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1. WPROWADZENIE

Choroby nowotworowe sg obecnie jedng z najczestszych przyczyn zgonéw na swiecie. Wedtug
Global Cancer Observatory (GCO) w 2022 roku nowotwory byly odpowiedzialne za prawie 10 miliona
zgonow, a takze odnotowano 20 milionéw nowych przypadkow zachorowan [1]. Statystyki te ukazuja,
jak waznym inadal trudnym wyzwaniem dla nauki jest leczenie nowotworow. Obecnie wiele schorzen
tego typu leczy si¢ standardowymi metodami, takimi jak chirurgiczne usunig¢cie zmienionych
chorobowo tkanek w polaczeniu z chemioterapig lub radioterapig. W zaleznosci od zastosowanej
terapii, jej skutki uboczne mogg wystapic juz w trakcie leczenia lub wiele dni p6zniej, prowadzac do
tak zwanej toksycznosci przewleklej. Warto zaznaczy¢, ze wiele chemioterapeutykow charakteryzuje
si¢ niska specyficznoscig wobec tkanek nowotworowych, co dodatkowo nasila efekty uboczne. Czesto
terapia ta ma charakter paliatywny, majacy na celu wydtuzenie czasu przezycia pacjenta [2,3]. Dlatego
poszukiwanie nowych, bardziej specyficznych i mniej inwazyjnych metod leczenia nowotwordw oraz
rozwdj istniejacych terapii stanowi wyzwanie dla wspotczesnej nauki. W ostatnich latach
zaproponowano wiele metod w celu poprawy efektywnosci i specyficznosci leczenia nowotworow
oraz poglebiono wiedz¢ na temat mechanizméw dziatania wielu lekow. Jednym z obiecujacych
rozwigzan w leczeniu nowotworow jest terapia fotodynamiczna (PDT; ang. Photodynamic Therapy),
ktéra charakteryzuje si¢ duza selektywno$cig wobec komodrek nowotworowych i ma niewielkie efekty
uboczne. W ostatnich latach terapia ta cieszy si¢ duzym zainteresowaniem i jest intensywnie

rozwijana, aby osiagna¢ satysfakcjonujace efekty terapeutyczne.

1.1. Biofizyczne i molekularne podstawy ALA-PDT

Terapia fotodynamiczna (PDT) opiera si¢ na interakcji trzech sktadnikow: fotouczulacza (PS, ang.
Photosensitizer), swiatta o odpowiedniej dtugosci fali oraz tlenu czasteczkowego. W wyniku tej
reakcji powstaja reaktywne formy tlenu (RFT), ktore prowadza do $mierci komoérki. Cho¢ réznego
rodzaju PS sa obecnie uzywane w PDT, w niniejszej pracy skupiono si¢ na tak zwanej ALA-PDT,
czyli terapii fotodynamicznej opartej na kwasie 5-aminolewulinowym (5-ALA). W przeciwienstwie
do innych PS, 5-ALA sam w sobie nie jest fotouczulaczem, a jedynie prekursorem naturalnego
fotouczulacza jakim jest protoporfiryna IX (PPIX). Zastosowanie 5-ALA w PDT ma kilka zalet
w poréwnaniu do syntetycznych PS, m. in. jest bardzo dobrze rozpuszczalny w srodowisku wodnym,

ma bardzo niskg toksyczno$¢ nawet w duzych dawkach i szybki klirens [4].



Niezaleznie od typu PS mechanizm jego wzbudzenia jest uniwersalny. W stanie podstawowym
(So) PS posiada elektrony na najnizszych energetycznie orbitalach, po absorbcji fotonu o odpowiedniej
energii jeden z elektronéw przechodzi na wyzszy energetycznie orbital, co nazywamy stanem
wzbudzonym (Sx, gdzie x=1,2,3,... w zaleznosci od zaabsorbowanej energii). Kazdy wzbudzony stan
S« ma dodatkowo poziomy wibracyjne o rosngcej energii. Ze wzgledu na niestabilnos$¢ energetyczng

stanu wzbudzonego, czasteczka szybko powraca do stanu podstawowego (So).
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Rys. 1. Diagram Jablonskiego przedstawiajacy podstawowe procesy fotofizyczne. IC - konwersja
wewnetrzna, ISC - przej$cie migdzysystemowe, Sy - stany singletowe, Tx - stany trypletowe, VR -
relaksacja wibracyjna. O$ y wskazuje rosngce energie stanoOw elektronowych; na osi x stany

elektronowe pogrupowane wedtug krotnosci spinu (na podstawie [5], zmieniono).

Przejscie to moze zachodzi¢ kilkoma mechanizmami. Elektron na wysokim poziomie wibracyjnym
danego stanu wzbudzonego (Sx) szybko przechodzi na najnizszy poziom wibracyjny tego stanu w
procesie relaksacji wibracyjnej (VR; ang. Vibrational Relaxation), rozpraszajac energi¢ w postaci
ciepta (Rys. 1.). Jesli PS zaabsorbuje foton o wyzszej energii, przechodzi do wyzszych stanow
energetycznych (Sx), z ktorych poprzez konwersje wewnetrzng (IC; ang. Internal Conversion) szybko
powracaja do stanu Si. Relaksacja z S1 do So moze zachodzi¢ dwoma sposobami: promienistym lub
bezpromienistym. Przej$cie promieniste obejmuje emisje wtornego fotonu (emisja fluorescencji).

Wyemitowanie fotonu wtdrnego zawsze rozpoczyna si¢ od najnizszego poziomu wibracyjnego Si.



W przejsciu bezpromienistym PS ze stanu Si1 moze przej$¢ na izoenergetyczny poziom stanu
trypletowego (T1), gdzie dwa elektrony sg niesparowane i majg ten sam spin. Proces ten nazywany jest
przejsciem miedzysystemowym (ISC; ang. Intersystem Crossing). Wigkszos¢ fotouczulaczy
charakteryzuje si¢ wysoka wydajno$cig kwantowa tego przej$cia. W stanie T1 moze rOwniez wystapic¢
relaksacja promienista do poziomu So poprzez emisje fosforescencji. Stany trypletowe maja
stosunkowo diugi czas zycia (nawet do kilku sekund), co pozwala na wykorzystanie energii ze stanéw

trypletowych w reakcjach fotochemicznych [5].

Czasteczki PS w stanie wzbudzonym trypletowym moga wywotywa¢ zmiany chemiczne w
sasiednich molekutach poprzez dwie konkurencyjne $Sciezki: reakcje fotochemiczng typu I i typu II
(Rys. 2). Reakcje fotochemiczne typu I czgsto prowadzg do powstania anionéw ponadtlenkowych (O2
) w wyniku przeniesienia elektronu z PS na tlen czasteczkowy. Aniony ponadtlenkowe maja
ograniczong reaktywnos$¢ w uktadach biologicznych, ale moga reagowac ze sobg prowadzac do
wytworzenia nadtlenku wodoru (H20z), ktory moze tatwo dyfundowaé przez blony biologiczne.
Poniewaz uszkodzenia powodowane przez H»>O, nie s3 ograniczone do jednego przedziatu
komoérkowego, nadtlenek wodoru ma duze znaczenie w powstawaniu uszkodzen komodrkowych
podczas PDT. Przy wyzszych stezeniach nadtlenek wodoru moze reagowaé z anionami
ponadtlenkowymi, tworzac bardzo reaktywny rodnik hydroksylowy (HO™) w reakcji Habera-Weissa.
Rodnik ten ma wysoki potencjat redoks, przez co moze utlenia¢ kazda czasteczke¢ w komorce,
a dodatkowo energia aktywacji tych reakc;ji jest bardzo niska. Rodniki hydroksylowe tatwo dyfunduja
przez btony komorkowe, dlatego podobnie jak w przypadku nadtlenku wodoru, uszkodzenia nie sa
ograniczone do jednego kompartymentu komérkowego. W obecnos$ci jondw metali, takich jak zelazo
lub miedz, rodniki hydroksylowe moga by¢ rowniez wytwarzane w reakcji Fentona [6-8]. Reakcja
fotochemiczna typu II zachodzi, gdy energia ze stanu trypletowego PS jest bezposrednio
przekazywana na czasteczke tlenu. W stanie podstawowym tlen czasteczkowy znajduje si¢
w konfiguracji trypletowej (°02), majac dwa niesparowane elektrony o rownolegtych spinach. Pomimo
duzego potencjatu redoks, w tym stanie jest stabym utleniaczem z powodu zasady zachowania spinu
Wignera, ktéra ogranicza oddziatywania miedzy czgsteczkami w réznych stanach spinowych. W stanie
wzbudzonym singletowym tlen (*O>) staje sic wysoce reaktywnym utleniaczem. Tlen singletowy, jako
czgsteczka obojetna elektrycznie, moze z tatwo$cig dyfundowac przez cytoplazme i blony biologiczne.
Obszar jego dzialania jest jednak ograniczony ze wzgledu na niski wspotczynnik dyfuzji 1 krotki czas
zycia. Pomimo tego, tlen singletowy jest bardzo reaktywny i moze tatwo reagowaé z wigkszos$cig
molekut w komorkach, prowadzac do oksydacji lipidéw, biatek oraz kwaséw nukleinowych, co

prowadzi komoérke na sciezke smierci [9,10].
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Rys. 2. Schemat podstawowych reakcji fotochemicznych w trakcie reakcji typu I i 1.

Reakcja fotochemiczna typu II jest procesem dominujacym w przypadku wickszosci stosowanych
fotouczulaczy, cho¢ oba typy reakcji fotochemicznych (I i II) zachodzg réwnolegle. Ich stosunek

zalezy od typu zastosowanego fotouczulacza i stgzenia tlenu w Srodowisku reakceji [6,11].

W odroznieniu od innych fotouczulaczy, 5-ALA sam w sobie nie jest czgsteczka o cechach
fotouczulacza, a jedynie naturalnie wystgpujacym aminokwasem niebiatkowym stanowigcym
prekursor PPIX — naturalnego, fotouczulacza syntetyzowanego we wszystkich jadrzastych komorkach
eukariontow w szlaku biosyntezy hemu. Po pionierskich pracach Malika i Lugaciego (1987) oraz
Kennedy’ego i Pottiera (1992), ktorzy pokazali, ze egzogenne podanie 5-ALA prowadzi do
zwigkszenia wewnatrzkomorkowej akumulacji PPIX, a o$wietlenie tych komorek prowadzi do ich
$mierci, badania nad molekularnym mechanizmem lezacym u podstaw ALA-PDT zyskaly na
znaczeniu [12,13].
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Biosynteza hemu u ssakow sktada si¢ z o$miu etapow, ktore zachodza w cytoplazmie
i mitochondriach (Rys. 3). Pierwszym etapem jest synteza 5-ALA z glicyny i sukcynylo-CoA,
pochodzacego z cyklu kwaséw trojkarboksylowych (TCA). Kondensacja tych substratéw odbywa sie
w macierzy mitochondrialnej, katalizowana przez syntazg kwasu 5-aminolewulinowego (ALAS) oraz
fosforan pirydoksalu, bedacy kofaktorem tego enzymu [14,15]. Drugi etap biosyntezy hemu zachodzi
w cytoplazmie, potencjalnym transporterem 5-ALA z mitochondriéw do cytoplazmy jest ABCB10
(ang. ATP-binding cassette sub-family B member 10, mitochondrial). Cho¢ jego funkcja jako
transportera 5-ALA nie zostata eksperymentalnie udowodniona in vitro czy in vivo, istniejg badania
sktaniajgce ku wnioskowi, ze ABCBI10 jest transporterem 5-ALA. Z powodu obnizonej ekspresji
ABCB10 kardiomiocyty wykazywaly zmniejszony poziom hemu. Pokazano takze, ze podanie
egzogennego 5-ALA przywraca w kardiomiocytach prawidlowy poziom hemu, natomiast podanie
glicyny czy nadekspresja ALAS nie powodowata przywrdcenia prawidtowego poziomu hemu [16].
W kolejnym etapie, 5-ALA jest przeksztatcany w porfobilinogen (PBG) przez dehydrogenaze 5-ALA
(ALAD), ktéra do swojej prawidlowej funkcji wymaga jondw cynku jako kofaktora. Syntaza
hydroksymetylobilanu (HMBS) przeksztalca PBG w liniowa czasteczke hydroksymetylobilanu
(HMB). Natomiast HMB jest konwertowany do uroporfirynogenu III (UROgen III) przez syntazg
uroporfirynogenu (UROS), a nastepnic UROgen III jest dekarboksylowany przez dekarboksylazg
uroporfirynogenu (UROD), prowadzac do powstania koproporfirynogenu III (CPgen I1I). Kolejny etap
biosyntezy hemu zachodzi w obszarze mitochondriéw. CPgen III jest prawdopodobnie transportowany
do przestrzeni migdzybtonowej mitochondriow przez ABCB6 (ang. ATP-binding cassette sub-family
B member 6). Jak pokazano, ABCBG6 nie jest specyficznym transporterem CPgenlIl, poniewaz, jak sig
przypuszcza, moze tez transportowac hem oraz inne porfiryny oraz ich kompleksy z zelazem. Badania
przeprowadzone in vivo na modelu mysim sugeruja, ze ABCB6 zlokalizowany w btonie komorkowe;j
moze uczestniczy¢ w eksporcie porfiryn. Natomiast u myszy z nokautem ABCB6 nie stwierdzono
znacznych zmian w poziomie hemu, czy innych porfiryn w poréwnaniu do kontroli [17-19].
W przestrzeni migdzyblonowej mitochondriow CPgen III jest przeksztalcany przez oksydaze
koproporfirynogenu (CPOX) do protoporfirynogenu IX (PPgen 1X). Ostatnie etapy biosyntezy hemu
zachodza na wewngtrznej btonie mitochondrialnej od strony macierzy mitochondrialnej, gdzie
znajduje si¢ wielobialkowy kompleks metabolizmu hemu, w sktad ktérego wchodza nastepujace
biatka: oksydaza protoporfirynogenu IX (PPOX), ferrochelataza (FECH), ABCB10, ABCB7 (ang.
Iron-sulfur clusters transporter ABCB7, mitochondrial), mitoferryna 1 (MFRN1), FAM210b,
TMEM14C (ang. Transmembrane protein 14C) oraz PGRMC1 (ang. Membrane-associated
progesterone receptor component 1). PPgen 1X jest najprawdopodobniej transportowany z przestrzeni

mie¢dzyblonowej do kompleksu metabolizmu hemu przez TMEM14C do centrum aktywnego
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oksydazy protoporfirynogenu IX (PPOX), ktora jako kofaktor wymaga FAD, gdzie jest konwertowany
do protoporfiryny IX (PPIX). Ostatni etap jest katalizowany przez FECH, ktory do swojego dziatania
potrzebuje klastréw zelazowo-siarkowych typu [2Fe-2S]. FECH wbudowuje jon zelaza (Fe?*) do
PPIX, tworzac hem. Zelazo niezbedne do syntezy hemu jest transportowane przez MFRNI.
W procesie tym nie do konca poznang rolg petni tez ABCB10. Pozostale biatka kompleksu, takie jak
ABCB?7, prawdopodobnie uczestnicza w dostarczaniu centréw zelazowo-siarkowych do FECH,
a FAM210b i PGRMCI regulujg aktywnos¢ FECH [15,20-22]. Powstaly hem jest transportowany
z mitochondriow do innych przedziatow komoérkowych, gdzie jest wykorzystywany do syntezy
hemoprotein, prawdopodobnie przez FLVCR1B (ang. Feline Leukemia Virus subgroup C Receptor 1)
[23]. Ze wzgledu na toksyczno$¢ wolnego hemu jego poziom musi by¢ $cisle kontrolowany. Hem jest
degradowany przez oksygenaze hemu (HO-1), zlokalizowang na retikulum endoplazmatycznym.
Ekspresja HO-1 jest silnie regulowana przez poziom hemu, ale takze przez hipoksj¢, H2O2 czy
obnizony poziom glutationu. Aktywnos¢ HO-1 prowadzi do powstania biliwerdyny IXa (BVIXa),
wolnego jonu zelaza (Fe?") oraz tlenku wegla (CO). BVIXa ma whasciwosci antyoksydacyjne i jest
szybko przeksztatcana do bilirubiny [Xa (BRIXa) przez reduktazg biliwerdyny (BVR-A). Bilirubina
rowniez ma wilasciwosci antyoksydacyjne, szczegoélnie skuteczne wobec anionorodnika
ponadtlenkowego [24,25]. Pozostate produkty degradacji hemu takze majg cytoprotekcyjne
wlasciwos$ci. Wzrost stgzenia wolnego Zelaza indukuje ekspresje ferrytyny, ktora sekwestrujac jony
zelaza, obniza potencjat oksydacyjno-redukcyjny komorki, zapobiegajac tworzeniu si¢ RFT w reakcji
Fentona. Natomiast CO zaangazowany jest w regulacje wielu proceséw komodrkowych,

m.in. w regulacje poziomu interleukin czy posredniczy w szlakach antyapoptotycznych [26,27].
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ABCG2, FLVCR1b - Feline Leukemia Virus subgroup C Receptor 1, na podstawie [28,29],

zmieniono. Rysunek wykonano za pomocg BioRender.com.

Jedna z najwickszych zalet ALA-PDT jest selektywna akumulacja PPIX w komorkach
nowotworowych. Fenomen ten stoi u podstaw tej terapii i pomimo wykorzystania jej w leczeniu i
diagnostyce nowotworow, molekularne podstawy tego zjawiska nadal pozostaja nie do konca jasne.
Cho¢ istnieje wiele czynnikow wptywajacych na akumulacj¢ PPIX w komodrkach nowotworowych
takich jak pH, temperatura, stopien unaczynienia, tempo metabolizmu czy ci$nienie tkankowe [30],
réznice miedzy metabolizmem hemu komoérek nowotworowych, a komorek zdrowych oraz rola

transporterow po egzogennym podaniu 5-ALA jest nadal stabo poznana.

Zmiany w ekspresji enzymoéw szlaku biosyntezy hemu w komorkach nowotworowych
w porownaniu do zdrowych byty przedmiotem niewielu badan. Pokazano, ze ekspresja transkryptu
ALAD jest zwickszona w komorkach nowotworu piersi w poréwnaniu do zdrowych [31].
W przypadku HMBS wykazano jego zwigkszong ekspresje w kilku typach nowotworow jelita grubego
[32]. Natomiast zwigkszong ekspresje CPOX i PPOX, obserwowano w nowotworach zotadka i szybko
rosngcych nowotworach jelita grubego. [33]. Pokazano takze, ze ekspresja obu tych enzymow moze
by¢ zalezna od iloéci zelaza w komorkach. Szczurze heptocyty o obnizonym stezeniu zelaza
wykazywaty zwigkszong ekspresje tych enzymdw, natomiast przetadowanie zelazem powodowato
obnizenie ekspresji CPOX, ale nie PPOX [34]. Rézne typy nowotwordw jelita grubego maja mniejszy
poziom FECH niz komorki niezmienione nowotworowo [32]. Z racji, ze kofaktorem FECH sg centra
zelazowo-siarkowe sugeruje si¢, ze obserwowana w nowotworach deregulacja biosyntezy hemu moze
by¢ wywotana zmianami w ich biosyntezie, co wplywa na aktywnos¢ FECH. Dodatkowo,
potranslacyjne modyfikacje FECH moga rowniez wplywac¢ na aktywnos¢ tego enzymu. Co ciekawe,
FECH przy niedoborze zelaza moze odtaczy¢ z hemu jon zelaza prowadzac do powstania PPIX. [35—
37]. Natomiast, HO-1 ma zwigckszong ekspresj¢ w wielu typach nowotworow [38]. Mozna by
przypuszczac, iz zwigkszenie ekspresji HO-1 w komoérkach nowotworowych powinno prowadzi¢ do
spadku PPIX poprzez katabolizm hemu, jednak taki efekt nie wystgpuje. Przypuszcza si¢, ze HO-1
moze wptywac na aktywnos$¢ pomp eksportujacych zelazo (Fe-ATP-azy) poprzez aktywne usuwanie
zelaza z komorek 1 degradacje hemu. W zwiazku z powyzszym, komorki nowotworowe o zwigkszonej
ekspresji HO-1 mogg by¢ zdolne do zwigkszonej akumulacji PPIX [39,40]. R6znice w poziomie biatek
HMBS i HO-1 po traktowaniu 5-ALA komorek nowotworowych prostaty wykazaty znaczgcy wzrost
ich ekspresji w porownaniu do komoérek nietraktowanych [41]. Innym aspektem moze by¢ regulacja
ekspresji 1 aktywnosci poszczegdlnych enzyméw szlaku biosyntezy hemu. Chelakkot i inni pokazali,

ze aktywacja szlaku Ras/MEK (ang. Ras/mitogen-activated protein kinase) zmniejsza akumulacje
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PPIX w komorkach nowotworowych poprzez dwa niezalezne szlaki. Pierwszy z nich, Ras/MEK-HIF-
la-FECH ma wptyw na aktywno$¢ FECH, przez co moze wptywa¢ na konwersje PPIX do hemu.
Aktywacja Ras/MEK wplywa na zwigkszenie ekspresji HIF-1a (ang. Hypoxia-inducible factor 1-
alpha), ktory z kolei dziata jako aktywator transkrypcji FECH. Drugi szlak obejmuje $ciezke
Ras/MEK-RSK-ABCB1, w ktorym aktywacja Ras/MEK prowadzi do zwickszonej ekspresji RSK
(ang. Ribosomal protein S6 Kkinases), zaangazowanych w aktywacje wiclu czynnikow
transkrypcyjnych. Jak pokazano RSK zwicksza ekspresje transportera ABCB1 (ang. ATP-binding
cassette sub-family B member 1), ktory z kolei jest czgsciowo odpowiedzialny za wyrzut PPIX
z komorek. Zastosowanie inhibitora MEK powodowato zwigkszong akumulacje PPIX w komoérkach
nowotworowych. Zaobserwowano takze, ze komorki zdrowe traktowane tym inhibitorem nie
wykazywaty zwigkszonej akumulacji [42]. Rola innych transporterow w selektywnej akumulacji PPIX
nie jest dobrze poznana. Jednym z najczgSciej badanych transporterow jest ABCG2 (ang. Broad
substrate specificity ATP-binding cassette transporter ABCG2). Cho¢ jego rola w efektywnosci ALA-
PDT jest stosunkowo dobrze poznana, niec wiadomo, czy jest zaangazowany w preferencyjng
akumulacje PPIX. Transporter ten jest odpowiedzialny za wyrzut PPIX z mitochondriéw i poza
komorke (Rys. 3), a jego ekspresja jest zréznicowana w réoznych typach komorek nowotworowych
[43]. Komorki nowotworu pgcherza moczowego [44] i zotadka [45] traktowane 5-ALA wykazywaty
zwigkszong ekspresj¢ ABCG2, w porownaniu do zdrowych komorek. Z kolei badania
z zastosowaniem inhibitora ABCG2 wskazywaly na jego role w zwigkszaniu poziomu PPIX
w komorkach nowotwordw piersi, w porownaniu do komoérek prawidtowych. Jednakze, w pracy tej
nie pokazano, czy sa istotne roznice pomi¢dzy komorkami traktowanymi 5-ALA, a 5-ALA
w kombinacji z inhibitorem oraz czy traktowanie komorek normalnych inhibitorem ABCG2 wptywa
znaczaco na poziom PPIX [46]. Transportery PEPT1 i 2 (ang. Peptide transporter 1/2), ktorych
naturalnym substratem sg di- lub tripeptydy maja tez zdolno$¢ do transportu 5-ALA do wngtrza
komorek [47,48]. Wyciszenie ekspresji PEPT1/2 w komorkach nowotworowych powoduje znaczne
zmniejszenie akumulacji PP1X, natomiast nadekspresja powoduje efekt odwrotny [45,49]. Kolejnym
transporterem 5-ALA jest PAT1 (ang. Proton-coupled amino acid transporter 1), dla ktorego
naturalnymi substratami sg oboj¢tne aminokwasy jak prolina oraz GABA (kwas y-aminomastowy)
[50]. Jego rola jako transportera 5-ALA zostata pokazana na kilku typach normalnych komorek jelita
cienkiego [51,52]. Inhibicja PAT1 powodowata zmniejszong akumulacje PPIX w nowotworach
o wysokiej ztosliwos$ci raka prostaty po taktowaniu 5-ALA. Co ciekawe istniejg przestanki, ze PAT1
ma niewielkg ekspresje w komorkach nie zmienionych nowotworowo, co sugeruje jego role

w selektywnej akumulacji PP1X [50].
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1.2. Chelatory Zelaza w ALA-PDT

