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Abstrakt

Univerzita Karlova v Praze
Farmaceuticka fakulta v Hradci Kralové

Katedra biochemickych véd

Kandidat: Mgr. Anna Vavrova

Skolitel: Doc. PharmDr. Tomas Sim@inek, Ph.D.

Nazev disertacni prace:

Kardiotoxicita protinddorovych Iéciv: Studium molekularnich mechanizm( a moZnosti

farmakologické kardioprotekce

Antracyklinova antibiotika patfi mezi nejpouzivanéjsi cytostatika. Jejich pouziti je vSak
omezeno kardiotoxicitou. Jedinym doposud registrovanym [é¢ivem schopnym omezit
kardiotoxicitu antracyklin(i je dexrazoxan. Mechanismus jeho kardioprotektivniho
plUsobeni, stejné tak jako mechanismus antracyklinové kardiotoxicity zGstavaji i pres
pllstoleti vyzkumu nejasné. V této prdci jsme se soustredili na studium molekularnich
mechanismu tohoto poskozeni, zvlasté pak s ohledem na mechanismy kardioprotekce
pomoci dexrazoxanu. Neprokazali jsme, Ze v patogenezi antracyklinové kardiotoxicity
hraje vyznamnou roli glutathion a snim spojeny enzymovy systém, a to jak v
experimentech in vitro tak i pfi analyze tkané myokardu v ramciin vivo modelu
chronické antracyklinové kardiotoxicity. Dale jsme zjistili, Ze dexrazoxan je schopen
zabranit antracyklinové kardiotoxicité v nasem in vitro modelu izolovanych
neonatalnich kardiomyocyt(, avSak nechrani tyto burnky pfed toxickym poskozenim
modelovym oxida¢nim insultem peroxidem vodiku. ProtoZze dexrazoxan je také
katalytickym inhibitorem topoisomerasy Il, porovnali jsme jeho protektivni schopnosti
s dalSimi dvéma katalytickymi inhibitory sobuzoxanem a merbaronem a zjistili jsme, zZe

i tyto latky dokdZou podobné jako dexrazoxan omezit antracyklinovou kardiotoxicitu
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bez soucasného negativniho ovlivnéni protinddorové ucinnosti antracyklinG, ale jsou
neucinné proti modelovému oxida¢nimu poskozeni kardiomyocytld. Vztahy mezi
strukturou a kardioprotektivnim acinkem dexrazoxanu nejsou jesté dostatecné
objasnény, stejné jako role jeho hydrolyzy na Zelezo-chelatujici metabolit ADR-925.
Studovali jsme proto analogy dexrazoxanu a ADR-925, a porovnavali jejich potencidlni
kardioprotektivni vlastnosti s dexrazoxanem. Zjistili jsme, Ze tyto nové analogy
nevykazuji kardioprotektivni ucinky, coz je zfejmé zpUsobeno rozdily v interakcich
s topoisomerasou |l. Z experimentll provedenych vramci této disertacni prace i
nékterych dalSich neddvno uverejnénych studii tedy vyplyva, Ze spiSe neZ tradicné
uddvanym mechanismem oxidacniho poskozeni mohou antracykliny pUsobit
kardiotoxicky diky interakci s topoisomerasou Il pfitomnou v kardiomyocytech a na

tento ucinek by se mohlo zaméfit i hledani dalSich ucinnych kardioprotektiv.
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possibilities of pharmacological cardioprotection.

Anthracyclines are amongst the most widely used antineoplastic agents. Nevertheless,
their use is limited by the risk of cardiotoxicity. Dexrazoxane has been the only
approved cardioprotectant against anthracycline cardiotoxicity so far. Despite half a
century of research, the mechanisms of its cardioprotective ability as well as the
mechanisms of anthracycline toxicity are elusive. In this study, we focused on the
study of the molecular mechanisms of dexrazoxane cardioprotection. We did not
prove the principal role of glutathione and related antioxidant enzymes in the
pathogenesis of anthracycline cardiotoxicity both in the in vitro experiments and in
vivo in the samples of left ventricles from the well-established model of chronic
anthracycline cardiotoxicity in rabbits. Moreover, we found that in vitro dexrazoxane is
able to protect the isolated neonatal rat cardiomyocytes against anthracycline-, but
not hydrogen peroxide-induced damage. As dexrazoxane is also a catalytic inhibitor of
topoisomerase 1l, we compared its cardioprotective ability with two other
topoisomerase |l catalytic inhibitors, sobuzoxane and merbarone. All dexrazoxane,
sobuzoxane and merbarone were comparably effective in the protection of neonatal

rat cardiomyocytes against anthracycline toxicity, but were uneffective against

6



oxidative damage. At the same time, the catalytic inhibitors used in this study did not
compromise the antiproliferative activity of antrhracyclines on the HL-60 cell line. The
structure-activity relationships of the dexrazoxane cardioprotection are not precisely
determined, as well as the need of its hydrolysis to the metal-chelating metabolite
ADR-925. Therefore, we studied the newly synthesized analogues of both dexrazoxane
and ADR-925 regarding their cardioprotective potential. We found that these novel
analogues are not protective compared to dexrazoxane, which is probably caused by
their inactivity regarding topoisomerase Il catalytic inhibition. From the data of this
study as well as from the experimental data of other recent studies we can conclude,
that rather than by the traditionally proposed oxidative damage, anthracyclines may

be cardiotoxic due to their interaction with the topoisomerase Il in cardiomyocytes.
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1. Uvop

Antracyklinovd antibiotika se fadi mezi nejucinnéjsi protinddorova léciva. Spektrum
jejich indikaci pokryva jak krevni tak tkariové malignity, pouzivaji se pfi terapii leukémii,
karcinomu prsu, urogenitdlniho i gastrointestindlniho traktu, malignit mékkych tkani a
kosti az po lymfomy a myelomy (Brunton a kol. 2010). Jejich mimoradny vyznam se
projevil zejména v pediatrické onkologii, kde se kratce po jejich zavedeni zvysila
uspésnost lécby akutni myeloblastické leukemie z 30 % az na 80 %. Uvadi se, Ze vice
nez polovina détskych pacientl byla Ié¢ena antracykliny (Jemal a kol. 2009). Prestoze
antracykliny pouzivany jiz 50 let, diky jejich vyjimecné ucinnosti se nestaly
obsolentnimi. Naopak, nova cilena protinadorova léCiva se pouzivaji casto v kombinaci
pravé s antracykliny (Brunton a kol. 2010). PrestoZe bylo za vice nez pUlstoleti vyzkumu
novych analogt dvou plvodnich latek, daunorubicinu a doxorubicinu, vyvinuto nékolik
tisic struktur, vsoucasné klinické praxi je stale nejcastéji pouzivanou latkou

doxorubicin (Menna a kol. 2008).

vaevys

nezddoucimi ucinky, myelotoxicitou a kardiotoxicitou (Brunton a kol. 2010).
Myelotoxicita antracyklini se vyskytuje jiz v pribéhu terapie a v souc¢asné dobé je
mozné ji omezit pouZitim rlstovych faktorl (Balducci 2000). Po ukoncéeni podavani
antracyklin( se pak krvetvorba obnovuje. Naopak kardiotoxicita antracyklin(i se projevi
Casto aZ po ukonceni terapie jako dilata¢ni kardiomyopatie s progresi do méstnavého
srde¢niho selhani. Toto poskozeni prevainé kardiomyocytl v levé srdecni komore je
povazovano za ireverzibilni a na terapii reaguje jen velmi omezené, a to pouze
zpomalenim dalsi progrese srde¢niho selhani (Elliott 2006). Nékteré nové;si studie viak
naznacuji, Ze velmi c¢asné zapoceti terapie pomoci inhibitord angiotensin
konvertujiciho enzymu a antagonistll beta adrenergnich receptord muze ztratu srdecni
funkce zvratit. ZGstava ale stale otazkou, zda toto zlepSeni neni pouze dlsledkem
snizeni krevniho tlaku a nakolik zlstane funkce zachovana po vysazeni této terapie
(Wells a Lenihan 2010). Proto panuje vramci odborné verejnosti jednoznacny

konsenzus, Ze vyhodnéjsi strategii je snaha tomuto poskozeni pfedchazet.



Zatimco v prvotnich klinickych studiich byla pozorovana kardiotoxicita u 7 % pacient(
po davce 550 mg/m’ doxorubicinu a tato davka byla néasledné zhodnocena jako
nejvyssi davka, kterda muize byt relativné bezpecné podana (Von Hoff a kol. 1979),
v novéjsi retrospektivni studii bylo zjisténo, Ze az u Ctvrtiny pacientl |éCenych touto
kumulativni ddvkou doxorubicinu je pozorovano manifestni srdecni selhani (Swain a
kol. 2003). Predikci rozvoje manifestniho srdecniho selhdni komplikuje vysoka
interindividudlni variabilita. U nékterych pacient( se toxické Gcinky antracyklin(i projevi
u? pfi davkach nizdich nez 300 mg/m?, kdezto u nékterych pacient ani 1000 mg/m?
kardiovaskularnich komplikaci |é¢by antracykliny jesté vétsi, coz pravdépodobné
souvisi také s del$i dobou preziti téchto pacientll. Rozvoj asymptomatického srdecniho
poskozeni byl u déti 1é¢enych doxorubicinem pozorovan uz pfi dosazeni kumulativni
davky 100 mg/m?, v davce 270 mg/m? pak riziko tohoto poskozeni bylo 4,5 krat vétsi
nez u nelééené populace (Oeffinger a kol. 2006). Riziko srde¢niho poskozeni je
ovlivnéno také dalSimi rizikovymi faktory, jako jsou nizky nebo naopak vysoky vék,
existujici kardiovaskularni onemocnéni, obezita, diabetes mellitus a také predchozi
nebo soucasna lécba ozafovanim mediastina nebo jinymi IéCivy s kardiotoxickym

potencidlem (Ewer a Yeh 2006).

Jedinym dosud registrovanym Ié¢ivem, které je schopné ucinné predchazet
kardiotoxicité antracyklin je dexrazoxan. Tato latka nebyla vyvinuta raciondlnim
pfistupem (Rhomberg a Hellmann 2011). Pavodné byly studovany jeji protinadorové
ucinky a teprve kombinaci s antracykliny bylo zjiSténo, Ze vykazuje kardioprotektivni
vlastnosti (Rhomberg a Hellmann 2011). Tento ucinek je od 80. let 20. stoleti
pfisuzovan metabolitu dexrazoxanu, molekule oznacené jako ADR-925, ktera je svou
strukturou velmi podobnd molekule zndmého chelatoru kovd EDTA. V soucasnych
ucebnicich je proto obvykle prezentovana ,klasicka“ teorie, Ze dexrazoxan puUsobi
kardioprotektivné diky metabolizaci a schopnosti vyvazovat volné katalyticky aktivni
ionty Zeleza a tak zabrdnit vzniku volnych kyslikovych radikdld v burice. Proto se
v poslednich desetiletich preklinicky i klinicky vyzkum do znac¢né miry zaméfil na
oxidacni stres zplsobeny antracykliny a jeho omezeni pouZitim antioxidantl a

selektivnéjsich a silnéjSich chelatord Zeleza. AvSak tyto studie neprokazaly ucinnost
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téchto latek, kterd by byla srovnatelnd nebo prekracovala uUcinnost dexrazoxanu
(Simdnek a kol. 2009). Proto se vsoucasné dobé stale vice studii zaméfuje na
alternativni mechanismy kardiotoxicity antracyklinG a kardioprotekce pomoci

dexrazoxanu.

S nastupem cilené terapie a rozpoznanim kardiotoxického plsobeni nékterych
novéjsich IécCiv se kardiotoxicita protinddorovych terapeutik zacala klasifikovat do dvou
skupin. Zatimco antracykliny zpUsobuji takzvany typ | kardiotoxicity navozené
chemoterapeutiky, néktera cilena Iéciva pusobi takzvany typ Il tohoto poskozeni. Typ Il
je charakterizovan na rozdil od typu | nezdvislosti poskozeni na podané ddavce léciva,
vyskytuje se jen u nékterych pacient(, jeji zavainost je znacné rozdilnd a obvykle
nezpUsobuje identifikovatelné poskozeni ultrastruktury myokardu (Ewer a Lippman

2005).

Tato disertacni priace byla vypracovdna jako soucdst dlouhodobého vyzkumu
realizovaného na pracovistich Lékarské a Farmaceutické fakulty Univerzity Karlovy
v Hradci Krdlové. Mechanismy antracyklinové kardiotoxicity a farmakologické
kardioprotekce jsou na téchto pracovistich zkoumany uz od 90. let minulého stoleti. Na
Ustavu farmakologie Lékaiské fakulty byl zaveden skupinou prof. MUDr. Vladimira
Gersla, CSc. in vivo model antracyklinové kardiotoxicity na kralicich, ktery pouZiva
klinicky relevantni aplikace antracyklinGi a byl také validovan pomoci dexrazoxanu. Na
Katedife biochemickych véd Farmaceutické fakulty pak probihd pod vedenim doc.
PharmDr. Tomase SimUnka, Ph.D. in vitro hodnoceni antracyklinové kardiotoxicity, a to
jak na bunécné linii potkanich kardiomyoblastl H9c2, tak i na izolovanych primarnich
neonatalnich potkanich kardiomyocytech. Na tomto pracovisti probiha také hodnoceni
vlivu novych latek na aniproliferativni acinky antracyklind. Nova potencidlni
kardioprotektiva jak z fady aroylhydrazonovych cheldtor(i Zeleza, tak novéji i analogl
dexrazoxanu, jsou syntetizovana na katedre anorganické a organické chemie FaF UK
pod vedenim doc. PharmDr. Katefiny Vavrové, Ph.D. Studium farmakokoinetickych
parametr( dexrazoxanu a jeho metabolismus, stejné jako hodnoceni novych latek, se
pak odehrdvd na katedie farmaceutické cheime a kontroly Iééiv pod vedenim doc.
PharmDr. Petry Kovarikové, Ph.D. Timto komplexnim pfistupem se tato pocetna

skupina snazi prispét k objasnéni antracyklinové kardiotoxicity. V roce 2012 se tato
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skupina, spolu s dalSimi pracovisti stala soucasti centra pro vyzkum toxickych a
protektivnich ucink( léc¢iv na kardiovaskularni systém, které je jednim z univerzitnich

vyzkumnych center Univerzity Karlovy v Praze (UNCE 204019/304019/2012).
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2. TEORETICKA CAST

2.1. ANTRACYKLINOVA ANTIBIOTIKA

Prvni zdstupce antracyklinovych antibiotik, daunorubicin, byl poprvé izolovan
z bakterie Streptomyces peuceticus v roce 1963 v Italii (Grein a kol. 1963; Grein 1987).
Vroce 1969 byl ndsledovan doxorubicinem (adriamycin) (Arcamone a kol. 1969) a
v pribéhu dalSich 40 let byla tato skupina rozsifena o dalSich asi 2000 analog,
pfevdiné semisyntetickych, vyvinutych ve snaze o nalezeni analogli s lepSim
terapeutickym indexem. AvSak pouze nékolik znich bylo vrlznych statech
registrovdno a zavedeno do klinické praxe (vétSiho uplatnéni se dockal pouze
epirubicin) a dodnes nejpouzivanéjSimi latkami z této skupiny jsou dva ,klasicti“
zastupci, doxorubicin a daunorubicin. Jejich struktury se od sebe liSi pouze pfitomnosti
hydroxylu na C-14 v molekule doxorubicinu, avsak tato mald zména ma velky vliv na
spektrum indikaci téchto analogll. Zatimco daunorubicin se téméfr vyhradné pouziva
v terapii akutni lymfoblastické a myeloblastické leukémie, spektrum pouZiti
doxorubicinu je mnohem S$irsi, zahrunuijici jak krevni malignity, tak i solidni nadory
(Minotti a kol. 2004; Brunton a kol. 2010). Struktury klinicky pouZivanych zastupcu

antracyklinovych antibiotik jsou znazornény na Obr. 2.1.

2.1.1. MECHANISMY PROTINADOROVEHO PUSOBENiI ANTRACYKLINU

V pribéhu vice nez pulstoleti vyzkumu antracyklinovych antibiotik bylo navrZeno
nékolik moznych mechanisml jejich protindadorového Ucinku. Tradicné byly
antracykliny fazeny mezi tzv. interkalacni cytostatika. Planarni struktura antracyklinu
se muzZe zasunout mezi pary G-C vmolekule DNA, kde je stabilizovana van-der-
Waalsovymi silami a vodikovymi mUstky, a timto zplsobem inhibovat jak replikaci, tak i
transkripci DNA. Inhibice syntézy DNA a RNA m{zZe byt zpUsobena také inhibici DNA
polymerasy nebo helikasy (Gewirtz 1999; Minotti a kol. 2004).

Spekulovalo se také o roli volnych kyslikovych radikdld s ndslednym poskozenim
okolnich biomolekul, avsak vétsina studii prokazujicich vliv volnych kyslikovych radikald
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a oxidacniho stresu pouzivala znacné supraterapeutické davky antracyklind. V
nékterych studiich navic nebyl prokdzan vliv antioxidac¢nich enzym( superoxid
dismutasy, katalasy nebo glutathion peroxidasy na antiproliferativni puasobeni

antracyklin( (Lenehan a kol. 1995; DeGraff a kol. 1994).

Dalsim  pozorovanym jevem, ktery by mohl pfinejmensim  pfispivat
k antiproliferativnimu plsobeni antracyklin byla tvorba jejich DNA aduktd. Také tento
jev byl pozorovan pouze v supraterapeutickych davkach antracyklint (Cummings a kol.
1991; Cummings a kol. 1992), avSak nepfimé dikazy svédci o tom, Ze v burice mlze

tvorba aduktd probihat i v nizsich koncentracich (Skladanowski a Konopa 1994).

Déle pak je antracyklinGm ptisuzovan také vliv na rizné enzymy modifikujici DNA, jako
je helikasa Il, DNA polymerasa, telomerasa nebo topoisomerasa Il. V soucasné dobé je
za hlavni mechanismus Gcinku antracyklinG oznacovana pravé interakce
s topoisomerasou Il (Brunton a kol. 2010). Antracykliny patfi do skupiny inhibitortd
topoisomerasy |l oznacovanych jako topoisomerasové jedy. Zastupci této skupiny
inhibuji topoisomerasu Il ve stadiu tzv. Stépného komplexu. V této fazi je enzym spojen
s DNA tak, Ze molekula DNA je rozstépena ve vzdalenosti 5 par( bazi a oba konce DNA
jsou kovalentné vazany s tyrozinovymi zbytky enzymu (Obr. 2.2 faze 4). Tato faze
Stépného komplexu, kterd ma za normalnich podminek velmi kratké trvani, je G¢inkem
antracyklinG stabilizovana a nedojde k opétovnému spojeni molekuly DNA. Kolize
replikacnich nebo transkripénich enzym( stimto komplexem vede k aktivaci
proteolytickych mechanism(, které vedou k degradaci topoisomerasy Il a vzniku

dvojitého zlomu v DNA (Deweese a Osheroff 2009).

Kromé ovlivnéni DNA oxidacnim stresem, pfimou interkalaci nebo ovlivnéni enzymu
manipulujicich DNA se v posledni dobé objevuji také studie sledujici pfimou aktivaci
apoptotickych cest molekul regulujicich bunécny cyklus nebo expresi specifickych

rastovych faktord (Minotti a kol. 2004).

2.1.2. MECHANISMY ANTRACYKLINOVE KARDIOTOXICITY

Relativné casty nezadouci ucinek antracyklin(i predstavuje myelotoxicita, ktera je,

stejné jako dalSi neZadouci ucinky vyskytujici se pfi protinddorové |écbé obecné
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(nauzea, zvraceni, alopecie, mukositida), prechodnd (Brunton a kol. 2010). V soucasné
dobé diky moderni adjuvantni terapii hematopoetickymi rlGstovymi faktory a
antiemetiky se podafilo zavaznost téchto prechodnych nezadoucich Gc¢inkd snizit
(Balducci 2000; Brunton a kol. 2010). Nejzasadnéjsim nezddoucim ucinkem limitujicim
celkovou podanou davku antracyklin( je kardiotoxicita. Toxické plsobeni antracyklind
na kardiomyocyty je na rozdil od myelotoxicity irreverzibilni. Klinicky se projevuje jako
dilatacni kardiomyopatie s progresi do srdecniho selhani. Tato toxicita postihuje
predevsim myocyty v levé komore a septu (Hrdina a kol. 2000; Bird a Swain 2008;

Colombo a kol. 2013).

Pfes vice nez 50 let zevrubného vyzkumu tykajiciho se antracyklinové kardiotoxicity
nejsou mechanismy vzniku tohoto poskozeni zcela vysvétleny. Zadna z dosud
publikovanych hypotéz nebyla zatim jednoznacné prokazana, ale ani jednoznacné
vyvracena. Tradicné se nejvétSi podil na patogenezi antracyklinové kardiotoxicity
pfipisuje zvySené tvorbé volnych kyslikovych radikald s ndslednym posSkozenim
vitalnich struktur bunky. Avsak jednotlivé hypotézy se vzajemné nevylucuji a je mozné,

e patogeneze antracyklinové kardiotoxicity je multifaktorialni (Stérba a kol. 2013).

Zvysena tvorba reaktivnich forem kysliku byla pozorovana jak v in vitro, tak vin vivo
experimentech a oproti dalSim mechanismim byla pravé tvorba kyslikovych radikalt
antracykliny jako plvodce jejich kardiotoxicity studovana nejvice. V literature jsou
popsany dva zakladni mechanismy tvorby volnych kyslikovych radikald molekulou
antracyklinG. Jeden zplsob vychazi z tvorby semichinonové formy kysliku na kruhu C.
Radikal vznikly touto jednoelektronovou redukci se snadno stdva donorem volného
elektronu a v pfitomnosti kysliku vytvari superoxidovy radikdl (-O,). Za pomoci
flavoprotein( a redukujicich ekvivalentd (NADH nebo NADPH) je poté semichinonova
forma regenerovana. Tato sekvence reakci je nazyvana redoxnim cyklenim
antracyklinG. Dismutaci superoxidového radikalu katalyzovanou superoxid dismutasou
vznikd relativné malo reaktivni peroxid vodiku, ktery je fyziologicky odstranovan
pomoci katalasy a glutathion peroxidasy. Ovsem peroxid vodiku mlzZe také spolu se
superoxidovym radikdlem vytvaret vysoce reaktivni a toxicky hydroxylovy radikal (-OH)
pfi takzvané Haber-Weissové reakci. Tato reakce vsak, pokud neni katalyzovana

nékterym prechodnym kovem, zvlasté pak Zelezem, probiha velmi pomalu (Halliwell a
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Gutteridge 2007). Tvorbou superoxidového radikalu mohou antracykliny déle zvySovat
nitrobunécnou koncentraci volného katalyticky aktivniho Zeleza, jehoZz uvolfiovani

z ferritinu je timto radikalem podporovano (Thomas a Aust 1986).

Dalsim mechanismem vzniku kyslikovych radikadld je jejich tvorba komplexem
antracyklinu se Zelezem. Diky kyslikovym atomim pritomnym v molekule antracyklinu
na sousednich cyklech mlzZe Zelezo tvofit s témito kyslikovymi atomy a souborem
elektrond nad benzenovymi jadry cykli redox-aktivni soustavu. V pfitomnosti
redukcnich ekvivalentd (NADH, glutathionu nebo jinych thiol(l) je trojmocné Zelezo
v tomto systému redukovdno na dvojmocné, které vytvari s molekulou kysliku opét
superoxidovy radikdl. Komplex s dvojmocnym Zelezem muizZe také reagovat pfimo
s peroxidem vodiku za vzniku hydroxylového radikdlu. Komplex antracyklinG se
Zelezem muZe podléhat i intramolekuldrni redoxni reakci za vzniku radikdlu
s dvojmocnym Zelezem, ktery v pfitomnosti kysliku vytvari opét superoxidovy radikal

(Keizer a kol. 1990).

Oxidacni poskozeni kardiomyocytl v souvislosti s tvorbou volnych kyslikovych radikal(
antracykliny jako hlavni mechanismus antracyklinové kardiotoxicity byl podporen
studiemi, v nichZ zvySenim dostupnosti Zeleza doslo ke zvySeni toxicity antracykling, a
to jak v in vitro bunécné kulture izolovanych kardiomyocyt( (Hershko a kol. 1993), tak
in vivo u potkant (Link a kol. 1996). Prestoze neni pochyb o tom, Ze molekula
antracyklinG ma chemické vlastnosti vice nez priznivé ke tvorbé volnych kyslikovych
radikalt, primé dlkazy o oxida¢nim poskozeni kardiomyocytl antracykliny pochazeji
casto ze studii pouZivajicich velmi vysoké koncentrace antracyklin( aplikované navic
jen v jedné bolusové intraperitonealni davce. Toto podani se vSak dramaticky lisi od
formy podani antracyklinG v klinické praxi, kde jsou antracykliny podavany spisSe
v prodlouZzenych rezimech z dlivodu snizeni maximalni hladin antracyklin( v plasmé.
V téchto studiich bylo tedy sledovdno spiSe akutni poskozeni srdce, které nema
k pozdéjsim formam kardiotoxicity antracyklin jednoznaény vztah (Hrdina a kol.
2000). V klinické praxi jsou také antracykliny podavany striktné intravendzné. Pfi
nahodné extravazaci dochdzi k zdvainym nekrézdm a tedy pfi intraperitonedlnim
podani se dad ocekdvat celkova zdnétlivda odpovéd organismu, kterd mize mit vliv i na

redoxni homeostazu v srdci.
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Antracykliny také interaguji s metabolismem vapniku. Byla napfiklad prokazana snizena
exprese ryanodinového receptoru (Boucek a kol. 1999). Antracykliny také ovliviuji
vapnikové kandly na povrchu kardiomyocytl (Solem a Wallace 1993). Pretizeni
vapnikem, které bylo pozorovdno v disledku expozice kardiomyocytl antracyklinlim
vede k aktivaci proteolytického enzymu kalpainu, ktery dale stépi kontraktilni vidkna a
dalsi proteiny (naptiklad sarkoplasmatickou kaspazu 12) (Lim a kol. 2004). Pretizeni
vapnikem muze také pfimo pUsobit na mitochondrie a vyvoldvat uvolnéni cytochromu

¢, vedouci k aktivaci vnit¥ni cesty apoptdzy. (Minotti a kol. 2004; Stérba a kol. 2013) .

