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jedno-/dwuwymiarowa spektroskopia magnetycznego rezonansu
jadrowego (ang. 1-dimension/2-dimension nuclear magnetic resonance)

3-nitrotyrozyna (ang. 3-nitrotyrosine)

frakcja n-butanolu (ang. n-butanol fraction)

choroby uktadu krazenia (ang. cardiovascular diseases)

spektroskopia korelacyjna (ang. correlation spectroscopy)
ekwiwalenty chlorku cyjanidyny (ang. cyanidin chloride equivalents)
frakcja eteru dielylowego (ang. diethyl ether fraction)

test zmiatania rodnika 2,2-difenylo-1-pikrylohydrazylowego (ang. 2,2-
diphenyl-1-picrylhydrazyl free-radical scavenging assay)

frakcja octanu etylu (ang. ethyl acetate fraction)

stezenie analitu wywotujgce 50% badanego efektu/ stezenie analitu
,Zmiatajgce” ROS/RNS w 50%/ stezenie inhibitora hamujgce badany
czynnik w 50% (ang. half maximal effective/scavenging/inhibitory
concentration)

test immunoenzymosorpcyjny (ang. enzyme-linked immunosorbent
assay)

spektrometria mas z jonizacjg typu elektrosprej (ang. electrospray
ionization mass spectrometry)

test poziomu wodoronadtlenkéw z uzyciem oranzu ksylenolowego (ang.
ferric-xylenol orange hydroperoxide assay)

test zdolnosci do redukcji jondw Zelaza Fe3* (ang. ferric reducing
antioxidant power assay)

ekwiwalenty kwasu galusowego (ang. gallic acid equivalents)

(ultra)wysokosprawna chromatografia cieczowa z detekcja fotodiodowa
(ang. (ultra)-high-performance liquid chromatography with photodiode
array detection)

nadtlenek wodoru (ang. hydrogen peroxide)
kwas podchlorawy (ang. hypochlorous acid)

heterojgdrowa korelacja dalekiego zasiegu (ang. heteronuclear multiple
bond coherence)

heterojgdrowa korelacja z detekcja przejs¢ wielokwantowych (ang.
heteronuclear multiple quantum coherence)

Miedzynarodowa Rada Harmonizacji (ang. International Council for
Harmonisation)

interleukina (ang. interleukin)
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MED odttuszczony ekstrakt metanolowo-wodny (7:3, v/v) (ang. defatted
methanol-water (7:3, v/v) extract)

NEAC nieenzymatyczna pojemnos¢ antyoksydacyjna osocza (ang. non-
enzymatic antioxidant capacity of blood plasma) oznaczona metoda

FRAP
NO* tlenek azotu (ang. nitric oxide)
0" anionorodnik ponadtlenkowy (ang. superoxide anion)
OH* rodnik wodorotlenowy (ang. hydroxyl radical)
ONOO~ nadtlenoazotyn (ang. peroxynitrite)
ORAC test oznaczania zdolnosci absorpcji rodnikéw tlenowych (ang. Oxygen

Radical Absorbance Capacity)

PBMCs jednojadrzaste komorki krwi obwodowej (ang. peripheral blood
mononuclear cells)
ROS/RNS reaktywne formy tlenu/ reaktywne formy azotu (ang. reactive oxygen

species/reactive nitrogen species)

RSM metoda ptaszczyzny odpowiedzi (ang. response surface methodology)
s.m. sucha masa (ang. dry matter)
SDS-PAGE elektroforeza w zelu poliakrylamidowym w warunkach denaturujgcych

(ang. sodium dodecyl sulfate—polyacrylamide gel electrophoresis)

TBARS substancje reagujgce z kwasem tiobarbiturowym (ang. thiobarbituric
acid-reactive substances)

TPC catkowita zawartos¢ polifenoli (ang. total phenolic content) oznaczona
metodg Folina-Ciocalteu’a (ang. Folina-Ciocalteu assay)

WR pozostatos¢ wodna (ang. water residue)
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Uzasadnienie podjetej tematyki badawczej

Choroby uktadu krazenia (ChUK) — najczesciej wystepujgce na Swiecie choroby niezakazne —
sg odpowiedzialne za okoto 30% zgondéw globalnie, stanowigc tym samym jeden z najpowaz-
niejszych probleméw zdrowotnych wspétczesnych spoteczenstw (WHO, 2019). Niewystarczajaca
skutecznosé i jednoczesnie wysoki koszt stosowanych obecnie terapii sprawia, ze opracowanie
bardziej efektywnych strategii prewencji i leczenia ChUK jest istotnym celem dla medycyny
zaréwno ze wzgleddéw epidemiologicznych jak i ekonomicznych. Badania prowadzone w ostatnich
dwodch dekadach wykazuja, iz kluczowa role w patomechanizmie wielu ChUK, w tym m.in.
miazdzycy, choroby niedokrwiennej serca, nadci$nienia, kardiomiopatiach, przeroscie miesnia
sercowego i zastoinowej niewydolnosci serca, odgrywa stres oksydacyjny (Valko i wsp., 2007;
Santilli i wsp., 2015; Gracia i wsp., 2017). Stres oksydacyjny, rozwijajacy sie w sytuacji, gdy
generacja reaktywnych form tlenu i azotu (ROS/RNS) przewyzsza mozliwosci obrony antyoksy-
dacyjnej organizmu, prowadzi do uszkodzen waznych sktadnikdw komérkowych, takich jak biatka,
lipidy czy DNA, oraz przyczynia sie do rozwoju stanu zapalnego. Z drugiej strony w procesie
zapalnym dochodzi do wzmozonej produkcji ROS/RNS m.in. przez komarki fagocytyjace, takie jak
makrofagi i neutrofile, co moze skutkowa¢ powstaniem lokalnego stresu oksydacyjnego i uszko-
dzeniem tkanek (Biswas, 2016; Hussain i wsp., 2016; Pashkow, 2011). Odkrycie powigzania
pomiedzy wspétistniejgcymi procesami stresu oksydacyjnego i stanu zapalnego a rozwojem ChUK
wzbudzito znaczne zainteresowanie tematykg antyoksydantéw egzogennych, w tym polifenoli
roslinnych, jako zwigzkéw mogacych potencjalnie znaleZ¢ zastosowanie w profilaktyce i terapii
ChUK.

Polifenole stanowig obszerng i bardzo zréznicowang pod wzgledem zaréwno struktury, masy
czasteczkowej, jak i wiasciwosci fizyko-chemicznych oraz biologicznych grupe zwigzkéw
naturalnych. S3 to wyspecjalizowane metabolity roslin, biosyntezowane najczesciej szlakiem
kwasu szikimowego i posiadajgce w swojej strukturze przynajmniej jedng grupe fenolows,
warunkujgcg ich wtasciwosci redukujgce. Do polifenoli nalezg zaréwno proste zwigzki
o stosunkowo niskiej masie czgsteczkowe] (kwasy fenolowe, flawonole, dimery procyjanidynowe),
jak i wielkoczgsteczkowe polimery o masie czasteczkowej powyzej 30 kDa (garbniki). Najwiekszg
grupe zwigzkéw polifenolowych stanowia flawonoidy, zbudowane z dwdch pierscieni fenylowych
potgczonych mostkiem propylowym, w oparciu o ktéry najczesciej wytwarza sie dodatkowy
pierscien heterocykliczny. Stopien utlenienia pierscienia heterocyklicznego jest podstawg
podziatu flawonoidéw na poszczegdlne klasy, tj. m.in. chalkony, aurony, flawony, izoflawony,
flawany, antocyjanidyny, flawonole, a takze di-, tri-, oligo- i polimeryczne proantocyjanidyny, ktdre
oprécz odmiennej budowy strukturalnej wykazujg réwniez zréznicowany wptyw na organizm
ludzki. Sposréd wymienionych zwigzkdw plejotropowa aktywnosé¢ biologiczng w obrebie uktadu
krazenia, udokumentowanag licznymi badaniami, w tym réwniez klinicznymi, przypisuje sie gtdwnie
flawonolom, flawonom, antocyjanidynom i proantocyjanidynom (Pandey i wsp., 2009; Tresserra-
Rimbau i wsp., 2018; Koch, 2019; Perez-Vizcaino i Duarte, 2010; Schroeter i wsp., 2010).

Wielokierunkowe dziatanie zwigzkéw polifenolowych, w tym flawonoidéw, na organizm ludzki
jest w znacznej czesSci zwigzane z ich regulujgcym wptywem na procesy oksydacyjno-redukcyjne
oraz zapalne zachodzgce w zywych komérkach (Hussain, 2016; Koch, 2019). Mechanizmy dziatania
antyoksydacyjnego polifenoli sg zrdinicowane i obejmujg zdolnos¢ do bezposredniego
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,Zmiatania” ROS/RNS, w tym anionorodnika ponadtlenkowego (0;*"), nadtlenku wodoru (H,0,),
rodnika hydroksylowego (HO®), kwasu podchlorawego (HCIO), tlenku azotu (NO®) i nadtleno-
azotynu (ONOO7); chelatowania jondw metali (gtéwnie zelaza i miedzi) katalizujgcych produkcje
ROS/RNS; inhibicji enzymdéw prooksydacyjnych (m.in. oksydazy ksantynowej, indukowalnej
syntazy tlenku azotu, kinazy proteinowej C, cyklooksygenaz, lipooksygenaz, mitochondrialnej
dehydrogenazy bursztynianowej, mieloperoksydaz i metaloproteinaz) oraz stymulacji produkcji
enzymatycznych i nieenzymatycznych antyoksydantéw endogennych (m.in. dysmutazy
ponadtlenkowej, glutationu) (Quifiones i wsp., 2013; Tresserra-Rimbau i wsp., 2018; Koch, 2019).
Aktywnos¢ antyoksydacyjna polifenoli moze potencjalnie warunkowa¢ efekty wazodylatacyjne,
przeciwptytkowe, hipolipemiczne, antiaterogenne i antyapoptotyczne, scisle kojarzone z obnizo-
nym ryzykiem sercowo-naczyniowym (Quifiones i wsp., 2013). W zwigzku z oksydacyjno-zapalnym
patomechanizmem rozwoju ChUK, nie mniej istotna od aktywnosci antyoksydacyjnej wydaje sie
by¢ aktywnos$¢ przeciwzapalna polifenoli (Biswas, 2016; Hussain iwsp., 2016; Koch, 2019).
Wykazano, ze zwigzki polifenolowe majg zdolno$¢ do modyfikacji funkcji komdrek ukfadu
immunologicznego, w tym hamowania sekrecji prozapalnych cytokin i chemokin, m.in. interleukin
(IL-1B, IL-2, IL-6 i IL-8), czynnika martwicy nowotwordw (TNF-a), interferonu y (IFN-y), biatka
chemotaktycznego monocytéow (MCP-1); zwiekszania sekrecji przeciwzapalnych cytokin, m.in. IL-
10; oraz hamowania wydzielania prozapalnych enzymdéw remodelujacych sktadniki macierzy
zewnatrzkomérkowej, m.in. elastazy-2 i metaloproteinaz. Obserwowane efekty mogg by¢
wynikiem modulowania ekspresji jgdrowego czynnika transkrypcyjnego NF-kB, kontrolujgcego
ekspresje wielu genéw zaangazowanych w proces zapalny, w tym gendéw dla cytokin, chemokin
i enzymoéw prozapalnych, czasteczek adhezyjnych, immunoreceptoréow i czynnikdw wzrostu.
Ponadto polifenole wykazujg zdolno$¢ do bezposredniej inhibicji enzymdéw o dziataniu
prozapalnym, w tym cyklooksygenaz (gtéwnie cyklooksygenazy 2), fosfolipaz A2, 5-lipooksygenazy
i hialuronidaz (Hussain i wsp., 2016; Cory i wsp., 2018; Yahfoufi i wsp., 2018).

Liczne badania kliniczne i epidemiologiczne prowadzone w ostatnich dekadach sugerujg istnie-
nie scistego zwigzku pomiedzy dietg bogatg w polifenole roslinne a obnizonym ryzykiem zapadal-
nosci na ChUK (Cory i wsp., 2018, Scalbert i wsp., 2005; Koch, 2019; Bonaccio i wsp., 2017; de Melo
Ribeiro i wsp., 2019). O aktywnosci tej grupy zwigzkéw w obrebie uktadu krazenia swiadczy tez
fakt, ze substancje roslinne zawierajgce polifenole sg od wiekédw wykorzystywane z dobrymi
rezultatami w medycynie tradycyjnej w schorzeniach sercowo-naczyniowych, a potencjat terapeu-
tyczny wielu z nich (m.in. kwiatostandw/owocow gtogu, nasion/lisci winorosli, owocéw aronii)
zostat potwierdzony we wspétczesnych badaniach, w tym réwniez klinicznych (Zhao i wsp., 2017;
Nassiri-Asl i wsp., 2016; Parandoosh i wsp., 2019; Jurikova i wsp., 2017). Dowody wskazujgce na
skuteczno$é polifenolowych antyoksydantéw w profilaktyce i terapii ChUK zaowocowaty
wzrostem zainteresowania tematyka i w rezultacie licznymi badaniami, dotyczagcymi m.in.
aktywnosci biologicznej, mechanizméw dziatania, efektéw synergistycznych czy loséw polifenoli
w ustroju (wchtanianie, metabolizm). Rdwnoczesnie trwajg poszukiwania nowych, wydajnych
zrédet polifenoli, oraz analizy fitochemiczne, farmakologiczne i toksykologiczne surowcéw
polifenolowych stosowanych w medycynie tradycyjnej, co w dalszej perspektywie moze
doprowadzi¢ do wprowadzenia na rynek nowych produktdw leczniczych, suplementéw diety,
dietetycznych srodkdw spozywczych specjalnego przeznaczenia do stosowania w profilaktyce
i w terapii wspomagajgcej ChUK. Przywracanie do lecznictwa czeSciowo zapomnianych surowcow
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medycyny tradycyjnej wydaje sie by¢ kierunkiem szczegdlnie obiecujagcym ze wzgledu na fakt, ze
badania weryfikujgce aktywnos¢ substancji roslinnych stosowanych przez medycyne tradycyjna
wskazujg, ze udowodnione wspodfczesnie kierunki aktywnosci s3 nawet w 80% zgodne z trady-
cyjnymi wskazaniami terapeutycznymi (Fabricant i Farnsworth, 2001).

Pragnac wpisac¢ sie w ten kontekst badawczy w niniejszej dysertacji zwrécono uwage na
gatunek znany w Europie od ponad 7000 lat, poczatkowo jako zrédto jadalnych owocéw, pdiniej
rowniez jako roslina lecznicza, o szeroko dokumentowanym zastosowaniu w medycynie trady-
cyjnej, jednakze niewystarczajgco poznanym sktadzie oraz nielicznych danych naukowych na
temat kierunkdéw i mechanizmdéw aktywnosci biologicznej, tj. na Sliwe tarnine (Prunus spinosa L.).

Sliwa tarnina to krzew z rodziny Rosaceae, charakterystyczny gtéwnie dla flory Europy, gdzie
wystepuje pospolicie (poza jej pétnocng czescig). Spotykany jest rowniez na terenie zachodniej
Azji (Kaukaz), pétnocnej Afryki (Tunezja, Algieria) oraz Ameryki Pétnocnej (tu jako gatunek wtérnie
zdziczaty). W Polsce wystepuje dos¢ czesto na catym nizu i w nizszych potozeniach goérskich.
Typowymi siedliskami sg stoneczne zbocza, skarpy, obrzeza pdl uprawnych, miedze, pastwiska,
rumowiska skalne, doliny rzeczne i wawozy, a takze obrzeza laséw czy widne lasy lisciaste, rzadziej
iglaste. Sliwa tarnina nie ma duzych wymagan glebowych, jest odporna na mréz i susze, preferuje
duze ilosci swiatta, ale znosi tez péfcien. Rozmnaza sie za pomocg odrostéw korzeniowych, co
powoduje, ze czesto tworzy rozlegte jednogatunkowe agregacje i jest uznawana za gatunek
ekspansywny (Ruminska i Ozarowski, 1990; Wichtl, 2004; Seneta i Dolatowski, 2000).

Rycina 1 Obszar naturalnego wystepowania P. spinosa L. Zrédto: https://www.cwrnl.nl/en/CWRnl-
1/CWRbybotanicalname/Prunus-spinosa-L.-1.htm.

Wspdtczesnie gatunek dostarcza kilku rodzajow substancji roslinnych, takich jak kwiaty,
owoce, liscie, mtode pedy oraz rzadziej kora, wykorzystywanych gtéwnie w medycynie tradycyjnej
(Ozarowski i Jaroniewski, 1987; Wichtl, 2004; Pinacho i wsp., 2015). Wedtug danych etnofarma-
kologicznych, substancje pozyskiwane z P. spinosa posiadajg szerokie spektrum aktywnosci
biologicznej, w tym m.in. dziatanie wazoprotekcyjne, przeciwzapalne, hipotensyjne, detoksy-
kujagce, moczopedne, spazmolityczne, tagodnie przeczyszczajgce, napotne i wykrztusne.
Tradycyjne wskazania do stosowania obejmujg schorzenia uktadu pokarmowego, oddechowego
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i moczowego, stany zapalne jamy ustnej i gardta, jak réwniez choroby uktadu sercowo-
naczyniowego (Berger, 1949; Hoppe, 1981; Wichtl, 2004; Blumenthal i Busse, 1998). Dziatanie
wspomagajgce prace ukfadu krazenia jest raportowane niemalze dla wszystkich rodzajow
substancji roslinnych dostarczanych przez sliwe tarnine. Gatazki, cieszace sie najwieksza
popularnoscia na potudniu Europy, sg uznawane za $rodki obnizajgce cisnienie krwi (Calvo
i Cavero, 2014). Aktywnos¢ hipotensyjng przypisuje sie rOwniez owocom, stosowanym ponadto w
celu wzmocnienia serca (Kdlttir, 2007; Jaric¢ i wsp., 2015). Kwiaty sg natomiast sktadnikiem wielu
tradycyjnych mieszanek ziotowych, polecanych w takich dolegliwosciach sercowych jak zapalenie
miesnia sercowego, nerwica serca czy miazdzyca (Wawrzyniak, 1992).

Aktywnymi sktadnikami $liwy tarniny sg polifenole, w tym flawonoidy, procyjanidyny typu A,
antocyjany, kumaryny i kwasy fenolowe, tworzgce zrdznicowane profile w poszczegdlnych
organach. W ostatnich latach owoce i gatgzki P. spinosa zostaty poddane doktadniejszym
badaniom fitochemicznym z wykorzystaniem technik chromatograficznych wysokiej rozdzielczosci
sprzezonych ze spektrometrig mas (Guimaraes i wsp., 2013; Pinacho i wsp., 2015). W przypadku
kwiatéw badania koncentrowaty sie gtdwnie na izolacji i zaowocowaty objasnieniem struktury 16
glikozyddéw flawonoidowych i 5 procyjanidyn (Olszewska i Wolbis, 2001, 2002a,b; Kolodziej i wsp.,
1991; Sakar i Kolodziej, 1993). Zwraca sie uwage, ze niektére ze sktadnikow sliwy tarniny, tj.
pentozydy flawonolowe (arabinozydy, ksylozydy, ramnozydy) oraz dimery procyjanidynowe typu
A, to rzadkie w naturze zwigzki, ktérych wystepowanie jest ograniczone jedynie do wybranych
rodzin i gatunkéw (Pinacho i wsp., 2015).

Rycina 2 Kwitngce i owocujace krzewy P. spinosa L.

Pomimo zachecajgcych doniesien literaturowych na temat skfadu oraz szerokiego
wykorzystania w medycynie tradycyjnej przetwordw z réznych organdw/czesci Sliwy tarniny,
niewiele jest danych pochodzacych z badann naukowych potwierdzajgcych ich aktywnosé
biologiczng. Przeprowadzone na przetomie lat 60-tych i 70-tych XX wieku wstepne analizy ex vivo
i in vivo wykazalty, ze flawonoidowe frakcje otrzymane z lisci i kwiatéw tarniny znaczgco zmniej-
szajg przepuszczalnosé naczyn krwionosnych oraz wykazujg dziatanie przeciwzapalne w narzgdach
wewnetrznych zwierzat doswiadczalnych, normalizuja poziom cholesterolu i stosunek
cholesterol/fosfolipidy u aterogennych krolikdw, oraz zwiekszajg amplitude skurczu w perfuzji
izolowanych serc zabich (Makarov i Khadzhai, 1969; Makarov, 1968, 1972), wskazujac na
prawdopodobng szczegdlng aktywnos$é kwiatow i lisci tarniny w obrebie uktadu krazenia.
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Wspodtczesne badania farmakologiczne dotyczace P. spinosa koncentrowaty sie gtéwnie na analizie
aktywnosci antyoksydacyjnej, wskazujac jg jako mozliwy mechanizm dziatania warunkujacy efekty
biologiczne obserwowane w medycynie tradycyjnej. Wykazano wysoki potencjat antyoksydacyjny
suchych ekstraktow z lisci, owocdw i gatazek Sliwy tarniny, korelujgcy z catkowitg zawartoscia
polifenoli, w tym flawonoidéw (Pinacho i wsp., 2015; Guimaraes i wsp., 2014). Jednakze analizy
byty prowadzone jedynie prostymi metodami chemicznymi (DPPH, FRAP, TBARS i ORAC) i nie
objety najszerzej stosowanych w lecznictwie tradycyjnym kwiatow.

Tabela 1 Charakterystyka botaniczna gatunku P. spinosa L.

Cechy morfologiczne

Pokréj krzew (1-3 m) lub niewielkie drzewo (5-8 m), bardzo silnie rozgatezione, tworzy geste
zaro$la, tzw. ,czyznie”
ped do 8 cm grubosci; pedy boczne drugiego rzedu odstajgce pod katem prostym lub
rozwartym, zakoriczone pojedynczymi cierniami; mtode pedy delikatnie omszone, starsze
nagie, potyskujgce; paczki kwiatowe i lisciowe liczne, drobne, kulisto-jajowate, osadzone
pojedynczo lub serialnie po 2-3 obok siebie, przy czym skrajne zazwyczaj kwiatowe; paki
okryte szorstko owtosionymi czerwonawo-brunatnymi tuskami; liscie w pgczkach tutkowato
zwiniete

Ped

Kora na starszych pniach czarnofioletowa, delikatnie spekana w waskie pasma

ulistnienie skretolegte; liscie pojedyncze, krétkoogonkowe, opatrzone dwoma przylistkami,
ksztatt odwrotnie jajowaty, eliptyczny lub lancetowaty, géra ciemnozielona, spdd jasniejszy,
dtugosc blaszki lisciowej 2-6.5 cm, szerokos¢ 1-2.8 cm; nasada klinowata, szczyt zaostrzony
lub lekko stepiony, brzeg pojedynczo lub podwdjnie karbowano-pitkowany; mtode liscie

Liscie obustronnie owtosione, starsze nagie lub pokryte wtoskami tylko wzdtuz nerwdw, zwtaszcza
po spodniej stronie blaszki; unerwienie pierzaste, wkleste, nerw gtdwny silnie zaznaczony;
ogonek lisSciowy dtf. 0.2-1.5 cm, przewaznie owtosiony, nieogruczolony; przylistki
rownowaskie, ogruczolone, o brzegu zgbkowanym, zwykle nieco dtuzsze od ogonka
lisciowego

kwitnienie bardzo obfite, wyprzedzajgce rozwdj lisci, marzec-kwiecien (potudniowa
i Srodkowa Europa), kwiecien-maj (Europa wschodnia, w tym Polska); kwiaty pieciokrotne,
pojedyncze lub w peczkach, drobne, o srednicy 1.2-1.8 cm, osadzone na krétkich (do 5-8
mm dt.) nagich szyputkach; kielich dzwonkowaty, o dziatkach tréjkatnych lub jajowatych,
Kwiaty nagich, na szczycie pitkowanych, brzegiem orzesionych i nie odgietych, do 2 mm dt.; ptatki
korony biate lub zielonkawo-biate, podtuznie lub odwrotnie jajowate, dt. 5-8 mm, osadzone
na kieliszkowatym lub rurkowatym dnie kwiatowym; stupek gérny, wolny, zakonczony
szerokim, ptaskim znamieniem; zalgznia jednokomorowa, dwa zalgzki; preciki liczne (ok.
20), dt. 5 mm, pylniki barwy zéttej lub czerwonej

pestkowce; ksztatt kulisty lub jajowaty; barwa fioletowa, granatowa lub czarna

z modrawym, woskowym nalotem; krotkoszyputkowe, sztywno wzniesione; sSrednica 1-1.5
cm; migzsz cienki, brgzowawy lub zielony, przyrosniety do pestki, o kwasnym i cierpkim
smaku; pestka jajowata lub eliptyczna, o zaostrzonym szczycie, wymiary 1x0.8 cm, z bokow
sptaszczona, powierzchnia jasnobrunatna, brodawkowana z wyraznymi podtuznymi
zeberkami; owocowanie pazdziernik-listopad; owoc pozostaje na roslinie w czasie zimy

Owoce

Nasiona  ksztatt migdatu; barwa jasnobrgzowa, wymiary 7x5 mm; smak gorzki
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Szerokie zastosowanie kwiatéw sliwy tarniny w medycynie tradycyjnej, obejmujgce m.in.
ChUK, wyniki wstepnych badan farmakologicznych, oraz unikatowy profil polifenolowy sprawiaja,
ze surowiec wydaje sie prezentowad obiecujgcy potencjat terapeutyczny, szczegdlnie w kontekscie
schorzen sercowo-naczyniowych. Do szerszego wykorzystania w lecznictwie konieczne sg jednak
dalsze badania fitochemiczne i aktywnosci biologicznej ze wskazaniem mozliwych mechanizméw
dziatania, badania toksykologiczne, czy wreszcie opracowanie adekwatnej metodyki standaryzacji
substancji roslinnej i pochodnych ekstraktow.

Dobdr odpowiednich metod badawczych umozliwiajgcych ocene substancji roslinnych
w zakresie jakosSciowego i/lub ilosciowego sktadu chemicznego oraz aktywnosci biologicznej jest
uznawany za newralgiczny punkt badan. Sktad chemiczny substancji/preparatéow roslinnych,
znaczaco wptywajacy na ich skutecznosé i bezpieczedstwo stosowania, jest zmienny i zalezy od
wielu czynnikéw, w tym m.in. czynnikéw srodowiskowych czy sposobu przetwarzania surowcow,
w tym ekstrakcji (Ncube i wsp., 2012; Xu i wsp., 2017). Obecnie w terapii rekomenduje sie stoso-
wanie standaryzowanych suchych ekstraktow, ze wzgledu na wyzszg zawartos¢ substancji
aktywnych, utatwione przechowywanie i dozowanie, a takze wiekszg stabilnos¢ fizyko-chemiczng
i mikrobiologiczng w pordwnaniu do ekstraktéw ptynnych i nieprzetworzonych substancji
roslinnych (Kneifel i wsp., 2002). Wobec zmiennosci sezonowej i Srodowiskowej sktadu
chemicznego roslin, standaryzacja jakosciowa i ilosciowa materiatu/preparatéw roslinnych
zapewnia statos¢ sktadnikdw aktywnych i potencjalnie niebezpiecznych, gwarantujgc odpo-
wiednig skutecznos$¢ i bezpieczenistwo stosowania. Ze wzgledu na ztozono$¢ i specyficznosé
gatunkowg sktadu chemicznego substancji roslinnej opracowanie adekwatnej metodyki kontroli
jakosci jest nierzadko procesem trudnym i czasochtonnym, wymagajacym co najmniej adaptacji
znanych metod analitycznych, a zwykle opracowania catkowicie nowych procedur (Wolfender,
2015). Niezaleznie od tego, standaryzacja jest podstawowym narzedziem w zapewnieniu jakosci
substancji/preparatow roslinnych, wspétczesnie stanowigc ponadto obowigzkowy etap poprze-
dzajgcy badania ich aktywnosci biologicznej. W przypadku substancji polifenolowych wstepna
ocena aktywnosci biologicznej obejmuje badania aktywnosci antyoksydacyjnej i przeciwzapalnej
na réznych modelach in vitro, dajace podstawy naukowe do rozszerzenia badan we witasciwych
kierunkach, w tym réwniez o badania in vivo. Analizy in vitro aktywnosci biologicznej polifenoli
uwzgledniajg rézne mechanizmy ich dziatania, np. w przypadku badan aktywnosci antyoksydacyj-
nej ocenia sie m.in. zdolno$¢ polifenoli do bezposredniego ,,zmiatania” ROS/RNS; do zapobiegania
uszkodzeniom oksydacyjno/nitracyjnym makromolekut, takich jak biatka, lipidy i kwasy nuklei-
nowe; do hamowania aktywnosci enzyméw biorgcych udziat w tworzeniu ROS/RNS; oraz do
regulacji aktywnosci enzymatycznych i nieenzymatycznych biatek zaangazowanych w procesy
oksydoredukcyjne. Metody analiz in vitro aktywnosci przeciwzapalnej zwigzkéw polifenolowych
obejmujg natomiast ocene bezposredniej inhibicji enzymow o dziataniu prozapalnym; wptywu na
sekrecje prozapalnych cytokin, chemokin i enzyméw przez komérki uktadu odpornosciowego;
a takze ocene wptywu na ekspresje jadrowych czynnikéw transkrypcyjnych zaangazowanych
w ekspresje gendw dla m.in. prozapalnych cytokin czy enzymoéw. W celu przyblizenia mozliwych
efektdw in vivo analizom aktywnosci biologicznej in vitro coraz czesciej poddaje sie nie tylko
substancje roslinne, ale réwniez zwigzki uznawane za ich metabolity w ustroju badz frakcje
uzyskane w wyniku symulowanego trawienia in vitro. Wykazano, ze wiekszo$¢é polifenoli ulega
metabolizmowi w jelicie grubym przy udziale bakterii jelitowych, a produktami metabolizmu s3
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m.in. kwas 2-(3'4’-dihydroksyfenylo)octowy, kwas 3-(3’,4'-dihydroksyfenylo)propionowy, kwas 3-
(4'-hydroksyfenylo)propionowy i kwas protokatechowy (Marin i wsp., 2015; Ou i Gu, 2014; Tomas-
Barberan i wsp., 2014). Kolejnym etapem niezbednym do petnej oceny substancji roslinnych jest
okreslenie bezpieczenstwa stosowania — wstepnie in vitro na modelach komérkowych, a naste-
pnie in vivo na modelach zwierzecych.

Wobec niepetnych danych na temat sktadu chemicznego i aktywnosci biologicznej kwiatéw
Sliwy tarniny, niniejsza rozprawa stanowi czes$¢ projektu badawczego zmierzajgcego do
kompleksowej oceny materiatu roslinnego i pochodnych ekstraktéw suchych jako substancji
leczniczych o potencjalnym zastosowaniu w profilaktyce i wspomagajagcym leczeniu ChUK.
Badania w ramach rozprawy byty prowadzone dwutorowo i obejmowaty pogtebiong analize
fitochemiczng suchych ekstraktdw z kwiatéw P. spinosa z opracowaniem metodyki kontroli jakosci
oraz wstepng ocene aktywnosci antyoksydacyjnej i przeciwzapalnej na komplementarnych
chemicznych i biologicznych modelach in vitro.
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Cele naukowe pracy

Celem naukowym rozprawy doktorskiej byta petna charakterystyka fitochemiczna kwiatéw
P. spinosa i pochodnych ekstraktéw suchych z opracowaniem metodyki kontroli jakosci/
standaryzacji w zakresie sktadnikéw aktywnych (polifenolowych) oraz analiza ich aktywnosci
przeciwutleniajacej i przeciwzapalnej, co uzyskano w oparciu o nastepujgce badania:

1. Analize profilu fitochemicznego suchych ekstraktéw z kwiatéw P. spinosa w funkcji ekstrakgcji
frakcjonowanej, w tym:

e izolacje i okreslenie struktury wybranych zwigzkéw polifenolowych — pozyskanie
substancji wzorcowych (Publikacja I);

e analize jakosciows i ilosciowg ekstraktow — wskazanie zwigzkéw modelowych (Publikacja
1);

e optymalizacje i walidacje metody HPLC-PDA-fingerprint analizy zwigzkéw polifenolowych
w materiale roslinnym i pochodnych ekstraktach (Publikacja IVA, IVB).

