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Abstrakt
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Nazev disertacni prace: Vliv polyfenolickych latek na hladky cévni sval

Polyfenolické latky jsou jedny z nejrozsifenéjSich sekundarnich metabolitii rostlin.
Patii mezi né Siroké spektrum latek od jednoduchych latek s jednim benzenovym jadrem
az po polymerni slouceniny. Pro tuto dizertaéni praci byly vybrany dvé skupiny,
a to kumariny a flavonoidy. Cilem prace bylo zjistit jejich vliv na hladky cévni sval v in
vitro a in vivo podminkach. V ptipadé¢ kumarini toho bylo dosazeno sepsanim revialniho
¢lanku. Vliv flavonoidii véetné jejich metabolitli byl experimentalné otestovan a nékteré
vysledky jiz byly publikovany.

Prvnim krokem mého vyzkumu bylo provést screening metaboliti kvercetinu,
nejvice se vyskytujiciho flavonolu v lidské potrave, a zjistit jejich vasorelaxacni potencial.
Testovani bylo provadéno na isolované hrudni aorté¢ potkana. Pfi tomto testovani byl
jednoznaéné nejucinnéj$i metabolit kyselina 3-(3-hydroxyfenyl)propionova (3-HPPA), ktera
byla minimalné o fad ucinnéjsi nez vlastni kvercetin a dalSi metabolity (zejména kyselina
3,4-dihydroxyfenyloctova a 4-methylkatechol). Porovnani uc¢inku téchto metaboliti na

odporové céve (arteria mesenterica) ale ukdzalo na vyznamné rozdily, kde 3-HPPA byla



naopak mén¢ Ucinnd nez dal$i dva metabolity. V dalsi Casti in vitro prace byl testovan
mechanismus uc¢inku (cévy s odstranénym endotelem, blokator NO syntazy nebo antagonista
muskarinovych receptorit). I tyto vysledky ukazaly na odlisné mechanismy zejména pii
porovnani 3-HPPA a 4-methylkatecholu.

S in vivo experimenty jsme zaCali na Wistar:Han potkanech, u kterych byla
sledovdna zména arterialniho krevniho tlaku a srde¢ni frekvence po aplikaci zminénych
metabolitii. Signifikantni zmény systolického i diastolického tlaku byly zjistény po aplikaci
davek 10 mg/kg a vysSich. Antihypertenzni Gcinky byly také potvrzeny na potkanech
s patologicky zvySenym tlakem krve (spontdnné hypertenzni potkani, SHR). Protoze ucinek
téchto davek byl kratkodoby a pokles tlaku krve byl rychle normalizovan, prikrocili jsme
k simulaci dlouhodobého vstfebavani metabolitu ze stieva aplikaci pomalé i.v. infuze.
Ivtomto piipadé¢ jsme nasli davkové zdvislé ucCinky na pokles tlaku krve, ale pouze
unejvyssi aplikované davky (5 mg/kg/min béhem 5 minut) byl pozorovan statisticky
vyznamny Géinek oproti kontrole. Uéinek byl ale opét relativné kratkodoby. Soucasné jsme
ale vyloucili, ze pokles krevniho tlaku byl zpisoben U¢inkem na srdce a tedy potvrdili
ucinek na hladky cévni sval in vivo.

In vivo jsme také testovali kvercetin-3-O-glukuronid, ktery byl v in vitro podminkach
neucinny, ale o némz jind vyzkumna skupina spekuluje, Ze je nosiCem ucinné latky
(kvercetinu) a tedy vin vivo podminkach odpovédnou latkou za pokles krevniho tlaku
po p.o. aplikaci kvercetinu. Tuto teorii ale vzhledem k naSim vysledkiim povaZujeme
za nepravdépodobnou.

Soucasti této prace je 1 in vivo testovani specidlné upraveného kvercetinu pro i.v.
podani ve fyziologickém roztoku. Vzhledem Kk lipofilit¢ kvercetinu jsme byli prvni

skupinou, kterd mohla takto sledovat ucinky kvercetinu bez ptidavku organickych solventi.



Bolusové podani kvercetinu snizilo krevni tlak jak akutné, tak v pribéhu péti hodin
po aplikaci.

Zaveérem lze shrnout, ze se nam potvrdila nase pocatecni teorie, tedy ze nékteré
metabolity kvercetinu, které vznikaji metabolizaci v tlustém stiev€é, maji vaseorelaxacni

potencial a jsou tedy schopny ovlivnit tlak krve.
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Polyphenolic substances are one of the most abundant secondary plant metabolites.
Many substances from simple phenols with one benzene core to the polymeric compounds
belong to these groups. Two groups, coumarins and flavonoids, were selected for this
dissertation. The aim of this thesis was to analyse their effect on vascular smooth muscle in
in vitro and in vivo conditions. In the case of coumarins, the aim was reached by writing of
areview article. The effect of flavonoids, including their metabolites was experimentaly
tested and some of the results have already been published.

The first step in my research was to perform a screening of metabolites of quercetin,
the most occuring flavonol in the human diet, and compare their vasorelaxant potential.
Experiments were performed on isolated rat thoracic aorta. During the testing, the most
effective metabolite was definitely 3-(3-hydroxyphenyl)propionic acid (3-HPPA), which
was at least one order more potent than quercetin and others metabolites (espetially

3,4 dihydroxyphenylacetic acid and 4-methylcatechol). Comparing of the effect of these



metabolites on a resistant vessel (arteria mesenterica) showed significant differences, where
3-HPPA was on the contrary less active than other two metabolites. In another part of in
vitro study, the mechanism of action was tested (vessels without endothelium, an ainhibitor
of NO synthesis or a muscarinic receptor antagonist). Even these results pointed to different
mechanisms of action, in particular when comparing 3-HPPA and 4-methycatechol.

In vivo experiments were firstly carried out on Wistar:Han rats, in which the changes
of arterial blood pressure and heart rate after the application of above metioned metabolites
were monitored. The significant decreases in systolic and diastolic pressures were showed
after the application of doses of 10 mg/kg and higher. Antihypertensive effects were also
confirmed on rats with pathologicaly elevated blood pressure (spontaneously hypertensive
rats, SHR). Due to the short lasting effect of these doses and immediate normalization of
blood pressure, we approched to the simulation of long lasting absorption of metabolite from
colon by application of slow i.v. infusion. Also in this case we found out dose-dependent
effects on blood pressure, but only at the highest concentration (5 mg/kg/min for 5 minutes)
the statisticaly significant decrease comparing to the control was observed. The effect was
again relativelly short-lasting. At the same time, we excluded, that the decrease of blood
pressure was caused by a depresive effect on the heart and so we confirmed the effect on
vascular smooth muscle in vivo.

In vivo we also tested quercetin-3-O-glucuronide, which was uneffective under in
vitro conditions and of which a different research group speculated that it is a carrier of
active substance (quercetin) and thus also responsible for the in vivo decrease in blood
pressure after oral quercetin administration. Regarding to our results, we consider this theory
as unlikely.

Part of this thesis is in vivo testing of a specially modified quercetin for i.v.

administration in saline. Regarding to the quercetin lipophility, we were the first group,



which could analyse the in vivo effect of quercetin without addition of organic solvents.
Quercetin decreased the blood pressure immeditely and also later during the first five hours
after administration.

In conclusion, we proved our initial theory, thus some of quercetin metabolites,
created by metabolism in the colon, have vasorelaxant potential and therefore are able to

affect blood pressure.
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1. Teoreticky uvod

1.1 Polyfenolické latky

Polyfenolické latky jsou jedny z nejrozsifenéjSich sekundarnich metabolitd rostlin
a Citaji pfes osm tisic zastupci rtiznych struktur (Dai a Mumper 2010). Vyskytuji se hojné
vovoci a zeleniné a také v népojich jako c¢aj, kdva a vino. Hraji dilezitou roli v ristu,
rozmnozovani a pigmentaci rostlin (napf. zbarveni okvétnich listkii diky anthokyanim,
¢i zbarveni jader/zrn diky flobafentim). Uplatiiuji se také pii ochrané rostliny pied Skodlivym
UV zéfenim, Skidcim a parazitim (Bravo 1998; Koes 1994). Jsou zodpovédné i za hotkou
a trpkou chut’ nékterych plodii (Brossaud 2001).

Pozornost je na né dlouhodobé upiena zejména pro jejich antioxidacni potencidl.
Navic  vykazuji  antihypertenzni, antiaterogenni, antitrombotické, antidiabetickeé,
a vétSinou ani pfimo nesouvisi s jejich antioxida¢ni aktivitou (Bnouham et al. 2012; Calabriso
et al. 2016; Konate et al. 2012; Mladenka et al. 2010; Ngamukote et al. 2011; Tan et al.
2011).

Piestoze je pojem polyfenoly Siroce pouZzivan, jeho vyznam neni vZdy Uplné€ stejné
chapéan. Principidln€ by mélo jit o latky sloZzené z vice fenolickych jednotek, ale stejnym
pojmem se muZe rozumét také latky obsahujici aromaticky cyklus substituovany vice
hydroxylovymi skupinami, vcetné jejich funk&nich derivath (estery, glykosidy ad.).
aromatické latky obsahujici i jednu hydroxyskupinu (Bravo 1998; Manach ef al. 2004). Na
druhé strané jsou tyto aromaty syntetizovany dvéma moznymi metabolickymi cestami, coZ

-----

a polyketidova, jsou zobrazeny v obrazcich 1-2.
1
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Obr. 1. Sikimatova cesta syntézy polyfenolii. Syntéza za¢ina kondenzaci fosfoenolpyruvatu
(PEP) s erytrozou-4-fosfatem (E4P), ktera postupné vede ke vzniku kyseliny Sikimové (SA) a
kyseliny gallové (GA) a celé fad¢ polyfenoli. Pfevzato z Muir ef al. (2011). DAHP,7-fostat
kyseliny 3-deoxy-D-arabino-heptulosonova kyselina; DHQ,kyselina 3-dehydrochinové; 3-
DHS kyselina 3-dehydrosikimova;PCA kyselina protokatechova (3,4-dihyroxybenzoova
kyselina). Enzymy: a,DAHP syntaza; b,DHQ syntiza; c¢,DHQ dehydratiza; d,DHS
dehydrataza; e,Sikimat dehydrogenaza; f,PCA hydroxyldza (hypoteticky enzym); g,UDP-

glukoza: gallat 1-O-galloyltransferaza
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strukturdlné odlisné latky od jednoduchych fenolickych latek pies kondenzované cykly
az k polymernim strukturam. Nejcastéji pouzivané déleni se opird o jejich zékladni strukturu:
fenolické kyseliny, kumariny, flavonoidy, lignany a stilbeny.

Vétsina polyfenolit se v rostlinach vyskytuje jako konjugéty sjednim, nebo vice
glykosidickymi jednotkami, pfipojenymi k zékladni struktuie v riznych pozicich vétSinou
vazbou pies kyslik (O-glykosidy), ale nékdy také pfimo na uhlik zékladniho skeletu (C-
glykosidy) (Tsao 2010). Pfipojenym cukrem byva ve vétsSiné ptipadi glukoza, ale setkame se
také s galaktdézou, rhamnozou, xylézou a arabindzou. Dal§imi pfipojenymi strukturami mohou
byt karboxylové a organické kyseliny, amidy a lipidy. Casté je také spojeni s dalsimi

fenolickymi latkami (Bravo 1998; Pandey a Rizvi 2009).



1.1.1 Fenolické Kkyseliny

Podle vysledki nedavno vydané studie HAPPIEE, zamétené na odhadnuti denniho
piijmu polyfenolti mezi polskou populaci, je denni piijem fenolickych kyselin zhruba 800 mg
(Grosso et al. 2014). V rostlinach se vyskytujici polyfenolické kyseliny mohou byt rozdéleny
na zéklad¢ své struktury do dvou skupin. Jedné se o hydroxylové derivaty kyseliny benzoové
a skoticové (Tsao 2010). Je tfeba ale zminit, ze polyfenolické latky se mikroorganismy,
vcetn¢ lidské mikroflory, metabolizuji i na derivaty jinych malych aromatickych kyselin.
Vyznamné jsou hlavné derivaty kyseliny propionové a fenyloctové (napt. viz Obr. 8).

Derivaty hydroxyskoficové kyseliny jsou jedny znejcastéji se vyskytujicich
fenolickych latek v lidské stravé. Najdeme je ve velkém mnozstvi v ovoci, obilovinach,
zelening, ale také v napojich jako je kéva a vino (King a Young 1999; Tsao 2010). Tyto
sekunddrni metabolity jsou odvozeny od fenylalaninu a tyrozinu. Zakladni strukturou je
aromaticky cyklus, na ktery je pfipojen tfiuhlikaty postranni fetézec s jednou dvojnou vazbou.
Nejvyznamnéj$imi derivaty jsou p-kumarova kyselina, kdvova kyselina, ferulovd kyselina
a kyselina sinapova (Obr. 3.). Ve volnych formach se prakticky nevyskytuji. Casté jsou
predevsim glykosidy nebo estery kyselin chinové, Sikimové nebo vinné (Alam et al. 2016).

Derivati hydroxybenzoové kyseliny je v rostlindich konzumovanych c¢lovékem jen
malé mnozstvi (D'Archivio et al. 2007). Tvoii soucast komplexnéjSich struktur, jakymi jsou
hydrolyzovatelné taniny. Mezi zakladni struktury patii zejména kyselina gallova a jeji dimer -
kyselina ellagova (Obr. 4) (King a Young 1999). Kyselina ellagovéa se nachédzi v potravé ve
vétSim mnozstvi, a to ve vyrazné zbarvenych plodech, zejména v ostruzinach (az 38 mg/kg),
malinach (az 40 mg/kg) a jahodéch (5,5 mg/kg). Denni piijem kyseliny ellagové je odhadovan

na 90 mg (Komorsky-Lovric 2011).
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Obr. 3. Nejvyznamnéjsi derivaty hydroxyskoricovych kyselin.
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Obr. 4. Chemické struktury kyseliny gallové a kyseliny ellagové.



1.1.2 Lignany

Jedna se o dimery fenylpropanovych jednotek. Na rozdil od flavonoida se vyskytuji ve
vétsing  piipadi ve volné forme€. Pouze minoritni ¢ast je ve formé glykosidi.
Secoisolariciresinol se nachazi ve Inénych semincich a to v koncentraci dosahujici az
3,7 g/lkg. (D'Archivio et al. 2007). DalSimi lignany obsazenymi ve Inénych seminkach jsou
sesamin, sesamolin, sesaminol a sesamol (Dar a Arumugam 2013). Lignany patfi mezi
takzvané fytoestrogeny. Podléhaji metabolizaci stfevnimi bakteriemi v tlustém stfevé za
vzniku enterodiolu a enterolaktonu (Lampe et al. 2006). Témto latkdm je pfisuzovano
antihypertenzni, hypocholesterolemické a protinadorové pusobeni (Dar a Arumugam 2013).

V ramci této dizertacni prace nebyly lignany testovany.

1.1.3 Stilbeny

Hlavnim zastupcem stilbenil je resveratrol, ktery je v malé mife zastoupen 1 v lidské
stravé. Vyskytuje se pfedev§sim v hroznovém vinu, burskych ofiScich a morusich. Nachazi se
ve slupce grept, které obsahuji az 100 g/kg resveratrolu Je produkovéan rostlinami,
pfi patologickych stavech, jakymi je tfeba infekce, poranéni, nebo jiné stresové situace
(Aggarwal et al. 2004; D'Archivio et al. 2007). Povést resveratrolu a jeho potencidlné
ptiznivého biologického u¢inku zna¢né utrpéla stazenim velké fady clankd, které se ukéazaly

jako podvody, napf. publikace (Bezstarosti ef al. 2006; Das et al. 2006)



1.1.4 Kumariny

Kumariny patii mezi polyfenolické latky, jejichz zakladni kostru tvoii benzopyranovy
kruh. Mezi ty nejvyznamnéjsi piirodni patii dikumarol, umbelliferon, herniarin, aesculetin,
psoralen a imperatorin. Nase skupina nedavno shrnula farmakologické vlastnosti kumarind.
Ty zahrnuji vyznamné antihypertenzni, protirakovinné, antikoagulacni, antibakterialni
a protizanétlivé ucinky (Filipsky et al. 2015; Najmanova et al. 2015). Z tohoto diivodu nebude
této problematice vénovana dalsi pozornost (publikace Najmanova et al. (2015) je v ptiloze

na str. 132).

1.1.5 Flavonoidy

Flavonoidy jsou jednou z nejvétSich polyfenolickych skupin a Citaji pres Ctyfi tisice
ptirozené se vyskytujicich slouc¢enin. Vyzkum téchto latek se v minulosti zaméfil zejména na
jejich antioxidacnich ucinky, které jsou obecné siln€jsi neZ antioxidacni u¢inky vitamind C, E
a karoteniodli. V soucasné dobé vime, Ze jejich ucinky jsou ale mnohem rozséhlejsi a casto
nezavislé na antioxidacni aktivité (Mladenka et al. 2010). NejvétSich koncentraci je dosazeno
v ovoci, zelenin¢, semenech, bylinach, kofeni a napojich jakymi jsou napfiiklad vino, caj
a kakao (Heim er al. 2002). Urcit pfesny denni piijem flavonoidli je velmi obtizné
a publikované Uidaje se zna¢né liSi. Hlavni rozdily jsou dany zejména tim, které podskupiny
flavonoida byly analyzovany. Nékteré studie totiz nezahrnuly flavanoly, které jsou nejhojnéjsi
flavonoidni slozkou lidské potravy. Studie, které zahrnuly pouze flavonoly a flavony udavaji
denni piijem okolo 20 mg, zato studie které zahrnuly flavanoly vcetné proanthokyanidinii

hovoti o dennim flavonoidnim pfijmu 0.35 - 1 g a nékteré i vice (Cassidy et al. 2011; Hertog

et al. 1997; Mink et al. 2007; Sesso et al. 2003).



Flavonoidy jsou nizkomolekularni latky, jejichz zakladni struktura se sklada z patnacti
atomu, rozlozenych v difenylpropanovém (Ce¢-C3-Cs) uskupeni. Jedna se tedy o dva
aromatické cykly A a B, navzajem spojené tiiuhlikatym fetézcem, ktery obvykle tvoii treti
kyslikaty heterocyklus C. Neni-li spojovaci fetézec zacyklen, hovofime o chalkonech ¢i
dihydrochalkonech. Je-li tvoien i pyranovy cyklus, rozezndvame na zakladé jeho stupné
hydrogenace a hydroxylace nasledujici skupiny flavonoidii: flavony, flavonoly, flavanony,
flavan-3-oly (katechiny) a anthokyanidiny. U téchto struktur je kruh B pfipojen ke kruhu C
v pozici 2 (Obr. 5A.). Je-li pfipojen v pozici 3, jednd se o isoflavonoidy (Obr. 5B) (Tsao

2010). Existuji také neoflavonoidy s kruhem C pfipojenym v pozici 4 (Obr. 5C) — v pfirodé

jde o velmi raritni latky (Kushwaha et al. 2016; Lee et al. 2014).

Obr. 5. Zakladni struktury flavonoidi se zacyklenym tFiuhlikatym spojovacim

Fetézcem. Flavonoidy (A), isoflavonoidy (B) a neoflavonoidy (C).



Flavony

Pro tyto struktury je charakteristicka dvojnd vazba mezi C2 a C3, ale na rozdil od
flavonolt neni pfitomna hydroxylova skupina na C3. Jsou méné bézné nez flavonoly. Mezi
nejvyznamnéjsi zastupce patii apigenin a luteolin vyskytujici se pfedevsim v petrzeli a celeru,
v men$im mnozstvi byly detekovany i1 v Cervené paprice. Vyskytuji se také ve slupkach

citrusovych ploda (D'Archivio et al. 2007; Hollman a Arts 2000).

Flavonoly

Flavonoly jsou nejrozsifenéjSimi monomernimi flavonoidy. V poslednich n¢kolika
desetiletich je na né¢ zaméfena pozornost, a to zejména pro jejich potencionalni prospésSnost
pii prevenci kardiovaskularnich onemocnénich (Arts a Hollman 2005).

Nejvyznamnéj$imi zéastupci této skupiny jsou kvercetin, kaempferol, myricetin
a isorhamnetin. Spolenym rysem je dvojnad vazba mezi C2 a C3 a hydroxylova skupina na
C3. Flavonoly se nachazeji v relativn€ nizkych koncentracich, jejich nejbohat§imi zdroji jsou
cibule, kapusta, brokolice, porek a bortivky. Vysoké koncentrace jsou dosaZeny i v napojich,
pfedev§im v ¢aji a v cerveném viné (Hertog er al. 1992). V rostlinach se vyskytuji
v glykosidované formé. Pfipojenym cukrem byva nejcastéji gluk6za nebo rhamnodza. Je také
dilezité zminit, ze syntéza flavonoll je stimulovana svétlem, proto je jejich mnoZstvi vétsi

v listech a slupkach plodt, které jsou vice vystavené slunci (Manach et al. 2004).

Flavanony

Flavanony postradaji dvojnou vazbu vkruhu C a je pro né charakteristicka
glykosylace disacharidem na C7. Vyskytuji se pfedevSim v citrusovych plodech, ale také

v rajCatech nebo v aromatickych bylinach. Mezi zéstupce patii hesperidin a narirutin, jejichz
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nejvetsi koncentrace jsou v bilé casti slupky a také v membranach oddélujici jednotlivé

segmenty plodu (D'Archivio et al. 2007).

Flavanoly

Flavanoly nebo flavan-3-oly se také nazyvaji katechiny. Od ostatnich flavonoidu se
1i§1 nepiitomnosti ketoskupiny v poloze C4 a navic postradaji dvojnou vazbu mezi C2 a C3.
Dva posledné zminéné uhliky jsou chiralnimi centry, existuji tedy obecné 4 diastereoisomery.
Nejvyznamnéj§imi monomery jsou katechin a epikatechin. Katechin mé trans konfiguraci,
epikatechin ma cis konfiguraci (Obr. 6). Jsou schopny tvofit polymery (proanthokyanidiny)
(Tsao 2010). Vyskytuji se také v kombinaci s kyselinou gallovou a ellagovou (King a Young
1999). Tyto flavonoidy se nachdzeji ve slupkach grepii, jablek a borivek (Tsao 2010).

Dlouhodobym skladovanim se z plodii vytraci (King a Young 1999).

H H
OH OH
H O HO. O,
OH OH
{*]-catechin (-)-epicatechin

{-)-catechin {+)-eplcatechin

Obr. 6. Porovnani struktur nejvyznamnéjsich flavanolovych monomeri. Pievzato z Hurst

etal. (2011).
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Anthokyanidiny

Jedna se o ve vodé rozpustné pigmenty zodpovédné za Cervené az modré zbarveni
kvéta, plodi a semen. Zbarveni je zavislé na pH. V kyselém prostfedi budou pievladat
cervené barvy, v zasaditém pak barvy modré. NejvyznamnéjsSimi anthokyanidiny jsou
delphinidin, cyanidin, pelargonidin, malvidin, peonidin a petunidin (Tsao 2010). Vzhledem
k pfitomnosti naboje na molekuly O v kruhu C se minimaln¢ vstiebavaji a vétsSina, ne-li
vSechny jejich biologické ucinky jsou zprostfedkovany jejich metabolity tvoienymi zejména

mikroflorou v lidském tlustém stfevé (Mazza et al. 2002; Williamson a Clifford 2010).

Isoflavonoidy

V ptirodé se isoflavonoidy vyskytuji hlavné jako isoflavony. Isoflavonoidy, jak bylo
zminéno, se od ostatnich flavonoidi lisi zejména ptipojenim kruhu B v pozici C3 (Obr. 5B).
Hlavnimi zastupci (aglykony) jsou genistein, daidzein, biochanin A a formononetin.
Vyskytuji v lusténinach, a to hlavné v s6ji (King a Young 1999; Tsao 2010). Z hlediska
kardiovaskularni problematiky jsou velmi zajimavé. Pfi jejich podavani bylo prokazano u celé
fady klinickych studii jejich mirné hypolipidemické a hypotenzni pisobeni (Bakhit et al.
1994; Pipe et al. 2009; Wangen et al. 2001). Ve své praci jsem se touto skupinou latek

nezabyvala, ale tyto latky a jejich metabolity jsou v soucasné dobé zkoumany nasi skupinou.
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1.2 Uéinky flavonoidi

Vzhledem ktématu této dizertatni prace bude nasledn¢ pozornost vénovéana
sou¢asnym znalostem o ucincich flavonoidi na hladky cévni sval. Stru¢n¢ bude také
pojednédno o nejvice studovaném antioxidacnim pusobeni flavonoidl, aby byla ukazana

minimalni souvislost mezi t¢émito dvéma typy ucinkt

1.2.1 Vztah flavonoidni struktury a vasodilatacnich acinki

Nejcastéji byly vasorelaxaéni G€inky flavonoidl testovany na cévach s neporuSenym
nebo odstranénym endotelem kontrahovanych o agonistou, KCI nebo analogem thromboxanu
A2 U46619 (Duarte et al. 1993; Chan et al. 2000; Xu et al. 2007). Podle dostupnych vysledki
jsou nejucinngj$imi vasorelaxacnimi flavonoidy flavonoly, nasledovany flavony a flavanoly
(Duarte et al. 1993). Neékteré vyzkumy tuto posloupnost neprokazaly a piiklani se
k srovnatelné ucinnosti u flavonolt a flavonii (Chan et al. 2000; Xu et al. 2007).

Pro dobry vasorelaxacni u€inek by méla molekula spliiovat urCité pozadavky.
Hydroxylové skupiny na kruhu A pfispivaji k vasodilatacnimu ucinku, zejména jsou-li
umisténé v poloze 5 a 7, jako je tomu v ptipad€ chrysinu (5, 7-dihydroxyflavon). Chrysin mé
vyS$$i Gcinnost neZ baicalein, ktery ma oproti chrysinu navic hydroxyskupinu v pozici 6.
Z toho vyplyva, Ze hydroxyskupina v poloze 6 nebo pfitomnost tii hydroxyskupin v polohéach
5, 6 a 7 na kruhu A snizuji G¢innost flavonoidu (Ajay et al. 2003). Fisetin, ktery oproti
kvercetinu postrada hydroxyskupinu v poloze 5, je €inn&jsi pii inhibici kontrakce navozené
KCI nez kvercetin, ale u cévy kontrahované fenylefrinem je G¢innost opacnd. Podle tohoto
vysledku by se dalo fici, ze substituce v C5 pozici zvySuje selektivitu flavonoidi viici
vasokonstrikci navozené a; agonisty. (Ajay et al. 2003). Substituce hydroxylovymi skupinami

na kruhu A sice pfispiva k vasorelaxacnimu ptlisobeni, ale zd4 se, Ze neni pro vasorelaxacni
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ucinky tak dulezita, jako substituce kruhu B a C, nebot’ 3,3',4'-trihydroxyflavon, ktery nema
zadny substituent na kruhu A je u€inngjsi v inhibici kontrakce cévy vyvolané fenylefrinem
nez zminény chrysin, ktery ma 5 a 7 dihydroxy substituci na kruhu A, ale zadny substituent na
kruhu B (Chan et al. 2000).

Ve vySe zminénych ptipadech je kruh B pfipojen ke kruhu C v poloze 2,
ale i isoflavonoidy, které maji B kruh pfipojeny v poloze 3, vykazuji velmi dobré
vasorelaxacni vlastnosti, jak bylo poznamenano diive. Opét substituce kruhu A je vyznamna a
prispiva k rozdilim mezi latkami. Ptikladem je genistein, ktery mé hydroxyskupiny v poloze
4’ 5 a 7 aje ucinngj$i nez daidzein, ktery postrada hydroxyl v poloze 5 (Woodman et al.
2005).

Duarte et al. (1993) vypozoroval pfi testovani nckolika flavonoidi (kvercetin,
kaempferol, luteolin a apigenin), ze blokovani nebo odstranéni OH skupiny v poloze 3’
vyrazné snizuje vasodilatacni u¢inek (Duarte et al. 1993). Pii porovnani zastupct flavonoida
s riznym rozlozenim hydroxyskupin na kruhu B bylo zjisténo nasledujici poradi ve vztahu
k u¢inku: 3’-hydroxyflavanol > 3'.4'-dihydroxyflavanol > 7,4’-dihydroxyflavanol > 3'4'-
dihydroxyflavon. I kdyz 3',4'-dihydroxyflavanol inhibuje kontrakci navozenou fenylefrinem
méné neZ 3'-hydroxyflavanol, v ptfipad¢ inhibice kontrakce vyvolané KCI jsou na tom tyto
latky stejn€é. To znamend, Ze substituce hydroxylem v poloze 3’ zvySuje ucinek, zatimco
4'-hydroxyskupina bud’ nemé vliv, nebo ucinek snizuje (Woodman et al. 2005). Srovnani
vasodilatacnich ucinkd morinu (2', 4'-dihydroxyskupina) a kvercetinu
(3',4'-dihydroxyskupina) ukdzalo na niz8§i UCinnost morinu a potvrzuje tak fakt,
ze 4’-hydroxyskupina je bez vét§iho vyznamu a 2'-hydroxyl m4 mensi vliv na vasodilata¢ni
vlastnosti nez 3 -hydroxyskupina (Herrera et al. 1996). Tento predpoklad potvrzuje 1 vysledek
srovnani vasorelaxaénich schopnosti kaempferolu, kvercetinu a myrcetinu, tedy tfi latek, které

se 1i8i pouze mnoZstvim a umisténim hydroxylovych skupin na kruhu B. Nejucinnéjsi byl
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kaemferol (jen 3’-hydroxyskupina) nésledovan kvercetinem (3°,4’-dihydroxyskupina).
Myrcetin se tiemi hydroxylovymi skupinami v polohach 3" ,4" a 5'na kruhu B byl nejméné
aktivni (Xu et al. 2007).

