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SOUHRN

Flavonoidy jsou rozsahlou biologicky vyznamnou skupinou latek. Divoda zajmu o
detailni zkoumani téchto ptirodnich latek je nékolik. Pfedevsim je to jejich vyuziti v medicing
jako prevence proti kardiovaskularnim onemocnénim, cukrovce (diabetes mellitus 2. typu),
onemocnénim centralni nervové soustavy (CNS) a také potencidlné i1 pii 1écbé rakoviny.
Anthokyaniny jsou piirodni barviva patfici do skupiny flavonoidi. Tato barviva hraji
vyznamnou roli v Zivoté rostlin - ochrana pletiv pfed UV zéafenim a predatory, pfitahovani
opylovaci atd. Anthokyaniny jsou pomérné malo stabilni. Snadno se oxiduji, hydrolyzuji a
rovnéz kondenzuji na slozitéjsi barviva. Produkty vznikajici jejich kondenzaci s malymi
reaktivnimi sloueninami, jako jsou pyrohroznova kyselina, acetaldehyd, aceton a dalsi jsou
uz vyrazné stabilngjsi a lze je vyuzit v fadé oblasti, zejména potravinatstvi. U vzniklych
kondenzovanych barviv 1ze o¢ekavat jinou biologickou aktivitu v lidském organismu, nez
jakou vykazuji samotné anthokyaniny. V této diserta¢ni praci byla pozornost vénovana jedné
skupiné derivati anthokyaninli - pyranoanthokyaninim. Byla studovana jejich tvorba
v extraktech plodi zimolezu kamcatského béhem jeho testovani pro vyuziti v potravinovych
dopliicich.  Detailni  pozornost byla vénovana  analytickym  vlastnostem  5-
methylpyranoanthokyanini. Byla prostudovana fragmentace tohoto barviva po kolizi
indukované disociaci v iontové pasti. Kromé odstépovani oxidu uhelnatého a vody byl
Vv koliznich spektrech pozorovany i fragmenty vznikajici odstépenim methylového radikalu z
pyrano-kruhu. Tyto fragmenty jsou pro 5-methylpyranoanthokyaniny charakteristické a
mohou byt analyticky vyuZity.

Lidsky metabolismus je souborem biochemickych reakci probihajicich v buikach.
Nejcastéji jsou metabolické déje studovany na jaternich a stfevnich bunkach. Metabolismus
anthokyaninovych barviv byl jiz v literatue do ur€ité miry studovan. O metabolismu derivatt
anthokyanint je toho v8ak zndmo velmi malo. Studium in vitro biotransformace vybraného
pyranoanthokyanidinu bylo také pfedmétem této disertacni prace. Pro tyto experimenty byl
vybran 5-methylpyranopelargonidin. V paralelnich experimentech byly spolu s timto
barvivem studovany i pelargonidin (nejjednodussi anthokyanidin) a kvercetin (bézny a dobie
prostudovany flavonoid). Byly pouZity naddorové linie jaternich a stfevnich bun¢k (HepG2 a
LS174T). Po probéhnuti biotransformace byly vzniklé metabolity analyzovany pomoci
spojeni ultraucinné kapalinové chromatografie a hmotnostni spektrometrie (UHPLC/MYS). U

kvercetinu byly pozorovany bézné metabolity faze I a II. Pfi analyze bunééného sedimentu



(pelet) byly navic nalezeny ionty metabolitt s hodnotou m/z 603,0789 a 905,1212 ([M-H]
ionty). Tyto ionty byly pfipsany dimeru a trimeru kvercetinu. Obé studovana barviva
(pelargonidin a 5-methylpyranopelargonidin) metabolizovala méné ochotné nez kvercetin.
Biotransformace 5-methylpyranopelaronidinu probihala s vétsim vytézkem metabolitd nez
biotransformace pelargonidinu. Studovany 5-methylpyranoanthokyanin se od ostatnich dvou
studovanych latek vyznamné 1iSi i v profilu metabolitt akumulovanych v bunéénych
sedimentech. To zfejmé souvisi s pfitomnosti jednoho kruhu a methylu navic v molekule

pyrano-barviva oproti srovnavanym latkdm a tedy s jeho vyssi hydrofobicitou.



SUMMARY

Flavonoids represent a wide group of biologically important compounds. There are
several reasons for interest in the detailed investigation of these natural compounds.
Especidly, their use in medicine to prevent cardiovascular disease, diabetes (type 2 diabetes
mellitus), central nervous system disorders (CNS) and also the potential in cancer treatment
can be mentioned. Anthocyanins are natural dyes belonging among flavonoids. Those dyes
play important role in plant life - protection of plant tissues against UV radiation and
predators and attraction of pollinators etc. Anthocyanins are relatively unstable. Oxidation,
hydrolysis and formation of more complex dyes (condensation) are the most frequent
processes. Product arising by condensation with some small reactive compounds, such a
pyruvic acid, acetaldehyde, acetone and other are much stable and they can be used in many
aress, first of al in food industry. Different biologica activity of condensed dyes can be
expected compared to native anthocyanins.

This thesis is focused on one group of anthocyanin derivatives - pyranoanthocyanins.
Their formation was studied in fruit extract of honeysuckle in the framework of their
utilization in food supplements. Analytical properties of 5-methylpyranoanthocyanins were
studied in detail, especially fragmentation after collision induced dissociation in ion trap.
Besides genera cleavage of carbon monoxide and water, the cleavage of the methyl radical
from pyrano ring was observed in collision spectra. Some of observed fragments can be used
as diagnostic ions for identification of 5-methylpyranoanthocyaninsin real samples.

Human metabolism is a complex of biochemical reactions proceed in cells. The
metabolic processes are mainly studied in the liver and intestinal cells. Metabolism of
anthocyanin dyes was described in the literature for severa times. However relevant
information about metabolism of pyranoanthocyanins and other complex anthocyanin dyesis
missing. Biotransformation of pyranoanthocyanins represents second topic of this thesis. 5-
methyl pyranoanthocyanin, pelargonidin (related anthocyanidin) and quercetin (common and
well studied flavonoid) were in vitro metabolized with tumor lines of liver and intestinal cells
(LS174T and HepG2). Arised metabolites were analyzed using ultra performance liquid
chromatography hyphenated with mass spectrometry (UHPLC/MS). Common and in former
literature described metabolites of quercetin of phase | and Il were observed (showing that the
used cells were metabolically active). In the cell sediment metabolites with a m/z 603,0789
and 905,1212 ([M H] ions) were also found. These ions were tentatively attributed to dimer
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and trimer of quercetin. Both studied dyes (pelargonidin a 5-methylpyranopelargonidin)
metabolized less readily than quercetin. Biotransformation of 5-methylpyranopelargonidin
proceeded with higher yield of metabolites compared to pelargonidin. Studied 5-
methyl pyranoanthocyanin differed significantly from the other compounds also in the profile
of metabolites accumulated in cell pellets. This may be related to the presence of one

additional ring and methyl group in the molecule of pyrano dyes and thus its higher
hydrophobicity.
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1. Uvod

Flavonoidy patii mezi biologicky velmi vyznamné ptirodni latky. Divodem jejich
intenzivniho vyzkumu je jejich signalni a regulac¢ni vyznam pro celou rostlinnou fisi, ale také
jejich vyuziti v mediciné a potravinaistvi. Mezi flavonoidy patii celé skupiny polyfenolickych
latek srtznou strukturou a vlastnostmi. Velmi vyznamnou skupinou téchto sekundarnich
rostlinnych metaboliti jsou 1 anthokyaninova barviva. Jednim zhlavnich problémut
souvisejicich s jejich sledovanim a vyuzitim je jgich relativné mala stabilita v roztocich, pfi

zvySené teplote, pusobeni svétla, oxidacnich ¢inidel apod. Pusobenim téchto vlivii dochazi ke

vvvvvv

vvvvvv

identifikovany jako produkty piirozené fermentace pii zrani a starnuti vina. Vzhledem
K rozmanitosti moznych reakci a vznikajicich struktur je studium téchto latek dlouhodobé
pfedmétem zajmu tady oborl a ty se neobejdou bez detailni chemické analyzy. Predkladana
diserta¢ni prace chce svym zamétenim piispét k porozuméni vzniku, vlastnostem a procesu
biotransformace vybranych flavonoidli se zaméfenim na derivaty anthokyaninti. Prvni ¢ast
prace se vénuje analyze extraktil plodd zimolezu kamcatského béhem jeho testovani pro
vyuZiti v potravinovych dopliicich. Druha ¢&ast je zaméfena na studium in vitro
biotransformace vybranych pigment stfevnimi a jaternimi bunikami a analyzu vzniklych

metabolitd metodou UHPLC/MSZ2.



2. Teoreticka ¢ast

2.1 Flavonoidy
2.1.1 Vlastnosti

Flavonoidy jsou slouceniny patfici mezi rostlinné fenoly. V soucasné dob¢ je jiz
znamo vice nez 8000 flavonoidnich latek a stale se objevuji nové [1,2]. Zakladni strukturni
jednotkou jejich molekuly je flavan (Obr. 1) skladajici se ze dvou benzenovych jader (A, B)
spojenych pyranovym kruhem (C). Jednotlivé skupiny flavonoidd se od sebe 1isi poctem a
druhem navézanych skupin na tuto zakladni strukturu. V ptirodé se ¢asto vyskytuji v podobé
O-glykosida [3]. Jejich molekula je tedy tvofena cukernou ¢asti a casti necukernou
(aglykonem). Glykosilace zakladniho skeletu a piitomnost —OH skupin zvySuje rozpustnost
ve vodé i chemickou stabilitu. Naopak pfitomnost methylovych skupin rozpustnost ve vodé
snizuje. Pfitom obecné plati, Ze ¢im vice je sloucenina lipofilngjsi, tim sndze prochézi

lipidovou buné¢nou membranou [4,5].

Obr. 1 Zakladni struktura flavanu

Nizkd rozpustnost aglykonti ve vodé hraje dulezitou roli v terapeutickém vyuziti
flavonoidii. Vyuzivda se syntéza ve vod¢ rozpustnych flavonoidii jako napf.
hydroxyethylrutinosidy nebo inositol-2-fosfat-kvercetin, které jsou vyuzivany v l1écbé
hypertenze [6].

Flavonoidy vznikaji jako sekunddrni metabolity piibiochemickych procesech
Vv rostlinné buiice. U rostlin mohou zpiisobovat pigmentaci samotnych rostlin nebo ovocnych
plodi. Mohou putsobit jako atraktanty pro opylujici hmyz a zaroven poskytuji ochranu pred
UV zafenim a Gitokem predatort a patogent [7-10].
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Pro své antioxidac¢ni a antimikrobialni u¢inky jsou tyto latky dlouhodobym predmétem
intenzivniho studia s ohledem na vyuziti v medicin€. Jiz od 12-tého stoleti se vyuzivalo
terapeutickych vlastnosti téchto latek [11]. Jsou pfedem zajmu a studia pro své pozitivni
ucinky pro lidské zdravi a to ptfedevSim v prevenci rakoviny, kardiovaskularnich onemocnéni
a neurodegenerativnich onemocnéni [12-17]. Tyto latky jsou silnymi antioxidanty, které ve
spojeni s vitaminy a enzymy chrani pfed oxidativhim stresem zplusobenym volnymi
kyslikovymi radikaly (ROS). Antioxida¢ni aktivita flavonoidi je ovlivnéna chemickou
strukturou, hydrofobicitou, a biologickou aktivitou [18]. Obecné plati, ¢im vice
hydroxylovych skupin je navazanych na B-kruhu, tim vyssi je antioxida¢ni aktivita a zaroven
Svyssim poctem navazanych cukernych jednotek na flavanovou jednotku klesé antioxidacni
aktivita flavonoidu [7,18-20]. Tato vlastnost je uzce spojena s pruchodem pies bunécnou
membranu a nasledné¢ tak se samotnym metabolismem téchto latek. Ruzna resorbce
flavonoida je ovlivnéna jejich hydrofilnosti a rozdilnou velikosti molekuly. Prichod pfies
bunéfnou membranu je dulezitym parametrem pro biotransformacni pochody xenobiotik

Vv lidském organismu [8,15,21].

2.1.2. Vyskyt

Flavonoidy muzeme nalézt v riznych castech rostliny, nejcastéji v plodech, kvétech,
listech, ale i v kofenech a semenech. Jejich obsah zavisi na teploté, intenzité svétla

ptitomnosti vody, dusiku, fosforu a dal$ich latek pii rustu rostliny [9].

Flavonoidy se rozdéluji do jednotlivych skupin na
e Aurony

e Anthokyaniny

e Flavanoly

e Flavanony

e Flavonoly

e Flavony

e Chakony

e |soflavonoidy
e Stilbeny

e Taniny
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Utinky flavonoida na lidsky organismus je obtizné hodnotit, protoze obsah a zastoupeni
flavonoidil v potravé a stravovaci navyky kazdého jedince jsou velmi rozmanité. Tyto faktory
jsou zavislé nejen na vékovém rozmezi, ale jsou ovlivnény také spoleCenskymi a
geografickymi faktory. Jeden z prvnich pokust o primérny odhad denniho pfijmu flavonoida
ve stravé byl v literatufe popsan jiz vroce 1976. Kuhnau stanovil tuto hodnotu na 1g
(flavonoidil v glykosylovanych formach) na den, coz pfedstavuje pfiblizné 170 mg aglykoni
na den [10]. Jedna z dalsich studii byla provedena v letech 1987-1988 v Holandsku a
ucastnilo se ji 4112 dospé€lych osob. Primérna denni davka na jednoho dospélého Clovéka
byla stanovena na 23 mg aglykonti flavonoidi. Jako nejvice zastoupeny flavonoid v potrave
byl uveden kvercetin (16 mg/den) a mezi hlavnimi zdroji flavonoidli v dennim piijmu byl
uveden ¢aj (48% z celkové piijmu flavonoidl), cibule (29% z celkové piijmu flavonoidl) a
jablka (7% z celkové ptijmu flavonoida) [22].

Velké mnozstvi flavonoida je také pfitomno VvV bobulovitych rostlindch jako brusinky,
boriivky atd. Pfredmétem studia v této praci jsou plody zimolezu kamcatského (Lonicera
caerulea var kamtschatica). Jeji plody jsou jedlé. Chemické slozeni zimolezu je velmi pestré
a dava predpoklad mozného vyuziti v mediciné. Vyznam a vyzkum téchto latek je vSak
predevsim z divodi vyuziti v mediciné. Vysoky obsah flavonoidii v plodech zimolezu,
vysoky vytézek ploda pfi sklizni a relativni nendrocnost na péstovani (rostlina preziva pfi
velmi nizkych teplotdich az -46°C) jsou hlavnimi divody pro jeho vyuziti v doplicich
potravin [23].

2.1.3 Vyznam

Je dobie znamo, ze lidé Zijici ve Francii trpi relativné nizkym vyskytem akutnich
srde¢nich ptihod, navzdory jejich jidelni¢ku bohatého na nasycené tuky. Tento fenomén
nazyvany Francouzsky paradox poprvé odborné popsal irsky 1ékat Samuel Black v roce 1819
[24]. Pramérny Francouz zkonzumoval denné¢ 108 g Zivoéi$nych tukd, zatimco priamérny
Ameri¢an zkonzumoval pfiblizn¢ o 50% méné. Ptesto byly pocty umrti z divodl akutnich
srde¢nich piihod ve Francii mnohem nizsi. Zda se, ze primarnim diivodem tohoto paradoxu je
vysoka spotteba Cerveného vina ve Francii. Jeho pficiny a duisledky jsou i nadéle pfedmétem
mnoha polemik a studii [25-27].

Prospéné plsobeni flavonoidi na organismus je spojeno s jejich antioxida¢nimi
vlastnostmi [11,28]. Pii studiu vlivu flavonoidi na ¢ervené krvinky v lidském organismu bylo

dok4zéno, Ze kvercetin méd znacnou schopnost sniZovat hemolyzu ochrannou bunécné
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membrany erytrocytd pied peroxidaci lipida [29]. Jak jiz bylo nazna¢eno, jednim z hlavnich
problému vyuziti flavonoidl v potravinaistvi i medicing je jejich mald stabilita pii zvySeni
pH, teploty, pfitomnosti svétla a oxidacnich cinidel apod. Pasobenim téchto vlivi muze
dochazet ke strukturnim zménam flavonoidi. Typickym ptikladem ve skupiné anthokyanint
je prace autorid Romero a Bakker. Zde autofi popisuji, Ze ptisobenim teploty a pfitomnosti
dalsich latek dochazi ke kondenzacni reakci mv-3-gl za vzniku vitisinu A [30]. V oblasti
anthokyaninl existuje fada praci zabyvajicich se zvySenim stability anthokyaninovych barviv
jejich reakcei s nékterymi malymi reaktivnimi molekulami (kys. pyrohroznova, acetaldehyd,
aceton a dalsi). Touto reakci dochazi k urCité zméné barevného odstinu, avSak barevna
intenzita produktl je vysoka. Dochazi ke zvyseni stability zejména proti hydrolyze, oxidaci a

pusobeni oxidu sifi¢itého [31-33].

2.2 Kondenzované flavonoidy

Jak jiz bylo zminéno, vznikaji kondenzované flavonoidy zejména ptisobenim ¢lovéka (pii
jejich extrakcei z rostlinného materidlu, pfi fermentaci v mostech a vinech a pfi jejich zrani). S
casem se tedy v rostlinnych extraktech a potravinach zvySuje obsah kondenzovanych barviv
na ukor nativnich anthokyaninl. Analytické sledovani kondenzovanych barviv je tedy
mozno pouzit k také odhadu stafi vzorku (v praxi zejména u Cervenych vin) [34,35].
Kondenzované pigmenty vznikaji pfi vyrobé a béhem zrani vina (klesd obsah volnych

anthokyanini a taninovych latek a dochazi k jejich vzajemné kondenzaci) [31,35].

Kondenzace muze probihat riznymi zptisoby za vzniku rizné slozitych pigmenti [5]
(Obr. 2).
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Obr. 2 Struktura pigmentu vznikajiciho:

1. Navazanim kumarové kyseliny a dvou glukosovych jednotek na malvidin — malvidin-3-(p-

kumaryl)glukosid-5-glukosid
2. Cykloadici malvidin-3-glukosidu s pyruvatem — vitisin B — pyranomalvidin-3-glukosid
3. Kondenzaci peonidinu-3-glukosidu s acetonem — 5-methylpyranopeonidin-3-glukosid

4. Kondenzaci malvidin-3-glukosidu s acetal dehydem a epikatechinem— malvidin-3-glukosid-
8-vinylepicatechin

Jednotlivé pigmenty vznikajici uvedenymi reakcemi se mohou vyskytovat jako
monomery, oligomery (n¢kolik kovalentné spojenych flavonoidnich jednotek) i polymery.
Moznosti vzajemné kondenzace a ,,polymerace” a vlastnosti vznikajicich produktd jsou
pfedmétem intenzivniho studia [36-39].

Pyroanthokyaniny, patfici mezi kondenzované anthokyaniny byly identifikovany jako
produkty pfirozené fermentace pii zrani a starnuti vina [40]. Tyto barviva se tak staly
pfedmétem mnoha studii [41]. Leopoldini a kolektiv dokonce na zakladé na zékladé
kvantové-chemickych vypocth udavaji, Zze nékteré pyranoanthokyaniny maji vyssi

14



antioxida¢ni kapacitu nez samotné anthokyaniny. Obr. 3 ukazuje kondenza¢ni reakci
pelargonidinu s nizkomolekularnimi aldehydy nebo ketony. Reaktivita téchto latek s jinymi
flavonoidy (katechin/epikatechin) je jiZ popsédna v literatute. Tyto reakce jsou vSak studovéany

v komplexnich extraktech z rostlinného materialu [42,43].

OH
OH
HO o?
/
HO ot
/
CH.COR AN
\ > OH
OH o
OH
R

Obr. 3 Kondeza¢ni reakce pelargonidinu (v ¢isté a neglykosylované form¢) s adehydem
(R=-H, -OH, —-OCHy3)

kopigmentt. Kopigmety jsou komplexy anthokyaninovych jednotek a flavanolovych jednotek
(¢asto 1 v pritomnosti kovll) (Obr. 4). Jednotlivé jednotky jsou mezi sebou vazany

nekovalentnimi interakcemi.

Obr. 4 Kopigmentace mezi 6 molekulami del phinidin-3-(6-p-kumarylglukosidu)-5(6-
malonylglukosidu) M a6 molekulami flavonu F a dvéma atomy hot¢iku [5]
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Kopigmentace anthokyanini s dal§imi slouceninami je hlavnim mechanismem
stabilizace barvy v rostlinach [14,44]. Komplexy anthokyaninti se strukturou O-difenolt s
kovy (Al, K, Fe, Cu, Ca, Sn g.) mohou stabilizovat barvu produkti, ale také zptisobit
nezaddouci zménu zbarveni. Napfiiklad komplexy s cinem vznikajici v konzervach méni
¢ervenou barvu plodd (napf. jahod) na fialovou. Nékteré studie o stalosti barev v rostlinach
také naznacuji, Ze modra barva plodii nebo kvéta rostlin je disledkem vzniku komplexu mezi
anthokyaniny an¢kterymi kovy, jako je Al, Fe, Cu a Sn, nebo Mg aMo [44].

Pii studiu reakci anthokyanini s DNA byl pfipraven komlex anthokyanidinu s DNA
(Obr. 5). Bylo zjisténo, ze tento komplex muze chranit DNA pied oxidativnim poskozenim,
stabilizuje DNA a ma tak velky vyznam pro rostliny, které jsou casto vystavovany

oxidativnimu stresu [45].

Kyanidin DNA Kyanidin-DNA komplex

Obr. 5 Kompigmenta¢ni komplex kyanidinu a DNA[45]

2.3 Metabolismus a biotransformace flavonoidu

V nasledujicich kapitolach budou popsany déje souvisejici se vznikem a osudem
flavonoidii v bunkéch. Budou popsany jednak dé&je probihajici v rostlinnych buiikach
(biosyntéza) a jednak d&je pfi interakei flavonoida s zivo€iSnym organismem (vstiebavani,

transport organismem, metabolizace a vylucovani).
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2.3.1 Biosyntéza

Samotna biosyntéza flavonoidli je situovdna v bunéné cytoplazmé a ovlivnéna
plisobenim mnoha enzymu [4,46-48]. Vychozi latkou je kyselina octova, vznikla pfi
fotosyntéze, ktera se souborem enzymatickych reakci preménuje kumaryl CoA. Prvni popis
fenylpropanoidové cesty a pilisobeni enzymu fenylamonialyasy byl popsan jiz v roce 1961
[49]. Kumaryl CoA nasledné vstupuje do reakce s malonyl CoA a plsobenim enzymu
chalkonsythasy vznika zakladni stavebni jednotka flavonoidi - chalkon. Sérii metabolickych
modifikaci pak vznikaji jednotlivé skupiny flavonoida (Obr. 6). Plisobenim chalkonisomerasy
dochazi k pfeméné chalkonu na naringenin. Naringenin je vychozi slou¢eninou biosyntézy
pro flavanoly, flavanony, flavonoly, flavony a taniny. Syntéza anthokyanind dale pokracuje
pfeménou naringeninu na flavanon, poté na dihydroflavonol enzymem flavanon-3-
hydroxylasou. Nasleduje redukce dihydroflavonolu na flavan-3,4-diol, katalyzovana
enzymem dihydroflavonol-3-reduktasou. Flavan-3,4-diol je poté oxidovan, dehydratovan a
nakonec glykosylovan az na anthokyanin [4].

Studiem biosyntézy flavonoidu, jednotlivych enzymii i genit se stale zabyva mnoho
autort [4,46,50-52].
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Obr. 6 Schéma biosyntézy flavonoida (pfevzato a upraveno z [4])

2.3.2 Interakce flavonoidi s lidskym organismem

Procesy vstiebavani, metabolismu, distribuce v organismu a vylucovani flavonoidt u
¢lovéka je dlouhodobé predmétem vyzkumu v mnoha oborech [22,53-55]. Obecné,
xenobiotika vstupuji do lidského téla travicim traktem (usta, jicen, Zzaludek, stieva),
respiracnim systémem (epitely plic, nosni sliznice) a pokozkou. Biotransformace xenobiotik
probiha zejména v jatrech a stfevech, podili se na nich ale i ledviny, plice nebo kiize. Na
bunécné urovni je pak velmi dilezita priichodnost pres fadu bunéénych membran a to pasivni
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(difuzi) nebo transportnimi procesy zprosttedkovanymi specifickymi membranovymi
prenaseci. Konecné stadium biotransformace je vylouceni z organismu prostiednictvim moce,
stolice nebo potu. V pribéhu biotransformace obvykle dochazi ke zvySeni polarity
xenobiotika, ¢imz se usnadiuje jeho exkrece. Vysoce polarni latky vS§ak mohou organismem

projit beze zmény.Proces biotransformace v lidském organismu probiha ve tiech fazich [56].

Proces biotransformace v lidském organismu probiha ve trech fazich [56]:
I. faze biotransformace

V prvni fazi metabolismu dochazi k preméné substratu na polarnéjsi produkt. Toho Ize
dosédhnout odkrytim polérni skupiny (napi. dehydrataci nebo demethylaci) nebo zavedenim
jiné polarni funk¢ni skupiny do molekuly (napt.: -OH, -NH, , -SH, =CO, -COOH), ¢i
pfeménou méné polarni skupiny na polarnéjsi. V této fazi se uplatiiuji redoxni a hydrolytické
reakce. Je-li metabolit dostate¢né polarni, miize byt snadno vyloucen z organismu. Méné

polarni produkty vstupuji do faze II.
11. faze biotransformace

V druhé fazi dochdzi k interakci s konjugacnim Ccinidlem jako glycin, kyselina
glukoronovd, glutamin, glutathion, acetat nebo sulfat. Mezi enzymy Ucastnici se druhé faze
patti  UDP-glukuronosyltransféraza, sulfotransferaza, glutation-S-transferdza a N-
acetyltransferdza. NejvyznamnéjSim biodegrada¢nim procesem druhé faze je konjugace s
kyselinou  glukuronovou.  Glukuronidace  je  katalyzovana  enzymem  UDP-
glukuronosyltransférazou (UGT), ktery je lokalizovan na membrané¢ endoplasmatického

retikula a jadra vedle cytochromu 450 [57].
I1I. faze biotransformace

Diive byla biotransformace rozdélena pouze do dvou fazi. S objevem membranovych
proteint, které slouzi jako ptenaSece xenobiotik skrz bunéénou membranu, byla do procesu
biotransformace zafazena tfeti faze. Tyto transportni proteiny se oznacuji jako enzymy tfeti
faze. Nejznaméjsim piikladem transmembranového proteinu je P-glykoprotein[58].

Nejvyznamngj§im enzymovym systémem, ktery se podili celkovém metabolismu
xenobiotik jsou cytochromy P450 (CYP450) [59-61]. Cytochromy P450 jsou zapojeny v
metabolismu Siroké fady 1éCiv a xenobiotik. CYP3A4 je dominantnim enzymem v lidskych

jatrech, kde je transkripéné regulovan mnozstvim transkripénich faktord a hormont a je
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zapojen v metabolismu vice nez 50% klinicky uzivanych Ié¢iv. Stimulace latkami jako
2,3,7,8-tetrachlorodibenzo-p-dioxinem (TCDD) ¢i rifampicinem (RIF) vede k narGstu
mnozstvi enzymu a nasledné jeho katalytické aktivity. S ovlivnénim katalytické aktivity
cytochromii P450, zejména CYP3A4 je spojen fenomén mezilékovych interakci [23].

Nejcastéjsi metabolické pochody v Zivocisném organismu jsou methylace, sulface a
glukuronidace [62].

2.3.2.1 Metabolismus flavonoida in vivo

Celkovy metabolismus flavonoidi in Vivo je ovlivnén souhrnem reakci v lidském téle.
Na zacatku je velmi duleZité v jaké formé potravy jsou flavonoidy do organismu pfijimany.
Chemické vlastnosti jako struktura, velikost, rozpustnost a ptitomnost dalSich latek ovliviiuje
celkovou absorpci flavonoida v téle. Za poslednich 40 let bylo provedeno né€kolik studii na
odhaleni a pochopeni detailniho metabolismu flavonoidi v lidském téle. Modelové studie
byly provedeny a zkoumany nejcastéji na kvercetinu[10,63]. V jedné z prvnich studii byla
podéana davka kvercetinu per oraln¢ a intraven6zné 6-ti dobrovolnikiim a poté byla sledovana
ptitomnost nemetabolizovaného kvercetinu v moci dobrovolnikt [64]. Hollman a kol. proved]
experiment dokazujici, ze k absorpci kvercetin-glukosidu probiha ve stfevech [65]. Tento fakt
byl vysvétlen farmakokinetickou studii potvrzujici zapojeni Na" dependetni gluk6zovyho ko-
transporteru (SGLT1), pfitomného ve stievech do metabolismu kvercetin-glukosidu [66]. Tato
studie vSak poté byla vyvracena a byl navrhnut novy mechanismus, ktery je zalozen na
hydrolyze glukosové jednotky pomoci enzymu laktasa-phloridzin hydrolasa (LPH) a (-
glukosidasou na povrchu klkovitych vybézka stieva [67]. Volny aglykon pak jednoduse
prochdzi pasivni difizi membranou stfeva. Tento mechanismus byl potvrzen pro vétSinu
flavonoidii s navazanymi rozdilnymi cukernymi jednotkami (glukosa, arabinosa, xylosa,
galaktosa rhamnosa atd.)[68]. Popsany mechanismus mél vSak své omezeni. Napiiklad
kyanidin a delphinidin-3-glukosid nepodléhali hydrolyze a zistavaly nezménény. Tento fakt
autofi vysvétluji tak, ze anthokyaniny ky a dp-3gl nejsou vhodnym substratem pro LPH
enzym. Dal§im parametrem ovliviiujicim metabolismus flavonoidt v lidském organismu je
mnozstvi a typ navazanych cukernych jednotek na aglykon. Kvercetin-rutinosid byl
absorbovan pouze z 20-ti% Vv porovnani s kvercetin-glukosidem [66]. Dalsi studie doplnuji, ze
se na metabolismu flavonoidt podili i zaludek, kde dochazi k ¢astecné absorpci [69]. Celkovy
pohled na metabolismus flavonoidl v lidském organismu je tedy velmi slozity a sklada se

ze celého systému biotransformacnich reakci v celém téle (Obr. 7). Jejich detailni pochopeni
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je cilem mnoha studii. Vystupnim biologickym materidlem pro analyzu metabolita
flavonoidii in Vivo je nejcast&ji mo¢. Vni byly pak nejcastéji nalezeny metabolity
methylované, sulfatované a glukuronidy flavonoida [63,70,71]. Glukuronidova konjugace je
nejcastéjsi biotransformacni proces flavonoidi v lidském organismu [72-74]. Glukuronidace
je reakce katalyzovana enzymem UDP-glukuronosyltransferasou, ktery je pfitomen ve velkém
mnozstvi v jatrech, stfevech a ledvinach [62]. Druhou nejéastéjsi biotransformacni reakci je
pak methylace, ktera je fizena skupinou enzymii methyltransferas pfitomnych piedevsim
v tkanich jater a ledvin [75,76]. VSeobecné lze fici, Ze in Vivo experimenty popisuji soucasné
cely metabolickych procest. Pro detailni poznani jednotlivych ¢asti tohoto procesu je obvykle
tfeba doplnit vyzkum in vitro experimentem s jednim izolovanym typem bunék (ev. jednim

typem tkané€ nebo jednim organem).
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Obr. 7 Souhrnny pohled nabiotransformacni procesy flavonoidu v lidském téle [62]

2.3.2.2 Metabolismus flavonoida in vitro

Mnohé in vitro experimenty pomohly K detailnimu popsani jednotlivych
biotransformacénich pochodt flavonoidi v lidském téle [77-80]. Experimenty s HepG2
bunkami lokalizovaly proces glukuronidace, methylace a sulfatace kvercetinu v tenkém

stfevé [ 78] . Vacek akolektiv provedli in vitro experiment metabolismu flavonoidu s lidskymi
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jaternimi bunikami na kvercetinu, rutinu a isokvercitrinu. 1 zde byly zde nalezeny hlavni
metabolické drahy jako metylace, sulfatace i glukuronidace [79].

V metabolismu flavonoidi je vyznamna pfitomnost stfevnich bakterii, ktera umoziuje
Stépeni cukernych jednotek (Spomoci enzymu B-glukosidasy, B-glukuronidasy) za vzniku
aglykonu.. Vzniklé aglykony jsou v dalSich procesech $tépeny az na fenolické kyseliny.
Fenolické kyseliny jsou vici dalSi degradaci stfevni mikroflérou pomérné odolné. Kromé
glukosidli mtize sttevni mikrofléra hydrolyzovat také glukuronidy, sulfaty, amidy, estery a
laktony (vnitini cyklické estery). V ptfitomnosti stievni mikroflory snadno dochazi k Stépeni
kruhti (v pfipadé degradace flavonoidu na fenolickou kyselinu), dekarboxylaci, demethylaci a
dehydroxylaci [62,81].

Extrakt z malin obsahujici smés polyfenolii (s bohatym zastoupenim kyseliny elagové)
byl testovan na maligni linii bunék karcinomu tlustého stfeva LS174 a na mononuklearnich
bunikach imunitniho systému. Uginkem extraktu se vyznamné sniZil pocet nadorovych bunék
oproti stejnym buitkdm v kultivacnim médiu. Antiproliferativni vlastnosti na nddorové bunky
pfimo imérné zavisely na obsahu polyfenold v extraktu [82]. Flavonoidy vyznamné ovliviiuji
schopnost kvercetinu inhibovat rist lidskych bunék HL-60 zodpovédnych za promyelocytarni
leukémii. Kvercetin vykazoval U¢inky na bunéény cyklus, aktivitu proteinkindzy C, tyrosin

protein kinazy a produkci fosfoinositidu u nadorovych bunék [83].
2.4 Analytické metody pro studium flavonoidii a jejich produktii (bio)transformace

Analytické studium biotransformacnich produktt flavonoidi je dulezitym clankem
slouzici k popsani metabolismu téchto latek. Jednim z prvnich popsanych pokust o detailni
vysvétleni metabolismu flavonoid byl experiment provedeny v roce 1966 na guinejskych
prasatech. Prasata byla krmena specidlni smési obsahujici flavonoidy. V jejich moci byly pak
identifikovany pomoci papirové chromatografie 4’-hydroxyflavon, 3°,4’-dihydroxyflavon a
kyselina salicylova [84].

Kapalinovd chromatografie ve spojeni s hmotnostni spektrometrii je nejvice
pouzivanou technikou pro studium metabolitt [34,79,85]. Metabolicky profil taxifolinu, 3-O-
galoylkvercetinu a 7-O-galloyltaxifolinu v lidskych hepatocytech byl detailné popsan pomoci
UPLC a ionizace elektrosprejem v negativnim modu a s vyuzitim hmotnostniho analyzatoru

Q-TOF [79]. LC-MSIMS sionizaci elektrosprggem v negativnim médu a vyuzitim trojitého
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kvadrupolu byla pouzita pro farmakokinetickou studii metabolickych pfemén rutinu,
isokvercetinu, astragalinu, kvercetinu aisorhamnetinu v mo¢i krys pfi in vivo studii [86].

Kapilarni elektroforéza s elektrochemickou detekci byla také pouzita k analyze
metabolismu flavonoidd (naringenin, rutin, kvercetin) v exkrementech krys pii in vivo studii.
Touto technikou vSak bylo vSak studovano pouze mnozstvi nezmetabolizovanych flavonoid
nikoliv identifikace vzniklych metabolitt [87].

NMR spektroskopie je analytickou metodou vyuZivanou ke sledovani metabolickych
pochodli xenobiotik. Tato technika umoziuje strukturni analyzu metaboliti a popsani
mezilékovych interakci v organismu [88,89]. An a kol. provedli in vivo experiment na
krysach, kdy ordln¢ aplikovali kvercetin (40 mg/kg vahy) a ziskané metabolity Vv moci
analyzovali metodou (1))H NMR a HPLC-MS [90]. NMR technika zde umoznovala popsat
biochemické zmény vznikajici béhem metabolizace sledovanim ptitomnosti meziprodukta
Krebsova cyklu (citratu, sukcinatu a 2-oxoglutaratu) v zavislosti na case po aplikaci
kvercetinu. Methylace, sulfatace a glukuronidace kvercetinu byla identifikovana v moci krys
pomoci HPLC/MS.

Pro metabolické studie flavonoidi se stale nejvice pouziva spojeni kapalinové
chromatografie s hmotnostni spektrometrii, ktera umoziuje detailni identifikaci metabolitd i

vV malém mnozstvi vzorku [91].
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3. Cile prace

Disertatni prace se zabyva studiem vzniku, vlastnosti a procesu biotransformace

vybranych barviv odvozenych od anthokyaninti. Cile prace je mozno shrnout do nésledujicich
bodu:

v rostlinnych extraktech (plody zimolezu kamc¢atského)
e Studium analytickych vlastnosti vybranych pyranoanthokyanini

e Studium in vitro biotransformace vybranych pigmentl stfevnimi a jaternimi butikami
- provedeni biotransformacnich experimentti

- analyza vzniklych metabolitti metodou UHPLC/MS?
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4. Experimentalni Cast

4.1 Chemikalie
4.1.1 Chemikalie pouzivané pri studiu ploda zimolezu kam¢atského

Anthokyaniny (pelargonidin chlorid, kvercetin chlorid, kyanidin-3-galaktosid chlorid,
kyanidin-3,5-diglukosid chlorid), v§echny p.a., byly zakoupeny u firmy Carl-Roth (Karlsruhe,
Neémecko). Pouzity methanol, ethanol, aceton a acetonitril, gradient grade, byl zakoupen od
firmy Merck (Darmstadt, Némecko). Kyselina chlorovodikova, p.a. byla zakoupena u firmy
Lachema (Brno, CR). Trifluoroctova, mravenéi, octova kyselina a deuterovany aceton (dg)
byly zakoupeny ve firmé¢ Sigma-Aldrich (St. Louis, USA). Kolona pro frakcionaci barviv
byla plnéna Sephadexem LH-20 (1400 x 25mm (ID), velikost ¢astic 25-100 um) (Sigma,
USA).

4.1.2 Chemikalie pouzité pii metabolické studii

Standardy flavonoida (pelargonidin chlorid a kvercetin chlorid) byly zakoupeny u
firmy CARL-ROTH (Karlsruhe, Némecko). Pouzité standardy mély ¢istotu p.a. Methanol,
aceton a acetonitril pouzité pro piipravu mobilnich fazi byl potizenod firmy Merck
(Darmstadt, Némecko) mély cistotu gradient grade. Kyselina chlorovodikova p. a. byla
zakoupena u firmy Lachema (Brno, CR). Dimethylsulfoxid (DMSO), rifampicin (RIF) a
kultivaéni média byly zakoupeny ve firmé Sigma-Aldrich (Praha, CR). 2.3,7,8-
Tetrachlordibenzo-p-dioxin (TCCD) byl dodan firmou Ultra Scientific (Rhode Island, USA).
Kyselina octova a fosfatovy pufr (PBS) byl zakoupen u firmy Sigma-Aldrich (St. Louis,
USA).

4.2 Priprava extraktii zimolezu kamdatského

Pouzité plody zimolezu kamdcatského (Lonicera caerulea var kamtschatica) byly
ziskany ze sklizn¢ v roce 2006 az 2007 v Lipniku nad Becvou. Extrakty byly pfipraveny v
Ustavu 1ékai'ské biochemie a chemie Univerzity Palackého v Olomouci (1.) a v Laboratofi

biotransformaci, Mikrobiologického tstavu Akademie Véd Ceské republiky (2.) nasledujicimi

postupy:
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1. Zmrzlé plody zimolezu (4,84 kg) byly extrahovany vodnym roztokem 0,1% kyseliny
fosforecné pfi teploté¢ 50°C po dobu 14 hodin. Ziskany prvni extrakt byl piecistén na koloné
plnéné materidlem Sepabeads SP 207 (styren-divinylbenzenovy kopolymer). Kolona byla
promyta deionizovanou vodou, fenolické latky byly poté vymyty ethanolem a zkoncentrovany

odpatenim. Bylo ziskano 20,3 g fenolické frakce (oznaceni frakce: LCPF) [23].

2. Plody zimolezu byly po transportu do laboratofe lyofilizovany v argonové atmosféie pii -
25°C a pfi této teploté uskladnény pro dalSi experimenty. Extrahovatelnost slozek ploda byla
testovana extrakci 4 riiznymi rozpoustédly (methanol, aceton, ethanol, voda). Plody byly pted
vlastni extrakci manualn¢ rozdrceny a kapalna faze odfiltrovana na filtrech Filtrak 388.
Ziskang filtraty byly odpareny pti 40 °C a nésledné znovu lyofilizovany a uskladnény pti -25

°C pro naslednou preparativni frakcionaci.

Takto byly pfipraveny surové extrakty s oznaCenim A — G. SloZeni jednotlivych extrakénich

¢inidel ukazuje tabulka 1.

Tabulka 1 — extrakce anthokyanintl z plodl zimolezu kamcatského

. . Vaha Vytéinost® o ]
Extrakéni rozpoustédlo vzorku® (%) Extrakéni podminky
(]
(8)
A: 50% Methanol / 50% Aceton / 0.1 % H;PO, (v/v) 50.5 6,1
B: 100% Methanol / 0.1 % H3PO, (v/v) 50.9 8,1
3 x 200 ml extrakéniho
C: 100% Aceton / 0.1 % H3PO, (v/v) 50.9 0,7 ::Izn”"p“:t::i;:V"ebfej::ek:i:f
pfistupu svétla, v Ar atmosfére
D: 100% Ethanol / 0.1 % H3PO, (v/v) 49,3 5,8
E: 80% Ethanol / 20% H,0 / 0.1 % H3PO, (v/v/v) 50,4 9,6
F: 80% Methanol / 20% H,0 / 0.1 % H3PO, (v/v/v) 5,2 8,8 3 %20 ml extrakniho rozpouStédia,
doba extrakce 60 min, pfi pokojové
teploté a bez pfistupu svétla, v Ar
G: 80% Aceton / 20% H,0 /0.1 % H3PO, (v/v) 5,0 6,1 atmosfére

® mnoZstvi lyofilizovanych plodi poZitych pro extrakci
® yyt&zek extrakce po odstranéni extrakéniho rozpoustédia a zbytku plodd
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Frakcionace byla provedena s kazdym surovym extraktem zvlast. Z lyofilizovanych
pevnych zbytkd po extrakei bylo odvazeno urcité mnozstvi (A-76 mg, B-80 mg, C-78 mg, D-
94 mg) a toto mnozstvi bylo rozpusténo v 0,5 ml methanolu (extrakty A, B), ve smési
methanol:aceton, 1:1 (extrakt C) a v deionizované vodé (extrakt D). Extrakty (A-C) byly
rozpustény a poté nadavkovany na sklenénou kolonu (1400 x 25 mm i.d.) plnénou sorbentem
Sephadex LH-20 (Sigma, USA). Jako mobilni faze byl pouzit methanol. Mobilni faze
protékala kolonou pritokem 1,45 ml/min (sloupcova chromatografie), jednotlivé frakce byly
sbirany po 8 minutach az do vymyti vSech barevnych podilti z kolony. Eluce kontrolovana
UV detekei pii 280 nm. Oddé€lené frakce byly vysuseny pod vakuem a uskladnény pfti -25 °C
pro dalsi analyzu. Pro extrakt D byl volen jiny frakcionacni postup. Materidl rozpustény ve
vodé byl nadavkovan na sklenénou kolonu (930 x 25mm i.d.) plnénou Sephadexem LH-20
(Sigma, USA). Jako mobilni faze byl pouzit ethanol 80/20 ve vod¢ (v/v) pii pratoku 0,5
ml/min. Jednotlivé frakce byly sbirany po 16 min az do vymyti vSech barevnych podilt z
kolony. Kontrola eluce byla opét provadéna UV detektorem pii 280 nm. Na zakladé hodnot
absorbance pfi frakcionacich byly vybrany frakce, které byly detailné¢ analyzovany pomoci

uLC/MS.

4.3 Priprava 5-methylpyranopelargonidinu (5-MePPI)

3,21 mg pelargonidin chloridu bylo rozpusténo v 5 ml smési acetonu a methanolu
(1:1, v/v) okyselené 5% kyselinou mravenc¢i. Po kompletnim rozpusténi pl-chloridu byla
reakéni smés ponechdna v temnu pfi laboratorni teploté po dobu 48 hodin. Rozpoustédlo bylo
nasledn¢ ze vzorku odfoukéno jemnym proudem dusiku pii 40°C s vyuzitim piistroje
TurboVap (Biotage, Charlotte, USA) a ziskany material byl zamrazen pro dalsi experimenty.
4.4 Bunécné linie

Pro in Vvitro metabolizaéni experimenty byly pouzity nadorové bunééné linie HepG2
(jaterni) a LS174T (stfevni), které byly pofizeny z Evropské kolekce bunécnych kultur
ECACC (European Collection of Cell Cultures) a poté kultivovany v laboratoii dle
doporudeni dodavatele. Na bun&ené linie HepG2 (2,5 x 10° bungk/ml) a LS174T (1,5 x 10°
bun¢k/ml) byly nasazeny studované latky (pelargonidin, 5-MePPI a kvercetin) o koncentraci
100 pumol/l. Jednotlivé kultury byly ponechdny v kultivaénim inkubatoru pii 37°C a

Vv pfitomnosti 5% COz. 50 pl média bylo sbirano v ¢asovych intervalech po 1 hoding, 2

hodindch a 24 hodinach kultivace. Aktivatory metabolismu TCCD a RIF o koncentraci
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5nmol/l vDMSO (0,1% v/v) byly ptidany do bunénych linii HepG2 pro piislusné
experimenty.

Po 24 hodinéch kultivace a odebrani zbytku kultivaéniho média, byly bunécéné linie 3
krat promyty pomoci roztoku fosfatového pufru (PBS). Ziskané buiky byly poté
centrifugovany (14000 x g) po dobu 2 minut. Supernatanty byly odebrany a ziskané pelety
(bunééné sedimenty) byly resuspendovany v 200 pl methanolu okyseleného 5% (v/v)
kyselinou octovou a homogenizovany v ultrazvukové 14zni chlazené ledem po dobu 30 min
pro naruseni bunééné membrany a prevedeni metabolitii do roztoku.

Odebrané vzorky médii byly smichdny s 50 ul methanolu okyseleného 5% (v/v)
kyselinou octovou, poté centrifugovany (14000 x g) po dobu 2 minut a ziskané supernatanty
byly analyzovany pomoci UHPLC/MS. Vzorky pelet po destrukci bunééné membrany znovu
centrifugovany (14000 x g) po dobu 2 minut a odebrané supernatanty byly analyzovany
stejnou metodou, jako vzorky médii odebirané béhem metabolizace.

Jako kontroly byly pouzity i) zékladni roztoky standardt (kvercetin, pelargonidin, 5-
MePPl) v kultiva¢nich médiich, ii) médium neobsahujici sledované flavonoidy a iii) pelety
bunék bez pritomnosti flavonoidil ziskané pii identickych experimentalnich podminkach jako

realné vzorky flavonoidd.

4.5 Pristroje a experimentalni podminky

4.5.1 P¥istroje a postupy pro chromatografickou prefrakcionaci a naslenou pLC/M S
analyzu plodi zimolezu kam¢atského

Pro frakcionaci LCPF frakce (pfiprava viz. experimentalni ¢ast kapitola 4.2) byl pouzit
semipreparativni chromatograf od firmy Knauer (Berlin, Némecko) s UV detekci. Byla
pouzita kolona Gemini C18 od firmy Phenomenex, USA (150 mm x 10 mm, dy,=5 pm).
Mobilni faze A byla tvofena 5% vodnym roztokem acetonitrilu okyselenym 0,12 % kys.
trifluoroctovou (v/v/v) . Mobilni faze B byla tvofena acetonitrilem okyselenym 0,12 % Kkys.
trifluoroctovou (v/v). Byla pouzita gradientova eluce s profilem gradientu: 0-15 min 5% B,
15-25 min 5-10% B, 25-35 min 10-20% B, 35-40 min 20-50% B, 40-55 min 50-100% B, 55—
56 100-5 % B, 56-60 min 5% B, 60-70 min 100% B, pritokem 5 ml/min. Doba analyzy
odpovidala 70 min. Davkovano bylo 100 pl extraktu (pfepliiovani davkovaci smycky o
velikosti 100 pl, full loop technika). Ziskané frakce byly lyofilizovany a zamrazeny (-80°C)
pro naslednou analyzu pLC/MS.
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LCPF frakce a frakce extraktli ziskané preparaci na kolon€ plnéné Sephadexem LH-20
byly rozpustény v mobilni fazi A (deionizovana voda okyselena 0,12 % kys. trifluoroctovou +
5% acetonitrilu, v/v/v). Takto pfipravené vzorky byly analyzovany pomoci uLC ve spojeni s
hmotnostnim spektrometrem s ionizaci elektrosprejem (Q-TOF, Premier, Waters). Byla
pouzita binarni gradientova eluce. Byly pouZity stejné mobilni faze jako pro semipreparativni
chromatografii. Byl pouzit nasledujici profil gradientu: 0-5 min 10% B, 5-10 min 10-20%, 10-
30 min 20-30% B, 30-40 min 30-50% B, 40-50 min 50-70% B, 50-55 min 70% B, 55-60 min
70-100% B, 60-70 min 100% B, 70-70,5 min 100-10% B, 70,5-75 min 10% B, pritok 5
pl/min. Doba analyzy byla 75 min. Byly nastaveny nasledujici parametry hmotnostniho
spektrometru: sprejovaci napéti +3,2 kV, pratok zmlzovaciho plynu 350 l/hod, teplota
iontového zdroje 120°C a desolvacniho plynu 300°C.