2. Analize zmiennosci zawartosci indywidualnych polifenoli w materiale roslinnym w zaleznosci od
producenta i roku zbioru (Publikacja IVA, IVB).

3. Analize in vitro aktywnosci biologicznej suchych ekstraktéw z kwiatéw P. spinosa w funkgcji
ekstrakcji frakcjonowanej, zwigzkéw polifenolowych uznanych za sktadniki modelowe kwiatéw
oraz ich gtdwnych metabolitéw in vivo, w tym:

e analize aktywnosci antyoksydacyjnej w prostych testach chemicznych (DPPH, FRAP,
TBARS) (Publikacja I1);

e ocene efektu ochronnego wobec biatkowych i lipidowych sktadnikéw ludzkiego osocza
poddanego dziataniu stresu oksydacyjnego indukowanego in vitro (Publikacja Il);

e analize aktywnosci antyoksydacyjnej wzgledem oksydantéw generowanych w ukfadzie
krazenia in vivo, tj. 02"~, HO®, H,0,, NO°, ONOO™ i HCIO (Publikacja lll);

e ocene zdolnosci do inhibicji enzymdw prozapalnych: lipooksygenazy i hialuronidazy
(Publikacja l);

e wstepng ocene bezpieczenistwa komodrkowego ekstraktow w testach cytotoksycz-
nosci/przezywalnosci jednojadrzastych komérek krwi obwodowej (PBMCs) (Publikacja II).
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Cze$¢ doswiadczalna
Materiat roslinny

Materiat do badan fitochemicznych i analiz aktywnosci biologicznej stanowity suche ekstrakty
otrzymane z kwiatéw P. spinosa metodga frakcjonowanej ekstrakcji, w tym suchy ekstrakt metano-
lowo-wodny (7:3, v/v) (MED), jego frakcje eteru dietylowego (DEF), octanu etylu (EAF) i n-butanolu
(BF), oraz pozostatos¢ wodna (WR). Do przygotowania ekstraktéw uzyto surowca handlowego
producenta Dary Natury (Koryciny, Polska) zakupionego w 2015 roku (zbior kwiecien 2015). Proces
ekstrakcji zostat przedstawiony na rycinie 3.

Analiza zmiennosci zawartosci indywidualnych polifenoli w materiale roslinnym objeta prébki
komercyjne kwiatéw P. spinosa L. zakupione od trzech europejskich producentéw: Dary Natury
(Koryciny, Polska), Flos (Mokrsko, Polska) and Kréuter Kiihne (Berlin, Niemcy ) w latach 2015-2018.

Do izolacji czesci substancji wzorcowych (wybranych glikozydow flawonoidowych)
wykorzystano liscie P. spinosa zebrane ze stanu naturalnego w miejscowosci Rzeczyca (Polska)
w lipcu 2015 r.

Tozsamos$¢ gatunkowa surowcow zostata potwierdzona w badaniach makroskopowych
i mikroskopowych przez dr hab. n. farm. Monike Anne Olszewskg, prof. UM zgodnie ze
standardami farmakognostycznymi (Wichtl, 2004).

' Kwiaty P. spinosa (probka komercyjna, producent Dary Natury)

Ekstrakcja CHCI,

| Ekstrakt chloroformowy | surowiec

Ekstrakcja
metanol:woda (7:3, v/v)

48h, 5°C
l Roztwér wodny oczyszczony l Ekstrakt metanolowy (MED)

Ekstrakcja Et,0

l Frakcja eteru dietylowego (DEF) l Pozostatos¢

Ekstrakcja EtOAc

| Pozostatos¢ l Frakcja octanu etylu (EAF)

Ekstrakcja n-BuOH

| Frakcja n-butanolu (BF) | Pozostatos¢ wodna (WR)

rozp. w H,0

Rycina 3 Schemat ekstrakcji kwiatow P. spinosa L.
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Koncepcja i plan badan

Koncepcja badan oraz zestawienie przeprowadzonych analiz zostaty przedstawione w Tabeli 2.

Tabela 2 Koncepcja badan oraz zestawienie przeprowadzonych analiz.

Izolacja wybranych substancji wzorcowych z lisci P. spinosa

Publikacja | e izolacja i okreslenie struktury wybranych glikozydéw
flawonoidowych

Analiza fitochemiczna i wstepna ocena aktywnosci biologicznej suchych
ekstraktow z kwiatow P. spinosa

e analiza profilu jakosciowego (LC-MS/MS) i iloSciowego

e analiza aktywnosci antyoksydacyjnej w chemicznych testach in vitro
(DPPH, FRAP, TBARS),

e analiza aktywnosci antyoksydacyjnej na biologicznym modelu in

Publikacja I vitro — ocena efektu ochronnego wobec biatkowych i lipidowych
sktadnikéw ludzkiego osocza poddanego dziataniu stresu
oksydacyjnego

e analiza in vitro aktywnosci przeciwzapalnej w testach inhibicji
enzymow prozapalnych

e ocena bezpieczenstwa komdrkowego ekstraktéw

e analiza statystyczna wynikéw

Rozszerzone badania in vitro aktywnosci biologicznej suchych ekstraktow
z kwiatow P. spinosa, polifenolowych zwigzkéw modelowych i ich
potencjalnych metabolitéw in vivo

e ocena in vitro aktywnosci antyoksydacyjnej suchych ekstraktéw
Publikacja Il z kwiatéw P. spinosa, zwigzkdw polifenolowych (uznanych za
sktadniki modelowe kwiatow P. spinosa) oraz ich potencjalnych
metabolitdw in vivo wzgledem oksydantéw generowanych
w uktadzie krazenia in vivo, tj. 02°~, HO®, H,0,, NO*, ONOO™ i HCIO
e analiza statystyczna wynikow

Opracowanie metodyki kontroli jakosci kwiatéw P. spinosa i pochodnych
ekstraktow

e optymalizacja i walidacja metody HPLC-PDA-fingerprint analizy
zwigzkéw polifenolowych w kwiatach P. spinosa i ekstraktach
pochodnych

e analiza zawartosci indywidualnych polifenoli w suchych ekstraktach
z kwiatéw P. spinosa

e analiza zmiennosci zawartosci indywidualnych polifenoli
w materiale roslinnym w zaleznosci od producenta i roku zbioru
surowca

e analiza statystyczna wynikéw

Publikacja IVA,
IVB
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Metodyka badan

Analiza profilu fitochemicznego suchych ekstraktdow z kwiatdw P. spinosa oraz analiza
zmiennosci profilu polifenolowego w komercyjnym materiale roslinnym

Analiza profilu jakosciowego ekstraktow zostata przeprowadzona metodg UHPLC-PDA-ESI-
MS? z wykorzystaniem ultra-wysokosprawnego chromatografu cieczowego sprzezonego z detek-
torem fotodiodowym oraz ze spektrometrem masowym, zaopatrzonym w przystawki
umozliwiajgce jonizacje prébek metoda elektrorozpylania (ESI) oraz analizator typu putapka
jonowa. Anality identyfikowano na podstawie poréwnania danych fragmentacyjnych ESI-MS?
(w trybie jondw ujemnych i dodatnich) oraz widm UV-Vis z danymi literaturowymi oraz danymi
uzyskanymi dla substancji wzorcowych.

Analiza profilu ilosciowego ekstraktdw objeta oznaczenie catkowitej zawartosci polifenoli
i procyjanidyn spektrofotometrycznymi metodami Folina-Ciocalteu’a i Portera wg Olszewskiej
i wsp. (2012), oraz oznaczenie zawartosci aglikonéw flawonoidowych po hydrolizie metodg HPLC-
PDA wg Olszewskiej (2012) i catkowitej zawartosci kwaséw fenolowych metodg HPLC-PDA wg
Olszewskiej i wsp. (2012). Ponadto oznaczono zawartos¢ indywidualnych sktadnikéw polifeno-
lowych przy uzyciu metody HPLC-PDA-fingerprint, po jej wczesniejszej optymalizacji i walidacji
wedtug wytycznych International Council for Harmonisation (ICH) Guidance for Industry (ICH,
2005) i odpowiednich doniesien literaturowych (Olszewska, 2012), z wykorzystaniem chromato-
grafu HPLC i kolumny chromatograficznej typu fused-core. Metode te wykorzystano takze do
analizy zawartosci sktadnikéw polifenolowych w materiale roslinnym zakupionym od trzech
europejskich producentéw (Flos, Dary Natury, Krduter Kiihne) w latach 2015-2018.

W analizie UHPLC-MS oraz HPLC-PDA-fingerprint wykorzystano palete 14 substancji
wzorcowych uzyskanych podczas wczesniejszych prac izolacyjnych Promotora (Olszewska
i Wolbis, 2001; Olszewska i Wolbis, 2002a; Olszewska i Wolbis, 2002b) oraz cztery diglikozydy
flawonoidowe wyizolowane z lisci P. spinosa w ramach niniejszej rozprawy doktorskiej (ze wzgledu
na ich wyzszg zawarto$¢ niz w kwiatach). Izolacje przeprowadzono metoda preparatywnej
wysokosprawnej chromatografii cieczowej (HPLC-PDA), opracowang i zoptymalizowang metoda
ptaszczyzny odpowiedzi (RSM), a struktura wyodrebnionych zwigzkéw zostata potwierdzona
gtéwnie metodami spektroskopowymi (1D i 2D NMR: COSY, HMBC, HMQC).

Szczegdtowy opis odczynnikdw, aparatury, przygotowania prébek oraz procedur badawczych
znajduje sie w poszczegdlnych publikacjach, bedacych podstawg rozprawy doktorskiej.

Analiza in vitro aktywnosci biologicznej suchych ekstraktéw z kwiatdéw P. spinosa

Analizy in vitro aktywnosci antyoksydacyjnej ekstraktéw objety eksperymenty z uzyciem
metod chemicznych opartych na mechanizmie SET (przeniesieniu pojedynczego elektronu, ang.
single electron transfer), tj. DPPH i FRAP, oraz na mechanizmie HAT (przeniesienia atomu wodoru,
ang. hydrogen atom transfer), tj. TBARS. Oznaczenia zdolnosci ekstraktow do zmiatania rodnika
DPPH oraz redukowania jonéw zelaza (lll) zostaty przeprowadzone metodami spektrofoto-
metrycznymi wedtug zoptymalizowanych wczesniej procedur (Olszewska i wsp., 2012).
Oznaczanie aktywnosci antyoksydacyjnej ekstraktéw w tescie inhibicji oksydacji kwasu
linolenowego (TBARS) zostato przeprowadzone wedtug procedury opisanej przez Kljak i Grbesa
(2015) zmodyfikowanej w ramach niniejszej rozprawy.
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Komplementarne analizy in vitro aktywnosci antyoksydacyjnej ekstraktéw na modelu
biologicznym objety ocene efektu ochronnego ekstraktéw wobec biatkowych i lipidowych
sktadnikéw ludzkiego osocza w warunkach stresu oksydacyjnego wywotanego ONOO™. Oznaczono
poziom markerow stresu oksydacyjnego, w tym markeréw nitrowania biatek: 3-nitrotyrozyny (3-
NT), immunoenzymatyczng metoda ELISA (wg Kolodziejczyk-Czepas i wsp., 2013), oraz markerow
peroksydacji lipiddw: wodoronadtlenkéw lipidéw (FOX-1) (wg Kolodziejczyk-Czepas i wsp., 2013),
oraz substancji reagujacych z kwasem tiobarbiturowym TBARS (wg Kolodziejczyk i wsp., 2011).
Ponadto oznaczono nieenzymatyczng pojemnos$¢ antyoksydacyjng osocza (NEAC) metodg FRAP
wg Kolodziejczyk-Czepas i wsp. (2014).

Analizy in vitro aktywnosci antyoksydacyjnej ekstraktéw wobec oksydantéw generowanych in
vivo w uktadzie krgzenia (0,7, HO®, H,0,, NO*, ONOO™ i HCIO) byty przeprowadzone metodami
spektro- i fluorymetrycznymi wedtug zoptymalizowanych wczesniej procedur. Zdolnos¢ do
zmiatania O,"” zostata okreslona w uktadzie ksantyna/oksydaza ksantynowa z uzyciem bfekitu
nitrotetrazoliowego do detekcji wg Granicy i wsp. (2013). W tescie zmiatania HO®
spektrofotometrycznie monitorowano poziom dihydroksypochodnych kwasu benzoesowego,
powstajgcych w wyniku reakcji rodnika HO®, generowanego w reakcji Fentona, z kwasem
salicylowym wg Fu i wsp. (2014). Aktywnos$¢ antyoksydacyjna wobec NO® byta okreslana
fluorymetrycznie wg Czerwinskiej i wsp. (2012) poprzez monitorowanie poziomu triazo-
lofluoresceiny, powstajgcej z 4,5-diaminofluoresceiny w obecnosci NO°®. Zdolno$¢ do zmiatania
HCIO byta oceniana z uzyciem kwasu 5-tio-2-nitrobenzoesowego, utlenianego w obecnosci HCIO
do kwasu 5,5-ditiobis-2-nitrobenzoesowego, ktérego poziom mierzono spektrofotometrycznie wg
Czerwinskiej i wsp. (2012). Zdolnos¢ do zmiatania ONOO~ (otrzymanego syntetycznie) byta
okreslana spektrofotometrycznie wg Krzyzanowskiej-Kowalczyk i wsp. (2017) poprzez okreslenie
hamowania utleniania azowego btekitu Evansa. Zdolno$¢ do redukcji H,0, oceniano wg. Fernando
i Soysa (2015) poprzez monitorowanie poziomu chinoinoiminy wytwarzanej w reakcji 4-
aminoantipiryny, fenolu i H,O,, katalizowanej przez peroksydaze chrzanowa. Ww. analizy
aktywnosci antyoksydacyjnej wzgledem ROS/RNS generowanych in vivo objety rowniez
wyselekcjonowane w badaniach wstepnych modelowe polifenole, tj. kemferol, kwercetyne i ich
glikozydy: juglanine, kemferytryne i awikularyne, ponadto kwas chlorogenowy, procyjanidyne A2
oraz kwas p-kumarowy . Ponadto, dla petniejszej oceny efektdw spodziewanych in vivo, analizy na
ww. modelu chemicznym byly prowadzone wobec zwigzkéw uznawanych za gtéwne produkty
metabolizmu polifenoli w ustroju, odpowiednich dla profilu polifenolowego surowca, tj. 3-
glukuronidu kwercetyny, kwasu 2-(3'4’-dihydroksyfenylo)octowego, kwasu 3-(3',4'-dihydroksy-
fenylo)propionowego, kwasu 3-(4'-hydroksyfenylo)propionowego oraz kwasu protokatechowego;
a takze wzorcowych przeciwutleniaczy osocza, tj. kwasu askorbinowego oraz syntetycznego analo-
gu witaminy E, tj. Troloxu.

Potencjalna aktywnos$¢ przeciwzapalna ekstraktéw byta badana w testach hamowania
enzymow prozapalnych — lipooksygenazy i hialuronidazy. Hamowanie aktywnosci hialuronidazy
okreslono metodg turbidymetryczng opartg na spektrofotometrycznym pomiarze zmetnienia
powstatego na skutek wytworzenia komplekséw hialuronan-albumina bydleca w srodowisku
kwasowym wg Michela i wsp. (2017). Zdolnos¢ do hamowania lipooksygenazy analizowano
w oparciu o spektrofotometryczny pomiar poziomu dienéw sprzezonych wytworzonych jako
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produkty uboczne w procesie utleniania kwasu linolowego katalizowanym przez enzym wg
Michela i wsp. (2017).

Ocena bezpieczennstwa komorkowego (potencjalnej cytotoksycznosci) ekstraktéw objeta
badania z uzyciem jednojadrzastych komérek krwi obwodowej — PBMCs. Pomiary wptywu
analitow na przezywalnos¢ PBMCs wykonane zostaty metodg spektrofluorymetryczng z zastoso-
waniem jodku propidyny do wybarwiania martwych komorek, zgodnie z procedurg opisang przez
producenta zastosowanego testu komercyjnego.

Badania analitéw na modelach biologicznych (3 stezenia) objety zaréwno zakresy fizjologiczne
dla polifenoli (1-5 pg/ml; obserwowane w osoczu po podaniu doustnym), jak i wyzsze (50 pg/mil),
w celu uwidocznienia wszystkich mozliwych efektéw dziatania. We wszystkich testach stosowana
byta wfasciwa kontrola pozytywna z wykorzystaniem zwigzkéw o udowodnionym dziataniu,
odpowiednio do danego testu. Dla zwiekszenia przepustowosci analiz i ograniczenia kosztéw,
badania aktywnosci byty w wiekszosci prowadzone z wykorzystaniem czytnikdéw ptytek. Materiat
biologiczny do badan (osocze, PBMCs) zostat odzyskany z kozuszkdw leukocytarno-ptytkowych
dostepnych komercyjnie w Regionalnym Centrum Krwiodawstwa i Krwiolecznictwa w todzi
(niewymagana zgoda Komisji Bioetycznej). Wyniki testéw chemicznych oraz hamowania
aktywnosci enzymdw wyrazono jako wartosci ECso/SCso/1Cso oraz w ekwiwalentach odpowiednich
wzorcow pozytywnych.

Szczegbétowy opis zastosowanych metod, aparatury, odczynnikdw, przygotowania prébek
i warunkow analizy zamieszczono we wtasciwych publikacjach.

Ocena statystyczna wynikéw

Wszystkie wyniki byty weryfikowane pod katem istotnosci statystycznej réznic i korelacji na
poziomie istotnosci a min. 0.05, z wykorzystaniem programu Statistical2Pl (StatSoft).
Szczegotowe informacje na temat zastosowanych testdw znajdujg sie w poszczegdlnych
publikacjach, bedacych podstawg rozprawy doktorskiej.
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Realizacja celéw naukowych — wyniki i dyskusja
Analiza profilu fitochemicznego suchych ekstraktéw z kwiatéw P. spinosa

Zwazywszy na fakt, iz standaryzowane ekstrakty roslinne, a w szczegdlnosci ekstrakty suche,
sg preferowane we wspéiczesnej fitoterapii ze wzgledu na wyiszg efektywno$é od nieprzetwo-
rzonych substancji roslinnych, gtéwnym przedmiotem zainteresowania niniejszej rozprawy
doktorskiej byty suche ekstrakty z kwiatéw P. spinosa. Na podstawie dostepnej literatury
i wynikéw badan wstepnych ustalono, ze optymalnym ekstrahentem dla niskoczgsteczkowych
polifenoli (o potencjalnie najwyzszej biodostepnosci) wystepujacych w surowcu jest mieszanina
metanol-woda (7:3, v/v), a frakcjonowana ekstrakcja rozpuszczalnikami o wzrastajgcej polarnosci
(eterem dietylowym, octanem etylu, n-butanolem) otrzymanego ekstraktu alkoholowo-wodnego
pozwala na jego oczyszczenie i koncentracje zwigzkéw aktywnych (Manach i wsp., 2005;
Olszewska i wsp., 2012). Analiza catkowitej zawartosci polifenoli (TPC) przeprowadzona metoda
Folina-Ciocalteu’a potwierdzita, ze zaréwno wyjsciowy suchy ekstrakt metanolowo-wodny (MED),
jakijego poszczegdlne frakcje stanowig bogate zrédto zwigzkdw polifenolowych. Dla MED wartosé¢
TPC wyniosta 206.1 mg GAE/g s.m., natomiast w przypadku najbogatszych w polifenole frakcji EAF
i DEF wartosci TPC wyniosty odpowiednio 584.1 i 464.6 mg GAE/g s.m. i byly poréwnywalne
z warto$ciami literaturowymi dla ekstraktéw otrzymanych z substancji roslinnych cenionych
w prewencji ChUK, jak np. ekstrakt etanolowy z nasion winorosli (TPC, 630-670 mg GAE/g s.m.)
(Baydara i wsp., 2004) i frakcja octanu etylu z zielonej herbaty (TPC, 480-580 mg GAE/g s.m.) (Erol
i wsp., 2009). Poréwnanie otrzymanych wynikéw z danymi literaturowymi dla ekstraktéw z innych
czesci rosliny pokazato, ze pod wzgledem zawartosci polifenoli kwiaty plasujg sie na drugim
miejscu po gatazkach, a przed owocami i lisémi, stanowigc obiecujgcy materiat do dalszych badan
(Pinacho i wsp., 2015) (Publikacja Il).

Analiza profilu jako$ciowego metodg UHPLC-PDA-ESI-MS®, przeprowadzona w ramach
niniejszej rozprawy po raz pierwszy dla kwiatow Sliwy tarniny, znaczaco poszerzyta wiedze o ich
sktadzie chemicznym. W badanych ekstraktach catkowicie lub cze$ciowo zidentyfikowano ponad
50 zwigzkdéw polifenolowych (36 nowych dla kwiatdéw), z czego 37 sklasyfikowano jako flawonoidy
(gtéwnie mono- i diglikozydy kemferolu i kwercetyny), pozostate zas jako pochodne flawan-3-olu
(katechiny i procyjanidyny typu A), pseudodepsydy kwasu kawowego i proste kwasy fenolowe
(Publikacja Il). Analogiczne analizy przeprowadzone dla lisci P. spinosa wykazaty obecnosé 25
zwigzkow (Publikacja 1), co w potgczeniu z danymi literaturowymi dla gatgzek i owocédw tarniny
(26 i 29 wykrytych zwigzkéw, odpowiednio) (Pinacho i wsp., 2015; Guimardes i wsp., 2013),
pokazuje jak bardzo ztozong matrycg polifenolowa charakteryzuja sie kwiaty. Wartos¢ surowca
jako zrédta zwigzkow polifenolowych podnosi ponadto fakt, ze czes¢ zidentyfikowanych
sktadnikdw, takich jak pentozydy flawonoidowe (arabinozydy, ksylozydy, ramnozydy) oraz dimery
procyjanidynowe typu A, to rzadko wystepujgce w naturze zwigzki (Publikacja Il).

Wstepna analiza ilosciowa ekstraktéw przeprowadzona metodami spekrofotometrycznymi
i chromatograficznymi pozwolita na okreslenie zawartosci gtdwnych grup zwigzkéw czynnych
(flawonoiddw, procyjanidyn i kwaséw fenolowych) oraz wykazata, ze dominujgca grupg zwigzkéw
czynnych we wszystkich ekstraktach i frakcjach za wyjatkiem pozostatosci wodnej stanowig
flawonoidy. Najwyzszg zawartoscig aglikonéw flawonoidowych po hydrolizie oznaczong metodg
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HPLC odznaczat sie DEF (459.6 mg/g s.m. w przeliczeniu na glikozydy). Zawarto$¢ procyjanidyn
oznaczona spektrofotometryczng metodg Portera byta najwyzsza dla EAF (109.4 mg CYE/g s.m.),
natomiast najwyzszg zawartos¢ kwasow fenolowych oznaczong metodg HPLC zaobserwowano dla
BF (66.8 mg/g s.m.) (Publikacja II).

Opisana powyzej wstepna analiza iloSciowa potwierdzita hipoteze o wartosci
ekstraktow/frakcji z kwiatdw tarniny jako bogatego zrédta polifenoli oraz data wglad we wzajemne
proporcje pomiedzy gtéwnymi grupami sktadnikdéw czynnych, nie pozwalajac jednak na ocene
udziatéw poszczegdlnych zwigzkdw w zespole. Ponadto proces nie byt optymalny jako potencjalne
narzedzie kontroli jakosci ze wzgledu na konieczno$¢ wykorzystania czterech metod analitycznych.
Do celéw kontroli jakosci najbardziej adekwatna bytaby metoda uniwersalna, pozwalajgca na
okreslenie zawartosci wszystkich, bgdZ wiekszosci grup zwigzkéw czynnych substancji roslinnej,
rownolegle z jednoczesng oceng/potwierdzeniem profilu jako$ciowego. Metoda UHPLC-PDA-ESI-
MS?, wykorzystana do celéw analizy jakoéciowej, nie spefniafa tych kryteridw ze wzgledu na typ
zastosowanego detektora selektywnosci masy (putapka jonowa) i jego ograniczenn w kontekscie
analiz ilosciowych (zalezna od zwigzku odpowiedz, maty zakres dynamiczny i stosunkowo staba
odtwarzalnos¢). Biorgc pod uwage powyzisze przestanki, kolejnym etapem prezentowanej
rozprawy stafa sie optymalizacja i walidacja metody HPLC-PDA-fingerprint analizy indywidualnych
polifenoli, mogaca znaleZ¢ zastosowanie w kontroli jakosci kwiatéw P. spinosa oraz
przygotowanych z nich ekstraktéw. Ze wzgledu na wysoka ztozonos¢ matrycy polifenolowej
surowca oraz podobienstwo strukturalne zwigzkédw, opracowanie odpowiedniej metodyki
standaryzacji nie byto fatwym zadaniem, szczegdlnie, ze postawiono sobie za cel uzyskanie
rozdziatu analitow w czasie krétszym niz stosowany w jakosciowej analizie UHPLC. Proces
optymalizacji rozdziatu przebiegat z wykorzystaniem 30 zwigzkdéw polifenolowych charakterysty-
cznych dla surowca, wytypowanych na podstawie analizy LC-MS, i objat wiele czynnikow, w tym
sktad fazy ruchomej, profil elucji, szybkos¢ przeptywu i temperature. Analizy prowadzono
z wykorzystaniem kolumny C18 typu fused-core, wybranej na podstawie doniesien literaturowych
i wstepnych testéw, oraz umozliwiajgcej uzyskanie wysokiej rozdzielczosci przy zachowaniu
poziomu cisnienia akceptowalnego dla konwencjonalnych aparatéw HPLC (Olszewska, 2012).
Najlepsze wyniki zostaty uzyskane przy zastosowaniu trdjsktadnikowego eluentu (acetonitryl-
tetrahydrofuran-0.5% kwas ortofosforowy) w ukfadzie elucji gradientowej, dla przeptywu fazy
ruchomej 1.09 ml/min i w temperaturze 28°C. Zoptymalizowana metoda pozwolita na rozdziat
analitéw z satysfakcjonujgca rozdzielczoscig w czasie 35 minut. Walidacja przeprowadzona wg
wytycznych ICH pokazata dobrg precyzje (RSD < 5%), doktadnos¢ (93.5-102.1%), liniowos¢ (r >
0.9998), i czutos¢ (LODs 0.51-2.05 ng) metody. Opracowana metoda umozliwita réwnolegte
oznaczenie zawartosci kluczowych analitéw kwiatédw P. spinosa z wykorzystaniem 30 wzorcéw
kalibracyjnych. Ponadto wprowadzono wspdtczynniki korekcyjne, umozliwiajgce oznaczenie ww.
analitéw z wykorzystaniem palety substancji wzorcowych zredukowanej do 5 zwigzkdéw
dostepnych komercyjnie (Publikacja IVA, IVB).

Opracowana metoda HPLC-PDA-fingerprint zostata z powodzeniem wykorzystana do analizy
zawartosci indywidualnych polifenoli w suchych ekstraktach i frakcjach z kwiatéw P. spinosa.
Obserwowano znaczgce réznice w profilu iloSciowym sktadnikdw, a catkowita zawartos¢ analitéw
w ekstraktach/frakcjach wahata sie w zakresie 15.9-491.7 mg/g s.m. Nalezy podkresli¢, ze sktad
ekstraktow byt scisle skorelowany z polarnosciag rozpuszczalnika uzytego do ekstrakcji. Na przyktad
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dominujgcymi sktadnikami DEF byty pentozydy flawonolowe i aglikony, ponadto obserwowano
wzglednie wysokg zawarto$¢ kwasu kawowego, kwasu p-kumarowego i katechiny (zwigzkdw,
ktére w pozostatych ekstraktach wystepowaty w sladowych ilosciach). Z kolei EAF byt bogaty w
diglikozydy i monoglikozydy flawonolowe, w tym heksozydy, a takze procyjanidyny, natomiast w
BF przewazaty diglikozydy flawonolowe i izomeryczne kwasy chlorogenowe (Publikacja IVA, IVB).

Przeprowadzenie powyzej opisanych analiz LC-MS oraz HPLC-fingerprint wymagato izolacji
wybranych diglikozyddéw flawonoidowych, charakterystycznych dla gatunku P. spinosa. Wiekszos$¢
z flawonoidéw typowych dla gatunku (19 zwigzkéw) zostata wyizolowana we wczesniejszych
badaniach kwiatéw i lisci tarniny prowadzonych w Zaktadzie Farmakognozji Uniwersytetu
Medycznego w todzi (Olszewska i Wolbi$, 2001; Olszewska i Wolbis, 2002a, 2002b). Wstepne
analizy LC-MS wykonane w ramach niniejszej pracy wykazaty, ze dwa diglikozydy kemferolu
pozostajg nieznane, oraz, ze najbardziej wydajnym zrédtem tych zwigzkdw sg liscie tarniny, co dato
przestanki do zastosowania tego wfasnie surowca w badaniach izolacyjnych. Materiat badawczy
do prac izolacyjnych stanowita frakcja diglikozydow kemferolu z lisci tarniny, zawierajgca oprocz
dwéch ww. przedmiotowych zwigzkdw rowniez dwa inne, znane wczesniej zwigzki o podobnych
wiasciwosciach chromatograficznych (czasach retencji), ktorych efektywny rozdziat przedstawiat
istotny problem analityczny. Izolacje przeprowadzono metods preparatywnej chromatografii
HPLC stosujac procedure rozdziatu zoptymalizowang z wykorzystaniem statystycznych metod
optymalizacyjnych. Rozdzielone zwigzki wyodrebniono z wysoka wydajnoscig (84.8—-94.5%) i czy-
stoscig (92.5-99.8%), i zidentyfikowano strukturalnie jako 3-0-8-bD-ksylopiranozydo-7-O-a-L-
ramnopiranozyd kemferolu (lepidozyd) i 3-O-a-L-arabinopiranozydo-7-O-a-L-ramnopiranozyd
kemferolu (po raz pierwszy opisane w gatunku), oraz 3-O-a-L-arabinofuranozydo-7-O-a-L-ramno-
piranozyd kemferolu i 3,7-di-O-a-L-ramnopiranozyd kemferolu (kemferytryna). Wszystkie cztery
zwigzki wykorzystano jako substancje wzorcowe w ww. analizach fitochemicznych oraz w pézniej-
szych testach aktywnosci biologicznej (Publikacja I).

Analiza zmiennosci profilu polifenolowego w komercyjnym materiale roslinnym

Biorgc pod uwage, ze kwiaty sliwy tarniny sg pozyskiwane ze stanu naturalnego i niekontro-
lowane czynniki srodowiskowe, tj. nastonecznienie, temperatura, wilgotnos¢, zasolenie gleby,
moga wptywaé na profil polifenolowy surowca, w kolejnym etapie pracy dokonano analizy
zmiennosci zawartosci indywidualnych polifenoli metoda HPLC-PDA-fingerprint w materiale
roslinnym zakupionym od trzech producentéw europejskich w latach 2015-2018. Wszystkie
zwigzki uznane na podstawie wczesniejszej analizy LC-MS za modelowe dla kwiatu tarniny zostaty
wykryte w kazdej préobce, co swiadczy o wzglednej stabilnosci profilu jakosciowego surowca.
Jednakze analizowane prébki rdznity sie pod wzgledem profilu ilosciowego, co potwierdza
koniecznos¢ kontroli jakosci surowca. Catkowita zawartos¢ polifenoli wahata sie w zakresie 32.0-
49.0 mg/g s.m., natomiast zawartos¢ poszczegdlnych sktadnikow rdznita sie nawet czterokrotnie,
np. dla kwasu chlorogenowego wynosita od 0.5 do 2.2 mg/g s.m. Kemferytryna i awikularyna
dominowaty w wiekszosci prébek, a ich zawartos¢ wynosita odpowiednio 3.1-6.5 mg/g s.m. i 2.5-
6.0 mg/g s.m. Inne zwigzki, ktérych zawartos¢ w wiekszosci probek przekraczata 3 mg/g s.m. to
kwas neochlorogenowy, afzelina, 3-O-a-L-arabinofuranozydo-7-0O-a-L-ramnopiranozyd kemferolu
i juglanina. Zawartos¢ ww. szesciu zwigzkéw stanowita 51.4-60.4% catkowitej zawartosci
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polifenoli, a ich oznaczenie uznano za absolutne minimum w kontroli jakos$ci surowca (Publikacja
IVA, IVB).

