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Abstrakt
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Katedra biochemickych véd

Kandidat: Mgr. Eliska Potckova
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Nazev disertacni prace:

Studium antiprolifera¢nich Gi¢inkd novych chelatort Zeleza

Chelatory zeleza predstavuji zajimavou skupinu potencialnich protinadorovych
1é¢iv, ale také 1é¢iv schopnych chranit citlivé tkané pied oxidaénim stresem. Tato prace
se zabyva ptfedev§im designem a syntézou novych cheldtorii zeleza odvozenych od
struktury salicylaldehyd isonikotinoyl hydrazonu (SIH) a avodnim studiem jejich
farmakologickych a toxikologickych vlastnosti. Antiproliferacni Gc¢inky téchto latek
byly studovany na bunécné linii lidského prsniho adenokarcinomu a linii lidské
promyelocytarni leukémie a jejich mozna nespecificka toxicita na bunétné linii,
odvozené od neonatalni potkani srde¢ni tkané. Béhem této studie byly popsany nékteré
nové vztahy zavislosti chemické struktury a ucinku, které budou vyuzity k dalsimu
vyzkumu. V druhé ¢asti této prace byla provéfovana moznost soubéZného podani
chelatort zeleza a 1é¢iv pouzivanych v terapii rakoviny prsu. Zde byly identifikovany
antracyklinové antibiotikum doxorubicin a zejména pak antagonista estrogenovych
receptori tamoxifen jako 1é¢iva potencialné vhodna pro kombinovanou lécbu
Spouzitim  chelatori  zeleza. Dale byla sledovana biologicka aktivita
thiosemikarbazonovych chelatorti, kde byla opét popsana zavislost struktur chelatord a
chelatorti identifikovanych za poslednich nékolik let byla charakterizovana jeho
biologicka aktivita, a chelatacni a antiproliferacni aktivity jejho nedavno
identifikovanych metabolitd prvni faze biotransformace. Bylo zjisténo, Zze metabolity
jsou o n¢kolik fadit méné antiprolifera¢né aktivni nez matetska latka a netoxické. Dale
byla studovana schopnost chelatorti Zeleza chranit srde¢ni builky pied oxida¢nim

poskozenim a pied antracyklinovou toxicitou. Na§ vyzkum umoznil popsat zavislosti a



souvislosti dilezité pro dalsi vyvoj selektivnich antiproliferacnich chelatori zeleza a
také nékteré nové poznatky, tykajici se protektivniho pisobeni chelatort Zeleza na

srde¢ni tkan.
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Title of Doctoral Thesis:

Study of antiproliferative effects of novel iron chelators

Recent studies demonstrate that iron chelators possess marked potential as
anticancer agents and also as substances protecting sensitive tissues against oxidative
stress. This thesis is dealing mainly with design and synthesis of new antiproliferative
iron chelators based on the structure of salicylaldehyde isonicotinoyl hydrazone (SIH)
and with a characterization of their pharmacological and toxicological properties.
Antiproliferative effects of these substances were studied on human breast
adenocarcinoma cell line and human leukemic cell line and the non-specific toxicity on
neonatal rat cardiac tissue-derived cells. During these studies some novel structure-
activity relationships have been found. Furthermore, the suitability of simultaneous
administration of iron chelators with antineoplastic agents used in breast cancer
treatment was studied. In this project the anthracycline antibiotic, doxorubicin, and, in
particular, the estrogen receptor antagonist, tamoxifen, were identified as the most
suitable agents for potential treatment combined with iron chelation therapy. The
characterization of biological activities and structure-activity relationships of
thiosemicarbazone chelators was also studied. One of the most potent
thiosemicarbazone chelators identified in last years was characterized in terms of its
biological activities. The chelation and antiproliferative activities of its recently
identified phase | metabolites were also characterized and compared to the parent
substance. The metabolic products were a few orders of magnitude less
antiproliferatively active than its parent substance and non-toxic. Finally, we studied the
ability of iron chelators to protect cardiac cells against oxidative stress-induced injury

and anthracycline toxicity. Collectively, our results are important for further



development of this novel group of potential anticancer agents and substances able to
protect cardiac tissue.
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1 Uved

Nadorova onemocnéni jsou velmi rozsifend a ¢asto smrtelnd onemocnéni, ktera
postihuji osoby kazdého v€ku a pohlavi. Nejcastéji se vSak vyskytuji u osob star§iho
veku, kterého se lidé castéji dozivaji Vrozvinutych zemich. Diky vysoké turovni
mediciny v rozvinutych zemich a diky screeningovym programim u nékterych typi
rakoviny se zvysila Sance vCasné diagnostiky rakovinnych onemocnéni a tim se i
rozsitil prostor pro jejich 1é€bu. Soucasna 1écba klasickymi chemoterapeutiky vSak neni
vzdy uc¢inna nebo ji kvili zdravotnimu stavu pacienta neni mozné pouzit. V prabchu
1écby muze navic dochéazet ke vzniku rezistence rakovinnych bunék k podavanému
chemoterapeutiku, coz je indikaci pro zménu 1é¢by. Z téchto divodi je zadouci vyvijet
nova lé¢iva plisobici na jiné bunééné struktury a procesy, nez pusobi 1é¢iva stavajici.

Nadéjnym piistupem k 1é¢bée rakoviny, ktery je prozatim ve fazi experimentt ale
i prvnich klinickych studii, je pouziti chelatori Zeleza. Tyto latky jsou schopny vazat
nitrobunééné zelezo a vynaSet ho z bunky ven, ¢imz zpisobi jeho nedostatek pro
dilezité bunétné procesy, jako je syntéza DNA nebo bunétné dychani. Rakovinna
buiika, které je zelezo odebrano, nemiize pokracovat v nekontrolovaném dé¢leni a umira
apoptozou (Kalinowski et al. 2005, Richardson et al. 2009). U né&kterych chelatort
zeleza byl dokonce zaznamenan vys$si antiproliferaéni ucinek na rakovinné bunky
rezistentni k bézné chemoterapii neZ na bunky k této 1é¢b¢ citlivé (Whitnall et al. 2006).

Tato prace je soucasti $irSiho vyzkumu vztahu chemické struktury novych
aroylhydrazonovych chelatori Zeleza a jejich biologické aktivity. Nejvice je pak
zam&fena na antiproliferacni aktivitu zminénych latek a mechanismus jejich
protinadorového pusobeni. Vzhledem k nedostate¢nym znalostem o efektu spole¢ného
podavani chelatorti zeleza a bézn¢ klinicky pouzivanych chemoterapeutik, je jedna cast
prace vénovana sledovani antiproliferacniho plisobeni kombinaci chelatorti Zzeleza
s chemoterapeutiky, pouzivanymi V terapii rakoviny prsu. Vramci zahrani¢ni
spoluprace s Univerzitou v Sydney (Australie) a se Slezskou Univerzitou v Katovicich
(Polsko) je sem zahrnut i popis biologickych aktivit novych chelatora ze skupiny
thiosemikarbazonl. Dal$i casti této prace je sledovani biologické aktivity novée
identifikovanych metabolitt, prvni faze biotransformace, nadé&né latky ze skupiny
thiosemikarbazonl. V poslednich ¢astech prace je studovan potencial chelatorti zeleza

predchazet posSkozeni srde¢nich bun¢k oxida¢nim stresem a antracykliny.
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2 Teoreticka cast

2.1 Metabolismus Zeleza

2.1.1 Viastnosti Zeleza v organismu

Zelezo je prechodny prvek nepostradatelny pro Zivot. V biologickém prostiedi se
nachazi ve dvou formach, Zeleznaté a zelezité. Ve vodném prostiedi Zeleznaté ionty
prechéazeji samovolné na Zelezité, které se hydratuji za vzniku Fe(OH)s. Rozpustnost
zelezitych iontd je pomémé nizka. P¥ pH 7,0 se pohybuje v fadu 107 molll.
Rozpustnost Zeleznatych iontd se pii stejnych podminkach pohybuje v fadu 10 mol/l
(Aisen et al. 1980, Arredondo et al. 2005). Nepostradatelnost Zeleza spociva pravé ve
schopnosti prechodu Zeleznatého iontu na Zelezity a naopak, coz ho predurcuje byt
soucasti oxida¢nich a reduk¢nich enzymu v organismu (Dawson et al. 1987, Solomon et
al. 2000). Pokud je vsak Zelezo volné miZe spontanné katalyzovat takzvanou
Fentonovu reakci, kdy zeleznaté ionty reaguji s peroxidem vodiku nebo s lipidy
obsahujicimi peroxiskupinu za vzniku zelezitého iontu, hydroxidového aniontu a vysoce
reaktivnich hydroxidovych, poptipadé lipidovych, radikalt. Tyto radikdly mohou
poskozovat lipidy, proteiny i nukleové kyseliny (Gutteridge 1986, Kehrer 2000, Hentze
et al. 2004). Z tohoto divodu se v organismu vyvinuly rtizné transportni a skladovaci
proteiny, aby bylo volné Zelezo co nejvice eliminovano (Hentze et al. 2010, Oliveira et
al. 2014).

Fe3t +-0; - Fe?* 4+ 0, Redukce Zeleza
Fe?* + H,0, > Fe3* + OH™ +- OH Fentonova reakce
0%~ + H,0, > OH + OH™ + 0, Haber-Weissova reakce

Obrazek 2.1 Reakce katalyzované Zelezem (Fe), pri kterych vznikaji volné

radikaly. (Kehrer 2000)

2.1.2 Prijem a vydej Zeleza

T¢lo dospélého cloveka obsahuje piiblizné 3 az 5 g zeleza, coz odpovida zhruba
45-55 mg Zeleza na 1 kg hmotnosti. Pfiblizné 70 % tohoto Zeleza je soucasti molekul
transportujicich kyslik, hemoglobinu v ¢ervenych krvinkach a myoglobinu ve svalech

(Fairweather-Tait et al. 2013, Oliveira et al. 2014). Zelezo potiebné k syntéze
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hemoglobinu je velmi efektivné recyklovano pfi zaniku starych erytrocytti, pohlcenim
téchto erytrocyti bunkami retikulo-endotelidlniho systému, které uvolni zelezo
obsazen¢ v hemoglobinu do dal§iho ob¢hu.

Denni ztraty zeleza jsou velmi malé, a proto ani jeho denni piijem neni velky.
Zdravy jedinec vylouéi jen cca 1-2 mg Zeleza denné deskvamaci bunék stfevni sliznice,
ktize, bunék mocovych cest a potem. Mladé zeny ztraceji vice zeleza bcéhem

menstrua¢niho krvaceni (Hentze et al. 2010, Fairweather-Tait et al. 2013).

2.1.3 Vstiebavani Zeleza 7 potravy

Zelezo je z potravy vstiebavano zejména v duodenu a horni &asti jejuna. Do téla
prochazi ptes apikalni ¢ast enterocyti jako hemové a nehemové (Hentze et al. 2010,
Oliveira et al. 2014). Hemové zelezo je ptenaSeno prostiednictvim pifenasece hemu
(heme carrier protein 1; HCP1), ale pravdépodobné i jinymi mechanismy (Shayeghi et
al. 2005, Nakai et al. 2007). V enterocytu je Zelezo zhemu uvolnéno enzymem
hemoxygenazou do takzvaného rezervoaru volného zeleza (labile iron pool; LIP) (Ferris
et al. 1999). Je to jakasi zasobarna volného, rychle pouzitelného Zzeleza, které je
nespecificky vazano na nizkomolekularni latky, jako jsou fosfaty, nukleotidy,
aminokyseliny a podobné (Kakhlon et al. 2002), nebo je vazano na transportni proteiny,
chaperony (Leidgens et al. 2013). Nehemové Zelezo je do enterocytu pienaseno
transportérem divalentnich iontt (divalent metal transporter 1; DMT1) (Mims et al.
2005). Pfed samotnym transportem vSak zelezo musi byt redukovano na Zeleznaté ionty,
coz zajistuje enzym duodenalni cytochrom B (duodenal cytochrome B; DCYTB)
(McKie et al. 2001). Z nedavnych vyzkumi vyplyva, ze DCYTB neni pro redukci
zeleza esencialni a proto se predpoklada ptitomnost i jinych ferroreduktaz vazanych na
apikalni membranu enterocyti (McKie 2008). Zelezo pienesené do enterocytu se opdt
stava soucasti LIP. Z enterocytl je pak na bazolateralni strané zelezo uvolnovano do
mezibunééného prostoru pomoci ferroportinu 1 (Donovan et al. 2000). Zde je zelezo
oxidovano hephaestinem anebo ceruloplasminem na zelezité ionty (Vulpe et al. 1999),
které se okamzit€ navazuji na transportni protein transferrin (Tf), ktery zajiStuje

distribuci Zeleza v téle.
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2.1.4 Transport Zeleza do bunék

V télnich tekutinach je Zelezo transportovano vazané na Tf. Tento glykoprotein
je schopen vazat dva Zelezité ionty, pficemz je tato vazba zavisla na fyziologickém pH a
ptitomnosti bikarbonatu (Princiotto et al. 1975, Richardson et al. 1997). Lidsky
plazmaticky Tf je optimalné saturovan cca z 30 % (Hentze et al. 2010). Bunky pfijimaji
zelezo z Krve receptorem zprostiedkovanou endocytozou, kdy se dvé molekuly Tf vazi
na transferrinovy receptor (TfR) 1 nebo 2 a cely tento komplex podléha endocytoze.
V endozomu dochazi ke sniZzeni pH protonovou pumpou zavislou na ATP, coz snizi
afinitu Tf k Zelezu (Dautry-Varsat et al. 1983). Uvolnéné Zelezité ionty jsou pak
redukovany na rozpustné zeleznaté pomoci enzymu z rodiny metaloreduktaz, STEAP3
(six-transmembrane epithelial antigen of the prostate 3), (Ohgami et al. 2005) a
uvolnény do cytoplazmy pomoci pienase¢e DMT1. Endozom s Tf a TfR poté putuje
zpét k povrchu bunky, kde je Tf uvolnén a TfR je k dispozici pro navazani dal§iho
komplexu Tf-zelezo (Dautry-Varsat et al. 1983). Kromé endocytozy zprosttedkované
receptorem existuje i na receptoru nezavisly ptijem zeleza do buiiky, ten ovSem jesté
nebyl dostate¢né objasnén. Ma se za to, Ze by se na ném mohl podilet DMT1 (Shindo et
al. 2006) a prenasec zinku Zip14 (Liuzzi et al. 2006).

2.1.5 Distribuce Zeleza v buiice

Zelezo, které se dostane do LIP, je vyuZzivano k syntéze enzymii V Cytoplazmé
nebo v mitochondriich nebo je skladovano pro pozdéjsi pouziti ve skladovacim proteinu
ferritinu. Ferritin je protein slozeny z lehkych (L) a tézkych (H) podjednotek, jejichz
pomér se lisi tkan od tkan¢. Ferritin ma schopnost oxidovat Zeleznaté ionty z LIP na
ionty Zelezité, které v tomto redoxnim stavu uklada. Pfi uvolnéni Zelezitych iontl
z ferritinu se pak opét redukuji na Zeleznaté (Torti et al. 2002).

V nitrobun&éné distribuci a metabolizmu Zeleza je je§té mnoho neznamého. Cast
zeleza je vyuzita hned v cytoplazmé, napiiklad jako soucast enzymu ribonukleotid
reduktazy (Nordlund et al. 1990), ale vétsina metabolismu zeleza probiha
Vv mitochondriich, protoze mitochondrie jsou centrem pro syntézu hemu a Fe-S klastra
(Dunn et al. 2007, Richardson et al. 2010). Do transportu Zeleza z cytoplazmy do
mitochondrii je pravdépodobné zapojeno vice dosud ne pln€ identifikovanych
transportéru (Richardson et al. 2010). Pies vnitini mitochondrialni membranu je Zelezo

transportovano prenaSe¢i mitoferrinem 1 a 2 (Paradkar et al. 2009). Po inkorporaci
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zeleza do porfyrinové struktury enzymem ferrochelatazou je vznikly hem exportovan
z mitochondrii pravdépodobné prostiednictvim proteinu vaziciho hem (hem-binding
protein; HBP) (Taketani et al. 1998). Diilezitou roli v mitochondriich hraje chaperon
frataxin, ktery pravdépodobné pienasi Zelezo k syntéze Fe-S klastra (Dunn et al. 2007,
Richardson et al. 2010). Kompletni Fe-S Klastry jsou pravdépodobné transportovany
z mitochondrii pomoci efluxniho proteinu zavislého na ATP, ABCB7 (Bekri et al.
2000). Piebytecné Zelezo je v mitochondriich ukladano do mitochondrialniho ferritinu,
aby se zamezilo jeho schopnosti katalyzovat vznik reaktivnich forem kysliku (ROS)
(Richardson et al. 2010).

2.1.5.1 Erytrocyty

Erytrocyty jsou buiiky s nejvyS$im obsahem Zeleza v téle. Metabolismus zeleza
Vv jejich progenitorovych buiikach je soustiedén hlavné na syntézu hemu. Mnoho vyse
uvedenych poznatkli o metabolismu zeleza v burice bylo objeveno pravé u erytroblastl

(Richardson et al. 1997, Hentze et al. 2010).

2.1.5.2 MakrofaQy

Makrofagy jsou soustiedéné na recyklaci Zeleza obsazeného v erytrocytech.
Pinocytézou pohlcuji senescentni erytrocyty a zajiStuji jejich rozloZzeni na znovu
pouzitelné stavebni jednotky. Zelezo z hemu je zde uvolnéno enzymem hemoxygenazou
a transportovano ven z bunky, kde se vaze na plazmaticky Tf (Richardson et al. 1997,
Dunn et al. 2007).

2.1.6 Transport Zeleza 7 bunék

Volné Zelezo je z bun€k vylucovano ferroportinem 1 (Donovan et al. 2000). Pro
prenos hemového zeleza ma bunka K dispozici efluxni transportér FLVCR (Feline
leukaemic virus receptor) a protein zavisly na ATP, ABCG2. Jedna se ale spiSe o

stresové uvolnéni hemu v piipadé pietizeni bunky hemovym zelezem (Latunde-Dada et
al. 2006).
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Obrazek 2.2 Distribuce Zeleza (Fe) v buiice. Podrobny popis je obsazen v textu.

Prevzato a upraveno (Wallander et al. 2006).

2.1.7 Regulaéni mechanismy

2.1.7.1 Bunécné

Na trovni buriky je metabolismus zeleza regulovan proteiny regulujicimi zelezo
(iron regulatory protein, IRP), které se vazi na odpovidajici vazna mista na mRNA (iron
responsive element; IRE) pro klicové proteiny metabolismu zeleza. mRNA pro tézky
(H) i pro lehky (L) fetézec skladovaciho proteinu ferritinu, mMRNA prvniho enzymu
syntézy hemu, 5-aminolevulatsyntazy (ALA-synt), mRNA pro IRP1 popiipadé
akonitazu (viz. nize) a mRNA ferroportinu 1 maji po jednom IRE na 5 neptekladaném
konci a navazdnim IRP dojde k zablokovani translace daného proteinu, zabranénim
nasednuti malé podjednotky ribozomu. mMRNA pro TfR 1 ma na svém 3 neptekladaném
konci vice IRE a navazani IRP na tyto mista chrani tuto mRNA pfed degradaci a tim
zvySuje jeji translaci (Guo et al. 1995, Hentze et al. 2004). IRP existuji ve dvou
formach, které jsou odlisné regulovany. IRP1 se vaze na IRE pouze pii nizké hladiné
nitrobunécného zeleza. Pokud je zeleza v bunce dostatek, vaze se na IRP1 Fe-S klastr,
¢imz IRPI1 ztraci schopnost vazat se na IRE a funguje déale jako enzym akonitdza
Vv citratovém cyklu. Vazba Fe-S klastru je pIn¢ reverzibilni (Beinert et al. 1996). IRP2 je
Vv ptipad¢ spravné nebo vyssi hladiny zeleza degradovan ubikvitin — proteazomovym

systémem (Guo et al. 1995). IRP také reaguji zvySenou vaznosti na IRE v pfitomnosti
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ROS, oxidu dusnatého nebo hypoxie (Pantopoulos et al. 1995, Iwai et al. 1998, Hentze
et al. 2004).

IRP se nevaze

Fed (1/2) Aktivni IRP1/2 Inaktivace IRP1 na IRE
navazani Fe-S)
NO/ (1/2) ( ) “4 IRP1
= Fe'I*
H0,1 (1) _
Degradace IRP2 A
M, proteazomem P2
v Uskladnéni —SL( H-Ferriti\‘ A
® Fe
o E
g v S ¢ cramiing 4
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Obrazek 2.3 Regulace metabolismu Zeleza (Fe) v ramci buiiky. Podrobny popis je

Vv textu. Pfevzato a upraveno (Hentze et al. 2004).

2.1.7.2 Systémové
Regulaci hladiny Zeleza v téle obstarava hormon syntetizovan}’l % hepatocytech,

makroglobulin (Peslova et al. 2009). Hepcidin se vaze na ferroportin a zptsobuje jeho
internalizaci a degradaci v lysozomech (Nemeth et al. 2004, Yeh et al. 2004). Timto
procesem se snizi pfijem zeleza ze stieva a zaroven 1 efflux Zeleza z makrofagu.
Exprese hepcidinu v hepatocytech je regulovana hladinou Zeleza v Krvi, zasobami
zeleza v jatrech, erytropoetickou aktivitou, hypoxii a zanétlivymi stavy (Fleming 2008,
Hentze et al. 2010). Vysoka saturace Tf zelezem aktivuje transkripci hepcidinu a tim
snizi vstfebavani Zeleza do krve. Stejny efekt, zvySeni exprese hepcidinu, ma i

pritomnost zanétlivych cytokin, interleukini 1 a 6. Snizeni hladiny zeleza v krvi je
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Vtomto ptipadé obranna reakce proti patogeniim, které potiebuji zelezo pro svij
metabolismus. Na druhé strané rustovy faktor uvoliovany dozravajicimi cervenymi
krvinkami, GDF15 (growth and differentiation factor 15), snizuje transkripci hepcidinu
a zvySuje hladinu zeleza v krvi. SniZeni exprese hepcidinu je zplisobeno i hypoxii pies
signaliza¢ni drahu faktoru indukovaného hypoxii (hypoxia inducible factor; HIF)
(Fleming 2008, Hentze et al. 2010).

2.2 Rakovina prsu

Rakovina je zejména V rozvinutém svété jednou z hlavnich pficin dlouhodobé
pracovni neschopnosti i smrti. Rakovina se mize rozvinout v jakékoli casti téla a
Vv jakémkoli organovém systému (Jemal et al. 2011, Siegel et al. 2013). Vzhledem
k zaméfeni experimentalni ¢asti této prace a rozsahu tématu nadorovych onemocnéni,

zde bude zminéna pouze rakovina prsu.

2.2.1 Incidence a mortalita

Rakovina prsu tvoii, dle mezinarodnich statistik z roku 2008, asi 23 % ze vSech
nove diagnostikovanych naddorovych onemocnéni a 14 % amrti mezi vSemi umrtimi na
nadorova onemocnéni (Jemal et al. 2011). Postihuje predev§im Zeny, u nichz patii mezi
zvySujici se v€k matefstvi nebo jeho Uplnd absence, absence kojeni, obezita a
hormonalni substitu¢ni terapie u starSich Zen (Jemal et al. 2011, DeSantis et al. 2014).
Svou roli mohou sehrat 1 rodinné predispozice obzvlasté mutace v tumor supresorovych
genech BRCAL nebo BRCA2 (King et al. 2003). Diky mamografickému screeningu se
V rozvinutych zemich relativné zvysila v€asnd diagnoza této choroby a tim i moZnost

jeji tspesné 1écby (Jemal et al. 2011, DeSantis et al. 2014).

2.2.2 Diagnostika

Rakovinu prsu miiZze nékdy Zena sama nahmatat jako bouli¢ku v prsu nebo mtlize
registrovat zmény vzhledu bradavky nebo kize prsu. Podle nékterych poznatkti ovsem
nema pravidelné prohmatavani prsu v diagnostice prilisny vyznam (Kosters et al. 2003).

Dalsim, spolehlivejsim, zplsobem diagnostiky je ultrazvukové nebo mamografické

radiologické vysetieni. V Ceské republice se plogny mamograficky screening provadi u
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7en od 45 let kazdé dva roky (CR 2009). P¥i pozitivnim mamografickém nalezu obvykle
nasleduje biopsie S histologickym vySetfenim a vySetfeni biochemickych markert

(Petruzelka et al. 2002).

2.2.3 Rozdéleni

Vzhledem Kk tomu, ze kazdy pacient ma svijj jedine¢ny typ rakoviny, bylo tieba
vymyslet systém pro rychlou orientaci 1ékait. Aspektt, podle kterych Ize rakovinu prsu
délit na rizna stadia, je vice, proto se zde omezime na dva nejpouzivanéjsi, které se

ovSem vétSinou kombinuji.

2.2.3.1 Velikost a invazivnost nadoru

Velikost a invazivnost nadoru hodnoti systém ,,TNM“ (Tumor, Node,
Metastasis). Pismeno ,,T* oznacuje pfitomnost rakovinnych bunék v oblasti primarniho
nadoru a Cislo za timto pismenem oznacuje Vvelikost nadoru. Pismeno ,,N“ znaci
rakovinné bunky pfitomné v nejblizsich miznich uzlinach, kam byly doneseny lymfou, a
Cislo za timto pismenem oznacuje pocet ovlivnénych uzlin. Pismeno ,,M* znaci, Ze
rakovinné bunky jsou ve vzdalenych lymfatickych uzlinach (Singletary et al. 2006).
Modelové hodnoceni nddoru mensiho nez 2 cm, bez infiltrace miznich uzlin pak mize

vypadat takto: T1, NO, MO.

2.2.3.2 Genotyp
Déleni podle databaze TCGA (The Cancer Genome Atlas) vychazi

Z genotypizace péti set vzorkl riiznych rakovin prsu. Rakovina prsu zde byla rozdélena
na Ctyfi zakladni subtypy: luminalni A, luminalni B, bazéalni a obohaceny 0 receptor
lidského epidermalniho rustového faktoru 2 (human epidermal growth factor receptor 2;
HER2) (Ma et al. 2013). Luminalni typy jsou nejvice heterogenni skupinou, co se
genoveé exprese tyCe. Exprimuji estrogenovy receptor, transkripcni faktory GATA3,
FOXAI1, XBP1, regulator apoptozy Bcl-2 a protoonkogen MYB. Tento genovy profil je
charakteristicky pro epitelidlni buniky mlékovodt. Lumindlni typ B se od luminélniho
typu A 1i$i niz8$i expresi lumindlnich gend, zvySenou expresi genli podporujicich
proliferaci a horsi progndzou. Bazalni typ exprimuje geny pro keratiny 5, 6 a 17 a hojné

1 geny podporujici bunécné déleni. Bazalni typ cCasto neexprimuje estrogenove,
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progesteronové ani HER2 receptory a tim se fadi mezi takzvané ,.trojité-negativni®
rakoviny prsu. Typ obohaceny o HER2 receptor je specifikovan zejména zvySenou
expresi tohoto receptoru a ristového faktoru GRB7 (Sorlie et al. 2003, Cancer Genome
Atlas 2012, Ma et al. 2013).

2.2.4 Lécbha

2.2.4.1 Chirurgie

Chirurgicky zasah je v pfipad¢ rakoviny prsu zpravidla prvnim krokem. Muze
byt odstranén jen lokalizovany nador (tumorektomie), ¢tvrtina prsu (quadranektomie)
nebo v piipadé rozsahlejsiho nadoru cely prs (mastektomie). Podle vysledki biopsie

jsou odstranény i postizené mizni uzliny v podpazi (Veronesi et al. 2002).

2.2.4.2 Radioterapie

Radioterapie Casto navazuje na chirurgické odnéti nadoru. Mize byt vnéjsi nebo
vnitini. Vnitini radioterapie (brachyterapie) je provadéna bé&hem operace, kdy je
oteviend operacni rana jesSt¢ pred zaSitim ozafena z bezprostfedni blizkosti. Tento
pfistup by mél zahubit ptfipadné neodstranéné rakovinné bunky na okraji opera¢niho
pole a zabranit jejich Sifeni (Belletti et al. 2008, Vaidya et al. 2011). Dale po operaci
nebo 1 u Zen pied operaci je ozafovan cely prs. Ozafovani zvnéjSku musi byt provadéno
velmi opatrng, aby nedoslo k nadmérnému ozateni okolnich organti jako je srdce, plice,

popiipadé druhy prs (Clarke et al. 2005, Vaidya et al. 2010).

2.2.4.3 Farmakoterapie

2.2.4.3.1 Blokéda pusobeni estrogenu

Tamoxifen je Siroce pouzivany kompetitivni inhibitor estrogenovych receptort,
ktery je pouzivan samoziejmé jen U nadorti exprimujicich estrogenové receptory. Jde
hlavné o adjuvantni terapii pifed nebo po chirurgickém odstranéni nadoru, ktera
zabranuje estrogenni stimulaci rdstu rakovinnych bun¢k (Fisher et al. 1998, Brunton et
al. 2011).

Obdobné pouZziti maji 1 inhibitory enzymu aromatdzy (anastrozol, letrozol,

emestan), které blokuji pfeménu androgenil na estrogeny. Zatimco anastrozol a letrozol
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jsou takzvané nesteroidni inhibitory aromatadzy a vazi se na aromatazu kompetitivné,
exemestan je steroidni inhibitor aromatazy, ktery je nekompetitivni, a jeho navéazani

vede k degradaci enzymu (Smith et al. 2003, Brunton et al. 2011).

2.2.4.3.2 Progestiny a androgeny

Syntetické analogy progesteronu a androgenti mohou byt pouzity u metastazujici
rakoviny prsu, kterd exprimuje progesteronové a estrogenové receptory. Je to az

druhotada moznost terapie vhodna pro kachektické pacienty (Brunton et al. 2011).

2.2.4.3.3 Monoklonalni protilatky a cilené malé molekuly

Cilena terapie je pom&rné novy piistup k 1é¢bé rakoviny. V terapii rakoviny prsu
je hlavné¢ zaméfend na HER2 receptor. Humanizovand monoklonalni protilatka
transtuzumab se vaze na HER2, zabranuje jeho dimerizaci a tim aktivaci tyrozinkinaz.
Timto mechanismem se blokuje draha vedouci k bunéénému déleni a k angiogenezi.
V terapii se muze kombinovat s klasickym chemoterapeutikem/stabilizdtorem
mikrotubull paclitaxelem. Zavedeni transtuzumabu do 1é¢by vedlo k velkému zlepSeni
prognodzy pacientek s nadory, které exprimuji vice HER2, protoze tyto nadory pfili§
nereagovaly na klasickou chemoterapii (Vogel et al. 2002).

Lapatinib je mala molekula, kterd se vaZe na jiné misto HER2 neZ transtuzumab,
ale vaZe se také na HERI, proto je mozZné lapatinib pouZit 1 pfi rezistenci
k transtuzumabu nebo tyto dvé latky kombinovat (Blackwell et al. 2010). Lapatinib je
také mozné kombinovat s prekurzorem pyrimidinového analogu/antimetabolitu 5-
fluorouracilu, capecitabinem (Geyer et al. 2006).

Bevacizumab je humanizovana protildtka proti vaskuldrnimu endotelidlnimu
rastovému faktoru A (vascular endothelial growth factor A; VEGF-A). Blokaci tohoto
proteinu inhibuje angiogenezi. Pouzivd se pii 1écbé metastazujici rakoviny prsu

v kombinaci s paclitaxelem (Miller et al. 2007).

2.2.4.3.4 Klasicka chemoterapie

Pokud jsou rakovinné bunky trojité-negativni na vyskyt receptort, je indikovana
klasickd chemoterapie. Tato chemoterapic se muze ale pouzivat i U nadoru

exprimujicich estrogenové, progesteronové nebo HER2 receptory a kombinovat
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s antiestrogeny 1 protilatkami a to hlavné v piipadech, kdy se ptedpokladd horsi
odpovéd’ nadoru k monoterapii a pokud je pozitivni nalez v miznich uzlinach
(Goldhirsch et al. 2009). Pichled farmakoterapie uvadi tabulka 2.1. Latky oznacované
za klasickou chemoterapii jsou zde uvedeny v ¢astech I.-III. Pro 1é¢bu rakoviny se tyto
latky kombinuji a podavaji se v cyklech. Jednou takovou kombinaci muize byt
¢trnactidenni cyklus denniho podavani alkylaéni latky cyklofosfamidu a analogu
kyseliny listové/antimetabolitu methotrexatu doplnény 1. a 8. den o davku 5-
fluorouracilu, ktery se opakuje kazdé ¢tyfi tydny. Dalsi cyklus je napiiklad ¢trnactidenni
cyklus denniho podavéani cyklofosfamidu doplnény 1. a 8. den o davku
antracyklinového antibiotika/blokatoru enzymu topoizomerazy llo. doxorubicinu (nebo
epirubicinu) a 5-fluorouracilu, také s opakovanim kazdé Ctyfi tydny. Dale je mozna i
kombinace cyklofosfamidu s doxorubicinem (nebo epirubicinem) 28 dni, nasledovana
paclitaxelem (nebo docetaxelem). Chemoterapie se vzdy voli individualné podle
histologie a rozsahu neoplastického onemocnéni (Goldhirsch et al. 2001, Moller et al.
2008).

Tabulka 2.1 Prehled farmakoterapie pouzivané pri 1é¢bé neoplastickych
onemocnéni. Pfevzato a upraveno z Goodman & Gilman’s The Pharmacological Basis
of Therapeutics — 12. vydani (Brunton et al. 2011).
Trida latek Typ latek Zastupci
mechlorethamin
. cyklofosfamid, ifosfamid
Dusikaté yperity
melphalan
chlorambucil
prokarbazin

Derivaty methylhydrazinu .
(N-methylhydrazin)

I. Alkylaéni latky Alkylsulfonaty busulfan
karmustin
Derivaty nitrosomoc¢oviny streptozocin

bendamustin

Triazeny dakarbazin, temozolomid
Koordinaéni komplexy cisplatina, karboplatina,
platiny oxaliplatina
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Trida latek Typ latek Zastupci
- Methotrexat

Analogy kyseliny listové
pemetrexed
5-fluorouracil, capecitabin
cytarabin

Pyrimidinové analogy gemcitabin
5-aza-cytidin,

I1. Antimetabolity deoxy-5-aza-cytidin
6-merkaptopurin
6-thioguanin
pentostatin

Purinové analogy :
fludarabin
clofarabin

nelarabin

Ttida latek Typ latek Zastupci
vinblastin

Vinca alkaloidy vinorelbin
vinkristin

Taxany paclitaxel, docetaxel

Podofylotoxiny etoposid
teniposid

Camptoteciny topotecan, irinotecan
dactinomycin (actinomycin
D)

II1. Ptirodni produkty

Antibiotika .
daunorubicin
doxorubicin

Echinocandiny trabectedin

mitoxantron

Antracendiony bleomycin
mitomycin C
Enzymy L-asparginaza
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Trida latek Typ latek Zastupci

Supresor adrenokortikalnich .
mitotan

hormont

Hormony kiry nadledvin prednison a jeho analogy
hydroxyprogestron kapronat,

Progestiny medroxyprogesteron acetat,
megestrol acetat

diethylstilbestrol,

. Estrogeny . .
IV. Hormony a jejich ethynilestradiol
antagonisté Antiestrogeny tamoxifen, toremifen
o anastrazol, letrozol,
Inhibitory aromatazy
exemestan
testosteron propionat,
Androgeny
fluoxymesteron
Antiandrogen flutamid, casodex
Analog gonadotropniho .
leuprolid
hormonu
Trida latek Typ latek Zastupci
Substituovana mocovina hydroxyurea

tretinoin, oxid arzenity
Diferenciacni latky inhibitor histon-deacetylazy

(vorinostat)

imatinib

dasatinib, nilotinib

. . gefitinib, erlotinib
Inhibitory tyrozinkinazy

V. Ruzné sorafenib
sunitinib
lapatinib
Inhibitor proteazomu bortezomib
Cytokiny interferon a, interleukin 2
Imunomodulatory thalidomid
lenalidomid
Inhibitory mTOR temsirolimus, everolimus
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2.2.5 Vyznam Zeleza u rakoviny prsu

Zelezo je rizikovym faktorem pro vznik rakoviny kvali jeho schopnosti
katalyzovat reakce, pii kterych vznikaji ROS (viz kapitola 2.1.1). Z n¢kolika studii
vyplyva, ze lidé se zvySenym obsahem Zeleza v norméalni prsni tkdni mohou mit vyssi
Sanci k onemocnéni rakovinou, obzvlasté pak ti, ktefi ptijimaji Zelezo v hemové podobé
(Cui et al. 2007, Kallianpur et al. 2008). Z tohoto dtivodu muze byt i vyssi predispozice
k rakoviné prsu u Zen po menopauze, kterym se jiz nesnizuje hladina Zeleza
menstrua¢nim krvacenim (Hong et al. 2007, Huang 2008).

Hladina Zzeleza je ovSem dulezitd i béhem onemocnéni rakovinou prsu.
Rakovinné bunky jsou typické svym rychlym ristem a délenim, a proto potiebuji vice
nutriénich a stopovych prvkia (lonescu et al. 2006). Zelezo je dilezité pro katalyzu
mnoha bunécnych reakci i pro enzym ribonukleotid reduktazu, ktera je bezprostfedné
spjata se syntézou DNA. Rakovinné bunky tedy potiebuji vyssi pfisun zeleza nez
normalni somatické buiiky. Rakovinné buiiky proto také exprimuji na svém povrchu
vice TfR pro ptijem zeleza (Shindelman et al. 1981) a naopak mén¢ efluxniho proteinu
ferroportinu (Pinnix et al. 2010). Navic maji rakovinné bunky schopnost vytvaiet
hormon hepcidin, bézné¢ syntetizovany v jatrech, ktery podporuje internalizaci
ferroportinu (Pinnix et al. 2010). N¢které buiiky rakoviny prsu dokonce na zakladé
estrogenni stimulace syntetizuji protein podobny Tf, aby zvySily ptfisun zeleza z okoli
(Vandewalle et al. 1989, Vyhlidal et al. 2002). Zelezo je v buiikach nejen ihned
pouzivano, ale bunka si tvoii zasoby ve skladovacim proteinu ferritinu (Elliott et al.
1993). U Zen s rakovinou prsu byl zaznamenan i zvySeny sérovy ferritin, ktery byl

$patnym prognostickym faktorem (Jacobs et al. 1976).

2.3 Chelatory Zeleza
Za chelator Zeleza lze oznacit, kazdou latku, kterd je schopna nespecificky vazat
pfechodné prvky. V této kapitole bude probirana skupina latek, ktera je schopna vazat

zelezo relativné specificky, coz je klicem jeji biologické aktivity.
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2.3.1 Pouiiti chelatorn Zeleza

2.3.1.1 Nemoci s pretizenim zelezem

Prvni indikaci chelatori zeleza byla onemocnéni s pietizenim zelezem, kde
zvySené ukladani zeleza zptsobuje nadmérny oxidaéni stres, hlavné v srdci, jatrech a
pankreatu, zvysené riziko vzniku rakoviny a snizeni imunity (Jomova et al. 2011,
Oliveira et al. 2014). Mezi tato onemocnéni patii porucha vstiebavani Zeleza hereditarni
hemochromatoza, kdy je piijem Zeleza patologicky zvysen (Fleming et al. 2002). Dale
neurologické postizeni Friedreichova ataxie, kdy je kumulace zeleza zplsobena
snizenou expresi mitochondriadlniho proteinu frataxinu (Richardson 2003). Druhotné
muze vznikat pfetizeni Zelezem pii opakovanych krevnich transfizich podavanych
pacientim s thalasemii nebo s myelodisplastickym syndromem (Olivieri et al. 1997,
Greenberg 2006). Podanim chelatoru zeleza Ize docilit normalizace hladiny Zeleza v téle
a tim prodlouzeni zivota. U téchto onemocnéni se pouzivaji chelatory desferrioxamin,

desferasirox a deferipron (Kwiatkowski 2011).

2.3.1.2 Lécba nadorovych onemocnéni

Chelatory zeleza jsou V soucasné dobé¢ Siroce zkoumanou skupinou pro 1écbu
rakoviny (Buss et al. 2003, Richardson et al. 2009). Pouzitim chelatorti zeleza u
rakovinnych bunék je zasaZzeno hned nékolik signalizacnich drah. Pfimo je zasazena uz
diive zminovana ribonukleotid reduktdza, kde chelator odstrani tyrozilovy radikéal z R2
podjednotky a zamezi tak pfeméné¢ ribonukleotidi na deoxyribonukleotidy,
katalyzované timto enzymem (Nyholm et al. 1993). Touto blokaci se mutize aktivovat
tumor supresorovy protein p53, ktery dale blokuje bunéc¢né déleni (Tanaka et al. 2000).
Nedostatek Zeleza neptimo ovliviiuje pribeh bunééného cyklu zménou exprese proteini
nutnych k progresi bunécného cyklu. Chelatory Zeleza zplisobuji snizeni aktivity cyklin
dependentnich kinaz (CDK) 2 a 4 a cyklini A, D a E a naopak zvysuji transkripci
inhibitoru CDK, proteinu p21. Tyto zasahy do pribéhu bunécného cyklu vedou
k zastaveé bunky mezi fazemi G; a S (Le et al. 2002, Yu et al. 2007). Chelatace zeleza
také vyvolava zvySenou expresi HIF, ktery muze zpusobit nechténé zvySeni
vaskularizace tumoru, ale pokud je v bunice kumulovan vede k zastaveni buné¢ného
déleni a apoptéze. HIF plsobi zvySenou expresi supresoru metastazovani NDRGI1 a

pro-apoptotického faktoru BNIP3 (Pahl et al. 2005, Kovacevic et al. 2011b).
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2.3.2 Rozdéleni cheldatoru Zeleza

Chelatory Zeleza jsou velmi heterogenni skupinou latek. Déli se podle riznych
kritérii. Zde budeme pouzivat déleni na ptirodni latky a jejich analogy a na syntetické
latky. Dulezitou charakteristikou je lipofilita cheldtort, kterd je klicova pro pruchod
pfes bunénou membranu a determinujici, jestli bude latka ordln¢ aktivni nebo ji bude
tteba podavat injek¢né. Obecné plati, ze vice lipofilni latky maji vétSinou silnéjsi
antiproliferacni G¢inky (Kalinowski et al. 2005, Pahl et al. 2005). Dalsi obecnou
charakteristikou chelatord je pocet vaznych mist v molekule chelatoru, tzv. denticita.
Atom Zeleza ma Sest koordinacnich vazeb, které by pro plnou chelataci mély byt vazany
na molekulu chelatoru. Chelatory, které maji Sest vaznych mist, nazyvame hexadentalni,
Chelatory stfemi vaznymi misty (jeden atom zeleza je plné chelatovan dvéma
molekulami chelatoru) jsou tridentalni a chelatory s dvéma vaznymi misty (jeden atom

zeleza je pIné chelatovan tfemi molekulami chelatoru) jsou bidentalni (Liu et al. 2002).