Jednotlivé frakce obsahujici strukturné zajimava barviva byly rovnéz analyzovany
pfimym zavadénim roztoku vzorkli do iontového zdroje (prutok 7ul/min, sprejovaci napéti
+2,5 kV, pritok zmlzovaciho plynu 100 l/hod, teplota iontového zdroje 150°C a desolvacniho
plynu 150°C).

Procesy probihajici pifi fragmentaci analyti (5-MePP1 a frakcionovanych barviv) po
kolizi indukované disociaci byly déale studovany na hmotnostnim spektrometru LCQ MAT
(Finnigan, San Jose, CA, USA) sionizaci elektrosprejem a analyzatorem typu iontové pasti.
Bylo pouzito pifimého zavadéni vzorku do iontového zdroje — prutok 10 pl/min, teplota
vyhiivané kapilary 200°C, sprejovaci napéti +5,6 kV, pratok zmlzovaciho plynu 40 arbitrary
units. Nastaveni iontové optiky bylo ladéno na methanolicky roztok malvidin-3-glukosidu
(10mg/l). Identifikace barviv byla provedena na zikladé m/z rodi¢ovského iontu a
fragmentace po kolizi indukované disociaci v iontové pasti (MS/MS, normalizovana kolizni

energie 60%).

4.5.2 UHPLC/MS pro analyzu metaboliti flavonoidii

Pro analyzu metabolit byl pouzit ultrati€¢inny kapalinovy chromatograf Waters Aquity
UPLC (Waters, Milford, USA) sPDA detektorem. Byla pouzita kolona Aquity BEH C18
(100 mm x 2,1 mm, dy=1,7 um, 130A). Pro stanoveni a identifikaci metaboliti byl
chromatograficky systém pfipojen k hmotnostnimu spektrometru Q-TOF (Waters) s ionizaci
elektrospreiem. lonizace elektrospejem byly pouzita jak v pozitivnim tak i v negativnim
modu. Pouzité mobilni faze a podminky pro experimenty UHPLC/MS vV pozitivnim

ionizaénim modu byly: slozka A — destilovana voda okyselena 5 % kys. mravenci (v/v) a
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slozka B — acetonitril okyseleny 5 % kys. mravenéi (v/v). Pouzity profil gradientu: 0-8 min
95-15% A, 8-9 min 15-95% A, 9-10 min 95% A. Doba analyzy byla 10 min, prutok 0,4
ul/min. Pro negativni ioniza¢ni mod: slozka A — destilovand voda okyselena 0,1 % kyselinou
octovou (v/v), slozka B — acetonitril. Doba analyzy 15 min, pouzity profil gradientu: 0-3 min
100% A, 3-10 min 100-50% A, 10-13.5 min 50-100% A, 14-15 min 100% A a pratok 0,4
ul/min. Experimentalni parametry hmotnostniho spektrometru: sprejovaci napéti +3,2 kV
(pozitivni méd) a +1,5 kV (negativni mod), pritok zmlzovaciho plynu 450 l/hod, teplota
iontového zdroje 120°C a desolvacniho plynu 150°C. Jako zmlzovaci plyn byl pouzit dusik a
jako kolizni plyn argon. VSechny experimenty MSE byly provedeny sttiddnim skenu s malou
kolizni energii (MS(1), CE=5eV) a sken pfti vyssi kolizni energii (MS(2) CE = 40eV nebo pii
vyuziti rampy CE = 10 — 40eV) bez preselekce iontl na kvadrup6lu. V naslednych analyzach,
pokud to citlivost dovolila, byla proméfena i MS/MS spektra.

4.6 Postupy vyhodnoceni

Struktury metabolitii byly navrhnuty s vyuzitim chemického software CS Chem Draw
Ultra (Chemical Structure Drawing Standard, CambridgeSoft Corporation, USA) a programu
Metabolynx (Waters Corporation (Milford, USA)).

Vypocet rozdélovaciho koeficientu pro anthokyaniny (ClogP) byl proveden pomoci
softwaru ChemBioDraw Ultra, (CambridgeSoft Corporation, USA).
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5.Vysledky a diskuze

5.1. Studium polyfenoli piitomnych v extraktech plodi zimolezu kamdatského

Predmétem studia byla analyza profilu anthokyaninii a jejich derivati v pifirodnim
materialu a to plodech zimolezu kamcatského s podrobnéj$im zaméfenim na kondenzované

pigmenty.

5.1.1 Optimalizace extr akénich postupt

vvvvvv

nebo jejich obohaceni pro ucely mediciny, potravinafstvi, ale i analytické chemie (pfiprava
standardil) je jejich cilena extrakce z rostlinného materidlu. Klicovy je zde vybér extrakéniho
média [92]. Tabulka 2 ukazuje vliv riznych extrakénich ¢inidel na vytézek extrakce
anthokyaninli. Nejvétsi obsah anthokyaninti byl ziskan extrakci okyselenym methanolem.
Tyto vysledky pfispivaji ke zndmému faktu, Ze methanol je v oblasti flavonoidii pro fadu
matric nejucinnéj$im extrakénim médiem [93,94]. Extrakéni G¢innost se nepatrné sniZila
piidavkem vody k methanolu. Methanol je vSak pro lidsky organismus nebezpeény a proto
jeho vyuziti jako extrakéniho Cinidla v potravinafstvi ¢i medicing€ neni zadouci. Pro tyto ucely
byl zkousen také ethanol. Zisk anthokyaninid byl v§ak zna¢né nizsi (15% z extrahované ¢asti z
extrakce okyselenym metanolem). Nékteré publikace uvadi, Ze extrakce barviv z rostlinnych
materialll je nejucinnéjsi pomoci acetonu [95,96]. Byly tedy vyzkouSeny i extrakce pomoci
acetonu a kombinace acetonu svodou. Obé moznosti vykazovaly niz§i G¢innost nez pfi
pouziti methanolu. Na druhou stranu velmi dobrym extrakénim cinidlem se jevila smés
acetonu a methanolu 50:50. Zde vsak pii kontaktu anthokyaninu s acetonem dochazelo ve
vyznamném rozsahu ke kondenzac¢ni reakci za vzniku 5-methylpyranoanthokyanint. Tvorba
téchto latek je jednim z objektl zajmu této prace.

Mnozstvi identifikovanych anthokyaninti extrahovanych okyselenym metanolem je
porovnatelné s mnozstvim nalezenym v extraktu LCPF (relativni rozdil je 20,2 %, kdy vétsi
mnozstvi bylo v extraktu LCPF) [97]. Oba postupy poskytuji dobré extrakéni ucinnosti pro

extrakci anthokyaninovych barviv z plodu zimolezu kaméatského.
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Tabulka 2 — mnozstvi anthokyaninti v extraktech plodt zimolezu kam&atského®P

(50:50) 100% 80% 100% 80% 100% 80%
Anthokyanin m/z meoh:aceton methanol methanol aceton aceton ethanol ethanol
(A) (B) (F) Q) (G) (D) (E)
- . 449 0,117 0,192 0,120 0,024 0,073 0,003 0,017
kyanidin-3-hexosid
peonidin-3-hexosid 463 0,018 0,026 0,023 0 0,009 0,002 0,007
pelargonidin-3-hexosid 433 0,002 0,008 0,011 0 0 0 0
kyanidin-3-rutinosid 595 0,012 0,013 0,015 0 0,005 0,002 0,006
peonidin-3-rutinosid 609 0.,006 0,008 0 0 0 0 0
kyanidin-3,5-dihexosid 611 0,008 0,007 0 0 0 0,002 0,007
peonidin-3,5-dihexosid 625 0 0 0 0 0 0 ~0,0001
Celkem anthokyanint 0,161 0,253 0,169 0,024 0,088 0,009 0,037
pyranoanthokyanin
5-MePKy-3-hex 487 0,085 0 0 0 0,013 0 0
5-MePPe -3-hex 501 0,015 0 0 0 0 0 0
Celkem
. 0,1 0 0 0 0,013 0 0
pyranoanthokyanin(
Celkem vsech barviv 0,261 0,253 0,169 0,024 0,101 0,009 0,037

Vsechny frakce byly méreny tfikrat; relativni smérodatnd odchylka byla v rozmezi 0,0 —13,6%.
a — vSechny extrakéni ¢inidla obsahuji 0.1% (v/v) kyseliny fosfore¢né

b — mnozstvi je udavéno v % (m/m) pfepocteno na Cerstvé plody

5.1.2 Hodnoceni postupii frakcionace extrakti ploda zimolezu kamdéatského

Po izolaci anthokyaninti ze ziskaného extraktu bylo tfeba optimalizovat pteciSténi
(frakcionaci). Pro preparativni ¢ast je mozno pouzit nékolik stacionarnich fazi: reverzni fazi,
Amberlite XAD-7 (neiontovy makroporézni polymethakrylatovy polymer), Toyopearl gel
(hydroxymethakrylatovy polymer) nebo Sephadex LH-20 (hydroxypropylovany dextran)
[98,99]. V ramci této studie byly pro ulely identifikace a potencialniho vyuziti extraktd
v mediciné sledovany moZnosti 1) preparativni purifikace pfitomnych polyfenold na fazi

Sephadex LH-20 a ii) dvoustupiiové semipreparativni separace zalozené na kombinaci
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extrakce tuhou fazi na polystyren-divinylbenzenovém kopolymeru a separace na reverzni fazi.
V nasledujicim textu jsou diskutovany detaily obou postupti. Pro experimenty diskutované
Vv této praci byl vyuzit Sephadex LH-20. Obrazek 8 popisuje frakcionaéni proces pii pouZiti
ruznych extrak¢nich Cinidel (UV detekce, A = 280 nm). Pii frakcionaci extraktu ziskaného
extrakci smési aceton:methanol 50:50 byly ziskany 4 hlavni frakce (Obr. 8A). Prvni pik
obsahuje pfevazné pyranoanthokyaniny (pik 1). Anthokyaniny se dvéma cukernymi
jednotkami eluuji jako druhy, ne Uplné separovany pik. Anthokyaniny sjednou cukernou
jednotkou eluuji ve dvou poslednich picich (3 a 4). Zastoupeni jednotlivych flavonoidt
v ziskanych frakcich je diskutovano v dalSich kapitolach. V chromatogramu methanolického
extraktu pik s pyranoanthokaniny prakticky zcela chybi (Obr. 8B). Elu¢ni potadi je shodné i v
extraktech ziskanych extrakci smési aceton:methanol 1:1 (v/v), nicméné zde je pozorovano
lepsi rozliseni piku 3 a 4. Stejné elu¢ni potadi bylo pozorovano i po frakcionaci acetonového
(Obr. 8C) a ethanolového (Obr. 8D) extraktu. Separace latek obsazenych v ethanolovém
extraktu je horsi, alisi se i reten¢ni Casy. To muze byt zplisobeno kompresi stacionarni faze
behem kontaktu s méné polarnim rozpoustédlem. Chromatogram s acetonovym extraktem je
také komplikovany pfitomnosti ko-extrahovanych necistot (pik 3). Ztéchto experimenti
plynou i dva metodicky vyznamné zavéry: 1) v pouzitém semipreparativnim uspoiradani je
separace a chovani stacionarni faze siln¢ zavislé na rozpoustédle, ve kterém je rozpustén
vzorek; ii) aceton je rozpoustédlo reagujici ve vysokém vytézku s piitomnymi anthokyaniny
za tvorby odpovidajicich S5-methylpyrano derivati (jak bude ukézano dale, vznikaji
analogické artefakty i pfi reakci s jinymi flavonoidy). Z tohoto pohledu se jevi byt pouziti
acetonu pro ziskani nativnich flavonoida v praxi jako velmi problematické. Vysledky ale na
druhou stranu predurcuji aceton jako jednoduché cinidlo pro syntézu pyranoanthokyanint
(pro ucely piipravy standardll a potencialné pro aplikace v potravinafstvi a dalSich oborech).
Separace na obrazku 8 je dosazena pii pouziti Cistého methanolu jako mobilni faze pro
extrakty A-C. Pro ethanolové extrakty byla pouZzita mobilni faze ethanol:voda (80:20, v/v).
Toto feSeni bylo zvoleno pro vyzkum extrahovatelnosti a moznosti zakoncentrovani
polyfenoll netoxickym rozpoustédlem (pro potencialni vyuziti ve farmacii a medicing).
Eluéni pofadi a separace anthokyaninovych barviv na fazi Sephadex LH20 je ziejmé
vysledkem plsobeni vice faktorti, zejména hydrofilnich interakci a zvySené permeace malych
molekul do stacionarni fidze oproti molekuldm vétSim. V literatufe zatim nebyly popsany
podobné experimenty popisujici hydrofobicitu anthokyaninti a pyranoanthokyanint. Nicméné

jednoduchym vypoctem rozdélovacich koeficientli (clogP) je mozno hydrofilné-lipofilni
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vlastnosti pfiblizn€ aproximovat. Pomoci programu Chem3D byly vypocteny hodnoty clogP
5-MePKy-3-gl, +1,8; Ky-3-gl, 0,0 a Ky-3,5-digl, -1,6. Ztéchto hodnot je patrné, ze
pritomnost 4-kruhu a methylové skupiny u pyranoderivati tedy vede K vyraznému snizeni
polarity a mizeme tak vysvétlit kratsi elucni ¢as oproti nativnim glykosidiim kyanidinu na

polérni stacionarni fazi typu Sephadexu LH-20.
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Obr. 8 Chromatogram extrakti zimolezu po frakcionaci na koloné plnéné Sephadexem LH-

20 (A — smés aceton-methanol; B — metanol; C — aceton; D — ethanol); A = 280nm

Jak bylo jiz zminéno vyse, reverzni faze je Casto pouzivanou staciondrni fazi pro
frakcionaci barviv z rostlinnych materialti. Pfedmétem nasi studie bylo piecisténi extraktu
zimolezu pouzitim faze Sepabeads SP 207 (styren-divinylenzenovy kopolymer, Porapak) (viz.
experimentalni ¢ast kapitola 4.2 LCPF extrakt) pro prepurifikaci a nasledné pouziti
vysokotlaké semipreparativni frakcionace na reverzni fazi odolné i pro pouziti nizkych pH
mobilnich fazi. Obrazek 9 ukazuje velmi dobrou separaci jednotlivych barviv pii pouZiti
téchto frakcionacnich podminek. Ziskané frakce byly identifikovany metodou pLC/MS.
V piipadé potieby byly vysledky identifikace doplnény méfenim MS" spekter po piimé infuzi
ziskanych frakci do iontového zdroje (hmotnostni spektrometry s analyzatory typu iontové
pasti a kombinace kvadrupodl-detektor doby letu). Identifikovand barviva jsou uvedena

v tabulce 3.
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Obr. 9 Semipreparativni frakcionace LCPF extraktu Lonicery na reverzni fazi ( Cerna - A =
280 nm; $eda — A = 505 nm). Cisla jednotlivych pikii odpovidaji frakcim uvedenym v tabulce
3.

5.1.3 Identifikace barviv

Identifikace anthokyanini byla zalozena na méfeni pfesné a spravné hmotnosti
rodicovského iontu a fragmenti v MS a MS/MS spektrech, ptipadné jejich nomindlnich
hodnot ve spektrech vyssich tadi (Tabulka 3). Vyznamnymi dopliujicimi informacemi byly

retenéni Casy a profil UV/VIS spekter a rovnéZ informace z dostupné literatury.
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Tabulka 3 — identifikovana anthokyaninova barviva v LCPF

Odchylka
Frakce® MS ho d:?)lf;‘::/éz od ms’ nazev
vypoctené (ppm)
9 611,1553 9,6 449, 287 kyanidin-3,5-dihexosid [97, 100]
10 611,1602 1,6 449, 287 kyanidin-3,5-dihexosid [97, 100]
737,1677 5,6 575, 423, 287 kyanidin-3-hexosid(epi)katechin [101]
11 611,1609 0,5 449, 287 kyanidin-3,5-dihexosid [97, 100]
12 611,1610 0,3 449, 287 kyanidin-3,5-dihexosid [97, 100]
625,1767 0,3 463, 301 peonidin-3,5-dihexosid [97, 101]
13 773,2135 0,6 627, 465, 303 kvercetin-methylpentosid-dihexosid
18 449,1083 0,2 287 kyanidin-3-hexosid [97,101]
897,2111 2,5 449, 287 dimer kyanidin-3-hexosid
487,1224 3,3 325 5-methylpyranokyanidin-3-hexosid
595,1663 0 449, 287 kyanidin-3-rutinosid [97]
19 595,1578 14,2 449, 287 kyanidin-pentosylhexosidb [97,101]
23 463,1243 0,6 301 peonidin-3-hexosid [97, 101]
609,1810 0,2 301 peonidin-3-rutinosid [97, 100]
897,2019 7,8 735,573 dimer kyanidin-3-hexosid
24 765,2038 0,9 603, 475, 313, 287 kyanidin-3-hexosid-vinyl-(epi)katechin
897,2119 3,3 735,573,287 dimer kyanidin-3-hexosid
597,1470 23 465, 303 kvercetin-pentosid-hexosid
911,2513 10,6 749, 621, 313, 287 ;‘Z;ir;li(‘:i;':;?rfhylpentOSid'hEXOSid'Vi”yl'
465,1122 19,1 303 kvercetin-3-hexosid® [102]
595,1540 20,6 449, 287 kyanidin-pentosylhexosidb [97,101]
611,1613 0,2 465, 303 kvercetin-3-rutinosid [102]
25 465,1032 0,2 303 kvercetin-3-hexosid [102]
611,1613 0,2 465, 303 kvercetin-3-rutinosid [102]

? Eislo frakce odpovida &islu piku v obrazku 9

® havrhované struktury
- uvedend ¢isla v zavorkdch odpovidaji identifikovanym barviviim v literatute
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Z tabulky 3 je patrné, Ze dominantnimi barvivy v extraktech zimolezu jsou derivaty
kyanidinu, zejména kyanidin-3-hexosid. Mezi nativnimi anthokyaniny bylo nalezeno i n€kolik
odvozenych barviv kondenzovanych, jejichZz struktura je diskutovana v dalS§im textu. Ve
spektru (Obr. 10) byl nalezen intenzivni signal iontu s m/z 487,1224 (extrakt smési aceton-

methanol, 1:1; prvni frakce, chromatografie na Sephadexu LH-20, Obr. 8).

100 487.1224 MS
%
488.1268
325.0681 489.1338
231.1132 | 419.0082 é’tﬂ3.1183
o lllllllllllllllllllll e e et L e s
325.0703 MS2(487 —>)
100] e X100
269.0406
254.0591
%
279.0670
261.0707 307.0604
297077
137 02410815 || | | 487.1231
o I‘J.Jn'J .H | m/z

Obr. 10 ESI-MS spektrum (vyse) a ESI-MS? spektrum po izolaci m/z hodnoty 5-MePKy-3-
hex (nize)

Fragmentaci tohoto iontu byl ziskan ion m/z 325,0703. V koliznim spektru tedy patrna
charakteristicka neutralni ztrata m/z 162,0528 odpovidajici ztraté cukerné jednotky
(dehydratované hexosy). V MS? spektru byly viditelné i dal$i fragmenty odpovidajici ztraté
CO (Am/z=28) a vody (Am/z=18). Na zaklad¢ téchto informaci byla struktura barviva
ptipsana  5-methylpyranokyanidinin-3-hexosidu (odchylka nalezené hodnoty m/z od
vypoctené, Atm = -3,3 ppm). Navrzené fragmentacni procesy byly dale oveérovany méfenim
koliznich spekter vyssich fadit (MS") s vyuzitim hmotnostniho analyzatoru typu iontové pasti
(Obr.11). Byla proméfena spektra MS® izolace rodiGovského iontu, jeho fragmentace,

nasledna izolace fragmentu s m/z 325 (aglykonu) a jeho fragmentace (ve zkraceném zapisu:
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487 — 325 —) a MS" (487 — 325 — 269 —). B&hem detailniho fragmentagniho postupu byl
u 5-MePKy-3-hex nalezen fragment m/z 254,0591. Tento ion muize byt popsan ztratou
cukerné jednotky, dvou molekul oxidu uhelnatého s naslednou ztratou methylového radikalu
(Am/z=15). Odchylka piesné hodnoty m/z tohoto fragmentu meéfeném na hmotnostnim
spektrometru typu Q-TOF od hodnoty teoretické vypoétené pro odpovidajici elementarni

slozeni (C15H1004+') je mald (Atm=4,7 ppm), coz identitu navrZzeného fragmentu dale

potvrzuje.
269.20 MS3(487 »325—)
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Obr. 11 MS® spektrum aM S’ spektrum (vlozené) 5-MePKy-3-hex

Dalsim nalezenym iontem, ktery odpovida 5-methylpyranoanthokyaninu je ion s m/z
501,1401 (Obr. 12). V prvnim fragmenta¢nim kroku Ize opét vidét ztratu cukerné jednotky.
Pri dalsi fragmentaci aglykonu (M S pozorujeme opé€t ztratu oxidu uhelnatého a vody a
podobné jako u 5-MePKy-3-hex i ztratu methylové skupiny (Am/z=15). Toto barvivo bylo
identifikovano jako 5-methylpyranopeonidin-3-hexosid (odchylka nalezené hodnoty m/z od
vypoctené, Atm=0,8 ppm). Tyto experimenty ukazuji ztratu methylového radikalu, ktera je
charakteristicka pro 5-methylpyranoanthokyaniny. P#i fragmentaci 5-MePPe-3-hex byl
Vv MS/MS spektru pozorovan fragment s m/z 253,0509, ktery odpovidd odstépeni
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methylového radikalu z B-kruhu aglykonu (m/z 324,0638), dvéma ztratam oxidu uhelnatého
(m/z 268,0747) a nasledné ztraté methylového radikalu (Obr. 12). Tento ion s sebou tedy nese
informaci o charakteru B-kruhu (pfitomnost jedné methoxyskupiny) a soucasn¢ informaci o
pritomnosti 5-methylpyrano kruhu. Pfesnost méfeni v tomto pfipad€ je rovnéz velmi dobra
(Atm=3,1 ppm). VySe popsané¢ experimenty jednoznacné potvrzuji pfitomnost fragmentacni
cesty charakteristické pro 5-methylpyranoanthokyaninové barviva, kterou lze vyuzit pro jejich
identifikaci v neznamych vzorcich. Popsané struktury pyranoanthokyanind jsou uvedeny na

obrazku 13.
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339.0843 517.1338 7652087
ok S R X rusttd
339.0874

7 MSZ(501 —

180 324.0638 ( )
x4
e
. 267.0659
o=
253.0509
\ 68.07UT
251.0729 $96.063F 501.1420
2390713
225,0543“ ‘
u.,.....t..l‘l o L 1 e e P Y o e e ey m/z
100 200 300 400 500 600 700 800 300 1000 1100

Obr. 12 ESI-MS spektrum (vyie) a ESI-MS? spektrum (niZe) 5-MePPe-3-hex
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C1sH306" C1oHysO5"
Exact Mass: 325,07 Exact Mass: 339,09

Obr. 13 Navrhované struktury identifikovanych 5-methylpyranoanthokyanini (5-MePPKy —
vlevo; 5-MePPe-vpravo)

V tabulce 3 je vidét, ze 5-methylpyranoderivaty byly nalezeny pievazné v extraktech
smési metanol-aceton. Reakce acetonu s nékterymi anthokyaniny byla také popsana v praci
autortt Lu a Foo vroce 2001 [103]. Tito autofi popisuji pfitomnost téchto barviv pouze
vroztocich obsahujicich aceton. NaSe experimenty tato pozorovani potvrzuji, 5-
methylpyranoderivaty byly pouze v extraktech smési metanol-aceton a aceton-voda. Zajimavé
je, ze S-methylpyranoderivaty nebyly nalezeny v extraktech s Cistym acetonem. Tento fakt
muze byt vysvétlen tim, ze z pouzité matrice jsou anthokyaniny acetonem extrahovany
v relativné nizkém vytézku a proto je jich jako reaktant malo dostupnych pro naslednou
cyklizacni reakci. Dal§im vysvétlenim vysokého vytézku 5-methylpyranoanthokyanini oproti
zanedbatelnému mnozstvi v Cistém acetonu mutze byt i ovlivnéni reaktivity cyklizacnich
reakci studovaného typu v polarnich protickych rozpoustédlech jako je methanol. Pokud je
tranzitni stav cyklizacni reakce protickym rozpoustédlem stabilizovan, miiZze reakce probihat
rychlgi asvétsim vytézkem. Andersen a kol. se ve své studii podobné zminuji o pfitomnosti
5-karboxypyranopelargonidinu v methanolickém extraktu jahod [5]. V této praci nejsou vsak
detailné popsany okolnosti reakce, ani jeji mechanismus. Otazkou také je, zda k jeho vzniku

doslo pfi zrani jahod nebo pii zpracovani pred samotnou extrakei.
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5.1.3.1 Identifikace barviv z frakcionace fenolické frakce zimolezu kaméatského

Dalsi anthokyaninova barviva byla identifikovana v extraktu LCPF po frakcionaci na
reverzni fazi (Obr. 9). Z tabulky 3 lze vidét, ze extrakty zimolezu kamcatského obsahuji celou
fadu barviv s riznou chemickou strukturou. Mezi nimi se vedle pyranoanthokyanini podatilo
identifikovat i mustkové slou¢eniny, jak bude v detailu popsano nize.

V prvnich frakcich se vyskytuji anthokyaninova barviva s vys§im poctem cukernych
jednotek. Dale od frakce 18, ktera, jak je vidét na chromatogramu ,,Obr. 9%, je nejvice
barevna, se vyskytuji anthokyaniny s jednou hexosovou jednotkou a v naslednych frakcich
pfevazuji pigmenty obsahujici rutinosu. Derivaty kyanidinu eluuji v kratSich reten¢nich
Casech nez odpovidajici derivaty peonidinu. Je zajimavé, Ze ve frakci 18 byl nalezen
pyranoderivat 5-MePKy-3-hex, jehoz identifikace byla potvrzena méfenim piesné a spravné
hmotnosti i studiem fragmentace. Studovany extrakt v§ak nebyl v Zadném kroku zpracovani
v kontaktu s acetonem. MnozZstvi pe-3-hex je mnohem niz§i nez ky-3-hex a tudiz i mnozstvi
5-MePPe a jeho glykosidu je pod mezi detekce pouzité metody. Pfitomnost 5-
methylpyranoderivati ve frakcich LCPF ukazuje na moznost vzniku téchto kondenzovanych
barviv pfimo v ovoci nebo beéhem jeho zrani jinym mechanismem, nez piimym kontaktem
sacetonem (reakce sacetoctovou kyselinou, oxidace ¢asti ethanolu pii eluci barviv
z Porapaku v preparativnich podminkach a dalsi).

Ve frakci LCPF bylo také nalezeno mnoho derivati kvercetinu (Obr. 9, Tab. 3)
Nékteré z nalezenych a identifikovanych flavonoidil jsou v plodech zimolezu popsany poprvé
jako  ky-3-hexosid-vinyl-(epi)katechin,  ky-methylpentosid-hexosid-vinyl-(epi)katechin,
kvercetin-methylpentosid-dihexosid a kvercetin-pentosid-hexosid. Obrazek 14, horni
spektrum, ukazuje jako piiklad MS? spektrum  Kky-3-hexosid-vinyl-(epi)katechinu (m/z
765,2025, Atm= -0,8 ppm).
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Obr. 14 ESI-MS? spektrum  ky-3-hexosid-vinyl-(epi)katechinu (vyse) a MS? spektrum ky-
methyl pentosid-hexosid-vinyl-(epi)katechinu (nize)

Ztrata cukerné jednotky (Am/z=162) a neutralni molekuly (epi)katechinu (Am/z=290)
je jednoznacéné viditelna. Dominantni ion m/z 313,0727 odpovida vinylkyanidinu (C17H1306+,
ppm 4,8). Nasledn¢ dochazi ke ztrat€¢ vinylové skupiny (Am/z=26) a vzniku kyanidinu
(C1sH1106+, Atm= -4,5 ppm). Stejné byla potvrzena struktura dal§iho identifikovaného
flavonoidu m/z 911,2779 (Obr. 14, spodni spektrum). Toto barvivo bylo popsano jako ky-
methyl pentosid-hexosid-vinyl-(epi)katechin. Jsou vidét nasledné ztraty hexosy (Am/z=162) a
methylpentosylhexosy (Am/z=308) i neutrdlni molekuly katechinu (Am/z=290) za vzniku
vinylkyanidinu a kyanidinu, podobnym mechanismem, jako v pfedchozim ptipadé.

Obrazek 15 ukazuje MS? spektrum kvercetin-methylpentosid-dihexosidu (m/z
773,2520 vyse) a kvercetin-pentosid-hexosidu (m/z 597,4384, nize). Ztraty methylpentosy,
pentosy nebo hexosy (Am/z=132, 146 a 162) jsou viditelné. Dominantnim iontem je aglykon
kvercetinu (Atm= -0,3 a 11,2 ppm). Derivaty kvercetinu jsou izomerni s derivaty
anthokyaninu delphinidinu. Reten¢ni pofadi ziskanych barviv vSak jednoznaéné potvrzuji

ptitomnost kvercetinovych derivatu.
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Obr. 15 ESI-MS? spektrum kvercetin-methylpentosid-dihexosidu (vyie) a MS? spektrum
kvercetin-pentosid-hexosidu (nize)

Na obrazku 16 je MS? spektrum iontu sm/z 897,2186 ziskaného piimou infuzi
izolované frakce 24 do iontového zdroje (ESI-Q-TOF). Pfi jeho fragmentaci lze pozorovat
neutralni ztraty dvou izolovanych molekul hexosy (Am/z=162) a odstépeni neutralniho
kyanidinu (Am/z=286). Tyto fragmentacni procesy ukazuji, Ze nalezend latka je dimer
kyanidin-3-hexosidu (odchylky m/z hodnot fragmenti od teoretickych hodnot jsou mensi nez
15 ppm). Ion m/z 897,2089 byl pfitomen ve frakci 18, kde byla také nejvyssi koncentrace Ky-
3-hexosidu. Z toho divodu by se vznik dimeru dal pfisoudit oxidaci v iontovém zdroji

hmotnostniho spektrometru.
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Obr. 16 MS? spektrum dimeru ky-3-hex ziskaného piimou infuzi izolované frakce 24 do
iontového zdroje (ESI-Q-TOF)

Pii podrobné analyze frakce 18 metodou pLC/MS jsou v chromatogramu
rekonstruovaném pro m/z=897 vSak patrny tfi chromatografické piky ,,Obr. 17%. Zaznam
z UV/VIS DAD detektoru potvrzuje, ze pritomné latky jsou barevné. Ve spektru jsou patrna
maxima 287 a 527 nm u prvnich dvou piku a maxima 280 a 515 nm u tfetiho piku. Pomér
odezvy piku s nejdel§im retencnim ¢asem oproti diive eluujicim barvivim v zdznamu pti 520
nm je vyrazné vys$i nez v rekonstruovaném chromatogramu pii m/z=897. Létka s nejdelSim
elu¢nim ¢asem je tedy patrné strukturné vyrazné odli$na od dvou diive eluujicich barviv. Treti
pik ma shodny elué¢ni ¢as i profil piku s ky-3-hexosidem (m/z 449). Tento ion tedy vznika
oxidaci viontovém zdroji. Obé latky eluujici v kratSich reten¢nich ¢asech jsou od ky-3-
hexosidu velmi dobfe chromatograficky separovany a vznikaji tedy pfed vstupem do

iontového zdroje (v plodu pfi jeho vyvoji a zrdni a/nebo pfi ptipravé a zpracovani extraktl).
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Obr. 17 chromatogram rekonstruovany pro m/z=897 (nize) a zaznam z UV/VIS pro A=520nm

V koliznim spektru iontu m/z 897 (Obr. 18) 1ze pozorovat nasledujici procesy:

e postupné neutralni ztraty dvou hexos (m/z 735,1558 a m/z 573,1033) a nasledné
Stépeni vazby mezi jednotlivymi aglykony (m/z 287,0570)

e dochazi rovnou Kk pfimému $tépeni glykosylovanych forem — tedy vznik iontu m/z
449,1073

e dochazi nejprve ke ztraté jedné hexosy (m/z 735,1558), poté ke §tépeni vazby mezi
aglykony (m/z 449,1073) a nasledné k odstépeni druhé hexosy (m/z 287,0570).
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Obr. 18 fragmentacni spektrum
dimeru cyanidin-3-hexosidu (m/z 897) — piimy nastiik ESI-Q-TOF

Z tabulky 3 a ,,0Obr. 9 miizeme vidét vyskyt tohoto pigmentu ve frakcich 18 a 23 a 24.
Ve frakci 18 poskytuje po fragmentaci tato latky pouze fragmenty o m/z 449 a 287. Naopak
frakce 23 a 24 poskytuje ionty sm/z 735, 573 a287 ,,Tab. 3.

Muzeme tak usuzovat, ze se tento dimer ky-3-hexosidu vyskytuje minimaln¢ ve dvou
rozdilnych strukturach, které maji stejny sumarni vzorec, jsou sloZeny ze dvou molekul
kyanidinu a dvou hexosovych jednotek avsak jejich prostorové uspoiadani je natolik odlisné,
ze umoznuje chromatografickou separaci na reverzni fazi. Obr. 19 popisuje navrh struktury

dimeru ky-3-hex a jeho fragmentacni cestu.
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Obr. 19 navrh struktury dimeru ky-3-hex a jeho fragmentac¢ni cesty

Chyba piesnosti méfeni pro navrhovanou strukturu dimeru ky-3-hex a jeho fragmentt
se v provedenych méfenich pohybuje v rozmezi 0 - 5 ppm, coz dale potvrzuje jgich
pfitomnost v acetonovém extraktu zimolezu.

Vyse uvedené vysledky lze shrnout nasledujicim zpiisobem. Extrakty plodd zimolezu
kamcatského obsahuji nativni anthokyaniva barviva (zgm. hexosidy, dihexosidy a rutinosidy
kyanidinu a peonidinu), podle pouzitého extrakéniho ¢inidla v riznych vytézcich odpovidajici
5-methylpyranoanthokyaniny (5-methylpyrano derivaty kyanidin a peonidin 3-hexosid) a
dimery (zejména kyanidin-3-hexosidu), ale také slozit&jsi pigmenty, znichz zejména
zajimavé latky jsou mistkové slouceniny - Kyanidin-methylpentosid-hexosid-vinyl-
(epi)katechin a kyanidin-3-hexosid-vinyl (epi)katechin.

Kondenzovana anthokyaninova barviva jsou zajimavou a obecné relativné malo
prostudovanou skupinou derivati flavonoidi. Vzhledem k jejich vyskytu v rostlinnych
extraktech a potazmo v lidské stravé a moznému vyuziti ve farmacii je velmi dalezita znalost
jegjich osudu v lidském organismu. Ten bude jist¢ pfedmétem fady komplexnich studii.
Nasledujici kapitola se snazi pfispét k tomuto vyzkumu poznatky o in vitro metabolizaci

jednoduchého 5-methylpyranoanthokyaninu.
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5.2 Biotransformace flavonoida

Studium biotransformaénich pochodti flavonoidii v lidském téle je predmétem
dlouhodobého zajmu jiz vice nez 30 let [104-106]. Experimenty in vivo poukazuji na
dalezitost centralniho kolobéhu v zivocisSném organismu. Na samotném metabolismu
flavonoidnich latek se podili jatra, ledviny, tenkeé 1 tlusté stfevo ale 1 dalsi tkang. V lidském
téle tak dochazi k systematické cirkulaci latek a jejich naslednému vylouceni z organismu
v podobé moci, stolice, potu ¢i jinych exkretd [62]. Na druhé strané k detailnimu poznani
samotné¢ho metabolického pochodu je tfeba experimenty cilen¢ separovat a lokalizovat na
urCité tkang, respektive bunééné linie. Pro naSe in Vitro experimenty byly vybrany lidské
bunécné linie jaterni HepG2 a stfevni LS174T. Experimenty porovnavajici metabolismus
flavonoidi na bunécnych jaternich HepG2 a stievnich LS174T liniich nebyly doposud
V literatufe popsany. Jejich detailni popis, miize pfispét k pochopeni metabolismu flavonoida
Vv lidském téle a tedy i u€inku stravy a uzivani potravinovych doplitkkli a ptfirodnich 1é¢iv na
lidsky organismus.

Jeden z nejdiskutovanéjsich flavonoida v literatufe je kvercetin. Jeho vlastnosti i
metabolismus je detailné¢ popsan v literature [77,79,107,108]. Tuto latku jsme tedy zvolili
jako standard pro porovnani s metabolizaci dalSich flavonoidnich latek . Jako modelova latka
byl pouzit anthokyanin pelargonidin. Pro studium vlastnosti pyranoanthokyaninti byl jako
jejich zastupce pripraven 5-MePP1 (viz. experimentalni ¢ast kapitola 4.3).

V nasledujicich kapitolach jsou zevrubné diskutovany analytické vlastnosti 5-MePPI,
jehoz metabolismus byl dale studovan (zejména s ohledem na procesy probihajici po kolizi
indukované disociaci v kolizni cele tandemového hmotnostniho spektrometru), piiprava a

provedeni metabolické studie a analyza metabolizovanych vzorki technikou UHPLC/MS?.
5.2.1 Analyticky popis vybraného pyranoanthokyaninu pro biotransformacni procesy

Fragmentace laboratorné piipraveného 5-MePPl byla detailné prostudovana na
hmotnostnim spektrometru s analyzatorem typu iontové pasti, ktery umoziuje meétit kolizni
spektra vyssich ¥adt (MS"). Pro detailngj$i pochopeni procesti probihajicich v iontové pasti
byl kondenzaci s deuterovanym acetonem (aceton-ds) pfipraven izotopicky znaceny 5-MePP|
(latka s deuterovanou postranni methylovou skupinou a vodikem na pyrano-kruhu).

Deuterovany 5-methylpyranoanthokyanin potvrdil navrhovanou fragmentacni cestu (Obr.20).
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Obr. 20 Fragmentaéni cesta 5-MePPI (vyse) a 5-MePPI vzniklého kondenzaci
sdeuterovanym acetonem (aceton-dg)

Byly vidét ztraty vody (Am/z=18) a oxidu uhelnatého (Am/z=28). Typicka ztrata

vvvvvv

studie kondenzovanych barviv u zimolezu (Obr. 16). Tabulka 4 ukazuje detailné

prostudovanou fragmentacni cestu 5-MePPI s charakteristickym radikalovym kationtem.

Tabulka 4 - fragmentaéni cesta 5-MePPI

latka m/z  Fragmentaéni cesta (MS")

[M]"> [M-28]"> [M-28]"> [M-15]" > [M-28]"

5-MePPI 309 309> 281 > 253 > 238 o 210

+

M]"> [M-28]"> [M-28]"> [M-18]" - [M-28]

5-MePPI(d6) 13 3135 285 > 257 > 239 > 211
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5.2.2 Metabolické experimenty vybranych flavonoidi in vitro pomoci jaternich
bunéénych linii HepG2

Testované latky flavonoidi byly nasazeny na jaterni bunécéné linie a za specifickych
podminek byly zpracovany (viz. experimentalni ¢ast kapitola 4.4). Soubézné byly provedeny
také experimenty za piidavku metabolickych aktivatora jako dioxin (2,3,7,8-
tetrachlorodibenzo-p-dioxin, TCCD) a rifampicin (RIF). Oba tyto aktivatory podporuji
metabolismus xenobiotik v lidském tele [61]. Takto ziskané vzorky metaboliti s pfitomnosti i
bez pritomnosti aktivatori byly dale analyzovany pomoci UHPLC/MS. Nalezené¢ a
identifikované metabolity kvercetinu pomoci HePG2 jsou uvedeny v tabulce 5.

Tabulka 5 — metabolity kvercetinu v bunéénych liniich HepG2 (méfeno v bunéénych
sedimentech; pozitivni mod; 24 hod metabolizace)

Metabolické tq Namérena Odchylka nalezené  Ziskané ionty pfi Odchylka
biotransformacni pfesnda hmota hodnoty m/z od CID experimetech / nalezené
pochody m/z vypoctené (ppm) intenzita hodnoty m/z od
kvercetinu vypoctené (ppm)
(pozitivni mad)
Methylace 7,30 317,0631 9,5 317,0703/27 13,2
303,0535/11 9,9
153,0205/6 11,1
Hydroxylace 5,69 319,0426 -8,8 319,0451/37 -0,9
303,0514/8 3,0
273,0420/5 7,7
245,0440/11 -4,1
153,0211/17 15,0
Glukuronidace 4,88 479,0838 2,5 303,0507/60 0,6
153,0212/6 15,7
5,46 479,0832 1,3 303,0510/64 1,6
153,0213/5 16,3
Glukosidace 4,89 465,1013 5,7 303,0520/55 4,9
153,0203/7 9,8
5,36 465,1076 9,2 465,1091/6 12,5
(n.r.) 303,0541/24 11,9
153,0195/5 4,6
465,1083 12,3 465,1047/7 3,0
5,59 303,0534/27 9,6
153,0202/5 9,1

n.r.— pik neni dokonale rozdélen od ostatnich izomeru
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Vysledky uvedené v tabulce potvrzuji, Ze buiikky metabolizujici kvercetin a v
paralelnich experimentech i pelargonidin a 5-MePPI byly zivé a metabolicky aktivni. Byl
nalezen hydroxylovany metabolit jako béZny zéastupce metabolith prvni faze také fada
metaboliti druhé faze jako methyl derivaty, glukuronidy i1 glukosidy. VSechny tyto
metabolické procesy kvercetinu jiz byly diive popsany v literatufe [79,85,109]. N¢které
izomery kvercetin-glukuronidu a kvercetin-glukosidu se podafilo s pouzitim navrzené
metodiky chromatograficky separovat. Obrdzek 21a ukazuje rekonstruovany chromatogram
pro kvercetin-glukosid. Muzeme zde vidét minimalné tfi separované izomery (jeden pouze
castecné). Rodicovské ionty m/z 465,1013, 465,1076, 465,1083 odpovidaji izomertiim
kvercetin-glukosidu. Jgich MS/M S spektra jsou zobrazeny na obrazku 21b. Jsou zde viditelné
ztraty hexosy (m/z 303,0520, 303,0541, 303,0534) a vznik charakteristickych iontd m/z
153,0203, 153,0195, 153,0202 odpovidajici Retro-Diels-Alderovskému $tépeni pro
kvercetinového skeletu. Piitomnost glykosidi kvercetinu jako metabolickych produkti u
lidskych jaternich bunécnych linii nebyla v literatuie doposud popsana. Tento metabolicky
proces byl popsan u in Vivo experimentl na zvifecich modelech, kde byly nalezeny glykosidy

isorhamnetinu v krvi krys po oralni expozici rostlinného extraktu Shaofu Zhuyu [85].

100 4.89 TOF MS ESI+
miz 465

Int. 98.1

%

P

0 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 cas
100 303.0520 TOF MS/MS 465.00 ESI+
t; 4.89
%
153.0203
e al L
130 303.0541 TOF MSIMS 465.00 ESI+
1 5.36
%
153.0195 465.1091
L I
0
100 303.0534 TOF MS/MS 465.00 ESI+
tp 5.59
%
153.l0202 465.1047
0 100 150 200 250 300 350 400 450 m/z

Obr. 21 Rekonstruovany chromatogram pro kvercetin-glukosidy (a) aMS/M S spektra 3
1izomeru s nejvyssi intenzitou (b)
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Prekvapivé pfitomnost metabolickych aktivatord TCCD a RIF neméla vyrazny vliv na
produkci metaboliti jednotlivych flavonoidi. Na obrazku 22 je znazornén nariist obsahu

metabolitlh u HepG2 bunék oproti experimentiim bez aktivatora.

0,03 7

0.025

0,02

0,015

Aparentm’mn

EAmelabuhw

0.01 I

0,005

LS174T bez aktivatoru TCCD RIF

HepG2

Obr. 22 Porovnani vytézku metaboliti kvercetinu mezi buné¢nymi liniemi LS174T a HepG2
a prispévek aktivatort

Jak jiz bylo uvedeno, biotransforma¢ni experimenty s pelargonidinem a 5-MePPI byly
provedeny paralelné s experimenty s kvercetinem (ve stgnou dobu, spouzitim stejnych
chemikalii, bun€k i prostiedi). V ziskanych metabolizovanych vzorcich pelargonidinu a 5-
MePPl nebyly nalezeny metabolity (jejich obsah byl pod limitem detekce pouzité metodiky).
Z toho lze usoudit, ze tyto latky jsou jaternimi bunikami metabolizovany vyrazné mén¢

ochotné/pomaleji, nez kvercetin. Pro dalsi experimenty byly pouzity stievni buniky LS174T.

5.2.3 Metabolické experimenty vybranych flavonoidii in vitro pomoci stievnich
bunéénych linii LS174T

Experimenty sbunéénymi liniemi LS174T byly provedeny za identickych
experimentalnich podminek jako u jaternich bun€k HepG2 s pouzitim selektivniho
kultivaéniho média pro LS174T bunécné linie. Pro testované flavonoidy vykazovaly tyto
bunécéné linie mnohonasobné vyssi metabolickou aktivitu (Obr. 22).