Analiza in vitro aktywnosci biologicznej suchych ekstraktéw z kwiatéw P. spinosa

Majgc na wzgledzie profil fitochemiczny ekstraktéw, wielokierunkowg aktywnos¢ zwigzkéw
polifenolowych, w tym m.in. antyoksydacyjng i przeciwzapalng, tradycyjne zastosowania kwiatéw
Sliwy tarniny w ChUK oraz role stresu oksydacyjnego i wspotistniejgcego stanu zapalnego
w patomechanizmie ChUK, celem niniejszej pracy stata sie ocena aktywnosci antyoksydacyjnej
i przeciwzapalnej ekstraktdw na komplementarnych chemicznych i biologicznych modelach in
vitro, pozwalajgcych na wskazanie bezposrednich mechanizmdéw ww. typdw aktywnosci.

Analizy aktywnosci antyoksydacyjnej w chemicznych testach in vitro (DPPH, FRAP, TBARS)
wykazaty wysoki potencjat przeciwutleniajgcy ekstraktéw, korelujacy z zawartoscig polifenoli
(szczegdlnie flawonoiddw), dla najbardziej aktywnych frakcji EAF i DEF poréwnywalny
z aktywnoscig szeregu wzorcowych przeciwutleniaczy, zaréwno naturalnych jak i syntetycznych
(kwercetyna, Trolox, BHA — butylowany hydroksyanizol, BHT — butylowany hydroksytoluen).
Przeprowadzenie ww. prostych testéw chemicznych nie tylko pozwolito na szybka ocene
aktywnosci ekstraktow i poréwnanie z danymi literaturowymi, ale réwniez wskazato potencjalne
mechanizmy ich aktywnosci antyoksydacyjnej (,zmiatanie” wolnych rodnikéw, redukowanie
jonéw metali, inhibicja oksydacji lipidow), dajac podstawy do rozszerzenia badan aktywnosci
antyoksydacyjnej o testy na modelu biologicznym ludzkiego osocza (Publikacja Il).

Analizy aktywnosci antyoksydacyjnej na modelu ludzkiego osocza byty prowadzone in vitro
w warunkach stresu oksydacyjnego wywotanego ONOO~, jednym z gtéwnych czynnikéw
utleniajacych i nitrujgcych in vivo, generowanym m.in. w uktadzie kragzenia w ostrych i przewle-
ktych stanach zapalnych oraz w przypadkach niedokrwienia i reperfuzji. Wykazano, ze ekstrakty
juz w niskich stezeniach odnoszacych sie do osoczowych poziomoéw osiggalnych dla polifenoli in
vivo po podaniu doustnym (1-5 pg/ml) chronig biatka i lipidy komérkowe przed zmianami
oksydacyjno-nitracyjnymi. Obserwowano obnizony poziom markerdw nitrowania biatek (3-NT)
i peroksydacji lipidow (FOX-1 i TBARS), oraz wzrost catkowitej nieenzymatycznej pojemnosci
antyoksydacyjnej osocza (NEAC). W przypadku oznaczenia 3-NT dla wszystkich ekstraktow spadek
nitrowania reszt tyrozynowych byt istotny statystycznie (p < 0.001) i wynosit do 50% juz przy
stezeniu 1 pug/ml. 3-NT jest waznym markerem zmian zachodzacych w organizmie pod wptywem
stresu oksydacyjnego, a jej podwyzszony poziom, obserwowany m.in. u pacjentéw cierpigcych na
chorobe wiencowg, miazdzyce, nadcisnienie i kardiomiopatie, jest uznawany za predyktor
wystgpienia incydentow sercowo-naczyniowych (Publikacja Il).

Wysoki potencjat antyoksydacyjny ekstraktow przektadajacy sie na istotne efekty ochronne
w stosunku do sktadnikéw ludzkiego osocza w warunkach stresu oksydacyjnego indukowanego in
vitro potwierdza hipoteze, 7e aktywnos$¢ przeciwutleniajgca moze czesciowo warunkowad
korzystne dziatanie kwiatéw $liwy tarniny w obrebie uktadu krazenia, sugerowane przez medycyne
tradycyjng. Efekty biologiczne obserwowane na modelu ludzkiego osocza wynikaty najprawdo-
podobniej z bezposredniego zmiatania/redukcji ONOO™ i/lub rodnikéw potomnych ONOO, t;.
m.in. COs~, 'NO;, OH’, mogacych podobnie jak ONOO~ reagowac z biomolekutami osocza,
powodujgc oksydacyjne i nitracyjne uszkodzenia ich struktury (Szabo i wsp., 2007; Pacher i wsp.,
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2008). ONOO™ nie jest jedynym ROS/RNS generowanym w uktadzie krgzenia in vivo, a inne
potencjalne zrédta stresu oksydacyjnego obejmujg m.in. bezposrednich prekursoréw ONOO", tj.
0,""iNO°, oraz HO®, H,0, i HCIO, wydzielane przez komorki uktadu immunologicznego (neutrofile,
monocyty) w procesie zapalnym (Yang i wsp., 2013; Mittal i wsp., 2014). Wymienione powyzej
ROS/RNS tworzg razem ztozony zespo6t czynnikdw oksydacyjnych, a efektywna neutralizacja ich
negatywnego wptywu na uktady biologiczne wymaga oddziatywania przynajmniej z kilkoma z tych
czynnikdbw. W kolejnym etapie rozprawy doktorskiej oceniono zatem aktywnos¢
ekstraktow/frakcji kwiatow tarniny wobec szeregu rodnikowych i nierodnikowych oksydantéw
generowanych in vivo (02°~, HO®, H,0,, NO*, ONOO", HCIO). Badania poszerzono ponadto o zwigzki
polifenolowe uznane za sktadniki modelowe kwiatéw P. spinosa oraz ich gtéwne metabolity in
vivo, co umozliwito wskazanie gtéwnych determinantéw testowanej aktywnosci oraz blizszg ocene
spodziewanych efektédw in vivo. Wykazano wysoki, zalezny od dawki i korelujgcy z zawartoscia
polifenoli, potencjat antyoksydacyjny ekstraktow/frakcji wzgledem wszystkich badanych
oksydantéw, przy czym najwyzszg efektywnosé obserwowano w stosunku do 0,°7, HO®*, ONOO"~
i HCIO. Zdolnos$¢ do neutralizacji ROS/RNS w przypadku najbardziej aktywnych frakcji DEF i EAF
byta poréwnywalna lub wyzsza niz antyoksydantéw wzorcowych, w tym kwasu askorbinowego.
Szczegdlnie istotny wydaje sie wysoki potencjat antyoksydacyjny frakcji sliwy tarniny wzgledem
HO® i ONOO-, wysoce destrukcyjnych, nieselektywnych czynnikdw oksydacyjnych, ktére ze
wzgledu na znaczng reaktywnos¢ nie moga by¢ efektywnie neutralizowane przez antyoksydanty
endogenne (Niki, 2014; Niki, 2016). Rezultaty przeprowadzonych analiz wskazujg, ze mechanizm
efektdw ochronnych ekstraktow wykazanych na modelu ludzkiego osocza moze by¢ zwigzany
zarowno z bezposrednig reakcjg z ONOO", jak rdwniez ze zmiataniem rodnikéw pokrewnych,
zaangazowanych w tworzenie ONOO™ lub powstajacych na skutek reakcji ONOO™ z innymi
czasteczkami. Wsrdod osmiu modelowych polifenoli kwiatéw Sliwy tarniny najbardziej aktywne
byty kwercetyna, awikularyna, procyjanidyna A2 i kwas chlorogenowy, wykazujgc podobnie jak
ekstrakty najwyzszy potencjat wzgledem 0,7, HO®*, ONOO™ i HCIO, co moze sugerowaé znaczacy
udziat ww. czterech zwigzkdw w aktywnosci ekstraktéw i uzasadniaé ich potencjalne zastosowanie
jako markeréw aktywnosci w badaniach standaryzacyjnych. Natomiast dominujgce w ekstraktach
pochodne kemferolu, tj. juglanina i kemferytryna, wykazywaty znaczgco nizszg zdolnos¢ do
neutralizacji badanych oksydantéw. Jednakze, biorgc pod uwage doniesienia literaturowe na
temat mozliwych efektdw addycyjnych i synergistycznych pomiedzy sktadnikami ekstraktow,
w tym réwniez pomiedzy kemferolem a kwercetyng i jej glikozydami (Hildago i wsp., 2010), wydaje
sie, ze wysoka zawartos$¢ pochodnych kemferolu jest réwniez nie bez znaczenia dla aktywnosci
ekstraktow. Sposrdd pieciu analizowanych metabolitéw polifenolowych kwas dihydrokawowy
i kwas 2-(3',4'-dihydroksyfenylo)octowy charakteryzowaty sie najwyzszg aktywnoscig wzgledem
oksydantéw, w niektdrych testach dziatajgc nawet silniej niz zwigzki macierzyste. Rezultaty badan
wskazujg zatem na znaczgcg aktywnos¢ metabolitéw polifenolowych i potwierdzajg, ze zwigzki te
powinny by¢ brane pod uwage podczas oceny polifenolowych substancji roslinnych w zakresie
aktywnosci biologicznej (Publikacja Il).

Uwzgledniajac zwigzek pomiedzy stresem oksydacyjnym, stanem zapalnym a rozwojem ChUK,
dla petniejszej oceny substancji roslinnej w kolejnym etapie przeprowadzono analizy in vitro
potencjalnej aktywnosci przeciwzapalnej. Wykazano, ze ekstrakty/frakcje hamujg dziatanie
enzymow prozapalnych: lipooksygenazy i hialuronidazy, a aktywnosc¢ najbardziej aktywnych frakcji
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DEF i EAF plasuje sie pomiedzy aktywnoscig indometacyny, bedacej niesteroidowym lekiem
przeciwzapalnym, a rutyny, flawonoidu o potwierdzonym dziataniu wazoprotekcyjnym (Publikacja
Il). Poréwnanie aktywnosci ekstraktow z aktywnoscig modelowych polifenoli, w tym badania
prowadzone réwnolegle w naszym zespole (Michel i wsp., 2019) sugeruja, ze wszystkie gtéwne
frakcje zwigzkdw czynnych tarniny (flawonole, kwasy chlorogenowe i procyjanidyny) moga mie¢
istotny, synergiczny udziat w tej aktywnosci.

Rezultaty analiz in vitro aktywnosci antyoksydacyjnej i przeciwzapalnej potwierdzajg
potencjalng wartosé kwiatéw sliwy tarniny jako zrédta substancji leczniczych mogacych znalezé
zastosowanie w profilaktyce i leczeniu wspomagajgcym ChUK, jak sugerujg tradycyjne wskazania.
Jak wykazano powyiej, ekstrakty/frakcje mogg wptywaé na obydwa wspotistniejgce procesy,
zaréwno stresu oksydacyjnego jak i stanu zapalnego, co wydaje sie byé szczegdlnie istotne
w obliczu dowodéw doswiadczalnych i klinicznych pokazujgch, ze patologie, takie jak przerost
lewej komory serca, zwtéknienie miesnia sercowego, zaburzenia kurczliwosci, niewydolnosé serca
i uszkodzenia niedokrwienno-reperfuzyjne, sg uwarunkowane zaburzeniem mechanizméw
kontrolujgcych procesy stresu oksydacyjnego/nitrozacyjnego i stanu zapalnego (Gracia i wsp.,
2017).

Oprdcz badan aktywnosci biologicznej, kluczowa dla szerszego wykorzystania kwiatow sliwy
tarniny w lecznictwie wydaje sie ocena bezpieczenstwa stosowania ekstraktéw. Wstepny test
cytotoksycznosci z uzyciem jednojgdrzastych komorek krwi obwodowej PBMCs przeprowadzony
w ramach niniejszej rozprawy dla ekstraktéw w stezeniu fizjologicznym (5 pg/ml) wykazat brak
roéznic w przezywalnosci komérek po 60 i 120 minutach inkubacji w roztworze soli fizjologicznej
buforowanej fosforanami, co pozwolito wstepnie zaklasyfikowac ekstrakty jako bezpieczne
(Publikacja I).
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Podsumowanie osiggnietych wynikow

Badania przeprowadzone w ramach prezentowanej rozprawy doktorskiej pozwolity na

poszerzenie stanu wiedzy o skfadzie chemicznym oraz aktywnosci biologicznej ekstraktéow

z kwiatéw P. spinosa w funkcji ekstrakcji frakcjonowanej, w szczegdlnosci:

wykazano zalezno$¢ pomiedzy profilem polifenolowym ekstraktu a rodzajem
rozpuszczalnika uzytego do ekstrakcji oraz wytypowano ekstrakty/frakcje o najwyzszej
zawartosci zwigzkéw polifenolowych (Publikacja Il, IVA, IVB)

potwierdzono wysoky ztozonos$¢ matrycy polifenolowej surowca, w tym dokonano
catkowitej lub czesciowej identyfikacji 57 zwigzkéw (36 nowych dla kwiatéw)
(Publikacja Il)

obecnos¢ dwdch z ww. zwigzkdw, tj. 3-0-8-D-ksylopiranozydo-7-O-a-L-ramnopirano-
zydu kemferolu (lepidozydu) i 3-O-a-L-arabinopiranozydo-7-O-a-L-ramnopiranozydu
kemferolu, stwierdzono po raz pierwszy w gatunku P. spinosa po izolacji w skali
preparatywnej (HPLC) i oznaczeniu struktury (1D i 2 D NMR) (Publikacja )

wykazano, ze ekstrakty z kwiatéw stanowig bogate zrédto zwigzkdw polifenolowych,
w tym oznaczono zawarto$s¢ dominujgcych grup zwigzkow (flawonoidéw, proantocy-
janidyn i kwasow fenolowych) (Publikacja Il) oraz zawartos¢ indywidualnych zwigzkéw
polifenolowych (Publikacja IVA, IVB)

zoptymalizowano i poddano walidacji metode HPLC-PDA-fingerprint analizy polifenoli
z wykorzystaniem 30 wzorcéw kalibracyjnych, ktéra moze znalezé zastosowanie
w kontroli jako$ci kwiatdw P. spinosa i pochodnych ekstraktéw (Publikacja IVA, IVB)
wykazano, ze surowiec zakupiony od réznych europejskich producentéw w réinych
latach charakteryzuje sie wzglednie stabilnym profilem jako$ciowym, natomiast réznice
w zawartosci poszczegdlnych zwigzkéw moga byé znaczne, co wskazuje na koniecznosé
kontroli jakosci surowca (Publikacja IVA, IVB)

wykazano wysoka aktywno$¢ antyoksydacyjng ekstraktdw na komplementarnych
chemicznych i biologicznych modelach in vitro, w tym efekty ochronne w stosunku do
biatkowych i lipidowych skfadnikéw ludzkiego osocza w warunkach stresu
oksydacyjnego indukowanego ONOO™ oraz zdolno$¢ do zwiekszania catkowitej
nieenzymatycznej pojemnosci antyoksydacyjnej osocza (NEAC) (Publikacja Il)
wykazano wysoki potencjat antyoksydacyjny ekstraktéw, wybranych zwigzkéw
polifenolowych (uznanych za sktadniki modelowe kwiatéw P. spinosa) oraz ich
gtéwnych metabolitéw in vivo wzgledem oksydantéw generowanych w ukfadzie
krgzenia in vivo: O;"~, HO®, H,0,, NO°®, ONOO", HCIO (Publikacja Ill)

wykazano aktywnos$¢ przeciwzapalng ekstraktéw w testach hamowania enzyméw
prozapalnych: hialuronidazy i lipooksygenazy (Publikacja I)

wykazano, ze ekstrakty w osoczowych stezeniach fizjologicznych dla polifenoli in vivo
(osiggalnych po podaniu doustnym) nie wptywajg na przezywalnos$é jednojadrzastych
komoérek krwi obwodowej, co pozwolito je wstepnie zaklasyfikowaé jako bezpieczne
(Publikacja Il)
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Whnioski korncowe

Realizacja prezentowanej rozprawy doktorskiej doprowadzita do szczegétowego
scharakteryzowania frakcji polifenolowe]j kwiatéw P. spinosa i pochodnych ekstraktéw suchych,
oraz opracowania metodyki standaryzacji ww. substancji roslinnej w zakresie polifenolowych
sktadnikédw aktywnych, mogacej stanowié potencjalne narzedzie kontroli jakosci. Wstepne analizy
in vitro aktywnosci antyoksydacyjnej i przeciwzapalnej analitbw w prostych uktadach
chemicznych, enzymatycznych i biologicznych pozwolity na wskazanie podstawowych
mechanizméw ich dziatania, obejmujgcych bezposrednig neutralizacje zespotu ROS/RNS
generowanych in vivo, ochrone biomolekut ludzkiego osocza przed oksydacyjnymi i nitracyjnymi
uszkodzeniami spowodowanymi stresem oksydacyjnym, oraz bezposrednig inhibicje enzymoéw
prozapalnych. Rezultaty zaréwno badan fitochemicznych, jak i analiz aktywnosci biologicznej
sugerujg znaczacy potencjat ekstraktéw/frakcji z kwiatow P. spinosa w profilaktyce i terapii
wspomagajgcej choréb o podtozu oksydacyjno-zapalnym, w tym ChUK, cze$ciowo potwierdzajac
tradycyjne wskazania. Do kompleksowej oceny substancji roslinnej konieczne sg jednak dalsze
badania, w tym badania farmakologiczne uwzgledniajace kierunki aktywnosci kluczowe dla efektu
ochronnego na uktad sercowo-naczyniowy, takie jak m.in. aktywnos¢ przeciwptytkowa,
przeciwzakrzepowa i hipotensyjna. Niewatpliwie uzyskane w ramach niniejszej rozprawy wyniki
dajg podstawy naukowe do rozszerzonych badan nad substancjg roslinng stosowang jak dotad
jedynie w medycynie tradycyjnej, co w dalszej perspektywie moze zaowocowac wprowadzeniem
jej do oficjalnego lecznictwa.
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Perspektywy i plany na przysztosc¢

Tradycyjne zastosowanie kwiatow Sliwy tarniny w ChUK oraz obiecujagce rezultaty
realizowanych w ramach niniejszej rozprawy doktorskiej badan (wysoki potencjat antyoksydacyjny
ekstraktow w komplementarnych chemicznych i biologicznych testach in vitro) staty sie punktem
wyijscia dla projektu ,,Standaryzacja i aktywnos¢ biologiczna kwiatow sliwy tarniny (Prunus spinosa
L.) w kontekscie chordb uktadu krazenia”, ktory w 2018 roku uzyskat finansowanie Narodowego
Centrum Nauki (grant NCN Preludium 2017/27/N/NZ7/02074, kierownik grantu mgr farm. Anna
Marchelak, opiekun prof. UM Monika Anna Olszewska, we wspodtpracy z prof. Ut Joannag
Kotodziejczyk-Czepas, realizacja w latach 2018-2021, zgoda Komisji Bioetycznej przy UM w todzi
RNN/213/18/KE). Biorgc pod uwage, ze gtéwne kierunki aktywnosci biologicznej substanciji
naturalnych, kluczowe dla efektu ochronnego na uktad krazenia, obejmujg m.in. dziatanie
przeciwutleniajgce, hamowanie aktywacji ptytek krwi oraz dziatanie antykoagulacyjne, celem
projektu stata sie charakterystyka kwiatow P. spinosa jako zrédta substancji aktywnych w obrebie
uktadu krazenia, w tym w szczegdlnosci pogtebiona ocena aktywnosci antyoksydacyjnej
ekstraktow oraz badanie wptywu na ukfad hemostazy.

Do chwili obecnej w ramach realizacji ww. projektu udato sie m.in. wykazaé ochronny wptyw
ekstraktow, wybranych modelowych polifenoli oraz zwigzkéw uznawanych za ich gtéwne
metabolity w ustroju na fibrynogen (biatko uczestniczagce w procesie agregacji ptytek krwi
i tworzace nierozpuszczalng sie¢ widknika, stanowigca zasadniczy zrgb czopu hemostatycznego)
w warunkach stresu oksydacyjnego wywotanego ONOO™. Badania prowadzono metoda
elektroforezy typu SDS-PAGE i technikg Western blot (ocena zmian strukturalnych
fibrynogenu/tworzenia agregatow biatkowych) oraz ilosciowo immunoenzymatyczng metoda
ELISA (oznaczenie 3-NT). Obserwowane efekty ochronne mogg miec istotne znaczenie ze wzgledu
na fakt, ze oksydacyjne uszkodzenia struktury fibrynogenu skutkujg zmianami w jego fizjologicznej
aktywnosci, przyczyniajagc sie do wzrostu potencjatu prokoagulacyjnego krwi i powstawania
zakrzepéw. Ponadto dokonano analizy wptywu ekstraktow z kwiatdw P. spinosa na procesy
hemostazy osoczowej, w tym na aktywnos¢ trombiny, bedacej osoczowym czynnikiem
krzepniecia, umozliwiajgcym powstanie skrzepu fibryny. Trombina dzieki centralnej pozycji
w kaskadzie krzepniecia wydaje sie by¢ obiecujgcym celem dla nowoczesnej terapii
przeciwzakrzepowej, dlatego tez trwajg poszukiwania nowych substancji naturalnych, ktére mogg
hamowac jej aktywnosc¢. Rezultaty przeprowadzonych badan wskazujg, ze ekstrakty z kwiatow
Sliwy tarniny prezentujg wysoki potencjat w tym kierunku. Obserwowano hamowanie zaréwno
aktywnosci amidolitycznej trombiny (badania z uzyciem niskoczasteczkowego substratu
chromogennego), jak i aktywnosci proteolitycznej trombiny (polimeryzacja fibrynogenu — badania
na wyizolowanym biatku oraz na osoczu krwi), co wskazuje na ich istotny potencjat
antykoagulacyjny i zacheca do dalszych badan majacych na celu wskazanie sktadnikéw
warunkujacych ten kierunek aktywnosci. Takie badania z zastosowaniem m.in. metod
bioinformatycznych planowane sg w najblizszej przysztosci. W ramach oceny wptywu ekstraktow
na hemostaze osoczowg, przeprowadzono réwniez komplementarne analizy wptywu ekstraktow
na czasy krzepniecia. Wykazano, ze ekstrakty w badanym zakresie stezen nie wptywaty na czas
protrombinowy (PT) i czas czeSciowe] tromboplastyny po aktywacji (APTT), obserwowano
natomiast nieznaczne, aczkolwiek istotne statystycznie, wydtuzenie czasu trombinowego (TT).
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Ponadto przeprowadzono rozszerzone analizy cytotoksycznosci ekstraktéw z wykorzystaniem
komérek PBMCs i erytrocytdw, potwierdzajgce wyniki niniejszej rozprawy sugerujgce ich
bezpieczenstwo stosowania. Kolejny etap realizacji projektu obejmie ocene wptywu ekstraktéw
z kwiatéw sliwy tarniny na hemostaze ptytkowa. Planuje sie pomiar agregacji ptytek krwi w osoczu
bogatoptytkowym z zastosowaniem dwdch agonistow (ADP i kolagenu), co umozliwi analize
réznych szlakdéw aktywacji ptytek krwi.

Rezultaty przeprowadzonych dotychczas analiz wydajg sie potwierdzaé potencjat kwiatéw
$liwy tarniny w kontekscie ChUK, dlatego po zakonczeniu realizacji grantu planuje kontynuowac
badania nad tg substancjg roslinng i pochodnymi ekstraktami. Kolejne analizy obejma m.in. ocene
aktywnosci hipotensyjnej ekstraktéw w tescie in vitro inhibicji konwertazy angiotensynowe;.
Ponadto celowe wydajg sie rdwniez rozszerzone badania in vitro aktywnosci przeciwzapalnej, w
tym bezkomérkowe testy bezposredniego hamowania innych enzyméw prozapalnych
(cyklooksygenazy-2, fosfolipazy A2) oraz badania na modelach komérkowych, obejmujgce testy
uwalniania mediatoréw stanu zapalnego (cytokin i enzymdéw) przez komorki uktadu
odpornosciowego (neutrofile, monocyty i limfocyty). Istotna dla petnej charakterystyki surowca w
kontekscie uktadu krgzenia wydaje sie rowniez ocena potencjalnego wptywu ekstraktéw na
wybrane markery dysfunkcji sSrédbtonka naczyniowego, dlatego w dalszej perspektywie planuje
rowniez badania w tym kierunku.
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Streszczenie

Istotnym celem dla wspodtczesnej medycyny jest opracowanie bardziej efektywnych strategii
prewencji i leczenia choréb uktadu krazenia (ChUK), stanowigcych jeden z najpowazniejszych
probleméw zdrowotnych wspédfczesnych spoteczedstw. Rezultaty badan prowadzonych
w ostatnich dwéch dekadach wskazujg, iz kluczowa role w etiologii wielu ChUK odgrywaja
wspotistniejgce procesy stresu oksydacyjnego, czyli zaburzonej rdwnowagi pomiedzy generacja
reaktywnych form tlenu i azotu (ROS/RNS) a mozliwosciami obrony antyoksydacyjnej organizmu,
oraz stanu zapalnego. Doniesienia te spowodowaty wzrost zainteresowania tematyka antyoksy-
dantéw egzogennych, w tym szczegdlnie polifenoli rodlinnych jako zwigzkéw posiadajgcych
wielokierunkowe dziatanie na organizm ludzki, wynikajgce gtdwnie z regulujacego wptywu na
procesy oksydacyjno-redukcyjne i zapalne zachodzace w zywych komdrkach. O aktywnosci
zwigzkéw polifenolowych w obrebie uktadu krazenia swiadczg wyniki badan klinicznych i epide-
miologicznych, wskazujgce na Scisty zwigzek miedzy dietg bogatg w polifenole a obnizonym
ryzykiem zapadalnosci na ChUK, oraz fakt, ze surowce polifenolowe sg od wiekéw wykorzystywane
z dobrymi rezultatami w medycynie tradycyjnej w schorzeniach sercowo-naczyniowych.
Poszukiwania nowych zZrédet polifenoli oraz analizy fitochemiczne, farmakologiczne
i toksykologiczne tradycyjnie stosowanych surowcéw polifenolowych wydajg sie zatem w petni
uzasadnione, gdyz w dalszej perspektywie mogg doprowadzi¢ do wprowadzenia na rynek nowych
preparatéw leczniczych do stosowania w profilaktyce i w terapii ChUK.

Pragnac wpisac sie w ten kontekst badawczy, w niniejszej rozprawie zwrdcono uwage na
kwiat $liwy tarniny (Pruni spinosae flos) ceniony surowiec polifenolowy tradycyjnej medycyny
srodkowo- i wschodnioeuropejskiej, ktérego wskazania do stosowania obejmujg m.in. schorzenia
uktadu sercowo-naczyniowego. Kwiaty tarniny wchodzg w sktad wielu tradycyjnych mieszanek
ziotowych, rekomendowanych m.in. w dolegliwosciach sercowych, takich jak zapalenie miesnia
sercowego, nerwica serca czy miazdzyca. Przeprowadzone na przetomie lat 60-tych i 70-tych XX
wieku analizy ex vivo i in vivo wykazaty, ze flawonoidowe frakcje otrzymane z kwiatéw i lisci P.
spinosa znaczaco zmniejszajg przepuszczalno$é naczyn krwionosnych oraz wykazujg dziatanie
przeciwzapalne w narzagdach wewnetrznych zwierzat doswiadczalnych, normalizujag poziom
cholesterolu i stosunek cholesterol/fosfolipidy u aterogennych krélikéw, oraz zwiekszaja
amplitude skurczu w perfuzji izolowanych serc zabich. Surowiec wydaje sie zatem prezentowac
obiecujacy potencjat terapeutyczny, szczegdlnie w kontekscie schorzen uktadu krazenia, jednakze
ze wzgledu na brak podstaw naukowych potwierdzajgcych jego warto$¢ biologiczng
wykorzystywany jest obecnie w niewielkim stopniu. Do szerszego wykorzystania w lecznictwie
konieczne sg dalsze badania fitochemiczne, aktywnosci biologicznej, badania toksykologiczne, czy
wreszcie opracowanie metodyki kontroli jakosci substancji roslinnej. Biorgc pod uwage powyzsze
przestanki zdecydowano, ze niniejsza dysertacja stanowi¢ bedzie cze$¢ projektu badawczego
zmierzajgcego do kompleksowej oceny kwiatéw P. spinosa i pochodnych ekstraktéw suchych jako
substancji leczniczych o potencjalnej aktywnosci w obrebie uktadu krazenia, a jej celem bedzie
petna charakterystyka fitochemiczna substancji roslinnej z opracowaniem metodyki kontroli
jakosci w zakresie polifenolowych sktadnikébw aktywnych oraz analiza aktywnosci
przeciwutleniajgcej i przeciwzapalne;j.
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Badaniom poddano suche ekstrakty/frakcje z kwiatéw sliwy tarniny, tj. forme preparatow
rekomendowang we wspodiczesnej fitoterapii, m.in. ze wzgledu na wyzszg efektywnosé od
nieprzetworzonej substancji roslinnej. Analizy fitochemiczne objety opracowanie adekwatnej
metodyki kontroli jakosci materiatu roslinnego i pochodnych ekstraktow/frakcji, analize
jakosciowa i ilosciowg profilu polifenolowego ekstraktéw/frakcji ze wskazaniem zwigzkéw
modelowych, oraz ocene zmiennosci zawartosci indywidualnych zwigzkéw polifenolowych
w komercyjnym materiale roslinnym. Analiza profilu jakosciowego ekstraktéow przeprowadzona
metodg UHPLC-PDA-ESI-MS? wykazata istnienie ztozonej matrycy polifenolowej w badanym
materiale — catkowicie lub czesciowo zidentyfikowano ponad 50 zwigzkéw polifenolowych (36
nowych dla kwiatéw), z czego 37 sklasyfikowano jako flawonoidy (gtéwnie mono- i diglikozydy
kemferolu i kwercetyny), pozostate jako pochodne flawan-3-olu (katechiny i procyjanidyny typu
A), pseudodepsydy kwasu kawowego i proste kwasy fenolowe. Analiza catkowitej zawartosci
polifenoli (TPC) potwierdzita, ze ekstrakty/frakcje z kwiatéw P. spinosa stanowig bogate ich zrédto
— dla MED warto$¢ TPC wyniosta 206.1 mg GAE/g s.m., natomiast w przypadku najbogatszych
w polifenole frakcji octanu etylu (EAF) i eteru dietylowego (DEF) wartosci TPC wyniosty odpowie-
dnio 584.1 i 464.6 mg GAE/g s.m. Dalsze analizy profilu iloSciowego ekstraktéw objety oznaczenia
spektrofotometryczne ichromatograficzne zawartosci gtéwnych grup zwigzkéw aktywnych
(flawonoidow, kwaséw fenolowych, procyjanidyn). Wykazano, ze dominujaca grupe zwigzkéw
stanowig flawonoidy (najwyzsza ich zawartoscig charakteryzowat sie DEF — 459.6 mg/g s.m.
w przeliczeniu na glikozydy). W kolejnym etapie dokonano optymalizacji i walidacji metody HPLC-
PDA-fingerprint analizy zwigzkéw polifenolowych, ktéra pozwolita na dokonanie efektywnego
rozdziatu matrycy polifenolowej kwiatow Sliwy tarniny oraz na réwnolegte oznaczenie zawartosci
kluczowych analitéw z wykorzystaniem 30 wzorcéw kalibracyjnych, typowych dla analizowanego
gatunku. Wprowadzono ponadto wspdtczynniki korekcyjne, umozliwiajgce oznaczenie ww.
analitéw z wykorzystaniem palety substancji wzorcowych zredukowanej jedynie do pieciu
zwigzkéw dostepnych komercyjnie. Opracowana metoda zostata z powodzeniem uzyta do oceny
zmiennosci zawartosci indywidualnych polifenoli w komercyjnym materiale roslinnym oraz analizy
zawartosci indywidualnych polifenoli w ekstraktach/frakcjach, co potwierdzito jej aplikacyjnos¢
w kontroli jakosci zaréwno surowca, jak iekstraktéw pochodnych. Jako wzorce kalibracyjne
W wyzej opisanej metodzie LC-MS oraz HPLC-fingerprint zastosowano m.in. diglikozydy flawo-
noidowe wyizolowane z lisci P. spinosa metodg preparatywnej wysokosprawnej chromatografii
cieczowej po jej uprzedniej optymalizacji metodg ptaszczyzny odpowiedzi (RSM).