2.3.2.1 Prirodni latky a jejich analogy

2.3.2.1.1 Siderofory
Siderofory jsou latky produkované mikroorganismy (bakteriemi, niz$imi
houbami a fasami), které chelatuji Zelezo z okoli a usnadiiuji jeho pfijem do bunky

(Neilands 1995).

2.3.2.1.1.1 Desferrioxamin

Desferrioxamin je siderofor poprvé identifikovany v 60. letech 20. stoleti. Tento
hexadentalni chelator zelezitych iontd byl izolovan z aktinobakterie Streptomyces
pilosus a po klinickych studiich byl roku 1968 schvalen americkou agentorou FDA
(Food and Drug Administration) jako 1é¢ivo pro terapii nemoci s pfetizenim Zelezem.
Od té doby stale zustava v praktickém pouziti (Buss et al. 2003, Sharpe et al. 2011).
V ruznych studiich prokazal desferrioxamin antiproliferacni potencial (Dezza et al.
1989, Donfrancesco et al. 1990, Hann et al. 1992) a zaroven byl také jadrem pro
vyzkum molekuldrnich mechanism deprivace Zeleza (viz. kapitola 2.3.1.2). Tato latka

ma vSak nevyhodu v kratkém biologickém polocasu (cca 10 min) a v nizké lipofilité,

26



kvuli které nelze podat peroraln¢ a do bun¢k prochazi jen pomalu pinocytézou. Pro
podani desferrioxaminu je proto potieba pouzit dlouhé a opakované subkutanni infuze,
které nejsou pro pacienty pohodlné ani piijjemné (Kwiatkowski 2011). Proto probiha

vyzkum lipofilnich chelatort Zeleza, které je mozné podavat peroralné.

2.3.2.1.1.2 Desferrithiocin

Desferrithiocin je tridentdlni siderofor, ktery je mozné podavat perordlné. Je
produkovany bakterii Streptomyces antibioticus (Buss et al. 2003, Sharpe et al. 2011) a
kromé silné afinity k Zelezitym iontiim mize vazat i ionty zinku a médi (Anderegg et al.
1990). Vykazoval protinadorové ucinky piedev$im na hepatocellularni karcinom (Kicic
et al. 2002), ale pti delsim podavani hlodavcim a opicim pusobil snizovani télesné
hmotnosti a nefrotoxicitu (Bergeron et al. 1993). Chemickymi modifikacemi byl

pozménén na stejné protinadorové Géinné latky s nizsi toxicitou (Bergeron et al. 2012).

2.3.2.1.1.3 Desferri-exocheliny

Desferri-exocheliny jsou skupinou latek produkovanou bakterii Mycobacterium
tuberculosis. Tyto latky jsou hexadentalni a jsou schopné vyvazovat Zzelezo i z Tf a
z ferritinu  (Gobin et al. 1996). Byla u nich zaznamenana schopnost selektivné

navozovat apoptozu u linii prsniho karcinomu, pfi¢emz nebyly toxické k normalni prsni

tkani (Pahl et al. 2001).

2.3.2.1.2 Chelatory rostlinného ptivodu

2.3.2.1.2.1 Curcumin

Curcumin je polyfenolicka latka izolovana z Kurkumy (Curcuma longa)
pouzivané hojné v Indii a Cing jako kofeni (Hatcher et al. 2008). Ve vodném prostiedi a
fyziologickém pH vaze hlavné zelezité ionty a vytvaii s nimi komplexy [Fe**
(Hocurcumin)(OH),] (Bernabe-Pineda et al. 2004). Tato latka ma komplexni
protizanétlivé 1 protinadorové ucinky. Curcumin ovliviiuje signalizacni drahu
transcripEniho faktoru NF-kB, ktery dale inhibuje prozanétlivy enzym cyklooxygenazu
2 (COX2), snizuje expresi cyklinu D1, anti-apoptotickych proteinti Bcl-2 and Bcl-X, a
pro-angiogeniho proteinu VEGF-A (Hatcher et al. 2008, Kunnumakkara et al. 2009).

V soucasné dob& probihaji klinické studie curcuminu jako chemoterapeutika a
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chemopreventiva pfi riznych nadorovych onemocnéni, napt. kolorektalniho karcinomu,
rakoviny pankreatu nebo myelomu. V jiz prob&hlych studiich byla prokazana jeho nizka
toxicita (Hatcher et al. 2008).

2.3.2.1.2.2 Silybin

Silybin je latka z plodu Ostropestiece marianského (Silibum marianum). Je to
latka s hepatoprotektivnimi uc¢inky, ktera je Spatné rozpustna ve vodé (Jacobs et al.
2002). Bylo prokazano, ze tvoii komplexy s zelezitymi ionty (Borsari et al. 2001).
Silybin sniZzuje expresi prozanétlivych cytokind (Tyagi et al. 2009) a byly u ngj
prokazany protirakovinné G¢inky in vitro i in vivo (Gharagozloo et al. 2008, Li et al.
2008, Singh et al. 2008, Cui et al. 2009).

2.3.2.1.2.3 Polyfenoly ze zeleného caje

Vytazek ze zeleného ¢aje obsahuje katechiny s antioxida¢nimi u¢inky, které byly
zkoumany jako prevence neurodegenerativnich onemocnéni (Mandel et al. 2006), ale
také jako mozna prevence rozvoje rakovinnych onemocnéni a prostiedek ke snizeni
invazivity nadoru (Zaveri 2006, Thangapazham et al. 2007). Z nékterych studii vyplyva,
ze tyto latky jsou schopné chelatovat Zelezo (Guo et al. 1996, Ryan et al. 2007). Neni
ovSem zcela objasnéné, jaky efekt by mélo podavani vysokych davek katechinii na

organismus (Sharpe et al. 2011).
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Obriazek 2.4 Chemické vzorce vybranych chelitori ze skupiny prirodnich latek.
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2.3.2.2 Syntetické chelatory

2.3.2.2.1 Deferipron
Deferipron (L1) je bidentalni lipofilni chelator Zeleza. Byla to prvni latka

s moznosti peroralniho podani pro pacienty s nemocemi s pietizenim Zelezem, ktera se
dostala do klinického testovani v 80. letech 20. stoleti (Kwiatkowski 2011). Byl
prokdzan jeho efekt na snizeni depozice Zeleza v srde¢ni tkani a zlepSeni srdecnich
funkci (Anderson et al. 2002, Piga et al. 2003). V prubéhu jeho testovani byly ale
pozorovany nezadouci U¢inky v podobé agranulocytozy a neutropenie (Cohen et al.
2003) a v jedné studii i zvySeni vyskytu jaterni fibrozy (Olivieri et al. 1998). Po zvazeni
pfinosu a rizika pro pacienty bylo v roce 1999 udéleno povoleni pro 1écbu v Evropé a
v nékterych asijskych zemich. Americkd FDA vsak deferipron nikdy nepovolila
(Kalinowski et al. 2005, Sharpe et al. 2011). Jako vyhodné se ukazalo kombinovat
deferipron s desferrioxaminem, kdy se miize snizit davka obou chelatort, a tim se sniZi i
vyskyt nezadoucich uc¢inku (Berdoukas et al. 2009). Deferipron v nékterych studiich
prokazal i antiprolifera¢ni uc¢inky (Chenoufi et al. 1998, Simonart et al. 2002).

2.3.2.2.2 Deferasirox

Deferasirox (ICL670A) je tridentalni, lipofilni, peroralné G¢inny chelator zeleza.
Byl vyvinut firmou Novartis a v roce 2005 schvalen FDA a pozdé&ji i Evropskou unii
pro 1é¢bu nemoci s pietizenim zelezem (Kwiatkowski 2011, Sharpe et al. 2011).
Deferasirox ma vysokou afinitu k zelezitym iontum, ale mtze vazat i hlinik (Heinz et
al. 1999). Bylo prokazano, ze deferasirox snizuje zasoby zeleza v jatrech a v sérovém
ferritinu (Cappellini et al. 2006) a stabilizuje zasoby Zeleza v srde¢ni tkani (Pennell et
al. 2010, Wood et al. 2010). V soucasné dobé je zkoumana vysoka antiproliferacni
ucinnost této latky, kterd by se v budoucnu mohla pouZzivat i v terapii rakovinnych

onemocnéni (Ohyashiki et al. 2009, Ford et al. 2013, Lui et al. 2013).

2.3.2.2.3 Tachpyridin
Tachpyridin je hexadentalni chelator, ktery muze vazat Zeleznaté, vapenaté,

manganaté, hofeCnaté, méd’naté a zineCnaté ionty (Torti et al. 1998). Za jeho
protinadorovou ucinnost na riznych nadorech (Torti et al. 1998, Abeysinghe et al.

2001) jsou ovsem zodpoveédné komplexy se zelezem. Tachpyridin mize totiz vazat i
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zelezité ionty, které¢ redukuje na Zeleznaté, za vzniku ROS (Haber-Weissova reakce)
(Samuni et al. 2002).

2.3.2.2.4 Dexrazoxan

Dexrazoxan (ICRF-187) je katalyticky inhibitor topoizomerazy II vyvinuty
k 1é¢bé rakovinnych onemocnéni (Fattman et al. 1996). Je to cyklicky analog kyseliny
ethylendiamintetraoctové (EDTA), kterd je chelatorem Sirokého spektra kovi a se
zelezem tvofi redox-aktivni komplexy (Huang et al. 1982). Dexrazoxan se po vstupu do
bunék aktivuje na otevieny analog ADR-925, ktery vaze zelezo s vysokou afinitou
(Weiss et al. 1999). Jako velmi vyhodné se ukazalo kombinovat dexrazoxan
s antracyklinovymi antibiotiky, kdy dexrazoxan snizuje jejich kardiotoxicitu. Dlouho se
mélo za to, ze dexrazoxan pieménény na ADR-925 vyvazuje zelezo z redox-aktivnich
komplexti antracyklinovych antibiotik a ptfedchézi tak oxida¢nimu stresu v srde¢ni tkéni
(Swain et al. 1997, Popelova et al. 2009). Nov¢jsi hypotézou je ochrana srde¢nich
bun€k katalytickou inhibici topoizomerazy I dexrazoxanem, coz blokuje vznik
dvoutetézcovych zlomii DNA zplsobenych antracyklinovymi antibiotiky. Cil
antracyklinovych antibiotik v rakovinnych bunkdch je totiz topoizomerdza Ila

(Vejpongsa et al. 2014).

2.3.2.2.5 Aroylhydrazony

Tyto tridentalni, lipofilni chelatory Zelezitych iontl jsou odvozené od pyridoxal
isonikotinoyl hydrazonu (PIH), ktery byl v roce 1954 ptipraven a pozd¢ji odhalena jeho
schopnost chelatovat Zelezo v laboratofi profesora Poriky (Ponka et al. 1979). PIH byl
studovan jako nadéjna, peroralné¢ dostupna latka pro 1é€bu nemoci s pretizenim zelezem,
ale nebyl uveden do klinické praxe. Od latky PIH bylo odvozeno mnoho derivata a i
nékolik sérii latek (Baker et al. 1992, Richardson et al. 1995). Jako silny chelator Zeleza
s antioxidacnimi ucinky se projevil SIH. Tato latka prokazala kardioprotektivni,
radioprotektivni ale i antiprolifera¢ni G¢inky (Horackova et al. 2000, Simunek et al.
2008, Berndt et al. 2010). Pficemz jeji kratkodoby i dlouhodoby toxicitni profil byl
velmi ptiznivy (Klimtova et al. 2003). Antiproliferacnimi ucinky latek odvozenych od
SIH se detailn¢ji zabyvaji dalsi ¢asti této prace. Jinou sérii jsou latky odvozené od 2-

hydroxy-1-naftylaldehyd isonikotinoyl hydrazonu (NIH), které jsou lipofiln&j$i nez
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predchozi série a maji vysokou antiproliferacni aktivitu (Richardson et al. 1995,
Richardson et al. 1997).

2.3.2.2.6 Thiosemikarbazony

Od aroylhydrazonovych chelatorti zeleza se postupnym vyvojem doslo
k thiosemikarbazoniim. Thiosemikarbazony jsou tridentalni, lipofilni chelatory zeleza a
meédi, s kterymi mohou tvofit komplexy katalyzujici vznik ROS. Nékteré latky tedy
pusobi antiproliferativné jak depleci Zeleza, tak i produkci ROS (Sartorelli et al. 1976,
Noulsri et al. 2009). Neékteré latky ztéto skupiny prokazuji velmi vysokou
antiproliferativni UCinnost a zaroven nizkou toxicitu k nenddorovym builkdm
(Richardson et al. 2006, Kalinowski et al. 2007). Chelator zeleza triapin byl dokonce
pfijat do klinického testovani, béhem néhoz se ale projevily nezadouci Géinky v podobé
hypoxie, methemoglobinemie, neutropenie a leukopenie (Murren et al. 2003, Knox et
al. 2007, Ma et al. 2008). V soucasné dobé bylo ptipraveno jiz velké mnozstvi
mizeme jmenovat napiiklad di-2-pyridylketon-4,4-dimethyl-3-thiosemikarbazon
(Dp44mT) (Noulsri et al. 2009, Rao et al. 2009), di-2-pyridylketon-4-cyklohexyl-4-
methyl-3-thiosemikarbazon (DpC) (Kovacevic et al. 2011a), 2-benzoylpyridin-4,4-
dimethyl-3-thiosemikarbazon (Bp44mT) (Yu et al. 2012) a 2-benzoylpyridin-4-ethyl-3-
thiosemikarbazon (Bp4eT) (Stariat et al. 2012). Touto skupinou latek jsme se také

zabyvali v ¢asti této prace.
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3 Cile prace

Studium antiprolifera¢niho piisobeni novych analogii odvozenych od chelatoru
zeleza SIH. Sledovani jejich chelatacni aktivity, toxicity k nenddorovym buitkam

a dalSich vlastnosti.

In vitro hodnoceni spole¢ného podavani chelatori zeleza a klinicky pouzivanych
chemoterapeutik pro 1é¢bu rakoviny prsu. Kvantitativni vyjadieni synergickych,

aditivnich nebo antagonistickych t¢inku.

Studium biologickych vlastnosti novych chelatori zeleza ze skupiny

thiosemikarbazonu.

Studium biologickych vlastnosti nadéjného thiosemikarbazonového chelatoru,
Bp4eT a antiproliferacniho a toxického piisobeni jeho metaboliti po prvni fazi

biotransformace.

Charakterizace kardioprotektivnich a redoxnich vlastnosti klinicky pouZivanych

a experimentalnich chelatort zeleza.

Studium protektivniho wc€inku katalytického inhibitoru topoizomerazy II
a prochelatoru zeleza dexrazoxanu proti antracyklinové kardiotoxicit¢ a vliv
spolecného podavani antracyklint a katalytickych inhibitori topoizomerazy II na

proliferaci nadorovych bunék.
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4 Komentare k pracim

Tato disertadni prace je predkladana jako komentovany soubor praci. Ctyii prace
byly otistény v impaktovanych ¢asopisech, jedna prace je v soucasné dob¢ v recenznim
fizeni v odborném cCasopise a dvé prace jsou ve form¢ piipravovanych rukopist.
Vsechny publikace (rukopisy) jsou ptvodni experimentdlni prace zaméfené na
charakterizaci antiproliferacnich u¢inkti novych chelatori Zeleza nebo na jejich
schopnost pfedchézet kardiotoxickym inzultiim.

Tato disertacni prace byla vypracovéana jako soucast dlouhodobého vyzkumu
realizovaného na pracovistich Farmaceutické a Lékatské fakulty Univerzity Karlovy v
Hradci Kralové v ramci Centra pro vyzkum toxickych a protektivnich u¢inkt 1éCiv na
kardiovaskularni systém, které je jednim z univerzitnich vyzkumnych center Univerzity

Karlovy v Praze (UNCE 204019/304019/2012).

4.1 Popis zavislosti chemické struktury a biologickych tacinki novych

analogii SIH I

Mackova E, Hruskovd K, Bendova P, Vavrova A, Jansova H, HaSkova P,
Kovaiikova P, Vavrovda K, Sim@nek T. Methyl and ethyl ketone analogs of
salicylaldehyde isonicotinoyl hydrazone: novel iron chelators with selective
antiproliferative action. Chem Biol Interact. 2012; 197(2-3): 69-79. IF2012 = 2,967

Chelator zeleza SIH je z farmakologicko/toxikologického hlediska v mnoha
smérech velmi zajimava latka (Simunek et al. 2005, Berndt et al. 2010). Mimo jiné ma i
antiprolifera¢ni u¢inky (Laskey et al. 1988). Jeho zasadni nevyhodou je v§ak nachylnost
K hydrolytickému $tépeni hydrazonové vazby. Pro zvySeni stability byla na katedie
anorganické a organické chemie FaF UK pfipravena série deviti analogti SIH, u kterych
byla prokazana signifikantné vySsi stabilita v krali¢i plazmé (Hruskova et al. 2011).
Cilem nasi prace pak bylo provéfit miru a specifitu antiproliferacnich G¢ink této série
latek.

Antiproliferacni G¢inky methyl- a ethyl-analogi SIH s riznymi substituenty na
aromatickém cyklu v ketonické ¢asti molekuly byly studovany na buné&éné linii lidského
prsniho adenokarcinomu MCF-7 a na bunétné linii lidské promyelocytarni leukémie
HL-60. Toxicita k nenadorovym buikam byla pak sledovana na bunécéné linii H9c2
odvozené od neonatalni potkani srde¢ni tkan€. Sedm z deviti novych analogi SIH
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prokézalo vyssi selektivitu k nddorovym buikam, tedy vysoky antiprolifera¢ni ucinek a
nizkou toxicitu k nenadorovym bunkam. Dv¢ latky s druhou hydroxy skupinou v poloze
4 nebo 6 na aromatickém jadie byly ale naopak toxictéjsi k srde¢nim bunkam. Tato
modifikace se tedy ukazala jako nevhodna pro terapeutické vyuziti. Latky s methoxy
skupinou v poloze 4 nebo s chlorem v poloze 5 na aromatickém jadie dosahly dobré
antiproliferacni G€innosti, ale jejich specifita se oproti ptivodnimu chelatoru SIH pf#ilis
nezvysila. Na druhou stranu selektivita latky s hydroxy skupinou v poloze 4 a
acetylovou skupinou v poloze 5 na aromatickém kruhu nebo latky s SestiClennym
cyklem kondenzovanym Kk aromatickému jadru byla pomérné vysoka, nicméné jejich
antiprolifera¢ni ucinnost se projevovala az ve vysSich koncentracich.

Jako latky snejvy$sim protinddorovym potencidlem, tedy specifickou
antiprolifera¢ni G¢innosti, se projevily analogy SIH s methylem nebo s ethylem
Vv sousedstvi hydrazonové vazby a methylanalog s nitroskupinou v poloze 5 na
aromatickém kruhu, tedy latky (E)-N"-(1-(2-
hydroxyfenyl)ethyliden)isonikotinohydrazid (HAPI), (E)-N"-(1-(2-
hydroxyfenyl)propyliden)isonikotinohydrazid (HPPI) a (E)-N"-(1-(2-hydroxy-5-
nitrofenyl)ethyliden)isonikotinohydrazid (NHAPI). U téchto latek jsme dale studovali
jejich vliv na progresi bunééného cyklu a schopnost navodit apoptoézu a vysledky jsme
porovnavali s ptivodnim chelatorem SIH. VSechny testované latky, SIH, HAPI, HPPI a
NHAPI, ukézaly schopnost navozovat bunénou smrt cestou apoptodzy. Nové latky byly
vSak aktivngj$i pfi nizSich koncentracich nez ptivodni SIH a diky jejich vyssi stabilité
byly po 72 hodinové inkubaci i vyrazné ucinngjsi nez SIH. U vSech testovanych latek
byla zaznamenana davkové zavisla schopnost navozovat zastavu mezi G; a S fazemi
bunééného cyklu. Pii méfeni aktivit kaspaz pii vyssich koncentracich novych chelatord
se projevil pokles jejich aktivity oproti vzestupu aktivity kaspaz pii nizsich
koncentracich, coz napovida, Ze zatimco niz$i koncentrace studovanych chelatort
navozuji apoptozu, vyssi koncentrace mohou buitku smétovat k nekrotické smrti.

U vSech novych analogti SIH jsme dale sledovali vliv zeleza na jejich
antiproliferacni ptsobeni kultivaci MCF-7 bun¢k se smé&si chelatort s Zelezitou soli
vpoméru 2:1, kdy by mély vznikat pln¢ chelatované Zzelezit¢ komplexy. Vsechny
chelatory s vyjimkou NHAPI prokdzaly niZsi ucinek, pokud byly podany se Zelezem,
nez kdyz byly podany samotné. Chelator NHAPI ale naopak pii inkubaci se Zelezem
prokdzal zvySeni antiproliferacni aktivity v porovnani se samotnym NHAPIL Kvili

tomuto vysledku jsme provedli test oxidace askorbatu u vSech Zelezitych komplexi
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testovanych analogii SIH. Komplex NHAPI se Zelezem ovSem oxidaci askorbatu

nezvysoval. Naopak chelator HAPI a n¢kolik dalSich ukazalo antioxida¢ni ptisobeni.
Tato prace identifikovala dilezité vztahy struktury a G¢inku ketonickych analogt

SIH, které byly vyuzity k vyvoji dalSich, jeSté¢ ucinnéjSich antiproliferacné aktivnich

latek (Mackova et al. 2012).

4.2 Popis zavislosti chemické struktury a biologickych ucinki novych

analogi SIH |1

Potuckova E, Hruskova K, épirkové IA, Pravdikova K, Kolbabova L,
Hergeselova T, Haskova P, Jansova H, Machaéek M, Jirkovska A, Richardson V, Lane
DJR, Kalinowski DS, Richardson DR, Vavrova K, Simtnek T. Structure-activity
relationships of novel salicylaldehyde isonicotinoyl hydrazone (SIH) analogs: iron
chelation, anti-oxidant and cytotoxic properties.

Tato prace ptimo navazuje na piedchozi publikaci (Mackova et al. 2012). Na
zaklad¢ nasich vysledkt bylo kolegy na katedfe anorganické a organické chemie FaF
UK pfipraveno dalSich jedenact analogi latek SIH, HAPI a HPPI. Byla provedena
redukce hydrazonové vazby, bromace aromatického kruhu v ketonické ¢asti v poloze 5,
zaména 2-hydroxyfenylového fragmentu za pyridin-2-ylovy a obmény v délce a vétveni
alkylového fetézce v sousedstvi hydrazonové vazby.

Nejprve jsme provéfili schopnost novych latek chelatovat Zelezo a to jak
v roztoku (pomoci fluorescenéniho chelatoru calceinu), tak v bunkach prsniho
adenokarcinomu MCF-7 (pomoci esterifikovaného calceinu, ktery je schopen prochazet
pfes bunééné membrany). Vysledky ukazaly, ze latky s redukovanou hydrazonovou
vazbou a latky s vétvenim na oa-uhliku alkylového fetézce v sousedstvi hydrazonoveé
vazby ztratily nebo mély uz jen velmi malou schopnost vazat zelezo. Ostatni latky mély
miru chelatace Zeleza podobnou cheldtoru SIH, ktery byl pouzit jako referencni latka.
Dale jsme testovali schopnost latek mobilizovat radioaktivni Zelezo *°Fe z bungk nebo
zabratiovat jeho pijmu do bungk z Tf znaceného *°Fe. Vysledky téchto metod zcela
korelovaly s chelata¢nimi experimenty v roztoku a v bunkach. Komplexy chelatorti se
zelezem byly podrobeny testu oxidace askorbatu v roztoku, kde ptivodni chelator STH
ukazal antioxidacni ucinky, chelator (E)-N"-[1-(pyridin-2-
yl)ethyliden]isonikotinohydrazid (2API) s pyridin-2-ylovym uskupenim namisto 2-
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hydroxyfenylového se projevil prooxida¢né, ale ostatni chelatory nebyly schopné ani
podpofit ani zabranit oxidaci askorbatu.

Sledovali jsme také schopnost téchto latek ochranit buiky H9c2, odvozené od
potkani srde¢ni tkan€, pred oxidacnim stresem zptisobenym 200 pM peroxidem vodiku.
Protekci poskytovaly v riznych koncentracich vSechny nové latky kromé vyse
zminénych analogli s redukovanou hydrazonovou vazbou a s vétvenim na a-uhliku
alkylového fetézce v sousedstvi hydrazonové vazby, které pozbyly schopnost chelatovat
zelezo. Nejlépe protektivné ucinnou latkou byl chelator (E)-N"-(7-hydroxy-2,3-dihydro-
1H-inden-1-yliden)isonikotinohydrazid (7HII) s alkylovym fetézcem zacyklenym do
péticetného cyklu kondenzovaného s aromatickym jadrem. Dale jsme porovnavali
antiproliferacni G¢inky novych latek na nadorovou bunécnou linii MCF-7 a
nenadorovou linii H9¢2. Latky s redukovanou hydrazonovou vazbou a s vétvenim na o-
uhliku alkylového fetézce v sousedstvi hydrazonové vazby byly malo antiproliferaéné
ucinné. Latky bromované a latky 2API a 7HII byly siln¢ antiproliferaéné ucinné, ale
jejich specifita k nadorovym buiikdm nebyla piili§ zietelna. Jako nejperspektivnéjsi
latky se specifickym antiprolifera¢nim ucinkem se projevily analogy SIH s propylem a
izobutylem v sousedstvi hydrazonové vazby. Tyto latky dosahly vyssi antiprolifera¢ni
ucinnosti a zaroven vyssi specifity nez matetska latka STH.

Tato studie prokazala nezbytnost hydrazonové vazby pro chelata¢ni i ostatni
ucinky aroylhydrazonli. Zarovenl ukazala perspektivni smér zvySeni antiproliferacnich
ucinkl prodluzovanim a vétvenim, v jiné nez a-poloze, alkylového fetézce v sousedstvi
hydrazonové vazby. Vétveni alkylového fetézce Vv a-poloze zpusobovalo sterické

branéni chelatacniho mista molekuly.

4.3 Invitro studie souc¢asného piisobeni chelatori Zeleza a klinicky

pouzivanych chemoterapeutik na bunécné linie rakoviny prsu
Potickova E, Jansova H, Machacek M, Vavrova A, Haskova P, Tichotova T,
Richardson V, Kalinowski DS, Richardson DR, Simtinek T. Quantitative analysis of the
anti-proliferative activity of combinations of selected iron-chelating agents and
clinically used anti-neoplastic drugs. PLoS One. 2014; 9(2): e88754. IF2012 = 3,730

Jak bylo jiz uvedeno v teoretické Casti, v 1é¢bé rakoviny prsu se velmi casto

pouzivaji kombinace vice ruznych cytostatik (Goldhirsch et al. 2001, Moller et al.
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2008). Proto je dilezité u novych potencialnich chemoterapeutik, jako jsou i chelatory
zeleza, provérit moznost soucasného podavani s jiz klinicky pouzivanymi lé¢ivy. Podle
literatury doposud nebyla provedena zadna systematicka studie zabyvajici se kombinaci
chelatorii zeleza a klinicky pouzivanych chemoterapeutik. V této publikaci jsme se tedy
zabyvali kombinovanim ¢tyf chelatori Zeleza s riznymi vlastnostmi (hydrofilni a
antioxidacni siderofor desferrioxamin, lipofilni a antioxida¢ni aroylhydrazon SIH,
analog chelatoru SIH NHAPI a lipofilni a prooxida¢ni thiosemikarbazon Dp44mT
(Kalinowski et al. 2005, Mackova et al. 2012)) a Sesti chemoterapeutik pouzivanych pii
1é¢bé rakoviny prsu sriznym mechanismem GCinku (Stabilizator mikrotubult
paclitaxel, pyrimidinovy analog/antimetabolit  5-fluorouracil,  antracyklinové
antibiotikum/blokator enzymu topoizomerazy llo. doxorubicin, inhibitor metabolismu
kyseliny listové methotrexat, aktivni metabolit alkyla¢ni latky cyklofosfamidu 4-
hydroperxycyklofosfamid a antagonista estrogenového receptoru tamoxifen (Brunton et
al. 2011)). Pokusy jsme provadéli na bunééné linii MCF-7 (exprimujici estrogenové
receptory), kdy byly buiiky inkubované s testovanymi latkami po dobu 72 hodin. Studie
byla navrzena podle metody Chou-Talalay, ktera je schopna kvantitativné vyjadtit miru
synergického, aditivniho nebo antagonistického efektu kombinace latek (Chou et al.
1984).

Chelator desferrioxamin, ktery se klinicky pouziva k 1é¢bé nemoci s pfetizenim
zelezem, piisobil ve vySSich koncentracich antagonisticky se vSemi testovanymi
klinicky pouZivanymi léCivy. Tato charakterizace je nepfiznivd, protoze vétSina
antineoplastické 1écby je pravé ve vyssich davkach podavéana. SIH prokazal synergicky
ucinek s 4-hydroperxycyklofosfamidem v nizkych a  stfednich  davkach,
s methotrexdtem ve velmi vysokych davkach a nejsilnéjSi synergicky ucinek
s tamoxifenem v celém davkovém rozmezi. Chelatory NHAPI a Dp44mT pisobily
aditivné nebo synergicky se vSemi testovanymi protinadorovymi lé€ivy, a to ve vétsing
davkovych rozmezi. Jako nejvhodnéjsi chelatory pro kombinace se proto ukazaly
NHAPI a Dp44mT. Tyto chelatory mély nejlepsi u¢innost v kombinaci s doxorubicinem
(aditivni nebo mirné antagonisticky ¢i synergicky efekt) a zejména pak s tamoxifenem
(silny synergismus).

V ramci studie byly provéfovany i kombinace latek s komplexy chelatorti se
zelezem a v ptfipadé Dp44mT 1 s médi v davkach odpovidajicich koncentraci ICsg
(koncentrace latky inhibujici bunéénou proliferaci na 50 % kontroly). V ptipadé

chelatoru SIH pouziti komplexu se zelezem signifikantné zménilo antagonistickou
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kombinaci s doxorubicinem na synergickou, ale na druhou stranu také zménilo
synergismus s tamoxifenem na antagonismus. Chelator NHAPI v podobé& komplexu se
zelezem zménil synergické pisobeni s 5-fluorouracilem, doxorubicinem a metotrexatem
na antagonistické. Synergic s tamoxifenem se ale projevila i s komplexem NHAPI-
zelezo. Kovové komplexy Dp44mT pisobily synergicky (popiipadé aditivné) se vSemi
testovanymi latkami.

Nejlepsi identifikované synergické kombinace chelatort NHAPI a Dp44mT
s tamoxifenem byly potvrzeny 1 na dal§i bunécné linii prsniho karcinomu exprimujici
estrogenovy receptor T47D, pfiCemz na bunéfné linii neexprimujici estrogenové
receptory MDA-MB-231 ptisobily kombinace dle o¢ekavani antagonisticky.

Kombinace chelatoru NHAPI a jeho komplexu se Zelezem byla dale studovéana
na bunécné linii MCF-7. Synergicky efekt kombinaci byl potvrzen méfenim elektrické
impedance, které umoziuje sledovat rust bunék v Case, sledovanim progrese bunécného
cyklu a méfenim zmén potencidlu vnitini mitochondridlni membrany. Zde byla
pozorovana schopnost cheldtoru NHAPI zastavovat buniky v S-fazi bunééného cyklu.
Kombinace NHAPI s tamoxifenem pak zpisobovala jasné zablokovani bun¢k mezi G; a
S fazemi bunécného cyklu a vyraznou depolarizaci vnitini mitochondrialni membrany.

Vysledky této studie poukazaly na nékteré synergické kombinace, obzvlasté ty
s tamoxifenem, a také zdiraznily hypotézu, Ze existuje uréité spojeni metabolismu

zeleza s estrogenni signalizaci v bunikach rakoviny prsu (Potuckova et al. 2014).

4.4 Popis zavislosti chemické struktury a biologickych ucinki novych

thiosemikarbazoni

Serda M, Kalinowski DS, Rasko N, Potuc¢kova E, Mrozek-Wilczkiewicz A,
Musiol R, Matecki JG, Sajewicz M, Ratuszna A, Muchowicz A, Gotab J, Simtnek T,
Richardson DR, Polanski J. Exploring the anti-cancer activity of novel

thiosemicarbazones generated through the combination of retro-fragments.

Tato studie vznikla na zakladé spoluprace tfi pracovist: Slezské Univerzity v
Katovicich v Polsku, Univerzity v Sydney v Australii a nasi laboratofe. Na zakladé
nékterych vysoce antiproliferaéné aktivnich thiosemikarbazonovych chelatorti zeleza
jako jsou Dp44mT a DpC (Kovacevic et al. 2011a) a piedchoziho studia chinolinovych
thiosemikarbazonu (Serda et al. 2012) bylo vytipovano Sest zajimavych ketonickych
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¢asti a Sest potencialné uc¢innych thiosemikarbazidovych ¢asti molekul, kde byl dusik
N4 soucasti piperazinu nebo morfolinu, nebo byl substituovan methylem a
cyklohexylem, které byly kombinovany dohromady. Timto pfistupem bylo na Slezské
Univerzité v Polsku pfipraveno 35 novych latek ze skupiny thiosemikarbazont.

U vsSech pftipravenych latek byla studovana antiproliferaéni Gc¢innost na
bunécnych liniich lidského kolorektalniho karcinomu HCT116 (jak exprimujicich, tak
neexprimujicich protein p53 dilezity pro kontrolu poSkozeni genomu), na lidskych
lymfoblastomovych buinikach Raji, linii lidského cervikalniho karcinomu Hela a
lidského neuroblastomu SK-N-MC. Nespecificka toxicita pak byla sledovana na
lidskych fibroblastech NHDF. Vysledky proliferacnich pokusti na obou subklonech
bunécné linie HCT116 ukézaly, Ze antiproliferacni pisobeni chelator Zeleza je
nezavislé na tom, jestli bunika syntetizuje ¢€i nesyntetizuje protein p53. Také spojeni
lipofility téchto novych sérii latek s jejich antiproliferatnim ucinkem nebylo
jednoznacné. Nejsilngj$i antiproliferacni ucinky na nadorovych bunkach méla série
latek odvozenych od di-2-pyridylketonu (série 1). Latky odvozené od chinolin-2-
karbaldehydu (série 2) a 8-hydroxychinolin-2-karbaldehydu (série 3) byly stfedné
antiproliferacné aktivni a latky odvozené od 7-hydroxychinolin-8-karbaldehydu (série
4), chinoxalin-2-karbaldehydu (série 5) a salicylaldehydu (série 6) projevily jen slabé
antiproliferacni ucinky. Jako latky snejvy$Sim antiproliferacnim pisobenim byly
identifikovany chelatory s oznafenim 1b, 1d, 2b, 2f a 3c. Pii porovnani
antiproliferacniho ptsobeni latek na linii HCTI116 a toxického pusobeni na
fibroblastovou linii NHDF, urcujicim specifické pasobeni latek na rakovinné bunky,
byly identifikovany latky 1d a 3c jako nejnadéjnéjsi pro dalsi vyzkum.

Dale byla testovana schopnost vSech latek mobilizovat radioaktivni izotop Zeleza
*%Fe z bun&k nebo zabrafovat jeho piijmu do bunék z Zelezem *Fe znaceného Tf. Série
1, 3, 4 a 6 prokazaly v téchto studiich vysokou aktivitu, pfi¢emz latky ze sérii 2 a 5 byly
aktivni méng. Vysledky mobilizaénich pokust s Zelezem *°Fe viak pln& nekorelovaly
s vysledky antiproliferaéniho plisobeni novych latek. Proto byl zatfazen i test schopnosti
zelezitych komplexti téchto latek usnadiiovat nebo zabranovat oxidaci askorbatu. Po
vysledku testu oxidace askorbatu bylo patrné, ze nejvice antiproliferacné aktivni jsou
latky, které mély v kombinaci se Zelezem schopnost katalyzovat vznik ROS, coz byly
zejména latky ze série 1 a 2. Latky ze sérii 3, 4, 5 a 6 plisobily spiSe antioxida¢né.

Vysledky této studie ukazaly, Ze nejvice antiproliferacné ti¢inné latky se skupiny

thiosemikarbazonti maji po chelataci zeleza schopnost katalyzovat vznik ROS. Jako
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latky s nejvysSim potencidlem se projevily chelatory s ozna¢enim 1d a 3c, které budou

pfedmétem dal$ich studii.

4.5 Studie biologickych ucinki chelatoru Bp4eT a jeho metaboliti
Potiitkova E, Roh J, Machadek M, Stariat J, Sestak V, Jansova H, Haskova P,

Jirkovska A, Vavrova K, Kovaiikova P, Richardson DR, Simfinek T. In vitro

characterization of pharmacological properties of the anticancer iron chelator Bp4eT

and its phase | metabolites.

Bp4eT je jednim z velmi nadéjnych antiproliferacné pisobicich chelatori zeleza
ze skupiny thiosemikarbazont. Tento chelator byl jiz diive charakterizovan (Kalinowski
et al. 2007, Merlot et al. 2010, Yu et al. 2012), ale identifikace metabolita prvni faze
biotransformace Bp4eT probéhla teprve neddvno na katedfe farmaceutické chemie a
kontroly 1é¢iv nasi fakulty. Bylo zjisténo, ze tato latka je metabolizovana na
amidrazonovy  metabolit  N*-ethyl-N*-[fenyl(pyridin-2-yl)methylen]formamidrazon
(Bp4eA) a na semikarbazonovy metabolit 2-benzoylpyridin-4-ethyl-3-semikarbazon
(Bp4eS) (Stariat et al. 2012). Vzhledem k tomu, Ze metabolismus 1é¢iva je dulezitou
soucasti preklinickych studii, rozhodli jsme se provéftit biologickou aktivitu metabolith
Bp4eT v porovnani s matefskou latkou.

Nejprve jsme provedli studii chelata¢ni aktivity Bp4eT a jeho metaboliti
Vv bunikach prsniho adenokarcinomu MCF-7 pomoci esterifikovaného fluorescen¢niho
chelatoru calceinu. Podle vysledka této studie oba metabolity téméf ztratily schopnost
chelatovat Zelezo. Tento vysledek byl nepiimo potvrzen i nizkou schopnosti téchto latek
mobilizovat Zelezo *°Fe z bungk nebo zabrafiovat jeho ptfijmu do buné¢k z zelezem *Fe
znac¢eného TT.

Déle jsme sledovali antiprolifera¢ni UCinky Bp4eT a jeho metaboliti na
bunécnych liniich MCF-7 (prsni karcinom), HL-60 (leukémie), HCT116 (kolorektalni
karcinom) a A549 (plicni karcinom) a jejich toxicitu k nenadorovym liniim H9c2
(kardiomyoblasty) a 3T3 (fibroblasty). Zjistili jsme, Ze mateiska latka Bp4eT je vysoce
antiproliferacné aktivni k tfem pouZitym rakovinnym bunéénym liniim, ale na linii
A549 pisobi antiproliferatné az v koncentracich srovnatelnych s jeho nespecifickou

toxicitou Kk nenadorovym liniim. Oba metabolity Bp4eT mély silné¢ snizenou
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antiproliferacni aktivitu i toxicitu v porovnani s matefskou latkou Bp4eT, a to i vice nez
tisicinasobné.

Studovali jsme také vliv téchto latek na progresi bunééného cyklu a na aktivaci
apoptotické bunétné smrti. Ukazalo se, ze v koncentraci, kdy Bp4eT navozoval
zablokovani MCF-7 bun¢k mezi G; a S fazemi a navozoval apoptdzu aktivaci kaskady
kaspaz, se jeho metabolity neliSily od neovlivnéné kontroly.

Tato studie ukézala, ze chelator Bp4eT se metabolizuje na antiproliferacné

neucinné a zaroven netoxickeé latky.

4.6 Porovnani klinicky pouzivanych a experimentalnich chelatori

Zeleza jako ochrany pred oxida¢nim stresem
Bendova P, Mackova E, Haskova P, Vavrova A, lJirkovsky E, Stérba M,
Popelova O, Kalinowski DS, Kovaiikova P, Vavrova K, Richardson DR, Simanek T.
Comparison of clinically used and experimental iron chelators for protection against
oxidative stress-induced cellular injury. Chem Res Toxicol. 2010; 23(6):1105-14.
IF2010 = 4,148

Mnoho klinicky pouzivanych cytostatik muze zptisobovat v organismu produkci
ROS, ktera vystavuje citlivé tkang¢, jako jsou neurony ¢&i srde¢ni buriky, oxidaénimu
stresu a muze zpusobit jejich poSkozeni (Chen et al. 2007). Vyhodou nékterych
chelatorii Zeleza jako potencidlnich cytostatik je jejich vlastnost zabranovat produkci
ROS vyvazanim volného Zeleza a zabranénim katalyzy Fentonovy a Haber-Weissovy
reakce (Kalinowski et al. 2005, Simunek et al. 2005). Proto jsme v této praci sledovali
protektivni ucinky klinicky pouzivanych a experimentalnich cheldtort Zeleza na srde¢ni
buiiky a také redoxni vlastnosti zminénych latek.

