferoidy na dzialanie badanych zwiazkéw, co wynika z utrudnionego
dostepu chelatorow do wnetrza sferoidu. Roznice te s3 skutkiem innej organizacji
przestrzennej — w modelu dwuwymiarowym, wszystkie komorki majg identyczny dostep
do skfadnikéw odzywczych oraz tlenu, podczas gdy w modelu trojwymiarowym
pojawiaja si¢ gradienty tych czynnikéw, bedace efektem wydtuzonego procesu dyfuzji
substancji, w tym badanych zwigzkéw, do wnetrza sferoidu. Model trojwymiarowy
rowniez wierniej odwzorowuje interakcje miedzykomoérkowe, takich jak wystepowanie

efektu Warburga, tj. wykorzystywania procesu fermentacji mlekowej zamiast oddychania
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tlenowego w celu pozyskiwania energii z glukozy pomimo obecnosci tlenu w
mikrosrodowisku guza oraz zwigkszona tolerancja na niedobor sktadnikéw odzywczych
(27). Wyjatkiem byta linia T98G, gdzie w wigkszosci zwigzkow zauwazono odwrotny
trend zwickszonej wrazliwosci na dzialanie TSC w sferoidach glejakowych. Pomiedzy
poszczego6lnymi liniami komorkowymi GBM wystepuja rdéznice w odpowiedzi na stres
oksydacyjny. Spo$rod wybranych linii, T98G charakteryzuje si¢ nadekspresja genoéw
bioracych udziat w regulacji obrony antyoksydacyjnej, ktora z uwagi na prezentowane w
dalszej czg$ci pracy znaczenie generowania RFT przez badane chelatory podczas
traktowania, moze tlumaczy¢ wystgpowanie tych znaczacych roznic w efekcie
cytotoksycznym (28). Druga niespodziewang zalezno$cia byl znaczacy spadek
aktywnosci zwiazkoéw MS168 oraz MS181 w tym modelu. Obie badane pochodne
posiadaja grupe hydroksylowa w pierscieniu chinolinowym. Obliczone wspotczynniki
lipofilowosci tych dwoch zwigzkdéw rdznig si¢ znaczaco od pozostalych, co moze

wplywac na ich zdolno$¢ penetracji sferoidow.

Ostatnim etapem badan toksycznosci zwigzkoéw byto wykorzystanie w publikacji [P2]
modelu badawczego in vivo w postaci ksenoprzeszczepdéw linii LN-229 i zarodkow danio
pregowanego (Danio rerio), ktérych celem bylo potwierdzenie selektywnosci wybranych
TSC wobec komorek nowotworowych oraz zachowanie aktywno$ci antyproliferacyjne;j
w modelu lepiej odwzorowujacym rzeczywiste warunki wystepujace w guzie. Otrzymane
wartosci  stezenia S$miertelnego LCso dla zwigzkow MS165, MS168 1 MS181
(odpowiednio 6,221, 6,772 1 8,341 uM) byly wielokrotnie wyzsze w poréwnaniu z
warto$ciami ICso otrzymanymi na modelu dwuwymiarowym in vitro. W dalszych
badaniach, sprawdzano zdolno§¢ TSC podawanych w bezpiecznych dla zarodkow
stezeniach od 0,5, 1 1 2,5 uM do zmniejszenia wielkosci ksenoprzeszczepow.
Stwierdzono zauwazalne zmniejszenie guza, jednakze efekt terapeutyczny byt
ograniczony. Potencjalne przyczyny moga wynika¢ z wigkszej ztozonosci stosowanego

modelu lub konieczno$ci wydtuzenia czasu terapii.

Otrzymane wyniki badan cytotoksyczno$ci w modelach in vitro, zestawione w
Tabelach 3-4, wykorzystano podczas selekcji najbardziej aktywnych zwigzkéw, ktore
poddano dalszym analizom, a takze okre$lenia wartosci stgzen stosowanych podczas

inkubacji w badaniach biologicznych.
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zwiazki stanowigce kontrole pozytywna

Tabela 3. Zestawienie wynikow cytotoksycznosci na modelu dwuwymiarowym in vitro komorek

wybranych linii GBM oraz linii prawidtowej NHDF z publikacji [P1-3], kursywa zaznaczono

L Nazwa Aktywno$¢ antyproliferacyjna ICsy [uM]
p- [publikacja] LN-18 LN-229 TI8SG U-87 MG U-251 NHDF
1. BC1 [P1] nb b b 1822243 9,09 0,56 >25
2. BC2 [P1] nb nb nb 1,57+0,18 0,61 0,07 25
3. BC3 [P1] nb nb nb 235+027  0,84+0,05 25
4. BC4 [P1] nb nb nb 327059  0,74+0,19 25
5. BC5 [P1] nb nb nb 216+£024  036+0,10 627 +1,03
6. BC6 [P1] nb nb nb >25 >25 >25
7. MS2 [P2]  0257+0,043 0,035+0,008 6,914+1,179 b 0,040 £ 0,004 10,58 = 4,07
8.  MSI39 [P2]  0581+0070 0328 +0,044 25 nb 0,069 0,007 14,49 225
9.  MSI165[P2] 1,774+0556 0,160 0,015 25 nb 0,040 £ 0,014 0(,)(7)33;
10.  MSI79 [P2] 164320243 0395+0,112 6,883 +0,881 nb 0,489 £ 0,186 93‘,‘;‘;)()*
11.  MR5K3[P2] 3,760=0,579 0,096+ 0,033 25 nb 0,104 £0,019 Oafgsli
12.  MRY96[P2]  0,160+0,062 0,073+0014  1556= 1,46 b 0,091 0,004 16,66 = 5,57
13. MRI2K [P2] 11,74=142 0250+0,068 18,49+0,52 b 03410098 2234+136
14. MSI68[P2]  0,103+0,016 0,021 +0,004 >25 b 0,003 0,001 10,64 =348
15. MSI81[P2]  9.399+0,957 0,087 +0,009 >25 b 0,046 £ 0,018 12,14 +3,58
16. ES5 [P3] 4,107 + 0,568 25 25 7,700 £ 0,906 ~25 b
17.  ES2B[P3]  6,659+0,564 10,64 +0,705 25 10,68 £0470 18,08 £ 0,755 b
18.  ESI7B [P3] 25 25 25 16,04 + 1,020 25 b
19. ES18B [P3] >25 >25 >25 >25 >25 nb
20.  ES58[P3]  1291+1505 12,76+2,125 25 2,800+ 0,547 10,71 + 0,805 b
21.  ES20A [P3] 25 25 25 16,10 £ 2,670 25 b
22.  ES20B [P3] 1,459 <0458 25 25 6,983 = 0,984 25 b
23.  ES24A [P3] 25 25 25 10,31 + 1,199 25 b
24. ES24B [P3] 25 25 25 3,293 + 0,822 25 b
25. ES29B[P3]  6,535+1094 1143 +1520 25 1,713 £0391 2,606 + 0,815 b
26. ES28B[P3] 8,619+ 1,038 25 25 3,005+0,801 3,880 + 0,639 b
27.  ES25A [P3]  4469+0566 9,102+0,733 1836+1,850 12100327 7,897 0,726 b
28.  ES25B[P3] 6,030+ 0,786 25 25 2,031+£0,433 6,843 £ 0,820 b
29. ES26A [P3]  8459+0474 98181305 25 8,768 = 1,297 5,188+ 0,732 b
30. ES26B[P3]  10,18+1,567 10,82+1,510 25 11,66 + 1,700 6,753 + 1,224 b
31.  ES27A [P3]  13,39+2380 13,82+1810 25 14,65+ 1,660 7,097 <0331 b
32. ES27B[P3]  1130+0455 93271492 25 7,072+£0,705 8,013 + 1,807 b
33.  ES45A [P3] 239340645 1342+2075 25 2,444 +£0392 1,068+ 0,472 b
34. ES45B [P3] 2,903 +0860 7,526 +0,795 25 1,130 £0242 0,258 + 0,065 b
35.  ES55A [P3] 25 19,36 + 1,585 25 11,92+ 1245 8320+ 1222 b
36.  Erlotinib [P3] >25 >25 >25 >25 >25 nb
37. Os'[%f ;’]mb 73530268 8986+0367 7314+2,187 1124046 20,13+ 0,34 6(’)?3679 Si

nb — nie badano
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Tabela 4. Zestawienie wynikow cytotoksyczno$ci na modelu trojwymiarowym in vitro komorek

wybranych linii GBM z publikacji [P2] oraz wspolczynnik lipofilowo$ci badanych TSC, kursywa

zaznaczono zwiazek bedacy kontrola pozytywna

Aktywno$¢ antyproliferacyjna ICso [uM] Wspélezynnik
Lp. Nazwa LN-18 LN-229 T98G U-251 lipofilowosci
(logP)
1. MS2 0,908 £0,200 2,535 +0,965 31,33 +£5,14 0,905 £ 0,215 2,02 +£0,60
2. MS139 5,162+0,988  1,342+0,405  4,355+0,883 0,738 £0,108 4,08 + 0,60
3. MS165 1,027+0,235  2,974+0,987 2,927+0,221 2,472+0,716 2,99 +0,66
4. MS179 4,151 £0,539 22,49 +£391 4,138 +1,236  4,175+0,930 1,64 + 0,69
5. MRS5K3 1,292+0,316  2,927+0,974 1,507+0,610 0,691 +0,197 3,08 £0,98
6. MR96 7,053 +1,091 0,790+0,230 7,170+1,217 0,333 +£0,058 4,24 + 0,68
7. MR12K 7,664 +1,624  7,721+1,794  0,855+0,208 8,178 £ 1,270 5,12+£0,70
8. MS168 177,4 £4,6 17,58 £ 3,01 >200 64,84 + 8,98 1,03 +£0,90
9. MS181 28,76 £ 6,47 19,93 £2,76 65,13 £11,13 45,07 £ 6,97 1,42 +0,97
10. Osimertinib 45,06 +£5,22 16,41 £4,31 29,75 £5,05 29,98 £6,53 3,30 £ 0,65

2.2. Chelatacja jonow Zelaza

W celu wstepnej weryfikacji oddziatywania TSC na gospodarke zelaza w komorce,
w ramach publikacji [P2] przeprowadzono eksperymenty polegajace na analizie widm
absorpcji roztwordéw badanych zwigzkow oraz ich mieszanin w rosngcym stezeniu jonow
Fe**. Pomiary wykonano bezpoérednio po przygotowaniu roztworéw oraz po 4-godzinnej
inkubacji, w trakcie ktorej dochodzilo do ustalenia rownowagi pomiedzy wolnymi
ligandami TSC a ich kompleksami z jonami Zelaza. Dla wigkszosci chelatoréw
maksimum pasma absorpcji wolnego zwiazku obserwowano przy dlugosci fali okoto 340
nm, natomiast pasmo absorpcji kompleksu o rosnacej absorbancji wraz ze wzrostem
stezenia jonow zelaza pojawiato si¢ w okolicy 430 nm. Podobnie jak podczas badan
cytotoksycznosci, odmiennym zachowaniem wykazywaly si¢ zwigzki MS168 oraz
MS181, ktérych pasmo absorpcji wykryto przy dtugosci fali 305 nm. Pomigdzy pasmami
formy wolnej oraz zwigzanej z metalem zaobserwowano punkt izozbestyczny, natomiast
wymienione wczesniej dwa zwigzki posiadaty dwa ukryte punkty izozbestyczne —
zauwazalne dopiero po normalizacji zmierzonych widm. Swiadczy to o tym, ze dla
zwigzkéw MS168 1 MS181 mechanizm wigzania z jonami zelaza jest bardziej ztoZony,
w trakcie ktorego moga wystgpowaé przejsciowe stany rdwnowagi oraz stopniowe
tworzenie si¢ kompleksoéw. Stechiometrie wigzania jonow metalu okreslono poprzez
sporzadzenie wykresoOw zaleznos$ci absorbancji od stosunku molowego metal:ligand. Dla
wiekszosci badanych TSC stwierdzono stechiometri¢ (L:M) 2:1, podczas gdy
wyrdzniajace si¢ MS168 1 MS181 wykazujg stechiometrie¢ 1:1.
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2.3. Inhibicja kinazy IGFIR

Drugim potencjalnym celem molekularnym w planowanej terapii byto zaburzenie
aktywnos$ci bialek receptorowych modulujacych aktywnos$¢ $ciezek sygnatowych
regulujacych metabolizm, wzrost i1 proliferacje¢ komorki. W publikacjach [P2] 1 [P3]
sprawdziliSmy zdolno$¢ chelatorow do inhibicji panelu o$miu receptorowych kinaz
tyrozynowych: IGFIR, receptora insuliny (ang. insulin receptor, InsR), receptora
naskorkowego czynnika wzrostu (ang. epidermal growth factor receptor, EGFR),
receptorow 2 i 4 ludzkiego naskorkowego czynnika wzrostu (ang. human epidermal
growth factor receptor 2, HER2 oraz human epidermal growth factor receptor 4, HER4),
receptora 2 naczyniowo-$rodbtonkowego czynnika wzrostu (ang. kinase insert domain
receptor, KDR) oraz receptorow alfa i beta ptytkopochodnego czynnika wzrostu (ang.
platelet-derived growth factor receptor alpha, PDGFRa oraz platelet-derived growth
factor receptor beta, PDGFRDb). Wyniki pomiaréw nie potwierdzilty powinowactwa
badanych zwigzkéw do nich, z wyjatkiem kinazy IGFIR. Wobec tego bialka,
obserwowano szeroki zakres inhibicji od jej calkowitego braku do okolo 66 %
zmniejszenia aktywnosci enzymatycznej (Tabela 5). W przypadku styrylochinolin
analizowanych w publikacji [P3], zauwazono istotny wplyw grup nitrowych obecnych w
grupie styrylowej na powinowactwo do kinazy IGFIR, mogacy wynika¢ ze
specyficznego rozktadu fadunku w tym fragmencie czasteczki. Aby potwierdzi¢ wstepna
hipoteze, przeprowadzono badania dokowania molekularnego, ktoére wykazaty
mozliwos¢ tworzenia licznych, zréznicowanych wigzan pomiedzy ligandami SQ a
miejscem aktywnym IGFIR. Najsilniejsze inhibitory tworzyty liczne wigzania z
aminokwasami Met1082 oraz Lys1033, co bylo gltéwna rdznica pomigdzy nimi a
stabszymi inhibitorami. W przypadku publikacji [P2] najsilniejsze powinowactwo do
biatka IGF1R odnotowano dla zwigzkow MS168 1 MR5K3, dla ktorych zmierzono przy
uzyciu termoforezy mikroskalowej state powinowactwa Kp wynoszace kolejno 720 1 907
nM, potwierdzajace ich wysoka selektywnos¢ wobec analizowanego receptora.
Dodatkowe informacje dotyczace charakteru wigzania ligandow z miejscem aktywnym
dostarczyto dokowanie molekularne. Okazalo si¢, ze charakter interakcji wybranych TSC
roznit si¢ od siebie — w przypadku MR5K3 obserwowano przede wszystkim konformacje
skierowang na zewnatrz centrum aktywnego oraz obecnos¢ wigzan wodorowych w kinase

hinge region, w tym aminokwasu Met1082. MS168 tworzyl wigzania w konformacji
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skierowanej do wnetrza kieszeni enzymu, co skutkowato brakiem wigzan z reszta

Met1082. Prawdopodobng przyczyna odmiennego zachowania MS168 jest obecnos¢

grupy hydroksylowej w pierscieniu chinolinowym, ktora istotnie zmienia rozktad

fadunku w czasteczce, zaobserwowany wczesniej w ramach badan chelatacji jonow

zelaza.

Tabela 5. Wartosci stopnia inhibicji kinazy IGF1R przez zwiazki (stezenie 1 uM) badane w

publikacjach [P2] i [P3].

Lp. Nazwa zwigzku Stopien inhibicji
[publikacja] IGF1R [%]
1. ES2B [P3] 62,95
2. ES20B [P3] 18,66
3. ES25A [P3] 8,25
4. ES25B [P3] 6,35
5. ES26B [P3] 9,31
6. ES28B [P3] 11,17
7. ES29B [P3] 18,08
8. ES45A [P3] 61,56
9. ES45B [P3] 51,59
10. ES58 [P3] 58,00
11. MS2 [P2] 9,00
12. MS139 [P2] 29,77
13. MS165 [P2] 0
14. MS179 [P2] 8,50
15. MRS5K3 [P2] 61,90
16. MR96 [P2] 39,00
17. MRI12K [P2] 18,56
18. MS168 [P2] 65,85
19. MS181 [P2] 1,20
20. Osimertinib [P2] 57,11
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2.4. Wplyw chelatoréw na procesy zachodzgce w komorkach

Okreslenie stopnia aktywnos$ci antyproliferacyjnej oraz interakcji pomiedzy
chelatorami a jonami metali i receptorowymi kinazami tyrozynowymi nie pozwala na
petne poznanie molekularnego mechanizmu dziatania badanych zwigzkoéw. Aby lepiej
zrozumie¢ wptyw chelatorow na komorki GBM, w ramach publikacji [P1] 1 [P2]

konieczne byto wykonanie szeregu analiz efektow ich dziatania.

W pierwszym etapie prac nad publikacja [P1] zdecydowalismy si¢ na wykonanie
badan cytometrii przeplywowej w celu okreslenia, czy i na ktorym etapie dochodzi do
zatrzymania cyklu komorkowego. Technika polegajaca na oznakowaniu utrwalonych
komorek barwnikiem fluorescencyjnym wigzacym si¢ z DNA pozwala w tatwy sposob
okresli¢, na ktérym etapie cyklu komérkowego si¢ one znajdowaly. Badania prowadzone
na komorkach linii U-251 traktowanych zwigzkiem BC2 w r6znych stezeniach wykazaty
zwigkszenie procentowego udziatu subpopulacji komoérek w fazie GO/G1 z okoto 49% do
okoto 56%, co wskazuje na zaburzenie przez ten zwigzek proceséw metabolicznych
regulujacych przejscie komorki do fazy S. Wcezesniejsze wyniki badan prowadzonych w
ramach Zespotu Biofizyki Farmaceutycznej na zwigzkach o podobnej budowie
czasteczkowej rowniez wskazywaly na wystgpowanie zahamowania progresji cyklu
komorkowego w tej fazie (29). Otrzymane wyniki nast¢pnie zweryfikowano podczas

analizy ekspres;ji bialek, opisanej w dalszej czgsci pracy.

W obydwu publikacjach przeprowadzono réwniez badania indukcji apoptozy z
wykorzystaniem cytometrii przeptywowej. Barwienie populacji traktowanych komorek
fluorescencyjnie oznakowang aneksyng V skutkuje obecnoscig sygnatu jedynie w tych
komorkach, w ktérych doszto do utraty integralnos$ci btony komoérkowej w wyniku
rozpoczecia procesu apoptozy. Dodatkowe zastosowanie barwnika 7-AAD,
wykazujacego silne powinowactwo do DNA, lecz niezdolnego do przenikniecia przez
btone¢ komodrkowa, pozwala na odrdznienie komorek martwych od zywych. Uzyskane
wyniki wskazaty na obecno$¢ duzej subpopulacji komorek apoptotycznych. W wyniku
traktowania zwigzkiem BC2, w zaleznosci od stezenia, ilos¢ zywych komorek linii U-
251 spadta z okoto 91% do 41-64%, przy jednoczesnym zwigkszeniu udziatu komorek
na wczesnym (okoto 7% w kontroli negatywnej, 21-54% w komodrkach poddanych
dzialaniu BC2) i péznym (okolo 2% w kontroli negatywnej, 9-15% w komodrkach
traktowanych BC2) etapie apoptozy. Podobny efekt wykazano podczas badania wptywu

zwigzkow z grupy TSC na modelu sferoidowym, gdzie catkowita ilos¢ komorek
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apoptotycznych w kontroli negatywnej wynosita okoto 35%, podczas gdy po zakonczeniu
traktowania wartosci te wynosity od okoto 55% dla zwigzku MR5K3, do okoto 75% dla
zwiagzku MS168. Zaobserwowano rowniez korelacje pomigdzy st¢zeniem stosowanym
podczas inkubacji a wielkoscia wspomnianej subpopulacji. W publikacji [P1]
zdecydowano si¢ dokladniej zbadaé ten aspekt dziatania zwigzku BC2 poprzez analize

ekspresji genow oraz biatek.

Ze wzgledu na udziat jonéw zelaza w reakcjach redoks, ktorych produktem sg RFT
oraz mozliwos¢ dalszego przebiegu tych reakcji po skompleksowaniu jondow przez
badane chelatory, istotne bylo wykonanie pomiaru ilosci RFT w traktowanych
komorkach. Wykorzystano w tym celu barwnik CellROX® Green Reagent, ktory w
wyniku utlenienia po kontakcie z RFT generuje silny sygnat zielonej fluorescenc;i.
Barwnik ten moze swobodnie przenikaé¢ btony biologiczne, dzi¢ki czemu stanowi dobry
wskaznik ilosciowy RFT w komorce. Wyniki pomiaréw fluorescencji udowodnity
zdolno$¢ zwigzku BC2 oraz wybranych TSC do wywotywania stresu oksydacyjnego
odpowiednio w modelu dwu- i tréjwymiarowym in vitro. Wraz z wydtuzeniem czasu
inkubacji z chelatorami rosta tez ilos¢ generowanych RFT, najlepiej obserwowana
podczas inkubacji sferoidow linii U-251 ze zwigzkami TSC. Dla zwigzku MS165
zaobserwowano najwyzszy relatywny poziom RFT po uptywie 24 godzin wynoszacy
okoto 126% wzgledem kontroli negatywnej, podczas gdy pozostate zwiazki powodowaty
wzrost 1losci RFT od 119 do 125%. Dodatkowo zdecydowano si¢ wykona¢ obrazowanie
przyzyciowe sferoidow linii U-251, ktore wykazalo zwigkszenie intensywnosci
fluorescencji $wiadczace o wysokim stgezeniu RFT bedacym efektem dziatania
chelatorow TSC, szczegolnie w przypadku traktowania MS168, gdzie zanotowano
najsilniejszy sygnal sposrdéd wszystkich badanych zwigzkow. Wyniki obrazowania byly
zgodne z pomiarami iloSciowymi 1 wskazujg one na zdolnos¢ analizowanych chelatorow

do zaburzania homeostazy redoks w komorkach GBM.

Obydwie serie eksperymentow pokazaty zdolno$¢ badanych chelatoréw do
generowania stresu oksydacyjnego w komoérkach GBM w wyniku zaburzenia
homeostazy zelaza. Zwigkszone stezenie RFT w komorce prowadzi do zaburzenia wielu
procesow zachodzacych w komorce, czego efekty nastgpnie zweryfikowano poprzez

analizg ekspresji genow oraz biatek biorgcych udziat w regulacji ich przebiegu.

29



2.5. Wplyw wybranych zwiqzkow na ekspresje genow i biatek (PCR, WB)

Wyniki przedstawione w poprzednich sekcjach pokazuja, ze wyselekcjonowane
chelatory istotnie oddziatuja na rézne aspekty funkcjonowania komoérek GBM. Pelne
poznanie molekularnego mechanizmu ich dzialania wymaga jednak dokladniejszej
analizy zmian zachodzacych w komorkach. Dlatego ostatnim etapem badan bylto
wybranie gendow oraz biatek biorgcych udziat w przebiegu procesow metabolicznych
zaburzanych przez badane zwigzki, a nastgpnie wykonanie analiz zmiany ich ekspresji

przy uzyciu technik qRT-PCR oraz Western Blot.

W publikacji [P1] najpierw podjeto si¢ analizy ekspresji czterech gendw nalezacych
do systemu obrony antyoksydacyjnej — dysmutazy ponadtlenkowej 112 (SOD1 1 SOD?2),
i katalazy (CAT), ktorych funkcja jest neutralizacja anionéw ponadtlenkowych i
nadtlenku wodoru w celu zabezpieczenia struktur komorkowych przed uszkodzeniem,
oraz tioredoksyny 2 (7XN2), bedacej biatkiem zdolnym do redukcji aminokwasdéw innych
bialek utlenionych w wyniku dziatania RFT. Zaobserwowano, ze w wyniku traktowania
zwiazkiem BC2 nastgpuje gwattowny spadek ekspresji wszystkich wymienionych genow
z wyjatkiem SOD2, ktory zwigkszyl ekspresje o okoto 250%. Sugeruje to, ze dziatanie
tego chelatora szczegdlnie silnie wptywa na dzialanie systemu opartego na dzialaniu
tioredoksyn, ktorego pula dostgpna w komorce zuzywa si¢ w wyniku kontaktu ze
zwigkszong iloscig RFT. System obrony antyoksydacyjnej zostat przecigzony w wyniku
aktywnosci zwigzku BC2, natomiast proba odpowiedzi komorki na wzmozone dziatanie
stresu oksydacyjnego jest nadekspresja SOD2, ktora ostatecznie nie jest w stanie go
przezwycigzy¢. Znaczace spadki ekspresji wykryto rowniez dla genow PIK3CA 1 MAPK1
odpowiadajacych za stymulacje proliferacji oraz procesOw wspierajacych przezycie
komorki, a takze dla genu mTOR bedacego regulatorem licznych procesow
metabolicznych. Wyciszanie $ciezek sygnatowych zwigzanych z tymi genami dobrze
rokuje w kontekscie potencjalnie skutecznej metody leczenia nowotworéw. Dodatkowg
zaleta zmniejszenia ekspresji mTOR jest mozliwo$¢ indukcji procesu autofagii komorki,
ktoérego zainicjowanie potwierdza nadekspresja genu LC3, jednego z wazniejszych
markeréw tego procesu. Rezultaty analizy ekspresji wszystkich opisanych powyzej
genow sg obiecujace 1 potwierdzajg wcezesniej zaobserwowane zmiany wywolane przez

zwigzek BC2.

