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Abstrakt

Univerzita Karlova v Praze, Farmaceuticka fakulta v Hradci Kralové

Katedra farmakologie a toxikologie

Kandidat: Mgr. Michal Riha

Skolitel: doc. PharmDr. Pfemysl Mladénka, Ph.D.

Konzultant: prof. MUDr. Radomir Hrdina, CSc.

Nazev disertacni prace: Screening novych latek chelatujicich Zelezo/méd’ — in vivo

a in vitro studie

Zelezo a m&d’ jsou esencialni stopové prvky, jez hraji roli v fadé fyziologickych
procestt v lidském organismu. Homeostdza téchto ptfechodnych kovi je pecliveé
regulovana, nebot’ volné ¢i labiln€ vazané zelezo nebo méd’ katalyzuji tvorbu volnych
radikalu. Hereditarni hemochromato6za, transfuzni hemosider6za a Wilsonova choroba
piedstavuji stavy spojené s absolutnim nadbytkem Zeleza a médi v organismu. Pro jejich
1é€bu maji zésadni vyznam cheldtory téchto kovi. Existuje vSak nékolik dalSich
onemocnéni, u nichZ je dokumentovano zapojeni zeleza a/nebo médi do patofyziologie.
Jedna se predevS§im o neurodegenerativni onemocnéni, kardiovaskularni choroby,
nadorova onemocnéni ¢i diabetes mellitus. V téchto potencidlnich indikacich jsou

Cilem této disertacni prace bylo provést screening latek chelatujicich Zelezo
a méd’ a detailnéji studovat vlastnosti téchto latek v in vitro a in vivo experimentech.

V ramci in vitro studii byly zkoumany chelata¢ni vlastnosti syntetickych
| ptirodnich latek via¢i médi, pomoci vyvinuté spektrofotometrické metodiky vyuZzivajici

bathokuproindisulfonat nebo hematoxylin. Ukazalo se, Ze klinicky pouzivany chelator



médi D-penicilamin je oproti jinym latkdm pomérné slabym chelatorem médi
s vyraznymi redukénimi vlastnostmi. Rada flavonoidi vykazala schopnost vazat méd’,
silnymi chelatory vSak byly piedevsim 3-hydroxyflavon, kempferol a baikalein.
V navaznosti na prechozi vyzkum skupiny byly také detailn€ji sledovany schopnosti
redukovat zelezo a vliv na Zelezem katalyzovanou Fentonovu reakci u flavonoida. Tyto
latky byly schopné redukovat ionty Zzeleza pouze v kyselém prostiedi, piiCemz
prooxida¢ni aktivita byla zjist€éna zejména ve skupiné¢ flavonold. Pro plnou
charakterizaci interakci novych nebo znamych chelatorti byl vyvinut novy piistup ke
stanoveni stechiometrie komplexu ptechodny kov-cheldtor vyuzivajici matematickych
vypoctll. V porovnani se standardni Jobovou metodou se jevi jako vyhodny zejména
Vv ptipadech slabsich chelatort.

Vramci in vivo studii byla publikovana prace s peroralni sedmidenni
premedikaci kvercetinem u potkani. Tento pfistup nebyl schopen ochranit
kardiovaskularni systém pied akutnim poSkozenim katecholaminy. Kvercetin vSak
ovlivnil nékteré hemodynamické parametry a v kontrolni skupiné snizil odpovéd” aorty
na vazokonstrik¢éni podnét. Dalsi prace s D-penicilaminem na stejné téma je v soucasné
dobé¢ ve fazi ptipravy publikace a analogicka studie s rutinem v recenznim fizeni.

Zavérem lze shrnout, ze celd paleta latek byla testovana pro chelatacni G€inky
médi. Studovany byly rovnéz dalsi dulezité vlastnosti chelatord, jako je redukéni
a prooxidaéni aktivita ¢i stechiometrie komplexu. Vyvinuté in vitro metody mohou
navic podpotfit dal§i vyzkum v této oblasti. Uginné chelatory byly nalezeny ve skuping
flavonoidd, ty vSak vykazuji slozité interakce s obéma kovy. Takovym piikladem je
i kvercetin, jenz nebyl in vivo schopen zabranit komplexnimu kardiotoxickému
pasobeni katecholamini a v in vitro studii pusobil v nékterych koncentracich

prooxidacné.
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Title of Doctoral Thesis: Screening of new iron- and copper-chelating substances

—invivo and in vitro studies

Iron and copper are essential trace elements which play a role in a series of
physiological processes in human organism. Homeostasis of these transition metals is
meticulously regulated since free or loosely bound iron and copper can catalyse the
production of free radicals. Hereditary hemochromatosis, transfusion hemosiderosis and
Wilson's disease are associated with absolute iron and copper overload in the organism.
Transition metal chelators have crucial significance for the treatment of these states.
There are several other diseases with documented involvement of iron and/or copper in
their pathophysiology. Examples are primarily neurodegenerative diseases, cardio-
vascular diseases, tumours and diabetes mellitus. Various chelating compounds are
examined in these possible indications.

The aim of this doctoral thesis was to perform a screening of iron- and copper-
chelating substances and to study their properties in detail using in vitro and in vivo
experiments.

Copper-chelating properties of synthetic as well as natural substances were

investigated in vitro, by a developed spectrophotometric method using



bathocuproinedisulphonate or hematoxylin. In contrast to other compounds, the
clinically used copper chelator D-penicillamine was shown as a relatively weak copper-
chelator, which possesses marked reducing properties. Many flavonoids were able to
bind copper; however, potent chelators were especially 3-hydroxyflavone, kaempferol
and baicalein. Iron-reducing properties and influence on the iron-catalysed Fenton
reaction were also investigated in a series of flavonoids. These compounds reduced
ferric ions only under acidic conditions and pro-oxidant activity was found particularly
in flavonols. Novel approach aimed at the determination of transition metal-chelator
complex stoichiometry based on mathematical calculations was developed. In
comparison with the standard Job’s method, the approach appeared to be advantageous
especially in the cases of moderately active chelators.

An in vivo study concerning oral administration of quercetin for seven days in
rats has been published. This approach was unable to protect cardiovascular system
against acute catecholamine cardiotoxicity. However, quercetin affected some
haemodynamic parameters and decreased the responsiveness of aorta to
vasoconstriction in control group. Other data concerning the effect of D-penicillamine
are currently being prepared for publication and a similar experiment with rutin is in a
peer-review process.

In conclusion, a spectrum of substances was tested for copper-chelating effects.
Other important properties of chelators were investigated, such as reducing and pro-
oxidant activities or the complex stoichiometry. Moreover, the developed in vitro
methods may promote research in this field. Potent chelators were observed among
flavonoids which showed numerous interactions with both metals. Quercetin represents
such an example. It was unable to protect against complex catecholamine cardiotoxic

effects and it was even pro-oxidant in some concentrations in an in vitro study.
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1. Uvod

Ptechodné kovy Zelezo a méd’ jsou stopové prvky s nezastupitelnym vyznamem
pro lidsky organismus, nebot jsou soucasti celé fady enzymii a dalSich proteind.
Homeostaza zeleza a meédi je Vv lidském téle peclivé regulovana dimyslnymi
mechanismy. Jeji naruseni jak genetickymi faktory, tak vlivy vnéjsiho prostiedi vede
k nezadoucimu pusobeni téchto kovii. Volné ¢i labiln¢ vazané zelezo a méd’ jsou totiz
ucinnymi katalyzatory reakci vedoucich k tvorbé vysoce toxickych volnych radikala.

Kromé¢ stavii chronického pietizeni organismu zelezem a Wilsonovy choroby,
spojenych s rozvratem homeostazy Zeleza, respektive médi, existuje nékolik dalSich
onemocnéni ¢i poruch, u nichZ je dokumentovana souvislost s ptechodnymi kovy. Jedna
se 0 neurodegenerativni onemocnéni, zejména Alzheimerovu a Parkinsonovu chorobu,
kardiovaskularni onemocnéni, nadorova onemocnéni nebo diabetes mellitus.

Chelatory jsou organické vicevazné slouceniny tvofici komplexy s kovy.
Zakladnim rysem jejich ucinku je schopnost vytvofit komplex, v némz je pfechodny
kov redoxné neaktivni a muze byt vyloucen z organismu. Mimo uplatnéni v terapii
otrav tézkymi kovy jsou chelatory klinicky pouzivany ptedevsim pro 1écbu chronického
pietizeni zelezem vyvolanym opakovanymi krevnimi transfuzemi a Wilsonovy choroby.

Cela paleta dalSich chelatord Zeleza a/nebo meédi je experimentalné nebo
dokonce v klinickych zkouSkach studovana pro 1é¢bu stavii spojenych s nerovnovahou
téchto kovi. Vzhledem k pomérné uzkému klinickému vyuziti v soucasné praxi a na
druhou stranu velkému terapeutickému potencialu u riznych onemocnéni je Zadouci
nalézat nové latky schopné piiznivé ovlivnit dysbalanci pfechodnych kovt v lidském
téle. Aby bylo mozné takové latky uplatnit v terapii chorob, neni dostacujici pouze

znalost vlastni chelatacni aktivity, ale je nezbytné objasnit fadu jejich dalSich vlastnosti.
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2. Teoreticka cast

2.1. Uloha a kinetika Zeleza a médi v lidském organismu

Piechodné kovy zelezo (lat. ferrum, Fe) a méd’ (lat. cuprum, Cu) hraji dileZitou
roli v 8iroké paleté biologickych procesu v zivych systémech. Spoleéné s I, Co, Zn, Se,
F a dalSimi stopovymi prvKky tvoii piiblizné pouze 0,01 % organismu. Nejsou nositeli
energie, ale jsou nezbytnou slozkou potravy (Trojan a Langmeier 2003). Homeostaza
téchto prvki, peclivé regulovana mechanismy piijmu, transportu, skladovani a vyluco-
vani, je udrzovana v piisnych hranicich (Bertini a Cavallaro 2008, Tisato et al. 2010),
nebot’ jeji naruSeni vede k n€kterym vyznamnym patologickym stavim. Vzhledem
K tématu diserta¢ni prace bude podrobnéji zpracovana zejména problematika absorpce

ptechodnych kovi.



2.1.1. Zelezo

v

Zelezo je jeden z nejhojngjsich prvkd v zemské kafe (Frey a Reed 2012).
V biologickych systémech existuje v oxida¢nich stavech +II a +III, tedy jako ionty
Zeleznaté a zelezité. Zatimco Zeleznaté ionty jsou rozpustné v biologickych tekutinach,
oxidovana forma Zeleza je V podstaté nerozpustna ve vodé pii neutralnim pH a rychle
precipituje za vzniku hydroxidu Zelezitého (Jones-Lee a Lee 2005). Zeleznaté ionty jsou
navic nestabilni ve vodném prostiedi a jejich tendence reagovat s molekularnim
kyslikem za vzniku Fe®*" a radikdlu superoxidového aniontu je podkladem toxicity
tohoto kovu (Jones-Lee a Lee 2005). Navzdory uréité nedostupnosti obou iontt Zeleza
je tento kov paradoxné kliCovym katalytickym mistem enzymi a proteinli
transportujicich kyslik (Jomova a Valko 2011).

Zelezo je nezbytné pro Zivé organismy, predstavuje totiz vykonny katalyzator
reakci zahrnujicich pfenos elektrond (Geissler a Singh 2011). Vzhledem Kk vysoké
reaktivité a toxicité¢ volného Zeleza musi byt jeho chemicka reaktivita v biologickém
prostiedi omezena vazbou s riznymi ligandy. V bunéénych kompartmentech je témét
veskeré zelezo (> 95 %) vazano na proteiny (Crichton 2001). I pfesto zistava mala ¢ast
zeleza také ve formé& oznacované jako labilni Zelezo, které je redoxné aktivni a ma
vyznam pro metabolismus a homeostazu kovu (Cabantchik 2014). Fyziologicky
nepiedstavuje ziejmé zadné riziko, ale vzestup této frakce pfi riiznych patologickych
stavech, napf. ischemii, je podkladem oxidativniho poskozeni.

Proteiny obsahuji Zelezo ve formé prostetické skupiny jako Fe/S klastry nebo
hem, kov v§ak mize byt pfimo koordinovan fetézci aminokyselin. Proteiny obsahujici
zelezo prenaseji nebo uchovavaji kyslik, katalyzuji metabolické, signalizacni a anti-
mikrobialni redoxni reakce a transportuji ¢i skladuji kov (Ganz 2013). Jejich piehled je

uveden v Tabulce 1 a doklada vyznam Zeleza v jednotlivych biologickych procesech.
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Tabulka 1. Pi‘ehled proteini obsahujicich Zelezo

Proteiny obsahujici Zelezo

Funkce

Hemové proteiny

hemoglobin
myoglobin

transport kysliku (erytrocyty)
uskladnéni kysliku (svaly)

Hemové enzymy

cytochromy a, b, ¢

prenos elektronti
prenos elektront na molekuldrni kyslik na konci

dychaciho fetézce (vyzaduji téz méd)

cytochrom-c-oxidasa
cytochrom P450 + bs
duodenalni cytochrom-b-reduktasa 1

mikrosomalni oxidasy, tzv. oxidasy se smisenou funkci
faze 1 biotransformace xenobiotik

redukce Zelezitych iontti (duodenalni enterocyty)

katalasa
peroxidasy
myeloperoxidasa

rozklad peroxidu vodiku
rozklad peroxida

tvorba baktericidniho chloristanu

sulfitoxidasa

premeéna sifi¢itanu na siran

tryptofan 2,3-dioxygenasa
iodasa (iodoperoxidasa)

metabolismus pyridinu

pfeména jodidu na jodi¢nan

Nehemové enzymy obsahujici Zelezo

ribonukleotidreduktasa

pfeména ribonukleotidi na 2’-deoxyribonukleotidy

synteticka faze bunécného déleni

(Fe/S proteiny)

akonitasa

isocitratdehydrogenasa
sukcinatdehydrogenasa
NADH dehydrogenasa

cyklus kyseliny citronové a poc¢atecni kroky oxidativni

fosforylace

aldehydoxidasa

pifeména aldehydi na karboxylové kyseliny

xantinoxidasa

preména rozkladnych produktl purinovych bazi
na kyselinu moc¢ovou

fenylalaninhydroxylasa
tyrosinhydroxylasa
tryptofanhydroxylasa

syntéza katecholamint, neurotransmiterti @ melaninu

prolylhydroxylasa
lysylhydroxylasa

syntéza kolagenu

Pievzato z: Geissler a Singh (2011).




Celkovy obsah Zeleza v lidském téle je zhruba 3,5 g u Zen a 4,0 g u muza
(Geissler a Singh 2011). U dospélych je vétSina Zeleza pritomna v hemoglobinu
uvniti cirkulujicich erytrocytt (60-70 %), kde plni esencidlni funkci pro pienos kysliku,
a ve svalech v myoglobinu (10 %). Zbyvajici ¢ast (20-30 %) ptedstavuje zelezo zasobni
a nachazi se vjatrech a retikuloendotelidlnim systému jako feritin a hemosiderin
(Munoz et al. 2009, Geissler a Singh 2011). Pouze zhruba 1 % télesné¢ho Zeleza je
inkorporovano v enzymech a méné nez 0,2 % se vyskytuje v plasmé navazano na
transferin (Geissler a Singh 2011). VétSina plasmatického Zeleza pochazi ze starych
erytrocyti, recyklovanych makrofagy ve slezing¢ a dalSich organech (Ganz 2013).

Vzhledem k vyznamu Zeleza pro lidsky organismus a rizikim vyplyvajicim
z nedostatku, ale i1 nadbytku tohoto kovu musi existovat mechanismy, které za
normalnich podminek udrzuji hladiny Zeleza ve fyziologickych mezich. Prvnim a nej-

Zelezo je vstiebavano v proximélni &asti tenkého stfeva, zejména duodenu.
Fyziologicky se absorbuje 1-2 mg za den (Donovan a Andrews 2004). Protoze lidsky
organismus postrada aktivni exkre¢ni mechanismus pro zelezo, musi byt ztraty Zeleza
z t€la v rovnovaze s ptijmem. Ztraty jsou pievazné zpusobené deskvamaci epitelialnich
povrch (Green et al. 1968). Absorpce je tedy zasadnim mechanismem regulujicim
obsah Zeleza v téle. V potravé se Zelezo nachézi v hemové a nehemové formé a ve
form¢ feritinu, pti¢emz hlavni zdroj kovu piedstavuje nehemové Zelezo. Transport
apikalni prenase¢ anorganického zeleza do bunék je transportér pro dvojmocné kovy
(DMT1, z angl. divalent metal transporter), coz je integralni transmembranovy protein
spiazeny s elektrochemickym H* gradientem z venku dovnitf buiiky (Gunshin et al.

1997). DMT1 pienasi zeleznaté ionty a n¢kolik dalSich dvojmocnych kovt, ale nikoliv



trojmocné zelezo (llling et al. 2012), proto je pro vstfebani anorganické¢ho zeleza
nezbytnd konverze zelezitych iontli na zeleznaté. Na preméné oxidacniho stavu se
pravdépodobné podileji enzymy reduktasy, zejména duodenalni cytochrom-b-
reduktasa 1 (CYBRD1) (McKie et al. 2001), jejiz ptesny vyznam vSak neni dofeSen,
dale enzym, ktery je v anglické literatuie oznacovan jako ,,cytochrome bssg ferric/cupric
reductase” (Knopfel a Solioz 2002), a Steap2 (Steap zangl. six-transmembrane
epithelial antigen of the prostate) (Ohgami et al. 2006). Co se tyka absorpce hemového
Zeleza (obsazeného piedevsim v masnych zdrojich), byl objeven apikalné exprimovany
intestinalni hemovy transportér (HCP1, z angl. heme carrier protein 1) (Shayeghi et al.
2005), ale dle soucasnych poznatkii mu je pfisuzovana role hlavné v intestinalnim
prenosu folati (odtud druhé oznaceni PCFT, z angl. proton-coupled folate transporter)
(Qiu et al. 2006).

Pokud zelezo proniknuvsi do buniky nemd byt okamzit€¢ vyuzito nebo
exportovano, musi byt skladovano v cytoplasmé. Feritin je sféricky heteropolymerni
protein, ktery uvnitt své molekuly muze uschovat velké mnozstvi zeleza, a to az 4500
atomu (Mladénka et al. 2005). Predstavuje tak zasobni formu Zeleza, a co je dulezité,
udrzuje nadbyte¢ny kov v redoxné inaktivni form&. Zelezo je dopravovano K feritinu
pomoci cytoplasmatickych chaperont (Shi et al. 2008). Rozpustna, na Zelezo relativné
chuda forma feritinu se nachazi i v krevni plasmé (Cohen et al. 2010). Druhou
slou¢eninou skladujici zelezo je hemosiderin (lancu 1992).

Jediny znamy sav¢i pienaseC pro transport Zeleza z bunky pies bazolateralni
membranu je ferroportin (Slc40al) (Le a Richardson 2002, Donovan et al. 2005). Jde
0 transmembranovy protein exprimovany na vSech mistech, kde Zelezo piechazi do
plasmy, tedy na duodenalnich enterocytech, makrofazich, hepatocytech a na bazalnim

povrchu placentarniho syncytiotrofoblastu (Donovan et al. 2000). Ferroportin



transportuje Fe?* ionty (a také Zn?"), pficemz bundény export je zavisly na ¢lenech
rodiny ferroxidas obsahujicich méd: hephaestinu (dulezitém pro pienos Zeleza
z enterocytt do plasmy) (Vulpe et al. 1999, Eisenstein 2000) nebo ceruloplasminu
(vysoce exprimovaném V jatrech a sitnici) (Osaki et al. 1966, Eisenstein 2000) a ziejmé
téz zyklopenu (exprimovaném pievazné v placent¢) (Chen et al. 2010). Tyto proteiny
oxiduji Zeleznaté ionty, vytvareji tak jejich gradient, ¢imz usnadiuji ferroportinem
mediovany eflux Zeleza a umoznuji vazbu zeleza na apotransferin (Osaki et al. 1966).
Pravé zelezit¢ ionty mohou byt vazany na plasmaticky nosi¢ Zeleza,
glykoprotein transferin. Ten muze vazat az dva Zelezité ionty. U lidi je plasmaticky
transferin fyziologicky saturovany Zelezem zhruba z 30 % (Brissot et al. 2012).
cilovym tkanim (Meyron-Holtz et al. 2011). Na druhé strané je ale znamo, Ze savci bez
transferinu mohou Zit, jak vyplyva ze vzacnych piipadt tzv. atransferinemie (Beutler
et al. 2000). Transferin s navazanym Zelezem (Fe-Tf) je z krve vychytavan specifickou
vazbou na bunééné membranové receptory, transferinovy receptor 1 (TfR1) a kubilin
(Kozyraki et al. 2001). Funkce TfR2 je pravdépodobné odlisna, regulacni (Camaschella
et al. 2000, Mladénka et al. 2005). Po endocytoze komplexu Fe-Tf/TfR dojde
k acidifikaci vezikuly, uvolnéni Zeleza, jeho redukci na Zeleznatou formu a kone¢né
transportu do cytosolu prostiednictvim DMT1 (Graham et al. 2007). Obdobnou funkci
jako transferin vykonava na sliznicich glykoprotein laktoferin, jenz ma také
jistych podminek mlZe vyskytovat jako tzv. Zelezo nevdzané na transferin (v angl. non-
transferrin bound iron) (Brissot et al. 2012). Jedna se o Zelezo vazané na ostatni

proteiny (napf. feritin) a také neproteinové Zelezo (napt. ve formé citratu ¢i acetatu)



(Grootveld et al. 1989). Hladiny této formy Zeleza v plasmé jsou extrémné nizké a za
normalnich okolnosti nepfekraéuji 1 pmol.I"t (Anderson 1999).

Zasadni pochopeni homeostazy Zeleza a nové potencialni terapeutické moznosti
pfineslo relativné nedavné objeveni hormonu hepcidinu, ktery ma ustedni roli v systé-
mové homeostaze Zeleza. Nazev odrazi jednak misto ptivodu tohoto hormonu, jednak
jeho antimikrobialni vlastnosti (Park et al. 2001). Hepcidin je peptid syntetizovany
a secernovany jatry, ktery posttranslacné ovliviiuje membranovou koncentraci svého
receptoru ferroportinu, zminéného efluxniho transportéru zeleza (Ganz 2013). Navazani
hepcidinu indukuje endocytoézu ferroportinu a jeho naslednou proteolyzu v lysosomu
(Nemeth et al. 2004). Tento hormon tedy kontroluje tok Zeleza do plasmy. Samotny
hepcidin je kromé tkanovych zasob a plasmatickych koncentraci zeleza regulovan fadou
dalsich faktort, naptiklad erytropoezou, zanétem ¢i jaternim poskozenim. Dosud jedina
znama uroven této regulace je transkripéni, zahrnujici celou fadu pisobki se slozitymi
vztahy (Ganz 2013). Mutace v genech kodujicich hepcidin, jeho rozliéné regulatory
nebo jeho molekularni cil ferroportin se mohou manifestovat jako poruchy regulace
zeleza (viz kapitola 2.2.1.).

Osud Zeleza v bunikach je fizen posttranskripcné prostfednictvim specifickych
RNA vazajicich proteini IRP1 a IRP2 (IRP z angl. iron-regulatory protein). Tyto
proteiny interaguji s prislusnymi responzivnimi elementy (IRE, z angl. iron-responsive
element) na cilové mRNA (Hentze et al. 2010), pfi¢emz vazani regula¢nich proteint
odpovidd na bunétné hladiny zeleza. IRE, zhruba tficet nukleotidii dlouhé sekvence,
byly nalezeny v nekodujicich oblastech mMRNA u riiznych proteint zapojenych do kine-
tiky zeleza a energetického metabolismu (Mladénka et al. 2005).

Po absorpci v tenkém stievé je Zelezo v portalni krvi vazano na apotransferin

a prenaseno do jater, kde je pouzito pro syntézu proteinti, skladovano nebo exportovano.



Transferin v cirkulaci pak ptenasi kov K cilovym tkanim. Nejvétsimi konzumenty zeleza
Vv lidském téle jsou erytroidni buiky v kostni difeni. Téméi veSkeré zelezo v téchto
vyvijejicich se bunkich je sméfovano do mitochondrii, kde je upotfebeno pro
biosyntézu hemu a tvorbu Fe/S proteinti (Ponka et al. 2002). Na tomto misté nelze
nezminit protein frataxin, chaperon, ktery pravdépodobné dopravuje Zelezo na misto
utvafeni Fe/S klastri a syntézy hemu a jehoZ sniZzena syntéza se projevuje jako
Friedreichova ataxie (Bencze et al. 2007). Dal$imi bunikami, které maji zasadni vyznam
pro celotélovou homeostazu Zeleza, jsou retikuloendotelialni makrofagy recyklujici
zelezo ze starnoucich erytrocytidl a ostatnich bunék. Pozfeny erytrocyt a jeho hemo-
globin jsou degradovany ve fagolysosomu makrofagu. Enzym hemoxygenasa nasledné
roz§té€pi protoporfyrinovy kruh hemu a dojde k uvolnéni kovu. Retikuloendotelialni
makrofagy slouZzi jako rezervodr Zeleza, normalné skladujici zhruba polovinu celkovych
telesnych zasob (Knutson a Wessling-Resnick 2003). Hlavnim regula¢nim krokem
u vSech tkéni transportujicich Zelezo je ptfenos kovu z bun¢k tkani do plasmy. Jak jiz
bylo zminéno, tento krok je zasadnim zptisobem ovlivnén hormonem hepcidinem (Ganz

2013).



2.1.2. Méd’

M¢d je piechodny kov, ktery se vyskytuje piedev§im ve dvou formach, jako
ionty médné (Cu’) a médnaté (Cu®"). Médné ionty tvoii podetné komplexy jak
s organickymi, tak anorganickymi ligandy, pficemz silné preferuji ligandy majici jako
donorové atomy siru (napf. v cysteinu nebo methioninu), aromaticky dusik a fosfor
(Tisato et al. 2010). V biologickych systémech se méd’ nachazi pievazné ve stavu Cu?*,
protoze v piitomnosti kysliku nebo jinych akceptort elektront je ochotné oxidovana,
pokud nejsou méd’né ionty stabilizovany tvorbou komplexu. Méd'naté ionty jsou dosti
rozpustné, zatimco rozpustnost méd’nych iontt je v rozsahu niz$im nez mikromolarnim
(Arredondo a Nuiez 2005).

Od bakterii k rostlindAm a savciim, vSechny Zivé bunky potiebuji ionty médi
(Delangle a Mintz 2012). Nepostradatelnost médi vychazi z jejich redoxnich vlastnosti
a specifické inkorporace do rozliénych enzymatickych a strukturalnich proteind (Harris
2000), v nichz je vazana koordina¢né-kovalentni vazbou. Mnoho téchto enzymu (tzv.
Kuproenzymul) a proteini ma dvoji nebo viceré role (Linder a Hazegh-Azam 1996).
Meéd’ funguje jako intermediat elektronového prenosu v reakcich zahrnujicich bunéénou
respiraci, ochranu pted volnymi radikaly, je dulezita pro metabolismus Zeleza, syntézu
pojivové tkané, pigmentaci, srazeni krve, angiogenezi, produkci peptidovych hormont
a biosyntézu neurotransmiterd, je nezbytna pro normalni bunéény rust a vyvoj (Tapiero
et al. 2003, Lalioti et al. 2009, Tiimer a Mgller 2010). Piehled kuproenzymi a proteint
transportujicich méd’ je uveden v Tabulce 2. Rychle ptibyvajici, i kdyz dosud relativné
opomijené dikazy dokladaji, Ze méd’ ma také esencidlni regulacni funkci pro bunécnou
signalizaci, od modulace vazby proteinti na cilové receptory po ovlivnéni nuklearnich
transkripénich faktort (Grubman a White 2014). Muze tak byt povazovana za tieti
klicovy modulator vedle vapniku a zinku (Grubman a White 2014).
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Tabulka 2. Pirehled kuproenzymi a proteint transportujicich méd’

Kuproenzym/protein transportujici méd’ Funkce
cytochrom-c-oxidasa bunééné dychani
Cu/Zn-superoxiddismutasa zhaseni volnych radikala
metallothionein detoxikace médi a dalSich kovil
dopamin-B-hydroxylasa syntéza katecholamint
tyrosinasa (katecholoxidasa) syntéza melaninu
fenylalaninhydroxylasa pfeména fenylalaninu na tyrosin
peptidylglycin-a-amidujici monooxygenasa zrani peptidovych hormonti

i i transport médi, ferroxidasa, protein akutni
ceruloplasmin (ferroxidasa I)

faze
. tvorba pojivové tkang, diilezita pro pticné
lysyloxidasa o :
zesitovani kolagenu a elastinu
albumin mj. transport medi
transkuprein transport médi
méd’-dependentni aminoxidasy metabolismus amint

krevni srazeci faktory V (proakcelerin) a VIlII

] ] hemokoagulace
(antihemofilicky faktor)

hephaestin metabolismus Zeleza

sulfhydryloxidasa pri¢né zesitovani keratinu

Udaje pouzité v tabulce byly Cerpany z téchto zdroji: Linder a Hazegh-Azam (1996), Uauy
et al. (1998), Tapiero et al. (2003), Tiimer a Moller (2010).

Ackoliv od 90. let 20. stoleti mnoho molekularnich mechanismii kontrolujicich
homeostazu médi bylo objeveno (Lutsenko 2010), oproti Zelezu jsou mnohé aspekty
osudu médi v lidském téle stidle neobjasnény. Hladiny a distribuce médi v lidském
organismu vSak taktéz museji byt ptisné regulovany, nebot” jak nadbytek, tak nedostatek
médi mohou mit patofyziologické nésledky. To potvrzuje 1 zjiSténi, ze za normalnich
podminek na jednu buriku ptipadd méné nez jeden volny iont médi (Rae et al. 1999).
V lidské plasmé je odhadovana koncentrace volnych médnatych iontd tadové
102 mol.I* (Linder a Hazegh-Azam 1996). M&d’ je tfetim nejhojnéji se vyskytujicim
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pfechodnym prvkem Vv lidském téle, je ale obsazena v mnohem men$im mnozstvi
V porovnani se zelezem nebo zinkem, je to pouze zhruba 0,10-0,15 g (Trojan
a Langmeier 2003).

Méd je absorbovana z potravy Vv proximalni ¢asti tenkého stieva, pramérny
pfijem u lidi je denné€ okolo 1 mg (Tiimer a Mgller 2010). Pfesna kontrola transportu
médi ve stfevé neni znama, ale absorpce je modulovana ve vztahu K pfijimanym
hladinam kovu. Typicky je totiz vyssi podil médi z potravy absorbovan pii nizsim
ptijmu (Turnlund et al. 1998). Pro transport pies apikdlni membranu enterocytu,
obdobné jako u Zeleza, ziejmé musi byt redukovana. Kandidatd pro tuto tlohu je
Vv literatufe popsano nékolik: ,,cytochrome bssg ferric/cupric reductase* (Knopfel
a Solioz 2002), Steap 2 (Ohgami et al. 2006) a CYBRD1 (Wyman et al. 2008). Klicova
uloha v ziskdvani médi z potravy mize byt pravdépodobné ptipsana lidskému
transportéru médi (hCTR1, z angl. human copper transporter) (Nose et al. 2006a),
vysokoafinitnimu transportéru médi, ktery vytvati kanal prenasejici redukovanou formu
kovu (Lee et al. 2002). Pfesny mechanismus transportu dosud neni znam. Ackoliv je
hCTRL1 esencialni pro biodostupnost médi (Nose et al. 2006a), jeho funkce v inicialnim
apikalnim pfijmu kovu se zda byt spiSe nepiima (Zimnicka et al. 2007), protoze import
médi se zjevné mize odehravat i v jeho nepiitomnosti (Nose et al. 2006a). Dokonce
i lokalizace hCTR1 v enterocytech je nedofeSena, uvadi se jak intracelularni, tak
apikalni, tak bazolateralni (Zimnicka et al. 2007, Gupta a Lutsenko 2009, van den
Berghe a Klomp 2009, Nose et al. 2010). Pravdépodobny model piedpoklada, ze
hCTRI1 ziskava zpét z krve méd’, ktera je uréena pro intracelularni potfebu enterocytu,
zatimco méd’ z intestinalniho lumen je transportovana odliSnym mechanismem, napf.
prostiednictvim  jiného transportniho proteinu nebo pinocytézou/endocytozou

(Zimnicka et al. 2007, van den Berghe a Klomp 2009). Vliv jinych moznych importéra
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meédi krom& hCTR1 neni jasny. Protichtudné nazory jsou i na DMT1. Nékterymi autory
je povazovan za Cu?' transportér (Gunshin et al. 1997), jinymi dokonce i za Cu*
prenase¢ (Arredondo et al. 2003). Illing et al. (2012) naopak vylucuji roli DMT1
Vv transportu médi. Dal§i mechanismy intestinalni absorpce médi mohou byt: hCTR2
(van den Berghe a Klomp 2009), ATP-dependentni vysokoafinitni Cu?* transport
(Knopfel et al. 2005) nebo aniontovy transportni systém pienasejici Cu* i Cu?
zpusobem zavislym na chloridovych iontech (Zimnicka et al. 2011). Role DMT1 je
zduraznovana zejména pii dietnim nedostatku Zeleza, kdy mRNA pro DMT1 a hladiny
vlastniho proteinu jsou indukovany (Collins et al. 2005, Shah et al. 2009). V buiice je
méd’ vazana jednim z nékolika chaperonovych proteinti, které ji doruci jednotlivym
buné&¢nym cilim: mitochondrii (COX17, chaperon pro cytochrom-c-oxidasu) (Palumaa
et al. 2004), Golgiho aparatu (ATOX1, chaperon pro ATP7A) (Larin et al. 1999) nebo
cytosolické Cu/Zn-superoxiddismutase (CCS, chaperon pro Cu/Zn-superoxiddismutasu)
(Casareno et al. 1998). Nadbyteény kov v bufice je okamzité vazan glutathionem
a nasledn¢ metallothioneiny, nizkomolekularnimi proteiny bohatymi na cystein (Tapiero
et al. 2003). Méd’ je dale transportovana z enterocytu do portalni cirkulace, kde je
vazana na oz-makroglobulin transkuprein, albumin a aminokyseliny (Sarkar 1999, Liu
et al. 2007) pro transport do jater. Export médi z enterocytu zavisi na ¢innosti ATP7A
(tzv. Menkesovy ATPasy, Menkesova proteinu). Jde o transmembranovy protein
S dualni funkci, exprimovany ve vét§iné tkani kromé jater. Normalné zprostredkovava
transport médi do Golgiho aparatu, pti zvySeni hladin médi se vSak tato ATPasa piesune
do plasmatické membrany, ¢imz umozni export kovu z buniky (Tapiero et al. 2003).
Stejné jako vétSina intracelularnich proteini vazicich méd, i tento transportér ji vaze
v redukované formé (Kodama et al. 2012). ATP7A je zasadni pro pfijem médi do

lidského organismu.
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Jatra jsou tustfednim orgdnem skladovani a homeostdzy médi (Tiimer a Meller
2010). Pro jeji pfijem V jatrech ma zasadni vyznam hCTR1 (Kim et al. 2009). Zde je
vyzadovan redukéni krok, protoze hCTR1 propousti pouze méd'né ionty (Nose et al.
2006b). Bylo zjisténo, ze oap-makroglobulin dodava méd’ primarné hCTR1, zatimco
albumin ptedava kov jinému cili (Moriya et al. 2008). V jaterni bunice je méd’, jako
Vv enterocytu, vazana chaperony a jimi distribuovana. ATP7B (tzv. Wilsonova ATPasa,
Wilsonliv protein) je protein homologni s ATP7A, avSak exprimovany primarné
Vv jatrech. Transportuje méd do Golgiho aparatu, kde je vyuzita pro syntézu Kupro-
proteini (Terada et al. 1998). Funkce ATP7B v nejaternich tkanich je nejasna (Kodama
et al. 2012). Vétsina médi opousti jatra navazana na ceruloplasmin a je roznasena ke
vSem organtm, tkanim a bunkam v téle. Na ceruloplasmin je pevné vazano zhruba
85-90 % sérové medi. Zbyvajicich 10-15 % je vazano na albumin a aminokyseliny,
zejména histidin, pfi¢emz tato méd’ je vazana volnéji a je dostupna buiikam (Sarkar
1999, Brewer 2009, Kodama et al. 2012). Za zminku také stoji, ze ceruloplasmin neni
nepostradatelny pro ucinnou distribuci médi (Hellman a Gitlin 2002), pii tzv.
aceruloplasminemii nejsou pozorovany zmény tkanovych koncentraci kovu (Harris
etal. 1998). Prvoradou roli v pfijmu médi do téchto bunék zastava jiz zmifiovany
hCTR1 (Gupta a Lutsenko 2009). Nadbytek meédi stimuluje translokaci ATP7B
z Golgiho aparatu do kanalikularni membrany hepatocytu, tim umoziuje jeji sekreci do
zluée (Roelofsen et al. 2000) a odchod z téla stolici. Na rozdil od Zeleza ma tedy lidské
télo aktivni exkre¢ni mechanismus pro méd’.

Homeostdza ptechodnych kovi v mozku je peclivé regulovana tadou
transportéru (Collins et al. 2010), nebot’ jeji naruseni vede k neuropatologickym staviim
(Rivera-Mancia et al. 2010). Regulace hladin médi v mozku vSak zatim neni dobie

prostudovana (Tiimer a Moller 2010).
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2.1.3. Interakce Zeleza a médi

Interakce mezi esencialnimi kovy Zelezem a médi v lidském organismu jsou
znamy mnoho let, pfi¢emz prokdzani vyznamu médi pro syntézu hemoglobinu v roce
1928 je povazovano za pocatek této problematiky (Fox 2003). Zakladni mista interakce

na urovni celého organismu jsou znazornéna na Obrazku 1.

Obr. 1. Piehled Kkinetiky Zeleza a médi na drovni organismu, véetné zakladnich
mist jejich interakce
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Mista interakce jsou vyznacend hvézdami. Hephaestin (HP) je regulovan hladinami médi,
zatimco exprese Menkesovy ATPasy (ATP7A) je ovliviiovana hladinami zeleza. Nepfitomnost
ceruloplasminu (CP) vede k akumulaci Zeleza v pankreatu, retiné a mozku, ferroxidasova
aktivita cirkulujiciho ceruloplasminu je totiZz rozhodujici pro normalni homeostazu zeleza (Xu
et al. 2004). Jaterni hladiny médi se méni nepiimo tmérné ke stavu zeleza (Collins et al. 2010).
Aktivita ceruloplasminu vazaného na glykosylfosfatidylinositol (GPI-CP) je nezbytna pro
uvolnéni zeleza z mozku a retikuloendotelidlnich (RE) makrofagu, tento déj je tedy zavisly na
hladinach médi. Neznamy aspekt vyuZiti Zeleza v kostni dfeni také zavisi na médi, nebot’ pfi
jejim nedostatku je tvorba hemoglobinu neefektivni, navzdory normalnim sérovym hladindm
zeleza (Pyatskowit a Prohaska 2008). Pievzato z: Collins et al. (2010).
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Ferroxidasy hephaestin a ceruloplasmin hraji dilezitou roli v transportu Zeleza
ve stieve. Aktivita hephaestinu je zavisla na normalnich hladinach médi (Chen et al.
2006). Pii jejim nedostatku byla pozorovana snizena absorpce Zeleza (Reeves a DeMars
2004), zitejmé pravé na podklad¢é snizené aktivity duodenalniho hephaestinu (Reeves
et al. 2005). Analogické vysledky byly ziskany také v in vitro experimentech s Caco-2
bunikami (Chen et al. 2009). Bylo zjisténo, Ze ceruloplasmin muze také participovat na
intestinalnim transportu Zzeleza, zejména pii stavech hematopoetického stresu
(Cherukuri et al. 2005). Ke zménam Vv absorpci jednoho z téchto stopovych prvkt muize
dochazet odchylkami v homeostaze toho druhého. Vstiebavani médi tak muze byt
zvySené pii nedostatku Zeleza (Collins et al. 2005, Ravia et al. 2005, Collins et al.
2009), coz pravdépodobné souvisi s pozorovanou zvySenou expresi MRNA ATP7A
a vlastniho proteinu pii deficitu Zeleza (Collins et al. 2005, Ravia et al. 2005). Bylo
zjisténo, Ze geny pro transportér Zeleznatych iontt DMT1 a enzym redukujici zelezité
ionty CYBRD1, tedy proteiny vyznamné pro absorpci Zeleza, jsou regulovany hypoxii
indukovanym faktorem HIF-2a (HIF z angl. hypoxia inducible factor) (Shah et al.
2009). HIF faktory jsou stabilizovany médi, ¢imz dochazi ke zvySeni exprese HIF-
responzivnich gentd (Martin et al. 2005, Feng et al. 2009). Zvysena hladina médi
Vv enterocytech, jatrech a télesnych tekutinach tak muze hrat roli ve zvySeni aktivity
HIF, coZz ovliviluje geny souvisejici s intestindlni a nasledné télesnou homeostazou
zeleza (Collins et al. 2010).

Metabolismus Zeleza a médi v hepatocytech je propojen ferroxidasou
ceruloplasminem (Harris et al. 1999). Z neznamych pfi¢in se navic jaterni koncentrace
médi méni inverzné ke stavu zeleza (Collins et al. 2010).

Metabolismus meédi a Zeleza v retikuloendotelidlnich makrofazich je opét

propojen pies ceruloplasmin. Nedostatek této ferroxidasy vyplyvajici z dietniho stradani
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médi nebo genové ablace ma za nasledek akumulaci Zeleza v retikuloendotelialnich
bunkach sleziny a jater (Harris et al. 1999). Buné¢na forma ceruloplasminu vazana na
glykosylfosfatidylinositol je rozhodujici pro uvolnéni Zeleza z uvedenych bunék vice
nez cirkulujici forma (Collins et al. 2010).

