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ain vitro studie

Gelezo a mNNsi s poky® eemaiji 2landél if yvzi ol ogi
procelsiTds@e®mani s mu. Ho me hotd§ida h t BolvitTo jeSe
regul ov8na, anbeiblonSDgvwdsens@ Rrialila | mRANjod nil e dir b
radi K8t gdit 8rn2? hemochromat - - za, transfuzn:
pSedstavuj2absalyt apmjean®bygordassmu. §re jejehz a a r
| ®| bu maj 2 z8§sadn? viznam chel 8tory tRch
onemocniDn2, u nichg pel dpé umHdopddypidogiddz ap o |
Jedns§ s e pSedevg2m o neurodegenembyt i vn?
ng8dorovs8§ onemocnNDn2VtINichdoalpeotteesncm8!| h#¥ ths
zkoum&ny Tzt hge?l at al n2 mi schopnost mi

C2le®mtdosertal n? pr8ce bylo prov®st scr
amiDNd et a studovét vlastndsi t D c hirt vidro din&vivoe)peritnentech

Vr § mmivitro st udi 2 byl ghedlkkdalad$tPn ost i synt
ipS2rodn2Tlhi pr@hueik,2 vyvinut ® s pektyruafzotag et

bathdku pr oi ndi sul f on8Uk8§ mab o klbickynmajeegkzyy aml chel



mNDdD-penicil amin jle§t apomoArinNj isnlTanbT m chel §
svliraznl mi reduk] n2 mi v\ yalks § cholsestmB znalliNa d a |
sil nTmi whel SpbJyd dye hydraxyflavon, kempdrol a baikalein.
Vhn8vaznost. na pSebyhoydeabk®komjiskaspedygv §n
redukovaty e bavivna gel ezem katalyzovdhaviy@eentddno
I 8tkwyl vy schopn® redukovaysaédlo@my prigoedie§ed? |
prooxi dal n?2 aktivita byl a Zji @oopmau zej m
charakterizaci nt er ak c 2 novich nebo tznoEm$zt ke wphel §
stanoven? stechiomet r-dlee |kStnogrk @xay 2 pSeaaad énm
vipoVpdrovngn2 se standardi? jhkboerjddRomwat o
vpS2padabdh2ch chel §tor T

Vr 8§ mmivivo st ublyla2publ i kov8na prfedmi gl e mpre2r «
pr e me dkvéretném u pot kaTe[nt o nepyS&chdpu p ochr §ni t
kardi orvie2.s ks §t ®m pSed lkatechdlamihym Kovoejrkcoezteinrg my
ovivnln Dkt er ® hemodynakbok®opnat amktupaorty sn2 g
navan k onst r i kDanl2g 2p oppemtitaminesn a st e jev®o U [®anan ®
dobnN &2 piubikagea a n a Istadiesratikeqrvr ecenzn2m S2 zen?

Z8vhNrem | zeesBr pabtegt agd Es&VvENaA pro ch
mNDdit.ud8w§dy rovnhDg vdalsghodf{Til egihte®8t or T,
aprooxi dal n?2 a ketrie komgleau.Vly v i snavir® rhetodymmohou
nav2c podpoSitt®tdoal BF| mdi@&ik&tmorvy byly nal ez
flavotyowigdak, vy kainterpkée b NDhkoay. TakovIim pS2kl ad:
i kvercetin jeng nebyl in vivo schopenza b r 8knoinip | e *ardiotoxickdnu
pTsotkert2echol amiwvitrd studi p TsobniNkt er T ch koncen

prooxidalnh



Abstract
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Title of Doctoral Thesis Screening of new irerand coppechelating substances

T in vivoandin vitro studies

Iron and copperare 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 coppecatalyse the
productionof free radicals. Hereditary hemochromatosis, transfusion hemosiderosis and
Wil sonEs disease are associated with absol
Transition metal chelators have cial significance for the treatment of these states.
There ae several other diseases with documented involvemeardrofnd/or coppein
thar pathophysiology. Examples angrimarily neurodegenerative diseases, cardio
vascular diseasegumours anddiabetes mellitus. Various chelating compounds are
examined in thse possible indications.

The aim of his doctoral thesis wa®e perform ascreening of ironand copper
chelating substances amal study their propertiesn detail usingin vitro andin vivo
experiments.

Copperchelating properties of synthetic as we#l matural substances were

investigated in vitro, by a developed spectrophotometric method using



bathocuproinedisulphonate or hematoxyliim contrast to other compoundshe
clinically used copper chelat@-penicillamine was shown as a relatively weakpzmp
chelator which possesses marked reducing properties. Many flavom@dsable to
bind copper;however, potent chelators were especiallyy8roxyflavone, kaempferol
and baicalein. Iromeducing properties and influence on the ioatalysed Fenton
reaction were also investigated in a series of flavonoids. These compounds reduced
ferric ions only under acidic conditiomsd preoxidant activitywas found particularly
in flavonols. Novel approach aimed at the determination of tteorsimetalchelator
complex stoichiometry based on mathematical calculationsvas developed In
comparison with t h, e apreachcppeaded tddakiageouse t h o d
especially in the cases of modehat&ctivechelators.

An in vivo study concerning cal administation of quercetin for seven days in
rats has been puldhed This approactwas unable to protect cardiovascutassten
against acute catecholamine cardiotoxicity. However, quercetin affected some
haemodynamic parametersand decreased the responsivenest awmrta to
vasoconstriction in control grou@ther data concerning the effect ofp@nicillamine
are currently being prepared for publication @wimilar experiment with rutins in a
peerreview process.

In conclusion, a spectrum of substances wasde®r copperchelating effects.
Other important properties of chelators were investigated, sucbedasing and pro
oxidant activiies or the complex stoichiometryoreover, the developet vitro
methods may promote research in this field. Potent whelavere observed among
flavonoids which showed numerous interactions with both metals. Quercetin represents
such an exampldt was unable to protect against comptatecholaminecardiotoxic

effecs andit waseven preoxidantin some concentrations am in vitro study
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1.bvod

PSechodn® kovy gelezonazmBNupsbal st mpo’
pro lidskT orjgsamui smosl §ste?b oaSed & Sacdly pernat
Homeosd &lzeaza ja vidsikd@m pelllgievdlul @vi§uyas | nT mi
mechanismyJ e | 2 n aarku ggeenrte t i ¢ k Vlimyiv nfNg lgt2 dhroyedertosk S e
kneg8douc?2mu pTs9Yben® tNDchgadl ko® TatSatBIN®| s
w iimihat al yz8§vedghkt ¥ akyp$Hoce toxicklch volnl

KromhRD stavT chroni ck®h o a\WiSoadw?cloeoly,? or ga
spojemloelvratem homeost §zy xigtadnelxkao,| i rke sdpael kgt
onemocnRiNn2 | i por uch souslossip & dind md e kkioBreyn t «
seoneur odegener ati vn? o0ne mac®akhsohoychaad m®n a
kardi ovaskul 8rn2 onemocnRDn?2, n8dorovs§8 oner

Chel §topbyggmioouk® v2cetan&&mplesy skavy. eni ny
Z&8kl ardyngenm jejich %l inku jevnfopPeeolisaedniyt
kov r edox ndnTryeakllitv mérgamsmu. Mimou p | at tedpi2 v
otrav tNDgktmel Bbogygkpupoug2ve&ny pSedevg?i
pSet2genavodandmempw)kovani mi Wisonevwychérehy t r an

CelpBletadal g2 ch chel 8torT geleza al/nebo
dokonce k | i ni ckTch zkoudg¢ ®E§sbtha vsTt usdpnoejEeoreincphw 8 o u
t Dcht ovzkhd wld.em k p oknDirmilk k¥@ma® iy aiggria®a p rva x i
druhou stranw e | k®eu a p e upt d tceknRemiug§ | w ne mo g M AGS o u ¢ 2
nal @oalt@t ky schopn ® dypbdlanzim$ evddh oodvnl Tilcvhrd iskko®&nT v
t Dl eAby byl o mogn® ttenagiicho®b,n e8nt 2k y d oysptizealt unji 2t c
znal ost vlastn? jehealeztby|tSw® vpljgelggociht , vahbhet r
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2Teoretick8 | §st

21 . Dlkodtika e | emzlad lai d sk ®m or gani s

PSechodn® koferrymBe) ez omipMnmat [Caut). hraj 2 dT
roivgi rok® palethD bfolvbghc kymhlegEo/EeSe] v
F a dat gp onv i miv @S vokpeiuiz§®nod %organismu. Nejsomositeli
energi e, al e jsou rTeckahayliangmeier2093) blanme@ st Batr a
t Dcht o pr vkT,n§neehhnising B2 jiramgportuo kvlaa d ovwy8 nu?| oa
vEreudr gows®nra nt c h (BértiniarCavallare 2008, Tisatet al. 2010)
neboS jej2 mdkudgenanl wmd paamhogi.dkhledem st av T
kt ®matu disertal n2z prracere ghm@Edtemalil@a dbsadgeen Nj |

pSechodnlch kovT.



211.Gel ez o

Gel gezjeden mej hoj nNj gz2 mbh k ® (Fref § Reed 2012)
Vbi ol ogi c kT cistujs wosxti ®nael cni? cér s t, tedygakohionty | | a
gel eznat & ad 2gneloe gietjskuzr o ap @bi oPoyi ckl,ch tek
oxi dovan§ f op omésnjeetidizzpau sjten§ ve vodythlep Si n e
precipituje zal gzinjofedeck iLecd P005Gied e zeat ® i ont
navAestabil n?2 ve Vvodneddane peagowatt sfeldeé k ual §f @p n
kysl 2kem z%arvazdnikk§yp eF e x i d o vje®goakladanm foxicityt u
tohoto kovu(JonesLee a Lee 2006Navzdory wurl|l it® nedostupno
j e tento kov paradoxnh k1l 2] ovIim kat al y-
transpor t |Jpraovatad/dko ROYI3 | 2 k

Gel ezo ®roaefby®n opfeads swaykigrenTt okdtjal y.
reakc? z a h r relektrérc (Geissler p Siagh ®8L1Vzhledem kv y s 0 k ®
reaktivithD a tomu<?jeHdEttvomin®® viedleaz@mv c k ®m
pr os on®eeda®azbousr Tznl mi.Vibiugdh iy ch kojep@mD e n't
vegkero® 9%V &8z 8&no n¢richton®®0&)i ny pSestostzTst §v
geleak® formdn®zjinako | abiln2 Jelezo, kter
viznam pro met abol i s nf@abantchik 20bIkrgzmledicllyz u K 0\
nepSedsfajg@ie® rizi kto®t oa |l iavkzcéggtndimgh pat ol
stavechn a pséhemijjepod k|l adem oxi dativn2ho pogkozen