Wyniki analizy ekspresji bialek przeprowadzonej w publikacji [P1] potwierdzity

przypuszczenia wynikajace z wczesniejszych eksperymentéw. Zaobserwowane
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zatrzymanie cyklu w fazie GO/G1 znajduje odzwierciedlenie w niemal caltkowitym zaniku
ekspresji biatek regulujacych progresje cyklu komorkowego dla najwyzszych stezen
zwigzku BC2 — cdc25c, cdc2 oraz cyklin A2 i Bl. Dalsze poszlaki wskazujgce na
zalamanie systemu obrony antyoksydacyjnej to zanik ekspresji biatka Nrf2, bedacego
jego gléwnym regulatorem. W efekcie braku skutecznosci mechanizméw usuwajacych
RFT z komorki wzrasta rowniez ekspresja biatek HO-1 oraz HIF-1a ukazujaca reakcje
na wysoki stres oksydacyjny. Zauwazalny jest rowniez wptyw badanych zwigzkéw na
metabolizm Zelaza w postaci spadku ekspresji mitoferryny 1 1 ferrochelatazy (FECH),
czyli bialek biorgcych udzial w transporcie zelaza i biosyntezie hemu, a takze
stopniowego zaniku ekspresji biatka IDH1 odpowiadajacego za syntez¢ NADPH
potrzebnego do prawidlowego funkcjonowania systeméw obrony antyoksydacyjnej. W
rezultacie dhugotrwalego dziatania wysokiego poziomu RFT, zaobserwowano réwniez
zablokowanie fosforylacji biatka Akt oraz pojawienie si¢ produktéow cigcia kinazy p70
S6, ktore skutkowato inhibicjg szlaku sygnalowego odpowiedzialnego za proliferacje
oraz inicjacja procesu apoptozy zaleznego od kaspaz. Rozpoczgcie procesu
programowanej $mierci komodrki  ostatecznie  potwierdzit  wzrost  ekspresji
proapoptotycznego biatka BID. Wyniki przedstawione w publikacji [P2] sugeruja, ze
pomimo pewnych podobienstw, chelatory bedace pochodnymi TSC oddzialuja na
komorki GBM w odmienny sposob. Nadekspresja HO-1 miata miejsce rowniez dla tej
grupy zwiazkow, lecz wzrost ekspresji tego bialka byl znaczaco wigkszy, sugerujac
wystgpienie silnego stresu oksydacyjnego. Spadki ekspresji bialek regulujacych
mechanizmy obronne przed peroksydacja lipidow, GPX4 oraz 4F2hc, moze wskazywac
na zwigkszone ryzyko utleniania czasteczek lipidow budujacych btony komoérkowe przez
RFT. Wzrost ekspresji HO-1 moze réwniez posrednio wynika¢ z deficytu zelaza w
komorce spowodowanego chelatacja przez badane TSC, na co wskazuje zwigkszona
zawarto$¢ biatek IRP1 1 IRP2, zazwyczaj aktywowanych w warunkach niedoboru jonow
tego metalu. Kolejnym dowodem na istotne zaburzenie homeostazy zZelaza jest spadek
ekspresji FECH oraz frataksyny (FXN), czego efektem sg zaburzenia biosyntezy hemu
oraz centrOw zelazowo-siarkowych mogace rzutowaé na poprawne funkcjonowanie
mitochondriéw. Oddziatywanie badanych TSC na receptorowg kinazg IGF1R, do ktorej
powinowactwo wykazywata cze$¢ z nich, mozna zauwazy¢ w spadku poziomu biatka
Akt. Stanowi ono gtowny element jednego ze szlakow sygnatowych regulowanych przez
IGF1R, co stanowi poszlake w kwestii znaczenia inhibicji tej kinazy w terapii przeciwko

komoéorkom GBM.
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3. PODSUMOWANIE I WNIOSKI

W niniejszej pracy podjeto si¢ identyfikacji molekularnego mechanizmu dziatania
pigciu sposrdd ponad 30 chelatorow zelaza nalezacych do trzech grup: kompleksow
bis(terpirydyny), pochodnych tiosemikarbazonu oraz pochodnych styrylochinoliny.
Zastosowanym kryterium selekcji byta wielko$¢ efektu cytotoksycznego wywolywanego
podczas traktowania komorek pieciu linii glejaka wielopostaciowego przy jednoczesnym
braku cytotoksyczno$ci wobec komodrek prawidtowych, ktére spetnit jeden kompleks
bis(terpirydyny) — BC2 oraz cztery pochodne tiosemikarbazonu — MS165, MS168,
MS179 oraz MR5K3.

Podstawowy mechanizm dziatania badanych zwigzkéw oparty jest na zdolnosci do
chelatowania jondow zelaza, w wyniku ktorej biodostgpna pula tego metalu w komorce
ulega zmniejszeniu, wplywajac na funkcjonowanie biatek zaleznych od zelaza.
Obserwowany spadek ekspresji FECH wskazuje na zaburzenie mitochondrialnego
metabolizmu zelaza oraz procesu syntezy hemu. Mechanizm dzialania chelatorow w
mitochondriach réznit si¢: w przypadku zwigzku BC2 odnotowano zanik mitoferryny 1
wskazujacy na zaburzenie transportu jonéw zelaza, natomiast w przypadku pochodnych
TSC nadekspresja IRP1 1 IRP2 sugeruje wigksze znaczenie sekwestracji zelaza przez te
zwigzki. Kolejng konsekwencja procesu chelatacji jest zwigkszenie poziomu RFT, ktore
prowadzi do powstania stresu oksydacyjnego inicjujgcego systemy obrony przed
rodnikami tlenowymi. Intensywny wzrost ekspresji biatka HIF-1a w wyniku traktowania
zwigzkiem BC2 oraz biatka HO-1 dla wszystkich analizowanych pochodnych, przy
jednoczesnym spadku ekspresji biatek pelniacych funkcje ochronne (Nrf2 w przypadku
BC2, GPX4 oraz 4F2hc w niektorych TSC) sugeruje, ze pomimo proby reakcji komorek
linii U-251 na stres oksydacyjny, system obrony antyoksydacyjnej zostal przecigzony.
Dla obydwu rodzajéw chelatoréw obserwowano rowniez oddzialywanie na $ciezki
sygnatowe, szczegbdlnie w przypadku pochodnych TSC oraz zblizonych do nich
strukturalnie styrylochinolin. Dla tych dwoch grup zwigzkow widoczny byt szeroki
zakres interakcji z kinazg receptorowg IGF 1R, potwierdzony za pomoca testow interakcji
ligand-biatko oraz dokowania molekularnego. Funkcja IGF1R jest odbieranie oraz
przekazywanie sygnalow zewnatrzkomorkowych poprzez $ciezki sygnatowe, ktore w
wyniku traktowania badanymi zwigzkami ulegaty zmianom ekspresji. W przypadku

zwigzku BC2 wykryto zaburzenie fosforylacji biatka Akt, natomiast pochodne TSC
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powodowaty spadek ekspresji samego biatka, co posrednio moze wskazywac na efekt
inhibicji IGFIR. Obydwie grupy zwigzkow wptywaly ostatecznie na indukcj¢ apoptozy
poprzez generowanie wzmozonego stresu oksydacyjnego. Zwigzek BC2, poprzez
oddziatywanie na biatko BID oraz ci¢cie p70 S6 moze prowadzi¢ do aktywowania kaspaz
1 zwigzanego z nimi mitochondrialnego szlaku apoptozy. W przypadku traktowania
pochodnymi TSC istniejg przestanki wskazujace na mozliwos¢ wystepowania ferroptozy,
rodzaju $mierci komoérkowej wywotywanego przez nadmierng akumulacje zelaza 1

wynikajacg z niego peroksydacje lipidow.

Wyniki przedstawione w niniejszej pracy pokazuja, ze chelatory zelaza sg zwigzkami
zdolnymi do wielokierunkowego oddziatywania na komorki glejaka wielopostaciowego,
dzigki czemu moga stanowi¢ podstawe¢ wcigz intensywnie poszukiwanej, skutecznej

terapii przeciwko temu rodzajowi nowotworow.
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Imbalance of redox homeostasis
and altered cellular signaling
induced by the metal complexes of
terpyridine

Katarzyna Malarz’?, Patryk Ziola?, Dawid Zych’, Patryk Rurka’ &
Anna Mrozek-Wilczkiewicz' 2~

Compounds that can induce oxidative stress in cancer cells while remaining nontoxic to healthy cells
are extremely promising for potential anticancer drugs. 2,2":6°,2""terpyridine-metal complexes
possess these properties. The high level of activity (IC,, =0.605 pM) of 2,2":6°,2""-terpyridine-metal
complexes on lung, breast, pancreatic, and glloblastoma multiforme cancer lines and their selectivity
(51> 41.32) on human normal fibroblasts were confirmed and presented in this paper. The mechanism
of action of these compounds is associated with the generation of reactive oxygen species, which
affects several cellular pathways and signals. The results demonstrate that 2,2°:6°, 2" -terpyridine-
metal complexes affect cell cycle inhibition in the G0/G1 phase as well as the activation of apoptosis
and autophagy cell death. These results were confirmed in several independent studies, including
experiments measuring the fluorescence levels of reactive oxygen species, flow cytometry, and gene
and protein analysis,

Keywords 22'6' 2" -terpyridine, Anticancer activity, Reactive oxygen species, Oxidative stress, Apoptosis,
Autophagy, Cell cycle inhibition

According 1o 2 Lancet Oncology study and others, a correlation was found between the human development
index (HDI) and the occurrence of higher rates of lung, pancreatic, and breast cancers'~, HDI is a combined
Index of a country’s kevel of human development, which ts based on factors such as life expectancy, education,
and income. That being said, studies have shown that there is a significant correlation between HDI, cancer
incidence, cancer type, and mortality rates, In recent vears, bresst cancer bas been the most frequently disgnosed
cancer workdwide, overtaking Jung cancer. In particular, this type of cancer is s common problem among women
living in developing countries and causes 11.7 million new cases annually. Lung cancer, on the other hand,
has the highest mortality rate, which is steadily rising. The percentage of lung cancer deaths without gender
distribution is about 18% of all cancer deaths’, The aforementioned types of cancer, as well as colorectum and
prostate cancers, accounted for 50% of all diagnosed cancer types. Glioblastoma (GBM), on the other hand, is
not as common, but its course s often rapld and does not have a good prognosis. Statistical data show that 75%
of GBM patients die within two years of diagnosis after undergoing intensive treatment regimens, and only
about 5% survive five years. The median overall survival (mOS) for GBM patients remains at approximatefy
10.2 months'". Another very aggressive tumor type is pancreatic cancer, which owes its poor prognosis largely
to a late diagnosis when an appropriate tr regi and resection cannot be implemented, as well as its
high asymptomatic rates in the early stages”, Therefare, we chose to explore those four types of cancer, which are
prevalent in Western societies, and which are on the rise in Asia,

Metal complexes are known for their use in anticancer therapy . Most famously, cisplatin is one of the
most commonly used drugs in the treatment of ovarian, testicular, bladder, and lung cancer patients™". In
addition, cisplatin serves as 2 popular source of the derivatives that are used in treatment, such as carboplatin,
which is used during ovarian cancer treatment’ %, or oxaliplatin, which is used as a drug for metastatic colon
cancer patients ™", Currently, there are no anticancer drugs with a terpyridine core as a ligand, thas this
privileged structure is particularly interesting from the paint of view of basic research, especially because there
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are numerous literature reports on the biological activity of these compounds in the context of anticancer' ™%,
amﬂucltrul".ormnfunplltumy“mdahumdudmgdﬂaﬂnman daic'? or optoelectronic®
materials or in cellular imaging’'. However, in light of our long-standing research on the
terpyridine derivatives, in this work, we focus on their anticancer properties. This paper explores the anticancer
activity af the newly synthesized bis{terpyridine) complexes with metal lons, Based on our previous studies,
we chose the ligand 2,262 -terpyridine that, uniike 2,2°:6".3" -terpyridine or 226" A"~ ine. has an
arrangement of N atoms that guarantees the best chelating properties and thus the best activity ™, In the current
work, we combined the aforementioned ligand with various metal fons to see how their redox activity affects
the anticancer activity of the whole complex. Numerous preliminary studies were concerned with the basic
cytutoxicity of terpyridine derivatives and tested on sedected cancer cell Enes™, One can also find slightly more
advanced studbes investigating cell cycle inhibition’ or ing a7 ", Much ion is being paid to
the ability of these derivatives to Intercalate with DNA™ ", However, “due to the small number of studies that
describe the detailed mechanism of the anticancer action of these compounds, including the key pathways that
are responsible for the proliferation, signaling, and triggering of the celf death process, in our study, we focused
on the most important cellubar targets that are associated with the described phenomena. The resultant cytotoxic
effect could be the result of many factors that occur at both the gene level and one step further - at the protein
level. Therefore, we decided to do an extended study to verify the cytatoxic effect, taking into account these
factors. In addition to conducting preliminary studles on several selected cell lines, we determined the effect
of the tested compounds on the cell cycle and investigated which mechanism triggered cell death. Next, we
investigated whether the tested dertvatives generated reactive oxygen species (ROS), which occurred in our
previows studies, conducted using terpyridine analogs in the form of complexes and a free hgand ™.

Cancer cells are known to have elevated ROS levels, thus making them valnerable to an additional increase
In ROS cancentration”'. Therefore, the use of ROS-generating compounds could be an interesting anticancer
strategy’*. The oxidative stress that persists in cancer cells is caused by both high levels of ROS #tsedf and a
reduction In the ROS-scavenging capacity™. In other words, the balance is shifted towards increased production
of radicals and hydrogen peroxide (H,0,), which causes damage to the DNA, cellular proteins, and lipids,
which consequently causes cell death. Camplzx antioxidant systents are responsible for maintaining an adequate
level of ROS homeostasis. Among them, the most important antioxidant enzymes are superoxide dismutase
(SOD), catalase (CAT), gh o (GSH), and the glotathione-dependent enzymes {glutathione peroxidases,
glutathione reductases, and ghutathione S-transferases) as well as thioredoxin (TXN2) and thioredoxin reductase
[TXN2R}". Generally, we can divide intracellular antioxidants into first-line defensive systems (SOD, CAT, and
glutathione peroxidases) that inactivate the strongest radicals such as superoxide (O, or H,0, and second-line
defensive systems (GSH and TXN2), whose purpose is to be an electron donor to the palred radlul 10 inhibit
 radical reaction””. It can be said that the GSH antioxidant pathways and TXN2 are the key gatekeepers for
mnlnnlning the proper redox balance ™. When d.iscuadng the cellular lnlluxkhm enzymes, it is impossible nat

heme axy I (HO-1), which is involved in the d ion of heme into carbon monoxide,
bilmmhn. bilirubin, and iron” - Determining the level of this protein isan important indicator of the occurrence
of oxidative stress after cells have been d with a substance with p ial drug applications. A complex

system that Is designed to control radical reactlons oversees the maintenance of the proper redox homeostasis
Therefore, it is 1o surprise that a disruption of this normal balance towards elevated ROS concentrations affects
all of the key pathways in a cell.

Results and discussion
Chemi:

istry
The terpyridine ligand (5) was synthesized following a previously published protocol (Scheme 1) using
4-bromobenzaldehyde and 2-acetylpyridine, which are avallable commercially, in a Krohnke reaction to
duce  4'-{4-b phenyl)-2,2"6"2" -terpyridine (1), Subsequently,  4'-(4-bromophenyl)-2.2' 62"~
lernﬂdme {1) underwent Sonogmlun coupling with trimethylsilylacetylene to yield #'-(4-ethynylphenyl)-
2,2':6'2"-terpyridine (2). The obtained 4°-(4-ethynylphenyl)-2,2":6' 2" -terpyridine (2} was then used in another
Sonuegashira coupling reaction, this time with 9-octyl-3-iodocarbazole, which was p d from ially
available carbazole through a process involving kodination (3) and alkylation (4)"*" . The synthestzed mn'ndmt
IIQ.M (5) was subsequently used in complexation reactions with inorganic salts of varlous metals, ramely Zn™',
Hg?", Cd™, Ca?*, and Fe**, These reactions led to the formation of bis{terpyridine} complexes, which were
Iabdedu BC1, BC2, BC3, BC4, BCS, and BC6, respectively.

The spectroscopic data ('H and 'C NMR) of molecules 1-5 were in agreement with our previously ptblkb«l
remlu“" “. The structures of BCI-BC6 were confirmed using mass spec y and are p in the
Supporting Information (Fig. 51-58}. The 'HE NMR spectra, which were reconded in deuterium chloma’orm.
exhibited no attribution of peaks due to the para- and ferromagnetic nature of the complexes. Additionally,
we added photos of the light emission that were used in the sol of the complexes under study and the
reference Hgand (Fig, $9).

Anticancer studies

The analysis of the effects of the tested complexes BC1-BC6 on inhibiting the proliferation of the selected cell
lines that currently represent the most dangerous and common types of cancer is presented below. The results,
which are expressed in terms of the 1C, parameter, are summarized in Table 1, The reference compound for the
cytotoxicity assay was the drug osimertintd (OSI), 4 well-known tyrosine kinase inhibitor that is used to treat
GBM. Of all the complexes evaluated, the lowest 1C, value (highest activity) was recorded for the BCS derivative
with Cu’™ at 0.358 pM for the PC-9 (lang cancer) cell line, This compound exhibited the highest activity on all
of the tested lines, where the [C,) was below 2 M for the four tested cell lines (PC-9, U-251 (GBM), MCF-7
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Scheme 1. Synthesis of the bis{terpyridine) complexes. Reagents and reaction conditions: (a) KOH, NH

E{OH, room temp,, 24 k; (b) TMSA, [Pd(PPh,),, Cul, NEL,, reflux, 16 b; (c) KE, THE, MeOH, room: temp.
24 (d) K1, KIO,, CH COOH, reflux, 0.5 b {e) C,H, Br, TBAL NaOH_, DMSO, roven temyp., 12 b (1)
[PA(PPh,),, Cul, THE/NEL, (1:1), 78 °C for 48 h; (g) metal precursors: CuCl,, FeCl,, CAINO, )., HgCl,, YCL,,
ZnC1,, ACN, DCM, %0 °C. 2 b,

. setivity - ICw value [pM]
Compound - | 7 T U251 | U-87 MG | PANC-T | PC9 NHDF
21624 1822% 500 %

b 58 i 143 o 0.56 2%

18,52 + 52§ 225 528

nes 242
Osimertinib | 834= | 2003% | 11242 | 714
©sy | 07 0.34 0.46 0.71

Table 1. ‘The antiproliferative activity of the tested bis(terpyridine) complexes an a panel of cancer cell lines
and normal fibroblasts, Colour map legend: red - 1C,, <2 uM; yellow « IC,, =2 pM-6.5 pM; grey - IC,, > 6.5
uM.
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(breast cancer), PANC-1 (pancreatic cancer)) and slightly above 2 uM for U-87 MG (GBM). However, ICS also
exhibited toxicity | nr.mmll dermal fibroblasts (NHDF). Therefore, BCS was eliminated in the
context of a broader of the mechanism of action, For this study, the d-ranked ¢ d, BC2
with Y™, was selected, l.ow 1C,, values were also registered for this compound; the lowest equled 0.605 HM for
PC- 9sdlnandhubduwZuMl’ot!vmn.cllhm(UNMGnMU-ZSl)mdshghdyMZuM for the other
two cell lines (PANC-1 and MCF-7). However, for BC2, no toxicity to healthy cells was recorded. Therefore, this
complex was subjected to a further in-depth analysis.

In Table 51, the selectivity indexes (Sls) of all of the tested complexes were collected. The Sls were calculated
by dividing the lc.nvﬂwarmmml ::lkhylhelc.dﬂmwnsukuhtedlorllkumrcdk.’nmpamnﬂu
enabled the safety of the tested derivative to be estimated. The SI (calculated for the PC-9 line, for which BC2
exhibited the highest activity) was more than 41,32, which indicates a good prognosis in the context of the later
toxicity studies of this compound. The therapeutic indexes (co-factor the same as the ST but deducted based on
dinical studies) of the currently used cytostatic do not exceed a value of 0.3, For example, the 51 for OSI for all of
the tested cell lines was in the range of 0.31-0.88 for U-251, U-87 MG, MCF-7, and PANC-1 cells and was 4.34
for PC-9 cells. For BC2, the Sls were the highest of all the complexes evaluated and were in the range of > 8.58-
>15.97 for MCF-7, PANC-1, U-251, and U-87 MG, with the highest SI being previously mentioned for PC-9.
The BC3 and BC4 derivatives containing Hg** and Cd** jons, respectively, exhibited a similar activity, i.¢,, their
[Cs for PC-9 cqualed 0,839 M and 0.741 uM, respectively, and were in the range of 2.161-4.947 uM for the
rest of the cancer cell lines, All of the BC2-BCS derivatives exhibited higher activity against the tested cancer cell
lines than the reference compound (OSE) and bad higher SEvalues. This result is promising for further rescarch
a3 the tested derivatives are selective against healthy cells. ‘The greatest sensitivity to the tested derivatives was
uhibiud by the PC-9 line. The second most sensitive were U-251 cells, Therefore, these lines were selected for
more detailed studies on the mechanism of action of the bisterpyridine) complexes.

Interestingfy, the BC1 and BC6 derivatives with Zn™* and Fe™ ions, respectively, exhibited no significant
activity against the oell lines being evaluated, These results show how important the infloence of the central
metal jon Is on the activity of the whole complex. A number of our previous works™ ™ and those of other
teams'""! confirmed the effect of ROS generation on the biological activity of the bis(terpyridine) complexes.
The behavior of the radical reactions is associated with the involvement of the ligand coordination sphere in
dectron fer, Therefore, it is influenced by the type of central jon of the complex that is formed. To confirm
this theory, we experimented by adding Cu®*, Fe'*, Fe’* and Zn®* ions to evaluate their effect on cell survival
As shown in Fig. 510, in most cases, the addition of the lons cither did not change cell survival or cansed it to
increase. The highest increase in cefl survival, in other words, the deterioration of antiproliferative properties
was observed in the case of the PC-9 cell line, for which as much as a three-fold ncrease in celi survival was
observed. These data indicate a key contribution of the central lon 1o the redax activity of the entire complex.
To verify this theory, we conducted an experiment in which we measured the level of ROS in cells that had been
incubated with the tested compounds.

Cell cycle assay
The antiproliferative effects of the tested 2,2"16",2""-terpyridine derivatives on cells derived from different types of
tumeors were analyzed to select the most interesting compound that exhibited cytotoxicity towards cancer cells,
while not harming healthy cells. A BC2 derivative with Y'' as a central ion was selected for further analysis of
the mechanism of action. First, flow cytometry was used to verify at which phase the cell cycle was blocked. For
this purpose, the fluorescent dye propidium iodide was used 10 determine the amount of DNA. Ditferent phases
of the cell cyde differ in DNA ¢ Therefore, this method makes it easy to determine at which phase the cell
cycle is inhibited. Graphs showing the percentage of cells in each phase of the cell cycle after the Incubation of
PC-9 and U251 cell fines with the BC2 derivative are presented in Fig. 1, The negative reference was untreated
cantrol cells with a positive control OSL Detalled histograms with the percentages are presented in Fig, S11 (PC-
9) and Fig. S12 (U-251).

For both of the evaluated cell lines, a clear increase in cells in the GO/G1 phase was observed at all of the BC-2

that were evaluated. with the effect being more pronounced for the PC-9 line, which showed a

greater sensitivity to the tested derivative. These results are consistent with our previous studies of terpyridine
derivatives™ "' and were also confirmed by western blot experiments at the protein level.

AnnexinV binding assay

Flow cytometry was used to study the type of cell death that is induced by the tested compoand. Annexin V
staining i a simple method for measuring apoptotic cells. One of the hallmarks of apoptosis is the shufiling of
the phosphatidylserine outward from the cell membrane after it has lost its integrity. The fluorescent conjugate
of annexin V has a high affinity for this anionic phospholipid, The emitted green signal, which is the apoptosis
Indicator, enables the number of cells in which apopiosts has been triggered to be quantified. Figure 2 shows
the percentage of cell subpopulations (live, late and early apoptotic, and dead) after BC2 dertvative mcubation
at different concentrutions compared to the untreated control cells and the positive control (OS1), Detailed
histograms with percentages are presented in Fig, 513 (P(.-D) and Fig. S14 {U-251),

The above npladatlynhmlhe ofap fractions in both of the tested cell lines. The fraction
o(linngulkcrzawnd dmlucuhauonwnhlbeunzdcumpomdBClﬂwnbwnzdruuluptm
that the tested terpyridine complex triggered the process of apoptosis in the cells, which is consistent with the
previously obtained results of both oar group™* and many others™ ",
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Fig. 1. The influence on the progression of the cell cycle in the PC-9 (A) and U-251 (B) cell lines by BC2
and OSL The results lhll are shown in the form of a bar graph consist of the mean = standard deviation (SD)
of at least four indep ts. Statistical significance was evaluated using a one-way ANOVA
(*p <005, *p<0OL, " p <0001, ****p < 0.000]1 compared to the control),
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Fig. 2. The effect of BC2 and OSI on apoptosis induction in the PC-9 (A) and U-251 (B) cell lines. The results
that are shown in the form of a bar graph consist of the mean & SD of at least four independent measurements.
Statistical significance was evaluated using a one-way ANOVA (*p <005, **p<0.01, ***p <0001,
****p < 00001 compared to the control ).

Reactive oxygen species g ti
The intracellular reactive oxygen species levels aftes treatment (3-24 h) with the tested compounds were

luated by fl ence using the CeHIROX dye. As shown in Fig. 3, the highest increase in the
RO& level was observed in both cell lines after 24 h of incubation. In addition, our analysis Indicated that the
ROS Jevel increased with the time-dependent incubation of BC2 at 5.1 and 10.2 puM in the U-251 cells. In turn,
some fluctuations in the conc ion of ROS in the PC-Y cells were observed during the treatment with BC2
and OSL. ‘These observations might be related to the differemt susceptibility and response of the tested cell lines
to the destabilization of redox hameostasis. Additional cytotoxicity experiments with ascorbic acid confirmed
our 15 Namely, the antiproliferative activity of BC2 against U-251 and PC-9 cells was levelled when
ascorbic acid was added ot a concentration of 100 MM (Fig. §15),

As was mentionext abave, cancer cells maintain higher Jevels of ROS than normal cefls'’. Consequently,
their antioxidant defense system is also modified and downregulated through & network of gene and protein
interactions to maintain specific levels of cellular ROS. Although cancer cells are adapted to devated ROS levels,
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Fig. 3. ROS levels after a 3- 24hhneucln:uhnonwilhl€2md05!oni’c 9 (A) and U-251 {(B) cells. The
results are shown as the mean +SD from at least three ind Statistical significance was
evaluated using a one-way ANOVA {*p <005, **p <001, “'p<0Ml P e < 0.0001 unnpu:ialn the contrel),

cven a slight ongoing stimulation of ROS production can trigger the desired therapentic effects by depleting
the antioxidant defe cs. The breakdown of antioxidant defenses begins the process that leads to the
destruction of cells™. Usually, mitochondria play the central role, where the first signs of induced cell death
are the Joss of the permeability ul' lhe inper mitochondrial membrane and control of the mitochondrial
permenbility transition pore comyp ption of the b ial, and red o‘cy‘ochronncn
well as the activation of the caspase-d d. hway". In the co of the therap h, ROS
can be considered ta be a double-edged ‘sward"*. On the one hand. the cancer cells achieve a state mvrlnch
unbalanced levels of ROS p enhanced bolism, uncontralled cell growth, and tumor progression. On
the other hand, an excessively devated ROS concentration can ultimately induce the effects of oxidative stress,
which focuses on the activation of programmed cell death™’, Thus, ROS-based therapy, which modulates the
redox bakance In cells, can be effective and sebective for cancer cells and also has a low toxicity to normal cells*.

Analysis of gene expression
To elucidate the mechanism of action of the BC2 hs(tcrpyﬂdl lex in the GBM and lung cancer cels in
more detail, studies at the transcopt level were performed ;dm‘ es were associated with the elements
of the antioxidant defense system, such as SODI, SOD2, CAT. and TXN2, as well as the genes associated with the
oxidative stress activation, survival, and autophagy induction pathways, such as MAPK1, PIKICA, mTOR, and
LL3. The alterations in gene expression were determined in the PC-9 and U-251 cells after exposure to BC2 at
two different concentrations (6 and 10.2 uM), which caused the highest increase in the ROS Jevels that had been
observed in the previous experiment {Fig. 3). The positive control was OSI, which can generate ROS, which are
critical for triggering autophaygy and apoptasis death in non-small cell lung cancer (NSC[.C_) cells™

The subsequent analyses revealed several changes in the expression of the key ¢l of a cell’s antloxid
system, which s activated to nullify ROS after their exposure to the tested compound. The results are presented
in Fig. 4, A significant. approximately two-fold increase in the SODT and SOD2 expresston was registered In the
PC-9 cells after exposure to BC2. The SODT gene encodes the Cu/Zn superoxide dismutase, which is responsible
for regulating the O, levels in the mitochondrial inter b space, cytoplasmatic are, and perosisomes.
In turn, the activation of SOD2 protects cells from mitochondrial derived ROS™. Moreaver, the TXN2 gene
expression increased more than three-fold after the BC2 treatment compared to the control cells. More than
4 threefold reduction in the expression level of the catalase (CAT) gene was registered after incubation with
BC2. A similar decrease in the amount of CAT mRNA was registered In the U-251 cells. The decrease in the
CAT expression, which is categorized as a so-called second line of defense against ROS, might be the result of
the depletion of the available pool of the catalase protein as a result of the ROS scavenging, which would then
be reewed at another time point. Indeed, it should be noted that radical reactions occur much faster than the
cellular processes. In the case of GBM cells, this downtrend was also registered for the SODJ and TXN2 genes.