V souvislosti s plsobenim antracyklini byly zaznamenany také zmény v expresi
nékterych proteint jak ve smyslu zvySené, tak i snizené exprese. Byla zaznamendna
také zvysend degradace proteinl, jak uZz dfive zminénym kalpainem, tak i
prostiednictvim proteazomu (Stérba a kol. 2011; Boucek a kol. 1999). V sou¢asné dobé
vSsak nelze vyvodit jasny zavér, ktery z pozorovanych jevl je primarni pficinou

poskozeni a ktery jen nasledkem nastartovanych procesu.
2.1.3. MOZNOSTI PREVENCE ANTRACYKLINOVE KARDIOTOXICITY

Zakladnim kardioprotektivnim zasahem, nejéastéji pouzivanym v klinické praxi je
omezeni celkové podané davky antracyklinG. Tento pfistup vSak muzZe také mit za
nasledek omezeni terapeutického potencidlu antracyklinG. Jelikoz bylo navrieno, Ze
kardiotoxicita antracyklini je spojena svysokymi plasmatickymi koncentracemi,
zatimco jejich protinddorova ucinnost zavisi spiSe na koncentraci antracyklin( ve
tkanich po co nejdelsi dobu (Legha a kol. 1982a), studovaly se také rGzné zpUsoby
aplikace antracyklin(i. Prvotni studie porovnavajici podani antracyklint pacientiim ve
formé infuze s bolusovym podanim potvrzovaly zachovani protinadorové aktivity spolu
se soucasnym snizenim kardiotoxicity vtomto schématu (Hortobagyi a kol. 1989;
Zalupski a kol. 1991), avSak novéjsi studie signifikantni protekci nenalezly (Lipshultz a

kol. 2002; Levitt a kol. 2004).
2.1.3.1. Nové analogy antracyklin(

Mitochondrie jako primarni cil antracyklinové kardiotoxicity vedly k myslence vytvofrit

antracykliny, primarné cilené do bunécného jadra. Toto splfiuji konjugaty antracyklinG
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s formaldehydem jak syntetizované, nebo vytvorené intraceluldrné. Cileni do jadra se
da také dosdahnout substituci aminoskupiny na C-3 za hydroxylové nebo acylové
substituenty.  Substituce hydroxylem sice nevede k modifikaci interakce
s topoisomerasou |l, ale ovliviiuje rozpustnost. Naopak acylové substituenty inhibici
topoisomerasy a cytotoxicitu snizuji. Nadéjnou strategii se jevila syntéza morfolinovych
derivat antracyklin(. Tyto derivaty modifikuji mechanismus ucinku, zvySenim podilu
alkylace DNA a DNA cross-linking. U téchto derivatl, prestoZze schopnost tvorby
kyslikovych radikdlii je zachovana, byla experimentdlné potvrzena sniZzend
kradiotoxicita. V klinickych studiich byla u nékterych analogl zaznamenana vyssi
gastrointestindlni toxicita a poskozeni centralni nervové soustavy, ohledné
kardiotoxicity dosahly tyto studie smiSenych vysledkd (Bakker a kol. 1998; Fokkema a
kol. 2000; Takemoto a kol. 1999; Kuratsu a kol. 2000).

Dalsi modifikaci aminoskupiny C-3 schopnou zacilit molekulu antracyklin(i do jadra je
alkylace. Tyto analogy neinhibuji topoisomerasu Il, ale interkaluji do DNA a kovalentné
se vazi na guaninové a adeninové zbytky. Tyto analoga byly Gcinné i u nadoru
rezistentnich na klasické alkylaéni latky (cis-platina, melfalan). V preklinickém
hodnoceni na potkanech byla pozorovana asi dvacetinasobné sniZzena kardiotoxicita
oproti ddvce doxorubicinu indukujicim stejnou miru myelotoxicity, pravdépodobné

diky zvysené plasmatické clearance (Geroni a kol. 2001; Marchini a kol. 2001).

Disacharidova analoga antracyklin jsou znacné heterogenni skupinou s ohledem na
jejich  cytotoxicitu. | mald zména v konfiguraci ¢asto znamena vymizeni
sedminasobné vyssi cytotoxickou aktivitu nez daunroubicin a srovnatelnou aktivitu
s doxorubicinem. Cytotoxicita téchto analogl byla Uumérnd mife jejich interakce
s topoisomerasou Il (Arcamone a kol. 1999). Pfestoze v preklinickych studiich vykazoval
zatim nejvice prostudovany zastupce této skupiny sabarubicin slibné vysledky jak
v pfipadé protinadorové aktivity tak kardiotoxicity, v klinickych studiich byl

zaznamenan pokles srdecni funkce (Schrijvers a kol. 2002).

14-0O-acylantracykliny jsou derivaty antracyklin(, které nebyly syntetizovany pro cileni

do jadra, ale spiSe do perinukledrniho kompartmentu. Z této skupiny byl nejvice
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studovan valrubicin, o némz se soudi, Ze je katalytickym inhibitorem proteinkinasy C
(Wani a kol. 2000). Valrubicin jako jeden z mala novych analogl antracyklin( byl
registrovan americkou FDA pro lé¢bu rakoviny mocového méchyre cestou primé
aplikace do mocového méchyre (Kuznetsov a kol. 2001; van der Heijden a Witjes

2003).

Doposud se do klinické praxe dostalo zvice nez 2000 syntetizovanych analogl
antracyklinG jen nékolik malo latek, jako je idarubicin, epirubicin, valrubicin (Obr. 2.1).
Zvlastni pozornost byla vénovana epirubicinu, protoZe v Uvodnich preklinickych i
klinickych studiich byla pozorovana nizsi incidence kardiotoxicity, ktera byla
pfisuzovana nizsi tvorbé alkoholickych metabolitll epirubicinu ve srovnani
s doxorubicinem (Minotti a kol. 2000). AvSak novéjsi studie ukazuji, Ze v ekvipotentnich
davkach je incidence kardiotoxicity srovnatelna mezi témito dvéma latkami (larussi a

kol. 2005).

19



NH,

OH =
N ‘
OH oY ~0~ 7 ~ ,(j

O O 7
O o OH O 0) /”
> 904@
OH
0] OH (@) OH
o OH o

Daunorubicin

Doxorubicin

Valrubicin

Idarubicin

Obr. 2.1 Chemické struktury klinicky pouzivanych antracyklinG
2.1.3.2. Lipoosmdlini formulace antracyklint

Inkorporace do liposomQ je nejpouzivanéjsi strategii pro pasivni cileni antracyklin(i
k nddordm (Minotti a kol. 2004). Pasivni cileni vtomto pripadé spociva ve vyuziti
odlisSnosti ve vlastnostech cév v normalni a nadorové tkani. Cévy v nadorové tkani jsou
charakterizovany vyssi fenestraci nez cévy v béznych tkanich a na rozdil od nich tedy
propousti i tyto liposomalni ¢astice. Vedle toho jsou nadorové tkdné nedostateéné
protkany lymfatickymi cestami, kterymi jsou liposomy z nddoru odstrafiovany, a
dochazi tedy kjejich akumulaci v nadorové tkani (Matsumura a Maeda 1986).
Liposomalni formulace antracyklini jsou obecné charakterizovany snizenym

distribuénim objemem, snizenou clearance a prodlouzenym biologickym poloc¢asem
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(Drummond a kol. 1999). Je snizen také metabolismus na aglykony a alkoholické
metabolity antracyklind. Touto formulaci je také moZno c¢astecné omezit rezistenci
nadorl zplsobenou zvysenou exkreci antracyklind z bunék P-glykoproteinem (Mickisch
a kol. 1992). Lipidova dvojvrstva se vyznacuje znacné omezenou propustnosti jak pro
hydrofilni, tak pro amfifilni latky a proto jsou liposomadlni formulace znacné stabilni jak
pfi skladovani, tak v plasmé. Kromé jednoduchych liposomalnich ¢astic se také casto
vyuzivaji tzv. stericky stabilizované liposomy, které se vyznacuji pritomnosti
polyethylenglykolu na svém povrchu. Tyto stericky stabilizované castice
pravdépodobné maji omezenou vazbu na sérové opsoniny a také méné interaguji
s bunikami retikulo-endotelidiniho systému, maji jesté delSi plasmaticky polocas a

zvySenou lokalizaci do nadorové tkané, nez klasické liposomy (Drummond a kol. 1999).

Liposomalni formulace se také vyuZivaji k aktivnimu cileni antracyklini a to pomoci
jejich konjugace s molekulami cukrli, sérovych proteinQ, protildtek nebo jejich
fragmentl. Timto pfistupem lze zvysit prestup antracyklinG i do vnitfnich vrstev
solidnich nador(, které jsou pasivné cilenymi formulacemi zasazeny méné, coz by
mohlo vést ke vzniku rezistentnich populaci uvnitf nadorl. Tento prlinik do vnitfnich
vrstev byl pozorovan napftiklad v ptipadé podani liposom0 vazajicich Fab* fragment
trastuzumabu (Park a kol. 2002). Konjugace s protildtkami je mozZno vyuZit také pro
cileni antracyklind do jednotlivych organl, jak je tomu napftiklad v pfipadé plicni
lokalizace pomoci thrombomodulinu exprimovaného na plicnim endotelu (Mori a kol.

1995).

V preklinickych i klinickych studiich zabyvajicich se srovnanim ucinnosti tradi¢nich a
liposomalnich antracyklinG se zda, Ze liposomalni formulace jsou ucéinnéjsi a méné
kardiotoxické nez parentni latky (Waterhouse a kol. 2001). Také alopecie, nauzea a
zvraceni se vyskytovaly méné casto. AvSak pfi podani liposomdlnich formulaci se
vyskytuje ve zvySené mire palmoplantarni dysestezie (tzv. hand-foot syndrom). Tento
syndrom je jednim z nezadoucich ucinkd limitujicich podanou ddvku. Vyznacuje se
hyperkeratézou a parakeratdzou ve stratum corneum. Po prerusSeni terapie dojde
k deskvamaci a reepitelizaci postizenych oblasti v pribéhu 3 az 7 tydn(. Tento syndrom
byl popsan také pfi infuznim dlouhodobé poddavani antracyklin(, ale v tomto ptipadé je

navrat poskozeného epitelu rychlejsi. Lze tedy spekulovat, Ze liposomalni formulace a
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uvolfiovani antracyklinG z liposomU svym zplsobem simuluje infuzni poddani. Také
vyskyt mukositidy je pfi podani liposomalnich antracyklinl (stejné jako pfi infuznim
podani) vyssi (Waterhouse a kol. 2001). Dal$im velmi zadvaznym nezddoucim ucinkem je
snizeni kompetence retikuloendotelidniho systému, prevdiné pak sniZeni poctu a
fagocytarni aktivity Kupferovych bunék v jatrech (Daemen a kol. 1995). Tento
nezadouci Ucinek souvisi s primarni cestou eliminace liposomalnich antracyklin(, ktera
je pravé fagocytdzou jaternimi nebo stfevnimi makrofdgy. Vedle obrany proti
bakteridlnim a virovym onemocnénim a mykdzam jsou makrofagy dulezité pfi likvidaci
metastdz nadorl, coZz by vtomto pfipadé znamenat prekdazku v SirSim pouziti
liposomdlnich antracyklinG (Drummond a kol. 1999). Recentni randomizované studie
jak u dospélych, tak i détskych pacientd vSak potvrzuji obecné mensi toxicitu
liposomalnich antracyklinli se soucasnym zvySenim ucinnosti a moznosti podani u
refrakternich nador(i a v kombinacich s dalSimi protinddorovymi latkami, které mohou

zvysit kardiotoxicitu antracyklind (Fulbright a kol. 2010; Safra 2003).
2.1.3.3. Kardioprotektivni latky

Dalsi zdvojice nejvice studovanych smérl prevence kardiotoxicity stavajicich
antracyklinG je protekce pomoci latek s kardioprotektivhim potencidlem. V tomto

sméru je zatim jedinou registrovanou lécivou latkou dexrazoxan (Brunton a kol. 2010).
Antioxidanty

Teorie oxidacniho poskozeni kardiomyocytd jako mechanismu antracyklinové
kardiotoxicity vedla k vyzkumu moznosti kardioprotekce pomoci latek s antioxidacnimi
vlastnostmi. Byly zkouseny vitaminy (A, C, E), donory redukujicich thioskupin jak
z oblasti latek télu vlastnich, tak syntetickych (N-acetylcystein, glutathion, amifostin),

nékteré flavonoidy a lé¢iva s antioxida¢nimi vlastnostmi (Stérba a kol. 2013).

Ackoliv preklinické in vitro a také nékteré in vivo studie dokladaly velmi povzbudivé
vysledky pfi pouzZiti antioxidantl proti antracyklinové kardiotoxicité zplsobené
vysokymi davkami a koncentracemi antracyklinl v akutnich experimentech, na
chronickych modelech vykazovaly casto i opacné plsobeni. Zvlasté zajimava byla

v tomto ohledu predevsim studie Berthiaume a kolegl (2005), ktefi po suplementaci
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vitaminem E zaznamenali snizeni oxidacniho stresu zplsobeného doxorubicinem,
avsak tato zména nebyla doprovdzena zménou v parametrech srdec¢ni funkce. Ani
v klinickych studiich, prestoze byly provadény na velmi malych souborech pacientd,
suplementace vysokymi ddvkami antioxidantl nevykazovala jakékoli kardioprotektivni

ucinky (Legha a kol. 1982b; Dresdale a kol. 1982).

Také mnoho flavonoidd a rostlinnych extraktl bylo svelmi pfiznivymi vysledky
zkouSeno na akutnich modelech antracyklinové kardiotoxicity. Flavonoidy mohou vazat
Zeleznaté ionty a je pravdépodobné, Ze pravé chelatace Zeleza je zodpovédna za
velkou ¢ast jejich antioxidacni aktivity. AvSak pfi porovnani kardioprotektivnich
vlastnosti se schopnosti skupiny flavonoidi Kaiserova a kolegové (2007) neprokazali
jakoukoli korelaci s jejich schopnosti chelatovat Zelezo. Ze skupiny flavonoidd se do
stddia klinického hodnoceni dostal pouze monoHER, avSak povzbudivé vysledky
z kratkodobych studii se v dlouhodobéjSim meéfitku nepotvrdily (Bruynzeel a kol.

2007b; Bruynzeel a kol. 2007a).

Také nékteré registrované |écivé latky s antioxidacnimi vlastnostmi byly hodnoceny
z hlediska jejich kardioprotektivniho potenciadlu. Signifikantni kardioprotekce byla
prokadzana po podani probukolu a karvediolu (Siveski-lliskovic a kol. 1995; Matsui a kol.
1999). Opakované prokazané protektivni uclinky probukolu byly vsak pozdéji
pfisouzeny interakci s antracykliny na udrovni farmakokinetiky (El-Demerdash a kol.
2003). Kardioprotektivni ucinky karvediolu byly zkoumany pouze preklinicky ve
zkracenych modelech antracyklinové kardiotoxicity. Pro vylouceni ucink( zavislych na
betal receptorech byl uUcinek karvediolu srovndn s atenololem. Pouze karvediol
vykazoval protektivni ucinky, proto za podstatu jeho ucinku byly oznaéeny pravé jeho

antioxidacni vlastnosti (Matsui a kol. 1999; Oliveira a kol. 2004).

2.1.3.4. Dexrazoxan

Dexrazoxan je pravotocivym enantiomerem racemického razoxanu. Ten byl plvodné
vyvinut ve snaze najit analog EDTA schopny prostupovat do nadorovych bunék a
chelatovat dulezité mikroprvky. Cytotoxické ucinky razoxanu nejsou pfilis vyrazné
vyjadireny a razoxan puUsobi spiSe cytostaticky, navic toto cytostatické plsobeni
selektivni pro nadorové buriky a jsou jim postiZeny i jiné proliferujici télni buriky. Brzy
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vsak byly objeveny jeho antimetastatické, antiinvazivni a radiosenzitizacni ucinky, diky
kterym je razoxan vyuZivdn prevainé vkombinacni terapii nékterych malignit

(Rhomberg a Hellmann 2011).

Antiinvazivni a antimetastatické ucinky jsou pravdépodobné spojeny s interakci
razoxanu s kolagenasami v extracelularni matrix nddoru. Tyto enzymy zpUsobuji
uvolnéni nadorovych bunék z bazalni membrany degradaci kolagenu, kterou razoxan
inhibuje (Karakiulakis a kol. 1989). Sv(j podil na antimetastatickém pldsobeni maji také
uginky razoxanu na normalizaci nadorovych cév. Cim rychlejsi je rist nadoru, tim vice
zmén cévy vykazuji. Zpomalenim rlstu nadoru je tedy dosazeno normalizace cév
v nddoru. Zpomaleni ristu nadoru bylo nazvano jako cytoallentaricky ucinek razoxanu

(Rhomberg a Hellmann 2011).

In vitro vykazuje jak razoxan tak dexrazoxan cytostatickou aktivitu blokadou
bunééného cyklu v G,/M fazi, kdy jsou buriky zvlasté citlivé na ionizujici zareni (Kovacs
a kol. 1979). Tato blokada vSak postihuje také délici se nenadorové bunky. Délici se
buriky, které jsou vystaveny témto latkam, znacné zvysi sv(j objem. DNA se dokaze
replikovat, ale burika neni schopna se rozdélit a vznikaji polyploidni buriky (Hallowes a
kol. 1974). Tento fakt mulze vysvétlit nalezy klinickych zkousek razoxanu a
dexrazoxanu. PfestoZe v nich nedoslo ke zmenseni nador(, celkové preziti bylo zvySeno

(Swain a kol. 1997a).

Tato G,/M blokada je zpUsobena katalytickou inhibici topoisomerasy Il. Katalyticka
inhibice, na rozdil od inhibice zplsobené topoisomerasovymi jedy nevede k poskozeni
DNA dvojitymi zlomy, protoZe topoisomerasa je inhibovana v jiné fazi katalytického
cyklu nez je Stépny komplex. Konkrétné dexrazoxan brani hydrolyze druhé molekuly
ATP a tim dokonceni celého katalytického cyklu (Larsen a kol. 2003). Topoisomerasa |l
patfi do rodiny enzymdi, které katalyzuji zmény v topologii DNA pomoci tvorby
docasného dvojitého zlomu v DNA, kterym je transportovana druha molekula DNA
nebo ¢ast kruhové DNA za soucasné hydrolyzy dvou molekul ATP (Larsen a kol. 2003;

Deweese a Osheroff 2010). Katalyticky cyklus topoisomerasy je zndzornén na Obr. 2.2.
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Obr. 2.2 Katalyticky cyklus topoisomerasy Il (Vavrovd a Simidinek 2012)

Topoisomerasa Il jako spolecny cil antracyklinG a dexrazoxanu vede logickym k obavam
zmozného negativniho  ovlivnéni  antineoplastického  uc¢inku  antracyklint
dexrazoxanem. Studie provedend na proliferujici, avSsak nenadorové linii kreccich
ovaridlnich (CHO) bunék naznacila moZny antagonismus v zavislosti na ¢asovém

schématu podani dexrazoxanu a antracyklin(i (Hasinoff a kol. 1996).

V uvodnich preklinickych a klinickych studiich se antagonismus dexrazoxanu a
antracyklinG neprokazal (Woodman a kol. 1975; Rhomberg a Hellmann 2011). Jedinou
studii, ktera upozornila na mozny antagonismus, byla jedna ze dvou podobnych studii

treti faze klinického zkouseni této kombinace. V téchto studiich byla hodnocena
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objektivni odpovéd’ na lécbu, preziti i doba do progrese onemocnéni. Jedna z téchto
studii zahrnujici 123 pacientl nenasla signifikantni rozdil mezi skupinou lé¢enou
antracykliny v kombinaci s dexrazoxanem a skupinou Ié¢enou antracykliny s placebem
v zadném z parametr(. Ve druhé studii, Ccitajici 293 pacientd, byla nalezena
signifikantné nizsi odpovéd na lé¢bu u dexrazoxanové skupiny, na dalsi dva parametry
Uspésnosti IéCby (celkové preZiti a doba do progrese onemocnéni) vliv nemél (Swain a
kol. 1997b). Avsak tento rozdil, jak bylo pozdéji zhodnoceno, vyplyval spiSe z nezvykle
velkého procenta odpovédi ve skupiné placeba. Presto tato jedna studie ovlivnila
doporuceni posléze vydand, podle kterych je navrieno podavat dexrazoxan pacientiim
a? od dosazené kumulativni davky antracyklinCi vét$i nez 300 mg/m? (Seymour a kol.

1999).

Interakce s topoisomerasou Il je také mechanismem dalSiho vyznamného nezadouciho
ucinku dexrazoxanu. PrestoZe je dexrazoxan relativné netoxickd latka a je vétSinou
dobrfe snasen, ve vyssich ddvkach byla zaznamendna myelotoxicita, kterd souvisi
s neselektivnim Uc¢inkem dexrazoxanu na nadorové i délici se nenadorové buriky (Von
Hoff 1998; Hallowes a kol. 1974). DalSim potencidlné zavaznym nezddoucim ucinkem je
mozna indukce sekundarnich malignit dexrazoxanem, predevsim akutni myeloidni
leukemie. Prvni pfipad spjaty s razoxanem byl zaznamenan vroce 1981 poté jesté
nékolik ptipadl u pacient(l Ié¢enych velmi vysokymi davkami razoxanu (Rhomberg a
Hellmann 2011). Z novéjsich klinickych studii ale zddnd neprokazala jejich vyssi vyskyt
pfi pouziti dexrazoxanu jako kardioprotektiva spolu s antracykliny (Van Dalen a kol.
2011). Pozdéji se ukdazalo, Ze dexrazoxan je schopen ochranit i jiné tkané proti
antracyklinové toxicité, ale také je schopen zamezit toxicité i nékterych jinych
protinddorovych |éCiv jako je mitoxantron (Weilbach a kol. 2004), bleomycin (Herman
a kol. 1995), etoposid (Holm a kol. 1996) a cis-platina (Woodman 1974). Protekce byla
také pozorovana v nékterych pracich i proti kardiotoxicité isoprenalinu, testosteronu,
hypoxicko-reperfuznimu poskozeni srdce, hepatotoxicité paracetamolu nebo
toxickému poskozeni plic vyvolanému bleomycinem nebo hyperoxii (Rhomberg a
Hellmann 2011). Je zajimavé, Ze u vétSiny téchto latek je mozind pricina ve vzniku
dvojitych zlomG v DNA, ale také se v souvislosti s nékterymi z téchto toxicit hovofi o

mozném oxidacnim poskozeni v disledku interakce s Zeleznatymi ionty.
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Napftiklad v pfipadé testosteronu byly zaznamenany v post mortem vzorcich sportovcl
postizenych ndhlou smrti podobné histopatologické zmény, jako u pacient(i Ié¢enych
antracykliny a pfi pouziti experimentalniho modelu tohoto poskozeni bylo zjisténo, ze i
toxicita testosteronu muize byt zmirnéna pouzitim dexrazoxanu (Belhani a kol. 2009).
Mechanismus, kterym testosteron toto poskozeni zplsobuje, nebyl dosud objasnén,
avsak fakt, Ze testosteron je jaderny hormon, ktery ovliviiuje expresi rlznych proteina,
mezi jinymi také topoisomerasy Il (Bakshi a kol. 2001), naznacuje, Ze pravé
topoisomerasa Il by mohla byt spojovacim ¢ldnkem mezi toxicitou testosteronu a jeji

protekci dexrazoxanem.

Bis-dioxopiperaziny jsou méné polarnimi analogy EDTA. Proto v ranych klinickych
studiich byla monitorovana hladina vapniku v séru pacientl po podani razoxanu, avsak
vyznamnd zmeéna zjisténa nebyla (Bellet a kol. 1973). Byl v3ak potvrzen vliv
dexrazoxanu na exkreci zinku a Zeleza moci v prlibéhu 96-hodinové infuze, kdy exkrece
vzrostla 2,4 — 3,7 krat (Tetef a kol. 2001). Metabolit dexrazoxanu ADR-925 vaze jak
Zeleznaté, tak Zelezité ionty, avSsak mnohem slabéji, nez EDTA (s rozdilem nékolika
radu). Podobné jako EDTA je komplex ADR se Zelezem schopen tvofit volné kyslikové
radikdly vtzv. redoxnim cyklu, kdy vdzané Zelezo, podobné jako v molekule
antracyklin cyklicky méni svoje oxidacni cislo a za pritomnosti redukujicich
ekvivalent( jsou tvoreny hydroxylové radikdly (Malisza a Hasinoff 1995). ADR-925 je
také schopen odnimat Zelezo z komplexu s doxorubicinem a také jak dexrazoxan, tak
jeho metabolity byly schopny vyvazat Zelezo v burikach z jeho komplexu s kalceinem,
z ¢ehoZz vyplyvd, Ze nejen dexrazoxan, ale také jeho metabolity véetné ADR byly

schopné pronikat do bunék (Hasinoff 2002).

Navzdory prokazané schopnosti metabolitd dexrazoxanu vcéetné ADR pronikat do
bunék (i kdyz pomaleji nez dexrazoxan), nebyly tyto metabolity schopné ochranit
kardiomyocyty pred poskozenim zplsobenym klinicky relevantni davkou doxorubicinu
(1,5 uM) in vitro. Tato neschopnost byla pfisouzena moznosti, Ze dexrazoxan, na rozdil
od jeho metabolitd, je schopen zabranit tvorbé volnych radikald na nejvice
antracyklindm exponovanych mistech, tedy predevSsim v mitochondriich a

sarkoplasmatickém retikulu (Hasinoff a kol. 2003b).
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Za fyziologického pH nebyl ADR schopen vyvazovat Zelezo z komplexu s transferinem a
ferritinem, ale wukdzalo se, Ze velmi pomalu vyvazuje méd z komplexu
s ceruloplasminem (Hasinoff a Kala 1993). Volné ionty médi mohou také jako
katalyzatory Haber-Weissovy reakce a proto i chelatace volnych iontli médi by mohla
byt mechanismem plisobeni ADR-925. Zvlasté pokud, jak navrhla Kaiserova a kolektiv

(2006), nehraje Zelezo v oxidaénim poskozeni doxorubicinem vyznamnou roli.
2.1.3.5. Analoga dexrazoxanu

Dalsi latky ze skupiny bis-dioxopiperazinl byly vyvijeny a hodnoceny zejména
z hlediska protinadorové aktivity (Creighton a kol. 1969). V mnohem mensi mife byly
studovany jejich kardioprotektivni vlastnosti. V roce 1985 Herman a kolegové studovali
19 bis-dioxopiperazinovych derivat(i na akutnim modelu antracyklinové kardiotoxicity
(jedna aplikace 25 mg/kg doxorubicinu) spolu s dexrazoxanem (12,5 — 200 mg/kg).
Z této série pouze tfi latky byly schopné snizit mortalitu: dexrazoxan, levrazoxan — jeho
levotocivy enantiomer a bimolan) (Herman a kol. 1985b). Také na chronickém modelu
pouzivajicim spontanné hypertenzni potkany (1 mg/kg tydné po dvanact tydna) byl
testovan dexrazoxan, Ctyfi jeho analogy a také jeho metabolit ADR-925 v ddvce 50
mg/kg intraperitonealné. Prestoze vsechny zkousené latky byly schopné hydrolyzy na
Zelezo-chelatujici produkty, které vroztoku vyvazovaly Zeleznaté ionty z komplexu
s antracykliny, Zadny zanalogl nevykazoval lepsi protektivni schopnosti nez
dexrazoxan. AvSak u dvou derivati (ICRF-154 a ADR-559) byla pozorovana protekce
s dexrazoxanem srovnatelnd. Metabolit dexrazoxanu ADR-925 nevykazoval Zadné

kardioprotektivni schopnosti (Zhang a kol. 1994).