Jako model oxida¢niho stresu na bunécné linii H9¢2 jsme pouzili 24 hodinovou
inkubaci s 200 uM koncentraci tercbutylhydroperoxidu, navozujici silné morfologické
zmeény a bunéénou smrt. Builky jsme se snazili chrénit pfed oxidacnim stresem
souc€asnou inkubaci s riznymi koncentracemi klinicky pouzivanych chelatort EDTA,
desferrioxaminu, deferipronu a deferasiroxu a s experimentalnimi chelatory PIH, SIH a
Dp44mT. VSechny studované chelatory kromé EDTA poskytovaly jistou protekci proti

pro protekci byla pottebna u chelatoru Dp44mT, ovSem tésné€ nad ni uz se projevovala
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vlastni toxicita této latky. Tento efekt byl patrny i u chelatoru deferasiroxu. Nezbytnost
chelatace Zeleza pro protektivni u€inek jsme potvrdili pfiddnim zeleza k efektivni davce
chelatoru, kdy protekce vsech chelatorti vymizela.

Déle jsme urCovali vlastni toxicitu chelatorti a jejich komplext se zelezem po 24
a 72 hodinové inkubaci. Kvili nizké rozpustnosti n¢kterych latek bylo mozné sledovat
zfetelny pokles viability az po 72 hodinach. Toxické koncentrace po této delsi inkubaci
se témert u vSech chelatort piekryvaly s koncentracemi pro protekci bunék, jen cheléator
SIH ukazal svou nizkou toxicitu, kdy koncentrace toxického plisobeni ptrevySovala
koncentraci potiebnou pro protekci pied oxidacnim stresem. Dale byly vSechny latky
krom¢ EDTA v komplexu se Zelezem méné toxické nez bez Zzeleza, coz potvrzuje
deprivaci zeleza jako mechanismus toxického pisobeni. V ptipadé EDTA byl komplex

Pii  studiu schopnosti vazat zelezo zLIP se projevila neschopnost
desferrioxaminu projit pfes cytoplazmatickou membranu, a proto nitrobunééné zelezo
témet nevazal. Ostatni ligandy kromé EDTA byly chelatacn€ ucinné pficemz nejvice
chelatovaly STH a Dp44mT. Pfi sledovani produkce ROS v roztoku komplexy EDTA a
Dp44mT ukdzaly potencidl plsobit prooxidacné, zatimco komplexy ostatnich latek
pusobily spiSe antioxida¢né. Pii eseji v buitkdch ovSem vysledky tak jednoznacné
nebyly.

Nase studie ukazuje, Ze chelatory Zeleza maji potencial chranit srde¢ni bunky
pted oxida¢nim stresem. Je ale potieba racionalné zvolit vhodnou latku a davkové
rozmezi pro optimalni U¢inky. Ze studovanych latek projevil nejlepsi pomér Gc€inku a

vlastni toxicity chelator SIH (Bendova et al. 2010).

4.7 Katalytické inhibitory topoizomerazy II rozdilné moduluji

toxicitu antracyklinii vi¢i srde¢nim a nadorovym bunkam
Vavrova A, Jansova H, Mackova E, Machacek M, Haskova P, Tichotova L,
Stérba M, Simtnek T. Catalytic inhibitors of topoisomerase II differently modulate the
toxicity of anthracyclines in cardiac and cancer cells. PLoS One. 2013; 8(10):e76676.
IF2012 = 3,730

Antracyklinové antibiotika jsou Siroce pouzivanou skupinou cytostatik. Jsou to

topoizomerazové jedy, které zpusobuji dvojité zlomy DNA u rychle proliferujicich
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bunék (Brunton et al. 2011). Jejich hlavnim nezadoucim ucinkem je vSak vyse zminéna
kardiotoxicita. Dlouho se mé¢lo za to, ze je kardiotoxicita zplisobena vytvofenim
redoxaktivniho komplexu antracyklinového antibiotika s atomem Zeleza a katalyzou
vzniku ROS, které vyvolaly oxida¢ni poSkozeni kardiomyocytu (Ferreira et al. 2008).
Tuto teorii podporoval i fakt, Ze jediné registrovana latka pro prevenci antracyklinové
kardiotoxicity je dexrazoxan, ktery je v bunce $tépen na latku ADR-925, schopnou
chelatovat Zelezo (Popelova et al. 2009). V soucasné dob¢ je ale vice podporovana
teorie, kdy je protektivni pusobeni dexrazoxanu zpusobeno Katalytickou inhibici
topoizomerazy II (Vejpongsa et al. 2014), coz vede kobavam o sniZeni
protinadorového puisobeni antracyklint pfi pouziti dexrazoxanu. Tato studie byla proto
zaméfena na sledovani kardioprotektivniho plisobeni katalytickych inhibitort
topoizomerazy Il, dexrazoxanu, jeho analogu sobuzoxanu a derivatu kyseliny
barbiturové merbaronu, proti toxicité zpusobené antracykliny, doxorubicinem a
daunorubicinem, a peroxidem vodiku na primarni linii potkanich neonatalnich
venrikularnich kardiomyocytii (NVCM) a zarovei na stanoveni antiproliferacni aktivity
téchto latek a jejich kombinaci na rakovinnou linii lidské promyelocytarni leukémie
HL-60.

NVCM bunky byly preinkubovany 3 hodiny sriznymi koncentracemi
dexrazoxanu, pak byly na dalsi 3 hodiny ptidany antracykliny nebo pexoxid vodiku po
této inkubaci bylo médium u antracyklinli nahrazeno Cerstvym kultivaénim médiem a
buiikky byly inkubovany po dalSich 48 hodin. Po vyhodnoceni méfenim aktivity
laktatdehydrogendzy uvolnéné =z poskozenych kardiomyocyti bylo patrné, ze
dexrazoxan byl schopen snizit poskozeni kardiomyocyta do 1,4 puM koncentrace
doxorubicinu a do 1,2 uM koncentrace daunorubicinu. Dexrazoxan v§ak nepfedchazel
poskozeni zplusobenému peroxidem vodiku. Podobné pokusy jsme provedli i
S preinkubaci se sobuzoxanem a merbaronem, pifi¢emz obé latky ukazaly potencial
chranit kardiomyocyty ptfed antracyklinovou toxicitou, ale neptsobily protektivné proti
peroxidu vodiku. Tyto vysledky byly potvrzeny i aktivaci kaskady kaspaz, ktera je
souCasti bunééné smrti, apopozy. Dal§im dilkkazem kardioprotekce mechanismem
inhibice topoizomerazy Il spiSe nez chalataci Zeleza a zamezeni vniku ROS byla
signifikantn¢ nezménéna hladina jak oxidovaného tak redukovaného glutathionu
VNVCM bunkach pii inkubaci santracyklinem a dexrazoxanem nebo pouze

s antracyklinem. Navic proveéfenim schopnosti dexrazoxanu, sobuzoxanu a merbaronu
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chelatovat Zelezo z LIP kardiomyoblastové bunécné linie H9¢2 ukazalo, ze schopnost
chelatovat zelezo ma ze zkouSenych latek jen dexrazoxan.

Pii proliferaéni studii na HL-60 bunkach byly Kkatalytické inhibitory
topoizomerazy |l a antracykliny kombinovany v ndsobcich svych ICsy koncentraci po
dobu 72 hodin podle metody Chou-Talalay s vyhodnocovanim MTT testem. Byly
provedeny soucasné inkubace nebo tfihodinova preinkubce s katalytickym inhibitorem
topoizomerazy |l a poté ptidani antracyklinu. V piipad¢ dexrazoxanu byla studovana i
Sestihodinova preinkubace nebo pomér daunorubicin:dexrazoxan 1:20, ktery je
pouzivan v klinické 1é¢bé. Kombinace sobuzoxanu a merbaronu s obéma antracykliny
byly silné synergické v celé skale davkového rozmezi. Kombinace dexrazoxanu
s antracykliny vSak ve vysokych davkach piechazely ze silné synergie k mirné az
sttedné antagonistickému ucinku. Klinicky pouzivana kombinace
daunorubicin:dexrazoxan 1:20 v8ak byla synergicka v celé Skale koncentraci.
Synergicky uc¢inek na rakovinnych bunikach HL-60 byl potvrzen i méfenim aktivace
kaspaz, kdy kombinace latek zplisobovaly jejich siln€jsi aktivaci nez jednotlivé latky.
Dale byly provedeny analyzy bunécnych cykla HL-60 bunék inkubovanych
S jednotlivymi latkami nebo jejich kombinacemi v koncentracich odpovidajicich
hodnotam ICsp. Doxorubicin samotny zptsobil kumulaci bun¢k v G,/M fazi bunééného
cyklu a vyskyt mnohojadernych bunék, dexrazoxan zpusobil narust bunék v sub G; fazi
(apoptdza), sobuzoxan zpisobil jen minimalni zménu tvaru bunéfného cyklu, ale
merbaron zpusobil jesté vyssi kumulaci bunék v Go/M fazi nez doxorubicin. Kombinace
dexrazoxanu a sobuzoxanu s doxorubicinem vedla k podobné kumulaci bun¢k v Go/M
fazi a k zdsadnimu naristu polyploidnich bun¢k, na druhé strané¢ kombinace merbaronu
s doxorubicinem se vyrazné nelisila od ti¢inku samotného merbaronu.

Vysledky této studie ukazuji, Ze pro protekci srde¢nich bun¢k pied poskozenim
antracyklinovou toxicitou je podstatna schopnost dexrazoxanu katalyticky inhibovat
topoizomerazu I, spiSe nez jeho Zelezo-chelata¢ni u¢innost. Zaroven jsme prokazali, ze
katalytické inhibitory topoizomerazy II plsobi synergicky proti proliferaci rakovinnych
bun¢k HL-60 (Vavrova et al. 2013).
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5 Souhrnna diskuse

Chelatory zZeleza by se v budoucnu mohly zafadit mezi nova 1é¢iva rakovinnych
onemocnéni. Svéd¢i o tom fakt, Ze nckteré chelatory zeleza jsou jiz Vv této indikaci
v ranych fazich klinickych studii (Yu et al. 2006, Hatcher et al. 2008). Proto je tato
prace zaméfena na studium strukturnich obmén nékterych chelatorti zeleza a na jejich
farmakologické a toxikologické vlastnosti, coz je klicové pro vyvoj novych
specifickych chemoterapeutik.

V prvni ¢asti této prace jsme studovali analogy chelatoru SIH (Mackova et al.
2012). Zjistili jsme, Ze nejvySsi vliv na zvySeni stability ve vodném prostiedi i
antiproliferacni aktivity mélo zavedeni alkylového fetézce do sousedstvi hydrazonové
vazby (Hruskova et al. 2011). Cim delsi pak fetézec byl, tim vyssi byla antiprolifera¢ni
aktivita latek a zaroveinl se zvySovala i selektivita jejich pisobeni. Tento efekt mohl byt
zpusoben zvySenim lipofility, které usnadinuje prichod latek do bunék, coz bylo u
jinych chelatord zeleza spjato se zvySenim antiproliferacnich ucinkti (Landschulz et al.
1984, Lovejoy et al. 2012). Vétveni alkylového fetézce v sousedstvi hydrazonové vazby
V a-poloze vSak vedlo ke sterickému branéni chelataéniho mista molekuly a tim ke
ztrat¢ biologickych ucinkli. Ke =ztrat¢ chelataéni aktivity vedla také redukce
hydrazonové vazby, jenz se ukdzala byt pro chelatac¢ni ptisobeni nezbytnou. Kdyz jsme
se pokusili zvysit lipofilitu zavedenim halogenu (bromu nebo chloru) na aromatické
jddro v ketonické c¢asti molekuly, dosli jsme klatkdm spomémé vysokym
antiproliferacnim plsobenim, avSak s ne pfili§ vyhranénou specifitou. Podobny efekt
meélo i zavedeni methoxy skupiny na aromatické jadro. Kdyz jsme $li opacnym smérem
a zavedli jsme hydroxy skupinu na aromatické jadro v ketonické ¢asti, ziskali jsme latky
S vyssi toxicitou k nenddorovym buiikdm nez k nddorovym. Jako zajimava se ukazala
nitro skupina na aromatickém jadfe v ketonické casti. Latka s nitro skupinou méla
vysokou specifitu antiproliferacniho plisobeni a proto byla pouzita i do kombina¢ni
studie (Mackova et al. 2012).

Druhou ¢asti této prace byla zminéna kombinaéni studie (Potuckova et al. 2014).
Z reserze literatury jsme zjistili, ze zadna komplexni prace, ktera by kombinovala
chelatory Zeleza s riznymi vlastnostmi a klinicky pouZzivana cytostatika s riznymi
mechanismy U¢inku zatim provedena nebyla. Bylo vSak publikovano nékolik
doporueni pro souCasné¢ podavani chelatorti Zeleza s cytostatiky, kterd zvySovala

hladinu Zeleza v séru a v myokardu (Millart et al. 1993, Carmine et al. 1995). Béhem
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nasi in vitro studie jsme zjistili, ze ne vSechny kombinace cytostatika a chelatoru zeleza
jsou pro soucasnou lécbu vhodna. Nutné je ovSem podotknout, ze jsme nezkouseli
postupné podavani latek, které by mozna mélo lepsi ucinek (Zoli et al. 2005), ale
Vv komplexnim méfitku by enormné zvysilo naro¢nost studie. NejlepSich synergickych
vlastnosti s testovanymi chemoterapeutiky v nasi studii dosahly chelatory NHAPI a
Dp44mT. Chelator Dp44mT dosahoval synergickych uc¢inkt i jako komplex se zelezem
¢1 médi, zatimco komplex NHAPI se Zelezem pisobil s chemoterapeutiky vétSinou
antagonisticky. Tyto vysledky mohou byt vysvétleny prooxida¢nim plsobenim
kovovych komplexti chelatoru Dp44mT (Noulsri et al. 2009, Jansson et al. 2010),
zatimco u zelezit¢tho komplexu NHAPI prooxidacni plisobeni prokazano nebylo
(Mackova et al. 2012). Nejlepsi z kombinaci v této studii byla kombinace chelatord
SIH, NHAPI a Dp44mT s antiestrogenem, tamoxifenem (Potuckova et al. 2014). Siln¢é
synergicky uc¢inek zminénych latek je potvrzenim jiz diive zaznamenaného spojeni
metabolizmu Zeleza v buiikach rakoviny prsu a jejich estrogenni stimulaci (Vyhlidal et
al. 2002).

V tieti Casti této prace jsme se zabyvali hodnocenim novych thiosemikartbazont
s ketonickou ¢asti odvozenou od di-2-pyridylketonu, chinolin-2-karbaldehydu, chinolin-
8-karbaldehydu, chinoxalin-2-karbaldehydu a salicylaldehydu a s thiosemikarbazidovou
Casti obsahujici Sesti¢lenny heterocyklus nebo methyl a cyklohexyl. V této studii se
ukézalo, Ze thiosemikarbazony odvozené od salicylaldehydu jsou nejvice chelataéné
ucinné, coz se shoduje s daty o SIH (aroylhydrazon odvozeny od stejného ketonu)
(Simunek et al. 2005, Glickstein et al. 2006). Antiprolifera¢ni t¢innost téchto latek byla
vSak v porovnani s ostatnimi v této studii jen mald. Latky s hydrofilnéjSim ketonem,
obsahujicim hydroxy skupinu nebo chinoxalin, méli sttedni antiprolifera¢ni aktivitu.
Nejvice antiproliferatné G¢inné se ukazaly latky s di-2-pyridylketonovou Casti nebo
s chinolinem, které byly schopny katalyzovat vznik ROS a jejichz dfive pfipravené
derivaty byly jiz studovany pro vysokou antiprolifera¢ni aktivitu (Richardson et al.
2006, Serda et al. 2012).

Charakterizace metabolismu a biologickych aktivit metabolickych produktt je
velmi dilezitou ¢asti vyzkumu latek, které maji potencial stat se 1é¢ivem. O nadéjné
specificky antiproliferaéné pisobici latce ze skupiny thiosemikarbazont, Bp4eT, je jiz
znamo relativné mnoho (Kalinowski et al. 2007, Yu et al. 2012), jeji metabolismus byl
vSak objasnén teprve nedavno (Stariat et al. 2012). Ve ctvrté ¢asti této prace Se proto

zabyvame studiem chelatacni a biologické aktivity chelatoru Bp4eT a jeho metabolitd.
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Béhem téchto studii jsme na né€kolika bunéénych liniich prokazali vysokou a
specifickou antiprolifera¢ni G¢innost parentniho chelatord, ale také jistou rezistenci
buné¢né linie plicniho adenokarcinomu A549 k této latce. U chelatoru Bp4eT byla
prokazana schopnost zpusobit kumulaci bunék v S fazi bunéného cyklu a navodit
bunéénou smrt apoptozou. Oba metabolity Bp4eT se ukazaly jako chelata¢né neaktivni,
coz vedlo ke ztraté¢ antiproliferacniho i toxického plisobeni. Mlzeme tedy fici, Ze Se
chelator Bp4eT metabolizuje na antiproliferané neG¢inné a zaroven netoxické
metabolity, coz dava piedpoklady pro ptiznivy bezpecnostni profil této latky.

Jak je znadmo, nékteré cytostatické latky mohou zplisobovat jako nezédouci
ucinek kardiotoxicitu, ktera je spojovana s oxida¢nim stresem (Kappus 1987, Schimmel
et al. 2004). Nékteré chelatory Zeleza maji schopnost zabrafiovat vzniku ROS pomoci
Fentonovy a Haber-Weissovy reakce (Simunek et al. 2005). V dalsi ¢asti této prace
jsme se proto zaméfili na pouziti klinicky pouzivanych a vybranych experimentalnich
chelatort Zeleza pro prevenci oxida¢niho poSkozeni srde¢nich bunék (Bendova et al.
2010). Chelator EDTA neprokazal zadny protektivni u¢inek, coz bylo pravdépodobné
zpusobeno jeho vysokou redoxni aktivitou prokazanou v roztoku. Extracelularni
chelator desferrioxamin poskytoval protekci ve velmi vysokych davkach, které nejsou
v plazm¢ dosahovany (Summers et al. 1979), jeho celkové pusobeni bylo ale
antioxidac¢ni. Dal§i dva klinicky pouZivané chelatory deferasirox a deferipron a
experimentalni cheldtor PIH ukdzaly schopnost chranit pfed oxida¢nim stresem
v niz8ich koncentracich, pisobily antioxidacnég, ale jejich vlastni toxicita se prekryvala
s koncentracemi jejich protektivniho ucinku. Chelator s vysokou antiproliferacni
ucinnosti a se schopnosti tvofit redoxn¢ aktivni komplexy se zelezem, Dp44mT,
prokdzal protektivni vlastnosti v pomémé uUzkém davkovém rozmezi. NejlepSich
vysledkl dosahl antioxida¢né piisobici chelator SIH, ktery prokazoval vlastni toxicitu az
ve vysSich koncentracich, nez které¢ byly potieba k protekci srdecnich bunék pied
oxida¢nim stresem (Bendova et al. 2010).

V posledni ¢éasti této prace jsme se zabyvali konkrétnim ptikladem
kardiotoxicity zptisobené 1é¢bou antracykliny. Tato 1écba zplsobuje akutni i chronické
poskozeni srdce, které je tradi¢né v literatufe spojovano s tvorbou ROS (Ferreira et al.
2008). Jedinym klinicky pouzivanym IléCivem pro prevenci tohoto poskozeni je
katalyticky inhibitor topoizomerdzy II a zaroveil prekurzor chelatoru Zeleza ADR-925,
dexrazoxan. Dlouho se povazovala za mechanismus jeho protektivniho pisobeni praveé

chelatace zeleza pomoci ADR-925. V soucasné dobé se od této teorie ustupuje
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(Popelova et al. 2009) a upiednostiiuje se teorie protekce katalytickou inhibici
topoizomerazy I, na kterou pusobi i antracykliny (Vejpongsa et al. 2014). Nase studie
se soustfedila na predpoklad, ze pokud plsobi katalyticka inhibice topoizomerazy II
kardioprotekci pred antracykliny, mély by protektivné puasobit i1 jiné katalytické
inhibitory topoizomerazy II, nez jen dexrazoxan. Tento pfedpoklad se ukazal jako
spravny, kdyz katalytické inhibitory sobuzoxan a merbaron byly schopny poskytovat
podobnou protekci pted antracyklinovou toxicitou jako dexrazoxan. Tyto latky ovSem
nebyly schopny ochranit buriky pfed oxida¢nim stresem zpusobenym peroxidem vodiku
(Vavrova et al. 2013), coz by umoznovaly latky chelatujici zelezo (Bendova et al.
2010). Dale jsme studovali moznost blokovani antiprolifera¢niho G¢inku antracyklint,
pusobicich jako topoizomerdzovy jed, na rakovinné builkky soucasnym podanim
katalytickych inhibitori topoizomerazy II. V kombina¢ni studii antracyklinli a
katalytickych inhibitori topoizomerazy II se vSak blokada antiproliferacniho uc¢inku
nepotvrdila. Naopak vétSina kombinaci byla synergicka v celém davkovém rozmezi
(Vavrova et al. 2013). Tento vysledek muze byt vysvétlen riznou distribuci izoforem
topoizomerazy II v riiznych tkanich. Srde¢ni tkan obsahuje vice topoizomerazy IIf, na
kterou cili katalytické inhibitory topoizomerazy II, a u rakovinnych bunék zas ptevlada
topoizomeraza Ila, ktera je cilem antiproliferacniho puisobeni antracyklinii (Vejpongsa

et al. 2014).

Jak je znamo, K vyvoji jednoho uc¢inného 1é¢iva uvedeného do klinického
pouzivani musi byt prozkoumano tisice struktur (Matter et al. 2001). Béhem této prace
jsme popsali nekolik kli¢ovych zavislosti a souvislosti, které jsou dulezité pro racionalni
design a syntézu novych antiproliferacn¢ aktivnich a zéaroven specifickych latek
s aroylhydrazonovou ale i thiosemikarbazonovou strukturou. Dale jsme také pomohli
objasnit pfispéni chelatorti Zeleza ke snizeni nékterych nezadoucich ucinku, které se

projevuji pii pouziti chemoterapie rakovinnych onemocnéni.
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6 Zavéry

e Ve studii antiproliferacnich G¢inki novych analogi chelatoru SIH se jako nejvice
antiproliferacné aktivni latky projevily derivaty SIH s delsim alkylovym fetézcem
V sousedstvi hydrazonové vazby a latka s nitroskupinou na aromatickém jadie

ketonické ¢asti.

e Pii kombinacéni studii spole¢ného podavani chelatorii zeleza a klinicky pouzivanych
antineoplastickych chemoterapeutik se jako nejvhodnéjsi latky pro kombinaci
s chelatory zeleza projevily antracyklinivé antibiotikum doxorubicin a antagonista
estrogenovych receptori tamoxifen. Nejlepsi kombinacni vysledky ze studovanych

chelator pak mély chelatory NHAPI a Dp44mT.

e Béhem studie biologickych u¢ink novych thiosemikarbazonovych chelatori zeleza
jsme zjistili, Ze nejvice antiproliferatné¢ aktivni latky znové pfipravenych
thiosemikarbazonti jsou chelatory, jejichz kovové komplexy katalyzuji vznik ROS.
Dale jsme potvrdili, ze chelatory zeleza odvozené od salicylaldehydu maji nejvyssi

schopnost mobilizovat nitrobunécné Zelezo.

e Prokdzali jsme, Ze vysoce antiproliferacné ucinny thiosemikarbazonovy chelator

Bp4eT se metabolizuje na antiproliferaéné neucinné a zaroven netoxické produkty.

e Studie kardioprotektivnich U¢inkdi a redoxnich vlastnosti klinicky pouZivanych
a experimentalnich chelatorti zeleza ukazala, ze vSechny testované latky, kromé
chelatoru EDTA, projevily schopnost chranit builky pfed oxidacnim stresem.

Nejvyhodnéjsi pomér protektivniho Gi¢inku a vlastni toxicity mél chelator SIH.

e Z vysledkii studie kardioprotektivnich Uc¢inku inhibitoru topoizomerazy II
a prekurzoru chelatoru zeleza ADR-925, dexrazoxanu, vyplyva, ze kardioprotektivni
ucinek dexrazoxanu pii 1€cbé antracykliny je zpiisoben spiSe katalytickou inhibici
topoizomerazy II neZ chelataci zeleza. Soucasné podavani katalytickych inhibitori
topoizomerazy II s antracykliny pak melo synergicky antiproliferacni ucinek

na leukemické bunky.
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7 Podil predkladatelky na publikacich zahrnutyvch

V disertaéni praci

Mackova E, HruSkovd K, Bendova P, Vavrova A, Jansova H, Haskova P,
Kovaiikovd P, Vavrova K, Simtnek T. Methyl and ethyl ketone analogs of
salicylaldehyde isonicotinoyl hydrazone: novel iron chelators with selective
antiproliferative action. Chem Biol Interact. 2012; 197(2-3): 69-79. IF2012 = 2,967

e Kultivace nadorovych bunéénych linii MCF-7 a HL-60

e Studium antiprolifera¢ni aktivity novych analogi STH

e Analyzy provadéné na prutokovém cytometru (stanoveni apoptdzy pomoci
anexinu-V a propidium jodidu, stanoveni potencialu vnitini mitochondrialni
membrany sondou JC-1, stanoveni progrese buné¢ného cyklu)

e Stanoveni enzymové aktivity kaspaz

e Test oxidace askorbatu

e Hlavni podil na analyze dat a textu publikace

Potuckova E, Hruskova K, épirkové IA, Pravdikova K, Kolbabova L,
Hergeselova T, Haskova P, Jansova H, Machaéek M, Jirkovska A, Richardson V, Lane
DJR, Kalinowski DS, Richardson DR, Vavrova K, Simtnek T. Structure-activity
relationships of novel salicylaldehyde isonicotinoyl hydrazone (SIH) analogs: iron

chelation, anti-oxidant and cytotoxic properties.

Kultivace bunécné linie MCF-7

e Stanoveni chelata¢ni aktivity latek v roztoku a v bunkach MCF-7

e Stanoveni schopnosti novych cheldtorti mobilizovat Zelezo *Fe z bun&k MCF-7
a zabrafiovat vstiebavani Zeleza *°Fe z Tf

e Test oxidace askorbatu

e Hlavni podil na analyze dat a textu publikace
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Potickova E, Jansova H, Machacek M, Vavrova A, Haskova P, Tichotova T,
Richardson V, Kalinowski DS, Richardson DR, Simtnek T. Quantitative analysis of the
anti-proliferative activity of combinations of selected iron-chelating agents and
clinically used anti-neoplastic drugs. PLoS One. 2014; 9(2): e88754. IF2012 = 3,730

e Kultivace bunéénych linii MCF-7, T47D a MDA-MB-231

e Provadéni proliferacnich experimentti kombinacni studie

e Mc¢feni elektrické impedance pro sledovani proliferace bunék v ¢ase

e Analyzy provadéné na prutokovém cytometru (stanoveni potencidlu vnitini
mitochondrialni membrany sondou JC-1, stanoveni progrese buné¢ného cyklu)

e Hlavni podil na analyze dat a textu publikace

Serda M, Kalinowski DS, Rasko N, Potu¢kova E, Mrozek-Wilczkiewicz A,
Musiol R, Matecki JG, Sajewicz M, Ratuszna A, Muchowicz A, Golab J, Simanek T,
Richardson DR, Polanski J. Exploring the anti-cancer activity of novel

thiosemicarbazones generated through the combination of retro-fragments.

e Kultivace bunééné linie SK-N-MC
e Stanoveni schopnosti novych chelatorti mobilizovat Zelezo *’Fe z bungk SK-N-
MC a zabrafiovat vstiebavani zeleza *°Fe z Tf

e Test oxidace askorbatu

Pottickova E, Roh J, Macha¢ek M, Stariat J, Sestak V, Jansova H, Hagkova P,
Jirkovskd A, Vavrova K, Kovaiikova P, Richardson DR, Simének T. In vitro
characterization of pharmacological properties of the anticancer iron chelator Bp4eT

and its phase | metabolites.

e Kultivace nadorovych bunéénych linii MCF-7, HL-60, HCT116, A549 a
nenadorovych linii H9¢2 a 3T3
e Studium antiproliferac¢nich a toxickych ucinkit Bp4eT a jeho metaboliti

e Stanoveni chelata¢ni aktivity latek v bunnkach MCF-7
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e Stanoveni schopnosti Bp4eT a jeho metaboliti mobilizovat Zelezo *Fe z MCF-7
bundk a zabrafiovat vstfebavani zeleza *°Fe z Tf

e Analyza progrese bunécného cyklu provadéna na priitokovém cytometru

e Stanoveni enzymové aktivity kaspaz

e Test oxidace askorbatu

e Hlavni podil na analyze dat a textu publikace

Bendova P, Mackova E, Haskova P, Vavrova A, lJirkovsky E, Stérba M,
Popelova O, Kalinowski DS, Kovaiikova P, Vavrova K, Richardson DR, Simanek T.
Comparison of clinically used and experimental iron chelators for protection against
oxidative stress-induced cellular injury. Chem Res Toxicol. 2010; 23(6):1105-14.

IF2010 = 4,148

e Test oxidace askorbatu

e Podil na analyze dat a textu publikace

Vavrova A, Jansova H, Mackova E, Machacek M, Haskova P, Tichotova L,
Stérba M, Simiinek T. Catalytic inhibitors of topoisomerase 1I differently modulate the
toxicity of anthracyclines in cardiac and cancer cells. PLoS One. 2013; 8(10):e76676.

IF2012 = 3,730

e Kultivace bunééné linie HL-60

e Analyzy progrese buné¢ného cyklu provadéné na pratokovém cytometru

e Analyza dat z pritokové cytometrie
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8 Seznam zKratek

2API (E)-N -[1-(pyridin-2-yl)ethyliden]isonikotinohydrazid

THII (E)-N-(7-hydroxy-2,3-dihydro-1H-inden-1-
yliden)isonikotinohydrazid

Bp44mT 2-benzoylpyridin-4,4-dimethyl-3-thiosemikarbazon

BpdeA N3-ethyl-N*-[fenyl(pyridin-2-yl)methylen]formamidrazon

Bp4eS 2-benzoylpyridin-4-ethyl-3-semikarbazon

BpdeT 2-benzoylpyridin-4-ethyl-3-thiosemikarbazon

CDK cyklin dependentni kinaza

DCYTB duodenalni cytochrom B

DMT1 transportér divalentnich iontd

Dp44mT di-2-pyridylketon-4,4-dimethyl-3-thiosemikarbazon

DpC di-2-pyridylketon-4-cyklohexyl-4-methyl-3-thiosemikarbazon

EDTA kyselina ethylendiamintetraoctova

FDA americka agentura pro schvalovani 1é¢iv ke klinickému pouziti

HAPI (E)-N-(1-(2-hydroxyfenyl)ethyliden)isonikotinohydrazid

HER2 receptor lidského epidermalniho ristového faktoru 2

HIF faktor indukovany hypoxii

HPPI (E)-N"-(1-(2-hydroxyfenyl)propyliden)isonikotinohydrazid

ICso koncentrace latky inhibujici bunéfnou proliferaci na 50%
kontroly

IRE vazné misto pro IRP na mRNA

IRP proteiny regulujici zelezo

LIP rezervodar volného Zeleza

NHAPI (E)-N "-(1-(2-hydroxy-5-nitrofenyl)ethyliden)isonikotinohydrazid

NIH 2-hydroxy-1-naftylaldehyd isonikotinoyl hydrazon

PIH pyridoxal isonikotinoyl hydrazon

ROS reaktivni formy kysliku

SIH salicylaldehyd isonikotinoyl hydrazon

Tf transferrin

TfR transferrinovy receptor

VEGF-A vaskularni endotelialni rastovy faktor A
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Abstract

Salicylaldehyde isonicotinoyl hydrazone (SIH) is a lipophilic, tridentate iron
chelator with marked anti-oxidant and modest cytotoxic activity against neoplastic cells.
However, it has poor stability in an agqueous environment due to the rapid hydrolysis of
its hydrazone bond. In this study, a series of new SIH analogs (based on previously
described aromatic ketones with improved hydrolytic stability) were synthesized. Their
structure-activity relationships were assessed with respect to their iron chelation
efficacy, redox effects and cytotoxic activity against MCF-7 breast adenocarcinoma
cells. Furthermore, studies assessed the cytotoxicity of these chelators and their ability
to afford protection against hydrogen peroxide-induced oxidative injury in H9c2
cardiomyoblast cells. The ligands with a reduced hydrazone bond, or the presence of
bulky alkyl substituents near the hydrazone bond, showed severely limited biological
activity. The introduction of a bromine substituent increased ligand-induced
cytotoxicity to both cancer cells and H9c2 cardiomyoblasts. A similar effect was
observed when the phenolic ring was exchanged with pyridine (i.e., changing the
ligating site from O, N, O to N, N, O), which led to pro-oxidative effects. In contrast,
compounds with long, flexible alkyl chains adjacent to the hydrazone bond exhibited
specific cytotoxic effects against MCF-7 breast adenocarcinoma cells and low toxicity
against H9c2 cardiomyoblasts. Hence, this study highlights important structure-activity
relationships and provides insight into the further development of aroylhydrazone iron

chelators with more potent and selective anti-neoplastic effects.
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hydroxyphenyl)-2-methylpropylidene)isonicotinoylhydrazide;  H17,  (E)-N'-[1-(2-
hydroxyphenyl)butylidene]isonicotinoylhydrazide; H18, (E)-N’-(1-(2-hydroxyphenyl)-
3-methylbutylidene)isonicotinoylhydrazide; H28, (E)-N"-[cyclohexyl(2-
hydroxyphenyl)methylene]isonicotinoylhydrazide; HAPI, (E)-N"-[1-(2-
hydroxyphenyl)ethylidene]isonicotinoylhydrazide; 7HII, (E)-N"-(7-hydroxy-2,3-
dihydro-1H-inden-1-ylidene)isonicotinoylhydrazide; HPPI, (E)-N"-[1-(2-
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labile iron pool; PCIH, 2-pyridylcarboxaldehyde isonicotinoyl hydrazone; redHAPI, N'-
[1-(2-hydroxyphenyl)ethyl]isonicotinoylhydrazide; redHPPI, N'-[1-(2-
hydroxyphenyl)propyl]isonicotinoylhydrazide; redSIH, N'-(2-
hydroxybenzyl)isonicotinoylhydrazide;  SIH,  N’-salicylaldehyde  isonicotinoyl

hydrazone; Tf, transferrin; TfR1, transferrin receptor 1.
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1 Introduction

Iron is a crucial component of various molecules involved in oxygen transport,
cellular respiration, metabolism and division [1-3]. The majority of cellular iron
acquired by tumor cells is stored in ferritin [4,5], with smaller amounts being utilized
for cellular metabolism, such as the synthesis of heme or iron-sulfur clusters [6,7].
Intracellular iron is also found within a poorly defined “labile iron pool” (LIP), in which
iron is thought to be in transit between proteins and could be bound by low-molecular
weight (M) ligands or specifically transported by putative iron-chaperone proteins, such
as poly(rC)-binding proteins 1-4 [8,9].

When intracellular iron content is depleted, the synthesis of new iron-dependent
proteins and enzymes, and the processes they regulate (e.g., cellular growth and
proliferation), can be inhibited [10,11]. On the other hand, when iron is present in
excess, iron-mediated oxidative stress can lead to the damage of proteins, lipids and
nucleic acids and can be cytotoxic. In fact, “free” or labile redox-active iron can
catalyze the Fenton and Haber-Weiss-type reactions that generate highly toxic reactive
oxygen species (ROS) [2,4]. Classical iron chelators used in the clinics, such as
desferrioxamine (DFQO), deferiprone, and deferasirox, sequester iron and are primarily
used to manage disorders with increased systemic iron levels, such as that caused by
repeated blood transfusions in B-thalassemia major patients [12-14]. More recently, iron
chelators have been also studied in pathological conditions associated with oxidative
stress unrelated to iron-overload diseases [15].

Cancer cells require more iron than their neoplastic counterparts in order to
support their increased rates of proliferation [1]. Indeed, iron is a key cofactor of
ribonucleotide reductase, an enzyme that catalyzes the rate-limiting step in DNA
synthesis [16,17]. Cancer cells up-regulate transferrin (Tf) receptor 1 (TfR1) expression
on their surface to increase iron uptake from the iron transport protein, Tf [18,19]. Some
cancer cells also express hepcidin, a hormone that induces the internalization of the
iron-export protein, ferroportin 1, leading to a reduction in iron efflux from cells
[19,20]. Iron chelators induce iron depletion with subsequent G;-S cell cycle arrest and
apoptosis [21] and they are increasingly studied as potential anti-neoplastic agents, with
several in pre-clinical or clinical development [13,22,23].

N’-Salicylaldehyde isonicotinoyl hydrazone (SIH, Fig. 1) is a well-established
tridentate iron chelator, which forms 2:1 complexes with both Fe** and Fe?* ions
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[24,25]. SIH has been shown to: (1) protect various cell types against oxidative stress-
inducing agents [15,26,27]; (2) prevent the cardiotoxicity of anthracycline-based
antineoplastic agents both in vitro and in vivo [28]; and (3) act as a potential radio-
protective, anti-viral and anti-cancer agent [29-31]. SIH has low in vitro and in vivo
toxicity and good tolerability, even following prolonged administration to animals [32].
Recently, a series of new analogs of SIH were developed that have markedly enhanced
hydrolytic stability compared to SIH and retain their ability to protect cells against
oxidative injury [33]. In addition, these agents have increased cytotoxic activity
compared to SIH [31]. The lead ligands identified in this series included (E)-N"-[1-(2-
hydroxyphenyl)ethylidene]isonicotinoylhydrazide (HAPI; Fig. 1) and (E)-N'-[1-(2-
hydroxyphenyl)propylidene]isonicotinoylhydrazide (HPPI; Fig. 1), which possess either
a methyl or ethyl group, respectively, in proximity to the hydrazone bond [31].

To further analyze their structure-activity relationships, in the present study, we
designed and synthesized derivatives of SIH, HAPI and HPPI (Fig. 1). The first
modification was the reduction of the hydrazone bond leading to N'-(2-
hydroxybenzyl)isonicotinoylhydrazide (redSIH; Fig. 1), N'-[1-(2-
hydroxyphenyl)ethyl]isonicotinoylhydrazide (redHAPI; Fig. 1) and N'-[1-(2-
hydroxyphenyl)propyl]isonicotinoylhydrazide (redHPPI; Fig. 1). These compounds
were specifically synthesized to probe the importance of the hydrazone bond for the
anti-oxidative and/or cytotoxic activity that has been associated with various
aroylhydrazones [34-36].

We also studied the effects of bromination at position 5 of the phenolic ring of
HAPI and HPPI, leading to (E)-N"-[1-(5-bromo-2-
hydroxyphenyl)ethylidene]isonicotinoylhydrazide (BHAPI; Fig. 1) and (E)-N'-[1-(5-
bromo-2-hydroxyphenyl)propylidene]isonicotinoylhydrazide ~ (BHPPI;  Fig. 1),
respectively. The effect of halogenation was examined since a previous study
demonstrated the high cytotoxic activity of a chloro-substituted ligand [31]. An analog,
in which the phenolic ring of HAPI was exchanged for pyridine, was also prepared ((E)-
N’-[1-(pyridin-2-yl)ethylidene]isonicotinoylhydrazide; 2API; Fig. 1) to assess the
effects on its properties of changing the ligating groups from O, N, O to N, N, O.

The 2API ligand is a methyl analog of the previously reported iron chelator, 2-
pyridylcarboxaldehyde isonicotinoyl hydrazone (PCIH), which was developed for the
treatment of iron overload disease [37,38]. An analog of HAPI with a 2C side chain as a

part of an indane ring was also synthesized, leading to (E)-N"-(7-hydroxy-2,3-dihydro-
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1H-inden-1-ylidene)isonicotinoylhydrazide (7HII; Fig. 1). Analogs of HAPI and HPPI
with varying alkyl groups adjacent to the hydrazone bond were also prepared, including
derivatives containing an isopropyl substituent ((E)-N'-(1-(2-hydroxyphenyl)-2-
methylpropylidene)isonicotinoylhydrazide; H16; Fig. 1), propyl substituent ((E)-N"-[1-
(2-hydroxyphenyl)butylidene]isonicotinoylhydrazide; H17; Fig. 1), isobutyl substituent
((E)-N"-(1-(2-hydroxyphenyl)-3-methylbutylidene)isonicotinoylhydrazide; H18; Fig. 1),
or cyclohexyl ring ((E)-N"-[cyclohexyl(2-
hydroxyphenyl)methylene]isonicotinoylhydrazide; H28; Fig. 1).