Namely, BC2 caused a significant, more than two-fold downregulation i the SOD/) expression and a more
than a 14-fold reduction in the TXN2 mRNA levels. We suppase that the thioredoxin-based defense system
might be particularly valnerable to the terpyridine derivatives. Our assumption may be supported by the results
for 2,2":6" 2" terpyridine platinum (11) complexes, which had a high affinity and decreased the thioredoxin
reductase activity in GBM cells® . Moreover, others determined that the anticancer effects of these terpyridine
complexes on a rat moded of GBM might be based precisely on the inhibition of TXN2R and intercalation mto
DNA, thereby resulting in cell cycle arrest"’, Meanwhile, an almost 2.5-fold increase in the SOD2 levels was also
observed. The different behavior of BC2 in the PC.9 and U-251 cells could be related to the significantly ower
antioxidant capacity in brain cancer than in other tissue areas™, In contrast, OSI increased the expression of
almost all of the antioxidative defense genes in the tested cell lines except for SOD2 In the U-251 cells (no change
in the level of its expression). The variations in the response to the terpyridine derivative between the cell lines
might offer insight into the diversity of the regulation mechanisms and behavior of the cell defense system, [n
addition, o more m«kpth dw:uhlmn of the effect of metal complexes on the pathways that induce axadative
stress could i the p ial for precise treatment,
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Fig. 4. mRNA expression of the selected genes after a 24 h Incubation with BC2 and OS1 for the PC-9 (A) and
U-251 (B) cell lines. Results are shown as the mean and 4 5D from at least three independent measurements.
Statistical significance was evaluated using a two-way ANOVA (*p <005, **p <001, ***p<0.001,
400 < 00001 compared to the control ).

In the PIK3CA and MAPK] gene levels, we observed similar correlations between the tested cell lines
after expasure to the terpyridine derivative and OSL. Namely, BC2 caused a significant decrease in PIK3CA
expression. more than i two-fold and five-fold decrease for PC-9 and U-251 cells, respectively. Both cell lines
also registered a nearly two-fold reduction in the MAPK? levels. Considering the rale of the PI3K and MAPK
proteins in stimulating cellular proliferation and triggering pro-survival processes™, the results observed at
the transcript level are promising. Particularly in the context ofOSl. which induced the opposite effect - the
expression decreased approximately 1.5-fold for both of the tested genes, Our previous data indicated that
l’pha:ylZ.Zi’.Z" idine might activate a dual mode of cell death through tosis and au -

phagy and the enh W‘uhlhtymfommaphwmhzwbemm brplnmu:t.mch:::n.
and gn!d terpyridine complexes’ . With this in mind, the levels of the two genes that are assaciated with the
activation of autophagy and cell survival processes were determined. As shown in Fig, 4, an increased level of
the LC3 gene was observed in both of the tested cell lines, For BC2, the highest increase in the expression was
detected for the U-251 cells. A similar approximately three-fold increase in LC3 was observed in the GBM
cells after incubation with OSE However, this compound caused a higher upregulstion in the PC-9 cells (more
than seven-fold). It is worth noting that OSI is known for its pro-autophagic behavior as a result of oxidative
stress . An interesting landscape of the mTOR expression in tested cell lines was observed after treatment
with BC2 and OS1. Extremely strong stimulation of the mTOR mRNA levels was observed for the PC-9 cells
The terpyridine dervative that was evaluated caused about a 33-fold increase, and OSI caused an approximately
466-fold increase in the expression of this gene. An enhancement of the mTOR transcript production might be
associated with the activation of the Nrf2 protein, as was observed in a protdn study (Fis 5} Thus, the cross-talk

between mTOR and Nri2 rmghlbedne to the invol of these mal np g cells from axidative
stress and regulating the bolism™. In the U- ZSchlline.lczreducedﬂlemTORlewh(mmduu
three-fold), which mily indicate the invol t of anoth hanism of signaling that leads to the induction
of oxidative stress and cell death,

Analysis of the protein expression

To confirm and expand our tull« results, the influence of the tested BC2 derivative on several proteins
responsible for cell cycle p soxidant resp cell metabolism behavior, and apoptosis induction
was also evaluated. The results from blot analyses are 7 d in Fig, 5. The densitometric analyses
m presented in Figs. S16 and S17 in the Supporting Information. Continuing our team's recent studses on

4'-phenyl-22'6°2"-terpyridine ligands™", we decided to investigate the interaction of BC2 with critical
proteins m;u!ltlngthe transition betwuncdl cycle phases more broadly, considering cyclins, cyclin-dependent
kinsases, p21™05% and p2759!. Notably, BC2 affected the cell cycle arrest in the GIVG1 phase in both of the
lmedodllhm.;\d«meinlhakzs:mdcydm A2 expression was observed in the PC-9 cells after treatment
with BC2 and OSI, as expected. A similar situation was observed in the U-251 cells.em:eplintaninaau'm
cydin A2 levels for the lowest BC2 cancentration (5.1 pM). Additionally, the cde2 and cydin Bl expression
was downregulated in the U-251 cells, These proteins enable a complete transition from the G2 phase to the
M phase, Both cyclins A2 and BI bind to the cde2 protein, ﬂmeby uusins its activation, which promotes the
transition between the phases and then drives the exit from mitosis™ ™. The cdc23a protein undergoes reciprocal
activation with the cyclin Bl/ede2 complex™.
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Fig. 5. Expression of selected proteins in the PC-9 (A) and U-251 (B) cancer cell lines. The cells were treated
with BC2 and OSL The densitometric analyses of the target proteins were normalized to  reference protein,
md <umpand to the control (Hg §15 and $16). The results consist of the mean 4 8D from at least four

blots shown are representatives from these independent experiments,
The dnpluyrd blots were cropped, and the full-length blots are shown in S18.

Hence, #ts ex, expression ks relatively low due to the inhibition of the cycle in the earlier phases, Another studied
protein was p27~F p2759" i3 negative regulator of the cell cyde through binding to the fyclln El/edk2 complex,
thus causing its inactivation and GO/G1 arrest. Via feedback, the complex induces p27 phosphorylation and
Its degradation™, Our analyses Indicated that the p275%! expressson decreased 1n a concentration-dependent
manner after exposure to BC2. This tendency was apparent in both of the tested cells. Our findings are surprising
because p27 should increase during the GO/G1 cell arrest. Additionally, Radisavijevic et al. showed that the Au
(111} terpyridine complex caused an increase in the level of the p27 transcript, which is associated with cell arrest
in the G1 phase™. However, it cannot be ruled out that the lack of increased levels of the p27 protein in our assays
was because it had been degraded in the proteasome. Notably, in our carlier research, there was a decrease in
the cyclin ET expression after treatment with 4'-phenyl-2,2%:6",2" -terpyridine with a pyridine ring that induced
GO/G1 arrest™. Similar findings were reported for the terpyridine Cu (I) complexes . Another cyclin E1/cdk2
complex activity inhibitor and blocker of cell cycle progression is the p21'Y257! protein, which also plays a key
rode in uxu!:ul\! stress response and apoptosis induction.

¢ ty, the ion of the p21 protein in the PC-9 and U-251 cells differed after incubation with
BC2. Nnm:l) ) dnwmegulmnn of the p21 expresston in lung cancer cells was observed. Conversely, an increase
In the p21 levels was registered in the U-251 cells. Our expersence with the behavior of p21 in cells demonstrates
that the molecule is an important dnving force that responds to and stimulates various cellular responses to
the destabilization of cellular redox homeossasis™ "= Additionally, the regulation of p21 might be associated
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with the differential vilnerability and specificity of cells to fluctuations in ROS levels and metal chelation', The
enhancement of the p21 Jevels might bemultdmthlheearlyngmlhndnvedu launch of apoptosis™—=*. It
Iulsowonhnotinglhulthrummxmo(p!lmw soxid hways, such as Nrf2, to
protect cells from oxidative damage™, A greater than 1.5-fold lncnme In the Nef2 pnxeln expression was only
observed in the PC-9 ¢ells after treatment with BC2 at a concentration of 4.8 uM. In the other cases, we observed
ashight decrease in pnxeln levels in PC-')AM a clear decrease In s expression in the U-251 cefls, Moreover, the
exp of this antioxi P vanished in GBM cells after exposure 1o 10.2 and 16.8 pM of BC2.
Ch.mgam|heNd!upunmcuddmudumnwufdumumdmlddamuwdmmdmud
by the expression results of the SODI, SOD2, and TXN2 genes, and then the coltapse of the system’s capacity
due to its inability to nullify ROS. In addition, the Nri2 expression can be rapidly suppressed at high levels of
oxidative stress; however, the mechanism of this has not yet been fully educidated™, Moreover, a significant
Increase In the heme oxygenase-1 (HO-1) levels was observed In both of the tested cell lines. The HO-1 protein
plays a key role in many cellular processes, induding cellular defense and heme degradation in mammalian
cells, thereby conserving its anti- and pro-apoptotic activity”’. Usually, the upeegulation of heme oxygenase isa
crucial response to the induction of oxidative stress through its participation in heme degradation into ferrous
iron (then ferritin), carbon monoxside, and biliverdin (further to bilirubin ), which can act as antioxsdants™. On
the other band, an increase in the oxygen concentration as a result of a disturb in redox h stasts could
also induce HO-1 activity as well as HIF-1a. In this study. a significant, more than five-fold, increase in the
expression HIF-1a was observed in the PC-9 cells after exposure 1o BC2 (2.4 pM), The observed upregulation
effect Intensified In 4 concentration-dependent manner. In the case of the U-251 cells, BC2 at all of the doses
thuwenalmhuncm!mndamlﬁcam.mmmmm -fold lncmmdizﬂll‘ -la protein expression, These
mysuwsnhnﬂmlals dved in oxidative stress activation, which has also been demonstrated
In contrast, OST cansed an increase in HO-1 levels but withaut activating the hypoxia factor in

cither d the tested cell lines.

The induction of oxidative stress in cells causes impaired mitochondrial function, reduced ATP production,
proton leakage, and lbe dhmpnon of overall cellular metabolism. Therefare, we decided to examine the effects of
the tested ¢ deins (mitoferrin-1, ferrochelatase (FECH), and IDH 1) that are associated
with the mitochondria nnd the mguhnon of cellular functions, including metabolism, growth, and proliferation.
Activation of the heme degradation puhvnym an incmmd HO-1 expression might enbance the iron availability
in the mitochondrial pool Thus, overl hoadria with iron might block its uptake and transport
via the mitoferrin-1 transporter™, in addition, mitoferrin- | may bind to FECH and the ABCB10 transporter.
thus creating an oligomeric complex that collaborates to import iron. On the other hand, the disintegration of
mitochondria could affect the degradation of the Fe-S cluster assembly machinery, thereby leading to the demise
of the mature pool of FECH ™, Our analysis showed that the FECH levels were lower after BC2 was administered
in both of the tested cell lines. Moreover. a significant decrease in the mitoferrin-1 transporter activily was
abserved in the GBM cells. In contrast, a neglsgible decrease in the level of this pratein was observed in the PC-9
cell line 1DH1 s one ofl}nh-ymymumthc tricarbaxylic acid cycle (TCA), which is involved in the axsdative
decarbaxylation of isocitrute into ate via the transf ion of NADP + into NADPH, Moreover,
the role of IDH1 in maintaining the NADPH paol for the two antsoxidant systems In the context of the redox
balance has also been described, as well as the association of IDH1 with the induction of oxidative stress™ .
The downregulation of IDH1 was detected in the PC-9 cells after exposure to BC2 at the highest concentration
(6 uM). In addition, ubumclnlhemﬂlexplmioninlleBMalhlnn..u- lon-dependent
was also observed. Notably, a d in the IDH1 activity level (almost two- l’nld)mmgumdﬂoc
BC2at 6 pM and 10.2 pM in the PC-9 and U-251 cells, respectively. These results appeared to correlate with the
decreased CAT mRNA expression in both cell lines, Interestingly, the terature data showed that higher IDH)
levels are associated with catalase activation, thus leading to the suppression of oxilative stress induction and
oell survival . Thus, our findings might have revealed the multilayered destabilization of redox homeostasis by
terpyridine derivatives in the tested cells.

Lastly, the activation of the Akt signaling pathway and the proteins that participate in triggering cell death
via apoptosis (p70 §6 and BID) were assessed. Generally, the BC2 compound caused an inhibition of Akt
phasphorylation at serine 473 in both of the tested cell lines. One exception was observed in lung cells aftes
incubation with BC2 at 4.8 uM, which may be associated with an unexpected increase in the Nrf2 level. However,
It Is worth emphasizing that BC2 can block the pro-survival signaling that is mediated by the Akt protein. One
downstream target of the Akt pathway ts p70 §6, which is involved in cell growth and proliferation. However,
P70 S6 also has a sigaificant effect on the Induction of apoptosis, which 1s medsated by a caspase-dependent
pathway. Indeed, the p70 6 kinase may be a substrate for caspase-3, which deaves it”. ‘The cleavage of p70
56 was observed in both the PC-9 and U-251 cell lines after incubation with the tested compound. Hence, the
results might suggest that the induction of apoptosis, the cell death that is regulated by caspase activation, was
observed. Our assumption was confirmed by the BID expression, which had a pro-apoptotic role in cells, We
detected the upregulation of BID after treatment with the BC2 derivative. Intevestingly, BID mighs also provide
a molecular switch between apoptosis and sutophagy ™. This, in turms, may explain the different responses to OSI
in the cells and the downregulation of the BID expression.

Conclusion

In this paper, the anticancer rmpcnm of newly synthesized and well characterized 2.2°6°.2"' - terpyridhine
complexes with Zn™, Y™, Hg , Cu’ and Fe™* (compounds BCI-BC6) are discussed. To evaluate the
Inhibitory properties of cell pmllfemton. cell lines representing different types of cancer. fram the most comman
to the most difficult to treat, were selected. The highest antiproliferative activity was registered for the PC-9 cell
line. H  the tested compounds also exhibited an interesting activity profile against other lines as well. For
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a more thorough analysis of the mechanism of action, a BC2 derivative that exhibited high aatvhy (ICq,=0£05
PM), but also selectivity (S1>41.52) against normal cells was used. H it s worth i that in most
cases, the presented Wibeary of terpyridine derivatives exhibited a higher activity (IC_; below 2 uM) and better
selectivity than the well-known drug OS5I, which served as a positive reference In further studies.

The cel cyche analysis that was conducted on the PC-9 and U-251 cell lines showed that the BC2 derivative
affected thse ol cydz inhibition a1 the GO/G1 stage. This result was canfirmed using the western blot technique,
where an in the protein levels of p27, cdc25e, cyclin Al (both cell lines), 2nd additionalty
cydin Bl and cde2 (for U-251 cdls) was observed. The inhibition of the cell cycle was confirmed using fow
cytometry, which was 2lso used to evaluate the cell death pathway. The cells of both of the tested lines exhibited
clear apoptotic features after incubation with the BC2 derivative, which was also confirmed at the protein level
and was manifested as an effect at the p21 levels (Increase in PC-9, decrease in U-251). The differences in the
cellular response might be due to differences in the cellular response to the ROS activation and metal chelation,
depending on the cdl line that was evaluated. Further evidence of apoptosis was a decrease in the Akt levels,
including the inhibition of Akt phosphorylation, the direct result of which is the cleavage of p70 56 and the
activation of the BID protein.

However, BID is also an acti of gy Therefore, we canfirmed this result at the transcript level,
where the upregulation of LC3 was observed, 'ﬂ\lscvidmce pmmed that autophagy also plays an important role
In the mechanism of action of the studsed derivative. As a direct result, there was also a dramatic Increase in the
level of mTOR for the PC-9 line. Interestingly, & decrease in mTOR was observed for the U-251 line, which might
indicate the involvement of other pathways that are associated with the occurrence of axidative stress.

The experiments in which the intracellular reactive axygen species level was din the U-251 and PC-9
ullnltﬂtrwmemudthmmdnmrdnhlghalﬂdnfhtuhuﬁnu;hum An increase in the concentration
of ROS s always associated with the activation of the antioxid that pratect cells from their harmful

effects. Therefore, In a further step, the rx;m:salon level of the gum assoclated with the defense against the
induction of oxidative stress, such as SOD?, SOD2, CAT, and TXN2, was determined. The results indicated the
Induction of a cellular response (n the form of an increase in their expression (SOD?, SOD2, and TXNZ in PC-9
cells; SOD2 in U-251 cells) or a decrease in their expression (CAT both cell lines; SODI and TXN2 in U-251
cells). However, as was previously mentioned, the change in the level of genes that are involved in the oxidative
processes relative to the control indicated that the final cytotoxic effect of the bis(terpyridine} complexes is
associated with the generation of ROS, and thus, the Induction of changes in the ROS defense system. The
pronounced effect on the entire antioxidant cellular system by the tested compoands was also confirmed by a
decrease in the antioxidant protein Nef2 and an increase in the HO-1 and HIF-1a levels.

Other analyzed genes connected with cellular pmlileminn and the pro- -survival processes, whose expression
decreased, were PIKICA and MAPK]. In addition, a d in the ferrin-1, FECH, and IDHI
levels was also registered. This is evidence of the effects of the tesm!oompouml: on multiple cellular pathways
that are connected with metabolism, growth, and proliferation that are more or less interrelated.

Experimental section
thesis

Syn
All chemicals and starting materials used in this study were camnmhlly available and were utilized without
addmmﬂwn&mlmsdwnuwmdlmlhl“‘ ing d methods and purgy wxlhnxlmgenbdmeux
1o ensure an oxygen- -free envi Th the ions, an angon h intained. Col
y was cand adnsmgMemknlmgclutheMnmnryp!au.Thm luyucbmnmg:uphy(TLC)
was perfomlcd on silica gel plates (Merck TLCSilicaGel®0) to monitor the reactions’ progress and assess the
products’ purity. Nuclear magnetic resonance (NMR) spectra were acquired in deaterated chloroform urilizing
a Bruker Advance 400 MHz spectrometer, which was capable of recording both 'H and "'C NMR spectra. For
high-resolution dlectrospray ionization mass spectrometry (HR-ESI-MS) messurements, a quadrupole time-
of-flight (QTOF) mass spectrometer QTOF Ilmpact HD, Bruker Daltonics) was emp'oyed. This instrument
allawzdﬁorhlghresdulmundmmtemm of the analyzed camp
| synthesls procedure of bis(terpyridine) complexes

In & 50 ml, round-bottom flask, a total of 0.146 mmal (0.089 ) of terpyridine ligand and 0.073 mmol of
an appropriste inorganic salt (as metal precursors) were combined with 20 mL of acetonitride (ACN). The
mixture was subjected to a temperature of 90 °C and maintained at this temperature for 1.5 h. Subsequently, the
mixture was allowed to cool down to 40 "C, and 10 mL of methylene chloride (DCM} was introduced through
a condenser. The resulting mixture was stirred for an additional 30 min. To isolate the desired product, the
vodatile were | using a vacuum rotary evaporator. The u:ull:lng residue was dinnlwd ina
small amount of ACN. Then, diethyl ether was added to the solution. The wts then filtrated through a
fritted funnel, and the resulting precipitate was washed successively with water, methanol, and dicthy] ether. Tho
pure product obtained after the washing steps was dried under vacuum conditions. The resulting product was
obtained as a yellow-orange solid

BCI: Yied: 72%, HR-ESI-MS: m/z caked. for C H_ZnN_ [M|** 642.2737; found 642.2767,

BC2: Yild 44% HR-ESI-MS: iz cabed. for CHN, [M+2 HE* 611.3169; found 611.4000,

BC3: Yiekd: 40%, HR-ESI-MS: m/z caled. for C, H, HgN, [M}** 711.2953; found 711.2978.

BC4: Yiedd: 52%, HR-ESI-MS: m/z caled. for C.,H.‘CdN IMI** 867.2621; found 667.2612,

BC5: Yiedd: 38%, HR-ESI-MS: m/z caled. for C_H, CaN, [M]** 641.7739; found 641.7767,

BC6: Yield: 42%, HR-ESI-MS: mu/z calcd, for Cophl,,FeN, [M]™ 638.2767; found 638.2780% mz calcd. for
CH_FeN O, I[M+HCOOH] 1321.5517; found 13215510,
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Cell culture
All experi erfc d on two h cancer cell lines the lung adenocarcinoma PC-9 (purchased
from Slgmn Aldrid:) and the GBM U-251 (provided by Prof. G. Kramer-Marek from the Institute of Cancer

Research in London, England). Additionally, during cy icity studies, the activity of tested compounds was
measured on the MCF-7 human breast carcinoma cell line (obmned from ATCC), the human U-87 MG GBM
cell line (obtained from ATCC), the human pancreatic cancer ¢ell line PANC-1 (acquired from Sigma Aldrich)
and the NHDF pormal human fibroblast cell line (purchased from PromoCell). All cells were cultured in 75
cm? flasks (Nune) at 37 °C In a humid atmosphere with 5% CO,. The medium chosen for MCF-7, PANC-1,
U-251, and U-87 MG cell lines was Dulbeccos Modified Eagle's Medium (DMEM) with 10% heat-inactivated
fetal bovine serum {FBS, Sigma Aldrich), the same medium was used for cultivation of NHDF cells but with
15% non-inactivated FBS Instead, The PC-9 cell line was cultivated in the RPMI-1640 medium with 10% heat-
inactivased FBS. To prevent contamination of cell cultures, 1% viv addition of penicillin/streptomycin (Gibceo)
was added to cach medium, and all cefl lines were examined for the presence of Mycoplasma strains using the
polymerase chain reaction (PCR) technigue with specific primers.

studies

lhecdmcmdrdm%mndarphwmm)undautyolSOMaﬂ:smpmdedm 100 pl af
appropriate culture medium per well for all cell lines except for NHDF, which was seeded in the same volume
bat at a density of 4,000 cells per well. The day after seeding, the solutions of tested compaunds dissolved in
medium were freshly peepared. Next, the old medium was discarded from plates and exchanged with 200 uL.
of the compound solutions, then left in an Incubator for 72 h. After the Incubation, the contents of the wells

were again removed. 100 pl. of the medium lacking phenol red and 20 pl of Cell Titer 96°AQ,,__ One Solution-
MTS (Promega) were added into the wells, and plates were incubated in the darkness. After waiting for ~ | b,
depending on the cell line, plates were read using a multi-plate reader (Varinskan LUX, Therma Scientific) at
& wavelength of 490 nm. Each plate contained 2—4 wells of untreated cells, used as a controf sample. Values of
Inhibitory concentration (IC, ) were determined with GraphPad Prism 9 as a concentration at which a 50%
decrease in proliferation is expected. All experiments were Incubated at 37 °C in a humidified stmosphere of 5%

CO,. Each tested cong ion of a compound was d in duplicate, and experiments were performed
four to five times depending on the cell line.

Cytotoxicity with metal ions

For the evaluation of the influence of the metal tons on compounds’ cytotaxicaty U-251 and PC-9 cell lines were

selected based on the results of the regular cytotoxicity assays, Solutions of compounds were prepared foe both
used cell lines in their four times [C,, concentration and mixed in 1:1 ratio with 40 uM solutions of Cu®*, Fe’",
Fe'' and Zn** jons. Final obtained solutions consisted of two times 1€ solutions of tested compounds mixed
with 20 pM sofutions of respective jons. Addition of 20 uM solutions of these ions dues not inﬂuenu the cell
viahility. Cytotoxicity was determined using the procedure described in Sect. 4.3. All experi were incub

# 37 °C in a humidified atmosphere of 5% CO,. Each tested concentration of a cunpound was measured In
duplicate, and experiments were performexd three times on bath cell tines.

Cell cycle assay
The U-251 and PC-9 cells were seeded Indeud-udlphlzs(Nm\c)uadenﬁq ol'mo.(loo«lkln I mL of culture
medium per well and then incubated at 37 °C for 24 h. Following the incub the was discarded, and

freshly prepared solutions of compounds in appeopriate culture medium were mixed: 5.1 pM, 10.2 pM, and 16.8
M solutions of BC2 and 15 kM or 30 pM solutions of OS] for U-251 cells; 2.4 uM, 4.8 M, and 6 pM solutions
of BC2 and 5.6 pM or 8.4 yM solutions of OS] for PC-9 cells. After 24 h of treatment with the compounds, assays
were performed using a Muse Cell Cycle Kit (Millipore) according to the manufacturer’s protocol. The cells
were collected using 0.05% trypsin-EDTA and centrifuged (5 min, 300g). Then, the supernatant was removed.
Next, the pellet was washed with 1 mL of cold phosphate-buffered saline (PBS) and cemrifuged again. The
obtained pellet was dissobved in | mL of ice-cold 70% ethanol and kept in the freezer overnight. The next day,
the cells were centrifuged, washed with PBS, centrifuged again, and then suspended in 200 gL of Muse Cell
Cydle Reagent, After 30 min of incubation In the dark. a flow cytometry assay was performed using a Muse Cell
Analyzer (Millipore). The experiments were performed at least four times,

AnnexinV binding assay

The U-251 and PC-9 cells were seeded in the same quantity and identical conditions as for cell cyde assay
(Sect. 4.5). The next day, memmmumo(bmhmwdwmpoumhndsecdhydeamymmmd
and added to the wells. After 48 h of incubation, the apop | using a FITC Annexin V
Apaptosis Detection Kit with 7-AAD (Biolegend) following the mmu‘acmur‘s protocal, The collection of cells
was performed the same way as the cell cyde assay until the second centrifugation, The peflet obtained this way
was suspended in 100 uL of Muse Annexin V Binding Buffer mixed with 5 pL each of FITC Annexin V and
7-AAD. Samphes were vortexed and kept In the dark for 15 min. The number of live cells and cells in various
apoplotic stages were measured using a Muse Cell Analyzer. The experiments were performed at Jeast four times.

Immunoblotting

The U-251 and PC-9 cells were seeded in 3 cm plastic Petri dishes (Nunc) at a density of 500,000 cells in 1
ml. of culture medium per dish and then incubated at 37 °C far 24 h, Afterward, cells were treated with the
same concentrations of both compounds as Sect, 4.5 and 4.5, After 24 h of Incubation, the cells were removed
from the dishes using 0.05% trypsin-EDTA, centrifuged (5 min, 2000 rpm}), and then the obtained pellets
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were resuspended (n 300 ul. of a RIPA buffer consisting of Halt Phosphatase [nhibitor Cockuail, Halt Protease
Inhibitor Cocktail, and 0.5 M EDTA (all from Thermo Scientific). Cell suspensions were kept on ice for the
entirety of the following process. After a 20 min incabation on a rocker, cells were lysed with 15 s sonication.
Lysates were then centrifuged (10 min, 10,000 rpm) to remove the debris. The supernatant was collected and
stored at -80 “C. The protein content of the lysates was assessed using the western blot technique. The amoant
of protein present in samples was measured the day before each experiment using a Micro BCA Protein Assay
Kit {Thermo Scientific) according to the manufacturer’s protocol. 16 pg of protein mixed with NuPAGE LDS
Sample Buffer (Thermo Scientific) were prepared and separated using the SDS-PAGE. After dectrophoresis,
cins were wet-transferred from the gel 1o the nitroceliulose brane, Then, the obtained membranes were
for 1 h in TBS buffer with 5% non-fat milk powder and 0.1% Tween-20 (TBST) and cut into strips
according to the molecular weight of the proteins. Overnight, the strips were incubated with following primary
antibodies: HIF-1a (£14179, Cell Signalling Technology - CST); IDH| (#8137, CST); Nef2 (£12721, CST),
BID (#2002, CST); cde2 (#9116, CST); cde25¢ (#4688, CST); cyclin A2 (#4656, CST): cyclin BI (24138, CST);
p21"CRE (93947, CST); p275%! (#3688, CST); FECH (sc-377377, Santa Cruz Biotechnology); HO-1 (#5853,
CST); mitoferrin 1 (26469-1-A, Proteintech); Akt (#9272, CST); phospho-Akt (Serd73) (¢4060, CST); p70 56
kinase (#2708, CST). All antibodies were difuted 1:1000 in TBST buffer, and the ref
(#13901, CST): GAPDH (22118, CST): f-actin (#3700, CST) were diluted 1:2000 in theume bufier. Incubated
strips were washed three tmes with TBST buffer, followed by 1 h of incubation in horseradish peroxidase
(HRP)-conjugated secondary antibodies (CST) solutions at room temperature, After three more washes in the
TBST buffer. all strips were incubated for 5 min in SuperSignal West Pleo Chemiluminescent Substrate (Thermo

Scientific), The chemiluminescence of the proteins on the nitrocellulose membrane strips was assessed using 2
ChemiDoc XRS + System (Biorad). The experi were repeated four to five times. Densitometric analysis
was performed using Image] software (Wayne Rasband, National Institutes of Health, USA).