Dulezité je zminit, ze interakce médi s Zelezem jsou ovlivnény vékem
(homeostatické mechanismy se 1iSi mezi détmi a dosp€lymi) a zivociSnym druhem
(Collins et al. 2010). Kuptikladu ptijem Zeleza ve stievé kojicich saven, véetné lidi,
muze zaviset spise na laktoferrinu nez na DMT1 (Lopez et al. 2006). Dale je zajimaveé,
7ze upotkanti a mysi trpicich nedostatkem médi se vyviji tézka anemie, ale pouze
u potkantt dochazi ke sniZzeni plasmatickych hladin Zeleza (Pyatskowit a Prohaska

2008).
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2.2. Stavy spojené s poruchou homeostazy Zeleza a médi

Schopnost pfemény oxidac¢niho stavu, ktera Cini zelezo a méd’ esencialni pro
mnohé biologické procesy, je za jistych okolnosti paradoxné podkladem jejich toxicity.
Poruseni homeostazy piechodnych kovii je spojeno s celou fadou patologickych stavi.
V néekterych piipadech dochazi k absolutni ztrat€¢ rovnovahy kovu a jeho nadmérnému
hromadéni v organismu (napt. hereditarni hemochromatéza, Wilsonova choroba), nebo
naopak jeho nedostatku (napi. Menkesova choroba). V dalSich ptipadech dochazi
Kk ur¢ité dysbalanci kovu, jejiz pfic¢inny vztah k rozvoji onemocnéni ¢asto neni zcela
znam. Zakladem Skodlivého plisobeni redoxné aktivniho Zeleza a médi je navozeni
oxida¢niho stresu. Divodem je schopnost piechodnych kovi podporovat reakce
vedouci k tvorbé reaktivnich forem kysliku (Delangle a Mintz 2012).

Za pritomnosti aniontu superoxidového radikalu nebo redukénich ¢inidel, jako
glutathion ¢i kyselina askorbova, mohou byt Zelezit¢é a médnaté ionty redukovany

(Gaetke a Chow 2003, Jomova a Valko 2011):
Fe* +0,” - Fe”" +0,
Cu**+0," »Cu' +0,
Oba kovy jsou v redukovaném stavu schopny katalyzy Fentonovy reakce, jejimz

produktem je mj. vysoce toxicky hydroxylovy radikal (Gaetke a Chow 2003, Prousek

2007, Jomova a Valko 2011):

Fe’ +H,0, > Fe* +OH* +OH"

Cu*+H,0, >Cu* +OH* +0OH"

Kombinaci Fentonovy reakce a redukce kovli superoxidovym radikalem
vyjadiuje Haberova-Weissova reakce, jejimz katalyzatorem je piechodny kov (M):

0, " +H,0,—% >0, +0OH" +0OH"
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Hydroxylovy radikal, jehoz biologicky polocas ve vodném roztoku je kratsi nez
1ns (Pastor et al. 2000), mize reagovat v podstat¢ s jakymikoli biologickymi
molekulami, véetné nukleovych kyselin, lipidi a proteini (Jomova a Valko 2011). Méd
muze byt dokonce 10-60x u¢innéjsi nez zelezo v katalyze Fentonovy reakce (Shinar

et al. 1989).

S ohledem na zaméfeni disertaéni prace budou v nasledujicim textu podrobnéji
zpracovany patologické stavy spojené se zvySenou akumulaci pfechodnych kovii nebo

jejich dysbalanci.
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2.2.1. Chronické pretiZeni Zelezem

Ne¢kolik miliont lidi na celém svété trpi chronickym pretizenim Zelezem se
zavaznymi klinickymi dopady (Flaten et al. 2012). Tento stav je disledkem vrozeného
onemocnéni a/nebo je navozeny opakovanymi krevnimi transfuzemi.

Hereditarni hemochromatéza je vrozena porucha homeostazy zeleza,
klasifikovana do ¢ty typt na zakladé pti¢inné mutace (Tabulka 3). Podkladem vétSiny
hemochromatéz (typy 1-3) je snizena produkce hepcidinu s naslednou hyperabsorpci
Zeleza z potravy, typ 4 je spojen s neschopnosti ferroportinu vazat hepcidin nebo jeho
rezistenci k hepcidinu, protoze ferroportin je mutovan (Kanwar a Kowdley 2013).
Dochazi k ukladani zeleza v riznych organech — jatrech, pankreatu, srdci, hypofyze,
kazi a kloubech — a jejich poSkozeni srozvojem fibrozy, cirhozy jater a hepatoce-
lularniho karcinomu, diabetu, kardiomyopatii a dalsim postizenim (Kanwar a Kowdley
2013). Labilni plasmatické Zelezo, tj. Zelezo nevazané na transferin, je povazovano za
hlavniho ¢initele zptsobujiciho oxidaéni poskozeni (Cabantchik 2014). V diagnostice
onemocnéni se pouzivaji stanoveni sérového feritinu, saturace transferinu a jaterni
biopsie. Velky pokrok znamenalo zavedeni genetického testovani a zobrazovaci
techniky magnetické rezonance (Kanwar a Kowdley 2013). Lécba spoc¢iva v odstranéni
zeleza z téla terapeutickou flebotomii (venesekcei), coZ je metoda levnd, Ucinnd a jedno-
ducha (Kontoghiorghes et al. 2010). Pouziti chelatort zeleza je vyhrazeno pro pacienty,
ktefi nejsou schopni nebo ochotni podstoupit flebotomii (Nielsen et al. 2003). Nové
terapeutické moZnosti potencialné predstavuji hepcidinovd mimetika nebo stimulatory
produkce hepcidinu. Tyto latky jsou v soucasné dobé intenzivné studované (Ruchala

a Nemeth 2014).
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Tabulka 3. Typy hemochromatézy

Typ Nazev Mutovany gen | Typ dédi¢nosti Patogeneze
klasicka _ o
1 HFE recesivni snizeny hepcidin
hemochromatéza
juvenilni HJV (gen pro o inhibice exprese
2A ) . recesivni .
hemochromato6za hemojuvelin) hepcidinu
juvenilni HAMP (gen pro . o o
2B ] L recesivni snizeny hepcidin
hemochromato6za hepcidin)
TfR2 (gen pro poruseni kontroly
3 hemochromatéza transferinovy recesivni hladiny zeleza, snizeny
receptor 2) hepcidin
snizeny export zeleza
,ferroportinova SLC40A1 (gen . z makrofagi
4 ) dominantni
nemoc* pro ferroportin) a enterocytu, vzacné
rezistence k hepcidinu

Prevzato z: Kanwar a Kowdley (2013).

Hlavni pficinou ziskaného pietiZzeni zelezem jsou posttransfuzni stavy — tzv.
transfuzni sider6za. Nadmérna potravni konzumace Zeleza je velmi vzacna (Brissot
etal. 2008). Pacienti se zavaznymi hematologickymi onemocnénimi, piedev§im
anemiemi s neefektivni erytropoezou (B-talasemii a srpkovitou anemii), jsou léceni
opakovanymi krevnimi transfuzemi (Flaten et al. 2012). Tato terapie vSak ma dvé
strany: kazd4 jednotka krevni transfuze obsahuje velké mnoZstvi Zeleza, které se
v organismu hromadi, nebot’ lidské télo postrada aktivni zptsob vylouceni prebyte¢ného
kovu. Dva zdkladni mechanismy se podileji na rozvoji pietizeni: vlastni naloz Zeleza
opakovanymi transfuzemi a nedostatek hepcidinu pii neefektivni erytropoeze. ZvySena
aktivita kostni dfené v tomto ohledu totiz ptevysSuje reakci na pretizeni zelezem (Brissot
et al. 2008). Na rozdil od hemochromatozy, u které dochazi primarné k poSkozeni jater,
je srde¢ni poskozeni nejcastéjsi pficinou smrti u talasemickych pacientti podstupujicich
opakované krevni transfuze (Borgna-Pignatti et al. 1998). Pii expozici vysokym
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hladinam zeleza se vyznamné znamky organového selhdni projevi obecné zhruba za
deset let (Coates 2014). Hlavnim pilifem 1é¢by transfuzni siderozy je chelata¢ni terapie,
jez byla rozsahle pouzita zvlasté u pacientd s thalassaemia major. Flebotomie v téchto
ptipadech nemuize byt pouzita (Flaten et al. 2012). Chelatory maji odstranit nadbyte¢né
zelezo z organismu, ihned také vazi volny kov a poskytuji tak ochranu pfed oxida¢nim
poskozenim (Coates 2014). Délka terapie koresponduje s transfuzni 1é¢bou, u vétSiny
pacientd je nutné dozivotni podavani (Brittenham 2011). Kromé kontroly ucinnosti
chelata¢ni 1écby musi byt také peclivé monitorovany nezadouci ucinky pouzitych 1é¢iv
(Brittenham 2011). V soucasné dob¢ jsou klinicky pouzivany tii latky: deferoxamin,
deferipron a deferasirox. Deferoxamin béhem svého vice nez Ctyficetiletého pouziti
znamenal zachranu zivota tisicii pacientl (Aaseth et al. 2014), posledni dvé jmenovana
lé¢iva vSak znamenaji pokrok v 1é¢bé, i vzhledem Kk moznosti peroralni aplikace.
Kombinacni terapie riznymi chelatory Zeleza pfinasi benefit v podobé zvySené exkrece

kovu a snizeni vedlejsich G¢inku (Sheth 2014).
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2.2.2. Wilsonova choroba

Wilsonova choroba, oznaCovana téz jako hepatolentikularni degenerace, je
vzacna dédi¢na porucha metabolismu médi, poprvé definovana jako syndrom v roce
1912 (Wilson 1912). Prevalence tohoto autozomalné recesivniho onemocnéni je zhruba
1/30 000, ackoliv se riizni napfi¢ populacemi (Mak a Lam 2008). Nemoc je Kklinicky
velmi variabilni, stejn¢ jako rizné mutace, které ji zptusobuji (Bandmann et al. 2015).
Projevuje se zejména jaternim a/nebo neurologickym postizenim (Bandmann et al.
2015), a pokud neni léCena, zpusobuje tézkou invaliditu a smrt (Ala et al. 2007).
Pfic¢inny gen na chromozému 13, ATP7B, koduje stejnojmennou ATPasu transportujici
meéd’ (Bandmann et al. 2015). Pti Wilsonové chorobé je ATP7B mutantni a jeho expresi
vznikd protein, ktery neni schopny transportovat méd’, je naruSena sekrece holo-
ceruloplasminu do plasmy a exkrece médi do Zluce. Hromadéna méd’ je nasledné
uvolnovana do plasmy ve formé& nevazané na ceruloplasmin. Tato méd’ je vazana
volngji na jiné komponenty plasmy a je zvySené exkretovana ledvinami, ale i ukladana
do riznych tkani (Brewer 2009, Kodama et al. 2012). SniZzena koncentrace
ceruloplasminu navic narusuje i homeostazu zeleza (Merle et al. 2010). Krom¢& obecné
uznavaného patofyziologického mechanismu na podkladé¢ oxida¢niho poskozeni
z divodu pietizeni médi (Ferenci 2005) spousti nerovnovaha tohoto kovu fadu
specifictéjSich metabolickych odpovédi, které pravdépodobné vyznamné ovliviiuji
rozvoj nemoci (Burkhead et al. 2011). Neurologické symptomy se vyskytuji u 40-50 %
nemocnych (Walshe 1962) a obvykle za¢inaji ve druhé a tieti dekadé zivota (Machado
et al. 2006). Priznaky choroby vSsak mohou nastoupit i v podstatné pozd¢jsim véku (Ala
et al. 2005). Neurologické priznaky mohou byt dystonické, ataktické nebo
parkinsonické, mohou se rovnéz kombinovat (Machado et al. 2006). Jaterni postizeni se

muze manifestovat jako akutni jaterni selhani i chronické jaterni poSkozeni. Nemocni
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maji vyssi riziko rozvoje hepatocelularniho karcinomu, navzdory terapii (Kodama et al.
2012). Pro diagn6zu Wilsonovy choroby se pouZzivaji nasledujici vySetfeni: pfitomnost
Kayserovych-Fleischerovych prstencii (Obrazek 2), stanoveni sérové koncentrace
ceruloplasminu, analyza 24h exkrece médi mo¢i, penicilaminovy test, stanoveni jaterni
médi a inkorporace %Cu do sérového ceruloplasminu. Déle se uplatiiuji zobrazovaci

metody, napf. magneticka rezonance, a genetické testovani (Ala et al. 2007).

Obr. 2. Kayserovy-Fleischerovy prstence

Hromadéni médi vytvari zlaté¢ hnédé zabarveni vnéjsiho okraje rohovky. Pievzato z: Ala et al.

(2007).

Wilsonova choroba byla postupné progredujici a smrtelna nemoc az do roku
1951, kdy byl pouzit intramuskularné dimerkaprol (BAL, z angl. British anti-Lewisit)
jako prvni chelatujici c¢inidlo. Revoluci v 1é¢bé piedstavovalo zavedeni peroralné
ucinného chelatoru penicilaminu v roce 1956 (Walshe 1956), v roce 1969 nasledoval
trientin jako alternativa pro pacienty netolerujici penicilamin (Walshe 1969).
Farmakologicka lécba, jez musi byt dozivotni, ma dvé faze: inicidlni fazi, ktera je
agresivnéjsi a akutné snizuje mnozstvi médi vV organismu, a néaslednou fazi udrzovaci.
Nastaveni udrZzovaci 1é¢by pomahd piedchdzet predavkovani 1€Civy, které muze vést

k deficienci kovu (Weiss a Stremmel 2012). V soucasné dobé jsou k terapii Wilsonovy
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choroby pouzivany chelatory médi (penicilamin, trientin a tetrathiomolybdenan), soli
zinku, nebo se kombinuje chelator se zinkem. Chelata¢ni latky vazi méd’ piimo v Krvi
nebo tkanich a usnadnuji jeji exkreci, zatimco zinek interferuje s intestinalnim ptfijmem
kovu. Tetrathiomolybdenan muzZe pusobit obéma mechanismy. Dostupna data neumoz-
nuji definitivni doporuceni jedné chelata¢ni latky ptfed ostatnimi (Ala et al. 2007,
Bandmann et al. 2015), obecné je ale 1é¢ba Wilsonovy choroby uéinna (Ala et al.
2007). Problémem jsou vSak nezadouci ucinky 1é¢iv a paradoxni zhorSeni neuro-
logickych ptiznaki az u 20 % pacientdl po inicidlni terapii. Mechanismus této reakce
neni zcela pochopen, ale pravdépodobné dochazi k nadmérné mobilizaci meédi vedouci
ke zvyseni jeji volné frakce (Bandmann et al. 2015).

Zinek, jehoz zacatek pouziti spadd do 60. let 20. stoleti, interferuje s pfijmem
médi ve stievé. Jeho puasobenim dochdzi k indukci syntézy metallothioneinu ve
stievnich epitelialnich bunikach. To vede Kk piednostnimu vazani dietni médi v téchto
buiikach, které jsou nasledné fyziologicky odlouceny. Lécba solemi zinku je méné Casto
spojena se zhorSenim neurologickych projevl po inicialni terapii, vykazuje vSak nizsi
ucinnost a navozeni negativni bilance médi trva déle neZ pfi pouziti chelatort. Terapie
zinkem je Casto spojena s gastrointestinalnim diskomfortem (Ala et al. 2007, Bandmann
et al. 2015).

Krajnim feSenim u pacientl trpicich Wilsonovou chorobou je transplantace jater.
Koriguje jaterni genotyp, obnovuje schopnost exkrece médi a méla by byt uvazena
U pacientl vykazujicich akutni jaterni selhdni nebo dekompenzovanou cirhozu

(Bandmann et al. 2015).
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2.2.3. Neurodegenerativni onemocnéni

Navzdory tad¢ znamych patofyziologickych mechanismi neni vyvolavajici
pficina téchto chorob dosud piesné objasnéna. Zelezo a méd’ vykonavaji esencialni
funkce v mozkové tkani. Mozek piirozené koncentruje vysoké hladiny kovu, avSak
vysledky mnohych studii naznacuji souvislost piechodnych kovi S rozvojem
neurodegenerativnich onemocnéni (Delangle a Mintz 2012). Jedna se zejména
0 Alzheimerovu, Parkinsonovu a Huntingtonovu chorobu, amyotrofickou lateralni
sklerézu a dale aceruloplasminemii a Friedreichovu ataxii, kdy jsou zelezo a méd’
zapojeny do neurodegenerativnich mechanismi jako je agregace proteinu, tvorba
volnych radikalti a oxida¢ni stres (Rivera-Mancia et al. 2010, Ward et al. 2014). Nebylo
vSak dosud objasnéno, jestli oxidacni stres je pticinou, nebo nésledkem zikladnich
patologickych procesu (Eskici a Axelsen 2012).

Nejvice pozornosti v souvislosti s Alzheimerovou chorobou bylo vénovano
meédi, protoze amyloidni prekurzorovy protein a amyloidni beta peptidy maji vyznamné
interakce stimto kovem (Eskici a Axelsen 2012). U pacientd s Alzheimerovou
chorobou byly nalezeny zvysené koncentrace médi nevazané na ceruloplasmin v séru
a cerebrospinalni tekutiné (Bandmann et al. 2015). Naopak intracelularni meéd’
v mozkové tkani se zda byt nedostate¢na (Maynard et al. 2005), coz muze pfispivat
k akumulaci amyloidniho beta peptidu vné bun¢k (White et al. 2006). Nedavné studie
podporuji koncept nerovnovahy médi v mozku spiSe nez jeji samotnou akumulaci ¢i
deficienci, proto latky schopné vyvazit hladiny tohoto kovu, spiSe nez klasické
chelatory, jsou nyni rozsahle studovany (Manso et al. 2011, Faller 2012). V soucasnosti
je klinicky testovana jedina skupina latek vazajicich kov, 8-hydroxychinoliny (Ward
etal. 2014). Bylo prokazano, ze modelova latka kliochinol transportuje kov dovnit

bunky a kromé chelata¢ni schopnosti aktivuje signalni drahy vedouci k upregulaci
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metaloproteas v matrix a degradaci amyloidnich beta peptida (White et al. 2006).
Piibuzna latka PBT2 prokazala slibné vysledky v fadé in vivo modeli Alzheimerovy
choroby a také ve fazi 2 klinickych studii (Manso et al. 2011).

U Parkinsonovy choroby se naopak vice dokladi soustiedi na neurotoxicky
potencial zeleza (Rivera-Mancia et al. 2010), jehoz koncentrace jsou zvySené
v mozkové tkani u téchto nemocnych (Jellinger 2013). K depozici Zeleza v substantia
nigra mohou vést snizené hladiny ceruloplasminu (Jin et al. 2011).

Aceruloplasminemie je autozomalné recesivni onemocnéni zptsobené mutaci
genu pro ceruloplasmin, coz vede K poruse homeostazy Zeleza, nikoliv médi, v souvis-
losti s ferroxidasovou aktivitou tohoto proteinu. Redoxné aktivni kov se hromadi
v mozku, jatrech a pankreatu (Bandmann et al. 2015). Pro velmi nizké nebo nulové
koncentrace sérového ceruloplasminu muize byt aceruloplasminemie zaménéna
s Wilsonovou chorobou (Kerkhof a Honkoop 2014).

Friedreichova ataxie je také dédicné neurodegenerativni onemocnéni, jehoz
podkladem je defektni exprese mitochondridlniho proteinu frataxinu. Pfestoze presna
funkce frataxinu neni znama, jeho absence vede k naruseni metabolismu Zeleza, funkci
proteini obsahujicich Fe/S klastry a deregulaci redoxniho stavu bunky (Richardson
etal. 2013). Vzhledem Kk dokladim o porusené homeostaze zeleza byl vin vitro
modelech i u pacientt trpicich Friedreichovou ataxii (Santos et al. 2010) testovan vliv
chelatort tohoto kovu. Klinické studie s deferoxaminem a deferipronem vSak piinesly

rozporuplné vysledky (Richardson et al. 2013).
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2.2.4, Kardiovaskularni onemocnéni

Kardiovaskularni onemocnéni, mezi kterymi zaujima prvni misto ischemicka
choroba srdec¢ni, predstavuji celosvétoveé nejcastéjsi pricinu amrti (Mendis et al. 2011).
Volné¢ kyslikové radikdly hraji tstiedni roli v patogenezi postischemického
myokardialniho reperfuzniho poskozeni (Powell a Tortolani 1992). Pii znovuobnoveni
prutoku ischemickym loZiskem jsou Zelezo a méd’ mobilizovany z myokardialnich
bunék do koronarni cirkulace. Vyplavené mnozstvi zavisi na trvani ischemie a koreluje
se stupném poskozeni srdce (Chevion et al. 1993, Berenshtein et al. 1997, Altekin et al.
2005). Zapojeni ptechodnych kovu do katalyzy tvorby velmi reaktivniho hydroxy-
lového radikalu vedlo k hypotéze, Ze pouziti specifického chelata¢niho agens by mohlo
udrzet kov v inaktivni form¢ a zabranit tak nezadouci reakci (Chevion 1988). Vyznam
zeleza v ischemicko-reperfuznim poskozeni byl podpoien in vitro studiemi ukazujicimi,
ze chelatace kovu ochranila srde¢ni tkan (DeBoer a Clark 1992), zatimco piidani zeleza
nebo médi zvysilo miru poSkozeni (Zeltcer et al. 1997). Ruzné chelatacni latky
v experimentalnich podminkach prokazaly slibné ucinky. Na modelu izolovaného
potkaniho srdce vykazal neokuproin, vysoce ucinny chelator Zeleza i médi (de Mello
Filho a Meneghini 1985), protektivni pusobeni jak pfi non-ischemickém, tak pfi
ischemicko-reperfuznim poskozeni (Applebaum et al. 1990). In vivo deferoxamin
i bathokuproin snizily tvorbu volnych radikaltt béhem reperfuze (Spencer et al. 1998).
Avsak v klinické studii deferoxamin podany pacientim s akutnim infarktem
myokardu s elevaci ST-segmentu, podstupujicim perkutanni koronarni intervenci, pies
zmirnéni oxida¢niho stresu neomezil velikost infarktu (Chan et al. 2012).

Ttebaze velké mnozstvi praci tykajici se patofyziologickych mechanismi
spojuje stav télesného Zeleza s kardiovaskularnimi nemocemi, epidemiologické studie

pfinaseji rozporuplné vysledky. Nadbytek Zeleza v téle, stejné¢ jako deficience kovu,
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jsou ve vétsing studii asociovany se zvySenym kardiovaskularnim rizikem. Na zakladé
observacnich studii vSak nelze stanovit kauzalni vztah (Lapice et al. 2013).

Méd” mé esencialni roli v kardiovaskularnim systému, zejména na podkladé
podpory angiogeneze a je také zapojena do regulace antioxidac¢nich aktivit (Kang 2011,
He a Kang 2013). Nedostatek médi ma nepfiznivé kardiovaskularni nasledky, avSak
vysoké koncentrace kovu Vv krvi jsou povazovany za nezavisly rizikovy faktor pro
myokardu (Kang 2011). Zvysené koncentrace médi a ceruloplasminu jsou nezavisle
asociovany se zvySenym rizikem mortality ze vSech pficin i pfi¢in kardiovaskularnich
(Grammer et al. 2014). Z dostupnych dat vSak neni mozno vyvodit, zdali tyto zvySené
koncentrace maji aktivni a kauzalni roli v rozvoji ateroskler6zy nebo jejich klinickych
nasledkl. Neni bez zajimavosti, Ze v mechanismu rozvoje kardiovaskuldrnich nemoci
byla dokumentovana role interakce médi s neesencialni aminokyselinou homocysteinem
(Kang 2011).

Na tomto misté nelze alespoii nezminit problematiku anthracyklinové kardio-
toxicity. Anthracyklinovd antibiotika jsou protinadorova lé€iva, hojné vyuzivana
v klinické praxi, jejichZz zavazny neZadouci ucinek pfedstavuje kardiotoxicita, vedouci
az k srde¢nimu selhani. Mechanismus této toxicity stale neni dofeSen, ackoliv se dlouho
predpokladalo, Ze v ném maé zasadni postaveni Zelezo participujici na tvorbé volnych
radikala. K této hypotéze vedla 1 skuteCnost, Ze znadmé kardioprotektivum dexrazoxan,
respektive jeho metabolit ADR-925, ptisobi jako chelator zeleza. Vyzkum analogickych
chelatorit vSak nevedl k uspokojivym vysledkim a dosavadni studie naznacuji, Ze
mechanismus pusobeni dexrazoxanu pravdépodobné spociva spise V katalytické inhibici

topoisomerasy II neZ v chelataci Zeleza (Simiinek et al. 2009, Vavrova et al. 2013).

29



2.2.5. Nadorova onemocnéni

Nadorova onemocnéni predstavuji vyznamnou pfi¢inu umrti ve vyspélych
zemich a celosv€tové zavazny zdravotni a socialni problém (Jemal et al. 2011).
Vzhledem Kk piibyvajicim dikazim o souvislosti pfechodnych kovi Zeleza a médi
s nadorovymi onemocnénimi jsou studovany chelatory kovu jako potencialni proti-
nadorova léciva.

U nadorovych bunck se obecné popisuje zvySeny piijem Zeleza, ktery vede
K jeho vy$§im intracelularnim hladinam (Torti a Torti 2013). Zelezo ma totiz zasadni
vyznam pro buné¢nou proliferaci. Jedna se o kofaktor enzymu ribonukleotidreduktasy,
je rovnéz zapojeno do regulace fady molekul dulezitych pro bunéény cyklus, véetné
cyklind, cyklin-dependentnich kinas (CDK) a jejich inhibitorti (Lane et al. 2014). Je
znamo, ze oxidacni stres indukovany Zelezem muze hrat roli v tumorigenezi navozenim
mutace DNA a aktivace onkogenu (Valko et al. 2006). Pti¢inny vztah je vSak obtizné
stanovit, nebot’ se jedna o velmi komplexni proces (Merlot et al. 2013). Zvysené
hladiny ¢i pfijem Zeleza jsou spojeny se zvySenym rizikem nékterych nadori, zejména
kolorektalniho karcinomu (Nelson 2001). Naopak u darct krve bylo pozorovano nizsi
riziko rozvoje nehematologickych malignit (Merk et al. 1990).

Plisobeni chelatori Zeleza jako potencialnich chemoterapeutik nadorovych
onemocnéni lze rozdélit na dva zakladni principy: snizeni hladiny kovu a podporu
tvorby reaktivnich forem kysliku (ROS, z angl. reactive oxygen species) (Torti a Torti
2013). Jednotlivé mechanismy, které jsou zodpovédné za protinadorovou aktivitu téchto
latek, jsou zndzornény na Obrazku 3. Se zamérem zvysit selektivitu k nddorovym
buitkdm jsou studovany razné piistupy, naptiklad konjugace chelatoru s tumor-

specifickym ligandem (Torti a Torti 2013).
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Obr. 3. Mechanismy protinadorového ucinku chelatora Zeleza

!f,/ 1. Iron 9
Deprivation v

Iron chelator complex

2. Inhibition of ribonucleotide
reductase

4. ROS production from
redox active chelators ~ " N\

Lipid peroxidation, protein

and/or DNA damage 5. Metastasis and
Tumour Suppressors

Na protinadorovém ucinku chelatorii zeleza se podileji nasledujici mechanismy: 1) snizeni
hladin zeleza v buice, 2) inhibice ribonukleotidreduktasy, 3) navozeni zastavy bunééného
cyklu, 4) podpora lokalizované a cytotoxické produkce ROS, 5) indukce supresorti metastaz
a tumorovych supresord (NDRG1, zangl. N-myc downstream regulated gene 1, respektive
proteinu p53). NDP, ribonukleosid-5'-difosfat; dNDP, 2’-deoxyribonukleosid-5"-difosfat.
Pievzato z: Lane et al. (2014).

Rada latek vykézala slibné w¢inky v in vitro a in vivo experimentech (Merlot
etal. 2013), informace z klinickych studii jsou vSak zatim nedostate¢né. Zajimavou
skupinou syntetickych chelatori specificky navrzenych pro terapii nédorti jsou
thiosemikarbazony, znichz 3-aminopyridin-2-karbaldehyd-thiosemikarbazon (3-AP,
Triapine®) dokonce vstoupil do nékolika klinickych studii faze 1 a 2 (Lane et al. 2014).

ZvySené sérové 1 tkanové hladiny médi byly nalezeny u nékolika typti néddort

a koreluji se stadiem nadoru a/nebo jeho progresi (Gupte a Mumper 2009). Méd’ hraje
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ustfedni roli v angiogenezi, procesu klicovém pro rust nadoru (Finney et al. 2009,
Gupte a Mumper 2009, Antoniades et al. 2013). Kromé samotnych chelatort médi,
které¢ vykazuji antiangiogenni potencial a/nebo cytotoxicky potencial k nadorovym
buiikdm produkci ROS, jsou studovany také ucinky komplexti rozlicnych liganda
smédi (Gupte a Mumper 2007, Gupte a Mumper 2009, Brewer 2014). Nejvice
pozornosti bylo vénovano schopnosti téchto komplext interagovat s DNA, zjistény vSak
byly i dal$i molekularni cile, topoisomerasy nebo proteasom (Santini et al. 2014).

Neni bez zajimavosti, ze metabolismus médi ma souvislost s rezistenci
nadorovych bunék k platinovym cytostatikim: zvySena exprese hCTR1, ktery pfedsta-
vuje vyznamny transportér pro cisplatinu (Ishida et al. 2002), je spojena s pfiznivymi
vysledky 1é¢by témito chemoterapeutiky (Kuo et al. 2012). Protoze exprese hCTR1
Snaslednym zvySenim piijmu cisplatiny do bunky mulze byt indukovana depleci
buné&¢nych hladin médi (Kuo et al. 2012), logickym vytsténim je kombinaéni 1écba
chelatorem médi trientinem s karboplatinou, testovana ve fazi 1 klinického zkouSeni (Fu

et al. 2012).
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2.2.6. Diabetes mellitus

Vyznamné je diskutovano zapojeni Zeleza i médi do rozvoje diabetu mellitu
ajeho chronickych komplikaci, chelatace téchto kovi tak muZze predstavovat
terapeuticky pfistup zmiriiujici zévaznost stavu a mortalitu diabetickych pacienta
(Cooper 2012, Hansen et al. 2014).

Zelezo je vyzadovano pro spravnou funkci B-bundk Langerhansovych ostrivkd
pankreatu a tim homeostazu glukozy (Hansen et al. 2014), hraje vSak piimou roli
V patogenezi onemocnéni prostfednictvim inzulinové rezistence i1 selhani B-bunék
(Simcox a McClain 2013). Zakladni mechanismy tohoto vlivu zahrnuji oxida¢ni stres
a modulaci adipokint a intracelularnich signalnich drah (Simcox a McClain 2013).
Ackoliv fada experimentilnich studii na zvifecich modelech a prikaznych
epidemiologickych studii doklada zvysSené riziko rozvoje diabetu Vv souvislosti se
zelezem, na zékladé omezenych intervencnich studii nelze zatim potvrdit ani vyvratit
hypotézu, ze snizeni hladin Zeleza v téle zlepSuje stav nemoci (Kunutsor et al. 2013,
Simcox a McClain 2013, Hansen et al. 2014, Orban et al. 2014).

Zatimco nékteré experimentalni prace spojuji méd’ s patogenezi diabetu mellitu
(Tanaka et al. 2009), pfedmétem zajmu je v piipadé médi predevsim jeji souvislost
s rozvojem chronickych diabetickych komplikaci a vliv chelatorti tohoto kovu (Keegan
et al. 1999, Eaton a Qian 2002, Hamada et al. 2005, Gong et al. 2008, Cooper et al.
2009, Cooper 2012). Hyperglykemie a souvisejici metabolické poruchy totiz narusuji
homeostdzu médi, dochazi k poskozeni citlivych tkani oxidacnim stresem a rozvoji

zavaznych komplikaci (Cooper 2012).
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2.2.7. Revmatoidni artritida

U revmatoidni artritidy byly ve vétSiné studii zjistény zvySené plasmatické
koncentrace médi, a ackoliv patofyziologie homeostazy médi neni u tohoto onemocnéni
zcela objasnéna, pravdépodobné dochazi ke zvySené syntéze a sekreci ceruloplasminu
vlivem zanétlivych cytokini (Honkanen et al. 1991, Zoli et al. 1998, Yazar et al. 2005,
Onal et al. 2011, Strecker et al. 2013). Piestoze je D-penicilamin uzivan mnoho let
v terapii revmatoidni artritidy, mechanismus jeho Géinku zfejmé nesouvisi se schopnosti

chelatovat méd’ (Omoto et al. 2005, Wood et al. 2008).
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2.3. Chelatory Zeleza a médi

Chelatace znamena tvorbu C¢i pfitomnost dvou nebo vice samostatnych
koordina¢nich vazeb mezi vicevaznym ligandem a jednim centralnim atomem (Muller
1994). Obvykle jsou témito ligandy organické slouceniny oznaCované jako chelatory
nebo chelatacni Cinidla, které timto zplisobem vazi kationt kovu. Uvedené terminy
pochazeji zfeckého slova znamenajiciho Klepeto, a tak velmi vystizné vyjadiuji

strukturu vzniklého komplexu (chelatu, Obrazek 4) (Morgan a Drew 1920).

Obr. 4. Komplex Zeleza s deferoxaminem

Kalinowski a Richardson (2005), upraveno.

Terapie chelatory ptedstavuje ptimy pfistup k feSeni patologickych stavi
spojenych s nadbytkem nebo akumulaci kovu v organismu (Ding et al. 2011). Typicky
je tento pfistup v klinické praxi uplatiiovan u transfuzniho pietizeni zelezem a Wilso-
novy choroby (viz kapitoly 2.2.1. a 2.2.2.). V téchto ptipadech je chelata¢ni 1é¢ba zcela
zasadni, prodluzujici zZivot pacientd (Ala et al. 2007, Flaten et al. 2012). Ptehled
Vv soucasnosti klinicky pouzivanych chelatort, véetné jejich vyznamnych charakteristik,
je uveden v Tabulkach 4 a 5.

Chelatacni terapie vSak neznamena pouze vyvazani nadbyte¢ného kovu a jeho
odstranéni z organismu — chelatory mohou regulovat redoxni cyklus pfechodnych kova

nebo meénit distribuci kovu v organismu, pusobit jako chaperony. Dale tyto latky
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predstavuji nastroj pro studium bunécnych procesti souvisejicich s transportem,
uchovanim nebo vyuzitim piechodnych kovl, na bunécné urovni i Urovni celého
organismu (Ding et al. 2011). Mimo uvedeného je tieba vzpomenout také vyuziti
chelata¢nich latek v pfipad¢ intoxikaci kovy (Chang a Rangan 2011, Aaseth et al.
2014).

V kontrastu s relativné omezenym poétem latek v klinické praxi je Siroka paleta
sloucenin s chelatacnimi vlastnostmi zkouSena v fad¢ potencidlnich terapeutickych
aplikaci v experimentalnich modelech nebo klinickém testovani. Vyznamné skupiny
latek, které jsou pfedmétem soucasného vyzkumu, uvadi Tabulka 6.

Utinek chelatorti je ve své podstaté nespecificky, na rozdil od naprosté vétsiny
pouzivanych léciv, které farmakodynamicky piisobi na konkrétni cilovou strukturu. Pro
pochopeni ucinku téchto latek je vSak tfeba vychazet z patofyziologickych poznatkil
0 konkrétnich onemocnénich ¢i poruchach, u nichz dochéazi bud’ k absolutnimu pietizeni
zelezem/médi v organismu, nebo k dysbalanci téchto kovu, ¢asto s dokumentovanym
zvySenim voln&ji vazané, tzv. labilni, chelatovatelné frakce kovu (Cabantchik 2014,
Bandmann et al. 2015). Selektivni u¢inek chelatoru se v nékterych piipadech vysvétluje
hypotézou, ze snizeni sérovych koncentraci kovu inaktivuje v prvni fadé proteiny
zavislé na jeho vysSich hladinach, nez které jsou zapotiebi pro zakladni bunécné
procesy (Sen et al. 2002). U nékterych stavii navic dochazi k odlisnym zménam
vV metabolismu kovu v riznych kompartmentech (Squitti a Zito 2009, Kang 2011)
amisto prosté chelatace je za vyhodnéjsi piistup povaZovano obnoveni rovnovahy
ptechodného kovu (Ding et al. 2011, Delangle a Mintz 2012). Toxicita chelatort
vyplyva z nékolika faktorti, zejména inhibice enzymu zavislych na Zeleze/médi, nizké
selektivité ke kovim a moznosti vazaného kovu podstoupit redoxni cyklus (Liu a Hider

2002).
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Razné chelatory maji odlisné vlastnosti, které vedou k jejich specifickému uziti

za urcitych okolnosti (Ding et al. 2011). Mezi vyznamné aspekty patii pfedevsim:

1) Selektivita k centralnimu kovu

Ze struktury, konkrétné povahy jednotlivych donorovych atomd, vyplyva nejen
selektivita chelatoru K riznym kovim, ale také k uréitému oxida¢nimu stupni daného
kovu (Ding et al. 2011, Delangle a Mintz 2012, Aaseth et al. 2014). Jako piiklady lze
uvést velmi selektivni trientin a ethylendiamintetraoctovou kyselinu (EDTA), resp. jeji
soli, majici vysokou afinitu k fadé dvojmocnych a trojmocnych ionta (Cooper 2012,
Aaseth et al. 2014). Nedostate¢na selektivita muze vést k depleci nékterych

fyziologicky dulezitych kovu (Liu a Hider 2002).

2) Stechiometrie a stabilita komplexu

Komplexy, v nichz nejsou koordinaéni mista plné obsazena, jsou nachyln&jsi
k produkci toxického hydroxylového radikalu (Filipsky et al. 2013, Merlot et al. 2013).
Sestivazny chelator deferoxamin tvoii stabilni komplex se Zelezem v poméru 1:1
a zabranuje piimému pfistupu peroxidu vodiku nebo kysliku ke kovu, jenz se stava
redoxné¢ neaktivni (Kalinowski a Richardson 2005). Komplex deferipronu
v mikromolarnich koncentracich pti pH 7 ma stechiometrii 3:1 (deferipron:Fe)
(Motekaitis a Martell 1991). Ve velmi ziedénych roztocich vSak byly pozorovany
chelaty s pomérem 1:1 nebo 2:1 (deferipron:Fe) a nekompletni koordinaci Zeleza, ktera
dovoluje tvorbu ROS (Merlot et al. 2013). Tato skute¢nost miize prispivat k toxicité
deferipronu (Merlot et al. 2013). Na druhou stranu potenciace redoxniho cyklu
ptechodného kovu muze byt ptizniva pii terapii nadorovych onemocnéni (Kalinowski
a Richardson 2005, Lane et al. 2014). Znalost stechiometrie komplexu ma tedy klinicky

vyznam.
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3) Lipofilné-hydrofilni charakter

Tato fyzikélné-chemickéd vlastnost urcuje farmakokinetiku latky. Dostatecna
lipofilita je tak zasadni naptiklad u chelatacnich latek studovanych pro 1écbu
neurodegenerativnich  onemocnéni  (Budimir 2011). Vysoce polarni povaha
deferoxaminu znemoziuje jeho aplikaci peroralni cestou (Callender a Weatherall 1980).
Lipofilné-hydrofilni charakter chelatoru také miize obéma sméry ovlivnit absorpci

pfechodného kovu v gastrointestinalnim traktu (Kontoghiorghes 1990).

4) Vliv pH prostredi

Kyselost ¢i zasaditost prostiedi mize mit velky vyznam nejen pro
farmakokinetické vlastnosti chelatoru, ale i vlastni UCinnost vazani kovu. Je tfeba
uvazovat jak fyziologické rozdily pH v riznych organech ¢i tkanich, tak poméry dané
patologickymi stavy, napt. ischemii a nadory (Mladénka et al. 2011).