To characterize these new ligands, we examined their: (1) iron chelating and
redox properties; (2) protective potential against oxidative injury induced by exposure
of H9c2 rat embryonic cardiomyoblast cells to hydrogen peroxide (H20,); (3) cytotoxic
activity using neoplastic MCF-7 breast adenocarcinoma cells; and (4) selectivity by
comparing their cytotoxic effects to the non-tumorigenic, cardiomyoblast cell line,
H9c2. These studies are important for dissecting structure-activity relationships that are

essential for the development of more effective ligands.
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2 Materials and methods

2.1  Syntheses of chelators

2.1.1 General procedures

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). Thin
layer chromatography was performed on TLC sheets (silica gel 60 F254) from Merck
(Darmstadt, Germany). Microwave reactions were conducted in a Milestone Micro-
SYNTH Ethos 1600 URM apparatus. Melting points were measured on a Kofler
apparatus and are uncorrected. All products were characterized by NMR (Varian
Mercury Vx BB 300 or VNMR S500 NMR spectrometers). Chemical shifts were
reported as & values in parts per million (ppm) and were indirectly referenced to
tetramethylsilane (TMS) via the solvent signal. All assignments were based on 1D
experiments. Elemental analysis was measured on a CHNS-OCE FISONS EA 1110

apparatus.

2.1.2 Syntheses of chelators

N"-Salicylaldehyde isonicotinoyl hydrazone (SIH). SIH was synthesized as
described previously [39]. Yellow crystalline solid. mp 232-234°C. *H NMR (300 MHz,
DMSO-d): 6 12.29 (s, 1H, OH), 11.02 (s, 1H, NH), 8.80 (d, J = 4.4 Hz, 2H, Py), 8.68
(s, 1H, CH), 7.85 (d, J = 4.4 Hz, 2H, Py), 7.61 (dd, J = 7.7, 1.5 Hz, 1H, Ph), 7.36 - 7.28
(m, 1H, Ph), 6.95 - 6.88 (m, 2H, Ph). *C NMR (75 MHz, DMSO-dg): 6 163.1, 157.5,
150.4, 148.9, 141.2,131.7, 129.2, 121.5, 119.5, 116.4.

N"-(2-hydroxybenzyl)isonicotinoylhydrazide (redSIH). SIH (0.69 g, 2.8
mmol) was dissolved in 96% (v/v) ethanol (50 mL) and NaBH3CN (0.36 g, 5.7 mmol)
was added. The reaction mixture was adjusted to a pH of 3-5 using a 10% (v/v) solution
of HCI in methanol. The reaction mixture was stirred at room temperature (RT)
overnight and was then neutralized with a solution of sodium bicarbonate to pH 7. The
reaction mixture was evaporated to dryness and was then partitioned against water and
EtOAc. The combined organic layers were dried with anhydrous Na,SO, and
evaporated under reduced pressure. The product was purified with column
chromatography on silica using hexane/EtOAc (1:1) as a mobile phase. The product was
isolated as a white crystalline solid. Yield 0.17 g (24%). mp 143-146°C. *H NMR (300
MHz, DMSO-dg): 6 10.43 (s, 1H, OH), 9.61 (s, 1H, NH), 8.70 (d, J = 5.1 Hz, 2H, Py),
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7.74 - 7.65 (m, 2H, Py), 7.20 (dd, J = 7.5, 1.7 Hz, 1H, Ph), 7.12 - 7.02 (m, 1H, Ph), 6.84
- 6.67 (m, 2H, Ph), 5.65 (s, 1H, NH), 3.95 (d, J = 6.0 Hz, 2H, CH,). °C NMR
(75 MHz, DMSO-dg): 6 163.5, 156.1, 150.4, 140.3, 130.1, 128.5, 124.1, 121.3, 118.9,
115.3, 50.7. Anal. Calcd. for C13H13N30,: C, 64.19; H, 5.39; N, 17.27; Found: C, 64.50;
H, 5.26: N, 17.56.

N'-[1-(2-Hydroxyphenyl)ethyl]isonicotinoylhydrazide (redHAPI). The initial
chelator, (E)-N'-[1-(2-hydroxyphenyl)ethylidene]isonicotinoylhydrazide (HAPI), was
synthesized as described previously [33]. The reduced analog, redHAPI, was prepared
from HAPI as described above for redSIH. The product was isolated as a yellow solid.
Yield 0.18 g (26%). mp 131-134°C. *H NMR (500 MHz, DMSO-dg): ¢ 10.29 (s, 1H,
OH), 9.63 (s, 1H, NH), 8.70 (m, 2H, Py), 7.68 (d, J = 4.8 Hz, 2H, Py), 7.29 (dd, J = 7.8,
1.7 Hz, 1H, Ph), 7.11 - 7.00 (m, 1H, Ph), 6.82 - 6.69 (m, 2H, Ph), 5.57 (s, 1H, NH), 4.53
- 4.27 (m, 1H, CH), 1.28 (d, J = 6.6 Hz, 3H, CH3). *C NMR (125 MHz, DMSO-dg):
0164.1, 155.4, 150.4, 140.3, 129.1, 127.9, 127.3, 124.9, 119.1, 115.6, 54.3, 19.7. Anal.
Calcd. for C14H15N305: C, 65.36; H, 5.88; N, 16.33; Found: C, 64.98; H, 6.04; N, 16.53.

N-[1-(2-Hydroxyphenyl)propyl]isonicotinoylhydrazide  (redHPPI). The
initial chelator, (E)-N"-[1-(2-hydroxyphenyl)propylidene]isonicotinoylhydrazide
(HPPI), was synthesized as described previously [33]. The reduced analog, redHPPI
was prepared from HPPI as described above for redSIH. The product was obtained as a
yellow solid. Yield 0.29 g (42%). mp 115-118°C. *H NMR (500 MHz, DMSO-dg): &
10.21 (s, 1H, NH), 9.58 (s, 1H, NH), 8.90 - 8.55 (m, 2H, Py), 7.83 - 7.55 (m, 2H, Py),
7.27 (dd, J = 7.6, 1.7 Hz, 1H, Ph), 7.10 (m, 1H, Ph), 6.82 - 6.68 (m, 2H, Py), 5.62 (s,
1H, OH), 4.21 (t, J = 6.6 Hz, 1H, CH), 1.81 - 1.60 (m, 2H, CH,), 1.14 (t, J = 7.6 Hz,
3H, CHa). *C NMR (125 MHz, DMSO-dg): § 163.8, 155.8, 150.3, 140.3, 128.4, 127.8,
124.9, 118.9, 115.6, 60.6, 26.0, 10.7. Anal. Calcd. for C15H17N3O,: C, 66.40; H, 6.32;
N, 15.49; Found: C, 66.42; H, 6.45; N, 15.55.

(E)-N"-[1-(5-Bromo-2-hydroxyphenyl)ethylidene]isonicotinoylhydrazide
(BHAPI). Isoniazid (0.21 g, 1.5 mmol), 5-bromo-2-hydroxyacetophenone (0.32 g, 1.5
mmol) and acetic acid (0.25 mL) were dissolved in methanol (5 mL) and stirred for 2 h
under reflux in the microwave reactor described above. The reaction mixture was then

cooled to 4°C and the resulting precipitate was collected by filtration, washed with
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water and methanol and dried over P,Os to give 0.2 g (39%) of the product as a yellow
crystalline solid. mp 225-227 °C. 'H NMR (500 MHz, DMSO-dg): d 13.27 (s, 1H, OH),
11.66 (s, 1H, NH), 8.82 - 8.76 (m, 2H, Py), 7.86 - 7.79 (m, 2H, Py), 7.76 (d, J = 2.3 Hz,
1H, Ph), 7.45 (dd, J = 8.8, 2.2 Hz, 1H, Ph), 6.90 (d, J = 8.7 Hz, 1H, Ph), 2.49 (s, 3H,
CHs). ®C NMR (125 MHz, DMSO-dg): ¢ 163.3, 158.1, 158.0, 150.4, 140.1, 134.1,
131.0, 122.2, 121.5, 119.8, 109.9, 14.7. Anal. Calcd. for C14H14BrN3;O,: C, 50.32; H,
3.62; N, 12.57; Found: C 50.71; H, 3.99; N, 12.88.

(E)-N"-[1-(5-Bromo-2-hydroxyphenyl)propylidene]isonicotinoylhydrazide
(BHPPI). Isoniazid (0.2 g, 1.4 mmol), 5-bromo-2-hydroxypropiophenone (0.33 g, 1.4
mmol) and acetic acid (0.25 mL) were dissolved in methanol (5 mL) and stirred
overnight under reflux. After cooling the reaction mixture to 4°C, the resulting
precipitate was collected by filtration, washed with water and methanol and dried over
P,Os to give 0.32 g (64%) of the product as a yellow crystalline solid. mp 239-242°C.
'H NMR (500 MHz, DMSO-dg): 6 13.33 (s, 1H, OH), 11.69 (s, 1H, NH), 8.79 (d, J =
5.0 Hz, 2H, Py), 7.86 - 7.81 (m, 3H, Py, Ph), 7.45 (dd, J = 8.8, 2.4 Hz, 1H, Ph), 6.92 (d,
J = 8.7 Hz, 1H, Ph), 3.01 (g, J = 7.6 Hz, 2H, CHy), 1.09 (t, J = 7.0 Hz, 3H, CHs). **C
NMR (125 MHz, DMSO-dg): ¢ 163.8, 161.2, 158.5, 150.3, 140.3, 134.0, 130.5, 122.4,
120.2, 120.1, 109.9, 19.7, 11.4. Anal. Calcd. for: C1sH16BrN3O,: C, 51.74; H, 4.05; N,
12.07; Found: C, 51.41; H, 4.26; N, 11.74.

(E)-N"-[1-(Pyridin-2-yl)ethylidene]isonicotinoylhydrazide (2API). Isoniazid
(0.57 g, 4.1 mmol), 2-acetylpyridine (0.5 g, 3.4 mmol) and acetic acid (0.25 mL) were
dissolved in methanol (10 mL) and stirred overnight under reflux. After cooling the
reaction mixture to 4°C, the resulting precipitate was collected by filtration, washed
with water and methanol and dried over P,Os to give 0.37 g (37%) of the product as a
white crystalline solid. mp 166°C. 'H NMR (500 MHz, DMSO-dg): ¢ 11.10 (s, 1H,
NH), 8.77 (d, J =5.1 Hz, 2H, Py), 8.62 (d, J=5.3 Hz, 1H, Py"), 8.12 (d, J = 8.2 Hz, 1H,
Py"), 7.90 - 7.40 (m, 1H, Py"), 7.83 - 7.77 (m, 2H, Py), 7.47 - 7.40 (m, 1H, Py"), 2.47 (s,
3H, CHa). *C NMR (125 MHz, DMSO-dg): § 163.0, 155.1, 150.3, 149.7, 141.2, 136.9,
124.7, 122.2, 121.2, 13.1. Anal. Calcd. for C13H12N4O: C, 64.99; H, 5.03; N, 23.32;
Found: C, 65.33; H, 5.31; N, 23.43.
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(E)-N’-(7-Hydroxy-2,3-dihydro-1H-inden-1-ylidene)isonicotinoylhydrazide
(7HI1). Isoniazid (0.46 g, 3.4 mmol), 7-hydroxy-2,3-dihydro-1H-inden-1-one (0.5 g, 3.4
mmol) and acetic acid (0.25 mL) were dissolved in methanol (10 mL) and stirred
overnight under reflux. After cooling the reaction mixture to 4°C, the resulting
precipitate was collected by filtration and washed with water and methanol. The solid
was suspended in toluene and was stirred for 30 min. This solution was filtered to
obtain 0.37 g (66%) of the product as a yellow crystalline solid. mp 232-236°C. *H
NMR (500 MHz, DMSO-dg): ¢ 11.30 (s, 1H, NH), 10.15 (s, 1H, OH), 8.80 - 8.70 (m,
2H, Py), 7.84 - 7.74 (m, 2H, Py), 7.30 (dd, J = 7.8, 1.3 Hz, 1H, Ph), 6.89 (d, J = 7.4 Hz,
1H, Ph), 6.75 (d, J = 8.1 Hz, 1H, Ph), 3.13 - 3.00 (m, 4H, 2xCH,). °C NMR
(125 MHz, DMSO-de): 0 167.9, 162.5, 155.5, 150.3, 150.0, 140.8, 133.1, 122.6, 122.1,
116.6, 113.0, 28.7, 28.1. Anal. Calcd. for Cy5H13N3O,: C, 67.40; H, 4.90; N, 15.72;
Found: C, 67.02; H, 5.13; N, 15.87.

(E)-N"-(1-(2-Hydroxyphenyl)-2-methylpropylidene)isonicotinoylhydrazide
(H16). To prepare H16, 1-(2-hydroxyphenyl)-2-methylpropan-1-one was first
synthesized: 2-hydroxybenzonitrile (0.36 g, 3 mmol) was dissolved in dry THF (5 mL)
and a solution of isopropylmagnesium chloride in THF (2 M, 6.1 mL, 1.2 mmol) was
added and the reaction mixture refluxed for 2 h. The reaction mixture was cooled in an
ice bath, 10 mL of cold water was carefully added and cold concentrated H,SO, added
dropwise to obtain an acidic pH. The reaction mixture was then heated for 1 h at 80°C
and, after cooling to RT, it was extracted twice with diethyl ether. The combined
organic layer was dried with anhydrous Na,SO, and evaporated under reduced pressure.
The product was purified by column chromatography on silica using hexane/EtOAc
(40:1) as the mobile phase. The product was obtained as a yellow oil. Yield 0.45 g
(91%). *H NMR (300 MHz, CDCls): 6 12.52 (s, 1H, OH), 7.79 (dd, J = 8.1, 1.6 Hz, 1H,
Ph), 7.53 - 7.40 (m, 1H, Ph), 7.04 - 6.84 (m, 2H, Ph), 3.70 - 3.54 (m, 1H, CH), 1.43 -
1.14 (m, 6H, 2xCH3). *C NMR (75 MHz, CDCl5): ¢ 210.9, 163.1, 136.2, 129.8, 118.8,
118.7,118.1, 34.9, 29.7, 19.3.

1-(2-Hydroxyphenyl)-2-methylpropan-1-one (0.29 g, 1.8 mmol), isoniazid (0.24
g, 1.8 mmol) and acetic acid (0.25 mL) were dissolved in methanol (5 mL) and heated
at 110°C in an autoclave for 48 h. After cooling to RT, water was added dropwise until
the solution turned cloudy and the mixture was left to crystallize at 4°C for 24 h. The

precipitate was collected by filtration, washed with water and methanol and dried over
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P,Os to yield 0.07 g (14%) of H16 as a white crystalline solid. mp 228-235°C. *H NMR
(300 MHz, DMSO-dg): ¢ 10.08 (s, 1H, NH), 8.66 (m, 2H, Py), 7.66 (m, 2H, Py), 7.43
(d, J=7.7 Hz, 1H, Ph), 7.35 - 7.22 (m, 1H, Ph), 7.13 (d, J = 7.7 Hz, 1H, Ph), 7.03 - 6.79
(m, 1H, Ph), 3.07 - 2.80 (m, 1H, CH), 1.42 - 0.78 (m, 6H, 2xCHs). *C NMR
(75 MHz, DMSO-dg): ¢ 163.7, 163.3, 153.9, 150.4, 141.4, 130.9, 128.8, 121.2, 120.7,
119.7, 116.2, 35.9, 20.1. Anal. Calcd. for CisH17N3O,: C, 67.83; H, 6.05; N, 14.83;
Found: C, 67.44; H, 6.37; N, 14.83.

(E)-N"-[1-(2-Hydroxyphenyl)butylidene]isonicotinoylhydrazide (H17). To
prepare H17, 1-(2-hydroxyphenyl)butan-1-one was first synthesized: Magnesium (0.3 g,
12 mmol) was suspended in dry THF (5 mL), and propylbromide (1.5 g, 12 mmol) was
added dropwise and the mixture refluxed for 2 h until the magnesium dissolved. After
cooling the reaction mixture to RT, 2-hydroxybenzonitrile (0.36 g, 3 mmol) dissolved in
dry THF (5 mL) was added dropwise and the reaction refluxed for 2 h. The reaction
mixture was cooled in an ice bath, 10 mL of cold water was carefully added and cold
concentrated H,SO, added dropwise to obtain an acidic pH. The reaction mixture was
then heated for 1 h at 80°C and, after cooling to RT, it was extracted twice with diethyl
ether. The combined organic layer was dried with anhydrous Na,SO,4 and evaporated
under reduced pressure. The product was purified by column chromatography on silica
(gradient; hexane to hexane/EtOAc 40:1). The product was obtained as a yellow oil.
Yield: 0.41 g (82%). *H NMR (300 MHz, CDCls): 6 7.90 - 7.67 (m, 1H, Ph), 7.57 - 7.36
(m, 1H, Ph), 7.05 - 6.76 (m, 2H, Ph), 2.79 (t, J = 7.3 Hz, 2H, CH,), 1.69 - 1.43 (m, 2H,
CHy,), 1.03 (t, J = 7.4 Hz, 3H, CHs). *C NMR (75 MHz, CDCl5): 6 206.8, 162.5, 136.2,
130.0, 119.4, 118.8, 118.5, 40.2, 17.9, 13.8.

1-(2-Hydroxyphenyl)-butan-1-one (0.39 ¢, 2.4 mmol), isoniazid (0.33 ¢, 2.4
mmol) and acetic acid (0.25 mL) were dissolved in methanol (5 mL) and heated at
110°C in an autoclave for 72 h. After cooling to RT, water was added dropwise until the
solution turned cloudy and the mixture was left to crystallize at 4°C for 24 h. The
precipitate was collected by filtration, washed with water and methanol and dried over
P,Os to yield 0.08 g (12%) of the product as a white crystalline solid. mp 189-192°C. *H
NMR (500 MHz, DMSO-dg): J 8.79 (d, J = 5.3, 2H, Py), 7.89 - 7.72 (m, 2H, Py), 7.63
(dd, J = 8.1, 1.6 Hz, 1H, Ph), 7.30 (ddd, J = 8.4, 7.1, 1.5 Hz, 1H, Ph), 7.00 - 6.79 (m,
2H, Ph), 3.06 - 2.86 (m, 2H, CH,), 1.73 - 1.44 (m, 2H, CH,), 0.99 (t, J = 7.3 Hz, 3H,
CHs). ®C NMR (125 MHz, DMSO-ds): ¢ 163.6, 161.7, 159.4, 150.3, 140.5, 131.6,
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128.7, 122.3, 118.8, 118.3, 117.8, 27.9, 20.3, 13.9. Anal. Calcd. for C1gH17N3O2: C,
67.83; H, 6.05; N, 14.83; Found: C, 67.42; H, 6.41; N, 14.55.

(E)-N"-(1-(2-Hydroxyphenyl)-3-methylbutylidene)isonicotinoylhydrazide
(H18). To prepare H18, 1-(2-hydroxyphenyl)-3-methylbutan-1-one was first
synthesized: Magnesium (0.41 g, 16.9 mmol) was suspended in dry THF (5 mL), and
isobutylbromide (2.31 g, 16.7 mmol) was added dropwise and the mixture refluxed for
2 h until the magnesium dissolved. After cooling the reaction mixture to RT, 2-
hydroxybenzonitrile (0.33 g, 2.8 mmol) dissolved in dry THF (5 mL) was added
dropwise and the reaction refluxed for 2 h. The reaction mixture was cooled in an ice
bath, 10 mL of cold water was carefully added and cold concentrated H,SO, added
dropwise to obtain an acidic pH. The reaction mixture was then heated for 1 h at 80°C
and, after cooling to RT, it was extracted twice with diethyl ether. The combined
organic layer was dried with anhydrous Na,SO, and evaporated under reduced pressure.
The product was purified by column chromatography on silica using hexane/EtOAc
(40:1) as the mobile phase. The product was a yellow oil. Yield 0.45 g (91%). *H NMR
(300 MHz, CDCly): § 12.48 (s, 1H, OH), 7.89 - 7.63 (m, 1H, Ph), 7.59 - 7.40 (m, 1H,
Ph), 7.08 - 6.83 (m, 2H, Ph), 2.92 - 2.74 (m, 2H, CHy), 2.38 - 2.22 (m, 1H, CH), 1.13 -
0.94 (m, 6H, 2xCH3). *C NMR (75 MHz, CDCls): 6 206.7, 162.6, 136.2, 130.1, 119.6,
118.8, 118.5, 47.1, 25.5, 22.7.

1-(2-Hydroxyphenyl)-3-methylbutan-1-one (0.2 g, 1.1 mmol), isoniazid (0.12 g,
1.1 mmol) and acetic acid (0.25 mL) were dissolved in methanol (5 mL) and heated at
110°C in an autoclave for 72 h. After cooling to RT, water was added dropwise until the
solution turned cloudy and the mixture was left to crystallize at 4°C. The precipitate was
then collected by filtration, washed with water and methanol and dried over P,Os.The
overall yield of the white crystalline product was 0.06 g (19%). mp 144-146°C. 'H
NMR (500 MHz, DMSO-dg): 6 13.27 (s, 1H, OH), 11.61 (s, 1H, NH), 8.82 - 8.77 (m,
2H, Py), 7.81 - 7.73 (m, 2H, Py), 7.65 (dd, J = 8.0, 1.7 Hz, 1H, Ph), 7.42 - 7.19 (m, 1H,
Ph), 6.97 - 6.86 (m, 2H, Ph), 2.99 (d, J = 7.4 Hz, 2H, CH,), 2.02 - 1.93 (m, 1H, CH),
0.95 (d, J = 6.6 Hz, 6H, 2xCHs). *C NMR (125 MHz, DMSO-dg): 6 163.3, 161.5,
159.2, 150.4, 140.4, 131.6, 129.0, 122.2, 118.7, 117.8, 34.3, 27.6, 22.2. Anal. Calcd. for
C17H19N30,: C, 68.67; H, 6.44; N, 14.13; Found: C, 68.28; H, 6.69; N, 13.85.
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(E)-N"-[Cyclohexyl(2-hydroxyphenyl)methylene]isonicotinoylhydrazide
(H28). To prepare H28, cyclohexyl(2-hydroxyphenyl)methanone was synthesized:
Magnesium (0.36 g, 15 mmol) was suspended in dry THF (5 mL) and
cyclohexylbromide (2.4 g, 15 mmol) was added dropwise. This reaction mixture was
refluxed for 2 h until the magnesium dissolved. After cooling the reaction mixture to
RT, 2-hydroxybenzonitrile (0.29 g, 2.4 mmol) dissolved in dry THF (5 mL) was added
dropwise and the reaction refluxed for 3 h. The reaction mixture was cooled in an ice
bath, 10 mL of cold water was added carefully and then cold concentrated H,SO,4 was
added dropwise to obtain an acidic pH. The reaction mixture was then heated overnight
at 80°C and, after cooling to RT, it was extracted twice with diethyl ether. The
combined organic layer was dried with anhydrous Na,SO, and evaporated under
reduced pressure. The product was purified by column chromatography on silica
(gradient; hexane to hexane/EtOAc 40:1). The product was obtained as a yellow oil.
Yield 0.49 g (97%). *H NMR (300 MHz, CDCl3) 6 12.58 (s, 1H, OH), 7.88 - 7.69 (m,
1H, Ph), 7.55 - 7.32 (m, 1H, Ph), 7.07 - 6.95 (m, 2H, Ph), 3.43 - 3.12 (m, 1H, Cy), 2.03
- 1.06 (m, 10H, Cy). *C NMR (75 MHz, CDCly): ¢ 210.1, 163.1, 136.1, 129.8, 118.7,
118.7, 118.2, 45.2, 29.5, 25.8, 25.7.

Cyclohexyl(2-hydroxyphenyl)methanone (0.19 g, 0.93 mmol), isoniazid (0.13 g,
0.93 mmol) and acetic acid (0.20 mL) were dissolved in methanol (5 mL) and heated at
110°C in an autoclave for 4 days. After cooling to RT, water was added dropwise until
the solution turned cloudy and the mixture was left to crystallize at 4°C for 24 h. The
precipitate was collected by filtration, washed with methanol and dried over P,Os to
give 0.046 g (15%) of the product as a white solid. mp 251-253°C. *H NMR (300 MHz,
DMSO-ds): 6 9.27 (s, 1H, NH), 8.70 - 8.63 (m, 2H, Py), 7.86 - 7.70 (m, 2H, Py), 7.51 -
7.34 (m, 1H, Ph), 7.33 - 7.19 (m, 1H, Ph), 7.17 - 7.02 (m, 1H, Ph), 7.02 - 6.78 (m, 1H,
Ph), 2.69 - 2.34 (m, 1H, Cy), 1.92 - 1.00 (m, 10H, Cy). **C NMR (75 MHz, DMSO-dg):
0163.0, 161.3, 150.4, 141.4, 130.8, 128.8, 121.2, 120.8, 119.7, 116.2, 30.3, 29.9, 26.0,
25.8. Anal. Calcd. for C19H»1N3O2: C, 70.57; H, 6.55; N, 12.99; Found: C, 70.36; H,
6.91; N, 13.03.
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2.2  Biological studies
2.2.1 Chemicals

Constituents for various buffers as well as other chemicals (e.g., various iron
salts) were purchased from Sigma-Aldrich, Merck or Penta (Prague, Czech Republic)

and were of the highest pharmaceutical or analytical grade available.

2.2.2 Cell cultures

The MCF-7 human breast adenocarcinoma cell line was purchased from the
European Collection of Cell Cultures (ECACC; Salisbury, UK), and the H9c2
cardiomyaoblast cell line, derived from embryonic rat heart tissue, was obtained from the
American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Lonza, Verviers, Belgium) with
(H9c2) or without (MCF-7) phenol red and were supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS; Lonza), 1% penicillin/streptomycin solution
(Lonza) and 10 mM HEPES buffer (pH 7.0 - 7.6; Sigma-Aldrich). Both cell lines were
cultured in 75 cm? tissue culture flasks (TPP, Trasadingen, Switzerland) at 37°C in a
humidified atmosphere of 5% CO,. Sub-confluent cells (70-80% confluency) were sub-
cultured every 3-4 days.

2.2.3 Determination of iron chelating efficacy in solution

To assess the iron chelation efficiency of the newly synthesized agents in
solution, their ability to remove iron from the iron-calcein complex was examined [40].
Calcein is a fluorescent probe that readily forms iron complexes [40]. Upon formation
of the iron-calcein complex, the fluorescence of calcein is quenched. The addition of
another chelating agent to the iron-calcein complex leads to the removal of iron from
this complex, resulting in the formation of the new iron-chelator complex. The removal
of iron from the iron-calcein complex is accompanied by an increase in fluorescence
intensity, due to the formation of free calcein. Thus, the measurement of calcein
fluorescence intensity was used to examine the iron chelation efficacy of the novel
chelators [40].

A complex of calcein (free acid, 20 nM; Molecular Probes, Eugene, OR, USA)
with iron derived from ferrous ammonium sulfate (200 nM) was prepared in HBS buffer
(150 mM NaCl, 40 mM HEPES, pH 7.2). Calcein and ferrous ammonium sulfate were
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continuously stirred for 45 min in the dark, after which >90% of the fluorescence was
quenched. Then, 995 uL of the complex was pipetted into a stirred cuvette and baseline
measurements were acquired. After 100 s, 5 uL of the novel chelator solution was
added, yielding a final chelator concentration of 5 uM. Fluorescence intensity change
was measured as a function of time at RT using a Perkin Elmer LS50B fluorimeter
(Perkin Elmer, Waltham, MA, USA) at A¢x = 486 nm and Ay, =517 nm for 350 s. The
iron chelation efficiency in solution was expressed as a percentage of the efficiency of
the reference chelator, SIH (100%).

2.2.4 Calcein-AM assay to assess the cell membrane permeability

and access to the labile iron pool

These experiments were performed according to Glickstein et al. [41] with slight
modifications. MCF-7 cells were seeded in 96-well plates (10,000 cells per well). Cells
were loaded with iron using the iron donor, ferric ammonium citrate (530 pg/mL), 24 h
prior to the experiment, and the cells then washed. To prevent potential interference
(especially with regard to various trace elements), the medium was replaced with the
ADS buffer (prepared using Millipore water supplemented with 116 mM NaCl, 5.3 mM
KCI, 1 mM CacCl,, 1.2 mM MgSQy, 1.13 mM NaH,PO,4, 5 mM D-glucose, and 20 mM
HEPES, pH 7.4). Cells were then loaded with the membrane-permeant, calcein green
acetoxymethyl ester (calcein-AM; 2 uM; Molecular Probes) for 30 min/37°C, and then
washed. Cellular esterases cleave the acetoxymethyl groups to form the cell membrane-
impermeant compound, calcein green, whose fluorescence is quenched upon binding
iron. Intracellular fluorescence (Aex = 488 nm; Aey, = 530 NM) was then measured as a
function of time (1 min before and 10 min after the addition of chelator) at 37°C using a
Tecan Infinite 200 M plate reader (Tecan Group, Méannedorf, Switzerland). The iron
chelation efficiency in cells was expressed as a percentage of the efficiency of the
reference chelator, SIH (100%).

2.2.5 Preparation of Fe,-transferrin

Human Tf (Sigma-Aldrich) was labeled with Fe or *Fe (PerkinElmer) to
produce Fe,-Tf or *°Fe,-Tf, respectively, with a final specific activity of 500 pCi/pmol
Fe, as previously described [34,42]. Unbound *°Fe was removed by exhaustive vacuum
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dialysis against an excess of 0.15 M NaCl buffered at pH 7.4 with 1.4 % (w/v) NaHCO3
by standard methods [34,42].

2251 The effect of chelators on mobilizing cellular YFe

The ability of the novel ligands to mobilize **Fe from MCF-7 cells was
examined by conducting *°Fe efflux experiments using established techniques [34,43].
In brief, after pre-labeling cells with *°Fe,-Tf (0.75 pM) for 3 h/37°C, the cell cultures
were washed four times with ice-cold PBS and then subsequently incubated with each
chelator (25 pM) for 3 h/37°C. The overlying media containing released *°Fe was then
carefully separated from the cells using a Pasteur pipette. Radioactivity was measured in
both the cell pellet and supernatant using a y-scintillation counter (Wallac Wizard 3,
Turku, Finland).

2.25.2 The effect of the chelators on the prevention of cellular *°Fe

uptake from *°Fe,-Tf

The ability of the chelators to prevent cellular **Fe uptake from *°Fe,-Tf was
examined using standard methods [44,45]. In brief, MCF-7 cells were incubated with
Fe,-Tf (0.75 uM) for 3 h/37°C in the presence of the assessed chelators (25 uM). The
cells were then washed four times with ice-cold PBS and the internalized *°Fe was
determined via established methods by incubating the cell monolayer for 30 min/4°C
with the general protease, Pronase (1 mg/mL; Sigma-Aldrich). The cells were then
removed from the monolayer with a plastic spatula and centrifuged for 1 min/12,000 x
g. The supernatant represents membrane-bound, Pronase-sensitive *°Fe that was
released by the protease, while the Pronase-insensitive fraction represents internalized
Fe [34,44,45]. The amount of internalized *’Fe was expressed as a percentage of the

Fe internalized by untreated control cells (100%).

2.2.6 Ascorbate oxidation assay for analysis of redox activity of

iron complexes

The ability of the iron complexes of the novel ligands to mediate the oxidation
of a physiological substrate, ascorbate, was examined using an established protocol
[44,46]. In brief, L-ascorbic acid (100 uM) was prepared immediately prior to the
experiment and was incubated either alone or in the presence of Fe** (10 uM; as FeCls)
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in a 50-fold molar excess (500 uM) of citrate and chelators (1-60 uM). Chelators were
assayed at iron-binding equivalents (IBE) of 0.1 (excess of iron), 1 (iron-chelator
complexes with a fully saturated coordination sphere) and 3 (excess of free chelator).
The iron chelators, ethylenediaminetetraacetic acid (EDTA) and DFO, were used as
positive and negative controls, respectively, as their redox activity has been well
characterized [47]. The decrease in absorbance at 265 nm, which is the absorption
maximum of ascorbate, was measured using the plate reader described previously after
10 and 40 min of incubation at RT. The decrease in absorbance between the two time
points was calculated and expressed as a percentage of the control in the absence of the
chelators (100%).

2.2.7 Protection against oxidative injury and assessment of

cytotoxicity

For these experiments, cells were seeded in 96-well plates (TPP) at a density of
10,000 cells/well (H9c2 rat cardiomyoblast) or 5,000 cells/well (MCF-7). H9c2 cells
were seeded in the plates 48 h prior to addition of the studied ligands and 24 h prior to
the experiments, the medium was changed to serum- and pyruvate-free DMEM (Sigma-
Aldrich). The ability of the ligands to protect against oxidative injury was assessed by a
simultaneous 24 h incubation with H,O, (200 uM) in the presence and absence of
varying concentrations of the chelators. The inherent cytotoxicity of the ligands was
studied using the H9c2 cell line after a 72 h incubation. For proliferation studies, MCF-
7 cells were seeded 24 h prior to addition of the chelators. The cytotoxic effects of the
various iron chelators were then studied at different concentrations after a 72 h
incubation. To dissolve the lipophilic agents, dimethyl sulfoxide (DMSO; Sigma-
Aldrich) was utilized leading to a final DMSO concentration of 0.1% (v/v) in the culture
medium of all groups. At this concentration, DMSO had no effect on cytotoxicity (data
not shown). The viability of the H9c2 and MCF-7 cells was determined using the
neutral red (NR; Sigma) uptake assay, which is based on the ability of viable cells to
incorporate NR into lysosomes [33,48]. The optical density of soluble NR was
measured at A = 540 nm using the Tecan Infinite 200M plate reader. The viability or
proliferation of the experimental groups was expressed as a percentage of the untreated
controls (100%). Control experiments using viable cell counts demonstrated a direct

correlation to NR uptake.
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2.3  Data analysis and statistics

The values of the molecular weights (MW) and n-octanol/water coefficients (log
Pcac; Table 1) were calculated using ChemBioOffice Ultra 11.0 software
(CambridgeSoft, Cambridge, MA, USA). The log P, is expressed as an average of the
results of Crippen's [49], Viswanadhan's [50], and Broto's [51] method. SigmaStat for
Windows 3.5 (Systat Software, San Jose, CA, USA) statistical software was used for
data analyses. The data are expressed as the mean + S.D. of at least 3 experiments.
Statistical significance was determined using a one-way ANOVA with a Bonferroni
post-hoc test (comparisons of multiple groups against the relevant control). The results
were considered to be statistically significant when p < 0.05. The ECsy (half-maximal
effective concentration) and ICs (half-maximal inhibitory concentration) values were

calculated using CalcuSyn 2.0 software (Biosoft, Cambridge, UK).
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3 Results

3.1  Determination of the iron chelating efficacy in solution and
in MCF-7 cells

To assess the iron chelation efficacy of the ligands in solution, the iron
complexes of the weak iron chelator, calcein, were used. In this assay, the examined
chelators compete with calcein for iron and the fluorescence of the free, dequenched
calcein is proportional to their chelation efficacy in comparison to calcein. The iron
chelation efficacy of the novel ligands was expressed as a percentage of the efficiency
of the parent chelator, SIH (100%).

The reduction of the hydrazone bond in redSIH, redHAPI and redHPPI resulted
in significantly (p < 0.001) reduced iron chelating efficacies in solution (Fig. 2A). The
brominated ligands, BHAPI and BHPPI, and the alkylated analogs, 7HII, H17 and H18
exhibited iron chelating activity similar to the reference agent, SIH (Fig. 2A). The 2-
acetylpyridine derivative, 2API, was observed to have poor iron chelating efficacy in
this assay relative to SIH. However, this may be due to the ability of the iron complex
of 2API to oxidize calcein [52], as the iron complex of 2API was identified to act as a
pro-oxidant (see below), and thus, resulted in decreased calcein fluorescence.
Additionally, low chelation efficacy was also observed for the ligands, H16 and H28
(Fig. 2A), that possess an isopropyl or cyclohexyl group, respectively, adjacent to the
hydrazone bond.

The ability of the ligands to permeate the cell membrane to gain access to the
LIP was examined using the calcein-AM assay in iron-loaded MCF-7 cells (Fig. 2B). In
these studies, the iron chelation efficacy of the synthesized ligands was expressed as a
percentage of the efficiency of the parent chelator, SIH (100%).

The ability of the chelators, BHPPI, 7HIl and H17 to permeate the cell
membrane and to bind iron from the calcein-AM detectable LIP did not significantly (p
> 0.05) differ from that of SIH (Fig. 2B). This was well correlated with their high
chelation efficacy in solution (Fig. 2A). The ligands, redSIH, BHAPI, 2API, H18 and
H28, exhibited moderate (50-80% relative to SIH), but significantly (p < 0.05 - 0.001)
decreased iron chelation efficacy in MCF-7 cells relative to SIH (Fig. 2B). In contrast,
redHAPI, redHPPI and H16 displayed the poorest ability (<50% relative to SIH) to
access and bind iron from the LIP (Fig. 2B) and this was in good correlation to their
chelation activity in solution (Fig. 2A).
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3.2 The effect of the chelators on the mobilization of cellular

*Fe and prevention of cellular *°Fe uptake from *°Fe,-Tf

To examine the ability of the novel ligands to mobilize intracellular **Fe from
MCF-7 cells, *°Fe efflux experiments were performed using established techniques
[34,43]. The novel ligands were compared to control medium containing no added
chelator and also to the parent analog, SIH (Fig. 3A). The control medium showed
limited ability to mobilize cellular *°Fe, resulting in the release of 8% of cellular *°Fe
(Fig. 3A). In contrast, SIH displayed high **Fe mobilization efficacy, mediating the
release of 55% of cellular *°Fe (Fig. 3A). The ligands, BHAPI, BHPPI, 2API, 7HII, H17
and H18 were highly effective in mediating *°Fe mobilization and resulted in the release
of 43-58% of cellular *°Fe (Fig. 3A). The agents, redSIH and H28 demonstrated
significantly (p < 0.001) increased *’Fe mobilization compared to the control. However,
their *°Fe mobilization efficacy was approximately half that of SIH (Fig. 3A). The *°Fe
mobilization efficacy of redHAPI, redHPPI and H16 were poor and comparable to the
untreated control (Fig. 3A). In general, the results of this assay correlated well with the
observed iron-chelation efficacies of these analogs in solution (Fig. 2A) and in the cell-
based calcein-AM assay (Fig. 2B). The only notable exception being 2API, which
demonstrated high activity at mobilizing cellular **Fe (Fig. 3A), which was in contrast
to the iron chelation assay in solution (Fig. 2A). As noted previously, this could be due
to its pro-oxidative effects on calcein [52].

As the iron chelation efficacy and cytotoxic activity of a ligand are due to both
its ability to mobilize cellular Fe, but also, inhibit Fe uptake from Tf [34], the ability of
the chelators to prevent the cellular uptake of *°Fe from *’Fe,-Tf was determined and
expressed as a percentage of the untreated control (Fig. 3B). As observed in the *Fe
mobilization experiments, the parent chelator, SIH, demonstrated high >°Fe chelation
efficacy and inhibited *°Fe uptake to 15% of the control (Fig. 3B).

Importantly, those ligands that showed high **Fe mobilization efficacy (Fig. 3A)
were also highly effective at inhibiting the uptake of *°Fe from *°Fe,-Tf (Fig. 3B). For
example, the ligands, BHAPI, BHPPI, 2API, 7HII, H17 and H18, that demonstrated
high *°Fe mobilization activity, were able to limit *°Fe uptake to 10 - 26% of the control
(Fig. 3B). In contrast, the compounds, redSIH, redHAPI, redHPPI, H16, and H28,
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showed limited ability to prevent *°Fe uptake, inhibiting it to >70% of the control (Fig.
3B).

3.3  Examination of the ability of the iron-chelator complexes

to catalyze the oxidation of ascorbate

It has been previously observed that the cytotoxic effects of some iron chelators
is due not only to their ability to bind cellular iron, but also to form redox-active iron
complexes [12,44,53]. Thus, we examined whether the iron complexes of our novel
ligands were able to redox cycle by assessing their ability to mediate the oxidation of
ascorbate by standard methods [44,46]. The ability of the iron complexes to catalyze the
oxidation of ascorbate was expressed as a percentage of the control (ascorbate with
“free” Fe*).

The chelators, DFO and EDTA, were used as negative (anti-oxidative) and
positive (pro-oxidative) controls, respectively [44,47]. As previously observed, the Fe
complex of DFO demonstrated a typical anti-oxidative profile [54], resulting in
decreased levels of ascorbate oxidation at an IBE of 3 (excess DFO) than at an IBE of
0.1 (excess iron; Fig. 4). In contrast, the iron complex of EDTA exhibited a pro-
oxidative effect and mediated higher levels of ascorbate oxidation at an IBE of 3
relative to that at 0.1 (Fig. 4). In fact, at an IBE of 3, the iron complex of EDTA
increased the oxidation of ascorbate to 924% of the control.

The iron complex of the parent chelator, SIH, exhibited anti-oxidant activity
similar to that of the iron complex of DFO (Fig. 4). All of the iron complexes of the
novel ligands, with the exception of 2API, demonstrated neither anti-oxidant nor pro-
oxidative effects and were comparable to the control. The iron complex of the pyridine
derivative, 2API, was the only Fe complex that showed pro-oxidative effects and
significantly (p < 0.001) increased ascorbate oxidation to 256% relative to the control at
an IBE of 3 (Fig. 4).

3.4  Prevention of oxidative injury induced by hydrogen

peroxide

The ability of the ligands to act as protective agents in a model of oxidative
stress was then examined by assessing the cellular viability of H9c2 cardiomyoblast
cells upon a 24 h co-incubation of the chelators with H,O, (200 uM). These results are
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shown in Fig. 5 and summarized in Table 2. In these experiments, the ECs, value is
calculated which represents the concentration that reduced the cytotoxicity induced by
hydrogen peroxide (200 uM) to 50% of the untreated control after a 24 h/37°C
incubation with H9c2 cells. SIH was used as a positive control and resulted in an ECsg
value of 7.63 = 1.38 uM (Table 2).