Detection of reactive oxygen species

The U-251 and PC-9 cefls were seeded In black 96-well plates with a clear bottom (Comlng) at a density of 9,000
cells in 100 pb. of cubture medium per well and then incubated at 37 °C for 24 b Solutions of the ¢
concentrations described in Sect, 4.5-4.7 were prepared and added to the wells in several tunaumps(hnaﬂowcd
one to check the ROS levels after 3, 6, 9, 12, and 24 h of incubation at the same time. The experiments’ results
were measured using a CellROX Green Reagent (Modecular Probes). Results were normalized by comparing
the levels of ROS to the number of cells present in a well. The population of cells was estimated by staining with
Hoechst 33,342 (Molecular Probes), Fluorescent signal was read using a multi-plate reader (Varioskan LUX)
at a wavelength of 520 nm for CelIROX' Green Reagent and 486 nm for Hoechst 33,342, The experiment was
repeated at least three times, and the obtained results were presented in the form of percentages of the ROS levels
in relation to untreated cells.

Cytotoxicity with an antioxidant

U251 and PC-9 cells were seeded into clear 96-well plates {Nunc) at a density of 9,000 cells per well in 100 pl.
of culture medium and incubated at 37 “C for 24 h, The BC2 compound was then added at concentrations of 5.1
uM and 10.2 uM for U-251 cells, and 4.8 pM and 6 uM for PC-9 cells. Ascorbic acid, serving as an antioxidant,
was added at a concentration of 100 yM cither alone or in combination with the BC2 compound to assess ity
effect. Followlng an additional 24 h of incubation, cytotoxicity was determined using the procedure described in
SecLU mecxpcnmmlmmpcnedlhmmnes.mdlh:ra\dumpruem:duputmnpsolhvmgcdh

ative to

Analysis of mMRNA expression
On 3 cm Petrd dishes (Nunc), two cell lines {U- ZSI and PC-9) were seeded at 2 dc-mlry of 500000 cells per well
After the 24 h incubation period at 37 °C, the sol of compounds were prepared and added 1o the petri dish

(O8I at 2 concentration of 30 uM and 8 uM for U-251 and PC-9 cells, mpxuvelr. BC2 at a concentration of
10.2 uM and 6 M for U-251 and PC-9 cells, respectively). RNA was isolated after 24 b using TRIzol Reagent
(Ambian) in accordance with manafacturer’s instructions. cDNA was synthesized using ProtoScript 11 First
Strand cDNA Synthesis Kit (New England Biolabs) from 1 pg of total RNA, which was measared using a
NanoDrop 2000{2000¢ spectrophotometer {Thermo Scientific™). Real-time (RT) quantitative PCR (qPCR) was
performed using a QuantStudio 5 RT PCR system for human identification (Applied Biosystems) and CTX96
Touch™ RT PCR detection system (Biorad) in a 10 L. reaction volume. The gRT-PCR reactions were performed
with Luna’ Universal gPCR Master Mix (New England BioLabs), a primer pair mix (0.5 uM each), and 1 ul. of
cDNA. Each reaction was performed under the same conditions, which were as follows initial denaturation at
45 *C for 60 5 followed by 40 d cycles at 95 °C for 13 s extension at 60 °C for 30 s with plate read
and after all the programmed cycles melt curve stages with step one at 95 °C for 15 s, step two at 60 °C for &0 5,
and step 3 at 95 °C for 15 s The gathered data was analyzed with the comparison to the reference gene (HPRTY)
using the 277 method. Each experiment was done at & minimum of three times. The peimer sequences ate
given in Table 52.

Statistical analysis
All statistical analyses executed during this research used GraphPad Prism 9 software. Results obtained during
the cell cycle assay, Annexin V binding assay, and ROS level ents were analyzed using one-way ANOVA

multi-comparisons analysts with Dunnett’s test as a result correction. Analysis of mRNA expression was carried
oul using 3 two-way ANOVA multiple comparison test followed by Dunnett’s test correction.
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Data availability
Raw data are available upon request from the reviewer. Contact pesson - Anna Mrozek-Wilczkiewicz {anna.
mrozek-wilczkiewiczéus.edu.pl).
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The multifaceted mechanism of action of quinoline thiosemicarbazone
based on disruption of iron homeostasis and selective IGFIR inhibition
leading to oxidative stress induction

Patryk Ziota @, Katarzyna Malarz '@, Patrycja Rawicka ", Mateusz Korzec " @, Maciej Serda ',
Anna Boguszewska-Czubara ', Marcin Pacholczyk '©, Maria Ksiazek '®,

Anna Mrozek-Wilczkiewicz ™ @

S A Chaeowskt fmasre af Plosics, mqus&wnxmznmmhu 1a. Chornow 47-500. Foland

* Dagartuvess af Systens Biodigy avd £ sicp of Teek 26, Glhwsze 44100, Podand

* e of Cherasory, mmdmum; 75 Pukn Plechoty Ja, Chovsder 47500, Poland
" Depamerny af Madion! Chemistry, Medicar Uatrersty of Loblin (hodaki e, Lohbn 20091 Polast

ARTICLE INFO ABSTRACT

Keywonds! In the present study, we introduce thicsemicarbazone derivatives with high antipenliferative activity um
trom metatolian glichlascoma celis and high selectivity sgainss healthy cetis The collular studies were perfarssed oo & 30D
Quidutive sires spherald model, which moee closely reflects the conditions of sa actual tumoe. The tested theosemicarbazone
rerprerseall derivatives form complexes with iron o, triggering the generation of resctive oxygen species, leading to cell
death. The multitarget medsanizn of sction mandfests throsgh inhibition of the insolin receptor and the impact
o iron belisem s (he di om in oedox b is indiuci idative stress in the ool An additional
advantage of the tested thi rh ! is their ability to pass through the blood brain barrier,
which Is crucial in the case of brain tumors. The effectiveness of the therapy was confirmued in o fish in wwe
maodel, In which o redoction i tumor size in ruphs wist ded while I toxicity on a
Zebeafish model. These results render the studied ot us p dmplulhunyvngm

gliohlsstoma.
1. Introduction counterparts. The relation of TSCs with iron &s exceptionally interesting
due to its adility to generate reactive oxygen species (ROS) in redox
Thaw.-mkubnm (‘tS(:s] are a group of compounds known for reactions, such as Featon and Haber-Welss reactions (10, lron ions
their vari jons. Among others, TSC derivatives  cycle between Fe? * and Fe®* states with the sicle product in the form of a
exhibit antimicrobdal (1.2], anticancer [3.4], and antifungal [50] ac- hydroxyl radical - the strongest kown ROS, During chelation by o

tivities through specific malecular mechanisms. One of the first
well-understood mechanisms of action of TSCs was their inhibition of
dbonuclcotwc mdutu\se (RR) (78], an iron-dependent enzyme
ph for DNA synthesis and repair,

Thc moal mmhmmul propmy of the alommcnmmd compoainds is
ition metal ion chelati bly iron, copper, and zinc. In

tmlogial systems, an jon bound to s ligand becumeslem bioavailable to
trlls lhm a free ton, which can Jead 1o microelemental deficlencles
18 In the (nhibi of pralife 191, This phenomenca con-
tributes to a degree of sdcu!vlly during treatment, since transformed
cells higher bolic rates pared 1o their healthy

* Coevesponding author at: A Chelk
Emad address anna meueh wilizblewioz

of Phiyssics, L

hurpee/Adolorg/ 1010104 biapha, 20251 185492

ligand, the iron atom may lose its redox activity depending an the type
af ligand | 11,12, However, TSC complexes often allow iron to maintain
Ituhilny to participate in enzymatically promaoted redox reactions 1707,

A mechanism of action d with the ph of metal che-
lntion relies on overloading camcer cells vmh metal lons, disnupting
hmwhnndumingq\muﬂcdﬁemmhummd
ROS teading to oxidative stress. Compoutid 1 such ability are
called Ionophomt Recent experiments have shown @ significant in-
crease In cy y during with specific TSCs after the
addition of copper and Iron lons, which indicates that this group of 1
gands can also participate In lon transport inséde cells 114,15,

v of Sllesta In Katowlce, 75 Pulis Plechoty La, Choczow 41.500, Poland.
s b pl (AL Mrozek Wilcxklewicz).
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Therefoce, TSC derivatives have the unigue property of f g com-
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plexes with ron, disrupting s cellubar homeostasis while simulta-
nmﬂyd&nmgu\emm:ysminthccdl Increased levels of
ROS can affect antioxidati hanisms, including glutathione
peroxidase 4 (GFX4), which uses glutathione (GSH). GPX4 expressi

Therefore, in the current study, we present the use of TSC derivatives in
GBM theropy, with a particular focus on thelr ability to inhibit tyrosine
kinases and pass through the BBB.

2. Results and discussion

and activity are regulated by selenium and GSH, and its function de-
dines without these substrotes, GSH synthesls relies on the cys-
tine/glutamate transporter SLC7AL L (xCT system). Disruption of cystine
and glutamate bevels causes o depletion of GSH. The SLC7AT1 antipocter
consists of a light subunit xCT and a heavy subunit 4F2he, the kster
being an i i in other regul ypalhrwuys'lh

L L
PN 1

2.1, Cytotoxicity studies

In the present study, we have collated the most active derlvatives
synthesized over the years in our team (Vg 1), In an eartier work, the
mu:tum-mlmy relationship was performed to select the moleculur

The impact of TSCs on the metal jons inp irom,

Is Important because of thelr lnvolvunml In many key cellular pro-
cesses. Iron is b 1 in the catalyti ional damain of many en.
ymes, participating in multiple metabolic resctions, Changes in the

lnbllc lmn pml (L) d by small-molecule iron chel mgxer
pathways aimed at i Ih 17,

18], Ouc to the hypermetabolic mu‘lncmtms of glioblastoma multi-
forme (GBM), a particularly nggressive and deadly brain tumor, this type
of tumor is strongly dependent on fron | 19]. Patients suffering from
GEM have a poor prognosis mainly due to the heterogeneity of the
tumor, the presence of glivblastoma stem cells, the oocurrence of mu-
tattons in the epidermal growth factar receptor (EGFR), the most prev-
alent being EGFRwI! (20, difficulty in drug delivery caused by the
presence of the blood-brain barrier (BBB), and i1s immunosuppressive
migroenvironment | | |. The heterogenic nature of GBM and neoplasms,
lnamcuLBmofdwmlnmmlunglnddﬁnﬂusdndng
trestment. One of the cell subpopul, iall ible for their
mlmncc Is |Ilobhstomn acm eells (osc;). pucsuslnz high
cagiacity and i ble to embey.
Wcmmlhmmlmmmlylnmehmnbodyl 271, GSCs are
gulated by many sig) g pathways, with the IGF/IGFIR pathway
being considered pmknluly impartant in various types of cancer,

S
-
N
R‘l
CHy
MS2:R'. —# R. {
R
CH3

MS138:R". —H, R'. —'\

gg

¥, R

MRI6:R"- —M, R - —N H: :)——-'—l
F

ible for the antiproliferative activity [14,20 25), Be-
xldcs the qulnounc fragment, xho key pharmacophore 1s the TSC molc(y
manages the chelating peog The f ion of complexes with
metals generutes ROS, which disrupts the cellular redox balance, In oar
study, we fooused on the GIM model rep d by two sy -2
and 3D. Wesdect:dlouGlMedlllnulonhemdrUZS! TO8G,
IN-18, and LN-229, The
results presented in Tobler | nod 2 show a high activity for all the
dettvatives tested, To determine the selectivity of the derfvatives tested,
we compared the caleulated 1Cs; values for the cancer cell lines with the
1Csy values for noemal fibroblast-type NHDF cell line. For the 2D model
CTanle 1), the cell lines most sessitive to inhibition of their proliferation
by the tested compounds were U-251 and LN-229. The IG5 values
determined for the U-251 cell line ranged from 0.003 uM (MS5168) 1o
0.489 pM (MS179), while for the LN-229 cell line, from 0.023 uM
(MS168) to 0.295 uM (MS179). In the case of the LN-18 cell line, [Coy
values ranged from 0.103 pM (MS163) to 3.76 uM (MR5K3). The TIBG
cell e was the most resistant, in the 20 model, to TSC dervatives,
namely the lowest 1Cso was recorded for desivative MS179, which was
6,88 uM, while the highest was above 25uM for MS139, MSI65,
MRSK3, MSI68, and MS181. As the most active compound, the MS168
derivative was, therefore, selected foe further study, as the derivative

A \NHJ\R’

F

cl
N £
MS178: R' - —H, R~ —NO@

MS168: R' - — 08, R?- —N 0
MRSK3:R'. —H, R . — —< >—F —\ N—
U MS181: R' - —0#, R*- N u@

Fig. 1, Chemical stroctures of the studied compounds.
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Table 1

Antiproleferative abilsty of tested TSCs on 2D model after 72-hour incubation.
Camponssd Koy vaalows (1)

u-ast TG 118 N4 NI

Ms2 0040 £ 0004 69314+ 1179 Q257 = 0043 0035 £ 0.008 1058 = 407
M5139 0,069 & 0007 >3 A58k = 0070 0,328 + 0.044 1449 2225
M5165 D040 L 0014 5 1774 = 5% 0.160 £ 0.015 Q0x « 007
M5 79 0,489 + (L1686 6,857 + 0.881 1Lhed = 024 0,595 + 0,112 9440 = 1840
MESK3 0104 £ 0019 =356 AND = Q579 0056 £ 0,033 0143 = a0zt
MRSG 0081 £ 0604 1554 & 1.406 Q10 = 0063 0073 £ 0,014 1866 & 557
ML 2K 341 4 0008 1849 4 082 1174 4 142 0,250 1 0,068 2296 4 136
M5168 0003 £ 0001 >335 Q100 = 0036 0,021 £ 0.004 1064 £ 348
M5IA 0040 4 DOIN = 9397 « Q957 0087 1 DY 1214 £330
caimentinid W10 7514 080 TASS « 0268 hsn 4 0967 S84 . QI7S

" - data previously published in (14 2025

showing the greatest versatility In inhibiting the growth of the GBM cell
lines tested, and as the compound with good resistance to normal cells.
In addition, we performed a crysiallographic steucture for this com-
pound {Figire S1) with the calculated crystal data and hydrogen bands
(Tables 51 and 52). The tests performed on the 3D model (Tolle 2), in
;omcwu.mld«l Intereszing, unexpected resulis, Formed from cells, o

ded in a medium more closely mi the

electronic state of the TSC in the presence of the metal, whereas the
point at longer wavelengths indicates o charge transfes mechanism be.
tween the ligand and the metal fon | 5. It is also worth mentioning that
for both of these pounds, hidden isoshy paints (HIF) were
abserved, mesning that the isosbestic points became visible only after
notmallxmz lhv obgained spectra, HIP Indicates a more complex binding

spherical sy
conditions ol a real (umot In this 3D model, hypoxic conditions
occurring under clinical canditions may even occur, so penetration
of the compound into a single cell may proceed differently, than in
the adherent 2D monolayer model, where the cell surface ts more eastly
ible. Therefore, it is exp d that the activity of the TSCs tested
mmummwnmmmtmmammwuw.m:m
T98G cell line, The susceptibility of this line to the TSCs tested increased
significantly, where the ICs parameters ranged from 0.855 uM for
MRI12K to > 200 uM for MS168. For the other cell lines, the trend was
malntained, when comparing the 2D to 3D model, namely the lowest
1Css values were recorded for cell line U-251; from 0.333 uM for MR9S
10 64.840 uM for MS168 uwd foe LN-229; from D.790 pM for MR96 to
19.93 ;M for MS181. Interestingly, MS168 and MS181 derivati

mech lving multiple equilibrium states, gradual complex
formation, and chasge wansfer interactions rather than a simple,

ane-step coordination of the ligand with the metal lon |27
To determine the stoichiometry of metal ion binding for s given TSC,
acurve was plotted to Hlustrate the change In absorbance at the complex
band as a function of the molar ratio of metal to ligand. The resulting
curves are presented in . 5, highlighting the molar ratio at which the
threshokd copcentration of ivan sons is sufficlent to bind the Hgand ac the
given concentration. Most tested compounds exhibit a 2:1 (L:M) stot-
chiometry, except for MS168 and MS181, which have a 1:1 stoichiom-
etry. Similar studies confirming the ability of the tested compounds to
bind iran ions were presented in our recent woek on the impact of iron
dnhlom on the effectiveness of phuudynlmlc therapy [26]. Using
it was d d that in the

containing a hydroxyl group as a substituent in the quinoline ring in the
30 model lost thelr activity, This may be linked w a change in lip-
ophilicity, mediated by the hydroxyl group, which in turn affects
cellular transport mechanisms  Furthesmore, the asalysis of the
chelating properties of the tested TSCs, presented below, may explain
this Joss of activity, The derivatives containing the hydroxyl are

the only ones in the selected group to form o complex with ¥¢'* Ina 121
ratio.
2.2 Specerascople studies

To d ine whether the stodied conpounds form ) with

Fe' * tons, spectroscopic measurements were conducted. lnmllly. the
absorptson spectra of TSC alone, dissolved in DMSO at a concentration of
50 M, were recorded (713 2). Subsequently, increasing concentrations
of metal lons were gradually added, and after an incubation period, the
absarption spectra were recorded again. The graphs show that most
tested TSCs exhibit an absorption band maximum of around 340 nm
(Fiz. JA<G). Exceptions include MS168 and MS181 (Lig. 2H and 1),

pmudnmimulubmdcmpawhgmm:fmmnpwm
disappears, while a new band appears, corvesponding to the formed

iron-ligand plex. The p of the pound in two forms
(metal-bound and free) is aiso evidenced by the isosbestic point visible
in the spectra.

2.3 Generation of reactive oxygen species

The formation of complexes with iron allows TSC derivatives to
participate in ROS formation, The abllity of TSC derivatives to generate
ROS was proven more than once, not anly by our team [ 14,25] but by
many others (2931 |, It is well known that metal ions such as iron or
copper are involved in the Fenton and Hober-Weiss reactions, in which
free radicals are formed |12, 17), One of these is the hydroxy! radical -
mmmmmmepmdmmHomlnmdial

sfer, which is made possible by the ex-
istence of different oxidation states (Fe**/Fe'") that are structurally
very similar. The binding of the metal lon In the form of a comphex by the
TSCs still allows participation in redox ions doe to the lack of

which display a maximum absorption at 305 nm. With the addition of
Increasing concentrations af iron sons, a gradual decrease in absochance
is abserved at the wavelength corresponding to the absorption
maximum of TSCs (blue arrow). Addithonsally, after adding lron lons to
lheMsolmnmhmdappemnamnd4an.wlthhs

e | 2 o8 the jon of added ions risex {red
arrow), In the motdcd spectya, an isosbestic paint Is visthle around
375 nm, indicating that the studied TSCs exist in at least two forms: free
and mesal-bound, lnmemeorMstandMSlsl mohoshmlkpolnn
were ohserved. The point § i at sh hs may be i
lodwmﬁonfmmthcmndd:cumﬂclnﬁmd:emud

h of the coordination sphere in this process [15]. The po-
tentlal to participate I redox reactions determines the biological ac-
tivity of TSC complexes. A direct consaquence is the inhibition of RR
activity (34, After performing kinetic experiments using o fluorescent
ROS d soade, it is lxded that the four selectesd TSC repre.
sentatives increased their levels in the 3D cellular model. As can be seen
In Ly 4, the longer the tncubation time, the higher the ROS concen-
tration, reaching up 1o 126 % after 24 b In addition, imaging of the
wsted spheroids was performed. As shown in Fig 4B, a strong green
CellROX signal indi a high of ROS in cells exposed to
the tested TSCs. Brighter spots are visible in the outer layer of the
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Table 2

Antiprodifierative abality of tested TSCs on 3D model sfter 72-hour incubation and their lipophilicity ndex.

Lipopilicity
index (og?)

Compouted [y vadlies (]

N2

N

U5

=069

L4

2927 4 0574 2,08 4 QU8

an

2535 £ 0965 202 =060
1342 1 0405 4,08 : Q60
2974 L 0087 209 : Lbs

249

=0200
B162 « DG
1027 & 0235
= 0539

415

09508

514
4355 + 0.5

Q906 £ 0215 31,33

Q7™ o1m

24720006 2027 s 020
4175093 4138 £ 1220
0608+ 0as?

Aneh

Ms2
M5
M5179

7721 £ 1794 5322070

75 am

0790 £ 0230 4.24 = Lok

1292 « e

TO88 < 1002
7664 = 1624

17740 40

1,507 4 D610
L270 0855 £ 0.208

AN L N

0353 £ 0058 A0 = L2?

8178

MR
Ml

MRIZK
Milo8

Ms181

A s aso
1,42 2097
065

130

41 =4.3)

1993 = 276

2876 + 647
4506 + 522

=505

- 300

4507 £ 697  &503 =113
298653 W75

wslmeninib
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hervids, further supporting the pro-ROS-inducing properties of all the
mwo\mdl.wnhmsmsmmunubemmmmw Ab increase in
signal strength seen in a spheraid d with the studied TSCs corre.
lates with the increased ROS levels, resulting in the disruption of celiular
redox homeostasis. The cellular imbalance affects a number of key
processes, so in the following studies, we focused on elucidating the
detaliod mechanism of action of the TSCs studied.

2.4. Effect on kinase actiniry inhibition

After initial screening of the cy y of the d 1SCs on
a panel of glioblastoma cell fines, in a further step, we proceeded to
further analysis 1o verify wheth lected tyrosine kinase inhibition has
a significant effect on high antiproliferative activity of TSCs. In glio-
blastoms, many mportant signaling pathways regulating cell mets-
bolism. growth, proliferation, and metastasis are initiated by a signal
received by receptor tyrosine Kinases such as EGFR and IGFIR. There
fore, the effect of all tested compounds at & concentration of 1 pM on the
receptar tyrosine kinase activity was examined, Profiling was performwed
using the available Kinase Selectivity TK-1 systems containing eight
tyrosine kinnses such as IGFIR, InsR, EGFR, HER2, HER4, KDR,
PDGFRo, and PDGFRbD, As preseated in Iz, 5, the TSCs had a rather
weak intersction with the tested s, with the exception of the
Insulin-like receptor (IGF1R). In fact, two of them, MS168 and MR5K3,
exhibited a strong ability to inhibit IGFIR activity. The MS168 deriva.
tive inhibited insulin kinase activity by more than 65 %, while MRSK3
reduced its activity by almost 62 %. A slightly lower lntl of IGFIR ki-

nase inhibition was recorded for the ref imertinib
{57 %) however, no statisticol sumﬂum was dommtmcd. In the
case of EGFR kinase, only asi ndb, a 3rd g ian inhibitor, was

confirmed to have a high inhibitory capacity, !n contrast, for most of the
tested TSCs, the inhibition potential did not exceed 25 %. Only the
MS139 and MR96 derivatives inliibited EGFR kinase activity by almost
38 %, Similar results were obtained for the other receptor kinases, for
which the observed inhibition potency did pot excesd 40 % after the
administration of the tested TSCs. As part of screening through the most
popular kinases the effect of TSCs on noo-receptor kinase activities was
also investigated, and the results are shown i Sigare 52, Unfortunately,
none of the compounds showesd significant inhibitary potential therefore
results have boen omitted, These results tndicate that the high activity of
the compounds studied is the result of their multifaceted mechanism of
sction not only (nhibition of tyrosine kinases. Compounds for which the
inhibition percentage exceeded 50 % were subject to further experi.
ments focused oa determining the dissocintion constant (Ky) that spec-
ifies the exact affinity and binding strength between the ligands MS168
and MR5K3 and the IGFIR protein.

25 Bimding affinity to the IGFTR receptor

The experiments determining the binding affinity of MSI6S and
MR5K3 to the IGFIR protein were conducted using the microscale
thermophoresis technique (MST). Serial diluticas af the TSC concen:
trations made It possible to detect the fraction bound and unbound to the
fluorescently labeled IGFIR pratein. M , the analysis of binding
curves generated in MST experi ided inf

about the
potency of the interaction of tstkwhhtbclmlm receptor, As deplcted
in Fig. 0, the calculated Ky values based on MST traces were 720 aM for
MS168 and 207 nM for MRSKS. Thus, the obtained results confirmed the
high and selective ability of the two TSCs based on  quinoline scaffold
to inhibit the insulin receptor.

2.6, Molecular docking

To evaluate the structural detalls of the inhibitory activity of MS168
and MRSK2 against IGFIR kinase, docki dies were perfi d. We
urgcwd!hecmpmmkﬁtmmhonmcldmATPbindmspmka
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Fig. 2. Alwarption spectra of the stadied TSCs (50 5M) In DMSO, with and without tiaration of Fe'* e The blue arrow signifies a decrease ls absorbunce b the

compound band, while the red arrow rep an k in the |

given the quinoline scaffold. From several avallable structures crys-
talized with small molecule inhibitors, we selected a structure in IGFIR
active phospharylated conformation with activation loop extended (PDB
10:; 22M3) originally co-crystaltzed with an Isoquinolinedione Inhibitor,
Schrodinger’'s Induced Fit Docking (IFD) protocol, which allows for a
mmdmmmmmwmmum
upon docking lted in the molecul I depicted in F1g 7,
MRSK3 binds in a U.shaped fi tion with fl b
extended to solvent. Its quinodine forms typleal llydmon bands Mﬂl the
kinase hinge region (connecting N and Clobes) previously d eg..

banl.