Metabolity ziskané pii experimentech se stfevnimi buiikami LS174T jsou uvedeny
v tabulce 6 (analyza bunéénych pelet). Nejvice biotransformacnich pochodl a zaroven i
nejveétsi pocet nalezenych metaboliti bylo nalezeno u kvercetinu. Byly pozorovany stejné
metabolické pochody jako u experimentt s jaternimi bunikkami HepG2, avSak S vétSimi obsahy

identifikovanych metabolitii (hydroxylace, metylace, glukuronidace 1 glukosidace).
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Tabulka 6 — Metabolity kvercetinu, pelargonidinu a 5-MePPl v bunénych liniich LS174T
(méfeno v bunécnych sedimentech; pozitivni mdd i negativni mod; 24 hod metabolizace)

Metabolické biotransformacni tr Namérena Odchylka nalezené Ziskané ionty pfi CID Odchylka nalezené hodnoty
pochody studovanych flavonoidt presna hodnoty m/z od experimetech / intenzita m/z od vypoétené (ppm)
(pozitivni maéd) hmota m/z vypoctené (ppm)
KVERCETIN
Methylace 5,10 317,0701 12,6 257,0433/7 -6,6
217,0492/22 4,1
153,0195/25 4,6
Hydroxylace 3,70 319,0474 6,3 245,0436/8 -5,7
217,0489/15 -5,5
153,0168/51 -13,1
4,35 319,0472 5,6 245,0424/4 -10,6
227,0301/25 -18,9
199,0364/6 -15,5
171,0421/23 -14,6
Glukuronidace 3,13 479,0841 3,1 303,0492/435 -4,3
3,57 479,0834 1,7 303,0495/77 -3,3
3,70 479,0801 -5,2 303,0497/245 -2,6
Glukosidace 3,08 465,1026 -1,5 303,0486/266 -6,3
3,63 465,1049 3,4 303,0491/167 -4,6
3,83 465,0997 7,7 303,0469/99 -11,9
Dimer kvercetinu* 4,35 605,0893 -6,3 605,0913/1098 -3,0
303,0524/77074 6,3
153,0179/6841 -5,9
Trimer kvercetinu* 4,35 907,1302 -6,2 907,1350/1350 -0,9
605,0910/1020 -3,1
303,0521/71122 6,2
153,0177/5859 -6,0
Neidentifikovany metabolit* 4,97 287,0543 -4,5 287,0581/546 8,7
259,0586/63 -7,7
153,0207/226 12,4
PELARGONIDIN
Hydroxylace* 4,24 287,0640 13,3 259,0665/23 22,8
241,0573/21 29,8
Glukuronidace* 5,45 447,1710 12,6 447,1708/35 11,8
271,0675/262 25,4
5-METHYLPYRANOPELARGONIDIN
Hydroxylace 3,65 325,0679 -10,2 325,0675/13 -11,4
209,0620/5 8,1
Glukuronidace* 4,71 485,1095 2,3 485,1010/8 -15,3
309,1523/2 >100
4,79 485,1089 1,0 485,1020/40 -13,2
309,0809/114 -14,9
4,87 485,1102 3,7 485,1046/93 -7,8
309,0810/205 -15,2
5,02 485,1072 -2,4 485,1052/8 -6,6
309,0803/57 -12,9
Glukosidace* 6,5 471,1625 6,4 - -
Hydroxylace+methylace 4,1 339,0830 -11,5 339,0875/41 1,8
324,0631/44 -0,9
296,0722/924 12,5
267,0718/350 22,8
253,0541/352 15,8
241,0546/258 18,7
225,0589/155 16,4
197,0598/120 -2,5
169,0688/41 20,7
141,0724/53 14,2
2xhydroxylace+2xmethylace 2,85 369,0916 15 281,0703/3 -39,5
221,9661/9 -
193,0544/24 -
149,0315/9 11,5
4,12 369,0952 -6,0 353,0563/17 27,8
323,0634/24 24,1
295,0603/9 -1,0
281,0582/7 9,6
251,0705/14 -
241,0520/33 7,8
181,0582/8 8,1
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Metabolické biotransformacni tr Namérena presna Odchylka nalezené Ziskané ionty pfi CID Odchylka nalezené hodnoty
pochody studovanych hmota m/z hodnoty m/z od experimetech / m/z od vypoétené (ppm)
flavonoidt vypoctené (ppm) intenzita
(negativni méd)
KVERCETIN
Methylace * 10,1 315,0531 8,3 315,0521/487 5,1
301,0365/4699 5,6
285,0365/6609 -11,9
151,0044/6473 8,6
Hydroxylace * 8,09 317,0334 11,7 317,0308/68 3,5
151,0051/115 13,2
8,45 317,0331 10,7 317,0320/162 7,3
151,0045/54 6,5
9,24 317,0345 15,1 317,0349/2242 16,4
301,0371/1795 7,6
151,0038/3243 4,6
Glukuronidace* 7,79 477,0662 -1,5 301,0369/1946 7,0
151,0046/837 9,9
8,41 477,0702 6,9 301,0356/1303 5,3
151,0042/624 6,2
8,59 477,0681 2,5 301,0366/40248 6,0
151,0366/16101 3,3
Glukosidace* 7,61 463,0898 4,5 463,0890/251 2,8
301,0364/1576 5,3
151,0044/482 8,6
8,22 463,0883 1,3 463,088/244 2,4
301,0350/1720 0,6
8,41 463,0898 4,5 463,0893/275 3,5
301,0361/1662 4,3
Dimer kvercetinu 9,24 603,0789 2,3 301,0351/2296 1,0
Trimer kvercetinu 9,20 905,1212 1,2 301,0361/3196 4,3
Neidentifikovatelny metabolit 9,96 285,0531 -13,3 285,0414/41 5,3
267,0308/7 5,6
239,0378/32 14,2
227,0378/34 15,0
PELARGONIDIN
Hydroxylace* 9,10 285,0403 1,4 241,0523/1250 9,1
195,0464/1593 9,2
Glukuronidace* 8,7 445,0791 4,5 445,0795/112 5,4
269,0483/430 12,2
5-METHYLPYRANOPELARGONIDIN
Hydroxylace 7,52 323,0591 10,8 323,0570/25 -19,8
305,0432/243 -5,9
277,0489/9 -4,3
261,0511/97 -15,7
187,0432/682 -
Glukuronidace* 7,95 483,1164 -16,1 483,0890/429 -7,7
307,0631/3586 9,1
Glukosidace* 6,94 469,1235 10,2 469,1125/207 -2,1
307,0642/647 12,7
Hydroxylace+metylace 7,88 337,0748 16,1 337,0738/5 7,1
322,0478/109 0,3
294,0564/50 12,2
279,0248/18 -16,1
139,0581/3 23,7
2xhydroxylace+2xmethylace 7,23 367,0798 -12,5 367,0768/5 -13,6
352,0558/17 -7,1
349,0691/7 -6,0
191,0421/70 -
8,05 367,0873 15,5 367,0764/4 -14,7
352,0538/12 -12,8
321,0731/15 -10,0
239,0299/4 -18,8

* data z MS(2) skenu (MSE experiment)
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Mezi metabolity byly identifikovany i dva relativné vyrazné piky s m/z 905,1212
(ionizace negativnimi potencialy, [M-H]]. Tyto piky jsou svymi reten¢nimi ¢asy velmi blizko

kvercetinu (tg 9,20 29,39 min) Obr. 23a.
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Obr. 23 Rekonstruovany chromatogram metabolitu m/z 905,1212 (a) ajeho MSIMS
spektrum (b); (LS174T bunécné linie, negativni mdd); (a) rekonstruovany chromatogram
extraktu z bunécnych peletl v pfitomnosti kvercetinu, (a;) rekonstruovany chromatogram

extraktu z buné¢nych peletl bez pritomnosti kvercetinu, (ap) rekonstruovany chromatogram
kultivacniho média bez pfitomnosti kvercetinu, (az) rekonstruovanych chromatogram

kultivaéniho média s kvercetinem bez kontaktu s bunéénymi liniemi.

V MS/MS spektru pii fragmentaci tohoto iontu je patrny fragment s hodnotou m/z
301,0361 (Obr. 23b). Tento fragment odpovida s presnosti 4,3 ppm elementarnimu slozeni
kvercetinu. Pfitomnost této latky by mohla byt odivodnéna kondenzaci kvercetinu
viontovém zdroji hmotnostniho spektrometru. Nicméné u vSech experimentd byly pfi
stejnych podminkach a soucasné (paralelné) pfipraveny a analyzovany kontrolni vzorky (1 —
extrakt z pelet buné€k bez piitomnosti flavonoidi, 2 — médium v kontaktu s bunéénymi liniemi

bez ptitomnosti flavonoidi, 3 — kvercetin smichany s kultivaénim médiem bez pfitomnosti
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bunéénych linii) a latka s m/z 905 nebyla pifitomna v zadném zkontrolnich vzorkl (v
odpovidajicich rekonstruovanych chromatogramech) (Obr. 23a;.3). Absence téchto ionth
Vv kontrolnich vzorcich potvrzuje vznik trimeru kvercetinu béhem metabolizace. Podobné ale
Sniz$i intenzitou byl nalezen ion m/z 603,0789, ktery odpovida dimeru kvercetinu.
Pfitomnost dimeru a trimeru kvercetinu byla potvrzena pouze v peletech bun¢k. Moznym
vysvétlenim je omezena schopnost penetrace téchto latek pies bunéénou membranu vzhledem
k jgjich velikosti. Nicméné moznosti a zptsob vzniku jak dimeru atrimeru kvercetinu béhem
metabolismu je pfedmétem dalSiho studia. Vznik vzajemna kondenzace flavonoid béhem in
Vitro experimentl na lidskych bun&¢nych linii LS174T nebyla v literatufe doposud popsana.
Béhem biotransformacnich experimenti byl objeven také ion m/z 285,0371 (MS ESI-) (Obr.
24). V MS/MS spektru pii fragmentaci tohoto iontu byly pozorovany odpovidajici ztraty vody
(Am/z=18) a CO (Am/z=28) (Obr. 24b). Podle reten¢niho ¢asu tohoto metabolitu (tr = 9,96)
vzhledem ke kvercetinu (tgr = 9,35) se da usuzovat na méné polarni latku nez kvercetin. Ze
ziskanych informaci lze usuzovat na metabolit odpovidajici dehydroxylaénimu produktu
kvercetinu (odchylka nalezené hodnoty m/z od vypoctené, Am = -13,3 ppm). Piesnéji se

ovSem nepodarilo tento metabolit charakterizovat.
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Obr. 24 Rekonstruovany chromatogram metabolitu s m/z 285,0531 (a) ajeho MSIMS
spektrum (b); (LS174T bunécné linie, negativni mod
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Béhem biotransformacnich experimentt s pelargonidinem provedenych paralelné
Skvercetinem bylo nalezeno jen velmi malé mnozstvi metabolitd. Jak je uvedeno v tabulce 6,
pro pelargonidin byla pozorovana pouze hydroxylace a glukuronidace. EI Mohsen a kol.
studovali metabolickou drahu pelargonidinu in vivo u krys a byly naezeny pouze dva
metabolity - glukuronid pelargonidinu a hydroxybenzoova kyselina [110].

Pritomnost dal$iho kruhu v molekule 5-MePP1 zputisobila zna¢né zvySeni produkce
metabolitli oproti pelargonidinu (Obr. 25). Pomér celkové sumy metabolitli k rodi¢ovskému

iontu 5-MePP1 byl ptiblizné 10x vétsi oproti pelargonidinu (vypocteno z ploch piki).

12500 B kvercetin
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Obr. 25 Profil metabolitt testovanych flavonoidu I a II faze produkovanych bunéénymi
liniemi LS174T v médiu a v peletech v pribéhu metaboliza¢niho experimentu
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Obrazek 25 znazoriiuje profil metaboliti béhem celé¢ faze biotransformace na
bunéénych liniich LS174T (1, 2, 24 hod, suma pikl). Nejveétsi mnozstvi metabolith 1. faze
bylo pozorovano u kvercetinu (hydroxylace). Samotné maximum bylo dosazeno po dvou
hodinach biotransformace flavonoidu. Celkové mnozstvi metaboliti II. faze (suma pikd) je
niz§i. Maximum produkce metaboliti druhé faze bylo dosazeno po 24 hodinach
biotransformace. Casovy rozdil mezi maximy tvorby metabolitd 1. a II. fize je logickd —
konjuga¢ni metabolicka faze pfichdzi obvykle az po 1. fazi. Ptekvapivy je vznik
dimert/trimerq, které byly akumulovany v peletech bunék po 24 hodinéach biotransformac¢nich
pochodu.

Slozeni metabolitt 5-MePPl .1 II. faze je po 1 i 2 hodin¢ srovnatelné. Pro metabolity
II. faze je vSak pozorovan znacny narast po 24 hodinach. Mnozstvi vzniklych metabolitt II.
faze po 24 hodinach je u 5-MePPI dokonce vyssi nez u kvercetinu. V peletech bunék je obsah
metabolitt II. faze pro 5-MePPI také vyrazné vyssi nez obsah metabolitt I. faze.

Celkové mnozstvi vzniklych metabolitli je nejmensi pro pelargonidin v porovnani
Sdalsimi studovanymi flavonoidy. Nicméné je vidét stejny posun nastupu metabolitt II. faze
jako u ostatnich flavonoidi.

Zajimava je vyrazna akumulace metaboliti v bunécnych peletech. Pelargonidin,
podobné jako kvercetin akumuluje v bunikach vice metabolitt 1. faze. U 5-MePPl je tomu
presné naopak. Pfitomnost ¢tvrtého kruhu v molekule ma vyrazny vliv na metabolizmus
v bunikdch. Vypoctené rozd€lovaci koeficienty (clogPs) pro neutrdlni formy kvercetinu,
pelargonidinu a 5-MePPI jsou 1,504, 1,523 a 2,959. 5-MePPI je mnohem vice hydrofobni
molekulou nez pelargonidin a kvercetin. Hydrofobicita by tak mohla byt jednim s parametri
majici vliv na biotransformacni procesy v buiikach.

Detailni seznam vsech nalezenych metaboliti 5-MePPl je uveden v tabulce 6. Mezi
nimi jsou i zakladni metabolické procesy jako hydroxylace a glukuronidace. U glukuronidace

byly pozorovany 4 izomerické piky (Obr. 26a).
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Obr. 26 Rekonstruovany chromatogram 5-MePPI glukuronidu (a) a MS(2) spektra izomert
Snejvyssi intenzitou

Ztrata glukuronidové jednotky v MS spektru svyssi kolizni energii (Am/z 176 v
MS(2) skenu) je charakteristickd pro vSechny izomery (Obr. 26b). Vétsi rozdil v namétené
presné hmote u prvni piku v koliznim spektru je ovlivnén nizkou intenzitou piku (tr 4,71 min)
a tedy i nizkou intenzitou vzniklych iontii. Profil chromatografického piku fragmentu m/z
193,0393 je rozdilny od ostatnich iontd ptitomnych v MS(2) skenu a neodpovida fragmentim
5-MePPl glukuronidu. Mezi metabolity 5-MePPl byl identifikovan také odpovidajici
glukosid (Tab 6). 5-MePPl metabolizuje z hlediska druhu produkovanych metabolitii podobné

vvvvvv
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Obr. 27 Rekonstruovany chromatogram monomethylovaného metabolitu 5-MePP! (a) ajeho
MS/MS spektrum (b)

Obrazek 27a znazoriiuje rekonstruovany chromatogram mono-hydroxylovaného-
monomethylovaného metabolitu 5-MePPl (m/z 339,0830). V jeho MS/MS spektru je pak
vidét charakteristickd ztrata methylového radikalu za vzniku fragmentu m/z 324,0631 a dale
dvé nasledné ztraty oxidu uhelnatého (Am/z=28). Fragment m/z 241,0456 lze vysvétlit
probihajicim Retro-Diels-Alderovym $tépenim (RDA) na kruhu B (struktura vlozena v Obr.
27b). Tento fragment dovoluje blize ur€it pozici hydroxylace a methylace — oba procesy
probihaji na B-kruhu tohoto metabolitu. Dale je jesté viditelna nasledna ztrata CO a vody za
vzniku iontu m/z 197,0598.

Dal$im pozorovanym metabolitem byl dvakrat hydroxylovany a dvakrit methylovany
metabolit 5-MePPl (m/z 369,0916 a m/z 369,0952) (Obr. 28). U tohoto metabolitu byly
pozorovany dva separované izomery. V MS/MS spektru intenzivnéj$iho izomeru (tg = 4,12
min) jsou viditelné ztraty methylovych radikali, methanu, CO i vody. Dominantnim
fragmentem je m/z 241,0420, ktery je shodny s fragmentem pozorovanym u mono-

hydroxylovaného-monomethylovaného metabolitu 5-MePPI. Tento fragment rovnéZz vznika
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RDA stépenim B-kruhu. Tento metabolit je tedy rovnéZ hydroxylovan a methylovan na B-
kruhu. Tento zavér navic podporuje piitomnost fragmentu m/z 181,0582 odpovidajici ®?By

RDA fragmentu (vzniku acyliového iontu odvozeného z kyseliny syringové).

TOF MS ESI+
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Obr. 28 Rekonstruovany chromatogram dvakrat hydroxylovaného a dvakrat methylovaného
metabolitu 5-MePPI () aMS/M S spektra dvou ptitomnych izomera (b)

Fragmentacni cesta prvniho (mén¢ intenzivnéjsiho) izomeru (tg = 2,86 min) je odli$na.
Iont m/z 149,0315 miZe byt vysvétlen rozstépenim heterocyklického C-kruhu 5-MePPl a
vznikem %*By, RDA fragmentu. Toto potvrzuje, ze hydroxylace a methylace probihd na A
nebo D kruhu 5-MePPI.

Studium in vitro biotransformace pelargonidinu, 5-MePPI a kvercetinu bylo provedeno
na modelovych jaternich HepG2 a stfevnich LS174T buné&fnych liniich. Vyrazné vyssi
metabolickou aktivitu jevily stfevni bunétné linie LS174T. Ptitomnost induktor RIF a
TCCD neméla vyraznéjsi vliv na biotransformaci. V piipadé kvercetinu byly nalezeny
zékladni metabolické pochody I. a ll. faze, které potvrdily metabolickou funkci testovanych
bunécnych linii. Zajimavosti a do budoucna i predmét dalSich studii je ndlez dimert a trimerii

kvercetinu v bunécnych peletech LS174T. Studované anthokyaniny pelargonidin a 5-MePPl
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vykazovaly nizsi metabolickou aktivitu v porovnani s kvercetinem. Biotransformaéni cesta 5-
MePPI je vzhledem k identifikovanym metabolitim odlisna od pelargonidinu i kvercetinu.
Tento fakt mlze byt zplisobem pfitomnosti pyrano kruhu a také vyssi hydrofobicitou

V porovnani ostatnimi studovanymi flavonoidy.
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6. Zaveér

Pfedmétem disertatni prace bylo studium flavonoidii a produktd jejich
biotransformace. V prvni ¢ast byla vénovana extrakci plodi zimolezi a identifikaci
anthokyaninovych barviv. Jako nejvhodnégjsi extrakéni ¢inidlo pro extrakci flavonoidi z plod
zimolezu z hlediska vytézku se jevi methanol. Pfi extrakci smési methanol-aceton vznikaji
pyranoanthokyaninova barviva. V ziskanych extraktech byly identifikovana zakladni
anthokyaniva barviva (zgm. hexosidy, dihexosidy a rutinosidy cyanidinu a peonidinu), ae
peonidin 3-hexosidl), dimery (zejména kyanidin-3-hexosidu) a kondezované pigmenty jako
kyani din-methyl pentosi d-hexosid-vinyl-(epi)katechin a kyanidin-3-hexosid-
vinyl(epi)katechin.

Dalsi ¢ast byla vénovéana studiu metabolismu flavonoidd. Pomoci in vitro studii na
lidskych jaternich (HepG2) a stievnich (LS174T) bunécnych liniich byly testovany 3 zastupci
flavonoidii — kvercetin jako modelova dobie prostudovana latka, pelargonidin — zastupce
anthokyaninovych barviv a 5-MePPl jako odpovidajici 5-methylpyranoanthokyanin. U
kvercetinu byly nalezeny bézné metabolity 1. i II. faze, ale i slozit&j$i metabolity jako dimery
a trimery. Studium procest probihajicich pfi in vitro biotransformaci pelargonidinu a 5-
methylpyranopelargonidinu na lidskych jaternich (HepG2) a stievnich (LS174T) bunécnych
liniich pfispiva k porozuméni rozdiliim mezi osudem nativnich anthokyaninii a slozit&jSich
barviv (vznikajicich v plodech a znich vyrabénych potravin a potravinovych dopliki)
v lidském organismu. Rada metabolitd vznika v nékolika chromatograficky separovanych
izomernich forméch, coz potvrzuje pfitomnost nékolika center v molekulach flavonoidi
umoziujicich metabolizaci. Mezi metabolity 5-methylpyranopelargonidinu byly nalezeny i
metabolity kombinované. Detailni interpretace koliznich spekter umoznila blize specifikovat

v molekule, mista, kde dochazi k metabolizaci.
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Seznam zkratek

DMSO Dimethylsulfoxid

ESI Elektrospre)

Gl Glukosid

Hex Hexosid

Ky Kyanidin

LC Kapalinova chromatografie

LCPF Lonicera caerulea var kamtschatica - fenolicka frakce
LPH Laktasa-phloridzin hydrolysa

MS Hmotnostni spektrometrie

Mv Malvidin

NMR Nuklearni magneticka rezonance
PBS Fosfatovy pufr

Pe Peonidin

P Pelargonidin

Q Kvadrupol

RDA Retro-Diels-Alderové stépeni

RIF Rifampicin

TCCD 2,3,7,8-tetrachlorodibenzo-p-dioxin
TOF Analyzator doby letu
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UHPLC
uLC
5-MePKy
5-MePPe

5-MePHl

Ultrati¢inna kapalinova chromatografie
Mikrokolonova kapalinova chromatografie
5-methylpyranokyanidin
5-methylpyranopeonidin

5-methylpyranopelargonidin
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Abstract Anthocyanin dyes represent an important group
of plant polyphenols significantly affecting human diet.
Their stability in solution is low and it depends on pH,
presence of sulfur dioxide and other parameters. Many
stable pyranoanthocyanins are formed by condensation of
anthocyanins with small reactive compounds, i.e. pyruvic
acid, acetaldehyde, acetone and others, commonly dur-
ing maturation of food products (e.g. wines and juices).
To date, little is known about their metabolism. This com-
munication deals with the study of in vitro metabolism of
5-methylpyranopelargonidin (5-MePPI) as a simple mem-
ber of the pyranoanthocyanin family and its direct compari-
son with common flavonoids quercetin and pelargonidin.
Human colon adenocarcinoma cells LS174T and human
hepatocellular carcinoma cells HepG2 were used for exper-
iments. Metabolites were analyzed by UPLC/MS/MS.
Quercetin underwent extensive biotransformation with a
metabolic profile typical for flavonoids, corroborating that
the used cells were metabolically active in parallel experi-
ments with pelargonidin and 5-MePPI (condensation of two
and three quercetin molecules was tentatively proposed
in addition). Biotransformation of 5-methylpyranopelar-
gonidin proceeded with higher yield of metabolites com-
pared to pelargonidin. Processes related to accumulation

R. Myjavcova - P. Bednar (><)) - B. Papouskova

Regional Centre of Advanced Technologies and Materials,
Department of Analytical Chemistry, Faculty of Science, Palacky
University, 17. listopadu 1192/12, 771 46 Olomouc,

Czech Republic

e-mail: bednar.petr @seznam.cz

A. Srovnalova - Z. Dvorak

Regional Centre of Advanced Technologies and Materials,
Department of Cell Biology and Genetics, Faculty of Science,
Palacky University, Slechtitelu 11, 771 46 Olomouc,

Czech Republic

of 5-MePPI metabolites in pellets exhibit significant differ-
ences compared to quercetin and pelargonidin. The fact can
be ascribed to the presence of an additional ring (D) in the
flavonoid skeleton and probably to a higher hydrophobicity
of pyrano-dye compared to both other studied flavonoids.
Hydroxylation, glucuronation and glucosidation are the
main metabolic processes observed during in vitro metabo-
lization of 5-MePPI providing several chromatographically
resolved isomers of metabolites. Moreover, some combined
metabolites were found and the site of metabolization in the
5-MePPI structure was specified based on collision spectra.

Keywords UPLC/MS - Anthocyanin -
Pyranoanthocyanin - Metabolite

Introduction

Anthocyanins represent an important group of plant poly-
phenols. They are responsible for the color of fruits, flow-
ers and other parts of the plants. Anthocyanins significantly
affect human diet. Many positive effects of these dyes on
human health have been reported to date. Among others,
antioxidant, antimicrobial, chemoprotective and antiad-
herence effects have been described for these compounds.
They are considered also for prevention of cardiovascular
diseases, diabetes, diseases of the central nervous system
and cancer [1-3]. Color as primary organoleptic parameter
of food is first determined by present dyes and thus the pro-
file of anthocyanins directly influences the market value of
table grapes, red wines and juices.

Stability of anthocyanins in solution is not high and
depends on pH, temperature, presence of metals, other fla-
vonoids etc. Anthocyanins are stabilized in solution by con-
densation with small reactive compounds (i.e. pyruvic acid,
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acetaldehyde, acetone, acetoacetone and others) to form
pyranoanthocyanins. Those derivatives exhibit higher sta-
bility compared to anthocyanins. Pyranoanthocyanins were
identified in red aged wine for the first time as products
of fermentation [4]. Determination of pyranoanthocyanin/
anthocyanin ratio can be useful for estimation of aged wine
[5]. Some pyranoanthocyanins exhibit larger antioxidant
capability compared to respective anthocyanins as com-
puted by Leopoldini et al. [6]. Based on this finding a uti-
lization of pyranoanthocyanins in medicine can be consid-
ered. Besides, several vitisin-type pigments were suggested
for a safe food coloration [7].

Metabolism of anthocyanins was discussed in several
publications [8—12]. Selective investigation of metabolic
processes occurring in particular organs is commonly per-
formed using in vitro experiments with corresponding cell
cultures. Human hepatocytes and colon cells represent
well proven model systems [13]. On the other hand, an in
vivo study allows description of biotransformation with
less selectivity but in context of all human body. Several
papers studied bioavailability of anthocyanins in vivo after
consummation of anthocyanin-rich food like blackcurrant
juice [14], red grape juice and red wine [15], elderberries
and blueberries [16] as well as strawberries [17]. It has long
been known that compounds possessing [18, 19] a flavo-
noid skeleton undergo extensive metabolic transformation
[18, 19]. Common processes involve methylation, hydrox-
ylation, sulfation, glucuronation and glycation as summa-
rized in review of Kay [11]. Published studies are not con-
sistent concerning the yield of common metabolites. Intact
anthocyanins (due to saturation of metabolic pathways) as
well as products of a deeper decomposition (e.g. phenolic
acids as products of bacterial activity) on the other hand
are observed during biotransformation studies [11, 20, 21].
Anthocyanins are able to affect the action of cytochrome
P450 during their contact with hepatic or intestinal cells [22]
and thus their intake in food should be taken into account
during use of pharmaceuticals (food—drug interactions).

To date, the knowledge of in vitro metabolism and cell
signaling ability of anthocyanin derivatives (including
pyranoanthocyanins) is very poor and targeted in vivo stud-
ies are missing completely. The objective of this commu-
nication was to use ultra-performance liquid chromatogra-
phy (UPLC) combined with high-resolution tandem mass
spectrometry (MS) for the study of 5-methylpyranopelar-
gonidin (5-MePPl) in vitro metabolization in cultures of
human cancer HepG2 (hepatic) and LS174T (intestinal)
cell lines. Biotransformation of pelargonidin and quercetin
was monitored in simultaneous experiments. To the best
of our knowledge this is the first evidence about in vitro
human cell metabolism of a pyranoanthocyanidin and its
direct comparison with related anthocyanidin and a com-
mon flavonoid.

@ Springer

Experimental
Chemicals and Samples

Standards of pelargonidin chloride and quercetin
chloride were obtained from Carl-Roth (Karlsruhe,
Germany). Methanol, acetone, acetonitrile (HPLC-
grade) were purchased from Merck (Darmstadt, Ger-
many). Hydrochloric acid (p.a.) was from Lachema
(Brno, Czech Republic). Dimethylsulfoxide (DMSO),
rifampicin (RIF) and cell culture medium were pur-
chased from Sigma—Aldrich (Prague, Czech Republic).
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was from
Ultra Scientific (RI, USA). Preparation of 5-MePPI was
performed by condensation of pelargonidin with ace-
tone. Pelargonidin (0.3 mg) was dissolved in mixture of
acetone: methanol acidified with 5 % (v/v) formic acid
(1:1, v/v). After complete dissolution of pelargonidin,
the reaction mixture was left in darkness and laboratory
temperature for 48 h. Then the solvents were evaporated
and dried material was stored in freezer until metabolic
experiments. The selection of the composition of reac-
tion mixture was based on our previous experience with
formation of 5-methylpyranoanthocyanins in anthocya-
nin-rich extracts [23]. The content of unreacted pelargo-
nidin in the synthesized 5-MePPl was controlled by LC/
MS and it was found to be less than 3 %. The final con-
centration of quercetin, pelargonidin and 5-MePPIl used
in metabolic study was 100 wmol/L.

Cell Lines

Human colon adenocarcinoma cells LS174T and human
hepatocellular carcinoma cells HepG2 were purchased
from ECACC (European Collection of Cell Cultures)
and then cultured as recommended by manufacturer.
All cells were cultured in the relevant medium. HepG2
(2.5 x 103 cells/mL) and LS174T (1.5 x 10° cells/mL)
were treated for 24 h with studied compounds (i.e. pel-
argonidin, 5-MePPl and quercetin; in concentration
100 pmol L~"). Cultures were left at 37 °C and 5 % CO,
in a humidified incubator. 50 pL of medium was col-
lected after 1, 2 and 24 h. The metabolism activators
dioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin, TCDD),
rifampicin (RIF) (concentration 5 nM) and/or vehicle
DMSO (0.1 % v/v) were added for related experiments
with hepatocytes.

After final collection of medium, the cells were washed
three times in 0.5 mL of phosphate buffered saline (PBS).
Obtained cells were then centrifuged (14,000 g) for 2 min.
The pellets were resuspended in methanol acidified by 5 %
acetic acid and sonicated by ultrasonic homogenizer to
destroy the cell membrane (30 min, cooled by ice).
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Sample Processing for UPLC/MS Analysis of Metabolites

The samples of previously collected media were diluted
with methanol acidified by 5 % acetic acid (1:1, v/v),
centrifuged (14,000xg) for 2 min and supernatants were
analyzed by UPLC/MS. The samples of pellets after the
destruction of cell membranes were again centrifuged
(14,000x g) for 2 min and supernatants were analyzed by
UPLC/MS.

Instrumentation

Waters Acquity UPLC equipped with PDA detector
(Waters, Milford, MA, USA) was used as a chromato-
graphic system. For the identification of metabolites, the
chromatographic system was coupled to a QqTOF mass
spectrometer (Q-TOF Premier, Waters, Milford, MA,
USA). Electrospray ionization in both positive and nega-
tive modes was used. An Acquity UPLC BEH C18 column
(100 x 2.1 mm, 1.7 pm, 130A) was used for separation.
5 % (v/v) formic acid solution in deionized water (mobile
phase A) and 5 % (v/v) formic acid in acetonitrile (mobile
phase B) were used for UPLC/MS analysis in positive ion
mode. Gradient elution with the profile of gradient 0—8 min
95-15 % A, 8-9 min 15-95 % A, 9-10 min 95 % A was
applied. 0.1 % (v/v) acetic acid solution in deionized water
(mobile phase A) and acetonitrile (mobile phase B) were
used for UPLC/MS analysis in negative ion mode. Gradi-
ent elution with the profile of gradient: 0-3 min 100 % A,
3-10 min 100-50 % A, 10-13.5 min 50-10 % A, 13.5—
14 min 10-100 % A, 14-15 min 100 % A was applied.
Flow rate 0.4 mL/min was applied in both chromatographic
systems. Optimized parameters for mass spectrometer
were: capillary voltage 3.2 kV (positive mode) and 1.5 kV
(negative mode), source temperature 120 °C, sampling
cone 30V, desolvation temperature 150 °C, cone gas flow
rate, 30 L/h and a desolvation gas flow rate, 450 L/h. Nitro-
gen was used as a desolvation gas and argon as a collision
one.

All experiments were done with appropriate control
samples i.e. (i) cell lines in the presence of medium without
studied compounds and (ii) solution of studied compounds
in medium but without cells. Metabolites were identified
by comparison of samples containing studied flavonoids
and cells with both controls. Data interpretation was done
on the basis of accurate mass measurements, fragmen-
tation patterns and comparison of retention times. All
experiments were done using MSE mode recording spectra
without discrimination of ions or their pre-selection [alter-
nation of MS scans with low collision energy (CE = 5 eV)
and elevated collision energy (CE = 40 eV or a ramp of
CE = 1040 eV), i.e. MS(1) and MS(2) scans]. Targeted
MS/MS scans were recorded in subsequent experiments

for further confirmation of fragmentation pattern (isolation
width 1 Da).

Calculation of Partition Coefficients

Partition coefficients were calculated using ChemBioDraw
Ultra (Cambridge Soft). Neutral forms of all compounds
were considered for calculations. The results produced
by the software were kindly provided by Department of
Organic Chemistry, Palacky University, Olomouc, Czech
Republic.

Result and Discussion

It is unequivocal that the real interaction of a compound
with a cell can be described by an in vivo experiment,
and systematic circulation between liver, kidney, intes-
tine and other tissues plays very important role. Results of
such studies therefore reflect combined effects of differ-
ent kinds of cells [11]. On the other hand, in vitro studies
allow dealing selectively with particular kinds of cells. In
our case, differences between HepG2 and LS174T cells in
vitro were studied. The comparison of flavonoids’ metab-
olism between HepG2 and LS174T in vitro has not been
described yet.

Metabolism of quercetin is relatively well known and
therefore it can be used as a standard compound for exami-
nation of biotransformation of another flavonoid structures.
The content of quercetin metabolites in the used cell cul-
tures is to a certain extent in relation with metabolic activ-
ity of the present cells. We studied formation of quercetin
metabolites in comparison with metabolites of pelargonidin
and 5-MePPI in vitro at the same conditions.

Biotransformation of Flavonoids by Human Hepatocellular
Carcinoma (HepG?2) Cells

The metabolites were produced using metabolically active
cells of human hepatocellular carcinoma cells HepG2
(see “Experimental” section). The presence of metabolites
was studied by UPLC/MS at varied experimental condi-
tions i.e. time of metabolism and presence or absence of
metabolism activators [dioxin (2,3,7,8-tetrachlorodibenzo-
p-dioxin, TCDD) (an AhR activator) and rifampicin (RIF)
(a PXR activator), respectively]. The inductors dioxin and
rifampicin are important liver enzyme inducers. Rifampicin,
a bacterial antibiotic drug is promoting the upregulation
of hepatic cytochrome P450 enzymes (such as CYP2CP
and CYP3A4). Dioxin is markedly induced cytochrome
P450 (CYP)-dependent arachidonic acid metabolism in
liver microsomes. Both these inductors increase the rate
of metabolism of many drugs that are biotransformed by
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Table 1 Metabolites of quercetin in human hepatocellular carcinoma cells HepG2, measured in cell pellets in positive mode (after 24 h of

metabolization)
Metabolic transformation R Measured mass Deviation from Ions observed during Deviation from
of quercetin of parent ion theoretical collision induced theoretical mass
(positive ion mode) mass (ppm) dissociation/intensity (ppm)
Methylation 7.30 317.0631 9.5 317.0703/27 13.2
303.0535/11 9.9
153.0205/6 11.1
Hydroxylation 5.69 319.0426 —8.8 319.0451/37 -0.9
303.0514/8 3.0
273.0420/5 7.7
245.0440/11 —4.1
153.0211/17 15.0
Glucuronide conjugation 4.88 479.0838 2.5 303.0507/60 0.6
153.0212/6 15.7
5.46 479.0832 1.3 303.0510/64 1.6
153.0213/5 16.3
Glucoside conjugation 4.89 465.1013 5.7 303.0520/55 4.9
153.0203/7 9.8
5.36 (nr) 465.1076 9.2 465.1091/6 12.5
303.0541/24 11.9
153.0195/5 4.6
5.59 465.1083 12.3 465.1047/7 3.0
303.0534/27 9.6
153.0202/5 9.1

n.r. peak not resolved from other isomers

the liver through cytochrome P450 enzymes. Cytochrome
P450 is a mixed-function oxidase system, belonging to the
most important enzyme complexes involved in the metabo-
lism of xenobiotics in the human body [24].

Metabolites obtained during experiments with quercetin
and HepG2 are given in Table 1. We observed hydroxyla-
tion as common metabolic process of the phase I and meth-
ylation, glucuronation and glucosylation as processes of
the phase II. Those metabolic processes have already been
observed in the literature [25-27]. The presence of relative
metabolites is not surprising. Several isomers of quercetin-
glucuronide and quercetin-glucoside were chromatographi-
cally separated. Figure 1a shows appropriate reconstructed
chromatogram for quercetin-glucoside. At least three prin-
cipal isomers can be seen (one not resolved form other iso-
mers). Parent ions at m/z 465.1013, 465.1076, 465.1083
related to those peaks were found in MS spectra. Appropri-
ate MS/MS spectra are given in Fig. 1b. Loss of dehydrated
hexose (ions at m/z 303.0520, 303.0541 and 303.0534) and
formation of characteristic ions at m/z 153.0203, 153.0195
and 153.0202 (1’3A0 fragments arising during RDA fis-
sion of flavonoid skeleton) were observed. Since the loss
of a dehydrated hexose is the dominant process during
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fragmentation the position of glucose on the flavonoid skel-
eton was not specified. To the best of our knowledge this
is the first evidence of quercetin in vitro glucosidation in
human cells. Note, however, that in vivo glucosidation has
been observed in rat plasma [26]. Surprisingly, the presence
of inductors RIF and TCCD did not have significant posi-
tive effect on the production of metabolites (an increase in
content of metabolites given by induction falls in the range
2.0-8.2 %, Fig. 2). Biotransformation during analogous
and at the same time done experiments with anthocyanin
and (pyrano)anthocyanin (i.e. pelargonidin and 5-MePPl)
was not observed. These results point out that HepG2 cells
are able to metabolize them in much less extent under in
vitro conditions.

Biotransformation of Flavonoids by Colon
Adenocarcinoma (LS174T) Cells

LS174T cells expressed higher metabolic activity com-
pared to HepG2 cells for quercetin. Ratio of sum of peak
areas of identified metabolites to peak area of parent com-
pound measured in cell pellets is significantly higher in
LS174T samples compared to HepG2 samples (Fig. 2).
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Fig. 1 Reconstructed chroma-
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Fig. 2 Comparison of the extent of quercetin metabolization by
LS174T and HepG2 cells and the effect of activators

Metabolites obtained during experiments with LS174T
are given in Table 2. The most pronounced biotransforma-
tion processes (and the highest number of found metabo-
lites) were observed in sample of quercetin. We observed
the same metabolic processes as during study with HepG2
cells, i.e. methylation, hydroxylation, glucuronidation
and glucosidation but in much higher yield (comparison
of peak areas of metabolites). Quercetin thus underwent
biotransformation processes typical for flavonoids also
using LS174T cells and it therefore points out that studied

densation of quercetin during the process of electrospray.
However, no peak at m/z 905.1212 was observed in all
measured control samples, i.e. pellets of cell lines in the
presence of medium without flavonoids, a;, medium with
cell lines without flavonoids, a,, quercetin incubated in
medium without the presence of LS174T, a, (Fig. 3a,—a;).
This fact points out the formation of the ion during metab-
olization. Tentatively, the ion was ascribed to quercetin
trimer. Similarly an ion at m/z 603.0789 was observed dur-
ing metabolization with a lower intensity. This ion can be
analogously ascribed to quercetin dimer. However, detailed
explanation of supposed metabolic condensation of querce-
tin is an objective of further research. Besides a peak at
miz 285.0371 (MS ESI™) was observed among quercetin
metabolites. However, the structure of this compound has
not been revealed.
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Table 2 Metabolites of quercetin, pelargonidin and 5-MePPI in human colon adenocarcinoma cells LS174T, measured in cell pellets

Metabolic transformations R Measured mass Deviation from Ions observed during Deviation from
of studied flavonoids of parent ion theoretical mass (ppm) collision induced theoretical mass
(positive ion mode) dissociation/intensity (ppm)
Quercetin
Methylation 5.10 317.0701 12.6 257.0433/7 —6.6
217.0492/22 —4.1
153.0195/25 4.6
Hydroxylation 3.70 319.0474 6.3 245.0436/8 -5.7
217.0489/15 =55
153.0168/51 —13.1
4.35 319.0472 5.6 245.0424/4 —10.6
227.0301/25 —18.9
199.0364/6 —155
171.0421/23 —14.6
Glucuronide conjugation 3.13 479.0841 3.1 303.0492/435 —43
3.57 479.0834 1.7 303.0495/77 -33
3.70 479.0801 -5.2 303.0497/245 -2.6
Glucoside conjugation 3.08 465.1026 —1.5 303.0486/266 —6.3
3.63 465.1049 34 303.0491/167 —4.6
3.83 465.0997 =77 303.0469/99 —-11.9
Dimer of quercetin® 4.35 605.0893 —6.3 605.0913/1098 -3.0
303.0524/77074 6.3
153.0179/6841 -59
Trimer of quercetin® 4.35 907.1302 —6.2 907.1350/1350 -0.9
605.0910/1020 -3.1
303.0521/71122 6.2
153.0177/5859 -6.0
Unknown metabolite® 4.97 287.0543 —4.5 287.0581/546 8.7
259.0586/63 =17
153.0207/226 124
Pelargonidin
Hydroxylation® 4.24 287.0640 13.3 259.0665/23 22.8
241.0573/21 29.8
Glucuronide conjugation® 545 447.1710 12.6 447.1708/35 11.8
271.0675/262 25.4
5-Methylpyranopelargonidin
Hydroxylation 3.65 325.0679 —10.2 325.0675/13 —-114
209.0620/5 8.1
Glucuronide conjugation® 4.71 485.1095 23 485.1010/8 —15.3
309.1523/2 >100
4.79 485.1089 1.03 485.1020/40 —13.2
309.0809/114 —14.9
4.87 485.1102 3.7 485.1046/93 -7.8
309.0810/205 —15.2
5.02 485.1072 24 485.1052/8 —6.6
309.0803/57 -12.9
Glucoside conjugation® 6.5 471.1625 6.4 - -
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Table 2 continued

Metabolic transformations R Measured mass Deviation from Ions observed during Deviation from
of studied flavonoids of parent ion theoretical mass (ppm) collision induced theoretical mass
(positive ion mode) dissociation/intensity (ppm)
Hydroxylation + methylation 4.1 339.0830 —11.5 339.0875/41 1.8
324.0631/44 -0.9
296.0722/924 12.5
267.0718/350 22.8
253.0541/352 15.8
241.0546/258 18.7
225.0589/155 16.4
197.0598/120 -25
169.0688/41 20.7
141.0724/53 14.2
2xhydroxylation 4+ 2xmethylation 2.85 369.0916 15 281.0703/3 -39.5
221.9661/9 -
193.0544/24 -
149.0315/9 11.5
4.12 369.0952 —6.0 353.0563/17 27.8
323.0634/24 24.1
295.0603/9 -1.0
281.0582/7 9.6
251.0705/14 -
241.0520/33 7.8
181.0582/8 8.1
Metabolic transformations R Measured mass Deviation from Ions observed during Deviation from
of studied flavonoids of parent ion theoretical mass (ppm) collision induced theoretical mass
(Negative ion mode) dissociation/intensity (ppm)
Quercetin
Methylation® 10.1 315.0531 8.3 315.0521/487 5.1
301.0365/4699 5.6
285.0365/6609 -11.9
151.0044/6473 8.6
Hydroxylation® 8.09  317.0334 11.7 317.0308/68 35
151.0051/115 132
8.45  317.0331 10.7 317.0320/162 73
151.0045/54 6.5
9.24  317.0345 15.1 317.0349/2242 16.4
301.0371/1795 7.6
151.0038/3243 4.6
Glucuronide conjugation® 7.79  477.0662 -15 301.0369/1946 7.0
151.0046/837 9.9
8.41  477.0702 6.9 301.0356/1303 53
151.0042/624 6.2
8.59  477.0681 2.5 301.0366/40248 6.0
151.0366/16101 33
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Table 2 continued

Metabolic transformations R Measured mass Deviation from Ions observed during Deviation from
of studied flavonoids of parent ion theoretical mass (ppm) collision induced theoretical mass
(Negative ion mode) dissociation/intensity (ppm)
Glucoside conjugation® 7.61  463.0898 4.5 463.0890/251 2.8
8.22  463.0883 1.3 301.0364/1576 53
151.0044/482 8.6
8 463 4.5 463.088/244 24
301.0350/1720 0.6
8.41  463.0898 4.5 463.0893/275 35
301.0361/1662 43
Dimer quercetin 9.24  603.0789 2.3 301.0351/2296 1.0
Trimer quercetin 9.20  905.1212 1.2 301.0361/3196 43
Unknown metabolite 9.96  285.0531 —13.3 285.0414/41 53
267.0308/7 5.6
239.0378/32 14.2
227.0378/34 15.0
Pelargonidin
Hydroxylation® 9.10  285.0403/4101 1.4 241.0523/1250 9.1
195.0464/1593 9.2
Glucuronide conjugation® 8.7 445.0791/720 4.5 445.0795/112 54
269.0483/430 12.2
5-Methylpyranopelargonidin
Hydroxylation 7.52  323.0591 10.8 323.0570/25 —19.8
305.0432/243 -5.9
277.0489/9 —43
261.0511/97 —15.7
187.0432/682 -
Glucuronide conjugation® 795 483.1164 —16.1 483.0890/429 =77
307.0631/3586 9.1
Glucoside conjugation® 6.94  469.1235 10.2 469.1125/207 —-2.1
307.0642/647 12.7
Hydroxylation + methylation 7.88  337.0798 16.1 337.0738/5 7.1
322.0478/109 0.3
294.0564/50 12.2
279.0248/18 —16.1
139.0581/3 23.7
2xhydroxylation 4 2xmethylation 7.23  367.0798 —12.5 367.0768/5 —13.6
352.0558/17 =71
349.0691/7 —6.0
191.0421/70 -
8.05  367.0873 15.5 367.0764/4 —14.7
352.0538/12 —12.8
321.0731/15 —10.0
239.0299/4 —18.8

2 Data taken from MS(2) scan (MSF experiment)

During biotransformation of pelargonidin a less amount
of common metabolites was found. Table 2 shows that only
hydroxylation and glucuronation were observed for pelar-
gonidin in experiments done in series with the quercetin
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samples. However, due to low intensity of fragments in col-
lision spectra the position of hydroxy group or glucuronic
acid in anthocyanidin skeleton was not specified. Mohsen
et al. studied pelargonidin metabolites in vivo in rats and
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only a glucuronide and hydroxybenzoic acid was found
[21].

Interestingly, the presence of additional ring (D) and
methyl in the molecule of 5-methylpyranopelargonidin
caused a significant increase in yield of metabolites com-
pared to pelargonidin. More than 10 times higher ratio of
sum of metabolite signals to corresponding parent com-
pound was found during 5-MePPI metabolization compared
to pelargonidin. Figure 4 shows the profile of metabolites
over time of metabolization (1, 2, 24 h, sum of appropriate
peak areas). The presented graph allows evaluation of the
dynamic of biotransformation. Content of phase I metab-
olites of quercetin (represented only by hydroxylation) is
the highest from all the studied compounds. The maximum
value is reached in 2 h of metabolization. Content of phase
II metabolites (sum of peak areas) is lower and its highest
value is reached after 1 day of metabolization. The delay
of releasing of phase II metabolites with respect to phase
I is understandable. Surprising is the high content of tenta-
tively assigned quercetin dimer(s) and trimers accumulated
in pellets (given by a separate column). Note that those
compounds were found only in pellets. Content of 5-MePP1
metabolites of both phases after 1 and 2 h is comparable
although a certain drop in 2 h can be observed on the time
scale. However, some delay of phase II metabolites with
respect to the phase I was observed as well (the content of
phase II metabolites after 24 h is significantly higher than
those of phase I). It should stressed that the content of
phase II metabolites of 5-MePPI is even higher than those
of quercetin but in sum the content quercetin metabolites

is higher. In pellets, much higher ratio of content of phase
II metabolites to phase I was found as well. Finally, the
content of pelargonidin metabolites of both phases is much
lower compared to other studied flavonoids. Certain, but
statistically insignificant, increase in phase II metabolites
after 24 h of metabolization is observed also in the case of
pelargonidin. In pellets, the content of phase I metabolites
of pelargonidin is significantly higher compared to those of
phase II. From the point of view of accumulation of metab-
olites in pellets, the properties of pelargonidin are signifi-
cantly different from that of 5-MePPl and qualitatively are
similar to quercetin instead. In this aspect, the effect of one
additional ring (D) present in 5-MePPl molecule compared
to pelargonidin and quercetin seems to play an important
role. Calculated partition coefficients (clogPs) of neutral
forms of quercetin, pelargonidin and 5-MePPI are 1.504,
1.523 and 2.959, respectively. 5-MePPI is thus markedly
more hydrophobic compared to both the other compounds
and hydrophobicity could be considered as one parameter
responsible for those differences.

Presence of particular 5-MePP] metabolites can be fol-
lowed in more details in Table 2. Among common and sim-
ple processes hydroxylation and glucuronation of 5-MePPI
were observed (Table 2). Four chromatographically sepa-
rated isomeric glucuronides were observed (Fig. 5a).
Losses of glucuronide units in the MS scans with elevated
collision energy [Am/z 176 in MS(2) scans] are characteris-
tic for all of those isomers (Fig. 5b). The higher difference
of the measured masses in the collision spectrum of the first
peak (zz 4.71 min) is due to lower intensity of the present
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Fig. 4 Profile of phase I and
II metabolites of flavonoids
produced by LS174T cells in
medium over time of metaboli-
zation and in pellets
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ions. The ion at m/z 193.0393 differs from the other ions
in elution profile and does not belong among fragments of
5-MePPI glucuronides. The obtained data, however, do not
allow to locate the position of glucuronation in particular
metabolites. Besides, relatively intensive peak of 5-MePPI
glucoside was also found (Table 2). Observed processes are
thus similar to those of quercetin. Two combined metabo-
lites of 5-MePP] were found in addition. Figure 6a shows
reconstructed chromatogram of mono-hydroxylated-mono-
methylated metabolite (m/z 339.0830). In its MS/MS
spectrum (Fig. 6b) a loss of methyl radical can be found
(fragment at m/z 324.0631), followed by two consequent
losses of carbon monoxide in main fragmentation pathway.
Fragment at m/z 241.0456 can be explained by retro-Diels—
Alder cleavage (RDA) of B-ring (structure inserted in the
Fig. 6b). This fragment suggests the hydroxylation and
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methylation on the B-ring of the 5-MePPI skeleton. Con-
sequent fragmentation involves loss of one carbon mon-
oxide and one water molecule and formation of ion at m/z
197.0598.

Figure 7 shows reconstructed chromatogram for dou-
bly hydroxylated and doubly methylated metabolite (m/z
369.0916, m/z 369.0952). Two well-resolved isomers are
present. In MS/MS spectrum of the more intensive iso-
mer (tg = 4.12 min) losses of methyl radical, methane,
carbon monoxide and water can be seen. Dominant frag-
ment at m/z 241.0420 is explicable in the same way as
in the case of the previously discussed metabolite (i.e.
RDA fission of B-ring). This suggests that the metabo-
lite is hydroxylated and methylated at the B-ring of
5-MePP1 skeleton. This suggestion is supported also by
the presence of fragment at m/z 181.0582 corresponding
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with the B, RDA fragment (formation of acylium ion different. The ion at m/z 149.0315 can be explained by
derived from syringic acid). Fragmentation pattern of  scission of heterocyclic C-ring of 5-MePPI and formation
the compound eluted in the first peak (rz = 2.86 min) is  of “*B, RDA fragment. This suggests that the metabolite
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Fig. 7 Reconstructed chro- 4.12 TOF MS ESI+
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is hydroxylated and methylated either at A or at D-ring of
5-MePPI skeleton.