Proteinyo b s adhalj éz of oprrnots t skapinygakd®Fe/S klastry nebo
hemkovv gak mTge o0idi pS¢ s Seot Poteiiyobhsmahoky s e
gel pSens§gelycchonv@lyalj 2k, katalyzuj2 aanit abol i
mi krobi 8l n2 redoxlnik Ir akdvikGare 20d3)Jejicha estploe d ujj &
uvederv Tabulcelad ok | §d §¢g @ Il g zeadmvo tbli iot Togh ckT.ch proc
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Tabulkal PSehbééinT obsahuj2c2ch gelezo
Proteinyobsahuj 2 c Funkce
Hemov® proteiny
hemoglobin transpo (etytrogyty)s | 2 k u
myoglobin uskl adniDn?2 Kkysl2ku (sva
Hemov® enzymy
cytochromy a, b, ¢ pSenos elektronT
pSenos elektronT na mol
dli cha&Se2tlwygaduj 2 t®F mh
cytochromc-oxidasa mi Kr osaxiobesy ne zv. oxi dabuyr

cytochrom P450 +4 f8ze 1 biotransformace
duoden§l nZreduktaisd gr edukce ¢gelezitlch iont
katalasa rozkl ad peroxidu vod?2Kku
peroxidasy rozkladperoxidl
myeloperoxidasa tvorba baktericidn2zho c
sulfitoxidasa pSemNin&i | itanu na s2ran
tryptofan 2,3dioxygenasa metabolismus pyridinu
iodasa (iodoperoxidasa) pSemDna jodidu na jodi/l
Nehemov® enzymy obsahuj2c2 gelezo
ribonukleotidreduktasa pSemNDna r i bo-waokylibenakeotidyT
syntetick8 f8ze bunD| n®

(FelS proteiny)

akoritasa

i socitr8tdehydrc
sukcin8tdehydrog
NADH dehydrogenasa

cyklus kyselpiony keibtho mx

fosforylace

aldehydoxidasa

pSemdlelgdna karboxyl ov® Kk

xantinoxidasa

pSemNna rozkl adnT cbh§ zp?r o

nakyselinumo | auv

fenylalaninhydroxylasa
tyrosinhydroxylasa
tryptofanhydroxylasa

syntk@za&chol ami nT,amalaiau o

prolylhydroxylasa
lysylhydroxylasa

synt ®za kol agenu

PSevzato z:

(Zel).ssl er a

Singh



Cel kovl ob¢$ aldstgl®hee zjae vzhruba 3,5 g u
(Geissler a Singh 2011) U dospRhRl dchyel @z av Bpn®dldbioumn a v
uvnditrSkul uj 2 c2 €70 &)yt rkodcey tpTl n(260esenci §1 n2
avesvalechmyogl obinu (10 %30 ®plpSpdstalBpe ¢
a nachgz8t reehva retiylul®mandoaked i B&ni mi ns
( Mu fev al. 2009, Geissler a Singh 2011) Pouze zhruba 1 % t DI
inkorporov8no v enzymech apla®tiBRvége§nd, Ba
transferin (Geissler a Singh 2011y Dt gi mat pt B®ho ¢gel eza poch
erytrocytT, recyklovanlch md4Ganz2018 gy ve sl e

Vzhledem kv T zn@mu eza pro | idsKIm orygadndivamigs
znedostat ku, al e i nadbyt ku itsry,t ok tkeorv®
nor m§l dmthelpoudr guj 2 hl adi meg z §Rrhvenzzam vee feyj
dTl egithDjg2m m2stem regul ace je gastrointe

Gelezo je vwstokdéhn@8V &§rto | §stizej em@Phk@hausd
Fyziologicky se absorbujd-2 mgzaden(Donovan a Andrews 2004Pr ot oge | i ds
organismup o s t a Ktdi§vn2 ex kr ed e greelmarzadtir B8ty gel e
zt DNMraovnop &2 ¢ memstySq wHUN Hodbeesnk® aieh t §1 e pc h
povr (Gteehet al. 1968) Absorpce jet e d y dn 2 §necaanisment e gul uj 2 c 2 n
obsah vg§dlllvepzoat rsaev Ng e | e zwh e ma eni@8hza2mo v ®& vé or mDN
formhD ,fep&iliamy2 kowudrSadduge n e h e nmpev| @Tmmsport
anor gdomyle kKl® st udov 8n jpeo zdneSsne tpi oNwelJrenTil edgeittall]
api k8l n2 pSenage]l anor gan bsnppor®h & vjoej | neozcan ®d ol
(DMT1, zangl.divalent metal transporferc o g nf egi 81 n2 tr ans membr
s p Sadelndk tsr oc h*egnadienterh me Rk u d o v (Guristinetalu Rk y

1997) DMT1p Sem&d%eznat ® ionty a nhDkoaldnkoidal g2 c



t roj moc n(@ingdeedl.€@x?) protoj e pro vstSeb§n? anor ¢
nezbkom§erze JelezitlIdh pS8ambDnidaoxied&lzmzal
pravdDpodobnnn pod2] ej 2 @uodeginyn 2 r eghtl lotch s v,
reduktasd (CYBRD1) (McKie et al.2001) j ej 2§ pSesnl viznam v
ds8érzym, latngd i cjke® V it er acyteclSane bessfemvie/duprio §n | a
redudaseil ( Kn° pf el a , 8 teapd Fteap2 Angl2 Jixtransmembrane

epithelial antigen of the prostaté@phgamiet al.2006)Co se t T k8§ absor pce
gel @ba alppB@®dewm@azsmi ¢ h ) bylabjeveraph k 81 nN expr i m
intestingl n2 HERMLEanDl. hame earrier proteid) (Shayeghiet al.

2005) aledl e soul as nrhucjhe ppoXzinsautzkapniE na ir o est i n§
pSenos (odftould§ tdlr u PGT,pangt protarcotipled folate transporter)

(Qiu et al.2006).

Pokud gel ezo proni knuvg? do buRKYy ne
exportowmsiséd bt cyppamdddF®viS§mion vj e sf®rickIl
proteink t er T uvni t BT Geact®vawetk®nenkoud syt v, ato ge |14e520a0
at oMmNIl adddal.R@S)P Sedst azvaus cebnmiipekl eza, a ,co | e
udr gnuajdeb yt e | md d okxonvd vi n aketli¢vano? d o porkaaflmw § n
p 0 maytoplasma t ickcckaberoi (Shi et al. 2008) Rozpust nr8,l anta vgqdl
chudsg f orma f ervktrienvursh B (€ohem at cah 30203 Druhou
sl ouleninou skl aduijldncuzl99g)el ezo j e hemosi der

JedinT znp8SeinagaeV| 2pro buRp$paoritna ealsd na
membg n ja feroportin (St40al)(Le a Richardson 2002, Donova al. 2005) Jde
otransmembr 8§eapti mowvarlinna kKdgecliemédamsodeplSe
plasmy, tedy nad u o d ech éhierncigch ma X ¥ ,an¢pagocyecha n al rb2am 8§

povrchu nplhaceany ¢yt (Dandvanoet @lb ROAR tFeroportin



transportujeFe?* ionty (a t &k ® @EBuh®mgT jeexwarstt T na | | ¢
rodiny feroxidas o b s a hhu j nmEHgphaestin ( d TRept b e npS gel ez a
zent er oc ysy) (Vupe et pll 1899, Eisenstein 2000)ebo ceruloplasmin
(vysoce exwr8itmoevwah(CRdi et 4l. 1966, Eisenstein 200@)z Se j mN

t® gykloperu (e x p r ipnSoewaSm@mDc) €Chend al. 2010) Tyto proteiny

oxi duj 2 geleznat® ionty, s Y tad Reéopgetierhte a k|
medovanl gef buanmgo gaRazbu@ e | renapatransferifOsakiet al. 1966)

Prg&vh gelezit® viSoznStnyy smaah b @ k Boyien peszial
glykoproteintransferin TenmT g e v 8vwag e | adpty.tU® | i d amajtd cill a
transferin fyziologicky s at ur o v a nzhruba) B0% ¢Beissot et al. 2012)
Transferinp Seds thdwawjneg a nej dTl egi tindoykskew®Senag:
c2 | ov1 mMeaylorgHolez et al.2011)Na dr uh® str,ande j®awadie |
transferinu mohow8&&antl chj @IS anpfgripeTid (ReSitlerz e av r
etal. 2000) Transferinsn av § z @ @ kre(Ee Tf) jezkr ve vychyt 8vE8n sy
vazbou na bunh|l n® me mbo \&iacepio®1(TIRE)@ &uybitino r y , t
(Kozyrakiet al.2001) Funkce TfR2 | e peagulCanimsechettab n D o
et a. 2000, M letaal. R00%) aP o endocyt - z eTf[TRodmgel e x u F
k acidifikaci vezikuly, uvol nDn? gel ez a, jeho redukci
transportu do cyt os (Grahamet al.2807) ®kddbndu uhkeiz m DM
j ako transferin vy kon 8w $aktoferm, j e hng8z nt e k ®h
antimi krobi 8l n2z a( Ml atelDaZa5PGd |i evz@uasnelldea gV N 0 s t
jistlTch podm2nek mTge vyskytovat jako tzv.
transerrin bound iron (Brissotet al. 2012) Jedn8 se o @gelezo Vv§z

proteiny (nap$S. feritinm)vSa ftoarkn®) §riceaptrSott e i n



(Grootveldet al. 1989) HI adi ny t ®t opladmddr mys ode lexza ®mn N n
normg |l n2ch okol nosnbl? (Andegasl®)y al uj 2 1

Z8sadn?2 pombopefdaynge®Repatenci 8l nz2 tere
pSi nreesllaot i v nolb jreevde®n @& or monu hepcidyatu® kt.
mov® homeosN8zev gedre&@m2 | etchat@hormompijedhak p Tv o
jeho anti mi kr ob(Pa&Kena. 2001) Hepdidm gespeptids y nt et i z ov an
asecernovankitoegr§t rggnsl al nhD ovli vRoj e sm@mor
receptoru faoportinu,z m2 n N n ® h otraespa tu@ i (Ggne 20&INaa v § z § n 2
hepcidinu i ndu kapgrtieu aejehch §csy tepdnaot uef olsdsamu v
(Nemethet al. 2004) Tento formontedyk ont r ol uj e tsmkSamadterrla d
hepcidinje kron tokw 8 R h  z Snsaotbi cak Tpclha koncentrac2 ¢el
dal g2ch faktor @&,0unam$E2nkdtaeedn driy Joadpeoi mE3m p o
zn&§m8§ YroveR t®to regulace je transkripln
vztahy (Ganz 2013)Mutace vgenec h k- diudi2rc,2 chehtheprcozl il n
nebo | eho mortopokinde gnohot maxiféstovatfjako poruchy regulace
g e | erizkapitqla 22.1).