Kli¢ovy vyznam ma také hydroxylova skupina v poloze 3 na kruhu C. Jak je popsano
vyse, ukazaly se vétSinou substituované flavonoly UCinnéjSi nez substituované flavony
(Woodman et al. 2005). Tato hydroxyskupina by mohla byt diilezita pro navozeni relaxace
zapticinéné uvolnénim NO, i kdyz diadzein a naringenin, které¢ hydroxyskupinu v pozici 3
nemaji, vykazuji na NO zavislou relaxaci také (Ajay et al. 2003; Chan et al. 2000). Oproti
tomu flavony (apigenin, luteolin a chrysin), které postradaji hydroxylovou skupinu v poloze 3,
vykazuji na endotelu nezavislou relaxaci (Chan et al. 2000).

Krom¢ hydroxylovych substituenti je také dilezitd ketoskupina v poloze 4 a dvojna
vazba mezi C2 a C3 (Dong et al. 2009; Duarte et al. 1993). Blokace dulezitych
hydroxylovych skupin metylaci nebo glykosilaci snizuje uCinek, stejné tak napojeni

C-glykosidu v poloze 3 nebo 8 (Xu et al. 2007).

1.2.2 Antioxidacni vlastnosti flavonoidu

Antioxidacni vlastnosti flavonoidi mohou byt zprostiedkovany tfemi moznymi
mechanismy plisobeni: 1) pfimou neutralizaci reaktivnich forem kysliku a dusiku (RONS),
nebo nepfimo zvySenim ucinnosti jinych, zejména endogennich antioxidanti, 2) potlacenim
tvorby RONS inhibici enzymt, které je tvoii, nebo 3) chelataci stopovych prvka (zZelezo,
méd’) hrajicich takeé roli pfi vzniku RONS (Dai a Mumper 2010; Mladenka et al. 2010).

Antioxidacni u€inky téchto latek zavisi na mnozstvi, umisténi a typu substituentl
navazanych na zékladni strukturu flavonoidi. Obecné je hydroxylova substituce casta

zejména v polohach 3, 5, 7, 3°, 4’ a 5°. Neplati ale, Ze ¢im vice hydroxylovych skupin je na
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molekulu navazano, tim vétsi je 1 antioxidacni piisobeni, dilezitéjsi je totiz lokalizace téchto
skupin (Firuzi et al. 2004).

Pro neutralizaci RONS je dilezité zejména uspoiadani hydroxylovych skupin na kruhu
B, které poskytuji vodikovy proton nebo elektron hydroxylovym, peroxidovym
a peroxynitrilovym radikalim a stabilizuji je za vzniku pomérné stabilnich flavonoidnich
radikalti. Charakteristickym rysem nejucinngjSich antioxidantii je umisténi hydroxylovych
hydroxylti dochazi k delokalizaci elektronti a tvorbé stabilniho ortho-semichinonového
radikalu. Jsou-li hydroxylové skupiny uspofadany na B kruhu jinak, snizuje se antioxidacni
aktivita a pfi odtrzeni vodikového atomu jsou také tvofeny malo stabilni radikaly flavonoidi
(Heim et al. 2002). Je nutno také zminit, Ze ptitomnost o-dihydroxyskupiny na kruhu A vede
také kvelmi UCinnym antioxidantim, aniz by musela byt soucasné¢ pfitomna
o-dihydroxyskupina v kruhu B (Rice-Evans et al. 1996).

K vyssi antioxida¢ni aktivité také ptispiva dvojnd vazba mezi C-2 a C-3 a ketonicka
skupina v poloze 4 na kruhu C, které se uplatiuji pii delokalizaci elektronti a odtrzeni vodikt
hydroxyskupin kruhu B. Na kruzich A a C hraji roli 1 hydroxyskupiny v poloze 3, 5 a 7.
Zejména hydroxyskupina v poloze 3 je esencialni. Je-li pfitomna, ma molekula flavonoidu
planarni uspotadani, které umoziuje konjugaci a delokalizaci elektronil a zvySuje tim stabilitu
flavonoidniho radikalu. Odstranénim této hydroxylové skupiny dojde k pootoceni kruhu B
vuci zbytku molekuly a tim se snizi 1 antioxida¢ni aktivita. Analogicky zablokovanim této
hydroxylové skupiny methylaci nebo glykosylaci se vyrazné snizuje u€inek (van Acker et al.
1996).

Na druhou stranu neméd na antioxidaéni aktivitu vliv zacykleni tfiuhlikatého

spojovaciho fetézce, nebot 1 chalkony jsou vtomto sméru aktivni. Zablokovani
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hydroxyskupiny v poloze C-6 methylaci také neovliviiuje antioxidac¢ni aktivitu (Dai a
Mumper 2010; Heim et al. 2002).

Nekteré flavonoidy jsou schopny i vazat stopové prvky (Fe** a Cu®) s vysokou afinitou
a zabranovat tak tvorbé radikali. Takto ucinné jsou zejména latky s hydroxylovymi
skupinami v polohach 3’ a 4’ na kruhu B, 6 a 7 v kruhu A, s 3-hydroxy-4-keto nebo 4-keto-5-
hydroxylovym uspofaddnim. Baikalein se zminénymi dihydroxyskupinami v kruhu A byl
dokonce stejné ucinnym chelatorem Zzeleza jako standardni cheldtor deferoxamin (Dai a
Mumper 2010; Mladenka et al. 2011).

Srovname-li tedy nejdilezitéj§i strukturni vlastnosti flavonoidd nutnych pro
antioxidaéni (neutralizaci RONS) nebo chelata¢ni piisobeni s vasorelaxa¢nimi vlastnostmi,

ukaze se, ze zde je jen malo spole¢nych vlastnosti. Tento fakt naznacuje, ze vasodilata¢ni

pusobeni nema prili§ vztah k antioxida¢nim ucinktm.

1.3 Kvercetin

Kvercetin (Obr. 7) je nejrozsifené;si flavonol, a proto byl i vybran jako modelova latka
pro tuto dizerta¢ni praci. Tvoii asi 63% z celkového piijmu flavont a flavonolt (Hertog et al.
1994). Odhaduje se, ze celkovy piijem flavonl a flavonoll se pohybuje mezi 23 — 26 mg/den
(Hertog et al. 1994; Hertog et al. 1993b), ovSem existuji velké rozdily v jejich piijmu mezi
riznymi staty (Grosso et al. 2014; Chun et al. 2007; Justesen et al. 2000; Zhang et al. 2010).
Primérny denni ptijem kvercetinu 1ze odhadnut na 16 mg/den (Hertog ef al. 1993b; Hollman
a Arts 2000).

Diky studii Hertog et al. (1992), ktera se zamé&fila na stanoveni obsahu flavonoida
v nékterych béZné¢ konzumovanych potravinach, si mizeme udé€lat lepsi obrazek o vyskytu
kvercetinu v lidské potravé. Nejvetsi koncentrace kvercetinu byla zjisténa v cibuli (284-486
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mg/kg). Potravinami bohatymi na kvercetin jsou také kapusta (284-486 mg/kg), fazolové
lusky (32-45 mg/kg), brokolice (30 mg/kg), hlavkovy salat (14 mg/kg), ostatni zkoumana
zelenina méla obsah kvercetinu pod 10 mg/kg a ovoce pod 15 mg/kg. Vyjimkou byla jablka
s obsahem 21-72 mg/kg (Hertog et al. 1992). Co se napoji tyCe, byl nejveétsi obsah kvercetinu
nalezen v ¢erném caji (10 — 25 mg/l) a dale v Cerveném viné¢ (4-16 mg/l) (Hertog et al.

1993c).

OH
OH

HO O

OH
OH O

Obr. 7. Zakladni struktura kvercetinu
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1.3.1 Farmakokinetika kvercetinu

Biologicka dostupnost

Flavonoidy se vyskytuji ptirozen¢ ve form¢ glykosidi, esterti nebo polymert, které se
malo nebo viibec vstiebavaji (Grassi et al. 2009). Glykosidy jsou tézko vstiebatelné pasivni
difuzi, nebot” ptipojené cukerné slozky zvysuje hydrofilitu molekuly. Proto musi byt nejdiiv
hydrolyticky odStépena cukerna slozka a nasledné mohou nékteré lipofilnéjsi aglykony projit
fosfolipidovou dvojvrstvou bunéénych membran (Murota a Terao 2003).

Aglykony se mohou zacit vstiebavat jiz v zaludku. Podle studie Crespy et al. (2002) se
v zaludku vstteba asi 38% z podaného mnozstvi kvercetinu, ktery se v pribéhu 20 minut od
podani objevuje ve Zluci (Crespy et al. 2002). VéEtsina glykosidd se ale dostane v nezménéné
podobé az do tenkého nebo tlustého stieva. Nasledné¢ dochdzi k hydrolyze a odStépeni
cukernych zbytkll, a to bud’ pomoci intestindlnich enzym, nebo ¢innosti stfevnich bakterii
tlustého stfeva.

Hydrolytické Stépeni glykosidi se déje za pomoci enzymu znadmého jako laktaza-
florizin hydroldza (LPH). Tento enzym je vdzan na apikalni stranu kartd€ového lemu tenkého
stfeva a slouzi primarné k Sté€peni laktozy a deglykosylaci hydrofobnich substrati jakym je
1 phlorizin.

Dal$im enzymem, ktery se podili na odSt€povani cukernych zbytki je B-glukosidaza.
Tento enzym S$tépi glykosidicky vazané glukdzy a nachdzi se v cytosolu enterocytli (Day et al.
2000; Day et al. 1998). Glukosidy se do stievnich bun¢k mohou dostat prostfednictvim
glukézovych transportért SGLT-1 (Walgren et al. 2000). Mezi ty nejvyznamnéjsi glukosidy
kvercetinu patii 3-O-B-D-glukosid, kvercetin 4’-O-B-glukosid a kvercetin 3,4’-O-p-diglukosid.
Na basolateralni stranu se dostanou nejrychleji a nejvice konjugaty a methylkonjugaty vzniklé

pfeménou kvercetin-4-O-glukosidu, nebot’ -glukosidazy jak v lidském, tak potkanim stievé
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preferuji prave stépeni v pozici 4’ pied pozici 3 (Day et al. 1998; Murota et al. 2000). MtiZe to
také souviset s vyssi lipofilitou kvercetinu glykosylovaného v pozici 4" ve srovnani s pozici 3
(Murota et al. 2000).

Aglykony vzniklé v enterocytech podstupuji konjugacni reakce s uridin-5'-
difosfatglukuronosyltransferazou, fenolsulfotransferdzou a katechol-O-metyltransferazou.
Vznikl¢ konjugaty mohou dal prostoupit do jater nebo az do systémové cirkulace,
nebo mohou byt navraceny zpét do lumen stfeva prostfednictvim multidrug resistence
associated protein-2 (MRP-2) (Crespy et al. 1999; Walgren et al. 2000).

Glykosidy, které nejsou hydrolyzovany v tenkém stievé postupuji dal do tlustého
stieva, kde jsou Stépeny bakteridlnimi hydrolazami (a-ramnosidaza, B-glukosidaza, endo-3-

glukosidaza, B-glukuronidaza, C-glykosidaza, B-glykosidaza) (Kim et al. 1998).

Srovndni absorpce kvercetinu, jeho glukosidii a rutinu

Mnoho studii se vénovalo porovnani absorpce kvercetinu a rutinu (kvercetin-3-
rutinosidu). V téchto studiich bylo zjiSténo, ze aglykon kvercetinu prostupuje do intestinalni
stény rychleji nez kvercetin vznikly hydrolyzou rutinu (Carbonaro a Grant 2005; Crespy ef al.
1999; Graefe et al. 2001; Hollman et al. 1999; Jaganath et al. 2009; Manach et al. 1997).
Urcité koncentrace konjugatll kvercetinu jsou detekovatelné v plasmé jiz 0.5 — 0.7 h po
podani kvercetin-4'-O-B-glukosidu, zatimco konjugaty kvercetinu uvolnéné z rutinu byly
detekovany az za 6 — 9 h (Graefe et al. 2001; Hollman ef al. 1999). Toto naznacuje, Ze rutin
neni Sté€pen v tenkém stieve, ale az bakteriemi tlustého stieva. Absorpce kvercetinu neni uplna
ani v hornich ¢astech traviciho traktu a vétSina (52%) kvercetinu se nedostane do systémové
cirkulace, nybrz je transportovana zpét do lumen stfeva ve formé konjugati. Jedna se
piedevsim o glukuronidy a jejich metoxylované derivaty (64%) a dale sulfaty (36%) (Crespy

et al. 1999). Srovname-li absorpci 20 mg kvercetinu jako aglykonu, 3-O-glukosidu, 3-O-
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rhamnosidu s rutinem zjistime, ze nejvyssich koncentraci v plasmé po 4 hodinach dosahuji
konjugaty vzniklé z kvercetin-3-O-glukosidu (33,2 = 3,5 uM), dale z aglykonu (11,7 £+ 1,8
uM) a pak metabolity z rutinu (2,8 = 2,0 uM). Metabolity kvercetin-3-O-rhamnosidu nebyly
v plasmé detekovany naopak viibec (Morand et al. 2000).

Hydrolyza rutinu probihd opravdu podle dostupnych studii az v tlustém stieve, diky
enzymum stfevnich bakterii. To bylo potvrzeno i na bezmikrobnich potkanech krmenych
rutinem, ktefi jej nebyli schopni zpracovat, a byl tak vyloucen v nezménéné podobé ve stolici
(Griffiths a Barrow 1972). Pfi degradaci rutinu je nejprve odsStépena cukerna slozka
a-ramnosidazou a PB-glukosidazou produkovanou naptiklad Bacteriodes JY-6 (Kim et al
1998). Vznikly aglykon mtze byt vstieban. Jeho biologicka dostupnost je vsak pouze 15 — 20
% z toho co se vstieba z kvercetin-4'-O-glukosidu (Graefe et al. 2001; Hollman et al. 1999).
Uvolnéné cukry pak podporuji dal$i metabolismus, slouzi totiz jako zdroj uhliku stimulujici
rust bakteridlni mikroflory (Jaganath et al. 2009).

Kromé S$tépeni glykosidii existuji také bakterie schopné §tépit i zékladni struktury
flavonoidi. V ptipad¢ kvercetinu bylo toto $tépeni dokdzano u Sirokého spektra bakterii
(Pediococcus Q-5, Streptococcus S-3, Bifidobacterium B-9, Bacteriodes JY-6, Clostridium
perfringens, Bacteriodes fragilis). Vysledkem je celad fada jednoduchych fenolickych kyselin
(Jaganath et al. 2009; Kim et al. 1998; Peng et al. 2014).

Soucasné znalosti o metabolismu kvercetinu zejména ve vztahu k stfevni mikroflote

jsou shrnuty v Obr. 8.
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Obr. 8. Metabolismus kvercetinu. Schéma shrnuje potvrzené 1 domnélé metabolity
kvercetinu tvofené lidskymi enzymy (H), nebo sttevni mikroflérou v tlustém stievé (B). Nalez
struktury v Sedé¢ barvé nebyl dosud potvrzen. Schéma bylo vytvofeno na zdkladé
shroméazdénych dat z rGznych ¢lankd (Braune et al. 2001; Graefe et al. 2001; Loke et al.
2008; Olthof et al. 2003; Rechner et al. 2004; Sawai et al. 1987; Serra et al. 2012; Schneider
et al. 1999) a publikovano v Najmanova et al. (2016). Dalsi konjugaty kvercetinu a jeho

metylderivati nejsou pro lepsi piehlednost zobrazeny.
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Eliminace

Polyfenoly a jejich metabolity jsou vylu¢ovany moci nebo zluci do stolice. VyluCovani
moci je jednou z moznych cest odstranéni isoflavonoidl, flavanont a flavan-3-oli. Touto
cestou se vylouci ale jen malé ¢ast metaboliti se zachovalou flavonoidni strukturou (10%).
VEtsi ¢ast se vylucuje hepatobiliarni cestou do duodena a takto vylouc¢ené metabolity mohou
byt znovu zpracovany stievni mikroflorou a opét vstiebany. Timto zpsobem tak muze byt
prodlouzeno puasobeni polyfenolickych latek na organismus (Grassi et al. 2009). Nicmén¢
bakterie mohou také rozstépit zékladni jadro flavonoidu a davaji tak vzniknou Sirokému
spektru fenolickych kyselin nachylnych k dal§im reakcim, jako jsou B-oxidace, demethylace
a dehydroxylace. Po absorpci jsou tyto malé fenolické kyseliny nebo jejich konjugaty

vylou€eny moc¢i (Hollman a Katan 1997).

23



1.3.2 Antihypertenzni piisobeni kvercetinu

Kvercetin vykazuje vin vitro podminkach vasorelaxacni piisobeni na cévy jak
koronarniho, tak i systémového feCisté (Ajay et al. 2003; Perez-Vizcaino et al. 2002). V in
vivo podminkach snizuje krevni tlak, potlacuje remodelaci srdce, redukuje endotelidlni
dysfunkci a remodelaci cév u spontanné hypertenznich potkanich modelti (Duarte et al.
2001a; Garcia-Saura et al. 2005).

Vasodilata¢ni G¢inky kvercetinu byly také potvrzeny i v nékolika in vivo studiich.
Ta prvni byla provedena na spontdnné hypertenznich potkanech (SHR), kterym bylo po pét
tydni podavano 10 mg/kg kvercetinu. U SHR dos$lo k vyznamnému poklesu systolického
(18%), diastolického (23%) a stiedniho (21%) arterialniho tlaku, u normotenznich kontrol byl
tlak krve nezménén (Duarte et al. 2001b).

Podobna studie byla provedena i na 2K1C Goldblatt hypertenznich potkanech (GB),
ktefi maji Castecnou obstrukci jedné zledvinnych arterii a vyviji se u nich hypertenze
podobna lidské renovaskuldrni hypertenzi, kterd je spojend se zvySenou aktivaci renin-
angiotensinového systému. Témto potkanim bylo po dobu péti tydni podavano 10 mg/kg
kvercetinu. Od druhého tydne zacalo postupné snizovani systolického krevniho tlaku.
Na konci testovaciho obdobi byl tlak snizen o 50%. Kvercetin také inhiboval remodelaci
srdce, a 1 kdyZ nemél vliv na rozvoj rendlni hypertrofie, pomohl aspoil zlepSit proteinurii
v porovnani s kontrolnimi GB (Garcia-Saura ef al. 2005).

Kromé& dlouhodobého podavani kvercetinu byly zjiStovany 1 jeho ucinky
na kardiovaskularni systém pii jednordzovém podani 10 mg/kg gastrickou sondou SHR
potkaniim. K signifikantnimu poklesu stfedniho tlaku krve a srde¢ni frekvence doslo jiz za 2,5

h a maxima dosahl za 6 h, kdy se snizil krevni tlak o 30%. V ptipad¢, ze potkantim byl i.p.
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podavan denné 3 dny pred podanim kvercetinu specificky inhibitor B-glukuronidazy, nebyl
zaznamenan pokles tlaku ani srde¢ni frekvence (Galindo et al. 2012b).

Zajimavych vysledkl bylo dosazeno pfi porovnani pétitydenniho podavani kvercetinu
(10 mg/kg) p.o. gastrickou sondou a i.p. u SHR. U potkani, kterym byl kvercetin podavan
p.o. v jedné denni davce, doslo k signifikantnimu poklesu systolického tlaku uz od prvniho
tydne podavani a k poklesu srde¢ni frekvence po druhém tydnu. U potkand s i.p. poddvanym
kvercetinem doslo ke snizeni systolického krevniho tlaku a srdec¢ni frekvence az v prubchu
poslednich dvou tydnd podavani. Navic byly i rozdily ve véaze levé srde¢ni komory a ledvin
ve srovnani s kontrolni skupinou (Galindo ef al. 2012a).

Kvercetin aplikovany intraperitonedln¢ je vstiebavan portalni zilou a ihned podstupuje
metabolizaci v jatrech, coz vysvétluje nalez riznych konjugatu kvercetinu v plasmé po 2 a 8
hodinach od podani a v koncentraci, kterd je nékolikandsobné vys$i nez u kvercetinu
podaného oralné. Kvercetin podany oralné se miize casten¢ vstiebat jiz v tenkém stteve, kde
vSak podstoupi metylaci a/nebo konjugacni reakce a proto jsou nizké koncentrace
methylovanych a glukuronidovanych metabolitti nalezeny jiz po dvou hodinach v plasmé.
Nasledné dochazi k jeho degradaci v tlustém stievé za vzniku fenolickych kyselin, které se
dale vstfebavaji (Galindo et al. 2012a).

Dokonce probehla 1 dvojité¢ zaslepena klinickd studie (6 zen), kterym byla poddna
kapsle obsahujici placebo, 200 nebo 400 mg tfi po sob¢ jdouci tydny. Po dvou hodinach byl
v plasmé detekovan kvercetin-3-O glukuronid v koncentraci 0,4 a 1 uM a mensi koncentrace
isorhamnetinu (0,008 a 0,035 uM) a kvercetinu (0,043 a 0,031 uM). Zmeéna krevniho tlaku
nebyla detekovana po dvou a ani po péti hodindch od podani. O jistém vasorelaxacnim ucinku

tak vypovida jen rozsifeni brachidlnich arterii (Perez et al. 2014).
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Mechanismus antihypertenzniho piisobeni kvercetinu

In vitro experimenty zamétené na vasodilatacni puisobeni kvercetinu a nékterych jeho
metabolitli byly provedeny na raznych typech isolovanych cév. VétSinou se jednalo o hrudni
aorty, mesenterické, rendlni nebo femoralni arterie potkanii, koronarni cévy prasat, nebo mysi
aorty. Bylo prokdzano, ze kvercetin je schopen vyvolat relaxaci u cév kontrahovanych
agonisty o receptorii (fenylefrinem a noradrenalinem), vysokou koncentraci K™ iontl (60-80
mM), nebo angiotensinem II, a to zavisle na koncentraci. Dale byl sledovan vliv
dlouhodobégjsiho piisobeni kvercetinu na vyvolani kontrakce jiz zminénymi latkami, nebo
naopak relaxace kontrahovanych cév acetylcholinem, ¢i nitroprusidem sodnym (Ajay et al.
2003; Herrera et al. 1996; Chen a Pace-Asciak 1996; Li ef al. 2012; Machha a Mustafa 2005;
Perez-Vizcaino et al. 2009).

Pfesny mechanismus ucinku vasodilatacniho piisobeni kvercetinu nebyl dosud
odhalen. Studie, které se touto problematikou zabyvaly, pfinesly rozporuplné poznatky
a poukazuji na né€kolik moznych mechanismi vasodilata¢niho plisobeni. Muze dochazet
k uvolnéni vasodilata¢nich ptisobktl, oxidu dusnatého a prostacyklinu z endotelu cév, coz by
poukazovalo na vasodilata¢ni G€inky zavislé na endotelu. Na druhou stranu je-li latka schopna
vyvolat dilataci u cévy, kde byl endotel odstranén, poukazuje to na ucinky na endotelu
nezavislé. To je i1 ptipad kvercetinu, ale dostupné tidaje nejsou jednotné.

Molekularni mechanismus relaxace na endotelu zavislé zahrnuje navySeni aktivity
endotelové NO-syntdzy (eNOS) a tim nartst produkce NO coz vede k relaxaci cév. Muze
také dochazet ke zvySenému uvolnovani prostacyklinu z endotelu. Tyto vasodilatacni G€inky
mohou byt zablokovany ptfidanim vhodného inhibitoru. Pro studium mechanismu U¢inku
kvercetinu se setkdvame v mnoha clancich s pouzitim inhibitorii inducibilni NO-syntazy a to
nejcastéji s L-NAME (N%-nitro-L-arginine methyl ester) (100 uM) nebo L-NNA (N®-nitro-L-

arginin) (1uM). V piipad¢ preinkubace cévy s timto typem inhibitorli a kvercetinu, doslo
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k snizeni kontraktility cévy (Chen a Pace-Asciak 1996; Khoo et al. 2010). K ovéieni vlivu
kvercetinu na uvolilovani prostacyklinu se pouzivad inhibitor cyklooxygendzy indometacin
v koncentraci 10 uM. Vysledkem je opét pokles kontraktility (Ajay et al. 2003).

Detailnéji byl mechanismus pusobeni popsan s vyuzitim endotelovych bunck
izolovanych z aorty skotu. Po pifidani 50 uM kvercetinu doslo k aktivaci endotelové NO
syntazy prostiednictvim fosforylace Ser!'””. K fosforylaci na Ser''® nebo Thr*’ nedoslo.
Aktivace eNOS kvercetinu je zavisla na davce a probiha velmi rychle. K nejvétsi fosforylaci
dochazi jiz za 5 minut od podédni kvercetinu (Khoo ef al. 2010; Li et al. 2012). Za spusténi
fosforylace eNOS je zodpovédna predevsim aktivace protein kinazy A, k niz dochazi jiz za 2
minuty od podani kvercetinu (Li et al. 2012). Kvercetinem stimulovana fosforylace
endotelové NO syntazy mize byt vSak blokovana navySenim katalazové aktivity uvnitt bunky
(Khoo et al. 2010).

Jak prokéazaly nékteré studie, ani odstranéni, ¢i iimyslné poskozeni endotelu nevedlo
zcela k potlaceni vasorelaxac¢niho u¢inku kvercetinu na kontrahované cévy. Musely vSak byt
pouzity vys$si koncentrace kvercetinu a relaxace probihala pomaleji (Chen a Pace-Asciak
1996). Tyto vysledky ukazuji, Ze vasorelaxace je zpisobena u nizSich koncentraci kvercetinu
na endotelu zavisle, ale pfi pouziti vysSich koncentraci na endotelu nezavisle (Chan et al.
2000).

Kromé zvyseného uvoliiovani vasorelaxacnich pasobku, je kvercetin schopen piimo
ovliviiovat kontrakci. Kontrakce vyvolana agonisty oi-receptori ma dvé faze. Pii aktivaci
receptoru jednak dojde k uvolnéni Ca®" iontd z endoplasmatického retikula do cytoplasmy
ionti do bunky (tzv. udrZzovaci faze). Vapenaté ionty se nasledné vazou na kalmodulin

a vznikly komplex aktivuje lehkofetézovou myosinkindzu, kterd fosforyluje lehké fetézce
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myosinu a umoznuje kontrakci hladkosvalové buiiky cévni stény diky interakci mezi vlakny
myosinu a aktinu (Webb 2003).

Pro mozné sledovani vlivu flavonoidu na uvolnéni vapenatych iontd
z endoplasmatického retikula, bylo nutné omezit vliv extracelularnich Ca®" iontd.
Do Krebsova roztoku byla ptidana kyselina ethylenglykol-bis(B-aminoethyl ether)-N,N,N',N'-
tetraoctova kyselina (EGTA, v koncentraci 0,2 mM) pro chelataci volnych iontii vapniku.
Inkubace cévy v prostfedi s flavonoidem a ndsledné vyvolani kontrakce agonistou oy
receptoru vedlo k snizeni schopnosti cévy kontrahovat (Chan et al. 2000).

Vliv kvercetinu na vstup extracelularniho vapniku byl zkouman opét v Krebsoveé
roztoku, bez obsahu Ca** iontli. Po inkubaci s flavonoidem byl roztok vyménén za roztok bez
Ca®" iontli, zato s vysokou koncentraci K'iontli, které zpiisobuji polarizaci membrany
a napétové fizené Ca’" kandly se oteviou. Pfidini Ca** tak mé&lo vyvolat kontrakci, oviem
pritomnost flavonoidu inhibovala vstup vapniku pies napét'ove fizené kanaly, a tak i kontrakci
(Chan et al. 2000).

Dalsim moznym mechanismem ucinku kvercetinu je inhibice protein kinazy C
a inhibice lehkofetézcové myosin kinazy (Herrera et al. 1996; Perez-Vizcaino et al. 2009).
Pravdépodobny je také inhibicni G€inek kvercetinu na fosfodiesterazy cyklickych nukleotidt

cAMP a cGMP (Duarte ef al. 1993; Herrera et al. 1996).
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1.3.3 Metabolity kvercetinu a jejich vliv na hladky cévni sval

Jak jiz bylo zminéno vyse, k prvnimu metabolismu dochdzi jiz v bunkach tenkého
stieva, nasleduje metabolizace v jatrech. Dochazi ke konjugacnim reakcim, jejichz vysledkem
jsou glukuronidy, methylderivaty a sulfaty kvercetinu.

Methylderivaty kvercetinu tvofenymi u lidi nebo na savCich modelech jsou
isorhamnetin (3’-methoxy-3, 5, 7, 4'-tetrahydroflavon) a tamarixetin (4'-methoxy-3, 5, 7, 3'-
tetrahydroflavon). U lidi dochézi pfedevsim metylaci 3’-OH skupiny a tedy pfednostni tvorbé
isorhamnetinu (Morand ef al. 2000). Vasorelaxac¢ni G€inky isorhamnetinu a tamarixetinu jsou
velmi podobné kvercetinu, a proto mohou byt asponi ¢astecné zodpovédné za antihypertenzni
ucinky ptisuzované kvercetinu (Perez-Vizcaino et al. 2002).