Of all the novel ligands synthesized, the analog that displayed the highest level
of cytoprotective activity was 7HII, with an ECsg value of 2.68 + 1.30 uM (Table 2). In
fact, 7HIl demonstrated significantly (p < 0.001) greater protection against hydrogen
peroxide-induced cytotoxicity than the parent chelator, SIH. Although the iron
chelators, BHAPI, BHPPI, 2API, H17 and H18 also prevented peroxide-induced
cytotoxicity (ECso: 8.48-42.57 uM), their ECsg values were higher than that of SIH. The
ligands, redSIH, redHAPI, redHPPI, H16 and H28 did not display protective activity
against peroxide-induced cytotoxicity in the concentration range examined.

3.5  Cytotoxicity studies in H9c2 cardiomyoblast cells

The selectivity of the novel ligands was then examined after a 72 h incubation
with the non-tumorigenic H9c2 cardiomyoblast cell line (Fig. 6; Table 2). The parent
chelator, SIH, was examined as a control and demonstrated an ICsy value of 49.47 +
1.77 uM (Table 2).

Of the synthesized analogs, redHAPI, redHPPI, H16 and H28 were the least
toxic agents, with ICsy values >80 uM. The ligands, redSIH and H17, showed
comparable cytotoxicity to H9c2 cardiomyoblasts as the parent chelator, SIH. The other
studied ligands, BHAPI, BHPPI, 2API, 7HII, H18, were more toxic than the chelator,
SIH, with 1Csy values ranging from 0.62 uM to 7.40 uM. The most cytotoxic agent was
7HI11 with an I1Cso value of 0.62 + 0.17 uM (Table 2; Fig. 6).

3.6  Cytotoxic effects of SIH derivatives on MCF-7 cells
The cytotoxic effects of the SIH derivatives were studied in MCF-7 breast
adenocarcinoma cells following a 72 h incubation. The parent chelator, SIH, was used
as a control and demonstrated moderate cytotoxic activity (ICsq: 4.21 £ 1.05 uM; Table
2; Fig. 7), similar to that previously observed [31].
The analogs containing a reduced hydrazone bond (redSIH, redHAPI and
redHPPI) or an isopropyl group adjacent to this bond (H16) exhibited poor cytotoxic
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activity (ICsp >100 puM). The chelator, H28, with a bulky cyclohexyl group in close
proximity to the hydrazone bond demonstrated intermediate cytotoxic effects, with an
ICso Of 42.41 £+ 3.15 uM. The remaining agents, BHAPI, BHPPI, 2API, 7HII, H17 and
H18, showed increased cytotoxic activity (ICso: 0.38-2.92 uM; Table 2) relative to SIH
(Table 2). The greatest level of cytotoxic activity was observed with the indanone
derivative, 7HII (1Cso = 0.38 = 0.11 pM).

To provide insight into the selectivity of the cytotoxic effects of the novel
ligands, which is crucial for potential anti-cancer agents, their 1Cso values in H9c2 cells
and their ICsq values in MCF-7 cells were compared by calculating a “selectivity ratio”,
namely 1Csq H9¢c2/1Cso MCF-7 cells (Table 2). SIH had a selectivity ratio of 11.75. The
analogs, redSIH and redHAPI, with reduced hydrazone bonds had lower ICs values in
H9c2 cardiomyoblasts than in MCF-7 cancer cells, indicating greater cytotoxic activity
in the former. Relative to SIH, this resulted in a marked decrease in the selectivity ratio
to 0.14 and 0.63, respectively (Table 2). The ligands, redHPPI, 2API, 7HII and H28,
showed somewhat similar cytotoxic activity in both the MCF-7 and H9c2 cell-types
leading to selectivity ratios that were far less than SIH, and which ranged between 1.05
and 2.01. On the other hand, the bromine-substituted chelators (BHAPI and BHPPI)
demonstrated selective activity against MCF-7 breast cancer cells relative to the H9c2
cell-type, although their selectivity ratios were approximately half that observed for
SIH, viz., 6.59 and 7.60, respectively (Table 2). The analogs that demonstrated the
greatest selectivity profile against MCF-7 cells relative to H9c2 cells were the propyl
(H17) and isobutyl (H18) derivatives of SIH, which were more active than SIH itself,
demonstrating selectivity ratios of 14.36 and 15.10, respectively (Table 2).
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4 Discussion

Aroylhydrazones represent an intriguing group of chelators that exhibit a variety
of biological effects associated with their ability to influence cellular iron levels
[27,33,55]. The aim of the present study was to synthesize and evaluate the biological
activity of a series of new analogs of the well-established iron-binding ligand, SIH, with
respect to their: (1) cytotoxic effects; (2) ability to protect cells against oxidative injury;
and (3) cytotoxicity to H9c2 non-tumorigenic cardiomyoblast cells. The iron chelation
activity, ability to mobilize cellular *Fe, efficacy to inhibit *°Fe uptake from *°Fe,-Tf,
and the redox activity of the iron complexes of the novel analogs were also determined,
as these properties are crucial factors involved in their biological activity [34,35]. The
primary goal was to further characterize the structure-activity relationships of SIH-
related aroylhydrazones for the future rational design of compounds with therapeutic

potential.

4.1  Reduction of the hydrazone bond

First, we probed the role of the hydrazone bond itself, as it is prone to hydrolysis
and is a site of instability in this class of compounds [56]. Previous studies suggested
that compounds with a reduced hydrazone bond retained their chelation properties [57].
Thus, we examined the effect of the reduction of the hydrazone bond of the chelators,
SIH, HAPI and HPPI, as these ligands previously exhibited cardioprotective [33] and
cytotoxic [31] activity.

The results of the present study revealed that the reduced analogs were relatively
non-toxic against both tumorigenic MCF7 cells and non-tumorigenic H9c2
cardiomyoblasts (Table 2). The cytotoxicity of redHAPI and redHPPI were
approximately one order of magnitude lower than those of the parent chelators (HAPI
and HPPI, respectively) [31,33], while the cytotoxic activity of redSIH towards H9c2
cells was similar to that of SIH (Table 2). Reduction of the hydrogen bond in redSIH,
redHAPI and redHPPI led to a marked decrease in their selectivity ratios (0.14 - 1.14)
relative to SIH (11.75; Table 2). In fact, these agents containing a reduced hydrazone
bond had the lowest selectivity ratios of all analogues examined in this investigation.
Furthermore, these latter compounds totally lost the ability to protect H9c2 cells against
oxidative stress relative to SIH (Table 2) [33]. This lack of protection against oxidative

stress is likely due to their limited iron chelation (Fig. 2) and *°Fe mobilization efficacy
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(Fig. 3A). Of the reduced analogs, only redSIH retained limited chelation activity (Figs.
2 and 3). Therefore, the presence of the hydrazone bond is an important criterion for the
cardioprotective and cytotoxic effects of these aroylhydrazones. The loss of iron
chelation efficacy of the reduced analogs may be a result of the altered molecular spatial
arrangement of the ligating groups due to the free rotation of the single C-N bond, or the
decreased electron density on the chelating nitrogen due to its transition from sp? to sp®

orbital hybridization.

4.2  Bromination of the phenyl ring

The introduction of a halogen into the structure of a molecule enhances its
lipophilicity (Table 1), which can potentially facilitate its permeation into cells. The
halogen substitution, due to its inductive electron-withdrawing effects, may also
influence the stability of the hydrazone bond and the ability of the compound to chelate
metal ions. Indeed, a previously synthesized chlorinated HAPI derivative (i.e., (E)-N'-
[1-(5-chloro-2-hydroxyphenyl)ethylidene]isonicotinoylhydrazide; CHAPI), showed
greater hydrolytic stability than HAPI and moderate cytotoxic activity (ICsp = 0.65 +
0.07 uM against MCF-7 cells) [31]. Therefore, the brominated analog, BHAPI, bearing
a bromine instead of chlorine, and its homolog, BHPPI (Fig. 1), were prepared to
evaluate the influence of halogenation on the cardioprotective and cytotoxic activity of
these chelators. Both BHAPI and BHPPI showed comparable iron chelation efficacy to
SIH in solution, as well as in cells (Fig. 2). The cytotoxic activity of these brominated
analogs against MCF-7 cells was greater than that found for SIH (Table 2). Further,
both BHAPI and BHPPI showed greater cytotoxic activity against MCF-7 breast cancer
cells relative to non-tumorigenic, H9c2 cardiomyoblasts, although their selectivity ratios
were approximately half that observed for SIH (Table 2). In addition, BHAPI and
BHPPI were less effective than SIH when assessing the ability of these agents to
prevent the cytotoxicity induced by H,O, in H9¢c2 cardiomyoblasts (Table 2). Similar
results were observed for the chlorine derivative, CHAPI [33]. Thus, the exchange of
chlorine for bromine did not significantly alter the biological activity of such

aroylhydrazones.
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4.3  Exchange of phenol for pyridine

The ligand, 2API, which contains a pyridine nitrogen as a donor atom instead of
the phenolic oxygen, was prepared to examine the effect of alterations of the donor
atom set from O, N, O to N, N, O on their biological activity. The cytotoxic activity of
2API was similar in MCF-7 breast cancer cells and non-tumorigenic H9c2 cells, with
the selectivity ratio decreasing markedly (to 1.05) relative to that observed with SIH
(11.75; Table 2). This observation may be explained by the redox activity of 2API, as it
was the only analog that exhibited significant pro-oxidative activity in the ascorbate

2+/3+ redox

oxidation assay (Fig. 4). In fact, previous studies reported the reversible Fe
couple of the iron complex of 2API [58] and the current investigation demonstrates its
ability to oxidize ascorbate.

The iron chelation efficacy and *°Fe mobilization activity of 2API in cells was
marked, with the ligand being generally comparable to SIH (Figs. 2B, 3A, 3B). In
contrast, the iron chelation activity of 2API in solution did not correlate with the results
of cellular experiments (Fig. 2A), which may be explained by the pro-oxidative effects
of 2API. It is possible the ability of the 2API iron complex to redox cycle may have
interfered in the solution-based calcein assay, as it is known that the fluorescence of free
calcein decreases in an oxidative environment [52]. Whereas the unaltered sensitivity of
the calcein-AM assay in cells (Fig. 2B) with regards to 2API, may be due to the redox
buffering capacity provided by glutathione and other intracellular anti-oxidative systems
[59] that maintain calcein sensitivity. In summary, the alteration of the donor atom set
from O, N, O to N, N, O in 2API resulted in the formation of a redox active iron

complex with decreased selectivity against MCF-7 breast cancer cells.

4.4  Branching, prolongation or cyclization of the alkyl chain

adjacent to the hydrazone bond
In a previous investigation, we found that the presence of an alkyl chain adjacent
to the hydrazone bond did not significantly increase the cytotoxic activity of the ketone-
derived hydrazones, HAPI and HPPI, compared to SIH [31]. In the current study, we
synthesized the analogs, 7HII, H16, H17, H18 and H28, to evaluate the influence of
alkyl chain length and branching on biological activity.
The 7-hydroxyindanone derivative, 7HII, contains an extra five-membered ring

relative to SIH and showed comparable iron chelating and *°Fe mobilization efficacy
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(Figs. 2, 3). The cyclization of the alkyl chain, and hence, its increased rigidity,
improved its ability to protect cells against oxidative stress compared to SIH, with 7HII
being the most effective ligand screened in this regard (Table 2). However, this
structural change in 7HII resulted in significantly higher cytotoxicity towards H9c2
cells and a marked drop in the selectivity ratio relative to SIH (Table 2). Therefore, this
structural modification resulted in unfavorable biological activity.

The ligand, H16, bears an additional isopropyl chain at the a-position from the
hydrazone bond relative to SIH (Fig. 1). This modification was intended to: (1) protect
the hydrazone bond against hydrolysis [60]; and (2) increase lipophilicity, which is
known to enhance cellular permeability of aroylhydrazone ligands [34]. However, this
structural modification in H16 resulted in a marked loss of its iron chelation activity
relative to SIH, which may be due to steric hindrance around the hydrazone bond
mediated by the bulky branched isopropyl group that potentially reduces binding to
iron. Notably, consistent with the loss of iron-binding, the cytotoxic activity of H16 was
very low in H9c2 and MCF-7 cells and did not show any protective effects against H,O,
(Table 2).

To examine whether the effect of the isopropyl chain of H16 was caused by
steric hindrance close to the hydrazone bond, compound H17, with an unbranched
propyl chain, was prepared. Interestingly, the iron chelation and *°Fe mobilization
efficacy of H17 was similar to SIH, with the compound showing selective cytotoxic
activity against MCF-7 cancer cells relative to non-tumorigenic H9c2 cardiomyoblasts
[31,33]. In fact, the selectivity ratio of H17 (14.36) was greater than that found for SIH
(11.75), demonstrating its potential. We were also interested to examine whether H18,
with an isobutyl substituent adjacent to the hydrazone bond (Fig. 1), would retain the
favorable activity of H17. In contrast to H16, H18 is branched at the B-position in
relation to the imine carbon and led to the ligand maintaining its iron chelation efficacy
in solution and also in cells relative to SIH (Figs. 2, 3). This structural change increased
the cytotoxic activity of H18 against both MCF-7 tumor cells and H9c2
cardiomyoblasts relative to SIH and H17 (Table 2). However, notably, H18 had the best
selectivity ratio of all the studied compounds (i.e., 15.10).

To further examine the structure-activity relationships of bulky substituents
close to the hydrazone bond, compound H28, with a cyclohexyl group, was prepared.
As in the case of H16, this modification markedly decreased the iron chelation efficacy

of H28 (Figs. 2, 3). Furthermore, in comparison with H16, the cytotoxic activity of H28
122



was greater in both MCF-7 and H9c2 cells, leading to an unfavorable selectivity ratio of
2.01 which was much less than SIH. In addition, the cardioprotective activity of H28
against H,O, was completely abolished, which is consistent with the low iron chelation
efficacy of H28.

Thus, the alkyl chain on the imine carbon markedly influenced the activity of
such hydrazones. Prolonged linear or iso-branched alkyl groups increased their anti-
cancer potential, while branching or cyclization in close proximity to the hydrazone
bond dramatically decreased their chelation ability and, consequently, decreased their
cytotoxic activity against MCF-7 cells and their ability to protect H9c2 cells against

oxidative injury.

4.5 Conclusions

In this study, we identified several structural parameters important for the design
of aroylhydrazone iron chelator. First, the hydrazone bond is essential for chelation
activity. Second, halogenation (with bromine) of the phenyl ring does not have any
beneficial effect due to increased non-selective cytotoxic activity against non-
tumorigenic H9c2 cardiomyoblasts. Third, exchange of the chelating phenolic hydroxyl
for a pyridine nitrogen resulted in increased non-selective cytotoxic activity that is
likely due to the formation of redox active iron complexes. Finally, and most
significantly, the exchange of the aldimine hydrogen in SIH for a longer unbranched or
iso-branched alkyl group is a favorable modification to increase the anti-cancer
potential of such hydrazones. The most promising compounds identified in this study
are the propyl-containing analog, H17, and isobutyl-containing derivative, H18, that

possessed the highest selectivity ratios. These compounds warrant further investigation.
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Tables

Table 1. Molecular weights (MW) and calculated n-octanol/water coefficients (log
Pcaic) of the studied analogs. The MW and log P, values were calculated using
ChemBioOffice Ultra 11.0 software. The log Pcac is expressed as an average of the

results of Crippen's and Viswanadhan's fragmentations and Broto's method.

Chelator MW (g/mol) log Pcaic
SIH 241 15
redSIH 243 1.0
redHAPI 257 14
redHPPI 271 1.9
BHAPI 334 2.1
BHPPI 348 2.6
2API 240 0.7
THII 267 14
H16 283 2.2
H17 283 2.2
H18 297 2.5
H28 323 3.1
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Table 2. Protective and cytotoxic effects of the synthesized SIH derivatives and

their calculated “selectivity ratios”. The ECs values (concentration that reduced the
cytotoxicity induced by H,O, (200 uM) to 50% of the untreated control) were

calculated after a 24 h incubation with non-tumorigenic H9c2 cardiomyoblasts. The

ICso values (concentration that reduced the cellular viability or proliferation to 50% of

the untreated control) were calculated after a 72 h

incubation with H9c2

cardiomyoblasts or MCF-7 breast cancer cells. Selectivity ratios were calculated via

ICs0 H9c2 cells/ICsy MCF-7 cells. Mean + SD; n > 4 experiments. N/A - the ECs, value

was not achieved within the studied concentration range (no protection).

Chelator ECs H9c2 'Can H9C2 'Cao MCF-7 Selectivity Ratio
(nM) (nM) (rM)

SIH 7.63 +1.38 49.47 £1.77 4.21+1.05 11.75
redSIH N/A 39.59 £5.11 27997 £ 53.17 0.14
redHAPI N/A 83.96 £2.76 133.47 +£28.76 0.63
redHPPI N/A 226.12 £6.31 197.86 + 13.09 1.14
BHAPI 30.34 +£7.23 6.99 £0.82 1.06 £0.46 6.59
BHPPI 17.18 £4.39 6.31 £0.59 0.83 £0.50 7.60
2API 8.48 +£3.11 3.07£0.55 2.92 £0.67 1.05
THII 2.68 £1.30 0.62+0.17 0.38+£0.11 1.63
H16 N/A >100 153.67 +£24.20 -
H17 42.57+7.94 32.60 £1.09 2.27+0.14 14.36
H18 27.76 £3.90 7.40+2.13 0.49+0.18 15.10
H28 N/A 85.37+12.90 4241 £3.15 2.01
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Figure Legends

Figure 1. Line drawings of the chemical structures of the iron chelators, SIH,
HAPI and HPPI, and their novel analogs.

Figure 2. Iron chelation properties of the novel analogs in solution (A) and in
MCF-7 cells (B). (A) The chelation dynamics of the new agents in solution were
observed for 360 s using the calcein assay, and the agent was applied at t = 100 s. The
fluorescence intensity of free calcein at t = 360 s was expressed as a percentage of that
observed using the reference iron chelator, SIH. (B) The ability of the analogs to chelate
“free” iron from the LIP in MCF-7 cells was measured using the calcein-AM assay. The
fluorescence intensity of free calcein at t = 600 s was expressed as a percentage of that
observed in the presence of SIH. Results are Mean + SD (n > 3 experiments). Statistical
significance (ANOVA): # p < 0.05, ## p < 0.01, ### p < 0.001 compared to the

reference chelator, SIH.

Figure 3. The effect of SIH and its analogs on *°Fe mobilization from pre-labeled
MCF-7 cells (A) and on internalized **Fe uptake from **Fe,-transferrin (Tf) by
MCF-7 cells (B). (A) The ability of the ligands to promote *’Fe mobilization from
MCF-7 cells was performed by first prelabeling the cells with *°Fe-Tf (0.75 uM) for 3
h/37°C, followed by washing and then reincubation for 3 h/37°C with either control
medium alone, or control medium containing the chelator (25 pM). (B) Inhibition of
>%Fe uptake from **Fe,-Tf by MCF-7 cells by chelators was performed by incubating
cells for 3 h/37°C with *°Fe,-Tf (0.75 uM) in the presence or absence of the chelator (25
uM). Results are Mean + SD (n > 3 experiments). Statistical significance (ANOVA): *
p <0.05, ** p <0.01, *** p < 0.001 compared to the control (untreated) group, and # p
< 0.05, ## p < 0.01, ### p < 0.001 compared to the reference chelator, SIH.

Figure 4. Effects of SIH and its analogs on iron-induced oxidation of ascorbic acid
in a buffered solution (pH 7.4). Chelators were assayed at iron binding equivalents
(IBE) of 0.1 (excess of Fe), 1 (iron-chelator complexes with a fully filled coordination
sphere) and 3 (excess of free chelator). DFO and EDTA were used as negative and

positive control chelators, respectively. The results are expressed as a percentage of the

134



control group in the absence of chelator (100%). Results are Mean + SD (n > 3
experiments). Statistical significance (ANOVA): * p < 0.05, ** p < 0.01, *** p < 0.001

as compared to the control group (iron with ascorbate).

Figure 5. Protective effects of the chelator, SIH (A), and the new analogues (B-L).
The ability of the SIH derivatives to protect H9c2 cardiomyoblast cells against
oxidative injury were evaluated using a 24 h/37°C incubation of the cells with H,O,
(200 uM) and the novel analogs (0.3-1000 uM). Results are Mean + SD (n > 4
experiments). Statistical significance (ANOVA): * p < 0.05, ** p < 0.01, *** p < 0.001
compared to the control (untreated) group, and # p < 0.05, ## p < 0.01, ### p < 0.001
compared to the H,O, group.

Figure 6. Cytotoxic effects of the chelator, SIH (A), and the new analogues (B-L),
using non-tumorigenic H9c2 cardiomyoblasts. The effect of the analogs (0.3-500
uM) on the cellular viability of H9c2 cardiomyoblasts were performed using a 72
h/37°C incubation. Results are Mean + SD (n > 4 experiments). Statistical significance
(ANOVA): * p < 0.05, ** p < 0.01, *** p < 0.001 as compared to the control

(untreated) group.

Figure 7. Cytotoxic effects of the chelator, SIH (A), and the new analogues (B-L)
against MCF-7 breast cancer cells. For the determination of their cytotoxic activity,
MCF-7 breast adenocarcinoma cells were incubated with the analogs (0.3-3000 uM) for
72 h/37°C. Results are Mean = SD (n > 4 experiments). Statistical significance
(ANOVA): * p < 0.05, ** p < 0.01, *** p < 0.001 as compared to the control

(untreated) group.
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Abstract

Thiosemicarbazones (TSCs) are an exciting class of chelators that show a
diverse range of biological activity, including anti-fungal, anti-viral and anti-cancer
effects. Our previous studies have demonstrated the potent in vivo anti-tumor activity of
novel TSCs and their ability to overcome resistance to clinically used
chemotherapeutics. In the current study, several novel classes of TSCs were designed
using a combination of retro-fragments that appear in other TSC precursors.
Additionally, di-substitution at the terminal N4 atom, which was previously identified to
be critical for potent anti-cancer activity, was preserved through the incorporation of an
N4-based piperazine or morpholine ring. The anti-proliferative activity of the novel
TSCs were examined in a variety of cancer and normal cell-types. In particular,
compounds 1d and 3c demonstrated the greatest promise as anti-cancer agents with
potent and selective anti-proliferative effects. Structure-activity relationship studies
revealed that the chelators that utilized “soft” donor atoms, such as nitrogen and sulfur,
resulted in potent anti-cancer activity. Indeed, the N,N,S donor atom set was crucial for
the formation of redox active iron complexes that were able to mediate the oxidation of
ascorbate. This further highlights the important role of ROS generation in mediating
potent anti-cancer effects. Significantly, this study identified the potent and selective

anti-cancer activity of 1d and 3c that warrant further examination.
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1. Introduction

Iron is an essential element that is necessary for a number of cellular processes,
such as cellular proliferation [1,2,3]. In fact, the iron-containing enzyme, ribonucleotide
redutase, is involved in the rate-limiting step of DNA synthesis and is responsible for
the conversion of ribonucleotides to their deoxyribonucleotide counterparts [4,5].
Importantly, alterations in the iron metabolism of cancer cells relative to their normal
counterparts have highlighted the potential of iron chelation therapy to act as a novel
treatment avenue. Cancer cells demonstrate a higher requirement for iron than normal
cells and this is emphasized by the increased expression of the transferrin recepetor 1
(TfR1), that takes up iron from the iron transport protein, transferrin (Tf), on the cell
surface [6,7,8]. Additionally, the expression of iron-dependent ribonucleotide reductase
is markedly higher in tumor cells than normal cells [9]. These factors render tumor cells
more sensitive to iron chelation.

Although iron chelators (e.g., desferrioxamine; DFQO) have been clinically
applied for the treatment of iron overload disease [1,3], novel thiosemicarbazone (TSC)
chelators have been widely investigated as potential anti-cancer agents
[10,11,12,13,14,15,16,17,18,19,20,21]. Although the molecular mechanisms involved in
the activity of TSCs have not been completely elucidated, a number of modes of action
have been reported [3,15,21,22,23]. This includes: (1) the inhibition of cellular iron
uptake from Tf [10,13,18]; (2) the mobilization of iron from cells [10,13,18]; (3) the
inhibition of the ribonucleotide reductase activity [24,25]; (4) the up-regulation of the
metastasis suppressor protein, N-myc downstream regulated gene 1 [26,27,28,29]; and
(5) the formation redox active metal complexes that produce reactive oxygen species
(ROS) [10,15,21,23,30]. This latter mechanism is significant, especially as studies have
demonstrated the important role of ROS generation in increasing the activity of
chelators against tumor cells [10,15,21].

The TSC, 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (Triapine®;
Fig. 1), has been examined in >20 Phase | and Il clinical trials as a novel cancer
chemotherapeutic [11,31,32,33,34,35,36,37,38,39,40,41]. Although clinical trials using
Triapine® have generally demonstrated limited anti-tumor activity [36,37,38,40], other
studies show positive results in locally advanced cervical and vaginal cancers when co-
administered with cisplatin and radiochemotherapy [33,34]. Notable side effects
observed upon Triapine® administration include methemoglobin formation and hypoxia
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[35,39,41] and has necessitated the development of other selective TSCs with potent
anti-cancer activity.

Several classes of TSCs have been developed as potential anti-proliferative
agents (Fig. 1), a number of which show potent and selective anti-tumor activity both in
vitro [10,15,21,42] and in vivo [12,21,26,42]. For example, a five day treatment of mice
with di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT; Fig. 1) at 0.4
mg/kg reduced the growth of a murine M109 lung carcinoma to 47% of the control [21].
Additionally, Dp44mT showed potent and selective anti-tumor activity in vitro and in
vivo against human tumor xenografts [42] and was able form redox active metal
complexes that generate reactive oxygen species (ROS) [15,21,30]. Although this TSC
demonstrated great potential, it demonstrated cardiac fibrosis at high, non-optimal doses
[42]. Thus, further investigations into Dp44mT analogs were necessary and have
resulted in the development of di-2-pyridylketone 4-cyclohexl-4-methyl-3-
thiosemicarbazone (DpC; Fig. 1) [12,26]. DpC has demonstrated selective in vitro and
in vivo anti-tumor activity by both the intravenous [26] and oral routes [12] and is
currently being prepared for clinical trials. Recently, other TSCs have also been shown
to have a novel application as photodynamic therapy enhancers [43].

We have previously examined a variety of quinolone-based TSCs that
demonstrate in vitro anti-proliferative activity [16]. In the current study, we synthesized
6 series of novel hybrid TSCs that were designed by the combination of TSC fragments
present in previously reported analogs [16,44]. Previous studies indicated that di-
substitution at the terminal (N4) nitrogen is crucial for modulating anti-cancer activity
[12,21]. In the presented study, we have preserved di-substitution at the N4 atom
through the construction of an N4-based piperazine or morpholine ring, a fragment that
is known in several active TSCs [45,46]. The anti-proliferative activity and selectivity
of these novel TSCs was examined in vitro against human cancer cell-types and normal
human dermal fibroblast (NHDF) cells. Those series that demonstrated the ability to
form redox active iron complexes and mediate the oxidation of ascorbate showed potent
anti-proliferative activity, highlighting the importance of ROS formation in their anti-

cancer activity.
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2. Materials and Methods

The reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA),
ACROS Organics (Belgium) or Princeton Chemicals Ltd (Luton, Bedfordshire, UK).
Silica gel 60, 0.040-0.063 mm (Merck, Darmstadt, Germany) was used for column

chromatography. Thin layer chromatography (TLC) experiments were performed on
alumina-backed silica gel 40 Fs,4 plates (Merck). The plates were illuminated under UV
(254 nm) and evaluated in iodine vapor. The melting points were determined on
Optimelt MPA100 instrument (SRS, USA) and are uncorrected. High resolution-mass
spectrometry (HRMS) analysis was performed for all new compounds on a Finnigan
MAT95 spectrometer (Thermo Fisher Scientifc, Bremen, Germany) or on Mariner ESI-
TOF spectrometer (Applied Biosystems, USA). The purity for all novel compounds was
determined using a Gynkotek HPLC Modular System equipped with a DAAD detector
UVD340U at 250 nm.

All *H- and *C-NMR spectra were recorded on a Bruker AM-400 spectrometer
(399.95 MHz for *H; 99.99 MHz for **C; BrukerBioSpin Corp., Germany). Chemical
shifts are reported in ppm against the internal standard, Si(CH3)4. Easily exchangeable
signals were omitted when diffuse. Syntheses were performed on a CEM-DISCOVERY
microwave reactor (CEM Corporation, Matthews, NC, USA) with temperature and
pressure control.

LogPcac values were calculated using ChemDraw 12 (Perkin-Elmer, Waltham,
MA, USA) by obtaining the Crippen’s fragmentation [47], Viswanadhan’s
fragmentation [48] and Broto’s method [49] data and calculating the average logPcalc.

2.1. Synthesis of Thiosemicarbazide Precursors (a-f)

2.1.1. General method I (Scheme 1)

N-alkyl or N-aryl piperazine (6 mmol) was added to a solution of 1,1’-
thiocarbonyldiimidazole (6 mmol; 1.068 g) in 25 mL of dichloromethane and the
reaction mixture was stirred for 24 h at room temperature. The organic solvent was
separated and extracted 3 times using water, then dried over anhydrous magnesium
sulfate, filtered and concentrated to provide the crude piperazine derivatives. These
crude products were used in the next step without further purification. These

intermediates were added to a solution of hydrazine hydrate in 25 mL of ethanol at
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room temperature. The reaction mixture was refluxed for 3 h and cooled to obtain a
white precipitate which was collected via filtration as the final product. All obtained
thiosemicarbazides were crystalized from methanol. See Supporting Information for

structural characterization details.

2.1.2. General method Il (Scheme 2)

Carbon disulfide (CS,) (0.2 mol, 12.06 mL) was added dropwise over 15 min to
N-methylcyclohexylamine (0.2 mol, 26.3 mL) in NaOH solution (0.8 M, 250 mL). The
reaction mixture was intensively stirred for 20 min and then sodium chloroacetate (0.2
mol) was added to the solution and was allowed to stir for 15 h. Concentrated HCI
(20 mL) was triturated to give the carboxymethylthiocarbamate intermediate as a white
precipitate. The obtained carboxymethylthiocarbamate intermediate (0.08 mol) was
reacted with hydrazine hydrate (0.08 mol) in water (10 mL). This reaction mixture was
gently refluxed for 2 h to give white crystals of the thiosemicarbazide. The final product

was crystalized from methanol-water (1/1, v/v).

2.2. Preparation of TSC Derivatives (Scheme 3)

The heteroaromatic thiosemicarbazones analogs were synthesized by reacting
the respective heteroaromatic ketone or carbaldehyde and thiosemicarbazide under
microwave irradiation. Equimolar quantities of the appropriate thiosemicarbazide (0.5
mmol) and carbonyl compound (0.5 mmol) were dissolved in 4 mL of EtOH with the
addition of 0.1 mL of acetic acid as catalyst. The resulting mixture was heated in a
microwave reactor at 83°C/30 min (max. microwave power 50 W). After cooling, the
precipitated solid was filtered and washed with ether. The final product was purified
using a simple crystallization (from ethanol or methanol) or column chromatography.

See Supporting Information for structural characterization details.

2.3. HPL.C Purity Data
The final purity of the thiosemicarbazones was determined using the following
general conditions: HPLC Gynkotek; Pump T580; Autosampler GINAS5Q; Detector
DAAD UVD340U; Column: Hilic Kinetex 100A, Phenomenex; Flow: 0.5 mL/min (0-1
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min), 0.5-1.2 mL/min (1-3 min), 1.2 mL/min (3-7 min), 1.2-0.5 mL/min (7-8 min), 90%
CH,Cl,, 10% CH3OH; UV at 250 nm; Software: Chromeleon.

2.4. Cell Culture

The human cancer cell types (neuroepithelioma (SK-N-MC), colon cancer
(HCT116 with wild-type (p53**) and null (p53™) p53), Burkitt’s lymphoma (Raji) and
cervical carcinoma (HeLa)) and normal human dermal fibroblast (NHDF) were
obtained from the American Type Culture Collection (ATCC).

The SK-N-MC cells were cultured in minimum essential medium (MEM,;
Gibco) containing 10% (v/v) Fetal Bovine Serum (FBS), 1 mM sodium pyruvate
(Gibco), 1% (v/v) non-essential amino acids (Gibco), 2 mM L-glutamine (Gibco), 100
U/mL penicillin (Gibco), 100 pg/mL streptomycin (Gibco) and 0.28 pg/mL fungizone
(Squibb Pharmaceuticals). The HCT116 and NHDF cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma) supplemented with 12% (v/v) heat-
inactivated FBS (HCT116; Gibco) and 15% (v/v) FBS (NHDF; Gibco), 100 pg/mL of
gentamicin (Polfa), 100 ug/mL of streptomycin (Polfa) and 100 U/mL of penicillin
(Polfa). The Raji and HelLa cells were cultured in Roswell Park Memorial Institute
medium (RPMI-1640; Sigma) with the addition of 10% (v/v) heat-inactivated FBS
(Invitrogen) and an antibiotic/antimycotic solution (Sigma). All cell lines were cultured
under standard conditions at 37°C in a humidified atmosphere at 5% CO, and were

passaged every 3-4 days as required.

2.5. Proliferation Assay

The cells were seeded in 96-well plates (SK-N-MC: 1.5 x 10* cells/well; HeLa:
5.0 x 10% cells/well; Raji: 3.0 x 10° cells/well; HCT116: 3.5 x 10° cells/well; NHDF: 3.0
x 10° cells/well) 24 h prior to the addition of the novel compounds. The assays were
performed following a 96 h (HCT 116, NHDF) or 72 h (SK-N-MC, Raji, HelLa)
incubation with varying concentrations of the agents. Additionally, DFO and Dp44mT
were included as positive controls. Chelator stock solutions were prepared in DMSO
and diluted in media so that the final [DMSO] < 0.05%. The results were expressed as a
percentage of the control and the resulting 1Csy values were calculated (using GraphPad

Prism 5). The ICsy was defined as the concentration necessary to reduce the absorbance
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to 50% of the untreated control. Each individual compound was tested in triplicate in a
single experiment, with each experiment being repeated three times. After incubation of
HCT 116 and NHDF cells with the tested compounds, 20 pL of the CellTiter 96"
AQueous One Solution - MTS (Promega) solution was added to each well (with 100
uL of DMEM without phenol red) and incubated for 1 h at 37°C. The optical density of
the samples were analyzed at 490 nm. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) was used to evaluate their anti-proliferative effects in SK-
N-MC and Raji cells. Following the incubation with the investigated compounds, 10 uL
of MTT (5 mg/mL in PBS; Sigma) was added to each well. After a 2 (SK-N-MC) or 4 h
(Raji) incubation, the plates were centrifuged, and the cells were lysed with 100 xL of
10% SDS-50% isobutanol in 0.01 M HCI (SK-N-MC) or DMSO (Raji). The absorbance
was measured at 570 nm. The anti-proliferative effects of these novel agents on HelLa
cells were estimated using crystal violet staining (0.5% crystal violet solution for 10
min). Finally, the wells were rinsed with water and the cells were lysed with 2% SDS.

The optical density of the samples were analyzed at 595 nm.

2.6. Labeling of Transferrin with *°Fe
The iron transport protein, Tf (Sigma), was labeled with *°Fe (PerkinElmer Life
and Analytical Sciences, Boston, MA) to form *°Fe,-Tf using standard methods [6,7].
Unbound *°Fe was removed by passage through a Sephadex G25 column and was

followed by exhaustive dialysis [6,7].

2.6.1. Effect of the Chelators on Mobilizing Cellular *Fe

To examine the ability of the novel chelators to mobilize **Fe from SK-N-MC
cells, *°Fe efflux experiments were performed using established techniques [50,51]. The
monolayer of SK-N-MC cells was prelabeled for 3 h at 37°C in MEM containing *°Fe,-
T (0.75 uM). Cells were then washed four times with ice-cold PBS and incubated for a
further 3 h at 37°C with medium alone (the control) or medium containing the chelator
(25 uM). After this incubation, the overlying medium that contained the released Fe
was separated from the cells using a Pasteur pipette. Radioactivity was measured in
both the cells and supernatant using a y-scintillation counter (Wallac Wizard 3, Turku,

Finland). In these studies, the novel ligands were compared to the previously
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characterized chelators, DFO and Dp44mT, as their ability to mobilize cellular **Fe has

been extensively examined in these cells [10,12,17,18,51].

2.6.2. Effect of Chelators at Preventing Cellular **Fe Uptake

The ability of the chelators to prevent the cellular uptake of *°Fe from *°Fe,-Tf
was examined using standard methods [10,14,17,18,51]. A monolayer of SK-N-MC
cells was incubated with medium containing *°Fe,-Tf (0.75 uM) and the chelator (25
uM) for 3 h at 37°C. The medium was then removed and the cells were washed four
times with ice-cold PBS. The cells were then incubated for 30 min at 4°C with the
general protease, Pronase (1 mg/mL; Sigma), to remove membrane-bound *°Fe. The
cells were removed using a plastic spatula and centrifuged at 14000 rpm/1 min to
separate internalized from membrane-bound *°Fe. The cell pellet was resuspended in 1
mL of PBS and the internalized *°Fe was measured on a y-scintillation counter.
Internalized *°Fe uptake was calculated as a percentage of the control (medium alone).
Again, the novel ligands were compared to DFO and Dp44mT as their ability to inhibit

cellular *°Fe uptake has been extensively characterized in these cells [10,14,17,18,51].

2.7. Ascorbate Oxidation Assay

The ability of the iron complexes of the novel ligands to mediate the oxidation
of the physiological substrate, ascorbate, was examined using established methods
[10,18,22,52,53]. Ascorbic acid (100 uM) was prepared immediately prior to each
experiment and was incubated in the presence of Fe'' (10 uM; as FeCls), the chelator
(1-60 uM) and a 50-fold molar excess of citrate (500 uM). The absorbance at 265 nm
was measured after 10 and 40 min and the difference in absorbance at these time points
was calculated. The results of these experiments were expressed as iron-binding
equivalents (IBE) due to the different denticity of the chelators examined. The
chelators, Dp44mT, DFO and ethylenediaminetetraacetic acid (EDTA) were used as
controls as the ability of their iron complexes to oxidize ascorbate has been previously
examined [10,15,52,53].
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2.8. Statistical Analysis
Data was expressed as mean + S.D. of at least 3 experiments. Statistical analyses
were performed using Prism v6 (GraphPad Software, Inc., La Jolla, CA) implementing
a one-way ANOVA.
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3. Results and Discussion

3.1. Drug Design

Upon comparison of compounds that have become pharmaceutics relative to
those that have failed during drug development, molecular properties such as molecular
weight (MW) and LogP.qc (calculated octanol-water partition coefficient) have been
revealed to be key factors in the attrition of drug candidates [54,55]. In general, the
average MW and LogPcq of successful drugs that are launched on the market are
300-450 Da and 2-4, respectively [56,57]. Thus, the challenge for successful drug
discovery lies in balancing these properties [54]. With this in mind, Triapine® (MW:
195 Da; LogPcac: 0.761) represents an interesting lead molecule with a considerable
reserve in MW and LogP.. for modification. Similarly, highly active TSCs that
maintain their MW and LogP¢. below 450 Da and 4.5, respectively, also have
substantial promise as drug candidates.

Identifying functional fragments for drug design is a complex problem that
involves a variety of different approaches, including both an experimental and
theoretical basis. The latter can consist of a variety of methods among which are those
that attempt to identify advantageous substructures, scaffolds and/or linkers on the basis
of previously reported active compounds. Alternatively, the fragmentation of organic
molecules into smaller moieties is an important method in retrosynthetic analysis and
has inspired a variety of pseudo-retrosynthetic approaches [58]. This has identified
fragments that may be useful for drug design. For example, the di-2-pyridyl
[12,15,21,59], quinolinyl [60], piperazinyl [60,61,62], morpholinyl [63] and
quinoxalinyl [64] motifs are common fragments in other anti-cancer agents, which we
currently incorporated into the design of our novel TSCs.

In the current study, the main rationale underlying our approach was that the
newly synthesized TSCs would preserve the potent anti-cancer activity of their TSC
precursors, while retaining appropriate MW and LogP¢, values to show substantial
promise as drug candidates for pharmaceutical development. We used a combination of
retro-fragments that appear in other TSC precursors [15,16,21,44,59] and other anti-
cancer agents [60,61,62,63,64]. Additionally, di-substitution at the terminal N4 atom

was preserved through the construction of an N4-based piperazine or morpholine ring
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(Scheme 4), a moiety that is observed in several active TSCs [45,46]. Although the
novel TSCs containing piperazine or morpholine fragments have higher MW and
LogP.ac values than their precursors, these properties still lie within the optimal values

for these parameters that is MW and LogP¢,c below 450 Da and 4.5, respectively.

3.2. Synthesis of Novel Ligands

The thiosemicarbazide precursors, a-f (Scheme 4), were synthesized from
commercially available reagents in a two-step process that gave moderate to high yields
(47-95%). The treatment of bis(imidazole)thioketone with the appropriate piperazine,
followed by the reaction with hydrazine hydrate gave the N-substituted piperazine-
based thiosemicarbazides in a high yield (Supporting Information). The final
thiosemicarbazone series, 1-6 (Scheme 4), were synthesized in moderate to high yield
(58-96%) by Schiff-base condensation of the appropriate ketone/aldehyde with the
prepared thiosemicarbazides. The purity of the thiosemicarbazones was confirmed by

HPLC and were >95% (Supporting Information).