2.7 Induction of apopeosis

Annexin V staining is one of the simplest and the most widely used
methods for detecting apoptosts, The Annexin V dye specifically Idnds to
phosphatidylserine, a stroctural phospholipid of the cell membrane. In
healthy cells, phosphatidylserine Is primarily localized 10 the inner
leaflet of the membrane, making it i ible to A m V. During the
early stages of spoptosis, the cell membrane undergoes structural
chnmu.()mofdwhqlunmoﬂhls is the translocation of

for pyrimidine inhibitors (951, Met1082 donates bodtbone Co-H 10
pyridine nitrogen and carboayl of the Glul 080 and accepts TSC N-H. In
cantrist, MS168, most likely due 1o hydroxy substituent in position 8 of
quinoline, binds in extended conformation with its core shifted towands
the back of the active site and TSC moiety flipped to the froat of the
pocket, which results in a lack of Interaction with Met1082. This
arrangement results in three hydrogen bonds, Argl1 003 (ji1) donates the
sidechain N-H to morpholine oxygen, carboayl of the Leu1005 (1) ac
apumN%LmdwboayldlheGnlm ps byds uinoline

idylserine to the outer leaflet of the membrane, allowing
Athand.Todlnluuhhmlylmdc«nsmm
ic and tic cells, a v % step s often included
mthepmdnlyphﬂynﬂn;ptwldlmhdldenﬂmn&dyu
bind 10 DNA bat cannot permeate intact cell membranes. As a result,
healthy and early apoptotic cells remain umstained, whereas late
apoptotic and pecrotic cells, which have compromised membrunes,
permit dye entry and become fluorescencly labeled,
The data p d in Fig. 80l the prop of live, enrly

v 24|

Tkmdudlbennﬂsmﬂmﬂmhemdnhyﬂmyl
group in the quinoline ring significantly affects the activity of TSC de-
rivatives. This is relevant both in the context of forming complexes with
metal jons but also in the context of direct interaction with proteins.

poptotic, late apop and deod cell subpopulations in samples
Incubated with the tested compounds at up to two different concentra-
thons: MS168, MS179, MRSK3, MS165, and osimertinib, which serves as
a positive control, The analysis revesls o clear and significant increase in
the ic fraction n to each compound. Notably, the
mofﬂnmhmwmﬂswmﬁ%hm
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Fig. 3. The molar ratio of Fe* metal jons w0 the stodied compounds at a of 50 yM dissolved in DMSO. The inflection point marked co the graphs

determines the stoichiometry of iron ion binding with the given TSC

control group to between 8% and 43 %, depending on the specific
compound and its dosage. This reduction in viable cells was accompa-
nked by a corresponding rise in the apopiotic subpopalation, supporting
the compound's ability to induce cell death. The proportion of tatal
apoptotic cells after incubation with TSCs increased significantly in all
sumples compared to the control group (35 %). The most modest effect
was abserved with MRSK3, where apoptosis was detected in 55 % of
cedls at 1 pM and 62 % at 2 M. Notably, the increase was primarily in
the early apoptotic subpopudation, while late apopeotic cell counts
remained comparable between doses, Similar results were obtained for
MS179, with apoptosis rates of 59 % at SuM and 64 % a1 10 pM,
Hawever, in this case, the higher lted in o gr
presence of late apoptotic cells. Ms165mthzmdmueﬂecuvt
compound, Inducing apoptosis In 69 % of cells at 2.5 yM and 64 % at
5pM, with a consistent proportion of early and late apoptotic sub-
populations across both doses, The most potent TSC was MS168, which
induced apoptosis in 75 % of cells. This effect was most comparable to
imertinils, which cxused apoptosis in 86 % and 92 % of celis at the

effects of all the selected compounds on U-251 cells, demonstrating their
capacity to significantly promote spoplosis at various concentrations.

28 fmmunoblotting

The results presented here, based on previous research, are indica.
tive of & direct copnection between the complexing properties of the
TSCs tested and the generation of oxidative stress in the cell 114,700,
Additiosally, for the selected TSC derivatives IGFIR inhibitica con-
tribates to the supp aof proliferation in the cell Hnes studied and
explaining the potentinl mechanism of action. The purpose of further
studies was to HIRZESIS & potentinf association between the formation of
mesal complexes, by influencing iroa bolism and inhibiticn of
IGHR.Howwu.atnulhhmdmnh.umbemduMmu
it 15 impossible to establish a clear connection for all compounds, as they
exhibit diverse behavior. Previous data on the impact of other TSC de-
rivatives on iron metabolism prompeed us to Inmdmc Lhe edm of lhe

ad died in this work on iron-d

tested concentrations. These results highlight the potent apoptot

Wh&:mﬁxﬂnmd&mddkndhmnmdm
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MS1652.5 uM
NS1TH S M
MRSKI 1 M
NS168 65 uM
osmertinib 60 M

122h 24h

Incubation time

Control

100 pm

Fig. 4. (A) Changes in ROS levels in the U-25
1o the untreated control group and are presented as the mean = SD (n

hoc test. Results were shown [n the form of asterisks: *p < 0,06, **p

MRS5K3

005, ***p

osimertinib

100

1 cell line after 3-24 h of expossre 10 tested TSCs, measared by a CellROX % Green Reagent assay. Data were normalized
3). Statsstical analysis was pesformed using o oneway ANOVA followed by Bonferront's post
0,001, ****p

0.0001 comparnd 1o contral (uetreuted cells), Theve independent

f\;n rimenas were performed, with cach measurement carried ot in duplicate. (B) Repeesentative images of the ColIROX® Geoen Roagent fluorescence staiming of U

spheroids after 24 h of mcubation with tested 1SCs in their respective 1€y,

the induction of oxidative stress were also examined. In addition, we
examined targets associoted with IGFIR receptor pathway to confirm
whether its imhibition, demonstrated for some derivatives, affects
cellular mechanisms. For this purpose, the WB technique was used
(Fig. 9). Densitometric analysis for the presented membranes is shown in

The first target tested was a popular indicaror of disruption of the
redox eguilibrium toward oxidation processes. The occurrence of leme
oxygenase 1 (HO-1) overexpression can undoubtedly be linked to
clevated ROS concentrations | 17 |. HO-1 overexpression was present for
all compounds tested, including the reference, with the greatest increase
observed for MS168 (more than 12-fold). An increase of more than
7-fold was observed for MS179. The lowest, but still significant increase
(more than 2-fold) was registered for MRSKI. The results correlate with
those obtnined for the antloxidant malecule GPX4, where the greatest
decrease in ity expression was recocded for MS168 (0.3 relative o
control) and the least foe MRSKS (no inhibition). The differences in the
antioxidant cellular response of these two derivatives prove that subtle
changes in chemical structure, not oaly in the thivsemicarbazone group
but also in the quinoline ring substitution, have a significant Impact on

concentrations. Scale bars represent a length of 100 ym

their mechanism of action. GPX4 participates in protecting cells from
lipld peroxidation and is one of the main Indicators of ferroptosis

For the other compounds, MS179 and MS165, the decrease in GPX4 was
at a level of about 0.6, The explanation for these results may be that an
increase in ROS leveds activates the cell's antioxidant systems, and
therefore, the level of antioxidants consumed 1o deactivate ROS de-
creases |19, Oxtdative stress con also be caused by a disruption in the
transport of substrates for the synthesis of the mast important antioxi
dont, glutathiooe, Glutamate and cystine are ransported neross the cell
membrane via xCI' system, an essential part of which is a beavy subunit
4F2he. The largest decrease in 4F2be was recorded for MS165 (0.5). For
compounds MS168 and MR5K3, the decrease in 4F2he was at a similar
level (0.8). MSI79 did not cause inhibition of this protein.

TSC denivatives, by forming chelates with iron, affect fron mets-
bolism, as demonstrated In our earlier work Iron-regulatory pro-
1eins (TRPs) nre the first responders to iron deficiency | In this study,
we measured the devels of IRP1 and IRP2 and coocluded that the tested
compounds significantly affect the activation of both proteins, In the
case of IRPL, the largest (almost 2-fold) increase was registered for
MS179. The other compounds (ncreased IRPT by about 1.5, Whereas
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Flg. 5. Profile of recepror kinase activities after treatment with tested TSCs and osimertindb at a concentration of 1 uM. The results are presented s % Inhdbivon of
selected kinase activity from three independent experiments (mean = SU; o « 4). Statistical analysis was performed using a two-way ANOVA followed by Dunnett's
post Boc test (Cp < 005, **p < 0,00, ***p < 0001, ****p < 00001 v pusitive contrel - Osimertiaib).

58



P 2aks el Msasclcive & Prrmanbenyy 192 (2025) | 18602

A MS168 B MRSK3

5 £ 8§ 8 3§

Fracton bound

K= TRB 228

A
Thopt ot w00 e w0t g0e
Higand concentration (M|

Fig. 6, Wioding «ffnity of M5168 (A) and MRSKS (B) derivatives 1 the 1IGFTR protein, The iores were o d by the mé ) h fnieg
(MST) und gualifiod by the value of Ky, Data are shown ax the mean = SD of theee independent meavurements {n = 3),

Fig. 7. The best-acored IFD docking poses of MST68 and MRSKL Hydroges bonds are d by dashod cyam lines (30) or solid magenta arrows (ZD)
much g were ded for IRP2, where compound 5-fold, and MASK3 4-fold. The results inds that 1he f of
MS168 increased its concentration by as much as almast 9-fold. Subse- complexes with iroan y that comp for the defi-

quently, M5179 caused an increase of moee than 7-fold, MS165 about chency of this imporant micronutrient almed at madntaining proper
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Fig. 8, A of apop ind in the U251 cell line following a 48-
hour trestment with the tsged TSCs at 1Cy, and 2 « [Cy, conconimtions, as
& d by flow cy y. Calared bar graphs represent the propartions of
Tive. uriy Wotx late apoptotic, nnd desd celly from & representative
s wan performed using # cot-way ANOVA fol-
Iumd by Bc-lumnh post hee test ("p< 005, **p< 001, ***p < 0,001,
*44%p < 0.0001 va, control - ustreated celly). Three mdependent experiments
were perfs d, with ench carned out in duplicate (m < 3).
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Fig. 9. B of sedectodd in the U-251 cancer coll lne following
trearmesst Mlh TSCs (MS5168, MSI79. MRSKY, and MSIES) and the reference
drug osimertmib. Densometric analysis of target proteine was normalized to

the ref protein and d to the comtrol (1iy 59), Uatn regresent the
mean = SD from st Jeast four Indepesdent exp The ¢ d jemu-
noblots were cropped fram full b and served as rep Images
for the respective proteins,

homeostasts, The effect of TSCs on Iron h b5, refated to I

formati s also ifested by effects on the af
imn-depend:na proteins such as ferrochelatase (FE.CH)H 1. A signifi-
cant d In the expression of this protein was d for com-
pounds MS165 (0. 25)&:\(!)45168(07) Pormmsmdm\.uve.me
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N

was the opp nmamely, n 1.5-f0ld increase in FECH
expression was recorded. These resulss indicate that despite similarities,
minor structural differences have a significant impact on the different
mechanisms of action. Another asalyred iron-dependent and

was fi (FXN) involved In the nltmnmlfnr
dnlmﬂmm:hume(oﬁsnnm::prmlonmmdul
for MS179 and MS168 (almost 0.8). The nsuha uhulncd pmvtdc an
interesting justification for the imp g further
research.

The negligible effect on EGFR receptor inhibition may be related to a
lack of inhibition of the RAS/MAPK/ERK pathway-related protein
cascacle, [t is worth mentioning that both of these proteins play key roles
In the proliferation, survival, and respoases to stress stimull (41, The
WH analysis did not register a decrease in the levels of kinases that
belong to the MAPK family, such us p42/44 (ERK) and RAS. This In-
di that, despite the ity of these pathways, TSC derivatives
exhibit antiprotiferative activity against the studied U-251 cell line,
Indl g their multimrgeted action. In addition, the inhibition of
IGF1R that was demonstrated earlier was indirectly confirmed by a
decrease in Akt concentration in cum of M5168 and MS179 compounds.,
There are reports in the | g & link b IGFIR
inhibition and the induction oloxidutiveurashcrﬂs [44,45].

29 Blood-bratn barmer permeabiliry assay

The ability of TSCs to generate ROS may influence the regulstion of
transpoct acrass the BBB (10). Asommthmoddkmcclllinme
nulsm.mded&dwmum e of the sl omp
acrass the BBR. Addit y, GBM etiology is largely related to iron
disorders [17]. We, therefore, claim that our compounds are good can-
didates for further research into their use in GBM therapy. The BBS
permeability studies indicate that a TSC derivative; MS168, bas the
ability to pass through the BEB better than the commercial drug temo-
zolomide (Vi 10). These studies were performed in a transwell model,
in which the survival of cells seeded under BBB-mimicking inserts was
mensured, The compound MS168, which exhibits high antiproliferative
activity, passed through the BBB and then inf) d GBM spheroid
BB viability was measured to confirm b ity. In addi
we verified the imegrity of the BBB by § ini

wscence ku'

two tight junction proteins, Z0-1 and occludin, that play a crucial mlem

Its £ Example images can be found in Figuse 54, Both tight
Junction pmn:lmmdurly visible In the outer regions of connected
cetls. Z20-1 was localized exclusively in the cy while occlidin
1504
£
i.vu-
3 50+
% _
PL PSP
-
EFSESE
P EF S
& > +
& f/
Fig. 10. Verification of blood-brain barrter bility of tested compound:

MS168, gofitinid (negative contral), sed temonciomide (poasitive comtrol) on
traswaell co-oulture of hOMEC/DG and U-253 coll lines. The resalls are oo
sented as the mean = SO from at three independent expersments (n « 3).
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was also detected in the extracellular domains, confirming the expected
result (45 ). The results for compound MS168 are particularly interesting
in that this desivative showed an effect superior to the commercially
used temozolomide given at a concentration 800 times higher. The
Integrity of the BBB and the effectivencss of the transwell model were
further confirmed by results from wells treated with gefitinib - n potent
tyrosine kinase inhibitor, that ks known to be Incapable of crossing the
BBR [19]. The presence of the barrier drastically increased the cell
viability of U-251 cells, despite the high concentrution (60 M) of gefi-
tindb used during the experiment. These results show the high potential
of the selected MS168 deri

2.10. In vivo shudies

The m wwo studies oa the Zebeafish model (Vi 11) indicated that
MS168, MS181, and MS165 do not exhibit toxicity in doses of 5 mM in
the FET test, The cakulated LCsy valves equal 6772, 8,341, and
6.221 pM, respectively. When ¢ d to the antiproliferative effects
observed in LN- 229Mlnlnlznﬂnwwllm.hhend)evﬂmwm
o, 0,021, 0,087, and 0.160 yM for MS168, MSISE, and MS16S5,
respectively (Tolle 1), we can see a significant difference in the toxicity
prafile. The atlons that show sub fal effects In the cell
culture model are much lower than those chserved in the Danio resio
moded. This suggests that, when testing in vivo, particularly in a xeno.
graft model, the compounds may be administered at much higher dom
than those used in in viro 20 cul providing a unique opp

I their th potential in & more complex bio!ogul
environment.

Moreover, when compared to the results obtained for healthy NHDF
cells in 2D cultures, where the antipeoliferative effects were significantly
higher, i, 10.64 and 12.14 pM for MS168 and MS181 {1abic 1), it be-
comes evident that the compounds display & much more selective action
agalnst cancerous cells. This selective anticancer effect, coupled with the
significantly lower toxicity to healthy cells, suggests a potential for
targeted therapeutic activity without harming normal tissue,

The results presented in Flg 12 indicate the effects of the tested
compounds on tumor size in the LN-229 xenograft moded after 72 h of
treatment. While none of the compounds induced a drastic tumor
reductivn within this short rindow, some modest bat statis-
tically significant differences were obseeved at the highest tested con-
centeation (2.5 M) for MS168 and MS165. It Is important to note that
the concentrations used in the xenograft model were relatively law
compared to the effective doses observed In the 30 sphervid model
(Table 2) For MS168 and MS181, the efective antiproliferative con-
centrations in 3D cultures were 17.58 £+ 3.01 pM and 19.93 + 2.76 uM,

La

LCmul IT2uM — MS168
LCxsB 34 1uM ~= MSIHY
LCust 221N o MS1ES

Sersebcine & Mormacoshenyry 192 (2025) 118092

respectively, which is substantially higher than the maximum tested in
vivo dose of 2.5 uM. This discrepancy suggests that higher concentra-
tions might be needed to achieve meaningful tumor reduction, but their
administration was limited due to systemic toxicity in the Danio rerio
madel. On the other hard, for M$165, the effective concentration In 3D
sphervids (2.974 £ 0,987 M) was closer to the highest dose tested in
xenografts, which may explain its observed efficacy In tumor size
reduction. The observed limited tumor shrinkage could be attributed to
mailtiple factors, including the complexity of the tumor microenviron-
ment in rafts, the short duration of as well as p ial
differences in drug dissribution within the fish model. Despite these
limitations, the observed reduction in tumar size for MS168 and MS165
provides encouraging perspectives for further studies on a glloblastoma
model.

3. Conclusion

In the present wark, we Introduce o multifaceted mechanism of ac-
tion of TSC derivatives based an the formation of chelates with metals,
including tron, wll.h the direct corsequence of ROS formation. The

of was d by sp pic methods along
wuh the delamm-uun of the stoichiomelric metal-ligand ratia.
Elevared concentrations of ROS in the cell disrupt redox homeostasss,
leading to oxidative stress, which was canfirmed in this study by inde-
pendent methods,

‘e ability to inhibit 1y ki ed the potential of the
selected TSCs to inhibit insulin recepeos activity, which was confirmesd in
slico by the molecular docking method and by the method of the MST.
Detailed analysls of protedns invoived In Iron metabolism performed
with the assi of the Wi Blot technigue sh d that the TSCs
studied induce oxidative stress nnd hm 8 significant effect on iron-
dependent targets. The studi that the tested
Mexhuhitmndumelenem ling on their chemical structure.
‘The 3D GBM research model, allowed s to focus on aspects related to
the characteristics of this cell line in the context of the effect of TSCs on
iron metabolism and BBB penetration.

In additian, the research was presented on a 3D model berter
reflecting the actual conditions in & real wmor, which was further
validated using Danlo rerio xenograft modeds, Importantly, the in vivo
toxicity assessment in the Danio rerio model demonstrated that despite
significant antiproliferative sctivity against tumor cells in virro, the TSCs
tested do not show taxicity & vive. This d the high selectivity
af TSC derivatives towards normal cells. Preliminary studies on xeno-
grafts indicage a reduction In tumor size after treatment with the studied
TSCs, The trend towards n reduction in tumor volume ot the low dases

1

Fig. 11, i vivo toxicity of the 96-hour &
results of the mortality rate are p ¢

with tested

w

T )

10 1.

fogiCl mm

) in the FET test on thw mnjo rerio !lvtrimulml model MS168, MS181, und MSI6S, The

(i ). DNt d a5 mean + SD from a1 least theoe

s & sonli i1 of log.

Independent experiments.

Vi,
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Pig. 12. Tumor srea measurements for the LN-229 xenografl Danio rerio model after 72 h of inosbation with three tested compounds: (A) MS168, (8) MS181, and
(€) MS165, ut three differvnt concentrations: 0.5, 1, and 2.5 uM, comgured to the untrested costrol group (E33 One-way ANOVA; *p < 0,05

used is indicative of the potentinl efficacy of TSCs at higher doses, as
demonstrated by in virro studies on & 30 model,

4. Materials and methods
4.1, Spectrascopie stadies
Absoeption spectra of the tested ds and their pl

ol

ic and H ) or 1.5 times (for hydroxyl H atoms)
the value of the equlnlem tempernture factor of the parent atom, The
SHELXS2013 and SHELXL2013 programs |50 were used for all the
calculations. A brief description of the structure and the most important
crystallographic data are placed In the Supplementary Information
(Figure St and Tables S1 and $2).

4.9 Motecular docki

with Fe'* lons were measured wsing a multi-plate reader (Varioskan
LUX, Thermo Scientific). Spectra were recorded over 285 nm to 800 nm,
with a step size of 5nm, All measurements were pecformed a8 room
temperature (RT) using o 96-well black plate with a transparent bottoem
(Nunc). Each well contained 200 L of a solution comprising 50 pM of
the tested compound and varying ions of Fe' * ions. The plates
were incubated for 4 h at RT before measurement. All solutions of the
tested compounds and metal fons were prepared immediately in DMSO
before the experiment. The obtalned spectra were analyzed using Oni-
ginPro 2023 soft The stoichi y of the complexes formed be:
tween the tested compounds (L) and Fe™ jons (M) was determioed using
the molar ratic method, Ml:rmnnﬂmllrlbmrpﬁlmmplm
were generated to depict the relationship b at the
maximum of the :omplubandnndtbcll.l/lul rwo

4.2 Crystal strucowre determination

X-ray intensity data for MS168 were collected with graphite mono-
chromated Mo Ka radiaton a1 298.0 (1) K and o scan mode using the
Xealibur Oxfaord Diffraction diffractometer with Sapphired CCD detec-
tor, Absorption correction was applied using the multi-scan method
using the CrysAlis™” software, The structure was solved by the direct

hod. All the hydrogen atoms were refined with anisotropic
displacement parameters using the full-matrix, least-squares technique.
Aﬂthchydmmmsmmﬁmdu‘dding‘ on the adjacent carban
atom with i equal 1.2 times (for

Ly L ¥

=

Docking to the IGFIR (PDE [D: 22M3) structure was performed wsing
the IFD (Induced Fit Docking) protecol in the Schrodinger Suite. The
structures were prepared for docking with Protein Preparation Wizard,
The coal of the ligands wers i with LigPrep and Epik. The
protonation states of the proteins and ligands were calculated at a pH of
7.4, The protein-ligand interactions were investigated vsing the protein-
ligand & fon tool in Schrodi 12. The figures showing
the 3D docking configurations and i ioms were also prepared with
the Maestro interfoce.

4.4 Kinase acrivizy inhibdion

Assays using the Kinase Selectivity TX-1 and TK-2 profiling ayumm
and ADP-Glo Kinase Assay (all from Promega) were perfc
determine the inhibition of the P otmr P i u-
nases. Briefly, the kinases from TX-1 kit (EGFR, HER2, HF.M IGFIR,
InsR, KDR, PDGFRa, and PDGFRbD) or TK-2 kit (ABL1, BRK, BTK. CSK,
Fyn A, Lek, Lyn B, and 5ec) and substrate/cofactor strips were pmpamd
according to the manufacturer's i ions and p pe
described by our group [75]. The compounds belng lested wcredls
solved in DMSO to a cancentration of 100 pM, which was then wsed as
the stock solution to prepare the 1 pM final concentration in a 1x Kinase
Reaction Buffer (40 mM Tris - pH 7.5; 20 mM MgCly 0.1 mg/mL BSA;
50 uM DTT). The experiment began with transferring 1 L of the pre.
pared solutions of the tested compounds onto a 384.well white plate that
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was designed for luminescence (Comning). Then, 2 ul. of the kinases from
the elght-well strip were added Into each well, and the plate was Incu-
bated for 10 min at RT, after which 2 L of the substrates from the
eight-well substrate/cofactor strip were added to each well, and the
plate was left ot KT for 1 h. Solutions of 1x Kinase Reaction Buffer with a
5 % vehicle (DMS0) were used as the negative controls without In-
hibitors or enzymes. The activity of each kinase was dotermined using an
ADP-Glo Kinase Assay (Promega). Firstly, to stop the reaction, S pl of
ADP-Glo reagent was added to each well, and the plate was incubated
for 40 min at RT. Afterwards, 10 pl. of the Kinase Detection Reagent was
added to each weli, and the lumi e wils d in a Variosk
LUX multi-plate reader following # 30-minute incubation at RT, The

i\ were perfi d at least three times. The data was

T d as the p age of the inhibition of tyrosine kinase after
treatment with the tested compounds,

4.5. Binding assays (microscale thermophoresis - MST)

The MST experiments were conducted with the Monalith NT.115
Blue/Red instrument {NanoTemper Technologies) in buffer containing
50 mM HEPES (pH = 7.5), 300 mM NaCl, 10 mM MgCly. and 0,05 %
Tween 20. The recombinant human 1GF-I R/IGFIR (His-tagged) protein
(Biotechne) wis labeled using the Monolith His-Tag labeling kit RED-
tris-NTA 2nd Generation (NanoTemper Technologles) for detection in
the MST experiments. The final concentration of protein in the assays
was 50 nM, The M5168 and MRSK3 were dissolved (n DMSO 1o a con-
centration of 8.35 mM. Then, the final serial dilution of compounds was
mw,mﬁgmﬁ-m«mﬂbﬂdlom.vﬁmnz-mm
dmwommuulnthcuwym For Ky d tlon, the
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with 5% CO,. After that time, the medium was removed from the wells
and 200 pl. of varying concentrations of the tested compounds were
added. In the control wells, the contents of the wells were exchanged
with 200 pL of fresh medium, Plates were then returned to the incubator
for three days at the same conditions as previously. Subsequently, the
compounsd solutions were replaced with 100 pl. of DMEM withowt
phenol red and 20 ul. of CellTiter 96% AQueous One Solution-MTS re-
agent (Promega) and incubated for 1 h at 37 'C in a humid atmosphere
with 5 % CO, The absorbance of the plate was then measured at the
wavelength 7 = 490 nm using a multi-plate reader (Varioskan LUX,
Therme Scientific). Results were normalized against untreated contral
cells, and 1Cs; values, defined as the concentration of & compound that
reduces cell proliferation by 50 %, were caleulated using GraphPad
Prism 9. Each compound was tested in duplicate within n single exper.
iment, und experiments were repeated three 1o four times,

4.7.2. 3D spheroid cufture model

Cytotoxicity tests on the 3D spherotd cell culture of glioblastomi
celly were conducted using 96-well non-adherent transparent plates
with a U-shaped bottom (Nunc). Cells were seeded ot a deesity of 4000
cells per well and incubated for 3 days at 37 “C in a humid atmosphere
with 5% CO; After incubation, 100 pL of the medium was carefully
removed from oach well w avold dismrbin: the apherobd& Subse-
quently, 100 ul. of the tested Ik prepared at doubl,
the desired concentration, were added to the wells, and the plates were
incubated for 3 days at 37 *C in a humid atmosphere with 5 % €Oy After
the incubation period, the plates were d from the incubator and
allnwedlomolwﬂffoswwmmmﬂymhm Then, 100 pl. of the

ly labeled incubated with serial dilution of
MSleofMRSIGGofIStMn n kl'.mtsnmplumomnﬂmed
(12,000 rpny; 10 min), then loaded into standard caplllaries and
measured at 25 “C, using 80 % LED anl 40 % MST power. Each assay
wiis repeated st least three times. Data analyses were performed using

MO_Affinity Analysis 2.3 soft (NanaTemper Technologies). All final
graphs were prepared using GraphPad Prism 9.
4.6 Cell codture

The human glioblastoma cell lines LN-18, LN-229, and T98G were
purchased from the ATCC, while the U-251 cell line was kindly provided
by Professor G, Krnmer-Marek from the Institute of Cancer Research
(London, UK). The normal human astrocyte (NHA) cell line was ac-
quired from Gibco. A b bral endothelial (WCMEC/D3) cell line
wis obtained from Cedarlane. All the cancer cell lines were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) suppl d with heat-
inactivated fetal bovine serum (FBS) (10 % v/v; Sigma Aldrich) and
penicillin/sreptomycin antibloties (1 % v/v; Gibool, NHA cells were
cultured in astrocyte medium with 10 % FBS, an N-2 suppl EGF

was d from each well and replaced with 100 k. of the
CellTiter Glo® 3D Cell Viability Assay reagent (Promega), The plates
were mixed on a shaker (400 rpm; 5 min) and incubated at RT for an
additional 25 min. Finally, 100 ul, of the medium from each well was
transferred (o a 96-well white solid plate (Pierce), and the luminescence
af the samples was recorded, Results were normalized agalnst untreated
control cells, and 1Csq values, defined ax the concentration of a com.
pouxd that reduces cell proliferstion by 50 %, were calculated using
GraphPad Prism 9. Bxhcompmndwntmdmduplknle within a
single experi and were rép | three to four times,

4.8 Blood-bruin barrier permeability assay

4.8.). Blood-brain barrier permeubility assay

Drug permeability assays were performed using the HTS Transwedl
%uﬂl ¥ bie § System with a 0.4 pm pore size (Coming),
mmummlummmme%wuwmum
plate) at a density of 15,000 cells per well with a recelver plate filled
with 20 mL of medium and incubated for 5 days at 37 “C in o humid

atmosphere with 5% COz Then, after 4 days, the U-251 cells were

(20 ng/mL), and an antibiotic-antimycotic sobution {1 % v/v) (all re-
agents from Gibeo), while BGMEC/D3 cells were cultured in Endothelial
Cell Growth Medium MV with 2 % fetal calf serum, 0.4 % endothelial
cell growth supplement, EGF (10 ng/mL), beparin (90 ug/ml). hydm-
cartisane (1 pg/ml) (all from PromoCell) and an antibiots y

sotution (1 % v/¥) (Gibeo). The cells were kept under dard condi-

ded in 0 96-woll plate (basolateral plate) at a density of 8000 cells per
well and incubated overnight. The following day, the assay was per.
formed. Solutions of the tested compounds - MS168, alongside the
positive ref drug domide and the negative reference drug
gefitinil - were prepared in double the desired concentration. Fifty uL of
the medium was cwefully removed from apical plate wells and

tions at 37 Clnutmmidmnuphmmmssaoo;&xhoﬁboanlmu
used during expers iousty tested M

L

contamination using the PCR mhmaoo whh sp«mc primers.