Jak zostato juz wspomniane, komorki nowotworowe maja rozng zdolno$¢ do akumulacji PPIX.
Niestety czesto bywa, ze ilo§¢ PPIX w komoérkach nie jest wystarczajagca do osiggniecia
zadawalajacego efektu terapeutycznego. Zastosowanie chelatoréw zelaza ma na celu zmniejszenie
dostepnos$ci tego pierwiastka, a przez to zahamowanie ostatniego etapu biosyntezy hemu, czyli
wlaczenie jonu zelaza do PPIX, wptywajac tym samym na wzrost akumulacji PPIX w komorkach. Do
dnia dzisiejszego w celu polepszenia efektywnosci ALA-PDT wykorzystano kilka chelatoréw: kwas
(etylenodiamino)tetraoctowy (EDTA), deferoksaming (DFO), 1,2-dietylo-3-hydroksypyridin-4-on
(Cp94) oraz deksrazoksan (Rys. 4). Pierwszym chelatorem zastosowanym w ALA-PDT byt EDTA.
Nalezy do grupy chelatorow nieselektywnych tj. wiazacych nie tylko jony Zelaza, ale takze inne wazne
biologicznie jony jak Cu?* czy Zn?*, a jego powinowactwo do jondw zelaza jest mniejsze niz innych
chelatoréw stosowanych w ALA-PDT [53]. Pomimo tego pokazano, ze zastosowanie EDTA na
komorkach bydlecych fibroblastow znaczaco podnosi poziom PPIX, w stosunku do komorek
traktowanych wylacznie 5-ALA [54]. Malik i inni wykazali natomiast, ze zastosowaniec EDTA
w kombinacji z 5-ALA bezposrednio na skorze myszy powoduje wzrost poziomu PPIX, zar6wno
w zdrowych tkankach, jak i zmienionych chorobowo. Dodatkowo zwrocono uwage na stabg penetracje
EDTA i 5-ALA w glab tkanek skory [55]. DFO, w przeciwienstwie do EDTA, jest bardziej
specyficznym chelatorem w stosunku do jonow zelaza. Charakteryzuje si¢ rowniez niska liofilowoscia
i duza masg molekularng, co utrudnia jego administracj¢ do komorek [56], a wydtuzona ekspozycja
na DFO moze prowadzi¢ do $mierci komorki poprzez znaczne zmniejszenie biodostepnosci zelaza
[57], z racji tego ma on nikle zastosowanie W ALA-PDT [58,59]. Innym zwigzkiem zastosowanym
w ALA-PDT byt deksrazoksan, ktoéry sam w sobie nie jest chelatorem zelaza, natomiast produkty jego
metabolizmu juz tak [60]. Jak pokazano, podnosi on poziom PPIX w komoérkach linii nowotworu
ptaskonablonkowego i glejaka [61]. Obiecujgcym chelatorem Zelaza nie posiadajgcym wad EDTA
1 DFO jest Cp94. Jest to zwiazek o niskiej masie czasteczkowej, dobrej lipofilowosci 1 silnym
powinowactwie do jonéw Fe®". Pomimo, iz CP94 wiaze jony Fe**, w obecnosci tlenu czasteczkowego
utlenia jony Fe** do Fe*, nie dyskwalifikuje go to jako potencjalnego chelatora zwiekszajacego
akumulacje PPIX [62]. Skuteczno$¢ terapii ALA-PDT w kombinacji z CP94 wykazano w wielu
badaniach in vitro i in vivo, zaréwno pod wzgledem akumulacji PPIX, jak i jego dziatania
fototoksycznego [61,63-65].
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Rys. 4. Struktury chelatorow zelaza wykorzystywanych w celu zwickszenia efektywnosci ALA-PDT.

Innym podej$ciem byto wykorzystanie chelatorow zelaza z grupy tiosemikarbazonu (TSC).
Zwigzki te majg szerokie spektrum aktywnosci biologicznej m.in. dziatanie przeciwbakteryjne,
przeciwgrzybicze, przeciwwirusowe, przeciwnowotworowe czy przeciwpasozytnicze [66,67].
Ponadto sg dobrymi chelatorami zelaza, O jest szczegolnie istotne z punktu widzenia terapii ALA-
PDT [68]. W pracy Mrozek-Wilczkiewicz i inni zastosowano silnie cytotoksyczne pochodne TSC
w kombinacji z ALA-PDT. Jak pokazano, takie pochodne nie powodowaty wzrostu PPIX w badanych
lintach komodrkowych, natomiast dla niektorych pochodnych zaobserwowano silny efekt
synergistyczny [69] oparty na wzmozonej produkcji RFT. Jest to podejScie odmienne od
prezentowanego w niniejszej pracy, gdyz opiera si¢ na wykorzystaniu silnie cytotoksycznych
pochodnych TSC, ktérych mechanizm dziatania jest zwigzany z bezpos$rednim wywotaniem stresu
oksydacyjnego. Jednakze fakt ten dowodzi wielocelowosci tej klasy zwigzkow 1 podkresla ich

atrakcyjnos¢ w kontekscie badan nad potencjalnymi lekami.
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1.3. Cel pracy

Pomimo, ze ALA-PDT jest obiecujgcg metoda leczenia nowotwordéw posiada ona ograniczenia,
dlatego tez poszukiwanie nowych metod zwigkszenia jej efektywnosci jest kluczowe dla rozwoju tej
metody leczenia. Jednym z takich podejs¢ jest zastosowanie chelatoréw zelaza w celu zwigkszenia
akumulacji PPIX. Jednakze stosowane dotychczas zwigzki maja swoje wady, dlatego tez celem

niniejszej pracy byto:

- wyselekcjonowanie chelatoréw zelaza z grupy TSC, ktore nie wykazujg efektu antyproliferacyjnego
w komorkach nowotworowych (w warunkach bez na$wietlania) oraz ocena ich zdolnosci do

zwigkszenia akumulacji protoporfiryny IX (PPIX) w tych komorkach,

- ocena efektywnosci terapii fotodynamicznej opartej na kwasie 5-aminolewulinowym (ALA-PDT) po
zastosowaniu wybranych chelatorow TSC oraz pordéwnanie jej skutecznosci z zwigzkiem

referencyjnym Cp94 na panelu r6éznych linii komoérkowych,

- analiza zmian w ekspresji gendw zaangazowanych w biosyntez¢ hemu oraz transporterow
intermediatow tego szlaku metabolicznego w komodrkach nowotworowych po zastosowaniu

wyselekcjonowanych chelatoréw TSC, w kontekscie ich wptywu na efektywnos¢ ALA-PDT,

- ocena wplywu wyselekcjonowanych TSC oraz Cp94 na ekspresj¢ gendw zwigzanych
z metabolizmem zelaza, ze szczegdlnym uwzglgdnieniem genéw mitochondrialnego metabolizmu

zelaza, w celu okreslenia ich roli w terapii ALA-PDT.

Dzigki zastosowaniu metod spektroskopowych oraz analizy genetycznej, udato si¢ wyjasnic¢
mechanizmy dziatania TSC oraz opisa¢ zjawiska, ktore dotychczas nie byly poruszane w literaturze
naukowej. Wyniki te stanowig istotny wkiad w rozwoj dziedziny, otwierajac nowe mozliwosci dla

dalszych badan 1 pogtebiajac nasza wiedzg na temat chelatorow zelaza w ALA-PDT.

Badania, ktorych wyniki sg zawarte w niniejszej pracy doktorskiej byly finansowane
w ramach projektu Narodowego Centrum Nauki PRELUDIUM 18 (2019/35/N/NZ7/02780), ktorego

bylem kierownikiem.
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1.4. Materialy i metody

Wszystkie badania wchodzace w sklad tej pracy zostaly wykonane w zespole Biofizyki
Farmaceutycznej w Instytucie Fizyki im. Augusta Cheltkowskiego Uniwersytetu Slaskiego

w Katowicach pod kierownictwem dr hab. Anny Mrozek-Wilczkiewicz, prof. US.
Synteza tiosemikarbazonow

Badane chelatory z grupy tiosemikarbazonu (Rys. 5) zostaly zaprojektowane
1 zsyntezowane przez dr Marte Rogalska (Rejmund) w ramach pracy doktorskiej pod kierownictwem
prof. dr hab. inz. Jarostawa Polanskiego, Instytut Chemii Uniwersytet Slaski
w Katowicach. Udziat w syntezie miat réwniez dr hab. inz. Maciej Serda, prof. US z Instytutu Chemii

Uniwersytetu Slaskiego w Katowicach.
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Rys. 5. Struktury badanych tiosemikarbazonéw i Cp94.
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Linie komorkowe i warunki hodowli

Badania przeprowadzono na panelu ludzkich linii komérkowych: HCT116 (gruczolakorak jelita
grubego), MCF-7 (gruczolakorak piersi), A549 (gruczolakorak ptuc), Hs683 (glejak), U251 (glejak)
oraz linii prawidtowej NHDF (ludzkie fibroblasty). Linie komorkowe U251 i Hs683 zostaty uprzejmie
udostgpnione przez prof. Gabrielg Kramer-Marek z Institute of Cancer Research w Londynie. Linia
NHDF zostata zakupiona w PromoCell, natomiast pozostate linie w American Type Culture Collection

(ATCC).

Wszystkie linie komoérkowe hodowano w sterylnych butelkach hodowlanych o obj¢tosci 75
cm® (Nunc) na pozywce Dulbecco's Modified Eagle's Medium (DMEM) wzbogaconej 12% v/v
ptodowa surowicg bydleca (FBS) w przypadku nowotworowych linii komorkowych lub 15% v/v FBS
dla linii NHDF. W obu przypadkach pozywka zawierata 1% v/v mieszaning antybiotykow penicyliny
I streptomycyny. Hodowle prowadzono w standardowych warunkach, w 37°C, w atmosferze
wysyconej parg wodng i 5% CO2. Wszystkie linie komoérkowe byly rutynowo badane pod katem
kontaminacji bakteriami z rodzaju Mycoplasma za pomoca techniki PCR, stosujac startery dla genu
kodujacego 16S rRNA.

Cytotoksycznosé

W celu oznaczenia cytotoksyczno$¢ badanych TSC wykorzystano kolorymetryczny test MTS.
Test ten opiera si¢ na redukcji soli tetrazolowej do formazanu przez dehydrogenazy zalezne od
NAD(P)H. Ilos¢ barwnego formazanu, mozna oznaczy¢ ilosciowo za pomoca spektofotometru (Rys.
6).

Komorki wysiano na ptytkach 96-dotkowych w iloéci 5 x 10° komérek na dotek w przypadku
linii nowotworowych i 4 x 10% komérek na dotek w przypadku linii NHDF. Komérki te inkubowano
przez 24 godziny w standardowych warunkach, po czym podano badane zwiazki w st¢zeniu 25 pM
lub 50 uM 1 inkubowano przez nastgpne 72 godziny. Po tym czasie pozywke zawierajaca badane
zwigzki usunieto 1 dodano medium DMEM bez czerwieni fenolowej oraz CellTiter 96® AQueous One
Solution (MTS). Po okoto 1 h inkubacji w 37°C zmierzono absorbancj¢ przy dtugosci fali 490 nm za
pomoca czytnika ptytek wielodotkowych (Synergy 4, BioTek). Eksperyment powtorzono trzykrotnie
w tryplikacie a otrzymane warto$ci postuzyly do wyliczenia wartosci ICso, czyli stezenia substancji,
przy ktorym proliferacja 50% populacji komorek zostaje zahamowana. Obliczen ICso dokonano przy

uzyciu programu GraphPad Prism 8.
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Rys. 6. Zasada dzialania testu MTS.

Akumulacja PPIX i efekt fotodynamiczny

Akumulacja PPIX

Oznaczenie akumulacji PPIX dokonano na podstawie intensywnosci fluorescencji. Komorki
wysiano na 96-dotkowsg czarng ptytke z przezroczystym dnem (Nunc) w ilosci 1,1x10* komérek na
dotek 1 hodowano w standardowych warunkach przez 24 godziny. Po tym czasie, medium usuni¢to
1 podano roztwory TSC 1 Cp94 w stezeniu 25 uM, 5-ALA w st¢zeniu 1 mM oraz ich kombinacje w
pozywce bez czerwieni fenolowej. Roztwor 5-ALA byl kazdorazowo przygotowywany bezposrednio
przed podaniem. Po 24-godzinnej inkubacji ze zwigzkami, fluorescencj¢ PPIX mierzono przy uzyciu
czytnika ptytek wielodotkowych (Synergy 4, BioTek) przy dtugosci fali wzbudzenia 407 nm 1 dtugosci
fali emisji 638 nm. Uzyskane warto$ci fluorescencji zostaly wykorzystane do obliczenia wzglednej
intensywnosci fluorescencji PPIX jako tzw. procent 5-ALA. Badania prowadzono w tryplikatach
w czterech niezaleznych eksperymentach. Wszystkie eksperymenty przeprowadzono przy

zredukowanym o$wietleniu, aby zapobiec fotowybielaniu.
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Efekt fotodynamiczny

W celu oznaczenia efektu fotodynamicznego wysiano i podano badane zwigzki w identyczny
sposob jak opisano przy akumulacji PPIX. Po 24-godzinnej inkubacji ze zwigzkami, medium usunigto,
a dofki przeptukano trzykrotnie medium bez czerwieni fenolowej. Komoérki naswietlono $wiattem
czerwonym (634 nm £ 5 nm) w dawce 12 J/cm?. Nastepnie usunigto medium, w ktérym naswietlano
komorki 1 zastgpiono §wiezym, a komorki poddano dalszej inkubacji w standardowych warunkach
przez kolejne 24 godziny. Jednocze$nie przeprowadzono identyczny eksperyment z pominieciem
etapu naswietlania w celu okreslenia cytotoksyczno$ci ciemnej. Po inkubacji, zywotnos¢ komorek
oceniano wykorzystujac test MTS, postepujac zgodnie z tym samym protokotem, co w przypadku
oceny cytotoksyczno$ci. Wszystkie eksperymenty prowadzono w zredukowanym o$wietleniu
i powtdrzono w trzech niezaleznych powtdrzeniach. Zywotno$¢ komorek obliczono za pomocy

oprogramowania GraphPad Prism 8.

Analiza profilu ekspresji genow
Projektowanie starterow PCR

Sekwencje mRNA badanych genow pozyskano z bazy National Center for Biotechnology
Information (NCBI). Startery dla poszczegdlnych sekwencji zostaly zaprojektowane w Primer-
BLSTA (NCBI), ktore dodatkowo zweryfikowano w programie Oligo 6.0. Syntezg starterow oraz ich

oczyszczanie zlecono firmie Sigma-Aldrich.
Izolacja catkowitego RNA i odwrotna transkrypcja

Komorki wysiano na szalki Petriego o $rednicy 3 ¢cm (Nunc) w ilosci 4 x 10° komorek,
a nastgpnie inkubowano przez 24 godziny w standardowych warunkach. Po tym czasie, dodano swiezo
przygotowane roztwory TSC, Cp94 (25 uM) i 5-ALA (1 mM) i inkubowano przez kolejne 24 h.
Komorki nietraktowane stanowily kontrole. Catkowite komérkowe RNA zostato wyizolowane metoda
Chomczynskiego, korzystajac z komercyjnego odczynnika TRIzol Reagent (ThermoFisher).
Otrzymane lizaty komoérkowe zebrano do mikroproboéwek i1 dodano chlorofrom, a nastgpnie
inkubowano 3 minuty w temperaturze pokojowej i zwirowano (12 0000 x g przez 20 min., 4 °C).
Zebrano warstwe wodng zawierajaca RNA, precypitowano RNA dodajac 0,5 mL izopropanolu (10
minut w temperaturze pokojowej) i zwirowano (12 000 x g, 10 min., 4 °C). Uzyskane RNA
przeptukano trzykrotnie 1 mL 75 % etanolem i zwirowano (7 500 x g, 5 min., 4 °C). Otrzymany pelet
RNA suszono na powietrzu przez kilka minut, po czym rozpuszczono w 20 uL. ddH>O-DEPC. Oceng
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jakosci i ilosci otrzymanego RNA wykonano przy pomocy spektrofotometru NanoDrop 2000
(ThermoFisher).

Synteze cDNA przeprowadzono wykorzystujac komercyjny zestaw GoScript™ Reverse
Transcriptase kit (Promega). W sktad mieszaniny reakcyjnej dla pojedynczej proby wchodzity zawsze
2 pg wyizolowanego catkowitego RNA, 0,5 pL startera oligo(dT)23 oraz ddH20-DEPC, a catkowita
objetos¢ mieszaniny wynosita 5 pL. Tak przygotowang mieszaning inkubowano 5 min. w temperaturze
70 °C, po czym natychmiast schtodzono na lodzie przez 5 minut. W kolejnym kroku, dodano
przygotowang mieszaning odwrotnej transkryptazy GoScript™, buforu reakcyjnego, mieszaniny
deoksynukleotydow, jonéw magnezu i ddH20-DEPC, do koncowej objetosci 20 pL. Reakcje
odwrotnej transkrypcji prowadzono w termocyklerze C1000 Touch™ (Bio-Rad) w nast¢pujacych
warunkach: 25 °C, 5 minut; 42 °C, 60 minut; 70 °C, 15 minut, na koniec mieszanin¢ schtodzono na

lodzie i przechowywano w -80 °C (jesli byta taka potrzeba).
llosciowa reakcja PCR w czasie rzeczywistym

Ilosciowa reakcje PCR w czasie rzeczywistym (RT-qPCR) przeprowadzano
w termocyklerze CTX96 Touch™ Real-Time PCR Detection System (Bio-Rad). Mieszaning
reakcyjng stanowilo cDNA jako matryca, startery dla poszczegdlnych genéw oraz PowerUp™ SYBR®
Green Master Mix (ThermoFisher) i woda. Reakcj¢ prowadzono w warunkach: poczatkowa
denaturacja - 95 °C przez 120 sekund, a nastgpnie 40 cykli: denaturacja - 95 °C, 15 sekund;
przylaczanie starterow 60 °C, 30 sekund; wydtuzanie - 72 °C, 60 sekund. Ocena temperatury topnienia
otrzymanych produktow z doktadnoscig do 0,1 °C/s. Eksperymenty prowadzono w tryplikatach
w 3 niezaleznych powtorzeniach. Uzyskane wyniki normalizowano do genu referencyjnego (GAPDH)
na podstawie metody Livaka i Schmittgena (metoda 2"24C1) Analize ekspresji gendw przeprowadzono

w oprogramowaniu Bio-Rad CFX Manager 3.1.

Oznaczenie wolnego hemu

Oznaczenie wolego hemu prowadzono z wykorzystaniem komercyjnie dostgpnego zestawu
Hemin Assay Kit (Abcam). W tym celu komoérki wysiano na szalki Petriego o Srednicy 3 cm w ilosci
1 x 10° komérek, hodowano przez 24 h w warunkach standardowych. Nastepnie, komorki traktowano
TSC (25 uM) i 5-ALA (1 mM) i inkubowano przez 24 h. Po inkubacji komoérki przemyto PBS
i poddano lizie 1% v/v roztworem Triton X-100 w PBS. Otrzymane lizaty sonifikowano i odwirowano

przy 10 000 x g przez 10 minut, p0 cZym zmierzono stezenie wolnego hemu przy uzyciu zestawu
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Hemin Assay Kit (Abcam; Cambridge, Wielka Brytania) zgodnie z protokotem producenta. Stezenie

hemu obliczono na podstawie krzywej kalibracyjnej z trzech niezaleznych eksperymentow.

Chelatacja jonow Zelaza

Oceng chelatacji jonow zelaza (II1) przez badane TSC 1 Cp94 przeprowadzono przygotowujac
roztwory wyjsciowe w DMSO o stezeniu 8,358 mM. Wszystkie probki rozcienczono ultraczystag wodg
do uzyskania st¢zenia 100 uM. Do kazdego dotka 96-dotkowe;j ptytki z przezroczystym dnem (Nunc)
dodawano po 200 uL roztworu zawierajacego badany zwigzek w stezeniu 50 uM i rosngce stezenia
jonow zelaza od 0 do 50 uM. Widma absorpcji rejestrowano po 4-godzinnej inkubacji w temperaturze
pokojowej przy uzyciu czytnika ptytek wielodotkowych Varioskan LUX (ThermoFisher) w zakresie
275-800 nm z krokiem co 5 nm. Wyniki zostaty przedstawione na wykresach i przeanalizowane za

pomoca oprogramowania OriginPro (OriginLab Corporation).

Analiza statystyczna

Wszystkie wyniki wyrazono jako $rednie arytmetyczne £+ odchylenie standardowe (SD) z co
najmniej trzech niezaleznych eksperymentow. Analize statystyczna przeprowadzono przy uzyciu
GraphPad Prism 8.0 (GraphPad Software), stosujac test ANOVA z testem post-hoc Tukeya. Poziom

istotnosci (p-value) < 0,05 uznano za znamienny statystycznie.
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2. WYNIKI I DYSKUSJA

2.1. Cytotoksycznos¢ badanych TSC

Pierwszym etapem badan nad =zastosowaniem pochodnych TSC w ALA-PDT bylo
wyselekcjonowanie zwigzkow charakteryzujacych si¢ brakiem dziatania hamujgcego proliferacje
komorek bez naswietlania (tzw. toksycznos$¢ ciemna). Kryterium to bylo kluczowe, gdyz TSC o
dziataniu cytotoksycznym nie prowadza do wzrostu stgzenia PPIX, co eliminuje je z potencjalnych
kandydatow na zwigzki wspomagajace efektywnos¢ ALA-PDT. W zwiazku z tym przeprowadzono

badania cytotoksycznosci na panelu nowotworowych linii komérkowych o r6znym pochodzeniu.

Wyniki badan cytotoksycznos$ci, zestawione w Tabeli 1, obejmujg analizowane pochodne TSC,
opisane w publikacjach [P1] i [P2]. Na podstawie otrzymanych wynikéw stwierdzono, ze wigkszos¢
badanych pochodnych TSC nie wykazuje istotnej cytotoksycznosci wobec analizowanych linii
komorkowych. W przypadkach, gdzie obserwowano niewielkie efekty cytotoksyczne, nie stanowity
istotnej przeszkody dla dalszych badan. Silny efekt cytotoksyczny stwierdzono tylko dla pochodnej
TSC-27 i1 TSC-101 na linii U251. Dla zwigzku referencyjnego, Cp94, nie zaobserwowano dziatania
cytotoksycznego na badanych liniach komodrkowych. Dodatkowo, badania cytotoksycznosci
przeprowadzono na prawidtowe;j linii komérkowej NHDF (ludzkie fibroblasty), co byto kluczowe dla
oceny ich selektywnos$ci 1 bezpieczenstwa terapeutycznego badanych pochodnych TSC wobec
niezmienionych nowotworowo komorek. Brak efektu cytotoksycznego wobec NHDF sugeruje, ze
badane zwigzki moga mie¢ potencjat w ALA-PDT, gdzie kluczowym celem jest maksymalizacja
selektywnosci wobec komorek nowotworowych przy minimalizacji efektow ubocznych w zdrowych

tkankach.

Na podstawie uzyskanych wynikéw uznano, ze wszystkie testowane pochodne nie wykazuja
istotnego  efektu cytotoksycznego, co kwalifikuje je do dalszych etapow badan
I wskazuje na ich potencjalne zastosowanie w terapii ALA-PDT, jako zwiazki mogace zwigkszac
efektywnos¢ tej terapii. W zwigzku z tym podjeto decyzje o zastosowaniu stezenia 25 uM w kolejnych

badaniach.
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Tabela 1. Zestawienie wynikow cytotoksycznosci i kodowanie TSC z publikacji [P1] i [P2].