Pti in vitro pokusech plsobil isorhamnetin nezavisle na endotelu, nebot’ ani jeho
odstranéni nebo pouziti inhibitoru cyklooxygenazy (indometacinu) neovlivnilo relaxaci.
Uginnost tohoto metabolitu byla velmi podobnéd u cév kontrahovanych noradrenalinem, KCI,
U46619 nebo phorbolem 12-myristat-13-acetatem. Pravdépodobnym mechanismem je tedy
inhibice proteinkinazy C nebo jiné proteinkinazy regulujici relaxaci hladkého svalstva. Zd4 se
také, Ze neovliviluje signalni drdhy guanylcyklazy, adenylatcyklazy, nebo Na/K ATPazy a
zfejm¢ ani neinteraguje s receptory pro endotelin-1 (Ibarra et al. 2003; Ibarra et al. 2002).
Ackoli kvercetin, isorhamnetin 1 tamarixetin vykazuji siln¢j$i vasorelaxacni ucinek
na odporovych cévach (mesenterickd a kycelni arterie) neZ pruznikovych (hrudni
a abdominalni aorta), selektivita byla signifikantni pouze pro isorhamnetin (Perez-Vizcaino et
al. 2002).

Kvercetin a jeho metylderivaty podstupuji rychlou konjugaci s kyselinou

glukuronouvou a sulfitem. Nejcastéji detekovanymi konjugaty jsou kvercetin-3-O-
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glukuronid, kvercetin-3'-sulfat a isorhamnetin-3-glukuronid (Manach et al. 1998). Témto
metabolitl byl piikladan vasorelaxacni Uc€inek, to se vSak pfi in vitro studiich neprokézalo.
Z4dny ztéchto glukuronidd nedokézal vyvolat relaxaci na potkanich hrudnich aortach
kontrahovanych fenylefrinem (0,1 uM). Stejn¢ tak neovlivnili relaxaci navozenou NO za
fyziologickych podminek (Lodi et al. 2009).

Protoze aglykony kvercetin a jeho metylderivat prokazatelné¢ vykazuji vasorelaxacni
ucinky, ale jejich glukuronidy nikoli, bylo zkouméno, zda mohou byt konjugaty v cévach
dekonjugovany. In vitro experimenty probihaly na mesenterickych cévach inkubovanych po
30 minut s kvercetin-3-O-glukuronidem (100 pM). Tato preinkubace vSak neméla vliv
na naslednou kontrakci navozenou fenylefrinem, zato pii preinkubaci kvercetinem byla
kontrakce silné€ inhibovana. V ptipadé delsi preinkubace (180 min) vykazoval tento metabolit
silny inhibi¢ni efekt, zatimco v ptfitomnosti inhibitoru B glukuronidazy (D-sacharolakton, 300
uM) tento ucinek nebyl nalezen. Autofi této publikace usuzuji, ze kvercetin-3-O-glukuronid
je v mesenteriu enzymaticky dekonjugovan a vznikly kvercetin pak vykazuje vasorelaxaéni
ucinky. Sviij predpoklad si také ovéfili pfi i.v. podani kvercetin-3-O-glukuronidu (1 mg/kg)
potkantim v celkové anestezii, kdy byl pozorovan pokles krevniho tlaku po 60 minuté od
podani, pokles se zastavil az po 100 minutach (Menendez et al. 2011).

Obdobn¢ byly pozorovany i vysledky ve studii Galindo ef al. (2012), kde porovnavali
vasodilata¢ni ptisobeni vSech tii glukuronidii nejen kvercetinu ale i jeho metylderivati na
SHR. Isorhamnetin-3'-glukuronid stejné jako kvercetin-3-O-glukuronid vykazoval v davce
1 mg/kg antihypertenzni ucinky po i.v. podani, které byly signifikantni aZ po delsi dobé
od aplikace (po 1. a 2. hoding), a maximalnich hodnot poklesu krevniho tlaku bylo dosazeno
az ve 3. hodin¢ od podéni (11,4 = 1,8% pro glukuronid isorhamnetinu a 14,9 £ 1,8% po
glukuronid kvercetinu). Po i.v. aplikaci 1 mg/kg posledné¢ jmenovaného byla v krvi

detekovana jeho koncentrace dosahujici koncentraci pfiblizn€ 23 uM a velmi rychle klesala.
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Po ptil hodiné byl v plasmé detekovéan uz jen aglykon kvercetinu a glukuronid isorhamnetinu
(Galindo et al. 2012b)
U ostatnich metabolitl, zejména téch, ktefi jsou tvofeny bakterialni mikroflorou

v tlustém stfeve, nebyla do zah4jeni této studie testovana jejich vasorelaxacni aktivita.

31



b)

d)

2. Cile prace

Hlavnim cilem prace bylo sledovani vlivu polyfenolickych latek na hladky cévni sval in vivo
a in vitro podminkach. Jako modelové latky byly vybrany flavonoidy a kumariny.
Specifickymi cili této prace bylo:

Zjisténi vlivu kvercetinu, jeho metaboliti tvofenych lidskymi enzymy a lidskou mikroflorou
na hladky cévni sval in vitro a u t¢innych latek 1 in vivo

Porovnani ucinki vSech zndmych metaboliti flavonoidil tvofenych lidskou mikroflérou na
hladky cévni sval in vitro a u u¢innych latek i in vivo

Zjisténi mechanismil Gi¢inku ¢innych metabolitii kvercetinu vedoucich ke sniZeni arteridlniho
krevniho tlaku

Analyza soucasnych znalosti tykajicich se vlivu kumarint na hladky cévni sval v in vitro a in

vivo podminkach

Bod d) byl splnén sepsédnim revidlni publikace: Cardiovascular Effects of Coumarins Besides

their Antioxidant Activity — viz str. 132

Cile a-c si vyzadaly komplexné&j$i experimenty a pro lepsi piehlednost byly rozdéleny mezi
body 1-8 (viz také metodicka ¢ast a kapitoly 3.3.1-3.3.8). Cile a) se tykaji body 1, 3,4, 5,6 a

8. Cile b) bod 2 a 6 a cile ¢) bod 7.

In vitro screening vasoaktivnich vlastnosti kvercetinu a jeho zndmych metaboliti na potkani

aorté

2. Invitro screening vasoaktivnich vlastnosti dal§ich metabolit flavonoidl na potkani aorté

3. Porovnani G¢inkt tii u€innych metabolitd kvercetinu in vitro na potkani arteria mesenterica
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4. In vivo UcCinky riznych davek tc¢innych metabolith kvercetinu na krevni tlak

5. Invivo G¢inky infize G¢innych metaboliti kvercetin na krevni tlak (simulace pomalé absorpce
téchto latek z GITu)

6. Invivo analyza krevni tlak snizujiciho vlivu u¢innych metabolitii

6.1 Mozné ovlivnéni srdecni kontraktility a relaxace

6.2 Ovlivnéni Gc¢inkii noradrenalinu

7. Zjisténi mechanismu ucinku 3 u¢innych metabolitli v aorté potkana

8. Oveéfeni ucinku kvercetinu a jeho metabolitu kvercetinu-3-O-glukuronidu na potkanech
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3. Material a metodika

3.1 Zvirata

Samci kmene Wistar:Han byli pofizeni v MediTox (Ceska republika), zatimco
spontann¢ hypertenzni potkani (spontaneously hypertensive rats, SHR) byly zakoupeni
z Charles River (USA) nebo z Akademie véd (Ceska republika). Potkani byli drzeni ve
vivariu Farmaceutické fakulty v konstantnich teplotnich (23 — 25°C) a svételnych (12-h
stiidani den/noc) podminkach. M¢li neomezeny pfistup k potravé i vodé. Tato studie (reg. .
MSMT-7041/2014-10) byla schvalena Odbornou komisi pro zajistovani dobrych Zivotnich

podminek pokusnych zvitat Univerzity Karlovy, Farmaceutické fakulty v Hradci Kralové.

3.2 Chemikalie

Flavonoidy a testované metabolity

Ze Sigma-Aldrich (Némecko) byly zakoupeny nasledujici
2,4-dihydroxyacetofenon

2,4-dihydroxybenzoova

2-hydroxyfenyloctova kyselina
3-(3,4-dihydroxyfenyl)propionova kyselina
3-(4-hydroxyfenyl)propionova kyselina
3,4-dihydroxyfenyloctova kyselina (3,4-DHPA)
3,4-dihydroxyhydroskoticova kyselina/3-(3,4-dihydroxyfenyl)propionova kyselina/
3-fenylpropionova kyselina
3-hydroxy-4-methoxy-fenyloctova kyselina

3-hydroxybenzova kyselina
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4-hydroxybenzoova
4-hydroxyfenyloctova kyselina
4-methoxysalicylova kyselina
4-methylkatechol (3,4-dihydroxytoluen)

e Dbenzoova kyselina

e floroglucinol

e hippurova kyselina

e homovanilinova kyselina

e kvercetin

e pyrogallol

e resorcinol
z Extrasynthese (Francie)

e 3-kumarova kyselina

e kvercetin-3-O-glukuronid

e isorhamnetin

e tamarixetin
z Toronto Research Chemicals (Kanada)

e 3-(3-hydroxyfenyl)propionova kyselina (3-HPPA)

e 3-hydroxyfenyloctova kyselina

Preparat kvercetinu s polymerem urceny ki.v. aplikaci 1 kontrolni polymer byly

pfipraveny na katedfe Chemie a farmacie University v Sassari, Italie (Assoc. Prof. Elisabetta
Gavini, Department of Chemistry and Pharmacy, Universita degli Studi di Sassari). Jeho
piesné slozeni neni mozné v soucasné¢ dobé zveiejnit, tyto vysledky totiz nebyly zatim

publikovany.
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DalSi reagencie

Na piipravu Krebsova roztoku byly pouzity chemikélie od firmy Penta (Ceska republika) a to
jmenovit¢ chlorid sodny, chlorid draselny, chlorid véapenaty, siran hofecnaty,
dihydrogenfosfore¢nan draselny, hydrogenuhlic¢itan sodny a glukdza.

Noradrenalin, acetylcholin, atropin, L-N®-nitroarginin methyl ester (L-NAME), DMSO,

pentobarbital a urethan byly pofizeny od spole¢nosti Sigma-Aldrich (Némecko).

3.3 Metodika

3.3.1 Bod 1 - In vitro screening vasoaktivnich vlastnosti kvercetinu a jeho

znamych metabolitii na potkani aorté

Potkani kmene Wistar:Han byli uvedeni do celkové anestezie i.p. podanym uretanem (1,2
g/kg) a vykrveni. Hrudni ¢ast aorty byla vyjmuta a umisténa na Petriho misku s Krebsovym
roztokem o pH 7,4 (135 mmol/l NaCl, 5,0 mmol/l KCI, 2,5 mmol/l CaClz, 1,3 mmol/l
MgSOy4, 1,2 mmol/l KH2PO4, 20 mmol/l NaHCOs3 a 10 mmol/l glukézy). Po odstranéni okolni
pojivové a tukové tkadné aorty, byla ociSténa céva nastiithana na 4 krouzky, alespon 3 - 4 mm
dlouhé. Takto pfipravené preparaty byly zavéSeny na nosi¢ tkané¢ a hacek spojeny
pievodnikem s poc¢itacem vybavenym S.P.E.L. Advanced Kymograph Software (Experimetria
Ltd, Mad’arsko, Obr. 9). Hacky s cévami byly ponofeny do vodnich lazni s 5 ml Krebsova
roztoku, zahfivanym na 37°C a okysliCovanym (95% Oz /5% CO2). Aortalni krouzky byly
natazeny na 2 g a stabilizovany po dobu 45 minut. V prtibéhu stabilizace byl Krebsiiv roztok
ménén vzdy po deseti minutach. Nésledné bylo ptidano 50 pl noradrenalinu o koncentraci 10
uM (finalni koncentrace v lazni byla 0,1 uM) a pozorovana kontrakce, ktera se stabilizovala

piiblizné za 30 minut. Pro ovéfeni intaktnosti endotelu bylo pfidano do vodni lazn€ 50 pl
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acetylcholinu o koncentraci 10 uM (finalni koncentrace v lazni 0,1 uM). V pfipad¢, ze byl
endotel neporuseny, doslo k relaxaci cévy. Krebstiv roztok byl poté n€kolikrat vymeénén, po
stabilizaci cévy byl opét pifidan NA (50ul, 10 uM) a cekalo se na dosazeni maximalni
kntrakce. Flavonoid nebo jeho metabolity byly rozpustény v DMSO a ptidavany kumulativné
ve vzristajicich koncentracich (107 — 10! M) do vodni 14znég, aby byly dosazeny finalni
koncentrace testované latky od 10° do 10 M. Maximalni koncentrace DMSO v lazni
nepiekrocila v ptipad¢ ucinnych latek 0,1%. Pro zméfeni vasorelaxacnich ucinkl slabSich
latek byly maximalni dosaZena koncentrace DMSO 2%. Pfed ukoncenim experimentu byl do
vodni 1azn¢ pridan nitroprusid sodny (50 pl, 10 uM) pro vyvolani maximalni relaxace. Zména
isotonického napéti cévy byla meéfena za pomoci vySe zminéného softwaru S.P.E.L.

Advanced Kymograph (ptiklad viz Obr. 10).
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Obr. 9. Ukézka zavéSeni aortalniho krouzku (A) a jeho upevnéni ve vodni 14zni (B). Celkovy

vzhled aparatury (uprosted) s termostatem (vlevo), zesilovatem a PC vybavenim (vpravo)

(©).
38



NE 10 uM 1nMm 10nM 100nM 500nM  1pM 5um 10uMm

2,5g

50puM 100umM 500uM 1mM NTS 10 um

NE 10 uM 0,01% 0,1%

2,58

1% 2% NTS 10 pM

Obr. 10. Origindlni zdznam experimentu zobrazujici vasorelaxacni potencidl jednoho
z G¢innych metabolith (3-(3-hydroxyfenyl)propionové kyseliny) (A) a rozpoustédla (DMSO
v Krebsové roztoku) (B) na krouzku potkani aorty. NTS — nitroprusid sodny, NE —

noradrenalin. Obrazek byl pfevzat z publikace Najmanova et al. (2016)
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3.3.2 Bod 2 - In vitro screening vasoaktivnich vlastnosti dalSich metabolita

flavonoidii na potkani aorté

Postup byl stejny jako v piredchozim piipadé. Testovany byly: kyselina benzoova,
3-hydroxy-4-methoxyfenyloctovd kyselina, 2,4-dihydroxybenzoova, 4-hydroxybenzoova,
hippurova  kyselina, 2,4-dihydroxyacetofenon,  resorcinol, = pyrogalol, 3-(3,4-
dihydroxyfenyl)propionova kyselina, 4-metoxysysalicylova kyselina. Rozpoustédlem byl

stejné jako v predchozich ptipadech DMSO.

w7

3.3.3 Bod 3 - Porovnani ucinkii tFi a¢innych metabolita kvercetinu in vitro

na potkani arteria mesenterica

Po vykrveni potkana byla vyjmuta oblast mesenteria. Nejprve byla pretata proximalni
cast tenkého stieva v blizkosti pyloru a pfetaty byly i arteria mesenterica superior odstupujici
z aorty a portdlni zila. Nasledné byla pterusena distalni ¢ast sestupného traéniku, ktery bylo
tteba jesté odstfihnout od zadni stény bfiSni dutiny. Stfeva byla vynata i s oblasti mesenteria a
ponoiena do kadinky s Krebsovym roztokem a nasledné presunuta na podlozku Petriho misky
naplnéné Krebsovym roztokem. Stfeva byla rozprosttena po obvodu misky a upevnéna
jehlami na podlozku (Obr.11A). Primarni mesentericka arterie byla o€isténa od okolni tukové
tkané a nasledné vystfiZzena. OCiSténa céva byla nastiihana na pfiblizné 2 mm dlouhé krouzky
a upevneéna do malé komiirky myografu (Small vessel myographic system, Experimetria Ltd,
Mad’arsko) za pomoci wolframovych dratkit (0,05 mm v priméru, Obr. 11B). Céva byla
napnuta na 1 g a ponechala se stabilizovat v pribehu 20 minut. Krebsiiv roztok byl ménén

kazdych 10 minut. Dale byl postup totozny s vySe zminénym bodem 1 (kapitola 3.3.1)
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Obr. 11. Cévy mezenteria a upevnéni arteria mesenterica do pristroje. Potkani stfeva jsou
rozprostiena po obvodu misky, z nich odstupuji sekundérni mesenterické arterie, které se
napojuji na primarni mesenterickou arterii obalenou tukovym polstafem (A). Upevnéni

mesenterického krouzku do myografu, za pomoci wolframovych dratkd (B).

3.3.4 Bod 4 - In vivo uclinky ruznych davek acinnych metabolitii kvercetinu

na Krevni tlak

Samci potkanti kmene SHR byli uvedeni do celkové anestezie pentobarbitalem
(50 mg/kg). Nasledné byla provedena kanylace levé kycelni arterie (arteria illiaca), do které
byl zaveden mé&fi¢ tlaku (MLTO0380/D, PowerLab, AdInstruments, Australie) naplnény
heparinizovanym fyziologickym roztokem (1%). Povrchova Zila levé dolni koncetiny (vena
saphena) byla kanylovana a provadéla se do ni aplikace fyziologického roztoku a poté

aplikace zvySujicich se jednotlivych davek metabolitl rozpusténych ve fyziologickém
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roztoku. Podavanymi davkami byly 0,2 mg/kg, 0,5 mg/kg, 1 mg/kg, 2,5 mg/kg, 5 mg/kg, 10
mg/kg a 25 mg/kg. Po aplikaci fyziologického roztoku i jednotlivych davek metabolitii, byla
kanyla vzdy proplachnuta 50 pl heparinizovan¢ho fyziologického roztoku (1%) a to do 15
sekund od ukonceni aplikace. Mezi jednotlivymi aplikacemi se c¢ekalo tak dlouho, dokud
nebyl krevni tlak ustalen po dobu 5 minut. VSechny roztoky aplikované do téla potkana byly
zahtaty na télesnou teplotu ve vodni lazni (37°C). Arteridlni krevni tlak i1 srde¢ni frekvence
byly méfeny a zaznamendny pomoci systému PowerLab (AdInstruments, Australie). Méfeni

probihala na 4-7 potkanech pro kazdou latku.

3.3.5 Bod S - In vivo ucinky infuze u¢innym metabolity kvercetinu na krevni

tlak (simulace pomalé absorpce téchto latek z GITu)

Napodobeni pomalé kontinudlni absorpce U¢innych metaboliti kvercetinu z traviciho
traktu bylo testovano na SHR pomoci pomalé intraven6zni infuze. Potkanim SHR byl stejné
jako v ptedchozim pokuse zaveden do levé kycelni arterie mefic tlaku a do levé vena saphena
byla zavedena kanyla pro aplikaci roztokd. Roztoky se aplikovaly pomoci infuzni pumpy
“Genie” (Kentsyringe pump, KentScientificCorporation, USA). Nejprve bylo aplikovano 0,25
ml fyziologického roztoku v pribéhu 5 minut a po proplachu kanyly 50 pl heparinizovaného
fyziologického roztoku a stabilizaci tlaku se zacalo s aplikaci u¢innych latek a to v davkach
0,25 mg/kg/50ul/min, 1 mg/kg/50ul/min a 5 mg/kg/50ul/min v pribéhu péti minut. Mezi
jednotlivymi davkami bylo opét ¢ekdno na stabilizaci hemodynamickych parametrd, které
musely byt stabilni po dobu 5 minut pied aplikaci dal$i infize. Méfeni probihala na 4-6

potkanech pro kazdou latku.
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3.3.6 Bod 6 - In vivo analyza krevni tlak sniZujiciho vlivu u¢innych

metabolita

Sledovani viivu testovanych latek na srdecni kontraktilitu a relaxaci
Zvitata, anestezie a priprava méreni

13 potkant Wistar:Han bylo nejdiive anestezovano urtehanem (1.2 g/kg i.p.). Podobné
jako v ptedchozich postupech byla nejdiive vypreparovana arteria illiaca communis a spojena
s tlakovym pfevodnikem pro méteni krevniho tlaku. V dalSim kroku byla vypreparovana cast
pravé spolecné karotidy (arteria carotis communis) a byl do ni zaveden tlak-objem méfici
katetr (Millar pressure-volume-catheter SPR-838 2F, 4E, 9 mm; Millar Instruments Inc.,
USA, Obr. 12). Katetr byl za sledovani zdznamu zaveden az do levé komory (Obr. 13).
Spravnost zavedeni byla ovéfena podle zdznamu (viz Obr. 14). Dal§im krokem bylo zavedeni
jehly do vena saphena dextra a nakonec byly pfipojeny EKG jehel pro svod II. Poté bylo
zvife ponechano 15 minut, aby se stabilizovaly hemodynamické parametry. Po tomto obdobi
byla nejdiive provedena kalibrace méfeni objemu. Pfistroj totiz méti objem nejdiive jako
napéti a prevadi je na tzv. relativni objemové jednotky, které je nutné pievést na skutecny
objem krve v objemovych jednotich (ul) dvoji kalibraci. Prvni kalibrace je nutna
k odfiltrovani elektrického pole okolnich struktur (napt. pravé komory, plic). Zahrnuje podani
20 pl 25% w/w roztoku chloridu sodného s 900 IU/ml heparinu. Podanim tohoto
hypertonického roztoku se kratkodobé zméni elektrické vlastnosti krve a umozni se tak
odecteni intenzity elektrického pole, kterd nesouvisi s krvi. Detailni postup kalibrace
provadény pii nasich experimentech, vcetné jeho zdivodnéni, byl publikovan nasi skupinou
v préaci (Filipsky et al. 2012). Druh4 kalibrace se provadi na konci experimentu a zahrnuje

prosty ptevod relativnich objemovych jednotek na pl (viz Obr. 15).
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Vlastni méreni

Po ukonceni objemové kalibrace se zvife nechd po dobu 5 minut bez zéasaht, poté se
postupné aplikoval jehlou do vena saphena nejdiive fyziologicky roztok a poté testované latky
v koncentracich jako v pfedchozim experimentu, tj. od 0.2 mg/kg do 25 mg/kg. Dalsi davka
byla vzdy podana az poté, co byl hemodynamicky zdznam 5 minut stabilni. Po posledni davce
byl jesté odebran cca 1 ml krve ze sestupné aorty na kalibraci (viz vyse). Experiment byl
ukoncen aplikaci 1 ml 1 M vodného roztoku KCl do vena saphena.
Vyhodnoceni

Vyhodnoceni maximalnich a miniméalnich tlakli v komoie, tepového objemu i parametrii
kontraktility a relaxace bylo provedeno pomoci standardnich postupi v programu PVAN
software version 3.6 (Millar Instruments). Vypocet parametru T probéhl pomoci Weissova

postupu (Weiss et al. 1976).

Obr. 12. Tlakové-objemovy katetr SPR-838. Obrazek byl pfevzat z www.millar.com

(http://millar.com/products/research/pressure-volume/pressure-volume-catheters/spr-838).
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vana saphena

5
-

rteria iliaca

commumnis sinistra

Obr. 13. Shrnuti experimentu pro zjiSténi vlivu na srdefni kontrakci a relaxaci.
Zobrazeni zavedeni tlak-objem méficiho katetru do levé komory pies arteria carotis
communis, tlakového ptevodniku do arteria illiaca communis sinistra a vena saphena pro

ucely kalibrace a aplikace jednotlivych davek.
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Obr. 14. Zavadéni katedru do levé potkani komory. Horni zdznamy jsou tlakové kiivky

(mmHg), dolni zdznam objemové kiivky v relativnich objemovych jednotkach (relative

volume units, RVU). Katetr nejdtive prochazi arteria carotis communis a aortalni obloukem

(A, tlakovy zdznam ukazuje arteridlni krevni tlak, systolicky tlak 130 mmHg a diastolicky 90

mmHg), jakmile projde aortalni chlopni, diastolicky tlak okamzité poklesne témét k 0 mmHg

(B, tlak v komofe na konci faze isovolumické relaxace) zatimco systolickd hodnota se

neméni. Objemovy zdznam je ale nutné jeSt¢ drobnym posunem katetru doladit, az se objevi

objemova kiivka (viz ¢ast C).
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Obr. 15. Kalibraéni set pro prevod relativnich objemovych jednotek na pl. Do malych
prostor s piesn¢ znamym objemem v kalibracnim setu se napipetuje krev, poté se do nich
postupn¢ zavede tlakové-objemovy katetr a zméii se zdznam. Obrazek byl pievzat z

www.millar.com

(http://millar.com/mpvs_training_cd/FlashHelp/operation/volume cuvette calibration.htm).
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Ovlivnéni ucinkit noradrenalinu

15 samct potkani kmene Wistar:Han bylo anestezovano uretanem (1,2 g/kg). Nasledné
byla opét provedena kanylace levé kycelni arterie, do které byl zaveden tlakovy pievodnik
MLTO0380/D naplnény heparinizovanym fyziologickym roztokem (1%). Dalsi kanyly byly
zavedeny do povrchové Zily levé dolni konCetiny (vena saphena) a do pravé hrdelni zily (vena
jugularis). Po stabilizaci tlaku potkana, byl zapocat pokus aplikaci 100 ng/kg NA
Hamiltonovou pipetou pies kanylu zavedenou do hrdelni Zily a do 15 sekund od ukonceni
aplikace NA, byla kanyla proplachnuta 50 pl heparinizovaného fyziologického roztoku. Po 3
minutdch nebo poté, co byl krevni tlak stabilizovan, byl znovu aplikovan NA, ale tentokrat ve
vyssi davee 500 ng/kg. Nasledné byla aplikace obéma koncentracemi NA opakovana. Po péti
minutdch, nebo po ustdleni hodnot krevniho tlaku, bylo aplikovano nejprve 0,1 ml
fyziologického roztoku do kanyly v dolni koncetiné a kanyla byla opét proplachnuta 50 pl
heparinizovaného fyziologického roztoku. Po stabilizaci tlaku byly aplikovany obé davky
NA. Dale se pokracovalo stejné, ale misto fyziologického roztoku byl aplikovan roztok
metabolitu a to ve vzristajicich davkach od 0,2 mg/kg do 25 mg/kg ve stejnych objemech
jako fyziologicky roztok s vyjimkou nejvyss$i davky (z diivodu nerozpustnosti byl pouzit
objem 0,2 ml). Uginky kazdého z metaboliti byly testovany na 3 - 5 potkanech a 3 byli

kontrolni.
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3.3.7 Bod 7 - Zjisténi mechanismu ucinku 3 ucinnych metabolita v aorté

potkana

Mechanismus uc¢inku kvercetinu a vybranych metaboliti byl zjistovan na cévé
s endotelem 1 bez endotelu. U cév s endotelem byla sledovana relaxace za piitomnosti
blokatoru NO syntdzy (L-NAME) a antagonisty muskarinovych receptort (atropin). Cévy
byly pfipraveny stejnym zpiisobem, jaky je popsan vyse (bod 1 — kapitola 3.3.1). U cév bez
endotelu byl pred umisténim do aparatury odstranén endotel za pomoci zubni nité, kterd se
provlékla lumen cév.

Utinnost odstranéni endotelu za pomoci zubni nité byla ovéfena histologicky (Obr.
16). Aortalni krouzky byly zafixovany ponofenim do studeného 3% glutaraldehydu
a nasledné v 1% OsO4 (oboji ve fosfdtovém pufru o pH 7,2 — 7,4), dehydratovany v acetonu
a propylenoxidu a vlozeny do pryskyfi¢cné smési Durcupan ACM a Epon 812. Preparaty byly
nafezdny na ultramikrotomu LKB na 1 pm useky a obarveny toluidinovou modfi. Preparaty
byly prohlédnuty pod mikroskopem OLYMPUS PROVIS AX-70 s digitalni kamerou Prog
Res CT 3 (Jenoptik,Vitana Corporation, Kanada) a procesorem na analyzu snimkii NIS —
ELEMENTS AR 4.00.11.

V ptipadé pouziti L-NAME nebo atropinu byly cévy pted pfidanim druhé koncentrace
NA inkubovany v Krebsovée roztoku s L-NAME (100 uM) a s atropinem (50 uM) po dobu 30

minut. Nasledny postup byl totozny s vySe zminénym.
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Obr. 16. Histologické preparaty: Aorta s intaktnim endotelem (A) a aorta s mechanicky

odstranénym endotelem (B). Obrazek byl ptevzat z publikace Najmanova et al., 2016.

3.3.8 Bod 8 - Ovéreni u¢inku kvercetinu a jeho metabolitu kvercetinu-3-O-

glukuronidu na potkanech

Podani kvercetinu i.v. potkaniim

Kvercetin vdzany na polymer byl rozpustén ve fyziologickém roztoku a podéan ctyfem
SHR potkaniim v jednotlivych davkach (0,05 mg/kg, 0,1 mg/kg, 0,2 mg/kg, 0,5 mg/kg, 1
mg/kg, 2,5 mg/kg a 5 mg/kg). Samotny polymer byl ve stejnych davkach poddn dvéma SHR.
Aplikovan byl stejné jako v predchozich experimentech po nutné chirurgické piiprave
v celkové anestezii (pentobarbital) do povrchové Zily levé dolni koncetiny a i v tomto ptipadé

byla sledovéna okamzitd zména tlaku a srde¢ni frekvence.
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Podani kvercetin-3-O-glukuronidu potkaniim i.v. — okamZity a dlouhodoby

vliv na tlak krve

Kvercetin-3-O-glukuronid byl podan tfem SHR potkaniim v jednotlivych davkach,
kdy se stejné jak v predeslych experimentech sledoval okamzity vliv na tlak krve a srdecni
frekvenci. Latka rozpusténa ve fyziologickém roztoku byla podana kanylou do povrchové zily
levé dolni koncetiny a to v davkach 0,01 mg/kg, 0,02 mg/kg, 0,1 mg/kg, 0,5 mg/kg, 1 mg/kg,
2,5 mg/kg a 5 mg/kg. Davky od 0,01 az po 2,5 mg/kg byly podany tiem potkantim. Posledni
davka byla testovana pouze na jednom z nich. Roztoky v téchto davkach byly pfipraveny pred
zapocetim experimentu.