Réwnolegle ekstrakty/frakcje z kwiatdw sliwy tarniny zostaty poddane analizom aktywnosci
antyoksydacyjnej i przeciwzapalnej na komplementarnych modelach in vitro. Wykazano wysoki,
korelujgcy z zawartoscig polifenoli potencjat antyoksydacyjny ekstraktéw/frakcji w prostych
testach chemicznych (DPPH, FRAP,TBARS), co pozwolito wskaza¢ potencjalne mechanizmy
aktywnosci analitow (,zmiatanie” wolnych rodnikéw, redukowanie jonéw metali, inhibicja
oksydacji lipidéw), dajgc podstawy do rozszerzenia badan o testy na modelu biologicznym
ludzkiego osocza. Ekstrakty/frakcje juz w niskich stezeniach odnoszacych sie do osoczowych
poziomow osiggalnych dla polifenoli in vivo po podaniu doustnym (1-5 pg/ml) wykazywaty
znaczace efekty ochronne w stosunku do biatkowych i lipidowych sktadnikéw ludzkiego osocza w
warunkach stresu oksydacyjnego indukowanego ONOO-, jednym z gtéwnych czynnikéw
utleniajgcych i nitrujgcych in vivo, generowanym m.in. w ukfadzie krazenia w ostrych i przewle-
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ktych stanach zapalnych oraz w przypadkach niedokrwienia i reperfuzji. Obserwowano obnizony
poziom markerdw nitrowania biatek, w tym 3-NT, waznego markera zmian zachodzgcych w orga-
nizmie pod wptywem stresu oksydacyjnego, uznawanego za predyktor wystgpienia incydentéw
sercowo-naczyniowych; peroksydacji lipidow (FOX-1 oraz TBARS), oraz wzrost catkowitej
nieenzymatycznej pojemnosci antyoksydacyjnej osocza (NEAC). Biorgc pod uwage, ze potencjalne
zrodta stresu oksydacyjnego w uktadzie krazenia in vivo obejmujg oprécz ONOO™ takze jego
bezposrednich prekursoréw, tj. 0,°" i NO*®, oraz HO®, H,0, i HCIO, wydzielane przez komarki uktadu
immunologicznego (neutrofile, monocyty) w procesie zapalnym, w kolejnym etapie rozprawy
doktorskiej oceniono aktywnos¢ ekstraktow/frakcji sliwy tarniny wobec szeregu ROS/RNS (0.,
HO®, H,0,, NO*, ONOO", HCIO). W celu wskazania determinantéow testowanej aktywnosci oraz
przyblizenia mozliwych efektdw in vivo, analizom poddano réwniez wybrane zwigzki polifenolowe
(uznane za sktadniki modelowe kwiatéw P. spinosa) oraz ich gtéwne metabolity in vivo. Wykazano
wysoki, zalezny od dawki i korelujacy z zawartoscig polifenoli, potencjat antyoksydacyjny
ekstraktow/frakcji wzgledem wszystkich badanych oksydantow, przy czym najwyzszg efektywnosé
obserwowano w stosunku do 0,°~, HO®*, ONOO™ i HCIO. Zdolno$¢ do neutralizacji ROS/RNS w przy-
padku najbardziej aktywnych frakcji DEF i EAF byta poréwnywalna lub wyzsza niz antyoksydantéw
wzorcowych, w tym kwasu askorbinowego. Wsréd osmiu modelowych polifenoli kwiatow sliwy
tarniny najbardziej aktywne byly kwercetyna, awikularyna, procyjanidyna A2 i kwas
chlorogenowy, co moze sugerowaé znaczgcy udziat ww. czterech zwigzkéw w aktywnosci
ekstraktow i uzasadniac ich potencjalne zastosowanie jako markeréw aktywnosci w badaniach
standaryzacyjnych. Sposrdéd pieciu analizowanych metabolitow polifenolowych kwas
dihydrokawowy i kwas 2-(3',4’-dihydroksyfenylo)octowy charakteryzowaty sie najwyzszg aktyw-
noscig wzgledem badanych oksydantow, w niektdrych testach dziatajgc nawet silniej niz zwigzki
macierzyste, co potwierdza, ze powinny by¢ brane pod uwage podczas oceny polifenolowych
substancji roslinnych w zakresie aktywnosci biologicznej. Analizy aktywnosci przeciwzapalnej
wykazaty, ze ekstrakty/frakcje moga hamowa¢ dziatanie enzymoéw prozapalnych: lipooksygenazy
i hialuronidazy, a aktywnos¢ najbardziej aktywnych frakcji DEF i EAF plasuje sie pomiedzy
aktywnoscig indometacyny (niesteroidowy lek przeciwzapalny), a rutyny (flawonoid o potwier-
dzonym dziataniu wazoprotekcyjnym). Poréwnanie aktywnosci ekstraktéw z aktywnoscig
modelowych polifenoli sugeruje, ze wszystkie gtéwne frakcje zwigzkdw czynnych kwiatow tarniny
(flawonole, kwasy chlorogenowe i procyjanidyny) mogg miec istotny, synergiczny udziat w tej
aktywnosci. Ponadto wstepna ocena bezpieczenstwa komoérkowego w testach z uzyciem PBMCs
wykazata, ze ekstrakty/frakcje w stezeniu fizjologicznym nie wptywaja na przezywalno$¢ komarek
PBMCs, co pozwolito je wstepnie zaklasyfikowac jako bezpieczne.

Rezultaty badan przeprowadzonych w ramach prezentowanej rozprawy doktorskiej pokazuja
znaczacy potencjat kwiatow P. spinosa, bedacych bogatym zrédtem naturalnych polifenoli
o aktywnosci antyoksydacyjnej i przeciwzapalnej, w profilaktyce i terapii wspomagajgcej chordéb
o podtozu oksydacyjno-zapalnym, w tym ChUK, czesciowo potwierdzajac tradycyjne wskazania.
Stosowane jak dotad jedynie w medycynie ludowej, kwiaty $liwy tarniny wydajg sie by¢ zatem
obiecujgcym materiatem do dalszych badan, w tym gtdwnie farmakologicznych uwzgledniajacych
kierunki aktywnosci kluczowe dla efektu ochronnego na uktad krazenia, umozliwiajgcych ich petng
charakterystyke, co w dalszej perspektywie moze zaowocowac ich wprowadzeniem do oficjalnego
lecznictwa.
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Summary

The major goal of contemporary medicine is the development of more effective strategies for
prevention and therapy of cardiovascular diseases (CVDs), one of the primary health problems in
modern societies. The studies carried out in the last two decades have revealed that pathogenesis
of CVDs is related to two closely intertwined processes of oxidative stress and inflammation. As a
result, a large amount of research has focused on the exogenous antioxidants, in particular plant
polyphenols, which may exert multidirectional effects on human body primarily by the regulation
of redox homeostasis and inflammation processes in living cells. The activity of the polyphenolic
compounds within the circulatory system has been confirmed by successful centuries-old
traditional use of polyphenol-rich plant materials in the treatment of CVDs, as well as by the
results of the clinical and epidemiological studies, which indicated the direct relationship between
the polyphenol-rich diet and decreased incidence of CVDs. Thus, the search for novel source of
polyphenols as well as phytochemical, pharmacological and toxicological investigations of
traditional polyphenolic plant materials seem justified, as in further perspective they may lead to
development of new medicinal plant preparations relevant for prophylaxis and treatment of CVDs.

In an attempt to follow this scientific trend, the presented dissertation focuses on blackthorn
flowers (Pruni spinosae flos), a valued traditional polyphenolic plant remedy from Central and
Eastern Europe, recommended among others in various circulatory disorders. Ethno-
pharmacological sources document the use of the flowers as ingredients of compound herbal
prescriptions applied, e.g. to treat numerous cardiac complaints, such as myocarditis, cardiac
neurosis and atherosclerosis. The biological studies conducted in the 60s and 70s of the 20
century suggested that the flavonoid fraction of blackthorn flowers significantly reduces capillary
permeability and shows anti-inflammatory effects in internal organs of experimental animals,
normalizes the blood cholesterol and cholesterol/phospholipid ratio in atherogenic rabbits, and
increases the amplitude of heart contractions in perfusion of isolated frog hearts. Thus, P. spinosa
flowers seem to present promising therapeutic potential, in particular within the circulatory
system; that however, due to the scarcity of data confirming their biological value, cannot be fully
utilized. For wider recommendation of the plant material, further phytochemical, pharmacological
and toxicological studies are required, as is the development of standardization methodology.
Taking into account the above mentioned premises, the presented dissertation became the initial
part of a wider project aiming at comprehensive assessment of P. spinosa flowers as a source of
natural, bioactive polyphenols with potential influence on the circulatory system. The particular
objectives of the dissertation were the detailed characterization of the phytochemical profile,
development of quality control procedure in terms of polyphenolic compounds, as well as the
preliminary evaluation of the antioxidant and anti-inflammatory activity.

The studies were carried out using dry extracts/fractions from blackthorn flowers, which are
preparations recommended by modern phytotherapy due to their higher effectiveness in
comparison to the unprocessed plant materials. The phytochemical part of the studies included
comprehensive profiling of the extracts/fractions composition (qualitative and quantitative
analyses), development of an adequate quality control methodology for the flower and extracts
prepared thereof, and evaluation of the variation in the individual polyphenols contents in
commercial plant materials. The qualitative UHPLC-PDA-ESI-MS? analysis showed huge complexity
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of the phenolic matrix and led to full or partial identification of over 50 constituents (36 new for
the flowers); among them, 37 were classified as flavonoids (mostly kaempferol and quercetin
mono- and diglycosides), while the other as flavan-3-ols derivatives (catechins and A-type
procyanidins), caffeic acid pseudodepsides and simple phenolic acids. The results of the
guantitative studies showed that extracts are rich sources of phenolic compounds as the total
phenolic content (TPC) in the methanol-water extract amounted to 206.1 mg GAE/g dw, whereas
in the polyphenol-richest ethyl acetate (EAF) and diethyl ether fractions (DEF) —to 584.1 and 464.6
mg GAE/ g dw, respectively. Moreover, the spectroscopic and chromatographic quantification of
the main groups of polyphenols (flavonoids, procyanidins, phenolic acids) revealed that flavonoids
are the dominant phenolic components and the highest total flavonoid contents was observed for
DEF (459.6 mg/g dw, counted as glycosides). In the next step, the HPLC-PDA-fingerprint method
for determination of individual blackthorn flowers constituents was optimized and validated. The
developed method allowed for efficient separation of the matrix peaks and simultaneous
guantification of crucial analytes with the use of 30 calibration standards typical of the analyzed
species. Moreover, the relative response factors (RRFs) were established, that would enable an
absolute quantification of the abovementioned compounds using only 5 commercially available
reference standards. The real sample analyses demonstrated the applicability of the developed
procedure for quality control, as it was successfully employed for quantification of the phenolics
both in commercial samples of P. spinosa flowers, as well as in extracts prepared thereof. Among
the standards used in the LC-MS and HPLC-fingerprint studies were flavonoid diglycosides isolated
from the leaves of P. spinosa by preparative HPLC-PDA method optimized by application of the
response surface methodology (RSM).

The bioactivity studies, conducted alongside the phytochemical investigations, included an in
vitro assessment of the antioxidant and anti-inflammatory activity in complementary chemical
and biological models. The simple chemical in vitro tests (DPPH, FRAP, TBARS) revealed significant
and phenolic-dependent antioxidant effects of the blackthorn flowers extracts/fractions and
indicated that scavenging of free radicals, reduction of metal ions and inhibition of lipid
peroxidation might be among potential mechanisms of the antioxidant activity of the analytes.
These analyses encouraged further studies in the biological model of human plasma, in which it
was demonstrated that the extracts/fractions at in vivo-relevant levels available for polyphenols
after oral administration (1-5 pg/mL) effectively protected components of human plasma against
damage induced by ONOO~, one of the most powerful secondary oxidative/nitrative species,
generated among others in the circulatory system during acute and chronic inflammation, as well
as in ischemia and reperfusion. Not only did the analyzed extracts/fractions effectively reduce the
levels of oxidative stress biomarkers, including 3-NT (important marker of protein nitration,
considered as predictor of cardiovascular incidents), FOX-1 and TBARS (lipid peroxidation
markers), but they also enhanced the total antioxidant status (NEAC) of the ONOO™-treated
plasma. Taking into account that the potential sources of oxidative stress in the circulatory system
in vivo include, besides ONOQO, its direct precursors, i.e. 0,°~ and NO°, as well as HO®, H,0; and
HCIO generated by the immune system cells (neutrophils and monocytes) during the
inflammation, the next step involved the assessment of the antioxidant activity of the
extracts/fractions towards multiple ROS/RNS (0,*", HO®, H,0,, NO*, ONOQO", HCIO). To identify the
compounds that are crucial for the activity of the extracts and for more thorough evaluation of
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expected in vivo effects, the analyses included also selected polyphenolic compounds (considered
as model constituents of the blackthorn flowers) and their main metabolites in vivo. All extracts
exhibited significant, concentration- and phenolic-dependent scavenging potential towards the
tested oxidants, and the highest responses were observed for 0,"", HO®, ONOQO~, and HCIO.
Importantly, the scavenging capacity of the most active fractions DEF and EAF was comparable or
superior to the activity of positive standards, including ascorbic acid. The most active model
polyphenols were quercetin, avicularin, procyanidin A2 and chlorogenic acid, which suggested
decisive impact of these compounds on the activity of the blackthorn flowers and indicated them
as valuable activity markers for standardization study. Among the metabolites, dihydrocaffeic acid
and 2-(3',4'-dihydroxyphenyl)acetic acid were particularly active towards the investigated
oxidants, in some tests exhibiting even stronger activity than their parent compounds. These
results confirmed that phenolic metabolites deserve more attention during the assessment of the
bioactivity of plant derived products. The anti-inflammatory activity study proved that the
extracts/fractions might inhibit the activity of pro-inflammatory enzymes: lipoxygenase and
hyaluronidase. The efficacies of the most active fractions DEF and EAF were between those of
rutin (a flavonoid with proved vasoprotective activity) and indomethacin (a nonsteroidal anti-
inflammatory drug). The juxtaposition of the activity parameters for extracts and model
compounds suggested that all of the main groups of blackthorn phenolics (flavonols, chlorogenic
acids, and procyanidins) might be responsible for this effect, with possible synergistic action.
Furthermore, the preliminary assessment of the cellular safety with the use of human peripheral
blood mononuclear cells (PBMCs) revealed that the blackthorn flowers extracts/fractions at the
physiological concentration did not affect the viability of the cells, and might be regarded as safe.

The results of the studies described in the present dissertation demonstrated that P. spinosa
flowers are a rich source of natural polyphenols with antioxidant and anti-inflammatory activity,
and possess a significant potential in the prevention or adjunctive therapy of oxidative
stress/inflammation-related diseases, including CVDs, partly confirming their traditional
application. The blackthorn flowers, used so far only in the traditional medicine, seem therefore
to be a promising material for wider investigations, which should include pharmacological studies
focused on the protective effects within the circulatory system. A more thorough assessment of
the plant material in this context may lead in further perspective to their introduction to the
official medicine.
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A fast and efficient preparative HPLC-PDA method was developed for the separation and isolation of four
rare isomeric kaempferol diglycosides from leaves of Prunus spinosa L. The separation procedure of the
enriched diglycoside fraction of the 70% (v/v) aqueous methanolic leaf extract was first optimised on
analytical XBridge C18 column (100 mm x 4.6 mm i.d., 5m) and central composite design combined
with response surface methodology was utilized to establish the optimal separation conditions. The
developed method was directly transferred to preparative XBridge Prep C18 column (100 mm x 19 mm i.
d., 5 m) and the final separation was accomplished by isocratic elution with 0.5% acetic acid-methanol-
tetrahydrofuran (75.2:16.6:8.2, v/v/v) as the mobile phase, at a flow rate of 13.6 mL/min, in less than
12min for a single run. Under these conditions, four flavonoid diglycosides: kaempferol
3-0-«-L-arabinofuranoside-7-0-a-L.-rhamnopyranoside, kaempferol 3,7-di-O-«-t-rhamnopyranoside
(kaempferitrin), and reported for the first time for P. spinosa kaempferol 3-0-B-p-xylopyranoside-7-
O-a-1-rhamnopyranoside (lepidoside) and kaempferol 3-O-a-L-arabinopyranoside-7-0-a-L.-rhamnopyr-
anoside, were isolated in high separation yield (84.8-94.5%) and purity (92.45-99.79%). Their structures
were confirmed by extensive 1D and 2D NMR studies. Additionally, the UHPLC-PDA-ESI-MS? qualitative
profiling led to the identification of twenty-one phenolic compounds and confirmed that the isolates
were the major components of the leaf material.

© 2017 Phytochemical Society of Europe. Published by Elsevier Ltd. All rights reserved.

1. Introduction

7-0O-a-i-thamnopyranosides, kaempferol 3,7-di-O-a-t-rhamno-
pyranoside, kaempferol 3-0O-a-r-arabinofuranoside-7-0-a-i-

Prunus spinosa L. (blackthorn or sloe) is a large thorny shrub or
small tree widespread in the temperate regions of the northern
hemisphere. It has been known since ancient times as medicinal
and dietary plant. Its leaves has been used traditionally for various
purposes, e.g. for the treatment of urinary tract inflammations and
in blood cleansing therapies (Berger, 1950). The plant material is a
rich source of flavonoid glycosides (up to 4.27% dry weight),
comparable to other widely applied flavonoid herbal remedies
such as birch leaves (Betulae folium) and elder flower (Sambuci flos)
(Olszewska et al., 2001). Nine different flavonoids have been
isolated to date from the leaves of P. spinosa including kaempferol,
quercetin, their 3-O-a-r-arabinofuranosides, kaempferol 3- and

* Corresponding author.
E-mail address: aleksandra.owczarek@umed.lodz.pl (A. Owczarek).

http://dx.doi.org/10.1016/j.phytol.2017.01.010

rhamnopyranoside, quercetin 3-0-(2"-0-B-p-glucopyranoside)-
a-L-arabinofuranoside and kaempferol 3-O-(2'’-E-p-coumaroyl)-
a-L-arabinofuranoside-7-0-a-L-rhamnopyranoside  (Olszewska
and Wolbis, 2002a). Some of these compounds, especially mono-
and dipentosides, which are characteristic of P. spinosa, and
relatively rare in nature, could probably be applied as analytical
markers in standardisation of plant materials derived from the
taxon (Olszewska and Wolbis, 2001, 2002a,b). However, the typical
flavonoid pattern of the leaves still requires full characterisation, as
no comprehensive studies on their phenolic profile has been
published so far.

The flavonoid fraction of blackthorn leaves was proven in in vivo
studies to significantly reduce capillary permeability, exhibit anti-
inflammatory effects in the animal skin and internal organs,
normalize the blood cholesterol and a cholesterol/phospholipid
ratio in atherogenic rabbits, display spasmolytic effects on isolated

1874-3900/© 2017 Phytochemical Society of Europe. Published by Elsevier Ltd. All rights reserved.
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uterine and intestinal segments from different animals, increase
the amplitude of heart contractions in perfusion of isolated frog
hearts, and demonstrate significant diuretic and natriuretic
activity in rats (Lisevitskaya et al., 1970; Makarov, 1972, 1970;
Makarov and Khadzhai, 1969). These effects were especially
pronounced for kaempferol 3-0O-a-L-arabinofuranoside-7-0-a-1-
rhamnopyranoside and kaempferol 3,7-di-O-a-L.-rhamnopyrano-
side - activity of which was higher than that of rutin - suggesting
that the 3,7-disubstituted kaempferol derivatives might be
primary determinants of the activity of P. spinosa leaves (Makarov
and Khadzhai, 1969). However, despite these promising results,
published in the early 70’s of the 20th century, further in vivo
studies on the target flavonoids were hindered by their commercial
unavailability and lack of effective methods for isolation from
natural sources.

According to our previous studies on P. spinosa, the blackthorn
leaves appear rich in kaempferol dipentosides, the fraction of
which is, on one hand, easy to isolate from the plant due to unique
solubility, but extremely difficult to separate into components (due
to their considerable structural similarities) on the other. The
target fraction was composed of at least four analytes, two of which
remain structurally unidentified to date. Moreover, two major
constituents of the fraction (kaempferol 3-O-a-L-arabinofurano-
side-7-0-a-L.-rhamnopyranoside and kaempferol 3,7-di-O-a-1-
rhamnopyranoside) were isolated from the leaves but with
unsatisfactory yield resulting from low resolution of the applied
conventional open column chromatography techniques (Olszew-
ska and Wolbis, 2002a).

Therefore, the aim of the present study was to develop and
optimise the first preparative HPLC procedure for fast and efficient
isolation of four isomeric kaempferol dipentosides from the leaves
of blackthorn. Since the optimisation of HPLC separations by a
trial-and-error method can be inefficient and time-consuming,
and does not guarantee the optimal results, it was facilitated by the
application of the response surface methodology (RSM) - a
systematic experimental design and statistically-assisted con-
struction of a response function describing relationships between
the process variables and performance parameters of the
chromatographic separation. The optimal conditions, based on
isocratic elution with ternary mobile phase, established in an
analytical scale, were directly transferred to a preparative one, and
successful isolation was then achieved with a run time of 12 min.
The purity of isolates and their structures were thoroughly

analysed by the spectroscopic (ESI-MS, '"H NMR, *C NMR, COSY,
HMQC, HMBC) studies and hydrolytic experiments. Finally, the
qualitative composition of the raw leaf extracts and the target
dipentoside fraction was fully characterised by an UHPLC-PDA-
ESI-MS? assay with comparison to the currently and previously
isolated standards.

2. Results and discussion
2.1. Optimisation of the separation procedure

The target kaempferol diglycosidic fraction was isolated from
the leaves of P. spinosa according to the simplified procedure
described previously (Olszewska and Wolbis, 2002a), i.e. from n-
butanolic fraction of the defatted 70% (v/v) aqueous methanolic
extract, separated from accompanying polymeric proanthocyani-
dins and quercetin diglycosides by gel permeation chromatogra-
phy on Sephadex LH-20. Thus, 2.1 g of the dipentoside fraction was
obtained from 100g of the dried plant material (2.1% yield, w/w).
Before optimisation of the HPLC separation, the qualitative profiles
of the flavonoid fraction and mother 70% methanolic extract were
evaluated by UHPLC-PDA-ESI-MS?® (Fig. 1, Table 1; for detailed
description see Section 2.4), which confirmed purity of the fraction
and predominant character of its constituents in the plant material.

Although the development of a chromatographic separation
procedure can be carried out in any scale, in order to minimize the
solvent use, it is often beneficial to optimise the separation on an
analytical column and then transfer the established conditions to a
preparative one. In such cases, the crucial factor is to use columns
with identical chemistry, particle size and, preferably, of the same
length. This approach ensures the similar separation power of the
columns and allows for maintaining similar resolution between
crucial peak pairs (Aubin and Cleary, 2009; Huber and Majors,
2007). In this study, two matching Waters XBrigde C18 columns
(10cm x4.6mm i.d. and 10cm x 19 mm i.d., 5um particle size
each) were used. Octadecyl silica is a clear choice, as a vast majority
of polyphenol separations has been performed using this column
chemistry (Stalikas, 2007; Stefova et al., 2003). The selection of
column length of 100 mm allowed to shorten the analysis time.

Apart from the column chemistry, the most important factor
influencing the effectiveness of the separation is the composition
of the mobile phase. In flavonoid separations, binary mobile phases
consisting of water with acetic or formic acid and methanol or
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Fig. 1. Representative UHPLC chromatograms at A =350 nm of: (A) dry 70% (v/v) aqueous methanolic extract from the leaves of P. spinosa (5 mg/mL); (B) fraction of kaempferol

dipentosides from the leaves of P. spinosa (1 mg/mL).
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Table 1
UHPLC-PDA-ESI-MS? data of polyphenols detected in the leaves of P. spinosa.

Peak Analyte R, UV Nz [M-H] Fragmentary ions (m/z)
(min)  (nm) (mfz)

1 3-0-caffeoylquinic acid (neochlorogenic acid)® 6.2 325 353 191,179

2 unknown compound 7.0 312 341 195, 163

3 unknown compound 8.0 312 341 195, 163

4 3-0-p-coumaroylquinic acid 8.5 312 337 163, 191

5 procyanidin type-B dimer 8.8 280 577 425, 407, 451, 289

6 procyanidin type-B dimer 9.5 280 577 425, 407, 451, 289

7 (+)-catechin® 10.0 280 289 245

8 3-0-feruloylquinic acid 10.5 325 367 193

9 4-0-caffeoylquinic acid (cryptochlorogenic acid)* 11.0 325 353 173,191,135

10 unknown compound 115 280 499 417

1n unknown compound 23.7 280 433 287

12 kaempferol 3-0-a-i-arabinopyranoside—7-0-a-L-rhamnopyranoside® 243 268,356 593 447, 285

13 kaempferol 3-0-B-p-xylopyranoside—7-0-a-L-rhamnopyranoside (lepidoside)® 255 265, 354 563 431, 417, 285

14 quercetin 3-0-(2"-0-B-p-glucopyranoside )-a-L-arabinofuranoside® 274 258,354 595 577, 505, 415, 433, 301, 179

15 kaempferol 3,7-di-O-a-t-rhamnopyranoside (kaempferitrin) * 321 254,356 577 431, 285

16 kaempferol 3-0-a-L-arabinofuranoside—7-0-a-t-rhamnopyranoside® 324 254,356 563 431, 285

17 quercetin 3-O-a-1-arabinofuranoside (avicularin)® 33.7 255, 355 433 301

18 kaempferol hexoside-pentoside 36.0 254, 355 579 417, 285

19 kaempferol 3-0-a-i-arabinofuranoside (juglanin)® 41.0 254,356 417 285

20 kaempferol 3-0-a-1-rhamnopyranoside (afzelin)* 423 256,356 431 285

21 quercetin acetyl-hexoside-rhamnoside 454 255,356 651 609, 301

22 kaempferol acetyl-hexoside-rhamnoside 49.8 255,355 635 593, 285

23 kaempferol 7-0-a-.-rhamnopyranoside” 50.0 254, 356 431 285

24 kaempferol” 53.8 255,356 285 -

25 kaempferol 3-0-(2"-E-p-coumaroyl)-a-L-arabinofuranoside—7-0-a-t.-rhamnopyranoside® 53.9 254, 356 709 563, 285

* Identified with authentic standards. R, retention times; UV Aax, absorbance maxima in PDA spectra; [M—H] ", pseudomolecular ions in MS spectra recorded in a negative

mode.

acetonitrile as organic modifiers are most commonly applied.
While in analytical experiments gradient elution is generally
performed, allowing for separation of a wide range of compounds
in a reasonable time, in preparative applications where separation
is limited to only a couple of compounds, isocratic mode is
preferable, as it eliminates the need of column equilibration and,
thus, greatly reduces the costs of the analysis (Marston and
Hostettmann, 2006; Stalikas, 2007; Stefova et al., 2003). In the first
stage of development of the present method, a series of binary
phases in the isocratic elution mode were tested, specifically, 0.5%
acetic acid with methanol in concentrations 10-60% (v/v) and with
acetonitrile in concentrations 10-50% (v/v). Unfortunately, none of
these phases provided satisfactory separation of the analysed
mixture of diglycosides, with peaks 15 and 16 being the critical
peak pair.

To improve the mobile phase selectivity, a second organic
modifier might be introduced. In particular, in several chro-
matographic studies including one of our own, it was reported that
the addition of tetrahydrofuran (THF), whose selectivity is usually
significantly different from that of methanol or acetonitrile, might
substantially improve the separation parameters for flavonoid
analytes (Fang et al., 2006; Olszewska, 2012; Wang et al., 2011;
Wang and Huang, 2004). Despite good results, this approach is not
often used, as the optimisation of ternary mobile phase is much
more complicated. However, in the case of the investigated
diglycosides fraction, the addition of THF indeed greatly enhanced
the separation process by improving the peak shapes, increasing
the resolutions, and shortening retention times. Therefore, the
ternary mobile phase consisting of methanol, THF, and 0.5% acetic
acid in the isocratic elution mode was selected to develop the
current separation method.

For complete optimisation, two additional factors must be
considered - temperature and flow rate. As the temperature
control of HPLC preparative columns in a standard column oven is
virtually impossible (due to high flow rates used), the separation
temperature was not included into the present optimisation

process, and thus analytical experiments were run at room
temperature.

The central composite design (CCD) combined with RSM is a
statistical approach generally accepted in chromatographic studies
on various analytical stages from extraction to chromatographic
separation (Ferreira et al., 2007), but, to the best of our knowledge,
it has not so far been used for optimisation of preparative HPLC
separations. CCD is a solution suitable for optimisation of two to
three factors; it combines full factorial design with axial or star
points and at least one point at the center of the experimental
region (Lundstedtet al., 1998). The design used in the present study
was three-factor CCD comprising eight factorial and six axial runs,
as well as three duplicates of the central point. Three factors
selected for optimisation purposes included concentration of
methanol (Cyeon) and concentration of tetrahydrofuran (Cryr) in
the mobile phase, as well as the flow rate (Fg). After preliminary
experiments setting the central point (Cyeon: 20%; Crur: 6%; Fg:
1 mL/min), the independent variables were tested on five different
levels as shown in Table 2. The experiments were run in random
order to minimize the impact of interfering factors (e.g. tempera-
ture).

The efficiency of the experimental separations was measured in
terms of resolution - specifically, the resolution between two
crucial peak pairs 12 and 13 (Ry;) and 15 and 16 (R,;) as well as the
separation time (T, i.e. the retention time of the last peak). As the
selected responses have distinct targets, e.g. improving resolution
usually means elongating analysis time, in order to establish
optimal conditions a compromise is required. Therefore, a fourth
response (D) was calculated using Derringer’s desirability function,
which is defined as a geometric mean of the individual desirability
functions (for detailed equations see Section 4.4). The ranges for
the calculations (Table 3) were set based on the preliminary
experimental data and the desirable results of the separation.