Lp. TSC Atyproliferacyjna aktywnos¢ ICso [uM]
HCT116 MCF-7 Hs683 A549 U251 NHDF
1.  TSC-27 11,69+1,77 20,93+0,37 16,11+1,23 >25 2,78+0,25 >25
(LwP1)
2. TSC-34 18,31£0,92 >25 >25 >25 >25 13,06+1,90
(2wP1)
3. TSC-75 >25 >25 >25 >25 >25 >25
(3wP1)
4, TSC-82  47,56+1,99 >50 >50 nb nb >50
5. TSC-101 12,10+1,03 11,30+1,59 >25 18,02+0,77 7,55+0,28 >50
(4wP1)
6. TSC-102 >50 >50 >50 nb nb >50
7.  TSC-109 30,87+0,64 42,97+1,33 >50 nb nb >50
8. TSC-113 >50 >50 >50 nb nb >50
9. TSC-116 34,88+0,96 >50 >50 nb nb >50
10. TSC-120 >25 >25 >25 >25 >25 >25
(5wP1)
11. TSC-140 >50 >50 >50 nb nb >50
12. TSC-142 >50 >50 >50 nb nb >50
13. TSC-145 >50 >50 >50 nb nb >50
14. TSC-146 >50 >50 >50 nb nb >50
15. TSC-147 >50 >50 >50 nb nb >50
16. TSC-165 11,78+3,28 >25 >25 >25 >25 >25
(6 wP1)
17. TSC-197 >50 >50 >50 >25 nb >50
18. TSC-205 >25 >25 >25 >25 >25 >25
(7 wP1)
19. TSC-206 >25 >25 >25 >25 >25 >25
(8wP1)
20. TSC-236 >25 >25 >25 >25 >25 >25
(OwP1)
21. Cp9%4 >50 >50 >50 nb nb >50

nb — nie badano

24



2.2. Akumulacja protoporfiryny IX

W celu zweryfikowania hipotezy dotyczacej wpltywu pochodnych TSC na akumulacje PPIX
w komorkach, przeprowadzono eksperymenty, ktore polegaly na pomiarze fluorescencji PPIX po

inkubacji z pochodnymi TSC, 5-ALA oraz ich kombinacja.

Wyniki pokazaty, ze rézne linie komorkowe wykazywaty zréznicowane poziomy fluorescencji
PPIX po inkubacji z 5-ALA. Najwyzsze poziomy zaobserwowano dla linii komorkowych MCF-7
1 A549, natomiast najnizsze dla linii HCT116. Co istotne, traktowanie tylko pochodnymi TSC nie
prowadzito do znaczacych wzrostow poziomu intensywnosci fluorescencji PPIX (Fig.2 w [P1]).
Natomiast po traktowaniu kombinacja TSC 1 5-ALA, najwigksze wzrosty intensywnosci fluorescencji
PPIX zaobserwowano dla linii HCT116 (Tab. 2), ktéra miata najmniejszy przyrost po traktowaniu
tylko 5-ALA. Dla tej linii komorkowej zidentyfikowano najwigcej pochodnych TSC powodujacych
znaczacy przyrost intensywnosci fluorescencji PPIX. W przypadku linii MCF-7, rowniez stwierdzono
dos¢ duze przyrosty PPIX po traktowaniu TSC. W pozostatych liniach komoérkowych przyrosty PPIX
nie byty tak duze 1 o wiele mniej pochodnych TSC powodowato znaczace wzrosty. W przypadku linii
U251 zadna pochodna TSC nie powodowata wzrostu PPIX, dlatego linia ta nie byta uwzgledniona
w dalszych badaniach. Ponadto nie stwierdzono wzrostu poziomu PPIX w Zadnej z linii komérkowych
traktowanych kombinacjag Cp94 i1 5-ALA (Fig. 3 w [P3]). Moze to wynika¢ z faktu, Zze zastosowane
stezenie Cp94 wynosito 25 uM, podczas gdy w wielu wczeéniejszych badan odnotowujacych wyrazny
wzrost poziomu PPIX stosowano stezenia powyzej 100 uM. Brak znaczacego wzrostu PPIX po
traktowaniu Cp94 i 5-ALA wskazuje na znacznie wigkszg efektywno$¢ niektorych TSC w pordwnaniu

do tego chelatora.

Traktowanie linii prawidtowej NHDF, tylko TSC lub kombinacjg TSC 1 5-ALA nie powodowato
wzrostu intensywnosci fluorescencji PPIX. W kontekscie terapiit ALA-PDT jest to istotne, poniewaz
zmniejsza ryzyko uszkodzenia zdrowych tkanek podczas terapii, co przektada si¢ na wyzsza
selektywno$¢ 1 bezpieczenstwo, przy jednoczesnym maksymalnym dziataniu terapeutycznym

ukierunkowanym na komoérki nowotworowe.

Do dalszych badan na podstawie wynikéw z [P1] wybrano TSC-34 z racji, ze pochodna ta
podnosita poziom PPIX w wigkszosci badanych linii komorkowych. Natomiast, z pracy [P3] do
dalszych badan wzieto wszystkie pochodne TSC podnoszace poziom PPIX. Dla wybranych

pochodnych TSC, pomimo znanego faktu, ze sa one dobrymi chelatorami Zelaza, postanowiono
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okresli¢ ich zdolno$¢ do chelatacji. Uzyskane wyniki wskazujg, ze wszystkie pochodne TSC chelatuja

jony zelaza (III) w srodowisku wodnym (Fig. 4 w [P3]).

Tabela 2. Podsumowanie wynikow akumulacji PPIX z publikacji [P1] i [P2].

Wzrost RFU PPIX wzgledem 5-ALA

TSC-
HCT116 MCF-7 Hs683 A549
TSC-27 4,0 - - 2,4
sc.al 42w [P1] 1,6 w [P1] 1,7 w [P1] _
4,14 w [P2] 1,66 w [P2] 1,68 w [P2]

TSC-101 3,0 - - 2,2
TSC-109 2,47 1,66 - -
TSC-113 3,0 1,9 - -
TSC-116 2,6 1,64 ; 3
TSC-206 - - 1,6 -

2.3. Efekt fototoksyczny

Wzrost akumulacji PPIX nie zawsze jest wyznacznikiem efektywnos$ci terapii ALA-PDT.
W zwiagzku z tym, podjeliSmy badania, majace na celu identyfikacj¢ pochodnych TSC o znacznym
wplywie na efekt fototoksyczny. W publikacji [P2] wykazaliSmy, ze zastosowanie samego TSC-34
nie wywoluje efektu fototoksycznego, co jest korzystne z punktu widzenia ALA-PDT. Nie
stwierdzono takze istotnego statystycznie spadku zywotnosci komorek we wszystkich uktadach
eksperymentalnych na komdrkach nienaswietlanych (Fig. 3 w [P2]), co sugeruje brak niepozadanych
efektow ubocznych w przypadku braku naswietlania. Identyczne obserwacje uzyskano dla badanych

pochodnych TSC i Cp94 w publikacji [P3] (Fig. 5).

W  przypadku naswietlania komoérek traktowanych samym TSC-34, nie stwierdziliSmy
znaczacego spadku zywotnosci komoérek. Co ciekawe, zarowno w publikacji [P2], jak 1 [P3], nie
zaobserwowali$my efektu fototoksycznego po naswietlaniu komoérek traktowanych wytacznie S-ALA
na wszystkich badanych liniach komérkowych (Tab. 3). Wynik ten jest sprzeczny z doniesieniami
literaturowymi, w ktorych obserwowano znaczacy lub §redni efekt fototoksyczny po traktowaniu 5-
ALA. Brak efektu fotocytotoksycznego byt raportowany w Kilku pracach. Badania sugeruja,

ze w komorkach traktowanych wytacznie 5S-ALA nadal dochodzito do biosyntezy hemu, co oznacza,
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ze stezenie PPIX moglo by¢ niewystarczajace do osiggnigcia znacznego efektu terapeutycznego.
Wyniki pokazaty, ze stezenie wolnego hemu znaczaco wzrastato w komorkach traktowanych
wylacznie 5-ALA w poréwnaniu do kontroli. Z kolei zastosowanie kombinacji TSC-2 z 5-ALA
powodowato obnizenie st¢zenia wolnego hemu do poziomu jak w komoérkach kontrolnych na liniach
HCT116, MCF-7 i Hs683 (Fig.4 w [P2]). W linii A549 poziom wolnego hemu nie ulegl statystycznie

istotnym zmianom po traktowaniu TSC-34 w kombinacji z 5-ALA.

Tabela 3. Podsumowanie wynikow badan dotyczacych cytotoksycznosci (ciemnej i jasnej) na
podstawie [P2] i [P3].

Frakcja przezywajaca [% kontroli]
TSC +

Lp. Nienaswietlane Naswietlane [12 J/cm?]
5-ALA
HCT116 MCF-7 Hs683 A549 | HCT116 MCF-7 Hs683 Ab49
98,36 10050 99,02 99,75 97,69 95,95 95,95 95,68
1. 5-ALA
+4 44 +492 +£569 +£6,90 | 49,36 +854 +854 18,33
88,65 9269 9565 9224 33,56 45 56 3954 76,53
2. TSC-34
+3,69 +3,69 +£3,69 +3,33 +3,84 +2,85 +654 +1,91
3 TSC- 90,56 96,65 94,92 X 95,92 94,05 94,05 o
) n n
109 +2,35 +465 +4,65 +2,86 +3,58 +3,58
A TSC- 97,69 96,86 97,65 X 40,87 31,50 87,36 o
n n
113 +6,54 +759 +£759 +6,89 765 £7,65
. TSC- 08,56 98,56 98,52 X 85,98 87,98 87,98 o
n n
116 +8,25 +659 +6,59 46,6584 46,65 46,65
101,32 98,69 98,69 97,56 86,56 86,56
6. Cp94 nb nb
+5 32 +398 +£3,98 +5,68 +768 +£7,68

nb- nie badano

Te obserwacje mozna wytlumaczy¢ tym, ze egzogenne podanie 5-ALA omija system regulacji

biosyntezy hemu poprzez mechanizm ujemnego sprzezenia zwrotnego. Dodatkowo, brak zmian
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w dostepnosci zelaza umozliwia konwersje PPIX w hem, co moze tlumaczy¢ niska efektywnos¢

terapeutyczng samego 5-ALA na badanych liniach komoérkowych.

Jak pokazalismy w [P2] i [P3] komoérki naswietlane wykazywaty znaczace spadki zywotnosci
komorek po zastosowaniu TSC-34 i TSC-113 w potgczeniu z 5-ALA na liniach HCT116 i MCF-7,
I Hs683 (tylko pochodna TSC-34), natomiast dla linii komoérkowej A549 efekt fototoksyczny byt
niewielki w porownaniu do innych linii komérkowych (Tab. 3). Warto podkreslic. ze, nie
zaobserwowano spadku zywotno$ci komorek w zadnej z testowanych linii po traktowaniu Cp94
w polagczeniu z 5-ALA. Wyniki te jednoznacznie demonstrujg skuteczno$¢ TSC-34 i TSC-113
w zwalczaniu komorek nowotworowych podczas ALA-PDT. Mimo stosunkowo niskiego stezenia
TSC (25 uM), uzyskano wyrazny efekt terapeutyczny, co wyrdznia te zwigzki w pordwnaniu

z referencyjnym Cp94, ktory nie wykazat porownywalnej skutecznosci.

2.4. Wplyw wybranych TSC na ekspresje genow

Mechanizm dzialania wybranych pochodnych TSC nie moze by¢ wyjasniony jedynie na
podstawie wynikoéw dotyczacych akumulacji PPIX lub naswietlania, dlatego podjelismy badania na
poziomie molekularnym w celu wyjasnienia otrzymanych wynikow. W pierwszym etapie okreslilismy
ekspresje poszczegdlnych gendw szlaku biosyntezy hemu w komorkach nie traktowanych wzgledem
linii komorkowej NHDF (Fig. 3 w [P1]). Ekspresja niektorych gendw tego szlaku byta podniesiona,
szczegOlnie HMBS we wszystkich badanych liniach komorkowych. W linii HCT116 stwierdzono
takze podniesiony poziom CPOX i PPOX. W wigkszosci linii komoérkowych zarejestrowano
stosunkowo niski poziom HO-1, cho¢ z doniesien literaturowych wynika, ze wiekszo$¢ nowotworow
ma zwigkszong ekspresje tego genu. Na podstawie tych danych nie mozna jednoznacznie okreslic,
ktora linia komorkowa bedzie bardziej podatna na ALA-PDT w kombinacji z pochodnymi TSC.
W zwiazku z tym w kolejnym etapem badan bylo sprawdzenie ekspresji tych genéw po traktowaniu
TSC w kombinacji z 5-ALA. W publikacji [P1] pokazalismy, ze ekspresja wiekszosci genow szlaku
biosyntezy hemu nie ulega zmianie po traktowaniu 5-ALA i kombinacji 5-ALA z TSC-34
(Fig. 41 Fig. S1 w [P1]). Jedynie ekspresja FECH oraz HO-1 zostata zmieniona. Jednak traktowanie
kombinacjg 5-ALA i TSC-34, powodowalo zmniejszenie ekspresji HO-1 na linit MCF-7 i HCT116,
podczas gdy dla Hs683 odnotowano wzrost ekspresji tego genu (Fig. 4 w [P1]). W przypadku linii
A549 nie zaobserwowano zadnych znaczacych zmian ekspresji badanych gendw. Zmiany w ekspresji

FECH zostaty zauwazone dla linii Hs683 i HCT116. Linia Hs683 po traktowaniu TSC-34 i 5-ALA
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wykazywata zwigkszong ekspresje tego genu, podczas gdy na linii HCT116 ekspresja ta byla
zmniejszona. Podobne wyniki otrzymano w pracy [P3] gdzie, komodrki linii HCT116 1 MCF-7
wykazywaty zmniejszong ekspresj¢ FECH po traktowaniu TSC-34 oraz TSC-113 w kombinacji z 5-
ALA, natomiast w linii Hs683 w obu tych przypadkach ekspresja ta byta zwigkszona. Poziom HO-1
rowniez byt analogiczny do wynikow z [P1], z wyjatkiem komérek HCT116 traktowanych TSC-113
i 5-ALA, gdzie nie zaobserwowano istotnych zmian w ekspresji tego genu. W przypadku linii Hs683
ekspresja HO-1 byta zwigkszona po traktowaniu zarowno TSC-34 jak i TSC-113 (Fig. 6 1 7 w [P3]).
Traktowanie komorek HCT116 i MCF-7 kombinacja Cp94 1 5-ALA powodowato spadek ekspresji
FECH, natomiast w przypadku HO-1 jedynie dla linii MCF-7 zostat stwierdzony spadek jego ekspres;ji.
Otrzymane wyniki wskazuja, ze zmniejszona ekspresja FECH prowadzi do zwigkszonej akumulacji
PPIX, co w polgczeniu z obnizong ekspresja HO-1, a przez to obnizong ochrong przed RFT, moze
ttumaczy¢ silny efekt fototoksyczny na liniach HCT116 i MCF-7 po traktowaniu TSC-34 i TSC-113.
W przypadku linii Hs683, mimo ze wzrost ekspresji FECH moze sugerowac stabg efektywnos¢ terapii,
nie wyjasnia on silnej odpowiedzi po traktowaniu TSC-34, co sugeruje istnienie innych,

niezidentyfikowanych jeszcze mechanizmow.

W pracy [P2] skoncentrowano si¢ na ekspresji transporterOw zaangazowanych w przeplyw
intermediatow szlaku biosyntezy hemu pomi¢dzy kompartmentami komorkowymi. Sposrdd badanych
transporterow tylko dwa wykazaly statystycznie istotne zmiany w ekspresji po traktowaniu
kombinacjg 5-ALA i TSC-34. Pierwszym z nich byt ABCG2 (ang. broad substrate specificity ATP-
binding cassette transporter ABCG2), jeden z najczgséciej badanych transporterow w konteksScie
efektywnosci ALA-PDT, ktory uczestniczy w usuwaniu PPIX z komorki. Jak pokazano jego
zwigkszona ekspresja koreluje z niskg akumulacja PPIX oraz niskg efektywnos$ciag ALA-PDT.
Statystycznie istotne zmiany w ekspresji ABCG2 zaobserwowano we wszystkich badanych liniach
komorkowych. Poréwnujac wzrost ekspresji genu ABCG2 pomigdzy komoérkami traktowanymi
samym 5-ALA, a tymi ktore byty traktowane kombinacja 5-ALA i TSC-34, stwierdzono zaleznos¢,
ze im wyzszy stosunek, tym nizsza akumulacja PPIX, co potwierdzajg nasze wczesniejsze badania
(Fig. 21 Tab. 1 w [P2]). Obserwacja ta jest zgodna z doniesieniami literaturowymi, z wyjatkiem linii
komorkowej A549, w ktorej nie zaobserwowano znaczacej akumulacji PPIX, a wzrost ekspresji
ABCG2
w poréwnaniu do komorek traktowanych tylko 5-ALA byl najmniejszy sposréd badanych linii
komorkowych. Drugim transporterem o zmienionej ekspresji byta mitoferryna 1 (MFRN1), petnigca
role transportera zelaza do mitochondriow. W publikacji [P2] stwierdzono znaczacy wzrost ekspresji

MFRNI na liniach komoérkowych Hs683 i A549 po traktowaniu kombinacja TSC-34 i 5-ALA (Fig. 2
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w [P2]). W publikacji [P3] stwierdzono wzrost ekspresji tej izoformy na linii HCT116 (Fig. 10 w [P3]).
Wzrost ekspresji stwierdzono takze po traktowaniu Cp94 i 5-ALA na tej linii komodrkowe;.
W przypadku MFRN2 ekspresja byta zwigkszona w linit HCT116 oraz Hs683. Traktowanie komoérek
kombinacjg TSC-113 i 5-ALA powodowato spadek ekspresji obu izoform MFRN na linii HCT116,
a w przypadku linii MCF-7 obnizenie ekspresji izoformy 2. Wzrost ekspresji MFRN1 stwierdzono
takze dla linii MCF-7 po traktowaniu Cp94 i 5-ALA. Obnizona ekspresja MFRN po traktowaniu TSC-
113, moze wyjasnia¢ skutecznos¢ tego zwigzku w ALA-PDT poprzez zmniejszenie transportu zelaza,
co hamuje synteze hemu i promuje akumulacje PPIX. Z kolei komorki Hs683, inkubowane ze
zwigzkiem TSC-34, wykazaty zwickszong ekspresjc MFRN, co teoretycznie mogloby ostabi¢
skuteczno$s¢ ALA-PDT, jednakze nie zaobserwowano takiego efektu. Wzrost ekspresji MFRN moze
odzwierciedla¢ odpowiedz komoérki na zwigkszone zapotrzebowanie na zelazo, a nie bezposrednio

wplywac na skuteczno$¢ ALA-PDT na tej linii komdrkowe;.

Wyniki dotyczace ekspresji MFRN oraz zastosowanie chelatorow zelaza z grupy TSC
w ALA-PDT sktonity nas do poglebienia badan nad genami zaangazowanymi w metabolizm Zelaza,
ze szczegdlnym uwzglednieniem jego mitochondrialnego aspektu. W zwigzku z tym podjelismy dalsze
badania majace na celu zrozumienie wptywu pochodnych TSC na metabolizm Zelaza oraz ich wplywu
na skuteczno$¢ ALA-PDT. Jednym z badanych genéw byta mitochondrialna ferrytyna (FTMT), ktora
petni funkcje magazynu zelaza w mitochondriach i wykazuje aktywnos¢ ferrooksydazy. Zwigkszong
ekspresje tego genu zaobserwowano po traktowaniu kombinacjg TSC-34 i 5-ALA we wszystkich
badanych liniach komorkowych, a takze na linii HCT116 po traktowaniu Cp94 1 5-ALA
(Fig. 8 w [P3]). Zwigkszona ekspresja FTMT moze prowadzi¢ do zmian w polaryzacji btony
mitochondrialnej, powodujac uszkodzenie mitochondriéw i zwigkszong produkcje RFT. Te zmiany
moga z kolei zakldéca¢ morfologi¢ mitochondriéw. Jednym z gtownych czynnikow utrzymujacych
architekture mitochondriow jest kompleks MICOS (ang. mitochondrial contact site and cristae
organizing system), ktory fizycznie oddzialuje z FECH. Zaburzenie funkcji MICOS prowadzi do
akumulacji PPIX 1 obnizenia aktywnos$ci FECH. Interakcja pomiedzy FTMT a FECH moze wyjasnia¢
skutecznosc terapii ALA-PDT po inkubacji z TSC-34 linii komérkowych HCT116 i MCF-7.

Kolejnym badanym genem byla frataksyna (FNX), ktora pelni rolg¢ donora siarki w biosyntezie
klastrow zelazowo-siarkowych. Jednak doktadna funkcja tego biatka pozostaje w duzej mierze
niepoznana. W naszych badaniach wykazano zmniejszenie ekspresji FNX na liniach HCT116 i MCF-
7 po traktowaniu kombinacja TSC-113 i Cp94 w potaczeniu z 5-ALA (Fig. 9 w [P3]). FXN nie wptywa
bezposrednio na szlak biosyntezy hemu, a zmniejszenie jej ekspresji moze wplywa¢ na aktywnos$¢

FECH, poprzez zmniejszenie biosyntezy klastrow zelazowo-siarkowych, bedacych kofaktorem
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FECH, a przez to prowadzi¢ do zwigkszenia stezenia PPIX. W przypadku transportera ABCBS8, ktory
uczestniczy w eksporcie zelaza z mitochondridéw do cytoplazmy, stwierdzono znaczace wzrosty jej
ekspresji na wszystkich badanych liniach komoérkowych po traktowaniu Cp94 w kombinacji z 5-ALA,
a takze na linii Hs683 po traktowaniu TSC-34 i 5-ALA (Fig. 12 w [P3]). Wplyw ekspresji ABCBS na
efektywnos¢ ALA-PDT pozostaje niezbadany, ale wczesniejsze badania sugeruja, ze obnizenie
ekspresji tego genu prowadzi do zmniejszonego przezycia komorek, uszkodzen mitochondriow
i zwickszonego poziomu RFT. Podwyzszona ekspresja ABCB8 moze prowadzi¢ do odwrotnego
efektu, czyli zwigksza¢ przezywalnos¢ komorek, co moze wyjasni¢ brak efektu fototoksycznego po
traktowaniu Cp94 i 5-ALA. Mimo wzrostu ekspresji ABCB8 po zastosowaniu TSC-34, nadal
obserwowano efekt fototoksyczny, co potwierdza skuteczno$¢ TSC-34 w ALA-PDT. Ostatnim
badanym genem byt DMTI1 (ang. divalent metal transporter 1), ktory uczestniczy migdzy innymi
w transporcie zelaza do komorki. Ekspresja tego genu byta zréznicowana na badanych liniach
komorkowych (Fig. 11 w [P3]). Na linii HCT116 traktowanie zarowno TSC-34 i TSC-113
w kombinacji z 5-ALA powodowaty znaczacy spadek ekspresji tego genu. W przypadku linii MCF-7,
traktowanie TSC-113 oraz Cp94 z 5-ALA roéwniez wywotywato znaczny wzrost ekspresji DMTI.
Spadek ekspresji byt obserwowany jedynie na linii Hs683 po traktowaniu TSC-34 i 5-ALA. Wplyw
ekspresji tego genu na efektywnos¢ ALA-PDT moze polega¢ na zmniejszeniu poboru zelaza

z przestrzeni miedzykomoérkowe;.
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3. PODSUMOWANIE | WNIOSKI

W niniejszej pracy zidentyfikowano dwie sposrdéd 20 badanych pochodnych tiosemikarbazonu,
ktore wykazaly szczegolnie obiecujace wilasciwosci w kontekScie poprawy efektywnosci terapii
fotodynamicznej opartej na kwasie 5-aminolewulinowym. Te dwie pochodne, TSC-34 i TSC-113,
charakteryzowaty si¢ brakiem cytotoksycznosci ciemnej oraz zdolno$cig do chelatowania jonow
zelaza. Zastosowanie tych pochodnych w potaczeniu z 5-ALA prowadzilo do znacznego wzrostu
akumulacji PPIX oraz wywotywato silny efekt fototoksyczny na réznych liniach komoérkowych, co

potwierdza ich duzy potencjat w poprawie efektywnosci ALA-PDT.