Tato data byla neddvno doplnéna o studii zabyvajici se porovnanim
kardioprotektivniho ucinku dexrazoxanu s jeho blizkym analogem ICRF-161, ktery je
schopen hydrolyzy na Zelezo-chelatujici metabolit, ale parentni latka nema inhibi¢ni
vlastnosti na topoisomerasu Il. V této studii byly U¢inky obou latek porovnavany jak na
in vitro Urovni na modelu izolovanych neonatalnich kardiomyocytl, tak i in vivo na
chronickém modelu pouZivajicim spontanné hypertenzni potkany (1 mg/kg, 12 tydna).
V in vitro studii byly obé latky schopné zabranit toxicité navozené kontinualni expozici

kardiomyocyt 1,8 uM doxorubicinu, ale pouze dexrazoxan chranil potkany v in vivo
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experimentu pred predéasnym uhynem a také pred typickym histopatologickym

nalezem navozenym chronickou expozici doxorubicinu (Martin a kol. 2009).
2.1.3.6. Cheldtory Zeleza

Studium chelatace Zeleza jako zpUsobu prevence antracyklinové kardiotoxicity byl
logickym dlisledkem objevu protektivnich vlastnosti dexrazoxanu. Tato strategie byla
také podporena zjisténim, Ze pfi pretizeni bunék Zelezem je antracyklinova
kardiotoxicita vyznamné zvySena (Link a kol. 1996). Na rozdil od antioxidantu, které se
snazi omezit jiz vzniklé kyslikové radikaly, chelatory Zeleza by mohly pfimo zabrarnovat
jejich vzniku. Navic diky tomu, Ze protinadorova ucinnost antracyklinG neni zplsobena
tvorbou volnych radikal, chelatory Zeleza by pravdépodobné nemély ucinnost
antracyklini omezovat, coz bylo prokdzdno i experimentdlné. Vétsina chelatorl Zeleza,
které byly doposud zkouSeny pro prevenci antracyklinové kardiotoxicity, byla vyvinuta
pro lécbu chorob spojenych s pretizenim Zeleza, prevdiné pak beta-talasemie

(Kalinowski a Richardson 2005).

Prvni studovanou latkou byl v devadesatych letech minulého stoleti deferoxamin. Pfi
stavech spojenych s pretizenim Zelezem deferoxamin vaze volné Zelezo v plasmé a
urychluje jeho vylucovani moci (Hershko a kol. 2003). Jeho poufZiti proti antracyklinové
kardiotoxicité in vitro vedlo k protekci, avSak pouze u bunék se zvySenou expozici
Zelezu (Hershko a kol. 1993). Protekce byla také prokazana v akutnim ex vivo
experimentu na modelu izolovanych mysich atrii. Avsak byla také pozorovana zvlastni
davkova zavislost, ktera byla pozdéji pozorovana i u jinych chelatora. Jiz 2,5 nasobné
zvySeni davky vedlo k vymizeni ucinku (Voest a kol. 1994). Naproti tomu v chronickém
in vivo modelu nedokazal ochranit spontanné hypertenzni potkany proti toxicité
zpUsobené 12 davkami doxorubicinu (1 mg/kg tydné) (Herman a kol. 1994). Vzhledem
k vysoké molekulové hmotnosti a také hydrofilité byla neucinnost vysvétlena
nedostateénym prichodem do bunék. Dalsi vyzkum se tedy soustfedil na mensi a

lipofilnéjsi chelatory.

Deferipron naopak velmi dobfe pronikd do tkani a bunék, kde chelatuje volné Zelezo.
Jeho aktivita byla prokazana také uvniti mitochondrii a lysozom( (Glickstein a kol.
2006). Dvé in vitro studie demonstrovaly ucéinnost deferipronu proti antracyklinové
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kardiotoxicité jak v podminkdch se zvysenym, tak i normalnim obsahem Zeleza
(Barnabé a kol. 2002; Link a kol. 1996). Také v ex vivo podminkach deferipron zabranil
snizeni kontraktility potkanich atrii po inkubaci s 30 uM doxorubicinem (Xu a kol.
2006). Avsak ani deferipron nebyl schopen dosahnout protekce srovnatelné
s dexrazoxanem v chronickém modelu antracyklinové kardiotoxicity u kralika. Naopak,
vys$Si pouzitd koncentrace deferipronu, kterd byla sama netoxicka, vedla k ¢asnéjsim
Umrtim zvifat. Koncentrace deferipronu vtéto studii byly navrzeny podle
farmakokinetické studie tak, aby koncentrace v plasmé kralikd odpovidaly

koncentracim, jez vedly k protekci v in vitro studiich (Popelova a kol. 2008).

Ve stejném in vitro modelu jako deferipron byla hodnocena také jesté novéjsi
nizkomolekuldrni cheldtor Zeleza deferasirox. Na rozdil od deferipronu vSak deferasirox
izolované kardiomyocyty pred poskozenim navozenym doxorubicinem nechranil,
prestoze byla prokazadna jeho schopnost chelatovat volné Zelezo v srdci ve stavech
pretizeni Zelezem a také chranit H9c2 kardiomyoblasty proti toxicité tert-butyl

hydroperoxidu (Hasinoff a kol. 2003a).

Aroylhydrazony jsou dalsi skupinou, ktera byla vyvinuta pro IéCbu toxicity spojené
s pretizenim Zelezem. NejduleZitéjsSimi zastupci této skupiny jsou pyridoxal
isonikotinoyl hydrazon (PIH) a jeho analogy se salycilaldehydovou (SIH) a ortho-
chlorbenzoylovou skupinou (0-108). V experimentech in vitro SIH chranil izolované
morceci kardiomyocyty (Horackova a kol. 2000) a také H9c2 kardiomyoblasty proti
oxidaénimu pogkozeni zptisobenému peroxidem vodiku (Siméinek a kol. 2005). SIH a o-
108 byly také pouzity vin vivo modelu chronické antracyklinové kardiotoxicity. Obé
latky byly v nizsi pouzité davce schopné protekce proti predéasnému Uhynu zvifat,
snizeni kontraktility myokardu, histopatologickym zménam i uvolnéni troponin(
z kardiomyocytll. Avsak stejné jako v pripadé deferoxaminu zvySeni davky vedlo
k vymizeni protektivnich G¢ink( (Stérba a kol. 2007). V pfipadé aroylhydrazon( viak
tato zvlastni davkova zavislost, kterd neni pozorovana u dexrazoxanu mize byt
zpUsobena jejich farmakokinetickymi vlastnostmi, tedy velmi kratkym biologickym

polocasem a naopak vysokymi maximalnimi plasmatickymi koncentracemi.
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Nedavno bylo zjisténo, Ze antracykliny s metabolismem Zeleza interaguji komplexnéji a
mUlZou paradoxné zpUsobovat deficit Zeleza, jehoZz optimalni hladina je nutna pro
funkci nékterych enzymu (coz je pravdépodobné principem protinadorového plsobeni
cheldtorl Zeleza), zvlasté v mitochondriich, kde je tento deficit spojen s oxidacnim
poskozenim. Cheldtory by tento stav mohly dale prohlubovat a timto zplsobovat
zvySenou toxicitu v kombinaci s antracykliny (Minotti a kol. 2001; Kwok a Richardson

2003; Walter a kol. 2002).

Je také dulezZité poznamenat, Ze relativni neucinnost chelator( Zeleza v porovnani
s dexrazoxanem mi(ize byt zpUsobena faktem, Ze dexrazoxan je prolécivem
aktivovanym na misté Ucinku. Procheldtory odvozené od aroylhydrazonl jsou
v souCasné dobé studovany z hlediska jejich aktivace a ndsledné protekce proti
modelovému oxidaénimu poskozeni, avSak proti antracyklinové toxicité tyto latky

doposud pouzity nebyly (Stérba a kol. 2013).

2.1.4. MECHANISMY DRUHEHO TYPU KARDIOTOXICITY ZPUSOBENE

PROTINADOROVOU TERAPIi

Na rozdil od antracyklinové kardiotoxicity (nebo téz typu | kardiotoxicity
protinadorovych latek) je kardiotoxicita typu Il obvykle na davce nezavisla, reverzibilni
a nezpUsobuje zmény v ultrastruktie myokardu. Tento typ kardiotoxicity mlze byt
zpUsoben novymi latkami ze skupiny cilenych protinadorovych léciv. U nékterych latek
byly v klinickych studiich pozorovany nezddouci Ucinky na kardiovaskularni systém,
zvlasté pak v pripadech, kdy pacienti byli v predchozi nebo soucéasné terapii vystaveni

nékterému z antracyklin( (Yeh a Bickford 2009; Ewer a Lippman 2005).

Monoklonalni protilatky jsou tradi¢nimi predstaviteli cilené protinadorové terapie.
Vyuzivaji své vazby na specificky receptor, ktery je ve zvySené mire exprimovan na
povrchu nadorovych bunék. Napfiklad v pripadé prsniho karcinomu je timto cilem
receptor HER2, jehoZ mnoizstvi je zvySeno na povrchu bunék asi v 25 - 30 % pfipadl
nadord prsu. Jeho zvySend exprese je spojena s vyssi agresivitou nadoru a horsi
progndzou pacientek (Yeh a kol. 2004). Trastuzumab je monoklondlni protilatka cilena

pravé proti HER2 receptoru. Jeho pouZiti u HER2-pozitivnich nadord jako adjuvantni
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terapie vedlo k 50% snizeni relapsu onemocnéni a 33% prodlouZeni preziti (Curigliano a
kol. 2010). Velmi zahy byl viak také pozorovan zvyseny vyskyt dysfunkce levé srdecni
komory, zvlasté pak pfi pouziti trastuzumabu soucdasné s antracykliny. Proto bylo
naddle vyuzivano pouze sekvencni pouzZiti trastuzumabu aZz po ukonceni poddavani
antracyklinG. | vtomto schématu je ale zvySend kardiotoxicity pozorovana. Z klinickych
studii vyplyvd, Ze terapie antracykliny je spojena s asi 2% zvySenim dysfunkce levé
komory (jak symptomatickym tak asymptomatickym). Pfi ndsledném adjuvantnim
podani trastuzumabu se incidence dysfunkce dale zvySuje na 4 %. Soucasna
retrospektivni studie porovnavajici data pacientek Iéenych touto kombinaci mimo
klinické studie ukdzala, Ze oproti pacientkdm bez adjuvantni |ééby mély pacientky
|[éC¢ené trasuzumabem ctyrikrat vétsi riziko vzniku kardiomyopatie nebo srdecniho
selhani. U pacientek, kterym byl podavan kromé trastuzumabu i antracyklin bylo toto
riziko sedmkrat vétsi. Kardiotoxické plsobeni trastuzumabu ma pravdépodobné
pric¢inu v interakci s Erb2 receptory, které jsou exprimovany na povrchu kardiomyocytt
a maji anti-apoptotickou funkci a jejich blokdda tedy muiZe zvySovat zranitelnost

kardiomyocytl (Colombo a kol. 2013; Suter a kol. 2004).

Také v pfipadé bevacizumabu, monoklondlni protilatky cilené na receptor pro
vaskularni endotelidlni rlistovy faktor, byly zaznamenany pripady jak symptomatického
(2 %), tak asymtomatického (2 %) snizeni ejekcni frakce u pacientll 1é€enych kombinaci
s antracykliny. Po vysazeni bevacizumabu pak doslo k upraveni srde¢ni funkce. Stejné
jako v predchozim pripadé vsak diky pomérné kratké dobé sledovani zatim nelze jasné

vyhodnotit dlouhodobé dusledky této terapie (Curigliano a kol. 2010).

Dalsi skupinou cilenych |éCiv jsou inhibitory tyrosinkinas. Kardiotoxicky potencial byl
popsan predevsim u inhibitoru HER2 receptoru a receptoru pro endotelidlni rlstovy
faktor lapatinibu a inhibitoru receptoru pro vaskularni endotelidni ristovy faktor
sunitinibu, ktery ovSem inhibuje také dalsi tyrozinkinasové receptory (Motzer a kol.
2006). Zatimco lapatinib se pouzivd predevsim pro terapii trastuzumab-rezistentnich
prsnich karcinomu, sunitinib je vyuZivan pfi terapii nador( ledvin a hepatoceluldrnich
karcinomech gastrointestindlniho traktu, ale jeho mozné poufziti je zkoumano i u jinych
typl nadorl, pravé diky zkfizené reaktivité s riznymi tyrosinkinasovymi receptory

(Strevel a Siu 2009). Avsak pravé zkfizena reaktivita je pravdépodobné pficinou vyssi
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kardiotoxicity sunitiniou ve srovnani s bevacizumabem. V klinickych studiich
zpUsoboval az 21% vyskyt asymptomatického snizeni srde¢ni funkce, z ¢ehoz u 4 %
pacientl byla funkce snizena o vice nez 20 % pod plivodni hodnoty. Po vysazeni
sunitinibu doslo opét ke kompletni obnové srde¢ni funkce (Motzer a kol. 2006; Telli a
kol. 2008). Vyssi vyskyt kardiotoxicity vSsak muizZe byt vysvétlen i odliSnou kohortou
pacientd. Tu v pfipadé studii pouZivajicich sunitinib pro |écbu renalnich malignit tvofili
predevsim muzi z 50 % trpici predchazejici hypertenzi (40 % bylo lé¢eno inhibitory
angiotenzin konvertujiciho enzymu), zatimco ve studiich vyuZzivajicich trastuzumab byly

|éCeny Zeny bez predchoziho kardiovaskuldrniho rizika (Curigliano a kol. 2010).

PfestoZze typ Il kardiotoxicity protinadorovych latek pravdépodobné nezplsobuje
nezvratné poskozeni srdecniho svalu, diky relativné ¢astému poufZiti u pacientd drive
Ié¢enych antracykliny nebo jejich pouziti v kombinacni terapii zahrnujici i antracykliny
je nezbytné vyhodnotit moznd rizika a dlouhodobé komplikace, které mohou tyto
kombinace vyvolat. Také mozné interakce antracyklin( a novych cilenych terapeutik na
urovni bunécné signalizace mohou pfispét k pochopeni mechanism( antracyklinové

kardiotoxicity a tedy i k racionalnimu pfistupu ve vyvoji kardioprotektivnich latek.

2.1.5. SHRNUTI

Kardiotoxicita |éCiv patfi mezi zavainé komplikace farmakoterapie s potencidlné
vyznamnymi zdravotnimi i socioekonomickymi nasledky. Mezi jeji nejobdvané;jsi formy
patfi chronické srde¢ni selhani, nebot Casto zlstava klinicky némé v pribéhu samotné
protinddorové lécby a projevi se az s odstupem mnoha meésict ¢i dokonce let po
Uspésné lécbé nadorového onemocnéni (Yeh a Bickford 2009). Vysledkem je pak
negativni vliv na celkovou kvalitu Zivota a také mortalitu pacientl, kteri uspésné

projdou protinddorovou terapii.

Symptomaticka kardiovaskuldrni toxicita protinddorovych |éCiv navic podle nékterych
autord reprezentuje pouze pomysinou ,Spicku ledovce”, prficemz skute¢ny rozsah
celého problému muizZe byt podstatné vétsi. Protinadorova |éCiva v béiné uZivanych
davkach navozuji daleko castéji pouze subklinické poSkozeni kardiovaskuldrniho
systému, které se projevi v dlouhodobém horizontu diky kumulaci rizikovych faktoru.
Tyto Uvahy podpofilo i tficetileté sledovani pacient(, ktefi v détském véku prodélali
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uspésnou lécbu chemoterapeutiky, ktefi ve srovnani s béznou populaci vykazovali 15-
krat vyssi riziko srdecniho selhani a 10-krat vyssi riziko ischemické choroby srdecni

(Oeffinger a kol. 2006).

Nejvyssi riziko srdecniho poskozeni a rozvoje srdecniho selhani je bezesporu spojeno s
antracyklinovymi antibiotiky (doxorubicin, daunorubicin, epirubicin), ktera stdle patfi k
nejucinnéjsim a nejéastéji uzivanym chemoterapeutickym latkdm. Kromé nékterych
nefarmakologickych pfistupli k omezeni antracyklinové kardiotoxicity, jako jsou
omezeni celkové podané davky nebo modifikace |ékové formy antracyklind, je jedinym
klinicky u¢innym kardioprotektivem je dexrazoxan. S ohledem na mozné nezadouci
ucinky a vysokou cenu je vSak v soucasnosti dexrazoxan poddvan pouze cca 7 %

evropskych pacientd Ié¢enych antracykliny.

Kromé klasickych chemoterapeutik je kardiotoxicita prokdzanou komplikaci i u fady
novych biologicky cilenych protinddorovych |éciv (napf. trastuzumab, sunitinib,
sorafenib nebo lapatinib) (Force a Kolaja 2011). Je tedy zfejmé, Ze tento problém
zUstava vysoce aktualnim i v nové ére protinadorové lécby. Hledani molekularni
podstaty kardiovaskularni toxicity riznych protinadorovych Iéciv spolu s komplexnim
vyzkumem moznosti farmakologické kardioprotekce - pfi zachovani (pfipadné zvyseni)
antineoplastické ucinnosti - je proto dalezitym cilem soucasného vyzkumu (Gianni a

kol. 2008).
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. CIiLE PRACE

Analyza soucasné odborné literatury zabyvajici se mechanismy antracyklinové

kardiotoxicity a moZnostmi farmakologické kardioprotekce

Analyza odborné literatury zkoumajici topoisomerasu Il a jeji beta isoformu
zejména s ohledem na jeji funkce odlisné od alfa isorormy, v€etné mozného vztahu

k antracyklinové kardiotoxicité

Studium role hlavniho intracelularniho antioxida¢niho systému - glutathionu a

s nim souvisejicich enzymu - v antracyklinové kardiotoxicité

Studium mozZnosti farmakologické kardioprotekce pomoci vybranych katalytickych

inhibitor( topoisomerasy Il

Studium nové syntetizovanych analogl dexrazoxanu a ADR-925 v souvislosti s jejich
moznymi kardioprotektivnimi vlastnostmi, hodnoceni jejich schopnosti chelatovat
ionty Zeleza jak vroztoku, tak uvnitf bunék a zhodnoceni jejich vlivu na

topoisomerasu Il
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4. KOMENTARE K PRACIM

Tato disertacni prace je predkladana jako soubor publikaci, z nichZ tfi jsou otistény
v odbornych casopisech s impaktnim faktorem, jedna je t.¢. rukopisem v recenznim
fizeni a jedna je pfipravovanym rukopisem. Z téchto praci se dvé vénuji shrnuti
souCasnych poznatki, a to konkrétné o roli oxidacniho stresu v patogenezi
antracyklinové kardiotoxicity a farmakologické kardioprotekci a o beta isoformé
topoisomerasy I, kterd by podle nékolika sou¢asnych publikaci mohla byt moznym
zprostredkovatelem antracyklinové kardiotoxicity. Tri publikace (resp. rukopisy) jsou
plvodnimi experimentdlnimi pracemi, zabyvajicimi se mechanismy antracyklinové

kardiotoxicity a moznou farmakologickou kardioprotekci.

4.1. OXIDACNI STRES A CHELATACE ZELEZA V ANTRACYKLINOVE

KARDIOTOXICITE A FARMAKOLOGICKE KARDIOPROTEKCI.

Stérba M., Popelova 0., Vavrovd A., lirkovsky E., Kovatikova P., Ger$l V., and SimGnek
T. 2013. Oxidative Stress, Redox Signaling, and Metal Chelation in Anthracycline
Cardiotoxicity and Pharmacological Cardioprotection. Antioxidants & Redox Signaling

18 (8): 899-929 (IF 2011: 8.456).

Ve vyzvaném prehledovém clanku jsme kriticky analyzovali dosud publikovanou
literaturou zabyvajici se mechanismy antracyklinové kardiotoxicity a kardioprotekce,
zejména s ohledem na tradi¢né nejvice citovany mechanismus spojeny s oxidacnim
posSkozenim kardiomyocytl. Tato teorie byla vyrazné podporena zejména
kardioprotektivni ucinnosti dexrazoxanu, ktery byl plGvodné syntetizovan jako
polarnéjsi prolécivo analogické EDTA, které by bylo pouZitelné jako protinadorova latka
s mechanismem chelatace vitalnich mikroprvk(l v nadorovych bunkach. V posledni
dobé vsak tato teorie antracyklinové kardiotoxicity nazvana ,ROS and iron hypothesis”
stava stale kontroverznéjsi, zvlasté pak diky neuspokojivym vysledkdim klinickych studii
hodnoticich nejrGznéjsi antioxidanty (Van Dalen a kol. 2011). Také fada
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experimentalnich vysledkl naznacuje, Ze mechanismy antracyklinové kardiotoxicity
mohou byt i zcela odliSné od pouhého oxidacniho posSkozeni a Ze oxidacni pusobky,
které byly pozorovany po expozici antracyklinG mohou byt pouze dUsledkem

komplexnich zmén vyvolanych primarné jinou pficinou.

Klicem k pochopeni mechanismi antracyklinové kardiotoxicity mulze byt pravé
kardioprotektivni plsobeni dexrazoxanu, ktery kromé metabolismu na Ilatku
s chelatacnimi schopnosti, ma jako parentni latka také schopnost katalyticky inhibovat
topoisomerasu Il. Doposud vSak nebyl jasné prokdzan vyznam metabolismu

dexrazoxanu na jeho kardioprotektivni plisobeni.

4.2, TopPOISOMERASA Il BETA: ROLE V REGULACI GENOVE EXPRESE

Vavrova A., and Sim@inek T. 2012. DNA Topoisomerase IIB: a Player in Regulation of
Gene Expression and Cell Differentiation. The International Journal of Biochemistry &

Cell Biology 44 (6): 8347 (IF 2011: 4.634).

Vtomto prehledovém c¢lanku jsme se soustfedili na struény souhrn dostupnych
informaci o beta isoformé topoisomerasy Il. Topoisomerasa Il je enzym regulujici
konformaci DNA. Katalyzuje dekatenaci a relaxaci DNA a je nezbytnd pro bunécné
déleni. Po duplikaci DNA je zodpovédna za rozdéleni sesterskych chromatid. V burnkach
obratlovcl jsou exprimovany dvé isoformy, alfa a beta. Aktivita topoisomerasy je
obecné vyssi v délicich se burikach, a to prevainé v G,/M fazi bunééného cyklu, kde je
exprese alfa isoformy zvySena, pravé kvlli jeji nezbytnosti pro rozdéleni sesterskych
chromatid. V pribéhu bunécného cyklu pak exprese této isoformy klesa, stejné jako pfi
bunécéné diferenciaci. U diferencovanych nedélicich se bunék je alfa isoforma casto
nedetekovatelna a hlavni isoformou v téchto burikach je isoforma beta. Beta isoforma
nepodléhd v prlbéhu bunééného cyklu vyrazné fluktuaci a jeji aktivita je relativné
stala. Pravé diky tomuto rozdilu v aktivité topoisomerasy Il v délicich a nedélicich se
bunkach je dosazeno relativni selektivity protinddorovych latek cilicich pravé na
topoisomerasu, inhibitord topoisomerasy.
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Inhibitory topoisomerasy jsou skupinou léc¢iv obsahujici velmi rdznorodou smés
struktur, ale v zdsadé mohou byt rozdéleny na dvé skupiny, katalytické inhibitory a
topoisomerasové jedy. Topoisomerasové jedy inhibuji topoisomerasu ve fazi, kdy je
DNA v jejim katalytickém centru rozstépena a zabraniuji jeji religaci. Timto zpUsobem
topoisomerasové jedy (vedle samotné inaktivace topoisomerasy) zpUsobuji poskozeni
DNA ve formé dvojitych zlomU. Naopak, mezi katalytické inhibitory topoisomerasy se
radi latky, které plGsobi na enzym v jinych fazich jeho katalytického cyklu a zlomy DNA
nevznikaji (Hande 2008).

Zatimco antracykliny se fadi mezi topoisomerasové jedy, dexrazoxan inhibuje
topoisomerasu katalyticky. Inhibice topoisomerasy ma jiné dasledky v bunkach
diferencovanych a délicich se. U délicich bunék vysoké naroky na aktivitu
topoisomerasy vedou pfi jakémkoli typu inhibice k preruseni bunécného cyklu az
navozeni apoptdzy. Avsak u nedélicich se bunék se deficit topoisomerasy Il ke ztraté
viability nevede (Zhang a kol. 2012). Dvojité zlomy zpUsobené topoisomerasovymi jedy
vSak mohou DNA téchto bunék poskodit a katalyticka inhibice v tomto pfipadé muze

vést k ochrané nedélicich se bunék pred timto typem poskozeni.

4.3. STUDIUM ROLE GLUTATHIONU V ANTRACYKLINOVE KARDIOTOXICITE

Vavrova A., Popelova O., Stérba M., Jirkovsky E., Haskovd P., Mertlikova-Kaiserova H.,
Gerdl V., and Simdnek T. 2011. In Vivo and in Vitro Assessment of the Role of
Glutathione Antioxidant System in Anthracycline-induced Cardiotoxicity. Archives of

Toxicology 85 (5): 525—35 (IF 2010: 4.674).