Conclusion

Study of in vitro (bio)transformation of pelargonidin,
5-methylpyranopelargonidin and quercetin was done using
metabolically active human hepatocellular carcinoma cells
HepG2 and colon adenocarcinoma cells LS174T. Sig-
nificantly higher yield of metabolites was achieved using
LS174T. The presence of inductors RIF and TCCD did
not have a significant positive effect on the production of
metabolites. Common metabolic processes of phase I and
II were observed in the case of quercetin as a “standard
flavonoid” which confirms that the used cells were viable
and metabolically active during parallel experiments with
pelargonidin and 5-methylpyranopelargonidin. Forma-
tion of dimer and trimer of quercetin was tentatively sug-
gested. Both pelargonidin and 5-methylpyranopelargonidin
exhibited lower tendency for metabolization compared to
quercetin. Biotransformation of 5-methylpyranopelargoni-
din proceeded with higher yield of metabolites compared
to pelargonidin. Processes related to accumulation of
5-MePPI metabolites in pellets seem to differ from those of
quercetin and pelargonidin. The fact can have a connection
with the presence of additional ring (D) in flavonoid skel-
eton and tentatively with remarkably higher hydrophobicity
of pyrano-dye compared to both other studied flavonoids.
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The main metabolic processes of 5-methylpyranopelargo-
nidin involve hydroxylation, glucuronation and glucosida-
tion. Besides, several combined metabolites were found,
i.e. once and doubly hydroxylated-methylated metabolites.
Several isomeric forms of metabolites were chromato-
graphically separated confirming presence of different sites
in the molecule allowing metabolization. Interpretation of
collision spectra of combined metabolites allowed a speci-
fication of the metabolized sites in more details. The results
contribute to the knowledge of the impact of anthocyanin
condensation (formation of more complex dyes) on human
cells.
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Uvod

Anthokyaniny, kterym je vénovana tato prace, patfi
mezi sekundarni metabolity rostlin. Jsou to barviva pii-
tomna nejcastéji v kvétech a plodech, kterym proptjcuji
barvy od oranzové ptes cervenou a fialovou az po modrou.
V posledni dob¢ roste jejich vyuziti v potravinafstvi jako
nahrada za syntetickd barviva. Jsou také vyznamné svym
efektem na lidské zdravi. Vyznacuji se silnymi antioxida¢ni-
mi 0¢inky, maji pfiznivy vliv pfi prevenci nékterych rakovi-
novych a kardiovaskularnich onemocnéni a cukrovky'.

Anthokyaniny, které¢ jsou fazeny mezi flavonoidy,
maji zékladni (flavyliovou) strukturu, kterd je uvedena na
obr. 1 a ktera je v prirodnich latkach dale substituovana.

Obr. 1. 2-Fenylchromenylium, strukturni zaklad anthokyanint

Hlavnim problémem pfi vyuziti anthokyanini
v potravinafstvi je jejich mala stabilita pfi zvySeni pH,
teploty, pfitomnosti oxidovatel apod. Z tohoto diivodu se
zkoumaji  moznosti, kterymi by bylo mozné
v potravinaiskych produktech barvu zajisténou ptitomnosti
anthokyanind stabilizovat, a prodlouzit tak dobu, po kterou
si tyto latky uchovavaji své vlastnosti. Jednou z cest, ktera
by mohla zvySovat chemickou stabilitu téchto latek, je
jejich kondenzace s jinymi molekulami za vzniku slozitéj-
Sich barviv.

Cilem této prace je syntetizovat vybrané derivaty
pelargonidinu vznikajici kondenzaci tohoto anthokyanidi-
nu (v Cisté a neglykosylované formé) s malymi organicky-
mi molekulami a s jinymi flavonoidy (viz obr. 2). Pelargo-
nidin je anthokyanin, vyskytujici se ve vét§i mife
v nékterych barevnych plodech, napf. v jahodach® a pro-
duktech z nich vyrabénych. Pozornost je vénovana kon-
denzacim pelargonidinu s acetaldehydem, acetonem
a epikatechinem v pfitomnosti acetaldehydu. Reaktivita
téchto latek s jinymi flavonoidy je jiz Castecné popsana
v literatufe™, kde jsou vsak reakce studovany predevsim
v komplexnich extraktech z rostlinného materialu. Ptipra-
vend barviva identifikujeme s vyuZitim HPLC-MS?
a UPLC-MS’. V soudasné dobé optimalizujeme semipre-
parativni purifikaci ziskanych produkta.

7 wr

Experimentalni ¢ast

Vzorky byly pfipraveny ve dvou sadach: prvni sada
obsahovala 5 ml destilované vody, okyselené kyselinou
mravenc¢i na pH 3,08, ve které byl rozpustén pelargonidini-
um-chlorid a kondenzacni ¢inidlo tak, aby jejich vysledné
koncentrace byly 1 mmol 1™ resp. 10 mmol 1", V pripadé

e

CH HO o)
=
CH3C(OMR
HO o ‘ - . O
= Z on
= OH O
OH R
pelargonidin
epikatechin
CH,CHO

Obr. 2. Pelargonidin a jeho kondenza¢ni produkty reakci s malymi molekulami a s epikatechinem
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epikatechinu vzorek obsahoval 5 ml destilované vody,
okyselené kyselinou mraven¢i na pH 3,08, ve které byl
rozpus$tén pelargonidium-chlorid, epikatechin (oba v kon-
centraci 1 mmol 1~ l) a acetaldehyd (v koncentraci
10 mmol 17).

Druhé sada vzorki obsahovala vzdy 0,1 mg pelargo-
nidium-chloridu v 50% roztoku cyklizacniho C¢inidla
v methanolu, roztok ¢inidla byl okyselen 0,1% H3PO4 (m/
m, zména zpusobu okyseleni byla provedena na zakladé
Gisp&ného piistupu znamého z literatury®). Vzorek zamé-
feny na reaktivitu epikatechinu obsahoval 0,1 mg pelargo-
nidium-chloridu a 0,1 mg epikatechinu v 50% roztoku
acetaldehydu v methanolu opét okyseleném 0,1% (m/m)
H3PO4. Vzorky druhé sady byly pfipraveny vzdy v objemu
1 ml.

Pripravené smési byly ponechany za laboratorni tep-
loty v temnu a po danych intervalech byla vzdy ¢ast vzor-
ku odebrana a analyzovana. Chromatografické analyzy
probihaly na kapalinovych chromatografech Cap LC
(Waters, Milford, USA), HPLC (Knauer, Berlin, Némec-
ko) a Acquity UPLC (Waters) s DAD a tandemovou MS
detekci. Pro identifikaci byl pouzit hmotnostni spektrometr
vybaveny ionizaci elektrosprejem (Z-spray) a hybridnim
analyzatorem typu QqTOF (Q-TOF Premier, Waters).
Déle byla provadéna analyza s vyuZzitim MALDI ionizace
na tomtéz pristroji. Studie je doplnéna i méfenim na pfi-
stroji LCQ s analyzatorem na principu iontové pasti
(Thermo Electron Corporation, Waltham, USA) vybave-
ném ionizaci elektrosprejem. Frakcionace produkti kon-
denzace s acetonem je provadéna na kapalinovém chroma-
tografu Knauer osazeném semipreparativni pumpou
a s vyuzitim semipreparativni kolony Gemini C-18
(100 x 10 mm i.d.; d,=5 pm, Phenomenex, USA).

Vysledky a diskuse

Vzorky pfipravené ve vodném prostiedi byly analyzo-
vany pomoci LC i pfimého zavadéni do iontového zdroje
hmotnostniho spektrometru. Nalez ptedpokladaného barvi-
va se prokdzal pouze v piipadé kondenzace
s epikatechinem v pfitomnosti acetaldehydu. Tento pro-

3AC-25-03-2010-HCOOH
100+
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dukt I (viz obr. 2) v8ak vznikal pouze ve stopach a identi-
fikace je nejednoznacni. Prezentovand struktura je tak
navrzena na zaklad€ porovnani s vysledky ziskanymi pou-
yitim derivatu malvidinu®. Vzhledem k tomu, ze reakce
neposkytly oc¢ekavané produkty, byla nasazena druha sada
vzorkd, tentokrat v koncentrovanéj$im kondenza¢nim mé-
diu a v prostfedi methanolu, ktery byl pfidan za ucelem
zvySeni rozpustnosti pelargonidinu.

Zde bylo dosazeno dobrych vytézka v piipadé kon-
denzace s acetonem. UZ po prvnim dnu reakce byl pomoci
MS zjistén molekulovy ion produktu s predpokladanou
strukturou II (viz obr. 3) s intenzitou cca 15 % oproti mo-
lekulovému iontu pelargonidinu. Po tfech dnech se pomér
produkt/substrat zvysil na 1:1, po 6 tydnech uz produkt
dominuje (pomér 20:1 ve prospéch produktu; vSechny
udaje brany podle odezvy ptislusnych iontti v MS). HPLC/
MS analyza potvrzuje, ze pouzitym postupem vznikaji dvé
latky s rozdilnou retenci na reverzni fazi (obr. 3) a témér
shodnou fragmentaci po izolaci iontu a jeho kolizi induko-
vané disociaci v kolizni cele. Jedné se zfejmé o isomery,
oba produkty se lisi jen relativnimi intenzitami fragmento-
vych iontll. Zkombinovanim tandemovych spekter (MS*-
MS4) z iontové pasti a méfeni presné a spravné hmoty
z QqTOF bylo navrzeno hypotetické fragmentacni schéma
zadaného produktu (obr. 4). V soucasné dobé probiha
chromatograficka frakcionace slozek reakéni smési. Struk-
tura izolovanych isomerti bude déale studovana nukledrni
magnetickou rezonanci.

U ostatnich vzorkt nebyl ani za zménénych podminek
ion piedpokladaného barviva pozorovan, a to ani v piipadé
kondenzace s epikatechinem, kde pfi pouziti vodného pro-
stiedi ion aspont v malé mife vznikal. Experimenty ukaza-
ly, ze pii pouziti koncentrovaného roztoku acetaldehydu
v methanolu dochazi k rozpadu pelargonidinového skeletu
— pravdépodobné na kyselinu 4-hydroxybenzoovou a flo-
roglucinaldehyd (tomuto nasvédcuji nalezy iontli odpovi-
dajicich hodnot m/z v chromatogramu). Takovyto rozpad
pelargonidinu za odliSnych experimentalnich podminek
byl jiz popsan v literatuie®. V pripads, e reakéni smés
obsahovala kromé acetaldehydu i epikatechin, byl ve
hmotnostnim spektru nalezen ion odpovidajici hmot¢ dvou
jednotek epikatechinu spojenych ethylidenovym mustkem.

1: TOF MS ES+
309.1 0.20Da
8.93e3
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Obr. 3. Chromatogram produktu II a jeho isomeru
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Obr. 4. Produkt kondenzace s acetonem (II) a jeho fragmentacni schéma

I takovéto struktura byla jiz v literatufe popsana’. Tvorba
heterogenni mistkové slouceniny typu pelargonidin-
acetaldehydovy mustek-epikatechin je v tomto pfipadé
minoritnim procesem.

Zavér

V roztoku pelargonidinu ve smési aceton-methanol
dochdzi pomémé rychle ke wvzniku 5-methyl-
pyranopelargonidinu, ktery byl prostudovan LC/ESI-MS’
a MALDI technikami. Vedle o¢ekdvaného produktu vzni-
ka v tomto médiu jesté jeden isomer s identickou hmotou
i fragmenty v tandemovych MS spekterech. Pro isomer
s majoritnim vyskytem byla na zakladé analogie s jinymi
anthokyaniny popisovanymi v literatufe navrzena struktura
a fragmentaCni schéma. V soucasné dob¢€ je provadéna
purifikace obou latek s cilem urceni jejich absolutni konfi-
gurace nuklearni magnetickou rezonanci.

Déle se podafilo zjistit, Ze kondenzac¢ni reakce na
elektrofilnim centru molekuly pelargonidinu neprobihaji
ve vodném prostiedi dostateéné efektivné pro ziskani pro-
duktd v pozadovaném vytézku. V omezené mife dochazi
ke kondenzaci pelargonidinu s epikatechinem pfes ethyli-
denovy mistek, zajiStény pfitomnosti acetaldehydu
v reak¢ni smési. V piipadé pouziti koncentrovaného rozto-
ku acetaldehydu v reakéni smési dochazi preferencné ke
Stépeni C-kruhu anthokyaninu a vzniku floroglucinaldehy-
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du a fenolické kyseliny. Tyto informace jsou kli¢ové pro
dal$i optimalizaci syntézy mustkovych anthokyaninovych
barviv.

Tato prdce byla podporena Grantovou agenturou CR
(P206/10/0625).
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ARTICLE INFO ABSTRACT

Article history:

Anthocyanins from the fruit Lonicera caerulea L. var. kamtschatica (blueberry honeysuckle, Caprifoliaceae)
were studied via (semi)preparative chromatographic fractionation followed by MS and wLC/MS analy-
sis. The extraction procedure was optimized with respect to analytical purposes as well as its potential
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v Supp The effect of other extraction media, including ethanol as a “green” solvent, is also discussed. The potential
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MS anthocyanin and 5-methylpyranoderivatives content as well as identifying less common and more com-
nLC plex dyes (dimer of cyanidin-3-hexoside, cyanidin-ethyl-catechin-hexosides, etc.). These more complex

Pyranoanthocyanin dyes are most likely formed during fruit treatment.

QqTOF
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1. Introduction

Lonicera caerulea var. kamtschatica (blueberry honeysuckle,
Caprifoliaceae) is a fruit-bearing bush species that originated from
the forests growing on the Kamchatka Peninsula in the Rus-
sian Far East. Its fruit (edible berries) are relatively unknown
in North America and Europe. The fruit is oval and its color
is from dark blue to purple [1-3]. The main composition of L.
caerulea is comparable to blueberry, blackberry and blackcurrant
[4,5].

L. caerulea berries are a rich source of phenolic com-
pounds such as phenolic acids as well as anthocyanins (Fig. 1),
proanthocyanidins and other flavonoids, which display potential
health-promoting effects. Chemopreventive, antimicrobial, anti-
adherence and antioxidant effects, among others, have been
described for these compounds [6-9]. Studies on anthocyanin

* Corresponding author. Tel.: +420 585634403; fax: +420 585634433.
E-mail address: bednar.petr@seznam.cz (P. Bednar).

0021-9673/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2010.05.058

absorption and bioavailability have reported the absorption of
intact anthocyanin glycosides [10]. This fact accounts for the key
difference between the absorption of anthocyanins and other
flavonoids. The potential of L. caerulea berries to prevent chronic
diseases such as diabetes mellitus type 2, cardiovascular diseases
[11] and cancer [12] seems to be above all related to their phenolic
content [2,13].

It was recently reported that anthocyanins bearing vicinal
hydroxyl groups in the B-ring of their anthocyanidin skeleton were
associated with the potency of apoptotic induction, antioxidative
and chemoprotective effects of human cells, i.e. human leukemia
[14,15]. On the other hand, some articles suggest that pigments
having methoxy group(s) in their molecule (e.g. malvidin) are more
effective against human cancer of the stomach, colon, CNS and
lung cells than other anthocyanins [16]. Peonidin-3-glucoside and
cyanidin-3-glucoside also gave very good results in the regulation
and reduction of the expression of the metaloproteinases (MMPs)
and urokinasesurokinasis (u-PA), which are responsible for the ini-
tiation and proliferation of metastasis among the cells [17]. The
ability of the Lonicera berry phenolic fraction to prevent and reduce
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Fig. 1. Structure of common anthocyanins and derived pigments.

UVA-related damage at a cellular level in human keratinocytes was
described [18].

Cyanidin-3-glucoside is the principal anthocyanin of L. caerulea
berries (comprising 83% of the anthocyanin pigments, w/w). Glu-
cosides, rutinosides and 3,5-dihexosides of cyanidin, peonidin,
delphinidin and pelargonidin were also found. Their detailed com-
position can be found in recent articles by Jordheim et al. [19] and
our group [20]. A gold standard method used for the analysis of
anthocyanins in berries is based on a solid phase extraction (SPE)
sample pretreatment, followed by liquid chromatography on-line
coupled with tandem mass spectrometry. Deactivated C18 station-
ary phases are the most common column packings. Generic mobile
phases, most often water-acetonitrile mixtures sufficiently acidi-
fied by a volatile acid (below pH 2) to avoid peak broadening are
used for gradient elution. There are a number of similar systems
useful for reliable anthocyanin profiling. However, a strict unifica-
tion of those methods does not seem to make practical sense due
to the huge diversity of analyzed materials as well as long-term
studies employing constant and formerly designed methods. These
analytical procedures have been reviewed in many articles [21,22].
Generally, the critical step in the analysis of anthocyanins and other
flavonoids is the sample pretreatment. During time many extrac-
tion procedures were designed for this purpose as can be found in
a comprehensive review of Stalikas [23], for instance.

It is well known that during the life of the plant [24,25]
as well as during the treatment of berries (i.e. preparation of
food products) and their maturation [26-28] some more com-
plex pigments are formed. The most frequent processes leading
to complex pigments are polyglycosylation, acylation of the sugar
moiety as well as the formation of more cycles and mutual con-
densation of several anthocyanin (flavonoid) units. Nowadays,
many investigators focus their attention on their C-4/C-5 antho-
cyanin cycloaddition reactions with pyruvic acid, vinylphenols,
vinylflavanols and many other groups leading to the formation
of pyranoanthocyanins. Two of the most widely known derivates
are vitisin A (anthocyanidin-3-hexoside-pyruvic acid adduct) and
B (anthocyanidin-3-hexoside-vinyl adduct). Those pigments were
reported for the first time in 1976 [29], and are usually stud-
ied in wine products. Some of those derivatives were, however,
also found in berry juices, mainly after reaction with artificially
added phenolic acids [28]. The great interest in pyranoantho-
cyanins stems from their higher color and pH stability compared
to anthocyanins. Andersen et al. found 5-carboxypelargonidin in

an acidified methanolic extract of strawberries [25]. However, it
is not clear whether this pigment originates from the plant tissue
itself or whether it is a product of the extraction procedure. To the
best of our knowledge, no pyranoanthocyanins have been reported
during the processing of Caprifoliaceae berries to date.

We recently published a paper devoted to the phenolic com-
position of L. caerulea var. kamtschatica fruit [20]. The aim of this
paper is to investigate the effect of various solvents on anthocyanin
extraction, optimize their purification methods, chromatographic
fractionation and analytical description based on MS and wLC/MS.
Special attention was also paid to the formation of more complex
pigments.

2. Materials and methods
2.1. Chemicals

Standards of anthocyanins (cyanidin-3-galactoside chloride,
cyanidin-3,5-diglucoside chloride) were obtained from Carl-Roth
(Karlsruhe, Germany). Methanol, ethanol, acetone, acetonitrile
(HPLC-grade) were purchased from Merck (Darmstadt, Germany).
Hydrochloric acid (35%) and phosphoric acid (99.8%), both p.a. were
from Lachema (Brno, Czech Republic). Trifluoroacetic acid (99%)
was provided by Fluka (Buchs, Switzerland). The column for frac-
tionation was packed with Sephadex LH-20 (Sigma, USA). Double
distilled water was used for all experiments. Fresh berries of L.
caerulea were from the 2006 and 2007 harvest at Lipnik nad Be¢vou
(Czech Republic).

2.2. Preparation of L. caerulea phenolic fraction (LCPF)

Frozen fruits (4.84 kg) (from the 2006 harvest) were percolated
with an aqueous solution of phosphoric acid (0.1%, v/v; 50°C) for
14 h. The obtained primary extract was purified on a column filled
with non-ionic brominated polystyrene-divinylbenzene resin Sep-
abeads SP 207 (mean pore size 105 A, particle size 20-60 mesh,
provided by Sigma). The column was washed with deionized water;
the phenolic compounds were then eluted by ethanol and con-
centrated by evaporation to yield 20.3 g of the L. caerulea phenolic
fraction (LCPF) [20].

2.3. Other extraction procedures and fractionation

The berries of L. caerulea (from the 2007 harvest) were stored
at —25°C and subsequently lyophilized and further stored under
an Ar atmosphere at —25°C. A voucher specimen is deposited at
the Department of Medical Chemistry and Biochemistry (Olomouc,
Czech Republic). The analytes were extracted from lyofilized sam-
ples of berries using 4 different solvents, under the conditions
givenin Table 1. The berries were manually powdered immediately
before extraction was begun. Filtration (Filtrak 388) of the mixture
was used between extraction portions. The combined filtrates were
then dried using a rotary evaporator at 40 °C and finally lyophilized
and stored at —25 °C for further experiments, referred to as crude
extracts (A-G). Sum of anthocyanins represents roughly 0.1-5% of
mass of extract. Fractionation procedures were implemented sep-
arately with each portion of crude extracts (A—76 mg, B—80 mg,
C—78 mg). The extracts were dissolved in 500 p.L of methanol or
mixture methanol:acetone (l:1, v/v; extract C) and loaded into a
glass column (1400 mm x 25 mm i.d.) packed with Sephadex LH-
20 (Sigma, USA). Methanol at 1.45 mL/min was used as the mobile
phase, fractions were collected every 8 min. The separation was
monitored at 280 nm. Selected fractions were dried in vacuo and
stored at —25 °C until pLC/MS analysis. A portion of crude extract
D (94 mg) was dissolved separately in 500 wL of double distilled
water and loaded into a glass column (930 mm x 25 mmi.d.) packed
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Table 1
Extraction of the anthocyanins from L. caerulea L. berries.

Extraction solvent Sample weight (g)? Yields (%) Extraction conditions for all solvents

A: 50% Methanol/50% acetone/0.1% H3PO4 (v/v) 50.5 6.1 3x 200 mL of extraction solvent, each by 60 min, darkness,
room temperature, Ar atmosphere

B: 100% Methanol/0.1% H3PO4 (v/v) 50.9 8.1

C: 100% Acetone/0.1% H3PO4 (v/v) 50.9 0.7

D: 100% Ethanol/0.1% H3PO4 (v/v) 493 5.8

E: 80% Ethanol/20% water/0.1% H3PO4 (v/v/v) 50.4 9.6

F: 80% Methanol/20% water/0.1% H3PO4 (v/v/v) 52 8.8 3x 20 mL of extraction solvent, each by 60 min, darkness,

G: 80% Acetone/20% water/0.1% H3PO4 (v/v/v) 5.0 6.1 room temperature, Ar atmosphere

¢ Mass of lyofilized fruits taken for extraction.

b Yield represents ratio of mass of extract after removing of extraction solvent and mass of fresh fruits (expressed in percents).

with Sephadex LH-20 (Sigma, USA). Ethanol 80/20 in water (v/v) at
0.5 mL/min was used as the mobile phase, fractions were collected
every 16 min. The separation was monitored at 280 nm.

2.4. Analysis of selected fractions by LC/MS

The WLC profiles were recorded using a Waters CapLC XE System
(Milford, USA) with UV detection. A Gemini C18 column was used
(150 mm x 0.3 mm i.d., Phenomenex, USA). The optimized mobile
phase was 0.12% trifluoroacetic acid in water with 5% acetoni-
trile (part A) and 0.12% trifluoroacetic acid in acetonitrile (part
B). The optimal gradient was 0-5min 10% B, 5-10 min 10-20%
B, 10-30 min 20-30% B, 30-40 min 30-50% B, 40-50 min 50-70%
B, 50-55min 70% B, 55-60min 70-100% B, 60-70 min 100% B,
70-70.5 min 100-10% B, 70.5-75 min 10% B and the flow rate was
kept at 5.0 wL/min.

Selected fractions were dissolved in the mobile phase (part A)
and analyzed by wLC/MS. A QqTOF mass spectrometer (Q-TOF Pre-
mier, Waters Corporation) equipped with electrospray ionization
(ESI) (Z-spray) was used for MS detection. The capillary voltage
was kept at +3.0kV, the temperature of the source was 120°C
and the temperature of the desolvation gas was 300°C. The flow
rate of the desolvation gas was set at 350 L/h. Quantification of
cyanidin-3-glucoside was done using linear regression of cali-
bration dependence in the range of concentration 10-100 mg/L
(R2=0.99). The calibration dependence obtained for cyanidin-3-
glucoside was employed for all the other peaks as well.

Analysis of fractions by direct infusion of their solutions into the
ion source of the mass spectrometer was performed with a flow rate
of 5 L/min, capillary voltage +2.5kV, temperature of the source
150°C and temperature of the desolvation gas 150°C. The flow of
the desolvation gas was 100 L/h. For all CID experiments the isola-
tion width of the first quadrupole of QqTOF instrument was set on
1Da.

2.5. Fragmentation experiments using ion trap (IT)

Identification of anthocyanins was supported by CID exper-
iments using an ion trap mass spectrometer with electrospray
ionization (Finnigan MAT LCQ™, Finnigan, San Jose, USA). The cap-
illary voltage was +5.6 kV, temperature of heated capillary 200°C.
The flow of the desolvation gas was 40 arbitrary units. The identi-
fication of anthocyanins was carried out on the basis of parent ions
and multistage fragmentation after collision-induced dissociation
in the ion trap (MS™"). 60% normalized collision energy was applied.

2.6. Semipreparative high performance liquid chromatography

A Knauer semipreparative liquid chromatograph (Berlin, Ger-
many) equipped with a UV/VIS DAD detector (operating in
a wavelength range 190-510nm) and Gemini C18 column
(150 mm x 10 mm i.d., Phenomenex) was used for further fraction-

ation of the LCPF and isolation of particular dyes. The mobile phase
was identical to that in the pwLC system, the gradient was 0-15 min
5% B, 15-25 min 5-10% B, 25-35 min 10-20% B, 35-40 min 20-50%
B, 40-55 min 50-100% B, 55-56 100-5% B, 56-60 min 5% B, at flow
rate 5.0 mL/min. 100 L of extract was injected (full loop). The frac-
tions obtained were lyophilized and kept frozen before wLC/MS
analysis (—80°C).

2.7. Calculation of partition coefficient (ClogP)

The calculated values were obtained using the software
ChemBioDraw Ultra (Cambridge Soft). Calculations were done
for B-p-glucopyranosylated anthocyanins. Specific algorithms for
calculating logP (ClogP) from fragment-based methods were
developed by the Medicinal Chemistry Project and BioByte. The
results produced by the software were kindly provided by Depart-
ment of Organic Chemistry, Palacky University, Olomouc, Czech
Republic.

3. Results and discussion
3.1. Extraction procedure

The proper choice of an extraction solvent is a key variable in
the efficient release of colored material from fruit. From the view-
point of the food and pharmaceutical industry the selection of
extraction medium is often restricted by biosafety demands and
the content of residual solvent(s) is one of most critical parame-
ters in the quality of the final product [30,31]. Table 2 shows the
differences in the extraction efficiency of various extractions with
respect to anthocyanins (all extraction media discussed below were
acidified using 0.1% H3POy4, v/v, as given in Table 1). The high-
est yield of common anthocyanins from fruits was obtained using
acidified methanol (sum of anthocyanins in Table 2). This con-
tributes to the known fact that this extraction solvent is the most
efficient medium for a broad range of matrices [32,33]. A lower
yield of identified dyes was obtained when water was added to the
methanolic extraction medium. Substituting ethanol for methanol
in the extraction medium significantly decreased the amount of
extracted anthocyanins. When water, being a more polar solvent,
is mixed with ethanol, the extraction was improved. Some authors
also reported the usefulness of acidified ethanol-water solutions
[34]. Although the extraction of dyes using a water-ethanolic
medium is less efficient than a methanolic medium, the decrease
in anthocyanin content is not by an order of magnitude. Ethanol
and its mixtures with water have a special use in the food and
pharmaceutical industry, since they fulfill health requirements.
When Lonicera fruits are extracted with an 80:20 ethanol:water
mixture, 0.037% (w/w) of the anthocyanins are released (this is
roughly 15% of the amount extracted by acidified methanol). This
can be acceptable for many industrial purposes once the water
content is optimized more precisely. Several authors reported that
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Table 2
Amount of anthocyanins in extracts of L. caerulea L. fruits®.
m/z (50:50) 100% 80% 100% 80% 100% 80%
methanol: methanol methanol acetone acetone ethanol ethanol
acetone (A) (B) (F) © (G) (D) (E)
Anthocyanin
Cyanidin-3-glucoside 449 0.117 0.192 0.120 0.024 0.073 0.003 0.017
Peonidin-3-glucoside 463 0.018 0.026 0.023 0 0.009 0.002 0.007
Pelargonidin-3-glucoside 433 0.002 0.008 0.011 0 0 0 0
Cyanidin-3-rutinoside 595 0.012 0.013 0.015 0 0.005 0.002 0.006
Peonidin-3-rutinoside 609 0.006 0.008 0 0 0 0 0
Cyanidin-3,5-dihexoside 611 0.008 0.007 0 0 0 0.002 0.007
Peonidin-3,5-dihexoside 625 0 0 0 0 0 0 ~0.0001
Sum of anthocyanins 0.161 0.253 0.169 0.024 0.088 0.009 0.037
Pyranoanthocyanin
5-Methylpyranocyanidin-3-glucoside 487 0.085 0 0 0 0.013 0 0
5-Methylpyranopeonidin-3-glucoside 501 0.015 0 0 0 0 0 0
Sum of pyranoanthocyanins 0.1 0 0 0 0.013 0 0
Sum of all identified dyes 0.261 0.253 0.169 0.024 0.101 0.009 0.037

All fractions were measured in triplicate; relative standard deviation ranges from 0.0 to 13.6%.

2 All extraction media contain 0.1% (v/v) phosphoric acid.
b Content is given as % (w/w) related to fresh fruits.

acetone is a better extraction solvent for anthocyanins than light
alcohols [35,36]. It was stated that acetone as an extraction sol-
vent enables a more reproducible extraction, a lower temperature
for sample concentration and it avoids possible problems with
pectins (the treatment of strawberries). Mixtures of acetone-water
were also used [37]. Acetone or its mixture with water exhib-
ited a substantially lower extraction efficiency for Lonicera berries
than methanolic mixtures. On the other hand, our results suggest
that the extraction efficiency of a 50:50 methanol:acetone mixture
is much higher (comparable with an 80:20 methanol:water mix-
ture). However, a proportion of the anthocyanins are converted
into the corresponding 5-methylpyranoanthocyanins during the
contact with acetone. If we consider the sum of the antho-
cyanins and 5-methylpyranoanthocyanins, the extraction yield of
the methanol-acetone mixture is comparable with methanol. The
identity of the pyranoderivatives is discussed below.

The amount of all identified anthocyanins obtained by extrac-
tion using acidified methanol roughly corresponds with the amount
found in the LCPF obtained from fruits harvested one year earlier
(relative difference represents 20.2%) [20]. This agreement sug-
gests that both extraction methods can be used for the long-term
analytical monitoring of anthocyanins during the treatment of the
fruit. This data conformity was achieved aside from the neglect
of response factors and quantification of all major dyes (listed
in Table 2) using regression equation obtained for cyanidin-3-
glucoside.

3.2. Purification and fractionation procedure

In order to isolate the anthocyanins from crude extracts,
it was necessary to implement a purification (fractionation)
step. In the preparative-scale fractionation of anthocyanins and
related compounds there are several suitable stationary phases:
octadecyl silica gel, Amberlite XAD-7 (nonionic macroporous poly-
mer of poly(methyl methacrylate)), Toyopearl gel (hydroxylated
methacrylic polymerresin) or Sephadex LH-20 (hydroxypropylated
cross-linked dextran) [38-41]. An alternative method to the large-
scale isolation of anthocyanins (up to 1000 mg of crude extract in
single run) is countercurrent chromatography (CCC), which can
be described as an automated version of liquid-liquid extraction
[42]. In our study, low-pressure LC on Sephadex LH-20 was used
to fractionate the crude extracts. Sephadex LH-20 not only swells

in solvents of weak and medium polarity but also in strongly polar
ones (e.g. methanol). The exclusion limit at maximum swelling was
4000, i.e. it is suitable for the fractionation of anthocyanins. Details
of the fractionation procedure can be found in Section 2. Fig. 2
describes the process of fractionation using various solvents (UV
detection, A =280 nm).

Four main fractions were obtained during the fractionation of
the acetone-methanol solution (Fig. 2A). The first peak contained
the majority of the pyranoanthocyanins. Anthocyanins with two
sugar units eluted in the closest smaller peak but their separa-
tion was not complete. Anthocyanins with one sugar unit eluted in
the last two peaks. In the chromatogram of the methanolic extract,
the peak of pyranoanthocyanins was clearly missing (Fig. 2B). The
elution order of the other dyes corresponded with that observed
in the chromatogram of the acetone-methanol extract, however,
the resolution of peaks 3 and 4 was improved. The same elution
order was observed during the fractionation of acetone (Fig. 2C)
and ethanolic (Fig. 2D) extracts. However, the separation and peak
shapes, especially when ethanol was used, were deteriorated and
their elution times shifted. This can be explained by the compres-
sion of the polar stationary phase during contact with the less polar
solvent. The chromatogram of the acetone extract is also compli-
cated by some other co-extracted impurities (especially peak 3).
These experiments indicated that the extraction medium compo-
sition is the key parameter not only for the extraction itself but
also for efficient chromatographic fractionation (and consequently
the purity of the final product). Methanol was used as the mobile
phase for the fractionation of the methanolic, methanol-acetone
and acetone extracts and the ethanol:water (80:20, v/v) mixture
for the fractionation of the ethanolic extract (to avoid contact with
methanol) as described in Section 2.

The elution order and separation of anthocyanins into several
groups in accordance with their structure cannot be explained
simply. We propose that it is a combination of hydrophilic inter-
actions and an increased permeation of smaller molecules into the
stationary phase. No tabulated parameter describing the hydropho-
bicity of pyranoderivatives was found in the literature. However
a rough idea of the polarity differences among the studied dyes
can be obtained from approximative calculations of the partition
coefficients (Clog Pow) of cyanidin derivatives. The value reaches
+1.8 for 5-methylpyranocyanidin-3-glucoside; 0.0 for cyanidin-3-
glucoside and —1.6 for cyanidin-3,5-diglucoside. The contribution
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Fig. 2. Chromatograms of Lonicera crude extracts fractionation on Sephadex LH-20 (A—acetone-methanol mixture; B—methanol; C—acetone; D—ethanol; A =280 nm).

of the 4-ring and methyl group of the pyranoderivative to the
decrease in polarity is apparently significant and it could explain
the shortening of its elution time with respect to the other cyanidin
derivatives.

As has already been mentioned, a reversed phase is often used
for fractionation of phytochemicals from plant extracts. We stud-
ied a combination of the prepurification of crude Lonicera extract
using non-ionic polystyrene-divinylbenzene resin Sepabeads SP
207 (preparation of the LCPF, for details see Section 2) with sub-
sequent high performance semipreparative fractionation using a
reversed phase resistant against acidic mobile phases. Such an
approach enabled pure fractions of many dyes to be retrieved,
as can be seen from the chromatogram in Fig. 3. Several mono-
and diglycosylated anthocyanins, pyranoanthocyanins and some
more complex pigments were identified in these fractions (Table 3).
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Fig. 3. Semipreparative fractionation of L. caerulea phenolic fraction (LCPF) on
reverse phase (black—A = 280 nm; grey—A =505 nm). number assigned to each peak
corresponds with the number of fraction in Table 3.

The identification of those derivatives is discussed below. The sec-
ond fractionation approach (due to the column dimensions used,
150 mm x 10 mm i.d.) is more suited to the isolation of individual
dyes to make their identification easier and study their properties
than to the industrial-scale processing of Lonicera fruit (preparative
purification). Scaling-up to a preparative level is of course possible,
however, as far as the expected very high price of an appropriate
preparative column is concerned, it is probably not acceptable for
industrial purposes and exceeds the scope of this paper. The elution
order corresponds with the decreasing polarity of the separated
dyes. The injection of 100 pL (1 mg of extract) of purified extract
into the column did not cause overloading of the column and good
separation was observed.

3.3. Identification of extracted dyes

Crude extracts as well as fractions obtained by both fraction-
ation procedures (Sephadex and reversed phase) were analyzed
using ESI-MS and wLC/ESI-MS2. The identification of anthocyanins
was based on exact mass measurement, study of fragmentation
after isolation of the parent ion and its collision-induced dis-
sociation in the collision cell. Further valuable information was
obtained from the comparison of retention times and UV/vis spec-
trarecorded using a DAD detector. Common anthocyanins are listed
in Table 2. It can be seen that cyanidin-3-hexoside is a dominant
dye in Lonicera extracts. Some other cyanidin derivatives as well as
peonidin and pelargonidin glycosides were also identified.

A relatively intensive dye with m/z 487.1224 was observed
in fraction 1 of the methanol-acetone extract (fractionation on
Sephadex LH-20) as can be seen in Fig. 4. The fragment at m/z
325.0703 was observed in related MS2 spectra. The process of its
formation corresponds with the cleavage of dehydrated hexose
(Am[z=162.0528). Further fragmentation of the aglycon was stud-
ied by ion trap mass spectrometry. The ion with m/z 325 fragments
via consequent losses of carbon monooxide (Am/z=28) and water
(Am/z=18). Based on this information, the dye corresponds with
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Table 3
Identified anthocyanin pigments in L. caerulea phenolic fraction (LCPF).
Fraction? MS Accuracy of mass MS? Name
measurement (ppm)

611.1553 9.6 449, 287 Cyanidin-3,5-dihexoside [19,20]

10 611.1602 1.6 449, 287 Cyanidin-3,5-dihexoside [19,20]
737.1677 5.6 575,423, 287 Cyanidin-3-hexoside-catechin [25]

11 611.1609 0.5 449, 287 Cyanidin-3,5-dihexoside [19,20]

12 611.1610 03 449, 287 Cyanidin-3,5-hexoside [19,20]
625.1767 0.3 463, 301 Peonidin-3,5-dihexoside [20,25]

13 773.2135 0.6 627, 465, 303 Quercetin-methylpentoside-dihexoside

18 449.1083 0.2 287 Cyanidin-3-hexoside [20,25]
897.2111 2.5 449, 287 Dimer of cyanidin-3-hexoside
487.1224 33 325 5-Methylpyranocyanidin-3-hexoside
595.1663 0 449, 287 Cyanidin-3-rutinoside [20]

19 595.1578 14.2 449, 287 Cyanidin-pentosylhexoside® [20,25]

23 463.1243 0.6 301 Peonidin-3-hexoside [20,25]
609.1810 0.2 301 Peonidin-3-rutinoside [19,20]
897.2019 7.8 735,573 Dimer of cyanidin-3-hexoside

24 765.2038 0.9 603, 475, 313, 287 Cyanidin-3-hexoside-ethyl-catechin
897.2119 33 735, 573, 287 Dimer of cyanidin-hexoside
597.1470 23 465, 303 Quercetin-pentoside-hexoside
911.2513 10.6 749, 621, 313, 287 Cyanidin-methylpentoside-hexoside-ethyl-catechin
465.1122 19.1 303 Quercetin-3-hexoside® [2]
595.1540 20.6 449, 287 Cyanidin-pentosylhexoside® [20,25]
611.1613 0.2 465, 303 Quercetin-3-rutinoside [2]

25 465.1032 0.2 303 Quercetin-3-hexoside [2]
611.1613 0.2 465, 303 Quercetin-3-rutinoside (rutin) [2]

2 The number of fraction corresponding with the number of peak in Fig 3.
b Suggested structures.

5-methylpyranocyanidin-3-hexoside (mass difference: —3.3 ppm).
Similarly, an ion with m/z 501.1401 was observed (Fig. 5). The first
fragmentation step corresponds with the cleavage of a sugar moi-
ety. During the fragmentation of the aglycon (MS3, IT) the cleavage
of a methyl group was observed (Am/z=15) as well as the loss
of carbon monooxide and water, which suggests the presence of
one methoxygroup in the anthocyanidin skeleton. This ion can
be ascribed to 5-methylpyranopeonidin-3-hexoside (mass differ-
ence 0.8 ppm). During detailed investigation of MS? spectrum of
5-methylpyranocyanidin-3-hexoside a fragment at m/z 254.0591
was found. This ion can be explained by loss of hexose, two losses
of carbon monooxide and consequent cleavage of methyl radi-
cal (Am/z=15) from pyrano-ring. This fragmentation pattern was
unambiguously confirmed by targeted MS3 (487 — 325—; inset in

Fig. 4) and MS* (487 — 325 — 269— ) experiments using ion trap.
Those experiments show that the cleavage of methyl radical can
occur solely from the pyrano-ring and thus the process is character-
istic for 5-methylpyranoanthocyanins. The difference of measured
mass from the theoretical value calculated for the proposed radical
cation (elemental composition C;5H1904*) is 4.7 ppm showing a
good agreement with our presumptions. Detailed insight into the
fragmentation of 5-methylpyranopeonidin-3-hexoside (Fig. 5, bot-
tom spectrum) disclosed fragmentation pathway leading to ion
at m/z 253.0509 which is analogous structure to the fragment
discussed above for 5-methylpyranocyanidin-3-hexoside (differ-
ence of measured mass from the theoretical one is 3.1 ppm in
this case). As it was already mentioned the fragmentation path-
way of related aglycon starts by the cleavage of methyl radical

487.1224 MS
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325.0681 9.1338
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Fig. 4. ESI-MS spectra of 5-methylpyranocyanidin-3-hexoside (bottom spectrum—MS?; fragmentation of aglycon was zoomed 10x; inset in bottom spectrum—IT-MS?).
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Fig. 5. ESI-MS spectra of 5-methylpyranopeonidin-3-hexoside.

from the B-ring and formation of radical cation. Characteristic
fragment rising after the cleavage of methyl radical from the
pyrano-ring has one unit lesser m/z value compared to fragment of
5-methylpyranocyanidin-3-hexoside. However, the ion trap exper-
iments done with 5-methylpyranopeonidin-3-hexoside provided
only weak MS3 and MS* spectra due to its lower concentration
in all studied samples compared to 5-methylpyranocyanidin-3-
hexoside. The structures of both dyes (aglycons) can be seen in
Fig. 6.

Table 2 shows that both 5-methylpyranoderivatives were
mainly found in the methanol-acetone extracts. Recently,
Lu and Foo [37] also observed a significant anthocyanin
reaction with aqueous acetone and the formation of 5-
methylpyranoanthocyanidins. These authors did not observe such
anthocyanins in other extraction solvents and our experiments
are in agreement with their data (5-methylpyranoderivatives were
only found in extracts with a methanol-acetone or water-acetone
mixture). Interestingly, the above-mentioned pyranoanthocyanins
were not found in the acetone extract. This fact could be related to a
poor extraction of native anthocyanins itself and consequently their
low content available for cyclization. Another explanation can also
be a different reactivity in polar protic solvents such as methanol. If
the transition state is stabilized by polar protic solvents the reaction
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Fig. 6. Structures of identified 5-methylpyranoanthocyanidins.

(bottom spectrum—MS?; fragmentation of aglycon was zoomed 4x )

may proceed faster in such a medium and more of this product will
be obtained. Andersen et al. found 5-carboxypyranopelargonidin in
the methanolic extract of strawberries [25]. However, its origin was
not discussed in detail and it is not clear whether the dye is formed
during the fruit’s growth or after its harvest (i.e. before or during
extraction, when contact with pyruvic acid as the cyclization agent
cannot be precluded).

Other anthocyanin dyes were identified by wLC/MS? after a
more efficient purification and fractionation of the LCPF with
a reverse phase (Fig. 3). Proposed structures together with the
most abundant fragments obtained after their isolation in the first
quadrupole and CID in the collision cell, as well as the differences
between their measured and exact masses are listed in Table 3.
Anthocyanins bearing two sugar units were found in the first
fractions. Simple anthocyanins with one sugar unit were eluted
(not fully resolved) in fraction 18, which was the most colored.
Later eluted fractions were comprised of pigments glycosylated
with rutinose. In accordance with our predictions, derivates of
cyanidin eluted from the reverse phase before related deriva-
tives of peonidin. In fractions obtained after fractionation of LCPF
(fraction 18, see Table 3 and Fig. 3), the 5-methylpyranocyanidin-3-
hexoside (formed from very high content of cyanidin-3-hexoside)
was found and confirmed by exact mass measurement and frag-
mentation study regardless the fact that the fraction was not
in contact with acetone. This indicates that the formation of 5-
methylpyranoanthocyanins in a fruit and/or in a prepared extract
by an alternative way should not be precluded. Since the content of
peonidin-3-hexoside (fraction 23) is much lower than the content
of cyanidin-3-hexoside, the content of 5-methylpyranopeonidin-3-
hexoside is much lower than 5-methylpyranocyanidin-3-hexoside
and it is below the detection limit in LCPF fractions.

In addition, several derivates of quercetin were also found
in the LCPF fraction (Fig. 3 and Table 3). Some of the identified
polyphenols (or related isomeric structures) are reported in
Lonicera fruits for the first time (cyanidin-3-hexoside-ethyl-
catechin, cyanidin-methylpentoside-hexoside-ethyl-catechin,
quercetin-methylpentoside-dihexoside, quercetin-pentoside-
hexoside). Fig. 7 (upper spectrum) shows the MS? spectrum of
cyanidin-3-hexoside-ethyl-catechin (m/z 765.2025; mass differ-
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Fig. 7. ESI-MS? spectra of cyanidin-3-hexoside-ethyl-catechin (m/z 765) and cyanidin-methylpentoside-hexoside-ethyl-catechin (m/z 911).

ence —0.8ppm). Loss of dehydrated hexose (Am/z=162) and
neutral molecule of catechin (Am/z=290) can be clearly seen.
Consequent fragmentation leads to dominant fragment ion at m/z
313.0727 which corresponds with a vinyl cyanidin (elemental
composition C;7H130¢*; mass difference 4.8 ppm). The proposed
structure is confirmed by a further loss of vinyl group (Am/z=26)
and formation of cyanidin (elemental composition Ci5H;1106%;
mass difference —4.5 ppm). By analogy, another bridged cyanidin
glycoside can be considered. In bottom MS? spectrum an ion
at mjz 911.2779 (mass difference 18.5ppm) can be seen. This
dye can be ascribed to cyanidin-methylpentoside-hexoside-
ethyl-catechin. The ion fragments via loss of dehydrated hexose
(Am/z=162), dehydrated methylpentosylhexose (Am/z=308),

neutral molecule of catechin (Am/z=290) and formation of
vinyl cyanidin and cyanidin itself. This fragmentation pattern
confirms the proposed structure. Fig. 8 shows the MS? spectrum
of quercetin-methylpentoside-dihexoside (m/z 773.2520; upper
spectrum) and quercetin-pentoside-hexoside (m/z 597.4384;
bottom spectrum). The losses of dehydrated methylpentose or
pentose and hexose(s) (Am/z=132, 146 and 162, respectively)
are obvious. Quercetin aglycon is obtained as dominant fragment
(mass differences —0.3 and 11.2 ppm, respectively are achieved).
The derivatives of quercetin are isomeric with delphinidin ana-
logues which could be alternatively considered as well. However,
the comparison of their retention times with the other found
polyphenols indicates rather the presence of quercetin derivatives.
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Fig. 8. ESI-MS? spectra of quercetin-methylpentoside-dihexoside (m/z 773) and MS? of quercetin-pentoside-hexoside (m/z 597).
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Fig. 9. ESI-MS? spectrum of dimer of cyanidin-3-hexoside (m/z 897).

Fig. 9 shows the collision spectrum obtained by direct infusion
of colored fraction 24, isolation of an ion at m/z 897.2186 in the first
quadrupole and CID in the collision cell. Although the obtained MS?2
spectra of those peaks are of a lower quality, the consequent losses
of two dehydrated hexoses (Am/z=162) as well as the cleavage of
two anthocyanidin units (Am/z=286) were observed. The struc-
ture of the dye corresponds with a dimer of cyanidin-3-hexoside
(the differences in the measured masses of the corresponding frag-
ments from those calculated are less than 15 ppm). An ion with the
same nominal mass (m/z 897.2089) was observed in fraction 18,
which contained a high concentration of cyanidin-3-hexoside. We
presuppose that this ion is formed by the oxidation of cyanidin-3-
hexoside to dimer in the ion source of the mass spectrometer. An
independent wWLC/MS analysis of purified Lonicera extract identi-
fied three separated ions with m/z 897.2 (data not shown). One of
them had a retention time and peak shape identical to cyanidin-3-
hexoside. This ion confirms the production of the dimer in the ion
source and it serves as a good example of a pitfall stemming from
sample transformation during analysis and subsequent possible
misinterpretation of MS data.