5) Metabolismus latky

Nékteré latky podléhaji intenzivni metabolické pfeméné, at’ jiz v jatrech,
gastrointestinalnim traktu ¢i jinych tkénich, coZ mize mit vliv na chelata¢ni vlastnosti

a vyslednou téinnost i toxicitu (Liu a Hider 2002).
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Tabulka 4. Klinicky pouzivané chelatory Zeleza a jejich zakladni charakteristika

Chelator

P¥ipravky registrované v CR,

indikace

Zpusob podani,
farmakokinetické

vlastnosti

Mechanismus
ucinku, zptsob

chelatace

Hlavni nezadouci u¢inky

deferoxamin

(desferrioxamin B)*

g J )
NN
Hom/l
-0 On"So

N~
OH OH

NH, O\TN

Desferal® (deferoxamin mesylat)
- transfuzni hemosider6za
- primarni hemochromatéza se
soubéznym onemocnénim
vylucujicim flebotomii

- akutni intoxikace Zelezem

kontinualni s.c. nebo
i.v. infuze, podavani
8-12 h 5-7 dni
v tydnu, exkrece
zlu¢i 1 moci,

to 20-30 min

Sestivazny chelator,
komplex 1:1,
predev§im
extracelularni

chelatace

alergické a kozni reakce,
infekce, krevni zmény, zrakové
a sluchové obtize, syndrom
dechové tisn€, hypotenze pfi

rychlé infuzi

deferipron (L1)

Ferriprox®

p.o., 3x denng,

dvojvazny chelator,

gastrointestinalni diskomfort,

N - zvySena zatéZ zelezem u pacientl komplex 3:1, .
N ) ) ) predevs§im rendlni agranulocyt6za a neutropenie,
s thalassaemia major, u kterych je predevsim
N ] exkrece, deplece zinku, bolest svalil
N\ lécba deferoxaminem intracelularni
ho © o ti2 1,5-2,5 h a kloubd
kontraindikovana nebo nedostate¢na chelatace?
Poznamky:

! ptirodni latka izolovana z bakterie Streptomyces pilosus (Brittenham 2011)

2 yyssi kardioprotektivni efekt ve srovnani s deferoxaminem u chronického pietizeni zelezem (Pepe et al. 2011)
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Pokracovani tabulky 4

Chelator

P¥ipravky registrované v CR,
indikace

farmakokinetické

Zpusob podani,

vlastnosti

Mechanismus
ucinku, zptsob

chelatace

Hlavni nezadouci ucinky

deferasirox (ICL670)

HO™ ?
NTN
0
OH

Exjade®
- transfuzni hemosider6za
- chronické ptetizeni zelezem
U pacientt s talasemii nezavislou
na podavani krevnich transfuzi
v ptipadech, kdy je 1écba
deferoxaminem kontraindikovana

nebo nevhodna

p.o., 1x denng,
exkrece prednostné

ﬂu(v:i, tio 8-16 h

trojvazny chelator,

komplex 2:1

gastrointestinalni diskomfort,
zvySeni hladin kreatininu,
ledvinné a jaterni poskozeni,

vyrazka

dexrazoxan (ICRF-187)
O

HJ\NH
0 N\/g
Y\N/\‘/ o)
HNW)

(@)

Cardioxane®, Cyrdanax®, Savene®
(dexrazoxan hydrochlorid)
- prevence chronické kumulativni
kardiotoxicity zptisobené
anthracyklinovymi antibiotiky

- lé¢ba anthracyklinové extravazace

(piipravek Savene®)

i.v. podani,
predevsim rendlni

exkrece, ti2 2-2,7 h

chelatace
zeleza/inhibice
topoisomerasy 11,3
mozny vliv
metabolitu ADR-925

hematologické poruchy,
zejména leukopenie,
gastrointestinalni diskomfort,

alopecie

Poznamky:

% mechanismus kardioprotektivniho u¢inku piehodnocovan (viz kapitola 2.2.4.)
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Tabulka 5. PouZzivané chelatory médi a jejich zakladni charakteristika

Chelator

Piipravky registrované v CR,

indikace

Zpusob podani,
farmakokinetické

vlastnosti

Mechanismus
ucinku, zptsob

chelatace

Hlavni nezadouci u¢inky

D-penicilamin?

o SH
HO

NH,

Metalcaptase®
- chronicka revmaticka polyartritida
- Wilsonova choroba
- otrava t¢zkymi kovy
- sklerodermie
- cystinurie s prokazanou tvorbou
mocovych kaménkt nebo pii

pokroc¢ilém stadiu onemocnéni

p.0., 2-4x denng,
predevsim renalni
exkrece, bifazicka

eliminace

reduktivni chelatace
médi, vyrazné

zvySeni jeji exkrece
moc¢i, indukce

metallothioneinu

cetné a zavazné; hypersenzitivni
reakce, horecka, vyrazka,
proteinurie, nefrotoxicita,
suprese kostni dfen¢, kozni
obtize, poruchy imunitniho
systému a pojivové tkane;
vysoké riziko poc¢ate¢niho
zhorSeni neurologickych

priznaki

trientin (triethylentetramin,

trien) suprese kostni diené,
I\ neni v CR registrovan, v zahranici chelatace predevsim proteinurie, jaterni sideroza,
NH NH p.0., 2-4x denn¢ o
[ 2 pouzivan? Cu? riziko pocate¢niho zhorSeni
NH  NH, neurologickych ptiznaka
—/
Poznamky:

! rozkladny produkt penicilinu (Abraham et al. 1943)

2 intenzivné studovan z hlediska prevence a 1é¢by chronickych diabetickych komplikaci (Cooper 2012)
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Pokracovani tabulky 5

. . L Zpisob podani, Mechanismus
i Pripravky registrované v CR, L .. . L —
Chelator indik farmakokinetické ucinku, zpusob Hlavni nezadouci ucinky
Indikace .
vlastnosti chelatace
tvoti komplex s medi
tetrathiomolybdenan a proteinem; uzivan
o s jidlem brani ] .
S\ /S ) p.o., 3x denng, . o anemie a leukopenie, zvySeni
Mo neni registrovan® absorpci médi, pii ] )
O X exkrece zIuci _ o hladin transaminas
S S uziti mezi jidly je
absorbovan
a chelatuje kov v krvi
Poznamky:

% intenzivné zkouman pro terapii nddorovych onemocnéni (Brewer 2014)
Udaje pouzité v Tabulkach 4 a 5 byly erpany z téchto zdroja: Muijsers et al. (1984), Liu a Hider (2002), Cvetkovié a Scott (2005), Ala et al. (2007),
Brewer (2009), Siminek et al. (2009), Brittenham (2011), Ding et al. (2011), Chang a Rangan (2011), Cooper (2012), Flaten et al. (2012), Kodama et
al. (2012), Vavrova et al. (2013), Sheth (2014), Mikro-verze AISLP - 2015.2.
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Tabulka 6. Vybrané vyznamné skupiny latek s chelataénim potencialem v experimentalnim nebo klinickém zkouseni

Skupina latek, priklad

Zastupci

Chelatovany kov

Potencialni indikace, u¢inky

8-hydroxychinoliny

N

=

N
OH

8-hydroxychinolin

kliochinol, PBT2, kloroxin

méd’, ale i zinek a zelezo

neurodegenerativni a nadorova
onemocnéni,
antimikrobialni G¢inky (kliochinol
a kloroxin klinicky pouzivany v této
indikaci)

thiosemikarbazony

NH, H
~. .N_ _NH,
X
| N
_N S

3-aminopyridin-2-karbaldehyd-
thiosemikarbazon (3-AP)

Dp44mT, DpC, 3-AP

Zelezo, ale 1 méd’ a zinek

nadorova onemocnéni

aroylhydrazony

HO
=
KD
|\ N,N S
N
/OH O

PIH (pyridoxal-isonikotinoylhydrazon)

PIH, SIH (salicylaldehyd-
isonikotinoylhydrazon),
BSIH (boronylester
salicylaldehyd-

isonikotinoylhydrazonu)

zelezo

nadorova onemocnéni, chronické pretizeni

organismu Zelezem
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Pokracovani tabulky 6

Skupina latek, priklad Zastupci Chelatovany kov Potencialni indikace, u¢inky

flavonoidy

ptes celou fadu studii nejsou jejich mozné

3-hydroxyflavon, kardiovaskularni G¢inky jednoznaéné
kempferol, baikalein, zelezo a méd’ dokumentovany, s vyjimkou u¢inkl
kvercetin, myricetin isoflavonoidt a podavani nékterych latek

u chronické zilni nedostate¢nosti

flavon
kumariny 6,7-dihydroxykumarin
0.0 (eskuletin), kardiovaskularni u¢inky, kumarinové
) ) zelezo a med’ ) ]
= 7,8-dihydroxykumarin antikoagulancia v klinickém pouziti
jednoduchy kumarin (dafnetin)

Udaje pouzité v tabulce byly ¢erpany z téchto zdrojii: de Kleijn et al. (2002), Kalinowski a Richardson (2005), Kokubo et al. (2007), Nicolaides et al.
(2008), Mladénka et al. (2010b), Ding et al. (2011), Schimmer (2011), Bareggi a Cornelli (2012), Eskici a Axelsen (2012), Merlot et al. (2013),
Prachayasittikul et al. (2013), Lane et al. (2014), Riha et al. (2014), Filipsky et al. (2015), Najmanova et al. (2015).



3. Cil prace

Cilem diserta¢ni prace bylo provést screening latek chelatujicich ptechodné
kovy Zelezo a méd’ a soucasné hloubg&ji studovat vlastnosti téchto latek v in vitro a in
vivo experimentech. Jelikoz se jedna o velmi $iroké téma, byly vytyCeny nasledujici
dil¢i cile:

* Provést resersi literatury tykajici se antioxidac¢nich t¢inkt kumarint.

e VVyvinout in vitro metodu pro screening chelatace a redukce iontti médi.

e Testovat chelatacni, ptipadné i redukéni G€inky vybranych latek ptirodniho a synte-
tického ptivodu.

e Pokracovat v praci skupiny ve studiu interakci flavonoidu s ionty zeleza, tj. dokoncit
studium vztahu redukce iontl zeleza flavonoidy a jejich antioxidac¢nich nebo pro-
oxidacnich u¢ink.

e Vyvinout in vitro metodu pro stanoveni stechiometrie komplexu chelatoru s ionty
zeleza.

* Na in vivo modelu isoprenalinové kardiotoxicity studovat u¢inky premedikace latkami

S rizné€ vyjadienym potencidlem chelatovat ¢i redukovat méd’ a/nebo zelezo.
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Abstract: Coumarins represent a large group of 1,2-benzopyrone derivatives which have been identified in
many natural sources and synthetized as well. Several studies have shown that their antioxidant capacity is
not based only on direct scavenging of reactive oxygen and nitrogen species (RONS) but other mechanisms
are also involved. These include: a) the chelation of transient metals iron and copper, which are known to catalyse the
Fenton reaction; and b) the inhibition of RONS-producing enzymes (e.g. xanthine oxidase, myeloperoxidase and lipoxy-
genase), suggesting that mechanism(s) involved on cellular level are complex and synergistic. Moreover, many factors
must be taken into account when analysing structure-antioxidant capacity relationships of coumarins due to different in vi-
tro/in vivo methodological approaches. The structural features necessary for the direct RONS scavenging and metal chela-
tion are apparently similar and the ideal structures are 6,7-dihydroxy- or 7,8-dihydroxycoumarins. However, the clinical
outcome is unknown, because these coumarins are able to reduce copper and iron, and may thus paradoxically potentiate
the Fenton chemistry. The similar structural features appear to be associated with inhibition of lipoxygenase, probably due
to interference with iron in its active site. Contrarily, 6,7-dihydroxycoumarin seems to be the most active coumarin in the
inhibition of xanthine oxidase while its derivative bearing the 4-methyl group or 7,8-dihydroxycoumarin are less active or
inactive. In addition, coumarins may hinder the induction of inducible NO-synthase and cyclooxygenase-2. Sparse data on

inhibition of myeloperoxidase do not enable any clear conclusion, but some coumarins may block it.

Keywords: Antioxidant, Copper, Coumarins, Iron, Lipoxygenase, Myeloperoxidase, Xanthine oxidase.

CLASSIFICATION AND OCCURRENCE OF NATU-
RAL COUMARINS

Natural coumarins are abundant derivatives of 2H-1-
benzopyran-2-one. This basic compound was the first cou-
marin isolated initially from tonka bean (Dipteryx odorata
Willd., family Fabaceae), which vernacular name “couma-
rou” gave the name not only to the compound itself but to
the whole class of these substances too. Since 1820, when
coumarin itself was isolated, over one thousand derivatives
have been identified [1-4].

Wide range of coumarins is produced by Angiosperm di-
cots belonging mainly to families Apiaceae and Rutaceae but
also to Asteraceae and Fabaceae and by some species of
monocots from families Poaceae and Orchideaceae [1-3, 5].
E.g. 7-hydroxycoumarin (umbelliferone, hydrangine, skim-
metine), one of the most common simple coumarins, is
found as aglycone in families Apiaceae, Rutaceae and As-
teraceac [6-8], or as glycoside skimmin in branches and
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sity in Prague, Heyrovského 1203, 500 05 Hradec Kralové, Czech Republic;
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stems of Hydrangea paniculata (Hydrangeaceae) or in
leaves and anthodia of Chamomilla recutita (Asteraceae) [9,
10]. Although coumarins are distributed throughout all parts
of a plant, the highest content of coumarins is usually in
fruits or seeds followed by roots, leaves and latex of some
species [1]. Simple coumarins, commonly found in plants,
arise from the metabolism of phenylalanine via cinnamic
acid and p-coumaric acid. The specificity of this process lies
in the 2-hydroxylation, izomerization and lactonization in
particular (Fig. 1) [2, 3]. Moreover, some members have
been discovered in microorganisms as well, e.g. novobiocin,
coumermycin Al and clorobiocin from bacteria Streptomy-
ces, and aflatoxins from Aspergillus species of fungi [11].

According to the chemical structure, coumarins can be
divided into the following groups: simple coumarins (includ-
ing biscoumarins and triscoumarins), pyranocoumarins,
furanocoumarins (Fig. 2) and miscellaneous coumarins (e.g.
coumarinolignans) [2, 4, 12].

POTENTIAL TOXICITY OF COUMARINS

Coumarins are metabolized in human and animals by cy-
tochromes P450 (CYP 450). Two pathways are considered to
be the most common (Fig. 4) [13]:

© 2015 Bentham Science Publishers
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* epoxidation in the positions C-3 and C-4, with cou-
marin-3,4-epoxide as the product;

*  7-hydroxylation.

The former is considered to be a potential risk because of
the toxicity [14]. However, its clinical outcome is not well
defined. Firstly, coumarin-3,4-cpoxide can be conjugated
with glutathione and thus detoxified or could be further me-
tabolized into ortho-hydroxyphenyl acetaldehyde which is
considered to be a hepatotoxic intermediate [13-19]. Sec-
ondly, this pathway is minor in humans and even in humans
with complete deficiency of 7-hydroxylation the chances on
formation of the hepatotoxic ortho-hydroxyphenyl acetalde-
hyde is lower than in rat [13, 19]. The reason is higher sus-
ceptibility of rats, because their major pathway of the cou-
marin metabolism leads to the mentioned epoxide while hy-
droxylation is the minor pathway [16]. In addition, there
have been attempts to relate pharmacogenctic profiles of
CYP enzymes and coumarin toxicity. At first, the mentioned
absence of 7-hydroxylation of coumarin in subjects express-
ing CYP2A6 form with Leul60His amino-acid substitution
(arising from the CYP2A6*2 allele) has been blamed for
increased production of hepatotoxic ortho-hydroxypheny-
lacetic acid [20]. On the other hand, it has been found that
the protein resulting from the presence of this variant allele
does not contain heme and is devoid of any enzyme activity
and hence unable to take part in formation of hepatotoxic
intermediate. Recently, another form of human microsomal
CYP of the CYP2A subfamily, CYP2A13, present mainly in
the lungs, has been characterized [21] and found to be ten
times less efficient in the formation of 7-hydroxycoumarin;
however, no conclusion regarding the coumarin toxicity has
been drawn out so far [22].

There have been also attempts to investigate the possible
carcinogenicity of coumarin in the literature as studies on
animals (rats, mice) indicated that coumarin may induce tu-
mours in some cascs (liver in rats, liver and kidney in mice).
However, the purported carcinogen, ortho-hydroxyphenyl
acetaldehyde was found to not be genotoxic. The results of
these studies were then interpreted that coumarin in these
cases induced the tumor formation by a non-genotoxic mode

L (L
- |
Z " coon L

cinnamic acid

COOH

o-cournaric acid (E-form)
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Fig. (1). Synthesis of coumarins in the plants according to Dewick [3].

49

i P O"(‘.‘:OOH
€ me

2 4-dihydroxycoumaric acid (E-form) 2 4-dihydroxycoumaric acid (Z-form)

Filipsky et al.

of action (reviewed in [14, 15, 19]). The Occupational
Health and Safety Administration concluded that due to The
International Agency for Research on Cancer classification
in Group 3, coumarin is not currently classifiable as a car-
cinogen in human [23].

Coumarin hepatotoxicity is still, however, an open ques-
tion. It became clear that a subgroup of human population
reacts sensitively to coumarin with hepatotoxic effects. De-
tailed studies on genetic polymorphisms in the CYP2A6
gene have shown that CYP2A6 gene polymorphism alone is
not the cause of the susceptibility to hepatotoxicity in this
human subgroup [15, 24]. A study with coumarin-troxerutin
combination realized under standard conditions indicated
that possibly previous hepatitis and elevated baseline level of
gamma glutamyl transferase may be the risk factors [25] but
the evidence for a metabolic cause of the high susceptibility
to hepatotoxicity is still missing. It has been also speculated
that a yet unknown immune mechanism may be involved
and coumarin hepatotoxicity hence appears to be an idiosyn-
cratic response potentially influenced by multiple outside
and inherent factors [15, 18].

The finding of hepatotoxicity as well as formation of tu-
mors in rats in long-term toxicity experiments led to ban of
synthetic coumarin in foods in the U.S. which has been fol-
lowed also by European Union in 1988 setting a 2 mg/kg
limit for food in general. In 2005, it was found that certain
cookies (mostly German traditional Christmas cookies), ce-
reals and teas may exhibit higher amounts of coumarin from
cinnamon and the limit of daily intake (TDI, tolerable daily
intake refers to the amount of a compound assessed safe for
human being on long-term basis) has been set to 0.1 mg/kg

body weight [15, 26].

The other important problem is that above mentioned
data are related mostly to the non-substituted coumarin, so
data on its derivatives are missing. Because of the mentioned
risk of epoxide formation and possible hematotoxicity and
carcinogenesis, most researchers used rather 4-methylde-
rivatives of coumarins because of the 4-methyl group block
the possible epoxide formation [27].
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Fig. (2). Classification of coumarins. (a) simple coumarin, (b) iso-
coumarin, (¢) furanocoumarin (¢l - linear furanocoumarin -
psoralen, ¢2 - angular furanocoumarin - angelicin), (d) pyranou-
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Fig. (4). Major pathways of coumarin metabolism. Cytochromes
P450 (CYP) contributing mainly to formation of the respective
metabolites are indicated. GST, glutathione S-transferase.

DIRECT RONS SCAVENGING POTENTIAL

A considerable amount of literature has been published
on experimental and theoretical elucidation of direct scav-
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enging effects of coumarins against reactive oxygen and ni-
trogen species (RONS). However, due to different methodo-
logical approaches, many factors must be taken into account
when analysing scavenging effects in relation to a coumarin
structure. These factors include particularly a nature and
concentration of the involved reactive species or oxidative
stress inducers, lipophilicity of a reaction microenvironment
(i.e. aqueous or alcoholic vs lipid peroxidation models), and
last but not least, the involvement of transient metals and
RONS-producing enzymes. An overview of the studies fo-
cussing on the direct scavenging effects is summarized in
this section and Table 1, in which it can be seen that a scav-
enging potential (shown as SCsq) of commonly tested simple
coumarins strongly depends not only on the chemical struc-
ture of a coumarin but on performed assays, resp. oxidative
stress inducers, as well.

In coumarins, the most crucial factor to reach the maxi-
mal scavenging effect towards various RONS is the presence
of two hydroxyl groups in the ortho-position in ring A be-
cause the catechol moiety may easily undergo a bi-electronic
oxidation leading to the formation of a highly stable quinone
structure [27-54]. Summarizing the studies, the 7,8-
dihydroxyl group and the similarly efficient 6,7-dihydroxyl
group are significantly superior to the 5,7-dihydroxyl one in
simple coumarins [27, 29-32, 36, 39, 41, 42, 45, 50, 55].
This priority has been observed in both hydrophilic and hy-
drophobic reaction environments via different methodolo-
gies, e.g. DPPH (1,1-diphenyl-2-picrylhydrazyl), ABST"
[2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)] or
peroxyl radical assays [APPH (2,2’-azobis(2-amidinopro-
pane)dihydrochloride, ORAC-FL wvalues (oxygen radical
antioxidant capacity-fluorescein)]. The exception seems to
be the scavenging of the superoxide anion in which 7,8-
dihydroxycoumarins (7,8-DHCs) were more active than
those of 6,7-dihydroxycoumarins (6,7-DHCs). Moreover,
7,8-dihydroxy-6-methoxycoumarin (fraxetin) containing the
electro-donating methoxyl group appeared to be slightly
more efficient than 7,8-DHCs [28, 31, 35, 41-45, 47]. Even
that it was also reported that 5,7-dihydroxy-4-methylcou-
marin scavenged hypochlorous acid more effectively than
ortho-dihydroxy-4-methylcoumarins, the ortho-dihydroxyl
site appears to be the most important [35, 49]. In line with
this finding, coumarins containing 4,5-dihydropyrazole with
an ortho-dihydroxyphenyl substitution are promising scav-
engers of different RONS [56, 57]. On the other hand, scav-
enging of RONS does not equal to a cytoprotection at all
conditions since 4-(chloromethyl)-5,7-dihydroxycoumarin
bearing the resorcinol group has been found to scavenge the
hydroxyl radical but simultaneously to be cytotoxic to the
bovine aortic endothelial cell line (BAEC) [53].

It has been theoretically suggested that the marginal dif-
ference between these 6,7 and 7,8 ortho-positions could be
ascribed to the higher capacity of 7.8-dihydroxyl to form
intramolecular hydrogen bonds which could prevent a for-
mation of intermolecular hydrogen bond with a hydrogen-
accepting solvent [37]. Moreover, introduction of a carboxyl
in the position C-5 may slightly enhance the scavenging ef-
fect of 7,8-dihydroxy-4-methylcoumarin (7,8-DHMC) in
both DPPH and peroxyl [ABAP assay; 2,2-azobis(2-
methylpropionamidine) dihydrochloride] assays [55].
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Table 1.

Scavenging effects of several simple conmarins towards various RONS and oxidative stress inducers.

Filipsky et al.

Substance

Chemical formula

8Cs

DPPH

0y
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peroxyl
AAPH
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(Table 1) contd....
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Substance Chemical formula
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Data express representative scavenging concentration SCsp [uM] mean + SD;

® mean; ° deviation not specified; ! two different assays. AAPH 2,2azobis(2-

amidinopropane)dihydrochloride; ABST  — 2,2’ -azinobis-(3-ethylbenzothiazoline-6-sulfonic acid); DPPIH — 1,1-diphenyl-2-picrylhydrazyl; Gle — glucose; nd. — not determined.

Several synthetic 3-phenylcoumarins bearing the catechol
ring exerted noticeable scavenging effects towards various
ROS or DPPH, and surprisingly, those bearing methoxyl
groups in the phenyl ring instead of hydroxyls and an elec-
tron-withdrawing halogen (chlorine or bromine) at C-6 of
ring A inhibited AAPH-induced lipid peroxidation [(2,2’-
azobis(2-amidinopropane)dihydrochloride] [58, 59]. Moreo-
ver, a series of differently hydroxylated 3-phenylcoumarins,
in particular 3-(4’-hydroxyphenyl)-8-hyd- roxycoumarin and
3-(4’-hydroxyphenyl)-6-chlorocoumarin, possessing no theo-
retical violations of Lipinski’s rule, showed scavenging ca-
pacity towards different types of RONS — peroxyl (AAPH,
ORAC-FL values), hydroxyl, superoxide and DPPH radicals
[60, 61]. Similarly, several coumarin-chalcone hybrids ful-
filling the theoretical predictions of Lipinski’s rule as well,
e.g. the most active 6-bromo-3-(3’,4’-dihydroxybenzoyl)-8-
hydroxycoumarin, resp. 6-hydroxy-3-(4’-hydroxybenzoyl)
coumarin, were found to scavenge the peroxyl (AAPH,

53

ORAC-FL values) and the hydroxyl radical confirming that
the presence, the number and the position of hydroxyl
group(s), resp. the catechol moiety, and an electron-
withdrawing group (chlorine or bromine) at C-6 of the cou-
marin skeleton are important structural features [62, 63].

In contrast to the above mentioned active coumarins,
those possessing only one hydroxyl group in the aromatic
ring have shown only moderate or negligible effects in gen-
eral [27, 30, 32, 33, 35, 37-40, 42, 46, 47, 51, 54, 55, 57, 64-
66]. The isolated 4-hydroxyl group seems to be slightly more
active than the isolated 6- or 7-hydroxyl group in simple
coumarins [38, 40, 67]. In hydroxycoumarins, especially in
4-hydroxycoumarins, an additional electron-donating group,
particularly at C-3 or C-7, may increase the scavenging ef-
fect, on the other hand, an electron-withdrawing group may
decrease it, as was demonstrated in various assays including
DPPH, peroxyl (AAPH, ORAC-FL values), hydroxyl radical
as well as hypochlorous one [36, 53, 67-70]. Interestingly,
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the scavenging capacity of 6-hydroxydimethylcoumarin
against ABST " was comparable to that of trolox. This sug-
gests that the coumarin bearing the isolated hydroxyl group
at C-6 may show stronger scavenging effect than that bear-
ing the isolated hydroxyl group at C-7 confirming that the
resonance structure of the radical derived from 6-
hydroxycoumarin is more stable than that of 7-hydroxyl one
duc to the formation of ortho-quinone form [51]. Some
Mannich bases containing the 7-hydroxycoumarin core with
piperazine or morpholine at C-8 were found active towards
various free radicals [71]. A few 7-hydroxycoumarin, resp.
7-amino- derivatives, with disubstituted ethylenediamine
moiety and pyrrolcoumarins have been described as promis-
ing scavengers of ROS or DPPH and inhibitors of AAPH-
induced lipid peroxidation as well [72, 73].

Coumarins possessing either methyl, methoxyl, benzoxyl
group(s) or ester side chain without the aromatic hydroxyl
group(s) are associated either with very weak or none scav-
enging effects [27, 30, 32, 33, 35, 40, 42, 45, 50, 51, 64, 74].
Similarly, a sugar moiety markedly reduces the activities of
coumarin glycosides although possessing a free hydroxyl
group [30, 35, 42, 45, 46, 52, 66]. Notwithstanding the ab-
sence of a free hydroxyl group, simple coumarins containing
a heterocyclic substituent have possessed some scavenging
effects [75, 76]. In this case, two possible mechanisms which
may contribute to a promising scavenging effects towards
ROS or DPPH radical have been postulated: 1) resonance
and inductive effects, or 2) keto-enol tautomerism [75].

In view of the fact that ethoxycarbonylmethyl or ethoxy-
carbonylethyl at C-3 may interact with the oxypyran oxygen
above the planar coumarin core, the influence of these me-
dium-length ester side chains has been evaluated predomi-
nantly in the most active ortho-dihydroxylated simple cou-
marins [27, 29-31, 39, 77]. The introduction of the ethoxy-
carbonylmethyl chain did not influence the effect against
most of oxidative stress inducers and RONS, however, it
significantly enhanced that effect against NO [27, 29-31,
39]. The findings describing influences of the ethoxycarbon-
ylethyl chain can be summarized as follows [27, 29-31]:

* it improved the effect against both peroxyl and galvi-
noxyl radical and AAPH-induced peroxidation on lipidic
liposomes;

* it did not induce any changes in prevention of AAPH-
induced LDL oxidation;

* it did not abolish the excellent effect against the super-
oxide anion in 7,8-DHMC:s (see above);

* it decreased the effect against ABST;

¢ and moreover, its theoretical lipophilicity was consistent
with its antioxidant capacity on phospholipidic mem-
branes.

Surprisingly, ortho-diacetoxylated simple coumarins
have good scavenging effects, as well against the superoxide
anion, in spite of the absence of the catechol ring or esterases
in the reaction microenvironment. However, their effects are
less pronounced than those of the corresponding dihydroxy-
lated derivatives [27,29-31, 33, 34, 36, 39, 51, 78, 79]. Their
activity may be explained by a possibility of the formation of
an extensively resonance-stabilised coumarin-phenoxyl radi-
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cal in particular and ketenc in the presence of an initiating
free radicals, including the superoxide radical as well [34,
36, 78]. Similarly, as described above, the ethoxycarbon-
ylmethyl ester side chain had either any or slightly negative
influence with the exception of AAPH-induced LDL oxida-
tion, in which it increased the effect [29, 31, 39]. There was
rather an increase in the effect in the case of ethoxycarbon-
ylethyl ester side chain. This has been reported to be signifi-
cant in a scavenging of peroxyl radical and prevention of
AAPH-induced LDL oxidation [27, 29, 34]. In LDL system,
the enhancing effect of the 7,8-diacetoxylated esters in com-
parison to the 7,8-dihydroxylated esters could be due to their
more pronounced hydrophobic nature, and therefore due to
better distribution of a coumarin in LDL surface [29].

It is important to note that a presence of the methyl group
at C-4 is strongly desirable from a therapeutic point of view
because it prevents the formation of toxic 3,4-coumarin ep-
oxides (see the above chapter), although it may decrease
very slightly the scavenging effect due to its weak electron-
donor property [14, 27, 31, 32, 35, 37, 80, 81]. However, its
weak positive effect has been published as well [39].

One of the principal structural feature of a coumarin core
is a presence of the unique ring B, i.e. the 1,2-pyrone core
[37, 42, 52]. In theory, the 1,2-pyrone core is a weaker elec-
tron-withdrawing group than the 1,4-pyrone one, a group
ubiquitous in isoflavones and many flavonoids, and conclu-
sively, it has a lower influence on the effect [37, 42, 52]. A
different subclass of coumarins represents thionocoumarins,
with a sulphur atom in the core structure, however, their
scavenging activity seems to be comparable to that of cou-
marins [27, 34]. Few studies have analysed the scavenging
effects in simple isocoumarins. Those isolated from the en-
dophytic fungus Colletotrichum sp., monocerin derivate and
particularly fusarentin  derivative both bearing 6,7-
dihydroxyl group have been proposed to scavenge free radi-
cals as well [82] in line with similar findings in simple cou-
marins. Isocoumarins isolated from Paepalanthus bromelioi-
des, paepalantine (Fig. Sa) and its dimer (Fig. 5b) both bear-
ing a catechol-like arrangement and a 3,4-double bond, had
some scavenging effect against DPPH radical and ROS [83].

Some of 4-hydroxy-bis-coumarins bearing the catechol
structure [such as 3,3’-[(3,4-dihydroxyphenyl)methylene]bis
(4-hydroxycoumarin), Fig. 5¢] may be of interest because
their scavenging effect seems to be superior to that of 4-
hydroxycoumarin [74].

Although studies analysing structure-activity relation-
ships are limited in linear or angular coumarins, i.e. furano-
coumarins and pyranocoumarins, particularly due to their
complicated structures, the basic characteristics involving the
presence of a phenol group seems to be valid as well; cou-
marins without a hydroxyl group or bearing another group,
such as a methoxyl one, have either any or very marginal
scavenging effects [42, 84, 85]. Two linear furanocoumarins
isolated from  Angelica  dahurica, 9-hydroxy-4-
methoxypsoralen (Fig. 5d) and alloisoimperatorin (Fig. 5e)
bearing an isolated hydroxyl group, have been effective to-
wards the DPPH radical and AAPH-induced lipid peroxida-
tion [85]. Notwithstanding the absence of a free hydroxyl
group, some of linear or angular furanocoumarins, pyrano-
coumarins or heterocyclic derivatives have been found as
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Fig. (5). Selected coumarins scavenging RONS. (a) paepalantine, (b) 8,8 -paepalantine dimer, (¢) 3,3°-[(3,4-

dihydroxyphenyl)methylene]bis(4-hydroxycoumarin), (d) 9-hydroxy-4-methoxypsoralen, (e) alloisoimperatorin.

promising scavengers as well [86]. Noticeable effects have
been observed in 6-hydroxybenzo[h]coumarin and 5-
hydroxybenzo[f]coumarin towards DPPH radical, the super-
oxide anion and particularly AAPH-induced lipid peroxida-
tion [65].

INTERACTIONS INVOLVING METAL (IRON/COP-
PER) CHELATION AND REDUCTION

Interactions of coumarins with iron and/or copper ions
have been documented in a series of studies, usually indi-
rectly by affecting oxidative stress induced by a metal.
Mostly they include the iron-catalysed lipid peroxidation or
the iron-based Fenton reaction. 4-Methylcoumarins have
been investigated in a majority of studies especially due to
their mentioned inability to form toxic epoxides. In general,
structural requirements for iron chelation seem to be very
similar to structural features for antioxidants because, at least
partially, antioxidant properties are based on chelation of a
transient metal as well [79, 87, 88].

Coumarins possessing ortho-dihydroxyl or ortho-
diacetoxygroups have been shown to chelate iron while
coumarins with one hydroxyl group, two methoxyl groups,
or hydroxyl or acetoxyl groups in meta-positions have been
practically inactive which is in accordance with indirect as-
sessment of iron chelation [44, 87]. Ortho-dihydroxy-4-
methylcoumarins (ortho-DHMCs) and ortho-diacetoxy-4-
methylcoumarins have showed pronounced activity against
initiation and propagation of iron-induced lipid peroxidation.
The order of the decreasing effects based on a dihydroxyl
group in ring A was following: 7,8- > 6,7- > 5,7- [36]. This
is in a good agreement with other iron chelation assays or
iron-based production of ROS i which 5,7-
dihydroxycoumarins (5,7-DHCs) were inactive or slightly
active while 7,8-DHCs were slightly more or similarly active
in comparison to 6,7-DHCs [41, 87]. 7,8-DHMC has been
shown to be similarly active as the well-known iron chelator
deferoxamine at pH 7.5, however, it seemed that coumarins
lost their ability under the acidic conditions [87], similarly to
other polyphenols [89]. The effect of substitution of an
amino group instead of one hydroxyl group appears ambigu-
ous because in one study the substitution did not affect the
potency while in another 7-amino-8-hydroxy-4-methylcou-
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marin was absolutely inactive [86, 90]. The catechol moiety
represents the key factor in protection against iron-induced
lipid peroxidation in natural coumarins [42], similarly, 6,7-
DHCs, esculetin and 4-methylesculetin, as well as cortex
Fraxini extract rich in ortho-dihydroxyl simple coumarins,
effectively inhibited iron-induced Fenton reaction [38, 52].
Interestingly, the 6-glycoside of esculetin, esculin, supressed
Fe’*- but not Fe’-EDTA-induced lipid peroxidation [91].
Herein, authors have suggested, in line with previous find-
ings [92], that iron chelation was responsible for this effect
but this does not seem probable because the iron-chelating
moiety was blocked by the sugar. However, the possible
deglycosylation at those reaction conditions (trichloroacetic
acid, 100 °C) or the direct scavenging potential cannot be
fully excluded. The latter can be relevant in coumarins: 1)
compounds lacking iron-chelating functionalities like linear
furanocoumarin feroniellamin (Fig. 6a) blocked iron-induced
lipid peroxidation [93], and 2) even in isocoumarins possess-
ing some iron-chelating activity, i.e. paepalantine (Fig. Sa),
8,8 -pacpalantine dimer (Fig. 5b) and vioxanthin (Fig. 6b),
the scavenging potential seems to be responsible for the ma-
jor part of the antioxidant effect [83].

There is a discussion about the precise mechanism of in-
hibition of iron-induced ROS production. Raj et al. proposed
that Fe-DHMC complex is unstable and therefore has no
impact on the generation of ROS while a stable ternary
mixed ligand complex ADP-Fe-DHMC has very efficiently
inhibited lipid peroxidation process via the prevention of the
ADP-perferryl radical production [79]. This mechanism is
likely common to ortho-amino-hydroxycoumarins [90].
Moreover, the scavenging potential of DHMC has increased
significantly after forming the ternary complex with Fe*” and
ADP [41].

Some studies have categorized coumarins as powerful
antioxidants due to their ability to reduce ferric iron (FRAP
test, ferric reducing antioxidant power). Such interpretation
is, however, inaccurate because iron reduction may be asso-
ciated with potentiation of the Fenton reaction and thus to be
pro-oxidative [94]. Although such studies arc available for
other polyphenols, only few data have been published in
relation to coumarins. A study using hydroxyl radical gen-
cration in the Fe''-EDTA/ascorbate-H>0, deoxyribosc sys-
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tem demonstrated that ortho-DHCs can both chelate iron
ions and also readily donate electrons for redox cycling of
Fe'', thus promoting the Fenton-type reaction [44]. Such a
pro-oxidative effect may also underline their cytotoxic activ-
ity [47]. In contrast, non-reducing 5,7-DHMC was not asso-
ciated with pro-oxidation [44, 87]. The strong antioxidant
activity of ortho-DHMCs due to iron reduction has been
observed with stable radicals [31, 95, 96]. Therefore the
clinical significance is unknown, but interestingly, 7.8-
DHMC was able to decrease ROS production generated by
DOX treatment in MCF7 cells [95]. On the other hand, iron
participation in DOX cardiotoxicity is currently largely dis-
cussed [97, 98].

In general, the outcome of metal-coumarin anti- or pro-
oxidation 1s not easily predictable because the concentration
ratio of transient metal and a coumarin is an extremely im-
portant factor. FRAP methodology generally used one fixed
ratio, however, the relationship between transient metal re-
duction and chelation is largely dependent on a concentration
ratio between a coumarin and metal. Thus, to have a com-
plex view, the measurement should be conducted at different
transient metal:compound ratios. As follows, the “bell-
shaped” curves of the iron reduction were found for potent
iron chelators (DHMCs) because at low ratios of the com-
pound to iron, the coumarin is not able to chelate all iron,
while in the excess, the reduction is decreased due to forma-
tion of stable complexes. Contrarily, low-potent chelators
like diacetoxy-4-methylcoumarins were reducing iron
progressively in relation to their concentration [87]. This fact
could explain some discrepancies between studies [87, 96].
In particular, we have shown that ortho-DHMCs and 7,8-
diacetoxy-4-methylcoumarins significantly reduced ferric
ions especially under the acidic conditions, with the reduc-
tion potential of 7,8-DHMC three times more expressed in
comparison to 6,7-DHMC [87], while in FRAP methodol-
ogy, 6,7-DHMC was the most efficient reducing agent [96].

Studies focusing on copper chelation by coumarins are
rather sparse in contrast to iron and to our knowledge, only
one study has explored direct interactions of coumarins with
copper: esculetin has been directly demonstrated as a ligand

. R . . 24 .
presenting a significant chelating power towards Cu™ ion
which i1s bound on the doubly deprotonated catechol, leading
to a 1:1 complex [99]. Ortho-DHMCs highly effectively
inhibited the oxidative modification of human LDL cata-
lysed by copper and copper chelation was, at least partly,
responsible for this effect [29]. The structural features seem
to be similar to those of iron chelation: 7,8-DHMC showed
higher effect than 6,7-DHMC, on the other hand, 5,7-DHMC
acted rather as pro-oxidant (non-significant effect) via pro-
motion of redox cycling of copper [29] — this effect is related
with easier copper reduction which could be explained by the
lower standard reduction potential of Cu?'/Cu’ (+0.15 V) in
comparison with Fe''/Fe”" (+0.77 V). Moreover, a natural
linear furanocoumarin, bergapten (Fig. 6¢), with a low direct
scavenging potential and lacking the appropriate substituents
for metal chelation, has showed almost any protection
against copper-initiated lipid radical-mediated oxidation
[84]. Analogously to iron, an ortho-dihydroxylated cou-
marin, 7,8-dihydroxy-4-phenylcoumarin, has notably re-
duced cupric ions (CUPRAC assay, cupric ions reducing
power assay) in contrast to those of 4-phenylcoumarins con-
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taining a single hydroxyl group or 5,7-dihydroxyl substitu-
tion [50]. However, it should be taken into account that the
generation of the reduced cuprous ions can promote oxida-
tive stress under certain conditions. Accordingly, 7,8-DHMC
showed pro-oxidant behaviour in the assay using copper-
induced hydroxyl radical (ORAC) [51], despite its potent
antioxidant capacity in various assays as described above.

Coumarin-metal interactions may have a practical im-
pact. For example, various coumarin backbone-containing
compounds, mostly Schiff base-derived, and especially their
metal (including copper) complexes have been tested for
diverse antimicrobial activities [100-102] which were gener-
ally enhanced after formation of a metal complex. Addition-
ally, coumarins can serve as chromogenic and fluorogenic
dyes with high selectivity towards copper and/or iron [103-
105].

Fig. (6). Structures of (a) furanocoumarin feroniellamin, (b) iso-
coumarin vioxanthin and (c) furanocoumarin bergapten.

INTERACTION WITH ROS-PRODUCING ENZYMES
Xanthine Oxidase

Xanthine oxidoreductase involving two interconvertable
forms, i.e. xanthine oxidase (XO) and xanthine dehydro-
genase, is a member of the molybdoenzyme family and is the
best known for its catalytic role in physiological purine deg-
radation, metabolizing hypoxanthine and xanthine to uric
acid [106-108]. On the other hand, there is a growing aware-
ness that the activity of xanthine oxidase deteriorates patho-
logical processes, e.g. ischemia, hypertension or heart failure
involving endothelial dysfunction and inflammation, through
the generation of ROS such as the superoxide anion and hy-
drogen peroxide [106, 108-110]. Several coumarins have
been proposed to be active in comparison to the known XO
inhibitor allopurinol (see Table 2).

Coumarins represent a group of competitive inhibitors of
XO like allopurinol, but paradoxically, few coumarins may
act as uncompetitive or a mixed type inhibitors of this en-
zyme [38, 111-116]. Among the tested simples coumarins,
6,7-dihydroxycoumarin (esculetin) has the highest affinity
toward the binding molybdopterin site of the enzyme, and
this may be mainly due to the interaction of the 6-hydroxyl
group with the Glu802 residue through a formation of a hy-
drogen bond [38, 40, 113, 116]. Moreover, possible interac-
tions of carbonyl toward the Arg880 and the oxygen atom of
the 1,2-pyrone ring with Thr1010 may play the role at the
active site [38]. The 3,4-double bond also plays an important
role in the activity [113]. Although its 7-hydroxyl group may
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Table2. Inhibition of xanthine oxidase by simple coumarins.
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Data are expressed as ICsp [pM]; “ mean + SD; ®mean + SEM; * mean.

interact with the residue S876, its contribution seems to
be variable [38, 113, 115]. An additional derivatization of
the hydroxyl group(s), i.e. methoxylation or glycosyla-
tion, hampers the interaction with the Glu802 residue re-
sulting in negligible inhibitory activity of a coumarin [38,
113, 116, 117]. However, ip. administration of sco-
poletin, the 6-methoxylated esculetin, resulted in dose-
dependent inhibition of the enzyme in liver homogenates
of hyperuricemic mice [117]. 4-Hydroxycoumarin, 7-
hydroxycoumarin and their 4-methylated analogues are
proposed to be XO inhibitors as well, however, their ac-
tivity seems to be significantly lower in comparison to
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esculetin [38, 113-115]. The methyl group has been
speculated to generate a repulsive force with a water
molecule inside the enzyme leading to an additional re-
duction in that effect [38]. Studies analysing a superiority
of isolated 7- or 4-hydroxyl group are not in concordance
[38, 113]. In the case of the dihydroxylated 4-
methylcoumarins (7,8-; 6,7- and 5,7-) and the 7,8-
diacetoxylated congeners as well, it appears that there is
any XO inhibition, however, 6,7-DHMC has been found
to slightly inhibit the enzyme [38, 41, 78]. An additional
substituent at C-8, e.g. the hydroxyl group or glucose,
may significantly decrease the inhibitory activity [113].
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NADPH Oxidase

NADPH oxidase comprises seven isoforms of multi-
subunit enzyme complex that catalyses the generation of the
superoxide anion from oxygen and NADPH. They were
originally discovered in neutrophils but are localized in vas-
cular smooth muscle cells, endothelial cells and fibroblasts
as well [118-120]. The activity of NADPH oxidase is con-
sidered as a factor contributing to the endothelial dysfunction
[121]. Therefore, a development of new drugs for inhibition
of NADPH oxidase in cardiovascular diseases with endothe-
lial dysfunction is highly desirable [119, 122].