The results were fitted into a second-order polynomial models
(see Section 4.4) and the insignificant coefficients (p >0.05) were
removed using backwards elimination process. The reduced
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Table 2
Design approach and experimental results.
Run Order Factors (Levels) Responses
Cmeon (%) Crur (%) Fg (mL/min) Ts (min) Ry Rz D

1 20.0 (0) 6.0 (0) 1.00 (0) 9.45 2.56 1.59 0.74
2 25.0 (+1) 4.0 (-1) 1.20 (+1) 7.55 1.97 0.89 047
3 25.0 (+1) 8.0 (+1) 1.20 (+1) 349 1.06 0.68 0.16
+ 20.0 (0) 6.0 (0) 1.00 (0) 933 2.56 1.52 0.72
5 15.0 (-1) 4.0 (-1) 1.20 (+1) 24.77 3.76 149 0.00
6 20.0 (0) 9.4 (+1.68) 1.00 (0) 6.12 1.98 147 0.66
7 25.0 (+1) 4.0 (-1) 0.80 (-1) 11.41 2.51 120 0.59
8 20.0 (0) 2.6 (—1.68) 1.00 (0) 25.65 3.31 11 0.00
9 15.0 (-1) 8.0 (+1) 0.80 (-1 13.22 298 2.26 0.76
10 20.0 (0) 6.0 (0) 133 (+1.68) 6.95 2.46 1.49 0.75
1 20.0 (0) 6.0 (0) 1.00 (0) 937 253 1.61 0.74
12 20.0 (0) 6.0 (0) 0.67 (~1.68) 1437 3.11 1.88 0.70
13 25.0 (+1) 8.0 (+1) 0.80 (-1) 3.76 1.25 0.90 0.32
14 15.0 (-1) 8.0 (+1) 120 (+1) 8.97 2.50 1.76 0.77
15 15.0 (-1) 4.0 (-1) 0.80 (-1) 38.31 4.35 1.46 0.00
16 11.6 (—1.68) 6.0 (0) 1.00 (0) 25.03 3.76 229 0.00
17 28.6 (+1.68) 6.0 (0) 1.00 (0) 442 1.93 0.94 0.51

Cumeon, methanol concentration; Cyyyp, tetrahydrofuran concentration; Fg, flow rate; T, separation time (retention time of the last peak); R, resolution between peaks 12 and
13; Ry, resolution between peaks 15 and 16; resolutions calculated acc. to Eq. (5); D, Derringer desirability function acc. to Eq. (2).

equations and statistical parameters obtained from ANOVA are
presented in Table 4, and the corresponding response surface for
the separation process is shown in Fig. 2. All models were found to
be significant in the F-test with p-values <0.0001. The adjusted R?
values (R? adjusted for the number of terms in the model) were in
the range of 0.8492-0.9817 and indicated generally good fitting of
the experimental data with the calculated equations (Lundstedt
et al,, 1998). The adequate precision, that is the measure of the
response to deviation ratio, was in the range of 11.55-23.21, over
two to four times above the desirable value of 4 (Giriraj and
Sivakkumar, 2014). The relatively high (9.64-24.01%) coefficients
of variation (CV) were probably caused by the lack of temperature
control, still as other ANOVA parameters were acceptable, the
models were regarded as suitable for final calculations.

Using the calculated models, the optimal separation conditions
were established. The overall desirability function D reached its
maximum for a mobile phase containing 16.6% of methanol and
8.2% of tetrahydrofuran. Interestingly, the function proved to be
independent of flow rate (in the tested range of 0.67-1.23 mL/min),
as all Fg-related coefficients were found statistically insignificant
(p>0.05, Fig. 3) and were eliminated from the model. This
provided some elasticity, as by adjusting the flow rate, the
preferable resolutions could be reached, while keeping the optimal
mobile phase composition ensured the optimal separation time.
Finally, the flow rate of 0.8 mL/min was selected, that provided at
least base-line separation of both critical peak pairs, which means
resolution factors (R;) of minimum 2.0.

Subsequently, the analysis was conducted in the optimised
conditions (Fig. 4A). The close consistency between the calculated
and experimental responses (Table 5) demonstrates the predictive
power of the model and its usefulness in describing the
chromatographic behaviour of the analytes.

Table 3
Criteria for calculation of individual desirability functions d;-d;.
Response L u Goal Equation
Ts (min) 5 20 minimize 3)
R; 1 3 maximize (4)
Rz 0.5 2 maximize (4)

Ts, separation time (retention time of the last peak); R;, resolution between peaks 12
and 13; Ry, resolution between peaks 15 and 16; resolutions calculated acc. to
Eq. (5); L - lower limit; U - upper limit.

2.2. Application of the optimised method to the real sample

In the next step, the optimised analytical method was
transferred to preparative conditions. Considering identical
column chemistries and their length, to maintain the same linear
velocity of the mobile phase and, thus, to achieve similar
separation quality, the flow rate (analytical) must be multiplied
by the factor equal to the ratio of squared columns diameters (17 in
our case). Therefore, the flow rate applied for the preparative
isolation was 13.6 mL/min.

Finally, the column loading requires consideration. In prepara-
tive applications, the peak shape and symmetry are of secondary
importance, since the aim is usually to obtain the maximal yield.
Therefore, for the purification of larger samples column overload is
often applied. As the concentration of the sample is usually limited
by its solubility, the combination of concentration and volume
overload is used (Huber and Majors, 2007). To avoid the solvent
incompatibility issues, the investigated sample was dissolved in
the mobile phase, in which its solubility amounted to about 15 mg/
mL as estimated in the present study. When the subsequent
injections of increasing sample volume into the chromatographic
system were carried out the gradual deterioration of peak shapes
and resolution was noticed, especially for the two dominating
peaks of 15 and 16. Finally, the injection volume of 250 L was
selected, that provided the largest column load and still
satisfactory separation.

The isolation procedure was repeated several times, resulting in
isolation of 1.2 mg of 12, 9.2 mg of 13, 24.9 mg of 15, and 29.5 mg of
16 from 75 mg of the sample (86% total isolation yield, w/w). The
representative chromatogram of the preparative separation is
presented in Fig. 4B. The final efficiency parameters of the
separation process are presented in Table 6.

2.3. Structure elucidation of the isolated flavonoids

Compounds 12, 13, 15 and 16 (Fig. 5) were isolated as pale
yellow needles soluble in methanol, aqueous methanol and water.
Their UV-vis (220-450 nm) spectra showed two maxima at 264-
266nm and 345-349nm, and were consistent with glycoside
derivatives of kaempferol.

The ESI-MS spectrum of compound 12 exhibited parent
[M—H]™ ion at 563 m/z, corresponding to the molecular formula
of CyeH,5014. Its fragmentation pattern with ions at 417
[M—146-H] ", 431 [M—132-H] ", and 285 [M—-146-132—H|] m/z
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Table 4
Response models and statistical parameters obtained from ANOVA.
Response”  Reduced response model R? Adjusted  F- p- cv Adequate
R?" Value® Value! (%)°  precision
Ts 9.93-6.88Cyreon+ 1.75Cheors>-6.27Crpgp + 217 Crygf?- 0.9909 0.9817 112.74 <0.0001 1173 23.21
2.52FR + 3.64CpeonCrur + 1.71CueonFR + 1.61CryefR
Ry 2.62-0.73Cneon-0.52Cm-0.21FR 0.9395 0.9256 69.83 <0.0001 9.64 23.39
Rz 1.55-0.41 CMeo.rO.]3Cmp2—0.1ZFR-O:ZOCMeo,(CT.,F 0.9059 0.8746 29.25 <0.0001 11.71 17.89
D 0.72-0.17Cpeon? +0.15Crr-0.15Cr2-0.27CrteoriCrr 0.8869 0.8492 2417 <0.0001 24.01 11.55

@ Ts, separation time (retention time of the last peak); R;, resolution between peaks 12 and 13; R,, resolution between peaks 15 and 16; resolutions calculated acc. to Eq. (5);

D, Derringer desirability function acc. to Eq. (2).
b R? adjusted for number of terms in the model.
¢ Test for comparing model variance with residual (error) variance.
9 Probability of seeing F-value if the null hypothesis is true.
¢ Coefficient of variance.

196unieq

Fig. 2. Response surface of the overall Derringer's desirability function (D)
estimated from the central composite design as a function of mobile phase
composition (concentrations of tetrahydrofuran and methanol).
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Fig. 3. Pareto chart of standardised effects of optimised variables on overall
Derringer’s desirability function (D). Effects that extend beyond the reference line
are statistically significant (p < 0.05).

indicated a kaempferol rhamnoside pentoside derivative. The acid
hydrolysis of compound 12 gave an aglycone, identical with
kaempferol (based on HPLC-PDA analysis according to Olszewska
(2008)), and two carbohydrates identified after conversion to the

1-[(S)-N-acetyl-methylbenzylamino]-1-deoxy-alditol ~ pentaace-
tate derivatives (Olszewska and Roj, 2011) as .-rhamnose and D-
arabinose. In '"H NMR four characteristic aromatic proton
resonances of kaempferol were present, as well as two doublets
from the anomeric protons. The anomeric proton resonance at §
5.23ppm (1H, d) with diaxial coupling constant J; »=6.2Hz
suggested the presence of «-i-arabinopyranoside moiety. The
pyranoside form of t-arabinose was further confirmed by two
distinctive signals from C-5" protons at § 3.78-3.84 (2H, m, proton
signal of H-5," partially overlapped by that of H-4”) and § 3.43 ppm
(1H, dd, J=1.9 and J=11.2 Hz, proton signal of H-5,") (Harborne,
1994; Zapesochnaya, 1979). The second anomeric signal at &
5.60 ppm (1H, d, J;_»=1.3 Hz) as well as the high-field three-proton
doublet (J=6.2 Hz) from a methyl group were characteristic of a-L-
rhamnopyranose (Harborne, 1994). The C NMR spectrum
exhibited thirteen kaempferol resonances as well as eleven signals
belonging to the carbohydrate units. Their assignments were
established based on the 2D spectra (COSY, HMBC, HMQC). The
glycosylation positions were established based on long-range
correlations of the anomeric protons visible in the HMBC
spectrum. Eventually, compound 12 was identified as kaempferol
3-0-a-L-arabinopyranoside-7-0O-a-i-rhamnopyranoside. This is
the first report about the presence of this rare compound in
Prunus species. It was previously isolated from several taxa,
including Asplenium trichomanes, Delphinium hybridum, Rapistrum
rugosum, and Hippophae rhamnoides (Al-Taweel et al., 2012;
Imperato, 1979; Yoshimitsu et al., 2007; Zhang et al., 2012), but
none from Rosaceae family.

The ESI-MS spectrum of compound 13 exhibited parent
[M—H]" ion at 563 m/z identical as for the compound 12, and
both compounds showed very similar fragmentation patterns. The
acidic hydrolysis of 13 gave kaempferol and two carbohydrates
identified as L-rhamnose and D-xylose. Its NMR spectra were
similar to those of the compound 12 with regard to resonances of
kaempferol and a-i-rhamnopyranoside moieties. The presence of
B-p-xylopyranose moiety was confirmed by the anomeric proton
resonance at § 5.27 ppm (1H, d) with diaxial coupling constant (J;-
»=7.2Hz) (Harborne, 1994), and the correlation of that signal with
the C-7 resonance in the HMBC spectrum indicated the glycosyla-
tion position. Thus, the compound 13 was identified as kaempferol
3-0-B-p-xylopyranoside-7-0-a-L-rhamnopyranoside (lepidoside).
Lepidoside was isolated for the first time from Lepidium perfoliatum
(Fursa and Litvinenko, 1970) and since then it was found in only
five other species (Dhasmana and Garg, 1991; Jain and Gupta, 1986;
Jaiswal et al., 2014; Li et al., 2010; Zhao et al., 2016). This is the first
report on the presence of this compound in the genus Prunus and
Rosaceae family.

The structures of compounds 15 and 16 were confirmed as
kaempferol 3,7-di-O-a-L-rhamnopyranoside (kaempferitrin) and
3-0-a-L-arabinofuranoside-7-0-a-t-rhamnopyranoside,
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Fig. 4. Representatives HPLC chromatograms at A =350 nm of kaempferol diglycoside fraction from the leaves of P. spinosa: (A) separation in the optimised analytical

conditions; (B) final preparative separation.

Table 5
Experimental and predicted responses under optimal conditions.
Response® Predicted values Experimental values Error® (%)
Ts(min) 10.27 9.92 3.11
R 2.64 2.50 5.30
R> 2.08 2.01 3.36
D 0.786 0.795 115

@ Ts, separation time (retention time of the last peak); R;, resolution between
peaks 12 and 13; R,, resolution between peaks 15 and 16; resolutions calculated acc.
to Eq. (5); D, Derringer desirability function acc. to Eq. (2).

b Percent error between predicted and experimental values.

Table 6
Efficacy parameters of the separation procedure.

Compound Purity (%)" Recovery (%)" Efficiency (mg/h)
12 92.45 93.8 0.3
13 99.79 94.5 23
15 97.62 85.2 6.2
16 99.44 8438 73

@ Assessed by HPLC-PDA.
b Based on the content estimated from peak areas (A =350nm) and the yield of
the total fraction.

respectively. Both compounds were previously isolated from the
leaves of P. spinosa (Olszewska and Wolbis, 2002a). While
kaempferitrin is rather a ubiquitous plant constituent, 3-0-c-1-
arabinofuranoside-7-0-a-L-rhamnopyranoside has been found in
only few other species. Just five taxa have been reported to contain
both compounds together - i.e. Cinnamomum sieboldi, Alianthus
altissima, Phymatopteris hastate, Polypodium hastatum, and Cissus

sicyoides (Duan et al., 2014, 2012; Nakano et al., 1983; Xu et al.,
2009; Zhao et al, 2009). The latter species contains also
kaempferol 3-0-a-r-arabinopyranoside-7-0-a-L-rhamnopyrano-
side (Xu et al., 2009). Howerver, the presence of all four isolated
flavonoids with high abundance of kaempferitrin and 3-0-a-1-
arabinofuranoside-7-0-a-L-rhamnopyranoside appears a unique
characteristic of P. spinosa. The isolates might be, therefore,
considered as analytical and chemotaxonomic markers of the
investigated plant material.

2.4. UHPLC-PDA-ESI-MS profile

The qualitative UHPLC-PDA-ESI-MS? profile of the 70% aqueous
methanolic extract from the leaves of P. spinosa revealed the
presence of twenty five phenolic compounds, twenty one of which
were fully or tentatively identified by comparing their retention
times, UV-vis spectra and MS profiles with those of the reference
compounds and literature data (Fig. 1, Table 1).

Compounds 1 and 9 displayed absorption maxima at
325-328nm and UV-vis spectra characteristic of caffeic acid
derivatives. Based on their parent [M—H]~ ions at m/z 353 and the
further MS fragmentation, they were classified as monocaffeoyl-
quinic acid isomers. Compound 1 exhibited the base ion at m/z 191
and the secondary ion at m/z 179 with 55% intensity, whereas
compound 9 displayed distinctive base peak at mjz 173.
Consequently, based on the elution order, hierarchical discrimina-
tion keys (Clifford et al., 2003) and comparison with commercial
standards, compounds 1 and 9 were identified as 3-O-caffeoyl-
quinic acid (NCHA, neochlorogenic acid) and 4-O-caffeoylquinic
acid (CCHA, cryptochlorogenic acid). Compound 4, with UV-
maximum at 312 nm, parent [M—H] ™ ion at m/z 337, and base peak
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Fig. 5. Structures of the isolated kaempferol diglycosides.

in MS? spectrum at m/z 163, was identified as 3-O-p-coumar-
oylquinic acid while compound 8, with parent [M—H]  ion at m/z
367 and MS? base fragment ion at n/z 193, was identified as 3-O-
feruloylquinic acid (Clifford et al., 2003).

Compounds 5, 6, and 7 with UV-maxima at 280nm were
characterised as proanthocyanidins. Compound 7 exhibited parent
[M—H]~ ion at m/z 289, and by comparison with the reference
substance it was identified as (+)-catechin. Compounds 5 and 6
revealed the same pseudomolecular ions at m/z 577 and secondary
peaks at m/z 451, 425, 407 and 289 and, thus, were classified as
procyanidin B-type dimers (Hamed et al., 2014).

Compounds 12-25 based on their UV-vis spectra exhibiting two
absorption maxima, first at 260-280 and second at 345-355 nm,
were classified as flavonoids. Based on their MS? spectra which
revealed signals assignable to the aglycone moieties at m/z 301 or
285, they were identified as quercetin or kaempferol derivatives,
respectively. The sugar moieties were identified due to neutral
losses in the MS spectra of the mother glycosides (—132 for
pentose, —162 for hexose and —146 for rhamnose). The structural
identity of most of these analytes was confirmed by the
comparison of their retention times, UV-vis spectra and MS-
profiles with those of the authentic standards (Table 1) isolated in
our laboratory from the leaves of P. spinosa during the present
study and previously (Olszewska and Wolbis, 2002a).

3. Conclusion

The present paper describes the application of the central
composite design in combination with the response surface
methodology for optimisation of preparative HPLC separation of
four isomeric kaempferol diglycosides. The applied statistical
approach, used to the best of our knowledge for the first time for
optimisation of preparative HPLC separation, proved highly
effective in finding the most suitable analysis conditions for
closely structurally related flavonoid isomers. The crucial factor for
the satisfactory resolution between the co-eluting flavonoid bands
was the use of tetrahydrofuran, which, therefore, could be
recommended for separation of other complicated flavonoid
mixtures. The developed procedure may be applied for the
isolation of rare kaempferol diglycosides for further pharmacolog-
ical or analytical studies. The co-occurrence of all four glycosides in
the leaves of P. spinosa, with the dominant kaempferol 3,7-di-O-
a-L-rhamnopyranoside (kaempferitrin) and 3-O-a-L-arabinofura-
noside-7-0-a-t.-rhamnopyranoside, was found to be specific
feature of the analysed plant material, and the isolated flavonoids
might be used as its chemotaxonomic and analytical markers.

4. Materials and methods
4.1. General experimental procedures

HPLC-PDA experiments (both analytical and preparative) were
performed on preparative Waters 2545 binary system (Waters,
Milton, MA, USA) equipped with Waters 2767 autosampler and
Waters 2998 PDA detector.

UHPLC-PDA-ESI-MS" analyses were performed on UHPLC-3000
RS system (Dionex, Dereieich, Germany) with a diode array
detector with multiple wavelength (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), and an ultrahigh resolution hybrid quadru-
pole/time-of-flight mass spectrometer (UHR-Q-TOF-MS, Bruker
Daltonics GmbH, Bremen, Germany) using an electrospray
ionization (ESI) source operating in a negative mode. Instrument
control, data acquisition, and evaluation were done with the
QTOFControl 3.2, HyStar 3.2, and Chromeleon 6.8.1 Chromatogra-
phy Data System software, respectively.

All chemicals and standards used in UHPLC and HPLC analyses
including methanol, tetrahydrofuran (Avantor Performance Mate-
rials, Gliwice, Poland), water (Merck, Darmstadt, Germany), acetic
acid, formic acid, (+)-catechin, 3-O-caffeoylquinic acid, 4-O-
caffeoylquinic acid, kaempferol, .-rhamnose, L-arabinose, and p-
xylose (Sigma-Aldrich, Seelze, Germany/St. Louis, MO, USA) were
of HPLC-grade. Solvents used for extraction of the plant material
and purification of the diglycoside fraction (Chempur, Piekary
$]qskie, Poland), as well as Sephadex LH-20 (Sigma-Aldrich) used
for gel permeation chromatography, were of analytical grade.

4.2. Plant material

Leaves of P. spinosa were collected in June 2015 in Rzeczyca
(51°36'N, 20°17’E; Poland) from plants growing in their natural
state and authenticated by prof. M.A. Olszewska (Department of
Pharmacognosy, Medical University of Lodz, Poland). A voucher
specimen (KFG/HB/06015-PSP) was deposited in the Department
of Pharmacognosy, Medical University of Lodz, Poland. Prior to the
analysis the plant samples were powdered using an electric
grinder, sieved through a 0.315-mm sieve, and stored in airtight
containers at ambient temperature and in darkness until used.

The diglycosidic fraction was isolated from the plant material as
described previously (Olszewska and Wolbis, 2002a) with slight
modifications. Briefly, the powdered leaves (100g) were pre-
extracted with chloroform in a Soxhlet apparatus (200 mL, 48 h) to
remove lipoidal components, and then extracted exhaustively with
boiling 70% (v/v) aqueous methanol (3 x 500 mL). The combined
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methanol extracts were evaporated in vacuo, and the residue (18 g)
was dissolved in hot water (500mL) and left at 4°C for
spontaneous precipitation. After filtering of the ballast precipitate
(3g), the water solution was extracted with ethyl acetate
(6 x 100mL) to remove less polar constituents (phenolic acids,
flavonoid aglycones, monoglycosides, and their acylated deriva-
tives), and the diglycosides were extracted with n-butanol
(3 x 100 mL). The n-butanol extract was evaporated to dryness,
and the dry residue (8.7g) was subjected to gel permeation
chromatography with methanol over Sephadex LH-20 (100g) to
obtain the fraction of kaempferol dipentosides (2.1g) depleted,
among others, of polymeric proanthocyanidins (2.8g) and
quercetin diglycosides (0.5 g).

4.3. Qualitative UHPLC-PDA-ESI-MS" profiling

Samples (5 mg) of the 70% (v/v) aqueous methanol extract and
the fraction of kaempferol diglycosides were dissolved in 1 mL of
the mixture of methanol and 0.1% formic acid (1:1, v/v), filtered
through a syringe filter PTFE (25 mm, 0.2 pum, Ahlstrom, Helsinki,
Finland), and directly injected (2 L) into the UHPLC system.
Separations were carried out on a Kinetex XB-C18 column (1.7 pum,
150 mm x 2.1 mm i.d.; Phenomenex, Torrance, CA, USA). The
mobile phase consisted of solvent A (water-formic acid, 100:0.1,
v/v) and solvent B (acetonitrile-formic acid, 100:0.1, v/v) with the
following elution profile: 0-1 min, 6% (v/v) B; 1-10 min, 6-13% (v/v)
B; 10-15min, 13% (v/v) B; 15-19 min, 13-15% (v/v) B; 19-24 min,
15% (v/v) B; 24-40 min, 15-23% (v/v) B; 40-60 min, 23-40% (v/v) B;
60-68 min, 5% (v/v) B (equilibration). The flow rate was 0.3 mL/
min. The column temperature was 25°C. The LC eluate was
introduced directly into the ESI interface without splitting and
analysed in the negative ion mode using a scan from m/z 70 to
2200. The MS? and MS? fragmentations were obtained for the most
abundant ions at the time. The nebuliser pressure was 40 psi; dry
gas flow 9L/min; dry temperature 300°C; and capillary voltage
4.5kV. The MS/MS fragmentation amplitude was set to 1.0V and
automatically adjusted by the system in the range of 60-300% of
this value.

4.4. Optimisation of the HPLC separation of the kaempferol
diglycosides fraction

The optimisation was carried out on an analytical XBridge C18
column (100 mm x 4.6 mm i.d., 5 wm, Waters) at room tempera-
ture. A central composite design was used to investigate the effects
of three independent variables - methanol concentration (Cyeon),
tetrahydrofuran concentration (Cryr) and flow rate (Fg) — on the
separation process. The independent variables were coded on five
different levels (-1.68, —1, 0, 1, 1.68), preliminary experimental
data being used as a guidance to set the ranges of the factors. The
complete design consisted of 17 experimental points including
three replications of the central point (all variables coded as zero).
The behaviour of the system was described by the following
second-degree polynomial equation:

Y = By + BiCueon + BiCritr + BiFr + BiCrreon -+ BiCrur
+ BuFr® + BijCumeonCrur + BixCumeroFr + BixCrirFr (1)

where Y is a response, S is a constant coefficient, g;, B and By are
linear coefficients, B;i, Bjj and Bk are quadratic coefficients, Bj;, Bik
and Bj, are interaction coefficients (Myers et al., 2009).

Four responses Y;.4 were considered including the separation
time (Y, Ts) understood as the retention time of the latest peak
(peak 16), the resolution between peaks 12 and 13 (Y5, Ry;) the
resolution between peaks 15 and 16 (Y3, Rs»), and a combined
response (Y, D) described by the overall desirability function

according to Derringer and Suich (Derringer and Suich, 1980):
D = (dydyds)* (2)

where d;, d>, and ds correspond to individual desirability functions
for each response calculated according to Table 3 and the following
equations:

- 9 Y>U
d,:{m LzY<U (3)

1 Y<L

Y ? h-<
dzs—{U_L L<Y<U (4)

] Y>U

where Yis a response, U is its upper limit, and L - is its lower limit.

The resolution (Rs) was calculated using the following equation:

B85t (5)
Wz — Wy

inwhich t; and t; are retention times, and (w, +w;) is a sum of peak

widths at baseline between tangents lines drawn at 50% peak

height.

The statistical analysis of the data and calculation of regression
equations between the process variables and analytical responses
were performed using the Statistica 12.0 PL software (Statsoft,
Krakéw, Poland). According to the experimental data, the fitting
models were constructed and the statistical significance of the
model terms were examined by regression analysis and analysis of
variance (ANOVA, a =0.05).

4.5. Isolation of kaempferol diglycosides

The isolation process was carried out using a preparative
XBridge Prep C18 column (100 mm x 19 mm i.d., 5 um, Waters) in
an isocratic elution mode. The mobile phase was composed of 0.5%
acetic acid, methanol, and tetrahydrofuran (75.2:16.6:8.2, v/v/v).
Prior to the isolation, the diglycoside fraction (75mg) was
dissolved in the mobile phase (5 mL). The separations were carried
out at room temperature (20-25°C). The flow rate was 13.6 mL/
min, and the injection volume was 250 p.L. The fraction collection
was triggered automatically by the signal from UV-vis detector at
A=350nm. The separation process was repeated 20 times, and
fractions containing respective analytes were combined and
purified by gel permeation chromatography over Sephadex LH-
20. Eventually, 1.2 mg of 12, 9.2 mg of 13, 24.9 mg of 15, and 29.5 mg
of 16 was obtained from 75 mg of the sample (86% total isolation
yield, w/w) which corresponds to 0.06 mg of 12, 0.46 mg of 13, 1.24
of 15, and 1.47 mg of 16 per injection.

4.6. Structure elucidation

The acid hydrolysis was performed as described before
(Olszewska and Roj, 2011). Free kaempferol in the diethyl ether
fraction was identified with an authentic standard by HPLC-PDA
(Olszewska, 2008). Free monosaccharides in the water layer were
characterised qualitatively and in respect to the absolute
configuration following conversion to their 1-[(S)-N-acetyl-ame-
thylbenzylamino]-1-deoxy-alditol =~ pentaacetate  derivatives
according to the method described by Oshima et al. (1982) with
some modifications (Olszewska and Roj, 2011). The derivatised
monosaccharides were analysed by HPLC-PDA, and identified by
comparison with the retention times of derivatives of the standard
samples obtained in the same manner: derivative of L-arabinose (R,
15.54 min), derivative of p-xylose (R; 14.65min), derivative of
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t-rhamnose (R; 22.08 min). As the result, i-rhamnose was
identified in the hydrolysates of 12, 13, 15, and 16; r-arabinose
in the hydrolysates of 12 and 16; and p-xylose in the hydrolysate of
13.

TH NMR, *C NMR, HMQC, and HMBC spectra were recorded at
25°Con a Bruker Avance Il 600 spectrometer (Bruker BioSpin Co.,
Billerica, MA, USA) in methanol-d,4 (600 MHz for 'H and 150.9 MHz
for C), with TMS as the internal standard.

4.7. Kaempferol 3-O-«-L-arabinopyranoside-7-0-c-L-
rhamnopyranoside (12)

Pale yellow needles; m.p. 195-199 °C; UV (methanol) A ,.,x nm:
266, 323sh, 350; ESI-MS m/z: 563 [M—H] " ; ESI-MS? m/z (intensi-
ty): 417 (100) [M—H-rhamnose], 431 (52.2) [M—H-arabinose];
285 (16.2) [M—H—-rhamnose—arabinose]; 'H and '>C NMR data
(methanol-d,): see Table 7.

4.8. Kaempferol 3-0-B-p-xylopyranoside-7-O-«-L-rhamnopyranoside
(13)

Pale yellow needles; m.p. 194-197 °C; UV (methanol) A ,ax nm:
266, 322sh, 349; ESI-MS m/z: 563 [M—H]~; ESI-MS? m/z (intensi-
ty): 431 (100) [M—H—xylose] ", 417 (24.8) [M—H-rhamnose] -, 285
(84.2) [M—H—rhamnose—xylose]; 'H and '*C NMR data (metha-
nol-d,): see Table 7.

Table 7
NMR spectral data of compounds 12 and 13 in methanol-d,4 (600 MHz for 'H and
150.9 MHz for *C)".

Pos” 12 13

d dc¢ Sy dc
2 158.05 158.11
3 134.42 134.20
4 178.38 178.25
5 161.51 161.52
6 6.51 (1H, d, J=2.1) 99.22  6.51 (1H, d, J=2.1Hz) 99.24
7 162.27 162.28
8 6.79 (1H, d, J=2.1) 9418  6.79 (1H, d, J=2.1Hz) 94.23
9 156.65 156.64
10 106.00 105.97
1 121.07 12111
2 8.12 (2H, d, ]=8.8) 13147 8.09 (2H, d, J=8.8) 130.90
3 6.94 (2H, d, J]=8.8) 11494 6.92 (2H, d, ]=8.8) 114.83
4 160.44 160.44
5 6.94 (2H, d, /]=8.8) 11451 6.92 (2H, d, ]=8.8) 114.83
6 8.12 (2H, d, J=8.8) 131.00 8.09 (2H, d, ]=8.8) 130.90

3-«-1-arabinopyranosyl: 3-B-p-xylopyranosyl:
17 5.23 (1H, d, J=6.2) 102.72 5.27 (1H,d,J=72) 103.00
2! 393 (1H, dd, J=6.2,81) 7135  3.49-3.54 (3H, m) 73.90
3 3.67 (1H,dd, J=8.1,3.2) 7254 3.43(1H,t,J=85) 76.03
4" 3.78-3.84 (2H, m) 6744  3.49-3.54 (3H, m) 69.63
5.7 3.78-3.84 (2H, m) 65.27 3.79 (1H, dd, ]=5.1,11.7) 65.79
55"  3.43(1H,dd, J=1.9,11.2) 313 (1H, dd, J]=9.4,11.7)

7-a-1-rhamnopyranosyl: 7-a-1.-rhamnopyranosyl:
1 5.60 (1H, d, J=1.3) 98.53  5.59 (1H, brs) 98.54
2" 405(1H,dd, J=13,34) 7031 404 (1H,d,J=34) 70.32
3" 3.86 (1H, dd, ]=3.4,9.4) 70.71 3.86 (1H, dd, J]=3.4,9.4) 70.72
4" 3.51 (1H, t,J=9.4) 7222  3.49-3.54 (3H, m) 7222
5 3.62 (1H, dd, J=6.2,9.4) 69.90 3.61 (1H, m) 69.91
6" 1.28 (3H, d, J=6.2) 16.65 129 (3H,d, J=6.2) 16.65

4 Data acquired with TMS as the internal standard, § in ppm. Multiplicities and
coupling constants (in Hz) are given in parentheses. Assignments confirmed by
"H-"H COSY, HMQC and HMBC experiments.

b For trivial atom numbering, see chemical formulas of 12 and 13 (Fig. 5).