Osud geleza v buRk&8ch je S2zen posttra
RNA v8zaj2c?2ch pr(RPeiamll iroAreBuRatbry protein)R Pyl
proteiny piSttsdruagondjn?i s e s p o n zAmgk imArespnsieel e me n t
el ement) na (Herfizeed &.ROLOPRNAS|i | em§ vE8z8&n2 regul
odpov2d8§8 na bunh| n® ht Sicduekty egei dTadl bRE®
byly nalezeny \n e k - ahuoplédstech mRNAI r T pmoteéild h a p o j @orkihec h
ti kyzagel eenergeti ¢ MPladeDah@0B bol i s mu

Po absorpci¥ enk ®m st Sep ®r tj & nge | kerzwransferi® z § n o

ap Sen §gjaterkdej e popu i synt ®z u paonoetbeoi neTx,@ osrktl cavds



Transferinvc i r kul acikoyvkaR | pSémBgKERRZ 2 mi konzumer
viidsk®m t Nl e jsdckuwsemypt rdoSiedn 2. bToRRHMYSt W e hytk
vyv2jej2c2ch se buRk&8ch je smhSovg&no do
bi o sy hem®atvorbu F&S p r o(Pomkaet Bl. 2002) Na tomeélze m2 st |
nezmpnotein frataxindDphdpem@Pndokt @ordj epr @
ut vg8§ S’k admersf[ynt ®ay jledmg sn2gen§ synt ®za
Friedreichova ataxiéBenczeet al.2007) Da |l § 2 mi buRkami, kter® m
pro ce®luothlbnevost 8§z uetjiek wlz@emadkostodul@igylkn uj 2 ¢
gelezo zeermsytSromowtc? ch PostSaetnd 2 cehr yid u roldky .t a
gl obin jsou degr admavks noyf §weienfoxdagpamabass soths eodmuld

rozgt Np? p r kouh bgmo a flojde kurvou TkounRet i kul oendot e
makrof 8gy sloug? jako rezervo8r ¢geleza, nc
t DI esnT ¢Kmutsan S8asVebslingResnick 2003)HI avn2 m r eagam al n2 m
uvgech tk&n2 tran$§pnos ubkiwike fzt kileyl dekz djoijaqel a
byl o zm2nBDno, tent omkawlki jrelDmr Ssardni@ne i phlep

2013)



2.1.2.MN N

MODN je pSekhedhl skp®eddmed udiveou dkor m§ c h
ionty mMONn® MCOCNH)aM®NN(@ ui onty tvoS? pol et
sorganickIimi, tak pBblsgialgnIT kdrme f d ri jgkazn dlyi, g a
donor ov® at o ntysteisu2nebo miionia p S, garomatickl du s
(Tisatoet al.2010)Vbi ol ogi ckTsb mPBt @me wstadu QifSev § g n
proteéétoemnost.i kysl2ku nejpochomnidhoaikadeyp
pokud nejsou mDNn® iontyuMMDMmonty®sauacdosB ny t v
rozpust nm@zpustnasthP Mrcioon t Tozsphen ivg g2 m nedg mi kr om
(Arredondo a N¥Wfez 2005)

Od bakne®stilPi kEm a siaw®@ TmuRkyYyepbh$eljuj 2

(Delangle a Mintz 2012Nepostradatelnes mRDdi yvegché&hb2redoxn2ch
aspecifick® inkorpor &de hda rsdzluiklt(drgH ne rchy
2000 vni chg je v8zKBmwaalkemtrmdd nad nido u. Mnoho
kuproenzymT) a j Br onteebion TiLihdefear HRzegtA@amel996)
MON funguje jako i nt er nreeda k8ct2 cehl ezkat hr ronnuojv2@®ch?2
respiraci, ochranp Se @ | n T ma g iek &l TgroengtaboliSne ¢Gel eza, syn
pojivov® mekn§mld, ,p egocgeneziprodukcip e pt i dovich hor
abiosy nt ®eur otranisei herxffytn8 pro no(lfap&d n2 bu
et al.2003,Laliotietal.l2 009, T¢mer . BSMBI Bdr k@paoOnzymT
transpor t ugvédenviabulcen®RNchlgpeSi bT vaj 2 c2? i kdyg
opom2jen® dTkazyn8ddlklk®d @js2e,ncgd &8I mBNregul al
signaliza i , od modul ace vazby proteinT na <c¢21
transkr i pl(6ribman afWhiket201AWNIT gtk b T t povagovs8na z
kl 2] odUl 8@t or v ed]l (Brubmgnpahite@014 zi nku

10



Tabulka2.PSehkuepdr oenzym] a proteinT transportu

Kuproenzym/proteint r anspor t | Funkce
cytochromc-oxidasa bunhD|l n® dlchgn?2
Cu/Znsuperoxiddismutasa zh8gench vroadniTk 81 T
metallothionein det oxi kace mDdi a
dopaminb-hydroxylasa synt ®za katechol am
tyrosinasa (katecholoxidasa) S y n tm@aniu
fenylalaninhydroxylasa pSemNDna fenyl al ani

peptidyglycin-U-amidu j ta@ndoxygenasa zr Preptidovich horm

t ranspderaxidaseddpr, ot e

ceruloplasmir(ferroxidasa |) t 576
z

tvorba po, i ddPplverg it tk§

lysyloxidasa « .
Z e s 2 Kolag&uaZlastinl

albumin m;j. transpormD d i
transkuprein transporm d i
m0) idepené n tamidoxidasy metabol i smus aminT
krevn?2 sr §(makcéeler)aWlt or

: . ~ hemokoagulace
(antihemofilickIl fakt
hephaestin met abol i smus gel ez
sulfhydryloxidasa pS2 | n® zkersthuSov §n 2

BDdaj e ptoaljult ®e vb ytl Iyc hlteor hrehry dHpzggihzam (1996, Uauy
etal. (1998, Tapieroet al.(2003) T ¢ mer a(20MB 1 | er

Al koli v od 90. |l et 20. stolet? mnoho m
homeost 8§z uobjevend(Lutsdnkol201Q) opr ot i gelezu jsou
osudu mNdstki®ine nseb B aldinddhiyny a dikitds b®me
organi smu vgakpSakn®g, emeledBSihak nadbyt ek,
mnDdi ounm®ht pat ofyzi ol ofrgpi cpko®& vir&suljeed kiy zj i gthn
podm2nek na ijpadhdd& m&RY ahigisnl) drdeetral. 1999)

VIii dpk@asjmdd odhadovg&na komitnhtilaoeT v6EBdbu
10 mol.I* (Linder aHazeghAzam 1996)MN N tjSeet 2 m nej hoj nNj i s«

11



pSechodnl ml ipd vkk@pmaléedh agmnahem meng2m mno
vporovnsgn? se (¢e)] jezioepouzen zhiulm0,1G0j1% g €Trojan
alLangmeier2003)

MNON e abs orpdravy §nrao xa2 m8 | n 2 | §stipr TeniDk @b c
pS2jem u lid2 j(d¢chenn@ oIR oA SeersinZmdkOo)nt r ol a
mNdi ve stSevhD nen2 zn8&ma, taad kp Shpsmapt m
hl ading§mThevekwy gogeed2 lot mdiabgsomwav &wvypSi
p S2 j(Tmralund et al. 1998) Pro transport pSes apikH©8I
obdom N juagkeop,gSej mNDT mMmus%edbkov&na. Kandi dg§tT
viiteratuSe pAyciBome ksnfdric/oupric kedwtasfi ( Kn° pf e |
aSolioz 2002) Steap 2(Ohgamiet al.2006)a CYBRD1(Wymanet al.2008) K| 2 | ov §

Y%l ohma?2 sk §v § repotrawpdrd[ige b Tt pravdDpodsk®mu p.
transpor t ®Rly zangDhuman cdppgeiT transporje(Nose et al. 2006a)
vysokoafinitn#ndu ,t rkatnesnpbua $vey@ 8wgdalotarcid formu

kovu (Leeet al.2002) PSesnT mechanidessimdoent r AInaeoir ¢ u
hCTR1le s e n ir ®I 2 o d o s (Nespehab 2006a) elibdunice vi ni ci 81 n2 m
api k81 n2 m speS2zjdrBu bklotv (@ampiékget al. 2067 S 2p re §npoot §

mid i se zjevnmDvjneThjoe noedpeioseSvalnr2@06a) Dokonce

il okalizace hCTR1 v enterocytech je nedo!
api k 8l hadlate 8§ lédintnicka et al. 2007, Gupta a Lutsenko 2009, van den

Berghe a Klomp 2009, Noset d. 2010) Pr av d Np o dSkerdip p mbj&d B
hCTR1 zzZ2psikgeymdIN kt erl&® njae pu o intracel ul 8rn?2
zat2mco nmiedtingln2ho lumen je transap$t o
prostSednictvamspjoirti®@Buh o nepbroot epi nocyt - zou

(Zimnickaet al. 2007, van den Berghe a Klomp 2009)l i v. ji nTch mognTch

12



mnDdi kGTBIMIZ n2 . | s 0k £HFodym@MTL. NDkt er T mi aut c
j e pova@advt8rna nsgGonshin@ral. 1997) jinimi dokonce i za Cu

p Se n @Ageldndoet al. 2003) llling et al (2012) naopakv y | u rfoliuPMT1
viransportbalnddimgchabbédsorpglenanmiDdi mo h ou
(van den Berghe a Klomp 2009ATP-d ependent n?2 v% gamdpata f i ni t
( Kneo eff @.12005) neboani ont ov i styrsadapEsepmn§ GunjrCuE 2
zpTsobem z8visl|l T m n(@imnckaktak 200 pRole DMT1ljeont ec h
zdTrazRev®®ma pSi dgetazm, nkdIVMTheRbdny pr o

vl ast n?2 hjsouipd o k e Cd@linsyet al. 2005, Shatet al.2009) Vb u Rce | e
mNN v8z&§namNDkettnkm zhaperonjoividbr pirot pedig
bunn| nT :mitociohdii (€OX17, chgeron pro cytochrors-oxidasu)(Palumaa

et al. 2004) Go |l gi HATOXLpchapegon pré\TP7A) (Larin et al. 1999)nebo

c yt os o lZn-sypergxidd@iamutas€CCS, chaperon préu/Znsuperoxiddismutagu
(Casarenoet al. 1998) Nadbyt el nT kev okam@iRicldionen8z &n g
an8sl ednhD metall othioneiny, n2zkdTamdoekul §r
et al. 2003) MDN je tdr8d ns penterooytudSon apor t 81 rkde jeci r k ul
v § z § nUamakraglobulin transkupreirglbumina aminokyselinySarkar 1999, Liu

et al. 2007) pro transportdo jaterEx p or t entefdad/tz 8zvias 3 i mnost i AT
(tzv. Menkesgy ATPag, Menkesva proteiru). Jdeo t r an s me mprotegin o v 1
sduSi mAlkx?dri movAndgi nkad otnkkEN?Pam&FrnND zprost Se
transpormNdi do Gol §i hovhpandth| apjiTPamBAdip Sesuv
doplamati ck® membr §ny, | 2 mg Rdapergeat .20 por t K
StejnhD jako vDtgina intr acetlen t8a nitArgdinesppr cort 1
vr ed uk ov a (Kadanfaetramd012) ATP7A |j e z8sadn? pro p

|l i dsk®ho organi smu.
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J&8tra jsou ¥YaskISeda§m20ra §hf@ngemesrt §az yMRMI
2010) Proj ej 2 vpS8St2rjeecnh m§ z BGTRUKIM et ul.12G09) Zae je
vygadovs8n r edukCTRip rkopdokumdp ez et onfPldsee®al.i ont y
2006b) Byl o zphimgkPog) ogel in doHdERIE mON2 maad 1
albuminp Sed §v § k o (Moljya et @.2008) &/ lait b v Rje mN Nako
venterocytyv 8 z 8§ na c hapmer anys AEPTBI{tzvowil&nosa ATPasa,