Data on the inhibition of NADPH oxidase by coumarins
are limited, almost no structure-activity relationship study is
available [45, 49]. Inhibition of NADPH oxidase by several
ortho-DHCs including 7,8-dihydroxy-6-methoxycoumarin
(fraxetin) and those bearing an isolated 7-hydroxyl group
may be relevant since the formation of the superoxide anion
has been decreased in leucocytes [45, 81]. 6,7-DHC (es-
culetin) has been demonstrated to inhibit NADPH oxidase by
blocking translocation of the cytosolic subunits in cultured
human endothelial cells and in neutrophils [123, 124]. On
the other hand, no activity of 6,7-DHCs in leukocytes ana-
lysed by cytochrome ¢ assay has been reported as well [45].
The blockade of active hydroxyl groups by methylation or
glycosylation appears to decrease the activity [45]. In human
neutrophils, possible mechanisms of ortho-dihydroxy-4-
methylcoumarins  and  7-hydroxy-3-(4’-hydroxyphenyl)
coumarin on the inhibition of NADPH oxidase have been
proposed. These include decreases in PKC activity, phos-
phorylation of PKCa and PKCPII isoforms, respectively, but
no effects on phosphorylation of both PKC4 isoform and the
NADPH oxidase subunit p40°5= [49, 125, 126]. On the other
hand, 7-hydroxy-3-(4’-hydroxyphenyl)dihydrocoumarin
lacking the double bond between C-3 and C-4 in ring B has
been found as ineffective [125]. Another coumarin, aurap-
tene, may inhibit the multicomponent NADPH oxidase sys-
tem as well [127].

Inducible NO Synthase

Nitric oxide (NO) is exclusively synthesized by a family
of NO-synthases (NOS), which exist in three major isoforms.
Two isoforms are constitutively expressed, one mostly in
endothelial cells (eNOS), the other in the nervous system and
several other tissues (neuronal or nNOS) [128]. The expres-
sion of the third major isoform is inducible (iNOS). When its
activity is triggered, e.g. during inflammation and immune
reactions, the consequent reaction of NO and the superoxide
anion may lead to vascular and cellular inflammatory reac-
tions due to formation of peroxynitrite [128, 129]. Therefore,
the inhibition of iNOS appears to be a promising strategy for
the treatment of inflammatory diseases in particular. How-
ever, data on the inhibiton of iNOS by coumarins are rather
limited.

Several sesquiterpene coumarins isolated from Ferula fu-
kanensis and some of 6-alkoxycoumarin and 7-
alkoxycoumarin derivatives have inhibited NO production
and iNOS protein and mRNA expression in a mouse macro-
phage-like cell line (RAW264.7) afler induction with
lipopolysaccharide and INF-y [130-133]. In sesquiterpene
coumarins, the a,f-unsaturated ketone moiety, a position of
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double-bond in the sesquiterpene unit may be those struc-
tural features of interest, moreover, a methoxyl group at C-6,
Z-configuration and the dimethyldihydrofuran moiety en-
hanced the effect [130-132]. Some simple coumarins isolated
from Mammea siamensis including kayeassamin G, mam-
mea A/AD and that geranylated one, mammeasin A, all bear-
ing 7-hydroxyl group, a linear pyranocoumarin decursin iso-
lated from Angelica gigas, a linear furanocoumarin impera-
torin isolated from Glehnia littoralis and 6-hydroxy-7-
methoxycoumarin derivative from Ruta graveolens have
been found to inhibit both the protein and mRNA expression
in RAW264.7 cells as well [134-137]. In lipopolysaccharide-
stimulated RAW264.7 or human monocyte cell line (THP-
1), a suppression of nuclear protein levels of phosphorylated
signal transducer and activator of transcription-1 (STATI)
and NF-kB, which may be through inhibition of phosphory-
lation and subsequent degradation of inhibitor-kB (IkB),
respectively, have been proposed to be involved in the in-
hibitory effects on INOS expression [134, 135, 137]. 3-
Triazolyl substituent of the coumarin core may decrease NO
production, by reducing iNOS gene and protein expressions
and INOS activity in neutrophils without affecting the eNOS
activity [138]. Herein, it has been shown that n-m interactions
with the heme group of the enzyme seemed to be important
for the iNOS inhibition [138].

Lipoxygenase

Lipoxygenases (LOX) are a family of monomeric non-
heme, non-sulfur, iron dioxygenases, which catalyse the ad-
dition of oxygen to arachidonic acid and polyunsaturated
fatty acids, yielding hydroperoxyl derivatives including hy-
droperoxyeicosatetraenoic acids [139, 140]. Upon reduction,
the corresponding hydroxyl derivatives hydroxyeicosatet-
raenoic acid, leukotriene and lipoxins are generated [139].
Human LOX are classified as 5-, 8-, 12-, or 15-LOX, accord-
ing to the site of oxygen insertion within arachidonic acid
[139]. At least three types of 12-LOX have been character-
ized, ie. platelet-type, leukocyte-type and epidermal 12-
LOX [139]. LOX have been implicated in the pathogenesis
of several inflammatory conditions involving cardiovascular
diseases as well [140, 141]. Although, LOX metabolites con-
fribute to ROS generation, there are few structure-activity
studies analysing the inhibitory activity of coumarins.

In general, studies have suggested that a mechanism of
the action of coumarins likely depends upon both iron-
chelating and iron-reducing properties of coumarins because
catalytically active LOX contain a non-heme ferric iron at its
active site [140, 142, 143]. However, a competitive non-
redox mechanism may play a role in a synthetic fluoro-
phenyl-substituted coumarin containing bis(trifluoromethyl)
carbinol substituent which has been reported to inhibit the
formation of leukotrienes via recombinant human 5-LOX in
vitro and in rats when administered as a pro-drug [144].

In simple coumarins, the most important is the ortho-
dihydroxyl substitution. 6,7-DHCs (esculetin and 4-
methylesculetin) and 7,8-DHCs (daphnetin) containing the
catechol ring have been reported to extensively inhibit 5-
LOX [142, 145, 146]. The effect of 6-methoxyl group seems
to be variable [142, 145]. Although a presencefabsence of the
4-methyl group did not play a role in 6,7-DHCs, it was re-
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sponsible for blocking of inhibitory effect of 7,8-DHC
(daphnetin) [142, 145]. On the other hand, unequivocally
weak 5-LOX inhibitors were 5,7-DHC, coumarins possess-
ing one hydroxyl group, glycosides and coumarin or dihy-
drocoumarin themselves [142, 145]. Moreover, esculetin
showed inhibition of LOXs in neutrophils, platelets, cloned
mastocytoma cells and in a model of bile salt stimulation of
rat colonic epithelial proliferation [124, 147-149]. As ex-
pected, a consequent increase in prostaglandin synthesis has
been observed especially at higher doses of esculetin follow-
ing the inhibition of leukotriene synthesis [148].

In a soybean LOX assay, the basic structural features re-
garding simple coumarins have been confirmed because the
active compounds were those bearing a hydroxyl group, i.e.
6-hydroxycoumarin, 7-hydroxycoumarin and 6-hydroxy-
benzo[h]coumarin [65]. Similarly, in 6-hydroxycoumarin,
the 4-methyl group decreased the effect significantly [65].
Coumarin itself is a weak inhibitor of soybean LOX [72, 86].
Mannich bases containing the 7-hydroxycoumarin core, in
particular that bearing piperazine at C-8, inhibited the en-
zyme [71]. Some of 7-amino- or 7-hydroxycoumarin deriva-
tives with disubstituted ethylenediamine moiety, simple
coumarins bearing a pyrrol ring, one of the synthetic 3-
phenylcoumarin bearing both ortho-methoxyl groups and
bromine were found as perspective structures [58, 72, 73].
On the other hand, linear or angular furanocoumarins and
pyranocoumarins were found to be almost inactive [86].

Cyclooxygenase

An clevated formation of prostanoids in assistance of the
constitutive (COX-1) or inducible (COX-2) cyclooxygenases
has been involved in cardiovascular disecases such as hyper-
tension [150]. It is important to note that ROS can activate
COXs, and hereafter, COX-derived products can induce
ROS production through effects on different ROS generating
enzymes [150]. Therefore, an additional inhibition of COXs
by coumarins may be of interest in prevention of oxidative
stress.

In polymorphonuclear leukocyte, a structure-activity re-
lationship study has revealed that the inhibition of COX
pathway occurred in 5,7-DHMC in particular, which did not
inhibit 5-LOX, implying the fact that COX inhibitory
mechanism appears to be different than that of LOX [35,
142, 146]. Ortho-DHCs (such as esculetin, daphnetin and
traxetin) were found as COX pathway inhibitors as well,
however their ICs, were significantly higher than those nec-
essary for LOX inhibition [142, 145, 146, 149]. 7-
Methoxycoumarins have exerted some activity as well [142].
Interestingly, esculetin was found to act as the inhibitor in a
model of bile salt stimulation of rat colonic epithelial prolif-
eration, suggesting that coumarins may be beneficial in the
pathological inflammatory processes [147].

Imperatorin, a linear furanocoumarin isolated from
Glehnia littoralis inhibited COX-2 protein expression in
lipopolysaccharide-stimulated RAW264.7 cell line [136].
The inhibition of COX-2 may be probably mediated by the
inhibition of the NF-kB pathway in linear pyranocoumarin
decursin [135]. Mannich bases with both 7-hydroxycoumarin
core and 8-piperazine inhibiting the soybean LOX did not
significantly decrease the activity of COX-1 [71].
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Myeloperoxidase

Myeloperoxidase (MPO) is an essential heme peroxidase
enzyme produced by activated leukocytes and characterised
by powerful pro-oxidative and proinflaimmatory propertics
[151, 152]. This enzyme catalyses the reaction of hydrogen
peroxide with chloride ion to form hypochlorous acid.
Hypochlorous acid is a chemical oxidant, possessing antibac-
terial, antiviral, and antifungal properties, which play key
roles in the human immune system [152]. However, many
studies have suggested a possible role of MPO-derived oxi-
dants in cardiovascular discases in which it may serve as a
non-specific biomarker [151-154]. In coumarins, data on
evaluation of structure-MPO inhibition relationship are very
Iimited according to our knowledge.

Nevertheless, simple 4-methylcoumarins bearing ortho-
dihydroxyl moiety decreased MPO activity in general [49,
54]. Some synthetic 3-phenylcoumarins bearing 6,7-
dihydroxyl group and the catechol structure in the phenyl
ring have inhibited MPO activity in human neutrophils as
well [59]. However, oxidation of 7-hydroxylated simple
coumarins by the neutrophil MPO may produce highly reac-
tive coumarin-radical intermediates, which may contrarily
act as pro-oxidants [81].

In an experimental model of rat colitis induced by trini-
trobenzenesulphonic  acid, synthetic 6,7-DHMC (4-
methylesculetin) significantly inhibited MPO activity at
doses of 5 and 10 mg/kg, but at the higher dose (25 mg/kg) a
loss of efficacy occurred, contrarily no effect on MPO inhi-
bition was found in the case of 6,7-DHC (esculetin) [155].
Interestingly, esculin (6,7-dihydroxy-6-0O-glucosylcouma-
rin), which is promptly hydrolysed to its aglycone esculetin,
in the highest tested dose of 25 mg/kg [156], and 7,8-DHC in
a dose of 5 mg/kg inhibited MPO as well [54]. On the other
hand, scopoletine, scoparone, fraxetin and 4-methyl-
umbelliferone were found as almost inactive [54]. Similarly,
coumarin at the lowest tested dose of 5 mglkg, 4-
hydroxycoumarin (25 mg/kg) and isocoumarin pacpalantine
(5 and 10 mg/kg: Fig. Sa), isolated from Paepalanthus bro-
melioides, were found to be effective in that model [157,
158]. Moreover, cloricromen has been found to decrease
levels of MPO in different in vivo ischemic models including
transient ischemic cerebral injury in the Mongolian gerbil
[159-162].

CONCLUSIONS

This review has shown that many coumarins possess a
broad in vitre antioxidant capacity. Indeed, the synergism
involving the direct RONS-scavenging effects and the chela-
tion of transient metals and/or the inhibition of RONS-
producing enzymes have been suggested in cellular as well
as in vivo models [27, 53, 54, 63].

Moreover, many factors must be taken into account when
analysing chemical structure-antioxidant capacity relation-
ships of coumarins due to different in vitro/in vivo methodo-
logical approaches, e.g. a nature and a concentration of
RONS or oxidative stress inducers, lipophilicity of a reaction
microenvironment, and last but not least, the involvement of
transient metals and RONS-producing enzymes. In fact,
comparing aqueous assays and lipophilic systems, coumarins
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which are able to interact with lipidic biomembranes and
penetrate into cells may be of particular interest.

A substantial amount of literature enables the elucidation
of the structure-activity relationship for direct RONS-
scavenging and iron chelation. Data on other antioxidant
mechanisms are more modest but they suggest that coumar-
ins are able to block the activity of xanthine oxidase, lipoxy-
genase and myeloperoxidase, and likely to decrease the ex-
pression of inflammatory mediators iNOS and COX-2.
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ABBREVIATIONS

AAPH = (2,2°-azobis(2-amidinopropane) dihydro-
chloride

ABAP = 2,2"-azobis(2-methylpropionamidine)  di-
hydrochloride)

ABST™" = 2,2’-azinobis-(3-cthylbenzothiazoline-6-
sulfonic acid)

BAEC = Bovine aortic endothelial cell line

COxX = Cyclooxygenase

DHC = Dihydroxycoumarin

DHMC = Dihydroxy-4-methylcoumarin

DPPH = 1,1-diphenyl-2-picrylhydrazyl

LOX = Lipoxygenase

MPO = Mpyeloperoxidase

ORAC-FL. = Oxygen radical antioxidant capacity-
fluorescein

ROS = Reaclive oxygen species

RONS = Reactive oxygen and nitrogen species

X0 = Xanthine oxidase
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Copper is an essential trace element involved in many physiological processes. Since disorder of copper homeo-
stasisis observed in various pathologies, copper chelators may represent a promising therapeutic tool. This study
was aimed at: 1) formation of an in vitro methodology for screening of copper chelators, and 2) detailed analysis
of the interaction of copper with clinically used D-penicillamine (D-PEN), triethylenetetramine (trientine),
experimentally tested 8-hydroxyquinolines, and the disodium salt of EDTA as a standard chelator. Methodology
based on bathocuproinedisulfonic acid disodium salt (BCS), usable at ( patho)physiologically relevant pHs (4.5~
7.5), enabled assessment of both cuprous and cupric ions chelation and comparison of the relative affinities of the
tested compounds for copper. In the case of potent chelators, the stoichiometry could be estimated too.
Clioquinol, chloroxine and EDTA formed very stable complexes with Cu*/Cu?* at all tested pHs, while cop-
per complexes with trientine were stable only under neutral or slightly acidic conditions. Non-substituted
8-hydroxyquinoline was a less efficient copper chelator, but still unequivocally more potent than D-PEN. Both
8-hydroxyquinoline and D-PEN chelation potencies, similarly to that of trientine, were pH-dependent and
decreased with pH. Moreover, only D-PEN was able to reduce cupric ions. Conclusively, BCS assay represents a
rapid, simple and precise method for copper chelation measurement. In addition, lower binding affinity of
D-PEN compared with 8-hydroxyquinolines and trientine was demonstrated.
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1. Introduction

Copper plays an essential role in the human organism. With its asso-
ciation with enzymes, copper is involved in many vital metabolic pro-
cesses, e.g., decomposition of superoxide radical, formation of ATP,
synthesis of important mediators, and regulation of transcription [1-3].

The fate of copper in the human body is complex and not fully
understood. Briefly, dietary copper is absorbed after reduction into
cuprous ions in the upper part of the small intestine. The transport of
copper within the enterocytes, as well as in other cells, is ensured by
several chaperons (ATOX1, Cox17 and Ccs1). Copper in the enterocytes
can be incorporated in copper-containing proteins, detoxified when
presented in excess by binding with metallothionein or transported
into the circulation by the specific copper-transporting ATPase —
ATP7A. In the portal vein, copper is transported in the oxidized cupric
form bound to albumin, o;-macroglobulin or amino acids. This copper
is generally designated as exchangeable copper. Before liver uptake via
a copper transporter, hCTR1, copper should be reduced again. In the

* Corresponding author. Tel.: +420 495067295; fax: +420495067170.
E-mail address: mladenkap@faf.cuni.cz (P. Mladénka).
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liver, it can be incorporated into ceruloplasmin or excreted into the
bile. Both processes are controlled by another ATPase transporter —
ATP7B [4-6]. Ceruloplasmin binds 6 atoms of copper and one of its
roles is to supply copper for peripheral tissues. Copper in ceruloplasmin
is generally considered tightly bound, but some pathological factors such
as oxidative stress may release it [7,8].

Copper levels have to be meticulously regulated since disruption
of copper homeostasis at systemic or local levels has various pathophysi-
ological consequences. Systemic copper homeostasis disruption is well
known due to human genetic disorders, in particular Wilson's and
Menkes diseases [4]. Moreover, relative (local) disorder of copper homeo-
stasis is pathologically relevant and is associated with a lot of pathologies,
especially neurodegenerative diseases, tumors, inflammatory diseases
and acute myocardial infarction [9-13]. Especially, excess of copper is
highly toxic due to the capability of free copper to potentiate the forma-
tion of reactive oxygen species (ROS) and thus promote oxidative stress
[3.14].

Notwithstanding these facts and the intense research in this field,
clinical use of copper chelators is restricted mainly to Wilson's disease.
This autosomal recessive disorder based on the mutation of the ATP7B
gene is associated with copper accumulation, especially in the liver,
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brain and kidney [4]. Life-long pharmacological therapy with copper
chelators D-penicillamine (D-PEN), triethylenetetramine (trientine) or
tetrathiomolybdate potentially combined with zinc represents the key
current approach to the treatment of this disease [15,16].

D-PEN, a standard copper chelator, was first introduced in the treat-
ment of Wilson's disease in 1956 [17] and represents the “gold stan-
dard” of the therapy [15]. However, D-PEN has significant side effects
concerning particularly the immune system, connective tissue and the
kidney. Moreover, the risk of initial worsening of neurological symp-
toms in patients with neurological impairment is relatively high
[18,19]. Trientine, another copper chelating agent, was introduced in
1982 as an altenative for D-PEN-intolerant patients with a better safety
profile [16,20]. 8-Hydroxyquinolines, in particular clioquinol, are non-
selective chelators, which were shown to possess some positive impact
on Alzheimer's disease patients and on in vivo tumors as well [21,22].
Clioquinol, a halogenated derivative of 8-hydroxyquinoline, was origi-
nally used due to its antiseptic and amebicide properties. Although it
was withdrawn from the market as an oral drug in the early 1970s
due to its probable association with a specific kind of neuropathy,
subacute myelo-optic neuropathy, it remains an important prototype
substance. Its derivative, PBT2, without the risk of the mentioned
neuropathy is currently under clinical investigation [23-25]. EDTA, a
well-known complexing agent, was included in this study for compari-
son as a standard chelator.

Considering different pathophysiologies, the research of novel copper
chelators should emphasize various characteristics, namely: 1) affinity to
cuprous or cupric ions, as well as the possible reduction of cupric ions;
2) stability of the complex with possible participation on ROS produc-
tion; 3) chelation under various pH conditions; 4) specificity to chelate
other ions (especially iron and zinc), and 5) lipophilicity, which affects
penetration into the cells and central nervous system.

This in vitro study was aimed at: 1) formation of a rapid, simple and
precise methodology enabling the testing of novel copper chelators, and
2) a detailed analysis of the interaction of clinically used hydrophilic
D-PEN, trientine and experimentally tested lipophilic clioquinol and
its related 8-hydroxyquinolines with copper under (patho)physiologi-
cal relevant pHs.

2. Materials and methods
2.1. Reagents

A stock solution of cuprous ions (5 mM) was prepared by dissolving
cuprous chloride (CuCl) in an aqueous solution of 0.1 M HCl and 1 M
NaCl. Working solutions were prepared by use of distilled water. Cupric
ions (cupric sulfate pentahydrate, CuSO4.5H,0) were dissolved directly
in distilled water. Hydroxylamine hydrochloride (hydroxylamine),
bathocuproinedisulfonic acid disodium salt (BCS), D-PEN, disodium
salt of ethylenediaminetetraacetic acid (NazEDTA) and trientine were
dissolved in distilled water; hematoxylin, 8-hydroxyquinoline, chloroxine
(5,7-dichloroquinolin-8-o0l) and clioquinol (5-chloro-7-iodoquinolin-
8-ol) were dissolved in DMSQ (see chemical structures in Supplementary
data — Fig. S1).

Measurements were conducted in 15 mM buffers, acetate for
pH 4.5 and 5.5 and HEPES for pH 6.8 and 7.5, at room temperature.
All chemicals were purchased from Sigma-Aldrich (Germany).

2.2. BCS assay

Copper solutions (50 pl) were mixed for 2 min with a solution of
chelator (50 pl) in a buffer (100 pl). In the case of cuprousions, the mix-
ture contained 50 pl of hydroxylamine (final concentration according to
pH, see below). In the case of cupric ions, hydroxylamine was added
after 2 min in order to reduce non-chelated cupric ions into cuprous
ones. Finally, 50 pl of BCS or water (blank) was added and the absor-
bance at 484 nm was measured by spectrophotometry using a Synergy
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HT Multi-Detection Microplate Reader (BioTec Instruments, Inc.,
Winooski, Vermont, U.S.A.) immediately and at 5 min.

A similar approach was used for determination of reducing prop-
erties, i.e., cupric ions were mixed with a tested substance in a buffer
without hydroxylamine. BCS was added after 2 min of mixing.
Hydroxylamine was used only as a positive control — it caused 100%
reduction.

2.3. Hematoxylin assay

A solution of chelator (50 pl) was mixed with cupric ions solutions
(50 pl) in a buffer (150 ). After 2 min of mixing, 50 pl of either hema-
toxylin or DMSO (blank) was added and mixed for an additional 3 min.
The absorbance was measured immediately and after 4 min. The wave-
length differed according to pH (see results below).

2.4. Statistical analysis

The amount of remaining copper was calculated from the differ-
ence of absorbance between the tested sample (with the indicator)
and its corresponding blank (without indicator) divided by the differ-
ence of the control sample (the known amount of copper without the
tested substance) and its control blank.

The normalized dose-dependent curves with 95% confidence inter-
vals were constructed by GraphPad Prism version 4.00 for Windows,
GraphPad Software (San Diego, California, U.S.A.). Each curve of an effi-
cient substance was composed from at least five points (first point 0%
chelation, last point 100% chelation).

Data are expressed as means + SD. Differences among tested sub-
stances were carried out by comparing 95% confidence intervals.

3. Results
3.1. Development of BCS methodology

A previous study has shown that bathocuproine forms a complex
with cuprous ions with maximum absorbance at 484 nm [26]. Indeed,
such a complex at this wavelength maximum was found when BCS
was mixed with cuprous ions in the presence of the reducing agent
hydroxylamine at all tested pH values (shown for pH 6.8 in Fig. 1A).
The spectra were identical in the measured range of 400 to 800 nm
at all tested pH values (Supplementary data — Fig. S2A). Cuprous or
cupric ions without hydroxylamine did not form such a complex
with BCS at any of the tested pHs (Fig. 1A). Moreover, neither
cuprous/cupric ions nor hydroxylamine nor BCS showed significant
absorbance in the measured wavelengths suggesting the specificity
of the reaction (Supplementary data — Fig. S2B). Although cupric
ions cannot be directly assessed by BCS, the methodology can be
extended for these ions by administration of a reductant, e.g., hydrox-
ylamine (Supplementary data — Fig. S2B). With both cuprous and
cupric ions, the complex formation was linearly dependent on the
copper concentration (Fig. 1B).

To optimize the methodology, we tested the effects of different con-
centrations of hydroxylamine and BCS together with the time influence
(Figs. 2, 3 and Supplementary data — Fig. S3). The complex BCS-Cu™
was formed gradually and the rate of formation was dependent on the
acidity of the environment. At 5 min, the complex formation seemed to
be finished under all conditions, as little or no change was observed in
the next measurements. In the case of pH 7.5 and 6.8, the addition of
1 mM hydroxylamine (final concentration of 0.167 mM) was sufficient
for rapid complex formation and thus enabling immediate measure-
ment. At pH 5.5 and especially 4.5, however, a higher concentration
was necessary (Fig. 2). The addition of 10 mM hydroxylamine (final con-
centration of 1.67 mM) was set for these pH conditions. At lower pH
(4.5-6.8), the complex BCS-Cu* was formed rapidly even in low con-
centrations of BCS. However, the complex formation was slower up to
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Fig. 1. Absorption spectra (A) and calibration of copper ions (B). Absorption spectra (A) at pH 6.8 show cuprous ions with BCS (grey) and cuprous ions with hydroxylamine and BCS
(black). Final concentrations were: 100 uM /Cu™/, 1 mM /BCS/ and 20 mM /hydroxylamine/. Graph (B) shows calibration of cuprous ions at different pHs, as well as cupric ions for
comparison. Coefficients of linear regression were 0.9988 (pH 7.5), 0.9996 (pH 6.8), 0.9993 (pH 5.5), 0.9945 (pH 4.5) and 0.9989 (cupric ions, pH 6.8).

the BCS:Cu™ concentration ratio 10:1 at neutral pH (Fig. 3). Thus, in
order to maintain the same competitive environment for copper and to
ascertain rapid complex formation immediately after BCS addition, we
set the final ratio at 20:1, ie., addition of 50 pL of 5 mM BCS. No signifi-
cant differences were found between cuprous and cupric ions in these
experiments for methodology optimization.

3.2. Copper chelation and reduction assessment

Six clinically or experimentally known copper chelators were first
tested by BCS for both cupric and cuprous chelation properties. All
tested compounds were able to chelate copper under various pH condi-
tions, although there were marked differences in chelation efficacy
(Fig. 4 and Supplementary data — Figs. S4 and S5). There was no signif-
icant difference between chelation of cupric and cuprous ions in the
8-hydroxyquinoline group, while Na;EDTA, trientine and D-PEN showed
slightly lower affinity for cuprous ions (Fig. 4CD vs Supplementary
data — Fig. S5). The 8-hydroxyquinoline derivatives clioquinol and
chloroxine, and Na;EDTA were potent copper chelators with chela-
tion efficacy independent of the acidity of the environment (Fig. 4B
and Supplementary data — Figs. S4 and S5AB). In addition, their com-
plexes were stable, i.e., there was no change in the chelation curve mea-
sured immediately and after a 5 min interval (e.g, clioquinol in Fig. 5A).
Moreover, the methodology enabled the assessment of the complex
stoichiometry: clioquinol and chloroxine chelated about 50% of copper
at the ratio 1:1 (Fig. 4B and Supplementary data — Fig. S4A), thus at
theratio 2:1, chelator to copper, 100% of copper was chelated implicating
the stoichiometry 2:1. Analogously, NaEDTA formed likely complexes
with the stoichiometry 1:1. Trientine showed as high an affinity as that
of NazEDTA to copper ions (either cuprous or cupric ions) at neutral or
close to neutral conditions. However, this ability significantly dropped
under more acidic conditions (pH 5.5 and 4.5) (Fig. 4C). In line with
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Fig. 2. Influence of hydroxylamine on BCS-Cu™
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this finding, complexes in those acidic conditions were not stable, in con-
trast to complexes in neutral or close to neutral pH (Fig. 5B). Complexes
with cuprous ions were slightly, but significantly less stable than cupric
complexes (data not shown). In contrast to its halogenated congeners,
non-substituted 8-hydroxyquinoline was a considerably weaker copper
chelator. Its copper chelation was even less expressed in more acidic con-
ditions and its complexes were less stable (Fig. 4A vs B; Fig. 5A). Interest-
ingly, D-PEN was only a poor chelator in neutral or slightly acidic
conditions. At pH 7.5, it was able to chelate only 26 + 1% of cupric ions
and 15 = 4% of cuprous ions at a ratio of 400:1, D-PEN to copper. To ver-
ify the reliability of these results, 1 mM BCS solution instead of 5 mM
was tested. However, measured chelation reached only approximately
twofold higher values (data not shown). At acidic pH, no copper chela-
tion was observed at all (Fig. 4D and Supplementary data — Fig. S5C).
Additionally, complexes of D-PEN were not stable and their decay
followed an approximately linear character in relation to the concentra-
tion of the chelator (Fig. 5C).

Since D-PEN is a well-known copper chelator, the measured very low
chelation efficacy using the BCS-chelation methodology was rather
unexpected, and so the copper chelation activity was rechecked by
other methodology based on hematoxylin. This dye forms complexes
specifically with cupric ions [27]. However, it is useless in more acidic
conditions (pH 4.5). In contrast to BCS, addition of Cu?* to hematoxylin
led to different absorption maxima in relation to the pH used (Fig. 6A).
Despite the fact that the maximum absorbance was situated at 750 nm
at pH 7.5 and 6.8, a linear relationship between copper concentration
and absorbance at this wavelength was not found. Therefore, the rela-
tionship between copper concentration and absorbance was analyzed
at all wavelengths in order to find an appropriate wavelength for precise
copper assessment. This wavelength was found around 600 nm at all
tested pHs, where hematoxylin alone had negligible absorbance
(Fig.6B). There were slight differences between particular pH conditions
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and, based on more detailed calibration curves (data not shown), the
wavelength 610 nm was selected for pH 7.5, 590 nm for pH 6.8 and
595 nm for pH 5.5. Additionally, different concentrations of the indicator
were tested to optimize the methodology. Hematoxylin in equal concen-
tration to copper was sufficient for sensitive measurement while further
increases in the concentration did not substantially influence the absor-
bance at the wavelengths around 600 nm (Fig. 7). Since the absorbance
of the complex was changing gradually, the time aspect was also includ-
ed in all measurements.

For the reason of comparison, all mentioned substances were ana-
lyzed in this assay too. As in previous methodology, similar results were
found in the case of clioquinol, chloroxine and Na;EDTA. The stable com-
plexes with 2:1 or 1:1 stoichiometry were confirmed by this assay (Fig. 8B
and Supplementary data — Figs. S4B and S6). Chelation of cupric ions by
trientine was similar to that using BCS methodology, except that the
curves were identical at all tested pHs (Fig. 8C). Complexes with the 1:1
stoichiometry were, in contrast to BCS methodology, stable even at

pH 5.5. The activity of 8-hydroxyquinoline and D-PEN was, however,
much higher when compared with the BCS assay (Figs. 8AD vs
4AD). 8-Hydroxyquinoline likely formed the complex with the stoi-
chiometry 2:1, but the complex did not appear to be stable in neutral
conditions (Fig. 8A). Complexes of D-PEN were very variable at dif-
ferent pHs and changed with time (Fig. 5D). The stoichiometry ap-
proximated, but did not equal, the ratio 1:1 at pH 5.5-6.8. This may
correspond to the known fact that its complex has a rather compli-
cated character depending on experimental conditions [28,29].

To fully characterize the copper-chelator interactions, cupric ion
reducing experiments were performed. None of the tested substances
except for D-PEN possessed copper reducing properties. Reducing ability
of D-PEN was observed at all tested pH values, with the maximum and
complete reduction at a concentration ratio of 4:1 (Supplementary
data — Fig. S7). Although the reducing potential dropped slightly in
higher ratios of D-PEN to copper at pH 6.8 and 7.5, it remained
substantial.
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concentration ratio b-PEN:Cu>*

, clioquinol (B), trientine (C), and D-PEN (D). Chelation properties of chloroxine were not



84 M. Riha et al. / Journal of Inorganic Biochemistry 123 (2013) 80-87

1004 ettssg—s -B+ pH7.5

L

¥ ia‘- -+ pHE8
&% -7~ pHE5

5 & pH45

o 5“ Ef -+ clioquinol pH 7.5

£

o

| iﬁ‘i

11 10:4 100:4

concentration ratio chelator:Cu""

(9]

100- -8 pHT.5

_’_é -»- pH6.8
50 L e %

---r"!'_}

4011 100:1 400:1
concentration ratio p-PEN:Cu®*

stability [%]

- pH7.5
=% pHB8
-9~ pH55
T & pH45
2
>
£
o
&
w
1:10 121 104 100:4
concentration ratio trientine:Cu?*
" v om0 PHTS
vt B3 s pHes
‘{ P ——- pHBBand 75
o) e B -5
S f . 2o 9- pH5.5
Z o ¥
a2 o
g *
140 1 104

concentration ratio p-PEN:Cu®*
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imental methods, the complexes of D-PEN were unstable.

4. Discussion

There are various principles for the determination of copper ions in
vitro. Since spectrophotometric measurements are rapid and inexpensive,
they are often used [30]. However, several spectrophotometric methods
reported in the literature have only limited use in pharmacological re-
search; in particular, some of them have low sensitivity (e.g, low molar
absorption coefficient in the case of bis(acetylacetone)ethylenediimine)
or can be used only in a limited pH range (e.g., [3-benzoyl-a-pyridyl thio-
urea) [31,32]. In light of these facts, BCS represents a suitable indicator:
1) it avidly chelates cuprous ions with high affinity; 2) the complex is
formed in a wide range of pHs and its absorbance is stable; 3) this method
can be used for cupric chelation assessment too, when coupled with a
suitable reducing agent; 4) the methodology can reveal the relative affin-
ity of the tested compound for copper as well, because of the high affinity
of BCS for copper, and 5) in the case of strong copper chelators, i.e., those
which have high affinity for copper, the complex stoichiometry can be
determined. Although BCS has some affinity for cupric ions too [33], this
appears to be low to influence the assay significantly (Supplementary
data — Fig. 2SB). Moreover, BCS is specific for cuprous ions compared
with other ions [34]. The accuracy of BCS measurement can be confirmed
by available data, which are in apparent agreement with the results from
this study: EDTA forms 1:1 complexes with heavy metals, and complexes
of 8-hydroxyquinolines with copper of 2:1 stoichiometry were reported
in the literature [35-37].

In contrast, hematoxylin is rather a cumbersome indicator. It and its
complex with copper are not stable and the assay is not usable at lower
pH. It can, however, be used at pH 5.5, but it has to be taken into consid-
eration that the affinity of hematoxylin for cupric ions is low in this
condition. Thus, this approach may be used at pH 5.5 only for the deter-
mination of chelation stoichiometry, but not for the comparison of
relative affinities of the tested substances for copper. Because of the men-
tioned instability, the lowest possible concentration of hematoxylin was
used. This concentration was equal to the concentration of copper
(Fig. 7). This is in agreement with the published data showing that the
stoichiometry of Cu?*-hematoxylin, or more precisely Cu?*-hematein
(active form of hematoxylin), complex is 1:1 [38].
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The second aim of the study was to analyze the copper chelation
activity in harmony with the known and anticipated biological
aspects of copper (patho)physiology. Firstly, pH influences chelation
and appears to be an important factor for the fate of transient metals
(iron and copper) in the organism: 1) when cells are in contact with
excess of copper, lysosomes (pH 4-5) appear to accumulate this;
2) copper absorption, similar to that of iron, is likely taking place in
the upper part of the intestine where the pH is still rather acidic;
3) pathological conditions like tumors and ischemia are associated
with lower pH, as well [5,39-42]. Secondly, although not very much
is known about the pathophysiological changes of the copper oxida-
tive state, presumably both cupric and cuprous ions have important
roles in the organism [4-G]. A detailed investigation of copper inter-
action with potential chelators in relation to pH and oxidative status
has not been published yet. We are of the opinion that such type of
study may facilitate further research on copper chelators. In particu-
lar, weak copper chelation associated with copper reduction could
potentially increase copper absorption and increase production of
ROS, while potent chelators may block copper from redox cycling.

The most potent cupric/cuprous ion chelators in this study were
chloroxine, clioquinol and NazEDTA. These chelators differed only in the
complex stoichiometry. Both of the halogenated 8-hydroxyquinolines
formed 2:1 complexes, while EDTA, a known hexadentate ligand, formed
the complex with a stoichiometry of 1:1. This was confirmed by both
assays used in this study. Trientine chelated copper in the ratio 1:1, as sug-
gested by both methodological approaches. Previous papers reported
cupric complexes with clioquinol of the 2:1 stoichiometry only at neutral
pH and with trientine of the stoichiometry 1:1 over a large pH range
|35,43,44]. It ensues from the summarized data that trientine forms com-
plexes of 1:1 at all tested pHs, but its complexes at pH 5.5 and 4.5 were
not stable. The affinity of EDTA for cuprous ions was slightly lower than
that for cupric ones, which is in agreement with the known fact that
EDTA forms stable complexes especially with divalent or multivalent
metal cations [45].

In our study, D-PEN and 8-hydroxyquinoline were copper chelators
of lower potency than that of the other tested compounds. The hema-
toxylin assay showed that D-PEN was able to form complexes with
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cupric ions. Their stoichiometric ratio varied according to pH and
changed with time due to complex instability. 8-Hydroxyquinoline was
able to chelate copper with the stoichiometry 2:1. Obviously, weaker ac-
tivity and complex instability of non-substituted 8-hydroxyquinoline
can be assigned to the absence of electronegative halogen(s) in the aro-
matic ring when compared with its congeners clioquinol and chloroxine.
The latter compounds have identical chelation curves, probably due to
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the fact that they have similar pK, values. The difference between halo-
genated congeners and non-substituted 8-hydroxyquinoline can be
of particular importance, since 8-hydroxyquinoline has more potent
antiproliferative activity than clioquinol [21]. The explanation may
consist in the observed instability of the copper complex with
8-hydroxyquinoline. In addition, the effect of 8-hydroxyquinoline
can be even intensified at the low pH of tumors. Considering the
competitive BCS assay, D-PEN was even less efficient than
8-hydroxyquinoline. In general, the weaker chelators D-PEN and
8-hydroxyquinoline were losing their chelation efficacy in more acidic
conditions since the acid moiety has probably a lower tendency to liber-
ate a proton in a more acidic environment. This phenomenon was
apparent, particularly in the BCS assay, because this indicator had bal-
anced activity at all tested pHs (Supplementary data — Fig. S2A).

The confrontation of this in vitro data with known clinical and in vivo
data is of interest. Although both D-PEN and trientine are known to
potentiate urine copper excretion in similar doses, their effect on copper
in the organism seems to be markedly different [44]. In agreement with
our data, where trientine was shown to be a more potent copper chela-
tor than D-PEN, other studies confirmed a relatively low chelation effect
of D-PEN. Trientine was markedly more active in mobilization of copper
from albumin than D-PEN [33,44,46]. In addition, D-PEN may rather
increase or tend to increase copper in the circulation during the first
weeks of the therapy [47,48]. Whether this is associated with a risk of
worsening of the neurological impairment in patients with Wilson's
disease is unknown, but this risk is the highest in the case of D-PEN
when compared with either trientine or zinc therapy [18,19,49]. More-
over, the impairment generally starts early after initiation of the therapy
with D-PEN, in contrast to the latter treatment modalities [19]. The
potent reducing properties of D-PEN were previously reported and sug-
gested as the mechanism of copper mobilization in the treatment of
Wilson's disease [ 50]. However, copper reduction may lead to increased
oxidative stress. Indeed, induction of oxidative stress was observed in
the brain after D-PEN treatment in an animal model [48].

High complex stability in the case of clioquinol, chloroxine and
Na;EDTA emphasized the chelation potency of these substances,
because they were able to preserve their chelation activity in competi-
tion with BCS. This finding should be compared with in vivo conditions.
Recent reports suggested that clioquinol can deplete cells of zinc, but it
acts as a copper shuttle, thus transporting copper inside the cells
[51,52]. It is highly possible that copper specific intracellular chaperons,
like Ccs1, with higher affinity for copper ions, may be responsible for
this paradoxical effect [52].