4. Conclusion

The process of extracting anthocyanin pigments from the fruit of
L. caerulea var. kamtschatica was studied. The highest yield of these
compounds was obtained using acidified methanol. This result
confirms the overall suitability of methanolic extraction media
for the treatment of various fruits. A high extraction efficiency
was also reached using a mixture of methanol:acetone:phosphoric
acid (50:50:0.1, v/v/v), however during this process a consid-
erable amount of 5-methylpyranoanthocyanins was formed due
to condensation with the acetone. It was found that extraction
medium strongly affects the properties of Sephadex LH-20 when
used as the stationary phase for the preparative fractionation
of extracts. Suitable chromatographic performance was achieved
using methanolic media. Less polar solvents (i.e. ethanol and ace-
tone) caused a phase compression as well as longer and less
reproducible retention. This phase allowed fractionation into three
groups (5-methylpyranoanthocyanins, diglycosylated and mono-

glycosylated anthocyanins). The retention mechanism seems to be
a combination of hydrophilic interactions and an increased per-
meation of smaller molecules into the stationary phase compared
to bigger ones. A combination of prepurification on Sepabeads SP
207 and semipreparative separation on the reversed phase pro-
duced relatively pure fractions of particular dyes. Besides native
Lonicera anthocyanins, several less common pigments were found
in these fractions using wLC/MS and MS? experiments. Based
on precise mass measurement and the study of collision spec-
tra, 5-methylpyranoanthocyanins, dimers of cyanidin-3-hexoside
and compounds containing an anthocyanin and catechin unit con-
nected via ethyl bridge were identified in extracts of Vacciniaceae
and Caprifoliaceae berries for the first time.
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Stavajici zplsob screeningu Downova syndromu a nékterych dalsich chromozomalnich aberaci je v sou¢asné dobé
provadén s pomoci informaci, ziskanych stanovenim biochemickych parametrd nebo mérenim ultrazvukovych mar-
kert. U téhotenstvi s Downovym syndromem nalézdme u téchto biochemickych a ultrazvukovych parametrt odlisné
hodnoty. Tato vySetifeni maji charakter tzv. surogatnich markerd, které souviseji s fenotypem screenovaného one-
mocnéni. Zdrojem informaci v tomto pfipadé tedy neni pfimo geneticka vybava vySetfovaného plodu. Koncem roku
2011 byl poprvé uveden do klinické praxe test, ktery dokazal analyzovat DNA plodu v krvi matky. Za posledni dva roky
doslo k vyraznému rozvoji tohoto typu testovani a to jak z pohledu nabidky testl od rlznych firem, tak z pohledu
spektra vySetfovanych onemocnéni nebo vad. Prostfedkem pro analyzu DNA plodu v krvi matky je po technologicko-
védecké strance bud metoda masivniho paralelniho sekvenovani nebo cileného sekvenovani.

V poslednich dvou letech bylo publikovdno nékolik vyznamnych studii, které prokazaly, Ze tento typ testovani prinasi
pfi sledovani téhotnych Zen vyrazné lepsi vysledky, nez obvykly a dosud pouZzivany typ screeningu. Zaroven tyto prace
ukézaly, Ze v soucasné dobé& nemUiZeme neinvazivni testovani povazovat za diagnostickou metodu, ale Ze se jedna
stale o metodu screeningovou, byt s vyrazné lepSimi parametry, nez je tomu u stavajiciho typu screeningu. VétSina
publikaci také upozornila na skute¢nost, Ze existuje malé procento vzorkd, u nichZ tyto metody neposkytnou Zadny
vysledek. Pravé v této skupiné vzorkl ov§em mohou byt pritomny plody s hledanym onemocnénim, coz reélné vy-
sledné parametry téchto testld o néco zhorSuje.

Po praktické strance dnes existuje osm testU, které nabizeji rizné spole¢nosti. VySetfeni je zpravidla realizovédno
béhem nékolika dnl a vysledky maji ve vétSiné pfipadd charakter vyjadreni rizika. V jednom pfipadé je vysledek vyja-
dfovan v podobé negativni/pozitivni. Tento typ testovani prinasi t€hotnym zenam nesporné vyhody, ke kterym patfi
zejména véasnost provedeni (od 10. tydne t&hotenstvi). Vzhledem k vysoké senzitivité a nizké faleSné pozitivité muze
byt tento test vhodnou alternativou invazivni diagnostiky pro Zeny, které z ni maji obavu, ev. pro Zeny po IVF, pfi vyskytu
chromozomalnich vad v rodiné nebo napf. pfi hrani¢nich vysledcich bézného screeningu. Jako velmi vyhodné se jevi
vyuZiti téchto testl pfi provadéni tzv. sekundérniho screeningu u pozitivnich vysledkd bézného screeningu. Velmi pod-
statnou souc¢asti tohoto typu testovani je stanoveni tzv. fetalni frakce, tedy zastoupeni mnoZstvi genetické informace
plodu v krvi matky. U vzorkl s niz8im obsahem fetalni frakce (méné nez 4 %) muze dojit ke stanoveni falesné nega-
tivniho vysledku.

Je zfejmé, Ze neinvazivni prenatalni testovani v sou¢asné dobé pIné nenahrazuje invazivni diagnostické metody, ale
mUZe vyrazné snizit pocet t&chto invazivnich zakrokl. Pozitivni vysledek DNA testu by mél vZdy byt potvrzen odbé&rem
choriovych klkd, nebo odbé&rem plodové vody. Tyto testy v soucasné dobé dokazi odhalit pouze nékterd geneticka
onemocnéni a neni mozno s jejich pomoci analyzovat napf. mozaicismus, ¢aste¢né trizomie nebo translokace.
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The preparation and electropolymerization of a new porphyrin monomer with an amino group connecting the por-
phyrin core and aniline unit were studied. Cyclic voltammetry, FTIR spectroscopy, and a tandem quadrupole/time
of flight mass spectrometry with matrix-assisted laser desorption/ionization source (MALDI-QqTOF) were used for
the characterization of poly(5-(4'-aminophenylamino)-10,20-diphenylporphyrin) (PAPADPP). The PAPADPP
formed a smooth layer on the Indium tin oxide (ITO) electrode and grew perpendicular to the electrode surface.
An oligonucleotide (ODN)-probe was physisorbed onto the PAPADPP film and tested for hybridization with com-
plementary and noncomplementary ODN segments. Biological recognition was monitored by comparison of the
electrochemical signals (cyclic voltammogram) from single and double strand state oligonucleotides. The morpholo-
gy of the physisorbed ODN-probe and its hybridization were observed on ITO electrodes using AFM and SEM.

Keywords: Porphyrin, Electropolymerization, Conducting polymers, Biosensors
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1 Introduction

Porphyrins are among the most-studied organic chromo-
phores. These macrocyclic compounds have great poten-
tial in catalysis, sensors, biomedicine, and photosensitizer
applications due to their rich electron-transfer chemistry
[1]. Among these materials, metalloporphyrins have been
used as attractive agents for electrode modification and
are useful in photoelectrochemical processes due to their
strong light absorption in the visible to near-ultraviolet
region [2,3]. Moreover, modifying electrode surfaces with
electropolymerized porphyrin films have been studied be-
cause of the ease of film formation and their potential in
catalysis and sensor applications [4,5]. An attractive
future direction in porphyrin research would be to apply
their characteristics for the production of electricity or
fuels [1]. This can be potentially accomplished through
the movement of electrons and holes (oxidizing equiva-
lents) from the chromaphore to electrodes or catalytic
sites.

The best method for interfacing porphyrins with elec-
trodes is to incorporate them into conductive polymers
that can move electrons or holes from the site of genera-
tion to a conductor which could modulate the transport
of electrons between conductors, or otherwise transduce
the molecular event into an electrical response. With this
@WILEY g
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purpose, porphyrins containing electropolymers have re-
cently been reported [6-11]. The one method to produce
a conducting porphyrin polymer is the electrochemical
polymerization of molecules where a functionalized mac-
rocycle is contained within the conducting polymer (such
as pyrrole, aniline, or thiophene).

Pyrrole and thiophene derivatives have been used re-
cently in the modification of electrode coverages contain-
ing metalloporphyrin systems [12-14]. The polymeri-
zation of these systems were carried out via the substitu-
ents attached to the tetraphenylporphyrin periphery. The
electropolymerization of 5,10,15,20-tetrakis(2-aminophe-
nyl)porphyrin has been investigated by the groups of
White [15] and Spiro [16]. White and co-workers investi-
gated and reported on the oxidative electropolymeriza-
tion of tetrakis(o-aminophenyl)porphyrin and some of its
metalated derivatives [15]. Spiro and co-workers docu-
mented that this porphyrin served as a bridge between
polyaniline chains [16]. The resulting polymer structure
displayed hole conductivity and exhibited a similar con-
ductivity mechanism to that of polyaniline.

This paper presents a novel procedure for the synthesis
of  (5-(4-aminophenylamino)-10,20-diphenylporphyrin)
monomer and its electropolymerization (Figure 1). The
amino group was chosen to connect the porphyrin core to
the aniline unit. The specificity of the immobilization and

Electroanalysis 2011, 23, No. 5, 1158-1167
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the ability of the ODN-probe to physisorb onto the PA-
PADPP were investigated electrochemically. The poly(5-
(4-aminophenylamino)-10,20-diphenylporphyrin)  (PA-
PADPP) and PAPADPP/ODN films were characterized
using cyclic voltammetry (CV), fourier transform infrared
spectroscopy (FTIR), UV-visible spectrophotometry
(UV-vis), MALDI-QqTOF mass spectrometry (MALDI-
MS), atomic force microscopy (AFM), and scanning elec-
tron microscopy (SEM) techniques.

2 Experimental

2.1 Materials

All reactions were carried out under a nitrogen atmos-
phere in oven-dried glassware following standard Schlenk
techniques. Toluene and tetrahydrofuran (THF) were dis-
tilled under nitrogen from sodium benzophenone ketyl.
The p-phenylenediamine was purchased from Acros and

Electroanalysis 2011, 23, No. 5, 1158-1167
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Synthesis and electropolymerization of monomer and polymer.

used without further purification. Ultra-fine high purity
cesium carbonate was a generous gift from Chemtall. Pal-
ladium(II) acetate and bis(2-diphenylphosphinophenyl)-
ether (DPEphos) were all purchased commercially from
Strem Chemicals. All ligands, palladium precursors, and
bases were stored in desiccators filled with anhydrous cal-
cium sulfate and weighed in the air. 10-bromo-5,15-diphe-
nylporphyrin was prepared according to the method de-
scribed in literature [17]. Thin layer chromatography was
performed on Merck TLC plates (silica gel 60 F-254).
Flash column chromatography was performed with
Merck silica gel (60 A, 230-400 mesh, 32-63 pm).
Tetrabutylammonium perchlorate (Fluka) was used as
received. Indium tin oxide (ITO) coated glass electrodes
(surface resistivity; 5-15 Q/sq), chloroform, acetonitrile,
lithium perchlorate, tetrahydrofuran, and phosphate
buffer (pH 7.4) were obtained from Sigma-Aldrich and
used as received. Integrated DNA Technologies (IDT),
Inc. synthesized the oligonucleotides (ODNs) including
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probe NH,-GATGAGTATTGATGCCGA-3', comple-
mentary target 5-TCGGCATCA ATACTCATC-3' and
noncomplementary 5'-TAT GCTGGTGCGTCG CAC-3'.
Dithranol (Aldrich) was used as the matrix for the
MALDI-MS experiments.

2.2 Methods and Instruments

The electrochemical experiments were carried out with a
Gamry 300 model potentiostat. FTIR spectra were re-
corded on a Perkin Elmer, Spectrum BX II spectropho-
tometer. '"H NMR and “C NMR were recorded on a
Varian Inova400 (400 MHz) with chemical shifts reported
relative to residual solvent. UV-visible spectra measure-
ments were recorded between 300 and 1000 nm using a
1 cm path length quartz cuvette and pure N-methylpyrro-
lidone (NMP) on a Perkin-Elmer Lambda 20 UV-visible
spectrophotometer. The surface topology of the electro-
des were characterized using an atomic force microscopy
(AFM) in contact mode under a constant force (Nano-
Surf) and the roughness was obtained from a 9.8 x 9.8 um?
scan. The samples were sputter coated with gold layer
and photographs were taken on a scanning electron mi-
croscope (SEM) model Tescan Vega LSU. The mass spec-
trometer was equipped with a MALDI source and a
hybrid QqTOF analyzer and used for the measurement of
the molecular mass of the oligomers present on PA-
PADPP. The equipment was provided by Waters, Milford,
USA. The PAPADPP was dissolved in tetrahydrofuran
with dithranol as the matrix. PAPADPP/tetrahydrofuran
solutions with concentrations of 10 mg/mL and 20 mg/mL
were prepared, properly mixed with the dithranol, and
deposited on the sample plate. After evaporation, the
plate was loaded into the ion source and the mass spectra
were recorded. The setup of mass spectrometer was as
follows: positive ion mode, laser parameters: wavelength:
337.1 nm; pulse energy 300 wJ (10 Hz), flow rate of cool-
ing gas: 10 mL/h, collision energy 10V, and collision gas
flow 0.32 mL/min. A mixture of polyethylene glycols
(PEG) 600, 1000, 2000, 4000, and 10000 were used for
TOF calibration. It was proven that ion optics allowed for
the transmission of ions up to m/z 12700, corresponding
with [M+Na]™ ions of PEG. The effect of the quadru-
pole setup on the MS spectrum appearance was studied
by the variation of quadrupole MS profile parameters.
The scan range was determined by nominal masses 100,
1258, and 4000. The parameter defining the time delay
(i.e. dwell time) was set to zero and the parameter defin-
ing the speed of reaching the middle and upper mass (i.e.
ramp time) was varied over the whole range (i.e. 0-
100 %).

2.3 General Procedures for Synthesis of Porphyrin
Monomer [18]

An oven-dried Schlenk tube equipped with a stirring bar
was degassed on a vacuum line and purged with nitrogen.
The tube was then charged with palladium precursor,
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phosphine ligand, bromoporphyrin, and base. The tube
was capped with a Teflon screwcap, evacuated and back-
filled with nitrogen. After the Teflon screwcap was re-
placed with a rubber septum, a portion of solvent was
added via syringe followed by the amine and the remain-
ing solvent. The tube was purged with nitrogen (1-2 min)
and the septum was then replaced with the Teflon screw-
cap and sealed. The reaction mixture was heated in an oil
bath with stirring and monitored by TLC. After being
cooled to room temperature, the reaction mixture was di-
luted with ethyl acetate, washed with water (x3) and con-
centrated to dryness. The solid residue was purified by
flash chromatography.

2.4 10-(4-Phenylenediamino)-5,15-diphenylporphyrin

The general procedure was used to couple 10-bromo-
5,15-diphenylporphyrin 20.7 mg (0.038 mmol) with p-phe-
nylenediamine 33.1 mg (0.307 mmol) using Pd(OAc),
1.0mg (10 mol%) and DPEphos 4.3 mg (20 mol%) in
the presence of Cs,CO; 105.2 mg (0.307 mmol). The reac-
tion was conducted in THF 5mL (0.02 mmol/mL) at
100°C for 24 hours. The title compound was isolated in
82.5% vyield (18.9 mg). '"H NMR (300 MHz, CDCL,): 6
(9.942, s, 1H), (9.296, d (/=4.4 Hz), 2H), (9.170, d (/=
4.4 Hz), 2H), (8.880, d (/J=4.4Hz), 2H), (8712, d (/=
4.8 Hz), 2H), (8.184, m, 4H), (7.745, bs, 7TH), (6.870, d
(J=84Hz), (6566, d (J=8.8Hz), (3.450, bs, 2H),
(—2.382, bs, 2H); “C NMR (75 MHz, CDCL,): 6 134.64,
131.54, 131.05, 127.88, 127.68, 126.85, 122.04, 117.82,
116.51, 112.30, 103.60.

2.5 Electropolymerization of (10-(4-
Aminophenylamino)-5,15-diphenylporphyrin)

The electrochemical experiments were carried out with a
potentiostat using 8.8x10™*M (1.76x107°> mol, (0.01 g))
monomer in chloroform and 0.1 M tetrabutylammonium
perchlorate (TBACIO,) as the supporting electrolyte. The
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1.0x10°

Current (A)

5.0x10° -
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: — ,
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Fig.2. Cyclic voltammogram of PAPADPP in chloroform/
TBACIO,. Scan rate: 100 mV/s.
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().

porphyrin film was prepared by controlled potential coul- carbon electrode, the counter electrode was platinum
ometry with time 240 s with a 0.85 V potential (maximum wire, and the reference electrode was Ag/AgCl. For the
charge 1.38 mC). The working electrode was glassy study of electrochemical properties, a PAPADPP covered

Electroanalysis 2011, 23, No. 5, 11581167 ~ © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  www.electroanalysis.wiley-vch.de 1161


http://www.electroanalysis.wiley-vch.de

Full Paper

A. Uygun et al.

a)
0 polymer .
§ monomer
L | L 1 1 1 L | s i 1 s ' | s 1 | L L s
3500 3000 2500 2000 1500 1000 500
Wavenumber ¢’
25 -
b)
2 4
15
12
1]
<
1 4
-B).polymer
05 - A) monomer
0 T T T T T T 1
300 400 500 600 700 800 900 1000

wavelenght (nm)

Fig. 4.

electrode was prepared by controlled potential coulome-
try with same conditions. Then, the polymer-coated elec-
trode was removed from the monomer solution and
washed with chloroform to remove the residual mono-
mer.

The electrochemical properties of the porphyrin poly-
mer preparation were monitored using cyclic voltamme-
try in several different solutions including chloroform/
TBACIO,, ACN/TBACIO, and ACN/LiClO,. The elec-
trode coated with PAPADPP was dipped into these sol-
vents and while changing the scanning rate from 25 mV/s
to 200 mV/s the electrochemical stability of the current
required for the polymer preparation was observed.
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a) FTIR spectra of monomer and polymer. b) UV-vis spectra of monomer (A) and polymer (B).

2.6 Preparation of the DNA Sensor

The PAPADPP was prepared on glassy carbon and ITO
electrodes by controlled potential coulometry. The PA-
PADPP covered electrode was rinsed with chloroform to
remove the excess monomer before 10 puL. of the ODN-
probe (1.35 nmol) was pipetted over the electrode’s sur-
face. After measurement by cyclic voltammetry in LiCIO,
with ACN as solvent, the electrode was kept at room
temperature for 1 hour. The resulting ODN-probed PA-
PADPP/ITO bioelectrode was thoroughly washed with a
phosphate buffer solution (PBS) of pH 7.4 to rinse off
any loosely bound ODN-probe from the electrode. The
immobilization of ODN onto the ITO electrode’s poly-
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Fig.5. MALDI-MS Spectrum of PAPADPP (a). Inset: spectrum focused on the higher masses with 6-8 units (b).

mer-coated surface was confirmed by AFM and SEM
analyses. Then, cyclic voltammetry was performed again
using 10 uL. of the complementary base of the ODN in
the same solution at the same conditions. Using the same
procedure as outlined above, this experiment was repeat-
ed again using the noncomplementary base of ODN in
the final step to verify the bioselectivity for the targeted
base set. The surface of the resulting ITO electrodes were
observed through tapping-mode AFM and SEM analyses.

3 Results and Discussion

3.1 Solution Electrochemistry

Figure 2 shows the cyclic voltammogram of the monomer
in a TBACIO,/chloroform solution using a glassy carbon
electrode and counter electrode, and an Ag/AgCl refer-
ence electrode, as detailed in the experimental section.
The cyclic voltammogram was recorded over the poten-
tial range between 0.0 and 1.5 V. As a result, one main
peak and two smaller peaks were observed during the ox-
idation process and two small peaks were observed
during the reduction process of the polymer formation.
This cycle shows the nucleation loop where the scan is re-
versed on the rising part of the peak, which is typical for
a voltammogram of monomers yielding a conducting
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polymer [19]. The color of the polymer changed from
brown to dark green with increasing film thickness.

Preparation of the porphyrin polymer was accom-
plished through controlled potential coulometry. At a
constant potential (0.85 V), the oxidation current first in-
creased with increasing polymerization time and then the
current maintained a constant level once the polymeri-
zation was complete. The polymerization time was deter-
mined to be 240s at 0.85 V. After this time, the coated
electrode was removed from the monomer solution and
rinsed with chloroform to remove the monomer and oli-
gomeric species. Unlike the monomer, the PAPADPP is
not soluble in chloroform. Then, the electrode was placed
in a fresh monomer-free electrolytic solution. The electro-
chemical properties of the porphyrin polymer were inves-
tigated using cyclic voltammetry in several different solu-
tions. These cyclic voltammograms and the corresponding
oxidation current-scanning rate graphs are shown in Fig-
ures 3a—d.

The anodic peak current ([,.) responses were recorded
and it was found that anodic current response increased
linearly as the scan rate increased (Figure 3d). This dem-
onstrated that the redox process was nondiffusional and
the electroactive polymer was well adhered to the work-
ing electrode surface [20]. The PAPADPP/glassy carbon
electrode illustrated the highest electrochemical activity
in the LiClO /acetonitrile medium. Furthermore, comple-
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Fig. 6. A) Cyclic voltammograms of the (a) PAPADPP, (b) PAPADPP/ODN and (c) ODN hybridized PAPADPP/ODN electrodes in
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immobilization of noncomplementary ODN onto PAPADPP/ODN electrodes in acetonitrile/LiClO, (scan rate 100 mV/s).

mentary and noncomplementary ODN hybridization of
the ODN-physisorbed PAPADPP were carried out in a
0.1 M solution of LiClO,/acetonitrile.

3.2 Structure Characterization
3.2.1 FTIR and UV-Vis Results

The FTIR spectra of the monomer and the PAPADPP
were seen in Figure 4a in the 6004000 cm™' region. In
general, the band ~730 cm™ is related to out-of-plane
bending of the pyrrole N-H and C-H bonds, accompa-
nied by a folding motion of pyrrole rings [21]. The band
at ~800 cm™ is assigned to the meso C—H out-of-plane
bending of the porphyrin’s meso position [21]. The por-
phyrin-phenyl streching bands were obtained around 1200
and 1180 cm™! for the polymer and monomer, respective-
ly [3]. Figure 4a shows the broadening of bands and the
decrease in intensity associated with polymeric structures.
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Further evidence of polymerization is the lack of the free
NH, bands in the spectra of the polymer.

Figure 4b shows the the absorbtion spectra of monomer
(A) and the polymer (B) into NMP. The monomer and
polymer solution have different colors in NMP. The Soret
(b-bands) at 407 nm and 402 nm are characteristic for the
monomer and polymer, respectively. The Q bands (n—) are
observed at 450, 604, 704 nm for the monomer and 538,
591, 688 nm for the polymer. As seen from the Figure
4b(B), the Q absorbtion bands of the polymer were blue
shifted, which is further evidence of polymerization [22].

3.2.2 Mass Spectrometry

Figure 5 shows the spectrum of PAPADPP. Protonized
oligomers, radical cations and fragments formed by frag-
mentation from higher oligomers can be seen. For in-
stance ions of the type [M—2H+H]" correspond well
with the measured masses at m/z 568.6869, 1133.4474,

Electroanalysis 2011, 23, No. 5, 1158-1167
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Fig.7. AFM of (A) PAPADPP, (B) PAPADPP/ODN probe and (C) after immobilization of complementary ODN onto PAPADPP/

ODN electrodes.

1699.6552, 2265.8647, 2831.1118, 3397.3125, 3963.6026 and
4529.8223. Deviation of measured masses from the pro-
posed ions correspond to accuracy of mass measurement
10.5, 3.7, 8.3, 13.5, 4.2, 5.6, 12.4 and 10.4 ppm, respective-
ly. Oligomers containing 6-8 units can be seen in the in-
serted spectrum (Figure 5b) focused on higher masses. It
can be seen that the highest signals provide quasimolecu-
lar ions of dimers and trimers. The highest yield of those
oligomers was proven at each setup of quadrupole scan
range profile. MS/MS experiments confirmed structure of
PAPADPP. We observed losses of the monomer unit
(m/z=566) and losses of diaminobenzen (m/z=106). Be-
sides an other series of ions differing in one aminophenyl
group from PAPADPP oligomers were observed (i.e.
1043.4121, 1609.6391, 2175.8562, 2741.1372, 3307.2983,
3873.5731 and 4439.8130). To conclude, the MS experi-
ments show that the PAPADPP is a mixture of oligomers

Electroanalysis 2011, 23, No. 5, 1158-1167
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containing 1-8 units of (5-(4’-aminophenylamino)-10,20-
diphenylporphyrin). Dimer and trimer are evaluated as
the most abundant components.

3.2.3 ODN Immobilization

The electrochemical sensor for the biorecognition of com-
plementary ODN was prepared by electrochemical poly-
merization of porphyrin onto glassy carbon electrode.
The ODN-probe was physisorbed onto the PAPADPP
film and tested for hybridization with complementary
ODN segments. Biological recognition can be monitored
by comparison with the electrochemical signal (CV) of
single and double strand oligonucleotide. The oxidation
current of the double strand state oligonucleotide is lower
than that of the single strand (at 0.85 V). This correlates
the decrease in the electroactivity of the porphyrin with
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Fig. 8. SEM of (A) PAPADPP, (B) PAPADPP/ODN probe and (C) after immobilization of complementary ODN onto PAPADPP/

ODN electrodes.

an increase in the stiffness of the polymeric structure
(Figure 6).

The decrease of the intensity of the oxidation current
of a single strand (ss, without target ODN) and a double
strand (ds, with complementary target ODN) can be ex-
plained by the polar hydrogen bonds at the polymer’s sur-
face, which form a potential barrier to the rotation of the
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polymer backbone and can be attributed to the bulky
conformational modifications made along the conjugated
polymer backbone (Figure 6A) [23-25].

The selectivity of the biosensor was investigated
through hybridization of the ODN-probe immobilized on
the PAPADPP/glassy carbon bioelectrode with noncom-
plemantary ODN sequences. After the bioelectrode was
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incubated with noncomplementary ODN sequences, no
change in current was observed during the observation of
the electrochemical signal (Figure 6B).

References

3.2.4 Surface Characterization

The advancement of modern microscopic technology has
enabled the examination and analysis of the PAPADPP
film surfaces. AFM and SEM were used to investigate the
surface of the electropolymerized polymer. For AFM
studies (Figure 7), the polymer film was grown onto an
ITO electrode. The PAPADPP formed a smooth layer on
the ITO-coated electrode surface and grew perpendicular
to its surface. Figure 7 shows AFM tapping-mode images
of the (A) polymer film; (B) with ODN-probe; and (C)
with complementary target. The PAPADPP/ODN bio-
electrodes exhibited a relatively rough surface morpholo-
gy, which may have helped facilitate the immobilization
of the ODN target onto the PAPADPP [25].

The SEM images (Figure 8) show the structure of (A)
the PAPADPP; (B) with ODN-probe; and (C) with com-
plementary target. After the ODN-probe and target im-
mobilization onto PAPADPP, the surface of the PA-
PADPP covered with these materials is shown in Figure-
s 8A-C. Both surface characterizations confirm ODN im-
mobilization onto the polymer surface.

4 Conclusions

In this work, a novel porphyrin polymer was synthesized
and characterized by CV, FTIR, MALDI-QqTOF, AFM
and SEM measurements. It was shown that ODN can be
physisorbed onto an ITO glassy carbon electrode modi-
fied with an electrochemically deposited PAPADPP film.
The PAPADPP bioelectrode has several advantages: low
price, ease of preparation, without grafting agent, and
good selectivity. Our future efforts will be to modify poly-
merization conditions and to enhance the chain length,
morphology and crystalline structure of the PAPADPP
for different application fields.
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Hyphenation of micro-liquid and ultra-performance liquid chromatography with a hybrid (QqTOF)
tandem mass spectrometry was studied from the viewpoint of their applicability for monitoring of antho-
cyanin dyes in various cultivars and different vintages of red wine. After appropriate optimization both
techniques proved to be suitable for this task. UHPLC system provided lower LOD and LOQ values as well
as higher productivity and precision of retention parameters and peak areas with respect to micro-LC
method. On the other hand, micro-LC method offers significant savings of mobile phase, less contamina-
tion of ion source of mass spectrometer and makes the nebulization process in electrospray much easier.
In combination with principal component analysis (PCA), the method allows to elucidate long-term rela-
tions in a complete set of certified red wine cultivars grown in South Moravia (certified in Czech Republic
until year 2005). Among the studied varieties Rubinet exhibit a specific anthocyanin profile. Especially
interesting is a high content of 3-coumaroylglucoside-5-glucosides of malvidin and peonidin. Those dyes
can be used as markers of artificial color enhancement. Principal component analysis applied to data pro-
cessed with regard to enzymatic activity markedly facilitate classification among varieties. This approach

Keywords:

Capillary chromatography
Ultra-performance liquid chromatography
Mass spectrometry

Anthocyanin
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allows resolution of teinturiers, variety Blaufrankish and partial classification of other varieties.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Anthocyanins (Fig. 1) represent a large class of plant polyphe-
nols responsible for the color of many fruits, flowers and other parts
of the plant. With regard to general growing consumption of fruits
and vegetables, anthocyanins significantly affect human diet. Many
positive effects of those dyes on human health have been reported.
Chemoprotective, antimicrobial, antiadherence and antioxidant
effects, among others, have been described for these compounds
[1-4]. Color as fundamental organoleptic quality of food is first
determined by present dyes and thus anthocyanins directly influ-
ence the market value of table grapes, red wine and juice.

It is long time known that levels of individual anthocyanins
strongly depends on the type of a plant. The distribution and con-
centration of grape anthocyanins depends on the cultivar, maturity,
fruit yield and “terroir” (i.e., production area, climatic and soil con-
ditions [5]). The anthocyanin profile has been used as chemotax-
onomy criterion to establish differences between grape varieties.

* Corresponding author. Tel.: +420 585 634 403; fax: +420 585 634 433.
E-mail addresses: bednarp@prfnw.upol.cz, bednar.petr@seznam.cz (P. Bednar).

0021-9673/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2011.07.027

Relationships between the individual or the total concentration of
the different anthocyanidins are related first of all to the enzymatic
activities of flavonoid-3’-hydroxylase and o-dihydroxyphenol-O-
methyltransferase [6] (and references given herein).

A number of papers show that anthocyanin profile can be used
for classification of red grapes [7-10]. The utilization of antho-
cyanin profile for cultivar identification purposes assumes that
genetic factors influence mutual ratios among individual antho-
cyanins more than other factors (i.e., environmental conditions and
viticultural practices). This premise seems to be sufficiently ful-
filled since it was shown that non-genetic effects influence total
concentration of anthocyanins more than their profile (relative dis-
tribution) [8,9]. In 2005 Pomar et al. showed that 50 Spain red
wine cultivars differs significantly in anthocyanin profile mon-
itored by RP-HPLC analysis. The obtained data after statistical
treatment allowed to distinguish among individual cultivars [8].
Moreover, the usability of the database was tested by unknown
sample. Authors report that all the unknown samples were cor-
rectly assigned. One year later Mattivi et al. studied a large set
of 91 red and white grape varieties of Vitis vinifera L. based on
the relative contents of anthocyanins and profile of flavonols con-
sidering analogous enzymatic transformations (i.e., hydroxylation
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Anthocyanidin R, R,
pelargonidin -H -H
cyanidin -OH -H
delphinidin -OH -OH
peonidin -OCH, -H
petunidin -OCH, -OH
malvidin -OCH, -OCH,
R,, R, — OH, glycosyl unit(s), acylglycosyl unit, other

compounds (i.e. another flavonoid unit, either directly linked or
bridged), formation of pyranocanthocyanins (i.e. formation of a
cycle from R, to position 4 of C ring

Fig. 1. Structure of common anthocyanins.

and methylation of the B-ring of flavonoid skeleton) [10]. On
the other hand, Dopico-Garcia et al. have recently shown that
anthocyanins exhibit more valuable information for resolution of
cultivars when compared with non-colored polyphenols [11]. Sev-
eral works confirm the potential of acylated anthocyanins (acetyl
and coumaryl derivatives) with respect to wine variety and also
the region of origin [11-13]. Amount of catechin together with
anthocyanins appeared to be also efficient for varietal character-
ization of red wines [14]. Classification of wines is influenced by
anthocyanin transformation during maturation. Main processes
occurring during wine ageing include reactions with enzymat-
ically generated o-quinones, direct and acetaldehyde-mediated
anthocyanin-flavanol and anthocyanin-anthocyanin condensation
and reactions leading to pyranoanthocyanin formation [6]. Thus,
other genetically but also non-genetically based effects have to be
taken into account such as the presence of reactive compounds and
components influencing parameters of the solution (pH, polarity,
presence of metal ions and oxygen etc.).

The key moment of successful classification of plant mate-
rial or related food product is the choice of a reliable analytical
tool. Spectrometric techniques directly used for a measurement
of a grape or a wine sample belong to a less selective group
of methods. Nevertheless obtained spectra have provided fast
information about a complete phenolic composition utilizable for
discrimination of red wines. For instance, an interesting applica-
tion of mid-infrared spectroscopy was published for this purpose
[15]. Recently we described differentiation of wines based on a
desorption nanoelectrospray-tandem mass spectrometric analysis
(nanoDESI-MS") of anthocyanin profile [16].

On the other hand, separation techniques represent the most
common tools for highly selective analysis of anthocyanins and
derived dyes since they provide a list of contents of particular
compounds. Among high performance separation techniques,
liquid chromatography [17] and capillary electrophoresis [18]
are most widely used. A gold standard method for the analysis of
anthocyanins in berries and wines involves a solid phase extrac-

tion, followed by combination of liquid chromatography with
PDA detection and tandem mass spectrometry (LC/DAD/MSM).
Deactivated C18 stationary phases are the most common column
packings. Generic mobile phases, frequently water-acetonitrile
mixtures sufficiently acidified by a volatile acid (below pH 2) to
avoid peak broadening are used with gradient elution. There are a
number of similar systems useful for reliable anthocyanin profiling
as described in many reviewing articles [17,19]. Several methods
based on ultra-performance liquid chromatography-tandem mass
spectrometry aiming at the analysis of anthocyanins was published
[20,21]. Beside, Nagy et al. recently published a very fast and sensi-
tive UPLC/MS analysis of anthocyanins and other flavonoids in milk
products (separation of 27 analytes in 10 min) [22]. Utilization of
an ultra-performance format instead of conventional one brought
a remarkable improvement in the speed of analysis and the
separation efficiency. Microcolumn and capillary chromatographic
analysis have also been already published by Dugo et al. (wine)
[23], Fanali et al. [24] (fruit juices) and by our team [25] (Lonicera
caerulea extracts). Miniaturization in chromatography becomes
popular mainly due to reduction of sample size and mobile phase
flow rate (reduction of solvents consumption and easy coupling to
mass spectrometry). Beside, improvement of detection parameters
is achieved when using concentration sensitive detectors due
to the reduced chromatographic detection [23]. Regardless of
the analytical procedure, there is a need of a careful statistical
treatment of raw data for successful variety discrimination.
Multivariate techniques (principal component, factor and cluster
analyses) represent well-proven and useful tools for such purpose
[26]. Because the data contain relative contributions of compounds
rather than absolute information (so called compositional data or
compositions for short [27]), they need to be transformed using
a proper log-ratio transformation before the above mentioned
standard statistical methods can be applied. The main argument
for such a treatment is an existence of a relative scale for the
observations, i.e., we are used to think in ratios rather than in
absolute (Euclidean) distances when comparing concentrations of
a compound between observations [28].

The aim of this communication is to study a hyphenation of
micro-liquid (pLC) or ultra-performance chromatographic (UPLC)
technique with a hybrid (QqTOF) tandem mass spectrometry
applicable for a long time monitoring of anthocyanin dyes. In com-
bination with principal component analysis (PCA), the method
allows to elucidate long-term relations in a complete set of cer-
tified red wine cultivars grown in South Moravia. To the best of our
knowledge this is the first comprehensive long-time study focused
on the anthocyanin profiling and its utilization for variety classifi-
cation done in the northernmost European viticultural area known
for production of red wines.

2. Experimental
2.1. Samples of wine

A total number of sixty-eight red wine samples was obtained
from the Central Institute for Supervising and Testing in Agri-
culture, Viticulture Department in Oblekovice. These samples
represented seventeen approved red wine cultivars from National
Listing of Plant Varieties which were analyzed over four vintages
(2005, 2007-2009).

The grapes were harvested from the pure line cultivars (Table 1
[27]) and processed using the same wine-making technology in
order to minimize factors influencing anthocyanin content and pro-
file in resulting wines.

Single vinifications of 100 kg were performed with each variety
grape. Grapes were destemmed and crushed and 25 mgkg~! of SO,
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Table 1
National list of red wine varieties certified in Czech Republic [29].
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Variety Abbreviation Origin (crossing) Year of registration to
National List of
Varieties
Agni Ag André x Irsai Oliver 2001
Alibernet Al Alicante Bouschet x Cabernet Sauvignon 1975
André An Blaufranskish x Saint Laurent 1980
Ariana Ar (Rheinriesling x Saint Laurent) x Zweigeltrebe 2001
Cabernet Moravia CM Cabernet Franc x Zweigeltrebe 2001
Cabernet Sauvignon CS Cabernet Franc x Sauvignon 1980
Cerason?® Ce (Merlot x Seibel 13,666) x (Blaufrdanskish x Saint Laurent) 2008
Domina Do Blauer Portugieser x Pinot noir 2004
Dornfelder Dr Helfensteiner x Heroldrebe 2004
Blaufranskish Fr Old variety, one parent would be Heunisch 1941
Fratava® Ftv Blaufrdnskish x Saint Laurent 2008
Laurot La (Merlot x Seibel 13,666) x (Blaufranskish x Saint Laurent) 2004
Merlot Me Old variety, genetically closed to Cabernet Franc 2004
Blauer Portugieser MP Old variety, origin not known 1941
Neronet Ne (Saint Laurent x Blauer Portugieser) x (Alicante Bouschet x Cabernet Sauvignon) 1991
Rubinet Ru (Revolta x Alibernet) x André 2005
Pinot noir RM Old variety, origin problably from Roter Traminer 1941
Sevar? Sev Seyve villard 12/58 x Saint Laurent F1 2008
Saint Laurent Sv Old variety, related to burgundy varieties 1941
Zweigeltrebe w Saint Laurent x Blaufranskish 1980

2 Denoted varieties were not available at the start of the study.

was added. Alcoholic fermentation of grape pulp was conducted
in automatic stainless closed vessel with periodic punching-down
at temperatures 25°C for 10 days. At the end of the process the
wine was separated from pomace by pneumatic press and supplied
with 50 mg L~ SO,. Prepared wines were placed in glass demijons.
Collected analytical samples were stored in a freezer at —18 °C until
the time of analysis.

2.2. Chemicals and standards

Acetonitrile, methanol and water (all gradient-grade) were sup-
plied by Merck (Darmstadt, Germany). Trifluoroacetic acid and
hydrochloric acid (both p.a.) were provided by Fluka (Buchs,
Switzerland) and Lachema (Brno, Czech Republic). Anthocyanin
standard (malvidin-3-glucoside) was obtained from Carl-Roth
(Karlsruhe, Germany).

2.3. Sample preparation

The samples of red wine were filtered through 0.45-pm PTEE fil-
ters (LUT syringe filters, Cronus, Gloucester, UK) and cleaned using
solid phase extraction on styrene divinylbenzene polymer packed
cartridges (Strata SDB-L, 200 mg/3 mL, Phenomenex, USA). The elu-
tion procedure consisted of activating and washing the cartridge
(3mL 0.1% HCl in methanol (v/v), 3mL 0.1% HCI in water (v/v)),
followed by applying the sample (250 uL), washing cycle (3 mL
0.1% HCl in water) and elution (2 mL of 0.1% HCl in methanol). The
extracts were immediately evaporated to dryness under the con-
stant stream of nitrogen at 33 °C. The dried samples were dissolved
in a mobile phase (part A) prior to their analysis.

2.4. Instrumentation

Analyses were performed on two liquid chromatographs CapLC
XE System (Waters, Milford, USA) and PLATINblue (Knauer, Berlin,
Germany).

RLC separation of anthocyanins was achieved on a CapLC
XE System using a C18 microcolumn (Gemini C18, 5um,
150 mm x 300 m, Phenomenex, Torrance, USA) at a room tem-
perature. A Waters CapLC 2996 photodiode array was used as the
UV-vis detector prior to connection to the mass spectrometer.

Analyses of the last vintage (2009) were performed on PLAT-
INblue ultra high performance liquid chromatography (UHPLC)
system. The separation was carried out using a C18 column
(Acquity BEH, 1.7 wm, 50 mm x 2.1 mm, Waters), also at a room
temperature.

Mass spectrometric detection was performed on QqTOF mass
spectrometer (Q-TOF Premier, Waters, Milford, USA) in a positive
electrospray (ESI) mode. For the wLC/MS analysis, the capillary
voltage was kept at 3.2kV, the temperature of the source was
120°C and the desolvation gas was set at 300 °C with flow rates
adjusted to 300 L/h. UHPLC/MS analysis required higher flow rates
of the desolvation gas (550L/h). Also, to facilitate the ionization
process, a usage of a flow-splitting device was necessary. The ratio
of the used/wasted mobile phase was set for 11/14. The chromato-
graphic and mass spectrometric processing software used for data
evaluation was MassLynx 4.0 and Masslynx 4.1. Quantification of
malvidin-3-glucoside was done using linear regression of calibra-
tion dependence (Table 2). Peak area for calibration was obtained
from extracted ion chromatogram at m/z=493.1 (isolation width
1Da). The appropriate calibration dependence was used for all
the other anthocyanins as well (changes in response factors were
neglected).

2.5. Chromatographic conditions

Mobile phases A and B consisted of 0.12% (v/v) trifluoroacetic
acid in water and acetonitrile, respectively. The following opti-
mized linear gradient was applied for wLC/MS analysis: 10% B
for 5min, 10-20% B in 5min, 20-30% B in 20 min, 30-50% B in
10 min, 50-70% B in 10 min, 70-100% B in 4min, and 100% B
for 5.5min before returning to the initial conditions (backpres-
sure at initial conditions was 38 bar). Total runtime of the analysis
was 70 min (10.5 min for column reconditioning). One microliter
was injected at microcolumn (full-loop mode). The flow-rate was
5uLlmin~! and detection was performed at 520nm. UV spectra
were recorded over the range 200-600 nm. This method has been
modified for UHPLC/MS analysis, resulting in the following gradi-
ent: 0% B for 4 min, 10-45% B in 3 min, 45-90% B in 2 min, 90-100%
B in 0.1 min before returning to the initial conditions (backpressure
at initial conditions was 430 bar). Total runtime of the analysis was
10 min (0.9 min for column reconditioning). Three microliters were
injected at column (10 L loop, partial-filling mode). The flow-rate
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Table 2

Analytical parameters of used methods.
Separation 14 H (pm) Rred Riin — Rmax® COF As
WLC/MS 4.2 14.8 3.0 0.29-3.05 40.7 1.2
UHPLC/MS (scaled) 29 52.1 31.2 0.20-2.94 65.3 14
UHPLC/MS (optimized) 25 7.2 43 0.31-3.45 79.0 0.8
Detection LODws (mgL-1) LOQus (mgL—1) Sensitivity® Calibration range (mgL-1) R? RSD A (%)
KLC/MS 1.0 24 85 +0.2 5-100 0.998 12.5
UHPLC/MS (scaled) 0.05 0.1 33 +£0.1 0.5-60 0.998 3.1
UHPLC/MS (optimized) 0.6 0.9 14+ 0.1 1-100 0.990 8.3

k', retention factor; R?, coefficient of determination; H, plate height (column length/number of theoretical plates); hreq, reduced plate height (plate height/particle diameter).
2 The range of resolution of adjacent peaks of anthocyanins (malvidin-3-glucoside, peonidin-3-glucoside, petunidin-3-glucoside and their acetylderivatives).

b Slope of the calibration line.

Injection volume was 1 L for nLC/MS, 16.3 pL for UHPLC/MS (scaled) and 3 L for UHPLC/MS (optimized), respectively.

was 0.5mLmin~! and UV spectra were recorded over the range
200-600 nm. A scaled UHPLC conditions were used for compari-
son of WLC/MS and UHPLC/MS methods as follows: gradient: 10%
B for 1.6 min, 10-20% B in 1.6 min, 20-30% B in 6.4 min, 30-50% B
in 3.2 min, 50-70% B in 3.2 min, 70-100% B in 1.3 min, and 100%
B for 1.8 min (3.4 min for column reconditioning). Flow rate was
0.287 mL min~!. Injection volume was 16.3 L.

2.6. Statistical analysis

The principal component analysis (PCA) is well-known statisti-
cal technique for dimension reduction of multivariate data sets.
The main task is to construct new variables (principal compo-
nents) from the original compounds such that already a few of
them explain most of the total variability of the data set. Even
more, loadings and scores of the first two principal components
can be displayed simultaneously in a planar graph, called biplot,
that makes animpression on the overall multivariate data structure
possible [30]. Here the scores represent the observations (pictured
usually as small circles or crosses) and loadings stand for the com-
pounds (rays in the biplot).

Because the variability of compounds is strongly related to the
chosen scale and the standard statistical methods (like PCA) rely on
the Euclidean geometry (and absolute information of observations),
the relative-scaled compositions need to be transformed first to
the usual Euclidean space in order to make the use of PCA possi-
ble. Here the centred logratio (cIr) transformation [27] was applied
that seems to be the best one for construction of the composi-
tional biplot [31,32]. The scores represent, as usual, the multivariate
compositional data structure, however, the interpretation of rays
corresponds to the nature of compositional data. The shorter link
(distance) between rays means the less variability of ratio of cor-
responding compounds throughout the data set. The links can be
used to visualize how strong the relations between the (original)
compounds are.

2.7. Climatic data
The climatic data consisting of a sunshine duration (h) and a

precipitation (mm) were obtained from the closest meteorological
station situated in Velké Pavlovice.

2.8. Calculation of chromatographic parameters

The chromatographic optimization function (COF) was calcu-
lated using the following equation reported by Glajch [33]:

Rs,i
COF_ZAi In Req + B(tm — tn) 1)

where R ; represents resolution of ith pair of consequently eluted
compounds, Rs;q is desired resolution for the ith pair set for this
study at unity. The term ty, refers to the maximum desired length of
analysis (70 min; corresponds to the total time of analysis including
a time necessary for column equilibration used for wLC/MS), t, is
a retention time of the last eluted compound of interest, A and B
represent optional weighting factors (A=10,B=1,in our case, giving
ten times higher emphasis on resolution with respect to the time
of analysis). Asymmetry factor b/a, where b and a are half-width
parameters, was measured at 0.1 h peak height of Mv-3-Glu.

3. Results and discussion
3.1. Methodology evaluation

Two less common LC/MS systems, when considering the field
of anthocyanin control, were used during this long-time study.
Common features of both methods are reversed phase sep-
aration mode, identical mobile phases based on the mixture
water-acetonitrile-trifluoroacetic acid (see Section 2.5), electro-
spray ionization (Z-spray) and QqTOF analyser allowing tandem
MS experiments and exact mass measurement. First procedure
is based on capillary chromatography (column Gemini C-18,
150mm x 0.3 mm i.d. dp=5pum). Second one adopts benefits
of using sub 2-pm particles of stationary phase (UPLC column
Acquity C-18, 50mm x 2.1mm 1id., dp=1.7um). To show the
separation and detection capability of both systems the chro-
matographic behavior of six relatively abundant anthocyanins in
wines (i.e., malvidin-3-glucoside, peonidin-3-glucoside, petunidin-
3-glucoside and related acetylderivatives) was studied. Table 2
shows analytical parameters of both techniques. For UHPLC/MS
system two different conditions were tested. First one, denoted as
“scaled” shows the UHPLC/MS system comparable with the wLC/MS
one (injection volume was scaled to reach the same ratio of injec-
tion volume to column volume for both systems; the same profile
of gradient was set with regard to scaled linear flow velocity and
retention time of the last eluted anthocyanin). The system denoted
as “optimized” represents change of experimental conditions in
order toimprove parameters of separation and to allow an adequate
linear dynamic range for continuity of long-time variety classifica-
tion purpose. It can be seen that wLC/MS system exhibits a higher
retention of malvidin-3-glucoside expressed by roughly 1.4 times
higher retention factor (comparing the scaled conditions). Separa-
tion efficiency (expressed as plate height, H) is better for UHPLC/MS
system at optimized conditions compared to wLC/MS. In the scaled
UHPLC system where a higher injection volume is used (10% of
column volume instead of 1.7%) we can observe a significant dete-
rioration of efficiency. The value of reduced plate height is slightly
higher for UHPLC/MS system indicating somewhat higher extra-
column band broadening (column overloading at higher injection
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Fig. 2. nLC/MS analysis of major anthocyanins in red wines (Neronet variety, vintage 2008).

volume and effect of splitting after the column). Three times shorter
UHPLC column compared to wLC/MS provided similar resolution
of studied anthocyanins suggesting that at comparable column
lengths much better resolution using UHPLC systems should be
achieved, however at the cost of very high backpressures. It can
be seen that mutual chromatographic separation of some critical
pairs is not sufficient in both systems. However as can be seen in
Figs. 2 and 3 a sufficient selectivity was provided by hyphenation
with mass spectrometry. Chromatographic optimization function
(COF, for definition see Section 2.8) is commonly used as parame-
ter for optimization of multicomponent mixture with reference to
separation capability and speed of analysis. Obviously, this parame-
ter implies much higher productivity of UHPLC system even though

ten times higher importance was ascribed to contribution of resolu-
tion vs. contribution of retention time. Peak asymmetry factor (As)
compares peak shape of Mv-3-Glu. A tailing was observed for wLCas
well as for scaled UHPLC system. This again indicates some column
overloading. When a lower injection was used for UHPLC system,
the Acquity BEH C18 column exhibited some fronting. However the
values of As measured at optimized conditions of both chromato-
graphic systems can be regarded acceptable (see Ref.[34], p.210, for
instance). The values of limit of detection and limit of quantification
obtained at optimized conditions are sufficient for long-time mon-
itoring of anthocyanin profile in wines and those parameters can
be in the case of UHPLC improved by higher injection. Then values
of LODps =0.05mg L' and LOQy;s =0.10 mg L~! are achieved being
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Fig. 3. UPLC/MS analysis of major anthocyanins in red wines (Neronet variety, vintage 2009).