Mechanizm dziatania tych zwigzkéw opiera si¢ na modulacji ekspresji genow zwigzanych
z metabolizmem zelaza 1 biosynteza hemu, co prowadzi do zwigkszonej akumulacji PPIX 1 silnego
efektu fototoksycznego. W liniach komoérkowych HCT116 i MCF-7 pochodne TSC-34 i TSC-113
powodowaty obnizenie ekspresji genow FECH 1 HO-1, co sprzyjalo akumulacji PPIX i zwickszato
skuteczno$¢ terapii. Obnizenie ekspresji FECH bylo zalezne od dwoch mechanizmow. W przypadku
TSC-34 obserwowano spadek ekspresji FNX, co prowadzilo do zmniejszenia produkcji centrow
zelazowo-siarkowych, bedacych kofaktorami FECH, oraz wzrost poziomu FTMT, co mogto wptywaé
na interakcje pomiedzy kompleksem MICOS a FECH, ograniczajac aktywnos¢ FECH. Z kolei
TSC-113 powodowata wyrazny spadek ekspresji MFRN, zmniejszajac dostepnos¢ zelaza dla FECH,
co rowniez skutkowato zwiekszong akumulacjg PPIX i silnym efektem fototoksycznym. Dodatkowo,
obnizenie ekspresji HO-1 ostabialo mechanizmy ochrony komorek przed reaktywnymi formami tlenu,

co potggowalo efekt terapeutyczny.

Nietypowa odpowiedZ na TSC-34 zaobserwowano dla linii komorkowej Hs683. Pomimo
zwigkszonej ekspresji genow FECH 1 HO-1, co zazwyczaj ogranicza efektywnos¢ ALA-PDT, TSC-
34 w kombinacji z 5-ALA wywotala wzrost poziomu PPIX oraz silny efekt fototoksyczny.
To niestandardowe zachowanie sugeruje bardziej ztozony mechanizm dziatania na tej linii
komorkowej, ktory wymaga dalszych badan. Mozliwe jednak, ze zwigkszona ekspresja FTMT
odpowiada za zaobserwowany efekt poprzez zaburzenie aktywnosci FECH, co prowadzi do

nasilonego efektu fototoksycznego, mimo wzrostu ekspresji FECH.

W porownaniu z pochodnymi TSC, Cp94, powszechnie stosowany chelator zelaza w ALA-PDT,
okazal si¢ mniej skuteczny. Brak wzrostu akumulacji PPIX oraz niska fotocytotoksycznos$¢ sugeruja,
ze pochodne TSC sg znacznie bardziej efektywne w stosowanych stezeniach niz Cp94, co czyni je

obiecujacymi kandydatami do dalszych badan nad polepszeniem efektywnosci ALA-PDT.
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Ponizej, na Rys. 7, przedstawiono schematyczny mechanizm dziatania, ktory ilustruje wptyw
pochodnych TSC na metabolizm zZelaza, biosyntez¢ hemu oraz akumulacje PPIX, ze szczegdlnym
naciskiem na zmiany w ekspresji gendw odpowiedzialnych za te procesy. Schemat ten stanowi
podsumowanie najwazniejszych wynikow przedstawionych w niniejszej pracy, pokazujac, w jaki
sposob pochodne TSC-34 i TSC-113, poprzez regulacj¢ ekspresji kluczowych genow, takich jak
FECH, HO-1, FNX, MFRN i FTMT, prowadza do zwi¢kszonej akumulacji PPIX 1 silnego efektu
fototoksycznego w terapii ALA-PDT.

hv
cytoplazma TSC-34
@ T N
Y o
oMM
IMS \BCG2 S
_,I,M.M... e St S S tD D 6 OO & S G4 o, "

macierz
mitochondrialna

Rys. 7. Schematyczne podsumowanie mechanizmu dziatania TSC-34 i TSC-113. FECH-
ferrochelataza, MFRN1/2 — mitoferrynal/2, FNX — frataksyna, FTMT — mitochondrilna ferrytyna,
HO-1 - oksygenaza hemowa, ROS - reaktywne formy tlenu, OMM - zewngtrzna blona
mitochondrialna, IMS - przestrzen migdzybtonowa, IMM — wewngtrzna btona mitochondrialna,
Rysunek wykonano za pomocg BioRender.com.
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ARTICLEINFOD ADRSTRACT
Neywerds: Thiosemicarbazone derivatives are known for thelr broad blological activity including their antitumor potency.
Thiosemicarb amones The dim of the current study was 1o eXamine the effect of @ novel series of nonstoxic iron chelators on the

Acoumulation of FplX
S-Aminclevulinic arid

Heme pattinay gene expression
Metal chelmon

accumaslation of protoporpiyrin IX after extermal S.aminolevoloaic acd adminstration. From this series we
sebectod oo the st peomising dorivative which cawses & pmlmn«\i Tnerease in the concentration of progo-
porpbyrin [X. The increase of the ph oo Is y for the trigger the efficlent ther-
apentic effect of the photody samic Na:llnn For selected compownid 2 we performed um exsminstion of o pasd
of the genes that ace Iovolved in the heme biosy nthests and degradation. Resules dnddcated the cracdal mles of
ferrochelatase and beose oxygesas: in the desedbod processes. Surprisgngly, there was a strict dependence on the
type of the tessed cell lne, A decrease In the exp of the two afi d enxymes after incubation with
2 aexd S-aminoleyulonic acid is o commonly known fect sl we detected this wend for the MCF-7 and
HET 116 ccll Hines. However, we noticed the spregulation of the tested targets for the HsGR3 colls. These un-
convemtional results promgeed us 1o do w moee in-depth analysis of the desceitud processes, In concddinion, we
found that compound 2 is a novel, highly effective booster of photodymamic therapy that hus prospective ap
Mications

1. Introduction

Nowadays, traditional cancer treatment strategies, Including che-
mwotherapy, radiotherapy and the surgical removal of a twmor, are
complemented with novel regimens such as gene therapy [1], mono
clonal antibodies [2], stem cells [7] and photodynamic thesapy (PDT)
[4]. The main advantage of the newest therapies s their selectivity
towards normal cells (5], Among the afocementioped methods of
treatment, PDT can also be used for diagnosing the cancer [6]. In this
therapy, an extemal or biosynthesized drug, in this case a photo-
sensitizer (PS), must be activated by light at a specific wavelength. In
ovder to trigger the photodynamic reaction, an interaction of the PS
with light and oxygen that is dissolved in the tissue is roquired [7],
During this process reactive oxygen species (ROS) are generated and

disturbing proper redox balance catse cytotoxic effect In the celt [£], A
vardant of PDT is 5.AALA-PDT, in which Saminolevulinic acid {5-ALA) is
used [5]. 5-ALA Is a prodrug that 15 producad natwrally In mamumaltian
cells and this is the substrate for the heme blosynthesis {Scheawe 1). The
external administration of 5-ALA causes the production of Intracellular
peatoporphyrin IX (PpIX], which is an effective photosensitizer that bas
also good fluceescent properties [9]. The therapeutic and diagnostic
properties of SALA-PDT are used [n the treatimwent and diagnosis of
many types of cancer including brain [10], skin {11], bladder [!2],
cervix [13] and colon {14). As was menationed above PDT theeapy is
characterised by Its great selectivity towards normal cells. This fact s
explained by the differences in the expression of the genes that are
Involved in the heme biosynthesis in cancer and normal cels [15), An
examination of the literature concerming this issue lad to the conclusion

i 5-ALA, S-aminobevaloaic acld; 5-ALAPDT, Saminolevalind: acid-based photodynamic therapy; CAT, catalase; {904, 1, 2-ddicthy ). 3- hydroxy py ridin-
4-one CPOX, coproporphyrinogen- (1l oxidase; DIO, deferoxamine; FEDTA, ethy lenedinminetetracetic achd; PECI, ferrochelatase; GAPDEL glyoerildebyde 3 phos.
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Scheme 1. Heme blosynthesis pathwany .

that there are many conflicting results depending on the type of cell
line. Beginning from ALAS, which is the first enzyme in the heme
pathway, we found an example of it reducing the mRNA leved in colon
cancer [16], but elevating it in the case of lung cancer [17], When
examining the subsequent enzymes, we had a similar nuanced ob-
servation. Krieg et af, indicated that the HMBS (an altemative name for
PBGD) differentiated its concentration In the different cell lines that
were tested [18). We also found examples of a discemible discrepancy
in the UROD gene expression (n a human breast [19], head and neck
cancer [20] compared to nonmual tissues. The conversion of PpIX Luto
heme occurs through the participation of the ferrochelatase (FECH)
enzyme, It scems obvious that its activity is crucial with regard to the
PpIX accumulation snd therefore its therapeutic use. In contrast 1o the
other enzymes in this case, we observed a decreasing trend in the FECH
activity or in its gene expression [18,21]. The degradation of the heme
is precede by heme oxygenase {HO-1), which plays an important role in
maintalning the corract cell homeostasts and oxidative stress
[22]. The expression of HO-1 is often elevated in colon [23], lung [24],
breast [25] and glioma [26] cancer cells compared to normal tissues,

Despite the differences that were observed In the gene expression
and enzyme activity of the heme biosynthesis and the degradation that
occurred in different types of tumors, we also observed alternations
after the administration of 5-ALA. Several examples are described for
ALAD and HMBS in [17). In the case of FECH, its low activity conse
quently results In an Increasad PpIX level (n colon [16], glioma [29]
and breast [24] cancer cells, The complexity of the processes that are
involved in heme blosynthesis and 5-ALA-PpIX production prompted us
to explore this Issue more deeply.

As was mentioned above, the external administration of 5-ALA re-
sulted in an increased production of PplX and this n turn affected its
phototoxic effect in PDT, However, the concentration of the photo-
sensitizer is frequently insufficient to achieved a good therapeutic ef-
fect. The use of iron-chelating compounds in 5-ALA-PDT signlficantly
Increased the coacentration of PpIX [20], An explanation of this phe-
nomenon could be the fact that chelators affect the PpIX concentration
by blocking the transformation of PplX into heme. This step is catalysed
by ferrochelatase and the use of lron chelators (nhibits.

the production of beme by binding the tron jons. The result of such a
strategy is an accumulation of PpIX in the cell/tissue (Schame 2). One

of the chelators that were used was EDTA (ethylepediaminetetraacetic
acid), which has been studied on the leukemia cell line [31], or DFO
(deferoxamine), which was tested, inter alia, on glioma cells [32]).
Howeves, possibly due to the high molecular weight and Jow lipophi-
licity of DFO, these results were not repeated on an in vive model [32).
Pye ot al. presented a new generation of chelator with boosting pho-
todynamic effart properties - CPO4 (1,2-diethyl-3-hydroxypyridin-4-
one) [34]. This specific ron chelator Is a small molecule that has an
optimal lipophilicity and Increased the PpIX concentration ca i viro
[25,35] and i1 vive [17,38] models,

A new geoeration of metal chelators that may have potential ap-
plications in PDT therapy are thicsemicarbazones (TSC). This group of
compounxds i known for its excellent anticancer, antiviral, antifungal
and antibactesial properties [39-42], We have presented new applica-
tions for sevesal of these TSC derivatives in PDT therapy [42,44].
Howeves, our strategy was different from the commonly known ap-
proach of using chelators for blocking the last step of the heme synth-
esis (Schieae 2), The inhibition of the heme production increases the
concentration of the PpIX. Increasing the therapeatic effect by in-
creasing the drug concentration is a standard method of treatment, The
combination therapy is a modomn way, in which two or more drugs are
apply simultanecusly. This approach pot only increases the effective.
ness of the therapy, but also significantly reduces the dose of the drug,
thus reducing its toxicity. As mentioned above photosersitizer activated
by light generates ROS leading to an oxidative stress [45]. One novelty
was the use of TSC derivatives In a synerglc approach by boosting the
generation of ROS. An Increased cytotoxicity was observed after com-
bination of TSC compounds that had a high level of anticancer activity
with PpIX [43]. These good antiproliferative properties of TSC are as-
soclated with ROS generation [46,47]. To confirm our hypothesis about
shared disturbing of redox homeostasis through ROS preduction, we
performed experiments involved genes expression of superoxide dis.
mutage (MnSOD) and catalase (CAT) as well lipid peroxidation. A de-
tailed analysis of the antioxidant systems confirmed, that after in-
cubation with the combination of TSC and exogenous photosensitizer
oxidative stress was notably increasad [44], For non-toxic TSC deriva-
tives, we did not observe an enhanced therapeutic effect or increasad
level of PpIX. This was in contrast to the commonly known fact that
fron chelators affect heme synthesis by chelating iron, thercby
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Increasing the concentration of PpIX. These observations prompted s
10 explore this subjact more deeply by expanding the research to a
broades group of TSC derivatives, cell lines and examining the heme
biosynthests genes. In this study, several novel, non-toxic TSC deriva-
tives were investigated for their effect on the accumulation of PpIX after
the exogenous application of 5-ALA on a few cell lines of different
origins, including braln (U251 and Hs683), lung (A549), breast (MCF-
7), codorectal (HCT 116) eancer cells and normal human dermad fi-
brobiasts (NHDF). We also investigated the gene expression of the heme
biosynthests pathway as well as the heme oxygenase gene after treat-
ment with S-ALA andd 5-ALA combined with a compound 2, which in-
creased the PpIX concentration In three of six examined oell lines.
Obtained results confirmsed some of the commonly known Eacts, like
dovmregulation of FECH and HO-1 genes in MCF-7 and HCT 116 cell
lines. However, some results were surprising and (n this woek upregu-
lation of aforementioned genes in Hs638 cell line is presented for the
first time, Additionally this opposite results were both obtained for
derivative 2.

2. Materials and Methods

2.). General Procedure for the Syathesis af the Thiasemicarbazides {as
Previousty Described tn [47])

The mixtures of {1,1%thiocarbonyd)} bis-1H-imidazele (SmM) and
suitable derivative of piperazine, glycine, morpholine or thiomorpho-
line {5 mM) in methylene chloride (25 mL) were stirred for 24 h at room
temperature. The solutions were extracted three times with distilled
water and organic phases were dried over MgSO, and evaporated. The
obtalned thioketones were refluxe] for 2h with hydrazine hydrate
{5mM). Final thiosemicarbazides were crystallized from dry methanol

A{4-nitrophenyl)piperazine-1-carbothiohydrazide) (substrate for 1)

Yellow powdar; yield 87% mp: 207208 °C; 'H NMR {400 Mz, d,;
DMSO, ppm): 8§ 3.57 (s, 4H, CH,), 391 (s, 4H, CH;), 4,97 (5, 2H, NH)),
6.97 (d, 2H,J = 9.3 Hz), 8.08 {m, 2H, Ar-H), 9.15 (s, 1H, NH). ""CNMR
(101 MHz, d,-DMSO, ppm}k § 45.7; 46.7; 112.5; 126.2; 137.3; 154.6;
1828

Thiomorpholine-4-carbothiohydrazide (substrate for 2)

White crystal powder, yield 89%; mp: 160-161°C 'H NMR
(400 MHz, d.-DMSO, ppm) & 403 (m, 8H, CHy), 4.83 (s, 2H, NH.),
9.19 (s, 1H, NH). ''C NMR (101 MHz, d;-DMSO, ppm): & 26.4; 50.8;
182.3,

w

[(hydrazinylcarbonothioyl Jamino]acetic acld {substrate for 3)

White powder; yvield 85%; mp; 242-243°C; '"H NMR (500 MHz, 4,
OMSO, ppm ) 84,09 (s, 2H, CH;), 5.27 (s, 2H, NH;), 7.14 (s, 1H, NH),
8,01 (s, IH, OH), 12.69 (5, 1H, NH). '’C NMR (126 MHz, d;DMSO,
ppm); & 44.8; 164.9; 166.6.

A (dipheny lmethylpiperazine 1-carbothiolydrazide (substrate for 4)

Light pink powder; yield 7604 mp 158-159 'C; "H NMR (400 MHz,
d,-DMSO, ppm) § 2.29 (1, 4H, J = 4.9Hz), 3.72 (1, 4H; J = 4,9 Hz),
4.33(s, 1H, CHY, 4.75 (5, 2H, NH,), 7.20 (1. 2H, J = 7.3 Hz), 7.31 (t, 4H,
J =75H2), 742 (d, 4H, J = 7.1 Hz), 9.04 (s, 1H, NH}. 'C NMR
(126 MHz, d,-DMSO, ppm): & 19.4; 50.7; 51.9; 56.5; 128.2; 129.1;
137.1; 142.8; 147.8; 181.1.

Morpholine-4-carbothlohydrazide (substrate for 5)

White crystal powder; vield 88% mp: 170-171°C; 'H NMR
(400 MHz, d.-DMSO, ppm): & 3.59 (m, 4H, CH.), 3.68 (m, 4H, CH.),
4.79 (s, 2H, NH.), 5.12 (g, 1H, NHL "’C NMR (101 MHz, d,-DMSO,
ppm): & 48.2; 66.2; 1834,

Yot biedsurd,

-Lcarbot 1y

A-cyciohexylpip ide (substrate for 6)

White powder; vield 56%; mp: 178-179°C; 'H NMR (400 MHz, 4,-
DMSO, ppm): & 1,19 (m, 6H, CHy), 1.72 (4, 4H; J = 8.4 Hz), 2.36 (m,
4H, CH;), 3.65 (5, 4H, CH,), 4.73 (s, 2H, NH.), .02 {s, 1H, NH). ''C
NMR (126 MHz, d-DMSO, ppm) § 25.7; 26.3; 28.7; 48.3; 48.7; 62.9;
182.9.

A-(4cymnophenyl jpipernzine- 1 -carbothiohydmzide (substrate for 7)

Light orange powder, yleld 7004 mp 169-170°C. 'H NMR
(400 MHz, d,DMSO, ppai): & 342 (m, 4H, Ci1,), 3.89 (m, 4H, CH,),
4.78 (s, 2H, NH;), 7.05 (s, 2H, Ar-H), 7.60 (m, 2H, Ar-H), 9.15 {5, 1H,
NH). ''C NMR (101 MHz, d-DMSO, ppm}: § 45.9; 48.9; 98.6; 114.3;
120.5; 133.8; 153.0; 182.9.

4{4-methoxyphenylipiperzine 1 carbothichydrzide (substrate for 8)

White powdes; vield B1%; mp: 194-195°C; 'H NMR (400 MHz, d;-
DMSO, ppm): § 3.00 (s, 3H, CHy), 3.86 (1, 4H, GH,), 4.11 (m, 4H,
CH,}, 477 (s, 2H, NHy), 6,83 {d, 2H, J = 9.0 Hz), 6,90 (m, 2H, Ar-H),
9.17 (s, 1H, NH). '%C NMR (101 MHz, d,-DMSO, ppeu) § 19.0; 49.9;
56.5; 114.8; 118.2; 145.4; 153.7; 182.1,
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4034 dichlorophenylpip
for 9)

Ncatbothiohydraaide  {sub

White powder: yleld 68%: mpx 186-187°C; “H NMR (400 MHz, d.-
DMSO. ppmj: 83,08 (s, 4HL CH,), 2.86 (m, 4H, (), 476 (s, ZH, NH,),
6.93(m, 1H, ArH), 7.14 (5, 1H, ArH), 7.40 d, 1, = 0.0Hz), 9.19 (5,
1H, NH). “C NMR (101 MHz, &-DMSO, ppm): § 47.1; 47,3; 115.6;
116.6; 120.1: 130.9; 132.0; 150.7; 183.0,

2.2 (emeral Procedure for the Synthesis of the Thi icarh (as
Previcusly Described in (47])

To a mixtures of thinsemicarbazides (0.5 mM) and appropnate de
rivative of 2-quinolinecarboxaldehyde, benzaldehyde or  2-pyr-
idinecarboxaldehyde (0.5 mM} in ethanol {5 ml) were added two drops
of ghacial acetic acid a5 a catalyst. The glass tubes were sealed and
placed into a microwave reactor at 83 °C for 20 min (the reactor power
doesn't exceed 50W). Fimal products were crystallized from dry me-
thanal.

NI(B hydroxyquinolin 2 yDmethylidene] 4-(4 nitrophenyljpiper
azine-1-carbothiohvdrazide (1) {as previously described in [17])

Yellow powder; yield 78%: mpx 304-205°C: 'H NMR (400 MHz, d.-
DMSO, ppm): 8 .74 (m, 4H, CH.), 4.14 (m, 44 CH,), 6.98 (1, 2H,
J = 10.2Hz), 7.12 {m, 2H, Ar-H), 7.42 (m, 2H, Ar-H}, B.08 (m, 2H, Ar-
H), 8.20(d, 1H, J = 87 Hz), 8,38 (s, |H, CH), %.84 (5, 1H, OH), 11.74
(s, TH, NH) 77C NMR (126 MHz, ds DMSO, ppm): 3 45.8; 49.6; 112.4;
112,6; 117.8; 118:6; 126.3; 1286; 129.2; 137.0; 137.3; 138.65 144.3;
152.2; 1536; 1545 1810, HRMS (ESIk m/z calculated for
CoHz NgOuS: 437.1396, found: 437.1387 (M + H]*.

N-[(quinolin- 2 ylimethylidene] 4 thiomorpholine 1 carbothiohy-
dmzide (2) {(as previously described in [17])

Yellow powder; yield 34%: mpe 198-100 °C; *H NMR (400 MMz, d,-
DMSO, ppmk & 2.71 {5, 4H, (Hy), 271 (s 4H, CH.), 7.61 (d, 1H,
J = 65Hz), 7.76 (d, 1H, J = 7.1 Hz), 7.97 (dd, 3H, J = 15.1; 7.0Hz),
8.14 (s, 1H, Ar-H), 8.35 (s, 1H, CH), 1232 (s, 1H, NH). "“C NMR
(126 MHz, &-DMSO. ppm): § 25.7; 521; 117.4; 127,3; 128.0; 128.4;
120.2; 130.5; 126.9; 142.4; 147.9; 154.2; 1632.2. HRMS (ESIk m/2
calculated for CicH,;N.S2: 317,0895, found: 317.0969 (M + H] ¢,

A4.(4-methoxy phenyl)- N° [(4 nitrophenyl imethylidene] pipesazine. 1 -
carbothiohydrazide (3)

Orange powder; yield 85%: mp: 180-181 'C; *H NMR (400 MHz, d.-
DMSO, ppm)k: 3 217 (m, 4H, CH.x 3.70 (5, 3H, CHa), 4.08 (5, 4H, CH2),
6.85 (d, 2H, J < 9,0Hz), 696 (d, 2H, J =« 8.0Hz), 7.90 (d, 2H,
J = 8.7 Hz), 8.27 {5, 2H, Av-H), 8.20 (s, 1H, CH), 11.55 {s, 1H, NH). **¢C
NMR (101 Mz, 4, DMSO, ppenk 3 50.2; 50.4 55.7; 114.8; 1182
124.6; 128.1; 141.3; 141.7; 145.3; 148.0; 153.7; 181.2. HRMS (EST: m/
z calculated for C.oH.:NsO:S 4D0.1443, found: 400.1448 [M + H] *.

4-(3.4-dichlorophenyl)-N*-[(4-hydroxy - 3-methoxypheny imethy li-
dene]piperazite 1-carbothiohydrazide (4)

Yeliow powder; yield 64%; mp: 164-165 °C; 'H NMR (400 MHz, d.-
DMSO, ppm): § 3.36 {s, 4H, (H.). 3.82 (s, 3H, CHa), 4.04 (s, 4H. CH,),
682 (d, 1H, J =« 7.8Hz), 6.96 (d, 1H, J = 8.8Hz), 7.03 (d, 1H,
J=79Hz), 7.16 (s, 1H, ArH), 7.22 (s, 1H, ArH), 7.43 (d, IH.
J = 8.8Hz), 8.08 (s, 1H, CH), 9.51 (s. 1H OH}, 1115 (s, 1H, NH). *C
NMR (126 MMz, do DMSO, ppen) & 47.7; 50.0; 55.9; 109.3: 115.5;
116,0; 13165 120.1; 122.0; 126.1; 131.0; 132.0; 144.6; 148.5 140.2;
150.7; 180.8. HRMS (ESI: m/z calculated for CyobaCLN,O.S
430.07662, found: 439.0775 [M + H1 ",
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A-(Acyanophenyl) N [{ 2 nitropheny ) methylidene] piperazine 1
carbothiohydrazide (5)

Light orange powder: yleld 63%: mp: 199-200°C; 'H NMR
(400 MHz, d.-DMSO, ppmk § 3.53 (s 4H, CH.). 4.09 (5, 4H, (H;), 7.01
(d, 2H, J = 8.7 Hx), 7.63 {m, 3H, Ar-H), 7.79 {1, 1H, J = 7.6 Hz), 06
(t, 2H, J = 7.8 Hz), 8,61 (s, 1H, CH), 11,61 (s, 1H, NH) “°C NMR
(101 MHz, d;-DMSO, ppem): 8 46.0; 40,3; 98.6: 114.0; 120.5; 125.1;
128.3: 129.2: 130.7; 133.8 134,15 159.7: 148.5; 152.9; 181.1. HRMS
(ST m/x caleulated for CyoH oN,OuSc 3951290, found: 395.1296
M+ H]*.