Wil sonTv protein) AP DPA Ot avgakomalpogmdyv a
vj 8t .rTeaashortuemNDN do Gol gi hov yawpdirt8a upkupk-dey rjte®
pr ot (€eradagt al. 1998) Funkce ATP7Bwn e j at er n2 ch tKodam& ch | e
etal.2012) VNt gi na mDdinawvpgetea?2udpPpPtiras mi n a | e
vgem or g8nTm, t kt8MiNanceruoplasmirRi@@ 8 mw Pz §no zhr ub
8590 % s®r.@ ®ambPdb®hj € 0v 8§z §n o amnakysalihyp u mi n
Zzej m®na plSiidteimdyi nt,Lat o mMNN je v&zanSakarol nNj
1999, Brewer 2009, Kodanet al.2012) Za z m2ankk@oj 2 , ge cerul op
nepostrad&t ehnbu pdo s(Helman vacGitlin A0D)i p S tzv.
aceruloplasmimaii nej sou pam®dngv &nky§ Rov 1 kotu (Hardsncent r
etal. 1998) Pr voSad @S2 j mui mDdi N#o zaBtBVE hug z
hCTR1 (Gupta a Lutsenko 2009)Nadbytek m) dgimuluje translokaci ATP7B

zGol gi hodo&gmalriSktuul §r n2 me ptb2nngnm \) Ry efrectdo c y t u
g | uRoelofseret al.2000)a odclodzt NI a st adl2ilc 20.d Njee lreazza m§

t NIl o aktivn?2 exkreln? mechanismus pro mDN.

Homeost §za pSecmodklichj ekowell |l vviRD regu
t r an s Colling e®al. 7J010) nejpdSngreuderu?r owadeo lkogi ckT m
(RiveraMa n cet a. 2010) Regul ace mdzaku nvgdaldi zat 2 m n

prost u(dlogmenra a MBI 1 er 2010)
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213 Interak ce gel eza a mbdi

|l nterakce mezi ges$ ez eim8 lan dnstkd®hk ovysqug ani s I
zn8my mpop&irlekz Spmu wiNzna pro symtro®ez u herm
1928jepov agaap®di &t®tko pr ofokx 2008pZt8ikkyadn2 m2sta i

na Yc eV ®@jaowsmysouz n§z oma®@Bngzku 1

Obr. . PSehkiemet i ky ¢el ez aorganismDwli e tnmal Y& Skvlina d n
m2st jejich interakce

Diet GPI-CP

Brain Bone
B _F’e Cu Aokt * Marrow Hb Synthesis
= 15 mg/d 1.3 mg/d =

Other
Cu-albumin / a2-macroglobulin Tissues

/‘k
iy

Duodenum

Newly
Synthesized
ATP7A Erythrocytes

HP )i

000000°

Senescent

Erythrocytes .
)

RE Macrophages
of Liver, Spleen,
Bone Marrow

Sloughed Skin Cells and IECs,

Blood Loss =)
Fe & Cu (= 1.5 mg Fe/d)
Loss A Fe Release

M2 sta interakce | s blephaestinzhipg lee nr8e ghuv Bz E&amih |l adi r
z a t 2erpteseMenkesovy ATPasy (ATP7eo v | i v Rladingntigae | .82 @S2t omno st
ceruloplasminu(CP) vede kakumulacig el egankr eat u, r e toxidnalls oar 8§ mo z
aktivita cirkul ujt2oddogch odeairj &lc@p Iparsominnour(Xg8d n2 h
etal. 2004) Jaten? | B di ngemAAdi nep S22 m@vudanl€diias et kl2010)

Aktivita ceruloplasminuv 8 zan®ho na gl yk @GPPI @shatzbgyihi8naos
uvolkgd®inenoxk u a reti kul(R&emadkao tad I1&ig8MH tnéd chNDjnaj e t ed

hl adi ng§Nédz mPmli vasgek vk ajsedl Se@zrraik ® rza8 vinBdi , nebo$S
j e jnedwstatku je tvorbhAemoglobinun e e f e, kdvide F2 nor m§ I mm 2 hm asd® r noSvni
g e | (@yatakowit a Prohaska 2008)Se v z at oetal(20100 | | i ns
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Ferroxidasyhephaestira ceruloplasminh r aje2gid Tolurans poi t w gel e
ve s.tAkevWita hephaestimauch ehlz&(Chesd éh nrah dic
2006)P Jiej2m nedbatpobkoarovsgna s(RéegesalFEMashsor p
2004) z Sperj §naA) p o dlnl2@ ce Mk ©iuw id tehyp BephaéstingReeves
etal. 2005) Anal ogi c k® v I s It adi®ytrokeyperijnenteéh €&c@2n y
buRKk(@Ehenetal.2009)Byl o zji gtNDnomTge tak®@inppl &8s mi
intestingln2m, trzaenjsrp®mra wepcHie |l lsemat opoet i ¢l
(Cherukuriet al.2005) K ez mRabsorpci jednohoz Dcht o et eE@yd c h
doch 8dchylkami vhome ost §ze tYéhiDSedmBIMEENG g bt
zv] gpSm®do st at (Callinsdteal. 2085a Raviaet al. 2005, Collinset al.

2009) cog pravawypiosiob s Nzg ggzzmroav aERNAUATE BA2

av | as pratéinup S i def i (Collihset afy 2005e Raaiaet al. 2005) Bylo

Zjigt Dno, proter ayresgy®lr & Bir a tOMThaenzymr edukuj 2c2 gel
ionty CYBRD1, tedy proteinyv T z n aproab®orpcg el eza, | slhhwypaoxigul o
i ndukovanT HIF-2 dHR Dangk mypoxia inducible factorfShahet al.

2009) HIF faktory jsou s abi | i z g v 8§ ndysmgrhIZd 22 ke zvFkgenz
r es p on gie wn[arta et al. 2005, Fenget al. 2009) Zvigen8 hl adin
venterocytetthll egrBltaretcahke kemT ¢ @ § b h § t aktivity | i Ve

HI F, cog o vsloiuwR usjegjt2egs@tniyg §1 n2 ahom®lse¢ Erzd u |
g e | (Edliaset al.2010)

Metabdismus gel ez a a hepatddydech jev propojen ferroxidasou
cerdoplasminem(Harriset al.1999) Zn e z n § mT ¢ hn gpvf#tdeirm2s e& onc e n t
mNDdniNDn 2 i nev esrt zanviiColkgset ake201D)

Metabolismusmn d i a 9getl ek al ove nnbaoktreol fi88d nd3thc hj e

propojen pSes certu®top | faesrmipaixii vddeg edywre2t bed ekt r §
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mNd2ebo genom§® zadbl m& el edek raktuimud laace n djoetl eel:
buRkS&ch sl (arisetpl.1209)BariR®irng f or ma vBaraml§o mlaa :
glykosylfosfatidylinositolj e r oz hoduj 2 c? pvedenbethnNDbunhle
negdg cir ku(Callipset@alk201D)o r ma
DTl egi t ® | enterakcemiidi , sgggedbezeom!| i vnhDny

(homeostaticlk® meghamiNg my ag i dvood pdhethmi ) a
(Collinset al.2010) Kup S2 gBagdaemv ¢ e$ & 3 avsda vyked[je2t cn2lc hl i d 2
mT § e zs8pv2igsee tnran U a KDM@ (lopezet al.2006)D8&1 e j e zaj 2 m
gepot kanmyg?dP2c2ch nedost at ke mmiemdledpuzese vy
upot kdhadh&8§sn2 gesmdi cxll @ h h | @Pyaiskowit gaeFrobaska

2008)
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22. Stavy spojen® s poruchou hot

Schopnost pShomstBmy kdxijgdaldmn ésanchmN  pr o
mnoh® biologick® procesy, |je zagchjoicdyt T ch o
Porugen2 homeost8zy pSeehodnSathokopdt ¢leo i
VnhRkterTch pS2pmdelctht 20 cht§rz&t Ik ron@onus hy |
hr omadlm2any smu (naps§. heredit8&8rn2 hemochr
naopak jeho nedostatku @mdm%.chMeBResadawea h
kurl it® dysbal anci kovomyojiejdgemSennDmhi | a
zn8§Mm8kl adem gkodli v®ho pTsoben? redoxnh a
oxi dal n2 hoDTsvtordsehopnoteSec hoklm¥ Th podporovat
vedouotwdorhbnD reakt i vbelamgle a Mimz2612) ky sl 2 ku

Za pS2? taciantnowspder oxi dov ®hroe o wakd|i rk2§gako |nierbiod
glutath on | i kyselmomauadRKaor bjoevi8 zi t ® a mNDNna

(Gaetke a Chow 2003, Jomova a Valko 2011)

Fe* +0,"- Fe* +0,

Cu* +0,"- Cu' +0,

Obakovyjsouvy edukovan®m stavu schopny katall
produktem je mj. Vys oc ¢Gadtke a Chow P003h Braliselo x y | o
2007, Jomova a Valko 2@}

Fe* +H,0, - Fe* +OH"+OH"

Cu’ +H,0,- Cu* +OH"+OH"

Kombi naci Fentonovy reakce a redukce
vyj adS uoyadVeisbavh eakce ej Rantgal yepgbeclemdw)I kov

0, "+H,0,¥%- O,+0OH"+OH"

18



Hydroxyl ovl radikK8Ilpoljoédtmaeg viei owlo@d@i®m r o
1ns (Pastor et al. 2000) mT g e readotvat N vs jakT mi kol i
mol ekul ami, vkegseDinukIl gimwdtalahvalko g0l t MD N T
mTge bit HO0Okormde nh@j katméd zgelFerBhmamovy r
etal. 1989)

Sohledem nz amNSen?2 didou na8lsri2e duij §cé m textu
zpracovsny patpoljsemni® §@®nct aakurhwelha k2o viS encetb

jejich dysbal anc?2.
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22.1. Chronick® pSet2gen? gelezem

NRkol ik milionT 1id2 naSeated ®m 2snm NG &)l etz
z8vagdgnl mi kI i(Adtenet al.2012) d oTpeandyo st av je dTsl e
onemoa@m®mé je navozenl opakovanTi mi Kkrevnz2n