Table 3
List of identified anthocyanins, their retention times and mass spectral data.
No.  Anthocyanin Abbreviation tr (2009)  tr (2008) MS>10%? Error MS/MS > 5%
UHPLC pLC (ppm)®

1 Malvidin-3-glucoside Mv-3-Glu 3.2 15.6 331.0804, 493.1349 0.6 150, 179, 242, 270, 287, 299, 315, 316, 331,493
2 Malvidin-3-(6-acetyl)-glucoside Mv-3(6-AC)Glu 4.4 19.9 535.1420 -6.0 179, 242, 270, 287, 299, 315, 316, 331, 535
3 Malvidin-3-(6-p-coumaroyl)-glucoside Mv-3(6-Coum)Glu 5.5 249 609.1600, 639.1683 -4.9 179, 242, 270, 287, 299, 315, 316, 331, 639
4 5-Carboxypyranomalvidin-3-glucoside 5-CPMv-3-Glu 3.4 16.1 401.1261, 561.1220, 765.2125 -43 341, 399, 561
5 Malvidin-3,5-diglucoside Mv-3,5-diGlu 14 13.0 625.1781, 655.1896 34 179, 242,270, 287,299, 315, 316, 331, 493, 655
6 Malvidin-3-(6-p-coumaroyl)-glucoside-5-glucoside =~ Mv-3-(6-Coum)Glu-5-Glu 4.5 21.9 771.2131, 801.2248 0.7 270, 299, 331, 493, 639, 801
7 Peonidin-3-glucoside Pn-3-Glu 3.0 154 301.0732, 463.1245 1.1 201, 229, 230, 243, 258, 268, 286, 301, 463
8 Peonidin-3-(6-acetyl)-glucoside Pn-3 (6-AC)Glu 43 19.6 213.0766, 505.1326, 783.2164 -4.0 201, 229, 258, 286, 301, 505
9 Peonidin-3-(6-p-coumaroyl)-glucoside Pn-3(6-Coum)Glu 54 24.7 609.1594, 639.1683 -23 230, 258, 286, 301, 609

10 5-Carboxypyranopeonidin-3-glucoside 5-CPPn-3-Glu XXX 15.9 531.1086 -10.0 253,297,354, 369

11 Peonidin-3,5-diglucoside Pn-3,5-diGlu 14 12.9 625.1780, 655.1912 1.8 151, 258, 286, 301, 463, 625

12 Peonidin-3-(6-p-coumaroyl)-glucoside-5-glucoside ~ Pn-3(6-Coum)Glu-5-Glu 4.5 21.8 130.1232, 771.2131, 801.2251 -0.6 230, 286, 301, 463, 609, 771

13 Petunidin-3-glucoside Pt-3-Glu 2.1 144 479.1194 0.8 150, 203, 217, 228, 245, 274,302, 317,479

14 Petunidin-3-(6-acetyl)-glucoside Pt-3(6-AC)Glu 3.9 18.1 521.1307 -2.7 245, 302,317,521

15 Petunidin-3-(6-p-coumaroyl)-glucoside Pt-3(6-Coum)Glu 4.9 22.7 625.1561 0.6 218, 245, 274,302, 317, 625

16 5-Carboxypyranopetunidin-3-glucoside 5-CPPt-3-Glu XXX 15.8 216.1028, 547.1469 3.1 369, 385

17 Petunidin-3,5-diglucoside Pt-3,5-diGlu 1.0 12.0 160.1353, 188.0724, 641.1738 3.1 274,302,317, 479, 641

18 Delphinidin-3-glucoside Dp-3-Glu 13 13.1 160.1354, 188.0728, 303.0545, 465.1018 -3.2 153, 165, 229, 257, 303, 465

19 Delphinidin-3-(6-acetyl)-glucoside Dp-3(6-AC)Glu 3.5 16.5 163.0422, 229.0985, 507.1150 2.2 257,303,507

20 Delphinidin-3-(6-p-coumaroyl)-glucoside Dp-3(6-Coum)Glu 4.4 20.6 389.1235,611.1393 -1.3 153, 229, 257, 303, 611

21 Delphinidin-3,5-diglucoside Dp-3,5-diGlu 0.8 109 214.9879, 627.1530 -4.9 303, 465, 627

22 Cyanidin-3-glucoside Cy-3-Glu 1.8 14.1 287.0563, 449.1070, 547.1366 -3.1 287,449

23 Cyanidin-3-(6-acetyl)-glucoside Cy-3(6-AC)Glu 3.8 17.7 491.1145 -9.2 287

24 Cyanidin-3,5-diglucoside Cy-3,5-diGlu 0.9 XXX 611.1584 -4.6 287,449, 611

Values displayed in bold represent molecular ions, values displayed in italics show ion with the abundance of 100%.

2 lons appeared in the spectrum with abundance higher than 10% or 5% of the base peak, respectively.

b Deviation of measured molecular ion m/z value from the theoretical one.
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comparable with recent experiments using conventional HPLC [24].
Other parameters of mass spectrometric detection given in Table 2
were satisfactory for our study.

It should be noted that UV/vis detector allows 1.5 times lower
LOQ for UHPLC and 1.2 times lower LOQ for CapLC. To compare both
systems, UHPLC system offers better LODys and limit of quantifi-
cation (LOQys) and repeatability of peak area (RSD A). On the other
hand regarding a low flow of water rich mobile phase (typically in
the range units-tens of wL min—!) the capillary chromatography is
ideally suited for combination with electrospray ion source making
the nebulization process much easier (working efficiently without a
splitter). In addition, it also offers significantly lower mobile phase
consumption, less contamination and/or corrosive action due to
aggressive components of mobile phase (higher contents of acid)
compared to work with “conventional” flow rates (i.e., tenths-units
of mLmin~!). The advantages of using capillary chromatography
have been stressed, for instance, in a recent review aimed at food
analysis [35].

Figs. 2 and 3 display chromatograms of wine (cultivar Neronet)
obtained using both LC/MS techniques. The studied methods
appeared to be suitable for monitoring of anthocyanin profile in
young wines after SPE sample pretreatment. The elution order
respected the polarity of the dyes, i.e., Pt-3-Glu, Pn-3Glu, Mv-3-Glu,
Pt-3(6-Ac)Glu, Pn-3(6-Ac)Glu, Mv-3(6-Ac)Glu as could be expected
on both reversed phases. All other identified anthocyanins eluted
accordingly.

The composition of mobile phase affects both the chromato-
graphic behavior and detection sensitivity. Especially the effect of
an acidic modifier deserves a proper attention since it allows a com-
plete displacement of the equilibria to the flavylium cation and the
consequently separation efficiency. Formic acid (FA) and trifluo-
roacetic acid (TFA) are mostly used. As already reported, when FA
is used, its high contents are required to maintain pH<2 (com-
monly 5-10% FA (v/v)), which may decrease detection sensitivity.
On the other hand, it is well known that TFA causes a drop in yield
of ions in electrospray due to formation of electroneutral ion pairs
even at a low TFA content [36,37]. At the start of our experiments
(CapLC, Gemini C18), a mobile phase containing TFA was selected
and this additive was kept throughout the whole study. Indeed,
the process of ionization is significantly influenced by flow rate of
mobile phase and parameters of ion source and therefore a care-
ful optimization of mobile phase composition for particular LC/MS
system is highly recommended. Recently we also compared effect
of both acids on separation selectivity and detection sensitivity.
FA provided some improvement concerning both the separation
and the detection. COF value describing the overall separation
of major anthocyanins was improved 1.4 times with respect to
the system with TFA. Limit of detection and quantification was
improved 2 times and 1.2 times, respectively, for UHPLC system
[38].

The achieved chromatographic parameters can be compared
with conventional chromatography represented for instance by a
review done by Merken and Beecher [39] or more recently by Welch
et al. [40] and articles cited herein. Common time of analysis in
conventional chromatography of anthocyanins in wine falls in the
range 25-65min. An average mobile phase consumption can be
roughly estimated from average values of time of analysis (53 min)
and average flow rate (0.7 mLmin~') as 37 mL/one injection. The
time of analysis achieved using wLC/MS system corresponds to
this range but due to much lower flow rate (5 wLmin~!) a signifi-
cant saving of mobile phase is achieved (0.18 mL/one injection). On
the other hand UHPLC/MS method provides among 2.5-6.5 times
higher speed of analysis which is crucial especially for compre-
hensive studies and high throughput screening. On the other hand
much higher backpressure is generated using sub-2 micron parti-
cles (430 bar) and thus a conventional chromatographic pump does
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Fig. 4. Relationship between weather and total anthocyanin content (added values
or multiplication is used to translate data or their zoom in uniform coordinates).

not provide optimal productivity (UHPLC pump is required). The
mobile phase consumption corresponds with 5 mL/one injection.

Table 3 shows list of identified anthocyanins in studied wines.
Twenty four anthocyanins were found and their structures were
unambiguously confirmed by exact mass measurement and MS/MS
spectra. The error of m/z measurement was lower than 5ppm
with the exception of three anthocyanins and characteristic neutral
losses (i.e., cleavage of sugar moiety, loss of water, carbon monoox-
ide, methyl group and retro Diels-Alder cleavage of anthocyanidin
skeleton) were observed. Retention times and UV/vis collected by
PDA detector (data not shown) provided additional confirmative
information. Such results clearly demonstrate the analytical power
of QqTOF analyzer.

3.2. Relationship between anthocyanin profile and cultivar

Fig. 4 displays the sum of anthocyanins content (TAC) in each
cultivar with respect to the number of sunny days and precipi-
tation during the growing season (or sunny days in September,
respectively). Although TAC is influenced by many parameters,
statistically significant drop of its average value can be observed
in the year 2008 with respect to preceeding years corresponding
with a weaker precipitation and sunshine duration in this particu-
lar year. However, considering individual cultivars the TAC values
change quite differently in the studied years. Teinturiers, varieties
having pigmented flesh (i.e., Alibernet, Neronet and Rubinet) have
higher content of anthocyanins compared to the rest of cultivars
(with the only one exemption in Dornfelder vs. Alibernet, vintage
2009). Note, that an unexpectedly low content of TAC was observed
in Agni, vintage 2009. As it has been already mentioned, climatic
conditions should change TAC but they should not modify substan-
tially anthocyanin profile (mutual proportions of individual dyes).
Fig. 5 compares relative contents of anthocyanins present in the
most popular varieties, i.e., Saint Laurent and Blaufrdanskish and
their hybrids (Zweigeltrebe and André). Long time known facts
can be observed in this group of cultivars (which however does
not contribute too much to the variety resolution); (i) malvidin
derivatives followed by peonidin and petunidin ones are the most
abundant dyes, (ii) delphinidin and cyanidin derivatives represent
minority components, (iii) content of diglycosylated dyes does not
exceed 10% (rel.). On the other hand, surprisingly, lower content of
acetylated monoglucosides when compared to the rest of displayed
varieties is observed in Blaufranskish. This phenomenon reflects a
significance of enzymatic acetylation and it is discussed in detail
hereinafter.

Activity of particular enzymes involved in anthocyanin biosyn-
thesis is genetically inborn. The appropriate ratio of enzymatic
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Fig. 5. Comparison of relative contents of anthocyanins (Saint Laurent and Blaufrdnskish and their hybrids - Zweigeltrebe, André).

products to TAC (or to sum of substrates, respectively) can serve as
a selective parameter utilizable for variety classification [7,8,10].
We studied differences in activities of flavonoid-hydroxylase, o-
dihydroxyphenol-O-methyltransferase and acyl transferases over
the set of Czech certified red wine varieties. To evaluate the
extent of enzymatic transformation the approach firstly proposed
by Carreno et al. was adopted [7]. The principle is based on fact
that cyanidin (dihydroxylated on B-ring) is the precursor pig-
ment of the other anthocyanins. An effect of flavonoid-hydroxylase
on athocyanins can be described by a fraction of trihydroxy-
lated anthocyanins in TAC (i.e., delphinidin and its methylated
analogues petunidin and malvidin). By analogy, the effect of o-
dihydroxyphenol-O-methyltransferase or acyltransferases can be
described by fractions of peonidin or acylated forms in TAC, respec-
tively. Table 4 explains the parameters allowing to estimate activity
of particular enzymes in detail. Statistically significant differences
in the values of particular parameters averaged over all vintages
were observed allowing preliminary classification of some vari-
eties.

M1 allows differentiate three teinturiers from the rest of vari-
eties except of Merlot, Agni and André (whose confidence intervals
coincide with teinturiers). Parameter A is very useful for almost
unambiguous resolution of Blaufrdnskish from all other varieties,
only RM and La could interfere. This pilot finding seems to be use-
ful for authenticity control of Blaufrankish as widely distributed
and popular wine. Comparison of parameters M1 and H2 gives
also interesting information. Teinturiers exhibit high tendency to
direct methylation of cyanidin but low readiness to its hydroxyla-
tion.

3.3. Principal component analysis

Fig. 6 shows the results of PCA applied to compositional data
(relative contents of individual anthocyanins) after clr transfor-
mation obtained within four years study. Some very interesting
trends can be observed. First, teinturier Rubinet is located side-
ward from the other groups of varieties in the PCA plot. This
location was observed in all vintages and it seems typical and



B. Papouskovd et al. / J. Chromatogr. A 1218 (2011) 7581-7591

2 -1.0 -0.5 0.0 0.5 1.0
15 [
D 0.5
51 2R,
16 / 7.0 17
g R
& 01 LA
© 14
o
[&]
[
n (0.5
& & s |
3 2 A1 0 1 2 3
PC 1(34.37%)
4.5 1.0 0.5 0.0 05
% L0.5
g
@ 1] +0.0
d
o™~
(& ]
o
-1 0.5

A
PC 1 (55.29%)

2

PC 2 (20.91%)

PC 2 (28.91%)

7589
2
1 B
(Ru)
o r0
A4 L4
E N SN T T
PC 1 (38.57%)
0.5 0 0,5 0 15
=
2 ’/Ru F1.5
+0.5
r 0.0
-0.5
2009 41016
A 3

0 1
PC 1(50.62%)
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(the certain varieties located outside the zoomed biplots are marked by arrows).

utilizable for Rubinet differentiation. A higher content of mal-
vidin and peonidin 3,5-diglucosides appear to be significant with
respect to this variety. Also the related 3-coumaroylglucosides-5-
glucosides proved to have a certain significance for segregation of
Rubinet from the rest of varieties. As mentioned above, peonidin-
3-coumaroylglucoside-5-glucoside was found only in the case of
Rubinet. As to Mv-3(Cou)Glu-5-Glu (number 6, Fig. 6), a trace of this
anthocyanin was also detected in Alibernet (Al) and Agni (Ag) (both
vintage 2007). Rubinet as the most colored teinturier (its extraction
provides the highest yield of anthocyanins) is the first choice vari-
ety for artificial improvement of pale red wines color. We suggest
to use 3-coumaroylglucosides-5-glucosides of malvidin and peoni-
din as markers of such a treatment as we have recently published
[15].

Interestingly, other teinturiers, i.e., Neronet (Ne) and Alibernet,
are located in PCA plot in a region unambiguously separated

Table 4

from Rubinet and other groups of varieties over all the studied
vintages. The only exception represents Neronet 2005. However,
when the PCA plot consisting of all the studied vintages is con-
sidered (data not shown), this particular wine is also located
close to the cluster of those teinturiers. A detached group of four
varieties — Blaufrankish (Fr), Pinot Noir (RM), Blauer Portugieser
(MP) and Domina (Do, crossbreed of Pinot Noir, Blauer Por-
tugieser) is roughly located in a direction of vitisins (numbers
4,10,16, Fig. 6). To summarize this part, utilization of PCA directly
on the raw relative contents of anthocyanins allows to distinguish
between teinturiers and other wines and it is useful for preliminary
classification. However, more interesting results can be obtained
when action of enzymes involved in the anthocyanin biosynthesis
is taken into the account. Fig. 7 shows PCA plots arising from the
action of enzymes and formation of various kinds of anthocyanins.
Division in accordance with Table 3 provided us a synoptic image

Relationship between enzyme activity during biosynthesis of anthocyanins and variety of wine grapes.

Type of enzyme activity Indication Equation Classification ability?

I 1 ub
Methylation M1 (Sum Pn)/TAC Ru, Ne, Al All others Me, Ag, An
Hydroxylation H2 (Sum Dp + Pt + Mv)/TAC RM, Do, La, Sv, Zw, Fr, MP, Dr, CM, Ar Me, Ru, Ne, Al CS, Ag, An

All others Ru Ne
Acetylation A (Sum acetylated forms)/TAC All others Ru, Fr RM, La

All others Ru -
Coumarylation C (Sum coumarylated forms)/TAC Ru, Ag CS, Do, La, Dr, Al All others

I, group with a significantly higher value of given parameter.
11, group with a significantly lower value of given parameter.

@ (Classification ability indicates which groups of varieties can be distinguished (classified); it reflects the statistically significant differences in averaged parameters over

all vintages using confidence intervals (a=0.05).
b Undistinguishable.
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Fig. 7. PCA biplots of enzymatic activity vs. varieties (for explanation of principal components see Table 4).

of variety distribution. On the first sight, Rubinet (Ru) is again
located far from other varieties. The process of coumarylation (C)
and lack of acetyl derivatives (A) seems to be really significant for
this specific variety. Other teinturiers are clustered in the segment
between M1 and A. Thus, formation of peonidin derivatives and
acetylated dyes is the most significant with respect to Alibernet
and Neronet. Note that Neronet exhibits apparent shift towards
M1 component with respect to Alibernet. Neronet (Ne), vintage
2005 is tilted more markedly. The PCA plots also reflect and
confirm important diversity of Blaufrankish (Fr) based on the
lack of acetylated anthocyanins. Classification of other varieties
is not so straightforward but still it is possible to observe several
characteristic and time-constant features.

It seems to be practical to separate the biplots into two parts
along the lines (arrows) defined by hydroxylation and methylation.
Varieties Saint Laurent (Sv), André (An), Cabernet Sauvignon (CS)
and Cabernet Moravia (CM) are always located in the part oriented
in the direction to acetylation (A).

This rule applies to a certain degree also to Ne, Dr (both with
exemption in 2005), Me, Do (both with exemption in 2008) and La
(exemption in 2009). Moreover, Cabernet Moravia is always located
in the part allotted by A and H2. On the opposite side (towards C),
there are always located Rubinet (Ru), Blaufrankish (Fr), Pinot Noir
(RM) and with only one exemption, Agni (Ag, 2005). Other varieties
are distributed without an apparent rule.

Also, biplots can be divided by a flowline of acetylation and
coumarylation. Then, all teinturiers (i.e., Ru, Al, Ne) and Merlot (Me)

are always located in section oriented towards the methylation
(M1). Consistent location in the biplots also exhibit Dr, Do and Lau.
However, in the case of these varieties, there is always one excep-
tion against the rule: Dr 2005, Do 2008 and La 2009. Other varieties
are distributed without an evident order. PCA plots which were
designed using sums of specific types of anthocyanins (expressed
as M1, H, A, C) do not allow perfect resolution among all studied
varieties. However, they allow reliable differentiation of teinturi-
ers from the other varieties as well as representatives within their
group. Results show that the chosen approach of data processing
allows to distinguish Blaufrdnkish from the other varieties. Further,
PCA plots facilitate classification of varieties into several groups
in dependence on their position with respect to principal compo-
nents.

4. Conclusions

This long time study proves that microcolumn as well as ultra-
performance chromatography hyphenated with tandem mass
spectrometry represent conclusive tools for anthocyanin profil-
ing nowadays. When compared both the LC modes, UHPLC system
provided lower LOD and LOQ values as well as higher productiv-
ity (expressed by COF) and precision of retention parameters and
peak areas. Utilization of both chromatographic systems led to a
significant improvement with respect to conventional HPLC used
for analysis of anthocyanin dyes.
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These methods were used for monitoring of anthocyanin pro-
file in all varieties (certified in Czech Republic until year 2005) over
four years. Direct comparison of a content of anthocyanins does not
provide a resolution among individual varieties, except of the tein-
turier Rubinet. In this particular variety, relatively high contents
of 3-coumaroylglucoside-5-glucosides of malvidin and peonidin
were found and we suggest using them as markers of artificial color
enhancement.

Our results also confirm that enzymatic processes involved in
anthocyanin biosynthesis are utilizable for classification of a vari-
ety. The higher content of peonidin derivatives (a higher activity of
related methyltransferase) refers to a potential occurrence of tein-
turiers (i.e., Alibernet, Neronet and Rubinet) when included in the
set of analyzed wine samples. It was found out that Blaufrankish
has low content of acetylderivatives of anthocyanins (lower activ-
ity of acetyltransferase) and this fact can be utilized for resolution
of this variety.

When principal component analysis is applied either directly
to anthocyanin profiles or to the data processed with regard to
enzymatic activity, the resolution among varieties is markedly
facilitated. Two-dimenzional display of data (in the from of biplot)
emphasizes differences among individual teinturiers, Blaufrankish
and partially separate the group of Blaufrdnkish, Pinot Noir, Blauer
Portugieser and Domina. Moreover, suitable division of biplots in
a direction of a principal component based on enzymatic activities
further allowed a more detailed classification of Merlot, Cabernet
Moravia and led to an unambiguous differentiation of Saint Lau-
rent from Blaufrankish which has indispensable meaning from the
viewpoint of their high occurrence on the Czech market.
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Abstract Electrochemistry coupled with mass spectrom-
etry (EC-MS) is a promising analytical tool for the online
study of oxidation processes of anthocyanins. Two cyanidin
glycosides, cyanidin-3-galactoside (ideain) and cyanidin-
3,5-diglucoside (cyanin), were subjected to electrochemical
oxidation and subsequent online mass spectrometric iden-
tification of the formed products. Application of relatively
low working potentials (around 100 mV vs. Pd/H,) using a
porous graphite coulometric electrode yielded detectable
oxidation products. As determined by hydrodynamic vol-
tammetry, the monoglycosylated analogue undergoes
anodic oxidation easier than the diglycosylated one. As a
first step of the electrochemically induced oxidation,
incorporation of a hydroxyl group was observed for both
glycosides. Besides, an oxidative condensation of two
anthocyanin molecules was observed. The proposed oxi-
dative condensation was further confirmed by consecutive
fragmentation (i.e., collection of MSz, MS3, and MS*
spectra) in which corresponding subsequent losses of the
sugar moiety were observed.

Keywords Cyanidin - Anthocyanin - Electrochemistry -
Oxidations - Mass spectrometry

Introduction

The first serious attempts to combine electrochemistry
(EC) with mass spectrometry (MS) date back to the early
1970s. Nevertheless, these pioneering works stayed rather
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J. Skopalova - M. Tvrdonova - K. Lemr

Department of Analytical Chemistry, Palacky University,
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aside from the main analytical stream over the next several
decades. The interest in this hyphenated technique, how-
ever, has been rapidly growing in recent years; this is even
more evident by the continuously increasing number of
scientific papers dealing with this topic [1]. The expansion
of electrospray ionization (ESI-MS) as a soft ionization
technique in recent years also plays a major role in the
current EC-MS development [2]. ESI is an ionization
technique which is well compatible with electrochemistry.
The EC-MS technique (often in combination with previous
separation by liquid chromatography) can be particularly
useful in the case that separation is required for the study of
electrochemical properties of an individual compound in a
mixture and/or separation is required for electrochemical
conversion product(s). Electrochemical cells that are easily
coupled to ESI-MS instruments became commercially
available within recent years. Porous graphite coulometric
working electrodes, combined with the maintenance-free
palladium-hydrogen reference electrode, are among the
most popular systems. At their large electrode surface, high
conversion at moderate flow rates of the mobile phase can
be achieved (<0.1 cm®/min).

Current applications of the EC-MS technique can be
divided into four main areas [3]: (i) online electrochemical
derivatization prior to MS; (ii) specific protein/peptide
cleavage [4, 5]; (iii) studies of electrochemical reaction
mechanisms [6, 7], including studies of short-lived interme-
diates [8]; (iv) in vitro mimicking of biological processes
[9-11], approaching metabolic oxidation [12, 13]. Such
EC-MS applications are a very promising starting point for
further metabolic studies and drug metabolism mimicking in
living organisms.

Electrospray MS (ESI-MS), thanks to its demands on
mobile phase composition and flow rates, offers very good
EC compatibility, although it has to be taken into account
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that the ESI outlet capillary also itself acts as a current-
controlled electrochemical cell and thus diverse further
electrochemical reactions can occur [14, 15].

As coulometric detection yields up to 100% conversion,
coulometric cells can be used as online flow-through
reactors, enabling quantitative transformation of electro-
active reactants into their oxidized (or reduced) forms.

Anthocyanins are natural water-soluble dyes that are
responsible for the red, blue, and purple colors of numerous
flowers and fruits. Anthocyanins, as glycosylated deriva-
tives of the 3,3',4',5,7-pentahydroxyflavylium cation, are
generally classified as flavonoids. The electron deficiency
of the flavylium cation makes the free aglycons (anthocy-
anidins) highly reactive and much less stable than the
glycosides. Consequently the aglycons occur much less
frequently in nature. Up to now, over 500 different
anthocyanins have been isolated from plant material [16].

Anthocyanins have several health-promoting effects,
notably antimicrobial and antiviral properties. Beside, for-
mulations rich in anthocyanins were used for the prevention
and treatment of diabetes, cardiovascular diseases, some forms
of cancer and obesity [17-19]. Anthocyanins are also natural
antioxidants that are attracting attention because of their che-
moprotective role in the oxidative metabolism of cells.

There are several articles dealing with the use of high-
performance liquid chromatography (HPLC) coupled with
electrochemical detection for the analysis of anthocyanins
(e.g., [20, 21]). The obtained data served as supporting
information for the MS-based identification of anthocyanins
in flavonoid-rich samples. Moncada et al. [22] reported an
interesting electrochemical oxidation of kuromanin (cyani-
din-3-glucoside) and a synthetic analogue bearing no
hydroxyl on the B ring of the anthocyanidin skeleton. These
authors (following the previous study of catechols [23])
proposed the formation of quinones followed by a reaction
with an original molecule to form a dimeric structure.
Cyanidin glycosides (for their structure, see Fig. 1) belong to
the group of the most frequently occurring anthocyanins and,
therefore, they extensively contribute to the human diet.

In this paper, we report the use of EC-MS to investigate
processes involved in the oxidation of anthocyanins. To the
best of our knowledge, there is no previous study of
anthocyanins using online coupling of electrochemical
transformation with ESI-MS. The observed electrochemi-
cal conversion contributes to our understanding of the
transformation processes of anthocyanins in biosystems.

Results and discussion
As can be seen from the hydrodynamic voltammograms in

Fig. 2, anthocyanins can be easily oxidized electrochemi-
cally.

@ Springer
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Fig. 1 Structure of cyanidin glycosides
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Fig. 2 Hydrodynamic voltammograms of cyanidin-3,5-diglucoside
(cyanin) and cyanidin-3-galactoside (ideain) (normalized response
expressed as a relative peak area A; A = 1)

The monoglycosylated analogue is oxidized at even
lower potentials than the diglycosylated one. When an
appropriate electrochemical cell is coupled with the mass
spectrometer the oxidation products can be studied online.
Relatively low potentials (around 100 mV vs. Pd/H,, see
Fig. 3) allow the formation of detectable oxidation products.

Figure 4 shows the mass spectra obtained when cyani-
din-3-galactoside is passed through the electrochemical
cell. The upper spectrum is obtained when the electro-
chemical cell is switched off and corresponds to the
spectrum obtained using direct injection of a standard into
the ion source. The dominant ion corresponds to the
flavylium cation of the original dye (i.e., m/z 449, [M]™).
Minor peaks at m/z 471 and 919 correspond to adducts with
sodium (i.e., [M — H 4+ Na]™ and [2M — 2H + Na]*,
respectively). The peak at m/z 897 can be ascribed to a
monocharged dimer formed from the original dye (i.e.,
[2M — H]"). Those ions are commonly formed during the
ESI process. The bottom spectrum shows the situation
when the potential 4100 mV vs. Pd/H,is applied on the
electrochemical cell. Besides the molecular ion of cyani-
din-3-galactoside (m/z 449) a peak at m/z 465 appeared.
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Fig. 3 Effect of applied voltage on the response of cyanidin-3-
galactoside and arising oxidation products measured by MS (peak
area obtained by integration of peak of eluting compound in an ion
chromatogram reconstructed at related m/z value)

The difference of both values corresponds to 16 mass units,
suggesting the introduction of one oxygen atom into the
anthocyanin molecule. This process can be very likely
explained as hydroxylation. A tandem mass spectrometer
allows one to isolate the formed ions and to study their
fragmentation after collision-induced dissociation in the
ion trap. Figure 5a shows the fragmentation of the oxida-
tion product m/z 465. The loss of water (formation of ion at
m/z 447) can be observed. As a dominant process, however,
loss of the sugar moiety occurs (Am/z 162) and the related
aglycon is formed (m/z 303; isomer of delphinidin). The
loss of the sugar unit corresponds to the main fragmenta-
tion pattern of the original pigment (i.e., the fragment at
m/z 287 dominates: 287 = 449 — 162). The spectrum,
therefore, supports the identification and proves that the
oxidation occurs on the anthocyanidin skeleton (the sugar
moiety remains unchanged during the “soft” oxidation).

Further fragmentation of the aglycon (although provid-
ing a weak signal) leads to the typical cascade of neutral
losses of water (Am/z 18) and carbon monoxide (Am/z 28)
(Fig. 5b).

The main fragments obtained after collision-induced
dissociation of the aglycon correspond to the fragments
found in the MS? spectrum of delphinidin [24]. However,
as a result of the weak signals obtained in the MS® spec-
trum and the lack of isomer standards the position of
hydroxylation was not satisfactorily located. This is an
objective of future experiments. Besides, an ion at m/z 909
was detected after oxidation (Fig. 4) and in the collision
spectra two consequent losses of galactose units are dis-
tinctly observed (Fig. 6). This can be explained as an
oxidative condensation of two ideain molecules.

As mentioned in the “Introduction”, a couple of previ-
ous articles also suggest an oxidation and condensation of
catechol-bearing compounds [23]. Our mass spectrometric
data therefore support this idea. During electrochemical
transformation a peak at m/z 701 is also observed with a
lower intensity compared with those of the oxidation
products discussed above (Fig. 4). The corresponding
structure, however, has not been elucidated yet.

Similar processes were observed when a diglycosylated
analogue (i.e., cyanidin-3,5-diglucoside, cyanin) was elec-
trochemically oxidized (Fig. 7).

The ion at m/z 627 dominates in the bottom spectrum
(E = 140 mV vs. Pd/H,electrode) corresponding to mono-
hydroxylation of cyanidin-3,5-diglucoside. The ion at
mf/z 465 represents an oxidized cyanidin-monoglucoside
arising due to elimination of the sugar moiety from the ion at
m/z 627 in the ion source. The minor ion at m/z 649 corre-
sponds to the mass of the sodium adduct of the oxidized

Fig. 4 MS spectra of cyanidin- 449 1.05E5
3-galactoside (fop) and products 100 electrochemical cell
of its oxidation at +100 mV (vs. off
Pd/H,) (bottom) 80
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Fig. 5 a MS? spectrum of the a 100 303 MS/MS: 465 >
oxidized product of cyanidin-3- ] NCE 15%
galactoside at m/z 465. b MS® 3
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compound [M — H + Na]™. Formation of sodium adducts
is, as has already been mentioned, a typical process accom-
panying ESI and even trace amounts of sodium ions can
result in the appearance of these adducts. More interesting is
the formation of an ion at m/z 1,233 (inset in Fig. 7). Four
sequential losses of glucose units are observed in the MS? of
this ion (Fig. 8), and related MS? and MS* spectra confirmed
that these cleavages are consecutive (data not shown).

The fragmentation pattern supports the idea of oxidative
condensation of anthocyanins. Although generally many
possible structures can be taken into account for oxidative
condensation of anthocyanins, in the case of the digly-
cosylated derivative some processes are blocked (the two

@ Springer

180 200 220 240 260 280 300 320

m/z

hydroxy groups in positions 3 and 5 are glycosylated).
Thus the number of potential reaction sites is decreased.
Two speculative structures resulting from a condensation
on the C or A ring of the anthocyanidin skeleton, respec-
tively, are shown in Fig. 9.

Experimental

Chemicals

Standards of anthocyanins (cyanidin-3-galactoside chloride
and cyanidin-3,5-diglucoside chloride) were obtained from
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Carl Roth (Karlsruhe, Germany). The concentration of  Instrumentation

anthocyanin standards used for the experiments was
0.1 mg/cmS. Trifluoroacetic acid (99%) and acetonitrile
(gradient grade) were provided by Fluka (Buchs, Switzer-
land). The mobile phase (liquid for transportation of the
sample zone to the electrochemical cell and ion source of
the mass spectrometer) was prepared by mixing deionized
water (Elga, Elgastat, Bucks, Great Britain) with acetoni-
trile and trifluoroacetic acid to give the final mixture
(0.12% trifluoroacetic acid, 15% acetonitrile in water, v/v).

A Finnigan MAT LCQ™ ESI-MS instrument (an ion trap
mass spectrometer; Finnigan, San Jose, USA) was used for
hyphenation with a Coulochem III electrochemical detec-
tor, equipped with a dual-channel coulometric cell (model
5010A) and a guard cell (model 5020) (all ESA Inc.,
Chelmsford, MA, USA). The liquid used for transport of
sample through the electrochemical cell to the ion source
was identical with the mobile phase used for measurement
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Fig. 9 Speculative structure of products of the oxidative condensa-
tion of cyanidin-3,5-diglucoside

of hydrodynamic voltammograms. The sample of antho-
cyanin was injected into the flow of acidic mobile phase
and the zone was pumped into an electrochemical cell. The
liquid was pumped through the system using a chromato-
graphic pump Rheos 2000 (Flux Instruments, Reinach,

@ Springer

Switzerland). The flow rate used was 0.2 cm®/min. A
volume of 20 mm> of sample solution (0.1 mg/cm?) was
injected (full loop). The electrochemical cell was operated
at selected voltages within the range 0 to 4200 mV (vs.
Pd/H,). The parameters of the ion source and ion optics
were tuned using a standard solution of studied pigments.
Spray voltage +5.6 kV, sheath gas flow rate 60 arb.
(arbitrary units), auxiliary gas O arb., and temperature of a
heated capillary 200 °C were used. The electrochemical
cell was connected to a grounded block before entering the
ion source by a PEEK capillary (0.13 mm L.D.). From the
grounded block the liquid was introduced to the ion source
using a fused silica capillary (0.075 mm 1.D.). The mass
spectrometer was operated in the full scan mode (range
mfz 50-1,500). Product ions were identified by online
tandem and multi-stage (MS? and MS®) experiments per-
formed by collision-induced dissociation of the studied ion
after its isolation in the ion trap.

For hydrodynamic voltammogram measurements, the
HPLC system consisted of an ESA isocratic pump
(model 582; ESA Inc., Chelmsford, MA, USA) with a
pulse damper, a manual injector (Rheodyne, Cotati, CA,
USA) equipped with a 10-mm’ loop and an ESA
Coulochem III coulometric detector with a dual-electrode
standard analytical cell (model 5010A) combined with a
guard cell (model 5020) (all ESA Inc., Chelmsford, MA,
USA).

Samples were introduced into the system by a glass
25-mm?> syringe (Hamilton, Reno, NV, USA). All fittings,
ferules, and tubing were made of PEEK™. A Purospher



Study of electrochemical oxidation

1217

Star RP-18 (5 um), 125 x 4-mm-1.D. HPLC column
(Merck, Darmstadt, Germany) was used.

Mobile phase composition was acetonitrile/water/tri-
fluoroacetic acid (15:85:0.12, v/v). The mobile phase was
vacuum-filtered through a 0.2-pm porous filter (Supelco,
Bellefonte, PA, USA) and degassed by helium sparkling
prior to use. The flow rate was 1.2 cm*/min. The working
potential was increased gradually in 70-mV increments in
the range 100-700 mV (vs. Pd/H,). Hydrodynamic vol-
tammograms were expressed as a normalized mean peak
area vs. applied potential. The chromatographic station
Clarity (DataApex, Prague, Czech Republic) was used for
chromatogram recording.
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E-LEARNINGOVE OPORY PREDMETU PROJEKTOVA VYUKA
V CHEMII A CVICENI Z ANALYTICKE CHEMIE

MRAZOVA Veronika, MACIKOVA Pavla, MYJAVCOVA Renéta,
GINTEROVA Pavlina, MULLER Lukas, CZ

Abstract

This article describes new e-learning support of teubjects: Project education iGhemistry (PVCH) and
Practicals in Analytical Chemistry (ACC) which are tatigt Palacky University at the DepartmemftAnalyti-

cal Chemistry.The supports are created within an irepientation of two projects of University Development
Fund (FRVS): “"The innovation of the subject Project education in Chemistry” and “The Handbook for begin-
ning teachers of Practicals in Analytical Chemistryfiese projects are managed mainly bipctoralstudents

of the branches Didactics of Chemistry and Analytichemistry. One of the outcomes of both projeate

web pages - e-learning support of the two subjects. The support of PVCH is mainly intended for the students
of the subject, the support of ACC is mainly devoted to the teachers of the subject. One part of the support
of the subject PVCH is a course in the e-learning system Moodle. The sumpattinsa lot of differente-
learning materials: files (created e.g. in Word,célx PowerPoint etc.), discussion forums, onlimssign-
ments, a calendaror news. These supportare currently prepared and they should be finished by the end of
2010.

uvobD

Na katedfe analytické chemie Univerzity Palackého (UP) v Olomouci jsou v roce 2010 feSeny dva pro-
jekty podporované Fondem rozvoje vysokych skol (FRVS), které inovuji predméty Projektova vyuka v chemii
(PVCH) a Cviceni z analytické chemie (ACC). Projekty ,Inovace obsahu a studijnich opor pfedmétu Projekto-
va vyuka v chemii* a ,Pfirucka pro zacinajici vyucujici predmétu Cviceni z analytické chemie" jsou realizované
prevazné studentkami doktorského studia oborl Didaktika chemie a Analyticka chemie. Jednim z vystupl
obou téchto projektl je vytvoreni webovych stranek - e-learningovych opor danych predmétli. Obé tyto
opory se v soucasnosti pfipravuji - mély by byt kompletné zpracovany do konce roku 2010.

E-LEARNINGOVE OPORY

V soucasnosti dochdzi k dynamickym zménam ve vSech sférach nasi spolecnosti. Vzhledem k nepretrzi-
tému dynamickému vyvoji e-learningu i souvisejicich informacnich a komunikacnich technologii (ICT) existuje
fada definic e-learningu.

Podle Zounka (2009) e-learning ,zahrnuje jak teorii a vyzkum, takidkykolivrealny vzdélavaciproces(s
rdznymstupnémintencionality), v @mZ jsou v souladu s etickymi principy pouZivany infoémaa komuni-
kacni technologie pracujici s daty v elektronické poéloEpiisob vyuZivani prostfedkd ICT @stupnost
ucebnich materiald jsou zavislé predevsim na vzdélavacich cilech a obsahu, charakteglawadho prostre-
di, potfebach a mozZnostech vsech aktéri vzdélavaciho protesu.

Kopecky (2006) rozliSuje e-learning v SirSim a uzSim slova smyslu a uvadi definici shrnujici spolecné rysy
fady bézné pouzivanych definic: ,E-learning chdpeme jako multimedialni podporu éfzvaciho procesus
pouZitim modernich informacnich a komunikacnich technologii, které je zpravidla realizovantegnistvim
pocitacovych siti. Jeho zakladnim ukolem je v Case i prostoru svobodny a neomezeny pristup ke vzd&lavani.

V souladu s uvedenymi definicemi jsou nové vytvarené elektronické opory predmétli PVCH a ACC v pra-
vém slova smyslu oporami ,e-learningovymi*.

Blended learning a opora PVCH

Tzv. blended learninge v soucasnosti prevazujici pedagogicky model v e-learningu. Jde o tzv. smiSené
¢i propojené vzdélavani (nékdy oznacované také jako blended e-learning ¢i hybridni vzdélavani), v némz se
misi, spojuji i prolinaji prezencni formy vyuky s e-learningem (Zounek, 2009).

Mason a Rennie (2006) jej chapou jako kombinaci online a prezencni vyuky. Podle Kopeckého (2006) je
vsak rovnéz mozné blended learning ,chapatjako redlnou kombinovanou vyuku - tedy kombinaci prérgn
a distancni formy.

Podle Zounka (2009) mohou byt prikladem tohoto propojeni modernich technologii s tradi¢nimi postupy
napf. pouzivani tisténych a elektronickych vyukovych materidld a offline a online uceni, materidly nebo
zdroje (napt. vyuka v klasické t¥idé propojena s ucenim pomoci ICT). Podle tohoto chapani je elektronicka

132 navrat na obsah



st Media4u Magazine ¥ Katedra chemie P¥F UHK Aktualni trendy ICT ve vyuce chemie

opora predmétu PVCH nastrojem k realizaci blended learningu, nebot’ nékteré jeji ¢asti jsou vyuzivany jak k
prezencni vyuce studentd predmétu PVCH, tak k offline uceni.

Moodle

LMSje oznaceni pro fidici vzdélavaci systémy (pfipadné systémy Fizeného vzdélavani, systémy pro fizeni
vzdélavani; LMS - Learning Management System). Jejich zaklad je postaven na bazi WBT (web based trai-
ning) - vzdélavani, které vyuziva webovych (sitovych) technologii (Kopecky, 2006, Vanék, 2008).

Plvodné se v prostiedi Internetu vystavovaly jen jednotlivé vyukové materidly a komunikace probihala
pomoci e-mailu. V dnesni dobé vsak existuje cela fada LMS systém{, které usnadnuji tvorbu, pouZivani a
spravu online vyuky tim, Ze poskytuiji:
= rozhrani, které umoziuje vytvaret prezentace kurzd,
= celou fadu vyukovych materiald, které usnadnuji studium, komunikaci a spolupraci,
= celou fadu administrativnich nastrojd, které slouzi tutorlm (pedagogdm vedoucim online vyuku) v

procesu spravy, vedeni a vylepSovani kurzll (Bubela, 2005).

Jednim z nejznaméjsich a Casto vyuzivanych LMS systém( je e-learningovy systém Moodle. Velmi vystiz-
né je Moodle charakterizovan na oficialnim portale www.moodle.cz (2003): Moodle je softwarovy balik urce-
ny pro podporu prezencni i distancni vyuky prostfednictvim online kurzl dostupnych na webu; je vyvijen
jako nastroj umoznuijici realizovat vyukové metody navrzené v souladu s principy konstruktivisticky oriento-
vané vyuky; umoznuje ¢i podporuje snadnou publikaci studijnich material(i, zakladani diskusnich for, sbér a
hodnoceni elektronicky odevzdavanych ukol&, tvorbu online testll a fadu dalSich Cinnosti slouzicich pro pod-
poru vyuky. Moodle patfi mezi volné Sifitelny software s otevienym kddem, ktery je kompatibilni s operacni-
mi systémy Unix, Linux, Windows, Mac OS X, Netware a dalSimi, které podporuji PHP.

Slovo Moodlebylo pdvodné akronymem pro Modular Object-Oriented Dynamic Learning Environment
(Modularni objektové orientované dynamické prostredi pro vyuku). V anglictiné jej Ize také povazovat za
sloveso, které popisuje proces liného bloumani od jednoho k druhému, délani véci podle svého, hravost,
ktera Casto vede k pochopeni problému a podporuje tvofivost. V tomto smyslu se vztahuje jak k samotnému
zrodu Moodlu, tak k pfistupu studenta ¢i ucitele k vyuce v on-line kurzech (2006).

Pravé systém Moodle je vyuzivan k podpore prezencni vyuky predmétu Projektova vyuka chemie. Na
webovych strankach http://pvch.upol.cz/moodle byl v rdmci feSeni projektu nové nainstalovan systém Moo-
dle a zaloZen prvni kurz na podporu vyuky predmétu PVCH (Projektova vyuka 2010).

PREDMETY PVCH A ACC

Pfedmét Projektova vyuka v chemii (ACH/PVCH) je urcen predevsim studentdm ucitelskych kombinaci s
chemii. Jde o dopliujici predmét ucitelského studia z celkové relativné nizkého poctu (10) volitelnych pred-
métl na Univerzité Palackého urcenych studentlm oboru Ucitelstvi chemie a soucasné jenom jednoho ze
dvou volitelnych predmétd urcenych pouze studentdm tohoto oboru. V ramci predmétu PVCH se studenti
seznamuji s teoretickymi zaklady jedné z netradi¢nich metod vyuky chemie - projektové metody. Ziskavaiji
vSak rovnéz praktické zkusenosti nutné k Uspésnému realizovani této metody ve svém budoucim povolani.

Predmét CviCeni z analytické chemie (ACH/ACC) ro¢né absolvuje vice nez 100 studentd studijniho oboru
Chemie na PfF UP. V ramci cviceni se realizuje 10 laboratornich Gloh probihajicich béhem jednoho semestru
(kazdy tyden jedno cviceni s ¢asovou dotaci Sesti hodin). Studenti doktorského studia oboru Analyticka che-
mie maji ve svém studijnim programu povinnou praxi, kterou obvykle pini pravé jako vedouci ACC. Velmi
Casto vSak postgradualnim studenttim chybi i minimalni didaktické a pedagogické vzdélani. Pro zvysSeni kvali-
ty vyuky bylo tfeba vytvorit podplrny material (studijni i metodicky), ktery by zacinajicim vyucujicim pomohl
se blize seznédmit s Uskalimi vyuky. Proto vznikla e-learningova opora predmétu ACC - soubor webovych
stranek urcenych primarné pro vedouci tohoto predmétu.

CHARAKTERISTIKA OPORY PREDMETU PVCH

E-learningova opora predmétu PVCH je umisténa na internetové adrese http://pvch.upol.cz (Mrazova,
2010a), jeji soucasti je systém Moodle, ktery je k dispozici na adrese http://pvch.upol.cz/moodle (Mrazova,
2010b).

Podpora je urcena predevsim pro studenty oboru 7504T075 Ucitelstvi chemie pro stfedni Skoly (1. a 2.
roCnik dvouletého magisterského studia - cca 60 student(), ktefi si vyberou volitelny pfedmét ACH/PVCH, je
vSak k dispozici i jinym student@m dalSich obord UP v Olomouci (prostfednictvim predmétu ACH/PVCH),
ktery je zarazen do celouniverzitni nabidky prednasek, seminarli a cviceni. Studentlim UP je umoznéno vyu-
Zivani LMS Moodlu, ktery slouzi predevsim jako podpora prezencni vyuky predmétu PVCH. Podpora vsak ob-
sahuje i vefejnou Cast (Mrazova, 2010a), ktera je urcena Siroké verejnosti, a to predevsim studentiim uditel-
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stvi chemie z jinych univerzit ¢i uciteldm chemie z praxe. UCitelé zakladnich a stfednich Skol budou o opore
informovani prostfednictvim periodicky poradanych projektt dalSiho vzdélavani uciteld UP v Olomouci.

Cile
Elektronicka podpora PVCH by méla byt prostfedkem k splnéni nékolika cildi inovace pfedmétu Projek-

tova vyuka v chemii:

= zefektivnit vyuku predmétu Projektova vyuka v chemii a stat se tak Ucinnou pomickou ke zkvalitnéni
pedagogického profilu absolventl oboru uditelstvi, ¢imz jim umozni lepSi uplatnéni teoretickych i prak-
tickych poznatkd z této v soucasnosti popularni metody v praxi,

= zkvalitnénim vyuky motivovat studenty ucitelstvi k rozsifeni svych znalosti a dovednosti v oborové-didak-
tické ¢asti pripravy ucitell, ktera byva Casto oproti odborné Casti studia podceriovana,

= podporovat nejen vlastni vzdélavaci proces u studentd, ale umoznit i zlepSeni organizace vyuky pred-
métu,

= vytvofit vhodny nastroj k osvojeni metodiky RVP nejen v pregradudlni pripraveé uciteld (na Univerzité
Palackého i na jinych univerzitach), ale i pro ucitele z praxe (verejna ¢ast podpory - napf. pristup k stu-
dijnim oporam predmétu a k databazi vytvorenych projekt(),

= poskytnout studentdm predmétu PVCH zkuSenosti s e-learningem, které mohou jednou vyuzit ve své
pedagogické praxi.