A-cyclohexyl N* [(2 nitrophenyl imethyvlidene ] peperazine-1.car-
bothiohydrazide (6)

Yellow powders yield 50%; mp: 173-174°C; "H NMR (400 MHz, d,-
DMSO, ppmx: § 1.21 (m, SH, €H), 1.76 (m, 5H, CH.), 2.57 (s, 4H,
CHa), 3,89 (s, 4H, CH), 7.64 (m. 1H, ArH), 7.79 (¢, 1H, J = 7.7 Hz),
804 (m, 2H, ArH), 857 (s, 1H. CH). 11,45 (s, 1H, NH). “C NMR
(126 Mz, d,-DMSO, ppm): § 26.7; 26,9: 28.8; 512 48,0: 50.7; 125.1;
128.2: 120.2; 130,6; 124.15 139.3; 148.4; 180.1. HRMS (ESI: m/e
calculated for C,sHa Ne04S: 376.1807, found: 3761799 [M + H] ",

4-{diphenylmethy ]} N {( 2-nitropheayDmeehylidene] piperazine1-
carbothiohydrazide (7)

Dark ormnge powder yield 75% mpe 111-112°C; *H NMR
(400 MHz, d.-DMSO; ppm): § 106 {t, 1H, J = 7.0Hz), 240 (s. 4H,
CHZ), 3.94 (s, 9H, CHL), 7.22 (1, 5H, J « 7.5Hz), 7.46 (m, 5H, Ar-H),
7.62 (t, 1H, J = 8,5Hz), 7.76 (1, 1H, J = 7.7 Hz), 8.02 (m, 2H, Ar-H}),
853 (s, 1H, C3), 11.45 (s, 1H, NH). *'C NMR (126 MHz, 4, DMSO,
ppm): § 49.1; 50.3; 51.8; 74.9; 125.1; 1272.5; 128.1; 128.3; 129.0;
130.7; 134.0; 130.3; 142.8; 148.4; 1810, HRMS (ESIx m/z calculated
for C.eHooNcO-S: 459.1729, found: 4641818 (M + H] *.

N-[(2-niropheaylmethylidene |morpholine- 1-carbothiohy drazide
(8)

Yellow powder; vield 46%; mp: 192-193°C; "H NMR (400 MHz, d;-
DMSO, ppm): & 3,67 (m, 4H, CH.), 3,92 (m, 4H, (3.}, 7.64 (m, 1H, Ar-
HY, 7.79 (L IH.S = 7.8 Hz), 8.04{m, 2H, Ar-H), 8.58 (s, 1H, CH), 11L.53
(s, 1L NH). “C NMR (101 MHz, d,DMSO, ppm): 8 50.8; 66.4: 125.1;
128.3; 129.1; 130.8; 124.15 139.7; 148.5; 181.4. HRMS (ESI: m/z
calculated for C;2H:=N40:5 295,0865, found: 295.0876 [M + H] *,

[(£2-1(3 aminopyridin 2 ylimethylidene Jhydrazinyl jcarbonothioyl )
amino]acetic acid (9) {(as previously described in [18])

Yellow powder yield 51%: mp: 245-246°C; *H NMR (500 MHz, d-
DMSO, ppmY: § 1.24 (s, 2H, CH:), 687 (5 2H, ArH), 7.07 (m, 2H,
NH:), 7.82 (dd, 1H,J = 42; 1,5 Hz), .01 (s, 1H, NH), 8,48 (5, 1H, CH),
10.92 (s, 1H, OHJ, 129 s, 1HL NH). "“C NMR (126 MHz, 4,-DMSO,
ppmi: 3 44.8: 123.9; 124.2; 125.6; 131.4; 135.6: 144.2; 150.2 166.6,
HRMS (ESD: m/z caleulated for (HNeO.Sc 2540712, found:
2540712 [M + HJ .

23 Call Clure

The HCT 116, MCF7 amd A549 cell lines were purchased from
ATCC. The Hs683 and U251 cell lines were kindly provided by Dr.
Gabriela Kramer-Marek from Institate of Cancer Research (Loadon,
UK). The pormal human desmal fibrotdasts (NHDF) were obtained from
PromoCell, All of these adhevent cell lines were cultured in Dulbecco’s
Modified Bagle's Medium (DMEM) containing 12% (for the cancer cell
lines) or 15% (for the NHDF) of fetal bovine serum (Sigma) and a Meond
of standard antibiotics - 1% v/v of penicillin and strepeamycin (Gibeo)
in 75 cm” flasks (Nunc). For all of the cancer cell lines heat-inactivated
FBS was used. The cells weve grown under standard conditions at 37°C

38

38:3070476622



R, Gawecht, v al

in @ humidified atmosphere at 5% OOy, All of the cell lines were sub
Jected to routine mycoplasma testing using the PCR technique with
specific Mycaplasma primers in order to easure that there was no con-
tamination

2.4, Cyweoxicity Svudies

The cells were seeded in 96-well plates (Nune) al a density of 5,000
cells/well (for the cancer cell lines) and 4,000 cells/well (for the NHDF)
and incubated at 37 °C for 24 k. The next day, freshly peepared solutions
of the tested thiosemicarbazone derivatives at varying concentrations
(0.5-25 uM) were added to the plate and incobated for the next 72h,
after which, the medium contalning the tested compounds was replaced
with 100l DMEM without phenol red, to which 20l of CellTiter
GE*AQ 0 0 Doe Salution-MTS (Promega) was added amnd incubated for
1hat 37 °C. The absorbance of the ples was d at 490 um
using a multi-plate reader (Synergy 4, Bio Tek). The oblained results are

P d as a perv ge of the d control. The inhibitory
concentration (1Cs.) values were determined using GraphPad Prism 7.
Each individual compound was tested in triplicate in a single expen-
ment with each experiment beiog repeated three or four times.

2.5, PpIX Fluorescence Intnsity (n Cells Afeer Incubation Wigh TSC

All of the cell lines were seeded into 96-well plates (Black Clear
Bottom, Cornitrg) at 3 density of 15,000 cells/well for 24 h before the
experiment, On the next day the medium was removed and the cells
were washed with PBS (Sigma-Adrich), Then, freshly prepared solu
tions of 5-ALA (1 mM) and TSC (25uM) In DMEM without phenol ved
and FBS were applied to black plate. The cells were incubated (o the
dark at 37 °C for 24 h, After the Incubatlon period, the fluorescence of
the PpIX was measured ising a muln-plate reader (Syneegy 4, Bio Tek)
al 4 407 nm excitation and a 638 um emission wavelength. Untreated
cells were used as controls to compare the autoflvorescence from the
cells with the Auorescence of the PpDL The experiment were performed
in reduced light conditions (to 501x) in arder to avoid photobleaching
the PpiX, The experiments were repeated four times on different days,
The PpIX concentration was calculated as 8 percentage of the control
and the results are expressed as the relative fluorescence nnits (RFU)

2.6, Changes in the Gene Expression After Incubation With TSC

All of the cdl lines were seeded in 3cm Petri dishes (Nunc) at a
minimum density of 500,000 cells and incubated at 37 °C for 24 h. The
next day, the medium was removed and solutions of 5-ALA (1 mM) and
TSC (25 uM) were added. After 24 b, the total RNA was (solated from
the cells usipg TREzol Reagent (Amblon) according to the maoufse
wrer's lnstroctions, ¢DNA syothests was performed with 5pg of the
total RNA using a GoSeript ™ Reverse Transcriptase Kt (Promega) and
Oligo(dT):; Primers (Sigma) Quantitative Real Time PCR was per
formed wsing a CTX96 Touch™ Real-Time PCR Detection System
(Biorad) at a reaction volume of 20ul. The PCR reaction mix mcluded
SYBR Greeo Mix (Biorad) reagent, the approgriate primer pair mixture
(0.5 M each) for each target and 1ul cDNA. All of the primer pair
sequences were designed o Primer 3 and were purchased from Sigma-
Aldrich (Table 81 The experiment was set up under the following
conditions: initial denaturation at 95 °C for 205 followed by 40 dens
turation cyeles at 95 °C, 10 5 anpealing {primer-specific temperature for
205) and exteasion at 72°C for 205 The data from PCR experiments
were amlysed by paring of the exp of the target genes to
reference housekeeping gene such as GAPDH. For this purpase, the of 2
A4 (Livak and Schmittgen) method were used. The experiments was
performed at least five times.
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27. Seanstical Analysis

The results are expressed as the mean + standard deviation (SD}
from at least three independent experiments. Statistical differences in
the PpIX accumulation assays were calculated udng the one-way
ANOVA with a Bonferroni post-hoc test, [n tum, statistical analysts for
gene expression was performed by two-way ANOVA with a Booferroni
post-hoe test, A p-value of 0.05 or less was considered (o be statistically
significant. GraphPad Prissm v.7.0 software (GraphPad Software, USA)
was wed for the analysis

3. Results and Discussion
3.1, Chemisay

Ihe synthesis of TSC was performed according to the known pro-
cxlures [46-45]. The strclures of the investigated compounds are
shown in Fig. 1.

The fimal TSC pounds were synthesised usng a Schiff based
condensation of the appropriate thicsemicarbazide with 2 quinoline-
carboxaldehyde {1-2), benzaldehvdes (3-8) or 2-pyridinecarbox-
aldehyde (9),

2.2 Cymsoxicity Suses

In onder to characterise the antiproliferative activity of all of the
newly svothessed compounds 1-9, we sdected five cell lines that re
peesent different human tunors and one normal fbroblast line, As is
peesented in Table 1, all of the compounds that were svnthesised
showed elther no activity or a weak activity agalnst all of the cancer cell
lines and normal fibroblasts. Our previous experience proved that toxic
compounds are not sultable for increastng the accumulation of PpIX in
cells, After Incubation with the cytotoxic compounds no Nuorescence
{or a very weak fluotescence) was abserved doe (o cell damage. Non-
toxie TSC derivatives can affect the accomulation of PpX without such
effects. In the light of these cbservations, the presented cytotoxic results
are satisfactory and embled us 1o conduct subseg experi

2.3, FpiX Fiuorescence Intensiry e Cells After Incubarion With a 75C
Dertvattves

In onder to verlty the hypethesis conceming the effect of TSC den
vatives on the sccomulation of PpIX in a eell, the following expeniments
were performed. We el the My of PpiX in a cell after
incubation with TSC, 5 ALA or a combination of TSC and 5. ALA. The
results are presented in Fop L

The first abservation was that the tested cddl lines vaned the in-
tensity of the PplX fluorescence after incubation with 5-ALA,
Fluorescence Jevel of PpiX was within the range from 718 for MCF-7 to
44 for HCT 116, This was (0 accordance with the results in [19,50], The
highest PpIX level was obsetved (n the MCF-7 and AS49 cell lines
(I 2A, B) The intensity decreased for He683 and U251 (Fig, 2C, D)
and the weakest signal was observed for HCT 116 and NHDF (Fig 2B,
E) It was interesting that for HCT 116 we detected the lowest PpIX
signal. The main goal of these experiments was to select the compound
that could affect the accumulation of PpIX. Regandless of the PpIX level
in each af the following cell lines, pound 2 in combination with 5.
ALA caused a significant increase in the PpIX fuorescence in the HCT
116 (4.2 times), Hs638 (1.7 timesj and MCF-7 {1.6 times) cells com-
pared to the 5-ALA aloae. In general for HCT 116 cell line we detected
the largest PpIX inerease triggered by the combination of TSC and &
ALA compared ta the 5 ALA alone. For compound 2 amd 1 we detected
aroumd fourfold enhancement of the PpIX floorescence sigml in com:
parison to 5 ALA alone (5 ALA alone RFU = 44, 5.ALA + 2RFU = 183,
5-ALA + 1 RFU < 174), and for compound 4 threefold increase (5
ALA + A RFLI = 148), This is quite interesting considering the fact that
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Fig. 1. Stroctures of the thirsomicarhsones

Table 1

Antiproliferative activity of the stisdiod coey Je expressed as 105, values.
Carp, Activity — 1y (M)

HCY L6 NCF-? ust sl ASAY N

1. 165« 1LY 043+ 0 298 = 0028 1611 = L0 >15 >
2 1831+ 092 >25 > 16 > 28 > 1o = 19
RN =25 > 125 » 15 » 25 > 5 - 25
4. 1210 £ L3 1L30 159 7S5 s 0. » 25 1802 & bT77 »25
5. =25 > 25 =20 =25 » 25 »5
LN 1178 + 1.28 > 25 =25 > 20 »25 5
7. > 35 > 2% > =2 >35 5
K. >3 > >3 > 5 >3 >
u > 126 > %5 > =24 > > 5

these cell Hnes had the weakest PpIX fluorescence level, We belleve that
this may be connected with the fact that In the case of the cell lines that
produced a large amount of PpIX itself, the addition of TSC was not as
effective a9 in the casa of the lines in which the production of PpIX was
inefficient. A similar conclusion was reached i the work [51]. Another
cell line, for which we observed an increase in PpIX fluorescence was
AS45. In this cell line compound 1 with combination with 5-ALA cause!
2.4 times enhancement of the PpIX @l e, For compound 4 we
observed similar result (22 times), An (ncreased level of PpIX (1.6
times) was also registered for compound 8, but only In the Hs683 cell
line. These results showsd that there [s not one universal chelator, but
that there is a specificity towards the cell type. However, the results
Indicated that even for cell lines that had an extensive PpiX synthesis,
the salectad compounds (2 for MCF-7 and 1, 4 for AS45) were suc-
cessful in increasing the concentration of PpIX.

3.4, Changes tn the Gene Expression After Incubation With a 75C
Dertvatives

In the following step, we tried to explain the results that were ob-
served. In our oplnion, we should look for an answer based an the
expression of the genes and the level of proteins that participated in the
PpIX biosynthesis pathway. As is shown in the Scheme 1, there are
severnl enxynwes that are crucial in heme hiosynthesis. We hypothesised
that a tested compound could affect these molecules and theceby have
an impact on the accumulation of PpIX. In order to verify this hy-
pothests, we determined the basal level of the seven genes that are
involved in heme production and degradation (HO-1) in the six tested
cell lpes (Fig. 9) The expression of all of the tested genes was com-
pared 1o their expression in the normal fibvoblasts

For the HCT 116 calls, we obseeved high levels in the expression of
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Pig, 2. The Ouorescence intensdty of the PpIX after incubatioa with the tsted TSC dedvatives (25 pM), S-aminoloy ulinic acid (1 mM) and o combination of TSC with
Saminobevulinic acid (25 pM and 1 mM fima] comeentration, respectively) following cancer el lines - MCILY (A), AS49 (B), 1683 (C), U251 (D), HCT 116 (B) ami
normsal cells NHDE (F). The results are shown as the mean + SD of four Independent meassrements, each performed In triplicate. The data wese analysad using the
one-way ANOVA with Boaferrani's pest-hoc sest: *p < 05, *'p < 01, ***p < 101,

HMBS, CPOX and FECH. In MCF.7, we detected an increased leved of
HMBS and FECH, and alsa ALAD, In general, the Yevel of HMBS was
elevated (n all of the tested cell lines compared to NHDF, This s con-
sistent with the results [15,11.52). Surprisingly, the level of HO-1 was
low for alt of the tested cell lines, which is different than the usual
increase In many type of cancers [23-25,53]). Based on the previous
results concerning the accumulation of PpIX, we selected compound 2
for further research bacause of its effect on (ncreasing the concentration
of PplIX in the MCF.7, He683 and HCT 116 cell lines, but not in A549.
For this reason, we decided to trace the impact of this denivative on the
genes expression bvolved in PpIX bicsynthiesis and degradation in
these four cell lines In detall, The data that Is presentod In Fig. 4 proves
that combination of TSC with 5-ALA had an effect on HO-1 for all of the
tested cell lines except A549.

The presented results illustrate the tested genes altemations after
incubation with S-ALA-TSC combination ln comparison to the results
that were obtained for 5-ALA alone, The statistical analysis of the re-
sults for 5-ALA alope compared 1o the ad cells Is p d In

Fig, SI in the S1. In genernd, after incubation with S-ALA, we observed a
significant increase in the HO-1 Jevel for all of the tested cell lines ox-
cept A549. Additionally, an Increased FECH level was detected for MCF-
7 and HCT 116 (Fig. S1A, D), We did not observe any changes In the
other genes expression as has been suggested In many publications.
Howeser, the combination of 5-ALA and compound 2 yialded the f(of-
lowing results. In the case of MCF-7 (Fig 4A) and HCT 116 (Fig. 4D),
the level of HO-1 was decreasad after incubation with compound 2,
while foe H8683 (Fig 4AC), there was an Increase. In general, there was
no effect on the tested genes in A549 (Fig. 4B), We also recorded the
changes of FECH expression in Hs683 and HCT 116 after incubation
with combination of 5-ALA and compound 2, For Hs683, there was an
Increased level of FECH, while we observed the opposite situation for
HCT 116, namely, the level of FECH decreased. A possible explanation
of the observed FECH and HO-1 decrease is the fact, that according to
Scheme 2, Fe® * chelation caused a dacrease in the activity of FECH due
10 & kack of substrates for heme synthesis. In tun, the lack of the pro-
duct (heme) caused a decrease In the activity of HO-1. A reversad
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situation was detected for Hs683. The incrense in the expression of the
FECH and HO.1 genes is a new fact that has vet not been published in
the literature. This phenomenon Is surpeising and has prompted us to
perform further studies.

4. Conclusion

The overall goal of these studies was to evaluate the effect of the
thicsemicarbazone derivatives on the accumulation of PpIX in cancer
cells, Tt Is commonty known that iron chelators can Increase the con-
cemtration of PpIX after the application of 5-ALA thereby increasing
therapeutic efficacy. This Is connected with the chelation of the tron
lons and the blocking of the last step of heme blosynthesls, However,
there are still many gaps in understanding this process. Therefore, In
these studies, we explored new TSC derivatives and selactad the most
promising candidate from among them. We researched several cancer
cell lines that had different origins and genetic landscapes. This studies
proved that the tested cell lines differed in the production of PpIX after
5 ALA administration. In this work, we present seven TSC derivatives,
of which compound 2 turned out to be the most interesting. The most
surprising fact was its effect on expression of genes that are tnvolved in
the heme biosynthesls and degradation. On the one band, we observed
the typical behaviour foe the MCE-7 and HCT 116 cell lines, namely, the
downregulation of the FECH and HO-1 genes. However, after incuba-
tion with comblastion of 5-ALA and compound 2, the Hs683 cell line
showed a completely opposite rend. This phenomenon is novel and is
undoubtedly worth pesforming an indepth analysis. To the best of our
knowledge, this result is the first to demonstrate the effect of ron

HCT 116

S-ALA 24 5ALA

[7 ALAD [ HMBS 71 UROS W CPOX W PPOX W FECH B HO-1

Pig. 4. The effect of 5-ALA (1 mM) alone and in combination with thicsemicartorone 2 (25 pM) on the beme genes expression in the MCF.7 (A), AR4G (B), Hs683 (C)
anxl HCT 116 (D) cancer cefls. Data were normahited 10 the control (untireaten] cells, one value on the y axix). The resolts are shown ax the mesn + SD of three
independent measurements, each [n quadruplicate, The data were analysed using the twoway ANOVA st *p < 06, "*p < 01, ***p < (0] vouspared (o the 5

AL rreated cells
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chelators on the gene expression involved in the heme biosy

ol of Phowchemisry & Phowtrictagy, 3 Biokogy 199 (20199 112585

pathway and degradation. Gur further research plans will focus studies
that invalve the mansporters on the cell surface, which are responsive to
the PpIX efflux from the cells,
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Table S1. Primers used to amplify gene fragments for qRT-PCR analysis.

Forward (F); )
GENE Primers sequence
Reverse (R)
ALAD F 5-GCAGAGTTCCCAAGGACGAG-3’
R 5-GGACACAGGCAGACATCACA-3’
F 5" -ACCCACACACAGCCTACTTT-3’
HMBS
R 5 -TGAACTCCAGATGCGGGAAC-3’
UROS F 5-AATTAAGTTTGCAGCCATCGG-3
R 5 -CTCAGGTGCTTCCACTCAGG-3’
F 5-TGGCCTCTTCACTCCAGGAT-3
CPOX
R 5-ACTAAGGCACGGGTAACTGC-3’
PPOXY F 5-CTGGGAGGTTCCTGGTTACA-3
R 5'-CAACCTGTGAGCAGTCAGGA-¥’
F 5-GATGAATTGTCCCCCAACAC-3’
FECH
R 5-GCTTCCGTCCCACTTGATTA-3
ool F 5"-CATCCCCTACACACCAGCCA-3’
i R 5-ATGTTGGGGAAGGTGAAGAAGG-3”
F 5-GAGTCAACGGATTTGGTCGTA-3’
GAPDH
R 5 GCCCCACTTGATTTTGGAG-3

45



gi :1 _l i '1 8
|

W Cordrol - SALA

Figure S1. The effect of 5-ALA (ImM) alone on the expression of the genes involved in the
heme biosynthesis and degradation in the MCF-7 (A). A549 (B). Hs683 (C), HCT 116 (D)
cancer cells. Results are shown as the mean = SD of three independent measurements, each in

quadruplicate. Data were analvzed using the two-way ANOVA test; *p < 0.05, **p < 0,01,
*#%p < 0.001 compared to the control (untreated cells).
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Abstract: Photodynamic therapy is one of the most patient friendly and promising anticancer
therapies. The active ingredient 15 irradiated protoporphyrin IX, which is produced in the body
that transfers energy to the oxygen-triggering phototoxic reaction. This effect could be enhanced
by using iron chelators, which inhibit the final step of heme biosynthesis, thereby increasing the
pratoporphyrin IX concentration. In the presented work, we studied thicsemicarbazene derivative,
which 1s & universal enhancer of the phototoxic effect. We exarnined several genes that ase involved In
the transport of the heme substrates and heme itself. The results indicate that despite an elevated level
of ABCG2, whidh is responsible for the PpIX efflux, its concentration in a cell ts suffickent to trigger a
photodynamic reaction. This effect was not observed for 5-ALA alone. The analyzed cell lines differed
in the scale of the effect and a correlation with the PpIX accumulation was observed. Additionally,
an increased activation of the iron transporter MENR1 was also detected, which indicated that the
regulation of iron transport is essential in PDT,

Keywords: thiosemicarbazone; iron chelators; ABC transportersy; photodynamic therapy; phototoxis
effect; heme

1. Introduction

Generally, cancer therapies have the most side effects of any of the therapies that are
used today. These side effects often create serious psychological and medical problems,
Therefore, therapies that are safe for the patient should be developed. One such therapy is
photodynamic therapy (PDT), which is one of the few anticancer methods that is relatively
safe for the patient [1-3]. The reason for its low toxicity is its selectivity, which is associated
with its local effect, In PDT, the pholosensitizer, which can be called the active ingredient,
accumulates in the tumor and triggers a toxic effect there [4]. The specificity of the therapy
itself lies in the interaction of oxygen, the light of the appropriate wavelength and the pho-
tosensitizer [3]. An additional advantage of ALA-PDT therapy is that the photosensitizer
1s produced in the body, As a prodrug, 5-ALA 1< a substrate for the production of proto-
perphyrin IX (PpIX), which absorbs the energy from light and then transmits that energy
to oxygen, which in turn leads to the production of free radicals and singlet oxygen [6].
The natural synthesis of PpIX has its limitations, however, because PpIX is not the final
product, PpIXis the penultimate link in the production of heme, which plays a huge role in
our body, but is not a photosensitizer, Therefore, in ALA-PDT therapy, iron chelators that
inhibit the incorporation of iron ions into the porphyrin ring are often used (7). Despite
extensive research on ALA-PIYT, there are still many unanswered questions, such as the
mechanism by which selective PpIX accumulates in cancer cells, and why various cell lines
have differing abilities to accumulate PpIX or respond to irradiation, Even less is known
about the mechanisms of action of ALA-PDT in combination with iron chelators.