4.7. Cyrotoxicity studies

4.7.0. 20 moncdayer culture model

All the glioblastoma cell lines and normal astrocytes were vsed
during cytotoxicity assays on the 2D monolayer culture, Seeding was
done in 96.well transparent plates (Nunc) at a density of 5000 cells per
well, followed by incubation for 24 h at 37 'C in a bumid atmasphere

hanged with 50 uL of the prepared solutions. The apical plate was
then put into the basolateral plate, and both were co-incubated for 2 b,
during which the Integrity of the endoshelial cell lnyer was
assessed by the Lucifer Yellow/Rbodamine 123 assay. 60 uM Lucifer
Yellow (LY) and 50 ul. Rbodamine 123 (Rh123) luorescent dye solution
in Hanks' Balanced Salt Solution (HBSS) buffer supplemented with 1 %
DMSO was prepared and briefly vortexed. 100 uL of LY solution was
addded into selected wells in the aglcal plate, while 100 wl. or 200 . of
Rh1Z3 solution was added into separate wells in the apical and baso-
lateral plates, respectively. Immediately after that, the fluorescence (Au
- 428 am; hg1 23 ~ 508 nm) was d, and readings were

]

after 1 and 2 h, respectively, Whenaﬂﬂmmwr@mdm:
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plates were separated, and the busolateral plate was incubsted for
another 3 days. Subsequently, the extotoxicity of drugs applied during
the described assay was measured using an MTS assay. The basolateral
plate with seeded U-251 cells containing dissolved drugs that passed
through an insert during the co-incubation period was kepe for three
days at 37 °C in o humid atmosphere with 5 % 00, Then, all medium
was removed from the wells and replaced with 100 yL of DMEM without
phenol red and 20 ul. of CellTiter 96% AQueous One Solution-MTS re-
agent (Promega) und incubated for 1 b, The absorbance of the plate wis
then measured ar the wavelength A = 490 am using a rmultl-plate reader
Synergy 4 (BioTek).

482 Visvalizatton of right juncrions in the boad-brain barrier

The integrity of the cell monolayer was confirmed through immu.
nofluorescence imaging. MCMEC/D3 cells were seeded onto p-Shide B
Well Glass Bottom slides (Ibidi) pre-coated with laminin at a density of
10,000 cells per well and incubated for five days at 37 “C in a humidified
atmosphere with 5 % COu. After Incubation, wells were briefly washed
with PBS and fixed with 4 % paraformaldehyde for 10 min for Z0-1
Imoging or 16 % paraformaldehyde for 15 min for cccludin maging.
The wells were then washed three times with PES (5 min per wash),
followed by cell membrane bilization with 0.3 % Triton X-100
(5 min for ZO-1 and 15 min for occludin) and an additional three PBS
washes. Subsequently, all wells were blocked with 5 % goat serum for
1 h and incubated overnight ar 4 “C with specific primary antibodies
(Z0-1: 1:100; occludin: 1:100). The following day, cells were stained
vmhlhedmmuz(louymuforISmMmdwudzedthmlmluwlrh
PBS.Fl = 485 nm, Asuicn = 520 nm) were
acquired using a MAxloobmvu Z1 equipped with a 63 « objective
and an FITC filter. The images were then processed using ZEN 3.10
software.

4.9 Annexin V binding assay

The U-251 cells were seeded in %6-well transparens non-adherent
plates with Ushaped bottoms (Nunc). Cells were seeded ot a density
of 4000 cells per well and incubated for 3 days a1 37 Clnchunldal-
masphere with 5% CO2. Then, fresh soluticas of tested '
were prepared: MS168 (65 pM), MS179 (5 and 10 pM), MRSK3 (1 and
2 pM), MS165 (2.5 and 5 M), and ostmertinib (30 and 60 yM). 100 ul.
of medium was removed from each well and replaced with 100 uL of
drug solation, followed by an incubation for 2 days. Each concentration
was applied to 10 spheroids, which were then callected into a 1.5 mL
Eppendotf tube and centrifuged (300 g, 5 min). The superatant was
carefully removed, mmpelhmswcmlnzsoutafww"
Acc ™ Cell Di ion Reagent (Gibeo) to di 0
spherodd into single cells. After 10 min of incubation, the cell suspensi
was pipetted ard checked under the microscope - if spherodds were still
intact, the incubation cycle was repeated up to three additional times,
Single-cell suspension was then centrifuged (300 g; 5 min), resuspended
I 3 ml. of cold PES, and again centrifuged under the same conditions.
The supernatant was removed, and a mixture of 100 ul. of Annexin V
Binding Bulfer, 5 pL of Annexin V, and 5 ul of 7-AAD was added. The
tubes were briefly vortexed and incubated in the dark at RT for 15 min.
Subsequently, 200 uL of Annexin V Binding Buffer was added, and cell
subpapalations (live, carly and late apoptotic, and dead) were counted

using a microcapillary Muse Cell Analy The were
repeated throe times.
4,10, Generation of reacrive axygen species

The U-251 cells were seeded in 96-well black noa-adh plates
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MRSK3 at 1 pM, MS165 at 2.5 uM, and asimertinib at 60 uM. During the
kinetic expeciment, 3, 6, 9, 12, and 24-hour Incubation times were
measured. CellROXE Green Reagent (Molecular Probes'™) was used to
d ine the of ROS g d in d samples. To
normalize the results, the quantity of cells in the measured wells was
estimated by measuring the amount of protein peesent within the well. A
spherodd lysis was performed Immediately after the CellROX m«sm-
ment, cantents of the wells were full; d with the spl ad
still present inside, then mo.mul-awmmamu
mixture of Halt Phosphatase Inhibitor Cocktail, Halt Protease Inhibitor
Cocktail, and 0.5 M EDTA, obtained from Thermo Scientific) was added.
The plate was placed on ice anxl incubated for 20 min, buffer was then
mixed inside wells using a multi-channel pipette, followed by centrifu-
gation of o plate (4000 rpm; 10 min). 20 pl. of the obtained supematant
wats truaferred to o 96-well flst-battomed plate, and the protein content
was measured using a Micro BCA™ Protein Assay Kit (Thermo Scenti-
fic) according to the manufacturer’'s protocol. Experiments were per-
formed three times, with each compound tested in duplicate. The resuley

are exp d as the p age of the ROS level compared to untreated
control cells,
411, Immunoblotting

The U.251 cells were seeded in 3 cm ih Nunclen Sph
dishes (Nunc) at a deasity of 200,000 cetls per dish in 2ml.ormed&m
and incubated for 10 days ar 37 “C. On the fifth day, an additional 1 mL
of fresh medium was added. Afier the 10-day Incubation, the contents of
the dishes were collected into 5 mL Eppendor! tubes and centrifuged
(300 & 5 min). The resulting spheroid peliet was resuspended In 2 mi of
freshly prepared solutians of the tested compounds: MS168 (65 pM),
MS179 (5uM), MRSK3 (1 pM), MS165 (2.5uM), and osimertinib
(30 M), The cells were then reintroduced into the dishes and incubated
for 24 h. Following this incubation, the cells were collected again into
Eppendorf tubes, centrifuged (2000 rpm; 5 min), and resuspended In
300 pl. of RIPA baffer containing Halt Phosphatase Inhibitor Cocktail,
Halt Protease Inhibitor Cocktall, and 0.5 M ethylenediaminetetrascetic
acid (EDTA) (all from Thermo Sclentific), The tubes were incubated on
ive for 20 min, followed by 15 5 of soni The resulting cefl lysates
were centrifuged (10,000 rpm; 5 min), The supernatant was transferred
to new Eppendorf tubes and stored at 80 “C. Protein concentration was
assesond before each experiment using the Micro BCA™ Protein Assay
Kit (Thermo Scientific) g 1o the f 'S | 1. Sam-
ples prepared for immunoblotting ined 10 pg of protein, Western
blotting was performed using polyacrylamide gel electropharesis, wet
transfer oo nitrocetlulose membeanes, anxd Nockhz with 5 % non-fat
milk powder in 1X TTBS. Memb were | ight at 4

°C with poimary antibodies, followed by three S-minute washes. This

was followed by a 60.minute incubation with secondary antibodies at
RT, three additional 5-minute washes, and a final S-minute incubation
with SuperSignal™ West Pico Chemiluminescent Substrate (Thermo
Scientific) at RT, The chemiluminescence signals from prepared mem-
branes were mcotded using n ChemiDoc™ XRS < System (Biotad),
Daring | blotting, the following primary antibodies were used:
AF2he (#47213), Akt (09272). GPX4 (#52455), HO-1 (#5853), [RP1
(#20272), IRP2 (#37135), p44/42 MAPK (#9102), phospho-pd4/42
MAPK (#9101), p27*'"' (#3688), and p70 S6 kinase (#2708) (all
from Cell Signaling), ferrochelatase (s¢-377377) (Sunta Cruz Biotech-
nology), FXN (ST.1113368) (St John's Labaratory), and HAS (ab52939)
(Abcam). Secondary anti-mouse (#7076) and anti-rabbit (#7074) an-
tiboxdies wore obnalned from Cell Signating, The obtained results were
analyzed using Image) 1.41. Measurements of all chosen targets were
d at beast four times.

with U-shaped bottoms (Corning). Cells were seeded at o density of 4000
cells per well and incubated for 5 days st 37 c.mcnmday.llnmo-
dium was removed, and freshly prepared solutions of tested I

were added: MS168 at the concentration of 65 uM, MSI79 at 5 uM,
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4.12. In vivo studies

4.12.1. Zebrafich Toxicity Studies
Toxicity analysis was conducted using freshly obtained zebrafish
{Danio rerio) embeyas, which were distributed onto 24-well plates, with
5 embryos per well, two wells per group. The embryos were maintained
In E3 medium and subjected to treatment with MS168, MS181, and
mzﬁllmm@mmommuﬂmumplm:s.?mud
embryos were incubated in & lle) in an incubator st
o constant temperature of 28 = 0.5 °C and a day-night cycle of 14 b of
ligh followed by 10 b of darkness. After 96 h of expasure, the following
were I | 1| coagulation of embryos, | 2]
absence of somite lomwion. (31 wil separation, and |4 absence of
cardiac activity.

4.12.2, Zebeafish xenograft experiments

Tumor LN-229 cell lines were cultured until cells reached 70 % of
confluence, then washed with phosphate-buffered saline (PBS), de-
tached, and stained with Vybrant CM-Dil (Thermo¥Pisher; 4 pL/mL in 1X
PBS) for 10 min at 37 "C in darkness, The d cell suspension was
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Acknowledgements

The financial support of the Natlonal Sclence Centre grants 2020/
39/0/NZ5/02342 (AMW, PZ) and 2019/35/B/NZ5/(M208 (KM) is
greatly appeeciated. Crystallographic data for MS168 was deposited in
the Cambridge Crystatlographic Data Center (CCDC: 1422303), This
data can be obtained free of charge from The Cambridge Crystailo-
graphic Data Centre via www code cnm, o ul/sroctures,

Authors’ Contribuations

V2 performed the biological assays and the chelation studies,
anadyzed the dota, and wrote the manuscript; KM performed the kinase
activity Inhibitton and binding affinity studies, dmrlbed these dum. and
supervised PZ during the biological part; PR j §
described, and supervised PZ in the chelation studies; MK and MS per-

resuspended in PES to a final concentration of 2.5 « 10* cells/ml. Flu-
orescently labeled cancer cells were injected into the yolk sac 2 days
post-fertilization (dpf) of eebrafish embryas, Before Injection, mbry!»
were anesthetized with tricaine. Each embryo dved

fi d the synthesis; ABC perfi d and analyzed i vivo studies; MP
performed and analyzed mnlcculn docking; MKS performed single
crystal measurement and refined the erystal structure of MS168; and
AMW created the research hypothesis, pl d the exper

500-1000 cells. Successfully engrafted embryos wm imaged {Zwiss

fyzed the data, and wrote the manuscript.

Discovery V8) to assess tumor size and subseq i d into
treatment groups: E3, MS168 - 0.5, 1, 2.3|M.M$IBI 0.5, 1, 2.5 uM,
and MS165 - 0.5, 1, 2.5 M. Then, the embeyos were incubated at 31 'C
for 72 h but monitored dadly to eventually remove dead embryos. At
72 b postinjection, tumos size was d vin image analysis. Fluo-
rescence images were captured using a Zeiss Discovery VB fluorescence
microscope and analyzed with FLIL/Imaget software to quantify tumor-
derived fluorescence at injection point and 72 h post-injection.

4,13, Stanstics

1Cap values of tested compounds were determined with nonlinear
ion analysis. Resuits obtained during Annexin V binding assays
mdkoskwmumemmmdyudmlngme-wuy ANOVA
multi-comparison analyses with Bonferrani’s post hot test (*p < 0,05,
**p <001, ***p < 0,001, ****p < 0.0001 vs. control) as a result
correction, The acumy of mpwu tyrosine Kinases between tested TSC
ds and posi ~ Osimertinib were analyzed using two.
way ANOVA mlﬁ{mrparison analyses with Dunnett’s post boc test. All
aforementloned statistical analyses were performed using GraphPad
Prism 9 software. The rest of the data was shown in the form of mean &
SD for three to four independent experiments,

CRedil authorship contribution statement

Maria Ksigzek: Methodoloxy. Investigation. Anna Mrozek-Wilcz-
kiewicz: Writing - original drafi, Supervision, Praject administration,
Methodology, lnvemgallm, Funding acquisition, Concepruakization,
Anna B Writing - review & editing, Methodol.
ogy. luveulgauon Marcin hcholayk: Writing - review & editing,
Methodology, Investigation. Mateusz Korzec: Methodology, Investi-
gation. Maciej Serda: Methodology, Investigation. Patrycja Rawicka:
Methodology, Investigation, Patryk Ziola: Writing — originnl draft,
Methodok I Katarzyna Malarz:
Writing - oﬁm deaft, Supervision, Pm;ea administration, Method-
ology, Investigation,

ation of C ing [

¥ 5

The authors declare that they have no k ing i ial
mmorpamdrdaumﬂpthamldhmappumdmmﬁnm

Appendix A. Supg

rting information

Supplementary data associated with this asticle can be found in the
online version at doi:10. 1016, ) opha 20251 |HES2

Data availability
Datn will be made available on request.

References

Merides
pritize-dertemt thitmenicsrtsocne

(0] LA Lomwt, MOA Seonrms 1LG. bew Sammio, 1€
vt al, Geliamd (1) comgirnes with 206

L Bl 10N, Deghentan

Bt and cytosscc «ffeets sod
Iuleafin, FabMetstn 3641) (3M13) 18] 80,
L O Agtinn, GE Matliew, B Argelinl M, Vetsaoeentl, G Anpetes Tlooes, A Aryped
ol al, Wological insestigation wl Noaeaiy] limetoiu hatimes s metisticon bl
egeerres utal Dactonial cotbstie sbpidrmes nhiMus, | Exsyes hil Med O
1Y (1) (1225 886971

RS0 w0 The IRIITRCTMIE WD

2]

3] I Sdipe BN Yadur, Mibossrtracarbasmes e prestd dtntitsncet spoess sl thel)
sreachen of Letioat, Misd Sov, Med Chasse. 30 (] (3020) &36- 081

4] 15 Adtideet A Garal. KO Manandber, N Yadae, Prontine bt NS
tradesonic chitmess thiotomicarssmmnes and thetr Crppen(il) complenes symibesd
chroatertzation, e astenocer sctivity, ACS Ovega T (5 (20221 MHTH. RS,

15) W U B, Dlchetard, CA GrapperSunm, Aniifungal sctisiry of
I oeenicarsscones, bl theosenicartuscoes), and e weval complones, | Inocg
Bie2em. 2 JIE) F1IA3

16] T LA M. Le, It Weon, 2 S, £ Wimg S Dhang. vt Wb, fanural prosfucts (o ¢fop
prnertie shimesicarisssne derrraties of Laetyd N benry lindoss o
anttfurgsd wrettts snd theer meshanmn of artbos, Paal Manag Scb. 29 (8) (2027)
Ml 2310,

(7] W Krisbnan, K Prathiba, Y, Sapspoakands, A, M, N Misdies, I S e al
Nirertasis and silnpshestile regdacsaw tnbiibarory activily uf thilssera stz
Bioryg, Ml Chemn. Lerg. 1N (23 CONNI G40 350,

18] A Mouthy, N Oyrguets, ML Nenow, 104, Virmandies, Uvselaparem i
eulrmise teductaes B 4 MW suuLue srtivity selatsombim,
Mist Ron . Mexd Chess 13 1131 (2050) ERRS-INTZ,

9] L2 Keotggddorgles, CAL Kesttughbephie, Dot sd chebatlioe i Iochietniry sl

HeOie: new

chen e mtoorallieg von meetalad et wad resiing selised
lheseee, Coll )
(10] O.¥. Selyutivm, ', VK Kakbstast, EA Shcteprova, MO Asadd, It Afre
o al, Awsirbess sl b desven redog sl
f imrivelbey amel bioelhes, Blieim
2} 10T,

Sppddrel’ el senlin baciitiaie
Wophvs Artn (O0A) Gen. Sl

prrrmtilay
AL RS
5 Plyma
ol, Acoretry

nj

o elecvacheniog prog
Ulapive a8 ey anadops, IWIT 3 Ty
WD Welch T2 tavis. 5.0, Aust, from autudds u | peserstion
oty of bulfers, Ugaods and chelosaes, Arch. Biatiem Ihpu-- T L2 20D
- 09,

na

65



b2l

na m wm.c MWLMM&.IWM—-.ILM{AM-J
of Fe{ll

and FoLTID Meimycs by
di ey W regdin comers sl aialyvie of
ermtive ppecies Bemutin liy BAB spia tgping, Free Rade. il Mad 00 (2007)

83104,

114] K Matary, A Serek W lzksemcn, M, Serrts, M. Wegrmemd, J P, I Mt
The roin of oxtidarive smvwe i acrives of snemc thiermcarimames,
Cmcagsrgent 9 (3%} (01 R) 17088 17710,

ns cu Weekdes, . He, Devfapong drvgs g e &

m roval exth

Dpat. Chen Wol. 37 (57) 20632,
o) cc mll Zabigm, Cyattive anif g
teantalet trad Wit usstias wyhteem ol ) (<), Khdewy Dir o (2) C2005) 653G,
7] A Walesmet, 1 Kunustatn Sills, ) Keayiyest. (L0 Adessaga, (x5 Saliesneddi, 1
B Linvjey, ni.hwpl—‘lxumd-n;lhyﬁ-nul
teepity
derris -“h‘ Al hllhu-p-l.J-n&d—ul
(013 €381 )
(18] © Yo, B8 Riakmureskd, 2 Kirvnowrsis, AN Stafabon, 100, 2ammsstr, O Siefned, ot al,
mmmwmmummmmmm

Iy " ~

4. Mest Cheenn, 52 (1T (300)) 3277 520,

119] & Shenoy, IR Cootmr, A dimer ook at the e of b m ghtiomma, Nesan
s, 35 413) 12021) 2136 2140,

£20] ¥ Shguanin, $A, GAlaal, M. de Wi, | e Heeey, K Draalami, J vin Hiee et b,
Thhe ESENVIT wanms e 10 gloslaetiene: & mensomies wsalpss, Netan Osond
24 (1) (A2 420 a4L,

121 N tsshy, 12, A% Muhand, N, Krarctienb Balista, Undentiding s

L v gt halivery bsrrios, f22 0 N0, S,

aumm

1220 F L% Yo L Zhe, QN0 The mie of XibAGE- 1R signsting in the rrgetaoon of

ooy wrom eells, O, m w Illi"mﬂmm

123] M. Serria, A Mined M:l&l.mmu\w
1

m»mmmnnmm 1348 13500
126] M. Snde, DN Kallimsmibl, N. Nasku, £ Putisckivg, A Mot Wilcthiones,
lw—d.nALh.lmhmmhmdmw
i thrgh the ™ e

AR—— arditizmadripn, PLGS Owe U (00) (2004) 0130251,

m kum&mtﬂ-h‘ﬂ Higervszead, 1, Wikl I Marswil, Astiareet
actietty ol the thhwermmarisaunes (b are hasd on @2 peridae betone and
qromntse soety, B £ Mol e 174 (20090 180194

m B ek, U Maral 5. Ry, IU Sk, AK Ghasty, RS Fawge, A omdth sespurrslve

based prove oy wd ol preup 12 el
s aad |ty appitcation (n bk e N, §, Cliems 43 185 (0081 T3157- 15564,
127) MLF. Puser. E Boares, 5. Yadlsat, O. Thovnas, Hiddes soshiees polio) o
wissciri. Appd 55 (4} (2004 480 4%,
28] I,MLP Muwwum&mﬂmnm
be Ohntrogy with hroo ehielatury o
Q—u—hmmm&”’d LN L2004 100,

120]) & G, . Ciss, X, Ahong, V. L, B L, M Jlang, Dvsdgemng st amicyieer #iH)

cmeglen as gole AT e | pel: 1 iedailetor, ot ), Bk M Jur
L CAS) YIRS,

130) 2. e, Y. Goo RA M, LY. Dang, 22 Gw L Wang, o 4, Copper onmglesies
wiek quom e thaesemicartuzme hyoral fgand proamating apepriai by sansng
0FRA sodl mitochandne dusl Teshons, 3 Mol Ames. 1314 (00M4) 18779,

[Sll L2 &V u;.l V&q Lu.LDou.l vm;.cul.mh_nhnlﬁdhyt

i il s etgper
oo bell destl, (lecol. Mugs X7 (3) (2047) bps A6AL

-

Mueseibcine & Prihenpy 192 (2025) 118692

132] A Termen, 7 Kuex, Cywinomal lwa, s chelation, s cd death, Aatinall. Bsjos
uulumanmnm
139] M. Gerenusgh, J MMMMHIMMM«
aness i ale “8 dinrane, N feese Bt 62 (3) (DE13) BAN-E55,
134] .\memu.cn.muuu.l Liar, V. $lens, $LA Erredy, ¢t al,
v avetal gy ufmr.t

e, Aeb oo th

dnm\ndy.ammmblmmn)lm 1431,
13s) I.MAIII.J. l.nml.m i
uamnmm'" I Bz, um-mo—
umnmmnmm
136] I.Ahnu.l' Muﬁ.M.CnhD Nnh.l.ﬂ.llqu,l il Garela 1t ul
Y b taskose uierns tadl
lm-llmqh“ml l-q.wmlm»nm
137) SK Chlosg S8 st LG Chanp, The rolo of HO-1 and = ervsstall with
niilative starms o surey ol survival, Odla 10 (9) (302311
196] B Lk FLE Lemtg, 2W. Baun S0V Lun, S0 Xu. LCSpmem X Gui, © Cuasy
GIA aaix an anyp dani #pseemn b the fonmy o droy (missam
wollid vy tenngsy, From Flam 10 (3922) 910230
(39 ¥ Lhi 6 L Ll Wu, L Yarg, L Y 3 Wang, The diverstfing rede of
_mpectinedony n oo (i cancer, Cell Doath D, 14 (85 (3032) 519,
140} MM&IMAM!MWMNLI.I.MMA.MM
A o, % AL,
und i} W e mmumywwnn-
eficaey, Bioorg. Med Chest. Lett. B2 (17) {3002) 35278511
(93] 00 Lomrgg, 8.C Choedy, 1A, Winsru, Toe plisiclugicad fnstiom of un
ortweine o reom honvestamn © s tpekwe, Freng Phanm, 8 12904) 124,
42l o o, T ﬁub-\'u. Dalfy &'.Mlui.mhhmmm:*
f v pensiy anthe Sordeis, Prom Cell D
fiol 10 42072) #9459,
(431 M.E Wabar. b B, G Kim, Targetong the RASHAE MAVE partway Sor conces
eraps foumn mockamsam so cliniod sudies, Sgral Tresdact, Teeges Ther, W (1)

() 4n ,
(48] AL Duars, 1. Nenton, N Olivewrs, MO Scettin, AC Ry bisulin
againnl coobitlvie strese o rmmdioned Wy Al st CHK et
pettboways ined chusmpes b prrein vipresson. Rischim loplye Aot 1760
(8) 12000) W& 300%
48] CN. Han ¥4 Garg, ¥ L1 T Vang, DF. S 1L D, ot al., drsilis e grndi
Bt | m-pummunpnmhwmmh Indtuend wzidanive strem,
i D (10D (200 1) ELIM- 1127,
48] 11 dm\'.llm".“n;“tm QN Shangtiuan, X Zraeg, v 4l ke
of NOSRIHATPEULERS slgnaling in MS1615 avaliaed blood tusi e
ty lecrense, J, muam«mmmmnz
Daeugh Leewd
et L Bl M L

et Fl
o Tocus o TTRE e Leryog i
TS (1% 2 (20241 134077,
48] 2 S, M Barakat, D Ohen, L. Chens, B Dalue tght jusssons s winnd heling,
b L Ml Sl 1% 002) (),

[49) Y0 atag, 00 Rtwn T, QUi b Zoergg, W00 Wk, 22 L. ot ok, Ithdd Srain
harnee peemasahitay ot gefiesih 1o pattents with beain tesasaves from men ol
wedl g cvaner betore sl thetng whole Seain rvdtation thermpy, Urevuspes &

L 1500 (20151 BN K170,
190 CiM. Shelibrick, Crpeal strusture tedtasstien with FITELXL, Acta Cryvtalligr € 71
LT 1) IR A

66



4.3. [P3]. Styrylquinoline derivatives as IGF IR inhibitors

Autorzy: Ziola P., Malarz K., Pacholczyk M., Cieslik W., Rawicka P., Musiol R.,
Mrozek-Wilczkiewicz A.

Referencja: ACS Medicinal Chemistry Letters, 2026, 17(2), 351-357
Numer DOI: 10.1021/acsmedchemlett.5c00526

Impact Factor czasopisma: 4 (2024)

Liczba punktéw MNiSW czasopisma: 140 (2026)

Mo6j udziat w pracy polegal na opracowaniu metodologii, wykonaniu badan

cytotoksyczno$ci oraz pisaniu manuskryptu.