3.3. Anti-Proliferative Activity of the Novel Thiosemicarbazones Against
a Variety of Cancer Cell-Types
The ability of the novel thiosemicarbazone series 1-6 to inhibit the cellular
proliferation of tumor cells was examined in a variety of cancer cell-types (Table 1),
including human p53 wild-type and null colon cancer (HCT116 p53** and HCT116
p53'/', respectively), Burkitt’s lymphoma (Raji), human cervical carcinoma (HeLa) and
neuroepithelioma (SK-N-MC) cancer cells. The ability of these novel agents to
selectivity target cancer cells was assessed by examining their effects on the cellular
proliferation of a mortal cell-type, namely normal human dermal fibroblast (NHDF)
cells. The effects of these novel ligands were compared to the following chelators that
were used as positive controls: (1) DFO, that is clinically used for iron overload disease
[1,3] and (2) Dp44mT, a chelator with potent anti-proliferative activity in vitro and in
vivo [15,21].
As expected, the control chelator, DFO, demonstrated poor anti-proliferative
effects in all cancer and normal cell-types, with ICso values ranging between 4.74 to

>25 uM (Table 1). In contrast, Dp44mT showed selective and potent anti-cancer
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activity with 1Cso values of 0.002-0.04 uM, but was markedly less effective in mortal
NHDF cells (ICso: 15.38 uM; Table 1).

The p53 protein, which acts as a tumor suppressor and regulates processes such
as DNA repair and cell cycle control, is lost in >50% of human cancers [65].
Furthermore, a lack of p53 expression in some cancers aids the progression of tumor
cells and promotes resistance against chemotherapeutics [66]. The development of
agents that target both with wild-type and null p53 tumors are vital, particularly
considering the high prevalence of p53 mutations in advanced cancers [42,67]. Thus, we
examined the anti-proliferative activity of the novel TSC series 1-6 against human
HCT116 p53** and HCT116 p53™ colon cancer cells (Table 1) after a 96 h incubation.
Importantly, the anti-proliferative effects of the novel TSCs showed the same general
pattern of activity against HCT116 p53*"* and HCT116 p53™ cells, irrespective of p53
status (Table 1). This is in agreement with our previous studies that demonstrated that
the anti-proliferative activity of other closely-related TSCs was independent of p53
status [16].

Of all the series of TSCs synthesized in this study, those analogs derived from
di-2-pyridyl (1a-e) demonstrated the most potent anti-proliferative activity in HCT116
p53"" and p537 cells, resulting in 1Cso values ranging from 0.0008—0.04 puM (Table 1).
While the analogs derived from quinolin-2-yl (2a-f) and 8-hydroxyquinolin-2-yl (3a-f)
demonstrated moderate anti-proliferative effects (ICso: 0.026—3.55 and 0.004-9.25 uM,
respectively). Those chelators derived from the 7-hydroxyquinolin-8-yl (4a-f),
quinoxalin-2-yl (5a-f) and salicylic (6a-f) moieties showed poor anti-cancer activity
(ICsq: 1.02 — >25 uM) in HCT116 p53™"* and p53™ cells (Table 1).

A similar trend in the anti-proliferative activity of the novel TSCs was observed
in Raji, HeLa and SK-N-MC cells after a 72 h incubation (Table 1). Those chelators
containing the di-2-pyridyl moiety (1a-e) were the most potent anti-cancer (ICs: 0.003—
2.21 uM) analogs examined. Similarly to the HCT116 data, compounds from series 2
generally displayed moderate anti-proliferative activity (ICso: 0.04-5.14 uM) in Raji,
HelLa and SK-N-MC cells, while series 3, 4, 5 and 6 generally showed moderate to poor
anti-cancer effects (Table 1).

No correlation was evident between the anti-cancer activity of the ligands and
their logPcqc Values, suggesting that other factors besides their ability to transverse the
cellular membrane were critical in their anti-proliferative effects.
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3.4. Anti-Proliferative Activity of the Novel Thiosemicarbazones Against
Normal Cells

Importantly, the selectivity of the novel TSCs was examined in mortal cells,
namely NHDF cells, after a 96 h incubation. Of all the analogs examined, 1b, 1d, 2b, 2f
and 3c showed the greatest anti-proliferative activity in the majority of cancer cell-types
(Table 1). Thus, to examine the selectivity of the 5 best TSCs identified above, namely
1b, 1d, 2b, 2f and 3c, a therapeutic index was calculated by dividing the NHDF cell
ICso by the 1Cs of the neoplastic HCT116 p53*"* or HCT116 p53™ cell-types (Table 2).
Notably, the selectivity index of Dp44mT comparing NHDFs to HCT116 p53™* or
HCT116 p53™ cell-types was marked, being 7690 and 3076, respectively.

Of the 5 most potent anti-cancer TSCs described herein, the greatest therapeutic
indices were identified for 1d and 3c and were 18-2650, respectively (Table 2).
Compounds 1d and 3c showed potent anti-cancer activity (ICsp: 0.002—0.017 uM) in
HCT116 cells, but their anti-proliferative activity was greatly reduced in NHDF cells
(ICs0: 0.16—10.6 uM).

In contrast, analogs 1b, 2b and 2f demonstrated poor selectivity with 1Csy values
of 0.0008-0.09 uM in HCT116 cells and 0.0017—-0.03 uM in mortal NHDF cells (Table
1). In fact, compounds 2b and 2f generally showed greater anti-proliferative effects in
mortal NHDF cells relative to HCT116 cells, resulting in therapeutic indices of 0.4-0.8
(Table 2). Compound 1b demonstrated limited selectivity and resulted in a therapeutic
index of 2 in mortal NHDF cells relative to HCT116 cells. Hence, of all the analogs
examined, compounds 1d and 3c demonstrated the greatest promise as anti-cancer

agents with potent and selective anti-proliferative effects.

3.5. Ability of Novel Thiosemicarbazones to Mobilize Cellular **Fe
As the ability of chelators to bind cellular iron can play a role in their anti-
proliferative effects [51], we examined the ability of these novel ligands (25 uM) to
mobilize cellular *°Fe from prelabeled SK-N-MC cells (Fig. 2). The chelator-mediated
release of intracellular **Fe was compared to the positive controls, DFO and Dp44mT
(Fig. 2), as their ability to mobilize *°Fe has been extensively characterized in these

cells [10,17,18,52,53]. As previously observed [10,17,18,52,53], the control medium
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alone resulted in the release of very little **Fe, namely 4 + 1% of cellular *°Fe (Fig. 2).
The chelators, DFO and Dp44mT, significantly (p<0.001) increased the mobilization of
cellular *Fe to 11 + 2 and 35 + 2%, respectively, relative to the control medium (Fig.
2).

Compounds of series 1, 3, 4 and 6 generally displayed high efficacy at
mobilizing cellular *°Fe (Fig. 2). In particular, the ligands, 1c, 1e, 3b-3f, 4c, and 6b-6f
all demonstrated comparable *°Fe mobilization efficacy to that of Dp44mT, resulting in
the efflux of 31-39% of cellular *°Fe. Apart from 1b, all ligands of series 1, 3, 4 and 6
were significantly (p<0.001) more effective than DFO in mediating the release of
cellular *°Fe. Interestingly, ligands of series 1 and 4 demonstrated a similar pattern in
terms of their ability to mobilize cellular *Fe (Fig. 2A,D). For example, ligands of
series 1 and 4 containing the more hydrophilic fragments, a, ¢ and e, showed increased
efficacy at mobilizing cellular *°Fe relative to those containing the more lipophilic
fragments b, d and f (Fig. 2A,D). Of all the ligands examined, chelators of series 3 and
6 demonstrated the greatest efficacy as **Fe mobilization agents, mediating the release
of 25-39% of cellular *°Fe (Fig. 2C,F).

In contrast, the series based on quinolin-2-yl (2) and quinoxalin-2-yl (5)
generally demonstrated poor ability to mobilize cellular *°Fe and resulted in the release
of 5-28% of cellular *°Fe (Fig. 2B,E). All ligands of series 2 and 5 were significantly
(p<0.001) less effective than Dp44mT in mediating the release of cellular **Fe. In fact,
ligand 2a demonstrated comparable **Fe mobilization efficacy to that of the control
medium (Fig. 2B), while 2b, 2d, 2f and 5f showed comparable release of *°Fe relative to
DFO (Fig. 2B,E).

Importantly, a strong correlation (R*> = 0.911) between logPcc and *°Fe
mobilization efficacy was only observed for ligands of series 1, suggesting that their
lipophilic/hydrophilic balance played a role in their ability to permeate the cellular
membrane to reach intracellular *°Fe. Interestingly, the more hydrophobic ligands of
series 1 were less effective than their more hydrophilic counterparts, suggesting that the
more hydrophobic ligands or their resultant **Fe complexes were sequestered in cellular
membranes. No correlation was observed between the anti-proliferative activity of these
novel ligands and their ability to mobilize cellular **Fe in SK-N-MC cells, indicating
that other factors besides *°Fe mobilization were responsible for their anti-cancer

effects.
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3.6. Ability of Novel Thiosemicarbazones to Inhibit the Cellular Uptake
of *°Fe from *°Fe,-Tf

The anti-proliferative activity and iron chelation efficacy of a ligand is
dependent not only on its ability to mobilize cellular iron, but also on its ability to
prevent the cellular uptake of iron from Fe,-Tf [51]. Thus, the ability of the novel
ligands (25 uM) to inhibit the cellular uptake of *°Fe from *°Fe,-Tf was assessed in SK-
N-MC cells (Fig. 3), as the ability of iron chelators to inhibit **Fe uptake in these cells is
well characterized [10,14,52,53]. As utilized in the *°Fe efflux experiments, the
chelators, DFO and Dp44mT, were included as positive controls as their ability to
inhibit *°Fe from *°Fe,-Tf has been extensively assessed [10,14,17,18,51,52,53]. The
results were expressed as a percentage of the *°Fe uptake observed with control medium
(Fig. 3).

Although DFO was able to significantly (p<0.001) inhibit **Fe uptake from
*Fe,-Tf relative to the control, it only reduced *°Fe uptake to 83% of the control
medium (Fig. 3). In contrast, Dp44mT significantly (p<0.001) and markedly prevented
the uptake of *°Fe, reducing it to 6% of the control (Fig. 3), as previously observed
[10,52].

In general, those analogs that displayed high efficacy at mobilizing cellular *°Fe
(Fig. 2) also potently inhibited the cellular uptake of **Fe from *°Fe,-Tf (Fig. 3), with a
linear correlation (R? = 0.81) evident between these 2 factors. Generally, the ligands of
series 1, 3, 4 and 6 potently inhibited the uptake of *°Fe from *°Fe,-Tf and were
significantly (p<0.001) more effective than DFO (Fig. 3A,C,D,F). In fact, the ligands,
1c, 3f, 5¢, 6¢ and 6f demonstrated comparable inhibition of cellular *°Fe uptake to that
of Dp44mT, resulting in 3.6-11.5% of cellular *°Fe uptake relative to the control (Fig.
3). Interestingly, those ligands containing the more hydrophilic fragment, c, were
generally the most effective chelators of each series (Fig. 3).

Similarly to the *°Fe efflux experiments, those ligands based on the quinolin-2-yl
(2) and quinoxalin-2-yl (5) moieties generally showed poor ability to prevent the uptake
of *°Fe from *°Fe,-Tf (Fig. 3B,E). Indeed, compound 2a showed comparable ability to
inhibit *°Fe uptake to the control medium, while compounds 2d, 2f and 5f demonstrated
comparable inhibition of **Fe uptake to that of DFO (Fig. 3B,E). All analogs of series 2
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and 5, except 5¢, were significantly (p<0.001) less effective than Dp44mT at inhibiting
cellular **Fe uptake.

No strong structure-activity relationships were observed between the ability of
the ligands to prevent cellular *°Fe uptake and logPca or anti-proliferative activity in
SK-N-MC cells, suggesting other factors besides inhibition of *’Fe uptake played a role

in their anti-cancer activity.

3.7. Ability of the Iron Complexes of Novel Thiosemicarbazone to
Mediate the Oxidation of Ascorbate

The ability of the iron complexes of the novel ligands to catalyze the oxidation
of the physiological substrate, ascorbate, was important to assess as redox cycling may
play an critical role in their anti-proliferative activity [10,15,18,52,53]. Thus, the
oxidation of ascorbate mediated by the iron complexes of series 1-6 were examined in
comparison to the iron complexes of the control compounds, DFO, EDTA and
Dp44mT, as their ability to oxidize ascorbate is well characterized [10,15,52,53,68].
The results were expressed as a percentage of the control (no chelator) at IBEs of 0.1
(excess “free” iron), 1 (iron-chelator complexes with a fully filled coordination sphere)
and 3 (excess free chelator), due to the different denticity of the chelators examined
(Fig. 4).

As previously observed, the redox-inactive iron complex of DFO resulted in
limited ascorbate oxidation (Fig. 4) [15,68]. In fact, the iron complex of DFO acted in a
protective manner, significantly (p<0.05) inhibiting the oxidation of ascorbate at IBEs
of 1 and 3 to 23% and 47%, respectively, relative to the control (Fig. 4). In contrast, the
iron complex of the positive control, EDTA, significantly (p<0.001) increased ascorbate
oxidation at IBEs of 0.1, 1 and 3 to 208%, 449% and 936%, respectively, in comparison
to the control (Fig. 4). This is in agreement with our previous studies that showed the
ability of the iron complex of EDTA to mediate ascorbate oxidation [10,15,52,53].
Additionally, the iron complex of Dp44mT also mediated the oxidation of ascorbate,
significantly (p<0.01-0.001) increasing it to 129%, 203% and 196% at IBEs of 0.1, 1
and 3, respectively, relative to the control (Fig. 4), as previously demonstrated
[10,15,52,53].
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The resultant iron complexes of the ligands of series 1 and 2 generally enhanced
ascorbate oxidation, with compounds 1b, 1d, 1e, 2a and 2e significantly (p<0.05-0.001)
increasing the oxidation of ascorbate to 200-265% relative to the control at an IBE of 3
(Fig. 4A,B). In fact, all iron chelator complexes of series 1 and 2, except for 2f, showed
comparable levels of ascorbate oxidation to that of the iron complex of Dp44mT at an
IBE of 3 (Fig 4A,B). These data suggest that the ligands of series 1 and 2 form iron
complexes that are redox active.

In contrast, the iron chelator complexes of ligands from series 3, 4, 5 and 6
generally did not enhance ascorbate oxidation, with the majority acting in a protective
manner (Fig. 4C,D,E,F). Although the iron complexes of 3a and 5e mediated
significantly (p<0.01-0.001) increased levels of ascorbate oxidation, the majority of the
iron complexes of series 3, 4, 5 and 6 resulted in comparable ability to catalyze
ascorbate oxidation relative to the control at an IBE of 3. In fact, the iron complexes of
5d, 5f, 6a, 6d and 6f significantly (p<0.05) decreased levels of ascorbate oxidation
relative to the control at an IBE of 3. Additionally, all iron complexes of series 3, 4, 5
and 6, apart from 3a, 4a, 4e and 5e, mediated comparable levels of ascorbate oxidation
to that of DFO at an IBE of 3, resulting in 4-111% of ascorbate oxidation relative to the
control (Fig. 4C,D,E,F). Thus, the majority of the iron complexes of series 3, 4, 5 and 6
acted in a protective manner, suggesting the formation of redox inactive iron

complexes.

3.8. Structure-Activity Relationships Linking Anti-Proliferative Activity,
Ascorbate Oxidation and Donor Atom ldentity

In the current study, series 1 analogs based on the di-2-pyridyl moiety (Scheme

4) generally demonstrated the greatest anti-proliferative activity of all the series of

ligands examined (Table 1). Series 1 ligands, that utilize the N,N,S donor atom set,

showed high iron chelation efficacy (Figs. 2A,3A) and their iron complexes generally

resulted in the increased oxidation of ascorbate (Fig. 4A). This data suggest that the

potent anti-proliferative activity of series 1 stemmed from their ability to effectively

chelate cellular iron and result in the formation of redox active iron complexes that

mediate oxidative damage. This is in agreement with our previous studies on other di-2-

pyridyl-based thiosemicarbazones, such as Dp44mT and DpC [12,15], and di-2-pyridyl-
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based thiohydrazones [52], which also utilize the N,N,S donor atom set and demonstrate
potent anti-cancer activity via the formation of redox active complexes. The use of
“soft” donor atoms, such as nitrogen and sulfur, play a critical role in facilitating
reversible Fe'""
[12,15,52].

The ligands of series 2, based on the quinolin-2-yl moiety (Scheme 4), also

redox reactions that are important for potent anti-cancer effects

utilized the N,N,S donor atom set and their resultant iron complexes generally increased
levels of ascorbate oxidation (Fig. 4B). This suggested that, similarly to series 1, ligands
of series 2 may form redox active iron complexes. However, in contrast to series 1,
series 2 compounds demonstrated poor iron chelation efficacy and may be a
contributing factor in the moderate anti-proliferative activity observed for series 2
relative to series 1 (Table 1). This is consistent with our previous studies, in which the
presence of the quinolin-2-yl moiety in 2-quinolinecarboxaldehyde isonicotinoyl
hydrazones [59] and other quinoline-based thiosemicarbazones [16] were found to have
poor iron mobilization efficacy and anti-proliferative effects in SK-N-MC cells. Our
current data support these previous findings, suggesting that the quinolin-2-yl moiety
confers poor anti-proliferative and iron chelation efficacy when the quinoline nitrogen
acts as a donor atom [16,59].

Series 3 analogs, that differ from series 2 by the addition of a hydroxy group at
position 8 of the quinoline ring (Scheme 4), generally demonstrated moderate to poor
anti-proliferative effects (Table 1). In contrast to series 2 that showed poor iron
mobilization efficacy and the ability to mediate ascorbate oxidation, series 3 ligands
displayed high iron chelation efficacy (Figs. 2C,3C) and their iron complexes generally
did not enhance the oxidation of ascorbate (Fig. 4C). In fact, the majority of series 3
iron complexes acted in a protective manner and inhibited ascorbate oxidation (Fig.
4C). It is probable that series 3 ligands can bind iron either in a tridentate manner, using
the N,N,S donor atom set similarly to series 2, or in a bidentate system similar to that of
the structurally-related chelator, clioguinol [69] that utilizes the quinoline nitrogen and
8-hydroxy oxygen as donor atoms [70]. Due to the contrasting activity of series 3
relative to series 2 with regards to anti-proliferative effects (Table 1), iron chelation
efficacy (Figs. 2&3) and ascorbate oxidation (Fig. 4), this suggests that the series 3
analogs may act as bidentate ligands that utilize the 8-hydroxyl oxygen and quinoline

nitrogen as a donor atoms. Significantly, the use of the “hard” oxygen donor atom in
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series 3 may result in the formation of redox inactive iron complexes that cannot
oxidize ascorbate and consequently show poor anti-proliferative activity [1,52].

Those ligands based on the 7-hydroxyquinolin-8-yl (series 4) moiety bind iron in
an analogous manner to that of the 2-hydroxynaphthaldehyde thiosemicarbazone [71] or
2-hydroxy-1-naphthaldehyde thiobenzoyl hydrazone (H,NTBH; [52]) chelators and
utilize the O,N,S donor atom set [16]. Similarly, those chelators of series 6, based on the
salicylic moiety, also bind iron via the O,N,S donor atom set in a similar manner to
salicylaldehyde thiobenzoyl hydrazone (H,STBH; [52]). Although the series 4 and 6
analogs demonstrated high iron mobilization efficacy (Figs. 2&3), these ligands showed
poor anti-proliferative effects (Table 1) and their iron complexes did not mediate or
prevented the oxidation of ascorbate (Fig. 4). This is in agreement with our previous
studies in which the O,N,S-thiohydrazones, H,STBH or H,NTBH, mediated high iron
chelation efficacy, but showed poor anti-proliferative activity and the inability of their
iron complexes to mediate the oxidation of ascorbate [52]. Importantly, these results
suggest that iron complexes of series 4 and 6 ligands cannot mediate the formation of
ROS, which greatly reduces their anti-proliferative effects.

The analogs based on quinoxalin-2-yl (5a-f) utilize the N,N,S donor atoms and
differ from series 2 by an additional non-coordinating nitrogen located at position 4 of
the quinoline moiety (Scheme 4). This structural modification resulted in a large
decrease in anti-proliferative activity of series 5 relative to series 2 (Table 1), although
both series showed poor iron mobilization efficacy (Figs. 2&3). Importantly, the iron
complexes of series 5 acted in a protective manner and inhibited the oxidation of
ascorbate, while iron complexes of series 2 were able to promote ascorbate oxidation
(Fig. 4). This further highlights the critical role of the formation of redox active iron
complexes in the anti-proliferative of novel thiosemicarbazones [10,15,21,52].
Significantly, our previous studies on methyl pyrazinylketone isonicotinoyl hydrazone
(MPIH) analogs demonstrated that the incorporation of a second, non-coordinating,
electron-withdrawing nitrogen in the aromatic ring played a major role in the formation
of redox-inactive iron complexes that prevented the formation of ROS [53,72].
Similarly to series 5, the iron complexes of the MPIH series prevented the oxidation of
ascorbate [53]. Thus, the replacement of the quinoline moiety of series 2 with the
quinoxaline group of series 5 resulted in decreased anti-proliferative activity due to the

formation of redox-inactive iron complexes.
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3.9. Conclusion

In the current study, several novel classes of TSCs were designed that retained
the appropriate MW and LogPcyc values to show promise as drug candidates for
pharmaceutical development. A combination of retro-fragments that appear in other
TSC precursors were utilized and di-substitution at the terminal N4 atom was preserved
through the incorporation of an N4-based piperazine or morpholine ring. The selectivity
and anti-cancer activity of the novel TSCs were examined in a variety of cancer cell-
types. In particular, of all the compounds examined, 1d and 3c demonstrated the
greatest promise as anti-cancer agents with potent and selective anti-proliferative
effects. Structure-activity relationship studies revealed that the combination of the donor
atoms used, rather than the identity of fragments a-f, played a crucial role in their anti-
cancer activity. Indeed, the chelators that utilized “soft” donor atoms, such as nitrogen
and sulfur, formed redox active iron complexes that were able to mediate the oxidation
of ascorbate. This further highlights the important role of ROS generation in mediating
potent anti-cancer effects. Significantly, this study identified potent and selective anti-

cancer chelators that warrant further in vivo examination.
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Supporting Information
Chemical characterization of thiosemicarbazides and thiosemicarbazones, X-ray
data for selected thiosemicarbazones and thiosemicarbazides, HPLC purity data and

isosbestic curves.
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naphthaldehyde thiobenzoyl hydrazone; H,STBH, salicylaldehyde thiobenzoyl
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hydrazone; HCT116, human colon carcinoma; HelLa, human cervical cancer cells; IBE,
iron-binding equivalent; MPIH, methyl pyrazinylketone isonicotinoyl hydrazone; MW,
molecular weight; NHDF, human normal dermal fibroblasts; Raji, human Burkitt’s
lymphoma; ROS, reactive oxygen species; Tf, transferrin; TfR1, transferrin recepetor 1;

TSC,thiosemicarbazone.
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Scheme 3.
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Tables

Table 1. Anti-proliferative activity (ICso values) of the new thiosemicarbazones in

comparison to DFO and Dp44mT in several tumor cell-types and normal human dermal

fibroblast (NHDF) cells. Results are mean + SD (3 experiments).

ICs0 (M)
HCT116 HCT116 B
Chelator o y Raji HelLa SK-N-MC NHDF
p53 p53™
DFO >25 >25 474+1.80 |14.34+0.96 | 15.06+52 >25
0.012 15.38
Dp44mT | 0.002 +0.001 | 0.005 £ 0.002 | 0.007 £ 0.001 | 0.04 +0.01
+0.001 +5.06
0.017
la 0.020 +0.002 | 0.040+0.003 | 0.08+0.02 | 0.48+0.31 | 0.18+0.09
+ 0.004
0.0008 0.0008 0.0003 0.0017
1b 0.57+0.16 | 0.05+0.01
+0.0001 +0.0001 +0.00003 +0.0007
0.016
1c 0.014 £ 0.005 | 0.014 +0.006 | 0.003 £0.004 | 2.21+£0.47 | 1.21+0.35
+ 0.006
0.0013
1d 0.002 +0.008 | 0.009 = 0.001 0.03£0.02 | 0.02+0.01 | 0.16+£0.04
+0.0001
0.014
le 0.038 £0.003 | 0.031 +0.003 | 0.04+£0.02 | 0.72+0.07 | 0.07 +0.05
+0.003
2a 1.44 +£0.69 3.55+1.23 0.06+0.02 | 0.43+0.16 | 2.54+0.86 | 9.62 +1.80
0.033
2b 0.042 £0.003 | 0.09 +£0.04 0.04£0.01 | 0.20£0.07 | 0.33+0.02
+ 0.007
2C 1.49 +£0.02 1.56 +£1.12 0.06+0.01 | 1.75+£0.33 | 1.40+0.69 | 3.27 +0.88
0.032
2d 0.39+0.15 0.27+0.16 0.05+£0.02 | 5.14+2.87 | 0.52+0.16
+0.008
2e 0.088 +£0.044 | 0.48+0.15 029+0.11 | 1.56+0.44 | 0.48+0.10 | 9.44+3.84
0.015 +
2f 0.026 +£0.001 | 0.035+0.003 | 0.81+0.10 | 0.94+0.45 | 0.82+0.19
0.005
3a 9.25+1.42 8.83 +0.63 020+0.02 | 3.41+1.46 | 0.82+0.61 | 15.8+4.6
3b 4.18+1.46 4.67+2.04 0.19 £0.02 8.45+2.09 >6.25 8.88 +£1.07
3c 0.004 £ 0.002 | 0.017+0.006 | 0.02+0.01 | 0.18+0.07 >6.25 10.6 £3.5
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3d 8.41+1.78 8.46 £ 0.25 0.12+0.04 | 6.59+0.13 >6.25 102+2.4
3e 0.05+0.03 5.01 £2.55 0.04+£0.02 | 2.39+0.02 >6.25 12.1+3.6
3f 3.11+1.92 4.35+1.35 0.01+0.04 | 2.57+0.46 >6.25 5.36+£1.99
4a 20.2+0.3 20.3+0.9 335+ 1.11 11.3+£1.6 | 5.09+£047 | 12.1+42
4h 7.45+0.66 8.88 £2.53 223+1.20 | 438+0.95 | 446+0.78 | 10.1+1.2
4c 20.1+0.3 19.8+4.9 3.53+1.87 102+12 | 497+0.95 >25

4d 9.15+1.19 6.84 +£5.48 1.55+040 | 2.73+£0.55 | 454+1.60 | 10.1+£2.7
4e 10.1+0.7 9.44 +1.35 4.55+252 | 349+£0.04 | 417+144 | 956+1.44
Af 19.0+0.5 189+3.6 0.46+0.23 13.3+1.0 >6.25 9.18+3.68
5a 6.15+1.28 8.72 £ 1.64 0.11+0.02 | 1.12+0.03 ND 2.73+1.77
5b 3.92+0.74 2.24 +1.47 0.50+0.05 | 6.05+2.73 | 344+1.12 | 9.61 £0.90
5C 2.03+1.24 5.84 £1.65 024+0.04 | 0.86+0.09 | 2.87+1.25 | 11.6+1.8
5d 94+0.8 941 +1.04 049+0.09 | 1.78+0.77 | 233 +£0.09 | 7.13+0.82
Se 5.73+£0.75 8.49 £3.05 0.27+0.01 | 3.77+1.71 | 1.98+0.68 | 15.8+5.1
5f 1.24 +£0.45 1.02 +£0.54 0.72+0.29 | 4.09+2.07 | 2.04+034 | 0.50+0.21
6a >25 >25 10.2+6.6 22.1+5.4 >6.25 >25

6b 6.9+2.3 8.86 £ 1.46 1.96+0.85 | 5.80+0.48 | 5.13+0.51 13.5+4.8
6c 154+1.7 16.4+3.1 3.79+£0.08 182+1.3 >6.25 >25

6d 9.7+£2.5 106 +1.2 2.60+0.33 164+45 | 542+064 | 184+19
6e 109+ 0.7 10.7+ 1.0 9.83£2.05 192+2.5 >6.25 >25

6f >25 >25 0.69 £0.51 10.1£3.6 >6.25 >25
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Table 2. The selectivity of Dp44mT relative to the 5 most potent anti-cancer TSCs,

namely 1b, 1d, 2b, 2f and 3c, was examined by determining their therapeutic indices.

This was calculated by dividing the NHDF cell 1Csq by the 1Cso of the neoplastic
HCT116 p53*"* or HCT116 p53™ cell-types after a 96 h incubation.

Therapeutic index

Chelator NHDF vs. HCT116 p53”* | NHDF vs. HCT116 p53™
Dp44mT 7690 3076

1b 2 2

1d 80 18

2b 0.8 0.4

2f 0.6 0.4

3c 2650 624
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Figures Legends

Figure 1. Chemical structures of the chelators, Triapine®, di-2-pyridylketone 4,4-
dimethyl-3-thiosemicarbazone (Dp44mT), di-2-pyridylketone 4-cyclohexyl-4-methyl-3-
thiosemicarbazone (DpC), 2-acetylpyridine  (N(4)-(2-pyridyl)-piperazin-1-yl)
thiosemicarbazone, 2-benzoylpyridine 4,4-dimethyl-3-thiosemicarbazone (Bp44mT)

and quinoline thiosemicarbazone (QT).

Figure 2. Effect of (A) series 1, (B) series 2, (C) series 3, (D) series 4, (E) series 5 and
(F) series 6 chelators, relative to DFO and Dp44mT, on *°Fe mobilization from
prelabeled SK-N-MC cells. Cells were incubated for 3 h/37°C with *°Fe-transferrin
(0.75 uM), washed 4 times with ice-cold PBS and then reincubated for 3 h/37°C in the
presence or absence of the chelators (25 pM). Release of *°Fe was then assessed using a

y-scintillation counter. Results are mean + SD (three experiments).

Figure 3. Effect of (A) series 1, (B) series 2, (C) series 3, (D) series 4, (E) series 5 and
(F) series 6 chelators, relative to DFO and Dp44mT, on *°Fe uptake from *°Fe-
transferrin by SK-N-MC cells. Cells were incubated for 3 h/37°C with *°Fe-transferrin
(0.75 puM) in the presence or absence of the chelators (25 uM). At the end of this
incubation, cells were washed 4 times with ice-cold PBS. Internalization of *°Fe was
assessed by incubation for 30 min/4°C with the protease, Pronase (1 mg/mL). Cellular
59Fe was then assessed using a y-scintillation counter. Results are mean + SD (three

experiments).

Figure 4. Effect of the iron complexes of (A) series 1, (B) series 2, (C) series 3, (D)
series 4, (E) series 5 and (F) series 6 chelators, relative to DFO, Dp44mT and EDTA,
on ascorbate oxidation. Chelators at iron-binding equivalent (IBE) ratios of 0.1, 1, and 3
were incubated in the presence of Fe"' (10 uM) and ascorbate (100 pM). The UV-vis
absorbance at 265 nm was recorded after 10 and 40 min, and the difference between the

time points was calculated. Results are mean + SD (three experiments).
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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S1 Chemistry

General reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA),
ACROS Organics (Belgium) or Princeton Chemicals Ltd (Luton, Bedfordshire, UK).
Silica gel 60 (0.040-0.063 mm; Merck, Darmstadt, Germany) was used for column
chromatography. Thin layer chromatography (TLC) was performed on alumina-backed
silica gel 40 Fs4 plates (Merck). The plates were illuminated under UV (254 nm) and
evaluated in iodine vapor. The melting points were determined on Optimelt MPA100
instrument (SRS, USA) and are uncorrected. Syntheses were performed on a CEM-
DISCOVERY microwave reactor (CEM Corporation, Matthews, NC, USA) with
temperature and pressure control. High resolution-mass spectrometry (HRMS) analysis
was performed for all new compounds on a Finnigan MAT95 spectrometer (Thermo
Fisher Scientifc, Bremen, GmbH) or on Mariner ESI-TOF spectrometer (Applied
Biosystems, USA). The purity of all novel compounds was assessed using a Gynkotek
HPLC Modular System equipped with a DAAD UVD340U detector at 250 nm.

All 'H NMR spectra were recorded on a Bruker AM-400 spectrometer (399.95
MHz for *H; 99.99 MHz for *3C; BrukerBioSpin Corp., Germany). Chemical shifts are
reported in ppm against the internal standard, Si(CH3),. Easily exchangeable signals
were omitted when diffuse.

LogP.ac Values were calculated using ChemDraw 12 (Perkin-Elmer, Waltham,
MA, USA) by obtaining Crippen’s fragmentation [1], Viswanadhan’s fragmentation [2]

and Broto’s method [3] data and then calculating the average logPcac.
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S1.1 Chemical Characterization of Thiosemicarbazides and Thiosemicarbazones
The thiosemicarbazides (a-f) and their thiosemicarbazones (Series 1-6) were
prepared according to Schemes 1-3. The characterization of all novel products is

described below.

4-Ethylpiperazine-1-carbothiohydrazide (a)

)

N

e

Yield: 47%. Purity: 98.67%. *H-NMR (dg-DMSO, 400 MHz, ppm): 3.71-3.68
(M, 4H, CH,), 2.35-2.29 (m, 6H, CH,), 1.00 (t, 3H, J= 7.2 Hz). **C-NMR (ds-DMSO,
100 MHz, ppm): 183.0, 52.45, 51.86, 47.75, 12.35. MP: 137-138°C (ethanol). HRMS-
ESI-TOF: 189.1171 [M + H]" (C;H17N4S; Exact Mass: 189.1174). LogPeac: 0.57.

4-Phenylpiperazine-1-carbothiohydrazide (b)

Y
s N
s T
H,N

s

Yield: 58%. MP: 161-162°C (ethanol) [176-177°C (dioxane) [4]]. LogPca:
1.472.

Morpholine-4-carbothiohydrazide (c)

e T
HoN

S
Yield: 76%. MP: 170-171°C (ethanol) [170-171°C; [5]] LOgPcac: -0.52.

ZT
z
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4-(Pyridin-2-yl)piperazine-1-carbothiohydrazide (d)

O

HN" T

S

Yield: 95%. MP: 177-178°C (ethanol) [179-180°C; [4]]. LogPcac: 0.524.

4-(Pyrazin-2-yl)piperazine-1-carbothiohydrazide (e)

ZT
z

H2N/ T

Yield: 95%. Purity: 96.98% (250 nm). *H-NMR (ds-DMSO, 400 MHz, ppm):
9.17 (bs, 1H, NH), 8.31 (bs, 1H, pyrazine), 8.09 (bs, 1H, pyrazine), 7.86 (bs, 1H,
pyrazine), 4.83 (bs, 2H, NH), 3.89 (m, 4H, CH,), 3.61 (m, 4H, CH,). *C-NMR (de-
DMSO, 100 MHz, ppm): 183.0, 154.7, 141.9, 133.1, 131.7, 47.0, 43.7. MP: 167-168°C
(ethanol). HRMS-ESI-TOF: 239.1080 [M + H]* (CgH1sN6S; Exact Mass: 239.1079).
LogPcaic: -0.24.

N-CyclohexyI-N-methyIhydrazinecarbothioamide )

e

Yield: 66%. MP:138-139°C (ethanol) [140°C; [6]] LOgPearc: 1.733.
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(Z2)-N'-(Di(pyridin-2-yl)methylene)-4-ethylpiperazine-1-carbothiohydrazide (1a)

Yield: 62%. Purity: 97.32%. *H-NMR (ds-DMSO, 400 MHz, ppm): 14.47 (bs,
1H, NH), 8.85 (d, 1H, J= 3,6 Hz), 8.60 (d, 1H, J= 3.6 Hz), 8.01-7.91 (m, 3H), 7.59 (m,
2H), 7.58 (m, 1H), 4.00 (m, 4H, CH,, piperazine), 2.50 (m, 6H, CH,, piperazine), 1.06
(t, 3H, J= 6.8 Hz, CHs). *C-NMR (d¢-DMSO, 100 MHz, ppm): 180.8, 148.9, 148.3,
138.3, 127.4, 125.1, 124.2, 56.5, 52.4, 51.7, 12.4. MP: 144-145°C. R&= 0.52
[dichloromethane:ethanol 16:1 (v/v)]. HRMS-EI: 354.1626 (C1sH22NgS; Exact Mass:
354.1627). LogPcqc: 1.842.

N'-(Di(pyridin-2-yl)methylene)-4-phenylpiperazine-1-carbothiohydrazide (1b)

N

|
Oks

Yield: 78%. Purity: 98.65%. *H-NMR (ds-DMSO, 400 MHz, ppm): 14.59 (bs,
1H, NH), 8.89 (d, 1H, J= 3.9 Hz), 8.60 (d, 1H, J= 4.0 Hz, pyridine), 8.01-7.91 (m, 3H),
7.60 (m, 2H), 7.49 (m, 1H), 7.25 (t, 2H, J= 7.7 Hz), 6.96 (d, 2H, J= 8.2 Hz), 6.81 (t, 1H,
J= 7.2 Hz), 417 (m, 4H, CH,, piperazine), 3.34 (m, 4H, CH,, piperazine). *C-NMR
(dg-DMSO, 100 MHz, ppm):180.7, 150.8, 148.7, 148.4, 138.3, 137.7, 129.5, 127.3,
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125.1, 119.4, 115.7, 49.6, 48.1. MP: 151-152°C. Rs= 0.28 [dichloromethane:methanol
40:1 (v/v)]. HRMS-EI: 402.1628 (C22H22NgS; Exact Mass: 402.1627). LogPcac: 2.744.

N'-(Di(pyridin-2-yl)methylene)morpholine-4-carbothiohydrazide (1c)

Yield: 78%. Purity: 96.32%. 'H-NMR (ds-DMSO, 400 MHz, ppm): 14.50 (bs,
1H, NH), 8.85 (d, 1H, J= 3,7 Hz), 8.61 (d, 1H, J= 3.5 Hz), 8.01-7.91 (m, 3H), 7.58 (m,
2H), 7.49 (m, 1H), 4.00 (m, 4H, CH,); 3.71 (m, 4H, CH,). *C-NMR (ds-DMSO, 100
MHz, ppm):180.2, 148.3, 148.4, 138.7, 127.5, 125.1, 124.0, 68.5, 52.6. MP: 124-125°C.
Rs= 0.57 [dichloromethane:ethyl acetate 8:1 (v/v)]. HRMS-EI: 327.1158 (C16H17NsOS;
Exact Mass: 327.1154). LogPcq: 0.752.

(2)-N'-(Di(pyridin-2-yl)methylene)-4-(pyridin-2-yl)piperazine-1-
carbothiohydrazide (1d)

Yield: 74%. Purity: 95.62%. 'H-NMR (ds-DMSO, 400 MHz, ppm): 14.65 (bs,
1H, NH), 8.90 (d, 1H, J=5.2 Hz, pyridine), 8.62 (d, 1H, J= 4.4 Hz, pyridine), 8.15 (dd,
1H, J1= 4.6 Hz, J,= 1.5 Hz, pyridine), 8.05-7.93 (m, 3H, pyridine), 7.62-7.55 (m, 3H,
pyridine), 7.49 (t, 1H, J= 7.2 Hz, pyridine), 6.82 (d, 1H, J= 8.6 Hz, pyridine), 6.68 (dd,
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1H, J1= 6.8 Hz, J,= 5.2 Hz, pyridine), 4.15 (m, 4H, CH,, piperazine), 3.72 (m, 4H, CHo,
piperazine). *C-NMR (ds-DMSO, 100 MHz, ppm): 180.7, 158.9, 148.9, 148.4, 148.0,
138.3, 137.8, 127.3, 125.1, 124.2, 113.5, 107.3, 49.0, 44.2. MP: 143-144°C. HRMS-
ESI-TOF: 404.1652 [M + H]* (C21H22N7S; Exact Mass: 404.1657). LogPcc: 1.796.

N'-(Di(pyridin-2-yl)methylene)-4-(pyrazin-2-yl)piperazine-1-carbothiohydrazide
(1e)

/HT;
Nea
J

Yield: 66%. Purity: 95.45%. *H-NMR (ds-DMSO, 400 MHz, ppm): 14.66 (bs,
1H, NH), 8.89 (d, 1H, J = 4.7 Hz, pyridine), 8.62 (d, 1H, J = 4.0 Hz), 8.31 (bs, 1H,
pyrazine), 8.12 (bs, 1H, pyrazine), 8.06 — 7.91 (m, 3H, pyridine), 7.88 (d, 1H, J = 2.2
Hz, pyrazine), 7.61 (t, 2H, J= 6.4 Hz, pyridine), 7.49 (t, 1H, J= 5.6 Hz, pyridine), 4.18
(m, 4H, CH,, piperazine), 3.80 (m, 4H, CH,, piperazine). *C-NMR (ds-DMSO, 100
MHz, ppm): 180.7, 154.5, 149.4, 148.9, 148.4, 141.9, 138.2, 137.8, 127.3, 125.1, 124.2,

48.8, 43.5. MP: 175-176°C. HRMS-ESI-TOF: 405.1606 [M + H]" (C2H2:NsS; Exact
Mass: 405.1610). LogPcqc: 1.031.

(E)-4-Ethyl-N'-(quinolin-2-ylmethylene)piperazine-1-carbothiohydrazide (2a)

X s
(I
o
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Yield: 78%. Purity: 96.67%. *H-NMR (ds-DMSO, 400 MHz, ppm): 8.39 (d, 1H,
J= 8.7 Hz, quinoline), 8.32 (s, 1H, CH), 8.03-7.98 (m, 3H, quinoline), 7.77 (t, 1H, J=
8.4 Hz, quinoline), 7.62 (t, 1H, J= 7.8 Hz, quinoline), 3.97 (m, 4H, CH,, piperazine),
2.51 (m, 6H, CHj, piperazine, CH,-CHs), 1.04 (t, 3H, J= 7.2 Hz, CH,-CHs). **C-NMR
(ds-DMSO, 100 MHz, ppm): 181.1, 154.3, 147.8, 144.2, 137.1, 130.5, 129.2, 128.5,
128.2, 127.6, 117.7, 52.6, 51.8, 50.5, 12.3. MP: 168-169°C. R 0.48
[dichloromethane:ethanol 10:1 (v/v)]. HRMS-ESI-TOF: 350.1414 [M + Na]*
(C17H21NsSNa; Exact Mass: 350.1415). LogPcac: 2.883.