Heredit 8rn?2 hemochr omat hpameojsé § zvwr o e
kl asifikoyBmE ma z § kutacad(abupaS3).Podki®adem v Nt g
hemochr omait3)z j(et yspny2 g n 8 pnr8osd uekdcneo uh ehpycpi edri ar
g e | epoteavy,ztyp 4 je spojense sc hopnost 2 f ecidin ogbmjeho i nu v
rezi shepci diknu, prot oge (Kinwar @a Kpwalleyt 2018) j e m
Do c h 8uzk?l §kd § n 2r TgenlT eczha iojw Sgt 8rneecchh, pankreatu, :
KkTgi a ikajeichbpeocgtkkoo z ®2zvojem fibr-zy, -cirh-z
l ul 8rn2ho karcinomu, diabet Kanwd a Kalidleymy op a'
2013)Labi | saat plc& ® jg.el eelogzo nevigpawn®paaa8 nt r an
hl avn2 ho TeEbbuf @t éhap o XGaobat¢thik 2014pVadigdnastice n 2
onemo ¢ n Nn 2 se poug?vaj? stanovenzajsa®@reawn®h o
biopsie Ve | kT pokr ok znamenal o zaveden? gene:
techni ky magn &anwar k Rowdley 2063) dich®ae spol 2v8 v od
gel etztaAl az t er apeutickou flebotomi2 (v-enesek
d u c(Kdhtoghiorghe®t al.2010) Pougi t 2 zajdwhra8enmpropacigrayl e
kteS?2 nej sou schopni n e Nielsan et lalo2008) Nod®t ou
terapeutick® mognost. potenci 8l nnND pSedst a
produkce hepcidmm Tytol 8 tjdowvsou| asn® dobD i (Rushalaz i vnD

aNemeth 2014)
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Tabulka 3. Typyhemoc hr omat - zy
Typ N§zev | Mutovan|Typ diDd Patogeneze
kl asic . , -
1 HFE recesi snzgenl h
hemochro
juveni HJV (gen pro _ inhibice exprese
2A . . recesi| .
hemochr o hemojuvelin) hepcidinu
juveni HAMP (gen pro _ ‘ -
2B o recesi sn2genl h
hemochro hepcidin)
TfR2(gen pro porugen?
3 hemochro transfe recesi | hladinyggel ez a,
recepto 2) hepcidin
sn2genl ex
Af er rop§ SLC40AI(gen _ zmakr of §
4 domi nan

nemocn

pro ferroportin)

aenterocyt
rezistence k hepcidinu

PSevzato z:

Kanwar a

HI apwS2liedskan®ho

KowdlIl ey

transfuznNadsmiDdeg:- patravn?

etal. 2008)

Paci

ent i S

e

z8vagdgnT mi

pSet2gen?

(2013) .

vklrairv z 8 rArigset

anemiemi s eef ekt i vené u-talgsgt a srpgkaviou anem?), | s o u

opakovanT mi

strany

kagds

vorgani smu

kovu.

Dv a

opakovanT mi

aktivita vkom® bhiedu (5% & Wyegkasijneg Set 2 JerBrissdtel ez er
et al.2008)
jesrdel| n?2

opakovan®

N a

z 8§kl

rozd?2]|

k r e Flatenmei al. 20023 n sTfaut zoe nti en8 a pdived v ¢

hr omad 2,

adn?

gpedbhottkoabsathwi e

neboS |

mec hani

transf uizemi p @i
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hlading§m ¢geleza se vizeham8®2 zp8mkevdr ogdeod
desetlet (Coates 2014) HIl avn2m pil 2Sem | ® by transfuz
jeg byla rozs8hl e ptlalaspeniaanajar Vlebdtgntieldt Iuc hptaoc i e
pS@&de ch nepolwiEiatdadtal.2012) Chel §tory maj 2 odst
gel eorganismy i hned tak® v§g2 volnl kov a pos
pogko{Coaes@014) D®I ka t er apti rea nksofruezsnp2o nld@lj keo us,
pacientT |je nut n@rittehfag i200D)t nK2r o pndd d BdvagmtArocslt yi
chelataln2 | ® by mus?2 bildtoutcak ®&u|p enlklyi vpd unga
(Brittenham 2011)Vsou|l asn® kd o mD c k g ¢ @WoSutgklyv:§8 nd/ef er o x
deferipron a deferasirox. Dtey ®ied a@thimi rpob B F
znamenal w&tcd rtainsi{Agdskthepa 2004 ntpPosl edn2z dvD ||
| ®l i va vgak z nla@iebwahjedem polgrmmkst v peror 81 n?2
Kombinaln2 terapie rTznl mipocdhah@Ed eomr® axl ree

k ovu a vesleg?2gcehn 2(&heth 2044)
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2.2.2. Wilsonova choroba

Wil sonova <choroba, oznalovan8 t®g | ak
vzg8§cng dRNdi |l n8 porucha metabol i smucemiDdi ,
1912(Wilson 1912) Pr eval ence tohoto autozom8lnhD r
1/300 0 0, al kol iv se r(Wakmm2amn2808)$lénoc jp klimickyl a ¢ e mi
vel mi vatepbDl pako r Tzn® @andmaoret,al.2@16)ler ® | i
Projevujeaspatzerjm®m a/ npbetnid@ndmarinet@li ¢ k T m
2015) a pokud nen?2 | ®| ena, Z Alased &l.200@8) t NGk o
PS2]innlT gen nATPMBhrk-mbwj-enus tledj,noj mennou AT
m D KBandmanret al. 2015) PSi Wil soATPYBhut laot aB D aj ¢ eho
vzni k8 protein, ktert m&®MN2 $ehonparivgenan s
ceruloplasminu do pgmy a exkrece mRhDdi didd jgd uh 8s | eHdr
uvol Rov&smy de dloa mhN rleplagminan ®ath@a mRN j e
vol nDj i na | i n@®jek om@ezknee 0 v Rdvipaimpae myk | &d § n
do r Tznl ¢Bhrewert 2089n Kodamaet al. 2012) Sh2 gen § koncent
cerul opl asmivjeilhomawvsc¢ § @Mertegt@ll2@@)a Kr omD obeci
uzn8van®ho patofyziologick®ho mechani s mu
zdTvodu pSetFrgnein2005)spdddgin2er ovnbelBdtao kovu S
specifiltnDjgzch met abolickTch odpovDiDd?2, |
rozvoj nemociBurkheadet al. 2011) Neur ol ogick® symplt% my se
nemoc (Walshh 1962p obvykl e zal2naj?2 vé&aohadwmh® a
etal.2006)PS2 znaky choroby vpaksmahod mp@Elstddjg?t
et al. 2005) Neur ol ogi ck ® pS2znaky mo h o u bTt
par ki nsoni alo® koMmignokat(Machadeet al.2006)J at er n2seposti ¢
mTge mani festovat |jako @kat pp&gpy].dltednrorc2n2 s el
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may ¥y gigkbr ozvoj e he plkarcimomenavwzdor§terapi?t(Kodamaet al.

2012) Pro diagn-zu Wil sonovy choroby se pou
Kayserplvdicshc hpr otv@Obdh T8z k s2 as®venm® koncent
cerul opl asminu, anallTza 24h exkrece mhDdi
mNdi a i fRwrpdorasa® ov®ho cerul oplasminu. L

met odymagmetSi. ck Sagear 6 h a k @& etalLQD) v § n 2

Obr. 2. Kayserovy-Fleischerovy prstence

N oo} b,
Hr omadtDd? vytv§S2 zlathB hnhNd® zabarAaenad vnhjg
(2007)

Wil sonova choroba byl a post wpdolokupr ogr e
1951, kdy bylp o uig n t r a mu dirketkadpfIr (BAD, zangl. British antlLewisit)
j ako ptavpn2c2chéini dl®|.bnNRewDd dusctiavwoval o za
Yal i nn®h o chel §trace 1056QValshe t9bG)va micreu 1W 69 n8s | e
trientin j ako alternativa p (Walshep 2969) e nt y
Far makol ogji enkuss It @ldoaym&d o tn 2f, 8§z ef § Xinéc§ 8§ e2
agresiaaskhDf gfEManig§ga wdor mBdi s muquf 8a chr8Gd wamn? .
Nastaven2 udrgovac?2 | ® by pom&§h§ pSedch§z

k deficiencikovu (Weiss a Stremmel 2012y s ou | a s n ® ftwrapio\WNilsgnayy u k
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choroby poug2v8ny <chel 8tory mDdi (penicil
zi nku, nebo se kombinuje chel 8tor kwie zink
nebo tk&n2ch a usnadRuj 2 jdjnt esxkmedin2 mzag
kovuuTet rat hi omolybdenan mTg®opTauphni8t dab @ma e
Ruj 2 definitiwvn? doporul en?2 (Alaeetl al@00¢ hel at ¢
Bandmannet al. 2015) obeaalN®|jbea Wi | sonovyYyAlaethabr oby

2007) Probl ®mem | sou Vv gialp areajdS8odxonuzc 2 z-hvg ri gnekny
|l ogi ckTch pS®BzmakiTenatgT upo20i ni ci 8§l n2 terap
nen2 zcela pochopen, RaempPpra@RdiebidomNdi do
ke zvI g e hitakes(Badthanret al.2015)

Zinek, jehog zal 8tek pougit?2 spad§ do
mnDdi vV e st Sevh. JehondpKsobbenznm ®d p ¢ hrgezt 2a |
st Sevn2ch epi.tTevedeskp B2 dho dtumRkm@e hv §tzlBmkt odi e
buRk&chsokit@8®! ednhD fyziologicky odloul en:
spojecnasez hor gen2m neurologicklch projevT po i
“%linnost a navozen? nega$powmgi thd | amele§ tmddrd"
zinkemijel ast o g@mejtema nd est i n@lbeta.20d Bawdmarmf or t e
et al.2015)

Krajn2m Segen2m u pacientT trp2c2ch Wil
Koriguj e | adbeovue3schoprostxtky @ce mDdi a mNDla b
upacientT vykazuj2c2ch akutn? j atern? S ¢

(Bandmanret al.2015)
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223. Neurodegenerativn?2 onemocnin?

Navzdor yn §8maldch patofyziol ogiviykiod I§v mjez &
pS2]ina tdesldpSesmBrobj asnNna. Gelezo a ml
funkce vimo z k o v ®Mozek§ 8i rozenlD koncentrugveggakkysok
visledky mn orfed reafdl  seostdpiSe@dm T ¢ h  shoavojem
neurodegener at i yDelangldh a binte @2al2) n Ine2d n § s e zej
o Alzheimerovu, Parkinsonovia Hunt i ngt onovu chorobu, amy
skl er-zu a dgdniea Fiedeichovu aii,skdypou g el ezo a mDI
Zzapojeny do neurodegenerativn2chtvobac hani
volnTch radi k§Riverabla o cfiaeRalDd, Wardkesat. 20 sNebyo
vgak dosud objasniDno, jestl i oxidal n2 st
pat ol ogi c KHskicha Agetsen@G@12) T

Nejv2ce p somvislost &?sltzih ev mer ov o u chorobou
mnDdi |, protoge amyl oi dn?2 perteak uprezpotri odvyl nparj?t
interakce ¢ 2 mt o  (Eskigi eamAxelsen 2012)U p a c i eAlzhémerm/ou
choroboubyly nalezenyz v gen® konaoen®&r awae crelXduid ®rpud as mi
acer ebr os pi n@andmann ¢t eak 2d1%) nNA o p a k i ntracel ul 8§
vmozkov®sekgmi§ bl t (Mayealdetsat. 20058 | t® § mTge pSi
kakumul aci amyl oi dn?2 h@Vvhite & &l.&200@) e pN & dd8uv nv@n IIs tbu
podporag¢pt kmer ovnmnoBkhy snddge vnedg jej?2 sam
deficienci, proto | 8t ky schoppmel lvaysvi8agk ®
c hel ,8tjog gruo znsg8hhti deqMagsoet al.2011, Faller202). vV soul asno
je klinicky testov8na | e dhydrdkychsnalionygWwarda | 8t €
etal. 2014) Byl o prok8z8nokliochh@dt mamdep ovtSujlest kav
buRky a kromBomgrhedtait ahkt i wwjoeu c &ipreguiail n 2 d
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metaloproteas v matrbad e gr adac i amyl oi(\Whmté at lal. 2006)t a p e p
PS2buzng§ pEok&4dPBaA® \VSlasiilevdwyderl T Al zhei me
choroby a tak® ve(ManSortial.2@11)k !l i ni ckTch studi 2