In conclusion, we report here a simple, rapid, inexpensive and pre-
cise methodology for copper chelation screening. We confirmed that
NazEDTA, clioquinol and chloroxine are potent copper chelators at all
tested pH conditions, but trientine is only in neutral or slightly acidic
conditions. D-PEN appears to be a quite weak copper chelator, which
can even cause reduction of cupric ions.
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Fig. 7. Influence of hematoxylin on complex formation at 3 min (A) and 20 min (B). Concentration ratios, hematoxylin to copper, are shown in the legend. The absorbance markedly
increased in higher hematoxylin to copper ratios (2:1 and 3:1) when 3-min and 20-min measurements were compared.
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Fig. S1. Chemical structures of the tested substances (A-F) and the indicators used for the assays (G and H). D-

PEN (A), Na,EDTA (B), trientine (C), 8-hydroxyquinoline (D), chloroxine (E), clioquinol (F), BCS (G), and

hematoxylin (H).
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Fig. S2. Absorption spectra of BCS-Cu™ complex in the presence of hydroxylamine (A). Supplementary

absorption spectra at pH 6.8 (B). Final concentrations were: 100 uM /Cu®*7/, 1 mM /BCS/, and 20 mM

/hydroxylamine/. Data show results measured at 5 min interval.
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In vitro evaluation of copper-chelating properties
of flavonoidsT

Michal Riha,? Jana Karli¢tkova,® Tomas Filipsky,? Katefina Macakova,® Liliana Rocha,®*
Paolo Bovicelli,? llaria Proietti Silvestri,® Luciano Saso,” Ludék JahodaF,®
Radomir Hrdina® and Premysl Mladénka*®

Copper is an essential trace element involved in plenty of redox reactions in living systems, however,
unbound copper ions cause damage to various biomolecules via excessive generation of reactive oxygen
species. Flavonoids, ubiquitous plant secondary metabolites, possess complex effects on human health
and chelation of transient metal ions is one of their proposed mechanisms of action. In this in vitro
study, 26 flavonoids from various subclasses were screened for their interactions with both copper
oxidation states at four (patho)physiologically relevant pH conditions (4.5, 5.5, 6.8 and 7.5) by two
spectrophotometric approaches and compared with the clinically used copper chelator trientine. In a
slightly competitive environment, the majority of flavonoids were able to chelate cupric ions, however,
under more competitive conditions, only flavones and flavonols were able to chelate both cupric and
cuprous ions. Apparently, the 2,3-double bond was essential for stable copper chelation. The most
efficient copper chelation sites were the 3-hydroxy-4-keto group in flavonols and the 5,6,7-trihydroxyl
group in flavones. On the other hand, the 3'4’-dihydroxyl group was associated only with a weak
activity. 3-Hydroxyflavone, kaempferol and partly baicalein were even more potent than trientine in the
acidic environment, however, none of the tested flavonoids was able to surpass it at physiological pH or
slightly acidic conditions. In conclusion, flavonoids possessing appropriate structural characteristics were
efficient copper chelators and some of them were even more potent than trientine under acidic conditions.

which can be classified into several subclasses according to
their basic chemical structure: flavones, flavonols, flavanones,

Flavonoids represent a large group of polyphenolic compounds
which belong to plant secondary metabolites. Their ubiquity in
the plant kingdom and high content especially in fruits and
vegetables make them a common component of the human
diet. Flavonoids are 2-phenyl-1-benzopyran-4-one derivatives
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flavanonols, and flavanols. Plenty of in vitro, in vivo and several
epidemiological studies have suggested their health-promoting
effects. Miscellaneous properties including antioxidant, anti-
microbial, anti-inflammatory, anticancer, vasoactive or hep-
atoprotective may be responsible for this." The former theories
explaining the effects only by direct scavenging of reactive
oxygen species (ROS) seem to be overcome because flavonoids
are able to chelate transient metals (particularly iron and/or
copper), to block several enzymes producing ROS, and to
specifically interact with other targets (direct antiaggregatory
and vasodilatory potential) as well.* While the interactions of
flavonoids with iron, enzymes and specific targets have been
extensively studied (reviewed in ref. 4), data on interactions of
flavonoids with copper are rather sparse. Quercetin and rutin
were mostly examined and only a few other compounds have
been tested.>™ As far as we know, no complex comparison of
copper-chelating properties of flavonoids has been published
yet.

Copper is an essential trace metal whose function in living
systems is based predominantly on its ability to change between
two oxidation states, a cuprous and a cupric one. Cuproenzymes
are involved in many vital processes such as cell respiration,

This journal is © The Royal Society of Chemistry 2014
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ROS elimination, biosynthesis of neurotransmitters and
connective tissue." The fate of copper in the human body is
complex and has not been fully understood. However, a
meticulous regulation of copper homeostasis is necessary
because unbound copper ions participate in the formation of
ROS due to the catalysis of the Fenton-like reaction which
consequently causes damage to various biological structures.*
A typical example of copper homeostasis disorder is Wilson's
disease, which is caused by the chronic copper overload due to a
specific genetic abnormality." Despite some controversy, the
disruption of copper homeostasis is involved in various patho-
logical states including neurodegenerative diseases, tumours
and acute myocardial infarction.'*"”

The chelation approach is promising in pathological states
associated with the excess or dysregulation of transition metals,
however, the clinical use of copper chelators is currently
restricted only for the treatment of Wilson's disease. On the
other hand, the use of copper-chelating agents is absolutely
essential in this case: until the effective pharmacological treat-
ment based on p-penicillamine was available, Wilson's disease
was fatal. The research of copper chelators has not been so
successful up to now since currently only two other copper
chelators, trientine and tetrathiomolybdate, are used in the
treatment of Wilson's disease.'® Interestingly, although p-peni-
cillamine is considered as a standard copper chelator in the
clinical practice, it is a much less potent copper chelator than
trientine." The research of novel copper chelators for the other
above mentioned disorders, in particular that of the central
nervous system, is ongoing but most compounds are still in the
phase of experimental testing.

When screening metal chelators, several other factors should
be considered, e.g. lipophilicity of the parent compound and the
complex, affinity for the both cupric and cuprous ions, partici-
pation of the complex in redox chemistry, influence by pH
because lower than physiological pH are characteristic for both
physiological conditions (copper absorption in the duodenum)
and several pathologies (tumours, acute myocardial infarction
and inflammation), and the last but not the least the potential
toxicity of the compound.

Therefore this study was aimed at a detailed in vitro evalua-
tion of copper-chelating properties of various flavonoids which
are generally considered as non-toxic. Their chelation efficiency
was assessed at four pH conditions ranging from 4.5 to 7.5,
towards both cupric and cuprous ions, and was compared with
trientine, a clinically used copper chelator. The emphasis was
given especially on the elucidation of the structure-activity
relationship. Additionally, the relative stability of the formed
complexes was assessed.

Materials and methods
Reagents and solutions

Stock solutions of cupric ions (cupric sulphate pentahydrate,
CuS0,-5H,0) and cuprous ions (cuprous chloride, CuCl) were
prepared in water (Milli-Q RG, Merck Millipore, Massachusetts,
U.S.A.) or in the aqueous solution of 0.1 M HCl and 1 M Nacl,
respectively. The corresponding fresh working solutions (0.25

This journal is © The Royal Society of Chemistry 2014
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mM) were prepared by dilution in DMSO (BCS method) or
distilled water (hematoxylin method). Hydroxylamine hydro-
chloride and bathocuproinedisulfonic acid disodium salt (BCS)
were dissolved in distilled water. Hematoxylin was dissolved in
DMSO and its working solution (0.25 mM) was usable for no
longer than 90 min. All flavonoids were dissolved in DMSO,
while trientine in distilled water.

Experiments were performed in 15 mM buffers, acetate (pH
4.5 and 5.5) and HEPES (pH 6.8 and 7.5).

Luteolin-4'-O-glucoside was purchased from Extrasynthese
(France). Mosloflavone and negletein were synthesized by a
convergent synthesis starting from chrysin according to the
previous report.'” All other chemicals were purchased from
Sigma-Aldrich (Germany).

Copper chelation assessment

Two spectrophotometric methods were used for the screening
of copper-chelating properties: an assay based on BCS and a
complementary assay using hematoxylin. These methods were
previously reported in the details.'

The hematoxylin assay: different concentrations of a tested
compound were mixed for 2 min with cuprie ions in the pres-
ence of a buffer. Non-reacted cupric ions were mixed for next 3
min with the indicator hematoxylin and the absorbance was
measured thereafter and after other 4 min. Different wave-
lengths were used according to pH: 595 nm (pH 5.5), 590 nm
(pH 6.8), and 610 nm (pH 7.5), as reported earlier.'®

A similar approach was used in the BCS assay: different
concentrations of a tested compound were mixed with cupric or
cuprous ions in an excess of buffer and mixed for 2 min. In the
case of cuprous ions, hydroxylamine was added before the
copper solution in order to retain copper in its reduced state. In
the case of cupric ions, hydroxylamine was added after mixing
by virtue of reduction of non-reacted cupric ions. The non-
chelated copper was then evidenced in both cases by the indi-
cator BCS and absorbance was read immediately and after 5
min at 484 nm.

All experiments were performed in 96-well microplates, at
least in duplicates, at room temperature. A Synergy HT Multi-
Detection Microplate Reader (BioTec Instruments, Inc., USA)
was used for all spectrophotometric measurements.

Statistical analysis

The amount of remaining copper was calculated from the differ-
ence of absorbance between the tested sample (with the indicator)
and its corresponding blank (without indicator) divided by the
difference of the control sample (the known amount of copper
without the tested substance) and its control blank.

The dose-dependent curves with 95% confidence (predic-
tion) intervals were constructed by GraphPad Prism 6 for
Windows (GraphPad Software, USA). Each curve of an efficient
substance was composed from at least four points: first
minimal point was approximately 0-5% chelation, last point
was maximal chelation. Maximal chelation was considered 95-
100% for high-affinity chelation or lower in cases when plateau
bellow this value was found. The efficiency of the copper
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chelation was calculated at the concentration ratio 1:1 and
10 : 1, substance : copper, respectively, according to the curve
equations:

y =max/(1 + 10 exp((log ERsp — x) x k))

where y is the amount of chelated copper ions in per cent; max
the maximal chelation of copper ions in per cent; ER5q the
effective substance : copper concentration ratio needed to
chelate 50% of the copper; x the common logarithm of the
substance : copper concentration ratio; and & the slope of the
curve.

In the hematoxylin assay, ER5, were used for the comparison
of the chelation potencies. The corresponding SD values were
computed from the relation between confidence intervals and
SD.2

Because the used indicators act virtually as copper chelators,
the competition between the tested compound and the indi-
cator occurs. When the compound forms unstable complexes, it
is possible to the relative stability of the sub-
stance : copper complex. The value of relative stability s was

assess
calculated as follows:
5= palvo

where y, is the percentage of chelated copper in the second
measurement (after 4 or 5 min in the hematoxylin or BCS
methodology, respectively), and y, is the amount of chelated
copper ions at first measurement.

Data are expressed as mean =+ SD. Differences were consid-
ered significant at p < 0.05, unless stated otherwise. The
differences in chelation and relative stability of copper
complexes were performed by one-way ANOVA test followed by
Bonferroni's multiple comparisons test.

Results

Firstly, we assessed copper-chelating properties of all 26 flavo-
noids (for chemical structures see Fig. S17) by the use of the

ERsp
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Fig. 1 The chelation of cupric ions by flavonoids and trientine according to the
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hematoxylin assay because the methodology is less competitive
than that of BCS and therefore less efficient copper chelators
may be revealed as well."

Hematoxylin assay

All tested flavonoids excluding non-substituted flavone and 7-
hydroxyflavone were able to chelate copper in this complemen-
tary assay (Fig. 1). Although this methodology is not principally
aimed at the determination of the stoichiometry, the stoichi-
ometry could be assessed in the case of potent copper chelators.
E.g., if ER5, equals to 1, this mean that at the ratio 1 : 1 about
50% of copper was chelated, thus at the ratio 2 : 1, flavonoid to
copper, respectively, about 100% of copper will be chelated and
therefore the stoichiometry of the complex would be 2:1.
Analogously, ERs, 0 0.25 suggests the stoichiometry of 1 : 2 and
0.5 that of 1: 1. In the case of low-affinity chelators, the ER5 is
apparently higher tofitin a possible chelation stoichiometry and
thus the stoichiometry cannot be assessed in such cases.

Flavones luteolin and baicalein and flavonol myricetin were
the most potent compounds. They were more active than tri-
entine and their ER5, values were approximately 0.25 suggesting
the complex stoichiometry 1 : 2 (flavonoid : copper). Trientine
is well known to form a complex 1 : 1 stoichiometry and herein
the expected ER5, of 0.5 was confirmed. In contrast to trientine
which formed the same complex at all pH conditions, luteolin
formed likely the complex 1 : 1 at pH 5.5 while the stoichiom-
etry of complexes with baicalein and myricetin was on average
between 1:1 and 1:2 at this pH and thus it could not be
established with certainty from the current experiment. Quer-
cetin formed likely complexes with stoichiometry 1 : 2 at pH 6.8
as well but such complexes were not stable at pH 7.5 and 5.5. At
the latter pH, apparently 1 : 1 stoichiometry was observed.

The ER5, around 0.5 was observed in the case of negletein
and baicalin at pH 6.8 and 7.5 and in rutin at pH 6.8 suggesting
that these flavonoids are able to form complexes with stoichi-
ometry 1 : 1. Again, their affinity for cupric ions at pH 5.5 was
lower in comparison to slightly acidic or physiological pH
conditions.

kaempferol
quercetin
morin
troxerutin
catechin
epicatechin
taxifolin
naringenin
hesperetin
naringin
hesperidin

3-hydroxyflavone

hematoxylin assay. Data are expressed as ERsg values.
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The ERsp of 1, implicating stoichiometry 2 : 1, was observed
in the case of flavonols without the catechol ring B (3-hydroxy-
flavone and kaempferol) at all tested pH conditions. Flavones
without the catechol ring B including 5-hydroxyflavone, chrysin,
apigenin, mosloflavone and luteolin-4-0-glucoside formed the
complexes with cupric ions at pH 6.8 with stoichiometry 2 : 1.

In the cases of flavanones and flavanols, the stoichiometry
cannot be established because these flavonoids have high ERsq
indicating their lower affinity to copper.

The active flavonoids formed stable complexes at pH 5.5 and
6.8, however at pH 7.5, the relative stability depended on the
ratio of the flavonoid to copper ions and it dropped with
decreasing ratio (Fig. S21). The exceptions were baicalein, 3-

RSC Advances

hydroxyflavone and luteolin which formed the stable complexes
even at pH 7.5.

Structure-activity relationship
The 5,6,7-trihydroxyl or 6,7-dihydroxyl; 3',4'-dihydroxyl; 3-
hydroxyl-4-keto or 5-hydroxy-4-keto functional groups were
associated with cupric chelation. In order to highlight the
relationships between structural modifications and the activity,
following schemes (Fig. 2-4) were prepared.

In the hematoxylin methodology, the chelating groups were
evidently responsible for a majority of the differences in copper
chelation, e.g.:

Fig. 2 The effect of different substitution in ring A in flavones. (A) Diosmin, (B) 5-hydroxyflavone, (C) chrysin, (D) mosloflavone, (E) negletein, (F)
baicalin, and (G) baicalein. The direction of an arrow shows the relationship between compounds: a bold one-way arrow means a significant
difference (p < 0.05), a two-way arrow the same potency. Glc: glucose, Glu: glucuronic acid, Rha: rhamnose.

Fig. 3 The effect of a hydroxyl substitution in flavonols. (A) 3-Hydroxyflavone, (B) kaempferol, (C) morin, (D) quercetin, and (E) myricetin. The
direction of an arrow shows the relationship between compounds: a bold one-way arrow means a significant difference (p < 0.05), a two-way

arrow the same potency.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 The effect of the substitution in ring B in flavones. (A) Chrysin, (B) apigenin, (C) luteolin, and (D) luteolin-4'-O-glucoside. The direction of
an arrow shows the relationship between compounds: a bold one-way arrow means a significant difference (p < 0.05), a two-way arrow the

same potency.

o three adjacent hydroxyl groups in ring A or in ring B were
associated with better copper chelation than two adjacent
hydroxyl groups (Fig. 2 and 3);

e the catechol moiety in ring B increased the chelation in
comparison with an isolated hydroxyl group, in particular at pH
6.8 and 7.5 (Fig. 3 and 4);

e the 3-hydroxy-4-keto chelation site apparently improved
copper chelation as the blockade of the 3-hydroxyl group
decreased the copper chelation potential (quercetin was more
potent than rutin and troxerutin). The effect of that chelation
site was confirmed even in the absence of the 2,3-double bond:
flavanols with the catechol ring B were less potent than taxifolin
possessing both catechol ring B and the 4-keto group under
acidic conditions (Fig. 1);

e similarly, the 5-hydroxy-4-keto chelation site was associated
with the copper chelation activity (e.g. non-chelating flavone vs
chelating 5-hydroxyflavone).

The non-chelating groups influenced only slightly the
resulting chelation effect with few exceptions:

¢ the adjacent hydroxyl group in the position 2’ decreased
the chelation potential of the 3-hydroxy-4-keto chelation site
(Fig. 3C vs. 3D);

e in flavanones, a sugar in the position 7 significantly
reduced the copper chelation potential (Fig. 1), similarly, a
sugar in the position 7 in flavones decreased the chelation
potential of the 5-hydroxy-4-keto chelation site (Fig. 2F vs. 2G);

o contrarily, a sugar in the position 7 was more advantageous
than a methoxyl group in this position at least at pH 5.5 (Fig. 2F
vs. 2E).

BCS assay

In this assay, all 24 flavonoids which chelated copper ions in the
hematoxylin method were tested. In contrast to the former assay,
only the members of flavones and flavonols were able to
substantially chelate copper in this competitive approach
including BCS. This suggested that the 3',4’-dihydroxyl group
alone was insufficient for copper chelation in the competitive
conditions in contrast to the previously mentioned slightly
competitive hematoxylin approach. A blocking of the catechol
group in the case of luteolin-4‘-0-glucoside or diosmin abolished
absolutely the remaining activity. For an overview, the cupric
chelation ability of active flavonoids was compared at the ratios of
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1:1and 10 : 1(flavonoid : copper) (Fig. 5). All tested compounds
showed generally higher activity towards cupric ions, but the
results are in general analogous for cuprous ions (Fig. $37t).

In most cases, the chelation ability significantly dropped
with increasing acidity of the environment and the majority of
flavonoids chelated hardly any or no copper ions at pH 4.5.
Interestingly, in contrast to the hematoxylin method or the
chelation curves of trientine, the majority of tested flavonoids
were not able to chelate 100% of the copper even at very high
concentration ratios (the representative examples are shown in
Fig. $47). Rather a plateau was observed in majority of flavo-
noids. This is apparent from the Fig. 5 where the copper
chelation of 3-hydroxyflavone or kaempferol increased from the
ratioof1: 1to 10 : 1 while baicalein mostly reached its maximal
chelation approximately at the ratio of 1: 1.

None of the tested flavonoids was more potent than trientine
at the physiological or slightly acidic conditions even if 3-
hydroxyflavone and partly as well kaempferol were similarly active
at the ratio of 10 : 1. However, under the acidic conditions, the
both mentioned flavonols were more potent than trientine at the
ratio of 10 : 1 for chelation of the both cupric and cuprous ions.
Baicalein, duetoitsinability to chelate 100% of copper, surpassed
trientine only at pH 4.5 (Cu*" at theratio of 1 : 1,Cu" at the ratio of
10 : 1) while at pH 5.5 it was more active chelator of cuprous ions
and non-inferior chelator of cupric ions. All other tested flavo-
noids were less efficient than trientine at all conditions.

An additional analysis was performed with active copper
chelators, Le. those with chelation higher than 30% at the ratio
of 10:1 (Fig. S5f). The relative stability of flavonoids was
independent on pH, the only exception was baicalein which
formed less stable complexes at more acidic conditions. 3-
Hydroxyflavone, kaempferol, quercetin and myricetin formed
stable complexes at all tested pH conditions with the relative
stability comparable with complexes of trientine at pH 6.8/7.5
(Fig. S57). On the other hand, the complexes of other assessed
flavones were significantly less stable than in the case of trien-
tine. The described phenomenon was independent on the
oxidation state of copper ions.

Structure-activity relationship

In contrast to the hematoxylin methodology, the impact of
different substitutions was more complex and markedly

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 The chelation of cupric ions by flavonoids in comparison with trientine, at the ratios of 1: 1 (A) and 10 : 1 (B) (flavonoid : copper). * Less
potent than trientine, ¥ more potent than trientine (p < 0.05).

dependent on copper oxidation state and pH (Fig. 6-9). The ¢ a presence of adjacent hydroxyl groups in ring A increased
most important findings are: the chelation potency while a methoxyl group or a sugar had

e a substitution of the free 3-hydroxyl group was associated negative influence on it (Fig. 7). On the contrary, a hydroxyl
with a marked decrease in the chelation activity (Fig. 6); substitution in ring B had no influence (Fig. 8A vs. 8B) or even

deteriorated the activity (Fig. 8 and 9);

Cu?* 4.5%/5.5/6.8°
Cu* 4.5%/5.5-7.5

Cu®* 7.5
Cu?* 4.5/5.5

Fig. 6 The effect of the 3-hydroxyl group and additional hydroxyl groups in flavonols. (A) Rutin, (B) troxerutin, (C) quercetin, @ significance was
found for pH 4.5 and cuprous ions at the ratios higher than 10 : 1 (flavonoid : copper, respectively). The direction of an arrow shows the rela-
tionship between compounds: a bold one-way arrow means a significant difference (p < 0.05), a two-way arrow the same potency. Glc: glucose,

Rha: rhamnose.
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Cu®6.8/7.5
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OoH O

Cu®* 4555
™ Cu'4.568
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Cu'7.5
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Fig.7 The effect of different substitution in ring A in flavones. (A) 5-Hydroxyflavone, (B) chrysin, (C) mosloflavone, (D) negletein, (E) baicalin, and
(F) baicalein. The direction of an arrow shows the relationship between compounds: a bold one-way arrow means a significant difference (p <
0.05), a two-way arrow the same potency. Glu: glucuronic acid.

Cu** 45

O ‘ Cu* 4.5%/5.5/6.8%°
Cu?* 4545575 OH Cuf* 5.5/6.8
Cu* 455575 OH © Cu'7.5
Cu?* 75 OH
OH oH
Cu®* 4.5
.

Cu' 45055 HO on

CU?* 5575

Cu* 6.875 OH O E

Fig. 8 The effect of hydroxyl substitution in flavonols. (A) 3-Hydroxyflavone, (B) kaempferol, (C) morin, (D) quercetin, (E) myricetin, ? significance
was found at the ratios higher than 10 : 1 (flavonoid : copper), ® at the ratios lower than 4 : 1 (flavonoid : copper) myricetin was more potent than
quercetin. The direction of an arrow shows the relationship between compounds: a bold one-way arrow means a significant difference (p <

0.05), a two-way arrow the same potency.

Fig. 9 The effect of substitution in ring B in flavones. (A) Chrysin,
(B) apigenin, and (C) luteolin. The direction of an arrow shows the
relationship between compounds: a bold one-way arrow means a
significant difference (p < 0.05), a two-way arrow the same
potency.
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e a hydroxyl group in the position 2" weakened the effect of
the essential 3-hydroxy-4-keto chelation site (Fig. 9C vs. 9B).

Discussion

While flavonoids-iron interactions have been studied in a
detailed way,”*™
copper. This study demonstrated that flavonoids across
different subclasses were able to chelate copper ions, however,
in a very variable manner. The chelating sites for copper does
not substantially differ from that of iron or other metals.”*" In
harmony with published data on the both copper and iron
chelation, the most important chelation sites were 3-hydroxy-4-
keto, 5-hydroxy-4-keto, 3',4"-dihydroxyl (i.e. the catechol ring B),
and (5),6,7-(tri)dihydroxyl substitution in ring A. Isolated keto,
hydroxyl and methoxyl groups were not associated with metal
chelation.

such attention has not been focused on

This journal is © The Royal Society of Chemistry 2014
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Contrary to the widespread application of a direct spectro-
photometry in the analysis of metal-chelator interactions,**
we used an indirect spectrophotometric approach.' Contrary to
the direct spectrophotometry, a competition between the indi-
cator, which is in fact a strong cuprous chelator BCS, and a
tested compound can be useful for the assessment of the
formed complex relative stability. While the complementary
hematoxylin method is suitable for basic screening of copper
chelation ability and suggestion of complex stoichiometry, the
assay employing BCS reveals the potency of a chelator.

Although there are important drawbacks of the hematoxylin
method including decreasing affinity of hematoxylin for copper
with decreasing pH and resulting impossibility to use the
method at pH 4.5, its outcomes concerning suggestion of the
stoichiometry appears to be real and in agreement with avail-
able literary sources.' Because the affinity of hematoxylin for
copper is high at pH 7.5, only very active copper chelators are
able to form stable complexes at this pH. This was true for
powerful copper chelators of flavonoid class as 3-hydroxyflavone
and baicalein. Contrarily, the assessment of copper-flavonoid
stoichiometry can be easily measured as well in moderately
active chelators at pH 6.8 or pH 5.5 because of lower affinity of
hematoxylin for copper at these pH conditions. This is sup-
ported by the fact that all flavonoid-copper complexes were
stable at pH 5.5 and 6.8 in contrast to pH 7.5 (Fig. S27).

The stoichiometry of the complexes is apparently based on
the number and type of functional groups. At slightly acidic pH
of 6.8, 3-hydroxyflavone and kaempferol with only one possible
3-hydroxy-4-keto chelation site formed the complexes of 2 : 1,
flavonoid to copper, similarly to flavones with analogous 5-
hydroxy-4-keto chelation group (5-hydroxyflavone, chrysin, api-
genin, mosloflavone and luteolin-4'-glycoside). Luteolin and
quercetin possessing both (3-hydroxy)-5-hydroxy-4-keto and the
catechol ring B were able to chelate 2 copper atoms per mole-
cule similarly to myricetin equipped with three adjacent
hydroxyl groups in ring B and 3-hydroxy-5-hydroxy-4-keto
chelation site. Rutin, although possessing the identical chela-
tion site as luteolin, formed only complexes with 1 : 1 stoichi-
ometry. The likely reason is the steric hindrance of the sugar in
the position 3. Specific cases are flavones with 5,6- and 7-
hydroxyl groups forming complexes of 1:1 stoichiometry in
case of the presence of only two hydroxyl groups (baicalin and
negletein) or chelating 2 molecules of copper per unit in case of
the presence of all three hydroxyl groups (baicalein).

By decreasing pH from 6.8 to 5.5, a marked drop in the
chelation activity of flavonoids with the catechol ring B, the 5-
hydroxy-4-keto and even the 5,6-dihydroxyl/5,6,7-trihydroxyl
chelation sites was observed among all classes of flavonoids.
The catechol ring B is promoted by the majority of researchers
as the most important due to its best direct scavenging poten-
tial.>*** However, its metal chelating activity is substantial only
at physiological pH and particularly at alkaline conditions®***!
in contrast to other possible chelation sites, which arises from
different pK, values of hydroxyl groups in the flavonoid
structure.*®

A similar instability is apparently valid for chelation sites in
ring A or between the rings A and C. The only pH-independent
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chelation site was the 3-hydroxy-4-keto site as was clearly
demonstrated by 3-hydroxyflavone and kaempferol, whose
chelation activity was stable at all pH including pH 7.5. Inter-
estingly, myricetin, the only flavonoid tested in this study with
three adjacent hydroxyl groups in ring B behaved as well as a
pH-independent copper chelator. Sparse data from the litera-
ture confirm our findings. Quercetin formed complexes of 1: 1
or 1: 2 stoichiometry (flavonoid : copper). A complex of 2:1
was not documented by potentiometric and spectrophotometric
measurements but may exist likely in a smaller amount at more
acidic conditions, as was documented by highly sensitive elec-
trospray ionisation mass spectrophotometry (ESI-MS).”*'° Rutin
is firstly forming complexes with 1 : 1 stoichiometry followed by
a disproportionation process leading to 2: 1 (rutin : copper)
complex.” Other groups found complexes of quercetin with
copper of 1 : 1 stoichiometry in non-buffered conditions which
may be associated with the fact that the catechol ring B may not
be available at these conditions in contrast to physiological,
slightly basic pH where deprotonation of catechol hydroxyls is
taking place.'” It must be mentioned too that the study of de
Souza reported complexes of flavonoids with copper in the
stoichiometry of 1 : 2 for quercetin, 2 : 3 for rutinand 1 : 1 for 3-
hydroxyflavone. The reason for this discrepancy is not known
but authors documented identical stoichiometries for flavo-
noid-iron complexes and those are not in agreement with other
studies.”

Although flavanols and flavanones tested in this study
possess the catechol ring B and/or the 5-hydroxy-4-keto or even
the 3-hydroxy-4-keto-5-hydroxy chelation site, their copper
chelation activity was clearly low and unequivocally lower than
that of their close congeners from flavone or flavonol groups.
Similarly, spectrophotometric approach did not detect spectral
changes in the case of adding cupric ions to flavanones nar-
ingenin and naringin at pH 5.5 and 7.4 while the spectrum of
flavanol catechin was changed only in the case of pH 7.4.
Interestingly, no change was surprisingly observed in the case of
taxifolin,” which possesses identical substitution pattern to
catechin and 4-keto group in addition, and was shown to be
more active than catechin.*® In contrast, highly sensitive ESI-MS
even at pH 3 found some complexes of catechin and nar-
ingenin.* Although authors did not test other mentioned
flavonoids, it is apparent, that these flavonoids are able to form
only unstable complexes with copper. The reason consists in the
lack of the 2,3-double bond, which influences the planarity of
the molecule
system.™ It is suggested that copper ions prefer planar or
tetrahedral conformation in contrast to octahedral geometries
in the case of iron.® This may be relevant, as the stoichiometric
complex of 3 : 1, flavonoid to copper, was not observed in this
study. Such a complex was found by ESI-MS in low quantities
and its formation is clearly less probable.***

The instability of the catechol ring B and of the 5-hydroxy-4-
keto chelation site was further confirmed by the highly
competitive BCS methodology. Compounds possessing only the
catechol ring B were almost inefficient while those with the
latter were apparently less active than in the hematoxylin
method. Such finding was observed earlier in smaller sets of

and enables delocalization of m-electronic
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flavonoids, where copper was removed from luteolin and rutin
complexes after addition of EDTA while only partly from quer-
cetin.>'* Although, a decrease in the copper chelation potency
comparing the hematoxylin and the BCS methodology was
observed in chelators with the 3-hydroxy-4-keto group as well,
these flavonoids were clearly the most powerful chelators fol-
lowed by baicalein with three hydroxyl groups in ring A. The
importance of the 3-hydroxy-4-keto group is supported by:

(1) mathematical calculations which supposed that the 3-
hydroxy-4-keto group is the preferred copper chelation site even
in the simultaneous presence of the 5-hydroxyl group or the
3',4’-dihydroxyl group in ring B;*®

(2) other studies analysing the effect of flavonoids on other
metals which confirmed the importance of the 3-hydroxy-4-keto
group, although in alkaline media, the catechol might be
preferred.**

Interestingly, the hydroxyl groups in ring B may represent a
disadvantage in contrast to the direct scavenging potential. This
was demonstrated in the highly competitive approach with BCS.
Neither a catechol nor a pyrogallol moiety in ring B improved
the chelation. Moreover, these substituents even deteriorated
the ability (Fig. 8 and 9). The reason may be paradoxical but
important. Probable explanation of this negative effect lies in a
reduction of Cu®' ions, which is substantial by a catechol or a
pyrogallol structure in ring B.” Because the affinity for cuprous
ions is lower in flavonoids and very high in the case of BCS,
flavonoids with highly reducing properties are not able to retain
the cuprous ions in the complex structure in competition with
the strong indicator BCS. This is in a clear contrast to powerful
copper chelators like trientine at pH 6.8/7.5 or chloroxine at all
tested pH conditions."” We are currently performing experi-
ments on copper reduction and in line with previous data,’
copper reduction is highly dependent on number of hydroxyl
groups in ring B and may therefore influence the copper
chelation too.

Similarly, the reduction may explain the failure of baicalein
to be the most active copper chelator like in the case of iron,
where its affinity for iron was comparable to the standard iron
chelator deferoxamine.** Although the chelation ability was
egrowing with the number of free hydroxyl groups in ring A
(Fig. 7) and baicalein with the 5,6,7-trihydroxyl groups repre-
sented the most potent flavone, it was clearly less efficient than
3-hydroxyflavone. The major difference is that 3-hydroxyflavone
or kaempferol were able to chelate 100% of copper in highly
competitive environment with BCS while baicalein did not. The
influence of methoxylation of hydroxyl groups in ring A was
more pronounced than in the case of iron chelation. On one
hand, a methoxyl group instead of the corresponding hydroxyl
group abolished the effect of the hydroxyl group which could be
observed in the series baicalein > negletein > mosloflavone, but
on the other hand mosloflavone possessing the 6,7-dimethoxyl
groups was even weaker chelator than the basic flavone, 5-
hydroxyflavone, under certain conditions. Steric hindrance was
probably responsible for this finding. This may be supported by
the fact that baicalin with the attached glucose moiety in the
position 7 was less potent in comparison with baicalein and
even negletein. The 7-hydroxyl group in chrysin favoured the
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chelation especially under the acidic conditions when
compared with 5-hydroxyflavone and mosloflavone.

Although these findings may be relevant to both pharma-
cology and physiology because flavonoids are common part of
our food, the influence of flavonoids on copper pharmacoki-
netics in human will need additional studies. The fact that 3-
hydroxyflavone and kaempferol were powerful copper chelators
and their effect was under the acidic conditions even more
pronounced than that of trientine, a copper chelator used in a
clinical practice for the treatment of Wilson's disease,*' may be
of a clinical relevance. Indeed, trientine is active particularly at
neutral and slightly acidic conditions'® and because various
physiological and pathophysiological aspects (e.g. GIT absorp-
tion, tumours, inflamed or ischaemic tissue) influence the
acidity of different compartments in the human body, these
flavonoids may be possibly advantageous in several patho-
physiological situations. However, their pharmacokinetics,
which may result in the inactivity, must be taken into account.*?
None of the tested flavonoids was selective to either oxidation
state of copper ions, the majority of them showed higher affinity
for the oxidized form. Similar finding was documented in the
study with the iron chelation.** But in contrast to the fate of iron
in the organism, which is quite well known, the copper phar-
macokinetics and in particular the importance of its oxidation
state is a subject of debate.* At the moment, even the data on
copper absorption are divergent. It appears that the copper
transporter CTR1 recognize cuprous ions but the absorption of
copper in the form of cupric ions cannot be fully excluded.*
Complexes of copper with very active flavonoids 3-hydroxy-
flavone and kaempferol may lead to either decreased or
increased copper absorption depending on possible transport
mechanisms and charge. While 3-hydroxyflavone is a synthetic
compound and serves as a model molecule, kaempferol is
commonly found in plant-derived food and in plants used in
traditional medicine** and thus may have potential influence on
copper (patho)physiology. On the other hand, other flavonoids
with low copper chelation ability together with powerful copper
reducing properties may reduce cupric ions present in food into
cuprous ones and thus influence the absorption. Some studies
analysing these factors are currently being performed in our
laboratory. Limited available experimental data in rats give
rather equivocal results: feeding with tea or its polyphenols did
not affect the absorption of copper,* neither did the adminis-
tration of rutin and catechin®® while in another study, rutin
decreased copper content in the liver.”” Another interesting
factor is the anti- or pro-oxidant activity of copper-flavonoid
complexes. A recent study found that copper complexes of
flavonoids were more potent antioxidants than non-complexed
flavonoids.'” However, there is no accordance on this finding in
the literature,® and this fact together with possible influence of
flavonoids on the copper driven Fenton reaction should be
analysed in the future.

Conclusion

This study demonstrated that the potency of copper chelation is
very different among various flavonoids. Although almost all

This journal is © The Royal Society of Chemistry 2014
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flavonoids are able to chelate copper, in the presence of the
competitive indicator, their copper chelation potency was rather
low in majority of cases. Some compounds, particularly those
containing the 3-hydroxyl group in association with the 4-keto
group and the 2,3-double bond (3-hydroxyflavone, kaempferol)
or possessing the 5,6,7-trihydroxyl substitution (baicalein) were,
however, very potent even in highly competitive environment.
Their activity in lower pH conditions was even higher than
clinically used copper chelator trientine. On the other hand, the
catechol ring B did not represent significant advantage for the
activity, moreover, it may deteriorate the copper chelation
under certain conditions, probably through participating in
reduction of copper ions. The copper reduction properties must
be taken into account for the complex evaluation of flavonoid-
metal interactions.

Abbreviations

BCS Bathocuproinedisulfonic acid disodium salt
ESI-MS  Electrospray ionisation mass spectrophotometry
HEPES  4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
ROS Reactive oxygen species
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FLAVONES Ry Re Re R, Ry Ry
[flavone H H H H H
5-hydroxyflavone OH H H H H
7-hydroxyflavone H H OH H H
chrysin OH H OH H H
apigenin OH H OH H OH
luteolin OH H OH OH OH
luteolin-4"-0-Glc OH H OH OH 0-Glc
mosloflavone OH OCH, OCH, H H
negletein OH OH OCH, H H
k lei OH OH OH H H
baicalin OH OH 0-Glu H H
diosmin OH H 0-Glc-Rha OH OCH,
FLAVONOLS Ry Rs Re R, Ry Ry Ra- Re-
] 3-hydroxyflavone H H H H H H H
kaempferol H OH OH H H OH H
quercetin H OH OH H OH OH H
morin H OH OH OH H OH H
myricetin H OH OH H OH OH OH
rutin Glc-Rha OH OH H OH OH H
troxerutin Glc-Rha OH 0-C,H,-OH H 0-C,H,-OH | 0-C,H,-OH H
FLAVANONES/ Ry Rs R, Ry R, configuration
FLAVANONOLS Ra" naringenin H OH OH H OH 2RS
naringin H OH 0-Glc-Rha H OH 2RS
hesperetin H OH OH OH OCH, 25
hesperidin H OH 0-Glc-Rha OH OCH,3 25
taxifolin OH OH OH OH OH 2R, 3R
R, R, R, R, configuration
|(-)-epicatechin OH OH OH OH 2R, 3R
|(+]7catechin OH OH OH OH 2R, 35

Fig. S1 Chemical structures of the tested flavonoids. Glc:

rhamnose.
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glucose, Glu: glucuronic acid, Rha:
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concentration ratio chelator:Cu®*

Fig. S2 The representative examples of stable (trientine, baicalein) and unstable (baicalin, troxerutin)
copper-chelator complexes, evaluated by the hematoxylin method. The values express mean percent
relative stability of flavonoids at all tested pH conditions and that of trientine at pH 6.8 and 7.5 due

to instability of its complexes under acidic conditions.
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Flavonoids, substantial components of the human diet, are generally considered to be beneficial. How-
ever, they may possess possible pro-oxidative effects, which could be based on their reducing potential.
The aims of this study were to evaluate the ability of 26 flavonoids to reduce ferric ions at relevant pH
conditions and to find a possible relationship with potentiation of hydroxyl radical production. A sub-
stantial ferric ions reduction was achieved under acidic conditions, particularly by flavonols and flavanols
with the catecholic ring B. Apparently corresponding bell-shaped curves displaying the pro-oxidant effect

]F(l?vz:c:jizs of flavonols quercetin and kaempferol on iron-based Fenton reaction were documented. Several flavo-
Iron noids were efficient antioxidants at very low concentrations but rather inefficient or pro-oxidative at
Pro-oxidant higher concentrations. Flavonols, morin and rutin were progressively pro-oxidant, while 7-hydroxyflav-

one and hesperetin were the only flavonoids with dose-dependent inhibition of hydroxyl radical produc-
tion. Conclusively, administration of flavonoids may lead to unpredictable consequences with few

Antioxidants
Fenton reaction

Flavonols
Hydroxyl radical

exceptions.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Flavonoids represent substantial components of human diet
and although GIT metabolism and absorption largely limits their
bioavailability, the daily food intake can cause significant increase
in their human plasma levels (Scalbert & Williamson, 2000). Flavo-
noids have been largely promoted for their broad potential health
benefits in the past and thus markedly consumed by patients in the
form of herbal medicines or dietary supplements. However, no def-
inite and unequivocal evidence concerning their clinical effects has
been reported so far (Chahar, Sharma, Dobhal, & Joshi, 2011; Galati
& O'Brien, 2004; Mladenka, Zatloukalova, Filipsky, & Hrdina,
2010b). Their uncritically assessed positive effects were mostly
attributed to their reactive oxygen species (ROS) scavenging activ-
ity, which was confirmed by many different antioxidant assays. On
the other hand, substantial data have been published about their
pro-oxidative properties too (Galati & O'Brien, 2004; Prochazkova,
Bousova, & Wilhelmova, 2011; Sakihama, Cohen, Grace, & Yama-
saki, 2002). Probably due to different approaches, it is still not clear
which flavonoids and conditions can be associated with pro-oxida-

* Corresponding author. Tel.: +420 495067295; fax: +420 495067170.
E-mail address: mladenkap@faf.cuni.cz (P. Mladénka).

0308-8146/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.foodchem.2012.06.107
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tive properties. Moreover, the mechanism(s) of pro-oxidation ac-
tion are still a topic of discussion. The involvement of redox-
active transient metals, namely copper and iron, or enzymes in
the generation of ROS by flavonoids has been suggested (Cao, Sofic,
& Prior, 1997; Galati & O'Brien, 2004; Prochazkova et al., 2011;
Sakihama et al., 2002). Interestingly, antioxidant effects are some-
times measured by ferric ions reduction at acidic pH (originally de-
signed as “ferric reduction ability of plasma”, today usually named
“ferric reducing antioxidant power” or simply FRAP). There are
very good correlations between this assay and redox potential
and sufficient correlations with other antioxidant assays (Firuzi,
Lacanna, Petrucci, Marrosu, & Saso, 2005; Zhang et al., 2011). Thus,
although this assay clearly reflects the reducing potential of the
tested compounds and the majority of antioxidants expresses a
certain degree of activity in this assay (Pulido, Bravo, & Saura-Cal-
ixto, 2000), one very important factor is neglected - possible risk of
potentiation of Fenton chemistry. During the Fenton reaction, fer-
rous ion catalyses production of hydroxyl radical, while being
simultaneously oxidised to ferric ion. Therefore, ferrous ions recov-
ery by a reductant may intensify Fenton reaction (Aruoma, Murcia,
Butler, & Halliwell, 1993), hence rendering FRAP assay pathophys-
iologically less relevant. Similar pathways of reactions were docu-
mented for copper as well (Sakihama et al., 2002). It need not be
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emphasised that the reducing properties of ascorbic acid are com-
monly used for the potentiation of the Fenton reaction (Aruoma
et al, 1993; Laughton, Halliwell, Evans, & Hoult, 1989).