In this work, we continued the study of the use of iron chelators from the TSC group
to improve ALA-PDT therapy. In our previous work, we selected a thiosemicarbazone
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derivative with quinoline and thiomorpholine fragments; namely, derivative 2 [S]. Because
this compound boosts the PpIX concentration in several cell lines, it 1s the most universal,
Therefore, we continued the research with derivative 2 and focused on the transporters
that are involved in the heme biosynthesis pathway intermediates: flux and the phototoxic
effects (Figure 1). We continued the study on four cancer cell lines (Mcf-7, HCT 116, Hs683
and A549) because we observed interesting differences in the PplX accumulation and
the expression of the genes that are involved in heme biosynthesis and the degradation
pathway in untreated cells, and in cells that had been treated with 3-ALA or 5-ALA with
TSC. The Hs683 cell lines especially exhibited an atypical behavior that has not yet been
described in the literature, In the current work, we extended the study to several targets
that are responsible for the transport of the substrates for heme into a cell and its efflux
from a cell.
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Figure 1. Schematic representation of selected transporters involved in the transport of interme-
diates of the heme biosynthetic pathway, ABCB6—ATP-binding cassette subfamily B member 6,
ABCG2Z—ATP-binding cassette subfamily G member 2, 5-ALA—5-ammolevulinic acid, CPG 11—
coproporphyrinogen ll1, FECH —ferrochelatase, MFRN1 —mitoferrin 1, PEPT1- peptide transporter
1, PpiX—protoporphyrin [X.

The first analyzed gene was the peptide transporter 1 (PepT1), which plays a crucial
role in the delivery of a prodrug (5-ALA) to acell [9,10]. PepT1 is a prototype transporter
of the SLCI5 family [11] and its induction is connected with an enhanced therapeutic effect
via an increased transport of 5-ALA into a cell [12]. A similar situation was discovered for
the ATP-binding cassette (ABC) transporter ABCB6, which transports coproporphyrinogen
[T into the mitochondria where PplX is synthesized [13]. Several papers have presented
results that indicate the important role of overexpressed ABCB®6 in the elevated concen-
tration of PpIX after -ALA administration [14,15]. Another type of ATP-binding cassette
transporter is ABCBI0, which is responsible for the production or efflux of 5-ALA from the
mitochondria and plays a crucial role in the heme synthesis pathway [16]. ABCB10 also
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forms a complex with mitofersinl (MFNR1) and ferrochelatase (FECH), which intensifies
the production of heme [17]. Another ATP-hinding cassette transporter, which was the
subject of the research, was ABCG2. This molecule is responsible for extracting PpIX from
the mitochondria [18]. An elevated level of ABCG2 is connected with an insufficient PDT
effect after 5-ALA administration. Therefore, many studies have described the inhibition of
ABCG2 as a strategy for increasing the PplX level in a cell [19], Another important molecule
that is involved in heme synthesis is MENR1, which is responsible for mitochondrial iron
delivery [20], Silencing MPNRI increased the PpIX levels in healthy mouse fibroblasts,

2. Results and Discussion

Using iron chelators in ALA-PDT to increase the efficiency of this therapy is not
new. However, the number of chelators that can be used in ALA-PDT is limited and their
mechanism of action is poorly understood. In cur previous work, we investigated the
ability of novel iron chelators from the TSC group to increase the PpIX accumulation on
different cell lines with the heterogeneous expression of heme biosynthesis and degradation
pathway genes. Of the TSC derivatives that were tested, derivative 2 emerged as the most
promising in terms of its applicability in ALA-PDT because it increased the PplX levels in
most of the tested cell Tines, did not exhibit any antiproliferative properties [8] and had
good iron ion chelating characteristics [21].

In this work, we continued our investigation of using iron chelators from the TSC
group as an ALA-PDT enhancer, and focused on selected transporters that are involved
in the flux of the heme bicsynthesis pathway intermediates as well as on the efficacy of
ALA-PDT in combination with TSC. The expression of these transporters is one of the
factors that limits the efficacy of ALA-PDT, Of the selected transporters, only two resulted
in statistically significant changes in the expression pattern after the 5-ALA treatment
in combination with TSC derivative 2, The first of these was ABUG2, which is one of
the most studied transporters in this context and is involved in PpIX efflux from the cell,
whose increased expression correlated with a low PpIX accumulation as well as a low POT
efficacy [14,22,23]. Statistically significant changes in the ABCG2 expression were observed
in all of the tested cell lines after they had been with a combination of 5-ALA and TSC
derivative 2 compared to the cells they had been treated with 5-ALA alone (Figure 2). The
greatest changes in the expression of this transporter gene were observed for the MCE-7
cell line, in which there was a 5.3-fold increase in its expression after treatment with TSC
derivative 2 combined with 5-ALA (Figure 2B), while for the HCT 116 and Hs683 cell lines,
there was a 3.6- and 4.16-fold increase in its expression, respectively (Figure 2A,C). For the
AB549 cell line, the increase was the lowest, namely only 1.8-fold (Figure 2D). When the
increase in the ABCG2 gene expression between cells that had been treated with 3-ALA
and those that had been treated with the combination of TSC derivative 2 and >-ALA
were compared, it was found that the higher the ratio, the lower the PpIX accumulation,
which was shown in our previous work (Table 1 [S]. This cbservation is consistent with the
literature reports. For the exception was the A549 cell line, in which there was no significant
accumulation of PpIX, and in which the increase in the ABCG2 expression was the smallest
of the stuiied cell lines.

The second gene whose expression changed significantly for two cell lines after treat-
ment with combination of 3-ALA and TSC derivative 2 compared to cells treated only with
S-ALA was mitoferin-1 (MFRN1}, i.e., Hs583 (3.8-fold increase) and A54Y (3.0-fold increase;
Figure 2C,D). MFRN1, as was mentioned above, is responsible for the transporl of iron jons
into the mitochondria. Despite the paucity of literature on iron metabolism and ALA-PDT
efficacy, it was shown that breast cancer cell lines that had a down-regulated expression of
MFRNT and MFRNZ had an increased accumulation of PpIX. In contrast, experiments using
siRNA showed that silencing the mitoferrin genes resulted in an increased accumulation of
PpIX in normal cells [20], The increase in MFRNT expression might explain the lack of PpIX
accumulation on the A549 cell line after treatment with TSC derivative 2 that was observed
in the previous work. In contrast, there was no such correlation for the Hs683 cell line,
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Figure 2. The expreasion of the genes that are assoclated with the ransport of 5-ALA and heme after
treatment with 5-ALA and a combination of 5-ALA with TSC derivative 2. (A)—MCE-7, (B)—HCT
116, (Cp—Hs633 and (D)—ASMO cell Unes. PEPT]—peptide transporter 1; ABCB6—ATP-binding
cassette B6; ABCB10—ATP-binding cassette B10; ABCG2—ATP-binding cassette G2; MFRN1—
mitofertin 1. Data analysis was performed wsing a two-way ANOVA with Tukey’s post-hac test:
*p <005, p <0005, p <0,0001,

Table 1. Summary of results from previous work [5].

. Expresion of mRNA after treatment with
Increase in fluorescence of PpIX relative to TSC derivative 2 incombination with 5-ALA

Cell fine 5-ALA after treatment with TSC derivative 2 in relative to 5-ALA.
mbination with 5-ALA, e
R FECH HO-1
HCT 116 4.2-fold change Down-regulated Down-regulated
MCFE-7 1.6-fold change Noavelgifiont Down-regulated
o changes
Ha683 1.7-fold change Up-regulated Up-regulated
; Non-significant Non-significant
AS49 Non-significant changes changes changes

Based on the results presented above, and the available literature, it can be assumed
that the phototoxic effect on the studied cell lines would be minor or that there would be no
effect at all. However, the result of the irradiation of cells that had been treated with 5-ALA,
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TSC derivative 2 and their combination indicated that the viability decreased statistically
significant (Figure 3). The strongest effect was observed for the HCT 116 and Hs683 cell
lines (26% and 29% of the surviving fraction, respectively; Figure 3A,C). In the case of the

MCF-7 line, the decrease of cell viability was 44% of the surviving fraction (Figure 1B),

For the A549 line, the phototoxic effect was the weakest (76% of the surviving fraction;
Figure 3D). The chserved PDT effect for the HOT 116, MCE-7 and A349 cell lines correlated
with the results for the PpIX accumulation because the higher the PpIX accumulation
the stronger phototoxicty. Only for Heb83 cell line did the correlation between the PpIX
accumulation and cell viability not correlate after irradiation, which is an open question for
further research. The lack of a phototoxic effect after treatment with TSC derivative 2 alone
is a desirable feature of a booster with potential use in ALA-PDT
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Figure 3. Phototoxic effect after red light irradiation at a dose of 12 ]/cm*, (A}y—MCF-7, (B)—HCT
116, (O)—Hs683 and (D2)—A549 cell lines that had been treated with 5ALA, TSC derivative 2 and
their combination, Data analysis was performed using a two-way ANOVA with Tukey’s post-hoc
test: * p < 0.05, "% p < 0,0001.

Interestingly, there was no phototoxic effect on any of the tested cell lines that had
been treated with 5-ALA alone. Most studies have shown that there is a stronger or weaker
phototoxic effect during ALA-PDT. However, papers that show no or a weak phototoxic
effect in ALA-PDT can also be found [24,25]. The increased expression of ABCG2, as was
mentioned earlier, is responsible for the efflux of PplIX from the cell and in our opinion
cannot explain the complete absence of a phototoxic effect only on the 5-ALA-treated
cells, In order to explain this observation, we assumed that in the cells that had been
treated with 5-ALA only, heme was still bicsynthesized and thus the concentration of PpIX
was insufficient to achieve a satisfactory therapeutic effect. Our results showed that the
concentration of free heme significantly increased in the cells that had been treated with
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5-ALA alone compared to the control and that when a combination of TSC derivative 2 with
5-ALA was applied, the concentration of heme decreased to a level in the HCT 116, MCE-7
and Hs683 cell lines that was similar to the control (Figure 4A-C). In the case of the A549 cell
line, the level of free heme was not statistically significantly different after treatment with
the tested compound combinations (Figure 4D). These observations in the 5-ALA-treated
cells are not surprising because by exogenously providing 5-ALA, the regulatory system
of heme biosynthesis through a negative feedback loop is overcome. In addition, the lack
of iron deprivation permits the conversion of PpIX into heme. In the previous work, we
showed that on MCFE-7 and HCT 116 cell lines, the HO-1 expression levels were significantly
elevated after treatment with 5-ALA alone and that they decreased after treatment with
TSC dersvative 2 in combination with 5-ALA [5]. This enzyme is, among others, responsible
for the degradation of heme in cells [25] and its expression pattern correlates with the
results that were obtained from the heme concentration study. On the other hand, one of
the heme degradation products, i.e,, biliverdin, acts as an antioxidant, which may explain
the lack of a PDT effect on the 53-ALA-treated cell lines [27,25]. In contrast, for the Fs683
cell line, as was shown in a previous paper, the HO-1 levels increased after treatment with
a combination of 3-ALA and TSC derivative 2, which stands in the opposition to the facts
that are presented above and yet, this line exhibited a significant decrease in cell viability
after irradiation. For the A549 line, no changes were observed in the HO-1 gene expression
or in the free heme concentration [#].
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Figure 4. Free heme concentration after treatment of 5-ALA and combination of 5-ALA and TSC
derivative 2 {A}—MCFE-7, (B)—HCT 116, (C)—Hs633 and (D)—A549 cell lines. Data analysis was
performed using a one-way ANOVA with Tukey's post-hoc test: * p < (.05, ** p < 0,005, **** p < 0.0001
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3. Materials and Methods
3.1. Cell Lines and Cell Culture

The HCT 116 (colon cancer), MCF-7 {breast cancer} and A349 (lung cancer) cell lines
were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA),
while the Hs683 (glioma} cell line was kindly provided by Prof. Gabriela Kramer-Marek
from the Institute of Cancer Research (London, UK). All of the cel! lines were cultured in
Pulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich; St. Louis, MO, USA), which
had been supplemented with 12% foetal bovine serum (FBS; Sigma-Aldrich; St. Louis, MO,
USA) and an antibiotic blend (1% v/ of penicillin and streptomycin; Gibeo; Grand Island,
NY, USA) in 75 cm? flasks (Nunc, Sigma-Aldrich; St. Louis, MO, USA). The cells were
cultured in standard conditions of 37 °C in a humidified atmosphere at 5% CCy. All of the
cell lines were screened for Mycoplasma contamination.

3.2, Transporter Genes Expression

Cells were seeded in 3-cm plastic Petri dishes (Nune, Sigma-Aldrich; St. Louis, MO,
USA) at a density of 4 « 10° cells per dish and incubated for 24 h at 37 “C. Then, the old
medium was removed and replaced with solutions of 3-ALA (1 mM), derivative 2 {25 uM)
and a combination of 5-ALA and derivative 2 in a manner in which their final concentra-
tions matched the concentrations of 5-ALA and derivative 2 alone. After another 24 h of
incubation, the total RNA was isolated from the cells with TRIzol Reagent {Invitrogen;
Carlsbad, CA, USA) according to the manufacturer’s protocol. Reverse transcription was
performed on 2 pg total RNA using a GoScript™ Reverse Transcriptase kit (Promega; Madi-
son, W1, USA) and Oligo(dT)z Primers (Sigma-Aldrich; S$t. Louis, MO, USA). Quantitative
RT-PCR was performed in a CTX% Touch™ Real-Time PCR Detection System {Biorad;
Hercules, CA, USA) using SYBR® Green Master Mix (Biorad; Hercules, CA, USA), the
appropriate primer pairs and a cDNA template. The primers that were used in this study
were designed using Primer 3 online software (Table 2) and synthesized by Sigma-Aldrich
(Sigma-Aldrich; St. Louis, MO, USA). The data was analyzed based on a comparisen of the
expression of the larget gene Lo a reference gene, GAPDH, using the 27337 (Livak and
Schmittgen) method. The experiments were repeated at least three times in triplicate.

Table 2. Primers used in this study.

Gene Name Sequence 5-3' {(F-Forward, R-Reverse)
PEPTI F AGGCAACAACTATGTCCGGG
) R CACAGCATCGAAGATCGGGA
ABCBS F CTGCGGTATGTGGTCTCTGG
R CCAGGTAGACTGTTGGGLTG
ARCBIO P GTACGGGTCGCACGCA
R GTCAACGGCGATAGGGACT
ABCG2 F GCATAGGAAGTTTACGCACAG
R AAGGCGCTAGAAGAAGGGGG
MERN1 F ACTCGGTGAAGACACGAATGC
R CAGCTATCCCGTTCGUTAGG
GAPDH r GAGTCAACGGATTTGGTCGTA
R GCCCCACTTGATTTIGGAG

3.3. Heme Concentration Measurement

The cells were seeded at a density 1 « 10° cells/dish for 24 h at 37 °C, Next, -ALA
(1 mM), TSC derivative 2 (25 uM)} and a combination of 5-ALA and derivative 2 were added
and incubated for 24 h in the dark at 37 “C. After incubation, the cells were washed with
PBS and fysed with a 1% Triton X-100 solution in PBS. The lysates were then sonicated
and centrifuged at 10,000« ¢ for 10 min, The free heme concentration was measured
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using a Hemin Assay Kit (Abcam; Cambridge, UK) according to the manufacturer’s
protocol. The heme concentration was calculated from the calibration curve of three
independent experiments.

3.4. Phototoxic Effect

The cells were seeded into a 96-well plate at a densily of 11,000 cells/well for 24 h
at 37 °C. Then, the medium was removed and 5-ALA {1 mM), dertvative 2 {25 uM) and
a combination of 5-ALA and derivative 2 were added and incubated for 24 h in the dark
at 37 °C. After the incubation, the cells were washed three times with a medium without
phenol red and then irradiated or with an LED red light (634 +5 am) ata dose 12]/cm?. The
cells were further incubated in the dark under 5% COy at 37 “C for 24 h. After irradiation,
the cell viability was determined using an MT5 assay. Briefly, the medium was removed
and 100 ul. of DMEM without phenol red and 20 uL. of CellTiter 96% AQueous One Solution
{Promega; Madison, W1, USA) was added and then incubated for approximately 1 hat37°C.
Simultaneously, the same experiment was performed with irradiation step being omitted
in order to show dark cytotoxicity. The results are presented as the mean £ standard
deviation of three independent experiments and the cell viability was calculated using the
GraphPad Prism 5 software (GraphPad Software Inc.; San Diego, CA, USA).

3.5. Statistical Analysis

All of the experiments were repeated three times in independent experiments and

using GraphPad Prism 5 software (GraphlPad Software Inc.; San Diego, CA, USA). A
two-way ANOVA followed by Tukey’s test was used to examine the significance of any
differences between more than two groups. A two-tailed p value of 0.05 or less was
considered significant.

4, Conclusions

In conclusion, the use of iron chelators from the thiosemicarbazone group as enhancers
is a promising approach for improving the efficiency of ALA-PDT. The TSC derivative 2
is particularly interesting in this case due to its strong photocytotoxic effect, which was
obtained on most of the tested cell lines in combination with 3-ALA. Despite the significant
increases in ABCG2 gene expression, the observed therapeutic effect on most of the cell
lines that were included in this work was substantial. This indicates that TSC derivative 2
is an excellent candidate for increasing the efficiency of ALA-FIDT. We also showed that
the expression level of the ABCGZ gene correlated with the phototoxic effect for most of
the cell lines. The absence of this effect for the AB49 lineage may be due to the increased
expression of MENRI. Surprisingly, this study does not explain the strong phototoxic effect
that was observed for the Fs683 line and the reasons for this remain an open question.
Because of the still insufficient knowledge about the mechanisms of ALA-PDT therapy, the
results presented here are a necessary addition to fill in the existing gaps. At the same time,
our study still remains an interesting area for further research.
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Abstract: Iron plays a crucial role in various metabolic processes. However, the impact of 5-
aminolevulinie acid (ALA) in combination with iron chelators on iron metabolism and the efficacy of
ALA-photodynamic therapy (PDT) remain inadequately understood. This study aimed to examine
the effect of thinsemicarbazone derivatives during ALA treatment on specific genes related to iron
metabolism, with a particular emphasis on mitochondrial iron metabolism genes, In our study, we
observed differences depending on the cell line studied. For the HCT116 and MCF-7 cell lines, in most
cases, the decrease in the expression of selected targets correlated with the Increase in protoporphyrin
IX (PPIX) concentration and the observed photodynamic effect, aligning with existing literature
data. The Hs683 cell line showed a different gene expression pattern, previously not described in the

(0, check for fiterature. In this study, we collected an extensive analysis of the gene vanation occurring after the
P it application of novel thiosemicarbazone derivatives and presented versatile and effective compounds
Cltstian: Gaweshi, R Rawicka, T with great potential for use in ALA-PDT
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1. Introduction

Photodynamic therapy (PDT), a method characterized by its low invasiveness towards

Aadolc o ooy oy healthy cells, is currently an attractive treatment strategy for various diseases. Despite

Neceived: 21 August 2024 its greal potential against cancer cells, it is mainly used for dermatological treatment
Novised: 19 Seplomber 2124 and cosmetic procedures. Due to the vast variability within a single cancer type, as well
Accepted. 2 September 2024 as the individual characteristics of each patient, current treatment methods need to be
Publishod: 2% Septembor 2024 modified. Therefore, developing non-destructive methods of cancer treatment for the
patient is particularly important. In this paper, we present a modification of PDT using

() (D) S-aminolevulinic acid (5-ALA) supported by iron chelators from the thiosemicarbazone

(TSC) group. Although this strategy is well-known [1,2], there is a paucity of data on the
changes in iron metabolism that occur during this therapy. The therapy itself consists of
administering 5-ALA, a precursor of the actual drug—the photosensitizer protoporphyrin
IX (PPIX), which, when excited with harmless radiation in the red wavelength range,
generates reactive oxygen species {ROS) that inihiate radical reactions leading to tumor
destruction |3]. Using chelators, it is possible to increase the concentration of PPIX by
blocking its conversion to heme [4,5]. Despite the use of different classes of chelators such
as deferoxamine (DFQ) [6], ethylenediaminetetraacetic acid (EDTA) [7], AP2-18 [5], and
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Cp9d [9], this therapy has not received much attention. In this work, we present a new
group of chelators that effectively increase drug concentration, thereby affecting several
cellular pathways. However, as previously mentioned, little is known about the changes
that occur in iron metabolism, so in this work, we have performed an extensive analysis
of gene variation of iron-management-related targets. In the recent study, we selected
molecular targets (Figure 1) related to iron management,

Figure 1. Iron metabolism in a cell considering the molecular targets studied in this paper (created
in BioRender). PPIX——protoporphyrin IX, FECH-—termchelatase, HO-1—heme oxygenase, FTMT—
ferritin, FXN—frataxin, ICSU-—iron-sulfur cluster assembly enzyme, MFRN1 /2—mitoferrin 1/2,
ABCBS—ATT-binding cassette subfamily B member 8.

Ferrochelatase (FECH) is considered one of the key genes affecting the efficiency of
PPIX accumulation and the efficacy of ALA-PDT. This enzyme catalyzes the incorporation
of an iron ion into PPIX, leading to the formation of heme. Numerous studies have
demonstrated that reduced expression of this gene positively impacts PPIX accumulation
and enhances the efficacy of ALA-PDT [10,11]. Another gene frequently studied recently is
heme oxygenase (HO-1), an enzyme that degrades heme into biliverdin, carbon monoxide,
and iron ions. Downregulation of HO-1 expression has been shown to enhance ALA-
PDT efficiency in several cell lines, likely due to its role in protection against ROS [12].
Mitochondrial ferritin (FTMT) is a small protein with structural similarities to cytosolic
heavy ferritin (HFt), found within the mitochondrial matrix. Functionally, FTMT serves
as a storage site for mitochondrial iron and exhibits ferroxidase activity [13], Another
equally important molecule associated with iron metabolism is frataxin (FXN), which plays
a crucial role in the biosynthesis of [2Fe-2S]-type iron centers. FXN is presumed to engage
in physical interactions with the iron-sulfur cluster assembly enzyme (ICSU), serving as the
primary sulfur donor in the biosynthesis of iron-sulfur clusters, However, the precise role
of this protein remains largely unexploved [14,15]. Mitoferrin 1 and 2 (MFRN1 and MFRN2,
now SLC25A37 and SLC25A28, respectively) serve as iron transporters, facilitating the
transport of iron from the cytoplasm to the mitochondria. These transporters are located in
the inner mitochondrial membrane. While both forms of mitoferrin are found in various
tissues, MFRN1 exhibits significantly higher expression levels in ervthroid tissue cells [16].
Furthermore, it has been demonstrated that MFRN1 forms a complex with ABCB10 and
FECH. In this interaction, MFRN1 is directly implicated in transporting iron to the active
center of FECH [17]. Another important iron transporter is divalent metal transporter |
(DMT]1, now SLC11A2), which facilitates the cellular uptake of iron tons [ 18], While DMT1
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is predominantly localized in the cell membrane, reports suggest its potential involvement
in the transport of iron jons within the mitechondria as well [19,20]. To comprehensively
trace the fate of the iron ion in the cell, we also included the target responsible for its efflux
in the analysis. Namely, we focused on the mitochondrnial potassium channel ATP-binding
subunit (ABCBS) gene, which is involved in the mitochondrial-to-cytosolic iron export
process and the maturation of cytosolic iron-sulfur cluster-containing enzymes |21].

In our previous work, we have described the TSC-induced changes in the cellular
heme biosynthesis and degradation [22]. Interestingly, we observed significant differences
depending on the cell line studied, with changes occurring in @ manner not previously
described in the literature, While the crucial roles of FECH and HO-1 are well-known, their
upregulation has not been previously observed. In our subsequent work, we have gone a
step further; namely, extending the analysis to other genes related to the transport of the
heme substrates and heme itself [23], These results proved that, despite the upregulation
of the ABCG2 transporter involved in the PPIX efflux, our TSCs increased PPIX levels
sufficiently to trigger a therapeutic effect, This demonstrates that these compounds have
great potential as supportive therapy for ALA-PDT. We also observed interesting changes
in the iron transporter MFRN1 behavior; therefore, we have extended the study of its
analogs in this paper.

Thiosemicarbazones itself are very interesting compounds known for their unique
physicochemical properties, which arise from the presence of the TSC functional group.
These properties are influenced by the ability of TSC to form stable complexes with metal
ions due to their sulfur and nitrogen donor atoms. They exhibit varied solubility in polar
solvents, stability under different pH conditions, and distinct melting points. Additionally,
their structural flexibility allows for modifications, which enhances their biological and
pharmacological activities, making them of significant interest in medicinal chemistry and
material science,

2. Results and Discussion
2.1, Synthesis

Aromatic TSCs were synthesized according to the methodology previously published
by our group and depicted below (Figure 2) |24]. The aliphatic TSC precursors were
obtained from commercial resources. However, aromatic TSCs were synthesized in our
laboratories, Derivative TSC-34 was described and further investigated by us in [22,23,25],
TSC-146 and TSC-147 were commercially available. TSC-197 was published in [26,27]. The
other compounds are newly synthesized.