Nésledné byly znovu cerstvé pfipraveny posledni dvé davky, které byly ihned po
nafedéni aplikovany potkaniim (davka 2,5 mg/kg byla aplikovany pouze jednomu zvifeti,
davka 5 mg/kg dvéma).

Dale byl sledovan dlouhodoby vliv na tlak krve i srde¢ni frekvenci po aplikaci davky 5
mg/kg. Kvercetin-3-O-glukuronid byl aplikovan 3 potkaniim, dal§im tfem byl aplikovan
fyziologicky roztok a slouzili jako kontrolni skupina. Experiment probihal pod dobu 4 hodin

v celkové anestezii navozené a udrZzované podanim pentobarbitalu.

Neinvazivni mérenit krevniho tlaku po i.v. aplikaci kvercetinu vazaného na
polymer

Neinvazivni méfeni tlaku krve se provadélo na dvanacti SHR, kteti byly znehybnéni
v plastové kleci. Pred zapocetim téchto experimentl, bylo nutné trénovat potkany na pobyt
v plastovych klecich a na pfitomnost okluzni manzety. Tento vycvik trval dva tydny.

V den experimentu byl potkan umistén do plastové klece. V pribéhu jejich
aklimatizace, kterd trvala 5 — 10 minut, byl ponofen jejich ocas do teplé vody, kterd zpiisobila
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dilataci cév, a ocistén. Do dilatované ocasni zily bylo aplikovano 5 mg/kg kvercetinu
navazaného na polymer, nebo polymer samotny. Jak smés kvercetinu s polymerem, nebo
polymer samotny, byly pifed podanim rozpusStény ve fyziologickém roztoku. Latky byly
aplikovany v objemu 0,3 ml.

Ihned po aplikaci, byla cela pfedni Cast plastové klece zakryta, aby byl snizen vliv
vngjsich stimull a na proximalni ¢ast ocasu potkana byla nasazena okluzni manzeta s pulznim
prevodnikem IN125 INBP Controller (ADInstruments Pty Ltd., Bella Vista, NSW 2153,
Austrélie) Tento pfistroj pro méfeni tlaku krve a pulzu byl spojen pies PowerLab high-
performance data acquisition hardware (PowerLab 8/30, ADInstruments Pty Ltd., Bella Vista,
NSW 2153, Australie) s pocitacem s LabChart softwarem.

V priabéhu prvnich deseti minut od aplikace byl méfen krevni tlak a pulz kazdou
minutu a pak kazdych 15 minut, 20 minut, 25 minut, 30 minut a 60 minut. Dal§i méteni
probéhlo po 12 h, 24 h, 36 h, 48 h a 72 h. Potkani méli s vyjimkou Gvodnich 30 minut plny

ptistup k vod¢ a potrave.

3.4 Statisticka analyza

Vysledky jsou uvedeny jako primér + smérodatna odchylka (standard deviation, SD) s
vyjimkou in vitro experimentl s isolovanymi cévami, kde jsou zobrazeny podle bézného
pouzivani u tohoto typu experimentu jako primér + standardni chyba primeéru (standard error
mean, SEM). Pro statistické porovnani byl pouZzit program GraphPad Prism version 6.0
(GraphPad Software, USA). V zévislosti na typu experimentu byly pouzity nasledujici testy:
obousmérnd ANOVA s post hoc analyzou podle Sidaka, a jednosmérna ANOVA s post hoc
analyzou podle Dunneta a linedrni regrese. V piipad€ vasodilatacnich kiivek byly pro
porovnani pouzity 95% konfidenéni intervaly a koncentrace vyvolavajici 50% tcinek (ECso).
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4. Vysledky

4.1 Bod 1 - In vitro screening vasoaktivnich vlastnosti kvercetinu a jeho

znamych metabolitii na potkani aorté

Noradrenalin zpisobil dlouhodobou a stabilni kontrakci u cév s neporusenym
endotelem. Nasledné ptidavani kumulativnich déavek kvercetinu a jeho metabolitt v davkach,
které¢ vedly k dosazeni koncentraci testovanych latek od 10 nM az do 100 uM, ptipadné 1
mM, mélo za nasledek davkové zavislou vasodilataci v rizném rozsahu. Kvercetin, jeho
methylderivaty isorhamnetin a tamarixetin, 3-(3-hydroxyfenyl)propionova kyselina (3-
HPPA), 3,4-dihydroxyfenyloctova kyselina (3,4-DHPA), 3-kumarova kyselina, 3,4-
dihydroxyhydroskoticova kyselina (3,4-DHCA) a 4-methylkatechol navodily maximalni,
tj. 90-100% relaxaci cévy (Obr. 17 a 18).

Nejucinngjsi strukturou byla 3-HPPA, kterd zpusobila ¢astecnou relaxaci uz pii davce
100 nM, zatimco kvercetin zacal relaxovat cévu pifi davce 5 krat vétsi. Methylderivaty
isorhamnetin a tamarixetin spole¢n¢ s 4-methylkatecholem vykazovaly podobné
vasorelaxacéni UC€inky jako kvercetin. Na druhou stranu 3-kumarové kyselina a 3-(3,4-
dihydroxyphenyl)propionovd kyselina relaxovaly cévu az pii vysSich koncentracich.
3-hydroxyfenyloctova kyselina, 3-hydroxybenzoova kyselina a floroglucinol relaxovali cévu
v menSim rozsahu a pii vySSich koncentracich, zatimco ostatni testované latky
homovanilinova  kyselina,  kvercetin-3-O-glukuronid, = 3-fenylpropionovd  kyselina,
2-hydroxyfenyloctova kyselina, 4-hydroxyfenyloctova kyselina a 3-(4-
hydroxyfenyl)propionovd kyselina méli vasorelaxacni potencial podobny rozpoustédlu
(Obr. 17A a 19).

Porovnanim 95% konfidenc¢nich intervali vaskularni reaktivity ziskdme tuto

posloupnost: 3-HPPA > tamarixetin = isorhamnetin = kvercetin = 3,4-DHPA = 4-
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metylkatechol = 3-hydroxyfenyloctova kyselina > 3-hydroxybenzoova = floroglucinol > 3,4-
DHCA > rozpoustédlo.
Pfi porovnani G¢inné koncentrace vedouci k 50% relaxaci cév (ECso) byla posloupnost

podobna, ale ne identicka (Obr. 20).
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Obr. 17. Porovnani vasorelaxa¢nich ucdinku vzrustajicich davek kvercetinu a jeho
metaboliti na potkani aorté kontrahované noradrenalinem (10 pM). A: methylderivaty
kvercetinu a kvercetin-3-O-glukuronid a B: derivaty kyseliny propionové. 3-HPPA = 3-(3-
hydroxyfenyl)propionové kyselina, 3,4-DHCA = 3,4-dihydroxyhydroskoficova kyselina.
Kazda kiivka je tvofena primérem z nejméné tfi méteni na aortalnich krouzcich. Data jsou

prezentovana jako primér + SEM. Koncentrace DMSO je zobrazena v procentech pod osou x.
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Obr. 18. Porovnani vasorelaxa¢nich ucdinku vzrustajicich davek kvercetinu a jeho
metaboliti na potkani aorté kontrahované noradrenalinem (10 pM). A: derivaty kyseliny
octové a B: derivaty kyseliny benzoové a fenolu. 3,4-DHPA = 3,4-dihydroxyfenyloctova
kyselina, 3-HPA = 3-hydroxyfenyloctova kyselina. Kazda kiivka je tvofena primérem
z nejmén¢ tii méfeni na aortalnich krouZzcich. Data jsou prezentovana jako pramér = SEM.

Koncentrace DMSO je zobrazena v procentech pod osou x.
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Obr. 19. Vasorelaxa¢ni ucinky ostatnich metabolitii kvercetinu na potkani aorté
kontrahované NA (10 uM). Kazda kiivka je tvofena primérem z méfeni na tfech aortalnich

krouZcich. Data jsou prezentovana jako primér = SEM. Koncentrace DMSO je zobrazena

v procentech pod osou x.
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Obr. 20. Porovnani ECso vasodilatacnich ucinki kvercetinu a jeho metaboliti na

potkani aorté. Hodnoty ECso jsou zobrazeny s 95% konfiden¢nim intervalem. Latky, které

nebyly uU¢inné (3-fenylpropionovd kyselina,

2-hydroxyfenylpropionova kyselina,

hydroxyfenyloctovd kyselina a 3-(4-hydroxyfenyl)propionova kyselina) nejsou v grafu

zobrazeny.
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4.2 Bod 2 - In vitro screening vasoaktivnich vlastnosti dalSich metabolitt

flavonoidii na potkani aorté

Pfi testovani ostatnich znamych metaboliti flavonoidii tvofenych mikroflérou nebyla
nalezena zadna latka, kterd by byla stejn€ nebo vice u€inna nez kvercetin. VéEtsina testovanych
latek méla velmi maly vliv na vyvolani relaxace. Jimi vyvolana vasodilatace neptekrocila
20% a to ani pii nejvysSich davkach (100 uM a 1 mM). Posledn¢ jmenované koncentrace
nejsou ani dosazitelné v redlnych biologickych podminkach. Za povSimnuti stoji jesté

pyrogalol, ktery na misto relaxace cévu mirn¢€ kontrahoval. Shrnuti je v Obr. 21.
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Obr. 21. Vasorelaxa¢ni ucinky ostatnich znamych metaboliti flavonoidii na potkani
aorté kontrahované NA (10 pM). Kazda kiivka je tvofena primérem ze tii méfeni na
aortalnich krouzcich. Data jsou prezentovéana jako primér + SEM. Koncentrace DMSO je

zobrazena v procentech pod osou Xx.
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4.3 Bod 3 - Porovnani ucinki tfi u¢innych metaboliti kvercetinu in vitro na

potkani arteria mesenterica

3-HPPA, ktera byla nejucinn€j$i na aorté, vykazovala mnohem mensi schopnost
relaxovat mesenterické arterie. Vasodilatace zaCala az pti davce 25 uM a navozena relaxace
dosédhla v priméru 60%. Oproti tomu 3,4-DHPA zacala kontrahovat signifikantn¢ uz pii 10
uM a stejné jako na aorté dosahla maximalni relaxace. U¢inek 4-methylkatecholu byl

podobny ale nizsi pti koncentraci 10 uM. Relaxacni kiivky jsou shrnuty v Obr. 22.
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Obr. 22. Porovnani vasorelaxa¢nich ucinki tfi ucinnych metaboliti na krouZcich
mesenterické arterie. Kazda kiivka je tvofena primérem z 6 az 15 méfeni. Data jsou

prezentovana jako prameér + SEM.
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4.4 Bod 4 - In vivo G¢inky riznych davek u¢innych metaboliti kvercetinu

na krevni tlak

Po aplikaci zvySujicich se davek 3-HPPA, 3,4-DHPA a 4-methylkatecholu doslo
k postupnému snizeni jak systolického, tak diastolického krevniho tlaku (Obr. 23). Systolicky
tlak klesl signifikantn¢ uz po davce 2,5 mg/kg u 3-HPPA a 4-methylkatecholu a 5 mg/kg
u 3,4-DHPA (Obr. 23). Diastolicky tlak u 4-methylkatecholu dokonce po davce 1 mg/kg (Obr.
24C). U 3-HPPA to bylo po déavce 2,5 mg/kg zatimco u 3,4-DHPA az pfi podani 10 mg/kg
(Obr. 24AB).

Pii vzdjemném porovnédni antihypertenzniho plsobeni téchto tfi metabolitl, doslo
k nejvétsimu poklesu systolického i diastolického tlaku krve pii podani 4-metylkatecholu a to
zejména pii poslednich dvou davkach 10 a 25 mg/kg (Obr. 25). Ani jedna latka signifikantné

neovlivnila srde¢ni frekvenci (Obr. 26).
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Obr. 23. Vliv vzristajicich diavek metaboliti kvercetinu na systolicky krevni tlak
Wistar:Han potkant. A: 3-HPPA (n =5), B: 3,4-DHPA (n =4), C: 4-metylkatechol (n = 7),

* p<0.05, ** p<0.01, *** p<0.001 vs. cas 0.
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Obr. 24. Vliv vzristajicich diavek metaboliti kvercetinu na diastolicky krevni tlak
Wistar:Han potkant. A: 3-HPPA (n =5), B: 3,4-DHPA (n =4), C: 4-metylkatechol (n = 7),

* p<0.05, ** p<0.01, *** p<0.001 vs. cas 0.
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Obr. 25. Porovnani poklesu systolického (A) a diastolického (B) tlaku krve po aplikaci 3-

HPPA, 3,4-DHPA a 4-metylkatecholu (4-MC).
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Obr. 26. Zména srdecni frekvence po aplikaci 3-HPPA (A), 3,4-DHPA (B) a 4-

methylkatecholu (C).
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4.5 Bod 5 - In vivo a¢inky infaze ucinnych metabolitii kvercetin na krevni

tlak (imitace pomalé absorpce téchto latek z GITu)

Pro simulovani pomalého vstiebavani metabolith z tlustého stfeva byly aplikovany
pétiminutové infize. Nejprve bylo aplikovano 250 ul fyziologického roztoku v pribéhu 5
minut. Dale byly podany metabolity v davkéach 0,25 mg/kg rychlosti 50 pl/min a v davkach 1
mg/kg a 5 mg/kg stejnou rychlosti. Statistické vyznamnosti ve sniZzeni arterialniho krevniho
tlaku dosahly ale vSechny latky jen pifi nejvyssi rychlosti infize (5 mg béhem 5 minut,
rychlost 50 puL roztoku za minutu). U 3-HPPA doslo ke sniZeni arterialniho krevniho tlaku
piiblizn€¢ po prvni minuté s maximem poklesu v 90 vtefiné, poté se krevni tlak postupné
vyrovnal (Obr. 27). 3,4-DHPA vyvolala signifikantni pokles systolického i diastolického tlaku
doslo jiz po 40 vtetfinach od zahajeni aplikace a tento pokles trval az 2 minuty, k dal§imu
kratkodobé&jsimu poklesu systolického tlaku doSlo po cca 4 minutach (Obr. 28). Pokles
systolického 1 diastolického tlaku byl pti podéni 4-MC méné razantni (Obr. 29). Signifikantni
pokles nastal aZ po dvou minutach a netrval déle nez 40 vtefin u systolického tlaku krve, u
diastolického nastal signifikantni pokles po cca 2 minutach a trval pouze 6 s. U Zadné z téchto
latek nedoslo k vyznamné zménég srdecni frekvence (Obr. 27-29C). Pies vySe uvedené rozdily
nebyly mezi jednotlivymi metabolity nalezeny rozdily ve vysi maximalniho poklesu krevniho
tlaku (Obr. 30). Pokles krevniho tlaku mél ale u vSech latek davkove zavisly charakter (Obr.

31).
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Obr. 27. Vliv infuze 3-HPPA na arterialni krevni tlak (A,B) a srde¢ni frekvenci (C) u 5 -

6 SHR.
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Obr. 29. Vliv inflize 4-methylkatecholem na arterialni krevni tlak (A,B) a srdecni

frekvenci (C) u 5 SHR.
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Obr. 31. Davkové zavisly pokles krevniho tlak ve vztahu k podané davce v infizi.
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4.6 Bod 6 - In vivo analyza krevni tlak sniZujiciho vlivu u¢innych metaboliti

4.6.1 Sledovani vlivu na srdecni kontraktilitu a relaxaci

Vzhledem k tomu, ze pokles krevniho tlaku pozorovany na celotélové urovni u potkant
muze byt zpusoben také poklesem srde¢ni Cinnosti, byl do levé komory zaveden katetr
k méfeni zmén tlaku a objemu krve. Timto zplisobem jsme ziskali data o tepovém objemu
a zménach maximalniho a minimdlniho tlaku v levé komote. Ani u jedné latky nepoklesl
vyznamné tepovy objem (Obr. 32). Naopak u vsech latek byl pozorovan davkove zavisly
pokles maximalniho tlaku v levé komote (Obr. 33). U minimalniho tlaku v diastole v levé
komofe byly zaznamenany minimalni zmény, i kdyz vyjimecné nckteré z nich dosahly

statistické vyznamnosti (Obr. 34).
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Obr. 32. Vliv ruznych davek testovanych metaboliti na tepovy objem. A: 3-HPPA

(n=5), B: 3,4-DHPA (n = 3) a C: 4-methylkatechol (n = 3)
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Obr. 33. Vliv riiznych davek testovanych metaboliti na maximalni tlak (béhem systoly)
v levé komore. A: 3-HPPA (n = 5), B: 3,4-DHPA (n = 3) a C: 4-methylkatechol (n = 3). *

p<0.05, ** p<0.01, *** p<0.001 cas 0.
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Obr. 34. Vliv riznych davek testovanych metaboliti na zménu minimalniho tlaku
béhem diastoly vlevé komore. A: 3-HPPA (n = 5), B: 34-DHPA (n = 3) a C: 4-

methylkatechol (n = 3). * p<0.05 ¢as 0.
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Vzhledem k poklesu nejvyssSiho dosazeného tlaku v levé komotfe a malym zménam
v minimalnim tlaku byly nejdfive dal$i matematickou analyzou vyhodnoceny zékladni
parametry srde¢ni kontraktility (maximalni rychlost vzestupu tlaku v levé komote, dpdtmax)
a relaxace (maximalni rychlost poklesu tlaku v levé komote, dpdtmin). Detailnéjsi vysvétleni

téchto pojmu v Obr. 35.
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50 -

dpdt max h

B 1000 - i
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= =
E |
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0 - p——
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!
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Obr. 35. K¥ivka tlaku v levé komoie a prvni derivace ve vztahu k ¢asu. A: zaznam tlaku
v levé komote, B: prvni derivace tlaku v levé komote ve vztahu v ¢asu. Zluté je zobrazena
oblast isovolumické kontrakce, ve které rychle stoupa tlak v komote a nachazi se tam také
maximalni rychlost vzestupu tlaku (dpdtmax). Zelena oblast zndzorfiuje isovolumickou
relaxaci. V této fazi klesa fyziologicky rychle tlak uvnitf komory a lze zde urcit tedy

maximalni rychlost poklesu krevniho tlaku (dpdtmin).
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Vsechny latky vedly k ur¢itému poklesu v dpdtmax, zejména ve vysSich davkach (Obr.

36) a zejména 3-HPPA a 4-methylkatechol i dpdtmin (Obr. 37).
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Obr. 36. Vliv riznych davek testovanych metaboliti na dpdtmax. A: 3-HPPA (n = 5), B:

3,4-DHPA (n = 3) a C: 4-methylkatechol (n = 3). * p<0.05, ** p<0.01, *** p<0.001 vs. ¢as 0.
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Obr. 37. Vliv riznych davek testovanych metaboliti na dpdtmin. A: 3-HPPA (n = 5), B:

3,4-DHPA (n = 3) a C: 4-methylkatechol (n = 3). * p<0.05, ** p<0.01, *** p<0.001 vs. ¢as 0.
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Tyto jednoduché parametry kontrakce a relaxace jsou ale zavislé na zménach
v objemu krve a tlaku v levé komote (Kass et al. 1987) a tedy mohou odrazet i zmény
v periferii (jako snizeni navratu krve do srdce, zvySeny nebo sniZzeny odpor periferniho
feCist€). Pro omezeni téchto vlivii na parametr kontrakce se ukézalo jako vhodné vydélit
dpdtmax objemem krve na konci diastoly (Vend) nebo tlakem, pfi kterém je dosazeno maximalni
rychlosti vzestupu tlaku (dpdtmax) pmax. Oba tyto postupy ukazaly, ze kontraktilita neni
testovanymi latkami ovlivnéna snad s vyjimkou nejvyssi davky 4-methylkatecholu (Obr. 38 a
39).

V piipad¢ relaxace nejsou podobné kalkulace dostatecné a je tfeba pouzit velmi
sofistikovany matematicky pfistup. Vysledkem je stanoveni hodnoty t, tedy ¢asové konstanty
poklesu tlaku v isovolumické fazi (Weiss ef al. 1976). I zde se ukdzalo, Ze testované latky
neovliviiuji relaxaci levé komory u potkanil s vyjimkou nejvyssi davky 4-methykatecholu

(Obr. 40)
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Obr. 38. Vliv riznych davek testovanych metabolitii na dpdtmax vydéleny hodnotou tlaku
dosaZzenou v tomto maximu. A: 3-HPPA (n = 5), B: 34-DHPA (n = 3) a C: 4-
methylkatechol (n = 3).
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Obr. 39. Vliv ruznych davek testovanych metaboliti na dpdtmax vydéleny hodnotou
objemu na konci diastoly. A: 3-HPPA (n = 5), B: 3,4-DHPA (n = 3) a C: 4-methylkatechol

(n=3). ** p<0.01 vs. ¢as 0.

82



A 207

[%]
-
o

1

zména t

o

g

—c—]

———
—e—i

] ==
:*

davka [mg.kg™']

Y

20-
= 10
[ od
©
85
E ()Ei ...... { ..... !. ...... '{ ..... I ....... }
-10 1 T ] | T T T

davka [mg.kg™]

1 O

[%
-
o

1

zména 1
o
¢
=
re-
—c—
o
——i
e

0 0.2 0.5 1 25 5§ 10 25
davka [mg.kg™']
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4.6.2 Ovlivnéni ucinku noradrenalinu

Utinky viech ¥ metaboliti byly testovany na Wistar:Han potkanech, kterym byly
aplikovany davky NA. Nasledn¢ byl sledovan vliv uc¢innych metabolitd na krevni tlak.
V souladu s piechozimi vysledky, aplikace testovanych latek pied noradrenalinem vedly
k poklesu arteridlniho krevniho tlaku (Obr. 41 - 42) bez vlivu na srde¢ni frekvenci s vyjimkou
nejvyssich davek 3-HPPA a 4-methylkatecholu (Obr. 43). Na druhé strané ale tyto testované
latky nezabranily vzestupu krevniho tlaku a srde¢ni frekvence po podéani noradrenalinu (Obr.

44 - 46).
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Obr. 41. Zména systolického krevniho tlaku po aplikaci 3-HPPA (A), 3,4-DHPA (B) a 4-

methylkatecholu (C). * p<0.05, *** p<0.001 vs. fyziologicky roztok. Data jsou prezentovana

jako primér z 3 — 5 méfeni + SD.
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Obr. 42. Zména diastolického krevniho tlaku po aplikaci 3-HPPA (A), 3,4-DHPA (B) a 4-

metylkatecholu (C). * p<0.05, *** p<0.001 vs. fyziologicky roztok. Data jsou prezentovana
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Obr. 43. Zména srdecni frekvence zptisobena podanim 3-HPPA (A), 3,4-DHPA (B) a 4-

metylkatecholu (C). ** p<0.01, *** p<0.001 vs. fyziologicky roztok. Data jsou prezentovana
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Obr. 44. Vliv metaboliti na vzestup systolického tlaku krve po aplikaci noradrenalinu

v davce 500 ng/kg. 3-HPPA (A), 3,4-DHPA (B) a 4-methylkatechol (C). * p<0.05 vs.

fyziologicky roztok. Data jsou prezentovana jako primér z 3 — 5 méfeni + SD.
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Obr. 45. Vliv metabolitii kvercetinu na vzestup diastolického krevniho tlaku po podani
noradrenalinu v davce 500 ng/kg. 3-HPPA (A), 3,4-DHPA (B) a 4-methylkatechol (C). *
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Obr. 46. Zména srdecni frekvence po aplikaci noradrenalinu v davce 500 ng/kg. 3-HPPA
(A), 3,4-DHPA (B) a 4-methylkatechol (C). * p<0.05 vs. fyziologicky roztok. Data jsou

prezentovana jako primér z 3 — 5 méteni + SD.
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4.7 Bod 7 - Zjisténi mechanismu ucinku 3 ucinnych metaboliti v potkani

aorté

Testovani mechanismu uc¢inku probéhlo na 3-HPPA, 3,4-DHPA a 4-metylkatecholu.
Pro porovnani byl do studie zafazen také kvercetin. Experimenty zahrnovaly cévy
s endotelem 1 bez néj a za ptitomnosti L-NAME a/nebo atropinu (Obr. 47-48). Rozpoustédlem
byl stejné€ jako v ptedchozich ptipadech DMSO v Krebsové roztoku.

Nejprve byly testovany vasorelaxacni u¢inky s ohledem na endotel. Pii jeho odstranéni
nedoslo k zadné zméné vasorelaxacniho u¢inku u kvercetinu. Kfivky relaxace u cévy s a bez
endotelu byly v tomto piipad¢ téméf totozné. K vyraznéjSimu posunu kiivky smérem doprava
doslo u 3,4-DHPA, maximalni velikost relaxace vSak ovlivnéna nebyla. Jinak tomu bylo u 4-
methylkatecholu, kde doslo piekvapivé k mensimu posunu kiivky doleva, coz znamena, latka
byla schopna navodit relaxaci jiz pfi niz8i koncentraci. U 3-HPPA doS$lo naopak k vyrazné
inhibici vasorelaxa¢niho uc€inku. Pro zjisténi, zda byl vasorelaxacni ucinek 3-HPPA
zprostfedkovan NO, byla jeho produkce zablokovdana L-NAME, inhibitorem NO syntazy.
V piipadé 3-HPPA doslo znovu k vyraznému poklesu u¢inku. Vyrazné mensi pokles dilatace
byl pozorovan u 3,4-DHPA. V ptipad¢ 4-methylkatecholu byla kfivka opét posunuta doleva a
kopirovala kiivku vasorelaxace cévy bez endotelu. Zjistovano také bylo, zda nedochézi
k vasorelaxaci prostfednictvim muskarinovych receptort, jejichz stimulace vede k uvolnéni
NO. To je vSak nepravdépodobné, nebot” jejich zablokovani atropinem mélo jen maly vliv

a vedlo pouze k mirnému posunuti kiivky vpravo u vétSiny testovanych latek.
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kvercetinu (A) a 3-HPPA (B) na cévach
kontrahovanych noradrenalinem (10 pM). Mechanismus ucinku byl testovan na cévach

bez endotelu, nebo za pfitomnosti inhibitoru NO syntazy (L-NAME) ¢i antagonisty

muskarinovych receptorti (atropin). Data jsou prezentovana jako primér + SEM. Kiivky jsou

tvofeny prumérem z 5-9 méfeni.
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Obr. 48. U&inky 3,4-DHPA (A) a 4-methylkatecholu (4-MC) (B) na cévach
kontrahovanych noradrenalinem (10 pM). Mechanismus ucinku byl testovan na cévach
bez endotelu, nebo za pfitomnosti inhibitoru NO syntazy (L-NAME) ¢i antagonisty

muskarinovych receptorti (atropin). Data jsou prezentovana jako primér + SEM. Kfivky jsou

tvofeny prumérem z 3 - 8 méfeni.
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4.8 Bod 8 - Ovéreni u¢inku kvercetinu a jeho metabolitu kvercetinu-3-O-

glukuronidu na potkanech

4.8.1 Podani kvercetinu i.v. potkaniim

Po podéni jednotlivych bolusovych davek kvercetinu doslo k poklesu tlaku krve, tento
pokles je vSak davkoveé velmi variabilni (Obr. 49). Porovname-li nejvyssi dosazeny pokles
krevniho tlaku (Obr. 50A), rozdily vypadaji vyraznéji, a to zejména vzhledem k minimalnimu
vlivu kontrolniho polymeru na krevni tlak. Vzhledem k malému poctu zvifat, zejména
kontrol, vSak nebyla provedena statisticka analyza. Podle této pfedbézné analyzy lze usuzovat
na periferni 0Cinky, pokles diastolického krevniho tlaku byl totiz vyraznéj$i nez u
systolického (Obr. 50B). Srde¢ni frekvence nebyla vyznamné ovlivnéna ani podani

kontrolniho polymeru ani kvercetinu (Obr. 51).
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Obr. 49. Procentualni zména tlaku krve po aplikaci jednotlivych davek kvercetinu vazaného na polymer a polymeru samotného. Zména
sttedniho tlaku krve, primérné hodnoty ze 4 méteni + SD (kvercetin) a 2 méfeni = SD (polymer) (A). Zmény tlaku krve u jednotlivych potkant

(kontrolni polymer vzhledem k minimélnimu vlivu je zobrazen jako primér = SD) (B).
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Obr. 50. Maximalni pokles arteridlniho krevniho tlaku. Porovnani zmén stiedniho tlaku
krve po aplikaci kvercetinu a polymeru (A). Porovnani zmény systolického a diastolického

tlaku krve po aplikaci kvercetinu (B).
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Obr. 51 Zména srdec¢ni frekvence po aplikaci kvercetinu a polymeru. Hodnoty jsou

uvedeny jako primér ze 4 (kvercetin) a 2 (polymer) méfeni + SD.
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4.8.2 Podani kvercetin-3-0-glukuronidu potkaniim i.v.

Po aplikaci roztokl kvercetin-3-O-glukuronidu, které byly pfipraveny pied zapocetim
samotného experimentu, doslo k postupnému snizovani jak systolického, tak diastolického
krevniho tlaku. K tomuto poklesu ale nedoslo v piipadé, ze byly nejvyssi davky ptipraveny
tésn¢ pred aplikaci (Obr. 52). Jednim z moznych vysvétleni je rozklad kvercetin-3-O-
glukuronidu pifi dlouhodobém stani asi na kvercetin, ktery je zodpovédny za pokles
arterialniho tlaku krve.