U Parkinsoney choroby se naopak v2ce dokl ac
pot enci §(RivergMeal nec2tazal. 2010) jeh o ¢ kongesmtur azwel gen
vmoz kov @ ttkd&rhit o (Jelengeo2018iKeche p o z i ¢ isubgtamtiae z a v
ngramohou v®st sn2gen®QUJiheta20llpy cerul opl as mi

Aceruloplasmiemi e j e aut ozilom@haMmMoarelre2si xpTsob
genu pro cervedekpdrassgne nhomedst §8zy sqwis ez a, I
losti sf err oxi dasovou aktivitou tohoto protei
vmo z k u, j 8t r e(Bamdmanneipah A0KS) Pray @l mi n 2nzukl ® ve b o
koncentrace sl@arsomi®hw meTegeu!| dpmi e a czear nul nolPpnl &
s Wilsonovou choroboKerkhof a Honkoop 2014)

Friedreichova ataxie @ ak ® dRdi | n® neurodegenerat:.
podkl adem je defektn? exprese mitochondr.i
funkce frataxinu nen?2nazrnuggnean,2 |jneehtodubkobd si esmtue
proteinT o bSskiastry pckecrzecghu | Re/i r e d o(Richardsan st av
etal. 2013) Vzhledem bk okl adTm o porugenb® vimovithe o st §z
modelechiu pacient T tr p?2 c? (GdntosEtrali 201t eis¢c b o U Vv &I
chel 8torT tohot o dkeofveur.o xKalminniecnk ® sd eufdd rei psr c

rozpowilpl @R@Hagsoret al.2013)
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2.24. Kardi ovaskul 8r n2 onemocninn?

Kardiovak ul 8r n?2 onemocnin?, me z i kter T mi Z
chorobapSedsdaltas B} b a2l |jignkMendiset al 2011)
Vol n® kysl 2kov® radi k§datoheae2i wpoSeidneé
myokardi §l n2 jpog kroefpearlPh TartaizhiLe02)PS i znovuobnov
pr Ttischemc kTimogi slsem ¢gel ezo a mmiyNo krao Wii I§8il NG v
bundldk ko rcokold&e\WWypl amreand®s t vika zt8rvvi Sk koreljgc h e mi e
se stupniDm pl@hgvionekzak 1993, Berendhteat al. 1997, Altekinet al.
2005) Zapoj en?2 p Sdek @towtnl @b yk ow gl mi reaktiv
|l ov®ho radi k8l u vedlpeckfhyha®h®zeheggatpbung
udr geti nakvw iwn?2 formhR a z a®hevmmioss) tdkz maen § d
g el eiclemicker eper fuzn2m pogineizosn 2u dbyelmi pakpae $i¢
ge chel atace kovuDeBeehaChrkid92) zatdemnd p KiSRS r
nebo mnDdi zv1 gi (Zeltcemet al.ul99pP o gRDPzre® 2 chel at al
vexperiment 8l n2ch podm2nk§8ch pr ok 8rhaol v s |
potkan2ho sradeeovpk8wvglsoneoks i nfdMekkohel §t o
Filho a Meneghini 1985) pr ot ekt i vn?2 piTsotbemizc kjGark g%
ischemicker e per f uz n 2 fAppleagrkebd a. €1998) In vivo deferoxamin

ibathdku pr oi n sbaugivioy nfed r adi (Sgehcgrt&.DIDB M r epe

Avgakl!l ivhi ck® studi i def er oaxkaunti m2 mp oidmafnd r
myokarduse | ev axeé g nselnt u, podstupuj2c2zm per kut 8n
zm2rnhNDn?2 oxidal n?2 ho st ({Cleasetal.2082p me z i | vel i kec

TSebadglek® mmmoatsitkva?e? cprat ®fyzi ol ogi ckTch
spojuje stav Kdrh kisowWwhok ujled renzzamod mgimoic® ms t
pSinggej 2 rozporupl n® tWil «I, e dsktye.j nNa d bayktoe kd
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jsou ve vRhRDtginND studi?2 asociov§8Nay zs$&« | adiNg
observal ugak!l geudi anov(Lapicdetallr@l8) n2 vzt ah

MON m8 esenkaBgtiinédvasKul 8wy n2 m syst ®mu,
podpory angiogeneze a je tak® Zkapmeilgna do
He a Kang2013) Nedostatek mDdi m8& nepS2zniv®e® k
vVysok® kokavoekitviacpsou povagovs8§ny za nez§\
ateroskbehemuckou dhojreogjb?2u nserjdzedl knecipfarldj g 2 f «
myokardu(Kang 2011) Zvi gen® koncentrace mhDdi a ce
asociovsgny se zvIigenT np Silgi$rkdednmndm mrvtasslkiutl y§ r
(Grammeret al.2014) Zdost upnl ch dat vgak tnyen? zmo ¢grem
koncentrace maj? alotzivwn3d atlkaoz&l e  -zgl ine
n8sl edkT. Nen?2 fhmezx haaj Smav agotziv,oj ¢ge kwar di ov
byl a dokumentov8naereaclea cii 8t e a lacgsteine®d is ed |
(Kang 2011)

Na tomto m2sthRD nelze alespoR nezm2ni-t
toxicity. Ant hr acylklrionrawn8&8 d a,nhbovjmi ydut@ikkvaa @ B s
vkl inick® praxi, jejichg z8vagni,vedo8déduc:
agskdelsne2lmmu8n2. Mechani smus t®to toxicity
pSedpok!| &ddlarl om§ ¢gze§svadn? postaven2? gelezo |
radi k®fTo Kypot®ze vedla i skutelnost, g¢ge
respektive jao metabolit ADR9 2 5, pTsob2 jako chel 8tor gel
chel 8torT wepkkopvetdm kisledkTm a dosava
mechani smus pTsoben? dexrap2ekatnall ytriaockd@ pior

t opoi s omercehsey altla(cG i ffmlceRD% Vavrovaet al.2013)
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225.N8dorovs8 onemocnin?

N§dorovs§ onemocnin? pSedstavuj 2 viznat
zem2ch a celosvRDtovnND z§vang@emalet dr28M) t n 2 a
Vzhledem kp Si bT viaJRaBTms ouvi sl ost i pSecmdinT ch
sng§dorovI mi ojsoesnowcchddn&my chel 8tory kovT |j
ngdorovsg | ®iva.

U n8dorovbkeh obbeclA® popisuje zvigenl p
kjeho vygg2m i nt r(3cctieal Tarli Di3nh 2 e hé »di m8m §s ad
viznmparmo bunhD|l noledpgosefeor &oi akedtoredktasy,zy mu
jer o v zdpdjeno doegulae Sady mol ek ul dTlegitlich pro
cykl i nTdepeynkenn (CBK) & jejighii manhd Klianeetrall2014) Je
zn8§mo, Jge oxidalnZemsmTge ihmdibk dwderlezye Ineaz
mut ace DNA a alkuakoebat2006p nP&génhinl vztah | e
stanovit, neboS se | ed(érlotet alv2®13mi Zk b geh &x
hl adiny | i pS2jem geleza jsou spojeny se
kol or ekt 81 n@dson 2004.)Naopakwo mdi§ r cbTy | kor vpeo no g ¥ §n o
rizi ko rozvoje neh(Markaetaoldd®)gi ckT ch mal i gnit

PTsoben? chel §pot n cgiedllenzzac h jnagkdoeImo i er ap
onemodrelgn2r ozdDI it na :sivag ens?k | kaldpodgompyr | ke v
tvorbyr ea kt i vnz2 ch ROSDzaeghmredctivesxygerk specigs(Torti a Torti
2013)Jednot | i v® me c hoadhp ocsvryd n & tzea ®p rj ostoiun &d or o
| §tek, jsouOEng§BkSEen®mPr em zvigintSdeebekmi v

buRk&m jsou studovs8ny rTzn® pS2whospy, n

speci fi ck [TortaTor§ 2003) e m
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Obr. 3. Mechanismypr ot i n8dor ov®ho %l inku chel 8tor T

/ 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 prot@®@mBldor bhel 8§t orsE @Pold@ d Eqmachadismyl)s n2 gen?

hl adi n §el 2)zmibice ribbnukkRaoteduktas vy | 3) navozen? z8st a
cyklu, 4 ) podpora |l okalizovan®)aioyYyuatctexisukp® ep oo ¢
at umor ovich s upraag dNmjc ddwhsDears tegulated gene 1, respektive

proteinu p53) NDP, ribonukleosieb 4 i f o sN ®R ,; -dediibonukleosib i f osf §t .

P S e v zlaneet al2014).

fada JVyk &E&khi Bn ® i#vitio & k wivo experimenteci{Merlot
etal. 2013) informace A | i ni ckT ch studi 2t ajtsedn®v gazka 2 @&
skupinou syntetickTIch chel 8torT specific
thiosemikarbazony, @ i c¢ &aminopyridin2-karbaldehyethiosemikarbazon(3-AP,
Triapin€)d ok once vstoupil do nNhNk¢lLbniedta.2084)i ni c kT
Zvigen® s®rov® i tk&8Rov® hladiny mhddi

ak or elsutj®diseem n8dor u &uptecabMumper2008) MHNDBighe a3 e
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s tnSedraonddgi ogenezi , pr ocesu (Fieydt al\v2@8 pr o
Gupte a Mumper 2009, Antoniades al. 2013) KromhD samotnich che
kter® vykazuj? antiangi ogemtnéncpi8tienlov En
buRk&m produkc? ROS, j sou studovs8§ny tak®

smD d(&upte a Mumper 2007, Gupte a Mumper 2009, Brewer 2014)Nej v 2 c e

pozornosti byl o vDnowl8aT sicrhtogrnaogd v att N hDd N
byly i dal g2 mol ekul 8§r n? (Sadthietal.20149poi sSomer ¢
Nen?2 bez zaj2mavosti, ge mert eazbiosl ti esmtu2s

ng§dorovicoat howPDk kytostati kTm:ktzewrBigeaga ex
vuje viznamnl tr a(shigactrat 2002) j@ spaienacsi $2pzl mait vi Tnnui
visledky | ®| by t Dfduotebal 2002 madPtr eort aopjeeu td xkpyr e s
sn§slednim zvigen2m pS2jmu cisplatiny do
bunh|l nl ch (Kuosetal.@012nNdiogi ckim vy¥stNDn2m je
c h e le gnt ontfeditinem Karboplatinoyt e st s ea h § z i 1 kIl {(Fai ck ®h c

et al.2012)
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2.2.6. Diabetes mellitus

ViznajmaNdi skut ov §nomlxddiprozvagedidbetugneeliite z a |
ajtho chronilk&kmeglhi kab?&!| at ace t Dchto kovT t a
terapeutickl pS2stup zm2rRuj2c2?2 z8vagnost
(Cooper 2012, Hansest al.2014)

Gel ezo je vygmradwwveg@bod nmcgier hansovIich o
pankreatua t 2 m h o me ggqHagsenet alg20l4k hr aje vgak pS?2
vpatogenezi onemocnBayul ipmow® SeéhDautndRin e i
(Simcox a McClain 2013) Z 8 k| adn 2 tohote divua ahs my j 2 oxi dal
amodul aci antac pb kil BT n2ac h (Simag & MeChain R013)l r a h
Al ko lSiawdleex peri ment 8§l n2ch studi 2 prnfak azwvP Ste «
epidemiologicklch studi?2 doklv&odvislostzsel gen®
gel emamz8kl adhND omezenlch zianpewr vedil n2ahi sv
hypot®zsin2 ggen?2 hl ad iempspaig peeckkanutsorett aD20&3,

Simcox a McClain 2013, Hansemal. 2014, Orbaret al. 2014)

Zat2mco nDhDkt emp® Ssepempjeu ji praetmdd gdel me2méllitud i a b et
(Tanakaet al. 2009) pSedmNtemS2ppohtd mMOdiv pSedevg?2m
srozvojem chronickT cch?videc ale é €t ok T dieegdmo mp | ik k
et al. 1999, Eaton a Qian 2002, Hamaelaal. 2005, Gonget al. 2008, Coopekt al.