67



ACSMedicinal
Chemistry Letters)

Pt scs orglacsmmde hwerbuit -

Styrylquinoline Derivatives as IGF1R Inhibitors

Patryk Ziola, Katarzyna Malarz, Marcin Pacholczyk, Wioleta Cieslik, Patrycja Rawicka, Robert Musiol,
and Anna Mrozek-Wilczkiewicz”
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ACCESS | Ll Metrics & More B3 article Recommendations | © Supporting Information
ABSTRACT: Styrylquinoline analogues exhibiting antiproliferative ST aym USSP W
activity against glioblastoma multiforme were tested for tyrosine = o 4 0 & ST o
kinase inhibition. A peeliminary structure activity relattonship analysis L ol |+ o SO, R SHL° 55 C 5
based on previous results showed that the styrylquinoline fragment is S - ey - . Ay
a promising privileged structure, The addition of appropeiate 117~ i ' v o
pharmacophores to both the quinoline structure and the benzene <~ . 01 ~

ring. which was attached to the 2-position, significantly altered the ™~ > 1 °
antiproliferative properties. Namely, OH or NO; substituents had a -, e » ":
positive effcct on activity, while F and OAc molecular fragments had - "~ = wu ’

a negative impact. Screening conducted on a panel of receptor ©  ° ® v‘,
mumhnesmkdﬂnhghpmudnf&emted:mpomdn o Y
for use as msulin-like growth factor 1 recep - LI

docking petformed on the insulinlike growth factor 1 receptor
mpho:p&wrylmd inactive conformation supports screening results suggesting high binding affinity of the active styrylquinoline

KEYWORDS: styriquinoling IGFIR infibitors, antiproliferative activity, glioblastoma multiforme

el growth in organisms is regulated by multiple sy inhibi These receptor tyrosine ki share ap |

including growth factors and their corresponding 70% sequence homology and are activated by dw same mwth
receptors. These molecules play crucial roles In signal factors, and mnhxpl tudies have d
transduction and, consequently, in the regulation of cell between them.” Due to their high similarity and compk-
proliferation and survival—a nhtlonship that becomes mentary roles in cellular signaling, many IGFIR inhibitors also
especially evident in cancer prog Overexpression or inhibit IR to 2 comparable extent. A key example is linsitinib
matations of certain growth factor receptors are ch i (Figure 1), a small-molecule ATP-competitive dual IGFIR/IR
of many types of neoplasms, such as aberrant activity of the  inhibitor.” Despite the high affinity for these RTKs, linsitinib
insulin-like growth factor | receptor (IGFIR), a receptor exhibits high seloctivity, showing more than 100-fold selectivity
tyrosine kinase (RTK) that plays a major role in cell over other similar ki Therefore, this compound & the
prolifecation, carcinogenesis, and tumor growth.' IGFIR s most advanced prospective drug with a mechanism connected
activated by binding to two insulin-like growth factors (IGFI with the inhibition of Insulin-like and thyrotropin (TSH-R)
and IGF2) or to insulin, with the highest affinity being to receptors, being in phase 2b clinical trials.” Recently, Boutin et
IGF1, leading to an initiation of downstream signaling al. revealed that linsitinib inhibits crosstalk between IGFIR
pathways. Its mutation or dysregulation has been noticed in and TSH-R in human thyrocytes and also in vivo."
multiple cancers, mdudmg breast, P‘“““‘ and colorectal Other examples of IGFIR/IR inhibitors are PQ401, with a
cancers, often ¢ and poor quinolone scaffold, and NVP-AEW-541, which is based on
proghoss. Recent repors sggent tht G IR targeted therapy pyrimidine. Similarly, BMS-754807 binds with its benzimida-

could also be effective against glioblastoma multiforme . 2
(GBM)." Inhsbition of IGFIR’s tyrosine kinase activity is 'x;::c ;0';"7 ‘e IG';'?S foATlt‘lglhyd“g bondsland;x mw‘“ﬁ
expected to weaken dovwnstream signaling and thereby impede o Baccod s bl s

tumor growth. Therefore, targeting 1GFIR has been revealed =

a1 a promising strategy in cancer therapy. Although this Recesved:  September 2, 2025 p ot

therapeutic direction Largely lored, there is an Revised: - Jansary 9, 2026 Py -

increasing number of eports on new inhibitors of IGFIR and Accepted: Janary 12, 2026

their potential use.' Published: Janwary 16, 2026 - {‘ £
The importance of heterocyclic moleties in inhibition s =

evident in the well-known IGFIR and insulin receptor (IR)
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Figure 1, Desgn idea g to small fragr ch hod. Analysis of known inkib of IGFIR and anticancer SQs supports the
current investigation. The (sm'yl)qundmc ‘motif is denoted in red,
the di of the mitochondnal L '" and the

molecule inhibitor s the curcumin denvative, A(‘S}S, whnd: 15
).

o of the p33-dependent apoptotic pathway. Given that

2 competitive tyrphostin (tyrosine phosph
llsacﬁvitymmklmayalmaphlndnmtmmxumyof

curcumin, which has been ¢ d with the d
of IGFIR gene expression at t!u transcriptional level,'”
M pound picropodophyilin, solated
from podophyllum resin, has been described as an IGFIR
inhibitor; bowever, its plausible mechanism of action also
covers an insnlm-independent pathway via mitotic catastrophe
and tubulin depolarization.' Picropodophyllin & a highly
selective IGFIR inhibitor that functions through a non-ATP-
competitive mechanism.” It blocks IGFIR autophosphoryla-
tion and consequently s the Akt pathway. Partial
degradation of IGFIR (30%-50%) after contact with
picropodophyllin has also been observed, which may
contribute to its anticancer properties. Notably, picropodo-
phyllin does not inhibit IR, but demonstrates a greater
selectivity against [GFIR than its other inhibitors, Usage of
picropodophyllin and is analogues, such as an AXL-1717,
which has entered phase 2 clinical trials, allows for the
development of an allmutlvo treatment  strategy against
IGF1R-dependent neoplasms,’’

An intriguing observation can be made regarding the
structural features of the described inhibitors: they Incorporate
multiple pharmacophores, including quinaline, caffeic acid, and
styryl moieties. This structural convergence prompted us to
revisit our styrylquinoline {SQ) library as potential inhibitors
of the target protein. Although direct studies exploring
interactions between SQs and IGFIR are limited, the intrinsic
characteristics of SQs, particularly their planar, aromatic
architecture, and metal-chelating abuhty, support their candi-

IGF 1R signaling is closely linlmd to the np:hbm ofammh,
idative stress s, i ' the
relevance of SQs in this context bocomes even more appealing.
Further stmctunl mﬁmmmu, such as the introduction of
hiads (] or ‘9 o ‘u"e ot % w xt
as multikinase inhibitors, E‘thcd et al reported thiadiazole-
based 5Qs with submi lar activity against HepG2 liver
and colon cancer lines, functioning as "EGFR (epidermal
growth futor receptor) kinase Inhibitors comparable to
sorafenib.”' In our research, similar activity was observed,”
which suggested possible cross-reactivity or dual-target
engagement within the RTK family, We also Indicated
significant interplay bety iron fon chelati and Tl
inhibition of the EGFR receptor signaling pathway.”'
recently, in a series of SQs, stractural features
the selective inhibition of the different onentations of the DFG
motil (Asp-Phe-Gly) in ABL kinave were revealed, further
highlighting the potential of this direction of research.™
Moreover, studies on IGFIR Inhibitors further support our
observation. The knowledge that has been gathered on known
inhibitors enables the identification of key interactions, and
even specific fragments, that may deteomine the desired
biological activity. An interesting example Is the work of
Moriev et al,”" in which the authors identified several novel
chemotypes with attractive properties and structural novelties
as potential IGFIR inhibitors, They focused on two main
approaches for selecting these compounds: ligand- and target-
based selection, One of thelr structures resembled the SQ
skeleton, Similarly, Fang et al, by virtual sceeening of the NCI

dacy for targeting ATP-binding p or modulati

downstream kinase activity, Our research group pumousay
explored SQs aver several years for their antimicrobial " and
anticancer'“'" properties (Figure 1). Their activity is largely
mediated through the gencration of reactive oxygen species,

182

database of IGFIR inhibitors, selected several quinoline-based
structures as potentially active.™

SQ derivatives have been studied by our team for many
years, in particular those with substitution at the 2-position.
The compounds Investigated in this study were synthesized

g Y G | 01 00 e vt v et SO 0050
ATS Mad Chem Lerr 2004, 37, 281-257
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Table 1. Cy y of 2-Styryloquinoline Derivatives against GBM Cell Lines”
Compound e *‘|
mﬂn(nmn(lmmn ’,)\“' N '/ o 1Cw values [nM]
*coding fram 2
[18] 3 R LN-229  TONG
1.

ESS(10u) S oz
ESIB (4b*) bl e
ESITRB (6h) 5-OH 2-0AS-CL
ES18B (Kb) *OH 2016 F

ESSE(Te) 5. 7C1LROAc 201

ES20A 5,7CI-R-0A¢ 2301
ES20B (5d) 5,7-C1-8-08 23-Cl
ES2A (%) LRFEN NI 2010F
ES248 (0d]) 5.7CLs0n 2.CI&F
ES298 (7d) §,7-CI-8-0H 241
ES28B () 5,7-C18-0H 3ON
wssA Gl | SCHROAS INO;
ES28H (124) 5,7-Cl1-8:01 24
EstAy | DCBOAS 3-N0:
ES268 (134) $7C18-0H 3- N
ESTTA e 57C1B-0Ac 4 NOy
ESYTB (14d) $,7-CI-8-0H 4- NO;
EStA e | STOHOAS 34-NO:
ESASB (150) 01800 244 NO;
ESS8A (15c) 5.7C1-8-0Ac 2-0Ac-3- NO:
Erlotinit

“Color scale: green (<5 uM), yellaw ($—10 M), ocange { 1020 M), red (>20 pM). Bold mdicates the most active compound for each cell line.
IC,;, values are presented in the form of mean = SD from 3—6 independent experiments.

and characterized in our previous studies.'"' One of the
topics we focused on was their activity in the context of their
impact on the p33 protein, In these studies, we analyzed colon
cancer cell lines (HCT 116) with a different expression of the
TPS3 tumor suppressor gene, In the present paper, we present
4 structure~activity relationship (SAR) analysis based on the
activity data of the GBM cell lines LN-18, LN-229, T98G, U-
87 MG, and U-251 (Table 1), A general SAR analysis revealed
several key pattems consistent across most of the tested GBM
cell models. The highest sensitivity was observed for the U-
251, U-87 MG, and LN.I8 cell lines, which showed the
greatest proportion of active compaands with the lowest 1C,,
values. These cell lines are also among the most widely used in

353

Ti =Y

and closely reflect the typical drug
mpome profile of GBM. The LN-229 cell line exhibited
maderate sensitivity, but some compounds (e.g, ES25A and
ES48B) showed significant activity, In contrast, the T98G line
was the most resistant, with only ES28A showing moderate
activity (1836 uM), confiming its value as a model of
treatment resistance.

In the amalyzed compounds, the presence of chlort
substituents on the quinoline ring (5,7 Cl) was significant.
Their p lly correlated with higher biological

acznnty. which could have resubed from  their impact on
lipophilic properties (higher Iog P) and their ability to interact
with biological The i at the 8-position of the

ae

L L L e
AT Mad Chem Lerr 2004, 57, 381087
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Table 2 Inhibition of IGF-IR Kinase by Tested Compounds™

Degree of inhibition (%]

IGEIR 1 6295 1840 228 63s 9.31 1z LRO8 6156 s1Ls9 SH00
“Color scales green (>60%), yellow (>50%), orange (>10%), red (<10%). Degrees of inhib are p d as mwean g ages from three
independent experiments.

Figure 2. Molecular docking studies of ESIB: (A) ES3S, (B) ES43A, (C) ES43B, and (D) IGFIR unphospharylated inactive conformation.

quinoline played a further significant role. In most cases, the
hydroxyl substituent (8.OH) exhibited better biological
properties than the acetoxy group (8-OAc), as observed,
among others, in the compound pairs ES4SB/ES4SA, ES27B/
ES27A, and ES20B/ES20A. The presence of the OH group
was assoclated with a lower ICy value, which may have
resulted from improved hinding ability to biological targets or
increased polarity, facilitating cellular penetration, However,
this relationship was not entirely clear-cut—in some cases,
such as ES25B/ES25A and ES26B/ES26A, the differences in
activity were modest or even reversed, depending on the cell
line. This finding suggests that the effectiveness of the hydroxyl
group may depend on the presence of other substituents, their
Interactions, and the molecular charactenstics of the specific
cell line. Compounds contaming nitro (NO,) substituents on
the phenyl ring demonstrated pamcuhdy strong, activity,
which is consistent with our previous work. ™" The presence
of these groups nmited in the lowest 1C,, values across the
entire d set. C d ES45B, containing an NO,
Minbmhtbeonhuandpmpmﬂbmofﬂleﬂumylnng
and an 8-OH group in the quinoline, was the most active
compound in the entire series, demonstrating an 1C,,; of 0.26
#M against the U-251 cell hine. High activity of this compound
was also observed in the LN-18 (2.90 uM) and U-87 MG
(1.13 pM) cell tines, suggesting that the presence of two NO,
groups on the phenyl ring signibcantly enhanced the anticancer
activity. Compounds with a single nitro substituent wore
characterized by lower, but still sigmﬁ:ant. activity. For
cxample, the ES25A derivative d d activity ag

all the limes, including the resistant TISG line (1836 yM).
while ES26A showed moderate activity against LN-18, LN-

154

229, and U-87 MG, Comparison of these data Indicates that
the presence of a single NO, group may be sufficient for a
maoderate biclogical effect, while the system with two nitro
groups acts synergistically, especially in the context of
appropriately selected other substituents (e.g, OH at the 8-
position of quinoline).
1t 1 also worth noting the patterns of inactivity in d:e
studied sertes. Certain substi combinati
significantly reduce the blological activity of the wn:pounds,
which may Indicate their particularly mlavouble structural
profile. For le, the p e of afl p at the
ortho position of the pbcn)i ring (eg, ESISB or I.‘.SMA)
correlated with Inactivity in most cell lines, suggesting that
ﬂuoﬂnc. despite its frequent presence in drug design, may
fere with interactions with the molecular target at this
position or negatively impact the pharmacokinetic properties
of the molecule. In compatison, substitution of the ortho
position of the phenyl ring with jodine (ES298B) or chlorine
{eg. ESS, ESSS, and ES20B) correlated with moderate to
high biulogial xuvlly in yarious cancer lines. These results
may inds that heavi gens in this position, uniike
fuorine, favor interactions with the biological tasget, probabl
due to steric effects, polnmbaxty,mdmmpotmmlmm
bahgen bonding interactions. A similar effect i illustrated by
of compounds ES26A and ESSSA, Both
:onuuwd a nitro group at the same position (3-NO,), while
ESSSA differed from ES26A only in the presence of an
additional acetoxy group (2.-OAc). Despite this minor
structural dllferena. the biological activity of ESSSA decreased
ifi pared to ES26A, suggesting that the
lmnduction of the OAc group to the ortho position of the

g N om0 100 wmwnd vt S 0082
AT Mad Chgmy Lerr. 2000, 17, 381-237
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phenyl ring negatively impacted the sctivity profile (see also
compound ESI7B), probably by increasing steric hindrance or
adversely affecting the electronic properties of the molecule,
Such cases highlight the importance of substituent interactions
and their spatial arrangement for biological efficacy. Inactive
compounds thus offer valuable insight into the structural
boandartes of this class and serve as a useful reference point for
the future design of improved analogues.

Promising results for the SQ activity on GBM lines were the
basis for conducting research on the Inhibition of receptor
tyrosine kinases, The experiments were performed on a panel
of kinases (the Kinase Selectivity TK-1 Profiling System and
ADP-Glo Kinase Assay from Promega), and only those for
which inhibition occurred to the highest degree are presented
here. As shown it Table 2, interactions between IGFIR and
specific 2-SQ denvatives varied significantly. Several com-
pounds (marked In green and yellow)—~namely, ES2B,
ES45A, ESSS8, and ES45B—exhibited strong inhibitory
potential, reducing IGFIR activity by $1.59%-62.95% at a
concentration of 1 M,

The remai compounds (marked in orange and red)
inhibited IGFIR activity to a lesser extent (ranging from 6.35
to 18,66% at the same concentration). Further analysis of the
chemical structures revealed that the presence and number of
nitro groups inffuence a compound's inhibitory potential. We
therefore hypothesized that the presence of two nitro groups,
25 In the case of the two strongest inhibitors (ES4SA and
ES45B), may noticeably alter the molecule’s charge distribu-
tion, enhancing its affinity for IGFIR.

In order to confirm this preliminary hypothesis and evaluate
structural details of the inhibitory potential of SQs against the
IGFIR kinase, we performed molecular docking studies, Given
the 2-5Q scaffold, we targeted compounds toward the kinase
orthosteric ATP binding pocket. From several available
structures  crystallized with small molecule inhibitors, we
selected structures in the IGFIR unphosphorylated inactive
conformation (PDB ID: 3023), orginally cocrystallized with
hydantoin inhibitor. Schrodinger’s Induced Fit Docking (IFD)
protocol, which allows for & certain extent of amino acid side

positively charged Lyst033 side chain  electrostatically
interacted with 1 negatively charged O-substituent on the
quinoline (Figure 2D). Moderately active compounds, such as
ES208 and ES28B, relied on dual interactions via a halogen
bond (Met1082 N=H to Cl on quinoline) and Lys1033-
mediated electrostatic attraction to an O- on quinoline, while
ES29B uniquely combined Lys1033—0. binding with a T-
shaped s—x stacking interaction between its phenyl ning and
the Phel131 side chain, the latter imparting additional activity
(Figure SIA—C), In contrast, the least active compounds
(ES28A, ES2SB, and ES26B} were limited to a single
hydrogen bond or charge—charge interaction involving
Lys1033 and their substituents (Figure SID-F).
Collectively, these findings demonstrate that potent IGFIR
kinase inhibition depends on a multiplicity of complementary
binding interactions, particularly those engaging gatekeeper
Met1082 and Lyst033 (f3), such as combined hydrogen
bonds, halogen bonds, electrostatic contacts, and aromatic
stacking, while reliance on only one type of interaction results
in markedly reduced activity. The graph showing the
correlation between the results of molecular docking and ex
vivo experiments proves the consistency of these data {Figure
1), These results indicate that the main skeleton of SQ has the

437+
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£
3 4341
-
O 433
&
4324
4314
43 T T T T 1
L} 1 20 10 4 % L re
IGF1R inhibition [%]
Figure 1. Graph showling the rel. b the i silico

uotlng of the tested u.ompounds o lel R mnphmphatyluml nactive
ian and the% inhibit d in vitro.

chain and g backbone adaptation upon docking, resulted
i1 the molecular poses depicted In Figure 2 and Figure S1,
The docking results revealed that high inhibitory potency
was strongly correlated with the formation of multiple, diverse
interactions within the kinase active site. The most potent
inhibitors—ES2B, ES4SA, ESSS, and ES45SB—cexhibited
inhibition greater than 30% at | uM concentration, correlating
with the number and quality of protein—ligand contacts. For
example, ES2B formed a hydrogen bond between the
gatekeeper Metl082 backbone N-H and the acetoxy
substituent on the phenyl ring, while also enabling the
backbone carbonyl of Vall063 to accept a bydrogen bond
from the hydroxyquinoline O—H, providing a eritical dual
anchoring effect (Figure 2A), The ESS8 interaction was
charactenzed by Lys1033 (#3) donating a side chain N-H
hydrogen bond to the quinoline N atom, complemented by a
halogen bond between the Metl082 backbone N—H and a
chlorine substituent on the phenyl ring (Figure 2B). ES45A
stood out by forming three key hydrogen bonds: Lys1033
interacted with both the quinoline N and the ¥ group (8-
OAc) on the quinoline nng while Metl082 formed a
hydrogen bond with the NO, substituent on the phenyl ring
(Figure 2C). In ES4SB, the Met1082 backbone N—H formed
a halogen bond with a CI atom on the quinoline, and the

o,
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characteristics of a privileged structure, which, when decorated
with substituents in an appropriate manner, forms a
pharmacophore that exhibits strong interaction with IGFIR.

B ASSOCIATED CONTENT

Data Availability Statement

Data are available at xenodo.org/records/ 17404684,

© Supporting Information

The Supporting Information is avadable free of charge at

https:/ /pubsacsorg/doi/ 10,1021 facsmedchemlett. 3c00526.
Supporting Information is available at Material and
methods, including Molecular docking, Cell culture,
Cytotoxicity studies, and Kinase activity inhibition.
Additional figures are also provided (PDF)

B AUTHOR INFORMATION
Corresponding Author
Anna Mrozek-Wilczkiewlez = A, Cletkowski Tnstitute of
Physics, University of Silesia in Katowice, 41-500 Chorziw,
Poland; Departwent of Systems Biology and Enginecring,

g Y B | 01 00 SaCemmdOnam ket SCO0S%
ATI Mt Loy 2006, 57, 381-287

72



ACS Medicinal Chemistry Letters

'ngnh( HCS,

. Lol

Silessan University of Technology, Akademicka 16, 43-100
Gliwice, Polund; & orcid.org/D000-0003-2228-1475;
Emadl: annanmrozel-wilczkiewiczgdus edupl

Authors

Patryk Ziola — A, Chetkowski Institute of Physics, University of
Stlesia in Katowice, 41-500 Chorzéw, Poland

Katarzyna Malarz ~ A Chelkoswski Institute of Physics,
University of Silesia in Katowice, 41-300 Chorziw, Poland;
@ orcid, org/DN00003-4283-3126

Marcin Pacholczyk = Department of Systemns Biology and
Engineering, Silesian Unbersity of Technology, Akademicka
16, 44-100 Gliwice, Poland

Wioleta Cieslik — Institute of Chemistry, University of Silesia
in Katowice, 41300 Chorzow, Poland

Patrycja Rawicka — A, Chefkowski Institute of Physics,
University of Silesia in Katowice, 41-500 Chorzéw, Poland

Robert Musiol — 1 of Chemistry, University of Sikesia in
Katowice, 41-500 Chorzow, Poland
Complete contact inf ion is available at:

lmps /Jpubsacs.ong/ 10,1021 /acsmedchemlett. 5000526

Author Contributions

Potryk Ziola; lnmhgmon Melhodology Writing — original
Methodology, Super-
vision. Mardn — original draft. Patrycja Rawicka: Method-
ology, Data curation. Robert Musiol: Resources, Writing —
criginal draft. Anna Mrozek-Wilczkiewicz: Conceptualization,
Funding acquisition, Supervision, Writing ~ original draft.

Funding

This work was supported by the National Science Centre grant
2020/39/Q/NZ5/02342.

Notes

The authors declare no competing financal interest,

B ABBREVIATIONS

IGFIR = insulin-like growth factor 1 receptor

RTK = receptor tyrosine kinaseGBM glioblastoma multi-
forme

IR = insulin receptor

SQ = styrylquinoline

EGFR = epidermal growth factor receptor

SAR = structure—activity relationship

IFD = Induced Fit Docking

B REFERENCES
(1) Sumpson, A; Petnga, W, Macaulay, V. M.; Weyer Caemdofsky,
U.; Bogenrieder, T. lnsuly Like Growth Factor (IGF) Pathway
Targeting in Cancer: Role of the IGF Axis and Oppostunities for
Future Comhination Studses. Target Oncol. 2017, 12 (&), §71-597.
(2) Li, Ry Poarpak, Ay Morris, 5. W, Inbibition of the insulin-like

design of IRFIGFIR hybrid receptor modulators. RSC Med. Chem.
2022, 13 (4), 360-374,

(6) Mulvihall, M. J; Cooke, A Rosenteld Franklin, M. Buck. E;
Foreman, K; Landfair, D.; O'Connor, My Pirritt, C; San, Y, Yao, Y,
et al, Discovery of OSE906: a selective and omally efficacious dual
inhibstor of the IGF-1 receptor and insulin receptor. Future Med.
Chem. 2009, ] (6), 1153-1171,

(7) Luffy, M,; Ganz, A. L.; Wagner, S, Wolf, 1.; Ropertz, J.; Zeidan,
R, Kgnl._l. D.; Douglas, R §; Kazhaly, G. ]. Linsttinib inhibits

and induces apoptosis of bath IGF-IR and TSH-R
npmemg cells, Front. Dmmeunol 2024, 15, 1488220
(8) Bomm. A,y Eiseeva, E; Templin, S.. Marcus-Samuels, B.;
E; Gersh M C; S Linsitinik
2] T‘ in-Induced  Thyrowd  Hs Synthesis by
Inhibiting (.mlalk Between  Thyroid. mmuhlmg Hormone and
Insulin-Like Growth Factor 1 Receptots in Human Thyrocytes In
Vitro and In Vive in Mice, Thyroid 2025, 35 {2), 216-224,

(9) Tognen, €. E; Sorensen, P H. Targeting the itssulin-bike grawth
factor 1 receptor (IGFIR) signading pathway for cancer therapy,
Expert Opin, Ther, Targets 2012, 16 {1), 3348,

(10) Xia, ¥ Jin, L; Zhang B; Xue, H; Ly Qi Xu, ¥, The
potentiation of curcumin on msulin-like growth fctor-1 action in
MCF-7 human breast carcinoma cells. Life Sct 2007, 80 {23), 2161 —
2169,

(11) Waraky, A; Akopyan, K; Parrow, V.i Stromberg, T2 Axelson,
M.; Abrahmsen, L., Lindgvist, A, Larsson, O, Aleem, E.
Picropodophylin causes mitotic arrest and catastrophe by depolyme-
rizing microtubules via insulin-like growth factor-1 receptor-
independent mechanism. Omcotarget 2014, 5 (18), 83798392

(12) Bao, X. H.; Naomoto, Y.: Hao, H. F; Watanabe, N.; Sakurama,

K. Noma, K.; Motold, T.; T Y. P 3, T.; Shiral Y
et al. 1GFIR and Its inhibi n | carc
(Review). Oncol. Lett. 2010, 1 (1), 195-201.

(13) Berggvist, M.; Hol, G.; Bondarenko, 1; Grechanaya, E.;

Maximovich, A.; Andor, G. Klodkare, M.; Thuseson, M.; lerling, M.;
Harmenberg, |. Phase 11 randomized stady of the IGF- IR pathway
medulator AXLI?L7 compared to docetaxel n | patients with
previcanly treated, locally ady d ar all cel
lung cancer. Acta Oncol 2017, 36 (3), 441447,
(14) Szcxepaniak, |5 Cieslik, W,; Romanowics, A; Muswl, R;
Krasowska, A Blocking and dislocatson of Candida albicans Cdrlp
P by styrylg Int. J. Antimicroh. Agents 2017, 50 (2),
171-176

(15) Masiol, R; Jampdek, J; Bachta, V.; Silva, L; Niedbala, H.;
Podeszwa, B; Palka, A; Majera-Mandecka, K Olelsyn, B,; Polaneki, 1.
Antifungal propertics of new series of quiroline derivatives. Hioorg,
Med Chem, 2006, 14 (10), 35923598,

(16) Musiol, R Styrylquinoline - A Versatibe Scaffold in Medicinal
Chemistry. Med. Chom 2020, 16 (2), 141=154,

(17) Malars, K; Mularski, |; Kuocrak, M Mrozek-Wilkekiewice, A
Musiol, R, Novel Bentenesulfonate Scatfolds with a High Antscancer
Activity and G2/M Cell Cycle Arrest. Cancery (Rasel) 2021, 13 (8),
1790,

(18) Mrozek-Wilcekiowice, A; Spaceynska, E; Mahirz, K Cieshik,
W Rams-Baron, M.. I\.rynd V;Mwml R Design, Synthesis and Ins
Vitro Activity of Anti yrylquinolines. The p33 Independent
Mech of Action. PLoS o.x 2015, 10 (11), No. e0142678.

growth factor-| receptor (EGFIR) tyrosme kinase as 2 movel cancer
therapy approach. J. Mal. Chem. 2009, 52 (16}, 4981—3004.