Vzhledem k pfedchozim vysledkiim jiné skupiny jsme dale ovéfili, zda i.v. podany
kverecetin-3-O-glukuronid, a to v dostate¢né davce 5 mg/kg mlzZe ovlivnit arteridlni krevni
tlak a srde¢ni frekvenci. Hodnoty byly sledovany po dobu 4 hodin. V pribéhu doslo
k pozvolnému snizovani tlaku krve, které ale nebylo signifikantni, stejné¢ tak srdecni

frekvence nebyla zménéna (Obr. 53 a 54).
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Obr. 52. Zména systolického krevniho tlaku (A), diastolického tlaku krve (B) a srdecni
frekvence (C) po aplikaci bolusii kvercetin-3-O-glukuronidu, ktery byl pfipraven pied
zapocetim pokusu a kvercetinu-3-O-glukuronidu, ktery byl pfipraven tésné pted aplikaci.
Data jsou prezentovadna jako primér = SD. M¢éfeni bylo provedeno na 1 - 3 potkanech (viz

metodicka ¢ast).
98



40+
= kvercetin-3-O-glukuronid

+ fyziologicky roztok

20+

o

\ 1 \
;
--w R 1T — |
0 O e

<y el S

" g

zména systolického
krevniho tlaku [%]

N
(=]
1

-40

'60 T T T 1
0 60 120 180 240
¢as [min]

40

20-

w|

(=]

\I\' ”ml .I*"rim"r 1r]

zmeéna diastolického
krevniho tlaku [%]
R
-

-40 ]

-60

0 60 120 180 240

¢€as [min]
Obr. 53. Dlouhodoby vliv na systolicky tlak krve (A) a diastolicky tlak krve (B) po
aplikaci 5 mg/kg kvercetin-3-O-glukuronidu. Data jsou prezentovdna jako primér £ SD.

Mgéieni bylo provedeno na 6 potkanech (po tfech v kazdé skuping).
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Obr. 54. Dlouhodoby vliv na srdecni frekvenci po aplikaci 5 mg/kg kvercetin-3-O-

glukuronidu. Data jsou prezentovana jako primér £ SD. M¢étfeni bylo provedeno na 6

potkanech (po tfech v kazdé skuping).
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4.8.3 Neinvazivni méreni krevniho tlaku po i.v. aplikaci kvercetinu vazaného

na polymer

Po i.v. aplikaci 5 mg/kg kvercetinu vazaného na polymer se zacalo ihned s méfenim
systolického tlaku krve. V prabéhu prvnich 30ti minut nebyl zaznamenan vyznamny pokles
tlaku krve a to ziejm¢ v dusledku stresové reakce na i.v. aplikaci. Od 30. minuty zacal
systolicky tlak klesat. Pokles byl signifikantni zejména mezi 3 — 5. hodinou, kdy poklesl az o

30%, a pot¢ se zacal tlak opét stoupat do piivodni hodnoty (Obr. 55).
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Obr. 55 Zaznam zmén systolického tlaku po aplikaci 5 mg/kg kvercetinu navazaného na

polymer. Kiivky jsou zobrazeny jako primeéry z 6 metfeni + SD.
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5. Diskuze

Polyfenolické latky jsou dullezitou soucasti lidské stravy a maji mnoho zdravi
potencidlné prospésnych vlivli na lidsky organismus. Jednim z nich je i kardioprotektivni
ucinek, ktery byl sledovan v n€kolika epidemiologickych studiich. Jednou z prvnich byla
Zutphen studie, ktera probihala vletech 1985 az 1990 a zjistila niz§i umrtnost na
kardiovaskularni onemocnéni a nizsi vyskyt infarkt myokardu u osob se zvySenym piijmem
flavonoidii ve stravé (Hertog et al. 1993a). Protoze hlavnim piijimanym flavonoidem byl
stanoven kvercetin, zamétilo se mnozstvi pozd¢jsich studii na jeho kardiovaskularni a¢inky.

Antihypertenzni U¢inky kvercetinu byly ve vétSin€ ptipadi stanoveny po podani jeho
aglykonu, pfestoZe se v ptirod¢ vyskytuje ve valné vétsiné jako glykosid. Jak uz bylo zminéno
diive, prestupuji pravé glykosidy kvercetinu do enterocytli tenkého stfeva 1épe nez aglykon
samotny (Crespy et al. 2002). At uz se do enterocyti dostanou glykosidy nebo samotny
aglykon, do systémové cirkulace se tyto latky dostavaji az po metabolizaci za vzniku
methylderivati nebo glukuronidd, popiipad¢ sulfati. Pokud néjaka molekula unikne
metabolizaci ve sténé stfeva, podstoupi metabolismus v jatrech. V plasmé tedy nejsou
detekovany zadné glykosidy kvercetinu a samotny aglykon muze byt detekovan, ale jen ve
velmi nizkych koncentracich.

Piestoze jiz prob&hlo nékolik studii zamétenych na vasodilatacni G€inky kvercetinu,
jeho metabolitim byla vénovana jen mal4 pozornost. Probéhlo zejména testovani metabolitii
prvniho fadu, tzn. methylderivati kvercetinu, isorhamnetinu a tamarixetinu, a dale byly
testovany  nckteré  konjugaty -  kvercetin-3-O-glukuronid a  kvercetin-3'-sulfat.
U nekonjugovanych methylderivatl byla stanovena pfiblizn¢ stejnd vasorelaxacni i€¢innost na

potkanich aortach jako u parentni latky (Galindo ef al. 2012b; Ibarra et al. 2003; Ibarra et al.
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2002; Perez-Vizcaino et al. 2002). Tyto vysledky se shoduji 1 s nasimi poznatky (Obr. 20),
které vypovidaji o stejné ucinnosti v inhibici kontrakce vyvolané agonistou o receptort.

Konjugované derivaty kvercetin-3-O-glukuronid ani kvercetin-3'-sulfat nedokazaly
vyvolat vasodilataci in vitro, ackoli dlouhodoba inkubace cévy (1h) v prostiedi s kvercetin-3-
O-glukuronidem dokazala c¢asteCné inhibovat kontrakci vyvolanou fenylefrinem. Pii i.v.
podani tohoto glukuronidu v davce 1 mg/kg SHR doslo po jedné hodiné k signifikantnimu
poklesu stfedniho tlaku krve, a krevni tlak dale klesal dalSich pét hodin. Autofi tohoto ¢lanku
si vyvolany pokles tlaku krve vysvétluji dekonjugaci kvercetinu v endotelu cév a tim uvolnéni
aktivni latky, ktera zptisobi vasodilataci (Galindo et al. 2012b).

Nase vysledky potvrdily v in vitro prostredi, ze kvercetin-3-O-glukuronid neovliviiuje
cévu prekontrahovavou noradrenalinem. Jeho vliv byl totiz viceméné srovnatelny s ti¢innosti
rozpoustédla (Krebstiv roztok s malym mnozstvim DMSO). Dlouhodobou preinkubaci cév
v roztoku s ur€itym metabolitem jsme netestovali, protoze fyziologicky vyznam takovych
pokusii neni jasny nebo piesnéji feCeno by si vyzadal také provedeni dukladné
farmakokinetické analyzy in vivo. Paradoxn¢ jsme vsak zjistili zajimavé vysledky, kdy pfi i.v.
podavani vzristajicich bolusovych davek tohoto metabolitu (0,5 — 5 mg/kg) se zvétSoval
v zavislosti na aplikované davce pokles arteridlniho tlaku krve. Divodem poklesu byl ale
velmi pravdépodobné rozklad tohoto neucinného metabolitu in vitro zfejme na kvercetin,
nebot’ roztoky, které byly v naSem ptipad¢ aplikovany, byly pfipraveny jesté pred zapocetim
experimentu, a tedy zde mohlo pifi delSim ¢ekdni dojit k rozkladu glukuronidu. Pfi jeho
opétovném nafedéni tésné pied aplikaci, nebyl patrny zZadny pokles tlaku. V soucasné dobé¢
probiha chemicka analyza rozkladnych produktli kvercetinu-3-O-glukuronidu ve
fyziologickém roztoku (vysledky v dob¢ psani této dizertace nebyly k dispozici). I z téchto
davodu nestability jsme se rozhodli vyzkouSet podani davky 5 mg/kg kvercetinu-3-O-

glukuronidu SHR potkantim, kterym jsme po dobu 4 hodin méfili arteridlni krevni tlak 1
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srde¢ni frekvenci. V pribéhu pokusu sice doslo k poklesu tlaku krve, ale tento pokles nebyl
signifikantni, nebot’ tlak v kontrolni skupiné klesal také. Dekonjugacni teorii Spanélské
vyzkumné skupiny jsme timto pokusem spiSe zpochybnili.

Navic stejna skupina sama nepiimo alespon castecné vyvratila své vysledky v jejich
dalsi studii, ve které byly porovnavany ucinky kvercetinu na krevni tlak v zavislosti na
zpusobu podani. Ve skupiné potkanti, kterym byl aplikovan kvercetin i.p., byla detekovana
vys$$i koncentrace konjugatii kvercetinu, pokles tlaku byl ale niz$i nez pifi p.o podaném
kvercetinu (Galindo ef al. 2012a).

Tyto na prvni pohled zvlastni vysledky nam naznacily, ze vétsi pokles arterialniho
tlaku krve je zplsoben jednim nebo vice metabolity, které jsou tvoreny bakterialni
mikroflorou v tlustém stievé. Tento predpoklad se ndm potvrdil pii otestovani znamych
metabolitti kvercetinu na aortalnich krouzcich potkana kontrahovanych noradrenalinem, kdy
3-HPPA relaxovala uz pfi koncentraci 100 nM, zatimco kvercetin zacal relaxovat az pfi
koncentraci 500 nM. Dal$imi G¢innymi metabolity byly také 3,4-DPHA a 4-methylkatechol.
Ostatni testované metabolity pulsobily relaxaci az pii vysSich koncentracich a/nebo
nezpusobovaly 100% relaxaci.

Utinnost téchto t¥f metabolitll jsme testovali nejen na pruznikové cévé, ale zkouseli
jsme jejich vasodilata¢ni vlastnosti na kontrahované priméarni mesenterické odporové arterii.
ProtoZze odporové cévy obsahuji vice hladké svaloviny nez pruznikové, ocekavali jsme
navozeni relaxace za niZSich koncentraci metabolitu. To se vSak nestalo v pfipadé¢ 3-HPPA,
jejiz kiivka byla posunuta vyrazné doprava a latka navic nebyla schopna navodit ani maximalni
relaxaci. Naopak 3,4-DHPA a 4-methylkatechol, které byly zhruba o f4d méné ucinné nez
3-HPPA na aorté, byly naopak o fad uc¢inn€j$i na mesenterické arterii a dosahly 1 100%

relaxace.
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Pti studiu mechanismu tc¢inku kvercetinu a jeho tii t¢innych metabolitt, bylo zjisténo,
ze odstranéni endotelu nema vliv na relaxaci zpiisobenou kvercetinem, stejné tak jako pouziti
inhibitoru NO syntazy a antagonisty muskarinovych receptor.. U¢inek kvercetinu je tedy na
endotelu nezavisly, alespon podle naSich vysledki. Jinak tomu je u 3-HPPA, kdy ktivka
v pfitomnosti inhibitoru NO-syntdzy L-NAME nebo pfi odstranéni endotelu byla posunuta
doprava. Stejné tomu bylo i u 3,4-DHPA. V druhém ptipadé nebyla relaxace az tak vyrazné
redukovana, coz naznacuje i urcity vasorelaxaéni ucinek na endotelu nezavisly. 4-
methylkatechol se za pouziti inhibitort ¢i odstranéni endotelu choval jinak a kiivka relaxace
byla dokonce mirn¢ posunuta doleva, a tudiz jsou jeho vasorelaxa¢ni ucinky zcela nezavislé
na endotelu. Atropin nemél na relaxaci zadného z testovanych metaboliti vyrazny vliv
a muskarinové receptory nehraji tedy velmi pravdépodobné v jejich uc¢inku zadnou ulohu.

In vivo byly testovany tfi nejucinnéjsi metabolity a sledoval se jejich antihypertenzni
ucinek. Pfi aplikaci bolusovych ddvek SHR doslo k signifikantnim poklestim arteridlniho
tlaku, ktery byl markantni zejména u 4-methylkatecholu. Tyto poklesy arterialniho tlaku krve
byly pouze kratkodobé a krevni tlak byl rychle normalizovan. Abychom navodili stav
podobny dlouhodobé&jSimu vstfebavani metabolitu ze stfev, aplikovali jsme metabolity
ve form¢ kratkodobé (5 minutové) infuze. Jak jsme ocekavali, doSlo 1 v tomto piipade
k poklesu arteridlniho krevniho tlaku a kdyz jsme zejména u 3-HPPA pozorovali davkove
zavisly pokles, bylo toto snizeni vyznamné oproti kontrole aZz pii nejvyssi davce infuze (5
mg/kg/50ul/min). Pokles navic netrval po celou dobu aplikace infuze a tlak krve byl opét
postupné normalizovan jeSté pred ukoncCenim aplikace. Nejrychleji nastoupil ucinek pfi
aplikaci 3,4-DHPA a tento pokles tlaku krve trval nejdéle. Zajimavé je, ze u této latky doslo
jesté k druhému poklesu a to po Ctyfech minutach, trval vSak kratS$i dobu. 3-HPPA zptsobila
pozvolny pokles tlaku krve od prvni minuty s maximem po 90 sekundach, poté byl tlak

pomalu vyrovnan. Nejméné U¢inny byl ztohoto pohledu 4-methylkytechol, ktery navodil
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pozvolny pokles, ktery se objevil po dvou minutich od zacatku aplikace piedevsSim
u systolického tlaku, u diastolického tlaku byl pokles méné razantni a signifikantni pouze
velmi kratkou dobu.

Tyto vysledky, zejména pouze kratkodoby pokles, krevniho tlaku mohou vzbuzovat
urcité pochyby, zda jsou tyto ucinky relevantni v klinickych podminkach. Ze soucasnych
vysledkd to nelze ani potvrdit ani zcela vyvratit. Bude nutné pokracovat ve studiu ucinku
téchto latek. Je totiz mozné, ze jednotlivé latky maji samostatné opravdu jen kratkodoby
ucinek na krevni tlak, ale jejich kombinace miize mit ucinek aditivni a/nebo synergisticky.
Z tohoto pohledu se jako nejzajimavéjsi jevi kombinace 4-methylkatecholu, ktery mé na
endotelu nezavislé ucinky, s né¢jakym dal§im metabolitem, jehoz G¢inky jsou alespon ¢aste¢né
zavislé na endotelu. Je také mozné, ze na§ model (invazivni podani v celkové anestezii) neni
schopen plné predikovat situaci in vivo a tyto metabolity mohou mit maly, ale signifikantni
vliv na krevni tlak. Podobné kontroverze jsou znamy u isoflavonoidu, které snizuji krevni tlak
u zvitat (Cao et al. 2006) a jevi se sice relativné malo ale signifikantné snizovat krevni tlak
také u lidi pfi jejich zvySeném piijmu (napft. soji) (Crouse et al. 1999; Sagara et al. 2004) .

Je také nutné zohlednit, zda nami podavané davky metabolitli jsou klinicky relevantni.
Zatim nemdme dokoncené vSechny farmakokinetické experimenty zahrnujici mj. stanoveni
maximalnich koncentraci podanych metaboliti v plasmé, avSak dostupné informace
z literatury naznacuji, ze nckteré metabolity mohou dosdhnout dostate¢nych koncentraci
v plasmé a navic se jedna o metabolity tvofené z vice flavonoidnich, nebo dokonce 1 obecné
polyfenolickych, prekurzori nez jen z kvercetinu. Napf. 4-methylkatecholsulfat se da
detekovat v plazmé prave asi v dasledku jeho produkce v tlustém stfeveé z riznych polyfenolt
(Pimpao et al. 2015), navic v jedné studii dosahl tento metabolit po podani jedné davky
brusinkového dzusu (450 ml) 3.5 uM (Feliciano et al. 2016). To je vice nez dosazitelné

plasmatické koncentrace u vétSiny flavonoidli — medién je podle recentni studie u flavonoida
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0.1 uM (Feliciano et al. 2016; Rothwell et al. 2016). Kinetika 3-HPPA je malo prozkoumana,
ale je znamo, Ze se tvoii také napt. pifi piijmu flavanolii epikatechinu a katechinu a jejich
oligo- a polymernich forem (proanthocyanidinti) a flavonu diosminu (Bazzocco et al. 2008;
Cova et al. 1992; Das a Griffiths 1969). Zejména jeho tvorba lidskou mikroflorou
z epicatechinu nabizi asociace, zda nemiize byt jednou z komponent zodpovédnych za snizeni
krevniho tlaku po vysokém piijmu kakaa dobie dokumentovaném u isolované populace
panamskych Indianti kmene Kuna (Rechner ef al. 2002; Rios et al. 2003). Navic se muze
vyskytovat hlavné ve volné formé, jeho konjugat s glukuronovou kyselinou nebyl nalezen
(Rechner et al. 2002). 3,4-DHAA se také tvofi z flavanolti kakaa (Rios et al. 2003). Jeho
vyznamnost jako metabolitu flavonoidi a/nebo jinych fenolickych latek doklada i studie po
podani rozmackanych malin dobrovolnikiim, kde jeho koncentrace ve stolici dosahla 400 uM
(Rechner et al. 2002).

I ztohoto divodu jsme se rozhodli otestovat vliv dal§ich zndmych flavonoidnich
metabolitl tvofenych lidskou mikroflorou. Vysledky byly ale zklamanim a Zzadny z téchto
metabolitl nedosahl ani zdaleka Uc¢innosti 3-HPPA, 3,4-DHPA, 4-methylkatecholu nebo
kvercetinu. Zajimavym nalezem bylo dokonce mirné vazokonstrikéni plisobeni pyrogallolu,
generatoru superoxidovych radikala (Tosaka et al. 2002).

Dlouhodobé jsme se zajimali o moZnost provéfit ucinky kvercetinu vin vivo
podminkach. Hlavni ptekaZkou byla jeho zanedbatelnd rozpustnost ve vodé. Ve spolupraci
s doc. Elisabettou Gavini z Univerzity v Sassari jsme ziskali preparat, ktery diky pfitomnosti
jednoho (z divodu utajeni zatim nespecifikovaného) polymeru, umoznil ptipravu kvercetinu
s dobrou rozpustnosti ve fyziologickém roztoku a tedy i i.v. aplikaci v dostatecné davce. Tim
jsme jako prvni mohli vyzkousSet i.v. podani kvercetinu bez pouziti DMSO nebo jinych

organickych rozpoustédel. Nejprve jsme tento novy preparat zkouseli aplikovat jako bolusové
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davky. Mezi jednotlivymi pokusy byla vyznamnd variabilita, arterialni krevni tlak sice
poklesl, ale k tomu doSlu u jednotlivych zvitat po podani riznych davek a v riizné mire.

V posledni studii jsme vyzkouseli dlouhodoby ucinek bolusového podéani tohoto
preparatu na arterialni tlak krve, ktery byl méfen neinvazivné tlakovou manzetou na ocase
potkana. Za prvni ptilhodinu nedoslo k zadnému poklesu tlaku krve, asi z divodu stresové
reakce na i.v. aplikaci do ocasni zily. Tlak zacal klesat az po ptlhodiné¢ od aplikace,
signifikantniho poklesu oproti kontrolnimu podani polymeru bylo dosazeno mezi tieti a patou

hodinou a nasledovalo pozvolnéd normalizace krevniho tlaku az do 24. hodiny.
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6. Zavér a vyhled do budoucna

Tato disertacni prace shrnuje poznatky o vasorelaxacnich ucincich kvercetinu a jeho
metabolitli. Ackoli metabolity prvniho fadu, tzn. methylderivaty a konjugaty kvercetinu
s glukuronidem a sulfatem jiz byly testovany na vasorelaxacni aktivitu, pfinesl na§ vyzkum
zcela nové poznatky o vasorelaxacnich ucincich dalSich metabolitii tvofenych v tlustém streve
pomoci enzymt bakterialni mikroflory.

Nejucinn€j$imi  metabolity kvercetinu  byly identifikovany kyselina 3-(3-
hydroxyfenyl)propionova, 3,4-dihydroxyfenyloctova a 4-methylkatechol. Jejich vasorelaxacni
ucinky byly potvrzeny jak v in vitro, tak 1 in vivo podminkach.

Soucasti této prace bylo také in vivo testovani jednoho zin vitro neGinnych
metabolitll, a to kvercetin-3-O-glukuronidu, ktery pti bolusovém podani v in vivo pokusech
nedokdzal signifikantné snizit krevni tlak. Bylo nam také umoznéno testovat vasorelaxacni
vlastnosti specialn¢ upraveného kvercetinu, ktery po bolusovém podani dokazal dlouhodobé
snizovat tlak krve.

Ptestoze tato studie pfinesla celou fadu vysledkl, neumoznila definitivné odpovédét na
nckteré otdzky a pfinesla tedy i dalS$i ndméty ke studiu. Kromé zminéné farmakokinetické
analyzy nejucinnéjSich metabolith a provéfeni kombinace téchto ucinnych metaboliti
planujeme pokracovat v dalSich experimentech, zejména ve spolupraci s naSimi kolegy
z analytické chemie a Univerzity v Sassari.

Mezi planované pokusy patii:

a) kombinace metabolitl flavonoidi s klinicky pouzivanymi antihypertensivy,

b) zjisténi klinicky dosazitelnych koncentraci flavonoidnich metaboliti v lidské krvi,

¢) otestovani podani jinych flavonoidt i.v.,

d) porovnani vlivu konjugatt flavonoida a fenolickych kyselin s parentnimi latkami.
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7. Seznam zkratek

3,4-DHCA - 3,4-dihydroxyhydroskoficova kyselina (z angl.. 3,4-dihydroxyhydrocinnamic
acid)

3,4-DHPA - 3,4-dihydroxyfenyloctova kyselina (z angl.. 3,4-dihydroxyphenylacetic acid)
3-HPA - 3-hydroxypropionova kyselina

3-HPPA — 3-(3-hydroxyfenyl)propionova kyselina (z angl. 3-(3-hydroxyphenyl)propionic
acid)

ATP — adenosintrifosfat

DMSO - dimethylsulfoxid

dpdtmax - maximalni rychlost vzestupu tlaku v levé komote

dpdtmin - minimalni rychlost vzestupu tlaku v levé komote

eNOS — endothelova NO synthaza

GB - Goldblatt hypertenzni potkan

L-NAME - NS-nitro-L-arginine methyl ester

L-NNA - N®-nitro-L-arginin

NA — noradrenalin

Pmax - maximalni tlak v levé komote

RONS - reaktivni formy kysliku a dusiku (z angl. reactive oxygen and nitrogen species)
SHR — spontanné hypertenzni potkan

U46619 — analog tromboxanu A»

Vend - objem krve v levé komote na konci diastoly
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8. Prehled odbornych publikaci

8.1 Recenzované publikace v odbornych c¢asopisech

s impaktnim faktorem

1. NAIMANOVA, 1., DOSEDEL, M., HRDINA, R., ANZENBACHER, P., FILIPSKY,

T., RIHA, M. a MLADENKA, P. Cardiovascular Effects of Coumarins Besides their
Antioxidant Activity. Curr Top Med Chem. 2015;15(9):830-49 /1F2013=3.5/

Procentudlni podil na sepséni revialniho clanku - 40% - shromédzdéni dostupné
literatury, sepsdni vasorelaxacnich ucinkll kumarinii, vytvofeni tabulek a obrazki,

zaveéreéné korekce.

2. NAJMANOVA, I, POUROVA, J., VOPRSALOVA, M., PILAROVA, V.,

SEMECKY, V., NOVAKOVA, L. a MLADENKA, P. The flavonoid metabolite 3-(3-
hydroxyphenyl)propionic acid formed by human microflora decreases arterial blood
pressure in rat. Mol Nut Food Chem 2016;60(5):981-91 /1F2014=4.6/

Procentualni podil na sepsani tohoto ¢lanku - 40% - provadéla jsem in vitro screening
metaboliti kvercetinu, testovala vasorelaxacni u¢inky na rendlni arterii a zjiStovala
mechanismus u¢inku. Provadé¢la jsem in vivo métfeni na Wistar:Han 1 SHR potkanech.
Sepsala jsem materidlni a metodickou ¢ast a také vysledky. Pfipravila jsem jednotlivé

obrazky a grafy. Podilela jsem se na zdvére¢né korekci.
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8.2 Prezentace na konferencich

1. Society for Free Radical Research — Europe Meeting Paris 2014
Pariz, Francie, 5.-7. 9. 2014

NAJMANOVA, 1., VOPRSALOVA, M., MLADENKA, P. Vasodilatory activity of

human quercetin metabolites. Sbornik abstraktt z konference P63.
2. 5. Postgradualni a 3. Postdoktorandska védecka konference Farmaceutické
fakulty v Hradci Kralové, Univerzity Karlovy v Praze

Hradec Kralové, 3.-4. 2. 2015

NAJMANOVA, I, VOPRSALOVA, M., MLADENKA, P. Vasodilatory effects of
quercetin and its metabolites on vascular smooth muscle in healthy and spontaneously
hypertensive rats. Sbornik abstrakti z konference str. 71

3. New Frontiers in Basic Cardiovascular Research - A France-New EU Members
Chatenay-Malabry — Francie, 3-6 July 2016

NAJMANOVA, 1., POUROVA, J., VOPRSALOVA, M., MLADENKA, P. The effect

of quercetin and its metabolites on vascular smooth muscle. Shornik abstraktii

z konference P9.
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Abstract: Coumarins are a large group of substances, primarily of plant origin. Like their more intensively
examined congeners flavonoids, many of them are antioxidants. Although such properties may be advanta-
geous in cardiovascular diseases, it has been shown that coumarins exhibit direct effects on the cardiovas-
cular system which are not based on antioxidant activity. The most common example is the well-known
drug warfarin, a synthetic compound derived from natural dicoumarol. Moreover, other coumarins have

d
Piemysl Mladénka

been shown to possess antiplatelet and vasodilatory potential. Interestingly, the former effect may be mediated by the in-
hibition of various pathways leading to platelet aggregation, their differing effects on those pathways being due to struc-
tural differences between the various coumarins. Conversely, their vasodilatory potential is linked in the majority of cases
to the inhibition of increases in intracellular calcium concentration in vascular smooth muscle cells, and in several cou-
marins also to NO-mediated vasodilatation. Available data on both activities are summarized in this review. At the end of
this review, relevant data are provided from a few studies testing the in vivo effects of coumarins on major cardiovascular
diseases; the clinical use of warfarin and other coumarin anticoagulants, as well as the limited data on the clinical use of
coumarins in chronic venous insufficiency and the possible toxicological effects of coumarins.

Keywords: antioxidant, antiplatelet, cardiovascular, coumarin, vasodilation, warfarin.

INTRODUCTION

Coumarins (also known as 2H-1-benzopyran-2-ones or
less commonly as o-hydroxycinnamic acid-8-lactones) are a
large class of compounds with more than 1300 members
broadly distributed as secondary metabolites in the plant
kingdom, and in addition, their presence has also been de-
tected in fungi, bacteria and animals. In plants, coumarins
occur both as free compounds and glycosides, and, moreo-
ver, many other coumarins have been synthesized [1-4]. The
name is derived from Coumarouna odorata Aube (Dipterix
odorata), a plant from which the prototypical compound
coumarin was isolated in 1820 [2]. Based on an epidemiol-
ogical survey study, the average dietary coumarin intake for
a 60-kg consumer has been estimated to be 0.02 mg/kg/day.
From fragrance use in cosmetic products, coumarin exposure
has been estimated to be 0.04 mg/kg/day [4].

According to their chemical structure, coumarins can be
divided into several chemical subgroups including simple
coumarins, isocoumarins, furanocoumarins, pyranocoumar-
ins, biscoumarins, triscoumarins and coumarinolignans (Fig.
1) [2, 5]. Although a vast number of coumarins have been

isolated or synthesized, only a few substances have been
largely characterized in terms of their pharmacological or
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toxicological properties in human. These compounds include
warfarin and related anticoagulants, aflatoxins and psoralens
[3]. Aflatoxins, fungal metabolites from Aspergillus spp., are
potent hepatotoxins, cancerogens and can contaminate food
[3, 6]. Psoralens are photosensitizing agents and certain sub-
stances can be used in the treatment of inflammatory skin
disorders, such as psoriasis [3].

Many recent studies have documented the potentially
positive effect of coumarins in a variety of pathologic con-
ditions. These possible effects include antibacterial [7], anti-
inflammatory [8], anticancer [9], antiviral [10], antioxidant
[11], the above-mentioned anticoagulant activities and other
positive cardiovascular effects, which will be discussed in
this review. On the other hand, pro-carcinogenic activity
and hepatotoxicity were also observed [12, 13]. Positive
cardiovascular effects were found in several studies and
may be partly based on antioxidant activity. As the chemical
nature of coumarins is similar to flavonoids, these effects
were expected and documented in many studies. Their anti-
oxidant activity is based both on the direct scavenging of
reactive oxygen and nitrogen species and on transient metal
chelation and as well on the inhibition of free-radical-
forming enzymes such as xanthine oxidase [14-17]. Because
an analysis of the structure-antioxidant activity relationship
is the topic of another study in this issue, this review is fo-
cused on the detailed analysis of the known cardiovascular
effects of coumarins, which are not based on antioxidant
activity, but on direct interaction with the cardiovascular
system. The most data are available on the vasorelaxant and
antiplatelet effect of coumarins. A short clinical overview of
© 2015 Bentham Science Publishers
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Fig. (1). Basic coumarin types (a-d) and examples of other rare coumarins (e-g): (a) simple coumarin, (b) isocoumarin, (¢) furanocoumarin,
(d) pyranocoumarin, (e) an example of biscoumarin (dicoumarol), (f) an example of triscoumarins (Edgeworoside B) and (g) and an example
of coumarinolignans (daphnecin). Both furanocoumarins and pyranocoumarins can be further briefly divided into linear (cl, d1) and angular

(c2, d2) forms.

anticoagulant coumarins is presented at the end, as well as
the limited data on the use of coumarins in chronic venous
insufficiency.