2.2, The Antiproliferative Activity of TSC

As was demonstrated in our previous research, chelators within the TSC group exhibit
significant potential for enhancing the efficacy of ALA-PDT [22]. In this study, we selected
a set of compounds (Figure 1) from this group to explore their influence on ALA-PDT
efficiency and their effects on iron metabolism within malignant cell lines. TSCs are
recognized for their diverse range of biological activities, In our studies, the goal was
to select compounds that do not inherently possess pro-apoptotic or cell-proliferation-
inhibiting effects. This decision stems from the understanding that cytotoxic compounds
within the TSC group do not induce an increase in PPIX accumulation [2%], which is a
fundamental prerequisite for the action of ALA-PDT. In this study, we examined the cffects
of TSCs and Cp94 on three cell lines of different origins. As illustrated in Table 1, none of
these compounds exhibited antiproliferative activity against the tested cancer cell lines.
Furthermore, they showed no activity against normal human fibroblasts, which is crucial
for the selectivity of this therapy. The utilization of these chelators for PDT is justified
by their potential to enhance the photodynamic effect without exhibiting inherent dark
toxicity. In the majority of studies involving iron chelators, the chelators are administered at
dases that do not adversely affect cell viability [29-31]. In our approach, we chose chelators
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from the TSC group at a concentration of 25 uM and Cp94 at the same concentration
for comparison.

TSC-34 TSC82
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Figure 2, The structures of the TSCs and Cp94 examined in this study.

TSC-100

TSC-113 TSC-116

Table 1. Antiproliferative properties expressed as 1Csy of the tested TSCs and Cp94 on a panel of
tumaor cell lines and human normal fibroblasts (NHDFs).

No. 1SC 1Cu [uM1.
HCT116 MCF-7 Hs683 NHDF

1 TSC-34 18.31 =092 =50 =50 13.06 + 1.%)
2 TSC-82 4756 + 1.9 >50) >50 >50
3 TSC-102 >50 =50 >3 >50)
4 TSC-19 3087 £ 064 297 £1.33 >5) >5)
5 TSC-13 >50 >34 >50 >50
6 TSC-116 J488 £ 096 >50 =50 >80
7 TSC-140 >50 >50 =50 >80
8 TSC-142 >50 =50 >50 >50
9 TSC-145 >50 >50 >50 >50
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Table 1. Cont,
IC,
No. TSC 50 luM]
HCT116 MCF-7 Hs683 NHDF
10 TSC-146 >50 >50 >50 >5%)
1 TSC-147 >50 =50 >50 >50
12 18C-197 >50 >50 >50 >
13 Cp9a =50 =50 >50 >0

2.3. An Accumulation of PPIX

To select promising TSC derivatives for improving ALA-PDT efficiency, we examined
the fluorescence intensity of PPIX. The results clearly show that only some derivatives sig-
nificantly increase the fluorescence intensity of PPIX after 5-ALA treatment in combination
with TSC. In the HCT116 and MCF-7 cell lines, significantly elevated PPIX levels were
observed after treatment with several derivatives (Figure 3A,B). All the data presented in
Figure 3 represent statistically significant fold-changes relative to 5-ALA. For the HCT116
line, 4.14, 2.47, 3.0, and 2.26-fold changes were observed with the combination of 5-ALA
and TSC-34, TSC-109, TSC-113, and TSC-116, respectively, compared to 5-ALA treatment
alone. In the MCF-7 line, the fold increases were lower: 1.66, 1.64, and 1.9-fold increases
for TSC-34, TSC-109, TSC-116, and TSC-113, respectively, in combination with 5-ALA. No
significant changes were observed after treatment with Cp%4 and 5-ALA in both cell lines.
For the Hs638 line, a significant increase in PPIX fluorescence intensity was observed only
with the combination of TSC-34 and 5-ALA. Similar to the other cell lines, no increase in
PPIX intensity was observed for cells treated with Cp94 and 5-ALA (Figure 5C), The use
of chelators to increase PPIX accumulation is not a new concept. Early chelators included
compounds such as EDTA and DFQ, which significantly raised PPIX levels in various cells.
However, EDTA binds a variety of biologically important ions and can also raise PPIX
levels in healthy tissues. On the other hand, DFO is an iron-selective chelator, but its large,
lipophilic structure hinders cellular uptake [4]. Cp94, which lacks these drawbacks, has
been shown to significantly raise PPIX levels in various cell lines, However, in our experi-
ments, increased PPIX levels were not observed in any cell line treated with Cp94, This
discrepancy can be explained by the concentration of Cp94 used, which was 25 uM. Many
studies that reported significant PPIX increases used concentrations above 100 uM [5,31].
Considering this, the use of TSC derivatives is much more effective than CpY4.

2.4, An Ability to Chelate tron lons

Although TSCs are known for their ability to chelate iron ions, our compounds are
novel. Therefore, to test their iron-chelating capabilities, we examined all compounds
that caused an increase in PPIX fluorescence intensity. Spectroscopic measurements were
conducted in an aqueous environment to closely mimic cellular conditions, The recorded
absorption spectra, shown in Figure 4, illustrate the interaction with iron (IIT) fons, maintain-
ing a constant compound concentration while varying the ion concentration. An isosbestic
point was observed for all studied compounds, indicating the existence of at least two
forms: free and bound with metal ions. The spectra revealed a decrease in the characteristic
absorption band of each compound as the concentration of iron ions increased. Addition-
ally, a new band emerged upon the addition of iron ions, with its absorbance increasing
proportionally to the metal ion concentration. This new band likely corresponds to the
formation of a complex between the tested compound and the metal ions, The specific
positions of absorption maxima for each band and the isosbestic point are detailed in
Table 2.
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Figure 3. Accumulation of PPIX after treatment with 5-ALA, TSCs, Cp94, and their combinations
on (A): HCT116, (B): MCF-7, and (C): Hs683 cell lines, The red dotted line on the graph depicts the
fluorescence intensity of PPIX following treatment with 5-ALA alone. The data are presented as
the means = standard deviation from three independent experiments and analyzed using one-way
ANOVA with Tukey's post hoc test, indicating significance levels as follows: * p <0.05, ** p < (.01,
P <0001, **** p< 00001

64

64:1156422059



Inf. | Mod. Sci, 2024, 25, 1468

7ot 20

" e

Warenrgl )

A

Figure 4. Absorption titration spectra of selected compounds (50 pM) with iron (L) jons in water:
(A—Cpod; (B)—TSC-M; (Cr—TSC-10%; {D}—TSC-113; (E)—TSC-116. Blue arrows indicate a decrease
in band intensity for the test compound, while red arrows highlight an increase in band intensity
for the complex. M ts were performed at room temperature 4 h after the samples had
been preparcd.

Table 2. Spectroscopic data for tested compounds dissolved in water with iron (I11) jons (Fe™),

Sample Campound Lcebatic Point i) Complex with Fe™*
Amay [nm] Amas [nm]
Cpoi 250 200 510
TSC-34 337 366 415
TSC-109 340 78 49
TsC-113 305 342 362
TsC-116 308 345 385

Compounds in the TSC group are widely studied, particularly for their anticancer
activity. One of the most well-researched compounds is Dp44mT due to its ability to chelate
iron jons. This compound has been examined in various environments, In our study,
we observe the appearance of an isosbestic point, the emergence of a new band from the
complex of the compound with iron, and the disappearance of a band associated with the
free compound. These observations confirm that the TSCs studied also chelate iron jons in
aqueocus environments |32-34],

2.5. The Phototoxic Effect

After the accumulation experiments and confirming the selected compounds’ chelating
ability, the tested compounds’ phototoxic effect in combination with 5-ALA was assessed,
No significant decrease in cell viability was observed for any compound in any cell line
without light (dark toxicity). However, after cell irradiation with red light, significant
decreases in cell viability were observed for TSC-34 in combination with 5-ALA on the
HCT116 and MCF-7 cell lines, with surviving fractions of 36.6% and 45.6%, respectively.
Treatment with TSC-113 also significantly decreased the cell viability of the HCT116 and
MCF-7 cell lines, with surviving fractions of 40.8% and 31.5%, respectively. In contrast, for
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the Hs683 cell line, a decrease in viability was observed only after treatment with TSC-34
in combination with 5-ALA, resulting in a surviving fraction of 39.5% (Figure 5C). No
decrease in cell viability was observed in any cell line tested after treatment with Cp94 in
combination with 5-ALA
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Figure 5. Phototoxic effect after treatment with 5ALA, TSCs, Cp%4, and their combinations on
(A) HCT116, (B): MCF-7, and (C): Hst83 cell lines. The data are presented as means -+ standard

deviation from three independent experiments and analyzed using one-way ANOVA with Tukey’s
post hoc test, indicating significance Jevels as follows: **** p < 0,0001,
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These results demonstrate the efficacy of our compounds against cancer cells in ALA-
PDT therapy. Despite using a relatively low concentration of TSCs (25 M), a therapeutic
effect was still achieved. The tested TSCs effectively inhibited the growth of irradiated cells,
in contrast to the Cp%4 reference.

2.6, Tron Metabolism

An experiment in which FECH expression was measured demonstrated that for the
HCT116 and MCF-7 cell lines, a decrease in FECH expression was observed after treatment
with TSC-34 and TSC-113 (Figure 6A,B). This aligns with literature reports and may explain
the significant photocytotoxic effect on these cell lines. In contrast, for the Hs683 cell line,
we observed an increase in FECH expression after treatment with TSC-34 and TSC-113
(Figure 6C). Despite the expected absence of a phototoxic effect on this cell line, a strong
cytotoxic effect was observed after treatment with TSC-34. Additionally, in the HCT116 and
MCF-7 cell lines treated with Cp94, a decrease in FECH expression was also observed, yet no
phototoxic effect was noted. As demonstrated, elevated expression of FECH correlates with
reduced PPIX accumulation. Conversely, diminished FECH expression leads to increased
PPIX accumulation induced by 5-ALA treatment in various cancer cell lines [10]. In another
study where FECH expression was repressed, untreated cells exhibited heightened PPIX
levels, while no significant changes in PPIX accumulation were observed after 5-ALA
treatment [35]. This observation suggests that FECH expression is not the sole factor in
effective ALA-PDT, indicating that other factors must influence ALA-PDT efficacy.

B c
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Figure 6. Expression of FECH in the (A): HCT116, (B): MCF-7, and (C): Hs683 cell lines. The data
are presented as means =+ standard deviation from three independent experiments and analyzed
using one-way ANOVA with Tukey's post hoe test, indicating significance levels as follows: * p < 0.05,
*p <001, % p <0.001,*** p < 0.0001.

The MCF-7 cell line exhibited a decrease in HO-1 expression after treatment with all
TSC derivatives, as well as Cp94 (Figure 7B). For the HCT116 cell line, we observed a de-
crease in HO-1 expression only with TSC-34 treatment (Figure 7A). In the case of the Hsh83
cell line (Figure 7C), our abservations contrasted with literature findings. Increased levels
of HO-1 are typically associated with low ALA-PDT efficiency [12], which may explain
the lack of a phototoxic effect after TSC-113 treatment. However, this does not account for
the strong phototoxic effect observed with TSC-34 treatment in this cell line. Combining
the results obtained for FECH and HO-1, we can conclude that the reduced expression of
FECH, leading to increased PPIX accumulation along with decreased protection against
ROS due to reduced HO-1 expression, explains the strong phototoxic effects observed after
TSC-34 treatment in the HCT116 and MCF-7 cell lines. However, the opposite results for
the Hs683 line do not explain the effective response to TSC-34 treatment, although they
may account for the lack of response after TSC-113 treatment,
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Figure 7, Expression of HO-1 in the (A} HCT116, (B): MCF-7, and (C} Hs633 cell lines. The data
are presented as means + standard deviation from three independent experiments and analvzed
using one-way ANOVA with Tukey's post hoc test, indicating significance levels as follows: * p < D05,
*p <001, *** p <0001, **** p <0.0001

A significant upregulation of FTMT expression i cells treated with the combination
of TSC-34 and 5-ALA across all cell lines was observed (Figure &), Notably, for the HCT116
cell line, increased expression of FIMT was also noted after treatment with Cp%4 and 5-
ALA. As demonstrated, disruption of iron availability using defeniprone causes an increase
in FITMT expression [36], Elevated levels of this protein induce mitochondrnial damage
and depolarization of the mitochondrial membrane, consequently triggering mitophagy.
Additionally, knockdown of FTMT, as well as deferiprone treatment, reduces ROS levels.
In our study, after treatment with TSC-34, we observed a significant increase in FIMT
expression, which can Jead to changes in mitochondnal membrane polarity, resulting in
mitochondrial damage and increased ROS production. These changes can disrupt mito-
chondrial morphalogy [¥7], One of the main factors maintaining mitochondrial architecture
is the mitochondrial contact site and cristae organizing system (MICOS) complex, which
physically inferacts with FECH, Disruption of MICOS function leads to PPIX accumulation
and reduced FECH activity [38]. The interplay between FTMT and FECH may explain
the effectiveness of ALA-PDT after TSC-34 treatment in the HCT116 and MCFE-7 cell lines.
In the case of Hs683 cells, despite the increase in FTMT expression, we did not observe
a decrease in FECH expression. However, the described mechanism may influence the
strong phototoxic effect observed in this cell line.

Owr findings indicate a notable reduction in FNX expression (Figure YA,B) when
HCT116 and MCF-7 cell lines are treated with a combination of TSC-113 and Cp94 along-
side 5-ALA. However, TSC-34 treatment did not result in significant changes. In contrast,
no statistically significant alterations in gene expression were observed in the Hs683 cell
line (Figure 9C). While FXN does not directly impact the heme biosynthetic pathway,
studies conducted on human embryonic kidney cells indicate that diminished FXN expres-
sion leads to a gradual reduction in FECH levels over an extended period [39]. Primary
symptoms associated with reduced FXN expression, such as decreased iron-sulfur cluster
concentrations and indications of oxidative stress, manifest at an early stage. It has been
propoesed that the inhibition of FECH activity in these cells is attributed to a decline in
the concentration of {2Fe-2S] clusters, crucial for the proper functioning of FECH [40].
Explaining the impact of alterations in FXN expression on ALA-PDT efficiency proves
challenging due to the incomplete understanding of FXN’s role in cellular iron metabolism.
Nonetheless, the reduced expression observed after treatment with TSC-113 in combination
with 5-ALA in the HCT116 and MCF-7 cell lines suggests a potential connection between
ALA-PDT efficiency and decreased FXN expression, possibly through an indirect modula-
tion of FECH activity. Conversely, in cells treated with Cp94 in combination with 5-ALA,
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despite a decrease in FXN expression, this effect 15 not evident, Meanwhile, the absence of
significant changes in the Hs683 cell line and the pronounced phototoxic effect following
treatment with TSC-113 and TSC-34 indicate the involvement of other mechanisms inde-
pendent of FXN in influencing the efficacy of treatment with these chelators. Interestingly,
studies have demonstrated that in conditions of iron deficiency, FECH can dissociate an
iron ion from heme, resulting in the formation of PPIX [41,42].
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Figure 8. Expression of FTMT in the (A): HCT116, (B): MCF-7, and (C): 1683 cell lines. The data are
presented as means + standard deviation from three independent experiments and analyzed using
one-way ANOVA with Tukey's post hoe test, indicating significance levels as follows: *** p < 0,001,
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Figure 9, Expression of FXN in the (A) HCT116, (B): MCF-7, and (C): Hs683 cell lines. The data
are presented as means + standard deviation from three independent experiments and analyzed
using one-way ANOVA with Tukey’s post hoc test, indicating significance levels as follows: * p < 0.05,
**p<00L*** p <0001,
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The conducted research indicates that treatment with TSC-113 and 5-ALA results in a
decrease in the expression of both forms of MFRNs on the HCT116 cell line (Figure 10A,D)
and the MCF-7 cell line for MFRN2 (Figure 11E), while no significant changes in MRFN1
expression were observed, Treating the HCT116 cell line with the combination of TSC-34
and 5-ALA led to a slight increase in MFRN2 expression (Figure 10D), However, a notable
increase in MFRN1 expression was observed after Cp%4 treatment on the HCT116 and
MCF7 cell lines (Figure 10A,B), while no changes were detected in MFRN2 expression
(Figure 10D,E). In the Hs683 cell line, only TSC-34 treatment increased the expression of
both MFRN1 and 2 (Figure 10CF); in other cases, no significant changes were observed,
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Figure 10. Expression of MFRN 1 and 2 genes on the (A,D): HCT116, (B,E;: MCF-7 and (C,F)- Hs683
cell lines. The data are presented as means £ standard deviation from three independent expeniments
and analyzed using one-way ANOVA with Tukey's post hoe test, indicating significance levels as
follows: * p<0.05, ** p< 001, **** p < 0.0001
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As mentioned above, MFRN is thought to form a complex with FECH and likely
transfers an iron ion directly to the active center of FECH. Our observed decrease in the
expression of both forms after treatment with TSC-113 in the HCT116 cell line and isoform 2
in the MCF-7 cell line may explain the efficacy of this derivative in ALA-PDT. The reduction
in MFRN expression leads to a lack of iron transport necessary for heme biosynthesis, result-
ing in increased PPIX accumulation. This is consistent with the observation that the MCF-7
cell line, which has reduced MFRN1/2 expression, shows increased PPIX accumulation
and a stronger phototoxic effect compared to healthy cells with higher MFRN1/2 expres-
sion [13]. Additionally, they showed that treating these cells with iron does not diminish
the accumulation of PPIX, which proves that the expression of enzymes involved in heme
biosynthesis is crucial, Another study demonstrated that cells overexpressing MFRNT also
exhibited increased glutathione levels, which promotes cell survival [44]). In our study, we
observed an increased expression of MFRN1/2 in the Hs683 cell line following TSC-34
treatment, which should result in a weakened photoedynamic effect. However, we did not
observe this effect in our study. Nonetheless, it is important to note that this increase in
MFRN1/2 expression could potentially be a response to the demand for iron ions and may
not directly impact the efficacy of ALA-PDT.

Our findings revealed a significant increase in DMT1 expression following 5-ALA-only
treatment across all tested cell lines compared to control groups (Figure 11). The observed
increase in DMT] expression after treatment with 5-ALA alone indicates an enhanced
demand for iron ions. In our previous studies, we showed that cell lines treated with >-ALA
alone exhibited increased levels of free heme compared to control groups. This observation
was considered a potential explanation for the absence of phototoxic effects in cells treated
with 5-ALA alone [23] and is seemingly supported by DMTI expression.
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Figure 11, Expression of DMT1 in the (A): HCT116, (B): MCF.7, and (C): Hs683 celi lines. The data

are presented as means + standard deviation from three independent experiments and analyzed
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When chelators are combined with 5-ALA, a distinct pattern of DMTI1 expression
emerges. Specifically, in the HCT116 cell line, there is a significant decrease in DMT1
expression following treatment with TSC-34 and TSC-113 (Figure 11A), Conversely, treat-
ment with CpY4 maintains DMT]1 expression at a level comparable to that observed in cells
treated with only 5-ALA. In the MCF-7 cell line, a significant increase in DMTI expression is
noted when treated with a combination of TSC-113 and Cp94 alongside 5-ALA (Figure 11B).
Interestingly, no significant changes are observed for cells treated with TSC-34, although its
expression remains comparable to that induced by 5-ALA alone. On the other hand, the
Hs683 cell line exhibits a significant decrease in DMT1 expression when treated with TSC-
34, while its expression level is otherwise similar to that of cells treated only with 5-ALA
(Figure 11C). While the findings presented above may initially seem contradictory, existing
literature highlights that different chelators can elicit distinet effects on DMT] expression.
For instance, studies demonstrate that treating rat lung cancer cells with quercetin leads to
a decrease in DMT] expression [ 18], whereas breast cancer cells subjected to DFO treatment
exhibit the opposite effect, resulting in an increase in DMT1 expression [45], Additionally,
there is limited information on the regulation of DMT1 expression, particularly during
disruptions of the iron availability in the cells, posing a challenge in correlating the obtained
results with the efficiency of ALA-I'DT. Nevertheless, a diminished expression of DMT1
may potentially enhance its efficiency by reducing iron uptake,

The results suggest that treatment with 5-ALA or the combination of TSC-113 and TSC-
34 with 5-ALA does not significantly alter ABCBS transcript levels in HCT116 and MCF-7
cell lines (Figure 12A,B), Notably, only the co-administration of Cp94 with 5-ALA induces a
substantial increase in ABCBS expression across all tested cell lines. However, in the Hs683
cell line, a significant increase in ABCBS expression is observed not only following Cp94
and 5-ALA treatment but also with TSC-34 (Figure 12C). The impact of ABCBS expression
on the efficacy of ALA-PDT remains unexplored in existing literature, to the best of our
knowledge. However, previous studies indicate that downregulation of the ABCBS gene in
renal cell carcinoma lines results in diminished cell survival, as evidenced by mitochondrial
damage and heightened accumulation of ROS within mitechondria [21]. A comparable
scenario was observed in mouse cardiomyocytes with reduced ABCBS expression, leading
to cardiomyopathy and mitochondrial iron accumulation [46]. This would elucidate the
absence of 4 phototoxic effect following treatment with the combination of Cp94 and 5-ALA,
positing that heightened expression of this transporter is linked to increased cell survival.
However, in the case of TSC-34, despite an increase in ABCGS expression, we still observed
a phototoxic effect, This is consistent with our previous results for another transporter
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responsible for iron ejection from the cell, ABCG2. These results demonstrate the high
efficacy and versatility of our compounds, particularly TSC-34, in enhancing the efficacy of
ALA-PDT.
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Figure 12. Expression of ABCBS in the (A): HCT116, (B): MCF-7, and (C): Hs683 cell lines. The data
are presented as means -+ standard deviation from three independent experiments and analyzed

using one-way ANOVA with Tukey's post hoe test, indicating significance levels as follows: * p < 0.05,
= p <001, " p < 00001,

3. Materials and Methods
3.1. Synthesis~Reagents and Equipnient

The chemical reagents employed in this study were acquired from Sigma-Aldrich
(Burlington, MA, USA) and ACROS Organics (Thermo Fisher Scientific, Waltham,
MA, USA). Thin laver chromatography (T1L.C) was conducted on alumina-coated silica
gel 40 F254 plates (Merck, Drmstadt, Germany), Visualization of the chromatographic
plates was achieved using ultraviolet light (254 nm) and subsequent exposure to wodine
vapor for detection, Melting points were ascertained using an Optimelt MPA100 (Stanford
Research Systems, Sunnyvale, CA, USA). Nuclear magnetic resonance (NMR) spectroscopy
was used for the charactenization of all synthesized compounds and was performed on a
Bruker AM-400 spectrometer (39995 MHz for 'H; 99.99 MHz for *C; BrukerBioSpin Corp.,
Coventry, UK), Chemical shifts are delineated in parts per million (ppm), referenced to
the internal standard tetramethylsilane-Si{CHy)y. Signals susceptible to rapid exchange
were excluded when broad or indistinct. The syntheses of the studied compounds were
performed on a CEM-DISCOVERY microwave reactor (CEM Corporation, Matthews, NC,
USA) with temperature and pressure control. The mass spectrometry characterizations of
synthesized TSCs were collected using an electrospray single-quad Agilent Infinity Lab
LC/MSDXT mass spectrometer, equipped with an Agilent HPLC 1260 Infinity [l system
(Agilent Technologies, Santa Clara, CA, USA) and SB C18 column (1.8 um, 2.1 x 50 mm).
Loganthmic partition coefficients (cLogP) were computationally determined by emploving
ChemDraw version 21 (Perkin-Elmer, Waltham, MA, USA).