The first aim of this study was to evaluate ferric ions reducing
properties of flavonoids at selected (patho)physiologically relevant
pHs. The second aim was to find the relationship between ferric
ions reducing properties of flavonoids and potentiation of the Fen-
ton reaction. The choice of the tested pHs was based on the fate of
iron and flavonoids in the human organism and relevant patholog-
ical states. For example, low pH facilitates iron absorption in the
proximity of the gastro-duodenal junction, lysosomes are impor-
tant organelles for iron kinetics and ischaemia markedly disturbs
physiological pH. Similarly, lower pH was documented in tumours
(Ambrosio, Zweier, Jacobus, Weisfeldt, & Flaherty, 1987; Donovan
& Andrews, 2004; Kurz, Terman, Gustafsson, & Brunk, 2008; Paro-
lini et al., 2009).

2. Materials and methods
2.1. Reagents

3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-4',4"-disul phonic acid
sodium salt (ferrozine), ferrous sulphate heptahydrate, ferric chlo-
ride hexahydrate, hydroxylamine, dimethyl sulphoxide (DMSO),
sodium acetate, acetic acid, 4-(2-hydroxyethyl)-1-piperazine-
ethanesulphonic acid (HEPES), HEPES sodium salt, salicylic acid,
1,4-dioxane, 2,3-dihydroxybenzoic and 2,5-dihydroxybenzoic
acids and all tested flavonoids (Supplementary data, Fig. S1), with
exception of negletein and mosloflavone, were purchased from Sig-
ma-Aldrich (Steinheim, Germany). Negletein and mosloflavone
were synthesised through a convergent synthesis starting from
chrysin, as was previously reported (Righi et al., 2010). Deferoxa-
mine was purchased from Novartis (Basle, Switzerland) and meth-
anol for HPLC was from JT Baker (Phillipsburg, NJ).

2.2. Assessment of ferric ions reduction potential

The degree of iron reduction was established by use of ferrozine
methodology as previously reported by us (Mladenka et al., 2010a).
Ferrozine forms a magenta-coloured complex with ferrous ions
and this reaction is specific to these ions because ferric ions do
not react with ferrozine (Stookey, 1970). Hence, the assessment
of ferric ions reduction potential can be easily established in exper-
iments, in which ferric ions were mixed with flavonoids together,
and afterwards, the amount of reduced ferrous ions was evidenced
by ferrozine.

Briefly, various 15 mM buffers (acetate buffers for pH 4.5 and
5.5 and HEPES buffers for pH 6.8 and 7.5) were firstly mixed with
different concentrations of the tested compound dissolved in
DMSO. Freshly prepared aqueous solution of ferric ions (50 pl,
250 pM) was added and mixture was stirred for 2 min. Afterwards,
aqueous solution of ferrozine (50 pl, 5 mM) was added and absor-
bance was measured at 562 nm 5 min later by Anthos Reader 2010
(Anthos Labtec Instruments, Salzburg, Austria). The assay for non-
buffered conditions was identical with the exception that no buffer
was added into the mixture. In all sets of experiments, hydroxyl-
amine (50 pl, 10 mM) was used as positive control (100% iron
reduction) (Mladenka et al., 2010a).

2.3. Measurement of inhibition of iron mediated production of
hydroxyl radicals

As generally known, ferrous ions react with hydrogen peroxide

to produce hydroxyl radical (the Fenton reaction) (Halliwell & Gut-
teridge, 1999). The formed radical can be trapped by salicylic acid
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and its ensuing products (2,3-dihydroxybenzoic and 2,5-dihy-
droxybenzoic acids) can be detected by HPLC (Nappi & Vass, 1998).
Briefly, ferrous ions were mixed with the tested compounds dis-
solved in methanol in different concentration ratios for 2 min. Sal-
icylic acid and hydrogen peroxide (concentration of the both
substances was 7 mM) were added subsequently, and afterwards,
the mixture was analysed by HPLC (Philips PU 4100 pump, Philips,
UK), Eclipse Plus C18 column (4.6 x 100 mm, 3.5 pm, Agilent, San-
ta Clara, CA), with UV-vis detector (Ecom LCD 2083; Ecom, Prague,
Czech Republic), using 40% methanol and 0.085% aqueous solution
of phosphoric acid as mobile phase. The only exception was taxif-
olin, because the peak of taxifolin interferes with dihydroxyben-
zoic acids at the abovementioned settings, the procedure of
analysis was modified: mobile phase consisted of 0.1% aqueous
solution of formic acid and methanol, gradient elution was used
by increasing the methanol content from 5% to 15% within 5 min
and afterwards to 40% within 10 min. All experiments were
checked by addition of ‘internal standard’, i.e., known amounts of
2,3-dihydroxybenzoic and 2,5-dihydroxybenzoic acids.

2.4. Statistical analysis

Results are expressed as mean + SD. The differences among the
tested substances were compared by use of one-way ANOVA test
followed by Dunnett's multiple comparison test. Correlations were
analysed by Pearson’s test. All statistical analysis was performed by
GraphPad Prism 5.0 for Windows (GraphPad Software, La Jolla, CA).

3. Results

Firstly, ferric ions reductive properties of flavonoids were estab-
lished at four (patho)physiologically relevant pHs and under non-
buffered conditions as well. None of the tested flavonoids was able
to reduce ferric ions at pH 7.5 or pH 6.8. At pH 5.5 only flavanols
catechin, epicatechin and partly taxifolin were efficient reducing
agents. At pH 4.5 and at non-buffered conditions the number of
reducing flavonoids increased markedly. Only flavone, all tested
monohydroxyflavones, flavones without the adjacent hydroxyl
groups in ring A and the catecholic group in ring B (chrysin, apige-
nin, mosloflavone, diosmin), isoflavones (daidzein and genistein)
and troxerutin were not able to significantly reduce ferric ions at
any tested conditions. Comparing pH 4.5 and non-buffered condi-
tions, the results were similar but not equal (full curves of the effi-
cient flavonoids are depicted in Supplementary data, Figs. S2 and
S3). Baicalein, which was a very potent reducing agent at non-buf-
fered conditions but a relatively weak reducing agent at pH 4.5,
and partly rutin, which demonstrated the opposite behaviour, were
exceptions. The results summarising the maximal ferric ions
reducing potential of flavonoids are shown in Fig. 1. The statistical
analysis confirmed that the most potent reducing agents were epi-
catechin and catechin at all tested conditions.

The detailed statistical analysis among flavonols and flavanols
(Fig. 2A) and flavones (Fig. 2B) emphasised that there was no direct
relationship between the number of hydroxyl groups in ring A
and/or ring B, and reducing activity. More likely, the localisation
of the hydroxyl groups had the major role. The most efficient struc-
tural features included the 3-hydroxy group with catecholic ring B
and 5,6-dihydroxy substitution. The role of the 2,3-double bond
was variable depending on conditions. Its presence increased the
reducing potential at pH 4.5 and decreased it at pH 5.5 and had
no influence at non-buffered conditions. Contrarily, the presence
of the 4-keto group diminished the ferric ions reducing potential
of flavonoids under all conditions. The 3-hydroxyl group alone
was not associated with reduction but its presence enhanced
the reducing potential of reducing group(s). Interestingly, its
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Fig. 1. Summary of the maximal ferric reducing potential of the tested flavonoids. (A) pH 4.5, (B) non-buffered conditions and (C) pH 5.5. The bars show the maximal
percentage of the reduced ferric ions. The statistical comparison among the relevant flavonoids is shown in Fig. 2 for better clarity. Naringenin is not shown because the colour

of its complex with iron interfered with ferrozine assay.
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Fig. 2. Differences in the maximal ferric ions reducing potential of flavonols and flavanols (A) and flavones (B). a: 3-hydroxyflavone, b: kaempferol, ¢: rutin, d: morin, e:
myricetin, f: taxifolin, g: quercetin, h: catechin, i: epicatechin, j: 5-hydroxyflavone, k: chrysin, I: apigenin, m: mosloflavone, n: luteolin, o: negletein and p: baicalein. Direction
of arrows shows more powerful ferric ions reducing agent (at p < 0.05), double-head arrow means no significant difference. Flavonoids on the left side (a, j-m) did not produce
any significant reduction potential. Because most of the tested flavonoids did not significantly reduce iron at pH 5.5, comparison at this pH is shown only among taxifolin,
quercetin, catechin and epicatechin. n.b. - non-buffered conditions; 4.5 - at pH 4.5 and 5.5 - at pH 5.5.

configuration may possess some influence, since epicatechin was
more efficient at pH 4.5 than catechin. The presence of three
hydroxyl groups in ring B did not improve the reducing potential,
rather a decrease was observed at pH 4.5. The 2’-hydroxyl group
increased the reducing potential under acidic conditions but not
under non-buffered conditions.

Similar to flavonols, the catecholic B ring was associated with
enhanced ferric ions reduction in flavones. But interestingly, in
contrast to flavonols, the monohydroxylated ring B did not evoke
any significant reduction, supporting the role of the 3-hydroxyl
group. The presence of the 5,6-dihydroxy group was linked with
a significantly higher ferric ions reducing potential than the cate-
cholic B ring in flavones. Again, the three adjacent hydroxyl groups
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in ring A did not improve the ferric ions reducing potential. More-
over, a marked decrease was observed under acidic conditions.
The curves illustrating the ferric ions reducing potential of dif-
ferent molar ratios of the tested flavonoid: Fe>* (log scale) followed
in most cases the bell-shaped character. This is because their ferric
ions reducing potential rose with increasing concentration of the
flavonoids up to a peak and thereafter dropped in a similar manner
with further increase in the concentration (examples are shown in
Fig. 3 and all curves of reducing flavonoids in Supplementary data,
Figs. S2 and S3). At pH 4.5 the maximum reduction potential was
achieved at a molar ratio of 1:1 (flavonoid:iron). Exceptions were
flavones and flavonols with the catecholic or pyrogallol ring B
(quercetin, myricetin and luteolin) where the maximum was
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Fig. 3. Representative examples of the curves showing the relationship between log
molar concentration ratio (flavonoid:Fe**) and reducing potential at pH 4.5 (A), at
non-buffered conditions (B) and at pH 5.5 (C).

shifted to the left, i.e., between the molar ratio 1:10 and 1:1 of fla-
vonoid:iron (Fig. 3A). Under non-buffered conditions, the maxi-
mum reduction potential was mostly seen at the molar ratio 1:1
(Fig. 3B). At pH 5.5 the curves of efficient reducing agents, namely
flavanols and taxifolin, had the maximal reducing peak at higher
concentration ratios (Fig. 3C).

Because of the considerable reducing potential of the tested
flavonoids, we performed additional experiments to assess
whether these properties correspond to the intensification of the
iron-catalysed Fenton reaction.

There were five types of responses:

» Progressive antioxidant effect: the antioxidant effect increased
with the concentration of flavonoid. This was a typical behav-
iour for iron-chelator deferoxamine as a standard substance,
but on the other hand, it was rather exceptional in flavonoids.
The only cases were 7-hydroxyflavone and hesperetin (Fig. 4A).

e Low antioxidant: the antioxidant effects were seen only at very
low ratios of flavonoid to iron, but the curve slowly reverted,
usually in the proximity of ratio 1:1. Such examples are 3-
hydroxyflavone, taxifolin or isoflavonoid daidzein (Fig. 4A, Sup-
plementary data, Figs. 5S4 and S5).
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Fig. 4. Prototypical curves of flavonoids and deferoxamine (DEF) showing the
influence on the iron-mediated Fenton reaction. (A) Antioxidant effects, (B) pro-
oxidant behaviour. In Fig. 4B, SDs are not shown for increased clarity. Grey area
indicates the error of the method.

e Bell-shaped curves: low concentrations had low or no antioxi-
dant effects while comparable concentrations of iron and flavo-
noids (i.e. in the proximity of concentration ratio 1:1) were pro-
oxidant and further increases in the concentration of flavonoid
led to a decrease in pro-oxidation effect or to an antioxidant
effect. This behaviour was seen mainly in flavonols; typical
examples were kaempferol and quercetin (Fig. 4B). Interest-
ingly, flavone chrysin seemed to follow the same pattern (Sup-
plementary data, Fig. S4C).

Progressive pro-oxidant effect: flavonoids morin, rutin, naringin
and genistein fit into this class (Fig. 4B, Supplementary data,
Figs. S4 and S5).

No or negligible effect at all tested concentration ratios — trox-
erutin and flavanols catechin and epicatechin (Supplementary
data, Fig. S5).

While the behaviour of various flavonoids was clearly different
from the standard iron chelator deferoxamine, we compared their
effects on the Fenton reaction at three different ratios (Fig. 5):

(a) at the concentration ratio 1:10 (compound:iron); under
these conditions deferoxamine was only partly efficient
since it cannot chelate all iron at this ratio (Mladenka
et al., 2010a),

(b) at the concentration ratio 1:1 where deferoxamine should

chelate all iron, since it forms complexes with 1:1 stoichi-

ometry. Interestingly, several flavonoids can form complexes

with iron at the same stoichiometry (Mladenka et al., 2011),

at the concentration ratio 2:1 since many flavonoids chelate

iron at this ratio under acidic conditions (Mladenka et al.,

2011). From Fig. 4A it is clear, that in the case of deferoxa-

mine, there was no significant difference between ratios

1:1 and 2:1. This is likely because the excess of deferoxa-

mine was not associated with improved Fenton reaction

inhibition.
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Fig. 5. Effects of flavonoids and deferoxamine (DEF) on the Fenton reaction at the
concentration ratios (flavonoid or DEF:iron) 1:10 (A), 1:1 (B) and 2:1 (C),
respectively. White bars mean that flavonoid was neither pro-oxidant nor antiox-
idant at a given ratio (error of the method is shown as grey dotted area). The
statistical significance is shown for antioxidant activity vs. deferoxamine: *p < 0.01,
*p <0.001.

Summarising the described data concerning the Fenton reaction
it appeared that monohydroxylated flavonoids, as well as simple
flavone, were similarly efficient inhibitors of the Fenton reaction
at low ratios; in particular, 3-hydroxyflavone was more efficient
than deferoxamine in the ratio 1:10 (compound:iron). Taxifolin
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was an apparent exception. It was the most efficient inhibitor of
the Fenton reaction even at very low concentration ratios
(Fig. 4A, 1:1000 - 1:100; taxifolin:iron). But its inhibitory potential
dropped with increasing concentrations, although at concentration
ratio 1:10 remained more potent than deferoxamine. At the con-
centration ratio 1:1 and 2:1 (compound:iron), none of the tested
flavonoids were more potent than deferoxamine. However, 7-
hydroxyflavone, negletein, baicalein and hesperetin were efficient
at both mentioned ratios. Contrarily, some flavonoids, in particular
morin and genistein, were apparently pro-oxidant at all three se-
lected ratios.

Comparing the data from ferric ions reduction and the Fenton
reaction assays, it was apparent that the direct relationship be-
tween reduction of ferric ions and potentiation of the Fenton reac-
tion was not confirmed for the majority of flavonoids. Real
exceptions were flavonols (Fig. 6 and Supplementary data, Table
1). Flavonols with bell-shaped curves (kaempferol and quercetin)
correlated or tended to have correlations between ferric ions
reducing properties and intensifying effects on the Fenton reaction.
Progressively pro-oxidant flavonols (morin and rutin) showed such
correlation at concentrations up the concentration ratio flavo-
nol:iron 1:1 (axis x, log = 0 in Fig. 6), i.e. up to their maximal reduc-
tion peaks.

4. Discussion

In the past, the antioxidant effects of flavonoids were almost
exclusively linked to their hydrogen-donating effects and consid-
ered to be identical with their reducing properties. To date, many
studies have confirmed and compared the reducing potential of
different flavonoids. Because the majority of these studies used
the FRAP assay, which is principally based on measuring the
amount of reduced ferric ions in their marked excess, the reducing
potential of flavonoids appears to be linear (Firuzi et al., 2005). The
relevance of this assay in relation to iron is rather low since plasma
or cellular concentrations of free iron are negligible at physiologi-
cal conditions. Even a marked release of free iron after ischaemia
(during reperfusion) can hardly be considered as a multiple excess
of free iron (Berenshtein et al., 2002). Moreover, in the substantial
excess of iron, the FRAP assay is not able to relevantly consider
iron-chelating properties of flavonoids, in contrast to the ferrozine
methodology analysing both the low and high concentration ratios
of the tested compound to iron. Thus we suppose that the bell-
shaped curves measured in this study are more relevant for flavo-
noid-iron interactions. Recently, we have reported that chelation of
ferrous ions at pH 4.5 is low with exception of baicalein. On the
other hand, some flavonoids, especially those with the free 3-hy-
droxyl group, are able to chelate ferric ions at the concentration ra-
tio 2:1 (Mladenka et al., 2011). On the contrary, complexes at the
concentration ratio 1:1 seem to be unstable at this pH, as can be
deduced from the maximal ferric ions reduction (Fig. 5A, Supple-
mentary data, Fig. S2). The importance for the different ratios can
be supported by the study of Mira et al. (2002) who measured
the reducing potential by the ferrozine methodology at pH 5.5 only
at the concentration ratio 1:4 (flavonoid:iron). Hence, the outcome
of that study is not identical with our data.

In spite of differences in the reducing curves, the FRAP values
appear to correspond with the maximum percentage of reduced
ferric ions at both non-buffered condition and pH 4.5. In this assay,
flavone or other flavonoids with only one isolated hydroxyl group,
either in position 3 or in other positions, did not exhibit any signif-
icant reduction potential. Similarly, isolated hydroxyl groups in
ring A in flavones (5,7-dihydroxy group in chrysin and methoxy-
hydroxy substitution in mosloflavone) or aliphatic hydroxyl groups
in troxerutin did not reduce ferric ions, as well. FRAP assays con-
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error of the Fenton reaction assay.

firm that 5-hydroxyflavone and 7-hydroxyflavone together with
chrysin do not reduce iron at all but some moderate iron reduction
is observed with 3-hydroxyflavone (Firuzi et al., 2005). The differ-
ence may consist in the lower pH used in the FRAP methodology.
An isolated hydroxyl group in ring B did not reduce ferric ions (api-
genin and the tested isoflavonoids), but the presence of 3-hydroxyl
group converted non-reducing apigenin into reducing kaempferol.
These results are also in accordance with the FRAP results, in which
a negligible or no activity is found for apigenin, a very low activity
is exerted by isoflavonoids, daidzein and genistein, and a marked
activity is observed in the case of kaempferol (Firuzi et al., 2005;
Zhang et al., 2011). Flavonoids with the catecholic ring B, in partic-
ular flavonols or flavanols with the free 3-hydroxyl group, were
very potent reducing agents. In comparison to the catecholic ring,
the pyrogallol ring B or A did not increase the reduction potential.
Again, those results agree with FRAP assay (Firuzi et al., 2005;
Zhang et al., 2011). Similar to pH 4.5 in our assay, myricetin with
pyrogallol ring B is less potent than quercetin with catecholic ring
B (Firuzi et al., 2005; Zhang et al., 2011). In addition, the methoxy-
hydroxy substitution of ring B is on one hand less potent than cate-
cholic ring B, but on the other hand has comparable activity with
the pyrogallol ring B (Zhang et al., 2011). The FRAP assay shows
that the influence of the 5-hydroxyl group is rather neutral, since
fisetin, a quercetin congener without the mentioned hydroxyl
group, is only slightly less active than quercetin (Firuzi et al,
2005). Both catecholic rings A and B showed similar reduction

potentials. Interestingly, in flavanones, the presence of methoxy-
hydroxy substitution of ring B carried some limited reduction po-
tential, which was higher in comparison to one isolated hydroxyl
group in ring B. Similar finding shows FRAP (Firuzi et al., 2005;
Zhang et al., 2011). The absence of both the 2,3-double bond and
4-keto group improved the reduction potential (quercetin vs. cate-
chin and epicatechin) in our reduction assays but not in the FRAP
assay, in which quercetin is by far the most potent reducing agent
(Firuzi et al., 2005; Pulido et al., 2000; Zhang et al., 2011). The dif-
ference could be probably explained by different pH conditions
used in the assays, since pH has been shown to influence the redox
potential of polyphenols (Hagerman et al., 1998). It should be also
mentioned that endogenous antioxidants are less potent than
flavonoids in FRAP assay: (1) uric acid shows only limited reducing
potential comparable to that of flavanones with methoxy-hydroxy
ring B and (2) ascorbic acid is roughly three times less active than
quercetin (Firuzi et al., 2005; Pulido et al., 2000).

One marked exception is baicalein, which was a similarly active
reducing agent at non-buffered conditions to its analogue negle-
tein with blocked 7-hydroxyl group by a methyl group. Contrarily,
at acidic pH, baicalein was a slightly active reducing agent while
negletein remained very active. This difference could be explained
by the fact that baicalein is a very active iron chelator, even in com-
parison to the standard iron chelator deferoxamine under acidic
conditions (Mladenka et al., 2011). But its chelating potential un-
der non-buffered conditions is much lower (unpublished data).
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Whereas the reduction activity of the tested flavonoids is in suf-
ficient agreement with published studies, on the other hand, ef-
fects on the Fenton reaction or, in general, on metal-based
oxidation are very different to the published papers, particularly
in relation to the used methodology and transient metals (Cao
et al., 1997; Laughton et al., 1989; Sugihara, Arakawa, Ohnishi, &
Furuno, 1999). Chiefly, studies reported potentiation of the Fenton
reaction at neutral pH by use of EDTA-ferric ions. However, this
may be pathophysiologically less relevant because pure ferric salt
or ferric-ADP or ferric citrate do not intensify the Fenton reaction
in the presence of flavonoid, in contrast to EDTA-ferric ions
(Laughton et al., 1989). The reason may lie in the solubility. Ferric
ions have very low solubility at neutral pH, but EDTA improves it.
Indeed, in this study, no reduction of ferric ions by flavonoids was
observed at neutral or slightly acidic pH. We aimed to compare the
ferric ions reduction potential of the tested flavonoids at relevant
pHs with potentiation of the Fenton reaction. This hypothesis
was confirmed only in the cases of flavonols, namely quercetin
and kaempferol. Both flavonols had similar ferric ions reducing po-
tential curves and the Fenton reaction curves depicting the
changes in production of hydroxyl radical (Fig. 6). This behaviour
could be explained by the fact that except for their reducing poten-
tials, they are active iron chelators even under acidic conditions
(Mladenka et al., 2011). Therefore, at lower concentration they
are reducing iron, while at higher one, they are able to firmly che-
late iron. In contrast, morin and rutin showed similar ferric ions
reduction curves and, at the same time, they had pro-oxidant prop-
erties. Rutin, in contrast to all previously mentioned flavonols, does
not contain the free 3-hydroxyl group and is less potent iron che-
lator at acidic conditions. Morin contains the 2'-hydroxyl group
which lies in the proximity of the 3-hydroxyl group. Hence, it
seems that the presence of the free 3-hydroxyl group is very
important in this issue. Although not all outcomes from the study
of Sugihara et al. (1999) are in agreement with our study, morin
was similarly to this study clearly pro-oxidant in ferrous ions-
based (without hydrogen peroxide) lipid peroxidation. Myricetin
was an exception since it has not been pro-oxidant at any concen-
tration ratio implying that the presence of the pyrogallol ring B can
scavenge hydroxyl radical or inhibit its formation, notwithstanding
its powerful ferric ions reducing properties, which were the base of
pro-oxidant behaviour in other experiments (Laughton et al,
1989). The manner of action of flavonoids described by the bell-
shaped curve was published in few studies in the past; e.g., ferric
ions/EDTA/hydrogen peroxide-based assay showed the bell-
shaped behaviour of quercetin, with the maximum pro-oxidation
peak in the proximity of the concentration ratio 1:1 (querce-
tin:iron). The pro-oxidation effect with rather a plateau in the case
of morin and a dose dependent pro-oxidation effect of naringenin
is observed (Yen, Duh, Tsai, & Huang, 2003). The bell-shaped
DNA degradation in bleomycin-ferric ions assay is well docu-
mented in the case of quercetin and myricetin (Laughton et al.,
1989). Interestingly, concerning the copper, flavonoids have been
shown to rather inhibit copper-based oxidation, in contrast to fer-
rous-based oxidation, although reverse bell-shaped curves have
been also observed (Cao et al., 1997; Sugihara et al., 1999).

Generally, behaviour of flavonoids towards the Fenton reaction
was very different in comparison to the standard iron chelator
deferoxamine. Deferoxamine progressively blocked the Fenton
reaction in apparent relation to its iron-chelating properties. A
dose-dependent inhibition of the Fenton reaction was observed
also in the case of 7-hydroxyflavone. There are two important dif-
ferences: (1) 7-hydroxyflavone is not able to chelate iron (Mladen-
ka et al, 2011) and (2) 7-hydroxyflavone decreased hydroxyl
radical production in much lower concentrations, e.g., 1:1000 fla-
vonoid:iron, respectively. Therefore in accordance to the literature,
the probable explanation is that 7-hydroxyflavone and other flavo-
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noids are direct scavengers of hydroxyl radical (Bochorakova, Pau-
lov4, Slanina, Musil, & Taborska, 2003). In fact, many flavonoids
were active inhibitors of the Fenton reaction in very low ratios
while pro-oxidant or ineffective in the proximity of ratio 1:1. This
likely reflects the fact that the amount of the formed complex in
very low ratios did not markedly influence the chemistry of the
Fenton reaction and the decisive factor is their scavenging poten-
tial. Contrarily, at higher ratios, the complexes of iron with flavo-
noids are capable of redox cycling and this may balance or even
prevail over their scavenging potential. Of interest is the influence
of the 7-hydroxyl group since 7-hydroxyflavone and hesperetin
were the only mentioned dose-dependent antioxidants. Any mod-
ification of these structures, e.g. by a saccharide moiety in the case
of hesperidin or addition of the 5-hydroxyl group in chrysin abso-
lutely abolished the inhibitory effect on hydroxyl radical produc-
tion. The effect of 5-hydroxyl group is of particular interest since
hesperetin contains also the 5-hydroxyl group like chrysin but
the behaviour is completely opposite. The likely explanation is
the different stereochemistry of the molecule. Nearly planar flav-
ones with 5-hydroxyl-4-keto group and 2,3-double bond are able
to form unstable complexes with iron even at low pH, in con-
trast to non-planar flavanones with 5-hydroxyl-4-keto group
but without 2,3-double bond, which do not chelate almost any
iron in that condition (Mladenka et al, 2011). In addition, the
concomitant substitution of ring B markedly modified the activ-
ity as naringenin was inactive at most concentrations and its
glycoside with blocked 7-hydroxyl group was even pro-oxidant.
Although pro-oxidant effects of chrysin were documented by
others too, it should be mentioned that hesperetin was shown
to be pro-oxidative in a ferric ions/EDTA/hydrogen peroxide
based assay (Sugihara et al., 1999; Yen et al., 2003). We suppose
that non-physiological addition of EDTA influences the assay
since, as was mentioned, it improves solubility of ferric ions at
used neutral pH. In general, slight modification of flavonoid
structure was associated with very different behaviour, e.g., both
flavone apigenin and its corresponding isoflavone genistein did
not reduce ferric ions but genistein was apparently pro-oxidant
in comparison to neutral behaviour of apigenin. A low effect of
apigenin on iron-based pro-oxidation has been documented by
others, as well (Sugihara et al., 1999).

Previously, we have shown that baicalein exerted similar po-
tent iron-chelating properties to deferoxamine (Mladenka et al.,
2011), and therefore we have suggested it as a promising iron
chelator. However, in this study, its inhibition of hydroxyl radical
formation was rather moderate, probably reflecting its ferric ions
reducing properties. Of interest is that very active reducing
agents negletein, catechin and epicatechin did not promote the
Fenton reaction. Similarly, another study documented that the
influence of catechin on hydroxyl radical formation was rather
low (Hagerman et al., 1998). However, depending on the meth-
odological approach, the effect of catechin may be very different,
e.g., any effect in the presence of ferric ions and hydrogen perox-
ide, dose-dependent antioxidant effect in the presence of Fe3'/
H,0,/ascorbic acid, and pro-oxidant in the presence of Fe**/EDTA
(Chobot, Huber, Trettenhahn, & Hadacek, 2009). In contrast to
flavanols, taxifolin with the 4-keto group was a very efficient
reductant and its OH*-scavenging potential was very high and
significant even at ratios 1:1000 (taxifolin:iron). The marked po-
tency of taxifolin and its close congeners in comparison to other
flavonoids was also documented towards the copper-based Fen-
ton reaction (Cao et al., 1997; Sugihara et al., 1999). However it
seemed to be lost or even reversed at higher taxifolin:iron con-
centration ratios (Fig. 4A).

Although many flavonoids can behave as pro-oxidant elements,
they can be still useful in specific pathological or pharmacological
conditions:
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(1) Iron absorption is achieved in the proximity of the gastro-
duodenal junction, where the pH is lower than in the intes-
tine (Donovan & Andrews, 2004). Thus, it is worth consider-
ing the results from pH 4.5 or pH 5.5, in which ferric ions
were reduced into ferrous, and hence, the improvement in
iron absorption may take place. In particular, flavanols cate-
chin and epicatechin seem to be suitable since their reducing
potential was preserved at pH 5.5 and their influence on the
Fenton reaction was neutral.

(2) As mentioned above, ischaemia with subsequent reperfusion
leads to the release of free iron which is redox active and its
participation in the Fenton reaction has been observed
(Berenshtein et al.,, 2002). The previous idea that flavonoids
may decrease the Fenton reaction consequences does not
seem to be absolutely correct since many flavonoids were
able to potentiate the chemistry of the Fenton reaction in
this study. The 7-hydroxyflavone and hesperetin are the only
promising candidates for this pathological state.

(3) The situation in cancer is contrary. The idea that the antican-
cer activity of flavonoids may be, at least partly, associated
with increased ROS production has been suggested (Galati
& O’Brien, 2004). The fact that morin and rutin efficiently
induced cell apoptosis (Romero, Paez, Ferruelo, Lujan, & Ber-
enguer, 2002) supports outcomes from this study and sug-
gests that pro-oxidant flavonoids may act by this
mechanism.

(4) Iron overload conditions - flavonoids are mostly potent iron
chelators (Mladenka et al., 2011) and they did not appear to
reduce ferric ions at physiological pH.

Interestingly quercetin was shown to extend the life span of
nematode Caenorhabditis elegans in low doses but to shorten it in
higher concentration (Pietsch et al., 2011). This hormetic effect
was explained by influence on ROS production. It would be thus
of interest to test other flavonoids with different influence on Fen-
ton chemistry using the same model.

Conclusively, a systemic administration of flavonoids with the
exceptions of 7-hydroxyflavone and hesperitin appears to have
unpredictable impact, because low levels may have antioxidant
and higher ones pro-oxidant effects. This may, at least, partly ex-
plain the controversy among various studies analysing the effects
of flavonoids.
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Fig. S1. Chemical structures of the tested flavonoids.
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4.5. Mathematical calculations of iron complex stoichiometry

by direct UV-Vis spectrophotometry
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ABSTRACT

The effects of iron-chelating agents on miscellaneous pathologies are currently largely tested. Due to var-
ious indications, different properties for chelators are required. A stoichiometry of the complex in relation
to pH is one of the crucial factors. Moreover, the published data on the stoichiometry, especially concern-
ing flavonoids, are equivocal.

In this study, a new complementary approach was employed for the determination of stoichiometry in
10 iron-chelating agents, including clinically used drugs, by UV-Vis spectrophotometry at relevant pH
conditions and compared with the standard Job’s method.

This study showed that the simple approach based on absorbance at the wavelength of complex
absorption maximum was sufficient when the difference between absorption maximum of substance
and complex was high. However, in majority of substances this difference was much lower (9-73 nm).
The novel complementary approach was able to determine the stoichiometry in all tested cases. The
major benefit of this method compared to the standard Job’s approach seems to be its capability to reveal
a reaction stoichiometry in chelators with moderate affinity to iron.

In conclusion, using this complementary method may explain several previous contradictory data and

lead to a better understanding of the underlying mechanisms of chelator's action.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

In the past decades, there has been a rapid development of no-
vel iron-chelating agents. Many of them have shown a promising
potential in the therapy of iron overload and non-iron overload
pathologies [1,2]. Despite of the enormous interest of investigators,
to date, a limited number of iron chelators is clinically used. Defer-
oxamine, deferasirox or deferiprone are indicated in patients, who
require a long-term treatment with blood transfusions in haemato-
logical disorders [3,4]. Moreover, in epidemiologically rare cases,
deferoxamine can be clinically used for the management of acute
iron intoxication [5]. Dexrazoxane is an approved cardioprotective
agent that effectively protects against anthracycline-induced car-
diotoxicity although the involvement of its iron-chelating product
has recently been questioned [6,7].

Apart from the above mentioned clinically used iron chelators,
there is a wide spectrum of structurally different substances of
the both natural and synthetic origin sharing the ability for
chelation of Fe(Il) and/or Fe(lll) [8]. Beyond iron overload condi-
tions, iron-chelating agents are experimentally tested in the

* Corresponding author. Fax: +420 495 067 170.
E-mail address: mladenkap@faf.cuni.cz (P. Mladénka).

0045-2068($ - see front matter © 2013 Elsevier Inc. All rights reserved.
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prevention/treatment of acute myocardial infarction, neurodegen-
erative diseases and cancer [14,7,9-11].

Thus, in relation to the mentioned approved or examined indi-
cations, different properties for iron chelators are required. Activity
of iron chelator may be affected by many factors, e.g. pH. Differ-
ences in pH due to both physiological (e.g. in upper part of the
intestine, where the absorption of iron occurs) and pathological
(e.g. ischaemic myocardial tissue and cancer) aspects may signifi-
cantly influence chelation of iron [12-14].

Moreover, low stability of the complex may allow or even
potentiate the reaction of iron with hydrogen peroxide (Fenton
chemistry) with the known generation of the most harmful biolog-
ical oxidant, hydroxyl radical [15]. In order to prevent this reaction,
the complex chelator-iron has to be very stable. Complexes with a
lower stoichiometry, where all coordination sites are not fully
occupied, are more prone to the production of hydroxyl radical,
but on the other hand, such complexes may be useful in the ther-
apy of cancer [1,15]. Hence the knowledge of the stoichiometry of
the complex may be also of potential clinical significance.

To date, the characterizations of Fe(II)/Fe(lll) complexes at dif-
ferent pH conditions are rather scarce. This may be likely associated
with difficulties in a methodological approach, e.g. apparently
contradictory findings have been published concerning the stoichi-
ometry of the complexes in flavonoids [ 16,17]. Therefore, the aim of
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this study was to develop a simple, precise and rapid UV-Vis spec-
trophotometric approach usable at different (patho)physiologically
relevant pH. Novel mathematical calculations of the stoichiometry,
and a standard method of continuous variation, also known as the
Job’s method, were employed and their advantages and disadvan-
tages disclosed.

2. Materials and methods
2.1. Reagents

Deferoxamine was purchased from Novartis (Switzerland). Def-
erasirox was isolated from Exjade tablets (Novartis, Switzerland)
by extraction with hot ethanol and then precipitation by water.
NMR (Varian Mercury-Vx BB 300 instrument, operating at
300 MHz for 1H, 75 MHz for 13C, Palo Alto, CA, USA) and MS
spectra (Agilent 500 lon Trap LC/MS, Santa Clara, CA, USA) of the
product were in accordance with literature and elemental analysis
(Fisons EA 1110, Milano, Italy) revealed its sufficient purity (calcd:
C 67.56, H 4.05, N 11.25; found: C 67.46, H 4.14, N 11.29) [18].
Deferiprone was a kind gift from ApoPharma Inc. (Apotex Inc,
Canada), ethylenediaminetetraacetic acid disodium salt (EDTA),
8-hydroxyquinoline, chloroxine, quercetin and rutin were pur-
chased from Sigma-Aldrich Inc. (USA). Pyridoxal isonicotinoyl
hydrazone (PIH) and salicylaldehyde isonicotinoyl hydrazone

(A)

OH
0 H
(B) (C)
o]
r!l OH
|
OH n-n 0
° L
N
OH
(E) (F)
0 HO
HO_ O
TNA\,NHLOH | A
N_ =
Ho\n) OJ\OH
)
Hy:R=OH

(SIH) were synthesized as was described previously [19]. The
tested iron-chelating agents are depicted in Fig. 1.

3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazinedisulphonic acid so-
dium salt (ferrozine), ferrous sulphate heptahydrate, ferric chloride
hexahydrate, ferric tartrate, hydroxylamine hydrochloride, sodium
acetate, acetic acid, 4-(2-hydroxyethyl)-1-piperazineethanesul-
phonic acid (HEPES), HEPES sodium salt were purchased from Sig-
ma-Aldrich Inc. (USA) and methanol from ].T. Baker (Avantor
Performance Materials, Inc., USA). Ultrapure water was used
throughout this study.

2.2. Assessment of iron concentration in stock solutions

Before each experiment, a concentration of iron in stock solu-
tions was routinely checked by a spectrophotometric reagent - fer-
rozine. Ferrozine specifically reacts with Fe(II) and gives a stable
magenta coloured complex with a single absorption maximum at
562 nm [20]. Therefore, an aqueous solution of ferrozine (final con-
centration 1.67 mM) was used for a direct determination of Fe(Il)
concentration, which linearly corresponds to the absorbance of
the formed complex with ferrozine.

Moreover, the above-mentioned approach was slightly modi-
fied for an assessment of Fe(Ill) by an addition of a reducing agent
- hydroxylamine (final concentration 3.33 mM). Afterwards, Fe(III)

Ry Dy Ry=H:R;=H
x Da: Ry =Cl; R =Cl
o
R, N
OH
(G)
N >N
¢ C

H»: R = -0-Glu-Rha

Fig. 1. Iron-chelating agents tested in this study. Deferoxamine (A), deferiprone (B), deferasirox (C), 8-hydroxyquinoline (Dy), chloroxine (Dz), EDTA (E), PIH (F), SIH (G),

quercetin (H;) and rutin (Ha).
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was reduced into Fe(ll) and its concentration was subsequently
determined by ferrozine.

2.3. Iron and pH conditions

The assessment of stoichiometry was performed at four
(patho)physiologically relevant pH values (4.5, 5.5, 6.8 and 7.5).
For the both lower pHs, 15 mM acetate buffers were used, while
15 mM HEPES buffer was used for pH 6.8. Because oxidation of
Fe(I) significantly raises in the course of time at pH 7.5, hydroxyl-
amine was added in the final concentration of 5 mM to the HEPES
buffer in order to prevent Fe(Il) oxidation [21]. For the determina-
tion of Fe(lll) chelation at pH 7.5, HEPES buffer without hydroxyl-
amine was used.

Two kinds of ferric solutions, i.e. ferric chloride hexahydrate
and ferric tartrate, were tested because of low solubility of Fe(IIl)
at higher pHs. In this study, ferric chloride hexahydrate was used
at pHs 4.5 and 5.5 and ferric tartrate at pHs 6.8 and 7.5.

2.4. Ultraviolet-visible spectrophotometry

All experiments were performed in semi-micro polystyrene or
ultraviolet-transparent cuvettes (BrandTech Scientific Inc., The
United Kingdom) and absorbance was measured by the use of
spectrophotometer Helios Gamma equipped with VisionLite Soft-
ware 2.2 (ThermoFisher Scientific Inc., USA).

2.4.1. Assessment of absorption maxima of iron-chelating agent and its
complex

Firstly, absorption spectra ranging from 220 to 800 nm with
wavelength(s) of absorption maximum(a) of a tested substance
(Asmax) were determined at all pH conditions. Molar absorption
coefficients of the substance (&s) were calculated according to the
Lambert-Beer law. Similarly, a determination of the wavelength(s)
of absorption maximum(a) of the complex (icmax) and the corre-
sponding molar absorption coefficients (¢c) were accomplished
by the use of iron excess at different concentration ratios ranging
from 1:6 to 1:50 (substance:iron). The blank was composed from
a buffer and a solvent of the substance (methanol or water) at
the ratio 2:1 in the case of Fe(ll). Because the absorbance of Fe(lII)
disturbed the measurement, the assessment of ferric complexes
was slightly modified by an inclusion of ferric aqueous solution
into the blank.

2.4.2. Job's method

The Job's method, also known as the method of continuous var-
iation, is a simple analytical approach which is used to the deter-
mination of stoichiometry of two interacting components. In this
method, the total molar concentration of two reactants is kept con-
stant while their molar concentration ratios are continuously var-
ied throughout the series of samples (Fig. 2A) [22].

Briefly, an aqueous solution of Fe(Il) or Fe(lll) was mixed for
3 min with a methanolic/aqueous solution of a tested substance
at different molar concentration ratios ranging from 1:3 to 6:1
(substance:iron) at all tested pHs and afterwards absorption spec-
tra were immediately measured. The blank was composed from a
buffer and a solvent at the ratio 2:1, respectively.

2.4.3. Complementary methods based on mathematical calculations of
the stoichiometry

In addition to the standard Job's approach, complementary
mathematical calculations were employed. Compared to the Job's
method, the total molar concentration of the tested substance
was continuously varied, while the molar concentration of Fe(Il)
or Fe(lll) was kept constant throughout the series of samples
(Fig. 2B).
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Fig. 2. A schematic depiction of the Job's method (A) and the complementary
method (B). The grey columns correspond to the molar concentration of a substance
and the black columns correspond to the molar concentration of iron. In the Job's
method, the molar concentration ratios of the substance to iron are continuously
changing while the total molar concentration is kept constant. In the complemen-
tary method, there was a constant molar concentration of iron while a molar
concentration of the substance continuously varied. The ratios signify substance to
iron.

The preparation of different molar concentration ratios ranging
from 1:3 to 6:1 (substance:iron) was identical to the above de-
scribed protocol.