VASORELAXANT PROPERTIES

Many coumarins have been shown to relax the contrac-
tions of vascular smooth muscle induced by various media-
tors, in particular by the sympathomimetics norepinephrine
and phenylephrine or by high doses of potassium chloride
(KCl), as well as by endothelin-1 and an analogue of the
endoperoxide prostaglandin H, named U-46619 [18]. De-
spite the vast differences in the chemical structure of cou-
marins, a mechanism of action based on influencing cal-
cium kinetics seems to be common for a majority of them.
Coumarins may exert influence on both endothelium-based
and endothelium-independent vasorelaxation. Because
some coumarins have influenced both mechanisms, they
are summarized altogether (a detailed analysis is given in
Table 1).

A large number of coumarins act predominantly via an
endothelium-independent mechanism. Those substances did
not influence the steady-state of vascular rings, but they were
able to relax contractions induced by the above-mentioned
inducers [18-20]. Coumarins act in a dose-dependent manner
and probably block calcium entry through both voltage-
dependent calcium channels (VDCC) and receptor-operated
calcium channels (ROCC) located in the membrane of vas-
cular smooth muscle cells, and/or by inhibiting calcium re-
lease from the sarcoplasmic reticulum [18-25]. Although
competitive antagonism at 5-HT receptors could also be par-
tially responsible, the main mechanism is to block the entry
of Ca™" through the membrane channels and subsequent re-
lease from intracellular stores [18, 21, 26].
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Imperatorin (Table 1 - C7), a furanocoumarin derivate, at
concentrations higher than 10 UM was able to inhibit Ca®'-
influx through VDCC and ROCC and the subsequent release
of Ca’" from intracellular stores by interfering with the inosi-
tol-1,4,5-trisphosphate pathway [18]. A similar conclusion
was also reached by Oliveira et al. (2001), who tested the
relaxant effect of scopoletin (Table 1 - Cl). However, the
above two studies differed in terms of the reported ability to
relax contraction evoked by caffeine: while imperatorin was
able to markedly suppress this contraction, scopoletin had no
effect [18, 21]. Muscarinic receptors apparently did not play
a role in the effects of imperatorin on blood vessels [27]. The
vasorelaxant activity of imperatorin can be improved by in-
creasing its solubility by incorporating the nitrogen atom into
the molecule. Such a compound, 8-(2-(azepan-1-
yl)ethoxy)psoralen (Table 1 - C6), is more effective than
imperatorin. The other changes such as incorporating a mor-
pholine ring, extending the length of the side chain or incor-
porating a hydrophobic benzene ring onto the nitrogen de-
crease its vasorelaxant activity. Neither the dimethyl group
nor the olefinic bond are essential for its activity [28]. On the
contrary, lengthening or changing the position of the side
chain decreases the vasodilatory activity when compared to
imperatorin [22, 28].

Some pyranocoumarins, e.g., pteryxin (Fig. 3 - C20), (+)-
praeruptorin A (Table 1 - C4) and (%)-praeruptorin A (Table
1 - C4 and C5), have a stronger relaxant effect against con-
striction evoked by KCl than by norepinephrine. These com-
pounds have a predominantly antagonistic effect on VDCC
[24]. Lee et al. (2008) reached a similar conclusion by test-
ing (+)-praeruptorin A relaxant abilities on rat aorta con-
tracted by phenylephrine. The addition of nifedipine, a
VDCC blocker, significantly attenuated the effect of (+)-
praeruptorin A [25]. Using various types of blood vessels
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Table 1. Simplified overview of in vitro studies of coumarins and their vasorelaxant effect on vascular smooth muscle.

Sympath-
omimetics
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391 (trifluoromethyl)phenyl)acryloyl)coumarin

1,4-dihydropyridine derivatives of cou-
marin - the most active: 1,4-dihydro-4-(2-
0x0-2H-chromen-8-y1)2,6-
dimethylpyridine-3,5-dicarboxylate

[40]

coumarin-resveratrol hybrids - the most
[41] active 6-hydroxy-3-(3",5"-
dihydroxyphenyl)coumarin

6-halogen derivatives of 3-phenylcoumarin
[42] the most active: 6-chloro-3-(2'-
hydroxy)phenylcoumarin

(+)-praeruptorin A /(+)-cis-4"-acetyl-3 -
angeloylkhellactone, C4/

[25,30] 348 3
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(Table 1) contd....
. . Sympath- .
Ref. Coumarin Chemical Formula KCl1 . . Serotonin Others
omimetics
30] (-)-praeruptorin A /(-)-cis-4"-acetyl-3"- 3 3
angeloylkhellactone, C5/
28] 8-derivatives of psoralen - the most active: o O 5
8-(2-(azepan-1-yl)ethoxy)psoralen (C6) 0 o0.__0O
\ =
[18-20, A

28] P : 0 0._0

\

0 0._0O

LT

[22] isoimperatorin/5-(3-methylbut-2- ) 3
enoxy)psoralen/
X
O/

[24] 8-methoxypsoralen (C8) o] 00 0

\ =

0 - non significant vs. control, 1 - slight effect or the effect was observed at very high concentrations (more than 100 uM), 2 - intermediate effect - ICs, value 50-100 pM, 3 - good
effect - ICs, value 10-50 uM, 4 - excellent effect - ICs, value 1-10 uM, 5 - ICs, value below 1 uM.

A - ICs, was not significantly affected after endothelium removal
B - ICs) increased after endothelium removal
C - no effect on contraction induced by caffeine

D - a good effect against contraction caused by angiotensin II and slight effect against contraction caused by histamine

E - effective against caffeine induced contractions
Sympathomimetics here mean norepinephrine or phenylephrine.

may explain some discrepancies among the studies because
of a different involvement of both Ca2+-channels, i.e., VDCC
and ROCC [29]. For example, scoparone (Table 1 - C2) did

not affect KCl-induced contraction in the rabbit thoracic
aorta, but if the contractions were induced by norepineph-
rine, they were markedly reduced. In contrast, scoparone
dilated both KCI- and norepinephrine-contracted rings of the
rabbit ear artery. The authors suggested that these differences
could be explained by the higher channel conductance of
VDCC in the rabbit ear artery than in the aorta [29]. On the
other hand, 8-methoxy-psoralen (Table 1 - C8) had the oppo-
site effect. This compound was able to relax constriction
caused by phenylephrine without effect on KCl-induced con-
traction. The explanation for this phenomenon is unknown,
but selective VDCC can be excluded [24].

It was found that the vasodilation induced by the tested
coumarins was not mediated by interaction with other recep-
tors such as B-adrenoreceptors, muscarinic receptors or ATP-
dependent potassium channels or the inwardly rectifying
potassium channel [18, 22, 25].
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Several coumarins have exhibited endothelium-
dependent relaxation of vascular smooth muscle by increas-
ing NO production, which activates guanylyl cyclase. An
increase in cGMP concentration leads to a decrease in cyto-
solic Ca®" concentration [30]. NO is synthesized by the oxi-
dation of L-arginin in the presence of endothelial NO syn-
thase (eNOS), activated by phosphatidylinositole 3-kinase
and protein kinase B (Akt). A more detailed examination of
mechanisms of action has shown that osthole (Table 1 - C3)
increased the phosphorylation of Akt on Ser-473 and eNOS
on Ser-1177. In addition, the inhibition of phosphatidylinosi-
tol 3-kinase decreased the effect of osthole, confirming the
mechanism of action [31].

There are even differences between individual enanti-
omers. (+)-Praeruptorin A was more potent in the induction
of relaxation after the administration of phenylephrine or
KCI than (-)-praeruptorin A (Table 1 - CS5). Both enanti-
omers exhibited a concentration-dependent relaxation, how-
ever endothelium removal decreased the relaxant effect of
(+)-pracruptorin A but not that of (-)-praeruptorin A. The
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same result was observed after the administration of an in-
hibitor of NO synthase L-NAME (N®-nitro-L-arginine meth-
ylester hydrochloride). Moreover, an inhibition of guanylyl
cyclase decreased the vasorelaxant effect of (+)-praeruptorin
A, but an inhibition of cyclooxygenase, blockade of mus-
carinic receptors or non-selective blockade of potassium
channels had no such effect. Thus, the effect of (+)-
praeruptorin A is apparently endothelium/NO-dependent, in
contrast to its (-)-enantiomer [23, 25].

On the other hand, some coumarins, such as scopoletin,
imperatorin or (-)-praeruptorin A (Table 1 - Cl, 7 and 5,
respectively), did not exhibit any significant decrease in re-
laxation after endothelium removal or the addition of L-
NAME. Therefore it can be concluded that the endothelium
did not play an important role in the relaxation induced by
those coumarins [21].

In vivo Studies

In a dose-dependent manner, coumarins by relaxation of
aorta and peripheral arteries decreased systolic and diastolic
blood pressure and vascular peripheral resistance. They were
also able to increase coronary blood flow by dilatation of the
coronary arteries [20, 23, 32, 33]. Osthole in a dose of 50
mg/kg was administered each day as part of a diet to stroke-
prone spontaneously hypertensive rats for four weeks. After
three weeks their systolic blood pressure was reduced by
about 10% [34]. The same substance administered in lower
doses, 10 mg/kg and 20 mg/kg, by gavage to rats with in-
duced renovascular hypertension, did not significantly re-
duce systolic blood pressure after four weeks of treatment
versus the control group. But at 2 and 4 weeks of the post-
treatment period, the systolic blood pressure decreased. With
20 mg/kg/day, the decrease was about 15% in the second
week and 19% in the fourth week, 10 mg/kg/day caused a
smaller decrease [35]. Imperatorin administered intragastri-
cally in a dose of 25 mg/kg to spontaneously hypertensive
rats (SHR) significantly decreased blood pressure after one
week, while lower doses (12.5 and 6.25 mg/kg) induced a
notable change 35 and 39 days after administration. After 13
weeks of treatment with 25 mg/kg, systolic blood pressure
was reduced by about 30 mmHg (18%) in comparison to the
placebo group [20]. Praeruptorin C (Fig. 3 - C21) in a dose
of 20 mg/kg decreased systolic blood pressure in spontane-
ously hypertensive rats by about 19% after eight weeks of
administration. Although the authors have linked the effect
with the observed up-regulation of phospholamban mRNA,
other mechanisms are probably responsible for it [23]. (%)-
Praeruptorin A had a similar effect on the heart to diltiazem,
but diltiazem is ten times as potent, and while diltiazem
caused bradycardia, (£)-pracruptorin A did not inhibit the
action of sinus node and atrioventricular conduction but on
the contrary led to an increase in heart rate [33]. Coumarin
glycosides isolated from Daucus carota administered in the
dose range 1 to 10 mg/kg lowered blood pressure, but the
heart rate decreased by about 10-15% at the highest dose of
10 mg/kg [36].

Campos-Toimil et al. (2002) showed during in vitro ex-
periments on rat aorta rings that carbocromen (3-B-
diethylaminoethyl-4 -methy 1-7-ethoxycarbonylmethoxy-
coumarin, sometimes also spelled carbochromen or car-
bocromene, Table 4 - C18) and simple coumarins, i.e., 7,8-
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dihydroxy-4-hydroxymethylcoumarin and its bis(acetonyl)
derivate (Fig. 3 - C22 and 23), did not significantly modify
the contraction induced by norepinephrine or KCl. However,
during in vivo studies, vasorelaxant effects of carbocromen
on large coronary arteries were reported. Thus it seems that
carbocromen is selective for coronary arteries without affect-
ing systemic arterial blood pressure [37, 38]. This high selec-
tivity has also been proposed for cloricromen (also spelled
cloricromene by some authors or known as AD6, 8-chloro-3-
B-diethylaminoethyl-4-methyl-7-ethoxycarbonyl-
methoxycoumarin, Table 2 - C12), which caused stronger and
longer coronary vasorelaxation than carbocromen. Both cou-
marins increased the coronary blood flow via the above-
mentioned mechanism and had no effect on myocardial con-
tractility, the duration of systole and metabolic rate [38].

EFFECTS ON PLATELET FUNCTION

There are many articles analysing the antiplatelet activity
of coumarins, a simplified summary is given in Tables 2 and
3. Their comparison is not easy, because the concentrations
of the aggregation inducers and the tested compounds were
not identical. In many cases acetylsalicylic acid was used as
a comparator, but the concentration was not always the same
and acetylsalicylic acid was not able to block the aggregation
started by ADP or thrombin. Moreover, some researchers
tested only one or several concentrations, some plotted con-
centration-effect curves but only reported 1Csy. The effective
concentration should not be taken as an insurmountable fac-
tor, because generally the platelet inducer may be somehow
artificial, e.g., a stable agonist of thromboxane receptors U-
46619 or the extracellular administration of arachidonic acid
(AA). Thus the concentration needed to evoke an effect on a
human being might be lower. This can be demonstrated by
the fact that acetylsalicylic acid is clinically used in quite
low doses but the ICs, of acetylsalicylic acid on AA (50 pM)
induced aggregation was quite high in rat platelet suspension
- 60 UM [43], while in another study 56 M of acetylsali-
cylic acid was sufficient to completely block platelet aggre-
gation started by 100 yM of AA in a rabbit platelet suspen-
sion [44]. In both cases, the platelet concentration was al-
most identical. Thus the lowest effective concentration can-
not be easily established but, on the other hand, it may be
considered that since some coumarins only have an effect at
concentrations higher than 100 uM, they would very likely
have no pharmacological effect in clinical settings.

Based on their structure, coumarins are able to block the
platelet aggregation induced by various mediators. Many
compounds even reached the activity of the comparator and
appear to be suitable for future testing. Only a few articles
analysed the mechanism of action, which is again highly
variable, likely due to vast differences in their chemical
structures. In general, the antiplatelet activity of coumarins
seems to be reversible in most cases [45-47] but inhibitors of
phospholipase A, may act as irreversible inhibitors [48].
Similarly to structurally related flavonoids, the blockade of
thromboxane production from AA may be one of their pos-
sible effects [14, 46, 47]. This effect may be mediated by
both the inhibition of cyclooxygenase and/or thromboxane
synthase. Our group has recently shown that 5,7-dihydroxy-
4-methylcoumarins (Table 2 - C11) did not influence throm-
boxane synthase but blocked cyclooxygenase-1 even at
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Table 2.  Simplified overview of in vitro studies with simple coumarins on inhibition of platelet aggregation activated by various
inducers. The table summarizes the best effect on platelet aggregation; where multiple compounds were tested, the result
shows the most active one.

5 £ Eg 2
hemical F la of the Most Acti - o0 I~ ) ' x
Ref. Coumarin(s) Chemical Formula o de ost Active Com ::g z % g ;5 & .E_ 5 §
pound(s) 8 ﬁ E g 3
o0._0O
[43] coumarin (C9) ©/j 1o 1
=
o0._0O
[47] 4-hydroxycoumarin @j 0 0 0
OH
simple derivatives of 4- 0._0O
[44] hydroxycoymarin— the most active ©;j | | 0 .
was 4-[(oxiran-2-yl)methoxyl]-2H- o]
1-benzopyran-2-one O\/A

derivatives of 4-hydroxycoumarin 0.0
ith a-methylene-y-butyrolact
[44] with a-methylene-y-butyrolactone = 4 14 140 | 4
(R = CHj;, C¢Hs, 4-F-C¢H,, 4-Cl- o o)

CH,, 4-CH;-CgH, or 4-CH;0-CHy)

R
[47, 50, 7-hydroxycoumarin HO 0.0 | | 0 0 0-
53] (umbelliferone, C10) Z 1

O
4-methyl-7-hydroxycoumarin
(4-methylumbelliferone) 7
7-hydroxy-6-methoxycoumarin
MR ) RO 0._0
[47] (scopoletin, R = H, partly active) ]@/\j 0-1 0-1 |
and its B-D-glycoside scopolin (R ~0 =
= 3-D-glycoside, inactive)
[53] 7-hydr0xy-8-methoy.;ycoumarln HO 0. .0 | | 0
(hydrangetin)
Pz
(0] 0._0O
[50, 51] derivatives of 7-hydroxycoumarin o \©/\j 4 Lab Lt | 4

with a-methylene-y-butyrolactone

[47]

o
OH
8-(27-O-B-D-glucopyranosyl-3'-
[54] methyl-3"-hydroxybutyl-)- O-Gle 1 0 0-1¢ 0
umbelliferon HO 0.0
=
o/
[53] 3,7,8-trimethoxycoumarin _0 o. _0O |ab 0 0
(schinicoumarin)
A o7
O/
J¥e) 0._0
[55] 5,7,8-trimethoxycoumarin _ 1 1 0 1
O\

[53] 7,8-derivatives of coumarin Y\/Y\/O\Clojo 3¢ 2 0
>
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(Table 2) contd....

Ref.

Coumarin(s)

Chemical Formula of the Most Active Com-

pound(s)

AA

Collagen

ADP

Thrombin

£
o

PAF
ionophore
A23187
U-46619

[55]

6-derivatives of 5,7-
dimethoxycoumarin
toddanol, toddanone (the most
active and shown in the figure)
and toddalolactone

1-2°

[56]

5,6,8-derivatives of 7-
methoxycoumarin/R =
CH,COCH(CHj3), or
CH,CHOHC(CH,;)=CH/

Og

[47]

various derivatives of 4-
methylcoumarin - the most active
were 5,7-dihydroxy-4-
methylcoumarins (C11)

HO 0._0

OH (0]

[46]

6,7-derivatives of coumarins -
suberosin (a) and aurapten (b)

[57]

8-derivatives of 7-
hydroxycoumarin
minumicroline acetonide (a) and
epimurpaniculol senecioate (b)

0%/1

[41]

3-arylcoumarins/6-hydroxy-3-
(3",5’-dihydroxyphenyl)coumarins
was the most active/

OH

[58-61]

4-(1-piperazinyl)-derivatives
R = 2-morpholinoethoxy or pyri-
din-3-ylmethoxy (Fig. 2)

[45, 62]

cloricromen (8-chloro-3-f-
diethylaminoethyl-4-methyl-7-
ethoxy-carbonylmethoxy coumarin,
Cl12)

24

SR

[63]

11-0-B-D-glucopyranosyl thamno-
smonin

O-Glc

0: non significant vs control, 1: slight effect or the effect was observed at very high concentrations (more than 100 uM), 2: intermediate effect - a significant effect observed at con-
centrations from 50 to 100 pM, 3: good effect - a significant effect in concentrations below 50 uM, 4: excellent effect - a significant effect at less than 10 uM

Data on warfarin (a simple coumarin) are shown in Table 3.

* although it has little effect with common inducers, its ICs, on adrenaline-induced platelet aggregation in the presence of collagen was 58 uM (that of ASA was 50 pM)
® the compound or some of the tested compound(s) completely abolished the aggregation but the concentrations were > 250 uM, no additional data given

¢ IC;s, of the most potent compound in the range 10-20 uM

¢ statistical analysis missing and tested concentrations approached 1 mM

¢ one compound at a concentration of 61 uM caused more than 50% inhibition

" the compound was partly active at concentrations > 250 uM, no additional data given

¢ interestingly, rather an opposite effect (proaggregation) was observed instead

" only results with 50 uM are shown

"only concentrations of about 20 uM were tested and a non-significant tendency was observed.
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Table 3.  Simplified overview of in vitro studies with complex coumarins on inhibition of platelet aggregation activAfddeByc0atdous
inducers. The table summarizes the best effect on platelet aggregation; where multiple compounds were tested, the result
is for the most active.

= 2
C Ch 1F la of the Most A C g &~ z = % & 2
. . . g g &
Ref. 0;;1:erm Coumarin(s) emical Formul ::u;d:s) ost Active Com: :E‘ 2 a g § ES §
[=] S [}
o = PRI
&}
0 0._0O
12-0-B-D- <\/\©/\;I/
[63] furano glucopyranosyl gosfe- o 0 0° 0

rol M
Glc-0
decurosides (R = sugar, o o__0
[64] furano R™= H'or OH) and ROW 2
nodakenin (R = sugar, :

R’ =H) R
O/
o o0._0O
S b
[55] furano isopimpinellin \ P 1-3 0 0 0
O\
o) 0._0
HO
>
Glc-0O

[54] furano 3 different structures j)QO -Gle Gl O]H')Q H 1-4° 1° | 0-1° 0
heraclenol (shown in HO OH
the figure, also tested

[65] furano were its glycoside and o 0 0 1
a dimer with a pyrano- o} 0.0

coumarin) \ P

poncitrin (R=OCH3, R’ R’
= 2-methylbut-3-en-2- fo) o. _0
[46] pyrano yl), xanthyletin (R =R’ 3.4¢ 1 1 0 ) |
= H) and xanthoxyletin
(R=0CH,, R’ =H) R

L )\/CJ\ o
34 ? OM

[49] pyrano diisovalerylkhellactone 2 3 1 4
diester (C13) o 0. 0
=

[55] pyrano braylin 1-4¢ | 1-3° 1

4-derivatives of 2- 0. .0

methanesulfonyl-5H-

1]benzopyrano[4,3- R

[66] | pyrimidino | | Py ’ ' 48 4t 4

d]pyrimidin-5-one Ny N
(R = morpholino, 0=8=0
piperidino, pyrrolidino) !
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(Table 3) contd....
)
. . . g £ N
Ref. Co;maerm Coumarin(s) Chemical Formula :l: ;:::sl)v[ost Active Com- :E‘ éﬂ % g E g 5 §
yp p 3 = 5 <| 3

OH
warfarin (a), ethylbis-
coumacetate (b) and

biscoumacetic acid (b, 0.0 04 O
metabolite of the latter) O = x O
OH o”>o OH

ke
b

a
[67] simple/bis

0.0
L

0._00. 0O

OH COOH OH

[46] bis dicoumarol

0._00 0O
IO~ X

0: non-significant vs control, 1: slight effect or the effect was observed at very high concentrations (more than 100 pM), 2: intermediate effect - a significant effect observed at con-
centrations from 50 to 100 uM, 3: good effect - a significant effect at concentrations below 50 pM, 4: excellent effect - a significant effect at less than 10 pM

Data on 4-(1-piperazinyl)-derivatives of benzocoumarins are given in Table 2.

* only concentrations of about 20 uM was tested and a non-significant tendency was observed

® effective at 200 uM - reduction in aggregation of 89 to 20%, but no additional data given
¢ statistical analysis missing and the tested concentrations approached 1 mM
¢ ICs, of xanthoxyletin was 30 uM, the lowest effective concentration not shown

¢ the compound or some of the tested compound(s) completely abolished the aggregation, but the concentrations were > 250 uM, no additional data given

"the compound was partly active at concentrations > 250 uM, no additional data given
¢ 1Cs, of the most potent compound in the range 10-20 uM
" with warfarin, ICs, is not clinically relevant - about 7 mM

lower concentrations than acetylsalicylic acid. In addition,
these coumarins also had a significant effect on another step
of aggregation: they probably acted as antagonists at throm-
boxane receptors [47]. Interestingly other coumarins, both
simple and pyrano, appeared to also act at the level of AA
transformation into thromboxane, in addition to acting on the
phosphoinositol pathway mediated by ADP and the platelet-
activating  factor (PAF) [46]. In contrast, 3',4'-
diisovalerylkhellactone diester (Table 3 - Cl13) probably
acted as an antagonist at PAF receptors without having
blocked cyclooxygenase-1 or thromboxane synthase [49].
The basic core of coumarins clearly has the potential to in-
fluence PAF and thrombin based pathways, since its re-
placement with naftalene, xanthrone or even flavone in com-
pounds bearing the active o-methylene-y-butyrolactone moi-
ety substantially decreased the effect on both of the above-
mentioned pathways [44, 50-52]. A very interesting and less
common mechanism of action includes the inhibition of
phospholipase A, activation or enzymatic activity; and the
inhibition of phosphodiesterase 3. Data on these compounds
are more numerous and are summarized in the text below.

The group of Roma et al rationally synthetized a large
series of coumarin derivatives with 1-piperazinyl at position
4. Some of their compounds, in particular 8-methyl-4-(1-
piperazinyl)-7-(3-pyridinylmethoxy)-2H-1-benzopyran-2-
one (Fig. 2a, C15) were remarkably efficient inhibitors of
various aggregation inducers (ADP, collagen, calcium iono-
phore A23187 and thrombin). The ICsy of the above-
mentioned compound was around 1-2 UM or even lower. Its
close analogue 8-methyl-7-(2-morpholinoethoxy)-4-(1-
piperazinyl)-2H-1-benzopyran-2-one (Fig. 2b, Cl16) was
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slightly less potent on ADP and calcium ionophore-induced
aggregation, but its ICsy on collagen-induced aggregation
was 284 nM. The mechanism of action of the former was
examined in detail and included the inhibition of phosphodi-
esterase 3 with an ICsy of 37 nM, so an order of magnitude
lower than that of the known inhibitors cilostazol and milri-
none. Phosphodiesterase inhibition leads to the accumulation
of cAMP, and this was probably associated with antiplatelet
activity on all the above-mentioned aggregation inducers.
Possible participation of the cyclooxygenase pathway can be
excluded, since preincubation with acetylsalicylic acid did
not significantly change the ICsy [58-61].

=
|
@,O 0.0 I/\N/\/O 0._.0
2 0\) =
) ()
N N
a H H
Fig. (2). The most efficient 1-piperazinyl derivatives of coumarins.
a: 8-methyl1-4-(1-piperazinyl)-7 -(3-pyridinylmeth oxy)-2H-1-

benzopyran-2-one (C15), b: 8-methyl-7-(2-morpholinoethoxy)-4-
(1-piperazinyl)-2H-1-benzopyran-2-one (C16).

Cloricromen (Table 2 - C12) is also able to block the ag-
gregation induced by various inducers including adrenaline.
In rabbits it only partially inhibited ADP-induced aggrega-
tion, while its effect on collagen-induced aggregation was
more pronounced. In human platelet-rich plasma, clori-
cromen was markedly effective at inhibiting both ADP- and
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collagen-induced aggregation, with a substantial effect at 10

UM and even some effect at 1 M. Similarly, another study
found cloricromen to be highly effective on PAF-induced
aggregation at the yM level. The effect on the aggregation
pathway started by exogenously administered AA was much
lower and only substantial at high concentrations. Moreover,
combination with acetylsalicylic acid may lead to a synergic
action. This is in agreement with the finding that this cou-
marin acts upstream of the inhibition of cyclooxygenase,
because it inhibited the release of AA from platelets stimu-
lated with thrombin. Thus a possible interference with phos-
pholipase A, was likely, in particular because other coumar-
ins, umbelliferone (Table 2 - C10) and ethyl coumarin-3-
carboxylate (Fig. 3 - C24), are potent inhibitors of different
phospholipases A,, with ICsy in nM concentrations, and both
have antiplatelet effects. In contrast, the direct inhibition of
this enzyme by cloricromen was not documented. However,
it was shown that cloricromen likely interferes with the G
protein-mediated activation of phospholipase A,. Based on
these experimental results, the blockade of phospholipase C
and an increase in cAMP can be excluded as a mechanism of
cloricromen action. In agreement with these data, clori-
cromen was able to markedly inhibit the phospholipase A;-
dependent release of PAF from leucocytes stimulated with
Ca-ionophore A23187 [45, 48, 62, 68-72]. Thus the drug by
interference with ADP-, PAF-, thrombin- and collagen-based
pathways might be active inhibitor of the aggregation proc-
ess, where both collagen and the other above-mentioned
soluble agonists play a role [73]. Since cloricromen appears
to be a very safe compound (500 mM was tolerated well by
freshly isolated resident alveolar macrophages for 24 hours)
with additional positive activities (anti-inflammatory activity
due to inhibition of the NF-kB pathway, antioxidant proper-
ties) [74, 75], its possible use in humans was tested. How-
ever, the result was disappointing, the drug was not able to
influence platelet aggregation 2, 4 or 6 hours after the ad-

a
d
OH
O
Fig. (3). Chemical structures of other mentioned coumarins. a:

hydroxymethylcoumarin (C22), d: bis(acetonyl) derivate of 7,8-dihydroxy-4-hydroxymethylcoumarin (C23),
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ministration of 300 mg of cloricromen in healfiapledicantelrs.
The reasons for this failure are not clear, but rapid metabo-
lism and/or reversibility of the antiplatelet activity may be
responsible [62, 69, 76].

Other data on in vivo models or clinical settings are
sparse. In addition to cloricromen’s failure to influence
platelet aggregation in volunteers, it also failed to improve
the condition of patients with intermittent claudication
treated with acetylsalicylic acid. There were only insignifi-
cant tendencies to improve their condition [77]. Similarly,
the pyranocoumarin seselin (Fig. 3 - C25) failed, in contrast
to acetylsalicylic acid, to provide protection against pulmo-
nary thromboembolism in mice [78].