4.9. Kaempferol 3,7-di-O-a-L-rhamnopyranoside (15)

Pale yellow needles; m.p. 193-197 °C; UV (methanol) A ,,x nm:
264, 320sh, 349; ESI-MS m/z: 577 [M—H]; ESI-MS? m/z (intensi-
ty): 431 (100) [M—H-rhamnose], 285 (53.4)
[M—H-rhamnose—rhamnose]~; 'H NMR (methanol-d;) § ppm:
7.82 (2H, d, J=8.82 Hz, H-2" and H-6'), 6.97 (2H, d, J]=8.82 Hz, H-3’
and H-5'), 6.75 (1H, d, J=2.16 Hz, H-8), 6.50 (1H, d, ] =2.16 Hz, H-6),
5.59 (1H, d, J=1.68 Hz, H-1""), 5.43 (1H, d, J=1.62 Hz, H-1"), 4.25
(1H,dd,J=1.62,3.35Hz, H-2"),4.04 (1H, dd, ] = 1.68, 3.45 Hz, H-2""),
3.86 (1H, dd, J=3.45, 9.48 Hz, H-3'"), 3.74 (1H, dd, ] = 3.35, 8.97 Hz,
H-3"), 3.63 (1H, dd, J]=9.48, 6.18 Hz, H-5""), 3.51 (1H, t, J=9.48 Hz,
H-4""), 3.34-3.40 (2H, m, H-4” and H-5"), 1.29 (3H, d, J=6.18 Hz,
Me-6""), 0.96 (3H, d, J=5.82 Hz, Me-6"); '>C NMR (methanol-d,) &
ppm: 178.44 (C-4),162.20 (C-7), 161.64 (C-5), 160.37 (C-4'), 158.45
(C-2), 156.74 (C-9), 135.13 (C-3), 130.60 (C-2’ and C-6'), 121.07 (C-
1’),115.20 (C-3" and C-5'), 106.21 (C-10), 102.15 (C-1"), 99.18 (C-6),
98.53 (C-1"""), 94.25 (C-8), 72.24 (C-4""), 71.83 (C-4"), 70.78 (C-5"),
70.73 (C-3"), 70.69 (C-3""), 70.53 (C-2""), 70.32 (C-2""), 69.91 (C-
5'"),16.66 (C-6""), 16.26 (C-6").

4.10. Kaempferol 3-O-w-L-arabinofuranoside-7-0-o-1-
rhamnopyranoside (16)

Pale yellow needles; m.p. 196-198 °C; UV (methanol) A ,.x nm:
265, 320sh, 347; ESI-MS m/z: 563 [M—H]~; ESI-MS? m/z (intensi-
ty): 417 (1.4) [M—H-rhamnose] ", 431 (100) [M—H—-arabinose] ;
285 (28.6) [M—H—rhamnose—arabinose] ; '"H NMR (methanol-d )
§ ppm: 8.00 (2H, d, J=8.82Hz, H-2' and H-6'), 6.94 (2H, d,
J=8.82Hz, H-3’ and H-5), 6.76 (1H, d, ]=2.10 Hz, H-8), 6.47 (1H, d,
J=2.10Hz, H-6), 5.59 (1H, d, J= 1.74 Hz, H-1"""), 5.54 (1H, brs, H-1"),
436 (1H, dd, J=0,72, 2.92 Hz, H-2"), 4.06 (1H, dd, J=1.74, 3.45 Hz,
H-2'"), 3.94 (1H, dd, ]=2.94, 5.13Hz, H-3"), 3.86 (1H, dd, J=3.45,
9.48 Hz, H-3"), 3.79-3.85 (1H, m, H-4"), 3.63 (1H, dd, J=9.48,
6.18 Hz, H-5"'), 3.49-3.60 (3H, m, H-5", H-4"), 1.29 (3H, d,
J=6.18 Hz, Me-6'"); *C NMR (methanol-d,) § ppm: 178.66 (C-4),
162.22 (C-7),161.45 (C-5), 160.35 (C-4), 158.44 (C-2), 156.67 (C-9),
133.93 (C-3),130.72 (C-2’ and C-6'), 121.18 (C-1'), 115.20 (C-3' and
C-5'),105.95 (C-10), 108.36 (C-1""), 99.22 (C-6), 98.48 (C-1"""), 94.25
(C-8), 86.67 (C-4"), 82.03 (C-2""), 77.31 (C-3"), 72.24 (C-4""), 70.71
(C-3"), 70.31 (C-2""), 69.90 (C-5""), 61.18 (C-5"), 16.69 (C-6"").
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Flower extracts of Prunus spinosa L. (blackthorn)—a traditional medicinal plant of Central
and Eastern Europe indicated for the treatment of urinary tract disorders, inflammation,
and adjunctive therapy of cardiovascular diseases—were evaluated in terms of chemical
composition, antioxidant activity, potential anti-inflammatory effects, and cellular safety
in function of fractionated extraction. The UHPLC-PDA-ESI-MS? fingerprinting led to
full or partial identification of 57 marker constituents (36 new for the flowers), mostly
flavonoids, A-type proanthocyanidins, and phenolic acids, and provided the basis for
authentication and standardization of the flower extracts. With the contents up to 584.07
mg/g dry weight (dw), 490.63, 109.43, and 66.77 mg/g dw of total phenolics (TPC),
flavonoids, proanthocyanidins, and phenolic acids, respectively, the extracts were proven
to be rich sources of polyphenoals. In chemical in vitro tests of antioxidant (DPPH, FRAP,
TBARS) and enzyme (lipoxygenase and hyaluronidase) inhibitory activity, the extracts
effects were profound, dose-, phenolic-, and extraction solvent-dependent. Moreover, at
in vivo-relevant levels (1-5 jug/mL) the extracts effectively protected the human plasma
components against peroxynitrite-induced damage (reduced the levels of oxidative
stress biomarkers: 3-nitrotyrosine, lipid hydroperoxides, and thiobarbituric acid-reactive
substances) and enhanced the total antioxidant status of plasma. The effects observed
in biological models were in general dose- and TPC-dependent; only for protein nitration
the relationships were not significant. Furthermore, in cytotoxicity tests, the extracts did
not affect the viability of human peripheral blood mononuclear cells (PBMC), and might
be regarded as safe. Among extracts, the defatted methanol-water (7:3, v/v) extract
and its diethyl ether and ethyl acetate fractions appear to be the most advantageous
for biological applications. As compared to the positive controls, activity of the extracts
was favorable, which might be attributed to some synergic effects of their constituents.
In conclusion, this research proves that the antioxidant and enzyme inhibitory capacity
of phenolic fractions should be counted as one of the mechanisms behind the activity
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of the flowers reported by traditional medicine and demonstrates the potential of the
extracts as alternative ingredients for functional products supporting the treatment of
oxidative stress-related pathologies cross-linked with inflammatory changes, especially

in cardiovascular protection.

Keywords: Prunus spinosa, oxidative stress, antioxidants, human plasma, lipoxygenase, hyaluronidase,

polyphenols, LC-MS

INTRODUCTION

Medicinal plants as primary sources of natural bioactive
compounds are attracting growing interest as constituents of
functional products active in prevention and adjunctive therapy
of numerous chronic diseases, including cardiovascular disorders
(CVD), the leading cause of mortality in the world today. In the
search of new candidates for closer investigation, ethnobotanical
knowledge constitutes an important guideline indicating species
with the relevant activity (Franz et al., 2011).

One of such plants might be Prunus spinosa L. (blackthorn
or sloe)—a wild plume tree native to Europe, western Asia,
north-western Africa, and naturalized in New Zealand and
North America (Tutin et al,, 1968). In European tradition it
has been known for over 7,000 years, at first as a source
of edible fruit and then also as a medicinal plant (Poonam
et al,, 2011; Zohary et al,, 2012), used i.a. in the treatment of
various circulatory system disorders. For medicinal applications
the plant has been used throughout Europe with the flowers
being the most popular in central and eastern parts of
the continent (Hoppe, 1981). Ethnopharmacological sources
indicate vasoprotective, anti-inflammatory, diuretic, detoxifying
(blood purifying), and spasmolytic activities for the flowers,
and document their use as ingredients of compound herbal
prescriptions traditionally applied, e.g., to treat intestinal and
respiratory tract disorders, but also various cardiac complaints,
such as myocarditis, cardiac neurosis and atherosclerosis
(Berger, 1949; Hoppe, 1981; Wawrzyniak, 1992; Blumenthal and
Busse, 1998). The fruits, according to German Commission
E, have been indicated mainly in mild inflammation of
the oral and pharyngeal mucosa, as well as an astringent
(Blumenthal and Busse, 1998); however, local European sources
report their use also as a heart-strengthening remedy (Kiiltiir,
2007; Jari¢ et al., 2015). Branches, on the other hand, have
been more popular in the south of Europe and suggested
to possess anti-hypertensive properties (Calvo and Cavero,
2014).

Active components of the plant are believed to be polyphenols,
including flavonoids, A-type proanthocyanidins, anthocyanins,
coumarins, and phenolic acids, forming unique and diversified
profiles in particular organs, among which the flowers are the
least characterized (Kolodziej et al., 1991; Sakar and Kolodziej,
1993; Olszewska and Wolbis, 2001, 2002a,b; Guimaraes
et al., 2013; Pinacho et al., 2015; Owczarek et al, 2017).
Some blackthorn constituents, such as flavonoid pentosides
(arabinosides, xylosides, rhamnosides) and A-type procyanidin
dimers with twice-bonded structures are quite rare in nature
and their distribution is generally limited to selected species and
plant families (Pinacho et al, 2015). This unique composition

may correspond to the distinctive activity profile of P. spinosa
reported by traditional medicine. Indeed, the earliest studies
suggested that the flavonoid fraction of blackthorn flowers
significantly reduces capillary permeability and shows anti-
inflammatory effects in animal internal organs, normalizes
the blood cholesterol and cholesterol/phospholipid ratio in
atherogenic rabbits, exhibits spasmolytic effects on isolated
intestinal segments from different animals, and increases the
amplitude of heart contractions in perfusion of isolated frog
hearts (Lisevitskaya et al., 1968; Makarov, 1968, 1972; Makarov
and Khadzhai, 1969). However, despite these promising in vivo
and ex vivo results, the potential of blackthorn, especially the
blackthorn flowers, as a source of biologically active extracts
(that means standardized dry extracts—more effective than
unprocessed plant materials and recommended in modern
phytotherapy) remains unexplored, and the plant materials are
still used mostly in the form of traditional herbal teas, partly due
to the lacking molecular background for their activity and safety.
Recently, special attention has been given to the antioxidant
activity of the extracts from the branches, leaves, and fruits,
as one of the possible mechanism of action of the blackthorn
polyphenols (Barros et al., 2010; Guimaraes et al., 2014; Pinacho
et al,, 2015). Nevertheless, as these studies were based only on
simple, mostly chemical tests, and did not cover the flower
extracts, the subject requires more detailed investigations.

Polyphenols, including flavonoids, are specialized plant
metabolites, the beneficial effects of which in CVD is commonly
linked with their ability to influence two interdependent
pathological processes of oxidative/nitrative stress and
inflammation (Biswas, 2016). As free radical scavengers,
metal chelators, inhibitors of pro-inflammatory enzymes, and
modifiers of cell signaling pathways, polyphenols may protect
cellular and functional elements of the circulatory system against
lipid peroxidation, protein nitration, chronic inflammation, and
oxidative damage to DNA, which results i.a. in vasodilatory,
vasoprotective, anti-atherogenic, antithrombotic, and anti-
apoptotic effects (Alissa and Ferns, 2012; Quifiones et al., 2013).
Moreover, the reducing polyphenols and their metabolites can
increase the total antioxidant capacity of blood plasma and
thus the tolerance of body tissues against ischemic/reperfusion
injuries (Pandey and Rizvi, 2009).

Therefore, the aim of this project was a comprehensive
characteristic of the flowers of P. spinosa in a function of
fractionated extraction with respect to the chemical composition
and biological activity of the dry extracts obtained with solvents
of different polarity. Phenolic profiles of the extracts were
investigated by UHPLC-PDA-ESI-MS?, HPLC-PDA, and UV-
spectrophotometric methods, while their biological effects were
studied in vitro by nine complementary tests (both chemical and
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human plasma models) covering some of the main mechanisms
of the beneficial action of polyphenols in CVD, including
direct scavenging of free radicals, inhibition of pro-inflammatory
enzymes, enhancement of the total antioxidant capacity of
blood plasma and protection against oxidative and nitrative
damage of its lipid and protein components. Moreover, the
relationship between activity of the extracts and the presence
of different groups of polyphenolic constituents was explored
statistically. Additionally, cellular safety of the extracts was
evaluated in vitro in cytotoxicity tests against human peripheral
blood mononuclear cells (PBMCs).

MATERIALS AND METHODS

General
HPLC grade reagents and standards, such as 2,2-diphenyl-

1-picrylhydrazyl ~ (DPPH);  2,2’-azobis-(2-amidinopropane)
dihydrochloride (AAPH); 2,4,6-tris-(2-pyridyl)-s-triazine
(TPTZ); (£)-6-hydroxy-2,2,7,8-tetramethylchroman-2-

carboxylic acid (Trolox®); gallic acid monohydrate; chlorogenic
acid hemihydrate; caffeic acid; kaempferol; quercetin trihydrate;
isorhamnetin; rutin trihydrate; cyanidin chloride; indomethacin;
bovine testis hyaluronidase; lipoxygenase from soybean; linoleic
acid; 2-thiobarbituric acid; were purchased from Sigma-Aldrich
(Seelze, Germany/St. Louis, MO, USA), as were analytical
grade butylated hydroxyanisole (BHA); 2,6-di-tert-butyl-4-
methylphenol (BHT); Tween® 40; xylenol orange disodium
salt; and Histopaque®-1077 medium. HPLC grade solvents
(acetonitrile and methanol) used for UHPLC and HPLC analyses
were obtained from Avantor Performance Materials (Gliwice,
Poland). A (Ca>*)-free phosphate buffered saline (PBS) was
purchased from Biomed (Lublin, Poland). Peroxynitrite was
synthesized according to Pryor et al. (1995). All immunoreagents
for 3-nitrotyrosine detection were purchased from Abcam
(Cambridge, UK). Pierce BCA Protein Assay Kit was obtained
from Thermo Scientific (Waltham, MA, USA). All other
chemicals and solvents were of analytical grade and obtained
from Avantor (Poland). In all analyses redistilled water
was used. For chemical tests samples were incubated in
a constant temperature using a BD 23 incubator (Binder,
Tuttlingen, Germany) and measured using a UV-1601 Rayleigh
spectrophotometer (Beijing, China), in 10 mm quartz cuvettes.
Activity tests in blood plasma models and enzyme inhibitory
assays were done using 96-well plates and a microplate reader,
SPECTROStar Nano (BMG LabTech, Ortenberg, Germany).

Plant Material and Extracts Preparation

Commercial samples of Prunus spinosa L. flowers were purchased
in 2015 (harvest in April 2015) from Dary Natury (Koryciny,
Poland). According to the manufacturer, the raw material was
collected in the district Rudka, Malopolska province (50°02'N,
20°52'E). The raw material was powdered with an electric
grinder, and sieved through a 0.315-mm sieve. A portion (100 g)
was extracted with chloroform (3 L, 30h) in a Soxhlet apparatus
and the pellet was next four times refluxed with methanol-
water (7:3, v/v; 4 x 1 L) to give the defatted methanol extract
(MED, 27.3 g dw). The extraction solvent was selected from

methanol-water mixtures of different alcohol concentration after
optimization performed in terms of extracts yield and total
phenolic content (results not shown). The MED (25.0 g) was
suspended in water (1 L) and subjected to sequential liquid-
liquid extraction with organic solvents (8 x 100 mL each)
to yield diethyl ether fraction (DEF, 1.23 g dw), ethyl acetate
fraction (EAF 4.00 g dw), n-butanol fraction (BE, 4.86 g dw) and
water residue (WR, 13.08 g dw). The organic solvent extracts
were evaporated in vacuo, and the water-containing fractions
were lyophilized using an Alpha 1-2/LD Plus freeze dryer
(Christ, Osterode am Harz, Germany) before weighing. In further
analyses freshly prepared solutions of the extracts in methanol-
water (7:3, v/v) were used. All quantitative results were calculated
per dry weight (dw) of the extracts.

Phytochemical Profiling

Qualitative LC-MS Study

The UHPLC-PDA-ESI-MS? analysis was performed on UHPLC-
3000 RS system (Dionex, Dreieich, Germany) equipped with
a dual low-pressure gradient pump, an autosampler, a column
compartment, a diode array detector, and an AmaZon SL ion
trap mass spectrometer with an ESI interface (Bruker Daltonik,
Bremen, Germany). Separations were carried out on a Kinetex
XB-C18 column (1.7 pum, 150 mm x 2.1 mm i.d.; Phenomenex,
Torrance, CA, USA) at 25°C. The mobile phase consisted
of solvent A (water/formic acid, 100:0.1, v/v), and solvent B
(acetonitrile/formic acid, 100:0.1, v/v) with the elution profile as
follows: 0-10 min, 6-13% B (v/v); 10-15 min, 13% B (v/v); 15-19
min, 13-15% B (v/v); 19-24 min, 15% B (v/v); 24-40 min, 15-
23% B (v/v); 40-55 min, 23-40% B (v/v); 55-60 min, 40% B (v/v);
60-63 min, 40-6% B (v/v); 63-70 min, 6% B (equilibration). The
flow rate was 0.3 mL/min. Before injection, sample solutions of
the extracts (3.0 mg/mL) were filtered through a PTFE syringe
filter (13 mm, 0.2 pm, Whatman, Pittsburgh, PA, USA). UV-
Vis spectra were recorded over a range of 200-600 nm, and
chromatograms were acquired at 254, 280, and 350 nm. The
LC eluate was introduced directly into the ESI interface without
splitting and analyzed in both negative and positive ion modes.
ESI parameters: the nebulizer pressure was 40 psi; dry gas flow 9
L/min; dry temperature 300°C; and capillary voltage 4.5 kV. MS?
and MS?® fragmentations were obtained in Auto MS/MS mode
for the most abundant ions at the time. Analysis was carried out
using scan from m/z 200-2,200.

Quantitative Standardization

The total phenolic contents (TPC) and total proanthocyanidin
contents (TPA) were quantified by the Folin-Ciocalteu and
n-butanol-HCl methods, respectively, as described previously
(Olszewska et al., 2012). Results were expressed as equivalents
of gallic acid (GAE) and cyanidin chloride (CYE), respectively.
The total flavonoid contents (TFA) were determined by HPLC-
PDA as the total content of flavonoid aglycones after acid
hydrolysis. Samples of the extracts (1-5 mg) were heated under
reflux for 30 min with methanol-water (9:1, v/v; 30 mL) and
25% (w/v) hydrochloric acid (9 mL). The hydrolysates were
diluted with methanol-water (7:3, v/v) to 50 mL, filtered through
a PTFE syringe filter (as above) and injected (5 pL) into
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the HPLC system. The HPLC-PDA assays were carried out
according to Olszewska (2012) with quercetin, kaempferol and
isorhamnetin used for external calibration. Results were re-
calculated for total contents of glycosides with the molecular
masses of avicularin, juglanin, and isorhamnetin diglucoside,
correspondingly. The total contents of phenolic acids (TAC) were
assayed by HPLC-PDA according to Olszewska et al. (2012) with
caffeic acid and chlorogenic acid used as calibration standards for
quantification of simple hydroxycinnamic acids and quinic acid
pseudodepsides, respectively.

Antioxidant Activity in Chemical Models

The DPPH free-radical scavenging activity was determined
according to the method optimized previously (Olszewska
et al, 2012) and expressed as normalized ECsp values
calculated from concentration-inhibition curves. The FRAP
(Ferric Reducing Antioxidant Power) was determined according
to Olszewska et al. (2012) and expressed in pmol of ferrous
ions (Fe’t) produced by 1 g of the dry extract or standard,
which was calculated from the calibration curve of ferrous
sulfate. The ability of the extracts to inhibit AAPH-induced
peroxidation of linoleic acid (LA) was assayed as described
previously (Olszewska et al., 2012) with peroxidation monitored
by quantification of thiobarbituric acid-reactive substances
(TBARS) according to the method of Kljak and Grbesa (2015)
with some changes. Briefly, before and after the samples
were incubated for 3h at 50.0 £ 0.1°C in the dark, the
reaction solution (0.5 mL) was mixed with 0.67% (w/w)
aqueous thiobarbituric acid (1 mL), 0.05M HCI (0.5 mL),
Tween®40 (1 mL), and then heated for 30 min in the
water bath at 95°C. The absorbance was measured at 535
nm vs. the control with methanol-water (7:3, v/v) instead
of the reaction mixture. The inhibition ratio (I%) of the
LA-peroxidation was calculated as follows: 1% = (AAcontrol
— AAgample)/ AAcontrol, Where AA is the difference between
the absorbance measured before and after incubation. Finally,
antioxidant activity was expressed as ICsg values calculated from
concentration-inhibition curves.

Antioxidant Activity in Human Plasma

Models

Isolation of Blood Plasma and Preparation of
Samples

Blood from five healthy, non-smoking volunteers was
obtained from the Regional Centre of Blood Donation
and Blood Treatment in Lodz (Poland), collected on CPD
(citrate/phosphate/dextrose) solution in the Fresenius-Kabi
Compoflex bags, and next plasma was isolated by differential
centrifugation of blood (Kolodziejczyk-Czepas et al., 2013). All
experiments were approved by the committee on the Ethics of
Research at the University of Lodz 8/KBBN-UL/II/2015. For
the FRAP assay and measurements of 3-nitrotyrosine, plasma
samples were diluted with a (Ca®*)-free PBS buffer (1:4, v/v),
whereas for hydroperoxide and TBARS assays plasma was
diluted with (Ca2*)-free PBS in a volume ratio 1:1. For all tests,
samples were pre-incubated for 5 min at 37°C with the examined
extracts added to the final concentration range of 1-50 jug/mL,
and then exposed to 100 M peroxynitrite (ONOO™). Control

samples were prepared with plasma untreated with the extracts
and/or peroxynitrite. In the experiments with blood plasma and
the extracts only (without adding ONOO™) no pro-oxidative
effect was found. Protein concentration in blood plasma was
estimated using bicinchoninic acid (BCA) assay (according to
protocol provided by the manufacturer).

Determination of 3-Nitrotyrosine in Human Plasma
Proteins

Detection of nitrotyrosine-containing proteins by the
competitive ELISA (C-ELISA) method in plasma samples
(control or antioxidants and ONOO™-treated plasma) was
performed according to Kolodziejczyk-Czepas et al. (2013). The
concentrations of nitrated proteins were estimated from the
standard curve and are expressed as the 3NT-Fg equivalents (in
nmol/mg of plasma protein).

Ferric-Xylenol Orange Hydroperoxide Assay

Concentration of hydroperoxides in plasma samples (control
or antioxidants and ONOO™ -treated plasma) was determined
by a ferric-xylenol orange (FOX-1) protocol (Kolodziejczyk-
Czepas et al,, 2013). The FOX-1 reagent contained 125 uM
xylenol orange and 100 mM sorbitol in 25 mM sulfuric acid, and
was freshly prepared each time before use by the addition of
ammonium ferrous sulfate to the final concentration of 250 M.
To perform FOX-1 assay, blood plasma samples were mixed with
the reagent in a volume ratio 1:9 and incubated for 30 min in
the dark (25°C). Absorbance of the sample was measured at
560 nm against blank (water instead of plasma). The amount of
lipid hydroperoxides was calculated from the standard curve of
hydrogen peroxide and expressed in nmol/mg of plasma proteins.

TBARS Test

Determination of thiobarbituric acid reactive substances
(TBARS) in plasma samples (control or antioxidants and
ONOO™-treated plasma) was performed according to
Kolodziejczyk et al. (2011). Results were expressed in pmol
TBARS/mL of plasma.

Ferric Reducing Ability of Plasma (FRAP) Assay

The influence of the extracts on the total antioxidant activity
of plasma (dependent on non-enzymatic antioxidants) was
determined according to Kolodziejczyk-Czepas et al. (2014) with
some modifications. The freshly collected plasma samples were
diluted with a (Ca?*)-free PBS buffer in a volume ratio of 1:4,
prepared as described above, and then added to the reagent
mixture in a volume ratio of 1:10:1:1 for plasma, acetate buffer
(300 mM, pH 3.6), TPTZ (10 mM, in 0.04 M hydrochloric acid),
and ferric chloride (20 mM), respectively. After incubation for 15
min at 37°C, the measured FRAPs of plasma samples (control
or antioxidants and ONOO™ -treated plasma) were expressed in
mM Fe?* in plasma.

Inhibition of Pro-Inflammatory Enzymes

The ability of the extracts to inhibit lipoxygenase (LOX) and
hyaluronidase (HYAL) was examined as described by Michel
et al. (2017) with some changes. Briefly, in the LOX tests the
reagents were used in a volume ratio of 1:2:1 for working
solutions of the tested analyte, linoleic acid, and enzyme. Results
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of the both assays were expressed as ICsq values calculated from
concentration-inhibition curves.

Cell Viability Assay

PBMCs were isolated from human blood (obtained and collected
as described above) using the Histopaque®-1077 medium (a
sterile solution of polysucrose, 57 g/L, and sodium diatrizoate,
90 g/L, with a density of 1.077 g/mL). From each of eight
donors, two independent PBMCs isolations and incubations
with the extracts were performed. Blood was carefully layered
(in a volume ratio of 1:1) onto the medium, and centrifuged
for 30 min (400 x g, at room temperature). Then, the pellet
was washed two times with 0.02M PBS buffer. The obtained
fraction of PBMCs was suspended in PBS. Cell suspensions (1
x 106 PBMCs/mL) were incubated with plant extracts, added
to the final concentration of 5pg/mL. Cell viability (%) was
determined during a spectrofluorimetric analysis, involving the
use of propidium iodide as a fluorescent dye. Measurements were
conducted using a microchip-type automatic cell counter Adam-
MC DigitalBio (NanoEnTek Inc., Seoul, Korea), after 60 and
120 min of incubation of PBMCs with the examined substances
(at 37°C). The procedure was carried out according to the
manufacturer’s protocol.

Statistical Analysis
Normality of the distribution of the results was verified using the
Shapiro-Wilk test, and the homogeneity of variances using the

Levene’s test. The results are reported as means + SD (standard
deviation) or + SE (standard error) for the indicated number of
experiments. The significance of differences between samples and
controls was determined with one-way ANOVA (for chemical
tests) or one-way ANOVA for repeated measures (for human
plasma model), followed by the post-hoc Tukey’s test for multiple
comparisons. The correlations were evaluated using F-test. All
calculations were performed using the Satistical2Pl software for
Windows (StatSoft Inc., Krakow, Poland) with p-values less than
0.05 regarded as significant.

RESULTS
LC-MS Metabolite Profiling

Phytochemical profiling of the dry extracts revealed significant
differences in their chemical composition depending on the
extraction solvent (Figurel, Tables1, 2). The qualitative
UHPLC-PDA-ESI-MS® analysis resulted in full or partial
identification of over fifty phenolic constituents (Figure 1,
Table 1, peaks 1-59) belonging to three main classes of
phytochemicals—flavonols (thirty eight analytes), flavan-3-ol
derivatives (catechins and proanthocyanidins, seven peaks)
and phenolic acids (twelve compounds). The analytes were
structurally characterized based on the comparison of their
chromatographic behavior and ESI-MS? fragmentation patterns
(in positive and negative ionization modes) with the literature
data or reference standards, both commercial and isolated
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FIGURE 1 | Representative UHPLC chromatograms of the P. spinosa flower dry extracts at 280 nm: (A) MED, defatted methanol-water (7:3, v/v) extract; (B) DEF,
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TABLE 2 | Quantitative standardization data for P spinosa flower dry extracts.

Extract Total phenolics? Total flavonoids (mg/g dw)® Total Total phenolic acids

TPC (mg GAE/g dw) proanthocyanidins TAC (mg/g dw)d

. i TPA (mg CYE/g
Kaempferol Quercetin Isorhamnetin TFC dw)°

MED 206.07 + 10.868 62.47 +0.178 19.30 + 0.398 1.47 £0.138 12512 + 0.558 45.13 + 2.38B 29.24 + 0.76°
DEF 464.57 + 20.57° 250.68 + 3.30F 61.14 + 2.20F 516 +0.010  490.63 + 8.16F 495 + 2,238 8.76 + 0.27A
EAF 584.07 + 12.98E 158.69 + 1.320 53.21 + 1.15P 457 £029° 32553 + 4.230 109.43 + 3.71C 17.20 + 0.478
BF 296.57 + 3.28C 123.05 + 1.99° 32.06 + 1.26C 458 +0.08C  241.27 + 4.74C 46.6 + 1.14B 66.77 + 2.86°
WR 64.6 + 1.937 0.80 + 0.01A 0.38 + 0.02A 0.06 + 0.01A 1.88 + 0.04A 12.43 + 0.25A 17.71 £ 0.308

Results are presented as mean values + SD (n = 3) calculated per dry weight (dw) of the extract. For extract codes see Table 1. Different superscripts (capitals) in each column indicate

significant differences in the means at p < 0.05.
AValues expressed in gallic acid equivalents.

bValues expressed as the levels of individual aglycones released after acid hydrolysis, and TFC, total glycosides.

CValues expressed in cyanidine chloride equivalents.
9Values calculated as a sum of caffeic acid and chlorogenic acid equivalents.

previously in our laboratory from flowers and leaves of P. spinosa
(Olszewska and Wolbis, 2001, 2002a,b; Owczarek et al., 2017).
The greatest chemical diversity was observed for the defatted
methanol-water (7:3, v/v) extract (MED), while its fractions
of diethyl ether (DEF), ethyl acetate (EAF), n-butanol (BF),
and water residue (WR) obtained after sequential liquid-liquid
partitioning were enriched in selected analytes, depending on the
fractionation solvent.

Compounds 1-4, 6-10, and 12-14 displayed absorption
maxima at 325 or 310 nm and UV-Vis spectra characteristic
of caffeic acid or p-coumaric acid derivatives, respectively.
According to the spectral profiles and hierarchical discrimination
key proposed by Clifford et al. (2003), the peaks showing
parent [M-H]~ ions at m/z 353, 337, and 367 were identified
as isomeric caffeoylquinic acids (chlorogenic acids; 1, 4, 8),
p-coumaroylquinic acids (3, 10, 12), and feruloylquinic acids
(6, 14), correspondingly. The identity of chlorogenic acids was
additionally confirmed by experiments with standards, as was the
presence of simple caffeic (7) and p-coumaric acids (13) giving
the typical [M-H] ™~ ions at m/z 179 and 163, respectively. The
same ions were found in MS? spectra of compounds 2 and 9
after neutral losses of sugar moieties (-162 Da each), which led to
the tentative identification of hexosides of caffeic acid and ferulic
acid, respectively.