(3) Ma, Y, Tang, N Thompsca, R C; Mabley, B. C,;, Clark, §, W,
Sarkaria, J. N, Wang, J. InsR/IGFIR Pathway Medutes Resstance to
EGFR lnhubnon in Glioblastoma, Clin. Camcer Res 2016, 22 (7),
17671776

(4) Crudden, C; Song, D; Cismas, 8; Troeme, E; Pasca, $.; Calin,
G A; Girnita, A; Girnita, L. Below the Surface: IGF-1R Therapeutic
Targeting and Its Endocytic Journey. Cells 2019, 8 (10), 1223,

(5) Tuevey, S. J; McPhillie, M. J; Kearney, M. T; Muoench, S, P;
Simmans, K |5 Fishwick, C W G, Recent developments in the
structural chasacterisation of the IR and IGFIR: implications for the

150

(19) Mrozek-Wikxksewics, A Kuczak, M. Malarz, K; Geeshik, W,
prqmlu. Eij Mmml, R The !yn!huu and anticancer activity of 2-
ApS3u dent mechanism of actioa,

Eur. I Mﬂi Chem. 2019, 177, 33!—.“9.

(20) Papaconstantinon, J, Insulin/IGF-1 and ROS signahing pathway
cross-alk in aging and Jongevity determanation. Mol. Cell. Endocrinol.
2009, 299 (1), 89=100,

(21) ElSayed, M. Ay El-Husseiny, W. M.; Abdel Azix, N. Ly El.
Auab, A S Abuclizz, H. A; Abdel-Aziz, A A Synthesis and biological
evaluation of 2-styrylquinolines as antitumounr agents and EGFR
Kinase inhilvtor: molecalae docking stady, [, Enzyme Inbib Med,
Chem, 2018, 33 (1), 199-209

Mg om0 02 rm i Vs s S50
AT Mad Chem Lerr 2004, 57, 381087

73



ACS Medicinal Chemistry Letters

pnh( HCS,

(22) Mulandi, |4 Malarz, K.; Pacholczyk, M. Musiol, 1L The ps3

mbimg ageat CP 3]398 and multi-kinase inhibitors.
izing and s g of styryiquinazoline series. Ewr. [ Mod.
Chﬂn. 20!9. 163, 6|D—62§

(23) Malirx, K; Kuoceak, M; Rurka, P; Rawicka, I'; Bogussewska-
Canbara, Ay Jamplkt. Ji Mulaeski, Ju Musiol, R; Mrozek-
Wikakiewisz, A Unveiling the lult of Ndngl gene on dn ondnuw
stress induction behind the P | of syr
derivatives. S Repe 2025, 15 (1), 16081,

(24) Malarz, K; Mularski, ); Pacholezyk, M.; Musiol, R.
Stynlquinazaline dertvatives 15 ABL inhib lective for different
DFG odentations. | Enzymee Inkil. Mol Chem, 2023, 38 (1),
22014100

(25) Morev, R, Vasylchenko, O Platonov, M.; Grygocenko, O,
Volkova, K; Zoxulya, S. ldentification of Novel IGFIR Kinase
Inhibitors by Molecular Modeling and High- Throughpat Scresning,
Acta Naturae 2013, § (2), 90-99.

(26) Fan, C; Huang Y. Xy Bao, Y. L Sun, L G Wi, Y Yo, C, Ly
Zhang, Y.; Song, Z. B; Zheng, L. H.; Sun, Y; et al Virtwal screening
of specific insulin-like growth factor 1 receptor (IGFIR) nhsbitors
from the National Cancer 1 (NCI) moecular database. Int, J.
Mol Sa. 2002, 13 (12), 17185-17209,

(27) Kucxak, M,; Cieslik, W,; Musiod, 1t; Mrozek-Wilcekiowicz, A, 4-
hranylvhqumnolsm derivative as a new scaffokl for the dessgn of

ilative stress ini and g nsp inhibitor drugs, Sci
Rep. 2024, 14 (1), 25454,

bha )

357

g G r.- mlu)’ L Lo
Chem Lerr 2004, 57, 301-257

74



5. OSWIADCZENIA WSPOLAUTOROW

dr hab. Anna Mrozek-Wilczkiewicz, prof. US Chorzdw, 22.05.2026
Instytut Fizyki im. Augusta Chetkowskiego

Wydzial Nauk Scistych i Technicznych

Uniwersytet Slgski w Katowicach

ul, 75 Pulku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, Zze w pracy:
[P1]). Malurz K., Ziofa P., Zych D., Rurka P., Mrozek-Wilczkiewicz A.: ,, Imbalance

of redox homeostasis and altered cellular signaling induced by the metal complexes
of terpyridine™, Scientific Reports, 2024, 14, 26951

mo) udzial polegal na przygotowaniu hipotezy badawcze), omdwieniu wynikéw oraz pisaniu
manuskryptu.

[P2]. Ziola P., Malarz K., Rawicka P., Korzec M., Serda M., Boguszewska-Czubara A,
Pacholezyk M., Ksigzek M., Mrozek-Wilczkiewicz A.: ,,The multifaceted mechanism
of action of quinoline thiosemicarbazone based on disruption of iron homeostasis
and selective IGFIR inhibition leading to oxidative stress induction”, Biomedicine
& Pharmacotherapy, 2025, 192, 1 18692

moj udzial polegal na przygotowaniu hipotezy badawczej, zaplanowaniu eksperymentow,
omdwieniu wynikéw oraz pisaniu manuskryptu,

[P3]. Ziola P, Malarz K., Pacholczyk M., Cieslik W., Rawicka P., Musiol R., Mrozek-
Wilezkiewicz A Styrylquinoline Derivatives as IGFIR  Inhibitors™, ACS
Medicinal Chemistry Letters, 2026, 17(2), 351-357

moj udzial polegal na przygotowaniu hipotezy badawcze), pozyskaniu finansowania, nadzorze
merytorycznym prowadzonych eksperymentdw oraz pisanin manuskryptu.

Signature Not V:Pﬁ
Dokument podpisany grzez Anna
Mrozek-Wilczkiewrez

Data: 20260522 | #589:

Podpis

75



dr Katarzyna Malarz, prof. US Chorzow, 15.05.2026
Instytut Fizyki im. Augusta Chelkowskiego

Wydzial Nauk Scistych i Technicznych

Uniwersytet Slaski w Katowicach

ul. 75 Pulku Piechoty 1A

41-500 Chorzow

OSWIADCZENIE

O$wiadczam, Zze w pracy:

[P1]. Malarz K., Ziota P,, Zych D., Rurka P., Mrozek-Wilczkiewicz A.: ., Imbalance
of redox homeostasis and altered cellular signaling induced by the metal complexes
of terpyridine”, Scientific Reports, 2024, 14, 26951

moj udzial polegal na zaprojektowaniu eksperymentow, wykonaniu badan cytotoksycznosci i
zatrzymania cyklu komorkowego, analizie wynikow badan oraz pisaniu manuskryptu,

|P2]. Zioka P., Malarz K., Rawicka P, Korzee M., Serda M., Boguszewska-Czubara A,
Pacholezyk M., Ksigzek M., Mrozek-Wilczkiewicz A.: , The multifaceted mechanism
of action of quinoline thiosemicarbazone based on disruption of iron homeostasis
and selective IGF1R inhibition leading to oxidative stress induction®™, Biomedicine
& Pharmacotherapy, 2025, 192, 118692

moj udzial polegal na wykonaniu badan inhibicji aktywnosci kinaz 1 powinowactwa wigzania
z wykorzystaniem metody termoforezy mikroskalowej (MST), analizie uzyskanych wynikéw
oraz na merytoryeznym nadzorze nad prowadzonymi eksperymentami,

|P3]. Ziota P.. Malarz K., Pacholczyk M., Cieslik W.. Rawicka P.. Musiol R., Mrozek-
Wilczkiewicz A.: .Styrylquinoline Derivatives as IGFIR Inhibitors”, ACS
Medicinal Chemistry Letters, 2026, 17(2), 351-357

moj udzial polegal na opracowaniu metodologii, wykonaniu badan inhibicji aktywnosci kinaz,
oraz na merytorycznym nadzorze pad prowadzonymi eksperymentami.

Podpis

sl Yoy

76



dr Wioleta Cieslik Chorzdw, 17.05.2026
Instytut Chemii

Wydzial Nauk Scistych i Technicznych

Uniwersytet Slaski w Katowicach

ul. 75 Putku Picchoty 1A

41-500 Chorzow

OSWIADCZENIE

Oswiadczam, Ze w pracy:

[P3]. Ziola P,, Malarz K., Pacholczyk M., Ciedlik W., Rawicka P., Musiol R., Mrozek-
Wilezkiewicz A.:  Styrylquinoline Derivatives as IGFIR Inhibitors™, ACS
Medicinal Chemistry Letters, 2026, 17(2), 351-357

moj udzial obejmowal przeprowadzenie analizy zaleznoSci struktura—aktywno$¢ (SAR)
badanych pochodnych styrylochinoliny oraz wspoludzial w  opracowaniu 1 pisaniu
manuskryptu.

Geslile Wl

Podpis

77



dr hab. Mateusz Korzee, prof. US Katowice, 17.05.2026
Instytut Chemii

Wydzial Nauk Scistych i Technicznych

Uniwersytet Slgski w Katowicach

ul. Szkolna 9

40-006 Katowice

OSWIADCZENIE

Oswiadczam, 2e w pracy:

[P2]. Ziota P., Malarz K., Rawicka P., Korzec M., Serda M., Boguszewska-Czubara A,
Pacholczyk M., Ksigzek M., Mrozek-Wilczkiewicz A.: ,, The multifaceted mechanism
of action of quinoline thiosemicarbazone based on disruption of iron homeostasis
and selective IGF1R inhibition leading to oxidative stress induction™, Biomedicine
& Pharmacotherapy. 2025, 192, 118692

moj udzial polegal na syntezie badanych tiosemikarbazonow.

Podpis

/(/0/7 49 ﬂ h?lﬂz i

78



dr Maria Ksigzek Chorzow, 20.05.2026
Instytut Fizyki im. Augusta Chetkowskiego

Wydzial Nauk Scistych i Technicznych

Uniwersytet Slaski w Katowicach

ul. 75 Pulku Piechoty 1A

41-500 Chorzow

OSWIADCZENIE

Oswiadczam, ze w pracy:

[P2]. Ziola P., Malarz K., Rawicka P., Korzec M., Serda M., Boguszewska-Czubara
A., Pacholezyk M., Ksigzek M., Mrozek-Wilczkiewicz A.: ,,The multifaceted
mechanism of action of quinoline thiosemicarbazone based on disruption of iron
homeostasis and selective IGFTR inhibition leading to oxidative stress induction”,
Biomedicine & Pharmacotherapy, 2025, 192, 118692

moéj udzial polegal na wykonaniu rentgenowskich pomiardw strukturalnych monokrysztalow
zwigzku MS168 oraz rozwigzaniu i udokladnieniu struktury krystalicznej tego zwigzku.

Hana Vn‘qw‘P -

S

79



UNIWERSYTET SLASKI

W EKATOWICACH

(74

prof. dr hab. Robert Musiol Katowice, 18.05.2026
Instytut Chemii

Uniwersytet Slaski w Katowicach

Szkolna 9, 40-007 Katowice

OSWIADCZENIE

Oswiadezam, Ze w pracy:
[P3]). Ziota P., Malarz K., Pacholezyk M., Cieslik W., Rawicka P.. Musiol R., Mrozek-
Wilczkiewicz A Styrylquinoline Derivatives as IGF1R Inhibitors™, ACS Medicinal
Chemistry Letters, 2026, 17(2), 351-357

moj udzial polegal na projektowaniu syntezy badanych styrylochinolin, czgsciowej analizie wynikow

oraz pisaniu manuskrypuu.

4 M r't/)-. A
Ralsos (Hdeaw
Podpis

Urwwersytet Siguki w Katowicach

Wydziat Nauk Scistych i Technicznych

Instytut Chernii

ul S2haina 9 40-006 Katowce

1el 32 359 15 45, e-maill ichwnsi@us edu pX ®

www us. edu plAnstytut/ich r

W LCIUNGD N A

80



dr Patrycja Rawicka Chorzow, 15.05.2026
Instytut Fizyki im. Augusta Cheltkowskiego

Wydzial Nauk Scistych i Technicznych

Uniwersytet Slaski w Katowicach

ul. 75 Pulku Piechoty 1A

41-500 Chorzow

OSWIADCZENIE

O$wiadezam, 2e w pracy:
[P2]. Ziota P,, Malarz K., Rawicka P., Korzec M., Serda M., Boguszewska-Czubara A,
Pacholezyk M., Ksigzek M., Mrozek-Wilczkiewicz A.: ,The multifaceted mechanism
of action of quinoline thiosemicarbazone based on disruption of iron homeostasis
and selective IGFIR inhibition leading to oxidative stress induction™, Biomedicine
& Pharmacotherapy, 2025, 192, 118692

mdj udzial polegal na zaplanowaniu, wspoludziale, nadzorze merytorycznym i analizie
wynikéw badan chelatacii.
[P3]. Ziota P., Malarz K., Pacholezyk M., Ciedlik W., Rawicka P., Musiol R., Mrozek-

Wilczkiewicz A, Styrylquinoline Derivatives as IGFIR Inhibitors”, 4CS
Medicinal Chemistry Letters, 2026, 17(2), 351-357

mdj udzial polegat na opracowaniu metodologii oraz analizie uzyskanych danych.

Podpis

%kﬁ» Qs

81



mgr Patryk Rurka Charzow, 18.052026 ¢
Instytut Fizyki im. Augusta Chelkowskiego

Wydzial Nauk Scistych i Technicznych

Uniwersytet Sigski w Katowicach

ul. 75 Pulku Ficchoty 1A

41-500 Chorzdw

OSWIADCZENIE

Odwindezam, #e w pracy:
IP1]. Malarz K, Ziok P, Zych D Qurkn P, Mrozek-Wilezkiewicz A, Tmbalance
of redox homeostssis snd altered cellular signaling nduced by the metal
enmplexes of terpyridine®, Scientific Reporis, 2024, 14,269

mé| udzdal polegal na wykonaniy badan cytoicksyeznoscl 2 dodarkiem przeciwutleniczy,

pomiary ilosci reabtywrych form lenu oraz ekspoesii genow,

Podpis
})\w\&t Q@L[(P

82



dr hab. Maciej Serda, prof. US Chorzow, 15.05.2026
Instytut Chemii

Wydzial Nauk Scistych i Technicznych

Uniwersytet Slaski w Katowicach

ul. 75 Pulku Piechoty 1A

41-500 Chorzow

OSWIADCZENIE

Oswiadezam, z¢ w pracy:

[P2]). Ziola P., Malarz K., Rawicka P., Korzec M., Serda M., Boguszewska-Czubara A.,
Pacholezyk M., Ksigzek M., Mrozek-Wilczkiewicz A.: ,,The multifaceted mechanism
of action of quinoline thiosemicarbazone based on disruption of iron homeostasis
and selective IGFIR inhibition leading to oxidative stress induction™, Biomedicine
& Pharmacotherapy. 2025, 192, 118692

moj udzial polegal na syntezie badanych tiosemikarbazonow.

Podpis

Digitally signed
\l./ by Maciej Serda
Date: 2026.05.15

14:12:49 CEST

83



Opole, 18.05.2026
dr hab. inz. Dawid Zych, prof. UO
Instytut Chemii
Wydziat Chemii i Farmacji
Uniwersytet Opolski
ul. Oleska 48
45-052 Opole

OSWIADCZENIE

Os$wiadczam, 2e w pracy:

|P1). Malarz K., Ziota P., Zych D., Rurka P., Mrozek-Wilczkiewicz A.: ,,Imbalance
of redox homeostasis and altered cellular signaling induced by the metal complexes
of terpyridine”, Scientific Reports, 2024, 14, 26951

méj udziat polegat na zaplanowaniu oraz wykonaniu syntez badanych terpirydyn,

84



6. LITERATURA

l. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al.
Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2024;74(3):229-63.

2. Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ. Structure and
function of the blood-brain barrier. Neurobiol Dis. 2010;37(1):13-25.

3. Smyth LCD, Kipnis J. Redefining CNS immune privilege. Nat Rev Immunol.
2025;25(10):766-75.

4. Upton DH, Ung C, George SM, Tsoli M, Kavallaris M, Ziegler DS. Challenges
and opportunities to penetrate the blood-brain barrier for brain cancer therapy.
Theranostics. 2022;12(10):4734-52.

5. Delgado-Lopez PD, Corrales-Garcia EM. Survival in glioblastoma: a review on
the impact of treatment modalities. Clin Transl Oncol. 2016;18(11):1062-71.

6. Ostrom QT, Patil N, Cioffi G, Waite K, Kruchko C, Barnholtz-Sloan JS. CBTRUS
Statistical Report: Primary Brain and Other Central Nervous System Tumors Diagnosed
in the United States in 2013-2017. Neuro Oncol. 2020;22(12 Suppl 2):iv1-iv96.

7. Kleihues P, Ohgaki H. Primary and secondary glioblastomas: from concept to
clinical diagnosis. Neuro Oncol. 1999;1(1):44-51.

8. Kanu OO, Hughes B, Di C, Lin N, Fu J, Bigner DD, et al. Glioblastoma
Multiforme Oncogenomics and Signaling Pathways. Clin Med Oncol. 2009;3:39-52.

9. Pombo Antunes AR, Scheyltjens I, Duerinck J, Neyns B, Movahedi K, Van
Ginderachter JA. Understanding the glioblastoma immune microenvironment as basis for
the development of new immunotherapeutic strategies. Elife. 2020;9:e52176.

10. Pouyan A, Ghorbanlo M, Eslami M, Jahanshahi M, Ziaei E, Salami A, et al.
Glioblastoma multiforme: insights into pathogenesis, key signaling pathways, and
therapeutic strategies. Mol Cancer. 2025;24(1):58.

11. Andreini C, Putignano V, Rosato A, Banci L. The human iron-proteome.
Metallomics. 2018;10(9):1223-31.

12.  Teh MR, Armitage AE, Drakesmith H. Why cells need iron: a compendium of
iron utilisation. Trends Endocrinol Metab. 2024;35(12):1026-49.

13. Szlasa W, Gachowska M, Kiszka K, Rakoczy K, Kietbik A, Wala K, et al. Iron
chelates in the anticancer therapy. Chemical Papers. 2021;76(3):1285-94.

14.  Galy B, Conrad M, Muckenthaler M. Mechanisms controlling cellular and
systemic iron homeostasis. Nat Rev Mol Cell Biol. 2024;25(2):133-55.

15. Torti SV, Torti FM. Iron and Cancer: 2020 Vision. Cancer Res.
2020;80(24):5435-48.

16. Schonberg DL, Miller TE, Wu Q, Flavahan WA, Das NK, Hale JS, et al.
Preferential Iron Trafficking Characterizes Glioblastoma Stem-like Cells. Cancer Cell.
2015;28(4):441-55.

17. Merlot AM, Kalinowski DS, Kovacevic Z, Jansson PJ, Sahni S, Huang ML, et al.
Exploiting Cancer Metal Metabolism using Anti-Cancer Metal- Binding Agents. Curr
Med Chem. 2019;26(2):302-22.

18. Trujillo-Alonso V, Pratt EC, Zong H, Lara-Martinez A, Kaittanis C, Rabie MO,
et al. FDA-approved ferumoxytol displays anti-leukaemia efficacy against cells with low
ferroportin levels. Nat Nanotechnol. 2019;14(6):616-22.

19. Trenker R, Jura N. Receptor tyrosine kinase activation: From the ligand
perspective. Curr Opin Cell Biol. 2020;63:174-85.

20. Adams TE, Epa VC, Garrett TP, Ward CW. Structure and function of the type 1
insulin-like growth factor receptor. Cell Mol Life Sci. 2000;57(7):1050-93.

85



21. Turvey SJ, McPhillie MJ, Kearney MT, Muench SP, Simmons KJ, Fishwick
CWG. Recent developments in the structural characterisation of the IR and IGF1R:
implications for the design of IR-IGFIR hybrid receptor modulators. RSC Med Chem.
2022;13(4):360-74.

22. Ebrahimi N, Fardi E, Ghaderi H, Palizdar S, Khorram R, Vafadar R, et al.
Receptor tyrosine kinase inhibitors in cancer. Cell Mol Life Sci. 2023;80(4):104.

23.  Yin S, Girnita A, Stromberg T, Khan Z, Andersson S, Zheng H, et al. Targeting
the insulin-like growth factor-1 receptor by picropodophyllin as a treatment option for
glioblastoma. Neuro Oncol. 2010;12(1):19-27.

24. Hagerstrand D, Lindh MB, Pena C, Garcia-Echeverria C, Nister M, Hofmann F,
et al. PI3K/PTEN/Akt pathway status affects the sensitivity of high-grade glioma cell
cultures to the insulin-like growth factor-1 receptor inhibitor NVP-AEW541. Neuro
Oncol. 2010;12(9):967-75.

25. A Phase 1 Clinical Trial of Oral Gallium Maltolate for the Treatment of Relapsed
and Refractory Glioblastoma [Internet]. 2020. Available from:
https://clinicaltrials.gov/study/NCT04319276.

26. A Phase 0 Clinical Trial of Oral Gallium Maltolate for Recurrent Glioblastoma
[Internet]. 2026. Available from: https://clinicaltrials.gov/study/NCT07515924.

27. Guerrero-Lopez P, Martin-Pardillos A, Bonet-Aleta J, Mosseri A, Hueso JL,
Santamaria J, et al. 2D versus 3D tumor-on-chip models to study the impact of tumor
organization on metabolic patterns in vitro. Sci Rep. 2025;15(1):19506.

28. D'Aprile S, Denaro S, Lavoro A, Candido S, Giallongo S, Torrisi F, et al.
Glioblastoma mesenchymal subtype enhances antioxidant defence to reduce
susceptibility to ferroptosis. Sci Rep. 2024;14(1):20770.

29. Malarz K, Zych D, Gawecki R, Kuczak M, Musiol R, Mrozek-Wilczkiewicz A.
New derivatives of 4'-phenyl-2,2":6',2"-terpyridine as promising anticancer agents. Eur J
Med Chem. 2021;212:113032.

86


https://clinicaltrials.gov/study/NCT04319276
https://clinicaltrials.gov/study/NCT07515924

7. AKTYWNOSC NAUKOWA

Publikacje nie wchodzqgce w sktad rozprawy doktorskiej:

1.

Orszulak L., Lamrani T., Tarnacka M., Hachula B., Jurkiewicz K., Ziola P., Mrozek-
Wilczkiewicz A., Kaminska E., Kaminski K.; The Impact of Various Poly
(vinylpyrrolidone) Polymers on the Crystallization Process of Metronidazole;
Pharmaceutics; 2024; 16(1); 136;

https://doi.org/10.3390/pharmaceutics 16010136 (pkt. MNiSW2026= 100; [F2024=5.5)
Orszulak L., Lamrani T., Bernat R., Tarnacka M., Zakowiecki D., Jurkiewicz K.,
Ziola P., Mrozek-Wilczkiewicz A., Zieba A., Kaminski K., Kaminska E.; The
Influence of PVP Polymer Topology on the Liquid Crystalline Order of Itraconazole
in Binary Systems; Molecular Pharmaceutics; 2024; 21(6); 3027-3039;
https://doi.org/10.1021/acs.molpharmaceut.4c00215  (pkt. MNiSWyne=  140;
[F2024=4.5)

Dudek K., Strach A., Wasilkowski D., Losiewicz B., Kubisztal J., Mrozek-
Wilczkiewicz A., Ziola P., Barylski A.; Comparison of Key Properties of Ag-TiO2
and Hydroxyapatite-Ag-TiO2 Coatings on NiTi SMA; Journal of Functional
Biomaterials; 2024; 15(9); 264;

https://doi.org/10.3390/jfb15090264 (pkt. MNiSW2026= 100; 1F2024=5.2)

Malarz K., Borzecka W., Ziola P., Dominski A., Rawicka P., Bialik-Was K., Kurcok
P., Torres T., Mrozek-Wilczkiewicz A.; pH-sensitive phthalocyanine-loaded
polymeric nanoparticles as a novel treatment strategy for breast cancer; Bioorganic
Chemistry; 2025; 155; 108127;

https://doi.org/10.1016/j.bioorg.2025.108127 (pkt. MNiSW2026= 100; IF2024=4.7)
Rurka P., Mularski J., Ziola P., Boguszewska-Czubara A., Jampilek J., Mrozek-
Wilczkiewicz A., Malarz K.; An insight into the anticancer potential of sulfonated
styrylquinazolines as multifunctional agents targeting microtubules; Bioorganic
Chemistry; 2026; 170; 109517,

https://doi.org/10.1016/j.bioorg.2026.109517 (pkt. MNiSWan6= 100; 1F2024=4.7)

87



Prezentacje posterow na konferencjach naukowych:

1.

Ziola P., Malarz K., Zych D., Mrozek-Wilczkiewicz A. "Antiproliferative ability
of new terpyridine complexes". XXV Gliwice Scientific Meetings, 19-
20.11.2021, Gliwice

Ziota P., Malarz K., Zych D., Rurka P., Mrozek-Wilczkiewicz A. "Anticancer
properties of terpyridine derivatives complexed with metal ions". 9th Young
Medicinal Chemist Symposium; 08-09.09.2022, Nicea, Francja

Ziota P., Malarz K., Serda M., Pacholczyk M., Mrozek-Wilczkiewicz A.
"Multifaceted mechanism of action of thiosemicarbazone derivatives: inhibition
of tyrosine kinases and generation of reactive oxygen species". 11th Young
Medicinal Chemist Symposium; 05-06.09.2024, Rzym, Wtochy

Ziota P., Malarz K., Serda M., Pacholczyk M., Mrozek-Wilczkiewicz A.
"Quinoline thiosemicarbazones as anticancer agents: tyrosine kinase inhibition
and reactive oxygen species generation". XXVIII Gliwice Scientific Meetings,

21-22.11.2024, Gliwice

Wystgpienia ustne na konferencjach naukowych:

1.

Ziota P., Malarz K., Zych D., Rurka P., Mrozek-Wilczkiewicz A. "Wtasciwosci
antynowotworowe pochodnych komplekséw terpirydyny z jonami metali". IX

Slaskie Spotkania Naukowe; 27-28.05 2022, Istebna

Ziola P., Malarz K., Borzgcka W., Dominski A., Rawicka P., Torres T.,
Kowalczuk M., Mrozek-Wilczkiewicz A. "Polimeryczne nanoczastki
kompleksujace ftalocyjaniny obiecujaca nowa metoda leczenia nowotworu

piersi". X Slaskie Spotkania Naukowe; 19-21.05 2023, Pokrzywna

Ziota P., Malarz K., Serda M., Pacholczyk M., Mrozek-Wilczkiewicz A.
"Wieloptaszczyznowy  mechanizm  dzialania  pochodnych z  grupy
tiosemikarbazonu — wplyw na generowanie stresu oksydacyjnego oraz inhibicja

kinaz tyrozynowych". XI Slaskie Spotkania Naukowe; 17-19.05.2024, Ustron

Ziola P., Malarz K., Rawicka P., Korzec M., Serda M., Boguszewska-Czubara
A., Pacholczyk M., Ksigzek M., Mrozek-Wilczkiewicz A. "Wielokierunkowy

mechanizm dzialania chinolinowych pochodnych tiosemikarbazonéw — inhibicja

88



IGF1R oraz indukcja stresu oksydacyjnego prowadzaca do ferroptozy". XII
Slaskie Spotkania Naukowe; 9-11.05.2025, Ztoty Potok

Staze naukowe:

1. Staz naukowy w zespole badawczym ,,Preclinical Molecular Imaging” pod kierunkiem
prof. Gabrieli Kramer-Marek, 01.09-01.12.2023, The Institute of Cancer Research (ICR),
Londyn, Wielka Brytania

Projekty:

1. Anna Mrozek-Wilczkiewicz, PRELUDIUM BIS 2 (2020/39/0/NZ5/02342).
Chelatory zelaza jako inhibitory kinaz tyrozynowych - nowa strategia leczenia

glejaka wielopostaciowego — wykonawca

89