A few studies confirmed that clinically used anticoagu-
lants have generally low or no direct antiplatelet potential.
However, some interactions based on pharmacokinetics were
found between clopidogrel and phenprocoumon (Table 5 -
C28), and a pro-aggregatory effect on platelet aggregation
with nicoumalone (acenocoumarol, Table 5 - C29) was ob-
served [79, 80]

EFFECTS ON MODELS OF ISCHAEMIC HEART
DISEASE, DYSRHYTHMIAS AND CHRONIC HEART
FAILURE

Few studies have tested the effects of coumarins on ex-
perimental major cardiovascular diseases, namely arterial
hypertension (summarized in the section VASORELAX-
ANT PROPERTIES), ischaemic heart disease, myocardial
infarction/damage, cardiac dysrhythmias and haemorrhagic
shock.

The tested coumarins exhibited mostly positive effects in
experimental models of serious diseases of the cardiovascu-
lar system, but also some negative. A deeper understanding
of the mechanisms of action of coumarins in these diseases

=&y
%J

0._.00._0
X I
OH OH

b: praeruptorin C (C21), ¢:

€.

7,8-dihydroxy-4-
ethyl coumarin-3-

pteryxin (C20),

carboxylate (C24), f: seselin (C25), g: 3,3 "-methylenbis(4-hydroxycoumarin) (C26).

140



Cardiovascular Effects of Coumarins Besides their Antioxidant Activity

requires further detailed studies. In summary, the principal
positive effects of coumarins mentioned in Table 4 are as
follows:

= an improvement in lipid metabolism and an increase in
glycolytic metabolism (osthole, Tables 1 or 4 - C3);

 a vasodilating effect caused by Ca*’-channel blockade or
by the elevation of cGMP (osthole);

= an antidysrhythmic activity accompanied by a prolonga-
tion of action potential duration and prolongation of the
refractory period (cloricromen, Tables 2 or 4 - C12);

* a membrane stabilizing effect and B-adrenoceptor block-
ing activity (bucumolol, Table 4 - C17);

» dilatation of coronary blood vessels (7-hydroxycoumarin
/Table 2 or Table 4 - C10/ and carbocromen /Table 4 -
C18/), better oxygen utilization by mitochondria (car-
bocromen);

= a positive effect on cardiac metabolism caused by an in-
crease in CAMP (carbocromen);

* reduction in the infarction size by inhibiting leucocytes
infiltration (cloricromen);

« anti-inflammatory and antioxidant effects, a decrease in
lipid peroxidation (osthole);

e a decrease in myocardial damage induced by isoprotere-
nol by decreased lipid peroxidation (marmesinin, Table 4
- C19);

= a positive effect during haemorrhagic shock by reversing
myocardial failure (cloricromen).

A direct vasodilatory effect may not be purely beneficial,
because it could include vasodilation of shunt colaterals in
the heart, which may be deleterious due to the diversion of
blood from ischaemic parts (carbocromen).

Calcium channel blocking properties may be the basis for
the cardiodepressant activity of some coumarins. Scopoletin
(Table 1 - C1) had a negative chronotropic effect as well as a
negative inotropic effect on the atria from pigs. This effect
was not mediated by muscarinic receptors [81]. Similarly,
the introduction of a coumarin core at position 4 in dihydro-
pyridines led to a compound with vasorelaxant properties
and/or negative chronotropic and/or inotropic effects (on
atria). Moreover, several phenylcoumarin derivates exhibited
an inhibiting effect on contractility, while coumarin derivates
exhibited quite good negative chronotropic effects [40].

CLINICAL SUMMARY OF ORAL ANTICOAGU-
LANT THERAPY WITH COUMARINS

Coumarin derivatives are widely used oral anticoagulants
[93]. Their history began in the 1920s, when an unusual dis-
ease characterised by fatal bleeding, either spontaneously or
from minor injuries, was observed in cattle in the Northern
USA and Canada. Mouldy silage made from sweet clover
(Melilotus alba and Melilotus officinalis) was implicated,
and it was shown that it contained a haemorrhagic factor that
reduced the activity of prothrombin. It was not until the
1940s that it was discovered in Wisconsin that the anticoagu-
lant component of sweet clover was 3,3"-methylenbis(4-
hydroxycoumarin), Fig. 3 - C26. Further work led in 1948 to
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the synthesis of warfarin (Table 5 - C27), which was initially
approved as a rodenticide in USA in 1952. It has been used
in humans since 1954. The name warfarin is derived from
WARF (Wisconsin Alumni Research Foundation) and the
suffix-ARIN, which identifies it as a coumarin [94]. Nowa-
days warfarin is the most widely used anticoagulant in the
world with annual prescriptions amounting to 0.5-1.5 % of
the population [95]. Warfarin is the first-choice coumarin
anticoagulant in the USA, Canada, the United Kingdom and
many other countries around the world. Apart from warfarin,
other coumarin derivatives are used as anticoagulants in
some countries. The most common are acenocoumarol and
phenprocoumon (Table 5 - C29 and C28), which are used in
some European countries (e.g., Germany, The Netherlands).
For example, more than 200,000 prescriptions for phenpro-
coumon and more than 1 million for acenocoumarol were
registered in 2008 in The Netherlands [93, 96, 97].

The anticoagulant effect of these substances is due to the
inhibition of vitamin K epoxide reductase (Fig. 4), which
leads to the depletion of several coagulation factors includ-
ing factors II, VII, IX and X, whose formation is dependent
on vitamin K (Fig. 4) [97, 98]. Warfarin has a single chiral
centre that gives rise to two different enantiomeric forms, of
which the S-form is approximately 2- to 5-fold more potent
than its R-counterpart. In clinical situations, a racemic 50:50
mixture of both enantiomers is administrated orally [97]. The
individual anticoagulants from the coumarins class differ in
their pharmacokinetic properties, of which the most impor-
tant is the elimination half-life. Acenocoumarol has the
shortest half-life (about 10 hours) followed by warfarin (36-
42 h) and then phenprocoumon (up to 140 h) [93]. A com-
parison of the selected pharmacokinetic parameters of vita-
min K antagonists is shown in Table 5.

The clinical effectiveness of coumarin anticoagulants
(most studies have been performed with warfarin) has been
established by well-designed clinical trials [98] and con-
firmed by meta-analysis of these trials. Coumarin anticoagu-
lants are effective in the treatment and prevention of arterial
and venous thrombosis [93]. Nowadays, the main clinical
use of coumarin anticoagulants is the prevention of stroke or
systemic embolism in patients with atrial fibrillation, which
is one of the most common cardiac disorders with a preva-
lence of around 1% of the population in the US, Canada and
the majority of European countries [99, 100]. Other current
uses are:

e the primary and secondary prevention of venous throm-
boembolism [98];

= the prevention of systemic embolism or stroke in patients
with prosthetic heart valves [101-104];

= the prevention of acute myocardial infarction in patients
with peripheral arterial disease [105];

» the treatment of antiphospholipid syndrome [106];

» the prevention of systemic embolism in high risk patients
with mitral stenosis and prevention of systemic embolism
in patients with presumed systemic embolism, either
cryptogenic or in association with a patent foramen ovale
(its effectiveness has not been proved by randomized
clinical trials) [98].
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Table 4. Effects of selected coumarins on experimental major cardiovascular diseases.
Ref. Coumarin Chemical Formula Pathological State Exge;:ﬁ;xlltal Methods Results
Cardiac hypertrophy caused by hypertension
The higher dose of
| Cotie e Govage 0z | bt
35 thole (C3 t /kg/d for 4 .
(35] osthole (C3) _O o0_0 renovascular hy- rat & me/ke/cror index (week 4), the
. weeks.
P pertension. lower dose had no
significant effect.
Experimental dysrhythmias
o Cloricromen at i.v.
Aconitine in rats
. . doses of 2.5-10
(i.v. 0.25 pg/min .
. mg/kg antagonized
until VPB occur)
. . the dysrhyth-
In vivo rat & and adrenaline in ; .
¢ and cat, in cats - 3 pg/kgi.v mogenic potential
) o) 0._0 . ; ? HEXE LY. of aconitine and
82] cloricromen /I; Experimental vitro guinea bolus, an increased adrenaline. In vitro
Cl12 = N ias. ig isolats tential to ind . ’
(C12) (o}gNe) N dysthythmias pig l_so ated poten 1.a 0 mduce cloricromen (20-50
k K cardiomyo- ventricular dys-
. . uM) prolonged
cytes. rhythmias. In vitro . .
. action potential
functional refractory .
. . . duration and func-
periods in atrial and | .
. tional refractory
ventricular muscle. .
period.
Aconitinei.v. 20 6,7-dimethoxy-
ng/kg; 6,7- .
o 0.__0 dimethoxy- coumarin was
6,7-dimethoxy- - Experimental Rat (sex not . more potent at
[83] . . . coumarin in doses .
coumarin ~ ¥ dysrhythmia. specified) . reducing occur-
(0] of 33-500 mg/kg ig,
. . rence of VPB than
procainamide 100- rocainamide
800 mg/kg ig. P ’
Experimental dysrhythmias
Atrial dysrhythmia
produced by local
application of aco-
et o s
dl-bucumolol 4\ OH 0.0 Experimental dog 49 rhythmia produced by .
[84] . . stereoisomers
(C17) dysrhythmias. (mongrel) ouabain (40 pg/kg .
i.v.). Racemic bucu- were in the range
N . 0f2.8t06.2
molol or its isomers ma/k
were given i.v. (0.5 gke
mg/kg/min) until
antidysrhytmic effect
occurred.
Myocardial ischaemia/reperfusion (I/R)
10 min R: an
increase in coro-
nary blood flow (7-
. hydroxycoumarin
- . -fl
7 . HO o__0 Myocardial I/R . 30 i zero-tow 10 M)
hydroxycoumarin . ischaemia followed . .
[32] . (isolated perused rat & . An increase in left
(umbelliferone, _ by 45 min of .
rat heart). . ventricular devel-
c10) reperfusion oped pressure after
(301/45R). Pec preseil
reperfusion at a
concentration of
10° M.
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(Table 4) contd....
E i tal
Ref. Coumarin Chemical Formula Pathological State Xl:rfmelll 2 Methods Results
nima
j\/o 0. .0 A brief intermittent ST segment of the Carb
rief intermitten arbocromen
[85] carbocromen ~o mvocardial dog 39 epicardial ECG as a improved ischac
(C18) Z NN ithaemia (mongrel) parameter of inter- P mia
K ’ mittent ischaemia. '
A single dose of Cloricromen
cloricromen (0.25 caused a smaller
mg/kgi.v.) for 4 ST segment
Myocardial /R in bbit days, 5" day occlu- elevation, de-
rabbi
[86] vivo by occlusion ) . sion (50 min) with creased the num-
of the circumflex (sex Ifl_o d;pecl- infusion of clori- ber of ventricular
i
coronary artery. ¢ cromen (6.4 fibrillations, a
ng/kg/min) fol- reduced necrotic
al lowed by 20 min of | area compared to
o 0. .0 reperfusion. the controls.
cloricromen /I; .
oo % NN Cloricromen at
k K both rates of
infusi duced
Infusion of clori- H? f510? e ?ce
infarction size
30 or 300 .
Myocardial /R by cr(;kme/n ( ) 105r . and MPO activ-
[87] occlusion of left rabbit & Hefig/min mm ity.
before 160/R120, .
coronary artery. . . Higher dose of
continued during i
the experiment cloricromen also
P ’ reduced ST-
segment eleva-
tion during 1.
Myocardial ischaemia/reperfusion (I/R)
Osthole reduced
myocardial dam-
age and improved
haemodynamic
parameters after
I/R injury, in-
130/ R120 induced T, I
. creased activities
| by LAD | dactivit
ion.
Myocardial /R Y oecius 0, antioxidant en-
. Osthole was admin-
[88] osthole injury, LAD occlu- rat & . zymes, decreased
o) o0.__0 A istered at doses of 1, ..
sion. 10. 50 me/ke i products of lipid
P ,50 mg/kgi.p. dati
upon initiation of I. peroxication,
decreased proin-
flammatory cyto-
kines in most
cases in a dose-
dependent man-
ner.
1240/R90, Car-
bocromen for 8
weeks 2 x 20 Carbocromen
j\/ o 0. .0 Myocardial I/R mg/kg/dp.o., 15 decreased infarc-
[89] carbocromen ~o injury, in vivo, dog &9 min before occlu- tion size, im-
open-chest, LAD (mongrel) sion i.v. bolus of 4 proved coronary

occlusion.

mg/kg, 40
pg/kg/min during
occlusion and reper-
fusion.

collateral blood
flow.
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(Table 4) contd....

. . . Experimental
Ref. Coumarin Chemical Formula Pathological State . Methods Results
Animal
Carbocromen
increased blood
M dial IR flow in normal
yocardia dog myocardium, but

injury, in vivo,

[90] nest LAD (sex not speci- | i.v.dose of 3 mg/kg. | decreased infarct
Open-chest, fied) blood flow and
occlusion ]
peripheral coro-
nary flow (2-3 h
after ligation).
Experimental myocardial injury, heamorrhagic shock
I 1 1(ISO
lz(z)p;? (/elienio (t ic)e Marmesinin at a
p. tw
& g P dose of 200
.. o. _0 at 24 h interval.
marmesinin O . . mg/kg p.o. ame-
. o_ O Myocardial dam- Two days prior and -
(linear furano- HO ¥ . . . liorated most
. - urin admini-
[91] age by isoprotere rat & during ISO ad
coumarin, ” . .. measured pa-
HO OH nol. stration marmesinin
(C19) OH .. . rameters of myo-
administered in cardial damage
d 25-400 mg/k;
08¢ me/ke caused by ISO.
p.o.
Blood withd 1
oo wl . rawz'l Higher doses of
over 20 min until cloricromen
MAP fell to 30 mm

. increased sur-
Hg. Cloricromen .
.. . vival rate, de-
was administered in

o ¢ o o d £0.5.1.0 and creased MDF and
.5, 1.0 an
. Haemorrhagic 08e8 0 o y TXB,and re-
[92] cloricromen _ o~ shock rat & 2 mg/kgi.v. after the versed ST se
o Ok '\L ’ end of bleeding. &

. ment elevation.
Haemorrhagic .
In contrast, clori-
shocked rats had cromen did not
enhanced MDF, ffect th d
T -
TXB,and 6-keto a sc if’((})l ue
ion .
PGF,,. on otk

4-HNE - 4-hydroxynonenal, 6-keto PGF,, - 6-ketoprostaglandin F,,, CAT - catalase, CK - creatine kinase, CK-MB - creatine kinase-MB, GPx - glutathione peroxidase, I/R - ischae-
mic/reperfusion, numerals indicate duration in min, IL-6, IL-10 - interleukines-6/-10, LAD - left anterior coronary descending artery, LDH - lactate dehydrogenase, MAP - mean
arterial pressure, MDA - malonyldialdehyde, MDF - myocardial depressant factor, MPO - myeloperoxidase, PGI, - prostaglandin I,, SOD - superoxide dismutase, TNF-a - tumour
necrosis factor-a, TXB, - thromboxane B,, VPB - ventricular premature beats.

Table 5. Selected pharmacokinetics parameters of vitamin K antagonists [93, 96, 97].

Warfarin (C27) Phenprocoumon (C28) Acenocoumarol (C29)
0._0 0._0 NO,
o._0
- 20¢e -
Chemical formula =
OH OH
OH
(0] (o)
Maintenance dosage (mg/day) 1.5-12 0.75-9 1-9
Volume of distribution (I/kg) 0.08-0.12 0.11-0.14 0.22-0.52
Protein binding >99% >99% >98%
Half-life (h) 36-42 110-130 8-14
Elimination kinetics first-order first-order biphasic
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Fig. (4). The mechanism of action of warfarin. Vitamin K partici-
pates in the y-carboxylation of several proteins (P) involved in the
coagulation cascade. This carboxylation is responsible for the acti-
vation of those factors. The epoxide of vitamin K then has to be
regenerated by vitamin K (epoxide) reductase, which might be
blocked by warfarin, thus blocking the secondary activation of sev-
eral coagulation factors (II, VII, IX and X) and some naturally oc-
curring anticoagulation factors, e.g., protein C and protein S.

On the one hand, coumarin derivatives are effective and
clinically used anticoagulants, on the other hand therapy
with these agents also brings with it significant complica-
tions and problems. In general, the major therapeutic prob-
lem is the low therapeutic window, which is commonly
monitored by International Normalized Ratio (INR). INR is
more advantageous than direct drug level monitoring. In
particular due to the complicated pharmacokinetic and phar-
macodynamic profile of warfarin, maintaining INR in the
range 2-3 is not an easy task, as can be seen from a recent
analysis [106-109]. In high INR, bleeding represent the most
serious risk of the therapy. According to a meta-analysis of
33 studies for patients who received anticoagulant therapy
for more than 3 months, the case-fatality rate of major bleed-
ing was 9.1% (CI, 2.5 % to 21.7 %), and the rate of intracra-
nial bleeding was 0.65 per 100 patient-years (CI, 0.63 to 0.68
per 100 patient-years) [110]. In contrast, a low INR is asso-
ciated with a higher risk of thromboembolism.

Despite the above-mentioned problems with anticoagu-
lant therapy in clinical practice, coumarin anticoagulants are
nowadays widely used, especially in the treatment of atrial
fibrillation or for the long-term treatment and prevention of
deep venous thrombosis or pulmonary embolism. In particu-
lar due to interaction problems and the need to monitor INR,
novel oral anticoagulants may replace them in therapy. Such

145

Current Topics in Medicinal Chemistry, 2015, Vol. 15, No. 6

anticoagulants include direct inhibitors of thrombin and fac-
tor Xa, but their structure is not based on the coumarin core
and thus they are not the subject of this review [111, 112].
Notwithstanding the clear advantages of those novel drugs,
warfarin remains the most frequently used oral anticoagulant
worldwide, especially due to its low price and large clinical
evidence and experience. The research of novel coumarin
anticoagulants has not stopped [113], but due to the advan-
tages of novel anticoagulants, their therapeutic use is ques-
tionable.

CHRONIC VENOUS INSUFFICIENCY

Non-substituted coumarin (Table 2 - C9) possesses
venoactive properties [114] and has been used for the ther-
apy of chronic venous insufficiency for decades [115]. Its
use has been more due to tradition than based on clinical
trials. The mode of action of coumarin on venous haemody-
namics is complex [116]. A beneficial effect has also been
observed when combining coumarin with the flavone trox-
erutin [116]. Moreover, troxerutin was able to protect the
liver from a possible lipid peroxidation caused by coumarin
[115].

PHARMACOKINETICS AND TOXICITY

Although the data presented here showed that coumarins,
apart from the known effects of warfarin and related antico-
agulants, might be very interesting compounds in the treat-
ment of cardiovascular diseases, there is still a long way to
go before possible clinical use. Firstly, coumarins which
were very active under in vitro conditions might not be so
promising in vivo or in humans. One such example is clori-
cromen, which failed in clinical settings. The reason is not
known, but pharmacokinetics may play a significant role
here. Pharmacokinetics is very important for two major rea-
sons in coumarins, firstly, the low bioavailability of the effi-
cient compound may hamper their effect and secondly, the
metabolites may be toxic. Last but not least, a possible inter-
action due to the inhibition of cytochrome P450 3A4 is well
known for some furanocoumarins from grapefruit juice, but
this is probably not a class effect for coumarins. In addition,
there is no clear evidence whether any specific compound is
responsible for this effect or if this interaction arises from a
cumulative effect of compounds present in this fruit. Among
the furanocoumarins thought to be responsible for the inhibi-
tion of CYP3A4, paradisins A and B (Fig. 5 - C30 and C31),
as well as 6°,7 -dihydroxybergamottin (Fig. 5 - 32) and its
dimer, are often cited in the literature [117, 118]. Furano-
coumarins seem to be particularly important for CYP inhibi-
tion, since the CYP2A6 enzyme is inhibited by two other
furanocoumarins. The better known one is methoxsalen (Fig.
5 - C33) [119] but recently, the furanocoumarin chalepensin
(Fig. 5 - C34) has been found to be a mechanism-based in-
hibitor of the same enzyme [120].

A particular problem with coumarins is that the pharma-
cokinetics have not been determined for the majority of
them, or the results are ambiguous. The most available data
are on the non-substituted basic coumarin. The coumarin
molecule itself can be hydroxylated at all the positions in
which such a reaction is possible, namely at positions 3, 4, 5,
6, 7 and 8. All such reactions were found in different species
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Fig. (5). Chemical structures of suggested inhibitors of CYP3A4. a: paradisin A (C30), b: paradisin B (C31), ¢: 6°,7 -dihydroxybergamottin

(C32), d: methoxsalen (C33), e: chalepensin (C34).

and to a different extent [121]. However, in all the species
and samples of various tissues, two pathways were described
as the major ones, namely, 7-hydroxylation and formation of
the 3,4-epoxide. 7-Hydroxylation is the major pathway in
humans (about 75%), catalyzed by CYP2A6. This reaction is
commonly understood to be a detoxication. Formation of the

3,4-epoxide is achieved with help of other cytochromes
P450, of the CYP1A1, CYP1A2 and CYP2E1 enzymes with
the last one being the most important [121]. In rats, the situa-
tion is reversed with epoxidation being the major and 7-
hydroxylation the minor pathway of coumarin metabolism
[121, 122]. However, the coumarin 3.,4-epoxide is unstable.
It may be either conjugated with glutathione (this detoxica-
tion reaction is catalysed by glutathione S-transferase, forms
o- or p-, but not m- [123]) or, converted further to o-
hydroxyphenyl acetaldehyde. During this reaction, carbon
dioxide is lost and the o-hydroxyphenyl acetaldehyde, which
is considered to be the hepatotoxic intermediate, is formed
[4, 13, 121-125]. This compound may be detoxified by re-
duction to o-hydroxyphenyl ethanol or oxidation to o-
hydroxyphenylacetic acid [4, 123-125]. Interestingly, it has
been concluded that even in humans with a complete lack of

7-hydroxylation, the chance of forming the hepatotoxic o-
hydroxyphenyl acetaldehyde is lower than in rats when ex-
posed to a similar dose relative to body weight [125].

CONCLUSION

In addition to their known antioxidant effects, many
coumarins possess direct antiplatelet and vasorelaxant prop-
erties which are not associated with their interaction on the
level of reactive oxygen and nitrogen species. Antiplatelet
effects are based on various mechanisms depending on the
structure of a coumarin. In contrast, their vasorelaxant prop-
erties are based mainly on inhibition of Ca-entry inside vas-
cular smooth muscles cells. However, due to the lack of
pharmacokinetic studies, the path to their possible use in
clinical practice is very long with unpredictable outcomes.

LIST OF ABBREVIATIONS
AA
PAF

arachidonic acid

platelet-activating factor
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ROCC
VDCC

receptor-operated calcium channels

voltage-dependent calcium channels
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Scope: A number of studies have suggested that higher flavonoid intake is associated with lower
cardiovascular mortality. The direct vasodilatory potential of flavonoids is one proposed mech-
anism for this link. However, the bioavailability of flavonoid aglycones is low. The metabolites
of flavonoids could therefore explain/contribute to the effect.

Methods and results: We tested a series of quercetin metabolites formed by both hu-
man enzymes and colon microflora. In vitro, a number of these metabolites resulted in
vasodilation of isolated rat aortic rings, precontracted with norepinephrine. However, 3-(3-
hydroxyphenyl)propionic acid (3HPPA) was clearly the most potent with an effect of about one
order better than quercetin or its close methylderivatives isorhamnetin and tamarixetin. In
contrast, quercetin-3-O-glucuronide was void of any effect. The vasodilatory activity of 3HPPA
was confirmed by in vivo experiments on both normotensive and spontaneously hypertensive
rats. Subsequent experiments showed that the arterial blood pressure decrease found after
3HPPA was associated with the peripheral action of the compound on vascular beds and was
NO-based.

Conclusion: This is the first study showing that a metabolite of flavonoids formed by human
microflora has haemodynamic eftfects.
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1 Introduction in vitro and in vivo [1,2]. Clinical studies of their effects on

the cardiovascular system usually focus on flavonoid-rich-

Flavonoids are polyphenolic compounds that are regularly
consumed in the human diet as fruits, vegetables, nuts, and
derived products like chocolate and wine. Significant effects
of flavonoids on vascular smooth muscles have been reported
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Abbreviations: 3HPPA, 3-(3-hydroxyphenyl)propionic acid; L-
NAME, L-N -nitroarginine methyl ester; NE, norepinephrine;
SHR, spontaneously hypertensive rats
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food, e.g. recent reports on blood pressure lowering effects
of blueberry and cranberry juice [3,4] and more extensively
documented effects of cocoa products rich in the flavanol
epicatechin [5]. Surprisingly, clinical data on the effects of
pure flavonoids on arterial blood pressure are generally sparse
and positive effects have not always been found [6-8]. There
are likely three major reasons for this: (1) lack of interest
by pharmaceutical companies due to the impossibility of
patenting known flavonoids, (2) small effect or (3) still un-
defined mechanism of action and the complex pharmacoki-
netics of flavonoids with consequent difficulties in results
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interpretation and clinical application [9].In particular, ne-
glecting the pharmacokinetics might be a key factor. This
can be illustrated by the fact that a number of studies have
reported positive effects of different flavonoid aglycones on
vascular smooth muscle in vitro. However, testing the pure
aglycones does not take into account two important facts: (1)
in plasma, the conjugated forms of flavonoids (glucuronides,
sulphates etc.) dominate, while the pure aglycones are absent
or present only in very low concentrations, and (2) flavonoids
are only partially absorbed in the upper gastrointestinal tract.
They are largely metabolised in the colon by human mi-
croflora into small phenolic acids [10] that are easily absorbed
and may thus have some pharmacological effects.

In this study, we chose quercetin as one of the most abun-
dant flavonoids in food. This is the flavonoid mostly ana-
lyzed by researchers from a number of viewpoints including
vasoactive properties [11]. Quercetin has demonstrated anti-
hypertensive effects in the most common rodent models of
hypertension. In addition, it attenuates cardiac hypertrophy,
restores impaired endothelial vasodilator function, reduces
oxidative stress in hypertensive animals, and protects against
pulmonary arterial hypertension [12]. It has been reported
that oral quercetin results in improved NO-based vasodila-
tion caused by acetylcholine, a decrease in aorta-reaction to
vasoconstrictors, an increase in eNOS activity and a decrease
in expression of NADPH oxidase subunits in aortic rings
from both spontaneously hypertensive (SHR) and healthy
control rats [1,39,40]. Interestingly, the NADPH-activity and
protein expression of its subunits were decreased in the aor-
tic rings after oral but not after i.p. administered quercetin
drawing attention to the impact of metabolites formed in
the gastrointestinal tract [1]. The same study also showed
that i.p. administration led to lower antihypertensive effects
than oral administration even though higher concentrations
of quercetin metabolites with preserved flavonoid structure
were measured in plasma after i.p. injection [1]. These, at
first sight contradictory results are explainable in terms of
the metabolites mentioned above which are formed by bacte-
ria in the gastrointestinal tract, and their pharmacodynamic
effects. Most orally given quercetin is not absorbed in the
upper gastrointestinal tract and reaches the colon, where it
yields a number of metabolites. The metabolism of quercetin
and its glycosides from human faeces samples or from spe-
cific bacteria present in faeces has been investigated in some
in vitro studies [13—17]. We assumed that these or similar
metabolic pathways are also functional in vivo (Fig. 1). It
is known for example that a half of the oral dose of rutin,
quecetin-3-O-rutinoside, is metabolized into phenolic acids
[18,19]. For this reason, these metabolites may participate
significantly in quercetin effects and certainly deserve atten-
tion. Unfortunately, we still do not know the full spectrum of
these compounds and even less about their effects. There are
few studies on the small phenolic acids formed in the colon
in vivo and with their concentrations in human/rat urine, also
in plasma [18-20].
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The aim of this study was to investigate the paradoxically
greater effects of orally provided quercetin compared to in-
traperitoneal administration by examination of metabolite(s)
formed in the gastrointestinal tract that may participate in/be
responsible for the antihypertensive effect of quercetin. We
hypothesized that small phenolic acids formed in the colon
could be crucial. We approached this by first carrying out a se-
ries of in vitro tests to identify the most effective vasodilatory
substance(s), and then verifying its effect in vivo on normoten-
sive and spontaneously hypertensive rats. Another goal was
to elucidate its mechanism of action. As far as we know, this
is the first study to analyse the effect of small phenolic acids
(flavonoids metabolites) on vascular smooth muscle and ar-
terial blood pressure. Part of this study has been published
as an abstract [21].

2 Materials and methods
2.1 Animals

The experiments were carried out on male normotensive Wis-
tar rats obtained from MediTox (Czech Republic) and on SHR
from Charles River (USA). The animals were housed in the
Faculty of Pharmacy animal house, maintained at a constant
temperature 23-25 C with 12-h dark/light cycle. They were
provided a standard diet and tap water ad libitum. The study
(reg. No. MSMT-7041/2014-10) was approved by the Exper-
imental Animal Welfare Committee of Charles University
in Prague, Faculty of Pharmacy in Hradec Kralové and con-
formed to The Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996).