V prvni experimentdlni préci jsem se vénovala rozsiteni poznatk( ziskanych v rdmci mé
diplomové prace (Vavrova 2008). Z téchto vysledk( vyplyvalo, Ze expozice bunécné
linie imortalizovanych potkanich kardiomyocytd H9c2 daunorubicinu v relativné
Sirokém rozmezi koncentraci (0,1 — 10 uM) nevede ke statisticky vyznamnému
ovlivnéni celkového ani oxidovaného glutathionu v bunkach i pfes signifikantni toxicitu,
pozorovanou ve stejném davkovani. MnoZstvi celkového a oxidovaného glutathionu
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bylo méfeno spektrofotometricky pomoci enzymatické recykla¢ni metody vyuZivajici
reakce glutathionu s 5,5’-dithiobis-2-nitrobenzoovou kyselinou. Rychlost reakce je pak
umérna koncentraci glutathionu ve vzorku (Tietze 1969). MnozZstvi celkového
glutathionu vsak vykazovalo ddvkové nezavisly trend ke snizeni. Stejné tak ve vzorcich
z in vivo modelu chronické antracyklinové kardiotoxicity (3 mg/kg daunorubicinu tydné
po dobu 10 tydn() nebyla pozorovana vyznamna zména v obsahu celkového a
oxidovaného glutathionu i pfes vyznamné snizeni kontraktility po chronickém podavani
daunorubicinu. Dale jsme studovali také ovlivnéni toxicity daunorubicinu a peroxidu
vodiku jako modelového oxidacniho insultu po sniZzeni nebo zvySeni hladiny
glutathionu v H9c2 bunécéné kultufe. Zatimco toxicita peroxidu vodiku byla pfi nizsi
koncentraci glutathionu zvysSena, na toxicité daunorubicinu se tato zména obsahu
glutathionu neprojevila. Tyto vysledky tedy ukazovaly na rozdilnou formu toxicity
zplUsobené daunorubicinem a peroxidem vodiku na bunécné linii imortalizovanych

potkanich kardiomyoblast(i H9c2.

Tyto vysledky jsme rozsifili o sledovani ovlivnéni enzymd, ucastnicich se na
metabolismu glutathionu. Sledovali jsme ovlivnéni aktivity glutathion peroxidasy a
glutathion reduktasy jak v H9c2 bunécné linii po 24 hodinové inkubaci
s daunorubicinem v davce 0,1 — 10 uM, tak i ve vzorcich levé srde¢ni komory z in vivo
modelu chronické antracyklinové kardiotoxicity metodami zaloZzenymi na stanoveni
Ubytku NADPH pfi reakci téchto enzym0 v pritomnosti specifickych substratl (GSSG
v pfipadé glruathion reduktasy a peroxidu vodiku a redukovaného glutathionu
v pfipadé glutathion peroxidasy). Zjistili jsme, Ze v H9c2 kardiomyoblastech zpUsobuje
daunorubicin ve vysSich davkach (1 — 10 uM) statisticky vyznamné zvyseni aktivity

glutathion peroxidasy, zatimco aktivita glutathion reduktasy z(istala nezménéna.

V souvislosti se statisticky nevyznamnym snizenim celkového glutathionu v H9c2
bunikdch bez jasné patrné koncentracni zavislosti je mozné vyvodit, Ze jistému
oxida¢nimu plsobeni bunky pravdépodobné vystaveny jsou, avSak toto oxidacni
plUsobeni zfejmé neni v kauzalni souvislosti se snizenim viability bunék po expozici

daunorubicinu.
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Také ve vzorcich levé komory myokardu krdlika po desetitydennim intravendznim
podavani daunorubicinu (3 mg/kg tydné) byla zaznamenana statisticky vyznamné
zvySena aktivita glutathion peroxidasy, avsSak vyse aktivity u jednotlivych zvirat
nekorelovala s poSkozenim myokardu mérenym pomoci ejekéni frakce srdce zvirat a
hladinou srdecniho troponinu T. Tedy i tyto in vivo vysledky nenaznacuji kauzalni roli

glutathionu v patogenezi antracyklinové kardiotoxicity.

40



4.4, VLIV DEXRAZOXANU A VYBRANYCH KOMERCNE DOSTUPNYCH INHIBITORU

TOPOISOMERASY Il NA KARDIOTOXICITU ANTRACYKLINU

Vavrova A., Jansova H., Mackova E., Machacek M., Haskova P., Tichotova L., Stérba M.,
Simének T. Catalytic inhibitors of topoisomerase Il differentially modulate the toxicity

of anthracyclines towards cardiac and cancer cells. (rukopis v recenznim fizeni)

Vysledky nedavnych studii, naznacujici moiné zapojeni topoisomerasy |l
v kardiotoxicité antracyklin( (Lyu a kol. 2007; Zhang a kol. 2012) podnitily nasi studii
vlivu katalytickych inhibitor(i topoisomerasy Il na toxicitu antracyklinCi v nasem in vitro
modelu primarnich potkanich neonatdlnich kardiomyocyta. Zjistili jsme, Ze dexrazoxan
je schopen tyto bunky statisticky vyznamné ochrdnit pred toxicitou navozenou
tfihodinovou inkubaci s daunorubicinem nebo doxorubicinem nasledovanou 48
hodinovou inkubaci bez antracyklinG. V téchto experimentech byly pouZity
koncentrace antracyklind dosahované v plasmé pacient( v klinické praxi. Dexrazoxan
vtomto schématu chrdnil proti statisticky vyznamné toxicité zplsobené
daunorubicinem a doxorubicinem v rozmezi koncentraci od 0,8 do 1,4 uM. Pro zjisténi
vlivu dexrazoxanu na oxidacni poskozeni jsme primarni kardiomyocyty inkubovali také
s modelovym oxida¢nim insultem peroxidem vodiku. Dexrazoxan nebyl schopen této

toxicité zabranit v Zadné pouzité davce.

Dale jsme v této studii srovnavali ucinek dvou dalSich komeréné dostupnych inhibitorud
topoisomerasy Il sobuzoxanu a merbaronu na toxicitu zplsobenou daunorubicinem,
doxorubicinem a peroxidem vodiku. Sobuzoxan je strukturnim analogem dexrazoxanu
ze skupiny bis-dioxopiperazin(, kdezto merbaron je latka strukturné odlisna, ktera
pravdépodobné neposkytuje metabolit, ktery by vykazoval Zelezo chelata¢ni uGcinky.
V nasich studiich byly jak sobuzoxan, tak i merbaron stejné jako dexrazoxan schopny
Castecné omezit antracyklinovou toxicitu, avsak byly neucinné na toxicitu vyvolanou

peroxidem vodiku.

Ve shodé snasSimi predchozimi vysledky jsme také nezaznamenali signifikantni

ovlivnéni obsahu oxidovaného a redukovaného glutathionu po inkubaci
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s daunorubicinem, preinkubace s dexrazoxanem tudiz také nijak neovlivnila ani
oxidovany ani redukovany glutathion. Obsah celkového a oxidovaného glutathionu byl
stejné jako v predchozi studii sledovdan enzymatickou recyklaéni metodou uzivajici
reakce 5,5’-dithiobis-2-nitrobenzoové kyseliny s redukovanym glutathionem sledujici

prirastek Zluté 5-thiobis-2-nitrobenzoové kyseliny spektrofotometricky.

V této studii jsme také hodnotili ovlivnéni antiproliferativnich ucink( daunorubicinu a
doxorubicinu na bunécnou linii HL-60 lidské promyelocytarni leukemie katalytickymi
inhibitory topoisomerasy Il pomoci Chou-Talalay metody (Chou a Talalay 1984; Chou
2010). Zjistili jsme, Ze jak dexrazoxan, tak i sobuzoxan a merbaron neomezuji

antiproliferativni schopnosti antracyklint, naopak plsobi spiSe synergicky.

Z vysledk( této studie tedy vyplyva, Ze spiSe nez chelatacni vlastnosti a antioxidacéni
plUsobeni maji na antracyklinovou toxicitu v naSem modelu vliv inhibi¢ni schopnosti na

katalyticky cyklus topoisomerasy Il.

4.5, OVLIVNENi ANTRACYKLINOVE KARDIOTOXICITY NOVE SYNTETIZOVANYMI

ANALOGY DEXRAZOXANU A ADR-925

Vavrova A., Roh J., Lencova-Popelova O., Jirkovsky E., Hruskova K., Mackova E., Jansova
H., Hagkova P., Martinkovd P., Eisner T., Kratochvil M., SGs J., Tichotova L., Gersl V.,
Vavrova K., Richardson D.R., Stérba M., Simtinek T. Synthesis and examination of novel
analogues of dexrazoxane and its open-ring hydrolysis product for protection against

anthracycline cardiotoxicity. (pripravovany rukopis)

Doposud jedinym kardioprotektivem ucinnym jak v experimentalnich modelech je
dexrazoxan. ProtoZe nebyl dexrazoxan vyvinut cestou racionalniho vyvoje, ale jeho
protektivni vlastnosti byly objeveny spiSe nahodné, mechanismus jeho protektivniho
plUsobeni je nejasny. Ze skupiny bis-dioxopiperazini bylo zkoumdano jesté nékolik
dalsich analogli, avsak vétSinou se zamérenim na jejich antiproliferativni Ucinek a

pouze nékolik studii se zaméfilo na vtah kardioprotektivniho Gcinku a struktury. Na
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modelu akutni antracyklinové kardiotoxicity u kfe¢kd porovnavali Herman a kolegové
kardioprotektivni ucinek 19 derivatd ze skupiny bis-dioxopiperazin(. V této studii bylo
zjisténo, Ze i relativné malé zmény struktury dexrazoxanu vedou k vymizeni ucinku
(Herman a kol. 1985a). Stejna skupina pak tyto vysledky rozsifila o nékolik dalSich latek
na modelu chronické antracyklinové kardiotoxicity spontdnné hypertenznich potkan(.
Ani ve druhé studii vSak Zadny zanalogl nevykazoval lepsi kardioprotektivni
schopnosti nez dexrazoxan. Bylo také zjisténo, Ze kardioprotektivni schopnosti
nesouvisi s mirou chelatace Zeleza nebo se schopnosti jednotlivych latek odnimat
Zelezo z komplexu s doxorubicinem. AvSak nékteré latky s protektivnimi schopnostmi
se ukazaly byt katalytickymi inhibitory topoisomerasy Il (Herman a kol. 1997). V roce
2009 pak byla publikovana studie porovnavajici dexrazoxan s jeho analogem ICRF-161,
ktery je schopen se metabolizovat na Zelezo-chelatujici strukturu, avsak je neaktivni
s ohledem na katalytickou inhibici topoisomerasy Il. PfestoZe obé latky byly schopny
ochranit izolované neonatalni kardiomyocyty pred toxicitou zplisobenou 48 hodinovou
kontinualni expozici 1,8 uM doxorubicinu, pouze dexrazoxan ochranil také spontanné
hypertenzni potkany pred chronickou antracyklinovou toxicitou. Také u metabolitQ
dexrazoxanu byl zkouman jejich vliv na kardiotoxicitu antracyklinG jak in vitro na
modelu izolovanych neonatalnich kardiomyocytl (Hasinoff a kol. 2003b), tak i v in vivo
modelu (Herman a kol. 1997). Tato neucdinnost byla prisouzena neschopnosti polarni

struktury ADR-925 prostupovat bunéénymi membranami k mistu ucinku.

V nasi studii jsme se proto zaméfili na syntézu analogl dexrazoxanu a ADR-925 a jejich
uvodni in vitro a in vivo hodnoceni. Byly syntetizovdny dva analogy ADR-925 — KH-TA4 a
JR-159, které mély diky alkylamidovym substituentiim vyssi lipofilitu nez samotné ADR-
925 a mohly by tedy ucinnéji pronikat biologickymi membranami. Ddale pak byly
syntetizovany dva analogy dexrazoxanu — MK-15 a ES-5. MK-15 byl navrzen tak, aby
jeho velikost a uspofadani bylo shodné s dexrazoxanem, avsak termindlni amid byl
nahrazen imidem. Diky této zméné by mohla byt snizena schopnost hydrolyzy a také
chelatace volného Zeleza vzniklym produktem by byla pravdépodobné snizena. Analog
ES-5 pak byl navrzen s modifikaci spojovaciho rfetézce jako uzaviena forma cheldtoru

diethylentriaminpentaoctové kyseliny (DTPA).
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Na nasem in vitro modelu izolovanych neonatalnich kardiomyocytl jsme zjistili, ze
nové analogy nejsou v davkach 10 — 100 uM vyraznéji toxické s vyjimkou KH-TA4, ktery
v nejvyssi pouzité davce vykazoval statisticky signifikantni toxicitu ve srovnani
s kontrolou. Na rozdil od dexrazoxanu, ktery chranil kardiomyocyty pred poskozenim
navozenym inkubaci s daunorubicinem (1,2 uM po 3 hodiny nasledované 48 hodinovou
inkubaci bez daunorubicinu) nezavisle na dobé preinkubace (0 — 24 hodin) a podané
davce (10 — 100 uM), Zzadny novy analog nebyl takové protekce schopen. V pripadé KH-
TA4 doslo dokonce ke zvysSeni samotné toxicity antracyklind. Naopak, ve stejnych
dobach preinkubace, ve kterych KH-TA4 zvySoval toxicitu antracyklind, byl schopen
ochranit kardiomyocyty pred oxida¢nim poskozenim zpUsobenym peroxidem vodiku.
Také v modelu chronické antracyklinové kardiotoxicity u kraliki nedosahl Zadny
z analogu efektivity dexrazoxanu, ktery zabranil jak pfed¢asnému uhynu kralika, tak i
snizeni srde¢ni funkce a vyplaveni srdecnich troponinl v dlisledku podavani
antracyklinG. Naopak, konzistentné s vysledky in vitro hodnoceni, podani KH-TA4

zpUsobilo ¢asnéjsi uhyn zvirat a také zhorSeni srdec¢ni funkce.

Pfi analyze mozinych molekuldrnich mechanisml takto vyraznych rozdild mezi
protektivnimi schopnostmi dexrazoxanu a novych analogl jsme studovali schopnost
téchto latek chelatovat volné Zelezo v roztoku a i uvnitf bunék pomoci sledovani
fluorescence volného kalceinu, avSak jak dexrazoxan, tak ani nové analogy
nevykazovaly chelata¢ni schopnosti. Také pfi hodnoceni jejich schopnosti zvySovat
mobilizaci Zeleza z bunék pomoci transferinu zna¢eného radioaktivnim Zelezem (59Fe)
ani dexrazoxan, ani nové analogy vylucovani Zeleza z bunék nezplsobovaly, na rozdil
od experimentalniho chelatoru Zeleza SIH, ktery efektivné vazal Zelezo v roztoku i

v bunikach a také zvySoval vylu¢ovani Zeleza bunkami.

Zamérili jsme se proto také na studium interakce dexrazoxanu a novych analogu
s topoisomerasou Il. Ve shodé s dfive publikovanymi vysledky (Lyu a kol. 2007) jsme
pozorovali ¢asové zavislou depleci topoisomerasy Il beta po inkubaci primarnich
neonatalnich kardiomyocytl s dexrazoxanem (0 — 24 hodin, 10 uM) pomoci western
blottingu bunééného lyzatu. Tuto depleci jsme vSak nepozorovali u Zadného z nové
syntetizovanych analogu. Také jsme zjistili, Ze na rozdil od dexrazoxanu zadny z novych

analogl nepusobi inhibici topoisomerasy Il sledované pomoci enzymatické metody
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vyuzZivajici katenované plasmidové DNA jako substratu a jeji dekatenace
topoisomerasou Il alfa. Tento rozdil v interakci s topoisomerasou Il mezi dexrazoxanem
a novymi analogy tedy naznacuje, Ze spiSe nez chelataci volnych iontl Zeleza
dexrazoxan pUsobi kardioprotektivné diky svym schopnostem katalyticky inhibovat

topoisomerasu Il
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4.6. SOUHRNNA DISKUSE A SHRNUTI

Riziko vzniku toxického poskozeni srdce je vainym omezenim klinického pouZiti
antracyklinG. Mechanismy tohoto poskozeni jsou vSak stdle nedostatecné vysvétleny
(Gianni a kol. 2008; Sawyer a kol. 2010). Jiz nékolik desetileti vSak prevlada tradicni
nazor, Ze antracykliny plGsobi toxické poSkozeni myokardu svou schopnosti tvofit volné
kyslikové radikaly za katalyzy volnymi ionty Zeleza (Keizer a kol. 1990; Colombo a kol.

2013).

V nasi prvni experimentalni praci jsme se proto zaméfili na studium hlavniho
intracelularniho antioxidacniho systému, tedy glutathionu a s nim souvisejicich enzymu
— glutathion reduktasy a glutathion peroxidasy a to jak v chronickém in vivo modelu,
tak i in vitro. Pfestoze desetitydenni podavani daunorubicinu zplsobilo sniZeni srde¢ni
funkce vedouci u nékterych zvifat i k predcasnému Uhynu, jak srdecni, tak plasmaticky
glutathion nebyl signifikantné zménén. Ani aktivita glutathion reduktasy, jez zajistuje
regeneraci redukovaného glutathionu, nebyla pozménéna. Pouze u aktivity glutathion
peroxidasy jsme zaznamenali maly, avSak statisticky signifikantni nar0st, coz by mohlo
naznacovat, Ze jisté zvySeni tvorby volnych radikall v kardiomyocytech nastava, avsak
glutathionovy systém zlstavad stdle kompetentni, nebot nedochazi ke zvyseni
koncentrace oxidovaného glutathionu. In vitro experimenty dale potvrdily tato zjisténi.
Inkubace s daunorubicinem sice vedla k poklesu celkového glutathionu, avsak tento
pokles nebyl statisticky signifikantni, ddvkové zavisly a ani nevedla expozice k nar(stu
oxidovaného glutathionu. Navic na rozdil od oxida¢niho poskozeni vyvolaného
peroxidem vodiku nebylo moZno modulaci obsahu glutathionu v burikach ovlivnit
toxicitu daunorubicinu. Glutathionovy systém tedy nehraje pravdépodobné
v antracyklinové kardiotoxicité vyznamnou roli. Tato studie spolu s dalSimi
experimentdlnimi daty, které jsme shrnuli v prehledovém ¢lanku, naznacuje, Ze zvyseni
tvorby volnych kyslikovych radikadld mize byt spiSe privodnim jevem nez samotnou

pricinou antracyklinové kardiotoxicity.

V dalSich studiich jsme se proto zaméfili na moziné alternativni mechanismy
antracyklinové toxicity. Dexrazoxan je dosud jediné kardioprotektivum u kterého byla

ovérena Ucinnost na vSech Urovnich od bunécnych kultur az po randomizované klinické
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studie (Sawyer a kol. 2010). Pfesny mechanismus jeho kardioprotektivniho ucinku je
ale stejné jako u antracyklinové kardiotoxicity nejasny. V souladu s ,ROS and iron“
hypotézou antracyklinové kardiotoxicity se soudi, Ze pro jeho Uclinek je nezbytnd
metabolizace na Zelezo-chelatujici strukturu ADR-925 (Cvetkovi¢ a Scott 2005). Avsak
parentni struktura dexrazoxanu je také katalytickym inhibitorem topoisomerasy Il
(Andoh a Ishida 1998). Proto jsme se v dalsi studii snaZili srovnat kardioprotektivni
ucinek dexrazoxanu se dvéma dalSimi komeréné dostupnymi inhibitory topoisomerasy
I, sobuzoxanem a merbaronem. Tyto latky podobné jako dexrazoxan chranily
izolované neonatalni kardiomyocyty pred poskozenim vyvolanym antracykliny, avsak
stejné jako dexrazoxan byly neucdinné proti modelovému oxidac¢nimu poskozeni
peroxidem vodiku. JelikoZ jednou z pfi¢in omezeného klinického pouziti dexrazoxanu je
obava ze snizovani protinddorového ucinku antracyklin pravé kvili interakci
s topoisomerasou I, ktera je hlavnim molekuldrnim cilem antracyklind, studovali jsme
také ovlivnéni antiproliferativnich  Gcinkli  antracyklind  katalytickou inhibici
topoisomerasy Il pomoci dikladné metody Chou-Talalay (Chou a Talalay 1984; Chou
2010). Jak dexrazoxan, tak ani sobuzoxan a merbaron nevykazovaly s antracykliny
antagonistické plsobeni. Naopak, zejména v pfipadé merbaronu vedla jejich
kombinace k silnému synergismu. | vysledky této studie tedy naznacuji, Zze spiSe nez
antioxidacni aktivita dexrazoxanu muzZe s jeho protektivnim ucinkem souviset spise
katalytickd inhibice topoisomerasy Il. Rozdily v Uéinku dexrazoxanu na proliferujici
nadorové bunky a terminalné diferencované a nedélici se kardiomyocyty maze byt
vysvétlen rlznou expresi topoisomerasy v téchto bunécnych typech. Na tyto rozdily

jsme se soustredili v dalsim prehledovém ¢lanku.

Buniky vys$Sich obratlovcl obsahuji dvé strukturné velmi podobné isoformy
topoisomerasy Il. V rychle se délicich burikdch je zvySena exprese alfa isoformy, ktera
je nezbytnd pro bunécné déleni (Austin a Marsh 1998). V diferencovanych nedélicich
se bunikach je naopak exprese této isoformy potlacena. V téchto burikach je vétsina
topoisomerasy zastoupena jeji beta isoformou, ktera je dulezita spise pfi transkripénich
procesech a vsoucasné dobé byly publikovany nékteré studie dokazujici jeji roli
v regulaci genové exprese (Ju a kol. 2006; Kitagawa a kol. 2012; McNamara a kol.

2010). Modifikovana forma topoisomerasy Il beta byla také nalezena v mitochondriich
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(Low a kol. 2003), které jsou dllezitym cilem antracyklinové kardiotoxicity (Wallace

2003).

Interakce s topoisomerasou Il byla také hlavni odliSnosti nové syntetizovanych analogl
dexrazoxanu a ADR-925 od dexrazoxanu. Na rozdil od dexrazoxanu nové analogy
nevykazovaly kardioprotektivni schopnosti, neinhibovaly topoisomerasu Il a ani
nezplsobovaly jeji depleci v neonatalnich kardiomyocytech. Tedy i tato studie
poukazuje na vyznam interakce s topoisomerasou Il v antracyklinové kardiotoxicité a

protekci pomoci dexrazoxanu.

Na vysledky dosazené vramci této disertacni studie a také vysledky dalSich skupin
implikuji nutnost dalSiho vyzkumu moznosti dllezZitosti interakce s topoisomerasou Il
v antracyklinové kardiotoxicité a kardioprotekci pomoci dexrazoxanu. V soucasné dobé
se naSe skupina zaméfila na studium farmakokinetického profilu dexrazoxanu a jeho
metabolismus. Dalsi studie by se pak mély zamérit také na syntézu novych analogl
racionalné vytvorenych molekuldrnim modelovanim pomoci struktury topoisomerasy
Il. Také dalsi molekuldrné-biologické pfristupy, napriklad pouziti siRNA pro selektivni
ovlivnéni exprese proteind, by mohly prispét k objasnéni molekuldrnich mechanismu

antracyklinové kardiotoxicity.
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Mechanismy antracyklinové kardiotoxicity nejsou stale dostate¢né objasnény.
Prestoze hypotéza oxidacniho stresu jako primarni ptic¢iny tohoto poskozeni byla
dlouho tradi¢né pfijimana, vzrUstajici ¢ast recentni odborné literatury s touto
hypotézou polemizuje a vénuje se alternativnim mechanismim. Pochopeni
mechanismu kardioprotekce pomoci dexrazoxanu by mohlo napomoci také
objasnéni mechanismu antracyklinové kardiotoxicity a tedy i dalsi racionalni tvorbé

kardioprotektivnich latek.

V bunkach vyssich obratlovcl se vyskytuji dvé isofromy topoisomerasy Il. Alfa
isoforma topoisomerasy Il je nezbytna pro bunééné déleni a jeji funkce jsou
popsany pomérné detailné. Znacné méné je znamo o jeji isoformé beta. Ta pro
replikaci bunék nezbytna neni, avsak jak bylo neddvno zjisténo, hraje dlleZitou

Ulohu v regulaci transkripce nékterych genu.

Toxicita daunorubicinu neni na rozdil od oxida¢niho poskozeni zplsobeného
peroxidem vodiku ovlivnitelnd modulaci hladin glutathionu v burkach.
Daunorubicin také neplsobi ovlivnéni hladin celkového ani oxidovaného
glutathionu ani vyznamnéji neovliviiuje aktivitu glutathion reduktasy a glutathion
peroxidasy. Glutathion a oxidaéni poskozeni tedy pravdépodobné nehraje

v patogenezi antracyklinové kardiotoxicity vyznamnéjsi roli.

V nasem in vitro modelu antracyklinové kardiotoxicity jsme prokazali, Ze jak
dexrazoxan, tak i dalSi dva katalytické inhibitory topoisomerasy Il, sobuzoxan a
merbaron, jsou schopny ¢astecné zabranit toxicité antracyklin(, avsak neomezuji
modelové oxidacni poSkozeni peroxidem vodiku. Katalytickd inhibice
topoisomerasy Il proto muzZe byt podstatou protekce antracyklinové kardiotoxicity

pomoci dexrazoxanu.
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Nové syntetizované analogy dexrazoxanu a ADR-925 ve srovndni s dexrazoxanem
nevykazaly kardioprotektivni vlastnosti. Ani jedna z novych latek nevykazovala
chelataéni schopnosti a na rozdil od dexrazoxanu ani schopnost interagovat
s topoisomerasou I, coz opét naznacuje moznou klicovou ulohu tohoto enzymu u

antracyklinové kardiotoxicity a kardioprotekce.
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6. PODIiL PREDKLADATELKY NA PUBLIKACICH ZAHRNUTYCH V DISERTACNI PRACI

Stérba M., Popelovd O., Vévrova A., Jirkovsky E., Kovatikova P., Ger$l V., and Simdnek
T. 2013. Oxidative Stress, Redox Signaling, and Metal Chelation in Anthracycline
Cardiotoxicity and Pharmacological Cardioprotection. Antioxidants & Redox Signaling

18 (8): 899-929 (IF 2011: 8.456).

- podil na d¢asti textu zabyvajici se molekularnimi mechanismy antracyklinové

kardiotoxicity.

Vavrovd A., and Sim(nek T. 2012. DNA Topoisomerase IIB: a Player in Regulation of
Gene Expression and Cell Differentiation. The International Journal of Biochemistry &

Cell Biology 44 (6): 834—7 (IF 2011: 4.634).