2009, Cooper 2012Hyperglykeni e a souvi sej2ctomiagalgaol 2 cl
homeonst é210di , pog&bgen2 kcitlivich tk&n2 oxi

z § v a gknol necphl (Cdopec 2012)
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2.2.7. Revmat oi dn?2 artritida

U revmatoi dn? artritidy byl ysmatek® v Dt gi
koncentracen daial k opatvof yzi ol ogi e homeost8zy mnDdi
zcela objasnDbDna, pravdDpodobnhD dochg8z2 ke
vliivem z §n Nt (Hinkahecehal 19911 Zoliketian1P9s, Yazaet al. 2005,
¥ n et al. 2011, Streckeet al. 2013) P S e s je B-femicilaminu g8 v mnoho | e
vterapir evmat oi dn?2 artriti dzySe jmmeXx hnaensi osunvui ss 2j eshe

c hel at o(@naotoet al.RAP5, Woockt al.2008)
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23. Chel 8tory geleza a mbdi

Chel at ace znamens§ tvor bu | i pS2tomnos
koordinaln2ch vazebemeai jeidaoeéanman@uler 81 ga m
1994) OCbvykle sou Dmi t o | i gandy organick® sl oul eni
nebo chel atal n? l i ni dl a, kter® t2z2mto zpT:
poch8ABejick®zo sl ov aklepeto amak wedmi ¥ E8hiognhN vyj a

strukturu vz rdhdglt@r® z &)dvangdn e Rrew 1920)

Obr. 4. Komplexgel eza s deferoxami nem

Kalinowski aRichardsor(2005, upraveno

Terapiec hel §tScerdyst avuj e Beymih2 pPastol pgikeck
spojenlTch s nadbyt k eonganisrauDing eh &. 20dl) Typiaky k o v u
je tent&klpsBisk®p pvaxi uplatRovE&nWiso-transf
novy choroby \iz kapitoly 2.21.a2.2.2.Vt Dch$op adkecthel at al n2 | @
z8sadnz, prodl OJAla e al22007 iFlatenet alp281Q)i e PSe hl e d
vsou|l asnosti klinickyepatdgieancbhvibiaeladndr
je uvederv Tabulk § &4h5.

Chel ataln? terapie vgak neznamen8 pouz
odst rzargadisn®ii c hel 8t ory mohou regul ovat redox

nebo mBDni t diosrtgrainb ssamiu , Kk vfus o i t j ako c hay
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pSedstavuj? nN8§stroj pro st udi wansportem,n N| nT ¢
uchovg&n2m ne$®c hvoydunglicth® mk opv T, na buniD| n®
organismu(Ding et al. 2011) Mi mo uveden®ho je tSeba vz
chel at al ng$2hp ald8X eikn t(@hang k &angan R04ly paseth al.

2014)

Vkontrastus el ad mendénl m pwkkiemi cje®i pole§ipal e
sl oulsehiehat al n2 mi v a%da s pmit e kkiofilgre2nah vt
apl i keaxcp2er v ment 81 n2 ch mo dieelsetconv §mé b o VH Izinmaim
| §tek, kter® jsou pSedmDabwka6.soul asn®ho vl :

bDlinek chel 8torT je ve sv® podstathD ne
poug2vanlch | ®| i v, kter® farmakodyRamicky
pochopenthRchtign&ludtgeak t Selma obfyezhékegi akl ch
okonkr®t n2ch onemocnhRDn2ch | abpotuth&mh, pGe
gel ezem/ mRd2 v dysbajaacit iDTmu ,0 kedvalk, kkmeand toor as T |
zvglen2m vol nhj i v8zan®, t z v . (Cdbantchikl 2614, c he
Bandmanretal.2015) Sel ekt i vn?2 ¥ kiteekr Tcchhe | p8S 2o0pr ald escel
hypot ®z o u, ge sn2 gen? inakt®ujeowpr vm?2 k Smd &n tprrao
z8vi sjeh®@v n@ghtlcahdi n8c h, neg kter® jsou zapo
procesy(Senet al. 2002) U nNRkterTch stoadviTi gma wm? cz mddm d
vmet abol i s miinTkeohv Tk ovmp €Bquittimee Zitd 200% Kang 2011)
am2sto prost® chelatace je za vihodnDhDj g?
pSechodn &ing et lalo201l, Delagle a Mintz 2012) Toxi cita che
vypl nW& ot i ka faktor T, zej m®na inhibice en
selektivithD ke kovTm a mognost i(Liuvaglidean®ho |

2002)
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RTzn® chel 8tory maj? odleijgre® wlpa<ctiio <tk

za ur | it T(Pbihgetmk20ll)n ode¢ 2i v 1 z n a npnSRe daesvpde2km y p a

1) Selektivitakc ent r 81 n2 mu kovu

Ze struktury, konkbt nn povahy jednotlivich donor
sel ekt i vikral zomH aerl StoovrTumy | Bt ®@mu a& ®i kal n2 mu s
kovu (Ding et al. 2011, Delangle a Mintz 2012, Aasethal. 2014) J a?kkol apd§ | z e
uv®st vel mi selektivn?2 t kyseinm(EDTA), ar espyl ¢ e
soli, maj2c?2 Swmydlo kdovuo j anfoicmil tcth (@ooperr20lg,mo c n T «
Aaseth et al. 2014) NedosdalteKtni8vit adem[lgeeci v @islikt &

fyziologicky (LidgHidertpoo®)l ch kov T

2) Stechiometrie a stabilita komplexu

Komp!l exy,nejsoukmioc g nal ndbsmdzsé¢m8,pljndou n §
kprodukci toxick®ho(BRidetp263 Meri@dia.2003 di k § 1 u
Gestivaznl chel §tor denfpé rexx asme m g et veoaSe? r : st
azabraRuj eSpsStu@muperoxi du vod2ku nebo ky
redoxnhi rkalméwski van Richardson 2005) Komplex defepronu
vmi kr omol 8r n2ch koncentrac?2ch pSi pH 7 |
(Motekaitis a Martell 1991)Ve v el mi zSedNDnlTch roztoc2ch
chelgowmNDsem 1: 1 nebo 2:1 (deferipron: Fe)
dovoluje tvorbu ROSMerlot et al. 2013) Tato skutel noati tMTge
deferipronu (Merlot et al. 2013) Na druhou stranu potenci
pSechodn®ho kovu mTge blt pS2 z(KalimosvskipSi t e
aRichardsor2005, Lanest al.2014) Znalosts e c hi omet ri e kompl exu I

viznam.
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3) Li phgfdirlodrD 1 n2 charakter

Tato fyxhiekn@lckl vIastnost url uje far ma
l'i pofilita | e t ak z8sadn? map $hklmrdo ul ®¢
neurodegener at i v({Badonh 200lh e mdVyg s Bo & pol 8r n?2
deferoxaminu znemodgRuj e (Cplender a \Wgatharak 2980) p e r ¢
Li poshydnBfil n?2 charakter chel 8toru tak®

pSechodn &haos tkroovi un tve s(kKontogBidrghési09@) r a k t u

4) VIiv pH prostSed?

Kysel ost | i z8saditost prost Sed? mT g
farmakokinetick® vlIastnosti chel 8tor u, al
uvagovat |jak fyzirdldocghi cokr® 8§rnoezcch? |lyi ptHk 8vn 2 ¢ |

patd ogi ckT mi st aany§ d ¢énMiypaSdeDali X0ht)h e mi 2

5) Metabolismus | 8tky
NRDkter® | 8t ky podl ®haj 2 i nten&itvrex h me
gastrointestingln2m traktu |i jinTch tk§&gn

avl sl ednou ¥l (LinaHidert2002) t oxi ci t u
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Tabulka 4. Klinicky pou g2 van®

c heejdjichz 8k y agaekPezharakteristik

Chel 8t or

PS2pravky rERI

indikace

ZpTsob p
f ar makok
vlastnosti

Mechanismus
Yal tunk zp 1
chelatace

HI avn2 neg§8d

deferoxamin

(desferrioxamin B)

Desferdf (def er o x a mi

kont i n uwunébb

getivaznl

alergick® a

-transfuzn?2 heiv.infuzepod & )
o _ komplex 1:1 i nfekce, krevi
N~ N -pri m8r n?2 hemooc 8-12h57d n 2 ) _
Hhd . . pSlevg2zn a sluchov® ob
0 o) soubnDgnli m onel vt | dexkrece
z HN™ ~O _ ‘ _ extracel| dechov®ypdsah
N- vyl uluj2c2zm f gl ul 2 i _
OH  oH , _ _ chelatace rychl ® inf
NH, O\TN -akutn?z intoxi t12 20-30 min
. Ferripro¥ dvoj vadrglt
deferipron (L1) o P ‘ p.o., 3x : gastrointest.i
N -zvli gen@ge lzé&z dpip C ) _ komplex 3:1
N _ _ pSedevg?i , _ agranul ocyt -z
N sthalassemia major u Kkt ¢ p Sleevg?m .
N\ _ exkrece, _ depl ece zi nky
N | ® |défexroxaminem intracel
ho © _ _ 121,525 h akl oubT
kontraindi kovan chelatacé

Pozn8mky:
1pS2rodn?

| 8SbbkkeaeStieomi/ceswitos(8rittenham 2011)
2vygg2pkatr ektoi vn?2

edfeef ketr owxea ms rnoevim &un 2c hsr oni @talE2dld) p Set 2 gen?

gel ezem
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Pokral ovgn?