2.2 Chemicals

Norepinephrine (NE), sodium nitroprusside, ascorbic acid,
acetylcholine, L-N -nitroarginine methyl ester (L-NAME),
atropine and DMSO were purchased from Sigma-Aldrich.
Flavonoid and its metabolites: quercetin, 3-phenylpropionic
acid, 3-(4-hydroxyphenyl)propionic acid, 3,4-dihydroxyhy-
acid/3-(3,4-dihydroxyphenyl)propionic acid/,
2-hydroxyphenylacetic acid, 4-hydroxyphenylacetic acid,
3,4-dihydroxyphenylacetic acid, homovanillic acid, 3-hydrox-
ybenzoic acid, phloroglucinol, and 4-methylcatechol were
purchased from Sigma-Aldrich (Germany), quercetin-3-O-
glucuronide, isorhamnetin, tamarixetin,
acid from Extrasynthese (France) and 3-(3-hydroxyphenyl)
propionic acid (3HPPA) and 3-hydroxyphenylacetic acid from
Toronto Research Chemicals (Canada).

drocinnamic

and 3-coumaric

2.3 Invitro

These experiments were performed on isolated thoracic rat
aortas. The rats were anesthetized by urethane 1.2 g/lkg and
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killed by exsanguination. The thoracic aorta was excised and
cleaned of connective tissue and blood and then cut into rings
of 3 mm long. In some aortic rings, the endothelial layer (see
Supporting Information Fig. 1) was mechanically disrupted
by gently rubbing the luminal surface with dental floss. The
rings were maintained in tissue baths with Krebs—Henseleit
solution (in mM): NaCl 135, KC1 5, CaCl, 2.5, MgSO, 1.3,
KH,PO, 1.2, NaHCO; 20, glucose 10, oxygenated by 95%
0,/5% CO, and kept at 37 C. Contractions were measured
by hung up rings between two stainless-steel wire hooks,
one of them attached to the end of a fixed support rod and
the second was connected with a transducer and computer
equipped S.P.E.L. Advanced kymograph Software (Experime-
tria Ltd, Hungary). The rings were equilibrated at a tension of
2 g for one hour and washed every 20 min. After the stabiliza-
tion period, the tissue baths were filled with 5 mL of Krebs
solution.

To assess the vasorelaxant potency, the aorta rings were
contracted by NE (final concentration was 10 M). After the
stabilization of contractions (45 min) acetylcholine (10 M)
was added to confirm intact or denuded endothelium. The tis-
sue baths were then washed, filled with Krebs solution and the
NE addition was repeated. Ascorbic acid (10 M) was added
to the tissue baths to avoid degradation of the NE. After the
contraction had restabilized, a tested metabolite was added to
the bath cumulatively to a final concentrations ranging from
10 nM to 1 mM. The solutions of tested metabolites were
prepared in DMSO and the final concentration of DMSO in
the bath was generally no higher than 0.1% in the case of
efficient metabolites. In experiments with low active metabo-
lites, additional experiments for assessment of ECs, were
performed with a concentration of DMSO up to 1-2% due to
the low solubility of flavonoids in higher concentrations. The
maximal relaxation was provoked by sodium nitroprusside
(10 M).

The mechanisms of action of quercetin and the most ac-
tive metabolite on vascular smooth muscle were studied on
endothelial denuded aortic rings or by the muscarinic recep-
tor blocker - atropine (50 M) and a NO synthase inhibitor -
L-NAME (100 M) added 30 min before NE addition.

In a separate set of experiments, the left renal artery of
the rat was isolated, cleaned, cut into the 2 mm length rings
and mounted onto the Small Vessel Wire myograph system
(Experimetria Ltd, Hungary). The tissue bath was filled with
5 mL of Krebs solution and maintained under the same con-
ditions as described above. The vessel was under a tension of
1 g and allowed to stabilize. During the 45 min stabilization
period, the Krebs solution was changed three times. Follow-
ing restabilization, the ascorbic acid and NE were added to a
final concentration 10 M in the tissue bath. The stabilization
of contraction took around 30 min followed by the addition
of cumulative doses of 3HPPA (from 1 nM to 1 mM). The
changes in tension were measured and recorded by S.P.E.L.
Advanced kymograph Software. The experiment was termi-
nated by inducing maximal relaxation using sodium nitro-
prusside under the same condition as described above.
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24 Invivo
2.4.1 Blood pressure experiments

Thirteen Wistar rats (average weight 375 g, blood pressure
values under anesthesia: 124 * 26/78 * 16 mmHg) and six
SHR (310 g, 15 weeks old, 184 + 26/123 * 21 mmHg) were
anesthetized i.p. by urethane 1.2 g/kg (Wistar) or pentobarbi-
tal 50 mg/kg (SHR) and the arterial blood pressure and heart
rate were recorded using PowerLab equipped with software
LabChart 7 (AdInstruments, Australia) via a pressure trans-
ducer MLT0380/D linked to the left common iliac artery. The
vena saphena sinistra was cannulated and after an acclimati-
zation period of 15 min, saline or 3HPPA dissolved in saline
were administered as a bolus or 5-min infusion. The doses
were as follows: single bolus ranging from 0.2 to 25 mg/kg
and 5-min infusion rates from 0.25 mg of 3HPPA per kg
in 50 L of saline per min to 5 mg/kg/50 L/min using of
the “Genie” Kent syringe pump (Kent Scientific Corporation,
USA). In a separate set of experiments, each saline or 3HPPA
solution was followed 5 min later by injections of 100 ng/kg
and 500 ng/kg of NE in saline into the vena jugularis dexter.
The experiment was terminated by 1 mL of 1 M KCI. The body
temperature was maintained during the whole experiment at
36.5+0.5C.

2.4.2 Heart hemodynamic experiments

The experiments were similar to the foregoing but extended
by introduction of a pressure-volume catheter inserted in
the left ventricle. Shortly, additional five male Wistar rats
(weighing around 300 g) were anesthetized with urethane
and connected with a pressure transducer via left common
iliac artery. The Millar pressure-volume-catheter SPR-838 2F
(4E, 9 mm; Millar Instruments Inc., USA) was inserted into
the left ventricle via the right common carotid artery. Af-
ter the acclimatization period, saline or 3HPPA was injected
in increasing doses ranging from 0.2 to 25 mg/kg via vena
saphena sinistra. Specific contractility and relaxation parame-
ters were calculated using PVAN software version 3.6 (Millar
Instruments).

2.4.3 Pharmacokinetics

In six Wistar rats (average weight 410 g) the plasma levels of
3HPPA were measured. The procedure was analogous. The
animals received 10 or 25 mg/kg of 3HPPA under urethane
anesthesia via vena saphena sinistra and blood samples were
taken from arteria carotis communis sinistra in approximate
volumes of 350 L at the following time intervals 0; 5; 10; 15;
30; 45; 60; 90; 120 min. The blood samples were immediately
centrifuged (2500 g, 10 min, MPW-52, MPW Med. Instru-
ments, Poland) and the plasma samples were frozen at —80 C
for subsequent analysis.
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2.4.4 Analytical procedure

The determination of 3HPPA in rat plasma was performed
using UHPLC-MS/MS. Separation of 3HPPA from other
plasma components was achieved with UHPLC system Ac-
quity UPLC (Waters, Prague, Czech Republic) and MS/MS
detection with Quattro Micro triple quadrupole mass spec-
trometer (Waters). Analytical column BEH Shield RP CI18
(2.1 x 100 mm, 1.7 m) was used as a stationary phase.
3HPPA was eluted using gradient elution with methanol and
0.1% formic acid at 40 C. Five microliters of the extract were
injected into the UHPLC-MS/MS system using the partial
loop with needle overfill mode. All injected solutions were
stored in the autosampler at 4 C.

The mass spectrometer was operated in negative ESI po-
larity mode as follows: capillary voltage: -2000 V, ion source
temperature: 130 C, extractor: 3.0 V, RF lens: 0.5 V. The desol-
vation gas was nitrogen at a flow rate 800 L/h and temperature
450 C. Nitrogen was used also as a cone gas (100 L/h). Argon
was used as a collision gas. Highly selective SRM mode (se-
lected reaction monitoring) was used for quantification using
the precursor ion [M-H]™ and the corresponding product ion
in SRM transition 164.9 — 120.8 (cone voltage 30 V and col-
lision energy 10 eV). MassLynx 4.1 software was used for MS
control and data acquisition. QuanLynx software was used for
data processing and peak integration.

The sample pretreatment of plasma samples consisted in
fast and simple protein precipitation. Fifty microliters of rat
plasma was precipitated with 100 L of acetonitrile. After
10 min, the sample was centrifuged for 10 min. The super-
natant was then filtrated through a PTFE membrane with
0.22 m pores and injected into the UHPLC system.

The obtained pharmacokinetic data were analyzed by
PKSolvet, an add-in program for Microsoft Excel.

2.4.5 Statistical analysis

The in vitro vasodilatory effect was compared using the 95%
confidence intervals of relaxation curves and ECs,. The dose-
dependent relationship was assessed by Person correlation
followed by linear regression. Differences between saline and
3HPPA were compared using a one- or two-way ANOVA
followed by Sidac post hoc test (GraphPad Prism version 6.0,
GraphPad Software, USA).

3 Results

3.1 Comparison of in vitro vasodilatory potencies of
quercetin and its metabolites

Norepinephrine induced a sustained vasoconstriction in the
isolated endothelium-intact aortic rings from healthy rats.
Cumulative concentrations (ranging from 10 nM to 100 M)
of quercetin or its metabolites provoked dose-dependent
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vasodilatation ~ of contracted aortas to a  vary-
ing extent. Quercetin, its methylated  metabolites
tamarixetin and isorhamnetin, 4-methylcatechol,
3-(3-hydroxyphenyl)propionic acid /3HPPA/, 34-
dihydroxyphenylacetic acid, 3-coumaric acid, and 3,4-
dihydroxyhydrocinnamic acid in the final tested concen-
tration range (up to 100 M) achieved 100% relaxation
of aorta rings (Supporting Information Fig. 2). How-
ever, their effects were very diverse. The most active
structure was 3HPPA (Supporting Information Fig. 3)
that resulted in vasodilation in a concentration of 100 nM
while quercetin required a dose of 500 nM. Methylderiva-
tives of quercetin, isorhamnetin, and tamarixetin, as
well as 4-methylcatechol behaved almost identically to
quercetin. On the other hand, 3-coumaric acid and 3-(3,4-
dihydroxyphenyl)propionic acid caused vasodilation at higher
concentrations (more than 10 M). 3-hydroxyphenylacetic
acid, 3-hydroxybenzoic acid, and phloroglucinol were
able to cause relaxation in a lesser extent and in higher
concentrations. Other tested compounds/(homovanillic
acid, quercetin-3-O-glucuronide, 3-phenylpropionic acid,
2-hydroxyphenylacetic acid, 4-hydroxyphenylacetic acid, 3-
(4-hydroxyphenyl)propionic acid)/had the same vasodilatory
potential as the solvent, and hence were considered to be
ineffective.

The order of vasodilatory activity at the 95% confi-
dence interval of vasodilatory curves was as follows: 3-
(3-hydroxyphenyl)propionic acid > tamarixetin = isorham-
netin = quercetin = 3,4-dihydroxyphenylacetic acid = 4-
methylcatechol = 3-coumaric acid = 3-hydroxyphenylacetic
acid > 3-hydroxybenzoic acid = phloroglucinol > 3.4-
dihydroxyhydrocinnamic acid > solvent. When all com-
pounds were analyzed by ECs, (Fig. 2), the concentration
at which each reached 50% vasodilatory effect, the order was
similar but not identical. 3HPPA was clearly the most effi-
cient compound with about an order better activity than the
other metabolites and quercetin.

3HPPA vasodilatory potential was confirmed in exper-
iments on isolated renal artery (Supporting Information
Fig. 4).

3.2 In vivo effect of the most effective compound,
3HPPA, in rats

The in vitro results showed that 3HPPA was the most active
compound, and was thus tested on the animals. In normoten-
sive rats, the compound decreased both systolic and diastolic
blood pressure dose-dependently from the dose of 2.5 mg/kg
(Fig. 3). There was no significant difference between the mag-
nitude of decrease in systolic and diastolic blood pressures.
In both, the recovery of blood pressure to basal values was
rapid. The heart rate was not significantly influenced at any
of the tested doses (Supporting Information Fig. 5). Anal-
ysis of heart hemodynamics suggested that the drop in ar-
terial blood pressure was caused by peripheral action. This
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Figure 2. ECsy vasodilatory activity of tested compounds
on isolated aortic rings. Graphs show ECs, with 95% con-
fidence intervals for easier comparison. The other tested
metabolites (3-phenylpropionic acid, 2-hydroxyphenylacetic acid,
4-hydroxyphenylacetic acid, 3-(4-hydroxyphenyl)propionic acid)
are not shown as they were inactive.
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Figure 3. Change of systolic and diastolic blood pressure after
bolus i.v. administration of 3HPPA in normotensive rats (n = 5).
Data are shown as means = SD.

conclusion was suggested firstly by the fact that the stroke vol-
ume was not significantly changed (Supporting Information
Fig. 6A). Further analysis confirmed this to be true. Although
on first sight, the contractility parameter dp/dt,,, dropped
significantly from a concentration of 2.5 mg/kg (Supporting
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Information Fig. 7A), it is well known that this parameter can
be influenced by the volume/pressure changes in the left ven-
tricle [22]. This was indeed found in our experiments, where
a decrease in arterial blood pressure was reflected as a signifi-
cant drop from 2.5 mg/kg in maximal systolic pressure in left
ventricle (Supporting Information Fig. 6B). Firstly, we divided
dp/dt,,., by end-diastolic volume in order to eliminate the in-
fluence of volume. Contractility expressed using this param-
eter was unchanged (Supporting Information Fig. 7B), but
because an insignificant tendency to decrease in contractility
was seen at highest concentration, we used as well, another
modification that is known to decrease the volume/pressure
interference—dp/dt,, divided by left ventricular pressure
at this maximum [22]. Again no significant changes in any
tested concentration (Supporting Information Fig. 7C) sug-
gested no effect on cardiac contractility. Similarly, nega-
tive peak of dp/dt initially dropped (Supporting Information
Fig. 7D), but when relaxation was expressed by the more
specific parameter tau (the time constant of left ventricular
isovolumic pressure decay, Supporting Information Fig. 7E)
[23], no significant changes were found. In agreement with
this, minimal pressure in the left ventricles increased slightly
(about 1 mmHg) at the highest dose, 25 mg/kg (Supporting
Information Fig. 6C).

To confirm the results in hypertensive rats, infusions at
three different rates were given as well to SHR to mimic
the slow absorption of the compound from the colon. At the
highest rate (5 mg/kg/50 L/min) the arterial blood pressure
significantly decreased after 1 min, reached a maximum af-
ter 90 s, then started to normalize slowly and reached basal
levels within 5 min (Fig. 4A, B). Smaller rates followed the
same course but with lower effects (Supporting Information
Fig. 8). When we summarized the data, both systolic and di-
astolic blood pressure decreased in a dose-dependent linear
manner (Fig. 4C), however only the infusion at the high-
est rate (5 mg/kg/50 L/min) significantly decreased arterial
blood pressure compared to saline.

3.3 Assessment of 3HPPA mechanism of action

Firstly, we tested if the effect of 3HPPA was based on the
endothelium (Fig. 5A, Supporting Information Fig. 9). In
contrast to quercetin (Fig. 5SB), which retained its effect in
endothelium-denuded rings, in the case of 3HPPA, a very
marked drop in effect was observed. We therefore tested if
NO might be responsible for this. In the presence of the NO-
synthase blocker, L-NAME, the vasodilatory effect of 3HPPA
was absolutely abolished. In contrast, NO release did not play
arole in quercetin vasoactive properties as preincubation with
L-NAME did not shift the quercetin relaxation curve. Finally,
we tested if NO release might be based on stimulation of
muscarinergic receptors, but this was not very likely, since
the M-blocker atropine only slightly shifted the vasodilatory
curve of 3HPPA to the right. Similar results were found for
quercetin.
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Figure 4. Effect of 3HPPA in infusion on arterial blood pressure
in SHR rats (n = 6). (A, B) Effect of the highest rate infusion of
3HPPA on systolic and diastolic pressure, respectively. (C) The lin-
ear dose-dependent relationship between the rate of infusion per
minute and maximal per cent change in arterial blood pressure.
Data are shown as means + SD.

In order to test if 3HPPA would modify the vasoconstrictor
response of NE, we tested the effect on animals repeatedly
challenged with the same doses of NE after administration of
3HPPA. However, this compound did not affect the rise in
blood pressure after NE administration in any of the tested
doses (Supporting Information Fig. 10AB). The heart rate
too was not affected either with the exception of the dose of
0.2 mg/kg, when the compound caused a slight decrease
in the NE augmented heart rate (Supporting Information
Fig. 10C).

3.4 Pharmacokinetics of
3-(3-hydroxyphenyl)propionic acid

Finally, we analyzed the basic pharmacokinetics parameters
of 3HPPA in the two highest doses (Table 1). As expected, the
higher dose resulted in a proportional increase in the max-
imal plasma concentration achieved, but interestingly, the
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highest dose had longer elimination half-life (41 & 8 versus
20 * 3 min) and correspondingly lower total clearance. The
volume of distribution was comparable for both doses.

4 Discussion

Flavonoids are known to be health-beneficial components of
human diets due to their various presumed protective effects
including those on the cardiovascular system. However, the
purported cardiovascular effects are based mainly on in vitro
and epidemiological studies and hence not confirmed in hu-
mans with few exceptions [2, 6, 7,24]. Further, little is known
about the underlying mechanism(s) of flavonoid action. Erst-
while theories that explained flavonoid effects as solely due to
direct antioxidant activity are being slowly replaced by more
complex understanding of the direct effects of flavonoids on
enzymes, aggregation cascade, and vascular smooth muscles
[1,2,6,7,25]. The latter is relevant to this study.

The activity of flavonoids on vascular smooth muscles has
been studied largely only with aglycones (even though they are
generally not found in plasma or in very low concentrations)
[9, 10], and unfortunately, studies that analyzed the effect of
in-plasma-present flavonoid metabolites are rare. The same
is true for quercetin and its metabolites. Quercetin given
orally as the parent compound or in the form of naturally oc-
curring glycosides (rutin, quercetin-3-O-glucoside, quercetin-
4’-O-glucoside) is likely partly absorbed as the aglycone but
immediately metabolized especially by conjugation or methy-
lation even in gastrointestinal mucosa and later in the liver.
Hence no parent quercetin-glycosides and very low levels of
pure quercetin are detected in plasma [12—15]. Some gly-
cosides may have better absorption than the pure quercetin.
Nevertheless, they are also rapidly metabolized and no parent
glycosides have been detected in plasma [16]. Quercetin yields
various metabolites with retained flavonoid structure, among
others, glucuronides, sulphates, diglucuronide, glucuronide-
sulphate of quercetin or its methylated metabolites isorham-
netin and tamarixetin [17,18]. In the latter two cases, only low
concentrations of nonconjugated isorhamnetin and tamarix-
etin are found in plasma [14,15].

Pure quercetin has in vitro vasodilatory effects on vas-
cular smooth muscle cells [26]. This was seen as well in
this study (Supporting Information Fig. 2). Apparently, the
ring B substitution by a small substituent is not the most
important factor for the vasodilatory potential
kaempferol and quercetin were similarly efficient in an-
other study [29] and quercetin, isorhamnetin, and tamarix-
etin in the current one (Supporting Information Fig. 2A and
Fig. 2). However, in contrast to pure quercetin or its methy-
lated metabolites, quercetin-3-O-glucuronide, and quercetin-
3’-sulphate had no direct vasodilatory effects in vitro [27],
and similarly quercetin-3’-sulphate did not affect arterial
blood pressure in vivo [28]. Interestingly, the blood pressure
significantly decreased one hour after the i.v. administra-
tion of quercetin-3-O-glucuronide in SHR [28]. The authors

since
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Table 1. Basic pharmacokinetic parameters after a single bolus
dose of 3HPPA

10 mg/kg 25 mg/kg

Mean +SD Mean +SD
Crmax ( 9/mL) 19 +7 80 +2
t12 (min) 20 +3 41 +8
Cl( g/kg)/( g/mL)/min 23.8 +14 6.1 +0.5
Vvd ( g/kg)/( g/mL) 490 +188 349 + 14

suggested that this was based on deconjugation of quercetin-
3-O-glucuronide into quercetin [29]. A study on human vol-
unteers provided similar conclusions [30].

However, the hypothesis of quercetin-3-O-glucuronide as
a quercetin carrier cannot explain why the i.p. administration
of quercetin was less efficient than the oral, in particular, if
the i.p. route resulted in higher plasma levels of metabolites
with retained flavonoid core [1]. After i.p. administration, the
substances pass directly via the portal circulation to the liver
where they can be metabolized before reaching the systemic
circulation. In the case of oral intake of quercetin or its gly-
cosides, only a small part is absorbed in the upper gastroin-
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testinal tract and a large portion reaches the colon. The small
phenolic acids are important flavonoid metabolites formed
by intestinal microflora. Being quite small molecules, they
are absorbed and can have pharmacological effects that are
largely unknown. Their anti-platelet and anti-inflammatory
effects [31-33] have been reported, but as far as we know,
no published study has addressed their effects on vascular
smooth muscles and hemodynamics. For these reasons, we
suggest that the smaller activity of i.p. given quercetin could
then be related to the lack of specific metabolite(s) formed
by colonic metabolism. Small phenolic acids formed from
quercetin in the colon by human microflora relaxed vascu-
lar smooth muscles in vitro with 3HPPA being the most
potent. Our subsequent experiments therefore focused on
this compound. Complementary analysis in vivo has shown
that the 3HPPA effect is based on its peripheral activity in
vascular beds and is NO dependent. The minimal dose re-
quired for a significant effect was 2.5 mg/kg. This repre-
sents an approximate dose of 1 mg in a rat. It is not easy to
transform these data to a dose effective in humans but the
dose appears to be quite low. Unfortunately, there are almost
no data on 3HPPA-plasma/urine concentrations in humans.
Only one study measured concentration ofthis metabolite in
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plasma, but this was done only after eating a meal containing
flavonoids once daily for 5 days [34]. This is very different to
pharmacological administration of quercetin. Nevertheless,
that study reveals two interesting facts: (1) 3HPPA was not
conjugated in plasma and (2) its basal plasma level was about
30 nM. The latter is quite important given that the volun-
teers consumed a diet low in flavonoids for the rest of the
day and the half-life of 3HPPA is short (Table 1). The long-
term presence of 3HPPA in plasma despite its short half-life
can be explained by available studies which document that
3HPPA is a metabolite not only of quercetin but also of some
other phenolic compounds in human diets (e.g. flavanols in-
cluding oligomeric proanthocyanidins, diosmin, caffeic acid,
chlorogenic acid) [14,35-38] and these may ensure a con-
tinuous supply from colon metabolism through a normal
human diet. This fact supports its possible pharmacological
importance.

Our in vivo results indicate that the immediate drop in
blood pressure after 3HPPA administration was caused by
its direct vasorelaxant properties. The substance did not af-
fect either the contractility or heart rate (changes in both can
participate in blood pressure regulation). This study cannot
fully answer the question whether 3HPPA is the metabolite
mainly responsible for the blood pressure-decreasing effect
of quercetin after oral consumption or if it participates in the
greater response found after oral intake of quercetin com-
pared to the i.p. route. However, it is the first study showing
that a phenolic acid formed by human microflora is able
to reduce arterial blood pressure. We reiterate, this com-
pound can be formed from a number of phenolic compounds
present in common diets. For example, it has been detected
in urine after intake of chocolate [39]. Indeed, the strongest
evidence of the blood pressure lowering effect of flavonoids
came from cocoa intake, where epicatechin is the major
bioactive component. However, studies with epicatechin have
demonstrated only a modest blood pressure decrease [5].
Taking into account that the effect of 3HPPA was signifi-
cant only in higher infusion rates though a clear dose-effect
relationship existed, one might expect a small but a signifi-
cant blood pressure lowering at smaller doses as well, with
larger animal samples.

Another new fact from the present study is that the
3HPPA-effect was of short duration. A similar finding was
reported in a recent study with a plant extract that rapidly
reduced arterial blood pressure by 15-60% in healthy rats af-
ter i.v. administration but normalization followed within 10—
30 min. When the same extract was given as gastric gavage
to SHR rats, the effect was much smaller and persistent [40].
In the present study, we used a slow infusion to mimic the
continuous 3HPPA absorption from the colon and the an-
tihypertensive effect was again normalized quite rapidly. It
is possible that (1) 3HPPA has a short-term effect and other
metabolite(s) could be responsible for the persisting fall in
blood pressure or (2) when administered separately, 3SHPPA
is unable to cause a long-lasting decrease in blood pressure be-
cause some other flavonoid metabolite(s) are needed to first
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potentiate its effect. For example, oral quercetin decreased
not only the systolic blood pressure but the heart rate in
SHR as well [1,28]. In the present study, no direct effect
on heart rate was observed after 3HPPA (Supporting Infor-
mation Fig. 5). This discrepancy may be likely explained by
the presence and effects of other metabolite(s) formed af-
ter quercetin administration. Additionally, despite the short
duration of the effect, 3HPPA may potentiate the effects of
known antihypertensive drugs. For example in a recent study,
oral quercetin potentiated the positive effect of losartan on
anthracycline cardiotoxicity [41]. This might be true as well
for high blood pressure. Quercetin and similar compounds
could be useful adjuvant therapeutic means for hypertension
treatment in humans. Further studies are necessary to con-
firm this hypothesis and some are currently ongoing in our
laboratory.

In conclusion, we found that some quercetin metabolites
formed by human microflora have vasodilatory effects in vitro
on the aortic vascular smooth muscle. The most effective
compound, 3HPPA, was about one order more potent than
quercetin. Its direct arterial blood pressure lowering effects
were confirmed in vivo in both healthy and spontaneously
hypertensive rats. Regarding the mechanism of action, the
endothelium and NO were found to play a role in 3HPPA-
induced vascular relaxation.
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(Fig.S1) Histological confirmation of intact (A) and de-endothelized rat thoracic aorta (B). The parts of
selected tissue specimens of aorta were fixed by immersion in cold 3% glutaraldehyde, postfixed in
1% 0s04 (both in phosphate buffer pH 7.2-7.4), dehydrated in acetone and propylene oxide, and
embedded in the resins mixture Durcupan ACM and Epon 812. The semithin sections thickness about
1um were cut on the ultramicrotome LKB and stained with toluidine blue. The section were
examined and documented under light microscope OLYMPUS AX-70 with digital camera Prog Res CT
3 and image analysis processor NIS — ELEMENTS AR 4.00.11
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(Fig. S2). Effects of quercetin and its metabolites on endothelium-intact rat aorta rings. A: quercetin and its
metabolites with intact flavan-core, B: propionic acid metabolites, C: acetic acid and benzoic acid metabolites and D:
other metabolites. Quercetin and solvent are always shown for comparison. quercetin-3-O-glu = quercetin-3-0O-
glucuronide; 3,4-DHHCA = 3,4-dihydroxyhydrocinnamic acid; 3HPAA = 3-hydroxyphenylacetic acid; 3HPPA = 3-(3-
hydroxyphenyl)propionic acid; 3,4-DHPAA = 3,4-dihydroxyphenylacetic acid; 3HBA = 3-hydroxybenzoic acid. Each
curve is an average of at least 3 aortic rings, in very active compounds (with an effect in units of uM) from at least 5
rings. Data are shown as averages = SEM. The concentration of DMSO is shown in light blue bellow the x axis.
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(Fig. S3). Original recording of an experiment showing vasorelaxant activity of 3-(3-
hydroxyphenyl)propionic acid (A) and solvent (B) in intact isolated aorta (with endothelium). NE:
norepinephrine, NTS: sodium nitroprusside
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(Fig. S4). Effect of 3-(3hydroxyphenyl)propionic acid on arteria renalis precontracted with
noradrenaline (10 pumol/l). The curve of the compound was constructed by use of 8 experiments, that
of DMSO from 3 experiments.
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(Fig.S5) The influence of increasing doses of 3-(3-hydroxyphenyl)propionic acid on heart rate in
normotensive rats (n=5). At any dose, the heart rate was not significantly changed. Data are shown
as means = SD.
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(Fig.S6) The effect of increasing doses of 3-(3-hydroxyphenyl)propionic acid on stroke volume (A),

maximal (B) and minimal (C) left ventricular pressure in normotensive rats. * p<0.05, ** p<0.01, ***
p<0.001 vs. saline. Data are averages from 5 rats. Data are shown as means * SD.
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(Fig.S7) The effect of increasing doses of 3-(3-hydroxyphenyl)propionic acid on the parameters of
contractility and relaxation of the left ventricle. * p<0.05, *** p<0.001 vs. saline. Data are averages

from 5 rats. Data are shown as means + SD.
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(Fig.S8) The effect of 3-(3-hydroxyphenyl)propionic acid infusion on systolic (A) and diastolic (B)
blood pressure and heart rate (C) on SHR rats. The p<0.05 is related to the dose of 5mg/kg/50ul/min
vs. control. The lower rates of 0.25 and 1 mg/kg/50microL/min did not significantly modify arterial
blood pressure when compared to the saline. Data are averages from 6 rats in all groups. Data are
shown as means £ SD.
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(Fig. S9). Original recordings of an experiment with denuded aortas treated with 3-(3-
hydroxyphenyl)propionic acid and solvent. A: confirmation of de-endothelization of aorta
and B: effect of 3-(3-hydroxyphenyl)propionic acid, C-D analogous recording with solvent. Ach:
acetylcholine, NE: norepinephrine, NTS: sodium nitroprusside.
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(Fig.510) The influence of 3-(3-
hydroxyphenyl)propionic acid on noradrenaline
effects on systolic (A) and diastolic (B) blood
pressure and heart rate (C) in normotensive
animals. Data summarizes experiments from 5 rats
administered with the metabolite and three control
(saline) rats. * p<0.05 vs. saline. Data are shown as
means * SD.