- hlavni podil na analyze literatury a textu prehledového ¢lanku

Vavrova A., Popelova O., Stérba M., Jirkovsky E., Haskova P., Mertlikova-Kaiserova H.,
Gerdl V., and SimGnek T. 2011. In Vivo and in Vitro Assessment of the Role of
Glutathione Antioxidant System in Anthracycline-induced Cardiotoxicity. Archives of

Toxicology 85 (5): 525-35 (IF 2010: 4.674).

- kultivace bunééné linie H9¢c2, stanoveni in vitro toxicity

- stanoveni obsahu celkového a oxidovaného glutathionu

- stanoveni aktivity glutathion reduktasy a glutathion peroxidasy

- fotodokumentace zmén bunécéné morfologie a mitochondrialniho potencialu

- hlavni podil na analyze dat a textu publikace

Vavrova A., Jansova H., Mackova E., Machacek M., Haskova P., Tichotova L., Stérba M.,
Sim@inek T. Catalytic inhibitors of topoisomerase Il differentially modulate the toxicity

of anthracyclines towards cardiac and cancer cells. (rukopis v recenznim fizeni)
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- izolace primdarnich neonatdlnich kardiomyocytd a hodnoceni in vitro toxicity a
protekce studovanych latek na tomto modelu

- stanoveni obsahu celkového a oxidovaného glutathionu

- stanoveni aktivit kaspaz ve vzorcich primarnich neonatalnich kardiomyocytu

- fotodokumentace zmén bunécné morfologie kardiomyocytl a mitochondridlniho
potencialu

- hlavni podil na analyze dat a textu publikace

Vavrova A., Roh J., Len¢ova-Popelova O., Jirkovsky E., Hruskova K., Mackova E., Jansova
H., Hagkova P., Martinkova P., Eisner T., Kratochvil M., SGs J., Tichotova L., Gersl V.,
Vavrova K., Richardson D.R., Stérba M., Simdnek T. Synthesis and examination of novel
analogues of dexrazoxane and its open-ring hydrolysis product for protection against

anthracycline cardiotoxicity. (pripravovany rukopis)

- izolace primarnich neonatalnich kardiomyocytl hodnoceni in vitro toxicity a
protekce studovanych latek na tomto modelu

- stanoveni aktivity topoisomerasy Il

- podil na pfipravé vzorkd a stanoveni obsahu topoisomerasy Il beta v primarnich
neonatalnich kardiomyocytech

- hlavni podil na analyze dat a textu publikace
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Summary

Background and purpose: Anthracyclines (such as doxorubicin or daunorubicin) are
among the most effective anticancer drugs, but their usefulness is hampered by the
risk of irreversible cardiotoxicity. Dexrazoxane is the only clinically approved
cardioprotective agent against anthracycline cardiotoxicity. Its activity has traditionally
been attributed to the iron-chelating effects of its metabolite with subsequent
protection from oxidative stress. However, dexrazoxane is also a catalytic inhibitor of
topoisomerase Il (TOP2). Therefore, we examined whether dexrazoxane and two other
TOP2 catalytic inhibitors, sobuzoxane and merbarone, protect cardiomyocytes from
anthracycline toxicity and assessed their effects on anthracycline antineoplastic

efficacy.

Experimental approach: We used isolated rat cardiomyocytes and HL-60
promyelocytic leukaemia cells to compare the effects of TOP2 catalytic inhibitors on

anthracycline toxicity to cardiac and cancer cells.

Results: Dexrazoxane and two other TOP2 inhibitors protected isolated neonatal rat
cardiomyocytes against toxicity induced by both doxorubicin and daunorubicin.
However, none of the TOP2 inhibitors significantly protected cardiomyocytes in a
model of hydrogen peroxide-induced oxidative injury. In contrast, the catalytic
inhibitors did not compromise the antiproliferative effects of the anthracyclines in the
HL-60 leukaemic cell line; instead, synergistic interactions were mostly observed.
Additionally, anthracycline-induced caspase activation was differentially modulated by

the TOP2 inhibitors in cardiac and cancer cells.

Conclusion: Our data indicate that dexrazoxane may protect cardiomyocytes via its
catalytic TOP2 inhibitory activity rather than antioxidant activity. The differential
expression and/or regulation of TOP2 isoforms in cardiac and cancer cells by catalytic
inhibitors may be responsible for the selective modulation of anthracycline action

observed.

Keywords: Doxorubicin; daunorubicin; anthracycline cardiotoxicity; topoisomerase II;

dexrazoxane.
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1. INTRODUCTION

Anthracycline (ANT) antibiotics, such as doxorubicin (DOX, Fig. 1), daunorubicin (DAU,
Fig. 1) or epirubicin, rank among the most effective and frequently used antineoplastic
agents and remain indispensable components of modern chemotherapy protocols for
numerous haematological malignancies as well as solid tumours. However, the risk of
irreversible and potentially fatal toxicity to cardiac tissue is the main drawback of ANT

use in clinical practice (Gianni et al., 2008).

Numerous hypotheses have been proposed regarding the mechanisms underlying both
the antineoplastic and cardiotoxic effects of ANTs (Minotti et al., 2004). Currently,
topoisomerase Il (TOP2) is generally recognised as the principal molecular target for
ANT antitumor action. ANTs belong to the group of "TOP2 poisons", which consist of
cytotoxic agents that stabilise the “cleavable complex” (Deweese et al., 2009). In terms
of cardiotoxicity, the iron (Fe)-catalysed intramyocardial production of reactive oxygen
species (ROS) has traditionally been implicated. The C ring of ANT aglycone readily
undergoes redox-cycling, and Fe ions may form redox-active complexes with ANTSs,
resulting in the formation of superoxide, peroxide and eventually highly reactive and

toxic hydroxyl radicals (Keizer et al., 1990; Simunek et al., 2009).

This traditional “ROS and Fe” hypothesis of ANT-induced cardiotoxicity has been
reinforced by the protective efficiency of dexrazoxane (DEX, ICRF-187, Fig. 1), which is
the only clinically approved cardioprotectant. The cardioprotective effects of DEX have
been attributed to its hydrolysis product ADR-925, strikingly similar to the well-known
metal chelator EDTA. Following the metabolism of DEX into ADR-925, this product can
chelate free and redox-active intracellular Fe and/or replace Fe in ANT-Fe complexes,
thus preventing site-specific hydroxyl radical formation and oxidative damage to

cardiac tissue (Hasinoff et al., 1998).

However, DEX is also an established catalytic inhibitor of TOP2 (Tanabe et al., 1991),
and therefore, it cannot be ruled out that DEX may exert protective effects through
interference with ANT-induced TOP2 poisoning in the heart (Hasinoff et al., 2007;
Sawyer, 2013). Indeed, a recent study reported that deletion of the TOP2 beta isoform

(Top2b gene) protected cardiomyocytes from DNA double-strand breaks and
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transcriptome changes induced by acute in vivo DOX treatment, with subsequent
prevention of defective mitochondrial biogenesis and ROS formation. Furthermore,
cardiomyocyte-specific deletion of the Top2b gene protected mice from the
development of progressive heart failure induced by repeated DOX treatment,
suggesting that DOX-induced cardiotoxicity is primarily mediated by cardiomyocyte

TOP2B (Zhang et al., 2012).

Questions arising from these previous studies encouraged us to investigate the
involvement of TOP2 in ANT cardiotoxicity and to assess other TOP2 catalytic inhibitors
as potential cardioprotectants. In this study, using primary cultures of isolated rat
neonatal ventricular cardiomyocytes (NVCMs), we examined the protective effects of
DEX and two other catalytic inhibitors of TOP2, sobuzoxane (SOB, Fig. 1) and
merbarone (MER, Fig. 1), against cardiotoxicity induced by DAU and DOX. For
comparison, we also investigated the effects of these agents in a model of H,0,-
induced oxidative cardiomyocyte injury. Additionally, the HL-60 leukemic cell line was
used to assess whether TOP2 catalytic inhibitors can affect ANT cardiotoxicity without

compromising their antiproliferative efficacy against leukemic cancer cells.
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2. Materials and methods

2.1. Materials

Dulbecco’s modified Eagle’s medium, nutrient mixture F-12 (DMEM/F12), horse serum
(HS), foetal bovine serum (FBS), penicillin/streptomycin solution (5000 U ml™; P/S) and
sodium pyruvate solution (100 mM; PYR) were purchased from Lonza (Belgium). The
sera were heat-inactivated prior to use. DEX was obtained from Huaren Chemicals
(Chang-Zhou, China). RPMI-1640 medium with L-glutamine and NaHCOs, lactic acid,
nicotinamide adenine dinucleotide (NAD*), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, SOB, MER, and other chemicals (e.g., constituents of
various buffers) were purchased from Sigma (Germany) or Penta (Czech Republic) and
were of the highest available pharmaceutical or analytical grade. Dimethyl sulfoxide

was used to dissolve DEX, SOB and MER.

2.2.  Cardiomyocyte isolation and toxicity assessments

All animal procedures and the preparation of NVCMs were approved and supervised
by the Charles University Animal Care Committee. Primary cultures of NVCMs were
prepared from 2-day-old Wistar rats and cultured as described previously (Kaiserova et
al., 2007; Simunek et al., 2008). The isolation procedure resulted in a confluent cellular
monolayer with ~90% of cardiomyocytes beating synchronically. To assess
cytotoxicity, cellular morphology and caspase activity, the cells were plated on 12-well
plates pre-coated with 1 % gelatin at a density of 0.8 million cells per well. To measure
glutathione content, the cells were plated on 60-mm Petri dishes at a density of
4.8 million cells per dish. All experiments were started on the fourth day after
isolation. Using both serum and PYR-free medium, NVCMs were incubated at 37 °C
with the tested agents either alone or in combination. The activity of lactate
dehydrogenase (LDH) released from cardiomyocytes was determined in cell culture
media as a standard marker of cytotoxicity and cellular breakdown using a well-
established spectrophotometric method; in our previous studies, this method
correlated well with release of cardio-specific troponins T and | (Adamcova et al.,
2007). The activity of LDH released from cardiomyocytes was expressed as the

percentage of total cellular LDH as measured following cell lysis for 15 min (0.1 M
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potassium phosphate, 1% Triton X-100, 1 mM DTT [(-) -1,4-dithio-L-threitol], 2 mM

EDTA, pH 7.8) at room temperature.

Changes in cellular morphology were documented using an Eclipse TS100 inverted
epifluorescence microscope (Nikon, Japan), and the NIS-Elements AR 2.20 software
(Laboratory Imaging, Czech Republic). To visualise active mitochondria, cells were

loaded with 0.5 uM JC-1 (Molecular Probes/Invitrogen, U.S.A.) for 30 min at 37 °C.

2.3.  Proliferation studies

The HL-60 cell line, derived from a patient with acute promyelocytic leukaemia
(Gallagher et al., 1979), was purchased from the American Type Culture Collection
(Manassas, VA, U.S.A.). Cells were cultured in RPMI 1640 medium supplemented with
10 % FBS and 1% P/S in 75-cm?” tissue culture flasks (TPP, Switzerland) at 37 °C in a
humidified atmosphere of 5% CO,. For proliferation assays, cells were plated on 96-
well plates at a density of 10,000 cells per well. The combination studies were
designed according to the Chou — Talalay method (Chou, 2006). Cellular proliferation
was assessed using a viability assay based on the ability of active mitochondria to
change yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-difenyltetrazolium bromide tetrazole
(MTT; Sigma) to purple formazan according to the manufacturer’s instructions and
using a Tecan Infinite 200 M plate reader. The proliferation rates of the experimental

groups were expressed as percentages of the untreated controls (100 %).

2.4.  Assessment of caspase activity

The activities of caspases 3/7, 8 and 9 were determined using a commercially available
kit (Caspase Glo Assays, Promega, U.S.A.) based on the ability of caspases to cleave
specific amino acid sequences present in a substrate for luciferase. Caspase activities
were determined in relation to protein content, which was assessed using the
bicinchoninic acid method according to the manufacturer's protocol (Sigma, Germany).

Lysates were diluted to equal protein concentrations.

2.5.  Determination of total and oxidised glutathione
NVCMs were washed with PBS (2 x 2.5 ml, 4 °C), harvested with a cell scraper, and
centrifuged (10 min at 700 x g, 4 °C), and the pellet was resuspended in 250 ul of 4°C

cold sulphosalicylic acid (Sigma, Germany) and then sonicated on ice for 10 s (Bandelin
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Sonoplus, Bandelin Instruments, Germany). The samples were then centrifuged for
15 min at 18,000 x g, and the supernatants were used to determine the amount of
reduced and oxidised glutathione (GSH/GSSG) present using an enzymatic recycling

method as described previously (Vavrova et al., 2011).

2.6.  Flow cytometry cell cycle analysis

After incubation, HL60 cells were centrifuged at 300 x g, washed in PBS with 5 % FBS
(PBS + FBS) and suspended in a small amount of PBS + FBS. Then, ice-cold 70 % ethanol
was added drop-wise, and the cells were fixed for 3 hours at - 20 °C. After fixation,
ethanol was removed by centrifugation; cells were washed in PBS + FBS and suspended
in 4 mM sodium citrate in PBS + FBS. Finally, cells were incubated with 200 pg ml™?
RNAse A (Sigma, Germany) and 30 ug ml™* PI for 20 min at 37 °C. Cells were analysed
using an Accuri C6 flow cytometer (Accuri Cytometers Europe Ltd., U.K.) as described
previously (Mackova et al., 2012). Pl was excited at 488 nm, and fluorescence was
analysed at 585 nm (FL-2). Per analysis, 10,000 events were collected. Cell cycle
analysis was evaluated using MultiCycle AV Software (Phoenix Flow Systems, U.S.A.).

Cell cycle figures were created with Cyflogic software (CyFlo Ltd, Finland).

2.7.  Statistical analysis

All data are presented as the means + SD. Data were subjected to one-way ANOVA
with Dunnett’s post-test using GraphPad Prism 5.00 (GraphPad Software, California,
U.S.A.) with P £0.05 as the level of significance. All measurements were performed in
duplicate (or more) from more than four independent experiments. ICso values
(concentration of agents inducing a 50 % proliferation decrease compared to
untreated controls) as well as combination index values (C/ —a quantitative measure of
the degree of drug interaction) were calculated using CalcuSyn 2.0 software (Biosoft,

Cambridge, U.K.).
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3. Results

3.1.  Invitro cardiotoxicity studies

First, the cardiotoxic effects of ANTs and potential protective interventions were
assessed using a previously published protocol consisting of a 3-hour exposure of
isolated cardiomyocytes to DAU or DOX, followed by washes to remove ANTs and
myocyte incubation in ANT-free medium; cellular injury was determined using an LDH
release assay (Hasinoff et al., 2003). As observed in Fig. 2a-b, the exposure of isolated
cardiomyocytes to DAU or DOX for 3 hours followed by a 48-hour washout period led
to a statistically significant loss of viability (determined as the percentage of total LDH
release) ranging from ~20% at 0.6 uM for both ANTs to ~55% at 2.0 uM. Pre-
incubation of the cells with 10, 100 and 1000 uM DEX for 3 hours induced significant
protection from the toxicity of both ANTs at concentrations up to 1.2 uM (DAU) and
1.4 uM (DOX). This effect did not appear to be dose-dependent, as in most
experiments the 10 uM and 100 uM DEX concentrations offered better protection than
1000 uM (Fig. 2a-b). In cardiomyocytes exposed to the oxidative stress-inducing agent
H,0,, toxicity ranging from ~36 % at 200 uM to ~60 % at 500 uM H,0, was detected.
However, no significant protection against H,O,-induced toxicity was found with any
assayed concentration of DEX (Fig. 2c). Of the three TOP2 catalytic inhibitors used in
this study, DEX (10 — 1000 uM) and SOB (in concentrations up to its solubility limit of
300 uM) did not cause any significant loss of NVCM viability. Conversely, MER
exhibited significant toxicity at concentrations > 60 uM (Fig. 3d). DEX, SOB and MER
were then compared for their cardioprotective potential at a concentration of 30 uM,
i.e., the highest concentration at which none of the drugs induced its own toxicity. All
three TOP2 catalytic inhibitors were able to partially but significantly protect NVCMs
against 1.2 uM DAU or DOX with ~10 — 15 % toxicity reduction in comparison with DAU
or DOX toxicity alone, but the TOP2 inhibitors had no significant effect on the toxicity
caused by 300 uM H,0, (Fig. 3a-c).

As observed in Fig. 3e, the incubation of NVCMs with 1.2 uM DAU for 3 hours followed
by 48 hours in DAU-free medium did not lead to a statistically significant change in
either reduced or oxidised glutathione cellular content, despite the significant toxicity

caused by this concentration and incubation schedule. The pre-incubation of
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cardiomyocytes with 30 uM DEX for 3 hours followed by co-incubation with DAU
showed an insignificant trending increase in reduced glutathione levels, but this
occurred in the absence of changes to oxidised glutathione levels. The control
incubation with DEX alone did not induce any significant difference from control values

for either oxidised or reduced glutathione content (Fig. 3e).

A three-hour exposure of NVCMs to 1.2 uM DAU or DOX caused marked changes in
cardiomyocyte morphology, including cytoplasmic vacuolisation and granulation,
which proceeded into discontinuation of the cellular monolayer and cellular and
nuclear shrinkage. Cardiomyocytes were stained with the JC-1 probe, and its signal was
visualised by fluorescence microscopy. Following exposure to DAU or DOX, there was a
conspicuous transition of normal red-stained mitochondria with polarised inner
membranes to diffuse green fluorescence indicating dying cells with depolarised
mitochondria. Pre-incubation with 30 uM DEX, SOB and, to a lesser extent, MER,
partially prevented both ANT-induced changes in cellular morphology as well as the

dissipation of the mitochondrial inner membrane potential (Fig. 4).

3.2.  Proliferation studies

After incubation for 72- hours, all substances examined had significant and dose-
dependent antiproliferative effects on HL-60 cells. The ANTs (DAU and DOX) were
effective at concentrations that were three orders of magnitude lower than the
catalytic inhibitors; the ICsq values for all drugs were as follows: 19 nM for DAU, 38 nM
for DOX, 25 uM for DEX, 48 uM for SOB and 38 uM for MER. Single agents and
combinations of ANTs and TOP2 catalytic inhibitors were then incubated for 72 hours
at concentrations corresponding to their ICso values, and their interactions were
analysed according to the Chou-Talalay method. Additionally, as drug-drug interactions
can change as a function of concentration or activity, we also examined combinations
of chelators and anticancer drugs at fractions and multiples (1/8; 1/4; 1/2; 1; 2; 4) of
their ICso values, and Fraction affected (Fa) — combination index (C/) plots were
calculated using computer simulations. Proliferation data are shown in panels a and b
in Figs. 5-7, and combination index (Cl) calculated values are summarised in Tables 1—
3. These analyses revealed that DEX, SOB and MER potentiated the antiproliferative

effects of both DAU and DOX when these substances were co-incubated
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simultaneously, as the corresponding Cl/ values ranged from moderate to strong

synergism.

In another series of experiments, DEX, SOB and MER were pre-incubated for 3 or
6 hours prior to the addition of DAU with a subsequent 72-hour co-treatment (panels ¢
and d in Figs. 5-7). As observed in these figures and in Table 1, these drug
combinations remained synergistic with the exception of combinations of DAU with
DEX at its highest concentration; in this case, the C/ values were additive or in one rare
case moderately antagonistic. Additionally, apart from the standard Chou-Talalay
combination study design (where the agents are applied at equipotent doses), DAU
and DEX were also examined using the fixed 1:20 concentration ratio used in clinical
practice (Swain et al., 2004). While rather less pronounced synergism was detected for
lower concentrations, here, no antagonism occurred, even following preincubation
with DEX for 3 hours, and in this setting, all concentrations of DEX potentiated the

antiproliferative activity of DAU towards HL-60 cells (Fig. 5 e-f).

3.3.  Caspase activity assays

In addition to evaluating their effects on overall cardiomyocyte viability or the
proliferation of HL-60 leukaemic cells, after relevant incubations corresponding to
previous experiments, combinations of ANTs and TOP2 catalytic inhibitors were also
examined for their ability to activate caspases, which are key mediators of apoptosis.
Incubation of NVCMs with 1.2 uM DAU for 48 hours caused significant activation of
caspases 8 and 9, which are the key extrinsic (receptor-mediated) and intrinsic
(mitochondrial) apoptotic pathway initiators, respectively, as well as the execution
caspases 3/7 to ~200 % of control values. Incubation with 30 uM concentrations of all
three TOP2 catalytic inhibitors did not cause any significant increase in the activity of
any caspase, but DEX and SOB significantly protected cardiomyocytes against caspase
activation by DAU. Although MER pre-treatment also showed a trend towards
decreased activation of all caspases, this did not reach statistical significance compared
to the DAU group. Consistent with the results of the LDH leakage assay, the activation
of caspases after incubation with DOX was generally less pronounced than after DAU
incubation. The activation of both initiation caspases was insignificant compared with

the control (Fig. 8e-f), although there was a slight increase. Overall, preincubation of
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the cells with DEX, SOB or MER did not significantly change initiation caspase
activation, despite the trend towards lower activity. However, the activity of the
executive caspase 3/7 was significantly increased following DOX treatment, while TOP2

catalytic inhibitors effectively prevented this change (Fig. 8d).

In HL-60 cells, the activity of all caspases (3/7, 8 and 9) was significantly increased by
all the compounds (with the exception of MER and caspase 3/7) after 72-hour
incubations at concentrations corresponding to their 1Cso values. For individual
caspases, these increases ranged from ~200 % to ~500 % for DEX, SOB and MER and
~600 % to 700 % for DOX. The combinations of DOX with DEX or SOB increased caspase
activity significantly in comparison to both control and individual drugs alone. DOX
combined with MER did not induce a significant increase in caspase activation
compared to DOX alone, nor was the activation caused by DOX alone mitigated by

MER co-treatment (Fig. 8i).

3.4.  Effects of treatments on the cell cycle in HL-60 cells

Control HL-60 cell populations in our experiments consisted of ~50 % G; cells, ~5 % of
cells in S phase, and ~10 % of cells in G,/M phase of the cell cycle. The remaining ~5 %
constituted dead cells (sub-G; population). A 72-hour incubation with 19 nM DOX (a
concentration corresponding to its ICso value) caused significant reductions in the G;
and S phase populations (approximately a 1/3 drop for each) in favour of the G,/M
phase (~1/3 increase), sub-G1 population (~1/4 increase) and polynuclear cells (~2 %).
Incubation with the ICsg DEX concentration (25 uM) also induced a drop in the G; and S
phase cell populations; this drop was, however, significantly lower than that following
DOX treatment (26 % vs. 20 %, respectively). The number of cells in G,/M arrest was
also significantly lower than in the DOX group. The sub-G; population (~45 %) for the
DEX group was significantly higher than both the control and DOX-treated cells, and
the polynuclear population was also significantly higher (~5 %) than in control cells. In
contrast, no polynuclear cells were found following the incubation of HL-60 cells with
38 uM SOB. Additionally, despite a slight trend, there was no significant G,/M phase

arrest. Significant decreases in the G; and S phase cell populations occurred in
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comparison to the control; however, these populations were simultaneously
significantly higher than for the DOX-treated group. MER (48 uM) treatment induced
the most pronounced G,/M arrest of all the drugs tested in monotherapy (~65 %), and
this result was significantly higher than both the control and DOX treatment. MER also
caused the most pronounced decrease in the G; and S phase populations (~45 % and
~35 % decrease compared to the control, respectively). The sub-G; population
increased over the control values to a similar extent as DOX treatment (28 %). The
induction of polyploidy (2% of polynuclear cells) was also similar to DOX. The
combination of DOX with DEX or SOB increased the sub-G; population but not
significantly more than DOX alone. Both DEX and SOB in combination with DOX caused
a marked decrease in G; (~¥10 % each) and S (1 and 0.2 %, respectively) phase cells
together with a marked increase in the polynuclear cell population (15 and 10 %,
respectively). The combination of DOX with MER did not induce any significant changes

compared to MER treatment alone (Fig. 9).
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4. Discussion

During the last decade, both the traditional "ROS and Fe" hypothesis of ANT-induced
cardiotoxicity as well as the notion that DEX protects cardiomyocytes via its Fe-
chelating metabolite ADR-925 have been subjects of renewed discussion and growing
controversy. Classical antioxidants and ROS scavengers (such as N-acetylcysteine,
coenzyme Q10, vitamins E and C), although usually very effective in acute ANT
cardiotoxicity experiments, have failed in all controlled and randomised clinical trials
conducted so far (van Dalen et al., 2011). Furthermore, several Fe chelators that are
both stronger and more selective for Fe than ADR-925 have failed to match the unique
and experimental model-independent cardioprotective efficacy of DEX (Sterba et al.,
2013). Of significance, ADR-925 complexed with Fe may promote redox reactions
rather than inhibiting them (Malisza et al., 1995), and ADR-925 failed to protect
isolated cardiomyocytes (Hasinoff et al., 2003). In a model of chronic DAU-induced
heart failure in rabbits, DEX was able to prevent increased cardiomyocyte apoptosis in
hearts, but this protection was not accompanied by a significant reduction in
lipoperoxidation (Popelova et al. 2009), suggesting that oxidative stress may merely be
a secondary by-product that accompanies ANT cardiotoxicity and subsequent heart
failure rather than a primary culprit. Furthermore, a close derivative of DEX (ICRF-161)
that lacks TOP2 inhibitory action but can be activated to produce a metabolite with
similar metal-chelating potential as DEX has been found to be ineffective against
chronic ANT cardiotoxicity in rats when compared to DEX (Martin et al., 2009). Thus,
there has been a search for alternative hypotheses to explain the mechanisms of both

ANT cardiotoxicity as well as DEX-induced cardioprotection.