tabul ky 4

PS2pravky rERI

ZpTsob p

Mechanismus

HO™ ?
NTN
0
OH

upaci @aratt pse mi 2
napod8vsg§n2 krev

vpS2padech, k
deferoxaminenk ont r ai n

nebo nevhod

exkrece p
g| U816 h t

trojvaznl

komplex 2:1

Chel 8§tor o farmakok| %Yl i nku, Hl aveng 8§ chouc?
indikace .
vlastnosti chelatace
deferasirox (ICL670) Exjadé
-transfuzn?2 he
-chronick® pSeft gastrointest.i
p.o., 1x

hl ad
l edvinn® a | a

zvigen?z

vyr 8gka

dexrazoxan(ICRF187)
O

A,

OY\NKvago

HN
O

Cardioxané, CyrdanaXk, Saveng
(dexrazoxan hydrochlorid)
-prevnce chroni ck
kardiotoxicit
ant hracykIlinov
-l ® ba ant hracyk

(pS2pravek S

i .v. po
pSedevg?r

exkrece, . 2-2,7 h

chelatace
gel ezali
topoisomerasy I,
mognl v
metabolituADR-925

hematologic ® por u
zej m®na | eu
gastrointest,i

alopecie

Pozn8mky:

Smechani smus

kardi opr ot ekt kapitola h204.) ¥4l i nk u

pSehodnocov§n

(vi z
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Tabulka5.Pou g2 Whaeh®miBaiy j ejiatdtnz8&harakteristika

. | ZpTsob p Mechanismus
PS2pravky rERI i ‘
Chel §tor . farmakok| %Yl i nku, Hl avn?2 neg8d
indikace :
vlastnosti chelatace
i |l etn® a z8vagn
Metalcaptase
_ reakce, hor e
-chronick8 r evma _ o o
o _ reduktivn proteinurie, nefrotoxicita,
D-penicilamint - Wilsonova cloroba p.0.,24x der _ .
. ; _ midi , v suprese kostn
) -otrava tRgkl| pSedevg?r . _ )
SH ] zvligenz2 ¢ obt2zge, por udg
HO - sklerodermie exkrece, Db _ _
o o mo4, i nd syst®mu a poj
NH; -cystinuriespr ok 8§z an o ( eliminace o o
- metallothioneinu VYySsok® ri zi k¢
mol ovlich kam®n _ .
_ zhorgenidi ckew
pokrolil ®m st § .
pS2znakT
trientin (triethylentetramin,
trien) sSlprese &o0B} T
— nenv IfrRgi s,vz alvrga chel atace roteinuri ea,
NH NH J ) p.o.,24x de p. _
[ 2 poug®vsgn cuw* rizi ko pol 8t €
NH  NH, neurolog c k p8hzn a
/
Pozn8§mky:
1r 0z k | radiiki penigilinu (Abraharet al 1943)
2i ntenzivnhl et usdka§prcehvreonnciced kalb @ h®il dkyT ch kompl i kac2 (Cooper

2012)
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Pokralovg§n2z tabul ky 5

. | ZpTsob p Mechanismus
PS2pravky rERI ) ‘
Chel 8§tor farmakok| %Yl i nku, Hl avn2 neg&8d

indikace :
vlastnosti chelatace

tvoS2 koM

tetrathiomolybdenan a proteinemy g 2 v
sj 2dl em
@S\ /S . p.o., 3X : ., | anemie a | euk
Mo nenz r egi st absor peiSi _ _
O X exkrece L _ hladin transaminas
S S ugi t 2 1ee z

absorbo

achelatujekov v krvi

Pozn8&8mky:

(intenzivnhD zkoum8n pro terapi:i ngdorovich onemocnhNn2 (Brewer 201
Pdaje plmwkBc® bdylay 5 ¢ Mg Hn p Majsersed 4l. 19849, Liu a Hider (2002)Cv e t k o v i (2005a AlaStab (R007),
Brewer(2009, Gi reflah (BOK9, Brittenham(2011), Ding et al. (2011), Chang a Rangaf2011), Cooper(2012, Flatenet al. (2012, Kodamaet
al. (2012, Vavrovaet al. (2013, Sheth(2014), Mikro-verze AISLP- 2015.2



Tabulka6.Vybr an® vIiznamn® skupiny | 8tek s chelataln2m potenci §l em

Skupi na IpStzeKk g Z8§stupci Chel at ovan Potenci 8l nl2i nlkw
8-hydroxychinoliny neurodegenerati Vv
XX onemocnin?2
N/ kliochinol, PBTZ2 kloroxin miDN, al e i ant i mi kr o bklicgHinol2 ]
OH akloroxin klinicky p o ¢ gygvit ®t 0
8-hydroxychinolin indikaci)
thiosemikarbazony
NH, H
N N,NTNHZ ‘
| N s Dp44mT, DpC3-AP gel ez o, al e ng§dorov§g onemo
~

3-aminopyridin2-karbddehyd

thiosemikarbazon (3\P)

aroylhydrazony
PIH, SIH (salicylaldehyd

HO

H ~ |N isonikotinoyhydrazon), ng&§dor ov§ arhe mapdSekrd
X, -N X

|\ N BSIH (boronylester gelezo organi smu g¢gel ¢
N A OH o salicylaldehyd

isonikotinoyhydrazau)
PIH (pyridoxatisonikotinoyhydrazon)
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Pokral ovsg8n?2 tabul ky

Skupina pS$tkks Z8stupci Chel atoval Potenci 8l nl2i nkw
flavonoidy , .
pSes cel ou Sadu st
3-hydroxyflavon, kardi ovaskuéeg&8naozn
kempferol, baikalein, geezo a m dok ume nsvolvj8inmk o u
kvercetin, myricetin i soflavonoi dT a po
uchronick® ¢gil n?2
flavon
kumariny 6, 7-dihydroxykumarin
0.0 (eskuktin), ‘ kardi ovaskul §r n?
. . gelezo a : . o
@j 7,8dihydroxykumarin antikoagulanciak | i ni ¢ k ® m
jednoduchT kun (dafnetin)

BDdaj e ptoaubju ltc® vb yt 1Ny hit eo dge@ijnyet HZ[2002), Kalinowski a Richardso(005, Kokuboet al. (2007, Nicolaideset al.
(2008, M| a et [In(20801, Ding et al. (2017, Schimmer(2011), Bareggi a Cornell(2012, Eskici a Axelsen2012, Merlot et al. (2013,
Prachayasittikuét al. (2013, Laneet al.(2014, Fetdl.0149, Fi ktialg2019] Na|j rewah(R0153



3. C2| pr8ce

C2lem disertaln? pr8ce bylo prov®st S
kovy gelezo a mNDN a soul asnB Kkinhvitmoambj i stu
vivo experimentechJ e | i ko g elmigjiadrk8® d ®ma, byly wvyty
d2112 «cz21 e:

WProv®st regékgijanbtitoxkadatadmy ch %%l i nkT kumar
wVyvinoutinvitromet odu pro screening chel atace a r
wTestovat pcSRReplasdenddi KiP nA ky vliyStreakn T ®ynteod n2 h o
tick®ho pTvodu.

wPokr al pv8ti vskupinterak@fvlea vsosiuaginduly ¢Jgel eza, t |
studium vzt ahge |Iré&uaokiycaejejich amioxifih Tk nebo pre
oxidaln2ch %l inkT

wVyvinout in vitro met odu pr o stanoven? st eohty ometr
gel ez a.

wNainvivomodel u i soprenalinov® kar di dt8dXiaanity

sr TznBdwSenT m potencrée@lleovathem@AlNoaanebo gel

45



4. Recenzovan® odborn® | |
vI asopi snpakth?2 freakt orem sou:

st ®matem di sertaln?2 pr8ce

4.1. Antioxidant effects of coumarins include direct radical scavenging, metal chelation

and inhibition of RG-producing enzymes

4.2. Novel method for rapid copper chelation assessment confirmed low affinity of

D-penicillamine for copper in comparison with trientine artdy@roxyquinolines
4.3. In vitro evaluation of coppechelating properties of flavonoids
4.4. Iron reduction potentiates hydroxyl radical formation only in flavonols

4.5. Mathematical calculations of iron complex stoichiometry by direct-\G&/

spectrophotometry

4.6. Oral administratbn of quercetin is unable to protect against isoproterenol

cardiotoxicity

4.7.1s a highly linear relationship between the dose of quercetin and the
pharmacological effect possibl@?A comment on Liugt al Evaluation ofantioxidant
and immunity activities of quercetin in isoproteretrelated ratsMolecules2012, 17,

42814291

Kompl etn?2 bibliografick® %dajlapitplesliolu uveder

46



4.1. Antioxidant effects of coumarins include direct radical
scavenging, metal chelation and inhibition of RO$roducing

enzymes
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KARL ¢ L KOMIL ADn N,KPAAntioxidant effects of coumarins include direct
radical scavenging, metal chelation and inhibition of RP&lucing enzyme<urrent
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Antioxidant Effects of Coumarins Include Direct Radical Scavenging,
Metal Chelation and Inhibition of ROS-producing Enzymes

Tomas Filipsky"a, Michal Riha'?, Katefina Macékova'®, Eva Anzenbacherové®, Jana Karlickova
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Pharmacology and Toxicology and J’Depar!mem of Pharmaceutical Botany and Ecology; 3n')({;p(t?'t?ﬁem‘ of
Medical Chemistry and Biochemistry, Faculty of Medicine and Dentistry, Palacky University Olomouc,
Czech Republic

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

*Address correspondence to this author at the Department of Pharmacology
and Toxicology, Faculty of Pharmacy in Hradec Kralové, Charles Univer-
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
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cinnamic acid

COOH

o-cournaric acid (E-form)

HO_~y HO._~,_OH
. — "™

NN cooH ~FNF oo
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Fig. (1). Synthesis of coumarins in the plants according to Dewick [3].
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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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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.
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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,
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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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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-



Antioxidant Effects of Coumarins

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.
ICy
Substance Chemical formula
138)° [113]° [114]" [11s1" [116]°
OH
1.07 9.64 13.70 213.06
allopurinol NS N 10.66
l‘ P , +=0.01 =0.11 +0.15 +2.06
N N
H
0._.0
coumarin =100
Z
0.0
dihydrocoumarin @C/r =100
0.0
78.13
4-hydroxycoumarin P ?
+3.11
OH
7-hydroxycoumarin HO 0. 20 43.65 215.85
" =100 =500
(umbelliferone) e =055 +5.67
"o | = © © 96.70 157.18
7-hydroxy-4-methylcoumarin =100 ' T
Yo Y AN =5.10 +3.60
HO. 0.0
6,7-dihydroxycoumarin 10.84 2091 284
(esculetin) HO = =0.14 =0.55 -
HO | x (o] (o] 2570
6,7-dihydroxy-4-methylcoumarin e
Yo y HO™ +1.98
T7-hydroxy-6-methoxycoumarin Ho 020 12321 475
. =100 149.40
(scopoletin) ~o = +5.02 +3.7
6,7-dimethoxycoumarin -0 020
143.82
(scoparone) ~ Z
(o]
|
7-methoxy-8-isopentenylcoumarin 13817
(osthole) O A 00 38.
(L

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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