Obsah

Cést e-learningové opory uréend k podpore prezenéni vyuky predmétu PVCH (Mrazova, 2010a) obsahuje

strunou charakteristiku obsahu jednotlivych seminafd, nové studijni opory k témto seminarlim, zadani do-

macich Ukol& a odkazy na vhodnou studijni literaturu. Kromé toho je v ni k dispozici diskusni forum k pro-
blém0m tykajicich se daného predmétu a stranky obsahujici komentarfe ucitele. Dale nabizi studentdim moz-
nost ukladat vytvorené projekty a jiné souvisejici materialy ¢i domaci dkoly.

Verejna Cast e-learningové opory predmétu PVCH (Mrazova, 2010a) by v konecném stavu méla obsahovat:

*  (vodni informace o opore (pro€ vznikla, komu je urcena),

* informace o predmétu PVCH a jeho e-learningové opore v Moodlu - napf. prehled cviceni (s hypertexto-
vymi odkazy na studijni opory tykajici se jednotlivych cviceni) a odkaz na diskusni forum v Moodlu
(umoznujici studentdm fesit aktualni problémy souvisejici s predmétem),

= databazi projektd realizovanych v ramci PVCH na UP,

= prehled literatury zabyvajici se projekty (pfedevsim se zaméfenim na chemii).

immﬂmznm et

e

Obr.1 Vzhled ¢asti podpory PVCH vytvorené v LMS Moodle

V ramci LMS Moodle zaloZzeny kurz ,Projektova vyuka 2010 ma tzv. tydenni usporadani - tzn. obsah
kurzu je usporadan po tydnech jdoucich za sebou, tydny odpovidaji harmonogramu semestru. Kazdému
tydnu odpovida jeden graficky oddéleny oddil, v jehoz zahlavi je uvedeno datum zacatku a konce tydne.
Prislusny oddil vzdy obsahuje stru¢nou charakteristiku daného seminare, odkazy na studijni materialy a tzv.
¢innosti (Moodle.Docs, 2006).

Moodle podporuje fadu rliznych typl studijnich materiald, umoznuje vlozit do kurzu téméf jakykoliv
druh obsahu pouZivany na webu. Je mozné napf. vkladat studijni materialy pfipravené ve formé soubor(
(Word, Excel, PowerPoint, PDF apod.), nabizi vSak i dalsi formy v jakych je mozné materialy prezentovat
(stranka s textem, webova stranka, odkaz na soubor nebo web, zobrazeni adresafe uloZzeného na Moodlu
atd.) (Moodle.Docs, 2006, Oliva, 2009).
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E-learningova cast podpory PVCH v Moodlu zpfistupniuje studentdim nejrliznéjsi elektronické vyukové
materialy (studijni opory k jednotlivym seminarlim vcetné odkaz{ na vhodnou studijni literaturu - textové
soubory, PowerPointové prezentace, pdf soubory, obrazky atd.).

Systém Moodle rovnéz umoznuje vkladat do svého kurzu fadu interaktivnich ucebnich moduld - napft.
moduly anketa, chat, databaze, forum, prlizkum, slovnik, test, tkol, workshop (Moodle.Docs, 2006). V ramci
PVCH jsou pouzivany predevsim moduly ukol a forum.
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Obr.2 Ukazka prostredi pro hodnoceni tkolii

Modul ,ukol* umoznuje ucitellim sbirat studentské prace, hodnotit je a poskytovat studentlim zpétnou
vazbu véetné znamkovani. K dispozici jsou Ctyfi typy ukoll: odevzdat soubor, pokrocilé nahravani soubord,
online text, offline ¢innost. V ramci podpory PVCH je nejvice vyuzivano "pokrocilé nahravani soubor", které
na rozdil od Ukolu typu ,odevzdat soubor® umoziuje studentdim odevzdat zaroven vice nez jeden soubor.
Studenti mohou odevzdat jakykoli digitalni obsah (soubory), napfiklad textové dokumenty, sesSity z tabulko-
vych procesord, obrazky a zvukové a obrazové sekvence. Konkrétni pozadavky jsou vzdy formulovany v za-
dani Ukolu (v poli ,popis"). Studenti vidi nejen datum zadani domaciho Ukolu, ale rovnéz i datum, kdy maji
Ukol odevzdat. Je moZzné nastavit zakaz odevzdavani kol po stanoveném terminu. UCitel mlze k odevzda-
nému Ukolu vlozit komentar. Odevzdané Ukoly Ize znamkovat na ucitelem predem zvolené Skale. V pfipadé
zajmu ucitele je moZné nastavit si upozorfiovani na e-mail, které se odesle na jeho e-mailovou adresu vzdy,
kdyZ studenti odevzdaiji novy Ukol nebo kdyz jiz odevzdany Ukol aktualizuji. Studenti jsou vedeni k prepraco-
vavani ukold na zékladé komentare ucitele, uvedeny modul ,Ukol" tedy umoZziuje efektivni komunikaci mezi
ucitelem a zaky, ktera by v kone¢né podobé méla vést k ziskani vypracovanych tkoll v podobé odpovidajici
predstavam ucitele (Moodle.Docs, 2006).

Projekt Sira V tomto féru si miZe kaZdy zvolit, zda bude odebirat pfispéviky nebo ne.
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Obr.3 Ukazka diskusniho fora k projektu Sira

Modul ,férum® je hlavnim asynchronnim komunikacnim nastrojem systému Moodle. Slouzi predevsim
pro diskusi mezi Ucastniky kurzu. Forum miZe byt usporadano nékolika rliznymi zplsoby, je mozné nastavit
nékolik rdznych parametrl podle metodickych potfeb kurzu. Féra mohou zahrnovat hodnoceni prispévkd
ostatnimi ucastniky kurzu Ci uCitelem, pfispévky Ize prohlizet v nékolika formatech, je mozné k nim pfipojit
prilohu. Ucastnici kurzu maji moznost prihlasit se k odbéru prispévkd (kopie kazdého vloZzeného prispévku
jim v tom pripadé bude zasilana e-mailem), ucitel ma moznost odebirani prispévkl vsem Gcastniklim vnutit.
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Pfi vhodném poufZiti diskuzniho féra moderovaného ucitelem mdze byt tato Cinnost pro Uspésné online stu-
dium tou nejdileZitéjsi - mdze vhodné motivovat Ucastniky kurzu k dalSimu studiu (Moodle.Docs, 2006).

CHARAKTERISTIKA OPORY PREDMETU ACC

E-learningova opora predmétu ACC je umisténa na internetové adrese http://ach.upol.cz/ACC_prirucka
(Myjavcova, Ginterova, 2010).

Podpora je uréena predevsim pro vedouci cvi¢eni ACC (az 10 vedoucich cviCeni ro¢né), sekundarné vsak
mdZe byt vyuZita studenty bakalarského programu Chemie a Biochemie, ktefi absolvuji ACC a jsou tedy
pfimo ovlivnéni kvalitou jeho vyuky. Zvefejnéni navodl k jednotlivym laboratornim tloham mize byt dale
prospésné pro studenty ucitelstvi chemie ¢i ucitele chemie z praxe. UCitelé zakladnich a stfednich Skol budou
o0 opore informovani stejnym zplsobem, jako o podpofe predmétu PVCH (seminare ,Dalsi vzdélavani ucite-

O\\)

Cile
E-learningova podpora ACC by méla byt prostfedkem k splnéni téchto cil(:

=  umoznit postgradudlnim studentlim vyuzivat nové vytvoreny podplrny material, ktery by jim mél pomo-
ci efektivné vést cviceni a prekonavat mozné problémy plynouci z jejich minimalniho didaktického a pe-
dagogického vzdélani,

= umoznit dalSim zajemclm (napf. studenti uCitelstvi a ucitelé z praxe) o jednotlivé laboratorni Glohy (diky
Uzké pribuznosti témat stfedoskolského a vysokoskolského laboratorniho vyucovani) vyuZivat jednotlivé
studijni i metodické materidly prirucky.

Obsah

Vznikla pfirucka se sklada ze dvou hlavnich ¢asti: obecné a specialni. V obecné ¢asti jsou zminény pre-
devsim obecné zasady spravného vedeni laboratorniho cviCeni (napf. spravna laboratorni praxe a pedagogic-
ké zasady). Cast specialni se vénuje praktické casti cviceni. Jsou zde konkrétné rozpracovany jednotlivé po-
stupy kazdého cviceni doplnéné o metodické pokyny (napf. cile vyuky, Casové rozvrzeni, modelové priklady
na ustni i pisemné zkouseni apod.).

Jirecng Caw

Spideni Lavosammd prae

Eanaty prdugprusiihs vadin
waalimi wiuka pledmiou ool 1 analyocki: chamie j jedeim 2 neztyegch pledpokiani pro dark] soudies a celliwiho rozvege
chemickpch obond. Cim wioe bude dobte prakocky pRigrasesych sudesst, om wice odborniiod bude ¥ chemicipch laboratefich 2
preved e pracieal 4 pod el 18 rogve Chiisie.

CTiem 180 pRirufky e yyivolend noveho seany pro sieabendnd wpuky, urteny o atinaficl wutujicl

Speceling £ast

wealmatierd analiza andrganaiych daami

pfedméou cvideni ¢ smalyticke cheme, Winikla phirufka se sklidd ze deou hamich £t obeiné a
speosllnd v abroed Lk o Zmisdny plededtim obeomi Zisady sprividhe vedeni laborasonsdhe

iy ceteni inapf. sprivnd labormorns praxe, polymy o poskymut prenl pomoc, pedagogicts Tasady,
paladiviy na iodenta - veded b ainrnites denily, Jgeecmabad proiokals apodi. CRspecids
s winiije prakiick L oadent. o zde konkeéme rozpracovkny Ednotied posoupy kaldeho

LR oovieni dopinind o meipdicke poloprrp inegd, cil wuky, dasowd marrbenl. modeiosd pikiady na i
il i i o RO ERT apod.)

el Tlr:

® Jpind baburgsaind prase dbezpetnasing ssecy a prend pomos ph deseech v latoraiodl
o Eihaty ailagekits ol IDTaTo TG Ceden] |meudy cebfrvkn Znaloss, whaomost 1 dovednail ssudentd, Zasaty veden|
saboraternich zazrami, sasady pf zpraccvan) bborssomich promkodl a pozsdavky na jepch obaahi

SpeCiilal Chsn

o 01 Kyalfsbey gnalycd gngnganickesch Banomy

w OF gl ane s ANzl Al Ganich ILANATIL

& O3 Kyalmaer=d gnglyra smésl anonganickech danonih @ g
w0 Ltz ickd slanoweni G Te

Obr.3 Vzhled podpory predmétu ACC

ZAVER

KralBaitwinl dnabizd anorganciych dronid

Kreal matiured anabyza ymd anceganichycs
kxtiznrii & sini

GrireampeinichE s1anosal §i g e
Aridobudsiche Divate, dladdimeiiie 4 oalirmeire

Chalaemgirie, Stanesnd Ca?= gi™ a rardesn
L

i

P - =

Flskimgraamsine 3 coulomeiTe, sEanmeEn
Cul

Spekpptonamernickl Bangeen Ft
Tarkomubind dleomalispale

CRLErnf
Omicuen forum
PR e iy

E-learningové podpory predmétd PVCH a ACC jsou vytvarené prevazné studentkami doktorského studia
obor{i Didaktika chemie a Analyticka chemie. Jde o soubory mternetovych stranek, které obsahuji ne]ruzne15|
e-learningové nastroje. Cast podpory predmétu PVCH urcend k podpore prezencni Casti vyuky vyuziva LMS
Moodle. Pfedpoklada se vyuZivani prislusnych opor v kone¢né verzi od konce roku 2010.

Clanek vznikl za podpory projektd FRVS 2909/2010/G6 a 2676/2010/G6.

136

navrat na obsah



st Media4u Magazine % Katedra chemie PFF UHK Aktualni trendy ICT ve vyuce chemie

Pouzité zdroje

ZOUNEK, J. E-learning - jedna z podobdeni v moderni spolecnostiBrno: Masarykova univerzita, 2009. ISBN 978-80-210-5123-2.
KOPECKY, K. E-learning (nejen) pro pedagogyolomouc: Hanex, 2006. ISBN 80-85783-50-9.

MASON, R. - RENNIE, F. Elearning: the key conceptsiondon: Routledge, 2006. 158 s. ISBN 0-415-37307-7.

VANEK, . E-learning, jedna z cest k modernim formam égvéni Opava: Slezskéa univerzita v Opavé, 2008. ISBN 978-80-7248-471-3.
BUBELA, 1., et al. Pfirucka pro tutory: navod k uzivani LMS iTutor a MooBfeo: Narodni centrum o$etfovatelstvi a nelékaiskych
zdravotnickych obor{l, 2009. ISBN 978-80-7013-492-4.

MOODLE.CZonline]. 2003 [cit. 2010-11-09]. Dostupné z WWW: <http://moodle.cz/>.

MoodeDocs[online]. 2006 [cit. 2010-11-09]. Dostupné z WWW: <http://docs.moodle.org/cs>.

OLIVA, 1. VyuZiti Moodle ve vzdélavamonline]. Brno, 2009. BakalaFska prace. Masarykova univerzita, Pedagogicka fakulta, Katedra
technické a informacni vychovy. Dostupné z WWW: <http://is.muni.cz/th/136421/pedf_b/bp_oliva.pdf>.

MRAZOVA, V. PVCH: Projektova vyuka v chenjiinline]. 2010a [cit. 2010-11-09]. Dostupné z WWW: <http://pvch.upol.cz>.
MRAZOVA, V. Projektova vyuka v chemii: elektronickd podp@oaline]. 2010b [cit. 2010-11-09]. Dostupné z WWW:
<http://pvch.upol.cz/moodle/>.

MYJAVCOVA, R.; GINTEROVA, P. Pfirucka po zacinajici vyucujici pfedmétu Cviceni z analytické chefoigine]. 2010 [cit. 2010-11-09].
Dostupné z WWW: <http://ach.upol.cz/ACC_prirucka/>.

Kontaktni adresy

Mgr. Veronika Mrazova

Katedra analytické chemie
Prirodovédecka fakulta

Univerzita Palackého

17. listopadu 12

771 46 Olomouc

e-mail: mrazova.veronika@seznam.cz

navrat na obsah 137



UNIVERZITA PALACKEHO V OLOMOUCI

Prirodovédecka fakulta

Katedra analytické chemie

AUTOREFERAT

K DISERTACNI PRACI

Spojeni separacnich technik s hmotnostni spektrometrii

v analyze flavonoidu a produktt jejich biotransformace

Autor prace: Mgr. Renata Myjavcova
Studijni obor: Analyticka chemie
Vedouci préace: doc.RNDr. Petr Bednar, Ph.D.

Olomouc 2015



SOUHRN

Flavonoidy jsou rozséhlou biologicky vyznamnou skupinou latek. Divodt zajmu o detailni zkoumani
téchto piirodnich latek je nékolik. PfedevSim je to jejich vyuZiti v mediciné jako prevence proti
kardiovaskularnim onemocnénim, cukrovce (diabetes mellitus 2. typu), onemocnénim centralni nervové
soustavy (CNS) a také potencialné i pti 16¢€bé rakoviny. Anthokyaniny jsou piirodni barviva patfici do skupiny
flavonoidd. Tato barviva hraji vyznamnou roli v Zivoté rostlin - ochrana pletiv pted UV zafenim a predatory,
pritahovani opylovaci atd. Anthokyaniny jsou pomérné malo stabilni. Snadno se oxiduji, hydrolyzuji a rovnéz
kondenzuji na slozit&j$i barviva. Produkty vznikajici jejich kondenzaci s malymi reaktivnimi slou¢eninami, jako
jsou pyrohroznova kyselina, acetaldehyd, aceton a dalsi jsou uz vyrazné stabilnéjsi a 1ze je vyuzit v fad¢ oblasti,
zejména potravinafstvi. U vzniklych kondenzovanych barviv 1ze o&ekavat jinou biologickou aktivitu v lidském
organismu, nez jakou vykazuji samotné anthokyaniny. V této disertaéni praci byla pozornost vénovana jedné
skupiné derivatl anthokyanini - pyranoanthokyaninim. Byla studovana jejich tvorba v extraktech plodu
zimolezu kamcatského béhem jeho testovani pro vyuziti v potravinovych dopliicich. Detailni pozornost byla
vénovana analytickym vlastnostem 5-methylpyranoanthokyanini. Byla prostudovana fragmentace tohoto
barviva po kolizi indukované disociaci v iontové pasti. Kromé odstépovani oxidu uhelnatého a vody byl
Vv koliznich spektrech pozorovany i fragmenty vznikajici od§tépenim methylového radikalu z pyrano-kruhu. Tyto
fragmenty jsou pro 5-methylpyranoanthokyaniny charakteristické a mohou byt analyticky vyuZity.

Lidsky metabolismus je souborem biochemickych reakci probihajicich v builkdch. Nejcastéji jsou
metabolické déje studovany na jaternich a stfevnich builkdch. Metabolismus anthokyaninovych barviv byl jiz
V literatuie do urcité miry studovan. O metabolismu derivati anthokyaninl je toho vSak znamo velmi malo.
Studium in vitro biotransformace vybraného pyranoanthokyanidinu bylo také pfedmétem této disertaéni prace.
Pro tyto experimenty byl vybran 5-methylpyranopelargonidin. V paralelnich experimentech byly spolu s timto
barvivem studovany i pelargonidin (nejjednodussi anthokyanidin) a kvercetin (bézny a dobfe prostudovany
flavonoid). Byly pouzity nadorové linie jaternich a stfevnich bunék (HepG2 a LS174T). Po probchnuti
biotransformace byly vzniklé metabolity analyzovany pomoci spojeni ultrati¢inné kapalinové chromatografie a
hmotnostni spektrometrie (UHPLC/MS). U kvercetinu byly pozorovany bézné metabolity faze I a II. Pii analyze
buné¢ného sedimentu (pelet) byly navic nalezeny ionty metaboliti s hodnotou m/z 603,0789 a 905,1212 ([M-H]
ionty). Tyto ionty byly pfipsany dimeru a trimeru kvercetinu. Ob¢ studovana barviva (pelargonidin a 5-
methylpyranopelargonidin)  metabolizovala méné ochotné nez kvercetin. Biotransformace 5-
methylpyranopelaronidinu probihala s vétsim vytéZkem metaboliti neZ biotransformace pelargonidinu.
Studovany 5-methylpyranoanthokyanin se od ostatnich dvou studovanych latek vyznamné 1i§i i v profilu
metaboliti akumulovanych v bunéénych sedimentech. To zfejmé souvisi s pfitomnosti jednoho kruhu a methylu

navic v molekule pyrano-barviva oproti srovnavanym latkdm a tedy s jeho vy3si hydrofobicitou.



SUMMARY

Flavonoids represent a wide group of biologically important compounds. There are several reasons for
interest in the detailed investigation of these natural compounds. Especially, their use in medicine to prevent
cardiovascular disease, diabetes (type 2 diabetes mellitus), central nervous system disorders (CNS) and also the
potential in cancer treatment can be mentioned. Anthocyanins are natural dyes belonging among flavonoids.
Those dyes play important role in plant life - protection of plant tissues against UV radiation and predators and
attraction of pollinators etc. Anthocyanins are relatively unstable. Oxidation, hydrolysis and formation of more
complex dyes (condensation) are the most frequent processes. Product arising by condensation with some small
reactive compounds, such a pyruvic acid, acetaldehyde, acetone and other are much stable and they can be used
in many areas, first of all in food industry. Different biological activity of condensed dyes can be expected
compared to native anthocyanins.

This thesis is focused on one group of anthocyanin derivatives - pyranoanthocyanins. Their formation
was studied in fruit extract of honeysuckle in the framework of their utilization in food supplements. Analytical
properties of 5-methylpyranoanthocyanins were studied in detail, especially fragmentation after collision
induced dissociation in ion trap. Besides general cleavage of carbon monoxide and water, the cleavage of the
methyl radical from pyrano ring was observed in collision spectra. Some of observed fragments can be used as
diagnostic ions for identification of 5-methylpyranoanthocyanins in real samples.

Human metabolism is a complex of biochemical reactions proceed in cells. The metabolic processes are
mainly studied in the liver and intestinal cells. Metabolism of anthocyanin dyes was described in the literature
for several times. However relevant information about metabolism of pyranoanthocyanins and other complex
anthocyanin dyes is missing. Biotransformation of pyranoanthocyanins represents second topic of this thesis. 5-
methylpyranoanthocyanin, pelargonidin (related anthocyanidin) and quercetin (common and well studied
flavonoid) were in vitro metabolized with tumor lines of liver and intestinal cells (LS174T and HepG2). Arised
metabolites were analyzed using ultra performance liquid chromatography hyphenated with mass spectrometry
(UHPLC/MS). Common and in former literature described metabolites of quercetin of phase | and Il were
observed (showing that the used cells were metabolically active). In the cell sediment metabolites with a m/z
603,0789 and 905,1212 ([M H] ions) were also found. These ions were tentatively attributed to dimer and trimer
of quercetin. Both studied dyes (pelargonidin a 5-methylpyranopelargonidin) metabolized less readily than
quercetin. Biotransformation of 5-methylpyranopelargonidin proceeded with higher yield of metabolites
compared to pelargonidin. Studied 5-methylpyranoanthocyanin differed significantly from the other compounds
also in the profile of metabolites accumulated in cell pellets. This may be related to the presence of one

additional ring and methyl group in the molecule of pyrano dyes and thus its higher hydrophobicity.
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1. Uvod

Flavonoidy patfi mezi biologicky velmi vyznamné piirodni latky. Divodem jejich intenzivniho
vyzkumu je jejich signalni a regulaéni vyznam pro celou rostlinnou tisi, ale také jejich vyuziti v medicing a
potravinai'stvi. Mezi flavonoidy patii celé skupiny polyfenolickych latek srtznou strukturou a vlastnostmi.
Velmi vyznamnou skupinou téchto sekundarnich rostlinnych metabolitii jsou i anthokyaninova barviva. Jednim
Z hlavnich problému souvisejicich s jejich sledovanim a vyuZitim je jejich relativné mald stabilita v roztocich, pii
zvySené teploté, pisobeni svétla, oxidaCnich ¢Cinidel apod. Plisobenim téchto vlivi dochazi ke strukturnim
zméndm flavonoid, mimo jiné i ke vzniku sloZit€jsich barviv kondenzaénimi a polymeraénimi reakcemi.
Pyranoanthokyaniny patiici mezi tato slozit&jsi barviva byly poprvé identifikovany jako produkty pfirozené
fermentace pfi zrani a starnuti vina. Vzhledem k rozmanitosti moznych reakci a vznikajicich struktur je studium
téchto latek dlouhodobé predmétem zdjmu fady oborli a ty se neobejdou bez detailni chemické analyzy.
Predkladana disertacni prace chce svym zaméfenim prispét k porozuméni vzniku, vlastnostem a procesu
biotransformace vybranych flavonoidi se zaméfenim na derivaty anthokyaninl. Prvni ¢ast prace se vénuje
analyze extraktl plodii zimolezu kamcatského béhem jeho testovani pro vyuziti v potravinovych doplicich.
Druha ¢ast je zaméfena na studium in vitro biotransformace vybranych pigmentt stétevnimi a jaternimi buitkami

a analyzu vzniklych metaboliti metodou UHPLC/MS?,



2. Teoreticka cast
2.1 Flavonoidy

Flavonoidy jsou slouceniny patfici mezi rostlinné fenoly. V soucasné dobé¢ je jiz znamo vice nez 8000
flavonoidnich latek a stale se objevuji nové [1,2]. Flavonoidy vznikaji jako sekundarni metabolity
pii biochemickych procesech v rostlinné butice. U rostlin mohou zplisobovat pigmentaci samotnych rostlin nebo
ovocnych plodi. Mohou pusobit jako atraktanty pro opylujici hmyz a zaroven poskytuji ochranu pted UV
zafenim a Gtokem predatorti a patogenti [3-6]. Pro své antioxidac¢ni a antimikrobialni ucinky jsou tyto latky
dlouhodobym pfedmétem intenzivniho studia s ohledem na vyuZiti v mediciné.

Velké mnozstvi flavonoidd je pfitomno v bobulovitych rostlinach jako brusinky, bortivky atd.
Pfedmétem studia v této praci jsou plody zimolezu kaméatského (Lonicera caerulea var kamtschatica). Jednim
z hlavnich problémi vyuziti flavonoidii v potravinafstvi i mediciné je jejich mala stabilita pfi zvySeni pH,
teploty, piitomnosti svétla a oxidaénich ¢inidel apod. Plsobenim téchto vlivii mizZze dochazet ke strukturnim

zmeénam flavonoidu.

2.2 Kondenzované flavonoidy

Kondenzované flavonoidy vznikaji zejména plsobenim Elovéka (pii jejich extrakci z rostlinného
materialu, pfi fermentaci v moStech a vinech a pfi jejich zrani). S ¢asem se tedy v rostlinnych extraktech a
potravinach zvySuje obsah kondenzovanych barviv na ukor nativnich anthokyaninti. Pyroanthokyaniny, pattici
mezi kondenzované anthokyaniny byly identifikovany jako produkty pfirozené fermentace pfi zrani a starnuti

vina [7]. Tyto barviva se tak staly pfedmétem mnoha studii [8].

2.3 Metabolismus a biotransformace flavonoidi

Biosyntéza flavonoidi je situovdna v bunééné cytoplazmé a ovlivnéna piisobenim mnoha enzymi [9-
12]. Vychozi latkou je kyselina octova, vznikla pii fotosyntéze, ktera se souborem enzymatickych reakci
preménuje kumaryl CoA. Kumaryl CoA nasledné vstupuje do reakce s malonyl CoA a pusobenim enzymu
chalkonsythasy vznikd zékladni stavebni jednotka flavonoidti - chalkon. Sérii metabolickych modifikaci pak
vznikaji jednotlivé skupiny flavonoidt [10].

Procesy vstiebavani, metabolismu, distribuce v organismu a vylu¢ovani flavonoidi u ¢lovéka je
dlouhodobé predmétem vyzkumu v mnoha oborech [13-16]. Obecné, xenobiotika vstupuji do lidského téla
travicim traktem (Usta, jicen, Zaludek, stieva), respiraénim systémem (epitely plic, nosni sliznice) a pokozkou.
Biotransformace xenobiotik probiha zejména v jatrech a stfevech, podili se na nich ale i ledviny, plice nebo

kuze.

2.3.1 Metabolismus flavonoidi in vivo

Celkovy metabolismus flavonoidt in vivo je ovlivnén souhrnem reakci v lidském téle. Na zacatku je
velmi dalezité v jaké formé potravy jsou flavonoidy do organismu piijimany. Chemické vlastnosti jako struktura,
velikost, rozpustnost a pfitomnost dalsich latek ovliviiuje celkovou absorpci flavonoidd v téle. Za poslednich 40

let bylo provedeno nékolik studii na odhaleni a pochopeni detailniho metabolismu flavonoidd v lidském téle.
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Modelové studie byly provedeny a zkoumany nejéastéji na kvercetinu [6,17]. V jedné z prvnich studii byla
podédna davka kvercetinu per oralné a intravenézné 6-ti dobrovolnikim a poté byla sledovana pfitomnost
nemetabolizovaného kvercetinu v moc¢i dobrovolnikt [18]. Hollman a kol. provedl experiment dokazujici, Ze
k absorpci kvercetin-glukosidu probiha ve stfevech [19]. Tento fakt byl vysvétlen farmakokinetickou studii
potvrzujici zapojeni Na® dependetni glukdzovyho ko-transporteru (SGLT1), pfitomného ve stfevech do
metabolismu kvercetin-glukosidu [20]. Tato studie vSak poté byla vyvracena a byl navrhnut novy mechanismus,
ktery je zaloZzen na hydrolyze glukosové jednotky pomoci enzymu laktasa-phloridzin hydrolasa (LPH) a f-
glukosidasou na povrchu klkovitych vybézku stieva [21]. Volny aglykon pak jednoduse prochézi pasivni difdzi
membranou stfeva. Tento mechanismus byl potvrzen pro vétSinu flavonoidi s navazanymi rozdilnymi
cukernymi jednotkami (glukosa, arabinosa, xylosa, galaktosa rhamnosa atd.) [22]. Popsany mechanismus mé¢l
vSak své omezeni. Napiiklad kyanidin a delphinidin-3-glukosid nepodléhali hydrolyze a zGstavaly nezménény.
Tento fakt autoii vysvétluji tak, Ze anthokyaniny ky a dp-3gl nejsou vhodnym substrdtem pro LPH enzym.
DalSim parametrem ovlivityjicim metabolismus flavonoidd v lidském organismu je mnozstvi a typ navdzanych
cukernych jednotek na aglykon. Kvercetin-rutinosid byl absorbovan pouze z 20-ti% v porovnani s kvercetin-
glukosidem [20]. Dalsi studie dopliiuji, ze se na metabolismu flavonoidii podili i Zaludek, kde dochazi k ¢astecné
absorpci [23]. Celkovy pohled na metabolismus flavonoidi v lidském organismu je tedy velmi sloZity a sklada se
ze celého systému biotransformacnich reakei v celém téle (Obr. 1). Jejich detailni pochopeni je cilem mnoha
studii. Vystupnim biologickym materidlem pro analyzu metaboliti flavonoidi in vivo je nejéast&ji moc¢. V ni
byly pak nejéastéji nalezeny metabolity methylované, sulfatované a glukuronidy flavonoida [17,24,25].
Glukuronidova konjugace je nejéast&j$i biotransformaéni proces flavonoidi v lidském organismu [26-28].
Glukuronidace je reakce katalyzovana enzymem UDP-glukuronosyltransferasou, ktery je pfitomen ve velkém
mnozstvi v jatrech, stievech a ledvinach [29]. Druhou nej¢ast&jsi biotransformadni reakei je pak methylace, kterd
je fizena skupinou enzymi methyltransferas pfitomnych pfedevsim v tkénich jater a ledvin [30,31]. VSeobecné
Ize Fici, ze in vivo experimenty popisuji soucasné cely metabolickych procest. Pro detailni poznani jednotlivych
asti tohoto procesu je obvykle tieba doplnit vyzkum in vitro experimentem s jednim izolovanym typem bunék

(ev. jednim typem tkané nebo jednim organem).
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Obr. 1 Souhrnny pohled na biotransforma¢ni procesy flavonoidi v lidském téle [29]
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2.3.2 Metabolismus flavonoidi in vitro

Mnohé in vitro experimenty pomohly k detailnimu popsani jednotlivych biotransformaénich pochodt
flavonoidu v lidském téle [32-35]. Experimenty s HepG2 buiikami lokalizovaly proces glukuronidace, methylace
a sulfatace kvercetinu v tenkém stievé [33]. Vacek a kolektiv provedli in vitro experiment metabolismu
flavonoida s lidskymi jaternimi buiikami na kvercetinu, rutinu a isokvercitrinu. I zde byly zde nalezeny hlavni
metabolické drahy jako metylace, sulfatace i glukuronidace [34].

V metabolismu flavonoidid je vyznamnad pfitomnost stfevnich bakterii, kterd umoziiuje S$té€peni
cukernych jednotek (s pomoci enzymi p -glukosidasy, p-glukuronidasy) za vzniku aglykont. Vzniklé aglykony
jsou v dalsich procesech §tépeny az na fenolické kyseliny. Fenolické kyseliny jsou vuéi dalsi degradaci stéevni
mikroflorou pomérné odolné. Kromé glukosidi miize stievni mikroflora hydrolyzovat také glukuronidy, sulfaty,
amidy, estery a laktony (vnitini cyklické estery). V pfitomnosti stfevni mikrofléry snadno dochazi k $§tépeni
kruhi (v piipadé degradace flavonoidu na fenolickou kyselinu), dekarboxylaci, demethylaci a dehydroxylaci
[29,36].

Extrakt z malin obsahujici smés polyfenolti (s bohatym zastoupenim kyseliny elagové) byl testovan na
maligni linii bunék karcinomu tlustého stfeva LS174 a na mononuklearnich butikdch imunitniho systému.
Utinkem extraktu se vyznamné snizil po&et nadorovych bunék oproti stejnym buiikam v kultivaénim médiu.
Antiproliferativni vlastnosti na nadorové buiiky ptimo umérné zavisely na obsahu polyfenoli v extraktu [37].
poukazuji na schopnost kvercetinu inhibovat rist lidskych bunék HL-60 zodpovédnych za promyelocytarni
leukémii. Kvercetin vykazoval u¢inky na bunéény cyklus, aktivitu proteinkindzy C, tyrosin protein kindzy a

produkei fosfoinositidu u nadorovych bunék [38].



3. Cile prace

Disertacni prace se zabyva studiem vzniku, vlastnosti a procesu biotransformace vybranych barviv

odvozenych od anthokyanind. Cile prace je mozno shrnout do nasledujicich bodu:

vvvvvv

e  Analyza anthokyanind, pyranoanthokyanini a dalSich slozit&jsich pigmenti v rostlinnych extraktech

(plody zimolezu kamcatského)
e Studium analytickych vlastnosti vybranych pyranoanthokyanint

e Studium in vitro biotransformace vybranych pigmenti stievnimi a jaternimi butikami
- provedeni biotransformacnich experiment

- analyza vzniklych metabolitéi metodou UHPLC/MS?



r wr

4. Experimentalni ¢ast
4.1 Chemikalie

Standardy flavonoida (pelargonidin chlorid, kvercetin chlorid, kyanidin-3-galaktosid chlorid, kyanidin-
3,5-diglukosid chlorid), vechny p.a., byly zakoupeny u firmy Carl-Roth (Karlsruhe, Némecko). Pouzity
methanol, ethanol, aceton a acetonitril, gradient grade, byl zakoupen od firmy Merck (Darmstadt, Némecko).
Kyselina chlorovodikové, p.a. byla zakoupena u firmy Lachema (Brno, CR). Trifluoroctova, mravenéi, octova
kyselina a deuterovany aceton (dg) byly zakoupeny ve firmé Sigma-Aldrich (St. Louis, USA). Kolona pro
frakcionaci barviv byla plnéna Sephadexem LH-20 (1400 x 25mm (ID), velikost ¢astic 25-100 pm) (Sigma,
USA). Kyselina chlorovodikova p. a. byla zakoupena u firmy Lachema (Brno, CR). Fosfatovy pufr (PBS) byl
zakoupen u firmy Sigma-Aldrich (St. Louis, USA).

4.2 Piiprava extrakti Zimolezu kamcatského

Pouzité plody zimolezu kam¢atského (Lonicera caerulea var kamtschatica) byly ziskany ze sklizné v
roce 2006 a7 2007 v Lipniku nad Be¢vou. Extrakty byly pfipraveny v Ustavu lékaiské biochemie a chemie
Univerzity Palackého v Olomouci (1.) a v Laboratofi biotransformaci, Mikrobiologického ustavu Akademie Véd

Ceské republiky (2.) nasledujicimi postupy:

1. Zmrzlé plody zimolezu (4,84 kg) byly extrahovany vodnym roztokem 0,1% kyseliny fosfore¢né pfi teploté
50°C po dobu 14 hodin. Ziskany prvni extrakt byl precistén na koloné plnéné materidlem Sepabeads SP 207
(styren-divinylbenzenovy kopolymer). Kolona byla promyta deionizovanou vodou, fenolické latky byly poté
vymyty ethanolem a zkoncentrovany odpatfenim. Bylo ziskéno 20,3 g fenolické frakce (oznaceni frakce: LCPF)

[39].

2. Plody zimolezu byly po transportu do laboratofe lyofilizovany v argonové atmosféte pti -25°C a pii této
teploté uskladnény pro dalsi experimenty. Extrahovatelnost slozek plodd byla testovana extrakei 4 riznymi
rozpoustédly (methanol, aceton, ethanol, voda). Plody byly pfed vlastni extrakci manualné rozdrceny a kapalna
faze odfiltrovana na filtrech Filtrak 388. Ziskané filtraty byly odpafeny pii 40 °C a néasledn€ znovu lyofilizovany

a uskladnény pii -25 °C pro néslednou preparativni frakcionaci.

Frakcionace byla provedena s kazdym surovym extraktem zvlast. Z lyofilizovanych pevnych zbytkd po
extrakci bylo odvazeno ur¢ité mnozstvi (A-76 mg, B-80 mg, C-78 mg, D-94 mg) a toto mnoZstvi bylo
rozpusténo v 0,5 ml methanolu (extrakty A, B), ve smési methanol:aceton, 1:1 (extrakt C) a v deionizované vodé
(extrakt D). Extrakty (A-C) byly rozpu$tény a poté nadidvkovany na sklenénou kolonu (1400 x 25 mm i.d.)
plnénou sorbentem Sephadex LH-20 (Sigma, USA). Jako mobilni faze byl pouZit methanol. Mobilni faze
protékala kolonou pritokem 1,45 ml/min (sloupcova chromatografie), jednotlivé frakce byly shirany po 8
minutach az do vymyti vSech barevnych podili z kolony. Eluce kontrolovana UV detekci pti 280 nm. Oddélené
frakce byly vysuSeny pod vakuem a uskladnény pii -25 °C pro dalSi analyzu. Pro extrakt D byl volen jiny
frakcionacni postup. Material rozpustény ve vodé byl nadavkovan na sklenénou kolonu (930 x 25mm i.d.)

plnénou Sephadexem LH-20 (Sigma, USA). Jako mobilni faze byl pouzit ethanol 80/20 ve vodé (v/v) pii
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pratoku 0,5 ml/min. Jednotlivé frakce byly sbirdny po 16 min az do vymyti vSech barevnych podili z kolony.
Kontrola eluce byla opét provadéna UV detektorem pii 280 nm. Na zakladé hodnot absorbance pii frakcionacich

byly vybrany frakce, které byly detailné¢ analyzovany pomoci pLC/MS.

4.3 Priprava 5-methylpyranopelargonidinu (5-MePPlI)

3,21 mg pelargonidin chloridu bylo rozpusténo v 5 ml smési acetonu a methanolu (1:1, v/v) okyselené
5% kyselinou mravenéi. Po kompletnim rozpusténi pl-chloridu byla reakéni smés ponechdna v temnu pii
laboratorni teploté po dobu 48 hodin. Rozpoustédlo bylo nasledné ze vzorku odfoukano jemnym proudem dusiku
pii 40°C s vyuzitim pfistroje TurboVap (Biotage, Charlotte, USA) a ziskany materidl byl zamrazen pro dalsi

experimenty.
4.4 Bunécné linie

Pro in vitro metaboliza¢ni experimenty byly pouzity nadorové bunééné linie HepG2 (jaterni) a LS174T
(stfevni), které byly potizeny z Evropské kolekce bunéénych kultur ECACC (European Collection of Cell
Cultures) a poté kultivovany v laboratoti dle doporuceni dodavatele. Na bun&éné linie HepG2 (2,5 x 10°
bun&k/ml) a LS174T (1,5 x 10° bun&k/ml) byly nasazeny studované latky (pelargonidin, 5-MePPI a kvercetin) o
koncentraci 100 pmol/Il. Jednotlivé kultury byly ponechdny v kultivaénim inkubatoru pti 37°C a v ptitomnosti
5% CO,. 50 pl média bylo shirano v ¢asovych intervalech po 1 hoding, 2 hodinach a 24 hodinach kultivace.

Po 24 hodinach kultivace a odebrani zbytku kultivacniho média, byly bunécné linie 3 krat promyty
pomoci roztoku fosfatového pufru (PBS). Ziskané buiiky byly poté centrifugovany (14000 x g) po dobu 2 minut.
Supernatanty byly odebrany a ziskané pelety (bunééné sedimenty) byly resuspendovany v 200 pl methanolu
okyseleného 5% kyselinou octovou (v/v) a homogenizovany v ultrazvukové lazni chlazené ledem po dobu 30
Min pro naruSeni bunééné membrany a pirevedeni metabolitl do roztoku.

Odebrané vzorky meédii byly smichany s 50 ul methanolu okyseleného 5% kyselinou octovou (v/v),
poté centrifugovany (14000 x g) po dobu 2 minut a ziskané supernatanty byly analyzovany pomoci UHPLC/MS.
Vzorky pelet po destrukci bunééné membrany znovu centrifugovany (14000 x g) po dobu 2 minut a odebrané
supernatanty byly analyzovany stejnou metodou, jako vzorky médii odebirané béhem metabolizace.

Jako kontroly byly pouzity i) zakladni roztoky standardi (kvercetin, pelargonidin, 5-MePPI)
V kultivaénich médiich, ii) médium neobsahujici sledované flavonoidy a iii) pelety bun¢k bez pritomnosti

flavonoidi ziskané pfi identickych experimentalnich podminkach jako realné vzorky flavonoidu.

4.5 Ptistroje a experimentalni podminky

4.5.1 Ptistroje a postupy pro chromatografickou prefrakcionaci a naslenou HLC/MS analyzu plodi
zimolezu kam¢atského

Pro frakcionaci LCPF frakce (ptiprava viz. experimentalni ¢ast kapitola 4.2) byl pouzit semipreparativni
chromatograf od firmy Knauer (Berlin, Némecko) s UV detekci. Byla pouZita kolona Gemini C18 od firmy
Phenomenex, USA (150 mm x 10 mm, d,=5 pm). Mobilni faze A byla tvofena 5% vodnym roztokem
acetonitrilu okyselenym 0,12 % Kkys. trifluoroctovou (v/v/v) . Mobilni faze B byla tvoiena acetonitrilem

okyselenym 0,12 % kys. trifluoroctovou (v/v). Byla pouZita gradientové eluce s profilem gradientu: 0-15 min 5%
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B, 15-25 min 5-10% B, 25-35 min 10-20% B, 35-40 min 20-50% B, 40-55 min 50-100% B, 55-56 100-5 % B,
56-60 min 5% B, 60-70 min 100% B, pratokem 5 ml/min. Doba analyzy odpovidala 70 min. Davkovéno bylo
100 pl extraktu (fepliovani davkovaci smyc¢ky o velikosti 1Q€, full loop technika). i8kané frakce byly
lyofilizovany a zamraZeny (-80°C) pro néslednou analyzu pLC/MS.

LCPF frakce a frakce extraktt ziskané preparaci na koloné plnéné Sephadexem LH-20 byly rozpustény
v mobilni fazi A (deionizovana voda okyselend 0,12 % kys. trifluoroctovou + 5% acetonitrilu, v/v/v). Takto
ptipravené vzorky byly analyzovany pomoci pLC ve spojeni s hmotnostnim spektrometrem s ionizaci
elektrosprejem (Q-TOF, Premier, Waters). Byla pouzita bindrni gradientova eluce. Byly pouzity stejné mobilni
faze jako pro semipreparativni chromatografii. Byl pouZit nasledujici profil gradientu: 0-5 min 10% B, 5-10 min
10-20%, 10-30 min 20-30% B, 30-40 min 30-50% B, 40-50 min 50-70% B, 50-55 min 70% B, 55-60 min 70-
100% B, 60-70 min 100% B, 70-70,5 min 100-10% B, 70,5-75 min 10% B, pritok 5 ul/min. Doba analyzy byla
75 min. Byly nastaveny nasledujici parametry hmotnostniho spektrometru: sprejovaci napéti +3,2 kV, pritok
zmlzovaciho plynu 350 1/hod, teplota iontového zdroje 120°C a desolvacniho plynu 300°C.

Jednotlivé frakce obsahujici strukturné zajimava barviva byly rovnéz analyzovany pfimym zavadénim
roztoku vzorkt do iontového zdroje (prutok 7ul/min, sprejovaci napéti +2,5 kV, pratok zmlzovaciho plynu 100
1/hod, teplota iontového zdroje 150°C a desolvacniho plynu 150°C).

Procesy probihajici pii fragmentaci analyti (5-MePPI a frakcionovanych barviv) po kolizi indukované
disociaci byly dale studovany na hmotnostnim spektrometru LCQ MAT (Finnigan, San Jose, CA, USA)
S ionizaci elektrosprejem a analyzatorem typu iontové pasti. Bylo pouzito pfimého zavadéni vzorku do iontového
zdroje — prutok 10 ul/min, teplota vyhiivané kapilary 200°C, sprejovaci napéti +5,6 kV, priutok zmlZovaciho
plynu 40 arbitrary units. Nastaveni iontové optiky bylo ladéno na methanolicky roztok malvidin-3-glukosidu
(10mg/1). Identifikace barviv byla provedena na zékladé m/z rodiCovského iontu a fragmentace po kolizi

indukované disociaci v iontové pasti (MS/MS, normalizovana kolizni energie 60%).

4.5.2 UHPLC/MS pro analyzu metaboliti flavonoidi

Pro analyzu metabolitd byl pouzit ultrati¢inny kapalinovy chromatograf Waters Aquity UPLC (Waters,
Milford, USA) s PDA detektorem. Byla pouZita kolona Aquity BEH C18 (100 mm x 2,1 mm, d,=1,7 um, 130A).
Pro stanoveni a identifikaci metaboliti byl chromatograficky systém ptipojen k hmotnostnimu spektrometru Q-
TOF (Waters) s ionizaci elektrosprejem. lonizace elektrospejem byly pouzita jak v pozitivnim tak i v negativnim
maédu. Pouzité mobilni faze a podminky pro experimenty UHPLC/MS vV pozitivnim ioniza¢nim modu byly:
slozka A — destilovana voda okyselena 5 % kys. mravenc¢i (v/v) a slozka B — acetonitril okyseleny 5 % kys.
mravenci (v/v). PouZity profil gradientu: 0-8 min 95-15% A, 8-9 min 15-95% A, 9-10 min 95% A. Doba analyzy
byla 10 min, pratok 0,4 pl/min. Pro negativiionizaéni mod: slozka A - destilovand voda okyselend 0,1 %
kyselinou octovou (v/v), slozka B — acetonitril. Doba analyzy 15 min, pouzity profil gradientu: 0-3 min 100% A,
3-10 min 100-50% A, 10-13.5 min 50-100% A, 14-15 min 100% A a pritok @Mmin. Experimentalni
parametry hmotnostniho spektrometru: sprejovaci napéti +3,2 kV (pozitivni méd) a +1,5 kV (negativni mod),
pratok zmlzovaciho plynu 450 I/hod, teplota iontového zdroje 120°C a desolva¢niho plynu 150°C. Jako
zmlzovaci plyn byl pouZit dusik a jako kolizni plyn argon. Vdechny experimenty MSF byly provedeny st¥idanim
skenu s malou kolizni energii (MS(1), CE=5¢V) a sken pti vys$si kolizni energii (MS(2) CE = 40eV nebo pfi
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vyuziti rampy CE = 10 — 40eV) bez preselekce iontil na kvadrupdlu. V naslednych analyzach, pokud to citlivost
dovolila, byla proméfena i MS/MS spektra.

4.6 Postupy vyhodnoceni

Struktury metaboliti byly navrhnuty s vyuZitim chemického software CS Chem Draw Ultra (Chemical
Structure Drawing Standard, CambridgeSoft Corporation, USA) a programu Metabolynx (Waters Corporation
(Milford, USA)).

Vypoclet rozdélovaciho koeficientu pro anthokyaniny (ClogP) byl proveden pomoci softwaru
ChemBioDraw Ultra, (CambridgeSoft Corporation, USA).
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5.Vysledky a diskuze

5.1. Studium polyfenolii pfitomnych v extraktech plodi Zimolezu kam¢atského

Pfedmétem studia byla analyza profilu anthokyaninti a jejich derivatl v pfirodnim materialu a to

plodech zimolezu kamcatského s podrobng&jsim zaméfenim na kondenzované pigmenty.

5.1.1 Optimalizace extrakénich postupt

Jednim z nejdulezit&jsich krokl umoZiujicich ziskdni ptirodnich latek v Cisté podob& nebo jejich
obohaceni pro ucely mediciny, potravinafstvi, ale i analytické chemie (pfiprava standardd) je jejich cilena
extrakce z rostlinného materidlu. Klicovy je zde vybér extrakéniho média [40]. Tabulka 1 ukazuje vliv riznych
extrakénich ¢inidel na vytézek extrakce anthokyaninti. NejvétSi obsah anthokyanint byl ziskdn extrakei
okyselenym methanolem. Tyto vysledky pfispivaji ke zndamému faktu, Ze methanol je v oblasti flavonoidi pro
fadu matric neji¢inngj§im extrakénim médiem [41,42]. Extrakéni G¢innost se nepatrné snizila ptidavkem vody
k methanolu. Methanol je vSak pro lidsky organismus nebezpeény a proto jeho vyuziti jako extrakéniho ¢inidla
V potravinafstvi ¢i mediciné neni Zadouci. Pro tyto ucely byl zkouSen také ethanol. Zisk anthokyanint byl vSak
znaéné nizsi (15% z extrahované ¢asti z extrakce okyselenym metanolem). Nékteré publikace uvadi, ze extrakce
barviv z rostlinnych materiali je neji¢innéj$i pomoci acetonu [43,44]. Byly tedy vyzkouSeny i extrakce pomoci
acetonu a kombinace acetonu s vodou. Obé moznosti vykazovaly niZzs§i u¢innost nez pii pouZziti methanolu. Na
druhou stranu velmi dobrym extrakénim cinidlem se jevila smés acetonu a methanolu 50:50. Zde vSak pfi
kontaktu anthokyaninu s acetonem dochéazelo ve vyznamném rozsahu ke kondenzadni reakci za vzniku 5-
methylpyranoanthokyanint. Tvorba téchto latek je jednim z objektti zajmu této prace.