2.4.3.1. Absorbance at absorption maximum of the complex (Method
[). A determination of the stoichiometry according to the Method |
was based on a simple evaluation of absorbance of a series of sam-
ples at the wavelength of absorption maximum of the complex

ACmax-

2.4.3.2. Symmetry of the absorption maximum of the complex (Method
II). This method was based on a simple assumption that in the the-
ory the absorption maximum of a complex is symmetric, if there
are no interfering proximal absorption maxima (Fig. 3). Thus, at
similar distance (d) from Jcmax to the left (Jsym1) or to the right
(4sym2), the absorbance of the complex Ac,,,,, was proposed to be
the same as the absorbance of the complex Ac,,,,, (Eqgs. (1)-(3)).

Asyml = /;\Cmax —d (l)
Asymz = /iCmax + d (2)
AC,symr = ACFSymZ (3)

According to the known additive character of absorbance, a
measured absorbance was additively composed from the absor-
bance of the formed complex and the non-reacted substance at
any wavelength. Therefore in the theory, if the absorbance of the
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Fig. 3. The method of the symmetry of absorption maximum of the complex. The
measured absorption spectrum (grey curve) is the sum of the absorption spectrum
of the non-reacted substance (dark grey dashed curve) and the absorption spectrum
of the formed complex (black curve).

complex Ac,,, was sufficient (>0.1) and the absorbance of the
substance As, .y WAS ZET0, the measured absorbance A;symz should
be equal to the absorbance of the complex A, (Egs. (4) and (5)).

A'—symz = Asuymz +Ac;sym2 (4)

Az = ACigms (5)

Thus, the measured absorbance A;sym1 was directly used for
the assessment of the molar concentration of the non-reacted
substance (Eqs. (6) and (7)):

A =As +Ac

Asym1

sym3

(6)

isym1 isym1

and because of Eqgs. (3) and (5):

A =As T Aiyma (7)
Considering the Lambert-Beer law (Eg. (8)), the molar concen-

tration of the non-reacted substance (cs) was calculated as follows

(Eq. (9)):

As

sym1 isym1

symt = €8 X E8,0my X ¢ (8)

was the molar

Jsym1

in which ¢ was the known width of cuvette and &5
absorption coefficient of the substance at Asym1,
A — A
CS — —s)‘(ml iy‘ml (9)
(‘;sisym‘ x £

Afterwards, the chelation ratio (X) was calculated according to
the Eq. (10), in which cs, was the initial molar concentration of a
substance and c¢ge was the final molar concentration of iron in
the sample.

Cs, — Cs
Cre

X — (10)

2.4.3.3. Calculation using the absorption maximum of the substance
(Method III). A calculation of the stoichiometry using the absorp-
tion maximum of the substance was based on the determination
of the molar concentration of the non-reacted substance (cs) like-
wise in the previous methodology. However, the absorbance at
the wavelength of absorption maximum of substance (A, ) was
used (see Supplementary data Fig. S1A). Similarly, A, was the
sum of the absorbance of the non-reacted substance and the
formed complex (analogously to the Eq. (6)). Hence, considering
the Lambert-Beer law, the molar concentration of the non-reacted
substance (cs) was calculated as follows (Eqs. (11)-(13)):

Ajgnax = Cs X B0 X €+ Cc X Egygny, X (11)
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in which &, and &c,,, were the molar absorption coefficients of
the substance and the formed complex, respectively, at the wave-
length of absorption maximum of the substance Agmya. The un-
known molar concentration of the complex (cc) was substituted
by conversion to the molar concentration equivalents of the
substance:

Cc+Cs =Cs, (12)

And hence the concentration of the non-reacted substance (cs)
was:

A“'S_lmx — & % C
P “Csmax So (13)
ESsmax — ECismax
Afterwards, the calculation of the stoichiometry was accom-
plished according the Eq. (10).

2.4.3.4. Calculation using the absorption maximum of the complex
(Method IV). The calculation of the stoichiometry using the absorp-
tion maximum of the complex was analogous to the Method III
with one exception that the absorbance was measured at the
wavelength of absorption maximum of the complex (Acmax) (see
Supplementary data Fig. S1B).

2.4.3.5. Theoretical determination of absorbance of the complex at the
wavelength of its absorption maximum (Method V). This method was
based on a construction of theoretical lines mimicking absorbance
of the most probable stoichiometries. Basically, because the molar
concentration of iron was stable throughout the complementary
approach (Fig. 2B), absorbance was firstly raising dependently on
the formation of complex as long as all added substance reacted
with iron and formed the complex (Eqs. (14) and (15)):

A}.Cmax = AC (14)

JCmax

A( = Cs, X & % [ (]5)

ACmax JCmax
In a certain point, at which all iron was exhausted, the absor-

bance A;cmax raised only dependently on the absorbance of the fur-

ther added (non-reacted) substance As, . (Eqs. (16) and (17)):

Az,(max = AC,(M +AS (]6)

iCmax
Ajcmax = Ceq X ECemy X £+ (Csy — Ceq) X E5,000 X £ (17)

The point of the molar concentration equilibrium (ceq) was at
Cs, = Cre for stoichiometry 1:1, ¢s; = 2 x cpe for stoichiometry 2:1,

etc. The comparison of the measured absorbance with these
theoretical lines was able to reveal the searched stoichiometry or

- line of complex

L
L}

absorbance

1:1 2:1 3:1 4:1 5:1 6:1
molar concentration ratio

Fig. 4. Theoretical determination of absorbance (Method V). The black line
corresponds to the absorbance of the formed complex at the excess of iron. The
light grey line mimics the absorbance at the stoichiometry 1:1, the grey line at 2:1
and the dark grey line at 3:1. The ratios signify substance to iron.
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Table 1
Summarized wavelengths of absorption maxima of the tested substances and their complexes with iron.
Substance JSmax (NM) JCmax (NM) 4 shift (nm)
8-Hydroxyquinoline 2400 250+0 10-268
3071 35540
4560
57540
Chloroxine 247+0 261+1 14
2781
3162
Deferasirox 2460
293+1 309+2 14
Deferiprone 2800 2271
289+3 9
Deferoxamine 225+1 430+0 205
EDTA x 256+0 %
PIH 218+2 233+3 14-123
296+ 1 310+2
342+1 367+2
463 +2
Quercetin 3700 434 +£2° 64-732°
44330
Rutin 3562 401 £5 45
SIH 218+5 23147 13-20
2880 303+0
3300 350+0

/4 shift means the difference between absorption maximum(a) of the tested substance and the complex with iron.

x - no absorption maximum of EDTA was found.
? Quercetin: at pH 4.5-6.8.
® Quercetin: at pH 7.5.

Table 2

Summarized results of the described methodological approaches. »# successful
method, (1) partially efficient method, x unsuccessful method, - the analysis was
not performed.

Substance/method Job’s 1 il 1 v v VI
8-Hydroxyquinoline 4 - - - - - -

Chloroxine 4 15 4 I - - -
Deferasirox I X X x X I I
Deferiprone I’ x - x x x 1
Deferoxamine I » - - - - -

EDTA ’d - - - - - -

PIH I I (2=) x ® 1% -
Quercetin I I () () () I I
Rutin 4 x (2) () () 4 4
SIH I x ()] X x I I

Partially efficient method means that the method was able to suggest the correct
stoichiometric ratio but the measured points were not in the full agreement with
the theoretical lines.

even the reaction stoichiometry at different molar concentration
ratios (Fig. 4). At the wavelength of absorption maximum of the
substance, the identical approach was used.

2.4.3.6. Theoretical determination of the sum of absorbance of the non-
reacted substance and complex at absorption maximum of substance
(Method VI). This calculation was similar to the previous method-
ology based on the construction of theoretical lines mimicking
the absorbance of the most probable stoichiometries.

The principle was the same, i.e. firstly, the absorbance depended
on the formation of complex up to the point, in which the whole
iron was consumed for the complex formation, and thereafter the
absorbance was dependent only on the added (non-reacted)
substance (Eqs. (14)-(16)). But in the contrast to the Method V, it
presumed that diverse complexes with different molar absorption
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coefficients were formed in the excess of iron. Therefore, the absor-
bance was not rising linearly up to the concentration equilibrium.
Thus, the lines depending only on the non-reacted substance were
constructed directly from the measured absorbance at the most
probable chelation ratios (1:1, 2:1, 3:1, etc.).

The identical approach was used at the wavelength of the
absorption maximum of the complex.

2.5. Data analysis

The majority of experiments, in particular those that deter-
mined unclear stoichiometry, were performed at least in duplicates
with two different stock solutions. On the other hand, some exper-
iments, which gave unequivocal outcomes, were performed as a
single measurement after the concentration of both reagents was
calibrated.

Data are expressed as means + SD. In appropriate cases, a single
measurement is depicted for better lucidity in figures.

3. Results and discussion

First, the absorption spectra of all 10 analyzed substances and
their iron complexes were measured and compared. The tested
substances varied markedly in the positions of their absorption
maxima and in the arithmetic differences between the absorption
maxima of the pure substance and its corresponding complex. In
almost all tested cases at pH = 5.5, there were no apparent differ-
ences in absorption maxima between Fe(ll) or Fe(Ill) complexes.
This suggests that only one type of iron-substance complex was
formed and thus the data were summarized. Since ferrous ions
may be oxidized in the complex with strong iron chelators under
physiological pH, ferric complexes were likely formed [23].

Quercetin was an exception because there was a marked differ-
ence between the absorption maximum of the complex at different
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pH conditions (Table 1), which is in agreement with the previously
published data [24].

At pH 4.5 the iron-chelating activity differed among the tested
substances. 8-Hydroxyquinoline, SIH, PIH, quercetin and rutin
had low affinity for Fe(Il) but not for Fe(Ill) at this pH.

In three iron-chelating agents, there were marked shifts of the
absorption maximum(a) of the pure substance and the formed
complex (deferoxamine and 8-hydroxyquinoline) or the pure sub-
stance (EDTA) did not absorb in the measured range of wave-
lengths. In these cases, the analytical approach was not
complicated. The Job's method or Method I was sufficient for the
assessment and no additional approaches were necessary (see
summarized data in Table 2). Examples are shown for deferoxa-
mine (Fig. 5 and see Supplementary data Fig. S2), EDTA (see Sup-
plementary data Fig. S3) and 8-hydroxyquinoline (see
Supplementary data Fig. S4). The EDTA-iron complex’s absorption
maximum was localized at the low wavelength (256 nm), at which
Fe(Ill) is known to exert some absorbance. But this fact did not
interfere with the assessment in low concentrations of iron and
EDTA. The resulting stoichiometries are in full accordance with
available literary data, since both deferoxamine and EDTA are
hexadentate iron chelators, and hence 1:1 ratios, as expected, were
confirmed in this study as well [1,15]. 8-Hydroxyquinoline formed
3:1 complexes which is in agreement with the bidentate nature of
this iron-chelating agent [25].

In all other tested substances, all described methodological ap-
proaches were applied (see summarized data in Table 2).

The Method I, based on the use of the wavelength of the absorp-
tion maximum of complex (A¢max). Was able to successfully deter-
mine the chelation stoichiometry in several other cases due to
the character of the absorption spectra (chloroxine, quercetin and
PIH), but not in other tested chelators (deferasirox, rutin and SIH;
Supplementary data Figs. S5, S7 and S9).

(A) 0.8 4

041 A

absorbance

0.2 4

0.0 T T T T T
0.0 0.5 1.0 15 2.0 25 3.0

molar concentration ratio

(B) 0.5 q

0.4
0.3 }l! """ G A ...

0.2 4

absorbance

0.1 4

0.0 : .
0 1 2 3 4 5 6

molar concentration ratio

Fig. 5. Assessment of deferoxamine-Fe(Il) complex. Figure shows the standard Job's
method (A) and simple method I (B) at pH 7.5. Absorbance was read at icmax
(430 nm). The ratios signify substance to iron. The total molar concentration of
deferoxamine and iron was 0.5 mM for the Job’s method. In the Method I, the final
molar concentration of deferoxamine was from 0.025 to 0.6 mM while that of iron
was constantly 0.1 mM. The assessment was performed in duplicates.
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The Method Il was able to clearly identify the stoichiometry in
chloroxine (Supplementary data Fig. S8E) and deferiprone. In sev-
eral cases (Table 2), the method suggested apparently the correct
stoichiometric ratio, but the resulting graph did not fit in the ex-
pected scheme. This was the case of quercetin or SIH, where the ra-
tio 1:1 and 2:1, respectively, was suggested but the chelation lines
were not identical with the theoretical lines (Fig. 6A and Supple-
mentary data Fig. S7E). In the case of deferasirox, the Method Il
completely failed. The Methods Il and IV were even less efficient
and gave the clear result only in the case of chloroxine (Supple-
mentary data Fig. S8).

The reasons for the success/failure of the Methods II, Il and IV
likely consisted in three factors: (a) a small difference between
wavelengths of absorption maxima of the substance and its
complex with iron, (b) a presence of another absorption maximum
in the proximity of analyzed absorption maximum and (c) a low
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Fig. 6. Quercetin and Fe(lll) at pH 7.5. Complementary approach - the plots of
Method 11, 11 and IV (A), the plot of Method V (B) and the plot of Method VI (C), in
which all lines are almost identical suggesting the formation of the complex at the
stoichiometry 1:1. The final molar concentration of iron was 0.01 mM and the final
molar concentrations of quercetin were 0.005-0.06 mM. In Fig. 6B, the light grey
line mimics the absorbance at the stoichiometry 1:1, the grey line at 2:1 and the
dark grey line at 3:1. The ratios signify substance to iron. In this figure, tsingle
measurements are depicted for better lucidity. In this figure, single measurements
are depicted for better lucidity.
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Fig. 7. Rutin and Fe(Il) at pH 6.8. Job’s method - the Job’s plot at icp., (404 nm) (A).
The total molar concentration of rutin and iron was 0.05 mM. Complementary
approach - the plot of Method V (B). The final molar concentration of iron was
0.01 mM and the final molar concentrations of rutin were 0.005-0.06 mM. In
Fig. 7B, the black line corresponds to the absorbance of the formed complex at the
excess of iron. The light grey line mimics the absorbance at the stoichiometry 1:1,
the dotted grey line at 3:2, the dashed grey line at 2:1 and the dark grey line at 3:1.
The ratios signify substance to iron. The assessment was performed with 4 new
stock solutions.

difference between molar absorption coefficients of the substance
and its complex at analyzed wavelength(s).

The stoichiometries of the both tested flavonoids, rutin and
quercetin, were identified by all Methods II-VI suggesting that
the wavelength difference of 45 nm between the tested substance
and its complex was sufficient for these methodologies. In all other
compounds (chloroxine, deferasirox, deferiprone, SIH and PIH), the
difference was much lower ranging approximately from 9 to
25 nm. One exception was PIH, in which a distant absorption max-
imum at 463 nm (difference 121 nm) was observed as well. But at
this wavelength, absorbance of the complex was very low (see Sup-
plementary data Tab. S1) which did not enable the precise calcula-
tion. As mentioned previously, the Methods 11l and IV failed with
an exception of chloroxine in all mentioned substances suggesting
that the difference between wavelengths (factor a) is the principal
factor for the applicability of those methods.

Although the difference between wavelengths in the case of
chloroxine was quite small, comparable to deferiprone, and smal-
ler than PIH or SIH, these methods were applicable. The reason
likely lay in the steepness of the absorption maxima, i.e. the differ-
ences between the molar absorption coefficients (factor c; Supple-
mentary data Tab. S1). The second factor (b), the presence of a close
absorption maximum, may substantially contribute to the failure
as well. This was apparently true for deferasirox, PIH and SIH
(Supplementary data Figs. S5A, S7A and S10A, respectively).

The Methods V and VI were the most efficient and were able to
reveal the stoichiometry in all cases. The only exception was
deferiprone in the case of Method V. The reason for failure of
Methods III, IV and V in the case of deferiprone, in contrast to
successful Methods II and VI, can be likely explained by the
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Fig. 8. PIH and Fe(lll) at pH 7.5. Complementary approach - the plot of Method V.
The final molar concentration of iron was 0.01 mM and the final molar concentra-
tions of PIH were 0.005-0.06 mM. The light grey line mimics the absorbance at the
stoichiometry 1:1, the grey line at 2:1 and the dark grey line at 3:1. The line 3:1 is
identical with the line 2:1 suggesting the latter complex. The ratios signify
substance to iron. In this figure, a single measurement is depicted for better lucidity.

dependence of the former methods on the assessment of molar
absorption coefficients of complex. The probable explanation was
the very small difference between the wavelengths of pure deferi-
prone and its complex (9 nm), which blunted the correct calcula-
tion of the molar absorption coefficient of the complex. Indeed,
there was almost no difference between the molar absorption
coefficient of pure deferiprone and its complex at the /cpax
(Supplementary data Tah. S1).

Using the Job's method and the complementary mathematical
calculations for the determination of chelation stoichiometry, it
was disclosed that all tested substances chelated iron in various
manners and the obtained ratios were consistent with the
previously published data - deferasirox 2:1 (Fig. S5) [15,26]; quer-
cetin 1:1 (Fig. 6 and Supplementary data Fig. S6) [27]; SIH 2:1
(Supplementary data Fig. S7) [28-30]; chloroxine 3:1 (Supplemen-
tary data Fig. S8) [25]; rutin 1:1, 3:2 and 2:1 (Fig. 7 and Supple-
mentary data Fig. S9) [16,17]; PIH 2:1 (Fig. 8, Supplementary
data Fig. S10) [28-30]; and deferiprone 3:1 (Supplementary data
Fig. S11) [28].

Another feature of the theoretical methods, especially of the
Method V, was demonstrated within the assessment of rutin’s stoi-
chiometry at pH 6.8. Comparing the proposed values for absor-
bance with the measured ones, it was found that rutin may
chelate iron at various chelation ratios (1:1, 3:2 and 2:1, rutin to
iron, respectively) depending on its concentration (Fig. 7B). On
the other hand, the Job’s method showed only one ratio 3:2
(Fig. 7A). Comparing these two different methodological ap-
proaches led to a slight superiority of the complementary ap-
proach. Therefore, this finding may explain the diverse results in
flavonoids from the different studies [16,17].

This method is not able to determine the iron oxidation status
in the complex. Notwithstanding this limitation may be of impor-
tance for chemical screening of novel specific ferrous chelators,
this is of lower importance for a pharmacological study. The main
question in the later is the efficacy of a tested substance to chelate
ferrous or ferric iron while the oxidation status of the complex is of
secondary importance.

4. Conclusion

This study reported the novel calculations for the assessment of
stoichiometry of chelators with iron. This approach can be useful in
the confirming of the chelation stoichiometry and moreover, it
may reveal the reaction stoichiometry in chelators with a moder-
ate affinity to iron. Since the data on stoichiometry of the com-
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plexes of several substances were apparently different among mis-
cellaneous studies, particularly in flavonoids, we suggest that for
the correct stoichiometry calculation, the both Job's and the com-
plementary approaches should be used.
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Calculations using absorption maximum of substance

and absorption maximum of complex

(Method ITT and Method IV)
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Fig. S1: Calculations using the absorption maximum of a substance (A) and the absorption maximum of the
complex (B). The measured absorption spectrum (black curve) is the sum of the absorption spectrum of the non-

reacted substance (blue dashed curve) and the absorption spectrum of the formed complex (red dashed curve).
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Deferoxamine and Fe(II) at pH 7.5

Job’s method and Complementary approach — Method I
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Fig. S2: Deferoxamine and Fe(Il) at pH 7.5.

Job’s method — the absorption spectra (A). The total molar concentration of deferoxamine and iron
was 0.5 mM.

Complementary approach — the absorption spectra (B). The final concentration of iron was 0.1 mM
and the final concentrations of deferoxamine were 0.025-0.6 mM.

The ratios signify substance to iron. In this figure, the absorption spectra of single measurements are

depicted.
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EDTA and Fe(II) at pH 7.5

Job’s method and Complementary approach — Method I
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Fig. S3: EDTA and Fe(I) at pH 7.5.

Job’s method — the absorption spectra (A) and the Job’s plot at Acmar (256 nm) (B). The total molar concentration
of EDTA and iron was 0.1 mM.

Complementary approach — the absorption spectra (C) and the plot of Method I (D). The final molar
concentration of iron was 0.015 mM and the final molar concentrations of EDTA were 0.005-0.045 mM.

The ratios signify substance to iron. In this figure, single measurements are depicted for better lucidity.
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8-Hydroxyquinoline and Fe(III) at pH 7.5

Job’s method and Complementary approach — Method I
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Fig. S4: 8-Hydroxyquinoline and Fe(III) at pH 7.5.

Job’s method — the absorption spectra (A) and the Job’s plot at Acmax (460 nm) (B). The total molar concentration
of 8-hydroxyquinoline and iron was 0.2 mM.

Complementary approach — the absorption spectra (C) and the plot of Method I (D). The final molar
concentration of iron was 0.05 mM and the final molar concentrations of 8-hydroxyquinoline were 0.025-0.3
mM.

The ratios signify substance to iron. In this figure, single measurements are depicted for better lucidity.
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Deferasirox and Fe(II) at pH 7.5

Absorption spectra, Job’s method and Complementary approach — Method I
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Fig. S5: Deferasirox and Fe(II) at pH 7.5.

Absorption spectra — deferasirox and its complex (A).
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Job’s method — the absorption spectra (B) and the Job’s plot at Acmar (309 nm) (C). The total molar concentration

of deferasirox and iron was 0.04 mM.

Complementary approach at Acu — the absorption spectra (D) and the plot of Method I (E). The final molar

concentration of iron was 0.01 mM and the final molar concentrations of deferasirox were 0.005-0.06 mM. This

method was unsuccessful.

The ratios signify substance to iron. In this figure, single measurements are depicted for better lucidity.
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Quercetin and Fe(III) at pH 7.5

Absorption spectra, Job’s method and Complementary approach — Method I
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Fig. S6: Quercetin and Fe(III) at pH 7.5.

Absorption spectra — quercetin and its complex (A).

Job’s method — the absorption spectra (B) and the Job’s plot at Acima (443 nm) (C). The total molar concentration
of quercetin and iron was 0.05 mM.

Complementary approach — the absorption spectra (D) and the plot of Method I (E). The final molar
concentration of iron was 0.01 mM and the final molar concentrations of quercetin were 0.005-0.06 mM.

The ratios signify substance to iron. In this figure, single measurements are depicted for better lucidity.
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SIH and Fe(II) at pH 7.5
Absorption spectra, Job’s method and Complementary approach — Method II
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Fig. S7: SIH and Fe(Il) at pH 7.5.

Absorption spectra — SIH and its complex (A).

Job’s method — the absorption spectra (B) and the Job’s plots at Acme (231 and 350 nm) (C). The total molar
concentration of SIH and iron was 0.075 mM.

Complementary approach — the absorption spectra (D) and the plot of Method II (E). The final molar
concentration of iron was 0.01 mM and the final molar concentrations of STH were 0.005-0.06 mM.

The ratios signify substance to iron. In this figure, single measurements are depicted for better lucidity.
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Chloroxine and Fe(I) at pH 5.5
Absorption spectra, Job’s method and Complementary approach — Method II-IV
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Fig. S8: Chloroxine and Fe(II) at pH 5.5.

Absorption spectra — chloroxine and its complex (A).

Job’s method — the absorption spectra (B) and the Job’s plot at Agye (262 nm) (C). The total molar concentration
of chloroxine and iron was 0.05 mM.

Complementary approach — the absorption spectra (D) and the plots of Method II, IIT and IV (E). The final molar
concentration of iron was 0.01 mM and the final molar concentrations of chloroxine were 0.005-0.06 mM.

The ratios signity substance to iron. In this figure, single measurements are depicted for better lucidity.
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Rutin and Fe(II) at pH 6.8
Absorption spectra, Job’s method and Complementary approach
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Fig. S9: Rutin and Fe(II) at pH 6.8.

Absorption spectra — rutin and its complex (A).

Job’s method — the absorption spectra (B). The total molar concentration of rutin and iron was 0.05 mM.
Complementary approach — the absorption spectra (C). The final molar concentration of ron was 0.01 mM and
the final molar concentrations of rutin were 0.005-0.08 mM. Corresponding plots are shown in Fig. 7 in the main
article.

The ratios signify substance to iron. In this figure, the absorption spectra of single measurements are depicted.
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PIH and Fe(III) at pH 7.5
Absorption spectra, Job’s method and Complementary approach
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Fig. S10: PIH and Fe(IIl) at pH 7,5.

Absorption spectra — PIH and its complex (A).

Job’s method — the absorption spectra (B) and the Job’s plot at Acmar (366 nm) (C). The total molar concentration
of PIH and iron was 0.075 mM.

Complementary approach — the absorption spectra (D).The corresponding plot (Method VI) is shown in Fig. 8 in
the main article. The final molar concentration of iron was 0.01 mM and the final molar concentrations of PIH
were 0.005-0.06 mM.

The ratios signify substance to iron. In this figure, single measurements are depicted for better lucidity.
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Deferiprone and Fe(III) at pH 7.5
Absorption spectra, Job’s method and Complementary approach
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Fig. S11: Deferiprone and Fe(III) at pH 7.5.

Absorption spectra — deferiprone and its complex (A).

Job’s method — the absorption spectra (B) and the Job’s plot at Acma (305 nm) (C). The total molar concentration
of deferiprone and iron was 0.05 mM.

Complementary approach — the absorption spectra (D) and the plot of Method VI (E). The final molar
concentration of iron was 0.01 mM and the final molar concentrations of deferiprone were 0.005-0.06 mM.

The light grey line mimics the absorbance at the stoichiometry 1:1, the grey line at 2:1 and the dark grey line at

3:1. The ratios signify substance to iron. In this figure, single measurements are depicted for better lucidity.
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Tab. S1: Summarized

analyzed wavelengths.

molar absorption coefficients and corresponding differences at the

£s £c | £s — Ecl
substance [mol'.em.1] [mol!.cm-.]] [mol'.em.1]
chloroxine eaa7= 34 803 £4 033 exa7=14 337 £6 700 A2a7 = 20 465
exe1 = 9059 £ 1 557 exe1 =21 973 £6 502 Ms1 =12 914
. ex4s= 30 815 £ 518 €46 = 35258 £9 196 Aoas = 4 443
deferasirox £1a00 = 10 771 £ 875 Eas00 = 18 666 £ 4 412 Aaoo = 7 895
' exso= 14 730 £ 1 093 exs0=8490+ 1853 A2so = 6 240
deferiprone €260 = 9800 £ 2 012 £1050 = 9 948 £ 2 204 Aaso = 148
ex218= 16 007 £ 1353 ex1a= 13630 £ 3 298 A1g=2 377
e233= 11133 £ 1644 €233 = 14 900 £ 4 630 A3 =3 766
€06 = 16 425 + 1 486 ea0s = 14 162 £ 2 090 Aoge =2 263
PIH eazto= 13423 + 1 391 eazto = 14 627 £2 751 Azo=1205
exsa2 =7 909 £ 487 €rza2= 9686 £ 1191 A2 =1 777
€67 = 5 569 + 381 exe7 = 10 732 + 1 501 A7 =5 164
ene3 = 260 £ 179 eane3 = 3084 £ 879 Aig3 =2 824
uercetin €x3ro = 23 838 + 887 Exs70=8247+1713 As7o =15 591
q €rd34/443 = 983 + 192 €rd34i443 = 15 887 £ 3 346 | A43sa43= 14 905
rutin exse= 17 210 + 1 346 ense= 10219 + 1 342 A3se = 6 991
eano1 =2 3192706 eno1 = 16 674 £ 1924 A1 = 14 356
ex1s= 16 875 £ 3 577 ex1e= 1719514 412 A21s= 320
exz31=9200+1700 enz31 = 20 325 £ 3 631 A2z1=11125
SIH ex2ss = 18 020 £ 1 147 €rnss = 16 243 £ 1 927 Aoss =1777
€303 = 144731325 €ro3 = 16 850 £ 1 533 Az =2 378
ex30= 13 725 £ 804 €n3=11726 £ 1153 Asan =1 999
€50 = 6 844 + 688 exso = 11279+ 1110 haso =4 435

£s— molar absorption coefficient of substance, es — molar absorption coefficient of complex,

€5 — Ec ‘ — absolute difference between the coefficients
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4.6. Oral administration of quercetin is unable to protect

against isoproterenol cardiotoxicity

%
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Abstract Catecholamines are endogenous amines that partic-
ipate in the maintenance of cardiovascular system homeosta-
sis. However, excessive release or exogenous administration
of catecholamines is cardiotoxic. The synthetic catechol-
amine, isoprenaline (isoproterenol, ISO), with non-selective
[3-agonistic activity has been used as a viable model of acute
myocardial toxicity for many years. Since the pathophysiolo-
gy of ISO-cardiotoxicity is complex, the aim of this study was
to elucidate the effect of oral quercetin pretreatment on myo-
cardial ISO toxicity. Wistar-Han rats were randomly divided
into four groups: solvent or quercetin administered orally by
gavage in a dose of 10 mgkg ' daily for 7 days were followed
by s.c. water for injection or ISO in a dose of 100 mg kg .
Haemodynamic, ECG and biochemical parameters were mea-
sured; effects on blood vessels and myocardial histology were
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assessed, and accompanying pharmacokinetic analysis was
performed. Quercetin was unable to protect the cardiovascular
system against acute ISO cardiotoxicity (stroke volume de-
crease, cardiac troponin T release, QRS-T junction elevation
and histological impairment). The sole positive effect of quer-
cetin on catecholamine-induced cardiotoxicity was the nor-
malization of increased left ventricular end-diastolic pressure
caused by ISO. Quercetin did not reverse the increased re-
sponsiveness of rat aorta to vasoconstriction in ISO-treated
animals, but it decreased the same parameter in the control
animals. Accompanying pharmacokinetic analysis showed
absorption of quercetin and its metabolite 3-
hydroxyphenylacetic acid formed by bacterial microflora. In
conclusion, a daily oral dose of 10 mg kg ' of quercetin for
7 days did not ameliorate acute ISO-cardiovascular toxicity in
rats despite minor positive cardiovascular effects.

Keywords Cardiotoxicity - Catecholamine - Isoproterenol -
Quercetin

Introduction

Endogenous catecholamines are essential signal molecules in
very low concentrations. However, they are well-known to be
cardiotoxic in higher concentrations (Rona 1985; Costa et al.
2011). In harmony with this finding, the synthetic non-
selective B-agonist isoprenaline (isoproterenol, ISO) has been
used for more than 50 years for inducing a pathological state
that mimics acute myocardial infarction in many respects
(Rona et al. 1959). Administration of ISO in necrogenic doses
is an adequate model for this purpose. A dose of
100 mg kg™" s.c. evokes considerable histopathological
changes in the myocardium which are associated with haemo-
dynamic disturbances, marked release of cardiac troponin T,
calcium overload, ST segment (J-point) elevations, R
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amplitude decrease and with a mortality of around 30 %
(Ramesh et al. 1998; Mladenka et al. 2009a; Zatloukalova
et al. 2012). This level of mortality corresponds to the mor-
tality rate of acute myocardial infarction before the introduc-
tion of current non-pharmacological treatment approaches
(Widimsky and Spa¢ek 2004). Despite the plethora of re-
search in this area, no single drug appears to be able to protect
against all the consequences of catecholamine administration.
Additionally, nor was a combination of «- and (3-blockers
able to completely protect against catecholamine injury not-
withstanding the observed and expected effect on heart rate
(Neri et al. 2007). This is very likely due to the fact that
catecholamine cardiotoxicity is a complex mechanism involv-
ing both hyperstimulation of adrenoreceptors and catechol-
amine auto-oxidation leading to production of reactive com-
pounds (Costa et al. 2011; Rona 1985; Dhalla et al. 2010).
Moreover, the mentioned hyperstimulation of (3-receptors
leads to myocardial hypoxia which can exacerbate the myo-
cardial impairment by additional generation of reactive oxy-
gen species (ROS) (Blasig et al. 1985).

However, one group reported that a series of flavonoids
appeared to be unexpectedly protective against each tested
aspect of isoprenaline toxicity (Prince 2011; Prince and
Sathya 2010; Karthick and Prince 2006). A few years ago,
our group tested the direct intravenous administration of the
flavonoid rutin in two doses. The findings were contradictory
to the oral administration. A dose of 11.5 mg kg~ i.v. was not
protective while a dose of 46 mg kg ' apparently aggravated
the ISO injury (Mladenka et al. 2009b). Our previous idea was
that metabolism had been responsible for this paradoxical
effect since oral administration of rutin would not lead to
absorption of the parent compound (Manach et al. 1995).

Due to serious discrepancies in this research, we decided to
return to this issue. The main aim of this study was to confirm
the suggested protection of oral quercetin in the form of
chronic premedication and to elucidate its effect on major
cardiovascular aspects of isoprenaline toxicity.

Materials and methods
Animals

Thirty-one Wistar-Han male rats were obtained from Meditox
(Czech Republic), 23 rats were used in the basic study with
isoprenaline and 8 rats in the pharmacokinetic study. The rats
were housed in cages located in a special air-conditioned room
with a periodic light-dark (12-12 h) cycle for 2 weeks. During
this period, they were provided with free access to tap water
and standard pellet diet for rodents. After the acclimatization
period, the healthy rats weighing approximately 375 g (hae-
modynamic study)/456 g (pharmacokinetic study) were used
for the experiments.

@ Springer

137

The study had the approval of the Ethics Committee of
Charles University in Prague, Faculty of Pharmacy in
Hradec Kralové and conformed to The Guide for the Care
and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23,
revised 1996).

Experimental design
Haemodynamic study

The rats were randomly divided into two groups. The first
group received solvent (2 ml kg ') and the second one re-
ceived quercetin (Sigma-Aldrich, Germany) in a dose of
10 mg kg ! by gastric gavage in seven succeeding days. On
the last day, animals from both groups were again randomly
divided for s.c. administration of water for injection
(2 ml kg ') or aqueous solution of SO (100 mg kg ') 1 h
after gavage. The experiment started 24 h following 1SO/
water administration. The experimental groups designated
control and Q (oral pretreatment by solvent or quercetin,
respectively) were followed by s.c. administration of water
for injection, while the groups of ISO and Q+ISO (pretreated
by solvent or quercetin, respectively) were exposed to s.c.
mjection of ISO.

Pharmacokinetic study

Similar to the foregoing, the rats were randomly divided into
two groups and received either solvent or quercetin by gastric
gavage in seven succeeding days in the same doses/
concentrations. Pentobarbital (Sigma-Aldrich) in a dose of
45 mg kg ' ip. was used as anaesthetic in this study. On
the last day, three animals from the quercetin group were
anaesthetized, their right common carotid artery was cannu-
lated and the cannula ran out through the skin on the back of
the neck. After recovery, approximately 400 pl of blood was
collected (time 0), and the last dose of quercetin was admin-
istered via gastric gavage. Additional blood samples were
collected each hour up to 8 h. Three other quercetin and
two control animals were treated in a slightly different way.
They were anaesthetized 105 min after the last dose of
quercetin/solvent. The right common carotid artery was can-
nulated, and blood samples were collected from 2 up to 8 h
again at a 1-h interval. In these animals, the anaesthesia was
maintained throughout.

Quercetin was firstly dissolved in a mixture of
ethanol:DMSO (19:1), and the suspension finally containing
0.5 % DMSO was then prepared with water for injection.
Control animals received solvent which was composed of
DMSO (0.5 %), ethanol (9.5 %) and water (90 %). Neither
control nor quercetin animals received more than 5 plL of
DMSO in each gavage.
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Anaesthesia and surgery in the haemodynamic study

Afler 12 h fasting, the rats were anaesthetized with i.p. injec-
tion containing aqueous solution of urethane (Sigma-Aldrich)
in a dose of 1.2 g kg . Surgical and measuring procedures
were identical to our previous studies (Zatloukalova et al.
2012; Filipsky et al. 2012) with minor modifications, briefly:

The left common iliac artery was connected to a pressure
transducer MLTO0380/D (AdInstruments, Australia) via a
polyethylene catheter (0.5/1.0 mm filled with heparinized
saline 50 1U/ml). A high-fidelity pressure-volume
micromanometer catheter (Millar pressure-volume catheter
SPR-838 2 F, 4E, 9 mm, Millar Instruments Inc., USA) was
inserted into the left heart ventricle through the right common
carotid artery. Both pressure transducer and Millar pressure-
volume catheter together with subcutaneous electrodes for the
ECG standard limb lead 11 MLA1215 (AdInstruments) were
connected to PowerLab with LabChart 7 software
(AdInstruments). Data were analyzed for 30 min, and neces-
sary calibrations with hypertonic saline (220 ul of 25 % w/w
sodium chloride solution) were performed at the end. A blood
sample was collected from the abdominal aorta into a hepa-
rinized test tube (170 IU/10 ml). Following the experiment, all
surviving animals were killed painlessly in anaesthesia by
intravenous administration of 1 ml of 1 M aqueous solution
of potassium chloride (Sigma-Aldrich).

Biochemical analysis

Cardiac troponin T (¢TnT), vitamin C and vitamin E were
measured in serum and total glutathione in the whole blood.
¢TnT was determined by high sensitive
electrochemoluminescence immunoassay (Elecsys 2010,
Roche), which employs two monoclonal antibodies specifi-
cally directed against ¢TnT. Capillary electrophoresis was
used for separation of glutathione, which was measured by
UV detection (PrinCE 750, Prince Technologies B.V., The
Netherlands) at 200 nm. Afier deproteinization, analysis of
vitamin E with fluorimetric detection was performed in an
HPLC system LC-10A (Shimadzu, Japan). The analysis of
vitamin C was performed after deproteinization by electro-
phoresis using UV detection (System P/ACE 5100,
Beckman).

Malondialdehyde (MDA ) was assessed in the hearts of the
tested animals. The tissue was homogenized in 0.1 M sodi-
um phosphate buffer (pH 7.4) using a Potter-Elvehjem ho-
mogenizer (B.Braun, Germany). The homogenate was cen-
trifuged for 10 min at 2,600 g (centrifuge VWR Compact
Star CS4, VWR International, LLC, USA). MDA was
assessed in the samples adjusted to a final concentration of
0.05 or 0.01 mg/pl of the tissue in the buffer by the known
spectrophotometric thiobarbituric acid method (Hendriks and
Assmann 1990).
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Quercetin metabolite analysis

The concentrations of flavonoids and phenolic acids in rat
plasma were assessed using the UHPLC-MS/MS method in
system consisting of Acquity UPLC (Waters, Czech Republic)
and a Quattro Micro triple quadrupole mass spectrometer
(Waters). The separation was performed on BEH Shield RP
CI18 (2.1*100 mm, 1.7 pum) using gradient elution with
methanol and 0.1 % formic acid. All injected solutions were
stored in the auto-sampler at 4 °C. The partial loop with needle
overfill mode was set up to inject 5 pl. The analytical column
was kept at 40 °C by column oven.

The MS conditions were finely tuned in positive/negative
ESI polarity mode as follows: capillary voltage, +3,200 V/
—=2,000 V; ion source temperature, 130 °C; extractor, 3.0 V;
RF lens, 0.5 V. The desolvation gas was nitrogen at a flow of
800 1 h™" and at a temperature of 450 °C. Nitrogen was also
used as a cone gas (100 [ h™"). Argon was used as a collision
gas. Analyses were performed in selected reaction monitor-
ing (SRM) mode using the precursor ions [M+H]™ or [M
—H]™ and the corresponding product ions. The cone voltage,
collision energy and dwell time were carefully optimized for
each compound and its transion individually. The most in-
tensive product ion was selected for the SRM transition.
MassLynx 4.1 software was used for MS control and data
gathering. QuanLynx software was employed for data pro-
cessing and peak integration. The sample pretreatment of
plasma consisted in fast and simple protein precipitation.
Fifty microliters of rat plasma was precipitated with 100 pl
of acetonitrile. After 10 min, the sample was centrifuged for
10 min. The supernatant was then filtered through a PTFE
membrane with 0.22-um pores and injected into UHPLC
system.

Standards, quercetin-3-glucuronide and 3-
hydroxyphenylacetic acid, were purchased from Sigma-
Aldrich and Toronto Research Chemicals (Canada),
respectively.

Histological examination

The heart was excised immediately after the animal’s death
and rapidly fixed in cold 10 % neutral buffered formaldehyde
solution for at least 24 h. The cardiac muscle was then sliced
transversally into four parts from the basis to the apex, and the
fixed specimens were processed using the conventional
paraffin-embedding technique. From the prepared paraffin
blocks, 5-pum-thick sections were obtained and stained with
haematoxylin and eosin for light microscopic examination.
Photo documentation and image digitizing were performed
with the Olympus AX 70 light microscope, with a digital
firewire camera Pixelink PL-A642 (Vitana Corp. Ottawa,
Canada) and image analysis software NIS (Laboratory
Imaging, Czech Republic).
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Isolated aorta

The thoracic aorta was gently excised and placed in Krebs
solution. After removal of fat and connective tissue, the
aorta was cut into rings (approximately 3-mm width).
Aorta rings with endothelium were mounted between two
stainless steel wire hooks. Then, they were transferred into
the tissue bath chamber. The aortic rings were allowed to
equilibrate at 37 °C in oxygenated (95 % 0,. 5 % CO,)
Krebs solution of the following composition: 135 mmol 1"
NaCl, 5.0 mmol I'! KCI, 2.5 mmol 1! CaCl,, 1.3 mmol 1!
MgS0Os, 1.2 mmol 1" KH,PO,, 20 mmol 1" NalHCO; and
10 mmol 1" glucose. The rings were equilibrated for
45 min at an initial resting tension of 2.0 g; the bathing
solution was changed at 10 min intervals. After the equili-
bration period, the contractility of each arterial segment was
assessed with 10 pmol "' norepinephrine (NE, Sigma-
Aldrich). Changes in isometric tension were recorded using
computer equipped with SPEL Advanced Kymograph
Software (Experimetria Ltd., Hungary). The presence of
functional endothelium was confirmed by the response to
acetylcholine (10 pmol 17') as an induction of more than
50 % relaxation of aortic rings precontracted with
10 umol 1”! NE. Preparations were then washed three times
with Krebs solution and cumulative concentration—response
curves to NE (1 pmol 1'-500 pwmol I'1) were obtained. At
the end of the experiment, KCI (75 mmol 1'") was added to
the bath to induce maximal contraction. Responses to NE
were expressed as a percentage of the maximal contraction
evoked by KCI.