3.2. General Synthetic Protocol for the Creation of Aromatic TSCs

In brief, in a 25 mL sealed tube equipped with a magnetic stirrer, equimolar amounts of
(1,1"-thiocarbonyljbis-1H-imidazole (1 eq) and an appropriate N-alkyl or N-aryl derivatives
of piperazine or thiomorpholine (1 eq) were added, followed by the addition of 12 mL of
methylene chloride. The system was then tightly sealed with a septum cap and stirred
at room temperature for 24 h, The resulting intermediate was extracted three times with
distilled water, The organic phase obtained was dried over anhydrous calcium chioride
and then evaporated under reduced pressure using a rotary evaporator. To the resulting
imidazolylthioketone derivative (1 eq), an equimolar amount of hydrazine hydrate and

72

72:6493873562



[t | Med. Sci, 2024, 25, 1468

150t 20

25 mL of ethanol were added. The reaction mixture was heated for 2 h under reflux. Then,
the reaction mixture was stored in a laboratory refrigerator at —20 “C, resulting in the
formation of a crystalline solid, which was subsequently crystallized from anhydrous
methanol to form the desired TSC (Figure 51 in Supporting Information),

In a 10 mL glass vessel equipped with a magnetic stirrer, equimolar amounts of
TSC and the corresponding aldehyde were added. Subsequently, 5 mL of dry ethanol
and three drops of ice-cold acetic acid were added. The vessel was hermetically sealed
with a cap and positioned within a CEM microwave reactor at 83 °C for 20 min (the
power of the reactor did not exceed 100 W), The resultant product was crystallized using
methanol. The spectral characterization of all synthesized aromatic TSCs is presented in
the Supporting Information.

3.3, Cell Lines and Cell Culfure

The HCT116 (colorectal cancer) and MCF-7 (breast cancer) cell lines were procured
from the American Type Culture Collection (ATCC; Manassas, VA, USA), while the Hs683
cell line was generously provided by Prof. Gabriela Kramer-Marek from the Institute of
Cancer Research (London, UK). These cell lines were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM; Sigma-Aldnich; St. Louis, MO, USA) supplemented with 10%
fetal bovine serum (FBS; Sigma-Aldrich; St Louis, MO, USA) and 1% antibiotic mixture
(penicillin and streptomycin; Gibeo; Grand Island, NY, USA). Culturing was conducted in
75 cm?® flasks (Nunc, Sigma-Aldrich; St. Louis, MO, USA) at 37 °C in a humidified atmo-
sphere containing 5% CO;. Before experimentation, all cell lines underwent mycoplasma
contamination via PCR.

3.4. Cytotoxicity Studies

Cells were seeded at a density of 5000 cells per well in a 96-well plate and incubated
for 24 h under standard conditions, Subsequently, the tested compounds were added
at a concentration of 50 uM and incubated for 72 h. Following this incubation period,
the medium containing the test compounds was aspirated, and phenol red-free medium
supplemented with CellTiter 96% AQueous One Solution (MTS, Promega, Madison, W1,
USA) was added. After approximately 1 h, the absorbance at a wavelength of 490 nm was
measured using a multi-well plate reader (Synergy 4, BioTek, Winoaski, VT, USA). The
obtained absorbance values were utilized to calculate the antiproliferative activity of the
tested compounds.,

3.5. Chelating Abilities

The compounds, along with iron (IT1) ions, were initially dissolved in dimethylsulfox-
ide (DMSO) to yield a stock solution of 8.358 mM. Subsequently, all samples were diluted
with ultrapure water to obtain a concentration of 100 uM. Solutions containing the tested
compounds and iron 1ons were then prepared by transferring appropriate volumes into
a 96-well black plate with a transparent bottom (Nunc, Sigma-Aldrich; St. Louis, MO,
USA). Each well was loaded with 200 uL of solution, comprising the tested compound
at a concentration of 50 uM and increasing concentrations of iron ions from 0 to 50 uM.,
Absorption spectra were recorded following a 4 hincubation at room temperature using a
Varioskan LUX (Thermo Fisher Scientific, Waltham, MA, USA) multi-well plate reader in
the 275-800 nm range with a 5 nm step.

3.6. Accunmlation of PPIX

Cells were seeded into a 96-well black plate with a transparent bottom (Nunc, Sigma-
Aldrich; St. Louis, MO, USA) at a density of 1.1 x 10" cells per well and cultured under
standard conditions for 24 h. After incubation, the cells were treated with TSC and Cp™
at a concentration of 25 uM, 1 mM of freshly prepared 5-ALA, and their combination in
a phenol red-free medium. After 24 b of incubation with the compounds, PPIX Auores-
cence was measured using a multi-well plate reader (Svnergy 4, BioTek, VT, USA) at an
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excitation wavelength of 407 nm and an emission wavelength of 638 nm, The obtained
fluorescence values were then used to calculate the relative fluorescence intensity of PPIX
as a percentage of 5-ALA. All experiments were conducted under reduced illumination to
prevent photobleaching of PPIX and were repeated four times,

3.7, Phototaxic Effect

Cells were seeded and treated following the same procedure as described for mea-
suring PPIX accumulation. Following a 24 h incubation with the compounds, the cells
underwent three washes with phenol red-free medium and were then exposed to red light
(634 nm + 5 nm) at a dose of 12 ]/em?. Following irradiation, fresh medium was replen-
ished, and the cells were further incubated under standard conditions for an additional 24 h,
Simultaneously, a control experiment was conducted without irradiation. Cell viability
was assessed using the MTS assay, following the same protocol as for cytotoxicity evalua-
tion. All experiments were carried out in the absence of light. The results are presented
as the mean =+ standard deviation of three independent experiments, and cell viability
was calculated using GraphPad Prism 8 software (GraphPad Software Inc.; San Diego,
CA, USA).

3.8. Genes Expression

Cells were seeded at a density of 4 x 10° cells per dish (3 cm plastic Petri dishes; Nune,
Sigma-Aldrich; St. Louis, MO, USA) and incubated for 24 h at 37 “C. Subsequently, the
old medium was aspirated, and solutions of 5-ALA (1 mM), TSC, and Cp94 (25 uM) were
added. After an additional 24 h of incubation, total RNA was extracted from the cells using
TRIzol reagent (Invitrogen; Carlsbad, CA, USA) following the manufacturer’'s protocol.

For reverse transcription, 2 pg of total RNA was utilized with the GoScript™ Reverse
Transcriptase kit (Promega; Madison, W1, USA) and Oligo{dT)23 Primers (Sigma-Aldrich;
St. Louis, MO, USA). Quantitative RT-PCR was performed using a CFX96 Touch™ Real-
Time PCR Detection System (Biorad; Hercules, CA, USA), SYBR® Green Master Mix
(Biorad; Hercules, CA, USA), the appropriate primer pairs, and cONA template. Primer
sequences were designed using Primer3 online software, bttps:/ /www.ncbinlm nih gov/
tools/primes-blast/ accessed on 20 March 2023 (Table 3) and synthesized and provided by
Sigma-Aldrich (Sigma-Aldrich; St. Louis, MO, USA). Data analysis involved comparing
the expression of the target gene to a reference gene, GAPDH, using the 2 A¢T method
(Livak and Schmittgen method). The experiments were conducted with a minimum of
three repetitions in triplicate,

Table 3. Primers designed and used in this study.

Gene Name Sequence S—¢3 (F——mend, R—Revetse)
' i ¥ L.GICACCCITPCC(XZGA
R CAATCCGOCAGCCTAGTCC
R ER ACTCGGTGAAGACACGAATGC )
R CAGCTATCCCGTIGGCTAGG
R F cacrcccmmcmcoccm
R CAACACATTGCGATAGCGGG
_ s /A TATTTCGGGTCGGGATTCGG =
R TCCAGTTTTCCCATTACGCCA
F "TGGALCTAAccanmAcroc =
o R TCTTOCCGTGTGAGTTGCTT
= F CCATCAACCGCCAGATCAAC
R GTGCAATTCCAGCAACGACT
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Table 3, Cont,
Gene Name Sequence 5-+3 (F—Forward, R—Reverse)
F GATGAATTGTCCCCCAACAC
reeH R GCTTCCGTCCCACTTGATTA
F CATCCCCTACACACCAGCCA
Ho R ATGTTGGGGAAGGTGAAGAAGG

3.9, Statistical Analysis

All experiments were repeated at Jeast three times independently, with the results
presented as the mean =+ standard deviation. Data analysis was performed using GraphPad
Prism 8 software (GraphPad Software Inc., San Diego, CA, USA). Statistical significance
between groups was assessed using one-way or two-way ANOVA followed by Tukey's post
hoc test. A two-tailed p-value of 0.05 or less was considered statistically significant, with
significance levels indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

4. Conclusions

This paper presents an analysis of the effects of selected derivatives from the TSC
group on iron metabolism in ALA-PDT. The compounds were selected based on our
previous studies, taking into account their ability to increase PPIX levels after incubation
with 5-ALA while maintaining the absence of dark toxicity. The effectiveness of our novel
TSC derivatives in increasing PPIX concentrations is greater than commonly used iron
chelators. The main mechanism of the observed effect is related to the formation of iron
complexes. Therefore, this ability was confirmed by the spectroscopic studies in which
isosbestic points indicative of the generation of complexes with iron were measured.

Itis also worth mentioning that our compounds inhibit the proliferation of cancer cells
under red light irradiation. This shows that the concentration used has a therapeutic effect,
which is extremely important from a practical application point of view. Low doses are
desirable to minimize side effects. In contrast to our TSC denivatives, the Cp94 reference
used was not effective at the concentration tested.

An expression analysis of genes involved in iron metabolism included both common
targets and those for which there is little information. The standard gene studied in the
context of PPIX accumulation is FECH. Our study confirmed the widely held opinion
that a reduction in FECH expression has a positive effect on PPIX accumulation for the
HCT116 and MCF-7 cell lines. However, our study of the Hs683 line, which exhibits
non-standard behavior, once again overturned the widely held trend. Namely, for the
TSC-34 derivative, despite an increase in FECH, we registered both an increase in PPIX
and a marked decrease in cell viability after irradiation, We observed a similar trend for
HO-1, which was consistent with the literature for the HCT116 and MCF-7 cell lines and a
break from this trend for Hs683 cells. The increase in HO-1 expression is a non-standard
phenomenon in the context of increased PPIX accumulation and phototoxic effects after
incubation with TSC-34. In the case of FTMT, the expression of which was increased in
the majority of cases, we observed an interesting correlation with FECH. Namely, we
hypothesize that an increase in FTMT expression results in the destruction of MICOS
through the production of ROS, which has a positive effect on increasing the concentration
of PPIX and the effect of PDT. We also recorded interaction with FECH for downregulated
FXN but in a less direct way; in this case, it is related to the decrease in iron-sulfur cluster
concentrations affecting the concentration of FECH. MFRN, as the main supplier of iron
1ons to FECH, also showed a correlation; namely, its decrease was the explanation for the
induced photocytotoxic effect for TSC-113. An explanation for this effect could also be the
downregulation of the iron ion transporter, DMT1, and expression for the HCT116 and
Hs683 cell lines. The last gene analyzed was ABCGS, which is responsible for iron efflux
from the cell. Therefore, in our study, we traced the fate of iron from entry to exit of the cell.
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The results indicate that, despite overexpression of this gene occurring in the Hs683 cell
line, TSC-34 increased the concentration of PPIX to the extent that it was able to induce an
effect after irradiation. These results demonstrate the great potential of our compounds, in
particular the TSC-34 derivative, in increasing the efficacy of ALA-PDT.

Suppl tary Materials: The following supporting information can be downloaded at: hitps:
/ fwewwmdpi.com /article /103390 /5jms251930M68 /51,
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SUPPORTING INFORMATION

I. '"H- and '"C-NMR spectral characterization of synthesized
thiosemicarbazides and thiosemicarbazones.

2. Absorption spectrum obtained for the solvent used in titration
measurements (sample blank).
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R¢= 4-methoxyphenyl, pyridin-2-yl, cyclohexyl, benzonitrile.
X=N,0

Ry=2-flucrophenyl, 2,5-difluorophenyl, 4-hydroxy-3-mathoxyphenyl

Figure S1. The synthetic protocol used for obtaining selected thiosemicarbazones.

4-(4-methoxyphenyl)piperazine-1-carbothiohydrazide

"H-NMR (400 MHz, ds-DMSO, ppm): 6 3.00 (m, 3H, CHs), 3.86 (m, 4H, CH2), 4.11 (m, 4H,
CH:), 4.77 (s, 2H. NH2), 6.83 (d, 2H, J= 9.0 Hz), 6.90 (m, 2H, ArH), 9.17 (s, 1H, NH)
I*C-NMR (101 MHz, de-DMSO, ppm): 5 19.0; 49.9: 56.5; 114.8; 118.2; 145.4; 153.7: 183.1.
LogP: (.71

Yield: 81%.
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4-(pyridin-2-yl)piperazine-1-carbothiohydrazide

'"H-NMR (400 MHz, de-DMSO, ppm): & 3.18 (s, 4H, CHz), 3.85 (m, 4H, CH2), 4.77 (s, 2H,
NHz), 6.67 (m, 1H, Ar-H), 6.83 (m, IH, Ar-H), 7.56 (m, 1H, Ar-H), 8.13 (m, IH, Ar-H), 9.13
(s, TH, NH).
C-NMR (101 MHz, d-DMSO, ppm): 6 44.4; 47.2; 107.6; 113.7: 138,0; 148.0; 159.1; 183.0.
LogP: -0.02
Yield: 98 %.

d-cyclohexylpiperazine-1-carbothiohydrazide

'H-NMR (400 MHz, d-DMSO, ppm): & 1.19 (m. 6H. CHz). 1.73 (d. 5H. ./ = 8.4 Hz), 3.36
{m, 4H, CHz2), 3.66 (s, 4H, CH2), 4.73 (s, 2H, NH2), 9.02 (s, 1H, NH).

*C-NMR (101 MHz, d--DMSO, ppm): 5 25.7; 26.3; 28.7; 48.3; 48.7; 62.9; 1829,

LogP: 1.65

Yield: 59 %.
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4-(4-cyanophenyl)piperazine-1-carbothiohydrazide

'H-NMR (400 MHz, ds-DMSO, ppm): 8 3.42 (m. 4H, CH:), 3.89 (m. 4H, CH:), 4.78 (s, 2H,
NH:), 7.05 {s. 2H, Ar-H). 7.60 (m, 2H, Ar-H). 9.15 (s, 1H, NH).

HC-NMR (101 MHz, ds-DMSO, ppm): 5 45.9: 48.9: 98.6; 114.3: 120.5: 133.8; 153.0; 182.9.
LogP: 0.78

Yield: 70 %.

o™

b N8

HzN'NH

morpholine-4-carbothiohydrazide
"H-NMR (400 MHz, ds-DMSO, ppm): 5 3.59 (m. 4H, CHz), 3.68 (m, 4H, CH:z), 4.79 (s, 2H,
NH2), 9.12 (s, 1H, NH).
LogP: -0.84
Yield: 74 %,
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TSC-82
(E)-N'-(2-fluorobenzylidene)-4-(4-methoxyphenyl)piperazine-1-carbothiohydrazide

TH-NMR (400 MHz, d,-DMSO, ppm): 5 3.13 (bs, 4H, CHz), 3.70 (s, 3H, -OCH3), 4.07 (bs,
4H, CHz), 6.85 (d. 2H,.J = 8.9 Hz), 6.95 (d, 2H, J = 9.0 Hz), 7.29 (dd, J;= 13.1 Hz, J:+5.3 Hz,
2H), 7.46 (dd, Ji= 13.6 Hz, Jo= 6.1 Hz, 1H), 7.85 (1, IH, J = 7.5 Hz), 840 (s, 1H, CH), 11.38
(s, TH, NH).

BC-NMR (126 MHz, d-DMSO, ppm):  181.0, 162.1, 160.1, 153.7, 1454, 137.07 (d, J= 4.5
Hz), 132.1, 132.0, 126.67, 126.65. 125.4 (d, J= 3.3 Hz), 122.4 (d, J= 9.9 Hz), 118.2, 116.6,
116.4, 114.8, 55.64, 50.35, 50.17.

LogP: 2.67

Yield: 30%.

TSC-102
(E)-N'-(2-fluorobenzylidene)-4-(pyridin-2-yl)piperazine-1-carbothiohydrazide

SO

k,u\fs
o

"H-NMR (400 MHz, ds-DMSO, ppm): & 3.65 (bs, 4H, CH:), 4.07 (bs, 4H, CH:). 6.68 (1, 1H,
J=5.5 Hz), 6.85 (d. 1H, /= 8.5 Hz), 7.28 (1, 2H. J=9.2 Hz). 7.46 (d. 1H. J= 6.3 Hz). 7.57 (&,
1H.J=7.7 Hz), 7.86 (. |H, J=7.4 Hz), 8.15 (s, |H, ArH), 8.41 (s, IH, CH), 11.39 (bs, |H, NH).
BC-NMR (126 MHz, de-DMSO, ppm): 181.0, 1621, 160.1, 159.0, 148.0, 138.1, 137.1 (d, J=
4.3 Hz), 132.1, 1320, 126.7, 1254 (d, J= 3.2 Hz), 122.4 (d, /= 9.9 Hz). 116.6, 116.4, 113.7,
107.5. 50.0, 44.6.

LogP: 1,94

Yield: 62%
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TSC-109
(E)-4-cyclohexyl-N'-(2-fluorobenzylidene)piperazine-1-carbothiohydrazide

@

F D‘\fs

©/\\N.nu

"H-NMR (400 MHz, de-DMSO, ppm): 5 1.20 (1, 4H, /= 9.8 Hz), 1.58 (d, 1H, J= 11.6 Hz),
1.71-1.81 (m, 4H, CHz), 2.27 (s, 1H, CH2), 2.58 (s, 4H, CH2), 3.89 (s, 4H, CH2), 4.09 (m, 1H,
CHz2), 7.27 (1, 2H, J= 8.6 Hz), 7.45 (dd, IH,.Jr= 13.6 Hz, J>= 6.0 Hz), 7.83 (1, 1H, J= 7.3 Hz),
8.37 (s, 1H, CH), 11.25 (bs, 1H, NH).

*C-NMR (126 MHz, ds-DMSO, ppm): 5180.7, 162.0, 160.0, 136.8, 132.0 (d, J= 8.4 Hz),
126.6, 125.4 (d, J= 3.1 Hz), 1224 (d, J= 9.9 Hz), 116.6, 116.4, 62.9, 50.8, 49.0, 31.2, 28.7,
26.3,25.7.

LogP: 3,61

Yield: 19 %

TSC-113
(E)-4-(4-cyanophenyl)-N'-(2-fluorobenzylidene)piperazine-1-carbothiohydrazide

N\\\Q
F 'O'\(s

TH-NMR (400 MHz, d-DMSO, ppm): 5 3.54 (m, 4H, CHz), 4.09 (m, 4H, CHz2), 7.01 (d, 2H,
J=8.8 Hz), 7.28 (dd, Ji= 13.2 Hz, J== 6.9 Hz, 2H), 7.46 (dd, 1H, J; = 13.3 Hz, J: = 6.4 Hz),
7.61 (d, 2H, J= 8.8 Hz), 7.87 (1, 1H, J = 7.4 Hz), 8.41 (s, |H, CH), 11.41 (bs, IH, NH).
BC-NMR (126 MHz, d-DMSO, ppm): 5 1809, 162.1, 160.1, 153.1, 153.0, 137.2, 137.1,
133.8, 132.1 (d, J= 8.5 Hz) 126.7, 126.7, 125.4 (d, J= 3.1 Hz), 122.3 (d, J= 10 Hz), 120.5,
116.5, 116.4, 114.2, 98.5, 49,56, 49.07, 46.1

LogP: 2,74

Yield: 56 %
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TSC142
(E)-N-benzyl-2-(2-fluorobenzylidene)hydrazine-1-carbothioamide

'"H-NMR (400 MHz, d,-DMSO, ppm): & 11.74 (bs. IH, NH), 9.17 (1, /= 6.3 Hz, 1H, NH),
8.33 (s. IH, CH), 8.26 (td, J; = 7.7, J>= 1.7 Hz, |H, ArH), 7.51 - 7.40 (m, 1H, ArH), 7.40-
7.30 (m, 4H, ArH), 7.30 - 7.20 (m, 3H. ArH), 4.86 (d, J= 6.2 Hz, 2H, CH2).

*C-NMR (126 MHz, d,-DMSO, ppm): 6 1782, 162.3, 160.3, 139.8, 135.1 (d, J= 5.2 Hz),
132.2 (d, J= 8.4 Hz), 128.6, 127.6, 127.3 (m), 125.1 (d, J= 3.1 Hz), 122.30 (d, J= 9.7 Hz),
1164, 116.2,47.1.

LogP: 425

Yield: 64%

TSC-145
(E)-N-benzyl-2-(2,5-difluorobenzylidene)hydrazine-1-carbothioamide

'"H-NMR (400 MHz, de-DMSO, ppm): & 11.81 (bs, TH, NH), 9.32 (1, ./« 6.4 Hz, 1H, NH),
8.27 (s. IH, CH), 8.17 (dt, J;= 9.3 Hz, J>= 4.1 Hz, |H, ArH), 7.35 (m, 6H, ArH), 7.25 (s, IH,
ArH), 4.87 (d, J= 6.2 Hz, 2H, CH2).

*C-NMR (126 MHz, di-DMSO, ppm): 6 178.3, 160.0 (d, /= 1.8 Hz), 158.2 (d, ./ = 48.5 Hz),
139.7, 133.9 (t, J=3.4 Hz), 128.6, 127.5, 127.2, 118.6 (dd, J)= 25.2 Hz, J>= 8.8 Hz), 1 18.1 (dd,
Ji=24.1 Hz, 8.9 Hz), 112.9 (d, /= 3.0 Hz), 112.7 (d, J= 3.0 Hz), 47.0.

LogP: 44]

Yield: 24%
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TSC-146
(E)-2-(2,6-difluorobenzylidene)-N-ethylhydrazine-1-carbothioamide

=y
(i(\\u,un
F

'H-NMR (400 MHz, ds-DMSO, ppm): & 11.67 (bs,1H, NH), 8.21 (s, IH, CH), 7.99 (s, IH,
NH), 7.54 — 7,44 (m, |H, ArH), 7.19 (t, /= 8.6 Hz, 2H, ArH), 3.63 - 3.53 (m, 2H, -CH2), |.14
(t./=7.1 Hz, 3H, CH:).

*C-NMR (126 MHz, d-DMSO, ppm): & 177.4, 162.0 (d, J= 6.8 Hz), 159.5 (d, J= 6.5 Hz),
1326, 1320 (t, /= 10.6 Hz), 112.8 (d, J=5.3 Hz), 112.7 (dd, J; = 19.2 Hz, J== 53 Hz), 1 12.6
(d.J=5.3 Hz). 111.9 (1. /= 14.0 Hz), 38.9, 14.8,

LogP: 2.87

Yield: 58 %

TSC-147
(E)-2-(2,6-difMluorobenzylidene)-N-methylhydrazine-1-carbothioamide
|

5
F

'"H-NMR (400 MHz, d,-DMSO, ppm): 5 11.69 (bs, IH, NH), 8.21 (s, IH, CH), 8.03 (m, IH,
NH), 7.53-7.45 (m. 1H, ArH), 7.19 (t, /= 8.6 Hz, 2H, ArH), 3.02 (d, J= 4.3 Hz, 3H, CH3).
C-NMR (126 MHz, di-DMSO, ppm): & 1783, 161.7 (d, J= 6.6 Hz), 159.7 (d. J= 6.7 Hz),
132.5, 132.0 (. J= 10.6 Hz), 112.8 (d. /= 4.6 Hz), 112.6 (d. J= 4.5 Hz), 11 1.9 (1, J= 14.0 Hz),
315,

LogP: 2.53

Yield: 43 %
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TSC-197
(E)-N-ethyl-2-(4-hydroxy-3-methoxybenzylidene)hydrazine-1-carbothioamide

H-NMR (400 MHz, de-DMSO, ppm): & 11.26 (s, IH. NH), 9.46 (s, |H. OH). 8.38 (1, J= 6.0
Hz, 1H.NH), 7.95 (s, 1H, CH), 7.38 (d,./= 1.9 Hz, IH, ArH), 7.14 {dd. J; = 8.2 Hz, J>=1.9 Hz,
IH, ArH), 6.80 (d, /= 8.2 Hz, 1H, ArH ), 3.84 (s, 3H, -OCH3), 3.66 — 3.55 (m, 2H, CHz), 1.16
(t,/= 7.1 Hz, 3H, CH:).

*C-NMR (126 MHz, de-DMSO, ppm): 5 176.8, 149.2, 1484, 143.1, 126.0, 1223, 1159,
110.6, 56.3, 38.7, 15.2.

LogP: 2.04
ye
Yield: 68 %
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'H-NMR spectrum of thiosemicarbazone TSC-82.
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