MnozZstvi identifikovanych anthokyaninii extrahovanych okyselenym metanolem je porovnatelné
s mnozstvim nalezenym v extraktu LCPF (relativni rozdil je 20,2 %, kdy vét§i mnozstvi bylo v extraktu LCPF)
[45]. Oba postupy poskytuji dobré extrakéni ucinnosti pro extrakci anthokyaninovych barviv z plodi zimolezu

kamcatského.
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Tabulka 1 — mnozstvi anthokyaninii v extraktech plodd zimolezu kam&atského®”

(50:50) 100% 80% 100% 80% 100% 80%
Anthokyanin m/z meoh:aceton methanol methanol aceton aceton ethanol ethanol
(A) (B) (F) (C) (G) (D) (E)
. . 449 0,117 0,192 0,120 0,024 0,073 0,003 0,017
kyanidin-3-hexosid
peonidin-3-hexosid 463 0,018 0,026 0,023 0 0,009 0,002 0,007
pelargonidin-3-hexosid 433 0,002 0,008 0,011 0 0 0 0
kyanidin-3-rutinosid 595 0,012 0,013 0,015 0 0,005 0,002 0,006
peonidin-3-rutinosid 609 0.,006 0,008 0 0 0 0 0
kyanidin-3,5-dihexosid 611 0,008 0,007 0 0 0 0,002 0,007
peonidin-3,5-dihexosid 625 0 0 0 0 0 0 ~0,0001
Celkem anthokyanint 0,161 0,253 0,169 0,024 0,088 0,009 0,037
pyranoanthokyanin
5-MePKy-3-hex 487 0,085 0 0 0 0,013 0 0
5-MePPe -3-hex 501 0,015 0 0 0 0 0 0
Celkem pyranoanthokyanin 0,1 0 0 0 0,013 0 0
Celkem v3ech barviv 0,261 0,253 0,169 0,024 0,101 0,009 0,037

Vsechny frakce byly méfeny tfikrat; relativni smérodatna odchylka byla v rozmezi 0,0 - 13,6%.
a—viechny extrakéni €inidla obsahuji 0.1% (v/v) kyseliny fosforeéné

b — mnoZstvi je udavéno v % (m/m) pfepocteno na Cerstvé plody

5.1.2 Hodnoceni postupi frakcionace extraktii plodi Zimolezu kaméatského

Po izolaci anthokyanini ze ziskaného extraktu bylo tfeba optimalizovat piecisténi (frakcionaci). Pro
preparativni ¢ast je mozno pouzit nékolik staciondrnich fazi: reverzni fazi, Amberlite XAD-7 (neiontovy
makroporézni polymethakrylatovy polymer), Toyopearl gel (hydroxymethakrylatovy polymer) nebo Sephadex
LH-20 (hydroxypropylovany dextran) [46,47]. V ramci této studie byly pro ucely identifikace a potencidlniho
vyuziti extraktl v mediciné sledovany moznosti i) preparativni purifikace pfitomnych polyfenolt na fazi
Sephadex LH-20 a ii) dvoustupiiové semipreparativni separace zaloZzené na kombinaci extrakce tuhou fazi na
polystyren-divinylbenzenovém kopolymeru a separace na reverzni fazi. V nasledujicim textu jsou diskutovany
detaily obou postupti.  Pro experimenty diskutované v této praci byl vyuzit Sephadex LH-20. Obrazek 2
popisuje frakcionacni proces pfi pouziti riznych extrakénich Cinidel (UV detekcel =2 80 nm). Pti frakcionaci
extraktu ziskaného extrakci smési aceton:methanol 50:50 byly ziskany 4 hlavni frakce (Obr. 2A). Prvni pik
obsahuje pfevazné pyranoanthokyaniny (pik 1). Anthokyaniny se dvéma cukernymi jednotkami eluuji jako
druhy, ne plné separovany pik. Anthokyaniny s jednou cukernou jednotkou eluuji ve dvou poslednich picich (3
a 4). Zastoupeni jednotlivych flavonoidi v ziskanych frakcich je diskutovano v dalSich kapitolach.
V chromatogramu methanolického extraktu pik s pyranoanthokaniny prakticky zcela chybi (Obr. 2B). Elu¢ni
poradi je shodné i v extraktech ziskanych extrakci smési aceton:methanol 1:1 (v/v), nicméné zde je pozorovano
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lepsi rozliSeni piku 3 a 4. Stejné elucni pofadi bylo pozorovano i po frakcionaci acetonového (Obr. 2C) a
ethanolového (Obr. 2D) extraktu. Separace latek obsazenych v ethanolovém extraktu je horsi, a li$i se i retenéni
Casy. To muize byt zptisobeno kompresi staciondrni faze béhem kontaktu s méné€ polarnim rozpoustédlem.
Chromatogram s acetonovym extraktem je také komplikovany piitomnosti ko-extrahovanych necistot (pik 3).
Z téchto experimenttl plynou i dva metodicky vyznamné zavéry: i) v pouzitém semipreparativnim uspofadani je
separace a chovani stacionarni faze silné zavislé na rozpoustédle, ve kterém je rozpustén vzorek; ii) aceton je
rozpoustédlo reagujici ve vysokém vytézku s pfitomnymi anthokyaniny za tvorby odpovidajicich 5-
methylpyrano derivatd (jak bude ukazano dale, vznikaji analogické artefakty i pfi reakei s jinymi flavonoidy).
Z tohoto pohledu se jevi byt pouZiti acetonu pro ziskani nativnich flavonoida v praxi jako velmi problematické.
Vysledky ale na druhou stranu pteduréuji aceton jako jednoduché ¢inidlo pro syntézu pyranoanthokyanint (pro
ucely piipravy standardl a potencialné pro aplikace v potravinaistvi a dalSich oborech). Separace na obréazku 2 je
dosazena pii pouziti ¢istého methanolu jako mobilni f4ze pro extrakty A-C. Pro ethanolové extrakty byla pouZita
mobilni faze ethanol:voda (80:20, v/v). Toto feSeni bylo zvoleno pro vyzkum extrahovatelnosti a moznosti
zakoncentrovani polyfenolll netoxickym rozpoustédlem (pro potencialni vyuziti ve farmacii a medicing).

Eluéni potadi a separace anthokyaninovych barviv na fazi Sephadex LH20 je ziejm¢ vysledkem
pusobeni vice faktort, zejména hydrofilnich interakci a zvySené permeace malych molekul do stacionarni faze
oproti molekulam vétSim. V literatufe zatim nebyly popsany podobné experimenty popisujici hydrofobicitu
anthokyaninti a pyranoanthokyaninti. Nicméné jednoduchym vypoctem rozdélovacich koeficientt (clogP) je
mozno hydrofilné-lipofilni vlastnosti piiblizné¢ aproximovat. Pomoci programu Chem3D byly vypocteny
hodnoty clogP 5-MePKy-3-gl, +1,8; Ky-3-gl, 0,0 a Ky-3,5-digl, -1,6. Z té&chto hodnot je patrné, Ze pfitomnost 4-
kruhu a methylové skupiny u pyranoderivati tedy vede k vyraznému sniZeni polarity a mizeme tak vysvétlit

kratsi elucni Cas oproti nativnim glykosidiim kyanidinu na polarni stacionarni fazi typu Sephadexu LH-20.
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Obr. 2 Chromatogram extrakti zimolezu po frakcionaci na koloné plnéné Sephadexem LH-20 (A — smés

aceton-methanol; B — metanol; C — aceton; D — ethanol); A = 280nm
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Jak bylo jiz zminéno vySe, reverzni faze je Casto pouZzivanou stacionarni fazi pro frakcionaci barviv
z rostlinnych materialti. Pfedmétem nasi studie bylo piecisténi extraktu zimolezu pouZitim faze Sepabeads SP
207 (styren-divinylenzenovy kopolymer, Porapak) (viz. experimentalni ¢ast kapitola 4.2 LCPF extrakt) pro
prepurifikaci a nasledné pouZiti vysokotlaké semipreparativni frakcionace na reverzni fazi odolné i pro pouZiti
nizkych pH mobilnich fazi. Obrazek 3 ukazuje velmi dobrou separaci jednotlivych barviv pfi pouziti téchto
frakciona¢nich podminek. Ziskané frakce byly identifikovany metodou pPLC/MS. V piipadé potieby byly
vysledky identifikace doplnény méfenim MS" spekter po piimé infuzi ziskanych frakci do iontového zdroje
(hmotnostni spektrometry s analyzatory typu iontové pasti a kombinace kvadrup6l-detektor doby letu).
Identifikovana barviva jsou uvedena v tabulce 2.
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Obr. 3 Semipreparativni frakcionace LCPF extraktu Lonicery na reverzni fazi ( erna - A = 280 nm; Sedd — A =
505 nm). Cisla jednotlivych pikil odpovidaji frakcim uvedenym v tabulce 2.

5.1.3 Identifikace barviv

Identifikace anthokyanind byla zaloZzena na meéfeni pfesné a spravné hmotnosti rodicovského iontu a
fragmentti v MS a MS/MS spektrech, piipadné jejich nominalnich hodnot ve spektrech vyssich fadu (Tabulka 2).

Vyznamnymi doplilujicimi informacemi byly retencni ¢asy a profil UV/VIS spekter a rovnéz informace z

dostupné literatury.
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Tabulka 2 — identifikovana anthokyaninova barviva v LCPF

Odchylka nalezené
Frakce® Mms hodnoty m/z od Ms? nazev
vypocétené (ppm)

9 611,1553 9,6 449, 287 kyanidin-3,5-dihexosid [45,48]

10 611,1602 1,6 449, 287 kyanidin-3,5-dihexosid [45,48]
737,1677 5,6 575, 423, 287 kyanidin-3-hexosid(epi)katechin [49]

11 611,1609 0,5 449, 287 kyanidin-3,5-dihexosid [45,48]

12 611,1610 0,3 449, 287 kyanidin-3,5-dihexosid [45,48]
625,1767 0,3 463, 301 peonidin-3,5-dihexosid [45,49]

13 773,2135 0,6 627, 465, 303 kvercetin-methylpentosid-dihexosid

18 449,1083 0,2 287 kyanidin-3-hexosid [45,49]
897,2111 2,5 449, 287 dimer kyanidin-3-hexosid
487,1224 3,3 325 5-methylpyranokyanidin-3-hexosid
595,1663 0 449, 287 kyanidin-3-rutinosid [45]

19 595,1578 14,2 449, 287 kyanidin-pentosylhexosid® [45,49]

23 463,1243 0,6 301 peonidin-3-hexosid [45,49]
609,1810 0,2 301 peonidin-3-rutinosid [45,48]
897,2019 7,8 735,573 dimer kyanidin-3-hexosid

24 765,2038 0,9 603, 475, 313, 287 kyanidin-3-hexosid-vinyl-(epi)katechin
897,2119 3,3 735,573,287 dimer kyanidin-3-hexosid
597,1470 23 465, 303 kvercetin-pentosid-hexosid
911,2513 10,6 749, 621, 313, 287 ;‘gsir)':(‘iitt:f;hy'pent"Sid'heXOSid"’i“y"
465,1122 19,1 303 kvercetin-3-hexosid®[50]
595,1540 20,6 449, 287 kyanidin-pentosylhexosidb [45,49]
611,1613 0,2 465, 303 kvercetin-3-rutinosid [50]

25 465,1032 0,2 303 kvercetin-3-hexosid [50]
611,1613 0,2 465, 303 kvercetin-3-rutinosid [50]

? ¢islo frakce odpovidd &islu piku v obrazku 3
b .
navrhované struktury
- uvedena ¢isla v zavorkach odpovidaji identifikovanym barviviim v literatufe

Z tabulky 2 je patrné, Ze dominantnimi barvivy v extraktech zimolezu jsou derivaty kyanidinu, zejména
kyanidin-3-hexosid. Mezi nativnimi anthokyaniny bylo nalezeno i nékolik odvozenych barviv kondenzovanych,
jejichZ struktura je diskutovana v dalSim textu. Ve spektru (Obr. 4) byl nalezen intenzivni signal iontu s m/z

487,1224 (extrakt smési aceton-methanol, 1:1; prvni frakce, chromatografie na Sephadexu LH-20, Obr. 3).
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Obr. 4 ESI-MS spektrum (vyse) a ESI-MS? spektrum po izolaci m/z hodnoty 5-MePKy-3-hex (nize)

Fragmentaci tohoto iontu byl ziskdn ion m/z 325,0703. V koliznim spektru tedy patrna charakteristicka
neutralni ztrata m/z 162,0528 odpovidajici ztrats cukerné jednotky (dehydratované hexosy). V MS? spektru byly
viditelné i dal$i fragmenty odpovidajici ztrat¢ COAm/z=28) a vody (Am/z=18). Na aklad¢ téchto informaci
byla struktura barviva piipsana 5-methylpyranokyanidinin-3-hexosidu (odchylka nalezené hodnoty m/z od
vypoctené, Atm = -3,3 ppm). Navrzené fragmentacni procesy byly dale ovéfovany métfenim koliznich spekter
vyssich fadia (MS") s vyuZitim hmotnostniho analyzatoru typu iontové pasti (Obr. 5). Byla proméfena spektra
MS? izolace rodicovského iontu, jeho fragmentace, nasledné izolace fragmentu s m/z 325 (aglykonu) a jeho
fragmentace (ve zkraceném zépisu: 48% 325 —) a MS  * (487 — 325 — 269 —). Béhem detailniho
fragmenta¢niho postupu byl u 5-MePKy-3-hex nalezen fragment m/z 254,0591. Tento ion miize byt popsan
ztratou cukerné jednotky, dvou molekul oxidu uhelnatého s naslednou ztratou methylového radikalu Am/z=15).
Odchylka ptfesné hodnoty m/z tohoto fragmentu méfeném na hmotnostnim spektrometru typu Q-TOF od
hodnoty teoretické vypoétené pro odpovidajici elementarni slozeni (CisH1004") je mala Atm=4,7 ppm), cd&

identitu navrzeného fragmentu déle potvrzuje.
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Obr. 5 MS? spektrum a MS* spektrum (vloZené) 5-MePKy-3-hex

DalSim nalezenym iontem, ktery odpovida 5-methylpyranoanthokyaninu je ion s m/z 501,1401.
V prvnim fragmentaénim kroku lze op&t vidét ztratu cukerné jednotky. Pii dal§i fragmentaci aglykonu (MS®)
pozorujeme opét ztratu oxidu uhelnatého a vody a podobné jako u 5-MePKy-3-hex i ztratu methylové skupiny
(Am/z=15). Toto barvivo bylo identifikoo jako 5 -methylpyranopeonidin-3-hexosid (odchylka nalezené
hodnoty m/z od vypoétenéAtm=0,8 ppm). Tyto experimenty ukaziijztrdtu methylového radikalu, kterd je
charakteristickd pro 5-methylpyranoanthokyaniny. Pfi fragmentaci 5-MePPe-3-hex byl v MS/MS spektru
pozorovan fragment s m/z 253,0509, ktery odpovida odstépeni methylového radikalu z B-kruhu aglykonu (m/z
324,0638), dvéma ztratim oxidu uhelnatého (m/z 268,0747) a nasledné ztraté methylového radikdlu (Obr. 6).
Tento ion s sebou tedy nese informaci o charakteru B-kruhu (pfitomnost jedné methoxyskupiny) a soucasné
informaci o pritomnosti 5-methylpyrano kruhu. Pfesnost méfeni v tomto ptipad¢ je rovnéz velmi dobra (Atm=3,1
ppm). VySe popsané experimenty jednozna¢né potvrzuji piitomnost fragmentacni cesty charakteristické pro 5-

methylpyranoanthokyaninova barviva, kterou Ize vyuzit pro jejich identifikaci v nezndmych vzorcich.
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Obr. 6 ESI-MS spektrum (vy3e) a ESI-MS? spektrum (nize) 5-MePPe-3-hex

V tabulce 2 je vidét, Ze 5-methylpyranoderivaty byly nalezeny ptevazné v extraktech smési metanol-
aceton. Reakce acetonu s nékterymi anthokyaniny byla také popsana v praci autortt Lu a Foo v roce 2001 [51].
Tito autofi popisuji pfitomnost té&chto barviv pouze v roztocich obsahujicich aceton. NaSe experimenty tato
pozorovani potvrzuji, 5-methylpyranoderivaty byly pouze v extraktech smési metanol-aceton a aceton-voda.
Zajimavé je, Ze 5-methylpyranoderivaty nebyly nalezeny v extraktech s Cistym acetonem. Tento fakt mize byt
vysvétlen tim, Ze z pouZité matrice jsou anthokyaniny acetonem extrahovany v relativné nizkém vytézku a proto

je jich jako reaktantti malo dostupnych pro naslednou cykliza¢ni reakci.
5.1.3.1 Identifikace barviv z frakcionace fenolické frakce zimolezu kaméatského

Dalsi anthokyaninova barviva byla identifikovana v extraktu LCPF po frakcionaci na reverzni fazi (Obr.
3). Ztabulky 2 lze vidét, ze extrakty zimolezu kamcatského obsahuji celou fadu barviv s rliznou chemickou
strukturou. Mezi nimi se vedle pyranoanthokyaninti podafilo identifikovat i mtstkové slouceniny.

Ve frakci LCPF bylo také nalezeno mnoho derivati kvercetinu (Obr. 3, Tab. 2) Nékteré z nalezenych a
identifikovanych flavonoidi jsou v plodech zimolezu popsany poprvé jako ky-3-hexosid-vinyl-(epi)katechin, ky-
methylpentosid-hexosid-vinyl-(epi)katechin, kvercetin-methylpentosid-dihexosid a kvercetin-pentosid-hexosid.

Na obrazku 7 je MS? spektrum iontu s m/z 897,2186 ziskaného ptimou infuzi izolované frakce 24 do
iontového zdroje (ESI-Q-TOF). Pfi jeho fragmentaci lze pozorovat neutralni ztraty dvou izolovanych molekul
hexosy (Am/z=162) a cfiépeni neutralniho kyanidinuAm/z=286). Tyto fragmenténi procesy ukazuji, ze
nalezena latka je dimer kyanidin-3-hexosidu (odchylky m/z hodnot fragmenti od teoretickych hodnot jsou mensi
nez 15 ppm). Ion m/z 897,2089 byl ptitomen ve frakci 18, kde byla také nejvyssi koncentrace ky-3-hexosidu.

Z toho divodu by se vznik dimeru dal ptisoudit oxidaci v iontovém zdroji hmotnostniho spektrometru.
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Obr. 7 MS? spektrum dimeru ky-3-hex ziskaného p¥imou infuzi izolované frakce 24 do iontového zdroje (ESI-
Q-TOF)

Pii podrobné analyze frakce 18 metodou MLC/MS jsou v chromatogramu rekonstruovaném pro
m/z=897 vSak patrny tii chromatografické piky ,,Obr. 8. Zaznam z UV/VIS DAD detektoru potvrzuje, Ze
pritomné latky jsou barevné. Ve spektru jsou patrna maxima 287 a 527 nm u prvnich dvou piku a maxima 280 a
515 nm u tietiho piku. Pomér odezvy piku s nejdelSim retencnim ¢asem oproti diive eluujicim barvivim v
zaznamu pii 520 nm je vyrazné vy$§i neZ v rekonstruovaném chromatogramu pii m/z=897. Latka s nejdelsim
eluénim Casem je tedy patrné strukturné vyrazné odlisna od dvou dfive eluujicich barviv. Tteti pik ma shodny
eluéni ¢as i profil piku s ky-3-hexosidem (m/z 449). Tento ion tedy vznik4 oxidaci v iontovém zdroji. Obé latky
eluujici v krat8ich retenénich ¢asech jsou od ky-3-hexosidu velmi dobfe chromatograficky separovany a vznikaji

tedy pred vstupem do iontového zdroje (v plodu pfi jeho vyvoji a zrani a/nebo pii pfipravé a zpracovani

extraktl).
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Obr. 8 chromatogram rekonstruovany pro m/z=897 (nize) a z&znam z UV/VIS pro A=520 nm
V koliznim spektru iontu m/z 897 (Obr. 9) Ize pozorovat nasledujici procesy:

postupné neutrélni ztraty dvou hexos (m/z 735,1558 a m/z 573,1033) a nasledné §tépeni vazby mezi
jednotlivymi aglykony (m/z 287,0570)

dochazi rovnou k piimému $té€peni glykosylovanych forem — tedy vznik iontu m/z 449,1073

dochézi nejprve ke ztraté jedné hexosy (m/z 735,1558), poté ke $tépeni vazby mezi aglykony (m/z
449,1073) a nasledné k odstépeni druhé hexosy (m/z 287,0570).
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Obr. 9 fragmentaéni spektrum
dimeru cyanidin-3-hexosidu (m/z 897) — pfimy nasttik ESI-Q-TOF
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Z tabulky 2 a ,,Obr. 3“ mtizeme vidét vyskyt tohoto pigmentu ve frakcich 18 a 23 a 24. Ve frakci 18
poskytuje po fragmentaci tato latky pouze fragmenty o m/z 449 a 287. Naopak frakce 23 a 24 poskytuje ionty s
m/z 735, 573 a 287 ,,Tab. 2.

MiuzZeme tak usuzovat, ze se tento dimer ky-3-hexosidu vyskytuje minimalné ve dvou rozdilnych
strukturach, které maji stejny sumarni vzorec, jsou slozeny ze dvou molekul kyanidinu a dvou hexosovych
jednotek avsak jejich prostorové uspotfadani je natolik odlisné, ze umoziuje chromatografickou separaci na

reverzni fazi.

Vyse uvedené vysledky lze shrnout nasledujicim zptsobem. Extrakty plodi zimolezu kamcatského
obsahuji nativni anthokyaniva barviva (zejm. hexosidy, dihexosidy a rutinosidy kyanidinu a peonidinu), podle
pouzitého extrakéniho €inidla v riznych vytéZzcich odpovidajici 5-methylpyranoanthokyaniny (5-methylpyrano
Znichz zejména zajimavé latky jsou mustkové slouceniny - kyanidin-methylpentosid-hexosid-vinyl-
(epi)katechin a kyanidin-3-hexosid-vinyl(epi)katechin.

Kondenzovana anthokyaninovd barviva jsou zajimavou a obecné relativné malo prostudovanou
skupinou derivatt flavonoidi. Vzhledem k jejich vyskytu v rostlinnych extraktech a potazmo v lidské stravé a
moznému vyuZiti ve farmacii je velmi dilezitd znalost jejich osudu v lidském organismu. Ten bude jisté
pfedmétem fady komplexnich studii. Nasledujici kapitola se snazi pfispét k tomuto vyzkumu poznatky o in vitro

metabolizaci jednoduchého 5-methylpyranoanthokyaninu.

5.2 Biotransformace flavonoidu

Studium biotransformacnich pochodi flavonoida v lidském téle je pfedmétem dlouhodobého zajmu jiz
vice nez 30 let [52-54]. Experimenty in vivo poukazuji na duleZitost centralniho kolob&hu v Zivo&isném
organismu. Na samotném metabolismu flavonoidnich latek se podili jatra, ledviny, tenkeé i tlusté stfevo ale i dalsi
tkang. V lidském téle tak dochazi k systematické cirkulaci latek a jejich naslednému vyloudeni z organismu
v podobé moci, stolice, potu ¢i jinych exkretd [29]. Na druhé strané k detailnimu poznani samotného
metabolického pochodu je tfeba experimenty cilen¢ separovat a lokalizovat na urcité tkan€, respektive bunécné
linie. Pro naSe in vitro experimenty byly vybrany lidské bun&éné linie jaterni HepG2 a stievni LS174T.
Experimenty porovnavajici metabolismus flavonoidd na bunéénych jaternich HepG?2 a stfevnich LS174T liniich
nebyly doposud v literatufe popsany. Jejich detailni popis, miize piispét k pochopeni metabolismu flavonoida
v lidském téle a tedy i ucinku stravy a uzivani potravinovych doplikt a ptirodnich 1é¢iv na lidsky organismus.

Jeden z nejdiskutovanéjSich flavonoidl v literatufe je kvercetin. Jeho vlastnosti i metabolismus je
detailné¢ popsan v literatute [32,34,55,56]. Tuto latku jsme tedy zvolili jako standard pro porovnani s
metabolizaci dalSich flavonoidnich latek . Jako modelova latka byl pouZit anthokyanin pelargonidin. Pro studium
vlastnosti pyranoanthokyanint byl jako jejich zastupce pouzit 5-MePPlI.

V nasledujicich kapitolach jsou =zevrubné diskutovany analytické vlastnosti 5-MePPI, jehoZz
metabolismus byl dale studovan (zejména s ohledem na procesy probihajici po kolizi indukované disociaci
Vv kolizni cele tandemového hmotnostniho spektrometru), pfiprava a provedeni metabolické studie a analyza

metabolizovanych vzorki technikou UHPLC/MS?,
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5.2.2 Metabolické experimenty vybranych flavonoidii in vitro pomoci jaternich bunéénych linii HepG2

Testované latky flavonoidti byly nasazeny na jaterni bunécné linie a za specifickych podminek byly
zpracovany (viz. experimentalni ¢ast kapitola 4.4). Ziskané vzorky metabolitd byly dale analyzovany pomoci

UHPLC/MS. Nalezené a identifikované metabolity kvercetinu pomoci HePG2 jsou uvedeny v tabulce 3.

Tabulka 3 — metabolity kvercetinu v bunéénych liniich HepG2 (méfeno v bunéénych sedimentech; pozitivni
mad; 24 hod metabolizace)

Metabolické tr Naméfena presna Odchylka nalezené hodnoty  Ziskané ionty pfi CID Odchylka nalezené
biotransformaéni hmota m/z m/z od vypoétené (ppm) experimetech / intenzita hodnoty m/z od
pochody kvercetinu vypoctené (ppm)
(pozitivni madd)
Methylace 7,30 317,0631 9,5 317,0703/27 13,2
303,0535/11 9,9
153,0205/6 11,1
Hydroxylace 5,69 319,0426 -8,8 319,0451/37 -0,9
303,0514/8 3,0
273,0420/5 7,7
245,0440/11 -4,1
153,0211/17 15,0
Glukuronidace 4,88 479,0838 2,5 303,0507/60 0,6
153,0212/6 15,7
5,46 479,0832 1,3 303,0510/64 1,6
153,0213/5 16,3
Glukosidace 4,89 465,1013 5,7 303,0520/55 4,9
153,0203/7 9,8
5,36 465,1076 9,2 465,1091/6 12,5
(n.r.) 303,0541/24 11,9
153,0195/5 4,6
465,1083 12,3 465,1047/7 3,0
5,59 303,0534/27 9,6
153,0202/5 9,1

n.r. — pik neni dokonale rozdélen od ostatnich izomerd

Vysledky uvedené v tabulce potvrzuji, ze bufiky metabolizujici kvercetin a v paralelnich experimentech
i pelargonidin a 5-MePPl byly zivé a metabolicky aktivni. Byl nalezen hydroxylovany metabolit jako b&zny
zastupce metabolitti prvni faze také fada metabolitd druhé faze jako methyl derivaty, glukuronidy i glukosidy.
Vsechny tyto metabolické procesy kvercetinu jiz byly dfive popsany v literatue [34,57,58]. Nekteré izomery
kvercetin-glukuronidu a kvercetin-glukosidu se podafilo s pouZzitim navrzené metodiky chromatograficky
separovat. Pfitomnost glykosidi kvercetinu jako metabolickych produktti u lidskych jaternich bunécnych linii
nebyla v literatuie doposud popsana.

Biotransformacni experimenty s pelargonidinem a 5-MePP1 byly provedeny paralelné s experimenty
s kvercetinem (ve stejnou dobu, spouzitim stejnych chemikalii, bunék i prostiedi). V ziskanych
metabolizovanych vzorcich pelargonidinu a 5-MePPI nebyly nalezeny metabolity (jejich obsah byl pod limitem
detekce pouzité metodiky). Z toho lze usoudit, Ze tyto latky jsou jaternimi buiikami metabolizovany vyrazné

méné ochotné/pomaleji, nez kvercetin. Pro dalsi experimenty byly pouzity stfevni buniky LS174T.

5.2.3 Metabolické experimenty vybranych flavonoidi in vitro pomoci stfevnich bunéénych linii LS174T

Experimenty s bunéénymi liniemi LS174T byly provedeny za identickych experimentalnich podminek
jako u jaternich bunék HepG2 s pouZitim selektivniho kultivaéniho média pro LS174T bunééné linie.

Metabolity ziskané pii experimentech se stfevnimi buitkami LS174T jsou uvedeny v tabulce 4 (analyza
bunéénych pelet). Nejvice biotransformacnich pochodii a zaroven i nejvétsi poCet nalezenych metaboliti bylo

nalezeno u kvercetinu. Byly pozorovany stejné metabolické pochody jako u experimentd s jaternimi bufikami

25



HepG2, av8ak s vétsimi obsahy identifikovanych metaboliti (hydroxylace, metylace, glukuronidace i

glukosidace).

Tabulka 4 — Metabolity kvercetinu, pelargonidinu a 5-MePPI v buné&¢nych liniich LS174T (méteno v bunéénych
sedimentech; pozitivni mod i negativni mod; 24 hod metabolizace)

Metabolické biotransformaéni tr Naméfena Odchylka nalezené Ziskané ionty pfi CID Odchylka nalezené hodnoty
pochody studovanych flavonoidt presna hodnoty m/z od experimetech / intenzita m/z od vypoétené (ppm)
(pozitivni méd) hmota m/z vypoctené (ppm)
KVERCETIN
Methylace 5,10 317,0701 12,6 257,0433/7 -6,6
217,0492/22 -4,1
153,0195/25 4,6
Hydroxylace 3,70 319,0474 6,3 245,0436/8 -5,7
217,0489/15 -5,5
153,0168/51 -13,1
4,35 319,0472 5,6 245,0424/4 -10,6
227,0301/25 -18,9
199,0364/6 -15,5
171,0421/23 -14,6
Glukuronidace 3,13 479,0841 3,1 303,0492/435 -4,3
3,57 479,0834 1,7 303,0495/77 -3,3
3,70 479,0801 -5,2 303,0497/245 -2,6
Glukosidace 3,08 465,1026 -1,5 303,0486/266 -6,3
3,63 465,1049 3,4 303,0491/167 -4,6
3,83 465,0997 -7,7 303,0469/99 -11,9
Dimer kvercetinu* 4,35 605,0893 -6,3 605,0913/1098 -3,0
303,0524/77074 6,3
153,0179/6841 -5,9
Trimer kvercetinu* 4,35 907,1302 -6,2 907,1350/1350 -0,9
605,0910/1020 -3,1
303,0521/71122 6,2
153,0177/5859 -6,0
Neidentifikovany metabolit* 4,97 287,0543 -4,5 287,0581/546 8,7
259,0586/63 -7,7
153,0207/226 12,4
PELARGONIDIN
Hydroxylace* 4,24 287,0640 13,3 259,0665/23 22,8
241,0573/21 29,8
Glukuronidace* 5,45 447,1710 12,6 447,1708/35 11,8
271,0675/262 25,4
5-METHYLPYRANOPELARGONIDIN
Hydroxylace 3,65 325,0679 -10,2 325,0675/13 -11,4
209,0620/5 8,1
Glukuronidace* 4,71 485,1095 2,3 485,1010/8 -15,3
309,1523/2 >100
4,79 485,1089 1,0 485,1020/40 -13,2
309,0809/114 -14,9
4,87 485,1102 3,7 485,1046/93 -7,8
309,0810/205 -15,2
5,02 485,1072 -2,4 485,1052/8 -6,6
309,0803/57 -12,9
Glukosidace* 6,5 471,1625 6,4 - -
Hydroxylace+methylace 4,1 339,0830 -11,5 339,0875/41 1,8
324,0631/44 -0,9
296,0722/924 12,5
267,0718/350 22,8
253,0541/352 15,8
241,0546/258 18,7
225,0589/155 16,4
197,0598/120 -2,5
169,0688/41 20,7
141,0724/53 14,2
2xhydroxylace+2xmethylace 2,85 369,0916 15 281,0703/3 -39,5
221,9661/9 -
193,0544/24 -
149,0315/9 11,5
4,12 369,0952 -6,0 353,0563/17 27,8
323,0634/24 24,1
295,0603/9 -1,0
281,0582/7 9,6
251,0705/14 -
241,0520/33 7,8
181,0582/8 8,1
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Metabolické biotransformaéni tr Namérena presna Odchylka nalezené Ziskané ionty pfi CID Odchylka nalezené hodnoty
pochody studovanych hmota m/z hodnoty m/z od experimetech / m/z od vypoétené (ppm)
flavonoidt vypocétené (ppm) intenzita
(negativni maéd)
KVERCETIN
Methylace * 10,1 315,0531 8,3 315,0521/487 51
301,0365/4699 5,6
285,0365/6609 -11,9
151,0044/6473 8,6
Hydroxylace * 8,09 317,0334 11,7 317,0308/68 3,5
151,0051/115 13,2
8,45 317,0331 10,7 317,0320/162 7,3
151,0045/54 6,5
9,24 317,0345 15,1 317,0349/2242 16,4
301,0371/1795 7,6
151,0038/3243 4,6
Glukuronidace* 7,79 477,0662 -1,5 301,0369/1946 7,0
151,0046/837 9,9
8,41 477,0702 6,9 301,0356/1303 53
151,0042/624 6,2
8,59 477,0681 2,5 301,0366/40248 6,0
151,0366/16101 3,3
Glukosidace* 7,61 463,0898 4,5 463,0890/251 2,8
301,0364/1576 53
151,0044/482 8,6
8,22 463,0883 1,3 463,088/244 2,4
301,0350/1720 0,6
8,41 463,0898 4,5 463,0893/275 3,5
301,0361/1662 4,3
Dimer kvercetinu 9,24 603,0789 2,3 301,0351/2296 1,0
Trimer kvercetinu 9,20 905,1212 1,2 301,0361/3196 4,3
Neidentifikovatelny metabolit 9,96 285,0531 -13,3 285,0414/41 53
267,0308/7 5,6
239,0378/32 14,2
227,0378/34 15,0
PELARGONIDIN
Hydroxylace* 9,10 285,0403 1,4 241,0523/1250 9,1
195,0464/1593 9,2
Glukuronidace* 8,7 445,0791 4,5 445,0795/112 5,4
269,0483/430 12,2
5-METHYLPYRANOPELARGONIDIN
Hydroxylace 7,52 323,0591 10,8 323,0570/25 -19,8
305,0432/243 -5,9
277,0489/9 -4,3
261,0511/97 -15,7
187,0432/682 -
Glukuronidace* 7,95 483,1164 -16,1 483,0890/429 -7,7
307,0631/3586 9,1
Glukosidace* 6,94 469,1235 10,2 469,1125/207 -2,1
307,0642/647 12,7
Hydroxylace+metylace 7,88 337,0748 16,1 337,0738/5 7,1
322,0478/109 0,3
294,0564/50 12,2
279,0248/18 -16,1
139,0581/3 23,7
2xhydroxylace+2xmethylace 7,23 367,0798 -12,5 367,0768/5 -13,6
352,0558/17 -7,1
349,0691/7 -6,0
191,0421/70 -
8,05 367,0873 15,5 367,0764/4 -14,7
352,0538/12 -12,8
321,0731/15 -10,0
239,0299/4 -18,8

* data z MS(2) skenu (MSE experiment)
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Mezi metabolity byly identifikovany i dva relativné vyrazné piky s m/z 905,1212 (ionizace negativnimi

potencialy, [M-H]]. Tyto piky jsou svymi retenénimi éasy velmi blizko kvercetinu (tg 9,20 a 9,39 min) Obr. 10a.

9.20 TOF MS ESI- 1 301.0361 TOF MS/MS 905.00ESI-
100) 5 m/z 905 b
Int. 4750
%
9.39
0
1.00 5.00 10.00
100) 5 TOF MS ESI-
1 m/z 905
Int. 4750
%
. 100 >00 10.00 TOF MS ES} %
100 da m/z 905
2 Int. 4750
%
0 1 "
0 >00 000 1oe msesi-
100 m/z 905
B! Int. 4750
%
0 0
1.00 5.00 10.00 tas 100 500 ys

Obr. 10 Rekonstruovany chromatogram metabolitu m/z 905,1212 (a) a jeho MS/MS spektrum (b); (LS174T

bunééné linie, negativni mdd); (a) rekonstruovany chromatogram extraktu z bunéénych peletl v pfitomnosti

kvercetinu, (a;) rekonstruovany chromatogram extraktu z bunéénych pelettl bez pfitomnosti kvercetinu, (a,)
rekonstruovany chromatogram kultivaéniho média bez piitomnosti kvercetinu, (as) rekonstruovanych

chromatogram kultiva¢niho média s kvercetinem bez kontaktu s buné¢nymi liniemi.

V MS/MS spektru pti fragmentaci tohoto iontu je patrny fragment s hodnotou m/z 301,0361 (Obr. 10b).
Tento fragment odpovida s pfesnosti 4,3 ppm elementarnimu sloZeni kvercetinu. Pfitomnost této latky by mohla
byt odivodnéna kondenzaci kvercetinu v iontovém zdroji hmotnostniho spektrometru. Nicméné u vSech
experimentl byly pfi stejnych podminkéch a soucasné (paraleln€) ptfipraveny a analyzovany kontrolni vzorky (1
— extrakt z pelet bunék bez piitomnosti flavonoidd, 2 — médium v kontaktu s bun&énymi liniemi bez piitomnosti
flavonoidd, 3 — kvercetin smichany s kultivaénim médiem bez pfitomnosti bunéénych linii) a latka s m/z 905
nebyla ptitomna v Za&dném z kontrolnich vzorkd (v odpovidajicich rekonstruovanych chromatogramech) (Obr.
10a;.3). Absence téchto iontd v kontrolnich vzorcich potvrzuje vznik trimeru kvercetinu béhem metabolizace.
dimeru a trimeru kvercetinu byla potvrzena pouze v peletech bunék. Moznym vysvétlenim je omezené schopnost
penetrace téchto latek pies bunécnou membranu vzhledem k jejich velikosti. Nicméné moznosti a zpiisob vzniku

jak dimeru a trimeru kvercetinu béhem metabolismu je pfedmétem dal$iho studia. Vznik vzajemna kondenzace
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flavonoidtt b&hem in vitro experimentd na lidskych bun&énych linii LS174T nebyla v literatufe doposud
popsana.

Béhem biotransformacnich experimentl s pelargonidinem provedenych paralelné s kvercetinem bylo
nalezeno jen velmi malé mnoZstvi metabolitt. Jak je uvedeno v tabulce 4, pro pelargonidin byla pozorovana
pouze hydroxylace a glukuronidace.

Pritomnost dal$iho kruhu v molekule 5-MePP1 zpiisobila znaéné zvyseni produkce metabolitli oproti
pelargonidinu (Obr. 11). Pomér celkové sumy metabolitd k rodi¢ovskému iontu 5-MePPI byl ptiblizné 10x vétsi

oproti pelargonidinu (vypocteno z ploch pikd).

12500 B kvercetin

12400 B pelargonidin
12300 4 5-MePPI
2650 —
2550
2450 —
1500
1850
1800
1750
1700
1650
1600
1550
1500 —
1450 -

suma ploch pikid

I
100

1. faze | 2.faze 1.faze 2. faze 1. faze 2.faze 1. faze 2.faze | dimery/trimery
1 hodina 2 hodiny 24 hodin pelety

metabolity

Obr. 11 Profil metabolitii testovanych flavonoidi I a II faze produkovanych buné¢nymi liniemi LS174T v médiu
a v peletech v prib&éhu metaboliza¢niho experimentu
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Obrazek 11 znazoriuje profil metaboliti béhem celé fize biotransformace na bunéénych liniich LS174T
(1, 2, 24 hod, suma pikt). Nejvétsi mnozstvi metaboliti I. faze bylo pozorovano u kvercetinu (hydroxylace).
Samotné maximum bylo dosaZeno po dvou hodinach biotransformace flavonoidu. Celkové mnoZstvi metabolit
II. faze (suma pikd) je niz§i. Maximum produkce metaboliti druhé faze bylo dosaZzeno po 24 hodinéch
biotransformace. Casovy rozdil mezi maximy tvorby metabolitii I. a II. faze je logicka — konjugaéni metabolicka
faze ptichazi obvykle az po I. fazi. Piekvapivy je vznik dimerd/trimert, které byly akumulovany v peletech
bunék po 24 hodinach biotransformacnich pochodt.

SloZeni metabolitd 5-MePPI I. i Il. fize je po 1 i 2 hodiné srovnatelné. Pro metabolity II. faze je vSak
pozorovan zna¢ny nartst po 24 hodinach. MnozZstvi vzniklych metaboliti II. faze po 24 hodinach je u 5-MePPI
dokonce vy3si nez u kvercetinu. V peletech bunék je obsah metabolitii I1. fAze pro 5-MePPI také vyrazné vyssi
nez obsah metabolitt I. faze.

Celkové mnozstvi wvzniklych metaboliti je nejmensi pro pelargonidin v porovnani s dalSimi
studovanymi flavonoidy. Nicméné je vidét stejny posun nastupu metabolitt II. faze jako u ostatnich flavonoidu.

Zajimava je vyrazna akumulace metabolitti v bunécnych peletech. Pelargonidin, podobné jako kvercetin
akumuluje v buiikach vice metaboliti I. faze. U 5-MePPl je tomu ptesné naopak. Pfitomnost ¢tvrtého kruhu
v molekule m& vyrazny vliv na metabolizmus v buiikdch. Vypocétené rozdélovaci koeficienty (clogPs) pro
neutralni formy kvercetinu, pelargonidinu a 5-MePPI jsou 1,504, 1,523 a 2,959. 5-MePPI je mnohem vice
hydrofobni molekulou neZ pelargonidin a kvercetin. Hydrofobicita by tak mohla byt jednim s parametrii majici
vliv na biotransformacni procesy v bunkéch.

Detailni seznam vSech nalezenych metaboliti 5-MePPI je uveden v tabulce 4. Mezi nimi jsou i zakladni
metabolické procesy jako hydroxylace a glukuronidace. 5-MePPI metabolizuje z hlediska druhu produkovanych

metaboliti podobné jako kvercetin. Byly zde v8ak navic nalezeny dva sloZit&jsi metabolity.

4.1 TOF MS ESI+
1007 a miz 339.083
Int. 532
%
A
0 2.00 3.00 4.00 5.00 6.00 Zas
296.0722
100] b TOF MS/MS 339.00 ESl+
CH
HO. o M
T
"“oH
o.
% i 267.0718
CHy \ 253.0541
241.0546
197 osggs.u 8
141.0724 .
324.0631
169.0688 ) 33?.0875
0;100 150 200 250 300 350 400 450 miz

Obr. 12 Rekonstruovany chromatogram monomethylovaného metabolitu 5-MePPI (a) a jeho MS/MS
spektrum (b)

30



Obrézek 12a znazorfiuje rekonstruovany chromatogram mono-hydroxylovaného-monomethylovaného
metabolitu 5-MePPI (m/z 339,0830). V jeho MS/MS spektru je pak vidét charakteristickd ztrata methylového
radikalu za vzniku fragmentu m/z 324,0631 a déle dvé nésledné ztraty oxidu uhelnatéhd/z=28). Fragment
m/z 241,0456 l1ze vysvétlit probihajicim Retro-Diels-Alderovym §tépenim (RDA) na kruhu B (struktura vloZena
v Obr. 27b). Tento fragment dovoluje bliZe uréit pozici hydroxylace a methylace — oba procesy probihaji na B-
kruhu tohoto metabolitu. Dale je jesté viditelnd nasledna ztrata CO a vody za vzniku iontu m/z 197,0598.

DalSim pozorovanym metabolitem byl dvakrat hydroxylovany a dvakrat methylovany metabolit 5-MePPI (m/z
369,0916 a m/z 369,0952) (Obr. 13). U tohoto metabolitu byly pozorovany dva separované izomery. V MS/MS
spektru intenzivnéj$iho izomeru (tg = 4,12 min) jsou viditelné ztraty methylovych radikalt, methanu, CO i vody.
Dominantnim fragmentem je m/z 241,0420, ktery je shodny sfragmentem pozorovanym u mono-
hydroxylovaného-monomethylovaného metabolitu 5-MePPl. Tento fragment rovnéz vznikda RDA S$tépenim B-
kruhu. Tento metabolit je tedy rovnéZz hydroxylovan a methylovan na B-kruhu. Tento zavér navic podporuje
pfitomnost fragmentu m/z 181,0582 odpovidajici “’B, RDA fragmentu (vzniku acyliového iontu odvozeného

z kyseliny syringové).

412 TOF MS ESI+
100 m/z 369.09
Int. 97.6

%

ot oo e P\ S0 At 8 cpattn N MWy

2.00 3.00 4.00 5.00 6.00 7.00 cas
193.0544 TOF MS/MS 369.00ESI+ 241.0420 TOF MS/MS 369.00ESI+
100 100
323.0519
281.0582| 353.0402
% %
251.0620
149.0315
5.0503
221.9661
281.0703  369.0918
0100 200 300 miz 9100 200 300 miz

Obr. 13 Rekonstruovany chromatogram dvakrat hydroxylovaného a dvakrat methylovaného metabolitu 5-MePPI
(a) a MS/MS spektra dvou ptitomnych izomeru (b)

Fragmenta¢ni cesta prvniho (méné intenzivngj§iho) izomeru (tg = 2,86 min) je odlidna. lont m/z
149,0315 miiZe byt vysvétlen roz§tépenim heterocyklického C-kruhu 5-MePPI a vznikem B, RDA fragmentu.
Toto potvrzuje, Ze hydroxylace a methylace probiha na A nebo D kruhu 5-MePPI.

Studium in vitro biotransformace pelargonidinu, 5-MePPI a kvercetinu bylo provedeno na modelovych

jaternich HepG2 a stfevnich LS174T bunécnych liniich. Vyrazn€ vyssi metabolickou aktivitu jevily stfevni
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bunécné linie LS174T. Ptitomnost induktord RIF a TCCD nem¢éla vyrazngjsi vliv na biotransformaci. V ptipadé
kvercetinu byly nalezeny zé&kladni metabolické pochody I. a Il. faze, které potvrdily metabolickou funkci
testovanych bunécnych linii. Zajimavosti a do budoucna i pfedmét dalSich studii je nalez dimerd a trimert
kvercetinu v bunéénych peletech LS174T. Studované anthokyaniny pelargonidin a 5-MePPI vykazovaly niZsi
metabolickou aktivitu v porovnadni skvercetinem. Biotransformaéni cesta 5-MePPl je vzhledem
k identifikovanym metabolitim odlisnd od pelargonidinu i kvercetinu. Tento fakt milize byt zplsobem

ptitomnosti pyrano kruhu a také vy$si hydrofobicitou v porovnéni ostatnimi studovanymi flavonoidy.
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6. Zavér

Predmétem disertacni prace bylo studium flavonoidd a produktl jejich biotransformace. V prvni ¢ast
byla vénovana extrakci plodd zimolezt a identifikaci anthokyaninovych barviv. Jako nejvhodnéjsi extrakéni
¢inidlo pro extrakci flavonoidi z plodt zimolezu z hlediska vytéZzku se jevi methanol. Pfi extrakci smési
methanol-aceton vznikaji pyranoanthokyaninova barviva. V ziskanych extraktech byly identifikovana zakladni
barviva: 5-methylpyranoanthokyaniny (5-methylpyrano derivaty kyanidin a peonidin 3-hexosidi), dimery
(zejména kyanidin-3-hexosidu) a kondezované pigmenty jako kyanidin-methylpentosid-hexosid-vinyl-
(epi)katechin a kyanidin-3-hexosid-vinyl(epi)katechin.

Dalsi ¢ast byla vé€novana studiu metabolismu flavonoidi. Pomoci in vitro studii na lidskych jaternich
(HepG2) a stievnich (LS174T) bunéénych liniich byly testovany 3 zastupci flavonoidt — kvercetin jako
modelova dobfe prostudovana latka, pelargonidin — zastupce anthokyaninovych barviv a 5-MePPl jako

odpovidajici 5-methylpyranoanthokyanin. U kvercetinu byly nalezeny bé&Zné metabolity 1. i II. faze, ale i

vvvvvv

vvvvvv

v plodech a z nich vyrdbénych potravin a potravinovych dopliikil) v lidském organismu. Rada metabolitli vznika
v n¢kolika chromatograficky separovanych izomernich formach, coz potvrzuje pfitomnost nékolika center
v molekulach flavonoidi umoziiujicich metabolizaci. Mezi metabolity 5-methylpyranopelargonidinu byly
nalezeny i metabolity kombinované. Detailni interpretace koliznich spekter umoZznila blize specifikovat

v molekule, mista, kde dochazi k metabolizaci.
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