Data analysis

Calculations were performed as previously described
(Filipsky et al. 2012). Total peripheral resistance index
(TPR) was calculated as mean arterial blood pressure di-
vided by the cardiac output and adjusted to the weight of
the animal. The double product was calculated as systolic
blood pressure multiplied by heart rate. Tau (the time
constant of left ventricular isovolumic pressure decay)
was calculated by Weiss and Glantz methods (Weiss et al.
1976; Raff and Glantz 1981). Other parameters have com-
mon meaning.

Data are expressed as means=SD. Outliers were excluded
by Grubb's test. Differences were compared by one-way
ANOVA test followed by Fisher's LSD test, based on a set
of individual ¢ tests, or by 95 % confidence intervals (isolated
aorta). Statistical software GraphPad Prism 5 for Windows
(GraphPad Software, USA) was used for statistical analysis.
Differences between groups were considered significant at p<
0.05 unless indicated otherwise.
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Results

Mortality

No death occurred in any tested group, including ISO groups.
Haemodynamic parameters

ISO did not significantly modify mean blood pressure but
significantly accelerated heart rate, increased the double
product—the marker of myocardial oxygen consump-
tion—and decreased the stroke volume 24 h after its ad-
ministration (Fig. 1). Quercetin premedication had appar-
ently no influence on the stroke volume, and it did not
significantly affect double product or heart rate. Similar to
the stroke volume, ISO significantly decreased the ejection
fraction (39=15 %) when compared with both of the con-
trols (solvent 67+18 %, quercetin 67=13 %). Quercetin
premedication had no positive effect on this parameter
(40+8 %). Such a drop in ejection fraction indicates heart
failure. Therefore, additional parameters of heart function
were analyzed.

ISO increased the left ventricular end-diastolic pressure
and peripheral resistance and caused impairment of the dia-
stolic isovolumic relaxation (Fig. 2), but did not modity the
contractility (data not shown). Although there are some dif-
ferences according to the calculation of the time constant of
left ventricular isovolumic pressure decay (tau, Fig. 2¢, d), it is
apparent that quercetin premedication again failed to positive-
ly influence myocardial relaxation impairment. Quercetin did
not influence the peripheral resistance either, but had some
protective impact on the left ventricular end-diastolic pressure;
there was no significant rise in this pressure in contrast to the
ISO group (Fig. 2a).

To elucidate in detail the impact of quercetin on cardiac
function, we analyzed maximal volume rise dV/dtya, (de-
scribes the peak filling rate in early diastolic filling) and the
negative peak of dV/dt (characterizes the ejection phase).
Likely, due to the variability of the data, although there were
tendencies in quercetin to increase the negative dV/dt, the
differences between quercetin vs control and quercetin+ISO
vs ISO for this parameter were insignificant (Fig. 3a). No
influence of quercetin on dV/dty., was found either
(Fig. 3b).

Morphological parameters and ECG

ISO administration induced a significant rise in cardiac wet
ventricles weight index. Quercetin pretreatment did not af-
fect the increase in this parameter (Fig. 4a). There was a
marked QRS-T junction elevation/corresponding to
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Fig. 1 Basic haemodynamic parameters: mean blood pressure (a), heart rate (b), double product (¢) and stroke volume (d)

elevation of ST segment in human ECG (Beinfield and Lehr
1968)/in both of the ISO groups (Fig. 4b), which indicates
again no protection of quercetin against myocardial ischae-
mia caused by ISO. All ECG from animals treated with ISO
are shown (Fig. 5). It is clear that there is high variability,
but the finding is unambiguous: quercetin cannot reverse
ECG changes caused by ISO.

Biochemical markers

In agreement with previous data suggesting marked ISO
cardiotoxicity, ISO induced a significant increase in serum
levels of cardiac troponin T (Fig. 4¢); quercetin pretreatment
had no influence. Moreover, quercetin did not affect the
significant decrease in serum concentration of vitamin C in
ISO groups (Fig. 6a). Another marker of oxidative stress,
vitamin E, did not change after ISO administration in com-
parison with the control group (Fig. 6b). Similarly, levels of
malondialdehyde were not significantly elevated after ISO
treatment in the heart samples (data not shown).
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Histological findings

ISO admmistration caused frequent inflammatory infiltrates
with the presence of oedema in widely expanded interstitial
spaces and necrotic changes in cardiomyocytes including
increased cytoplasmic eosinophilia, loss of myofibrilar stria-
tion and pycnotic damage of nucleus (Fig. 7). The lympho-
cytic infiltration including activated macrophages was mild to
moderate from epicardial to subendocardial sections of the
heart. The findings in quercetin+ISO-treated animals were
apparently similar to that of ISO group (Fig. 7a vs b, ¢ vs d).
Animals treated with quercetin had, like the control animals,
apparently healthy heart histology, with the exception of one
animal from the quercetin group where mild focal interstitial
mfiltration of lymphocytes was found in the epicardium.

Effect on vascular smooth muscles

As a part of this study, the aortal reactivity on a vasoconstrictor
was analyzed (Fig. 8). ISO-treated animals had markedly
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enhanced responsiveness on NE. There was no effect of quer-
cetin pretreatment. However, control aorta from solvent and
quercetin-treated animals reacted differently: quercetin
premedication significantly decreased the NE vasoactive effects.

Quercetin pharmacokinetic analysis

Since the results showed, on the one hand, some positive
effects on vascular smooth muscle cells, but on the other no

positive influence on the isoprenaline model, we tested known
metabolites produced by oral quercetin gavage. Two metabo-
lites were clearly apparent in the MS analysis, quercetin-3-
glucuronide and 3-hydroxyphenylacetic acid. In contrast,
those metabolites were not present in the control animals at
any time interval measured (data not shown).

The plasmatic profile of quercetin-3-glucuronide is shown
in Fig. 9. Much higher variability was found in the case of 3-
hydroxyphenylacetic acid. Since it has not been possible to
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Fig. 4 Changes in cardiac wet ventricles weight index (a),P
elevation of the QRS-T junction (b) and serum levels of cardiac
troponin T (c)

quantify precisely several samples due to low signal to noise
ratio, the concentration—time curves were not prepared, but the
metabolite was presented at least in low quantity in all samples
from animals treated with quercetin. The absorption was
clearly slower than in the case of quercetin-3-glucuronide
and the rise of plasma concentration started apparently after
4 h from quercetin administration which 1s in the harmony
with the necessity of bacterial cleavage of quercetin in the
large intestine. In three rats, the concentration at 8 h from
quercetin administration was found in a narrow range (28.8,
29.7 and 34.1 ng/ml).

Discussion

This study has produced two main novel findings. Firstly,
chronic gastric gavage alone inhibited the ISO-induced mor-
tality, and secondly, oral quercetin could not protect myocar-
dium against the deleterious effect of ISO. The first finding is
unexpected since in acute settings, ISO in a dose of
100 mg kg ! s.c. causes about 30 % mortality in accordance
to other studies with lower or higher ISO doses, e.g.
5 mg kg~' s.c. caused about 20 % mortality while
1 gkg ' s.c. approximately 50 % (Mladenka et al. 2009a, b;
Ellison et al. 2007; Singal et al. 1982; Feng and Li 2010;
Wexler and McMurtry 1981). Although, there are important
differences among older (heavier) and younger animals
(Joseph et al. 1981), this was not apparent in this case since
the weight of animals was approximately the same as in our
previous experiments (Mladenka et al. 2009a). It is possible
that repeated daily gastric gavage represents a significant
stress factor with consequent release of catecholamines.
Adrenergic receptor desensitization by catecholamines is quite
rapid and efficient (Doss et al. 1981; Hertel and Perkins 1984)
and cannot be excluded as a reason for the survival of all
animals. However, we have no available experimental data,
and this needs to be investigated in the future in detail.

The second finding is in accordance with the current
knowledge of the complex pathophysiology of catecholamine
cardiotoxicity. For this reason, the outcome that one com-
pound with antioxidant activity cannot reverse the complex
pathophysiology of catecholamine cardiotoxicity is not very
surprising. However, these data are not in agreement with the
article of Prince and Sathya (2010). The reason for this is
unclear as we used the same experimental setting in major
aspects. In particular, the ECG findings published in that
article and in another article from the same group are of note
(Prince 2011; Prince and Sathya 2010). Although the authors
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Fig. 5 ECG tracings of lead II. a

Normal ECG tracings are shown

in quercetin- (a) and solvent-

treated animals (b). All ECG from | |
ISO groups, quercetin+ISO (c) AN AJY
and solvent+ISO (d), are shown. |
Prominent QRS-T junction
changes are present in majority of
ISO-treated animals (both ISO
and Q+ISO). Bigeminy can be
seen in one ISO-treated rat

did not state which lead was used, some aspects of the ECG
findings deserve more detailed comment:

(1) ISO is associated with a decrease in R wave amplitude
(Ramesh et al. 1998; Zatloukalova et al. 2012). It is
therefore not clear why in the two mentioned

b

publications, where the same dose of ISO was used, no
change and an improbable increase in R amplitude were
observed (Prince and Sathya 2010; Prince 2011). Ithas to
be emphasized that R wave amplitude may be, in fact,
higher in ISO-treated rats compared with the controls,
but only in cases where the R wave, as a part of the QRS
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Fig.7 Histological findings.
Apparent ischaemic damage with
necrotic myocytes, oedema in
widely extended interstitium and
presence of inflammatory cell
infiltrates were observed in
subendocardium (a) and
myocardium (c) of ISO-treated
animals. Similar findings were
observed in combination
(quercetin+ISO) group in the
subendocardial tissue (b) and in
the myocardium (d) or in the
epicardium (f), where severe
interstitial infiltration of
lymphocytes and dilatation of
subepicardial blood vessels were
observed. The intact myocardium
in the control group shows normal
cardiac fibres without any
changes (e). Staining:
haematoxylin—eosin. Direct
magnification, x100
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Fig. 9 Pharmacokinetic profile of quercetin-3-glucuronide in plasma of
rats supplemented with quercetin or solvent for 7 days. Results shown as
circles are from animals anaesthetized before the quercetin gastric ga-
vage, squares depict animals anaesthetized 105 min after quercetin ga-
vage. Controls are not shown since the concentration of this metabolite
was zero at all time intervals

(2)

(3)

4)

complex, is apparently joined with markedly elevated T
wave. This can be seen in Fig. 5, but is not true for the
publications mentioned, where both R and T waves were
separated.

The above authors referred to ST segment elevation, but
this cannot be clearly deduced from their tracings.
Moreover, S wave amplitude remained unchanged after
ISO administration which is in clear contrast to the QRS-
T junction elevation found in our study, where S wave
was not usually present (Fig. 5).

It is worth mentioning that the T wave amplitude appar-
ently increased after 1SO in both papers, but QRS-T
junction, as mentioned above, was unchanged.

Elevated heart rate indicates cardiac derangement and,
thus, may represent an additional parameter. Indeed, an
increase in heart rate was found even 24 h afler ISO
admimstration (Mladenka et al. 2009a). Although the
heart rate was not reported in the article of Prince and
Sathya (2010) and according to Fig. 1 in their article, it
appears that quercetin in combination with ISO de-
creased the heart rate compared with the controls or
ISO alone, and similarly, ISO alone had lower heart rate
compared with the controls. It can be speculated that the
second dose could modify the ISO effect on heart rate
possibly due to discussed [3-adrenoreceptor desensitiza-
tion. This was probably not the case since a previous
study showed that two doses of ISO caused even more
pronounced effect on heart rate within 12 h after the
second dose in comparison with the single dose
(Ramesh et al. 1998).

There may be some objections concerning the slightly
different study design. Firstly, animals used in this study
were older, but this cannot explain marked differences in
the results, and moreover, older animals are more rele-
vant for research on cardiovascular diseases. Secondly,
we used only single dose of ISO since this evokes severe
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injury (Mladenka et al. 2009a). If quercetin is not able to
block this impairment, it could not likely block the
pathophysiological changes caused by the double dose.
Since oral quercetin had some obvious effect on blood
vessels compared to the control animals (Fig. 7), it is
apparent that quercetin or its metabolites reached the
systemic circulation, and this was confirmed in this study
(Fig. 9). We did not concentrate on detailed pharmaco-
kinetic analysis owing to the complex metabolism of
quercetin by human/rat intestinal and liver enzymes
and by bacteria in the colon (Cermak et al. 2003;
Graefe et al. 1999), but on the evidence for quercetin
absorption. We selected two metabolites, quercetin-3-
glucuronide and 3-hydroxyphenylacetic acid, as repre-
sentatives of quercetin metabolites by rat/human and
bacterial enzymes, respectively. It is well-known that
the concentration of free quercetin is very low in contrast
to its major human-conjugated metabolite quercetin-3-
glucuronide (Bieger et al. 2008; Cialdella-Kam et al.
2013). Similarly, the majority of phenolic acid was found
to be conjugated (Olthof et al. 2003), so the concentra-
tion of total 3-hydroxyphenylacetic acid may be higher.
However, we have not yet measured it since the
glucuronide of this acid is not available.

Considering the character of the pathophysiological
changes associated with cardiotoxic doses of 1SO, we
focused on haemodynamic and biochemical markers.
ISO effects on haemodynamics are rapid as can be dem-
onstrated by very fast diastolic dysfunction and release of
cardiac troponin T. Contractility derangement follows
the diastolic impairment. The histopathological findings
of heart damage appeared with some delay. Thus, the
24-h interval, when marked histological derangement
and persistent biochemical markers were found, was
selected in this study to assess the possible effect of
quercetin (Chagoya de Sanchez et al. 1997; Pick et al.
1989; Filipsky et al. 2012; Mladenka et al. 2009a;
Clements et al. 2010).

Although quercetin protective effects on I1SO toxicity
were clearly minor, its positive effect on left ventricular
end-diastolic pressure is of note. The explanation of this
is equivocal since ejection fraction was similar in both
ISO groups. Furthermore, quercetin had no positive ef-
fect on the myocardial contractility and did not reverse
depressed myocardial relaxation response. Quercetin has
positive inotropic effect on isolated rat atria, but this
effect is bell-shaped and the clinical situation can be
different since quercetin administration will result main-
ly in systemic appearance of its conjugated metabolites
(Erlund et al. 2000; Kubota et al. 2002). Even if the
mechanism is not known, this finding may be of a
clinical interest: Although quercetin cannot reverse 1ISO
cardiotoxicity, it may have some positive effect on
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progression of heart failure. In fact, quercetin supple-
mentation decreased cardiac hypertrophy in rats with
aortic constriction (Jalili et al. 2006).

Another interesting finding was the influence of quer-
cetin on blood vessel responsiveness to vasoconstrictors.
The data presented here seem to be in agreement with
studies showing that flavonoids, including quercetin,
have vasodilatory potential on isolated vessels and that
oral administration of quercetin could affect the NO and
endothelin-1 plasma concentrations in humans (Loke
et al. 2008a; Ajay et al. 2003). Therefore, even if quer-
cetin cannot revert acute cardiovascular injury caused by
ISO, it may, in addition to the previously mentioned
effect on heart failure, have some minor positive effects
in arterial hypertension. Indeed, a decrease in arterial
blood pressure has been documented in human after oral
quercetin premedication (Edwards et al. 2007; Egert
et al. 2009). It appears that the effect is mediated by
phenolic acids produced by intestinal microflora rather
than by quercetin itself or its close methylated or conju-
gated metabolites. In a recent study, oral administration
of quercetin was more effective in reducing blood pres-
sure than i.p. administration (Galindo et al. 2012). For
this reason, we believe that some of the phenolic acids
produced by quercetin cleavage by intestinal microflora
may be responsible for the effect. One candidate may be
the measured 3-hydroxyphenylacetic acid which has
longer elimination half-life than other phenolic acids
produced by quercetin cleavage (Sawai et al. 1987).
Our next study will test the effect of quercetin bacterial
cleavage products in greater detail.

The relationship between antioxidants, oxidative
stress parameters and cardiovascular diseases is still
equivocal (Strobel et al. 2011). The kinetics of changes
of endogenous antioxidants after ISO administration is
complicated and is highly dependent on time and likely
on other factors too (Diaz-Munoz et al. 2006). Similarly,
data on biomarkers of oxidative stress from our labora-
tory are not identical with our previous study (Mladenka
et al. 2009a). In this study, serum vitamin E and myo-
cardial malondialdehyde levels were not significantly
changed after ISO administration, and vitamin C level
drop caused by ISO was not positively influenced by
quercetin, a known antioxidant. The lack of positive
influence on oxidative stress biomarkers after quercetin
oral admmistration is not a rare finding. Several previous
studies reported that oral quercetin did not influence
oxidized LDL, plasma/urinary Fa-isoprostanes and total
plasma antioxidant capacity in humans (Edwards et al.
2007; Shanely et al. 2010; Egert et al. 2008; Loke et al.
2008a). This interesting finding may be due to several
possible factors: (1) the dose of quercetin was low, (2)
quercetin possesses both pro-oxidant and antioxidant
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activity depending on the concentration (Prochazkova
et al. 2011) and (3) conjugates of quercetin formed
in vivo have lower antioxidant activity (Loke et al.
2008b), and thus, oral quercetin may not be very active.
We presume that the dose was not low. It is well-known
that quercetin has antioxidant activity in very low doses,
and in humans, the maximal concentration of total quer-
cetin of 40 pg/l was found afier a similar dose of 8 mg
(Afanas'ev et al. 1989; Erlund et al. 2000). Our data are
in a good agreement with this finding (Fig. 9). Such
concentration could have some effect on vitamin C
levels. The pro-oxidant effects of quercetin are not prob-
able at this concentration because no negative effects on
vitamin C or E levels were seen in this study. The third
possibility appears to be the most probable since the
majority of absorbed not cleaved quercetin is circulating
in the plasma conjugated and/or bound on plasma pro-
teins (Manach et al. 1995; Bieger et al. 2008). On the
other hand, despite the very low concentration of free
quercetin in plasma, the majority of quercetin is present-
ed in its free, unconjugated form at least in some tissues
(Bieger et al. 2008). The matter of oral quercetin metab-
olites both in plasma and tissue and their pharmacolog-
ical activity deserves further study and is currently ana-
lyzed in our laboratory.

In conclusion, this study demonstrated that 7-day oral
quercetin administration was not able to prevent acute
manifestation of catecholamine cardiotoxicity; however,
it could have some minor cardiovascular effects includ-
ing decreased responsiveness of blood vessels to vaso-
constrictors and normalization of left ventricular end-
diastolic pressure.
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We wish to offer some comments on the article by H. Liu er al. entitled “Evaluation of antioxidant
and immunity activities of quercetin in isoproterenol-treated rats”, published in Molecules in 2012 [1].
First of all, there are several important points which are not adequately explained in the article and

require clarification by the authors:

e No information is provided on how the quercetin was dissolved and administered.

e There are no illustrative ECG measurements nor any comment on how the ECG signals
were measured, this necessitates comments due to the measured T wave depression data.

e Heart index is not specified and since this 1s not a very common parameter, how was it
calculated?

e The statistical test used by the authors in the comparison of data is not mentioned.

e Did all isoprenaline-treated animals survive the experiment?

Secondly, the design of the study and thus the possible outcome may be misleading since it appears
no control groups which only received quercetin were included in the study. This may markedly
influence the study results, e.g., it is possible that oral administration of quercetin might result in
gradual increases in antioxidant levels and decreases in pro-inflammatory factors, and this may
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counterbalance the effect of 1soprenaline leading to the opposite processes. Therefore it is not clear if
quercetin had acute effects by blocking the activity of isoprenaline or if it chronically decreases
oxidative stress.

The third and the most important issue is an unnaturally precise linear relationship reported between
the dose of quercetin and its pharmacological effects. We have plotted all measured data from the
tables of the discussed article in graphs (Figure 1) with the exception of IL-10, where no protection

was found.

Figure 1. Linear relationship between the daily dose of quercetin and the percentage of
inhibition of isoprenaline effect. A: T wave-amplitude, B: heart rate, C: AST, D: CK-MB,
E: LDH, F: TNF @, G: NO, H: nitric oxide synthase, I: IL-1, J: IL-8, K: Na/K™-ATPase,
L: Ca®/Mg™ -ATPase, M: myeloperoxidase, N: TBARS. O: glutathione, P: superoxide
dismutase, Q: catalase and R: glutathione peroxidase. Coefficients of linear regression (R%)
were calculated using GraphPad software version 6.0 (San Diego, CA, U.S.A)).
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The data were thus elaborated in a way that enabled comparison among the different measured
parameters. In short, control values were considered 100% (healthy) and isoprenaline animals were
considered 0% (pathological state), and the effect of quercetin was expressed as per cent inhibition of
the isoprenaline effect. The blockade of isoprenaline activity was always dose dependent and moreover
in eight out of 18 cases (44%) the linear regression coefficient was higher than 0.99 and in a total of
14 cases out of 18 (78%) the mentioned coefficient was higher than 0.975. It is not very
probable to achieve such value in so many measured parameters. These results do not resemble
in vivo experiments, but rather calibration curves. Moreover, according to literature precedents
a dose dependent and clearly linear normalization of T wave amplitude is highly improbable.
Notwithstanding it is not clear which ECG lead was recorded and the T wave amplitude units were not
defined, their values do not correspond to the normal rat ECG. In a respected paper of Beinfeld and
Lehr the following mean values of normal T wave amplitude in millivolts were described:
lead I = 0.070, lead II = 0.145, lead III = 0.130, aVF = 0.150, aVL= —0.045 and aVR = —0.105 [2].
The mean value given in the article of Liu ef al. of 2.68 (no units given) clearly does not fit in the
above-mentioned range of normal amplitude T wave values. Additionally, it is well known that
pharmacokinetics of oral quercetin are nonlinear [3—6] and thus a strictly linear relationship between
the dose and the effect can be excluded with a high probability. We thus appeal to authors to promptly

clarify the mentioned discrepancies.
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5. Souhrnny komentai k publikacim zahrnutym

Vv disertacni praci

Disertacni prace je piedkladana jako soubor sedmi praci publikovanych
VvV recenzovanych odbornych cCasopisech s impaktnim faktorem, znichz jedna
predstavuje piehledovy ¢lanek, jedna komentai k publikované studii a ostatni jsou
puvodnimi experimentalnimi pracemi.

Uvedené publikace tvoii komplexni soubor praci, na rizné urovni se zabyvajici
problematikou chelatori prechodnych kovi Zeleza a médi. PfedloZzend prace navazuje
na predchozi studie uskute¢néné v ramci dlouhodobého vyzkumu realizovaného
skupinou Kardiovaskularni a respira¢ni farmakologie a toxikologie. Vzhledem k uzké
spolupréci s Katedrou farmaceutické botaniky a ekologie a klinickému vyznamu jsou
pfedmétem zajmu zejména piirodni latky ze skupiny kumarinti a flavonoida.

Mimo reSers$ni prace, tykajici se antioxida¢niho pisobeni kumarini (publikace
4.1.), a komentate k ¢lanku (publikace 4.7.) se jedna o in vitro a in vivo studie, které
zahrnuji:

- vyvoj metodiky pro screening chelatori médi, vcetné zhodnoceni jejich redukéni
schopnosti (publikace 4.2.),

- vlastni screening chelata¢ni, popfipadé¢ i redukéni aktivity vici médi u latek
syntetického ¢i pfirodniho pivodu, S dirazem na vztahy mezi strukturou a ucinkem
(publikace 4.2.a 4.3.),

- testovani schopnosti flavonoidi redukovat ionty Zeleza a ovlivnit tvorbu volnych

radikali v Zelezem katalyzované Fentonove¢ reakci (publikace 4.4.),
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- studium stechiometrie komplext vybranych latek se zelezem, vcetné vyvoje nové
metodiky pro jeji stanoveni (publikace 4.5.),

- komplexni zhodnoceni vlivu peroralni premedikace kvercetinem na akutni poskozeni
kardiovaskularniho systému vyvolané isoprenalinem (publikace 4.6.).

Chelatory Zeleza a médi maji kromé uzkého, avSak vyznamného uplatnéni
v soucasné klinické praxi celou fadu potencidlnich aplikaci, jeZ jsou piedmétem
rozsédhlého vyzkumu. Z tohoto divodu je Zzadouci jednak vyhledavat nové latky
chelatujici pfechodné kovy, jednak blize objasiiovat dalsi vlastnosti majici vztah k jejich
vyslednému ucinku.

Podle vysledkii piedchozi in vitro studie jsou kumariny s urcitymi strukturnimi
predpoklady G¢inné chelatory zeleza (Mladénka et al. 2010a). Podle dostupné literatury
se kromé& pfimého zhéaSeni reaktivnich forem kysliku a dusiku (RONS) a inhibice
enzymul produkujicich RONS (xantinoxidasa, lipoxygenasa a dal$i) na antioxida¢nim
pusobeni kumarini podili pravé chelatace pfechodnych kovl. VétSina praci studovala
interakci kumarini se Zelezem, a to nepfimo, ovlivnénim oxidac¢niho stresu navozeného
pfechodnym kovem. Strukturni pozadavky pro zhaSeni RONS i chelataci kovll jsou
obdobné — idealni uspoiadani predstavuje 6,7- nebo 7,8-dihydroxysubstituce. Piedevsim
u takto substituovanych kumarini je dokumentovana i vyznamna schopnost redukovat
prechodné kovy, coz je mnohdy povazovano za podklad antioxida¢niho pusobeni.
V realnych podminkach vSak mutze byt efekt pfesné¢ opacny, prooxidacni, v disledku
podpory redoxniho cyklu pfechodného kovu. Obdobny efekt vykazuje katecholova
skupina i v piipadé nami testovanych flavonoidu (viz dale).

Pro svoji rychlost, jednoduchost a ptesnost je vyvinuta spektrofotometricka
metodika vyuzivajici bathokuproindisulfonat vhodna pro screening chelatort médi

Vv obou oxida¢nich stavech. Navic po jednoduché modifikaci slouzi ke stanoveni
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redukce médi, takze dovoluje komplexnéji zhodnotit interakci latky s kovem. Oproti
hojné¢ vyuzivané piimé spektrofotometrii vyjadiuje toto nepiimé stanoveni kompetici
mezi testovanou latkou a indikatorem, ktera vypovida o schopnosti latky udrzet kov
v redoxné neaktivni forme. V nékterych ptipadech je mozno na zakladé ziskanych dat
odhadnout stechiometrii komplexu. Metoda byla validovana pro spektrum pH odrazejici
fyziologické i patofyziologické poméry v organismu (pH 4,5-7,5). Ptistup S pouzitim
odli$ného indikatoru, hematoxylinu, je vhodny zejména pro zakladni screening
chelata¢ni aktivity u méd’natych iontli, nebot’ se jednd o slabé kompetitivni prostiedi,
a Vv piipadé ucinného chelatoru také muze slouzit k odhadu stechiometrie komplexu.
Uvedenymi metodami byly zkouseny latky pouzivané jak v klinické praxi
(D-penicilamin, trientin), tak experimentalné (skupina 8-hydroxychinolinti). Testovano
bylo také celé spektrum flavonoidl napfic jednotlivymi skupinami. Za povSimnuti jisté
stoji za studovanych podminek pomérné slaba chelataéni aktivita D-penicilaminu
V porovnani s ostatnimi latkami, zejména kliochinolem, kloroxinem a EDTA. Vyjma
kyselého prostiedi vykdzal vysokou U€innost trientin. Pozorované vysoka redukce médi
D-penicilaminem souvisi s jeho mechanismem uc¢inku pfi terapii Wilsonovy choroby
(Peisach a Blumberg 1969).

Flavonoidy tvofi velmi rozsahlou skupinu pfirodnich latek skomplexnim
pusobenim na lidské zdravi. Diskutované jsou zejména kardiovaskularni Géinky, na
nichz se jistou mérou podili i interakce s pfechodnymi kovy (Mladénka et al. 2010D).
Ve slabé kompetitivnim prostfedi je schopna chelatovat ionty médi vétSina nami
testovanych flavonoida, pouze nékteré flavony a flavonoly vsak chelatovaly méd
vsilné kompetitivnim prostfedi. Lze konstatovat, Ze strukturni prvky flavonoidi
dalezité¢ pro chelataci médi se neliS§i vyznamné od téch, které byly zjistény v ptipadé

zeleza (Mladénka et al. 2011). Esencialni je dvojna vazba mezi polohami 2 a 3
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zakladniho kruhu, nejucinnéj$i uspotfadani reprezentuji 3-hydroxy-4-ketoskupina
u flavonolu a 5,6-dihydroxy- ¢i 5,6,7-trinydroxyskupina u flavont. Na druhou stranu
katecholovy kruh B (3°,4’-dihydroxyskupina) vykazal pouze slabou aktivitu. Jeho
vyznam navic Klesal se vzrustajici kyselosti prostiedi a v nékterych piipadech tato
skupina ovlivnila u¢inek negativné. Na rozdil od kyselého prostiedi, v némz 3-hydroxy-
flavon, kempferol a ¢asteéné baikalein byly u¢innéjsi nez trientin, zadny ze zkousenych
flavonoidti neptekonal trientin v pifiblizné neutralnim nebo mirné¢ kyselém pH.
Flavonoidy s vhodnymi strukturnimi znaky tak mohou mit vliv nejen na pato-
fyziologické procesy v organismu, ale vzhledem K jejich nezanedbatelné pfitomnosti
v lidské stravé také na metabolismus pfechodnych kovi, zejména absorpci. Ackoliv
pfesny mechanismus priniku ionti médi do enterocyti neni zcela objasnén,
predpoklada se nutnost redukce méd’natych ionti za i¢asti metaloreduktas nebo slozek
potravy (van den Berghe a Klomp 2009). Byl téz dokumentovan pozitivni vliv kyseliny
askorbové na absorpci médi (Lee et al. 2002). Vysledky ojedinélych studii tykajicich se
flavonoid jsou pon&kud rozporuplné (Riha et al. 2014). Nezbytny faktor, ktery je tfeba
brat v potaz, je metabolismus flavonoidi pii jejich peroralnim podani ¢i konzumaci
(Manach a Donovan 2004).

Flavonoidy mohou pusobit prooxida¢né (Sakihama et al. 2002, Prochazkova
etal. 2011). V dalsi studii jsme se proto zabyvali hodnocenim redukcniho Géinku
flavonoidii vzhledem k Zelezu a jejich vlivu na zelezem katalyzovanou Fentonovu
reakci. Vyhodou pouzité ferrozinové metody ve stanoveni redukéni aktivity je pouziti
ruznych koncentra¢nich poméra testované latky a kovu, do vysledné kiivky se totiz
promitne 1 chelata¢ni ptisobeni latky. To je rozdil od hojné pouzivané metody FRAP
(z angl. ferric reducing antioxidant power). Vyznamna redukce kovu byla zjisténa pouze

v kyselém prostiedi, a t0 zejména u zastupctu flavonolt a flavanold s katecholovym
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kruhem B. Z této skute¢nosti vyplyva potencialni vliv takovych latek na absorpci Zeleza
V tenkém stiev€é, nebot Zelezo musi byt redukovano pro transport do enterocytu,
uskute¢nény DMT1 (Ganz 2013). Zajimavé s ohledem na klinickou praxi se jevi
predevsim flavanoly s vyraznou redukci pfi pH 5,5 a neutralnim vlivem na Fentonovu
reakci. Zatimco standardni chelator Zeleza deferoxamin inhiboval Fentonovu reakci
v zavislosti na koncentraci Vv souladu sjeho chelata¢nimi vlastnostmi, nékteré
flavonoidy putisobily jako ucinné antioXidanty pouze pii velmi nizkych koncentracich,
ale pusobily neutralné nebo dokonce prooxida¢né pii koncentracich vyssich. Morin
arutin vykazaly progresivné prooxida¢ni ptsobeni. Nasledky Vv realném biologickém
systému jsou tedy obtizné predikovatelné. Latky podporujici oxidaéni stres by vSak
mohly mit potencialni vyuziti v 1é¢bé nadorovych onemocnéni (viz kapitola 2.2.5.).
Stechiometrie komplexu patii mezi jeho zakladni charakteristiky a jeji znalost
ma vyznam pro klinické uplatnéni cheldtoru. Na zdkladé kompetitivnich chelata¢nich
experimentt lze za uréitych okolnosti odhadnout stechiometrii vytvofeného komplexu.
Jeji stanoveni je vSak, mimo jinych metod (Fernandez et al. 2002), mozné na zakladé
méfeni absorpénich spekter latek a jejich odpovidajicich komplext s kovy v ultrafialové
a viditelné oblasti. Pfestoze je takovy postup pomérné dlouho znam — jedna se o metodu
kontinualni variace, tzv. Jobovu metodu (Job 1928) — zejména u latek piirodniho
puvodu Stechiometrie neni mnohdy znama nebo jsou udaje nejednoznacné. Je to
zejména z ditvodu, Ze tyto latky nejsou vétSinou silnymi chelatory ptechodnych kovt.
V na$i prace jsme se zaméfili na vyvoj nového pfistupu, jehoz zakladni rozdil oproti
Jobové metod¢ tkvi ve skuteCnosti, ze vSechny vzorky obsahuji stejnou koncentraci
kovu a méni se pouze koncentrace testované latky. Pro piipady malého rozdilu
absorpéniho maxima mezi latkou a odpovidajicim komplexem byly vytvofeny

dopliujici matematické vypoCty pro zjisténi stechiometrie. Tyto postupy byly
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validovany na deseti latkach se znamou schopnosti chelatovat zelezo. Metoda je
vyhodna zejména pro stanoveni stechiometrie pravé u latek Se stfedné silnou afinitou
k Zelezu, umoznuje navic odhalit zmény ve stechiometrii komplexu v zavislosti na
koncentraci chelatoru.

Latky schopné chelatovat piechodné kovy mohou mit pfiznivy vliv na
ischemické poskozeni myokardu a nékteré modelové studie tento efekt potvrdily (viz
kapitola 2.2.4.). Vzhledem k moznému prooxidacnimu pisobeni je vysledny ucinek
flavonoidii na ischemickou tkan nejasny. Experimentalné je jiz mnoho let pouZzivan
model katecholaminové kardiotoxicity, ktery v. mnoha aspektech pfipomina akutni
infarkt myokardu u lidi (Rona et al. 1959). Timto in vivo modelem se nase vyzkumna
skupina v minulosti do detailu zabyvala (Filipsky et al. 2012). Z dtivodu publikovaného
velmi ptiznivého puisobeni kvercetinu na akutni kardiotoxicitu vyvolanou isoprenalinem
(Prince a Sathya 2010), kterd ovSem nema jasné mechanistické opodstatnéni, jsme
provedli studii v zakladnich rysech shodnou s touto praci. Potkani Wistar:Han byli
premedikovani kvercetinem po dobu sedmi dnli gastrickou sondou (kumulativni davka
70 mg.kg?l). Kvercetin vsak v zadném z hlavnich aspekti nebyl schopen ochrénit
kardiovaskularni systém pied akutnim poskozenim (uvolnéni srdecniho troponinu T,
pokles tepového objemu, elevace QRS-T junkce, histologické vySetfeni). Pozorovan byl
pouze piiznivy vliv flavonolu na isoprenalinem zvySeny end-diastolicky tlak v levé
komote a efekt na hladké svalstvo cév — kvercetin v kontrolni skupiné snizil odpoveéd
aorty na vazokonstrikéni psobeni noradrenalinu. Nelze tedy vyloudit, Ze kvercetin (Ci
jeho metabolity) tak miize (mohou) mit potencialni vyznam pii srdecnim selhani nebo
zejména u arterialni hypertenze. Za povSimnuti také stoji, Ze samotnd aplikace
rozpoustédla v kontrolni skupiné zcela zabranila mortalité zpisobené isoprenalinem

(100 mg.kg™), ktera se udava kolem 30 % (Ramesh et al. 1998, Mladénka et al. 2009a,
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Zatloukalova et al. 2012). Je poticba také zduraznit, Ze v této oblasti bylo publikovano
mnoho studii, ale bohuzel nelze vzdy potvrdit, zda se zakladdaji jen na redlnych
vysledcich. NaSe skupina podrobila nedavno kritice jednu praci tykajici se Kkardio-
protektivniho u¢inku tficetidenni premedikace kvercetinem a zjistila velmi pochybné
aspekty, které uznala i redakéni rada cCasopisu Molecules (Liu et al. 2012). Autofi
¢lanku ovSem na vyzvu redakce nereagovali. Proto byly provedeny 1 dalsi prace, které
maji do dané problematiky vnést vice svétla. NaSe skupina totiz v minulosti prokazala,
ze flavonoid rutin pfi i.v. podani miize naopak zhorSovat katecholaminovou
kardiotoxicitu (Mladénka et al. 2009b). Tyto vysledky byly nedavno znovu provéieny
naSi skupinou s cilem analyzovat mechanismus pozorovaného toxického piisobeni.
V souéasné dobé jsou uvedené vysledky v recenznim fizeni. Navic je velmi zajimavé
zhodnotit u¢inky D-penicilaminu na dany model kardiotoxicity, zejména s ohledem na
zjisténi piekvapivé nizké chelataéni Géinnosti této latky viaci médi. V soucasné dobé

probiha ptiprava nové publikace na toto téma.
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6. Podil kandidata na jednotlivych publikacich

4.1. Antioxidant effects of coumarins include direct radical scavenging, metal
chelation and inhibition of ROS-producing enzymes
- reSerSe literatury tykajici se chelatace a redukce Zeleza a médi kumariny, sepsani této

kapitoly rukopisu

4.2. Novel method for rapid copper chelation assessment confirmed low affinity of
D-penicillamine for copper in comparison with trientine and 8-hydroxyquinolines

- provedeni vétSiny experimentli tykajicich se jak vyvoje metodik, tak vlastnich
chelata¢nich a redukcnich pokusi

- zpracovani a analyza dat

- priprava manuskriptu

4.3. In vitro evaluation of copper-chelating properties of flavonoids
- provedeni podstatné Casti experimentti
- zpracovani a analyza dat

- pfiprava rukopisu

4.4. Iron reduction potentiates hydroxyl radical formation only in flavonols
- podil na zpracovani dat

- Gicast na finalizaci rukopisu

4.5. Mathematical calculations of iron complex stoichiometry by direct UV-Vis
spectrophotometry

- provedeni ¢asti experimentt

- podil na piipravé manuskriptu
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4.6. Oral administration of quercetin is unable to protect against isoproterenol
cardiotoxicity

- hlavni podil na provedeni in vivo experimentd, véetné aplikace 1éCiv, méfeni
hemodynamickych parametri a odbérii vzorkl, kromé kinetické analyzy metabolith
kvercetinu, histologické analyzy a experimentt S izolovanou cévou

- zpracovani a analyza v¢étSiny dat

- piiprava podstatné ¢asti manuskriptu

4.7. Is a highly linear relationship between the dose of quercetin and the
pharmacological effect possible? — A comment on Liu, et al. Evaluation of
antioxidant and immunity activities of quercetin in isoproterenol-treated rats.
Molecules 2012, 17, 4281-4291

- ucast na finalizaci rukopisu
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7. Pouzité zkratky

3-AP
CYBRD1
DMT1
EDTA
Fe-Tf
hCTR
HIF

IRE

PIH
RONS

ROS
Steap
TfR

3-aminopyridin-2-karbaldehyd-thiosemikarbazon

duodenalni cytochrom-b-reduktasa 1

transportér pro dvojmocné kovy, z angl. divalent metal transporter 1
ethylendiamintetraoctova kyselina

transferin

human copper transporter

hypoxia inducible factor

iron-responsive element

pyridoxal-isonikotinoylhydrazon

reaktivni formy kysliku a dusiku, z angl. reactive oxygen and nitrogen
species

reaktivni formy kysliku, z angl. reactive oxygen species
six-transmembrane epithelial antigen of the prostate

transferinovy receptor
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10. Zavér

Chelatory zeleza a meédi, kromé zasadniho postaveni v terapii pfetizeni
organismu témito kovy, predstavuji skupinu latek s relativné Sirokym terapeutickym
potencidlem. Nalézat nové chelatory s vhodnymi vlastnostmi je tedy zadouci. Dilci
zaveéry prace jsou nasledujici:

e Vyznamny podil na biologickych u¢incich kumarini ma jejich schopnost
interagovat s obéma prechodnymi kovy, pficemz nejvyssi aktivita je spojena s 6,7-
a 7,8-dihydroxysubstituci.

* Vyvinuta spektrofotometricka in vitro metoda pro stanoveni chelatace a reduk-
ce iontl médi byla pouzita pro screening ucinkd u fady piirodnich a syntetickych latek.
Zatimco D-penicilamin vykazal pomérné slabou afinitu k médi a vysoky redukéni
potencial, mezi flavonoidy byly nalezeny latky se silnym chelataénim potencialem, a to
I Vkyselém prostfedi. Tyto pfirodni latky maji komplexni interakce S pfechodnymi
kovy, nebot’ v zavislosti na struktufe je mohou i redukovat, zejména za nizkého pH
prostiedi, a/nebo podpofit tvorbu volnych radikali.

e Pomoci nového pfistupu na bazi ptimé spektrofotometrie a s pouzitim
matematickych vypoétd byla ovéfena stechiometriec komplexu nékolika latek.
S vyhodou muize byt tento pfistup vyuzit u latek slabé&ji vazajicich kov.

e Komplexnimu kardiotoxickému pusobeni isoprenalinu na in vivo modelu
nebyla schopna zabranit peroralni premedikace kvercetinem, ptes jeho dokumentované
interakce s piechodnymi kovy. Byly vsSak pozorovany uéinky flavonolu na hladké

svalstvo cév a nékteré hemodynamické parametry.
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Nové poznatky shrnuté v diserta¢ni praci, véetné vyvinutych in vitro metod, by
mély prispét k dalsSimu vyzkumu Vv této oblasti, pochopeni dopadu ptirodnich latek na

lidské zdravi nebo SirSimu uplatnéni chelatort zeleza a médi v klinické praxi.
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