Peaks 5, 11, 16, 18, 28, 30, and 37 with UV maxima at
280 nm were classified as flavan-3-ols and proanthocyanidins.
Based on standard spiking and literature data, compounds
5 and 11 were characterized as (+)-catechin and (—)-
epicatechin, respectively. Compounds 16, 18, and 28 with
parent ions [M+H]" at m/z 577 were classified as dimeric
A-type procyanidins. These compounds gave secondary ions
in MS? spectra at m/z 559, 425, and 287. The ions at
m/z 425, arising from retro-Diels-Alder (RDA) fission of the
[M+H]* (577-152 Da), and the ions at m/z 287 (577-290
Da) resulting from quinone methide (QM) fission, confirmed
the presence of two (epi)catechin units in the structures (Li
and Deinzer, 2008; Hamed et al., 2014). Compounds 16, 18,
and 28 were thus tentatively identified as (epi)catechin-A-
(epi)catechins. Two A-type proanthocyanidins of that kind

have already been isolated from the flowers of P. spinosa
and identified as ent-epicatechin-(40— 8;2a— O—>7)-catechin
and ent-epicatechin-(40— 8;200— O— 7)-epicatechin (Kolodziej
et al, 1991). Compounds 30 and 37 with pseudomolecular
[M+H]* ions at m/z 561 and ions in MS? spectra at m/z 543,
409 and 271 were classified as dimeric A-type proanthocyanidins.
The mass difference between compounds 16, 18, 28, and 30,
37 was 16 Da, which indicated that in the latter molecules one
(epi)catechin unit is probably replaced by (epi)afzelechin, the
flavan-3-ol reported to occur in blackthorn flowers (Kolodziej
et al., 1991) and branches (Pinacho et al., 2015). m/z 409
(561-152 Da) arising from RDA fission of the [M+H]™ ion,
confirmed the presence of (epi)catechin in both compounds.
On the other hand, the product ions at m/z 271 (561-290
Da) resulting from QM fission of the [M+H]" ions, showed
that the upper unit in both cases was (epi)afzelechin, and
hence the terminal unit must be (epi)catechin, m/z 287 (Li
and Deinzer, 2008; Hamed et al., 2014). The structures of
compounds 30 and 37 were thus tentatively identified as
(epi)afzelechin-A-(epi)catechin. Two proanthocyanidins of that
type, i.e., ent-epiafzelechin-(4a— 8;20— O—7)-epicatechin and
ent-epiafzelechin-(40— 8;2a— O—7)-catechin have previously
been isolated from blackthorn flowers (Kolodziej et al., 1991).
Peaks 15,17, 19-21, 23-27, 29, 31-36, 38-54, and 56-59 with
two UV-Vis maxima at 250-268 and 355-365 nm were classified
as flavonoids. Compounds 52 and 56 showed parent [M-H]~
ions at m/z 301 and 285, respectively, and were identified with
standards as free aglycones quercetin and kaempferol. Peaks 23,
26, 35, 36, 44, 47-49, 54, 57, and 59 with fragment ions in MS?
m/z 285 (typical for kaempferol) were identified with authentic
standards of kaempferol glycosides (Table 1). Compounds 15,
32, 33, 38, 42, 43, 45, and 46 were tentatively characterized
based on their fragmentation pattern as kaempferol mono- and
diglycosides. Peak 53 with parent [M-H]~ ion at m/z 635 and
fragment ions at m/z 593, 285 in MS spectra was tentatively
identified as kaempferol acetyl hexoside-rhamnoside due to the
neutral loss of an acetyl moiety (—42 Da), hexose (—162 Da)
and rhamnose (—146 Da). Peaks 24, 25, 27, 31, 34, 39-41, and
50 with fragment ions in MS® spectra at m/z 301 (typical for
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quercetin) were identified with standards of quercetin glycosides
(Table 1). Compound 21 with pseudomolecular [M-H]~ ion at
m/z 595 and fragment ion at m/z 301 was tentatively assigned
to quercetin hexoside-pentoside. Peak 51 with parent ion at m/z
651 and fragment ions at m/z 609, 447, and 301 was determined
as a quercetin analog of 53, ie., quercetin acetyl hexoside-
rhamnoside. Similarly, compound 58 was tentatively identified as
an analog of 59, i.e., quercetin p-coumaroyl-pentoside, probably
quercetin 3-O-(2”-E-p-coumaroyl)-a-L-arabinofuranoside, due
to the additional UV-Vis absorption maximum at 316 nm (typical
for an aromatic acyl unit), and the neutral loss of p-coumaroyl
moiety (—146 Da) and a pentose (—132 Da). Peak 17 gave the
parent ion at m/z 639 and its MS spectra revealed the cleavage of
two hexoses (—162 amu twice) and the aglycone signal consistent
with isorhamnetin, which enabled tentative identification of
isorhamnetin dihexoside.

Quantitative Standardization

According to the LC-MS findings, total contents of polyphenols
(TPC), flavonoids (TFC), proanthocyanidins (TPA), and
phenolic acids (TAC) were selected as standardization targets
(Table 2). The TPC levels assayed by the standard Folin-
Ciocalteu method and expressed in gallic acid equivalents (GAE)
varied in the range of 64.6-584.07 mg GAE/g dw of the extracts
with the highest values found for EAF (584.07 mg GAE/g dw)
and DEF (464.57 mg GAE/g dw). The total flavonoid content
(TFC) was determined by HPLC-PDA as a sum of flavonoid
aglycones released after acid hydrolysis of native extracts,
and recalculated on the dominant glycosides. With the levels
constituting 55.7-105.5% of the TPC values, flavonoids were the
dominant phenolic components of all extracts except WR, in
which phenolic acids prevailed. The highest TFC contents were
observed for DEF (490.63 mg/g dw) and EAF (325.53 mg/g dw).
As regards individual aglycones, kaempferol was the dominant
one and constituted 64.4-79.7% of the total aglycones. The
contents of quercetin and isorhamnetin were much lower and
constituted 18.8-30.9% and 1.6-4.7% of the sum of aglycones,
respectively. The total TPA, determined by the n-butanol-HCI
assay and expressed as cyanidin chloride equivalents (CYE),
ranged from 12.43 to 109.43 mg CYE/g dw, with the peak value
found again for EAF. Contrastingly, the highest level of phenolic
acids (TAC), assayed by HPLC-PDA, was observed for BF (66.77
mg/g dw), while in other extracts the TAC contents varied in the
range of 8.76-29.24 mg/g dw.

Antioxidative Effects in Chemical Models

All of the extracts showed significant and dose-dependent
antioxidant activity and ability to scavenge free radicals (DPPH,
a stable synthetic radical), directly reduce transition metal
jons (Fe*t, FRAP), and inhibit AAPH-induced linoleic acid
peroxidation (chemical model of lipid peroxidation) significantly
diminishing levels of thiobarbituric acid-reactive substances
(TBARS), with the final parameters strongly influenced by the
extraction solvent (Table 3). Regardless of the test, activity
of the extracts decreased in similar order, i.e., EAF > DEF
> BF > MED > WR, and correlated with the amounts
of polyphenols (TPC) and flavonoids (TFC) in the samples

(Table 4). The strongest relationships were observed for the
FRAP test, whereas for the DPPH and TBARS assays, the
correlation coefficients were negatively influenced by WR, a
virtually flavonoid-free extract. If WR was excluded from the
data matrix, the impact of TPC (|r] > 0.91, p < 0.05) on the
antioxidant parameters of the other extracts was evident for
all tests (results not shown). In a comparison to the positive
standards, the antioxidant capacity of the most active extracts
EAF and DEF was higher (p < 0.05) or not statistically
different (p > 0.05) than that of an industrial antioxidant
BHT (DPPH and TBARS tests), and Trolox, a synthetic analog
of vitamin E (FRAP and TBARS tests). Moreover, if activity
parameters of the native extracts were recalculated to GAE
(Table 3) using the TPC values, the obtained antioxidant
capacities of the phenolic fractions constituting the dry extracts
were comparable to all of the positive standards except
quercetin.

Protective Effects on Human Plasma

Components

After demonstrating the promising antioxidant capacity in
chemical assays, the extracts were examined in terms of their
effects on human plasma exposed to oxidative stress induced
by peroxynitrite (ONOO™; 100 pM). In comparison to the
control (untreated) samples, the peroxynitrite-stimulated plasma
exhibited a considerably enhanced level (Figure 2A; p < 0.001)
of 3-nitrotyrosine in plasma proteins (3-NT-Fg, a marker of
protein nitration), a strong increase of lipid hydroperoxides
(ferric-xylenol orange assay, FOX-1) and thiobarbituric acid-
reactive substances (TBARS)—markers of lipid peroxidation
(Figures 2B,C; p < 0.001), as well as a noticeable decrease
(Figure 2D; p < 0.001) in ferric reducing ability (FRAP, a
marker of total antioxidant status of plasma). In plasma
samples incubated with ONOO™ in the presence of the extracts
(at 1-50 pg/mL), the rate of oxidative/nitrative damage was
significantly reduced (Figures2A-C; p < 0.05). All tested
extracts effectively diminished the nitration of tyrosine residues
(Figure 2A; p < 0.001)—by about 15-50% and 36-54% at 1
and 50 pg/mL, respectively. The impact of extraction solvent
on the anti-nitrative activity was less pronounced than that
observed in chemical tests; still, WR was again the least
effective at each concentration level (p < 0.05). Among the
other extracts, MED displayed the strongest activity (50-58%
decrease in tyrosine nitration); however, only the effects of
EAE BE and WR were dose-dependent (Figure2A; p <
0.05). In consequence, the correlation between the percentage
inhibition of tyrosine nitration and the phenolic contents
(TPC, TEC, TPA, TAC) was not significant (Table4). All of
the tested extracts exhibited also protective properties against
peroxynitrite-induced lipid peroxidation (Figures2B,C; p <
0.001), regardless of the concentration level. In samples pre-
incubated with the medium extracts concentration (5 jug/mL),
the levels of hydroperoxides and TBARS decreased by about
47-53% and 21-34%, respectively. The solvent effects were
negligible, although EAF at 50 ug/mL was the most effective
antioxidant, able to reduce the peroxidation parameters by
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TABLE 3 | Antioxidant activity of P spinosa flower dry extracts and standard antioxidants in DPPH, FRAP, and TBARS tests.

Analyte DPPH-Radical scavenging activity Ferric reducing antioxidant power LA-Peroxidation TBARS

ECso (1g/mL)®  ECsp (g GAE/mL)®  FRAP (mmol Fe2+/g)°  FRAP (mmol Fe?*/g GAE)? ICs50 (ng/mL)® ICs50 (Lg GAE/mL)%:

MED 15.46 + 0.387 3.19 4.40 4 0.108 21.35 20.02 + 1.957 413
DEF 6.91 +0.220 3.42 9.46 + 0.04DE 19.12 6.87 + 0.59%P 3.40
EAF 6.04 + 0.07° 3.53 9.02 +0.110 15.44 5.81 + 0.408C 3.40
BF 11.79 + 0.50F 3.50 6.15 + 0.23° 20.75 11.34 + 0.76F 3.36
WR 51.32 4 0.93¢ 3.32 1.31 +0.047 20.33 49.73 + 2.05C 3.21
Qu 1.63 + 0.07A - 36.02 + 1.11 - 1.85 £ 0.12A -
TX 4.34 +0.22C - 10.83 + 0.32F - 8.47 + 0.45CDE -
BHA 2.90 +0.14B - 16.13 + 0.83F - 3.16 + 0.22A8 -
BHT 6.54 + 0.28° - 18.89 + 0.42C - 9.31 + 0.160:E -

Results are presented as mean values (+ SD for replicates, n = 3) calculated per dry weight of the extract or positive control (QU, quercetin; TX, Trolox; BHA; BHT). For extract codes see
Table 1. Different superscripts (capitals) in each column indicate significant differences in the means at p < 0.05. #Scavenging efficiency (amount of antioxidant needed to decrease
the initial DPPH concentration by 50%) expressed as follows: 2in ug of the dry extract or standard/mL of the DPPH solution; ®in g of phenolics/mL of the DPPH solution (values
obtained by converting the original ECs values using the TPC levels). ©Values expressed per g of the dry extract or standard. “Values expressed per g of the phenolics (obtained by
converting the original FRAP values using the TPC levels). #/Linoleic Acid (LA) Peroxidation test; inhibition concentration (amount of antioxidant needed to decrease the LA-peroxidation
by 50%) expressed as follows: in ug of the dry extract or standard/mL of the LA solution; fin g of phenolics/mL of the LA solution (values obtained by converting the original ICsg
values using the TPC levels).

TABLE 4 | Correlation coefficients (r) and probability (o) values of linear relationships between antioxidant activity parameters and phenolic contents.

r (p) for: Antioxidant activity (chemical models) Antioxidant activity (human plasma model)

DPPH FRAP TBARS 3NT-Fg TBARS FOX-1 FRAP
TPC —0.8277 (0.084) 0.9721 (0.006)** —0.8696 (0.055) 0.5094 (0.052) 0.8657 (0.000)*** 0.7567 (0.001)*** 0.9877 (0.000)**
TFC —0.8122 (0.095) 0.9606 (0.009)** —0.8536 (0.066) 0.4733 (0.075) 0.7335 (0.002)** 0.6273 (0.012)* 0.9284 (0.000)***
TPA —0.7273 (0.164) 0.7586 (0.137) —0.7453 (0.148) 0.5084 (0.053) 0.9018 (0.000)*** 0.8001 (0.000)*** 0.9535 (0.000)™**
TAC —0.1415 (0.820) —0.1517 (0.808) —0.1417 (0.820) 0.2173 (0.437) 0.4021 (0.134) 0.2125 (0.447) 0.5691 (0.021)*

Activity and concentration parameters according to Tables 2, 3, and Figure 2. Asterisks mean statistical significance of the estimated linear relationships (*p < 0.05, *p < 0.01,
***p < 0.001).

about 70% in FOX-1 and 45% in TBARS tests. The inhibitory  of the oxidized plasma and the TPC, TFC, and TPA levels
activity on lipid peroxidation was dose-dependent for all extracts  (Table 4).

if measured by TBARS (Figure2C; p < 0.05); however, in Simultaneously, the ONOO™ -treated plasma was incubated
the FOX-1 assay only some dose-effects for MED, DEF and  with 5 jug/mL of standard phenolics (Figures 2A-D). In contrast
EAF were significant, i.e., differences observed between the two  to results of the chemical tests, in the plasma model the
lowest concentration levels (1-51g/mL) and the highest dose ~ pure compounds were merely comparable or inferior to the
of 50g/mL (Figure2B; p < 0.05). Consequently, relatively  blackthorn extracts in terms of the antioxidant activity. For
strong correlations (|r] > 0.73, p < 0.01) were observed between  instance, the range of percentage inhibition of tyrosine nitration
the percentage of lipid peroxidation assayed by TBARS and  achieved for the standards (ca. 11-34%) was lower than for
the phenolic contents (TPC, TFC, TPA), whereas the analog  the extracts (ca. 19-58%) applied at the same concentration
relationships for FOX-1 test were weaker (|r| > 0.62, p <  of 5ug/mL (Figure 2A). Moreover, the activity of MED and
0.01) (Table 4). All of the extracts were also able to normalize ~ EAF at 5pg/mL was significantly higher (p < 0.001) than
and/or enhance the total antioxidant status of ONOO™-  that of all standards. Furthermore, quercetin—the strongest
treated plasma (FRAP), depending on the concentration used, antioxidant in chemical models—counteracted the plasma
and only MED at 1pg/mL did not change significantly the  nitration significantly less effectively than all extracts (Figure 2A;
FRAP value of the oxidized plasma (Figure2D; p > 0.05). p < 0.001). Similar trend was observed for ONOO™ -induced
For all other extracts, a significant improvement in the lipid peroxidation, both with FOX-1 detection—only rutin
plasma reducing ability was observed with the increase up  exhibited protective activity comparable to that of the extracts
to about 190% vs. the ONOO™-stimulated plasma and 140%  at 5ug/mL (Figure2B; p > 0.05), and with TBARS test—
vs. the control sample for EAF at 50 ug/mL (Figure2D; p  overlapped ranges of percentage inhibition of peroxidation were
< 0.001). Strong dose-dependency of the analytical response  found for the standards (ca. 26-32%) and the extracts (21-34%)
was found, and thus strong relationships (|r| > 0.92, p <  at5ug/mL (Figure 2C; p > 0.05). Only in the FRAP assay, two
0.001) between the percentage increase in the FRAP values  of the standards—quercetin and chlorogenic acid—enhanced the
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FIGURE 2 | Effects of P, spinosa flower dry extracts on human plasma exposed to oxidative stress: (A) effects on the nitration of tyrosine residues in plasma proteins
and formation of 3-nirotyrosine, 3-NT-Fg; effects on the peroxidation of plasma lipids including formation of lipid hydroperoxides, LOOH (B), and thiobarbituric
acid-reactive substances, TBARS (C); (D) effects on ferric reducing ability of plasma, FRAP. Results are presented as means + SE (n = 10) for repeated measures:
###p < 0.001 for control plasma vs. ONOO~ -treated plasma (without the extracts); **p < 0.01, ***p < 0.001 for ONOO~ -treated plasma in the presence of the
extracts (1, 5, or 50 pg/mL) or standards (5 ng/mL) vs. ONOO ™ -treated plasma in the absence of the extracts. Standards: RT, rutin; QU, quercetin; TX, Trolox; CHA,

chlorogenic acid.

reducing ability of plasma more strongly than the extracts at the
corresponding concentration (Figure 2D; p < 0.001).

Inhibitory Effects on Pro-Inflammatory
Enzymes

The extracts inhibited the activity of lipoxygenase (LOX)
and hyaluronidase (HYAL) in a dose-dependent manner, but
with different responses toward particular enzyme (Table 5).
Considering the ICsp values expressed in pg/U, the extracts
were stronger inhibitors of LOX than HYAL. In both tests the
strongest effects observed for EAF and DEF were intermediate
between those of phenolic standards and indomethacin, a strong
nonsteroidal anti-inflammatory drug. The inhibitory activity
toward both enzymes was strongly correlated with the TPC levels
(|r] > 0.88, p < 0.05). The responses in the LOX test were also
strongly TFC-dependent (r = —0.8868, p < 0.05), while in the
HYAL assay this relationship was noticeable (r = —0.8691) but
not significant (p = 0.056).

Influence on Cells Viability

The potential cytotoxicity of the extracts was evaluated in a
model of PBMCs after 60 and 120 min of incubation with the
extracts at 5 pug/mL. Cellular safety of the extracts was evidenced

by the lack of significant differences (p > 0.05) in cell viability
observed between PBMCs incubated with the extracts (85.6—
90.5% viability) and the control (untreated) samples (87.85-90.85
viability), regardless of the incubation time and extraction solvent
(Figure 3).

DISCUSSION

As beneficial for human health, including prevention of CVD,
polyphenol-rich extracts are widely used in the preparation of
dietary supplements and pharmaceuticals (Franz et al., 2011).
Extraction from natural matrices is thus the crucial step in
their utilization as it affects extract composition, activity, and
yield. Generally, alcohol and alcohol-water mixtures are the
best extractants for low-molecular-weight polyphenols of high
antioxidant potential and good bioavailability (Manach et al.,
2005). The crude extracts are often fractionated to remove fat-
soluble ballast substances (chlorophylls and waxes) and thereby
purify and concentrate the phenolic fractions (Rana et al,
2016). The results from the present study confirmed these
observations: the defatted methanol-water (7:3, v/v) extract from
the blackthorn flowers (MED), demonstrated to be a rich source
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TABLE 5 | Inhibitory activity of P spinosa flower dry extracts on lipoxygenase
(LOX) and hyaluronidase (HYAL).

Analyte LOX HYAL
ICs0 (ng/mL)?  ICs0 (Lg/U)®  ICs0 (g/mL)®  ICsp (ng/U)®

MED 327.36 + 5.93F 7.85 51.74 + 2.16F 23.00
DEF 150.36 + 4.47C 3.60 21.40 4 0.768 9.51
EAF 135.36 + 5.558 3.25 21.27 +£0.16B 9.45
BF 171.10 + 1.36F 4.1 42.23 + 0.99° 18.77
WR 479.50 + 3.38G 11.50 121.72 + 5.73F 54.10
Qu 89.23 + 2,13~ 2.14 30.78 + 1.84C 13.65
RT 162.70 + 3.700 3.90 54.63 + 2.61E 24.23
CHA 166.83 + 7.150F 4.00 28.59 + 1.21€ 12.68
IND 92.60 + 3.71A 2.22 12.77 £ 0.91A 5.66

Results are presented as mean values + SD (n = 3) calculated per dry weight of the extract
or positive control (QU, quercetin; RT, rutin; CHA, chlorogenic acid; IND, indomethacin).
For extract codes see Table 1. Different superscripts (capitals) in each column indicate
significant differences in the means at p < 0.05. 32Inhibition concentration (amount of
analyte needed for 50% inhibition of enzyme activity) expressed as follows: @in ug of the
dry extract or standara/mL of the enzyme solution; Pin ug of the extracts/enzyme unit (U).

PMBCs viability

@60 min @120 min

100

% of viability

Control MED DEF EAF WR

extract concentration 5 pg/mL

FIGURE 3 | Viability of peripheral blood mononuclear cells (PMBCs) after 60
and 120 min of incubation with P spinosa flower dry extracts at 5 pg/mL.

of phenolic compounds, could be further enriched by liquid-
liquid partitioning with organic solvents (Table 2). The TPC in
the richest fractions EAF and DEEF, as determined by the Folin-
Ciocalteu (FC) assay, were comparable to those found in the
extracts considered important in CVD prevention, for instance
in commercial ethanol extracts of grape seed (ca. 630-670 mg
GAE/g dw) (Baydara et al,, 2004) or in ethyl acetate fractions
of green tea and green mate (ca. 480-580 mg GAE/g dw) (Erol
et al,, 2009). The previous literature data referring to P. spinosa
are limited to studies on fruits, branches, and leaves. According
to Pinacho et al. (2015), the highest TPC level quantified by
the Prussian Blue method (PB) was found for ethanol fraction
from branches (732.34 mg GAE/g dw), followed by those from
fruits (359.11 mg GAE/g dw) and leaves (228.56 mg GAE/g
dw). Despite some differences in chemistry of the PB assay
in comparison to the standardized FC test, in the preliminary
studies focused on selection of the plant material for the present
work, we have observed the magnitude of phenolic levels to some
extent similar, which enables ordering of the blackthorn tissues in

respect to the TPC values as follows: branches > flowers > fruits
> leaves. Therefore, the flowers were found promising for further
studies.

The present paper is the first presenting comprehensive LC-
MS profile of P. spinosa flowers (Figure 1, Table 1). The previous
studies aimed at isolation and resulted in structure elucidation
of 16 flavonoids (Sakar and Kolodziej, 1993; Olszewska and
Wolbis, 2001, 2002a) and five proanthocyanidins (Kolodziej
et al, 1991), the presence of which was now confirmed in
the flower dry extracts. In addition, 36 constituents, mainly
flavonoids, and phenolic acids, were reported here for the
first time for the blackthorn flowers (Table 1). With nearly
60 components detected, in contrast to only 25 observed in
the leaves (Owczarek et al., 2017), 26 in branches (Pinacho
et al,, 2015), and 29 in fruits (Guimardes et al., 2013), the
phenolic matrix of the flowers is obviously the most complex.
A distinctive qualitative feature of the flower extracts is a vast
diversity of the flavonoid fraction (thirty seven peaks). While
according to Owczarek et al. (2017) flavonoids prevail also in
the leaf samples, only 14 structures have been detected in this
organ. The branches and fruits of P. spinosa may be in turn
distinguished by the presence of numerous proanthocyanidins
(twelve peaks in branches) and anthocyanins (eight peaks in
fruits), respectively (Guimaraes et al., 2013; Pinacho et al., 2015).
In phytotherapy, the blackthorn flowers are indeed recognized as
a flavonoid herbal product (Hoppe, 1981; Poonam et al., 2011).
High content of flavonoids found in the present study and their
prevalence in flower dry extracts (Table 2), were in agreement
with these findings. In addition to flavonoids, the analyzed
extracts contained moderate levels of proanthocyanidins and
phenolic acids (Table 2). The TPA level of MED is in accordance
with the results reported recently by Ropiak et al. (2016) for
aqueous acetone extracts of blackthorn flowers (40 mg/g dw). As
indicated in the latter paper, the average degree of polymerization
of flower procyanidins is 2.9, which means that the majority
of TPA fraction is within the bioavailable range of molecular
masses (Manach et al, 2005). Thus, the composition of the
flower extracts of blackthorn appears promising in the context
of CVD and potential industrial application. Regular intake
of flavonoids with the diet or supplements is associated with
reduced risk of cardiovascular episodes and mortality (Alissa
and Ferns, 2012). In in vivo studies, they have been shown
to improve antioxidant status, exert anti-atherosclerotic and
anti-atherothrombotic effects in early stages of atherosclerosis
development (e.g., decrease LDL oxidation), modulate lipid
metabolism (e.g., normalize LDL/HDL profile), improve capillary
permeability (vasoprotective effects) and endothelial function,
and increase nitric oxide release (vasodilatory effects) (Middleton
et al., 2000; Alissa and Ferns, 2012). As the most common
group of polyphenols in the human diet, flavonoids are also
regarded as safe in internal applications. Like flavonoids, both
low-molecular-mass proanthocyanidins and phenolic acids have
been shown to modulate lipid metabolism, increase plasma
antioxidant capacity, improve vascular functions, and reduce
platelet activity in humans (Manach et al., 2005).

As antioxidant activity of polyphenols is one of the most
important aspects of their beneficial effects in CVD (Middleton
et al., 2000; Alissa and Ferns, 2012; Quifones et al., 2013;
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Santilli et al., 2015) we decided to verify it in complementary
chemical and biological models that reflect various direct and
complex mechanisms. Although simple chemical in vitro assays
are hardly relevant to in vivo conditions, they enable preliminary
screening for potential mechanisms and comparison with the
literature data. In the present study, we employed three the most
frequently used tests of both single electron transfer (DPPH,
FRAP) and hydrogen atom transfer basic mechanisms (TBARS)
to explore direct interactions of the extracts with free-radicals
and transition metal ions as well as to study some of these effects
in a model of lipid peroxidation. The results demonstrated that
the flower extracts are potent and universal antioxidants, and
that their dose-dependent activity is determined by the contents
of phenolics, primarily flavonoids, and strongly influenced
by the fractionation solvent (Tables3, 4). Also the extracts
produced from other organs of P. spinosa have recently been
reported effective DPPH scavengers, as well as inhibitors of
lipid peroxidation (Guimaraes et al., 2014; Pinacho et al., 2015).
Comparing our results to those of Pinacho et al. (2015) and in
terms of capacity of BHA after 60 min of incubation, it seems that
the activity of flower extracts (EAF, DEF) is comparable to that of
branches, and superior to those of leaves and fruits. Moreover,
the comparison of our results from TBARS assay and the results
obtained by Guimaraes et al. (2014) in terms of activity of Trolox,
shows that the lipid peroxidation inhibitory activity of flower
extracts (EAF, DEF) is higher than that of phenolic-enriched
extracts from wild fruits. On the other hand, the outcomes from
DPPH test suggest similar scavenging activity for flower and fruit
extracts.

To give a more accurate approximation of the possible in
vivo effects of the flower extracts, we extended the in vitro
study to the model of human plasma exposed to oxidative
stress. The stress conditions were induced by peroxynitrite
(ONOO™), a powerful oxidative and nitrative species, generated
in vivo by the reaction of nitric oxide (NO) and superoxide
anion (O37), and involved in the pathophysiology of various
inflammatory, neurodegenerative, and especially cardiovascular
disorders including atherosclerosis, myocardial infarction and
chronic heart failure (Ronson et al., 1999). The concentration of
ONOO™ used in our in vitro study (100 jLM) enables quantitative
measurements of the changes induced in plasma components
and corresponds to its levels in vivo, that can be reached in
local compartments in the conditions of accelerated production
of NO and O}~ e.g., during a serious inflammation of blood
vessels, when its synthesis can increase up to 50-100 pM/min
(Szabo et al., 2007). During the study, the plasma samples were
pre-incubated with the extracts at the levels of 1-50 ug/mL,
equivalent to 0.06-29.2 ug GAE/mL, depending on the extract.
From the physiological point of view, the concentrations of
phenolic substances that are likely to occur in blood plasma
in vivo after oral supplementation can reach up to 5-7 uM,
depending on the food matrix (Manach et al., 2005). For example,
it has been reported that 100-mg dose of quercetin from onions
and 150-mg dose of pure isoquercitrin (quercetin-3-glucoside)
resulted in the concentrations up to 7.6 and 5 pM in plasma,
respectively, which is an equivalent of 1.5-2.3 pg/mL of quercetin
(Hollmann, 2004; Manach et al., 2005). It has also been suggested
that the bioavailability of kaempferol and its glycosides, the

dominant flavonoids of blackthorn flowers according to our
results, is higher than that of quercetin (DuPont et al., 2004).
Therefore, the lower levels of the extracts (1-5 j1g/mL) used in the
study appear to closely correspond to the range of physiological
level of plant-derived phenolic compounds available after oral
administration. In accordance with the common practice of in
vitro studies (Kolodziejczyk et al., 2011; Kolodziejczyk-Czepas
et al., 2013, 2014), the extracts were studied also at 50 jug/mL
to enable that of observation of all possible effects of their
interaction with peroxynitrite.

The results from biological model confirmed our hypothesis
that antioxidant activity of the P. spinosa flower extracts may be
crucial in understanding their beneficial effects in CVD in vivo.
The analyzed extracts not only enhanced the total antioxidant
status of the ONOO™ -treated plasma but also effectively reduced
the levels of well-known oxidative stress biomarkers—products
of protein nitration (3-nitrotyrosine) and lipid peroxidation
(hydroperoxides and TBARS) (Figure 3). In CVD patients, the
increased levels of these biomarkers are good predictors of
cardiovascular events and are correlated with prothrombotic,
proatherogenic, and pro-inflammatory intravascular effects,
plaque instability, and endothelial dysfunctions (Lee et al., 2012;
Thomson, 2015). The mechanism of action of the blackthorn
extracts in the protection of plasma proteins and lipids probably
involves a direct scavenging of peroxynitrite or/and secondary
radicals formed in the induced chain reactions. It is consistent
with the noticeable scavenging potential of the extracts toward
the model radical (DPPH), and with the accumulating evidence
of anti-radical effects of polyphenols against ONOO™ and
ONOO™ -related radicals operating in plasma, such as O;_, NO,
*NO,, *OH, etc. (Heijnen et al., 2001). Despite some arguments
being presented for the impact of blackthorn polyphenols
on the target activity in plasma, the differences between the
examined extracts were not as evident as in the case of chemical
tests. The discrepancies may be an effect of complexity and
ontogenetic diversity of blood plasma, as well as differences
in the sensitivity to ONOO™ between the plasma samples.
Some interactions between endogenous plasma constituents and
blackthorn phenolics could also be the reason. On the other
hand, the complexity of the extracts and synergic effects of their
individual components are probably behind the superior activity
profile revealed by the extracts comparing to the pure standards.
Finally, it is of note that all beneficial effects of the extracts
on plasma were measurable at physiological concentrations (1-
5 pg/mL), which do not deteriorate the viability of PBMCs and
may be regarded as safe.

Pathogenesis of CVD covers, apart from oxidative stress,
also a closely related process of inflammation (Biswas, 2016).
To evaluate the potential anti-inflammatory effects of the
blackthorn extracts, we decided to study their impact on two
model pro-inflammatory enzymes. The first belongs to the
family of lipoxygenases, enzymes catalyzing dioxygenation of
polyenoic fatty acids in biological membranes and lipoproteins,
and producing key chemokines and ROS, such as leukotrienes
and O;_, associated with the development of oxidative
stress-related inflammatory pathologies of CVD, e.g., myocardial
infarction/reperfusion injury (Schneider and Bucar, 2005). The
second one—hyaluronidase—is a spreading factor increasing
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tissues (i.a. vascular) permeability during the inflammatory
processes by degrading hyaluronan, an anti-inflammatory
extracellular matrix component (Girish et al, 2009). Both
enzymes are targets of many synthetic drugs used in anti-
inflammatory therapies, but it has been shown that plant extracts,
especially those containing phenolics, can also significantly
inhibit their activity (Schneider and Bucar, 2005; Piwowarski
etal, 2011). Indeed, the investigated extracts, rich in polyphenols,
were found to be inhibitors of both enzymes (Table5).
The activity of the most active fractions was between those
of the commercial agents—indomethacin (nonsteroidal anti-
inflammatory drug) and rutin (flavonoid vasoprotective agent),
while the basic methanol-water extract was slightly less
active. However, with the results of antioxidant activity tests,
these findings suggest that the extracts might influence both
interdependent processes of oxidative stress and inflammation.