The effective cardioprotective properties of DEX have been demonstrated by many
clinical studies (Rhomberg and Hellmann 2011; Swain and Vici 2004) and were firmly
confirmed with a recent meta-analysis (van Dalen et al., 2011). However, focused in
vitro analyses of DEX cardioprotection and the mechanism(s) involved have been
scarce. Hasinoff et al. found that pre-incubation with DEX (90 uM, 3 hours) protected
cardiomyocytes from mitochondrial membrane potential loss induced by relatively low
concentrations of DOX (0.15 — 0.5 uM, 3 hours incubation followed by 48 hours post-

incubation in DOX-free media) (Hasinoff et al. 2003). In the same study, the authors
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showed that signs of apoptosis are increased by approximately 200 % after 48 hours
treatment with clinically relevant concentrations of DOX (0.2 and 1 uM), which is
comparable to our results obtained under similar conditions. In the present study, we
employed a wide range of concentrations of DEX (10 — 1000 uM) as well as two
different ANTs (DAU and DOX, 0.6 — 2.0 uM) to describe in detail the effects of these
drugs at concentrations that can be present in the plasma of patients after drug
administration (Gewirtz, 1999). Furthermore, we directly compared these results in a
model of oxidative insult induced by H,0, (200 — 500 uM), which resulted in viability
loss comparable to both ANTs. Although DEX was able to consistently reduce LDH
release from cardiomyocytes induced by DAU or DOX, it demonstrated no protection
against any concentration of H,O, employed in this study. Furthermore, the protective
effects of DEX against DAU-induced toxicity were not associated with changes to
oxidised or reduced glutathione content within cardiomyocytes, which suggests that
these effects are oxidative stress-independent. These results agree well with Lyu et al.,
who demonstrated that 200 uM DEX protected the H9c2 cardiomyoblast-derived cell
line from DOX (0.5 — 5 uM), but not H,0,- or camptothecin-induced DNA double strand
breaks as determined by elevated y-H2AX expression. At the same time, vitamin C and
N-acetylcysteine did not protect these cells against DOX (Lyu et al., 2007). These data
are also in good agreement with our previous study showing that the glutathione
antioxidant system was not affected by DAU treatment either in vitro in H9c2 cells or
in vivo using a chronic ANT cardiotoxicity model (Vavrova et al. 2011). Additionally, in
the present study, we observed no effects of DAU, DEX or their combination on

oxidised or reduced glutathione cellular levels in NVCMs.

The use of DEX in clinical practice has been relatively limited. One of the major reasons
for this is attributed to doubts concerning the possible interference of this drug with
ANT anticancer effects. This question becomes even more urgent considering the
possibility that ANTs and DEX may share TOP2 as a molecular target both for their
anticancer and potentially cardioprotective actions. To examine this issue, we used a
model with the HL-60 human promyelocytic leukaemia cell line and performed
thorough analyses of combinations of DEX with DAU or DOX following 72-hour co-

incubations using the rigorous Chou-Talalay method (Chou 2010; Chou and Talalay
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1984). The obtained Cl values demonstrated the synergistic antiproliferative effects of
DEX with DAU or DOX, mainly at lower concentrations. Previously, using Chinese
hamster ovary cells (which are neither cancerous nor cardiac), one study reported that
DEX might exhibit antagonism of DOX- or DAU-mediated growth inhibition when cells
were pre-incubated with DEX before ANT was added (Hasinoff et al., 1996). Therefore,
an additional series of experiments was undertaken under conditions similar to those
in previous cardioprotective experiments. The pre-incubation of HL-60 cells for 3 hours
with DEX prior to DAU caused a trend towards a less synergistic antiproliferative
interaction. At most concentrations, the C/ values were still indicative of synergistic
effects; however, combinations at the highest concentrations (2x and 4x ICsg) resulted
in nearly additive effects or moderate antagonism. Surprisingly, prolonged pre-
incubation with DEX for 6 hours did not result in further aggravation of the
combination outcomes; rather, in comparison to the 3-hour pre-incubation period, the
Cl values were consistently lower. The standard Chou and Talalay combination study
design involves the application of examined agents at equipotent doses (ICso
concentrations and their multiples and fractions). However, as the ICso values of the
ANTs and DEX differ by three orders of magnitude, we also assessed their combination
at the ratio of 1:20 ANT to DEX used in clinical practice (Swain et al., 2004). At this
fixed concentration ratio, we obtained synergistic outcomes as well. Interestingly, even
a 3-hour DEX pre-incubation prior to DAU did not result in antagonism with this ratio,
although the C/ values were consistently higher than for combination experiments with

no pre-incubation.

Apoptosis is the most important form of programmed cell death, and it is considered
to be an important component of both ANT tumoricidal action as well as cardiotoxicity
(Minotti et al., 2004). In this study, we observed significant caspase activation in both
cardiomyocytes as well as in HL-60 cells. In both cell types, there were non-specific
increases in both the executive downstream caspases 3 and 7 and the initiation
caspases 8 and 9, suggesting a concomitant involvement of both intrinsic
(mitochondrial) as well as extrinsic (receptor-mediated) apoptotic pathways and/or
crosstalk between them. Pre-incubation with DEX reduced ANT-induced caspase

activation in cardiomyocytes, whereas the marked activation of all assayed caspases
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induced by 72-hour DOX treatment was not blunted but rather further enhanced by
DEX in HL-60 cells. This striking difference in DEX-induced apoptotic signalling in heart
and cancer cells may be of considerable importance, and its molecular mechanisms

deserve further study.

The incubation of HL-60 cells with DEX caused significant depletion of G; and S-phase
cells. Conversely, the sub-G; cell population, which is composed of cell debris, as well
as the polynuclear cell population were significantly increased. When cells were co-
incubated with DOX, the G; and S-phase cell depletion was even more pronounced,
and the proportion of polynuclear cells and cell debris was significantly higher than
with DOX treatment alone. Therefore, these results strongly support the notion that
DEX does not reduce the antineoplastic ability of ANTs, which is in line with previous
clinical data obtained in a leukaemia setting as well as the conclusions of a recent
meta-analysis of all randomised clinical trials performed thus far (van Dalen et al.,

2011).

The group of TOP2 catalytic inhibitors consists of many compounds with various
chemical structures, including bisdioxopiperazines (DEX, SOB), fostriecin, aclarubicin,
suramin, novobiocin, and MER, as well as numerous other experimental agents (Larsen
et al., 2003). Unlike TOP2 poisons, catalytic inhibitors do not promote double-strand
break formation and thus do not cause permanent DNA damage (Larsen et al., 2003).
SOB (MST-16) is a pro-drug of ICRF-154, a bisdioxopiperazine DEX analogue. It has
been licensed in Japan for the treatment of blood neoplasms, in particular malignant
lymphoma and adult T-cell leukaemia (Fujiwara, 1999). According to unpublished data
qguoted by (Inutsuka et al., 1998), SOB has been shown to be protective against DOX
cardiac and renal toxicity in rats. Additionally, SOB (750 mg kg'l) exhibited synergy with
DOX (7.5 mg kg™) in colon-26 tumour-bearing mice as measured by prolonged survival
of the animals (Inutsuka et al., 1998). In the same study, the authors observed an
increased G,/M population (by 10 %) after incubating colon-26 cells with a
combination of SOB (10 uM) and DOX (0.1 uM) for 24 hours compared to DOX-treated
samples (Inutsuka et al.,, 1998). The G,/M arrest was also reported in a human
mammary tumour cell line (MDA-MB-435) exposed to 4 uM SOB for 20 hours (Lu et al.,
2005). Given the gradual increase in ANT sensitivity as cells transition from relatively

134



resistant G; phase to G,/M phase, which was observed in exponentially growing Molt-4
cells (Minderman et al., 1993), the accumulation of G,/M cells before ANT treatment
could be beneficial as the relatively resistant population is depleted in favour of the
more sensitive population. In our study, SOB alone did not induce significant G,/M
phase arrest of HL-60 cells after treatment for 72 hours. However, SOB significantly
reduced the G; and S phase populations, which could be favourable for increasing HL-
60 cell sensitivity to DOX. The combination of SOB with DOX caused even more
pronounced depletion of G; and S phase cells together with an increase in polyploid
cells and cell debris. Indeed, the combination of DOX or DAU with SOB in our study
provoked unequivocally synergistic antiproliferative effects in HL-60 cells at all
assessed concentrations and schedules (including 3- and 6-hour SOB pre-incubations),
and SOB also enhanced the activation of caspases induced by DOX. Conversely, SOB
pre-incubation with NVCMs led to significant protection from DAU- and DOX-induced
toxicity as assessed by LDH release, mitochondrial membrane potential measurements

and caspase activity measurements.

MER is a non-sedative barbiturate derivative that is structurally unrelated to
bisdioxopiperazines (Cooney et al., 1985). Its principal effect on replicating cells is the
inhibition of chromosome condensation, activation of c-Jun and JNKs and induction of
G,/M cell cycle blockade (Larsen et al., 2003). In this study, although MER significantly
protected NVCMs against both DAU- and DOX-induced LDH release, it also induced
some toxicity in NVCMs. MER insignificantly reduced the DAU-induced activation of
caspases and also only partially protected cardiomyocytes from AW, loss. However, of
the three catalytic inhibitors examined in this study, MER showed the highest potential
to act synergistically with ANTs in HL-60 cells, particularly at higher concentrations for
which there was no tendency towards increased C/ values. Additionally, with 3- or 6-
hour pre-incubations, the drug combinations remained consistently synergistic. The
effects of MER on the cell cycle in HL-60 cells differed considerably from the
bisdioxopiperazines. MER alone caused dramatic G,/M arrest, which was even more
pronounced than that induced by DOX. In addition, the sub G; and polynuclear
populations increased. However, unlike DEX or SOB, the MER + DOX combination did

not induce more pronounced cell cycle changes.
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Mammalian cells contain two distinct TOP2 isoforms. The alpha isoform (TOP2A) is
present in high amounts in proliferating and undifferentiated cells, and its expression
is cell cycle-dependent, reaching a maximum in G,/M phase. Conversely, the beta
isoform (TOP2B) is expressed at relatively steady levels throughout the cell cycle and is
the major TOP2 form in quiescent cells. Whereas TOP2A is implicated predominantly in
DNA replication, TOP2B has important roles in the regulation of gene transcription
(Austin et al., 1998; Vavrova et al., 2012). These marked differences in the expression,
function and regulation of the TOP2 isoforms in cardiac and cancer cells may be
responsible for differential modulation of ANT toxicity. Lyu et al. detected preferential
proteasomal degradation of TOP2B isoform in H9c2 cardiomyoblast-derived cells after
DEX exposure, coupled with a lack of significant changes to TOP2A (Lyu et al., 2007).
The selective degradation of TOP2B could prevent ANT-induced damage to the
cardiomyocyte genome due to poisoning by this isoform and subsequent DNA double-
strand breaks while sparing the TOP2A isoform in cancer cells. Additionally, a
truncated form of TOP2B was discovered in mitochondria (Low et al., 2003), providing
a plausible explanation for ANT-induced damage (as well as DEX-mediated protection)
of cardiac mitochondria, organelles that are known to be important targets of ANT-
induced cardiotoxicity (Sterba et al., 2013). The most straightforward argument for the
TOP2B isoform as a mediator of DEX-induced cardioprotection is the recent study from
Zhang et al. reporting that the cardiomyocyte-specific deletion of the Top2b gene
protected mice from developing DOX cardiotoxicity (Zhang et al., 2012). Interestingly,
preferential inhibition of the TOP2A isoform has been suggested for MER (Larsen et al.,
2003), which may correspond to the relatively weaker cardioprotective efficacy seen

with this drug in this study compared to DEX or SOB.

In conclusion, our results demonstrate that the TOP2 catalytic inhibitors DEX, SOB and
MER differentially and favourably modulate toxicity of DAU or DOX to cardiac and
leukemic cancer cells. One plausible explanation for these effects could involve the
targeting of different TOP2 isoforms (alpha and beta) in these cells. Catalytic TOP2
inhibitors may directly protect the heart from ANT cardiotoxicity but also potentially
sensitise cancer cells to ANTs, which in turn may permit ANT dose reduction with

secondary reduction of cardiotoxicity risk. Taken together, this study provides a strong
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rationale for further investigations of TOP2 catalytic inhibitors as cardioprotectants

against ANT cardiotoxicity.
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Figure Legends

Fig. 1. Chemical structures of the anthracyclines doxorubicin (DOX) and daunorubicin
(DAU) and topoisomerase Il catalytic inhibitors dexrazoxane (DEX), sobuzoxane (SOB)

and merbarone (MER).

Fig. 2. Protection of neonatal rat cardiomyocytes from daunorubicin (DAU),

doxorubicin (DOX) and hydrogen peroxide (H,0,)-induced toxicity.

Cells were pre-incubated with three concentrations of DEX for 3 hours and then co-
incubated with increasing concentrations of DAU (a) or DOX (b) for 3 hours following a
48-hour anthracycline-free period or for 48 hours with H,0, (c). Toxicity was assessed
as the % of total lactate dehydrogenase (LDH) released from cardiomyocytes into the
cell culture medium. Data obtained from > 4 independent experiments are expressed
as the mean + SD, statistical significance: ¢ — compared with drug-free control (DMSO);
d —compared with DAU or DOX; p —compared with H,0, (one-way ANOVA with

Dunnett’s post-test, P < 0.05).

Fig. 3. a-c: Effects of dexrazoxane (DEX), sobuzoxane (SOB) or merbarone (MER) on
toxicity induced by daunorubicin (DAU), doxorubicin (DOX) or hydrogen peroxide
(H,0,) to neonatal rat cardiomyocytes; d: toxicity of DEX, SOB and MER individually
applied to cardiomyocytes; e: effects of DEX, DAU and combinatorial treatment on

oxidised and reduced glutathione content in neonatal rat cardiomyocytes.

Cells were pre-incubated with DEX, SOB or MER for 3 hours and then incubated with
DAU (a) or DOX (b) for 3 hours following a 48-hour anthracycline-free period or for
48 hours with H,0, (c). DEX, SOB and MER toxicity after incubation for 48 hours (d).
Effects of DEX pre-treatment for 3 hours with a 3-hour DAU incubation and subsequent
48-hour DAU-free period on cellular oxidised and reduced glutathione content (e).
Data obtained from >4 independent experiments are expressed as the mean + SD,
statistical significance: ¢ —compared to control; d —compared to DAU or DOX, p—

compared to H,0; (one-way ANOVA with Dunnett’s post-test, P < 0.05).
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Fig. 4. Effects of dexrazoxane (DEX), sobuzoxane (SOB) or merbarone (MER) on
cardiomyocyte morphology and mitochondrial depolarisation induced by

daunorubicin (DAU) or doxorubicin (DOX).

Neonatal ventricular cardiomyocytes were pre-treated with 30 uM dexrazoxane (DEX),
sobuzoxane (SOB) or merbarone (MER) for 3 hours, then incubated with 1.2 uM of
either daunorubicin (DAU) or doxorubicin (DOX) for 3 hours, followed by an
anthracycline-free incubation period for 48 hours. Upper panels — brightfield phase
contrast photomicrographs, lower panels — darkfield epifluorescence images of the
same cells taken after loading with the JC-1 probe (red emission reflects mitochondrial
inner membrane potential-dependent accumulation of probe dimers in actively
respiring mitochondria, green fluorescence indicates monomers of the probe released
into the cytoplasm after mitochondrial depolarisation, lack of fluorescence reflects
probe release from necrotic or late-stage apoptotic cells). Scale bars represent 100 um;

all panels taken at the same magnification.

Fig. 5. Effects of combinations of dexrazoxane (DEX) with daunorubicin (DAU - a, c-f)
and doxorubicin (DOX - b) on proliferation of the HL-60 cell line. Cells were incubated
either continuously with all drugs for 72 hours (a-b) or pre-incubated with DEX for
3 hours (c) or 6hours (d) and then incubated for 72 hours with all drugs at
concentrations corresponding to their ICso values and ICsq fractions and multiples (1/8;
1/4; 1/2; 1; 2; 4). Alternatively, cells were either co-incubated for 72 hours (e) or pre-
incubated with DEX for 3 hours (f) and then co-incubated with DAU for 72 hours at a
ratio of 1:20 DAU:DEX. g: Computer simulations of combination index (Cl) - cellular
proliferation (fraction affected - Fa) dependences, obtained using CalcuSyn 2.0
software. Data from 4 independent experiments expressed as the mean *SD,
statistical significance: ¢ — compared to control; d — compared to DAU or DOX (one-

way ANOVA with Dunnett’s post-test, P < 0.05).

Fig. 6. Effects of combinations of sobuzoxane (SOB) with daunorubicin (DAU - a, c, d)
and doxorubicin (DOX - b) on proliferation of the HL-60 cell line. Cells were incubated
either continuously with all drugs for 72 hours (a-b) or pre-incubated with SOB for

3 hours (c) or 6 hours (d) and then incubated for 72 hours with SOB and DAU at

142



concentrations corresponding to their ICsq values and ICsq fractions and multiples (1/8;
1/4; 1/2; 1; 2; 4). e: Computer simulations of combination index (C/) - cellular
proliferation (fraction affected - Fa) dependences, obtained using CalcuSyn 2.0
software. Data from 4 independent experiments expressed as the mean xSD,
statistical significance: ¢ — compared to control; d — compared to DAU or DOX (one-

way ANOVA with Dunnett’s post-test, P < 0.05).

Fig. 7. Effects of combinations of merbarone (MER) with daunorubicin (DAU - a, ¢, d)
and doxorubicin (DOX - b) on proliferation of the HL-60 cell line. Cells were incubated
either continuously with all drugs for 72 hours (a-b) or pre-incubated with MER for
3 hours (c) or 6 hours (d) and then incubated for 72 hours with MER and DAU at
concentrations corresponding to their ICso values and ICsq fractions and multiples (1/8;
1/4; 1/2; 1; 2; 4). E: Computer simulations of combination index (C/) - cellular
proliferation (fraction affected - Fa) dependences, obtained using CalcuSyn 2.0
software. Data from 4 independent experiments expressed as the mean £ SD,
statistical significance: ¢ —compared to control; d — compared to DAU or DOX (one-

way ANOVA with Dunnett’s post-test, P < 0.05).

Fig. 8. Caspase activity in cardiomyocytes (a-f) and the HL-60 cell line (g-i). Neonatal
rat cardiomyocytes (a-f) were pre-incubated with 30 uM dexrazoxane (DEX),
sobuzoxane (SOB) and merbarone (MER) for 3 hours and then co-incubated with
1.2 uM daunorubicin (DAU; a-c) or doxorubicin (DOX; d-f) for 3 hours, followed by an
anthracycline-free 48-hour period. The HL-60 cell line (g-i) was co-incubated with
25 uM DEX, 38 uM SOB, 48 uM MER and 19 nM doxorubicin (DOX) for 72 hours. The
activity of caspases 3/7 (a, d, g), 8 (b, e, h) and 9 (c, f, i) was assessed with a
chemiluminescence assay as described in the materials and methods, corrected for
protein content and expressed as the percentage of untreated control cells (100 %).
Data from > 4 experiments are expressed as the mean * SD, statistical significance ¢ —
compared to control; d —compared to DAU or DOX; n.s. —not significant (one-way

ANOVA with Dunnett’s post-test, P < 0.05).

Fig. 9. Cell-cycle analyses. The human acute promyelocytic leukaemia HL-60 cell line

was incubated with dexrazoxane (DEX), sobuzoxane (SOB), merbarone (MER) and
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doxorubicin (DOX) and combinations thereof in concentrations corresponding to their
ICso values for 72 hours and then subjected to flow cytometry cell cycle analysis as
described in the materials and methods. Data are expressed as the mean % SD,
statistical significance: c — compared to untreated control cells; d — compared to DOX-

treated cells (one-way ANOVA with Dunnett’s post-test, P < 0.05).
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Fig. 2.
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Fig. 8.
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Fig. 9.
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ABSTRACT

Cardiotoxicity is a serious drawback of anthracycline anticancer drugs that
compromises their clinical usefulness. Dexrazoxane is the only cardioprotective agent
with clinically established efficacy, but its use has been very limited. Traditionally, iron-
mediated oxidative stress is believed to be the key culprit of anthracycline
cardiotoxicity, and dexrazoxane-induced cardioprotection is attributed to its hydrolysis
product ADR-925 that can chelate free iron, and thus prevent cardiac oxidative injury.
However, parent structure of dexrazoxane is also a catalytic inhibitor of topoisomerase
[l (TOP2), and the role of oxidative stress in clinical cardiotoxicity is increasingly
guestioned. In this study, novel analogues of dexrazoxane (MK-15, ES-5) and ADR-925
(KH-TA4, JR-159) were synthesized, and their protective activities against daunorubicin
cardiotoxicity were examined in vitro on isolated neonatal rat ventricular
cardiomyocytes and in vivo using rabbit model of chronic anthracycline cardiotoxicity.
The antiproliferative activities were assessed using the human leukemic cell line HL-60.
In contrast to the reference agent dexrazoxane, none of the novel agents was able to
significantly protect against the daunorubicin cardiotoxicity, and the newly synthesized
agents also did not display considerable antiproliferative properties. On the other
hand, KH-TA4 significantly protected cardiomycytes from model oxidative damage by
hydrogen peroxide, whereas dexrazoxane was ineffective. The examined agents did
not differ from dexrazoxane in their ability to bind or mobilize iron from
cardiomyocytes, but unlike dexrazoxane they were shown to lack TOP2 inhibition
properties. In conclusion, our data indicate that rather than by antioxidative
properties, the interaction with TOP2 may be involved in both in anthracycline
cardiotoxicity as well as it may be indispensable for effective pharmacological

cardioprotection.

Keywords: Anthracycline cardiotoxicity; Cardioprotection; Daunorubicin; Dexrazoxane

(ICRF-187); Iron chelation; Topoisomerase Il (TOP2).
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1. INTRODUCTION

Anthracyclines (ANTs), such as doxorubicin (DOX), daunorubicin (DAU), or epirubicin
are highly effective antineoplastic agents.l ANTSs inhibit tumor growth by blocking the
function of topoisomerase Il (TOP2), an enzyme crucial for alleviating tension
introduced to the DNA double helix during replication and transcription.2 Although
more than 50 years old, ANTs are still widely prescribed for the treatment of a number

of hematological as well as solid malignancies.3

However, ANTs are associated with the risk of cardiotoxicity, which can manifest
(usually as dilated cardiomyopathy and heart failure) even years after the successful
completion of chemotherapy.’ Despite numerous proposed theories, the exact
pathophysiological mechanism how ANTs cause heart injury still remains elusive. The
dominant and most cited theory involves the iron (Fe)-mediated generation of reactive
oxygen species (ROS).*> ANTs can induce the production of superoxide radicals via
redox cycling of the quinone/semiquinone moiety of its aglycone. The superoxide
dismutates into hydrogen peroxide (H,0,), which may in turn enter the Fe-catalyzed
Haber-Weiss reaction, resulting into extremely reactive and toxic hydroxyl radicals,
which cause damage to DNA, proteins and lipids, and promotes myocyte dysfunction
and death. Furthermore, ANTs are able to form complexes with free Fe ions, which can

undergo a cascade of reactions resulting in hydroxyl radical production.”

To date, the only pharmacological agent with demonstrated ability to prevent ANT-
induced cardiotoxicity is dexrazoxane (DEX, ICRF-187, 4-[(2S)-2-(3,5-dioxopiperazin-1-
yI)propyI]piperazine-2,6-dione).6 According to the prevailing hypothesis, DEX may
protect cardiomyocytes against the ANT-induced damage through its metal-chelating
hydrolysis product ADR-925 (an analogue of well-known chelator EDTA), which may act
by displacing Fe from the complexes with the ANT or by chelating free redox-active
intracellular Fe ions, and thus preventing the site-specific Fe-based ROS damage.7’8
However, the parent structure of DEX is also a catalytic TOP2 inhibitor, and recent
studies also suggested that DEX may be cardioprotective through its ability to interfere

with ANT-induced effects on DNA mediated by TOP2 within the cardiomyocytes.”*°
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Clinical trials have demonstrated that patients with DEX added to ANT treatment have
a significantly lower incidence of cardiac events than those without it, and that DEX
also permits administration of ANTs in higher than standard cumulative doses.’**?
However, treatment with DEX is also associated with certain disadvantages. DEX may
aggravate the ANT-induced hematotoxicity, in particular there is an increased risk of

severe leucopenia .

Also studies suggesting possibly higher rate of secondary
malignancies,’? or interference with ANT antitumor effectiveness® further reduced the
use of DEX in clinical practice. A study published in 2004 reported that in Europe only a
relative small percentage (=7%) of patients receiving ANTs are prescribed DEX.”® In
2011, the U.S. Food and Drug Administration released a statement restricting DEX use
only for adult breast cancer patients who have received rather high (>300 mg/mz)
cumulative dose of DOX.”” Hence, despite unequivocal potential of DEX to prevent
ANT-induced cardiotoxicity both in adults and children, the real or perceived problems
associated with DEX, resulting in its generally low appraisal among clinical oncologists,
are unfortunately the obstacles of wider employment of pharmacological

cardioprotection in clinical practice. These problems therefore encourage search for

alternative cardioprotectants.

The aim of this study was to synthesize novel analogues of DEX as well as its putatively
active metabolite ADR-925, and evaluate their cardioprotective potential both in vitro
and in vivo. To this end, we used primary cultures of rat isolated neonatal ventricular
cardiomyocytes (NVCM), as well as a well-established and DEX-validated model of

829 Fe chelation and mobilization

chronic ANT-induced heart failure in rabbits.
properties of the examined agents as well as their effects on TOP2 activity or
expression were used to analyze which properties are necessary for effective

cardioprotection.
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2. MATERIALS AND METHODS

2.1. MATERIALS

Dulbecco’s modified Eagle’s medium (DMEM), DMEM with Ham’s F-12 nutrient
mixture (DMEM/F12), horse serum (HS), fetal bovine serum (FBS),
penicilin/streptomycin solution (5000 U/mL; P/S) and sodium pyruvate solution
(100 mM; PYR) were purchased from Lonza (Belgium). The sera were heat-inactivated
prior to use. Cell culture plastic was purchased from TPP (Switzerland). DEX was
obtained from Huaren Chemicals (China). RPMI-1640 medium with L-glutamine and
NaHCOs3, pyruvate-free DMEM, lactic acid, nicotinamide adenine dinucleotide (NAD"),
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide as well as other
chemicals (e.g. constituents of various buffers) were purchased from Sigma-Aldrich
(Czech Republic) or Penta (Czech Republic), and were of the highest available
pharmaceutical or analytical grade. Dimethyl sulfoxide was used to dissolve the tested

compounds.
2.2, SYNTHESIS OF DEXRAZOXANE AND ADR-925 ANALOGUES

All chemicals for synthesis were obtained from Sigma-Aldrich, and used as received.
TLC was performed on Merck aluminum sheets with silica gel 60 F254 or Merck
aluminum sheets with silica gel 60 RP-18 F254s. Merck Kieselgel 60 (0.040-0.063 mm)
was used for column chromatography. Melting points were recorded on a Blichi B-545
apparatus, and are uncorrected. Infrared spectra were measured on Nicolet 6700 (ATR
mode). *H and *C NMR spectra were recorded on 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. The elemental analysis was carried out on Automatic Microanalyser
EA1110CE (Fisons Instruments S.p.A., Italy). Mass spectra were recorded on Agilent
500 lon Trap LC/MS (Agilent Technologies, U.S.A.).
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2.3. CELL CULTURES AND /N VITRO TOXICITY AND PROLIFERATION ASSESSMENTS

HL-60 cell line, derived from a single patient with acute promyelocytic leukemia,?! was
purchased from the American Type Culture Collection (U.S.A.). Cells were cultured in
RPMI 1640 supplemented with 10% FBS, 1% P/S in 75 cm? tissue culture flasks at 37 °C
in @ humidified atmosphere of 5% CO,. For the cytotoxicity assays the cells were plated
on 96-well plates in a density of 10,000 cells per well. The cells were incubated with
examined agents for 72 h. The proliferation was determined using the MTT assay.
Briefly, 25 uL of 3 mg/mL MTT solution in PBS was added to each well, and after 2 h of
incubation in 37 °C the cells were lysed with lysis buffer (isopropanol, 0.1 M HCI, 10%
Triton X-100) for 30 min at room temperature (rt). After dissolving, the absorbance of

the samples was measured at 570 and 690 nm.