(E)-4-Phenyl-N'-(quinolin-2-yImethylene)piperazine-1-carbothiohydrazide (2b)

C[N;\/”\HJKO

N

Yield: 81%. Purity: 98.00%. *H-NMR (ds-DMSO, 400 MHz, ppm): 11.66 (bs,
1H, NH), 8.39 (d, 1H, J= 8.7 Hz, quinoline), 8.35 (s, 1H, CH), 8.03 (d, 2H, J= 8.5 Hz,
quinoline), 7.99 (d, 1H, J= 8.0 Hz, quinoline), 7.79 (t, 1H, J= 7.6 Hz, quinoline), 7.62 (t,
1H, J= 7.8 Hz, quinoline), 7.25 (t, 2H, J = 7.8 Hz, phenyl), 6.99 (d, 2H, J = 8.1 Hz,
phenyl), 6.82 (t, 1H, J = 7.1 Hz, phenyl), 4.14 (m, 4H, CH,, piperazine), 3.32 (m, 4H,
CH,, piperazine). *C-NMR (ds-DMSO, 100 MHz, ppm): 181.2, 154.3, 150.9, 147.9,
144.4, 137.1, 130.5, 129.5, 129.3, 128.5, 128.2, 127.6, 119.6, 117.8, 116.0, 50.3, 48.5.
MP: 162-163°C. HRMS-ESI-TOF: 376.1591 [M + H]" (C21H2NsS; Exact Mass:
376.1596). LogP ac: 3.785.

(E)-N'-(Quinolin-2-ylmethylene)morpholine-4-carbothiohydrazide (2c)

222



Yield: 85%. Purity: 97.42%. 'H-NMR (dg-DMSO, 400 MHz, ppm): 11.61 (bs,
1H, NH), 8.38 (d, 1H, J = 8.7 Hz, quinoline), 8.32 (s, 1H, CH), 8.01 (m, 3H, quinoline),
7.80 (t, 1H, J= 8.0 Hz, quinoline ), 7.64 (t, 1H, J= 6.4 Hz, quinoline), 3.99 (m, 4H,
piperazine), 3.72 (m, 4H, piperazine). *C-NMR(de-DMSO, 100 MHz, ppm):181.4,
154.3, 147.8, 144.4, 137.1, 130.5, 129.3, 128.4, 128.2, 127.6, 117.7, 66.5, 51.2. MP:
145-146°C. HRMS-EI: 300.1034 (CisH16N4OS; Exact Mass: 300.1045). LogPcc:
1.793.

(E)-4-(Pyridin-2-yl)-N'-(quinolin-2-ylmethylene)piperazine-1-carbothiohydrazide

(2d)
(I
F /"\H)J\N/\

K/N N
X

Z

Yield: 69%. Purity: 97.87%. *H-NMR (ds-DMSO, 400 MHz, ppm): 11.50 (bs,
1H, NH), 8.38 (m, 2H, quinoline, pyridine), 8.16 (d, 1H, J= 4.0 Hz, pyridine), 8.03 (d,
2H, J= 8.6 Hz, quinoline), 7.98 (d, 1H, J= 8.0 Hz, quinoline), 7.79 (t, 1H, J= 7.2 Hz,
quinoline), 7.64-7.56 (m, 2H, quinoline, pyridine), 6.85 (d, 1H, J= 8.8 Hz, pyridine),
6.68 (t, 1H, J= 5.2 Hz, pyridine), 4.12 (m, 4H, piperazine), 3.71 (m, 4H, piperazine).
B3C-NMR, (ds-DMSO, 100 MHz, ppm):181.5, 159.0, 154.3, 148.0, 147.9, 144.5, 138.0,
137.1, 130.4, 129.3, 128.4, 128.2, 127.6, 117.8, 113.6, 107.5, 50.2, 44.7. MP: 133-
134°C. HRMS-ESI-TOF: 377.1549 [M + H]" (Cx0H2NeS; Exact Mass: 377.1548).
LogPcalc: 2.837.
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(E)-4-(Pyrazin-2-yl)-N'-(quinolin-2-ylmethylene)piperazine-1-carbothiohydrazide

@L\x
f]

Yield: 96%. Purity: 98.98%. 'H-NMR (ds-DMSO, 400 MHz, ppm): 11.77 (bs,
1H, NH), 8.39 (d, 1H, J= 8.7 Hz), 8.35 (m, 2H, CH, pyrazine), 8.13 (m, 1H), 8.03 (m,
2H), 8.00 (d, 1H, J= 7.8 Hz), 7.89 (d, 1H, J= 2.4 Hz), 7.79 (t, 1H, J= 7.0 Hz), 7.63 (t,
1H, J= 7.9 Hz), 4.13 (m, 4H, piperazine), 3.78 (m, 4H, piperazine). **C-NMR (de-
DMSO, 100 MHz, ppm):181.3, 154.7, 154.3, 147.9, 144.4, 141.9, 137.1, 133.1, 131.7,
130.5, 129.3, 128.5, 128.2, 127.6, 117.8, 49.9, 44.0. MP: 188-189° C. HRMS-ESI-TOF:
378.1498 [M + H]" (C19H20N-S; Exact Mass: 378.1501). L0ogPcac: 2.072.

(E)-N-Cyclohexyl-N-methyl-2-(quinolin-2-ylmethylene)hydrazinecarbothioamide
(2f)

\

S
/N\)L
H N

Yield: 58%. Purity: 99.12%. *H-NMR (ds-DMSO, 400 MHz, ppm): 11.25 (bs,
1H, NH), 8.39 (m, 2H, CH, quinoline), 8.03-7.98 (m, 3H, quinoline), 7.78 (t, 1H, J=8.0
Hz, quinoline), 7.62 (t, 1H, J= 7.6 Hz, quinoline), 4.74 (bs, 1H, C;-cyclohexyl), 3.14 (s,
3H, CH3), 1.80 (m, 4H, cyclohexyl), 1.58 (m, 3H, cyclohexyl), 1.30 (m, 2H,
cyclohexyl), 1.15 (t, 1H, J= 12.0 Hz, cyclohexyl). *C-NMR (ds-DMSO, 100 MHz,
ppm):181.1, 154.5, 147.9, 144.2, 137.0, 130.5, 129.2, 128.4, 128.1, 127.5, 117.7, 61.2,
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39.8, 34.9, 29.7, 25.8, 25.7, 25.4. MP: 125-126°C. HRMS-EI: 326.1564 (CigH22N4S;
Exact Mass: 326.1565). LogPcqc: 4.145.

(2)-4-Ethyl-N"-((8-hydroxyquinolin-2-yl)methylene)piperazine-1-
carbothiohydrazide (3a)

X s
F /N\”)kN/ﬁ
OH K/N\/

Yield: 74%. Purity: 95.03%. 'H-NMR (ds-DMSO, 400 MHz, ppm): 15.29 (bs,
1H, NH), 8.33 (s,1H, CH), 8.30 (d, 1H, J= 8.4 Hz, quinoline), 7.97 (d, 1H, J= 8.4 Hz,
quinoline), 7.44 (t, 1H J = 7.6 Hz), 7.38 (d, 1H, J = 7.2 Hz), 7.11 (d, 1H J = 7.4 Hz),
3.95 (m, 4H, piperazine), 2.50 (m, 6H, piperazine, CH,), 1.04 (t, 3H, J= 6.8 Hz). *C-
NMR (ds-DMSO, 100 MHz, ppm):181.2, 153.8, 152.3, 144.0, 138.6, 136.9, 129.1,
1285, 118.2, 117.9, 112.6, 52.7, 51.7, 50.5, 12.4. MP: 167-168°C. HRMS-ESI-TOF:
366.1362 [M + Na]* (C17H21NsOSNa; Exact Mass: 366.1365). LogPcarc: 2.931.

(E)-N'-((8-Hydroxyquinolin-2-yl)methylene)-4-phenylpiperazine-1-carbothio-
hydrazide (3b)

\ S
N )L
N/ / \” N/\

[ 9
&

Yield: 67%. Purity: 96.59%. ‘H-NMR (ds-DMSO, 400 MHz, ppm): 11.71 (bs,
1H, NH), 9.83 (bs, 1H, OH), 8.38 (bs, 1H, CH), 8.32 (d, 1H, J= 8.7 Hz, quinoline), 8.01
(d, 1H, J= 8.7 Hz, quinoline), 7.44 (m, 1H, quinoline), 7.39 (m, 1H), 7. 25 (t, 2H, J=7.9
Hz, phenyl), 7.13 (d, 1H, J= 7.1 Hz), 6.99 (d, 2H, J= 8.2 Hz, phenyl), 6.82 (t, 1H, J=7.1
Hz, phenyl), 4.13 (m, 4H, piperazine), 3.32 (m, 4H, piperazine). “*C-NMR (ds-DMSO,
100 MHz, ppm):181.3, 153.8, 152.3, 151.0, 144.2, 138.6, 137.0, 129.5, 129.2, 128.6,
119.6, 118.3, 117.9, 115.9, 112.7, 50.4, 48.6. MP: 175-176°C. HRMS-ESI-TOF:
392.1540 [M + H]* (C21H2NsOS; Exact Mass: 392.1545). LogPeac: 3.833.
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(E)-N'-((8-Hydroxyquinolin-2-yl)methylene)morpholine-4-carbothiohydrazide (3c)
X s
NZ /N\N)j\N/ﬁ
H
OH k/o
Yield: 76%. Purity: 95.77%. *H-NMR (dg-DMSO, 400 MHz, ppm): 11.66 (bs,
1H, NH), 9.81 (bs, 1H, OH), 8.35 (s, 1H, CH), 8.30 (d, 1H, J = 8.7 Hz, quinoline), 7.97
(d, 1H, J = 8.7 Hz, quinoline), 7.45 (t, 1H, J = 7.7 Hz, quinoline), 7.39 (d, 1H,J=7.6
Hz, quinoline), 7.12 (d, 1H, J = 7.1 Hz, quinoline), 3.98 (m, 4H, piperazine), 3.72 (m,
4H, piperazine). *C-NMR (ds-DMSO, 100 MHz, ppm):181.4, 153.8, 152.2, 144.3,

138.6, 137.0, 129.1, 128.6, 118.3, 117.9, 112.6, 66.5, 51.2. MP: 181-182°C. HRMS-EI:
316.0984 (C15H16N40,S; Exact Mass: 316.0994). LogPcqc: 1.841.

(E)-N'-((8-Hydroxyquinolin-2-yl)methylene)-4-(pyridin-2-yl)piperazine-1-
carbothiohydrazide (3d)

X s
N )k
N/ = N\ N/\
H
OH \\/N N
X

’ Z

Yield: 77%. Purity: 99.25%. *H-NMR (ds-DMSO, 400 MHz, ppm): 11.70 (bs,
1H, NH), 9.82 (bs, 1H, OH), 8.38 (s, 1H, CH), 8.31 (d, 1H, J= 8.7 Hz, quinoline), 8.16
(d, 1H, J= 4.8 Hz, pyridine), 8.02 (d, 1H, J= 8.7 Hz, quinoline), 7.58 (m, 1H, pyridine),
7.45 (t, 1H, J= 7.6 Hz, quinoline), 7.39 (d, 1H, J= 7.9 Hz, quinoline), 7.13 (d, 1H, J=
7.3 Hz, quinoline), 6.86 (d, 1H, J= 8.6 Hz, pyridine), 6.68 (m, 1H, pyridine), 4.11 (m,
4H, piperazine), 3.70 (m, 4H, piperazine). **C-NMR (ds-DMSO, 100 MHz, ppm):181.3,
159.0, 153.8, 152.3, 148.0, 144.2, 138.6, 138.1, 137.0, 129.1, 128.6, 118.3, 118.0,
113.6, 112.6, 107.5, 50.2, 44.7. MP: 176-177°C. HRMS-ESI-TOF: 393.1490 [M + H]"
(C20H21N6OS; Exact Mass: 393.1498). LogPcaic: 2.885.
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(E)-N'-((8-Hydroxyquinolin-2-yl)methylene)-4-(pyrazin-2-yl)piperazine-1-

\ )
N )J\
N/ / \N N/\
H
OH k/N N
\[ j
=
N
Yield: 86%. Purity: 99.8%. *H-NMR (dg-DMSO, 400 MHz, ppm): 11.72 (bs,
1H, NH), 9.82 (bs, 1H, OH), 8.38 (s, 1H, CH), 8.36 (m, 1H, pyrazine), 8.31 (d, 1H, J=
8.7 Hz, quinoline), 8.13 (m, 1H, pyrazine), 8.02 (d, 1H, J= 8.7 Hz, quinoline), 7.89 (m,
1H, pyrazine), 7.45 (t, 1H, J = 7.6 Hz, quinoline), 7.39 (d, 1H, J= 7.5 Hz, quinoline),
7.13 (d, 1H, J= 6.7 Hz, quinoline), 4.13 (m, 4H, piperazine), 3.78 (m, 4H, piperazine).
BC-NMR (ds-DMSO, 100 MHz, ppm):181.4, 154.7, 153.8, 152.2, 144.3, 141.9, 138.6,
137.0, 133.1, 131.7, 129.2, 128.6, 118.3, 118.0, 112.6, 49.9, 44.0. MP: 200-201°C.

HRMS-ESI-TOF: 394.1448 [M + H]* (C19H20N-OS; Exact Mass: 394.1450). LogPcarc:
2.121.

carbothiohydrazide (3e)

(E)-N-Cyclohexyl-2-((8-hydroxyquinolin-2-yl)methylene)-N-
methylhydrazinecarbo-thioamide (3f)

X s
NN
N/ Z \H N

OH

Yield: 65%. Purity: 98.01%. *H-NMR (ds-DMSO, 400 MHz, ppm): 11.33 (bs,

1H, NH), 9.77 (bs, 1H, OH), 8.39 (s, 1H, CH), 8.30 (d, 1H, J= 8.8 Hz, quinoline), 7.99

(d, 1H, J= 8.8 Hz, quinoline), 7.44 (t, 1H, J= 7.6 Hz, quinoline), 7.38 (dd, 1H, J;= 8.0

Hz; J,= 1.2 Hz, quinoline), 7.11 (dd, 1H, J;= 7.2 Hz; 1.2 Hz, quinoline), 4.74 (bs, 1H,

C;-cyclohexyl), 3.14 (s, 3H, CH3), 1.80 (m, 4H, cyclohexyl),1.58 (m, 3H, cyclohexyl),
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1.32 (m, 2H, cyclohexyl), 1.16 (t, 1H, J= 11.4 Hz, cyclohexyl). **C-NMR (ds-DMSO,
100 MHz, ppm):181.2, 153.8, 152.5, 144.1, 138.6, 136.9, 129.1, 128.4, 118.3, 117.90,
112.6, 61.2, 39.8, 35.0, 29.7, 25.7, 25.4. MP: 164-165°C. HRMS-El: 342.1513
(C18H22N4OS; Exact Mass: 342.1514). LogPcaic: 4.193.

(E)-4-Ethyl-N'-((7-hydroxyquinolin-8-yl)methylene)piperazine-1-
carbothiohydrazide (4a)

X

. OJ

Yield: 76.5%. Purity: 95.35%. lH-NS;\/IR (dg-DMSO, 400 MHz, ppm): 13.23 (bs,
1H, NH), 11.59 (bs, 1H, OH), 9.76 (s, 1H, CH), 8.84 (d, 1H; J = 2.8 Hz, quinoline),
8.30 (d, 1H; J = 8.1 Hz, quinoline), 7.92 (d, 1H, J = 9.0 Hz, quinoline), 7.42 (dd, 1H, J;
= 8.1 Hz, J,= 4.3 Hz, quinoline), 7.28 (d, 1H, J= 9.0 Hz, quinoline), 3.97 (m, 4H,
piperazine), 2.51 (m, 6H, piperazine, CH,), 1.05 (t, J= 7.2 Hz, 3H, CHs). *C-NMR (de-
DMSO, 100 MHz, ppm):179.2, 160.4, 150.6, 147.0, 144.9, 136.9, 131.6, 122.2, 120.8,
119.7, 111.0, 52.3, 51.7, 48.2, 12.1. MP: 145-146°C. HRMS-EI. 343.1464
(C17H21NsOS; Exact Mass: 343.1467). LogPcaic: 2.931.

HO

(E)-N'-((7-Hydroxyquinolin-8-yl)methylene)-4-phenylpiperazine-1-carbothio-

hydrazide (4b)
Z
HO N
N
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Yield: 67%. Purity: 96.12%. *H-NMR (ds-DMSO, 400 MHz, ppm): 13.14 (bs,
1H, NH), 11.83 (bs, 1H, OH), 9.83 (s, 1H, CH), 8.87 (m, 1H, quinoline), 8.32 (d, 1H, J
= 8.0 Hz, quinoline), 7.95 (d, 1H, J = 9.0 Hz, quinoline), 7.45 (dd, 1H, J; = 8.0 Hz, J,=
4.2 Hz, quinoline ), 7.31 (d, 1H, J = 8.9 Hz, quinoline), 7.25 (t, 2H, J = 7.7 Hz, phenyl),
7.00 (d, 2H, J = 8.2 Hz, phenyl), 6.82 (t, 1H, J = 7.1 Hz, phenyl), 4.13 (m, 4H,
piperazine), 3.29 (m, 4H, piperazine). **C-NMR (ds-DMSO, 100 MHz, ppm):179.2,
159.8, 150.9, 150.7, 146.9, 145.2, 137.0, 131.6, 129.5, 122.4, 120.4, 119.9, 119.6,
115.9, 111.2, 48.3, 48.2. MP: 212-213°C. HRMS-EI: 391.1470 (C,1H2:Ns0S; Exact
Mass: 391.1467). LogPcaqc: 3.833.

(E)-N'-((7-Hydroxyquinolin-8-yl)methylene)morpholine-4-carbothiohydrazide (4c)

HO N

Yield: 76%. Purity: 96.22%. 'H-NMR (ds-DMSO, 400 MHz, ppm): 13.10 (bs,
1H, NH), 11.75 (bs, 1H, OH), 9.81 (s, 1H, CH), 8.87 (m, 1H, quinoline), 8.33 (d, 1H, J
= 7.8 Hz, quinoline), 7.95 (d, 1H, J = 9.0 Hz, quinoline), 7.45 (dd, 1H, J; = 8.0 Hz, J,=
4.3 Hz, quinoline), 7.31 (d, 1H, J = 8.9 Hz, quinoline), 3.97 (m, 4H, piperazine), 3.69
(m, 4H, piperazine). *C-NMR (dg-DMSO, 100 MHz, ppm):179.5, 159.7, 150.7, 146.8,
145.3, 137.1, 131.6, 122.4, 120.4, 119.9, 111.2, 66.2, 49.1. MP: 198-199°C. HRMS-EI:
316.0982 (C15H16N40,S; Exact Mass: 316.0994). LogPcqc: 1.841.
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(E)-N'-((7-Hydroxyquinolin-8-yl)methylene)-4-(pyridin-2-yl)piperazine-1-
carbothio-hydrazide (4d)

Yield: 72%. Purity: 95.29%. *H-NMR (ds-DMSO, 400 MHz, ppm): 13.14 (bs,
1H, NH), 11.80 (s, 1H, OH), 9.83 (s, 1H, CH), 8.86 (dd, 1H, J; = 4.2, J,= 1.6 Hz,
quinoline), 8.32 (dd, 1H, J; = 8.2, J,= 1.7 Hz, quinoline), 8.15 (dd, 1H, J; = 4.9, J,= 1.6
Hz, pyridine), 7.95 (d, 1H, J = 9.0 Hz, quinoline), 7.58 (ddd, 1H, J; = 8.8, J,=7.2, J3=
1.9 Hz, pyridine), 7.45 (dd, 1H, J;=8.2 Hz, J,= 4.3 Hz, quinoline), 7.32 (d, 1H, J= 8.6
Hz, quinoline), 6.87 (d, 1H, J = 8.6 Hz, pyridine), 6.68 (dd, 1H, J; = 7.0, J,= 5.0 Hz,
pyridine), 4.11 (m, 4H, piperazine), 3.66 (m, 4H, piperazine). **C-NMR (ds-DMSO, 100
MHz, ppm):179.2, 159.3, 158.9,150.6,148.0, 146.9, 145.2, 138.1, 137.0, 131.6, 122.3,
120.4, 119.8, 113.7, 111.9, 107.5, 56.5, 48.1. MP: 186-187°C. HRMS-ESI-TOF:
393.1493 [M + H]" (CxH21NsOS; Exact Mass: 393.1498). LogPcyic: 2.885.

(E)-N'-((7-Hydroxyquinolin-8-yl)methylene)-4-(pyrazin-2-yl)piperazine-1-
carbothiohydrazide (4e)

= N/\
NOPee
\N K\N X N
| \
N\[(
S

Yield: 76%. Purity: 98.37%. *H-NMR (ds-DMSO, 400 MHz, ppm): 13.13 (bs,
1H, NH), 11.82 (bs, 1H, OH), 9.84 (s, 1H, CH), 8.87 (d, 1H, J= 2.5 Hz, quinoline), 8.37
(s, 1H, pyrazine), 8.33 (d, 1H, J = 7.9 Hz, quinoline), 8.13 (s, 1H, pyrazine), 7.95 (d,

1H, J = 9.0 Hz, quinoline), 7.89 (d, 1H, J = 2.3 Hz, pyrazine), 7.45 (dd, 1H, J; = 8.0,
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J,= 4.2 Hz, quinoline), 7.32 (d, 1H, J= 8.4 Hz, quinoline), 4.13 (m, 4H, piperazine),
3.74 (m, 4H, piperazine). *C-NMR (dg-DMSO, 100 MHz, ppm):179.3, 159.8, 154.7,
150.7, 146.9, 145.3, 141.9, 137.0, 133.1, 131.8, 131.6, 122.4, 120.4, 119.9, 111.2, 56.5,
47.8. MP: 209-210°C. HRMS-ESI-TOF: 394.1446 [M + H]* (C1oH2N;OS; Exact Mass:
394.1450). LogPcqc: 2.121.

(E)-N-Cyclohexyl-2-((7-hydroxyquinolin-8-yl)methylene)-N-methylhydrazine
carbothioamide (4f)

X

Z

HO N

T

Yield: 76%. Purity: 95.46%. "H-NMR (ds-DMSO, 400 MHz, ppm): 13.26 (bs,
1H, NH), 11.20 (bs, 1H, OH), 9.82 (s, 1H, CH), 8.85 (dd, 1H, J;= 4.0 Hz; J,= 1.6 Hz,
quinoline), 8.30 (dd, J;= 8.0 Hz, J,= 1.9 Hz, quinoline), 7.92 (d, 1H, J= 9.0 Hz,
quinoline), 7.43 (dd, 1H, J;= 8.1 Hz, J,= 4.3 Hz, quinoline), 7.29 (d, 1H, J= 9.0 Hz,
quinoline), 5.00 (bs,1H, C;-cyclohexyl), 3.10 (s, 3H, CH3), 1.79 (m, 4H, cyclohexyl),
1.50 (m, 3H, cyclohexyl), 1.35 (m, 2H, cyclohexyl), 1.06 (t, 1H, J= 6.8 Hz, cyclohexyl).
BC-NMR (ds-DMSO, 100 MHz, ppm): 179.0, 160.1, 150.5, 147.0, 144.8, 136.9, 131.4,
122.3, 120.6, 119.7, 111.2, 59.5, 32.7, 29.6, 25.7, 25.4, 24.2. MP: 184-185°C. HRMS-
El: 342.1512 (C18H22N40S; Exact Mass: 342.1514). LogPcqc: 4.1935.

A

z2—2Z

H

(E)-4-Ethyl-N"-(quinoxalin-2-ylmethylene)piperazine-1-carbothiohydrazide (5a)

@iN;\/”\H)k Q »

Yield: 86%. Purity: 96.00%. *H-NMR (ds-DMSO, 500 MHz, ppm): 11.69 (bs,
1H, NH), 9.34 (s, 1H, quinoxaline), 8.32 (s, 1H, quinoxaline), 8.09 (t, 2H, J = 9.1 Hz,
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quinoxaline), 7.91 — 7.80 (m, 2H, quinoxaline), 3.98 (m, 4H, piperazine), 3.34 (m, 4H,
piperazine), 2.39 (g, 2H, J = 7.1 Hz, CH,), 1.04 (t, 3H, J = 7.2 Hz, CH5). *C-NMR (de-
DMSO, 125 MHz, ppm): 181.0, 149.1, 148.9, 143.2, 141.8, 141.8, 131.2, 130.9, 129.4,
129.4, 52.7, 51.8, 50.7, 12.4. MP: 150-151°C. HRMS-ESI-TOF: 329.1544 [M + H]"
(C16H21NgS; Exact Mass: 329.1548). LogPcqc: 2.136.

(E)-4-Phenyl-N'-(quinoxalin-2-ylmethylene)piperazine-1-carbothiohydrazide (5b)

QNLKAO

Yield: 69%. Purity: 99.10%. 'H-NMR (ds-DMSO, 400 MHz, ppm): 11.82 (bs,
1H, NH), 9.39 (s, 1H, quinoxaline), 8.36 (s, 1H; CH), 8.10 (t, 2H, J= 7.2 Hz,
quinoxaline), 7.87 (m, 2H, quinoxaline), 7.26 (t, 2H, J= 8.0 Hz, phenyl), 7.00 (d, 2H,
J=8.1 Hz, phenyl), 6.82 (t, 1H, J= 7.2 Hz, phenyl), 4.15 (m, 4H, piperazine), 3.33 (m,
4H, piperazine). *C-NMR (ds-DMSO, 100 MHz, ppm): 181.1; 150.9; 149.1; 143.3;
142.0; 141.9; 141.8; 131.2; 130.9; 129.5; 129.5; 119.6; 115.9; 50.4; 48.5. MP: 168-
169°C. HRMS-ESI-TOF: 377.1546 [M + H]" (CxH21NeS; Exact Mass: 377.1548).
LogPcac: 3.038.

(E)-N'-(Quinoxalin-2-ylmethylene)morpholine-4-carbothiohydrazide (5c)

QNLKAO

Yield: 83%. Purity: 99.00%. *H-NMR (ds-DMSO, 400 MHz, ppm): 11.56 (bs,
1H, NH), 9.34 (s, 1H, quinoxaline), 8.33 (s, 1H, CH), 8.09 (m, 2H, quinoxaline), 7.85
(m, 2H, quinoxaline), 4.00 (m, 4H, piperazine), 3.73 (s, 4H, piperazine). *C-NMR (ds-
DMSO, 100 MHz, ppm): 181.3, 149.0, 143.3, 142.0, 141.8, 141.7, 131.2, 130.9, 129.4,
66.5, 51.3. MP: 176-177°C. HRMS-ESI-TOF: 324.0892 [M + Na]" (C14H:sNsOSNa;

Exact Mass: 324.0895). LogPcq: 1.046.
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(E)-4-(Pyridin-2-yl)-N'-(quinoxalin-2-ylmethylene)piperazine-1-
carbothiohydrazide (5d)

Yield: 69%. Purity: 98.45%. *H-NMR (ds-DMSO, 400 MHz, ppm): 11.79 (s,
1H, NH), 9.39 (s, 1H, quinoxaline), 8.36 (s, 1H, CH), 8.15 (d, 1H, J= 3.2 Hz, pyridine ),
8.10 (m, 2H, quinoxaline), 7.87 (m, 2H, quinoxaline), 7.58 (t, 1H, J= 7.2 Hz, pyridine),
6.85 (d, 1H, J= 8.0 Hz, pyridine), 6.68 (t, 1H, J= 5.6 Hz, pyridine), 4.12 (m, 4H,
piperazine), 3.70 (m, 4H, piperazine). **C-NMR (dg-DMSO, 100 MHz, ppm): 181.2,
159.0, 149.1, 148.1, 143.3, 1419, 141.9, 141.8, 138.1, 131.2, 130.9, 129.5, 113.7,
107.5, 50.3, 44.7. MP: 190-191°C. HRMS-EI: 377.1405(C19H19N+S; Exact Mass:
377.1423). LogPaic: 2.09.

(E)-4-(Pyrazin-2-yl)-N'-(quinoxalin-2-ylmethylene)piperazine-1-
carbothiohydrazide (5e)

SOUN x
T]

Yield: 79 %. Purity: 95.37%. *H-NMR (ds-DMSO, 400 MHz, ppm): 11.81 (bs,
1H, NH), 9.40 (s, 1H, quinoxaline), 8.36 (m, 2H, CH, pyrazine), 8.13-8.08 (m, 3H,
quinoxaline, pyrazine), 7.89-7.84 (m, 3H, quinoxaline, pyrazine), 4.15 (m, 4H,
piperazine), 3.79 (m, 4H, piperazine). *C-NMR (ds-DMSO, 100 MHz, ppm): 181.2,
154.7, 149.1, 143.3, 142.0, 141.9, 141.9, 141.8, 133.1, 131.7, 131.2, 130.9, 129.4,
129.3, 50.01, 44.0. MP: 186-187°C. HRMS-ESI-TOF: 401.1270 [M + Na]’
(C18H1sNgSNa; Exact Mass: 401.1273). LogPcac: 1.325.
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(E)-N-Cyclohexyl-N-methyl-2-(quinoxalin-2-
ylmethylene)hydrazinecarbothioamide (5f)

N
(.
N/ /N\N)J\N/

H

Yield: 78%. Purity: 98.70%. *H-NMR (ds-DMSO, 400 MHz, ppm): 11.44 (bs,
1H, NH), 9.36 (s, 1H, quinoxaline), 8.38 (s, 1H, CH), 8.12-8.07 (m, 2H, quinoxaline),
7.88-7.85 (m, 2H, quinoxaline), 4.74 (bs, 1H, Ci-cyclohexyl), 3.16 (s, 3H, CHj3), 1.80
(m, 4H, cyclohexyl), 1.58 (m, 3H, cyclohexyl), 1.32 (m, 2H, cyclohexyl), 1.16 (t, 1H,
J= 12.8 Hz, cyclohexyl). *C-NMR (ds-DMSO, 100 MHz, ppm): 181.0, 149.3, 143.2,
141.9, 141.8, 131.2, 130.8, 129.4, 129.4, 61.3, 35.1, 29.7, 25.7, 25.4. MP: 154-155°C.
HRMS-EI: 327.1513 (C17H,:NsS; Exact Mass: 327.1518). LogPcac: 3.398.

(E)-4-Ethyl-N'-(2-hydroxybenzylidene)piperazine-1-carbothiohydrazide (6a)
OH
©i/ S

N )L

/ \N N/ﬁ
H

A

N —

Yield: 86%. Purity: 95.2%. ‘*H-NMR (ds-DMSO, 400 MHz, ppm): 11.60 (bs,
1H, NH), 8.46 (s, 1H, CH), 7.41 (dd, 1H, J; = 7.9 Hz, J,= 1.6 Hz, phenyl), 7.27 (td, 1H,
J; = 7.8 Hz, J,= 7.4 Hz, J;= 1.7 Hz, phenyl), 6.92-6.88 (m, 2H, phenyl), 3.92 (m, 4H,
piperazine), 2.45 (m, 4H, piperazine), 2.35 (m, 2H, CH,), 1.03 (t, 3H, J = 7.2 Hz, CH3).
BC-NMR (ds-DMSO, 100 MHz, ppm): 183.0, 159.0, 148.0, 138.0, 128.5, 121.2, 118.6,
117.5, 57.2, 44.4, 12.5. MP: 160-161°C. HRMS-ESI-TOF: 293.1434 [M + H]’
(C14H2:N4OS; Exact Mass: 293.1436). LogPcqc: 2.832.
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(E)-N'-(2-Hydroxybenzylidene)-4-phenylpiperazine-1-carbothiohydrazide (6b)

@i/"\HJLO
&

Yield: 89%. Purity: 96.12%. MP: 206-207°C [207-209°C; [4]].

(E)-N'-(2-Hydroxybenzylidene)morpholine-4-carbothiohydrazide (6c¢)
OH
(;E/ |
A
Z Ny ”/\
H
(A

Yield: 91%. Purity: 95.96%. MP: 196-197°C [195°C; [4]].

(E)-N'-(2-Hydroxybenzylidene)-4-(pyridin-2-yl)piperazine-1-carbothiohydrazide

(6d)
OH
(L.
/N\NJKN/ﬁ
H k/

N N

|
F
Yield: 88%. Purity: 99.3%. 'H-NMR (ds-DMSO, 400 MHz, ppm): 11.56 (bs,
1H, NH), 11. 54 (bs, 1H, OH), 8.50 (s, 1H, CH), 8.15 (dd, 1H, J; = 4.7 Hz, J,= 1.4 Hz,
pyridine), 7.58 (ddd, J; = 8.9 Hz, J,= 7.2 Hz, J3= 1.9 Hz, pyridine), 7.45-7.40 (m, 1H,
phenyl), 7.32-7.24 (m, 2H, phenyl), 6.91 (dd, 1H, J;= 7.7, J,= 4.5 Hz, phenyl), 6.86 (d,
1H, J = 8.6 Hz, pyridine), 6.68 (dd, 1H, J, = 6.9 Hz, J,= 5.0 Hz), 4.14-3.98 (m, 4H,
piperazine), 3.67-3.59 (m, 4H, piperazine). *C-NMR (dg-DMSO, 100 MHz, ppm):
179.8, 158.9, 157.6, 148.0, 146.8, 138.1, 131.3, 130.4, 119.5, 119.0, 117.0, 113.7,

X
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107.5, 48.4, 44.4. MP: 191-192°C. HRMS-ESI-TOF: 342.1385 [M+H]" (C17H20Ns0S;
Exact Mass: 342.1389). LogPcq: 2.283.

(E)-N'-(2-Hydroxybenzylidene)-4-(pyrazin-2-yl)piperazine-1-carbothiohydrazide

(6e)

OH
]

/”\H)LO N
&

Yield: 89%. Purity: 98.9%. *H-NMR (ds-DMSO, 400 MHz, ppm): 11.56 (bs,
1H, NH), 11. 54 (bs, 1H, OH), 8.51 (s, 1H, CH), 8.35 (d, 1H, J = 1.6 Hz, pyrazine), 8.12
(s, 1H, pyrazine), 7.88 (d, 1H, J = 2.6 Hz, pyrazine), 7.43 (dd, 1H, J; = 7.8 Hz, J,= 1.7
Hz, phenyl), 7.28 (t, 1H, J= 8.0 Hz, phenyl ), 6.97-6.82 (m, 2H, phenyl), 4.09 (m, 4H,
piperazine), 3.73 (m, 4H, piperazine). **C-NMR (dg-DMSO, 100 MHz, ppm): 179.8,
157.6, 154.7, 141.9, 133.1, 131.8, 131.4, 130.4, 119.6, 119.0, 117.0, 48.1, 43.7. MP:

189-190°C. HRMS-ESI-TOF: 343.1343 (C16H19NsOS; Exact Mass:343.1341). LogPcalc:
1.518.

(E)-N-Cyclohexyl-2-(2-hydroxybenzylidene)-N-methylhydrazinecarbothioamide
(67)

OH

Yield: 74%. Purity: 95.89%. *H-NMR (ds-DMSO, 400 MHz, ppm): 11.73 (bs,
1H, NH), 11.13 (bs, 1H, OH), 8.52 (s, 1H, CH), 7.38 (dd, 1H, J; = 7.8, J,= 1.4 Hz, 1H,
phenyl), 7.27 (t, 1H, J= 7.6 Hz, phenyl), 6.94-6.85 (m, 2H, phenyl), 4.98 (bs, 1H, C;-
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cyclohexyl), 3.07 (s, 3H, CH3), 1.79 (m, 4H, cyclohexyl), 1.50 (m, 3H, cyclohexyl),
1.29 (m, 2H, cyclohexyl), 1.14 (t, 1H, J = 15.4 Hz, cyclohexyl). **C-NMR (ds-DMSO,
100 MHz, ppm): 179.4, 157.6, 146.8, 131.2, 130.6, 119.5, 118.9, 117.0, 59.8, 32.9,
29.5, 25.7, 25.4. MP: 145-146°C. HRMS-EI: 291.1401 (Ci5H,1Nz0OS; Exact Mass:
291.1405). LogPcqc: 3.591.

S1.2 X-ray data for selected thiosemicarbazones and thiosemicarbazides

X-ray crystal data were collected on an Oxford Diffraction Gemini A Ultra
diffractometer using graphite monochromated Mo Ko radiation at a temperature of
295.0(2) K with x scan mode. Polarization, lorentz and empirical absorption corrections
were applied using spherical harmonics implemented in the SCALE3 ABSPACK
scaling algorithm (CrysAlis RED, Oxford Diffraction Ltd., Version 1.171.29.2). The
structures were solved by direct methods and subsequently completed from Fourier
difference recycling. All the non-hydrogen atoms were refined anisotropically using
full-matrix, least-squares analysis. All hydrogen atoms were located from the difference
maps after four cycles of anisotropic refinement, and refined using a riding model. The
OLEX2 [7], SHELXS97 and SHELXL97 [8] programs were used for all calculations.
All data were deposited with the Cambridge Crystallographic Data Center (CCDC
918418 & 919683).
Figure S1. The crystal structure of 4-ethylpiperazine-1-carbothiohydrazide (a).

\'
/
N ~ /
|
\ / N2) ' NIT)
a /N £

' Ni3) N4}

237



Figure S2. The crystal structure of Z-N'-(di(pyridin-2-yl)methylene)-4-(pyridin-2-
yl)piperazine-1-carbothiohydrazide (1d).
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Table S1. Crystal data of a and 1d.

4-Ethylpiperazine-1-
carbothiohydrazide (a)

Z-N'-(Di(pyridin-2-yl)methylene)-
4-(pyridin-2-yl)piperazine-1-
carbothiohydrazide (1d)

Formula C7H16N4S Ca1H21N/S
Formula weight 188.3 403.51
Crystal system Monoclinic Triclinic

Space group C2lc P1
Color White Yellow
a(A) 12.3069(7) 9.2850(6)
b (A) 8.0115(4) 9.5201(8)
¢ () 21.0221(12) 11.6512(7)
o () 90 76.265(6)
B 101.825(6) 88.780(5)
v () 90 79.734(6)

V (AY) 2028.72(19) 984.19(12)

T (K) 295 295
Dcarc (Mg/m®) 1.233 1.362

Z 8 2
R; (obsd data) 0.0350(1490) 0.0444(2603)
WR; (all data) 0.0934(1789) 0.1174(3480)
CCDC no. 018418 919683
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S1.3 HPLC purity data

Table S2. HPLC purity data for all chelators of series 1-6.

Compound tr (Min) Purity (%)
la 2.34 97.32
1b 2.07 98.65
1c 2.15 96.32
1d 2.15 95.62
le 2.25 95.45
2a 1.98 96.67
2b 1.96 98.00
2c 2.0 97.42
2d 2.05 97.87
2e 2.02 98.98
2f 1.98 99.12
3a 2.4 95.03
3b 2.5 96.59
3c 2.52 95.77
3d 2.39 99.25
3e 2.53 99.8
3f 2.56 98.01
4a 2.0 95.35
4b 201 96.12
4c 2.07 96.22
4d 1.98 98.00
4e 2.1 98.37
4f 2.01 95.46
5a 1.99 96.00
5b 1.98 99.10
5¢c 2.0 99.00
5d 2.05 98.45
Se 211 95.37
5f 1.98 98.70
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6a 2.54 95.2
6b 1.96 96.12
6c 2.00 95.96
6d 2.02 99.3
6e 2.06 98.9
o6f 1.97 95.89

S1.4 Isosbestic curves

The ligand and complexes were prepared by dissolving the ligand (0.1 mM) in DMSO

and various concentrations of FeCl; were added to obtain the following ligand:Fe

3+

ratios: 1:1, 2:1, 4:1, 5:1, and 10:1. The collected spectra were overlaid to observe

isosbestic points.

Figure S3. The absorbance spectrum of 2f and its Fe** complexes prepared in situ to
obtain 1:1, 2:1, 4:1, 5:1, and 10:1 ligand:Fe ratios.
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Abstract

2-benzoylpirydine 4-ethyl-3-thiosemicarbazone (Bp4eT) is novel antineoplastic
and antiretroviral thiosemicarbazone iron chelator. Recently, the metabolites of Bp4eT
were identified after its incubation with human and rat liver microsomal fractions as
well as in plasma, urine and feces after i.v. administration of Bp4eT to rats. Bp4eT
undergoes oxidation to N3-ethyl-N*-[phenyl(pyridin-2-yl)methylene] formamidrazone
and to 2-benzoylpirydine 4-ethyl-3-semicarbazone. The aim of this study was to
characterize the cytotoxic activities of Bp4eT and its metabolites on both cancer cells
(HL-60 human promyelocytic leukemia, MCF-7 human breast adenocarcinoma,
HCT116 human colon carcinoma and A549 human lung adenocarcinoma) and normal
cell lines (H9c2 neonatal rat-derived cardiomyoblasts and 3T3 mouse embryo
fibroblasts) and to assess their abilities to mobilize iron from cells and to form redox
active complexes with iron. The abilities to bind intracellular labile iron pool, the *°Fe
mobilization from cells and the prevention of iron uptake from *°Fe-labeled human
transferrin were examined on MCF-7 cells. The same cell line was also used for cell
cycle analysis and the assessments of the mode(s) of cell death. Bp4eT was confirmed
as a highly potent and selective antineoplastic agent that induces S phase cell cycle
arrest, mitochodrial depolarization and apoptosis. Both studied metabolites showed at
least 300 times lower cytotoxic activities towards all studied cell lines as compared to
their parent substance. Both metabolites also lost the abilities to promote redox cycling
of iron ions, to bind iron from labile cellular pool, **Fe mobilizing activity and at the
same time they almost did not prevent the *°Fe uptake from *°Fe-labeled transferrin.
Hence, this study demonstrates that highly active iron chelator Bp4eT is metabolized to
non-toxic and pharmacologically inactive substances, which is important for further

development of this drug candidate.
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pool; MDC, monodansyl cadaverine; ROS, reactive oxygen species.
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1 Introduction

Iron chelation therapy was originally designed to alleviate the toxic effects of
excess iron evident in iron-overload diseases. However, some iron chelator-metal
complexes have also gained interest due to their high redox activity and cytotoxic
properties that have potential for cancer chemotherapy (Buss, Torti et al. 2003; Saletta,
Rahmanto et al. 2011). The subgroup of thiosemicarbazone iron chelators showed high
antineoplastic efficiency in both in vitro and in vivo studies and some substances also in
phase 1 clinical trials (Lane, Mills et al. 2014). 2-Benzoylpyridine 4-ethyl-3-
thiosemicarbazone (Bp4eT) is one of the thiosemicarbazones with favorable properties
for potential use in anticancer treatment (Kalinowski, Yu et al. 2007; Merlot, Pantarat et
al. 2010; Debebe, Nekhai et al. 2012).