Neonatal ventricular rat cardiomyocytes (NVCMs) were isolated from 1-3 day old
Wistar rats. Briefly, neonatal hearts were minced in ADS buffer (1.2 mM MgS0,4.7H,0;
116 mM NacCl; 5.3 mM KCl; 1.13 mM NaH,P0,4.H,0; 20 mM HEPES) on ice, digested at
37 °C with collagenase type Il (Invitrogen, U.S.A.). After 2 h pre-plating on 150 mm
Petri dish per approx. 20 hearts to minimize nonmyocyte contamination, cells were
plated on 12-well gelatin-coated plates in a density of 80,000 cells per well. NVCMs
were cultured at 37 °C and 5% CO; in the DMEM/F12 supplemented with 10% HS, 5%
FBS, 20% PYR and 1% P/S. Newly isolated NVCMs were left for 40 h to attach properly,
and form a culture of spontaneously beating cardiomyocytes, then the medium was
changed to DMEM/F12 supplemented with 5% FBS, 20% PYR and 1% P/S. For the
experiments the medium was changed to serum- and pyruvate-free DMEM/F12 with
1% P/S. In this medium the cells were maintained to the end of experiment. The
myocytes were pre-treated with DEX or the novel analogues for 3 h, and then co-
incubated with DAU for 3 h. After that the culture medium was changed, and the cells
were post-incubated with DEX or the novel analogues for 48 h. Alternatively, after pre-
treatment, the cells were co-incubated with H,0, for 48 h. Subsequently the sample of
the culture medium was taken from each well for the assessment of the lactate
dehydrogenase (LDH) activity; the control wells were treated with lysis buffer (0.1 M
potassium phosphate, 1% Triton X-100, 1 mM DTT, 2 mM EDTA, pH 7.8, 15 min in rt)
for total LDH amount. All the samples were frozen immediately, and kept in -80 °C until
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they were analyzed. Activity of LDH was assayed in Tris—HCI buffer pH 8.9 containing
35 mM lactic acid and 5 mM NAD®. The rate of NAD" reduction was monitored
spectrophotometrically at 340 nm for 2 min. The slope of the linear region was

calculated, and the data were expressed as the percent of total LDH amount.

The H9c2 cell line, derived from embryonic rat heart tissue using selective serial
passages,zz was purchased from the American Type Culture Collection (U.S.A.). Cells
were cultured in DMEM supplemented with 10% FBS, 1% P/S and 10 mM HEPES in
75 cm?® tissue culture flasks at 37°C in a humidified atmosphere of 5% CO,.
Subconfluent cells were subcultured every 3—4 days. For calcein assay, the cells were
seeded on 12-well plates at a density 75,000 cells per well. Cells were left for 24 h to
attach. Afterwards the culture medium was replaced with serum- and pyruvate-free
DMEM. After 24 h of serum deprivation, the cells were essentially non-proliferating,

and were used for experiments.
2.4. IN VIVO CARDIOTOXICITY AND CARDIOPROTECTION EXAMINATIONS

For pilot in vivo evaluation of cardioprotective effects of novel DEX analogues we used
a well-established and reproducible model of chronic ANT cardiotoxicity in
rabbits.”**%?3 Chinchilla male rabbits (=3.5 kg, n = 34) were randomized into groups as
follows. Cardiotoxicity was induced with daunorubicin (DAU, 3 mg/kg, i.v.,
Daunoblastina; Pharmacia Italia, Italy, n=6), while control group received saline
(1 mL/kg, i.v., n = 6). Dexrazoxane (60 mg/kg, Cardioxane, Novartis, Switzerland, n = 6),
MK-15 (60 mg/kg, n=5), ES-5 (60 mg/kg, n = 3), KH-TA4 (25 mg/kg, n = 7) and JR-159
(50 mg/kg, n=1) were dissolved in saline, and were administered intraperitoneally
30 min prior each DAU administration. All drugs were administered once weekly for
10 weeks. DEX was administered in a recommended 1:20 ratio to DAU which has been

1920 Tolerabilities of repeated

previously found well effective and tolerable in rabbits.
weekly coadministrations of the newly synthesized agents with DAU were estimated
prior the study of potential cardioprotective effects. The results of these preliminary
experiments suggested a need of dose reduction in KH-TA4 and JR-159 to 25 and

50 mg/kg, respectively.
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Administration of drugs, blood sampling and noninvasive measurements of cardiac
function were carried out under combined light anesthesia of ketamine (30 mg/kg,
i.m.) and midazolam (1.25 mg/kg, i.m.). Weight gain was monitored weekly, while
changes in behavior and possible external signs of toxicity were observed daily. The
study was terminated 5-7 days after the last drug administration by pentobarbital
overdose. During autopsy or necropsy, heart weight and the presence of pleural
effusions and ascites were evaluated. All experiments were approved and supervised
by the Ethical Committee of Charles University in Prague, the Faculty of Medicine in
Hradec Kralové, and were in accordance with the Institute of Laboratory Animal

Resources (1996).

The LV systolic function was followed by echocardiography (Vivid 4, with a 10 MHz
probe; GE Medical Systems Ultrasound; GE Healthcare, U.K.). LV fractional shortening
(FS), as an index of the LV systolic function, was obtained from LV end-systolic and
end-diastolic diameters determined by guided M-mode scanning from the left
parasternal long and short axis view. The examination was performed at the beginning
of the study and weekly in the later period of the study (8"-11" week), when the DAU-

induced decline in systolic function is observed.

Concentrations of cardiac troponin T (cTnT) in plasma were determined using an
Elecsys Tropo T hs (Roche Diagnostics, Switzerland) at the beginning of the study,

before 5™, 8" 10th drug administration and at the end of the study.
2.5. CALCEIN ASSAYS FOR DETERMINATIONS OF FE-CHELATING PROPERTIES

The complex of calcein (free acid, 20 nM) with ferrous-diammonium sulfate (FAS;
200 nM) was prepared in HEPES-buffered saline (150 mM NaCl and 40 mM HEPES;
pH 7.2). Calcein and FAS were continuously stirred for 45 min in the dark after which
>90% of fluorescence was quenched. Then 995 pL of the complex solution was
pipetted into a stirred cuvette, and the baseline measurement was started. After 100 s,
5 uL of assessed potential Fe chelator solution was added yielding a final concentration
of 5 uM. It should be noted, that as the ferrous ions (from FAS) get oxidized to ferric

before the actual measurement, the assay is in effect looking at ferric Fe binding.
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The change in fluorescence intensity was measured as a function of time at rt using a
Perkin-Elmer LS50B fluorimeter (Perkin-Elmer, U.S.A.) at A, =486nm and
Aem =517 nm for 350s. The Fe chelation efficiency in solution was expressed as a

percentage of efficiency of the reference chelator SIH (100%).

The experiments analyzing Fe-chelating efficiencies in cultured cells were performed
according to Glickstein et al.?* with slight modifications. H9c2 cells were seeded on 96-
well plates (10,000 cells per well). The cells were loaded with 100 uM ferric-
ammonium citrate (FAC) in serum-free medium 24 h before the experiment. The cells
were then washed, and to prevent potential interferences (especially with regard to
various trace elements) the medium was replaced with a buffer prepared from
Millipore-filtered (demineralized) water, containing 116 mM NaCl, 5.3 mM KCI, 1 mM
CaCly, 1.2 mM MgS0,, 1.13 mM NaH,P0O,4, 5 mM glucose and 20 mM HEPES (pH 7.4).
Cells were then loaded for 30 min at 37 °C with 1 uM cell-permeable acetoxymethyl
ester of calcein green (Molecular Probes/KRD, Czech Republic), and washed. Cellular
esterases cleave the acetoxymethyl groups to render the cell membrane-impermeable
calcein green, which fluorescence was quenched by FAC. Intracellular fluorescence
(Aex = 488 nm; Aem = 530 Nnm) was then followed in time (1 min before and 10 min after
the addition of chelator) at 37 °C using an Infinite 200 M plate reader (Tecan, Austria).
The novel agents were compared to the previously characterized chelator SIH that was

used a reference agent.
2.6. FE MOBILIZATION ASSAY

For *°Fe mobilization, H9c2 cells were seeded in 35 mm Petri dishes in density of
250,000 cells per dish. Human Transferrin (Tf, Sigma) was labeled with *°Fe or *°Fe
(DuPont NEN, U.S.A.) to produce ®Fe2-Tf or >°Fe2-Tf, respectively, as previously
described.?””?® 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% NaHCO;3.%%

To examine the ability of the novel substances to mobilize *°Fe from H9c2 cells, Fe

efflux experiments were performed using established techniques.25’27

In brief after pre-
labeling cells with *°Fe-Tf (0.75 uM) for 3 h at 37 °C, the cells were washed four times
with ice-cold PBS, and then subsequently incubated with each studied substance
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(25 uM) for 3 h at 37 °C. The overlying media containing released *°Fe was then
separated from the cells. Radioactivity was measured in both the cell pellet and
supernatant using a y-scintillation counter (Wallac Wizard 3, Finland). The novel agents
were compared to the previously characterized chelator SIH that was used as positive

control.
2.7. ToroISOMERASE IIA (TOP2A) ACTIVITY ASSAY

TOP2A inhibition assays were performed using Topoisomerase Il Drug Screening Kit
(Topogen Inc., U.S.A.) according to the manufacturer’s instructions. Briefly, 200 pg of
kinetoplast DNA was incubated with 1 U of TOP2A in reaction buffer containing 0.1 M
Tris-HCI, 0.3 M NaCl, 20 mM MgCl,, 1 mM DTT, 60 pg/mL bovine serum albumin and
100 uM of tested compounds for 30 min at 37 °C. Then the reaction was stopped by
addition of 1% SDS, and 50 ng proteinase K was used to digest topoisomerase for
15 min at 37 °C. Then, 1/10 volume of gel loading buffer (0.25% bromphenol blue, 50%
glycerol) was added, and the samples were loaded into the 1% agarose gel in
electrophoresis buffer (50 mM Tris-borate, 1 mM EDTA, pH 8.5). Electrophoresis was
conducted at 10 V/cm for approximately 1 h at rt. The gels were visualized using

GelDoc with QuantityOne software (Bio-Rad, Czech Republic).

2.8. WESTERN BLOT ANALYSIS OF TOPOISOMERASE 118 (TOP2B) IN

CARDIOMYOCYTES

The NVCMs plated on 60 mm Petri dishes were incubated with DEX, MK-15, ES-5, ADR-
925, KH-TA4 and JR-159 for 3, 6, 12 or 24 h, washed twice in ice-cold PBS, harvested
with the cell scraper and centrifuged at 700 x g for 10 min at 4 °C. Supernatant was
discarded and cell pellets were kept at —80 °C until homogenization in RIPA buffer
(Sigma-Aldrich) with 10 mM N-ethylmaleimide and protease inhibitor solution (Roche,
Germany). After centrifugation, the supernatant was collected, and 10 ug of protein
was loaded into each lane of TGX Any kD Mini-PROTEAN TGX Precast Gel (Bio-Rad).
After the separation, the proteins were electrically transferred using Trans-Blot SD
Semi-Dry Electrophoretic Transfer Cell (Bio-Rad) onto PVDF (Pall Corporation, USA).
Rabbit monoclonal anti-TOP2B (Abcam, U.K.; dilution 1:7500) was used as primary
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antibody, and horseradish  peroxidase-conjugated goat anti-rabbit IgG
(DakoCytomation, Denmark; dilution 1:1000) was used as the secondary one. BM
Chemiluminescence Blotting Substrate (Roche) was used for detection. Densitometric
quantification was performed using Quantity One software (Bio-Rad). Protein loading
was controlled with anti-GAPDH antibody (Sigma-Aldrich; dilution 1:2000) and
horseradish peroxidase-conjugated goat anti-mouse IgG (DakoCytomation; dilution
1:10,000). Precision Plus Protein Standards Kaleidoscope (Bio-Rad) were used as

molecular weight markers.

2.9. STATISTICAL ANALYSIS

The data are presented as means + SD, and they were subjected to one-way ANOVA
with Dunnett’s post-test or unpaired two-tailed t test (Mann-Whitney) using GraphPad
Prism version 6.00 for Windows (GraphPad Software, U.S.A.). Significance was
accepted at the P <0.05. All measurements were performed in more than three
independent experiments. In the case of chelation in solution a representative from

three measurements is presented.
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3. RESULTS

3.1. SYNTHESES OF NOVEL ANALOGUES OF DEXRAZOXANE AND ADR-925

Synthesis of Ethyl-2-{bis[2-(3,5-dioxopiperazin-1-yl)ethyllamino}acetate 3 (MK-15;

Figure 1)

2-{bis[2-(3,5-dioxopiperazin-1-yl)ethyl]amino}acetic acid (2): The stirred suspension of
diethylenetriaminepentaacetic acid 1 (10 g, 25.4 mmol) in formamide (40 mL) was
heated under vacuum (1.5-2 kPa) for 1 h. Reaction flask was then filled with argon, and
the reaction was heated to 150-160 °C for 5 h under argon atmosphere. Approx. 30 mL
of formamide were evaporated under reduced pressure; the dark residue was cooled
to rt, diluted with 20 mL of methanol and cooled until precipitate forms. The product

was filtered, washed several times with methanol and dried.

Yield: 68% (6.14 g) as cream-colored solid; mp 254 °C; *H NMR (500 MHz, DMSO) &
11.06 (s, 2H), 3.34 (s, 8H), 3.31 (s, 2H), 2.78 (t, J = 6.4 Hz, 4H), 2.55 (t, J = 6.4 Hz, 4H); 'H
NMR (300 MHz, D,0) & 3.82 (s, 2H), 3.56 (s, 8H), 3.50-3.41 (m, 4H), 3.04-2.94 (m, 4H);

3¢ NMR (126 MHz, DMSO) & 171.76, 171.55, 55.31, 55.24, 52.56, 50.90; “C NMR
(75 MHz, D,0) & 173.45, 170.56, 57.20, 54.83, 51.80, 49.30. LRMS m/z (APCI) 356.6
(100, M+H"), 357.6 (16%).

Ethyl-2-{bis[2-(3,5-dioxopiperazin-1-yl)ethyl]Jamino}acetate (3): Amino acid 2 (2g,
5.63 mmol) and K,COs3 (0.39g, 2.82 mmol) were suspended in dimethylsulfoxide
(DMSO) under vigorous stirring. Then, ethylbromide (0.4 ml, 5.35 mmol) was added
drop wise, and the reaction mixture was stirred at rt for 10 h. The reaction mixture was
filtered, DMSO was evaporated under reduced pressure, and the residue was purified
using column chromatography on silica (mobile phase: ethyl acetate) and subsequent

recrystallization (acetone/ethyl acetate).

Yield: 56% (1.2 g) as yellowish solid; mp 110 °C; R¢ (ethyl acetate) 0.18; 'H NMR
(300 MHz, DMSO) 6 11.06 (s, 2H), 4.02 (q, J = 7.1 Hz, 2H), 3.38 (s, 2H), 3.32 (s, 8H), 2.69
(t, J = 6.3 Hz, 4H), 2.56-2.46 (m, 4H), 1.16 (t, J = 7.1 Hz, 3H); *C NMR (75 MHz, DMSO) &
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171.66, 171.27, 59.85, 55.41, 54.60, 53.27, 50.83, 14.31. LRMS m/z (APCl) 384.3 (100,
M+H"), 385.1 (18%).

Synthesis of 4,4'-(Propane-1,2-diyl)bis(piperazin-2-one) 7 (ES-5; Figure 1)

Piperazin-2-one (6): Ethylenediamine 5 (160 ml, 2.4 mol) and K,COs (36 g, 0.26 mol)
were added to AcCN (1 L) in two-liter flask. Ethyl bromoacetate 4 (27.5 mL, 0.25 mol)
was added in several portions to stirred suspension of ethylenediamine (160 mL,
2.4 mol) and K,COs; (36 g, 0.26 mol) in AcCN (1L). Reaction mixture was heated to
reflux for 6 h under microwave irradiation. Then, reaction mixture was cooled to rt and
filtered, and the volatiles were evaporated under reduced pressure. The residue was

recrystallized twice from acetone.

Yield: 65% (16 g) as yellowish crystalline solid; mp 133 °C; *H NMR (300 MHz, D,0) &
3.40 (s, 2H), 3.38-3.28 (m, 2H), 3.00-2.89 (m, 2H). *C NMR (75 MHz, D,0) & 173.21,
47.88, 41.99, 40.93.

4,4'-(Propane-1,2-diyl)bis(piperazin-2-one) (7): Piperazin-2-one 6 (14.95 g, 0.149 mol),
K,CO3 (20.6 g, 0.149 mol) and 1,2-dibromopropane (7.8 mL, 0.074 mol) was heated
under argon atmosphere to 90 °C for 10 h in 100 mL of N,N-dimethylformamide (DMF).
The reaction mixture was cooled and filtered, and DMF was evaporated under reduced
pressure. The residue was purified using silica gel column chromatography (mobile

phase: CHCl3/MeOH, 5:1)

Yield: 26% (4.66 g) as yellowish crystalline solid; mp 155-156 °C (with decomp.); Rt
(CHCl3/MeOH, 2:1) 0.42; *H NMR (300 MHz, D,0) & 3.42-3.32 (m, 4H), 3.31 (s, 2H), 3.23
(s, 2H), 3.08 — 2.94 (m, 1H), 2.93-2.81 (m, 3H), 2.80-2.63 (m, 2H), 2.57-2.46 (m, 1H),
1.11 (d, J = 6.5 Hz, 3H); *H NMR (300 MHz, DMSO) & 7.69 (s, 1H), 7.65 (s, 1H), 3.16-3.02
(m, 6H), 2.93 (d, J = 4.6 Hz, 2H), 2.91-2.80 (m, 1H), 2.66-2.39 (m, 5H), 2.22 (dd, /= 12.5,
7.1 Hz, 1H), 0.91 (d, J = 6.5 Hz, 3H); 3C NMR (75 MHz, D,0) & 172.51, 171.98, 59.69,
56.18, 55.33, 51.83, 48.55, 44.05, 40.99, 40.44, 13.15. B3¢ NMR (75 MHz, DMSO) 6
168.53, 168.02, 59.90, 57.42, 54.54, 52.82, 49.36, 44.75, 41.06, 40.60, 13.05; LRMS m/z
(APCI) 241.4 (100, M+H"), 242.2 (12%).
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Synthesis of N,N,N',N'-tetrakis(N,N-dimethylcarbamoylmethyl)-1,2-diaminopropane
10 (JR-159; Figure 1)

N,N,N',N'-tetrakis(N,N-dimethylcarbamoylmethyl)-1,2-diaminopropane  (10):  The
stirred mixture of 1,2-diaminopropane (1 mL, 11.7 mmol), 2-chloro-N,N-
dimethylacetamide (7.24 mL, 70.4 mmol), K,CO3 (10g, 72.4 mmol) and Nal (1g,
6.67 mmol) in AcCN (60 mL) were heated to reflux for 4 h under the microwave
irradiation. The reaction mixture was cooled and stirred overnight at rt. Then the
suspension was filtered and AcCN was evaporated under reduced pressure. The
residue (9 g) was purified by three consecutive column chromatographies (1. mobile
phase: Aceton/TEA, gradient 15:1-10:1; 2. mobile phase: Aceton/EtOH/TEA, gradient
10:0:1-10:10:1, 3. mobile phase: EtOH/TEA, gradient 10:0-10:1).

Yield: 21% (1.04 g) as yellowish viscous oil; R (EtOH) 0.1; 'H NMR (300 MHz, DMSO) &
3.48-3.34 (m, 6H), 3.24-3.10 (m, 2H), 3.03 (s, 6H), 2.95 (s, 6H), 2.86-2.68 (m, 14H), 2.38
(dd, J = 12.4, 6.1 Hz, 1H), 0.88 (d, J = 6.0 Hz, 3H). *C NMR (75 MHz, DMSO) & 170.12,
169.99, 56.89, 55.96, 53.82, 52.72, 36.61, 36.41, 35.19, 34.99, 13.21. LRMS m/z (APCI)
415.5 (100, M+H"), 416.5 (21%)

Synthesis of N,N,N',N'-tetrakis(N-butylcarbamoylmethyl)-1,2-diaminopropane 12
(KH-TA4; Figure 1)

N-butyl-2-bromoacetamide (11): A solution of bromoacetylbromide (2.08 g, 0.01 mol)
in dry Et,0O (6 mL) was cooled to -20 °C. During 30 min a solution of butylamine (1.51 g,
0.02 mol) in 6 mL of dry Et,0 was added dropwise. The reaction mixture was stirred at
-20 °C for 30 min, 12 mL of cold water was added to the reaction mixture, and the
organic layer was removed, washed twice with 12 mL of 1 M HCI, 12 mL of 1 M NaOH
and 12 mL of brine. The organic layer was dried with anhydrous Na,SO, and

evaporated under reduced pressure.
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Yield: 65% as colorless oil, solidifying at 4 °C to an amorphous solid. *H NMR (300 MHz,
DMSO) 6 8.22 (s, 1H), 3.80 (s, 2H), 3.09-3.01 (m, 2H), 1.46-1.17 (m, 4H), 0.86 (t, J=7.2
Hz, 3H); >*C NMR (126 MHz, DMSO) & 165.99, 38.81, 31.07, 29.77, 19.63, 13.79.

N,N,N',N'-tetrakis(N-butylcarbamoylmethyl)-1,2-diaminopropane (12): 1,2-
diaminopropane (0.28 g, 0.004 mol) was dissolved in 10 mL of acetonitrile. Potassium
carbonate (2.6 g, 0.019 mol) and N-butyl-2-bromoacetamide (3.7 g, 0.019 mol) were
added, and the reaction mixture was heated in a microwave reactor to reflux for 4 h .
The reaction mixture was cooled to 4 °C and stayed overnight. The resulting solid was

filtered off, washed thoroughly with water and dried under reduced pressure.

Yield: 88% as white solid, mp 160-162 °C. 'H NMR (500 MHz, CDCl3) 6 7.58 (t, J = 5.8 Hz,
2H), 7.49 (t, J = 5.9 Hz, 2H), 3.34-3.02 (m, 16H), 2.96-2.87 (m, 1H), 2.58 (dd, J = 13.8,
9.8 Hz, 1H), 2.37 (dd, J=13.8, 4.6 Hz, 1H), 1.54-1.41 (m, 8H), 1.38-1.26 (m, 8H),
0.94-0.87 (m, 15H). *C NMR (126 MHz, CDCl5) § 170.97, 170.36, 58.98, 58.90, 55.21,
55.00, 39.22, 39.10, 31.66, 31.64, 20.11, 13.71, 13.70, 12.30. LRMS m/z (APCI) 527.5
(100, M+H"), 528.5 (29%).

3.2. IN VITRO TOXICITY AND PROLIFERATION ASSESSMENTS

First, the newly synthesized analogues of DEX (MK-15 and ES-5) and ADR-925 (KH-TA4
and JR-159) were examined for antiproliferative activity using the 72 h incubations
with the human acute promyelocytic leukemia cell line HL-60. Within the range of
concentrations achievable in cell culture medium (<100 uM), none of the novel
analogues displayed marked antiproliferative activity as the reductions of proliferation
did not reach 50% of control value (ICso). This contrasted with DEX, which induced
concentration-dependent inhibition of cellular proliferation with 1Csq =25 uM. Also,
pilot experiments were undertaken to assess effects of the novel analogues on
antiproliferative action of DAU. Here, the novel agents, assayed at maximal achievable
concentrations (100 uM) did not compromise the inhibition of proliferation induced by

20 nM DAU, i.e. a concentration corresponding to its ICso value (data not shown).
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The toxicities of DEX and the novel analogues were then assayed on isolated NVCMs
using 48 h incubations, and LDH release was used as a marker of cardiotoxicity. As seen
in Figure 3A, the novel analogues were generally non-toxic at concentrations tested
(100 uM), with the only exception being KH-TA4, which showed statistically
significant, although rather minor toxicity (=13% of total cellular LDH release as
compared to =10% in control cells) towards NVCMs at its highest, 100 uM,

concentration.

The analogues of DEX were then thoroughly examined for their potential to protect
NVCMs from the toxicity caused by 3 h 1.2 uM DAU exposure, followed by wash-out
and 48 h post-incubation. Apart from concentration-dependence, various times of pre-
incubations (0-24 h) with potential cardioprotectants prior to the addition of DAU were
examined. Exposure of cardiomyocytes to DAU induced significant LDH release (=50%
of total cellular LDH as compared to =10% in control cells). DEX induced significant
protection of cardiomyocytes at all assayed concentrations (10-100 uM) and pre-
incubation times (Figure 3B). From the novel agents, without pre-incubation, only ES-5
showed significant protection against the DAU-induced toxicity, although the data
showed much higher variability compared to the DAU + DEX groups. Some protection
was observed also after 3 and 6 h of pre-incubation, but was lost after 24 h of pre-
incubation. The best protection was reached with 3 h of pre-incubation, where the
protection of ES-5 was even slightly more pronounced (although insignificantly) than
that of DEX, but only in the lowest concentration. Also MK-15 showed some trend
towards cardioprotection in the group without pre-incubation, but the trend was not
significant. In other pre-incubation times and other concentrations, there was a lack of
protection. The analogues of ADR-925 were essentially non-protective against DAU-
induced toxicity (Figure 3B). JR-159 had no effect on the DAU-induced toxicity,
whereas pre-incubations of NVCMs with KH-TA4 for 3 and 6 h significantly aggravated
the toxicity of DAU.

Apart from DAU, a potential for cardioprotection was also determined against the
model oxidative stress induced by 300 uM H,0,, which induced comparable degree of
LDH release as the 1.2 uM DAU. In contrast to DAU-induced toxicity, DEX did not

protect myocytes against the H,0,—induced injury at any concentration or pre-
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incubation time (Figure 3C). Conversely, both MK-15 an ES-5 induced significant
cardioprotection in the highest concentrations used (100 uM) in 0 and 6 h of pre-
incubation schedule. Moreover, after 6 h of pre-incubation, all the concentrations of
MK-15 were able to protect cardiomyocytes against the H,0,. The highest
concentration of ES-5 was also protective in the 24 h pre-incubation schedule. Rather
surprisingly, after 3 h of pre-incubation, both substances showed significant
aggravation of H,0,—induced toxicity in some concentrations (30 uM of MK-15, 10 and

30 uM of ES-5).

The analogues of ADR-925 also displayed some protection against H,O, (Figure 3C).
Both KH-TA4 and JR-159 (100 uM) were effective without pre-incubation. After 3 h of
pre-incubation, the protection was seen with all the three tested concentrations of KH-
TA4, but surprisingly with no JR-159 concentration. The most pronounced decrease in
toxicity was observed after 6 h of pre-incubation with 100 uM KH-TA4. Moreover, in
this schedule the protection was also observed with 10 and 30 uM KH-TA4 and 10 uM
JR-159. Also after 24 h of pre-incubation, 100 uM JR-159 displayed significant

protection against H,0,.

3.3. IN VIVO CARDIOTOXICITY AND CARDIOPROTECTION EXAMINATIONS

10-week DAU-treatment induced premature death in 2 out of 6 animals that both
occurred by the end of the treatment period (Figure 4A). Marked heart dilation and
pale myocardium were observed in both cases along with the significant pleural
effusion and ascites found in necropsy suggested development of severe chronic ANT
cardiotoxicity. Similar findings, although less pronounced were observed in animals
surviving until the end of DAU-treatment. DEX co-treatment resulted in complete
survival, and no signs of blood congestion or heart dilation were found during the
autopsy. KH-TA4 co-treatment resulted in two early premature deaths soon after 4" or
5t drug co-administration. However, no signs of congestive heart failure or any other
gross pathological findings were found during the necropsy which suggested that these
deaths were not related to chronic ANT cardiotoxicity and heart failure development.
In the later part of the study premature deaths were observed in animals co-treated
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with KH-TA4 (n = 1), ES-5 (n = 2) and MK-15 (n = 1) (Figure 4A). The necropsy findings in
these animals were similar to those observed in the DAU group. Only single animal co-
treated with JR-159 survived until the end of experiment, but autopsy also revealed
marked changes similar to the DAU group. Chronic DAU-treatment and also co-
treatment with KH-TA4 and MK-15 prevented body weight gain, and significant
difference was therefore found in comparison with the control group (Figure 4B). Body
weight change was insignificant to the control group in the animals co-treated with

DEX and ES-5.

10-week DAU-treatment induced marked drop in the LV systolic function (Figure 4C).
This was particularly true for prematurely dying animals which showed the most
severe changes (>50% reduction of the normal values) indicating severe global heart
failure with dilation of heart chambers. In contrast, DEX co-treatment prevented the
drop in the LV systolic function; the results were comparable to the control group.
However, this was not the case of KH-TA4 and ES-5, where significant decline in LV
systolic function similar to the DAU group was found in animals surviving until the later
part of the study which together with the autopsy findings confirmed that the
premature deaths were associated with heart failure. Hence, unlike DEX, KH-TA4 and
ES-5 were clearly unable to offer any meaningful cardioprotection against ANT-
cardiotoxicity. Although rather moderate decrease in systolic function was found with
MK-15, it was not significantly different from either control or DAU group values.
Hence, the systolic function examination together with autopsy findings in animals
surviving until the end of the study may suggest certain protective potential of the
compound. However, the single animal that died prematurely in this group also
showed a drop of systolic function (by >25% of the normal values), and considering
pronounced blood congestion from necropsy examination (hydrothorax 145 mlL,
ascites 45 mL and marked dilation of all heart chambers), the heart failure was the
most likely explanation of the premature death. Hence, although MK-15 was the only
compound which showed only insignificant change of systolic function as compared to
controls and lower mortality than in the DAU group, its potential to prevent cardiac

failure is clearly inferior to DEX. The single rabbit co-treated with JR-159 also showed
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moderate to marked systolic dysfunction (FS=26%), which again contrasted with

excellent cardioprotection found in the DEX group.

Determination of c¢TnT in plasma showed marked increase in DAU-treated animals;
while DEX co-treatment resulted into comparable values as in controls (Figure 4D).
However, the co-treatment of animals with all the new compounds was unable to
protect the hearts from release of this cardiospecific biomarker, and the values were
comparable to the DAU group. The single animal co-treated with JR-159 showed very
high (0.735 ug/L) concentration of the biomarker which also argues against any distinct
cardioprotective potential of this compound. The 3 animals co-treated with KH-TA4,
which prematurely died around the middle of the experiment (not included in the
Figure 4D), were found have a low to moderate concentrations of the biomarkers by
the time of death (0.028, 0.033 and 0.142 ug/L) which confirmed, that the deaths were

not related to chronic ANT cardiotoxicity development.

3.4. INTERACTION WITH FE IN SOLUTION AND IN H9C2 CELLS

The ability of DEX and the novel analogues to chelate Fe ions was assessed
fluorimetrically using the calcein assay.28 The chelation properties were first
determined in buffered solution, and typical result was obtained with experimental Fe
chelator SIH % (100 uM), which increased the fluorescence of calcein in solution to
almost five times over the control in =50 s (Figure 5A). Also in H9c2 cells, SIH increased
the intracellular-trapped calcein fluorescence, although only to =120% of control
(Figure 2B). In solution, 100 uM DEX did not change the calcein fluorescence.
Furthermore, in cells a decrease in fluorescence was observed. The analogues of DEX
(MK-15 and ES-5) were also not able to displace Fe from its calcein complex in solution.
In cells, the DEX analogues had no effect on calcein fluorescence. Surprisingly, the
analogues of ADR-925 (KH-TA4 and JR-159) slightly decreased the fluorescence of

calcein in solution, whereas in cells they had no effect.

In addition to assessments of Fe chelation, we examined the abilities of DEX and its

novel analogues to induce Fe release from H9c2 cells using an established method of
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transferrin labeled with *°Fe. 2%

As seen in Figure 5C, neither DEX, nor the novel
analogues had any effect on the Fe mobilization from H9c2 cells, which contrasted
with effective Fe release induced by the strong Fe chelator SIH used as a positive

control.

3.5. INTERACTION OF STUDIED COMPOUNDS WITH TOP2

To assess the effects of DEX and the novel analogues on various TOP2 isoforms, first
the inhibition properties were determined using recombinant human TOP2A and
supercoiled kinetoplast DNA as a substrate. As seen in Figure 6A, 100 uM DEX inhibited
its relaxation activity forming a series of topoisomers, which is consistent with the
pattern of catalytic TOP2 inhibition. On the other hand, none of the novel analogues

showed any inhibition activity towards this enzyme isoform (Figure 6A).

Furthermore, western blotting was used to determine TOP2B protein levels in NVCM
cells. As seen in Figure 6B, 10 uM DEX induced time-dependent TOP2B depletion with
significant change in protein content after 12 h, when the TOP2B protein was
decreased to less than 50% of control values. After 6 h a slight but insignificant trend
was observed. Surprisingly, after 3 h of incubation, minor insignificant increase of
TOP2B protein content was observed. Contrary to DEX, 24 h incubation of NVCMs with
any of the novel analogues in the same concentration (10 uM) did not lead to any
significant change in TOP2B protein content, although with all the compounds a slight

but insignificant increase could be observed (Figure 6C).
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4. DISCUSSION

To date, numerous agents have been examined for protective potential against ANT-

induced cardiotoxicity.8’31'33

Based on the traditional hypothesis that ANT-induced
cardiotoxicity is primarily caused by intramyocardial oxidative stress, the most popular
strategy involved the use of various antioxidants — either synthetic or isolated from
various natural sources.’ Indeed, many published studies reported beneficial effects
of antioxidants. However, vast majority of these experiments involved acute in vitro or
in vivo cardiotoxicity models, often employing supratherapeutic ANT doses with little
clinical relevance.® Several antioxidants, such as N-acetyl-cysteine, coenzyme Q10, L-
carnitine, vitamins E and C?° or the semisynthetic flavonoid 7-
monohydroxyethylrutoside,37 advanced to the stage of clinical trials, but they have all
failed to induce cardioprotection against the chronic-type ANT cardiotoxicity in clinical
practice.®® Apart from ROS scavengers, related approach focused on Fe chelating
agents. The rationale was to search for an alternative to ADR-925, the putatively active
metabolite of DEX with Fe-chelating properties. Again, although promising data have
been reported with some chelators (such as deferiprone—L1) using in vitro or acute in
vivo models, negative or at best mixed results have been obtained when assayed using
chronic and clinically-relevant animal models, which is contradictory to the classical

"ROS and iron" hypothesis of ANT cardiotoxicity and DEX cardioprotection.®

Hence, despite years of testing thousands potentially protective agents, DEX remains
the only drug that has shown convincing and experimental model-independent
protective potential, including several randomized, double-blind and placebo-
controlled clinical trials.?! Ironically, DEX is not an outcome of any hypothesis-driven
drug design; its racemate razoxane (ICRF-159) was originally synthesized as a potential
anticancer drug, and their protective properties were discovered accidentally during its
preclinical in vivo testing in a combination with DAU. In fact, the bis-dioxopiperazine

38,39 and

compounds were studied mainly regarding their antiproliferative activity,
much less attention has been paid to their structure-activity relationships with respect

to their cardioprotective properties.
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Hence, in this study, two analogues of DEX and two analogues of ADR-925 were
synthesized. Firstly, ES-5 (3), presents DEX analogue with modified linker between
terminal piperazin-2,6-dione cycles. Its predicted ring-open metabolite could possess
the Fe-chelating properties similarly to ADR-925. Structurally, ES-5 is a ring-closed
derivative of chelator diethylenetriaminepentaacetic acid (DTPA). In the first step,
cyclization of terminal carboxylic acids of DTPA in formamide was carried out.
Surprisingly, in contrast to previously published observations,”’ central carboxyl
remained untouched, and aminoacid 2 with intended terminal piperazin-2,6-dione
cycles was isolated. However, this compound was found to be soluble only in water
and partially in DMSO. This fact hindered the efforts for functionalization of central
carboxyl via modern methods known from peptide chemistry. Only simple alkylation in
DMSO led to the formation of target ethylester 3 in sufficient amount, accompanied
with derivatives alkylated also on imide nitrogens, which had to be carefully separated

using column chromatography.

The second DEX analogue, MK-15, was designed to have the same size and
arrangement as DEX, but with the terminal amide instead of parent imide moieties.
Thus MK-15 is bearing piperazin-2-ones instead of piperazin-2,6-diones terminal cycles.
First, piperazin-2-one (6) was prepared using reaction of ethyl 2-bromoacetate with
ethylenediamine in acetonitrile. Improved reaction protocol allowed obtaining
sufficient amount of pure piperazin-2-one by simple work up and final recrystallization
from acetone. Its reaction with 1,2-dibromopropane in DMF led to the formation of

MK-15, which was purified by column chromatography.

Previously, the metabolites of DEX (ADR-925 and one ring-open intermediates) did not
protect NVCMs from DOX toxicity, and this effect was attributed to the limited intake
of hydrophylic metabolites by the cells.” Hence, in the present study, two alkylamide
analogues of ADR-925, namely JR-159 and KH-TA4, were designed to possess higher
lipophilicity, which would facilitate their permeation through the biological
membranes. Both ADR-925 analogues were prepared using the reaction of 1,2-
diaminopropane with corresponding N-substituted 2-chloroacetamide in acetonitrile.
These procedures led to the formation of a mixture of products, especially tri- and

tetra-substituted 1,2-diaminopropane and also quaternary ammonium salts. In the
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case of KH-TA4, product crystallized from the reaction mixture, and simple filtration
and washing with water afforded the pure product. The purification of JR-159 turned
to be more complex, because the product and the by-products were viscous liquids
highly soluble in water and also polar organic solvents, and have nearly the same
retention factors even on C-18 reverse phase. Several consecutive column

chromatographies were therefore necessary to obtain the pure product.

The biological properties of the prepared substances were first examined using the HL-
60 acute promyelocytic leukemia cell line. In contrast to DEX, which dose-dependently
reduced the cellular proliferation (ICsq = 25 uM), all the four newly synthesized agents
reduced the cellular proliferation only very moderately with ICso values >100 uM. On
the other hand, the agents did not display a trend towards reduction of the
antiproliferative effects of DAU, which is obviously a pre-requisite for any potential

cardioprotective agent.

The cardioprotective properties were assayed using in vitro model of isolated NVCMs
as well as an in vivo model of chronic DAU-induced heart failure in rabbits, which was
previously approved as consistent and reliable, and was validated with DEX as model

cardioprotectant.’*%°

The efficiency of DEX in cardioprotection has been
demonstrated and well confirmed by many clinical studies.” Nevertheless, detailed in
vitro analyses of DEX cardioprotection and particularly those focused on its molecular
mechanisms are still rather limited. Hasinoff et al. achieved protection from
cardiomyocyte mitochondrial membrane potential loss induced by rather low doses of
DOX by the preincubation of NVCMs with 90 uM DEX for 3 h, following 3 h of
incubation with DOX (0.15-0.5 uM) and subsequent 48 h of DOX-free incubation.”?
Based on this study, and using the similar incubation protocol, we found that DEX
protected NVCMs against DAU- and DOX-induced LDH leakage to the culture medium
within a wide range of DEX concentrations (10-1000 uM) (unpublished data). However,
another study by the Hasinoff group demonstrated that DEX may induce a
preincubation time- and concentration-dependent antagonism of DAU or DOX growth
inhibition of chinese hamster ovary cells, which is a non-cancerous, but continuously

proliferating cell line.** Hence, in this study, we performed a series of experiments

with variable times of DEX preincubation. DEX was able to protect NVCMs from toxicity
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induced by 3 h incubation with 1.2 uM DAU followed by 48 h DAU-free period
irrespective on the preincubation time varying from 0 to 24 h. Also in vivo, DEX was
able to completely prevent both the overall mortality and the changes in the cardio-
specific parameters of chronic DAU-induced toxicity-both from the functional point of
view (LVFS) as well the plasma concentration of cTnT-higly sensitive and specific

biomarker of drug-induced cardiotoxicity.45’46

Compared to the DEX-afforded significant protection from DAU-induced cardiotoxicity,
none of the novel substances examined in the present study provided the same degree
of protection, irrespectively on the time and concentration used in vitro as well as
during the pilot in vivo assessments. Although MK-15 did not protect the isolated
cardiomyocytes, in vivo it showed some trend for cardioprotection, as the overall
survival was 80% compared to 60% in the DAU-only treated group of animals. On the
other hand, there still was observed some toxicity, as cardiac contractility and also
cTnT released to the plasma was significantly higher than in control or DAU + DEX
group. ES-5 showed cardioprotection in vitro comparable to DEX, but only in its 10 uM
concentration. Moreover, the cardioprotection was lost after 24 h of preincubation. /In
vivo, ES-5 rather aggravated the toxicity of DAU causing higher overall mortality. With
respect to the in vitro data, where ES-5 displayed some protection only in lower

concentrations, this may have been caused by higher than optimal dose of ES-5.

While JR-159 had generally no effect in vitro, KH-TA4 aggravated the DAU-induced LDH
release from cardiomyocytes in higher concentrations after 3 and 6 h of pre-
incubation, which may reflect slower penetration of hydrophilic KH-TA4 into the cells
compared to DEX. Notably, KH-TA4 alone showed some significant toxicity towards
NVCMs, although this was rather minor (3%), compared to almost 30% aggravation of
DAU-induced toxicity. This substantial aggravation was also demonstrated in vivo,
where rabbits pretreated with KH-TA4 prior every dose of DAU exhibited premature

deaths as soon as after 4 weeks of treatment.

Assuming the still prevailing hypothesis of oxidative stress as a cause of ANT-induced
cardiotoxicity, we also examined the effects of DEX and the novel agents on the in vitro

model of oxidative damage to cardiomyocytes induced by H,0,. The concentration of
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H,0, was chosen to cause comparable LDH release as DAU. Contrary to the protection
from DAU-induced damage, DEX was not able to protect NVCMs form H,0,-induced
toxicity after any preincubation time. On the other hand, KH-TA4 showed protection
against H,0,-induced toxicity after 3 and 6 h of pre-incubation, i.e. at the same time
points as it aggravated the toxicity of DAU. This suggests that the toxicity of DAU
towards cardiomyocytes is mediated by different mechanism(s) than the oxidative

damage by H,0,.

To assess what properties might be responsible for effective cardioprotection (or lack
of it), first the Fe chelating potential of the newly synthesized agents was examined in
buffered solution and also in H9c2 rat embryonic cardiomyoblast-derived cell line,
using the measurements of calcein fluorescence intensity. The experimental strong
lipophilic Fe chelator SIH was repeatedly documented to chelate free Fe both in
solution as well as in cells, and to displace Fe from its complex with calcein resulting in

dequenching of its fluorescence.”*’

In our study, fast increase in calcein fluorescence
could be observed upon addition of 100 uM SIH to the calcein-Fe complex (4.5-fold
increase over control within =50 s). In contrast, neither DEX, nor any of the four newly
synthesized agents induced change in calcein fluorescence intensity. SIH also rapidly
entered H9c2 cells, and replaced Fe form its intracellular complex with calcein. But in
contrast to the study of Hassinof et al., who documented that not only ADR-925, but
also DEX replaced Fe from its calcein complex in solution,”? we did not observe such
effect. Moreover, in cells, DEX rather caused drop in calcein fluorescence, which could
be possibly related to some interaction with the calcein molecule. Like DEX, the four
new analogues did not increase calcein fluorescence either in solution or within the
H9c2 cells. Finally, we examined whether DEX and its four novel analogues are able to
induce Fe mobilization from H9c2 cells previously loaded with >°Fe-transferrin.
However, in contrast to SIH, which again served as a positive control, none of the

studied substances (including DEX) was able to induce significant Fe release from H9c2

cells.

Previously, Hermann et al. evaluated 19 bis-dioxopiperazine agents on acute model of
ANT cardiotoxicity in hamsters (25 mg/kg of DOX in a single dose) and then the same

group of authors used a chronic cardiotoxicity model in spontaneously hypertensive
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rats (1 mg/kg of DOX, i.v., weekly for 12 weeks), and evaluated some analogues used in
the previous study as well as several new agents. Apart from protection against ANT
cardiotoxicity, the authors studied the rates of hydrolysis of these agents to form their
individual Fe-chelating metabolites and the ability of these metabolites to bind and
displace Fe from its complex with DOX. In the first study, they concluded that only
minor changes can be made to the DEX structure without activity loss.” Also, in the
second study they found that Fe displacement rates do not correlate with
cardioprotection.”” None of the assayed DEX derivatives displayed better
cardioprotective properties than DEX. Some cardioprotection and decreased mortality
were found in a demethylated derivative of DEX (ICRF-154) and bis(N-
morpholinomethyl) derivative (ADR-559), whereas no protection was found with ADR-
925 and an ethyl analogue of DEX (ICRF-192). On the other hand, some protective
analogues were discovered to be TOP2 catalytic inhibitors. These studies were recently
amended by the work of Martin et al. comparing cardioprotection by DEX and TOP2-
inactive bis-dioxopiperazine analogue ICRF-161. Both compounds were hydrolysable
and comparable in Fe-displacement, also both of them protected NVCMs from toxicity
caused by 1.8 uM DOX continuous exposure for 24-72 h, but only DEX protected
spontaneously hypertensive rats form chronic ANT toxicity (1 mg/kg i.v. weekly for 12

weeks).”’

The bis-dioxopiperazine derivatives have been shown to possess the ability to inhibit
TOP2 without cleavable complex formation, thus without inducing double stranded
breaks.”’ There are two distinct TOP2 isoforms in mammalian cells.”> TOP2A is
predominantly expressed in proliferating and undifferentiated cells. On the contrary,
TOP2B is expressed relatively steadily throughout the cell cycle, and is the major TOP2
form in quiescent cells. Whereas TOP2A is implicated predominantly in DNA
replication, TOP2B has important roles during the regulation of gene transcription.53'54
Hence, in the present study, we studied DEX and the novel analogues regarding their
possible interactions with the two TOP2 isoforms. While DEX inhibited the catalytic

activity of recombinant TOP2A, none of the novel analogues showed such activity. This

correlates well with the marked decrease of antiproliferative action observed in this
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study in HL-60 cells, as this DEX action has been attributed to catalytic inhibition of
TOP2A isoform.

DEX was recently shown to cause depletion of TOP2B in H9c2 cells that was both
concentration- and time- dependent, and this effect was proposed as possible
alternative mechanism of DEX protection from ANT cardiotoxicity.9 In addition, recent
study reported that deletion of TOP2B isoform (Top2b gene) protected cardiomyocytes
from DNA double-strand breaks and transcriptome changes induced by acute in vivo
DOX treatment with subsequent prevention of defective mitochondrial biogenesis and
ROS formation. Furthermore, the cardiomyocyte-specific deletion of Top2b gene
protected mice from the development of progressive heart failure induced by
repeated DOX treatment, suggesting that DOX-induced cardiotoxicity is primarily
mediated by cardiomyocyte TOP2B.”% In the present study, we proved the time-
dependent depletion of TOP2B protein in NVCM cells by 10 uM DEX. Although after 3 h
of incubation with DEX there was a slight trend towards an increase, significant
decrease of TOP2B protein was seen after 12 and 24 h. As in the case of the catalytic
inhibition of TOP2A, the novel analogues did not deplete TOP2B protein in
cardiomyocytes. Hence, the lack of interference with TOP2 is the most likely reason for

limited cardioprotective efficiency of the four DEX analogues examined in this study.

In conclusion, ANTs remain important components of numerous chemotherapeutic
protocols of both hematological malignancies as well as solid tumors, but the risk of
cardiotoxicity continue to hamper their clinical usefulness. The ability to rationally
design effective cardioprotective agents depends on our understanding of the
molecular basis of the ANT cardiotoxicity. Recent evidence suggests that future
strategies should focus on inhibition or depletion of TOP2 and its individual isoforms,

rather than on Fe chelating or antioxidant properties.
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FIGURE LEGENDS

Figure 1 Chemical structures of dexrazoxane (DEX), its putatively active metabolite
ADR-925 and four newly synthesized analogues examined in this study: MK-15, ES-5,
KH-TA4 and JR-159.

Figure 2 Syntheses of new analogues of dexrazoxane (DEX) and its metabolite ADR-
925 as described in Materials and methods section: Ethyl-2-{bis[2-(3,5-dioxopiperazin-
1-yl)ethyl]amino}acetate (3—ES-5); 4,4'-(Propane-1,2-diyl)bis(piperazin-2-one) (7-MK-
15); N,N,N' N'-tetrakis(N,N-dimethylcarbamoylmethyl)-1,2-diaminopropane (10-JR-
159); N,N,N',N'-tetrakis(N-butylcarbamoylmethyl)-1,2-diaminopropane (12-KH-TA4)

Figure 3 Toxicities of dexrazoxane (DEX), MK-15, ES-5, KH-TA4 and JR-159 and their
effects on daunorubicin (DAU)- and hydrogen peroxide (H,0;)- induced toxicity on
the neonatal ventricular rat cardiomyocytes (NVCM). NVCM cells were incubated
with DEX, MK-15, ES-5, KH-TA4 and JR-159 for 48 h (A), or the cells were pre-incubated
with these substances for 0, 3, 6 and 24 h, respectively, and then incubated with either
DAU for 3 h following 48 h of DAU-free period (B) or H,0, for 48 h (C). The toxicity was
assessed by the lactate dehydrogenase (LDH) leakage to the culture medium; data are
presented as mean +SD of more than three independent experiments. Statistical
significance: One-way ANOVA, Dunnet’s post-hoc test, P <0.05; c—compared to

control, n.s.—non-significant compared to control; *-compared to DAU/H,0,.

Figure 4 In vivo cardiotoxicity assessments. General toxicity was determined as animal
survival (A) or body weight change (B); cardiac function was assessed by
echocardiography as left ventricular fraction shortening (LV FS) (C), and the

concentration of cardiac troponin T in plasma (D) was determined at the end of the
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treatment period as described in Materials and methods. The data are presented as
mean £ SD. Statistical significance: unpaired two-tailed t test (Mann-Whitney);

p £0.05; c-compared to control, d—compared to DAU.

Figure 5 Iron (Fe) chelation properties measured as the rate of Fe displacement from
the Fe-calcein complex in solution (A) and in H9c2 cells (B) and *°Fe mobilization from
H9c2 cells (C). The change of calcein fluorescence was monitored in solution after the
addition of studied substance (100 uM) to the Fe-calcein complex (A). The change of
fluorescence of the intracellular-trapped calcein in the H9c2 cells loaded with 100 uM
ferriccammonium citrate was assessed after adding the studied substances (100 uM) as
described in Materials and methods section. The experimental Fe chelator SIH was
used as a positive control. The representative of three measurements or mean + SD of
three independent measurements is presented. Statistical significance: One-way

ANOVA Dunnet’s post-hoc test, P < 0.05; c-compared to control.

Figure 6 The effects of examined agents, dexrazoxane (DEX), MK-15, ES-5, KH-TA4
and JR-159 on the topoisomerase Il alpha (TOP2A) activity (A) and its beta isoform
(TOP2B) protein content in neonatal rat ventricular cardiomyocytes (B, C) . A) TOP2A
activity was measured by the enzymatic assay using human recombinant TOP2A and
supercoiled kinetoplast DNA as the substrate. The representative of three independent
measurements is presented. B) NVCM cells were incubated with 10 uM DEX for O, 3, 6,
12 and 24 h, and the amount of TOP2B protein was assessed by western-blotting as
described in Materials and methods. C) NVCM cells were incubated for 24 h with
10 uM DEX, MK-15, ES-5, KH-TA4 and JR-159, and the amount of TOP2B protein was
assessed by western-blotting as described in Materials and methods. The data from
three independent experiments are presented as mean % SD; statistical significance:
One-way ANOVA Dunnet’s post-hoc test, P <0.05; c—compared to control, n.s.—non-

significant compared to control.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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