Bp4eT was firstly synthesized and described by West et al. (West, Ives et al.

1995). Later, it was shown to be an iron chelator with low Fe®"?*

redox potential
(Kalinowski, Yu et al. 2007) which results in toxic reactive oxygen species (ROS)
formation in solution (Kalinowski, Yu et al. 2007) and also in SK-N-MC human
neuroepithelioma cells (Stefani, Punnia-Moorthy et al. 2011). Bp4eT has shown high
cytotoxic activity towards SK-N-MC human neuroblastoma cells and low toxicity to
human fibroblasts MRC-5 (Stefani, Punnia-Moorthy et al. 2011). During the 28-day
administration of Bp4eT to mice, no alterations of body or organ weights,
hematological indices or organ histology were observed and the mice remained healthy
for up to 7 weeks (Yu, Suryo Rahmanto et al. 2012), even though, the study of Quach et
al. (Quach, Gutierrez et al. 2012) showed an ability of Bp4eT to potentiate
methemoglobin formation in red blood cells and their lysates. However, the
methemoglobin formation of Bp4eT was weaker than that caused by other well-known
thiosemicarbazones, Dp44mT or triapine (Quach, Gutierrez et al. 2012).

Apart from anticancer activity, the inhibition potential of Bp4eT towards HIV-1
transcription was studied (Debebe, Ammosova et al. 2011). Bp4eT showed high
inhibition activity towards HIV-1 transcription with low toxicity to CEM cells (Debebe,
Ammosova et al. 2011). The ICso (half-maximal inhibitory concentration) of Bp4eT on
HIV-1 transcription using 293T cells was comparable to clinically used antiretrovirotic
agent, roscovitin (Debebe, Ammosova et al. 2011).

To choose a right route for administration to live organism the investigation of

transport across enterocytes and cell membranes is very important. Debebe et al studied
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the transport across enterocytes on confluent monolayers of Caco-2 cells (Debebe,
Nekhai et al. 2012), that are estabilished model for enterocytes (Delie and Rubas 1997).
Their results show that Bp4eT can permeate through Caco-2 monolayers with
permeability values similar to orally administered drugs (Debebe, Nekhai et al. 2012).
The other study processed by Merlot et al. observed the cellular uptake of Bp4eT by
cancer cells using **C-labeled Bp4eT (Merlot, Pantarat et al. 2010; Merlot, Pantarat et
al. 2013). These studies found out that Bp4eT crossed the cellular membrane of SK-N-
MC neuroepithelioma cells by passive diffusion (Merlot, Pantarat et al. 2010) and that
the Bp4eT-iron complexes accumulated in the cells in higher amount than free Bp4eT
(Merlot, Pantarat et al. 2013). The body distribution and the excretion ways of *‘C-
labeled Bp4eT were studied on mice (Merlot, Pantarat et al. 2013). Bp4eT was rapidly
excreted by urine when the highest ammount of Bp4eT was excreted after 1 h post
injection. The excretion by feces was slowed down by passing through gastrointestinal
tract and it reached the maximal excreted dose after 24 h after injection. The main
deposition of Bp4eT in a mouse body was observed in excretion tissues (Merlot,
Pantarat et al. 2013).

Using the LC/MS methods, Bp4eT was identified to exist in two isomer forms E
and Z. The solid Bp4eT is presented only in its Z form and it is converted to E isomer in
water environment (Stariat, Kovarikova et al. 2010). In recent study, three phase |
metabolites of Bp4eT following its incubation with rat or human liver subcellular
fractions and in vivo experiments were identified (Stariat, Sestak et al. 2012). The
Bp4eT was oxidized to its semicarbazone analog 2-benzoylpyridine-4-ethyl-3-
semicarbazone (Bp4eS) and to N3-ethyl-N*-[phenyl(pyridin-2-
yl)methylene]formamidrazone (Bp4eA) metabolite which was further hydroxylated.
Unfortunately the specific localization of that hydroxyl group on the phenyl ring was
not possible to identify (Stariat, Sestak et al. 2012). The Bp4eS metabolite was
identified in two isomers E and Z that were, in contrast to the mother substance Bp4eT,
both stable in solid form. The analysis revealed that E-Bp4eT was converted to E-
Bp4eS and Z-BpdeT to Z-Bp4eS (Stariat, Suprunova et al. 2013). In the initial
pharmacokinetic study, basic pharmacokinetic parameters for Bp4eT and Bp4eA were
calculated. Whereas the exposition of Bp4eS was below 1.5 % of the Bp4eT (100 %),
the Bp4eA metabolite appeared to be more important because its exposition was

calculated to 20 % of the parent substance (Stariat, Suprunova et al. 2013).
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Metabolites may represent an important part in pharmacological properties of
some drugs as the observed effects can be aggregates of effects exerted by various
intermediates formed within the body (Chiu, Thompson et al. 1995; Lin and Lu 1997).
Hence, in this study, we aimed to characterize in vitro cytotoxic activities of Bp4eT and
its two well defined metabolites, Bp4eA and Bp4eS (Fig. 1) on four human cancer cell
lines and two non-cancerous cell lines. We examined the capability of the substances to
bind iron from labile iron pool (LIP) in cancer cells, and also to mobilize *°Fe from cells
and to prevent the uptake of *°Fe from *Fetransferrin to cells. The ability of iron
complexes of Bp4eT and its metabolites to promote ROS formation was investigated
using ascorbate oxidation assay. Furthermore, the cell cycle progression and a mode of

cell death after their exposure to Bp4eT and its metabolites were determined.
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2 Materials and methods

2.1 Chemicals

Bp4eT was synthesized according to Kalinowski et al. (Kalinowski, Yu et al.
2007) and its metabolites were synthesized as described by Stariat et al. (Stariat, Sestak
et al. 2012; Stariat, Suprunova et al. 2013). Constituents for various buffers and other
chemicals (e.g., various iron salts) were purchased from Sigma-Aldrich (St. Luis, MO,
USA) or Penta (Prague, Czech Republic) and were of the highest pharmaceutical or

analytical grade available.

2.2 Cell cultures

The MCF-7 human breast adenocarcinoma cell line was purchased from the
European Collection of Cell Cultures (ECACC; Salisbury, UK). The HL-60 human
promyelocytic leukemia cells, HCT116 human colorectal carcinoma cells, A549 human
lung adenocarcinoma cells, H9c2 cell line, derived from embryonic rat heart tissue, and
3T3 mouse embryo fibroblasts were obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA). MCF-7, HCT116, A549, 3T3 and H9c2 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Lonza, Basel,
Switzerland) with or, in case of MCF-7 cells, without phenol red, supplemented with
10%  (v/v) heat-inactivated fetal bovine serum (FBS; Lonza), 1%
penicillin/streptomycin solution (Lonza) and 10 mM HEPES buffer (pH 7.0 - 7.6;
Sigma-Aldrich). HL-60 cells were maintained in RPMI medium (Sigma-Aldrich)
supplemented with 10% heat-inactivated FBS and 1% penicillin/streptomycin solution.
All the cell lines were cultured in 75 cm? tissue culture flasks (TPP, Trasadingen,
Switzerland) at 37°C in a humidified atmosphere of 5% CO,. Sub-confluent cells or, in

case of HL-60 cells, a thick suspension, were sub-cultured every 3-4 days.

2.3 Cytotoxicity studies

For cytotoxicity experiments on cancer cells, cells were seeded in 96-well plates
(TPP) at a density of 5,000 cells per well (MCF-7), 10,000 cells per well (HL-60) or
2,000 cells per well (HCT116 and A549). Cells were seeded in the plates 24 h prior an

addition of studied substances. For cytotoxicity studies on non-cancerous cells, the 3T3
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and H9c2 cells were seeded in 96-well plates at a density of 10,000 cells per well and
24 h after the seeding and 24 h prior to the experiments, the medium was changed to
serum- and pyruvate-free DMEM (Sigma-Aldrich). Cytotoxicity effects of Bp4eT and
its metabolites were studied at different concentrations after 72 h incubations. In order
to dissolve lipophilic agents, 0.1% dimethyl sulfoxide (v/v) (DMSO; Sigma-Aldrich)
was present in the culture medium of all groups. At this concentration DMSO had no
effect on cellular proliferation or viability. Viabilities of cells were determined using
MTT assay, based on the ability of active mitochondria to change yellow 3-(4,5-
dimethylthiazol-2-yl)-2,5-difenyltetrazolium bromide tetrazole (MTT; Sigma-Aldrich)
to purple formazan. The MTT assay was performed according to manufacturer’s
instructions. The optical density of soluble MTT was measured at A = 570 nm,
subtracting the A = 690 nm background using Tecan Infinite 200M plate reader (Tecan
Group, Mannedorf, Switzerland). The viability or proliferation of experimental groups
was expressed as percentage of untreated controls (100 %).

2.4 Calcein-AM assay for assessment of rate of cell membrane

permeation and access to the labile iron pool

The experiments were performed according to Glickstein et al. (Glickstein, El et
al. 2006) with slight modifications. MCF-7 cells were seeded in 96-well plates (10,000
cells per well) and let to adhere for 24 h. Cells were loaded with iron using the iron
donor, 530 ug/mL ferric ammonium citrate (Richardson and Baker 1992), 24 h prior to
the experiment, and the cells were then washed. To prevent potential interference
(especially with regard to various trace elements), the medium was replaced with the
ADS buffer (prepared using Millipore water supplemented with 116 mM NaCl, 5.3 mM
KCI, 1 mM CaCl,, 1.2 mM MgSOy, 1.13 mM NaH,PO,4, 5 mM D-glucose, and 20 mM
HEPES, pH 7.4). Cells were then loaded with a 2 uM concentration of the cell-
permeable calcein green acetoxymethyl ester (calcein-AM; Molecular Probes, Oregon,
USA) for 30 min/37 °C and washed. Cellular esterases cleave acetoxymethyl groups to
form the cell membrane-impermeable compound, calcein green, whose fluorescence is
quenched by ferric ammonium citrate. Intracellular fluorescence (Aex = 488 nm; Aem =
530 nm) was then followed as a function of time (10 min after the addition of 10 uM

Bp4eT or its metabolites) at 37 °C using the Tecan Infinite 200M plate reader. The iron
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chelation efficiency in cells was expressed as a percentage of efficiency of the parent
chelator Bp4eT (100 %).

2.5 Preparation of *°Fe- transferrin

Human transferrin (Sigma) was labeled with *°Fe or *°Fe (PerkinElmer,
Massachusets, USA) to produce *°Festransferrin or **Festransferrin, respectively, of the
final specific activity 500 pCi/pmol Fe as previously described (Richardson, Tran et al.
1995; Richardson and Milnes 1997). Unbound *’Fe was removed by exhaustive vacuum
dialysis against a large excess of 0.15 M NaCl buffered to pH 7.4 with 1.4 % NaHCO3
by standard methods (Richardson, Tran et al. 1995; Richardson and Milnes 1997).

2.5.1 The effect of chelators on mobilizing cellular *°Fe

To examine the ability of studied substances to mobilize **Fe from MCF-7 cells,
iron efflux experiments were performed using established techniques (Baker,
Richardson et al. 1992; Richardson, Tran et al. 1995). In brief, after pre-labeling of
confluent MCF-7 cells on 6-well plates with 0.75 pM *°Fe-Tf for 3 h/37°C, the cells
were washed four times with ice-cold PBS and then subsequently incubated with 25 pM
concentration of each chelator for 3 h/37°C. The overlying media containing released
Fe was then separated from the cells. Radioactivity was measured in both the cells and

supernatant using a y-scintillation counter (Wallac Wizard 3, Turku, Finland).

2.5.2 Effect of the chelators at preventing cellular **Fe uptake from

*Fe-transferrin.

The ability of the chelators to prevent cellular **Fe uptake from *°Fe-transferrin
was examined using standard techniques (Becker and Richardson 1999; Richardson,
Sharpe et al. 2006). In brief, confluent MCF-7 cells on 6-well plates were incubated
with 0.75 pM *°Fe-Tf for 3 h/37°C in the presence of the 25 uM chelators. The cells
were then washed four times with ice-cold PBS and internalized *°Fe was determined by
incubating the cell monolayer for 30 min/4°C with the 1 mg/mL general protease,
Pronase (Sigma-Aldrich). The cells were then removed from the monolayer with a

plastic spatula and centrifuged for 1 min/12,000g. The supernatant represents
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membrane-bound, Pronase-sensitive *°Fe that was released by the protease, while the
Pronase-insensitive fraction represents internalized *°Fe (Richardson, Tran et al. 1995;
Becker and Richardson 1999; Richardson, Sharpe et al. 2006). The amount of
internalized iron was expressed as a percentage of iron internalized by control
(untreated) cells (100 %).

2.6 Ascorbate oxidation assay for analysis of redox activity of iron

complexes

The ascorbate oxidation assay was used to assess the redox activities of the iron
complexes of chelators in buffered solution using an established protocol (Richardson,
Sharpe et al. 2006; Mladenka, Kalinowski et al. 2009). In brief, 100 uM ascorbic acid
was prepared immediately prior to the experiment and incubated either alone or in the
presence of 10 uM Fe®*, added as ferric chloride in a 50-fold molar excess (500 uM) of
citrate and chelators. Chelators were assayed at iron binding equivalents (IBE) of 0.1
(excess of iron), 1 (fully charged iron — chelator complexes) and 3 (excess of free
chelator). Chelators ethylenediaminetetraacetic acid (EDTA) and deferoxamine (DFO)
were used as positive and negative controls, respectively, as their redox activity has
been well characterized (Chaston, Watts et al. 2004). The decrease in absorbance at 265
nm, which is proportional to ascorbate oxidation, was measured after 10 and 40 min
incubation at room temperature using the Tecan Infinite 200M plate reader. The
decrease of absorbance between the two time points was calculated and expressed as a

percentage of control group without chelator (100 %).

2.7 Cell cycle analysis

For cell cycle analysis, the MCF-7 cells were seeded in 60 mm petri dishes at a
density of 240,000 cells per dish and incubated with tested chelators for 72 h. The cells
were then harvested by trypsinization, centrifuged at 300xg, washed in PBS with 5% of
FBS (PBS+FBS) and suspended in small amount of PBS+FBS. Then ice-cold 70%
ethanol was added drop-wise and the cells were fixed overnight at -20°C. After fixation,
ethanol was removed by centrifugation, cells were washed in PBS+FBS and
resuspended in 4 mM sodium citrate in PBS. Finally, the cells were incubated with 200

pg/mL RNAse A (Sigma-Aldrich) and 30 pg/mL propidium iodide (Molecular Probes,
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Eugene, OR, USA) for 30 min/37°C. Cells were analyzed using Accuri C6 flow
cytometer (Becton Dickinson and Company, San Jose, CA USA). Propidium iodide was
excited at 488 nm and fluorescence analyzed at 585 nm (FL-2). 10,000 events were

collected per analysis.

2.8 Fourescence microscopy assesments

The autophagy/apoptosis/necrosis staining of MCF-7 cells and changes of
lysosomal and mitochondrial morphology were observed using an Eclipse Ti inverted
epifluorescence microscope (Nikon, Tokyo, Japan), that was equipped with a cooled
digital camera Zyla 5.5 sSCMOS (Andor Technology, Belfast, UK), and NIS-Elements C
4.1 software (Laboratory Imaging, Prague, Czech Republic). The MCF-7 cells were
seeded in 6-well plates with a cover slips on the bottom at a density of 150,000
cells/well and incubated as described above with or without 10 or 100 nM Bp4eT.

To determine the way of cellular death after Bp4eT administration the triple
staining with monodansyl cadaverine (50 pM; Aex = 390 nm; Aem = 455 nm; MDC;
Sigma-Aldrich), annexin V-FITC (5 ul/mL; Aex = 495 nm; Aem = 519 nm; Invitrogen,
Carlsbad, CA, USA), and propidium iodide (5 ug/mL; Aex = 560 nm; Aem = 630 NmM) was
used. MDC is a specific marker of autophagosomes and lysosomes with blue
fluorescence. The autophagosomes can be distinguished from lysosomes (blue dots) as
they are shaped to big and bright granula. As a positive control for autophagy, MCF-7
cells incubated with 1 nM rapamycin (Sigma-Aldrich) for 30 min/37°C, as rapamycin is
an estabilished inductor of autophagy (Kralova, Benesova et al. 2012). The
anticoagulant protein Annexin V has high affinity to phosphatidylserine, which is
translocated to the surface of both early- and late-stage apoptotic cells (van Engeland,
Nieland et al. 1998). Thus, Annexin V-FITC served as a marker of apoptosis when the
apoptotic cells had green fluorescent cytoplasmic membranes. Propidium iodide
intercalates to nuclear DNA and stains it with red flourescence. Propidium iodide is a
necrotic marker or a marker of late stage apoptosis as it does not permeate to cells with
intact cytoplasmic membrane. The cells were incubated with the probes for
10min/37°C, then the cells were washed with fresh cultivation medium and images were

captured using the microscope set-up outlined above.
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To determine the influence of Bp4eT to lysosomal and mitochondrial
morphology the cells were incubated with organelle specific probes LysoTracker® Blue
DND-22 (2.5 uM; Aex = 373 nm; Aem = 422 nm; Molecular Probes) for lysosomes, and
MitoTracker® Green FM (0.25 uM; dex = 490 nm; Aem = 516 nm; Molecular Probes) for
mitochondria for 10 min/37°C. The cells were then washed with fresh cultivation

medium and images were captured using the microscope set-up outlined above.

2.9 Caspase activity assessments

For caspase activity assessment the MCF-7 cells were incubated with 100nM
Bp4eT or its metabolites for 3, 24 or 72 h/37°C at 96-well plates, as described above.
Then the cells were lysed by adding 100 pl of cold lysis buffer (100 mM HEPES, 10
mM CHAPS, 10 mM DL-dithiothreitol, pH 7.4) to 100 ul medium in each well. Lysates
were immediately frozen at -80°C. Melted lysates were used for caspase activity
assessments by luminescent kits for caspases 3/7, 8 and 9 (Promega, Madison, WI,
USA). The luminescence was measured using Tecan Infinite 200M plate reader.
Caspase activities of experimental groups were corrected for a cellular viability of each

group and were expressed as a percentage of activities of untreated control (100 %).

2.10 Data analysis and statistics
SigmaStat for Windows 3.5 (Systat Software, San Jose, CA, USA) statistical

software was used in this study. The data are expressed as the mean £ SD of a given
number of experiments. Statistical significance was determined using a one-way
ANOVA with a Bonferroni post-hoc test (comparisons of multiple groups against the
corresponding control). The results were considered to be statistically significant when
p < 0.05. The ICs, values were calculated using CalcuSyn 2.0 software (Biosoft,
Cambridge, UK). The cell cycle analysis was evaluated using MultiCycle AV Software
(Phoenix Flow Systems, San Diego, CA, USA).
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3 Results and Discussion

Bp4eT is a promising antineoplastic (Kalinowski, Yu et al. 2007) and
antiretroviral (Debebe, Ammosova et al. 2011) thiosemicarbazone iron chelator.
However, its metabolism (Stariat, Sestak et al. 2012) and preliminary pharmacokinetics
(Stariat, Suprunova et al. 2013) have been only recently described. Hence, the aim of
our recent study was to investigate the in vitro effects of the chelator Bp4eT and its
metabolites (Bp4eA and Bp4eS) and to compare the activities of Bp4eT metabolites to

their parent substance.

3.1 Bp4eT is metabolized into substances with at least 300 times lower

cytotoxic effects to both cancer and non-cancerous cells

The cytotoxic effects of Bp4eT and its metabolites Bp4eA (mixture of E and Z
isomers) and Bp4eS (in two isomeric forms E and Z) towards cancer cells were studied
using HL-60 human promyelocytic leukemia, MCF-7 human breast adenocarcinoma,
HCT116 human colorectal carcinoma and A549 human lung adenocarcinoma cell lines,
as well as towards two non-cancerous cells, namely H9c2 rat cardiomyoblasts, and 3T3
mouse fibroblasts. Following the 72 h incubations, the parent substance Bp4eT showed
very high cytotoxic efficiency on HL-60, MCF-7 and HCT116 cells, where the ICs
values ranged from 3 to 15 nM concentrations (Table 1 and Fig. 2A). The ICs, value on
A549 cells was still rather low (ICsp = 0.593 + 0.148 uM), nevertheless, it was
comparable to the toxic effects of Bp4eT on H9c2 cells representing cardiac tissue (1Csp
=0.524 £ 0.157 uM). This result can suggest possible cardiotoxicity of Bp4eT if used at
concentrations for lung cancer treatment. This is consistent with the study where a
methemoglobin formation activity was observed, however, this activity was lower than
that of other promising thiosemicarbazones (Quach, Gutierrez et al. 2012). The 1Csg
value for 3T3 fibroblast cells was two times higher than that for H9c2 cells. Calculated
selectivity ratios of Bp4eT towards cancer cells were high for HL-60, MCF-7 and
HCT116 cell lines (Table 2), which is consistent with previous studies marking Bp4eT
as a potent and selective antineoplastic agent (Kalinowski, Yu et al. 2007; Miao, Xu et
al. 2010). The cytoxicity of Bp4eT towards A549 lung carcinoma was similar to the
cytoxicity towards H9c2 cells. Hence, the lung cancers seem not to be appropriate

targets for Bp4eT as the effective concentration of Bp4eT for antineoplastic activity to
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H1299 lung carcinoma cells (Miao, Xu et al. 2010) was similar to A549 cells in this
study.

The Bp4eT metabolites showed markedly decreased cytotoxicity to both cancer
and non-cancerous cell lines (Table 1 and Fig. 2) as their ICsy values were at least 300
times higher than those of the parent agent. Bp4eA that was identified as the preferred
metabolite of Bp4eT (Stariat, Suprunova et al. 2013) was more cytotoxic towards
cancer cells from the two studied metabolites. Its 1Cso values on cancer cells ranged
from 52 uM in HL-60 cells to 207 uM in A549 cells (Table 1). The cytotoxicity of
Bp4eA towards non-cancerous cells was lower (ICso H9¢c2 = 416.1 + 122.1 uM and ICsg
3T3 =1027.4 + 203.9 uM), which is also obvious from the calculated selectivity ratios
in Table 2. Importantly, the toxic concentrations of metabolites to non-proliferating
cells were not reached in plasma during the pharmacokinetic study of Stariat et al.,
where the highest concentration of Bp4eA reached after 300 minutes post i.v.
administration of Bp4eT was under 1 uM (Stariat, Suprunova et al. 2013). This clearly
suggests that Bp4eA appears in plasma in non-toxic concentrations.

Both E and Z isomers of Bp4eS metabolite were identified in plasma only at
very low concentrations under the low limit of quantification (Stariat, Suprunova et al.
2013). Our results showed that this metabolite was even less antiproliferatively active
than the Bp4eA (Table 1 and Fig. 2). The 1Csq values of Bp4eS on cancer cells ranged
from 46 to 536 uM, wherease in the case of non-cancerous H9c2 and 3T3 cells they
were 343 uM and >1 mM, respectively. Surprisingly, each cell line showed different
sensitivity to the isomers. Whereas the HL-60 and H9c2 cells were more sensitive to Z-
Bp4eS, MCF-7 cells were equally sensitive to both isomers, and HCT116 and A549
cells were more sensitive to E-Bp4eS. The selectivity of the Bp4eS cytotoxic action is
not much determined, especially when the selectivity ratios are calculated for H9c2
cells. However, the cytotoxic effects appeared at so high concentrations that we can say

Bp4eS has no cytotoxic effect in a body.
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3.2 The effect of Bp4eT metabolites to chelate iron from labile iron
pool, to mobilize cellular **Fe and to prevent cellular **Fe uptake
from *°Fe,transferrin is negligible compared to the effect of
BpdeT

Iron chelation and withdrawing are believed to be the basis of the mechanism of
action of thiosemicarbazone chelators (Kalinowski, Yu et al. 2007; Merlot, Kalinowski
et al. 2013). That is why the ability of Bp4eT and its metabolites to chelate iron from
LIP was investigated in this study using the calcein-AM assay. The addition of 10 uM
Bp4eT caused time dependent increase of fluorescence up to 221 fluorescence units
(Fig. 3A). The addition of Bp4eT metabolites had almost no effect (Fig. 3A). When we
expressed the fluorescence in t = 600 sec as a percentage of Bp4eT fluorescence (Fig.
3B), the Bp4eA had only 5.9 % of its activity and Bp4eS even less (E-Bp4eS 0.0 % and
Z-Bp4eS 1.0 %).

For investigation of the ability to promote iron mobilization from cells the MCF-
7 cells were loaded by *°Fe and then incubated for 3h/37°C with studied substances.
BpdeT was able to release 46.4 % of loaded *°Fe from cells (Fig. 4A). Both BpdeT
metabolites did not release significantly more iron than untreated control (about 3.5 %
of accumulated iron).

We also examined the ability of Bp4eT and its metabolites to prevent uptake of
*Fe to MCF-7 cells from *’Festransferrin. The MCF-7 cells were co-incubated with
BpdeT or its metabolites and *°Fetransferrin for 3h/37°C. When the cells were
incubated with Bp4eT they absorbed only 11.5 % of the *°Fe internalized by untreated
control (Fig. 4B). Both Bp4eA and Bp4eS did not prevent the *°Fe uptake.

From the results of all these chelation experiments we can conclude that the
metabolites of Bp4eT lost their chelation abilities. Only the parent Bp4eT contains a
thioamide moiety that readily tautomerizes to imidothiol moiety, allowing the sulfur
atom to firmly bind the iron (Supplementary fig. 1). The iron is additionally coordinated
with the pyridine and hydrazone nitrogens. The metabolite Bp4eA with a
formamidrazone moiety in place of the original thiosemicarbazone does not contain
sulfur, which therefore seems to be crucial chelating atom of Bp4eT. In addition, the
imide double bond of such formamidrazone will most likely be conjugated with the
hydrazone double bond and the resulting structure is not able to bind the iron properly.
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Even if we consider the second possible localization of the formamidrazone double
bond, the iron could only be chelated by three weak coordination bonds (Supplementary
Fig. 1). The reason for the low chelation abilities of the semicarbazone Bp4eS is
probably different. In the semicarbazone, the amide highly prevails over the imidol
tautomer, thus the carbonyl oxygen of Bp4eS binds the iron less strongly compared to
the sulfur atom in the parent thiosemicabazone Bp4eT (Supplementary Fig. 1).

3.3 Bp4eT metabolites do not form redox active iron complexes

Since the chelator Bp4eT was identified to form redox active complexes with
iron (Kalinowski, Yu et al. 2007; Stefani, Punnia-Moorthy et al. 2011) the redox
activity of Bp4eT and its metabolites was studied using the ascorbate oxidation assay.
The effect of Bp4eT and its metabolites to oxidation of ascorbate in presence of iron
was assayed in three IBEs (0.1; 1 and 3). IBE 1 is reached when chelator and iron create
fully charged complex, in means 1 molecule of hexadentate chelator for 1 atom of iron
(e.g. DFO or EDTA) or two molecules of tridentate chelators for 1 atom of iron (e.g.
Bp4eT). The IBE 0.1 means the excess of iron (ten times more than chelator) and IBE 3
means three times exceed chelator to iron. The resulting change of ascorbate absorbance
was expressed as percentage of control group (ascorbate with free iron, 100 %).

To see typical antioxidant and prooxidative profiles of chelators the antioxidant
chelator DFO and prooxidative EDTA were assayed. DFO showed less oxidized
ascorbate in IBE 3 (DFO excess) than in IBE 0.1 (iron excess) (Fig. 5). EDTA showed
completely adverse profile, when in IBE 3 the amount of oxidized ascorbate was higher
than in IBE 0.1. The parent substance Bp4eT showed significant (p < 0.001)
prooxidative properties similar to that of EDTA (Fig. 5). None of the Bp4eT metabolites
showed significant effect different from control values. Hence, these findings support
the notion that the metabolites lost their chelation activity and that is why they also no

more affect the redox behavior of iron.

3.4 Bp4eT causes cell cycle arrest in S-phase
Iron deprivation is known to cause G4/S cell cycle arrest to rapidly proliferating
cancer cells (Lederman, Cohen et al. 1984; Le and Richardson 2002). Therefore, we

performed a cell cycle analysis of MCF-7 cells incubated with 100 nM Bp4eT and its
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metabolites for 72 h. This concentration of Bp4eT lead to decrease of MCF-7
proliferation to 27 % of control group (Fig. 2A). Interestingly, the G, phase of cell cycle
did not significantly (p < 0.05) differ from control after treatment by any of the tested
substances (Fig. 6). However, following the Bp4eT treatment, the S phase was
significantly (p < 0.001) increased to 35% compared to 15% of control group and the
G,/M phase of Bp4eT-treated cells was significantly (p < 0.001) decreased to 12%
compared to 33% of control group. This effect show the arrest of MCF-7 cells in S
phase of cell cycle, which is consistent with previous studies with other iron chelators
on the MCF-7 cells (Mackova, Hruskova et al. 2012) and this seems to be typical for
this cell line. Both Bp4eT metabolites did not shown any significant effect on S phase

and only minimal changes in G,/M phase (Fig. 6).

3.5 Bp4eT treatment leads to apoptosis in MCF-7 cells

The fluorescence microscopy of MCF-7 cells was used for estimation of the
predominant mechanism(s) of cell death. We considered autophagy, apoptosis and
necrosis. The triple staining employed the autophagy probe MDC (blue fluorescence),
the monoclonal antibody for signaling molecule phosphatidylserin, annexin V-FITC
conjugate (green fluorescence), and the chromatin dye of necrotic cells propidium
iodide (red fluorescence). Epifluorescence microscopy revealed blue lysosomes in
control (untreated) cells (Fig. 7i), whereas after the 30 min incubation with 1 nM
rapamycine, a positive control substance, known to induce autophagy (Kralova,
Benesova et al. 2012), there were distinctively larger blue-fluorescent autophagosomes
(Fig. 7ii). After the 72 h treatment of cells by 10 and 100 nM Bp4eT, no
autophagosomes were apparent (Fig. 7iii and iv), suggesting that Bp4eT does not induce
an autophagy in MCF-7 cells. On the other hand, dose-dependent increase in number of
AnnexinV-stained apoptotic cells or bodies with green-fluorescent plasma membrane,
and late-stage apoptotic or necrotic cells with green fluorescent cellular membrane and
propidium iodide-stained red nucleus was conspicuous after Bp4eT treatment (Fig. 7iii
and iv).

To further distinguish the apoptotic and necrotic cell death induced by Bp4eT
the double staining of lysosomes (blue fluorescence) and mitochondria (green

fluorescence) was used. Lysosomes are usually enlarged and then disrupted by necrotic
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cell death (Ono, Kim et al. 2003) whereas mitochondria are predominatly depolarized
and disrupted during apoptotic cell death, particularly following the intrinsic apoptotic
pathway activation (Fulda and Debatin 2006). In Fig. 8, no difference in a number or
appearance of lysosomes is apparent comparing control and Bp4eT-treated (10 and 100
nM) cells (Fig. 8). In contrast, a pronounced difference of control mitochondria and
mitochondria of Bp4eT-treated cells was observed. The mitochondria of control cells
were green rod-shaped particles (Fig. 8i) whereas Bp4eT treatment caused a
mitochondrial swelling in both studied doses and the transition of the mitochondrial
shape to granular appearance (Fig. 8ii and iii). Hence, these results further suggested the
contribution of apoptosis on the Bp4eT-induced MCF-7 cell death.

To further investigate the Bp4eT and its metabolites with respect to apoptosis
activation, we determined the activities of caspases - the key enzymes of apoptotic
signaling. The activities of an effector caspase 7, an extrinsic apoptotic pathway caspase
8 and an intrinsic apoptotic pathway caspase 9 were measured after 3 h, 24 h and 72 h
incubations of MCF-7 cells with Bp4eT or its metabolites, all in 200 nM concentration.
The caspase 3 activity was not considered as MCF-7 cells are known to lack caspase 3
expression and a bypassed apoptotic cascade (Liang, Yan et al. 2001). The two Bp4eT
metabolites did not activate any of tested caspases, indicating that they were unable to
induce apoptosis in the applied concentration (Fig. 9). The parent chelator Bp4eT did
not activate caspases after 3 h incubation (Fig. 9A), however, at 24 and 72 h time
periods, the increase of caspase activity occurred (Fig. 9 B and C). Initiator caspases
were increased to 125% (both caspases 8 and 9) of control after 24 h and to 189%
(caspase 8) and 249% (caspase 9) of control after 72 h, suggesting rather unspecific
early activation of both intrinsic and extrinsic apoptotic pathways and later the
dominance of intrinsic activation consistent with observed mitochondrial swelling (Fig.
8). The efector caspase 7 was the most active enzyme from the tested caspases as its
activity was significantly increased to 203% of control after 24 h and to 318% of control
after 72 h incubation with 100 nM Bp4eT (Fig. 9 B and C).

3.6 Conclusions
The results of this study show that Bp4eT is a highly potent and specific

antineoplastic iron chelator causing S-phase cell cycle arrest, mitochondrial
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depolarization and apoptotic cell death. The metabolic conversion of thiosemicarbazone
group of Bp4eT to amidrazone or semicarbazone moiety leads to diminished iron
chelation and mobilization activity, loss of redox activity of iron complexes and two
orders of magnitude reduction of antiproliferative activity and toxicity. Hence, the
examined metabolites of Bp4eT apparently do not make contribution to its
pharmacological actions. These results are important and will be used for further

development of this drug candidate.
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Tables

Table 1. Cytotoxic effects of Bp4eT and its metabolites towards both neoplastic

and non-cancerous cell lines. Bp4eT and its metabolites have been incubated with HL-
60, MCF-7, HCT116 and A549 cancer cells or H9¢c2 and 3T3 non-cancerous cells for
72 h/37°C. Cellular viability was determined using the MTT test and the ICs values

(half-maximal inhibitory concentrations) were calculated using CalcuSyn 2.0 software.

Mean + SD; n > 4 experiments.

1Cs0 (WM)
HL-60 MCF-7 HCT116 A549 H9c2 3T3
0.003 0.015 0.008 0.593 0.524 1.309
Bp4eT
+0.001 +0.002 +0.001 +0.148 +0.157 +0.337
52.1 59.4 111.5 206.8 416.1 1027.4
Bp4eA
+33 +8.9 +20.9 +46.1 +122.1 +203.9
150.6 208.5 95.4 247.9 883.8
E-Bp4eS >1000
+09.1 +43.9 +10.4 +28.4 +278.6
46.2 197.6 337.0 535.9 343.2
Z-Bp4eS >1000
+1.5 +20.9 +48.5 +147.2 +95.1
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Table 2. Selectivity ratios of cytotoxic effects of Bp4eT and its metabolites towards
neoplastic and non-cancerous cells. The selectivity ratios were calculated as ratios of
ICso concentrations from cancerous and non-cancerous cells. The higher the selectivity

ratio is, the more selective is the anticancer action and the safety of the substance.

I1Cs neoplastic cells / 1Cso non-cancerous cells

H9c2/ 313/ H9c2/ 313/ H9c2/ 313/ H9c2/ 313/
HL-60 HL-60 MCF-7 MCF-7  HCT116 HCT116 A549 A549

Bp4eT 174.7 436.3 34.9 87.3 65.5 163.6 0.9 2.2
Bp4eA 8.0 19.7 7.0 17.3 3.7 9.2 2.0 5.0
E-Bp4eS 5.9 >6.6 4.2 >4.8 9.3 >10.5 3.6 >4.0
Z-Bp4eS 7.4 >21.6 1.7 >5.1 1.0 >3.0 0.6 >1.9
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Figure legends

Figure 1. Chemical structures of Bp4eT and its metabolites and indication of E/Z
isomerism. Bp4eT, 2-benzoylpyridine 4-ethyl-3-thiosemicarbazone; Bp4eA; N*-ethyl-
N*-[phenyl(pyridine-2yl)methylene]formamidrazne; Bp4eS, 2-benzoylpyridine 4-

ethylsemicarbazone.

Figure 2. Cytotoxic effects of the chelator Bp4eT (A) and its metabolites Bp4eA (B)
and both E (C) and Z (D) isomers of Bp4eS. For determination of cytotoxic activities
on cancer cells, HL-60, MCF-7, HCT116 and A549 cell lines were incubated with
studied substances for 72 h. Cytotoxicity studies on non-cancerous cells were performed
using 72 h incubation of studied substances with H9c2 and 3T3 cell lines. Mean + SD; n

> 4 experiments.

Figure 3. The capability of Bp4eA and Bp4eS to bind iron from labile iron pool
(LIP) of MCF-7 cells was negligible compared to parent chelator Bp4eT. The
abilities of studied substances to chelate free iron from LIP in MCF-7 cells were
measured using calcein-AM assay. The fluorescence of free calcein after the addition of
10 uM Bp4eT or its metabolites were observed for 10 min (A). The intensity of
fluorescence in t = 10 min of measurement of metabolites was expressed as a
percentage of the fluorescence produced by Bp4eT (B). Mean + SD; n = 6 experiments.
Statistical significance (ANOVA): * p < 0.05, ** p < 0.01, *** p < 0.001 as compared
to chelator Bp4eT.

Figure 4. The metabolites of Bp4eT lost the ability to mobilize **Fe from prelabeled
MCF-7 cells (A) and to prevent the uptake of **Fe from **Fe,transferrin by MCF-7
cells (B). The promotion of *°Fe release from prelabeled MCF-7 cells (A) and the
inhibition of internalized *°Fe uptake from *°Fetransferrin by MCF-7 cells (B) were
determined after 3 h/37°C incubations with 25uM concentrations of studied substances.
Mean + SD; n > 3 experiments. Statistical significance (ANOVA): * p < 0.05, ** p <

0.01, *** p < 0.001 as compared to the control (untreated) group.

Figure 5. In contrast to Bp4eT, its metabolites Bp4eA and Bp4eS were not able to
form redox active complexes with iron. For this assessment the ascorbate oxidation
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assay was used. Bp4eT and its metabolites were assayed at iron binding equivalents
(IBE) of 0.1 (excess of iron), 1 (fully charged iron — chelator complex) and 3 (excess of
free chelator). Chelators DFO and EDTA were used as antioxidative or prooxidative
controls, respectively. Results are expressed as a percentage of control group without
chelator in the same IBE (100 %). Mean + SD; n > 3 experiments. Statistical
significance (ANOVA): * p < 0.05, ** p < 0.01, *** p < 0.001 as compared to the

control group (iron with ascorbate) in the same IBE.

Figure 6. Bp4eT caused increase of S phase and decrease of G,/M phase of cell
cycle whereas its metabolites did not. MCF-7 cells were incubated for 72 h with 100
nM Bp4eT or its metabolites, Bp4eA and Bp4eS, in the same concentration. The cell
cycle analysis was processed by flow cytometry using propidium iodide. Phase
quantification was evaluated using MultiCycle AV Software. Mean + SD; n > 3
experiments. Statistical significance (ANOVA): * p < 0.05, ** p < 0.01, *** p < 0.001

as compared to the control (untreated) group.

Figure 7. Epifluorescence microscopy estimation of autophagy, apoptosis or
necrosis after Bp4eT treatment. MCF-7 cells were incubated for 72 h with 10 or 100
nM Bp4eT. 1nM rapamycin was incubated with MCF-7 cells for 30 min to serve as a
positive control for autophagy to distinquish autophagosomes (large, blue-fluorescent
granules) from intact lysosomes (blue-fluorescent dots) labelled with the MDC probe.
The green fluorescence of plasma membrane labeled with annexin V-FITC is a sign of
apoptotic cells or bodies. The red-fluorescent nuclei stained with propidium iodide (or
yellow when overlaid with green fluorescence of cellular membrane) are nuclei of
necrotic or late-stage apoptotic cells with altered cell membrane integrity. Scale bars

represent 50 um.

Figure 8. Bp4eT treatment does not affect lysosomes, but causes a mitochondrial
swelling. MCF-7 cells were incubated for 72 h with 10 or 100 nM Bp4eT then stained
10 min with lysosomal probe LysoTracker® (blue) and mitochondrial probe

MitoTracker® (green). Scale bars represent 50 pm.
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Figure 9. Bp4eT causes an increase of caspase activities whereas its metabolites do
not. MCF-7 cells were incubated for 3 h (A), 24 h (B) and 72 h (C) with 100 nM Bp4eT
or its metabolites, Bp4eA and Bp4eS, in the same concentration. The caspase activities
were then assayed in cellular lysates. The activities were related to cell viabilities and
the results were expressed as a percentage of control. Mean + SD; n = 4 experiments.
Statistical significance (ANOVA): * p < 0.05, ** p < 0.01, *** p < 0.001 as compared

to the control (untreated) group.
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Figure 3.
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Figure 4.
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Figure 6.
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Figure 7.
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Figure 8.
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Figure 9.
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Supplementary Figure Legend

Supplementary Figure 1. Expected iron complexes of Bp4eT and its metabolites.
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Supplementary Figure 1.
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