CONCLUSIONS

This work is the first comprehensive phytochemical and activity
study of the flower extracts of P. spinosa. The detailed LC-MS
patterns presented here can be recommended as reference
fingerprints useful in authentication and standardization
studies of blackthorn flowers and flower extracts. Distinct
phenolic profiles, significant antioxidant effects comparable to
or surpassing the activity of pure phenolics in both chemical
and biological models, noticeable inhibitory effects on pro-
inflammatory enzymes, and cellular safety suggest that
the investigated extracts may be promising candidates for
the production of pharma- and nutraceuticals effective in
cardiovascular protection. Considering both the yield and the
activity, the defatted methanol-water (7:3, v/v) extract and
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ARTICLE INFO ABSTRACT

Keywords: Prunus spinosa L. flowers are a traditional herbal medicine recommended for the adjunctive treatment of oxi-
Blackthorn dative stress-related diseases. In search of the main bioactive constituents of the flowers, the antioxidant activity
OXi‘_iafive stress of dry extracts obtained thereof by fractionated extraction was tested in vitro towards primary in vivo-relevant
Radical reactive oxygen species (O, ", OH’, NO’, H,0,, ONOO™, HOCI) and juxtaposed with the activity of eight model
ROS : 2 3 3 § P

RRS native polyphenols and five compounds considered to be their main metabolites in human plasma. All extracts

exhibited concentration- and phenolic-dependent scavenging potential towards the tested oxidants, and the
highest responses were observed for O,~, OH’, ONOO™, and HOCI. The total antioxidant capacity of the extracts
towards the six oxidants, expressed as sum of ascorbic acid (AA) equivalents, was in the range of 4.8-29.2 umol
AA/mg dw. The most active model polyphenols were quercetin, avicularin, procyanidin A2 and chlorogenic acid
(44.5-72.5 umol AA/mg), while the prevalent in the extracts kaempferol derivatives exhibited relatively weak
capacity (11.8-27.0 pmol AA/mg). Among the metabolites, dihydrocaffeic acid (68.8 pmol AA/mg) and 2-(3’,4-
dihydroxyphenyl)acetic acid (63.2 pmol AA/mg) were particularly active — in some tests exhibited stronger
activity than their parent compounds. The work gives an insight into the role of native and metabolised phenols
as contributory factors to systemic activity of flower extracts and proposes the analytical markers for their
standardisation.

1. Introduction

Reactive oxygen/nitrogen species (ROS/RNS) are important phy-
siological molecules involved, among others, in cell signalling and host
defence (Droge, 2002). However, an uncontrolled and excessive ROS/
RNS production may overwhelm the antioxidant capacity of the cell
and lead to deleterious oxidative stress, which is implicated in the pa-
thogenesis of numerous chronic diseases (Niki, 2016a). As ROS pro-
duction is related to oxygen consumption, the circulatory system is
especially prone to oxidative stress that contributes to the development
and/or progression of cardiovascular disorders (CVD) — the leading

cause of death and disabilities in the Western societies (Taverne et al.,
2013). Polyphenols and polyphenol-rich plant extracts, as natural an-
tioxidants, are often investigated as a potential treatment option in
prophylaxis and adjunctive therapy of CVD, and their mechanisms of
action, including possible interactions with ROS/RNS, are closely
looked into (Pandey and Rizvi, 2009). The in vivo-operating ROS/RNS
comprise molecules of various chemical behaviour, including free ra-
dicals such as 0,7, OH', and NO’, the non-radical oxidants such as
H,05, ONOO™ and HOCI, as well as products of their downstream re-
action cascade with cellular components. All these species differ in
function, reactivity and reaction mechanisms, forming an aggressive

Abbreviations: AA, ascorbic acid; AV, avicularin (quercetin 3-O-a-L-arabinofuranoside); BF, n-butanol fraction; CHA, chlorogenic acid; DCA, 3-(3’4’-dihydrox-
yphenyl)propionic acid (dihydrocaffeic acid); DEF, diethyl ether fraction; EAF, ethyl acetate fraction; H,0,, hydrogen peroxide; HOCI, hypochlorous acid; JU,
juglanin (kaempferol 3-O-a-i-arabinofuranoside); KA, kaempferol; KT, kaempferitrin (kaempferol 3,7-di-O-a-i-thamnopyranoside); MED, defatted methanol-water
7:3 v/v) extract; MQ, miquelianin (quercetin 3-O-B-p-glucuronopyranoside); NO', nitric oxide; O, ~, superoxide anion; OH", hydroxyl radical; ONOO™, peroxynitrite;
PA2, proanthocyanidin A2; PAA, 2-(3’4’-dihydroxyphenyl)acetic acid; p-CA, p-coumaric acid; PCA, protocatechuic acid; PPA, 3-(4’-hydroxyphenyl)propionic acid;
QU, quercetin; ROS/RNS, reactive oxygen/nitrogen species; TX, + -6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox); WR, water residue
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cocktail of oxidants able to interact with the most critical biomolecules
including proteins, lipids and nucleic acids (Biswas, 2016). On the other
side of the equation, there is the huge chemical variability of the
polyphenols themselves, with different selectivity and specificity to-
wards different ROS/RNS. Thus, to fully understand the interactions
between the two groups, simultaneous investigation of the activity of
natural substances towards multiple oxidants is required (Niki, 2016b;
Prior et al., 2016).

Blackthorn (Prunus spinosa L., Rosaceae) flower is a polyphenol-rich
plant material valued in the medicinal tradition of Central and Eastern
Europe as a vasoprotective, anti-inflammatory, diuretic, detoxifying
(blood purifying), and spasmolytic agent (Blumenthal and Busse, 1998;
Hoppe, 1981; Wawrzyniak, 1992). Its application in compound recipes,
recommended, among others, in various cardiac complaints such as
inflammation of the heart muscle, cardiac neurosis or atherosclerosis
(Blumenthal and Busse, 1998; Hoppe, 1981; Wawrzyniak, 1992) as well
as the results of the preliminary ex vivo and in vivo animal studies in-
dicating beneficial cardiovascular effects of the blackthorn extracts
(Lisevitskaya et al.,, 1968; Makarov, 1968, 1972; Makarov and
Khadzhai, 1969) prompted us to investigate more closely this plant
material and its possible molecular effects in the context of CVD. Our
previous study demonstrated that the antioxidant capacity of P. spinosa
flower extracts might be counted as one of the mechanisms behind their
activity within the circulatory system reported by traditional medicine
(Marchelak et al., 2017). In particular, we have demonstrated the
protective effects of the extracts against oxidative and nitrative damage
to human plasma components under oxidative stress conditions induced
in vitro by ONOO™, one of the strongest oxidants operating in vivo. The
beneficial action of the extracts at in vivo-relevant concentrations
(1-5 pg/mL of plasma) was reflected in the reduction of the levels of
main oxidative stress biomarkers (3-nitrotyrosine, lipid hydroper-
oxides, and thiobarbituric acid-reactive substances) and in the en-
hancement of the total non-enzymatic antioxidant status of plasma
(NEAC) (Marchelak et al., 2017). However, the molecular mechanisms
of these effects remain unexplored. In particular, there is no informa-
tion on the interactions of the P. spinosa extracts and constituents with
ONOO™ as well as other ROS/RNS which might be implicated in the
generation of oxidative stress in biological systems.

Moreover, our studies on phytochemical profile of the flower ex-
tracts proved the huge complexity of the phenolic matrix (nearly 60
components detected in the qualitative LC-MS/MS analysis), which
comprised constituents from various chemical groups such as flavo-
noids with rare in nature flavonol pentosides (arabinosides, xylosides,
rhamnosides), flavan-3-ol derivatives including A-type procyanidin di-
mers, as well as simple phenolic acids and quinic acid pseudodepsides
(Marchelak et al., 2017) with potentially various impact on the activity
of the plant material. Closer insight into these differences might provide
valuable clues for the understanding of activity mechanisms of the
extracts and for the establishing of bioactivity markers for the purposes
of future standardisation and quality control.

One other important aspect of the activity of plant derived products,
often omitted during routine studies, is their metabolism. During in-
testinal transit, plant polyphenols undergo transformations due to the
conditions in the digestive tract and microbiota activity and often enter
the bloodstream in a modified form, and further changes are introduced
after absorption (Manach et al., 2004). Thus, the overall biological ef-
fects of polyphenols in vivo can be both due to the native compounds (if
absorbed unmodified) as well as their metabolites.

Therefore, the aim of the present work was to provide a closer in-
sight into the antioxidant capacity of P. spinosa flower extracts and its
primary constituents towards multiple ROS/RNS of physiological sig-
nificance (O, ", HO", H>0,, NO', ONOO ~, HOCI) and to juxtapose this
activity with that of a series of phenolic compounds considered to be
the main metabolites of polyphenols in human body and corresponding
to the phenolic profile of the examined extracts.
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2. Results and discussion

2.1. Antioxidant activity of P. spinosa flower extracts against multiple
oxidants

Oxygen metabolism that gives rise to various ROS/RNS is a multi-
step process, the critical point of which is formation of O, the pri-
mary reactive species produced in human cells (Droge, 2002). The
endogenous sources of O, include NADPH oxidases, xanthine oxi-
dases, cyclooxygenases, lipoxygenases, NO synthases, the mitochon-
drial electron-transport chain, and cytochrome P450s. Importantly,
0, serves as a progenitor of many other oxidizing agents operating,
among others, in the circulatory system, including OH’, H»O,,
ONOO™ and HOCI (Biswas, 2016; Taverne et al., 2013). For instance,
superoxide dismutase (SOD) converts O, ~ to H,0», which is the most
stable and diffusible form of ROS, selectively reactive towards cysteine
residues of proteins. In the presence of various in vivo reductants HO»
can generate OH', the most reactive species known to chemistry, able to
attack and damage almost every molecule in the living cell (Biswas,
2016). HOCI, generated in stimulated neutrophils via the myeloperox-
idase-catalysed reaction of H,0, with chloride ions, is a powerful an-
timicrobial agent but at the same time, it is a highly destructive and
non-selective oxidant involved in CVD progression (Ford, 2010). The
good example of a dual nature of ROS/RNS is also NO’, formed in
biological tissues through the oxidation of ir-arginine to citrulline by
distinct izoformes of NO synthases. When produced by endothelial NO
synthase (eNOS) in the vessel endothelium it plays an important role in
vessel dilatation and inflammatory protection (inhibition of leukocytes
adhesion) but if synthesised in stimulated macrophages by inducible
NO synthase (iNOS), it comes into contact with O, ™ and rapidly forms
the toxic ONOO~ (Forstermann and Sessa, 2012; Szabo et al., 2007).
The ONOO-mediated oxidative damage to biomolecules in vivo, espe-
cially protein nitration, is one of the most dangerous processes in the
vascular system, and may result from direct interactions with this
highly reactive oxidative and nitrative agent or from the secondary
oxidants derived from ONOO™, such as NO" or ‘'NO, (Szabo et al., 2007;
Niki 20164, b).

Considering the critical importance of the above mentioned low-
molecular ROS/RNS for the generation of oxidative stress in vivo, we
selected six of them (O, ~, H0,, OH', HOCI, NO', ONOO") to continue
and extend our study on the antioxidant properties of P. spinosa flower
extracts (Marchelak et al., 2017). The starting point for the present
investigation were the fractionated dry extracts, i.e. the source extract
MED and its fractions of different polarity (DEF, EAF, BF, WR), obtained
during the earlier study (Marchelak et al., 2017) by liquid-liquid par-
titioning. The phytochemical profiles of the extracts were characterised
in details (Marchelak et al., 2017) and their total phenolic contents
(TPC) varied in the range of 64.6-584.07 mg gallic acid equivalents
(GAE)/g dw (Fig. 1). To enable the comparison of the extracts efficiency
towards different ROS/RNS, the results of each test were expressed as
SCs values (Fig. 2) and as equivalents of known antioxidant standards
(Table 1) — AA, the primary antioxidant of human plasma in vivo, and
TX, a synthetic analogue of vitamin E. In the latter case, the sum of TX
equivalents and AA equivalents from the individual tests (TEyge and
AAEpRe, respectively) was applied as a measure of the total antioxidant
effectiveness.

Each of the investigated extracts showed significant and con-
centration-dependent ability to scavenge all of the abovementioned
ROS/RNS (Fig. 2). The TEygre and AAEyge values for the extracts varied
in a wide range of 3.8-94.1 pmol TX/mg dw and 4.8-29.2 pmol AA/mg
dw, with the highest total activity parameters found for EAF and DEF.
These results are consistent with our previous findings, which showed
that EAF and DEF exhibit the strongest antioxidant properties, both in
simple chemical tests in non-biological environments (DPPH, FRAP,
TBARS) and in human plasma stimulated by ONOO™ (Marchelak et al.,
2017). Moreover, in most of the present tests, the activity of the extracts
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TPC (mg GAE/g dw)

MED. 206.1 +10.9%

DEF 464.6 +20.67
EAF 584.1 +13.0F
BF 296.6 +3.3€

WR

T T T T 1

600 800

Fig. 1. Total phenolic contents (TPC) in the analysed flower extracts according
to Marchelak et al. (2017). Results are presented as mean values *+ SD (n = 3)
and expressed in gallic acid equivalents (GAE). Different letters indicate sig-
nificant differences in the means at p < 0.05. For detailed quantitative profiles
see Marchelak et al. (2017).

decreased in a similar order, i.e. EAF = DEF = BF > MED > WR -the
exception was the NO'-scavenging assay, in which DEF was proved to
be the most active extract. Interestingly, the activity parameters
strongly correlated with the TPC levels, and these correlations were
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more evident than those observed in our previous study in the relevant
chemical tests of DPPH scavenging and AAPH-induced linoleic acid
peroxidation measured by TBARS (Marchelak et al., 2017). The corre-
lation coefficients (r) for HyO,, OH', and ONOO™ scavenging activity
were 0.9595, 0.9569, 0.9807 (p < 0.05), respectively. The analogous
correlations for O,"~, HOCI, and NO" scavenging were also noticeable
(r = 0.8947, 0.9109, 0.9111, respectively) but statistically not sig-
nificant (p > 0.05), probably due to the relatively low number of data
points (n = 5). Close relationships were also found for the total anti-
oxidant capacity parameters and TPC levels, and the correlation coef-
ficients (r) were 0.9836 and 0.9705 for TEyre and AAEygs, respectively
(p < 0.05). These results suggest that the scavenging capacity of
blackthorn flower extracts towards the in vivo-relevant ROS/RNS is
strongly phenolic-dependent.

As compared to AA and TX, the strongest scavenging effects of the
extracts were revealed towards OH', O,"~, ONOO™ and HCIO (Fig. 2,
Table 1). Importantly, the scavenging capacity of the most active ex-
tracts was comparable or superior to the activity of both positive
standards. In the in vivo context, the activity relative to AA is of special
importance. Thus, it is worth of notice that the effectiveness of EAF and
DEF against OH', HOCl and ONOO™ was higher or not significantly
different (p > 0.05) than that of AA (Fig. 2). The strong ability of the
extracts to inactivate OH' and ONOO™ seems to be especially relevant,
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Fig. 2. Antioxidant activity of P. spinosa flower extracts, model polyphenols and their potential in vivo metabolites towards in vivo-relevant oxidants. Results are
presented as mean values + SD (n = 3). For each parameter different letters A-J indicate significant differences (p < 0.05). The analytes marked with asterisks are

inactive in concentrations up to 150 pg/mL (O, ™~

scavenging test), 700 ug/mL (HO" scavenging test), 100 ug/mL (NO" scavenging test), 300 ug/mL (H,O, scavenging

test), and 200 pg/mL (ONOO™ and HCIO scavenging test). Bars colours: light blue — P. spinosa flower extracts; blue — model polyphenols; green — phenolic metabolites;
navy blue - standards (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Table 1
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Scavenging capacity of the analytes towards multiple ROS/RNS in equivalents of standard antioxidants.

Analyte Scavenging capacity

(umol AAE/mg dw) (umol TE/mg dw)

0, HO' NO* H20, ONOO~ HCIO AAEwps 0, HO' NO H.0, ONOO~ HClo TEmre
Extracts:
MED 1.63¢ 4.75' 0.70” 1.08' 2.59" 2.69' 135 29.6° 3.55' 0.46” 0.92' 0.13¢ 6.46' 41.3
DEF 2.70" 9.34% 1.92° 2.41° 5.025F 6.86" 28.3 49.27 6.98° 1.25" 2.06¢ 0.25" 16.5" 76.2
EAF 3.81% 9.40% 1:52° 2.45° 6.07" 5.95% 29.2 69.4% 7.03% 0.99¢ 2.10¢ 0.31" 14.3 94.1
BF 2.58" 5.76° 0.85' 1;33% 3.32¢ 3.73" 17.6 47.0" 4.31° 0.55' 1.14" 0.17° 8.95" 62.2
WR 0.31 3.89’ 0.23¢ 0.38¢ inact. inact. 4.81 5.60' 2.917 0.15% 0.33% inact. inact. 3.82
Model polyphenols:
CHA 4.27° 13.45¢ 4.87¢ 4.81°F 14.5¢ 261 44.5 b by 10.0%¢ 3.18¢ 4.12% 0.62” 6.26' 102.0
Ju inact. 6.35" inact. 0.64" inact. 8.56° 15.6 inact. 4.75" inact. 0.55’ inact. 20.5% 25.8
AV 3.65" 1547 3.63° 4.10% 11.37 13.1¢ 48.9 66.5" 11.3% 2.37" 3.51% 0.57% 26.7¢ 110.8
KA inact. 6.67" 4.53¢ 0.96' inact. 14.9° 27.0 inact. 4.99" 2.96¢ 0.82' inact. 35.7% 44.4
KT inact. 3.737 inact. inact. inact. 8.03% 11.8 inact. 2.79" inact. inact. inact. 19.3% 22.1
PA2 5.67° 9.43% 1.93" 5.55” 13.0? 10.2° 45.8 103.28 7.05% 1.26" 4757 0.66” 24.5° 141.4
pCA 0.90" inact. 1.207 0.62' 2.41¢ 9.25” 14.4 16.5" inact. 0.78" 0.547 0.12° 22.0P 40.1
QU 3.94F 20.8" 6.72" 9.84¢ 12.67 18.6" 72.5 71.6"F 15.5% 4.39" 8.43¢ 0.64” 44,74 145.3
Phenolic metabolites:
MQ 1.64° 21..8% 1.61° 3.38" 6.35" 10.5” 45.3 29.8° 16.3" 1.05° 2.90" 0.32F 25.1° 75.5
DCA 12:24 11.57 1.79% 14.0° 20.9% 8.40% 68.8 222,74 8.60” 1.37%¢ 12.0% 1.06% 20.2% 265.6
PCA 4.80¢ 8.26° 2.34F 3.54" 21.5°% 6.67" 47.2 87.3¢ 6.18° 1.53F 3.03" 1.09% 16.0" 115.2
PAA 6.33" 13.1¢ 3.66” 16.4" 15.6° 8.09% 63.2 115.2% 9.81¢ 2.39” 14.14 0.79¢ 19.4° 161.6
PPA inact. inact. inact. inact. inact. 5.21¢ 5.21 inact. inact. inact. inact. inact. 12.5¢ 12.5
Standards:
AA 5.68° 5.68 5.68° 5.68” 5.68 5.687 34.1 103.3% 4.25%H 3718 4.86" 0.29" 13.67¢ 130.1
X 0.22’ 5.34" 6.12"% 4.67° 79.14 1.67' 97.1 4.007 4.00" 4.00"% 4.00% 4.00" 4.00” 24.0

Results are mean values (n = 3, for SDs see Fig. 2) expressed as micromolar equivalents of TX (TE) and AA (AAE) per dry matter. Different superscripts (capitals) in
each column indicate significant differences in the means at p < 0.05. TEyge and AAEyge, sums of TE and AE values from six tests, respectively. Inactivity (inact.)
means lack of response in the tests at the levels up to 150 pug/mL (O, ~ scavenging test), 700 ug/mL (HO" scavenging test), 100 ug/mL (NO" scavenging test), 300 pg/
mL (H,0, scavenging test), and 200 ug/mL (ONOO™ and HCIO scavenging test).

as according to the literature (Niki, 2014, 2016a) these highly de-
structive and non-selective oxidants appear to be too reactive for en-
dogenous antioxidants to scavenge efficiently. The abovementioned
results suggest that the flower extracts of P. spinosa might be able to
support the endogenous non-enzymatic antioxidant system and in-
activate ROS/RNS, especially when the scavenging efficiency of the
plasma antioxidants or their level is insufficient. The key factors in
comparisons of the reactivity of polyphenols and endogenous anti-
oxidants are apparent second-order rate constants (k) of their reactions
with ROS/RNS. The accumulated research (Kono et al., 1997; Niki,
2016a; Valdez et al., 2004) indicated that the k values for reactions of a
variety of plant phenols (e.g. epicatechin, myricetin, caffeic acid,
chlorogenic acid) with OH' and ONOO™ are at least comparable to that
of endogenous antioxidants (AA, glutathione, cysteine, uric acid). In-
terestingly, the k values for reactions of O, are significantly higher for
polyphenols (1.0-1.7 x 10° M~ ! s~ 1) than AA (3.0 x 10° M~ ! s™ 1)
and glutathione (1.0 x 10° M™! s™1) (Kono et al., 1997; Niki, 2016a).
It might suggest that the investigated extracts, found as effective sca-
vengers of O, ", may diminish the harmful effects of OH and ONOO™ in
biological systems not only by direct interaction but also by scavenging
their precursor (O, 7). On the other hand, ONOO™ is a short-lived oxi-
dant that in biological systems quickly generates or decomposes into
highly reactive ROS/RNS, such as OH’, CO3"~, NO’, or ‘NO, (Szabo
et al., 2007). It is thus possible that the protective effects of the ana-
lysed extracts against ONOO -induced oxidative damage to human
plasma observed in the previous work (Marchelak et al., 2017) might
result partly from the direct scavenging of ONOO™ and partly from the
influence of the extracts on the secondary radicals formed in the reac-
tions of ONOO™.
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2.2. Antioxidant activity of model compounds

Our previous work regarding the phytochemical profile of black-
thorn extracts showed huge complexity of the phenolic matrix. A dis-
tinctive feature of the flower extracts was a vast diversity of the fla-
vonoid fraction (37 compounds, including quite rare in nature
kaempferol and quercetin pentosides and their derivatives acylated
with p-coumaroyl moiety), in addition to moderate levels of A-type
proanthocyanidins and phenolic acids (Marchelak et al., 2017). To in-
vestigate which of these constituents are to the highest degree re-
sponsible for the antioxidant activity of the extracts, we selected eight
model compounds (Figs. 3 and 4) and tested their scavenging efficiency
towards the six ROS/RNS. Among the selected analytes were re-
presentatives of flavonoid aglycones — KA and QU; flavonoid mono-
glycosides — JU and AV; flavonoid diglycosides — KT; A-type proan-
thocyanidins — PA2; caffeoylquinic acids CHA; and simple
hydroxycinnamic acid — pCA.

The results demonstrated that the scavenging efficiency of the
model compounds differs depending on their chemical structure (Fig. 2,
Table 1). The total antioxidant activity expressed as the TEygre and
AAEy\re values varied in the range of 22.1-145.3 ymol TX/mg and
11.8-72.5 umol AA/mg, with the highest parameters found for QU. This
aglycone as well as its glycoside AV revealed the strongest scavenging
effects towards the same oxidants as the most active extracts, i.e.
0,7, OH’, HCIO, and ONOO". In comparison to the both flavonoids,
PA2 proved to be a better O, ~ scavenger, while being 50-100% less
effective towards OH'. The model phenolic acid CHA also exhibited
high efficiency in O,", OH’, and ONOO™-scavenging, nevertheless its
ability to inactivate HCIO was only moderate. As compared to the four
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Fig. 3. Representative UHPLC-UV chromato-
grams of P. spinosa flower extracts at 280 nm:
(A) MED; (B) DEF. Peaks of model compounds
(CHA, PA2, KT, AV, JU, QU, KA, pCA) were
coloured in grey. Groups of polyphenols re-
presented by model compounds were marked
with the symbols: *, CHA isomers; ], A type
proanthocyanidins; +, KA glycosides; #, QU
glycosides; A, QU and KA glycosides acetylated
with pCA. For details of peaks identification
see Marchelak et al. (2017).
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abovementioned model compounds, pCA, KA, JU and KT, were proven
to be much less effective ROS/RNS scavengers. Among this group, KA
and its glycosides revealed relevant effects solely towards HCIO and
OH’, while pCA was practically inactive towards OH', and only towards
HCIO its activity was comparable to the other active constituents. The
present results demonstrated the strong influence of the ortho-diphe-
nolic structure of polyphenols on their antioxidant activity. The fla-
vonol aglycone (QU) with two hydroxyl group at 3’ and 4’ positions
exhibited 2.5-3 times higher total antioxidant activity than KA with one
hydroxyl group at 4’ position. Furthermore, on the example of QU, KA
and their glycosides, it was demonstrated that the scavenging efficiency
of flavonoids decrease in the order aglycone > monoglycoside
> diglycoside. These findings are in accordance with the well proven
fact that the glycosylation of flavonoids reduces their activity when
compared to the corresponding aglycones (Rice-Evans et al., 1996).
The significant activity of QU, PA2, AV, and CHA as well as the fact
that they revealed the strongest scavenging effects towards the same
oxidants as the extracts, suggest their decisive impact on the activity of
the blackthorn flowers. This is an interesting result, as according to our
previous studies, the dominant constituents of the extracts were deri-
vatives of KA (Marchelak et al., 2017), which showed comparatively
weaker activity. These findings might indicate the active compounds as

HO
Ho/m

HO

kaempferitrin (KT) proanthocyanidin A2 (PA2)

L L)

valuable activity markers for future standardisation and quality control.
However, the high content of KA derivatives might still be relevant as
some additive and synergistic effects may impact the final activity of
the extracts. For instance, Hidalgo et al. (2010) demonstrated that when
KA was paired with QU or QU 3-glucoside a statistically significant
increase in antioxidant activity was observed. The increase was about
20% higher than expected theoretical values, which may be counted as
the relevant synergy. It is consistent with our results demonstrating the
favourable activity of the P. spinosa flower extracts in a biological test
system (Marchelak et al., 2017), probably attributed to some synergic
effects of the extracts constituents.

2.3. Antioxidant activity of phenolic metabolites

Metabolism of polyphenols in the human body is relatively well
recognised (Manach et al., 2004; Marin et al., 2015; Ou and Gu, 2014
Tomas-Barberan et al., 2014). After ingestion only free phenolic acids,
flavonoid aglycones and some glucosides as well as to some extent also
simple flavan-3-ols or proanthocyanidin dimers can be absorbed in the
small intestine. Once absorbed, these compounds are subjected to the
three main types of conjugation (methylation, sulphation and glucur-
onidation). Nevertheless, the majority of ingested polyphenols, i.a.

juglanin (JU)

o
Z OoH
°m HOOC .~
HOOCN OH \/\Q\

OH OH OH

chlorogenic acid (CHA) p-coumaric acid (p-CA)

Fig. 4. Structures of the analysed model native polyphenols of P. spinosa flower extracts.
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phenolic acids present in the esterified form, flavonoid glycosides or
proanthocyanidins of higher polymerisation degree, reaches the colon
and undergoes microbial degradation. In vivo studies showed that mi-
crobial derived phenolic acids, including mainly phenylacetic and
phenylpropionic derivatives, are the predominant metabolites of poly-
phenols in blood and urine. For instance, it has been reported that
flavonols are mainly transformed to PAA, PCA and DCA (Marin et al.,
2015). The microbial-derived PPA, 3-(3’-hydroxyphenyl)propionic
acid, 4-hydroxyphenylacetic acid, and phenylvalerolactone are among
the primary metabolites of proanthocyanidins (Ou and Gu, 2014), while
CHA is first hydrolysed by the colonic microflora to caffeic acid and
next transformed to derivatives of phenylpropionic acids, such as DCA
and PPA (Tomas-Barberan et al., 2014).

Despite the increasing knowledge on the metabolites of poly-
phenols, there is up to date not much information on their activity and
influence on the efficiency of the polyphenolic extracts. Therefore, in
the present study, we extended our research to compounds considered
to be the main polyphenolic metabolites in human body. Based on the
phenolic profile of the examined extracts and available literature data
(Tomas-Barberan et al., 2014;0u and Gu, 2014 Marin et al., 2015), five
compounds were selected for the study, including MQ, the primary
product of QU conjugation during the second phase of metabolism, as
well as the degradation products of flavonols, flavanols and caffeoyl-
quinic acids by the gut microbiota: DCA, PCA, PAA, and PPA (Fig. 5).

Four of the investigated compounds (MQ, DCA, PCA, and PAA)
showed significant and dose-dependent ability to scavenge six the most
common in vivo-relevant radical/oxidant agents (Fig. 2, Table 1). Their
total antioxidant activity (TEygre and AAEyge) decreased in the order
DCA > PAA > PCA > MQ. It should be emphasized that DCA and
PAA were more efficient ROS/RNS scavengers than the most active
native constituents of P. spinosa flowers (QU, AV, PA2, CHA). The
scavenging capacity of PCA was slightly lower than that of QU and
comparable to that of AV, CHA and PA2. Both DCA and PAA revealed
strong antioxidant effects towards all of the tested oxidants except NO'.
PCA exhibited similar efficiency towards O,"-, ONOO~", and HO’,
however it appeared to be less effective in H,O, quenching. The gly-
cosidic metabolite, MQ, was also found to be an effective ROS/RNS
scavenger, and its antioxidant capacity was comparable to or slightly
lower than that of AV, and twice as low as that of QU. Similarly as in the
case of QU and AV, MQ exhibited the highest scavenging effect towards
0,7, HCIO, HO', and ONOO". In contrast, the scavenging capacity of
PPA was negligible, which further confirmed the importance of di-ortho
hydroxyl substitution for the antioxidant effects.

Recently, the direct antioxidant activity of polyphenols as a me-
chanism of their positive cardiovascular effects is put into doubt;
mainly because of relatively low plasma concentrations they attain in
vivo (Goszez et al., 2017). However, the research show that the phenolic
metabolites especially those derived from microbiota transformation

OH
COOH
miquelianin (MQ)

OH
OH

2-(3',4'-dihydroxyphenyl)acetic acid (PAA)
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display superior bioavailability parameters than their precursors. For
example, in the study by Stalmach et al. (2014) on the absorption and
metabolism of CHA isomers from coffee, the colon derived dihydro-
derivatives of phenolic acids had higher maximal plasma concentration
levels and remained in the circulation longer than their parent com-
pounds. Also, the results of bioactivity studies, although few in num-
bers, similarly as our findings suggest distinct biological effects of some
of these analytes. For instance, in the comparative study of the anti-
oxidant activity of wine phenolics and some of their metabolites ap-
plying ORAC assay, PAA and DCA exhibited the highest ORAC values,
comparable to those of the native constituents (Villafio et al., 2005).
Furthermore, PAA and DCA have been reported to possess significant
anti-inflammatory activity in vitro as well as in vivo. Among 18 micro-
biota-derived polyphenolic metabolites found in faecal water of hu-
mans, these compounds displayed the strongest action in various
models of inflammation (Larrosa et al., 2009). Moreover, PAA was
suggested to be more effective inhibitor of platelet aggregation than QU
and rutin (Kim et al., 1998). All these results indicate that phenolic
metabolites deserve more attention in the future studies of plant de-
rived products, both in terms of bioavailability and activity.

3. Materials and methods
3.1. General

High-purity reagents and standards for spectrophotometric and
fluorometric analysis: xanthine oxidase from bovine milk; xanthine;
nitrotetrazolium blue chloride; hydrogen peroxide; horseradish perox-
idase; phenol; 4-aminoantipyrine; salicylic acid; iron (II) sulphate
heptahydrate; 4,5-diaminofluorescein; 5-thio-2-nitrobenzoic acid; so-
dium borohydride; ethylenediaminetetraacetic acid; Evans blue; die-
thylenetriaminepentaacetic acid; PBS buffer; TX; QU dihydrate; KA;
CHA; MQ; PCA; PAA; PPA; DCA; and AA were purchased from Sigma-
Aldrich (Seelze, Germany/St. Louis, MO, USA), while sodium ni-
troprusside and NaOCl were obtained from Avantor Performance
Materials (Gliwice, Poland); PA2 was purchased from Phytolab
(Vestenbergsgreuth, Germany); phosphate-buffered saline (PBS) was
purchased from Biomed (Lublin, Poland). AV; JU; and KT were isolated
previously in our laboratory from the flowers of P. spinosa (Olszewska
and Wolbis, 2001, 2002). All other chemicals and solvents were of
analytical grade and obtained from Avantor (Poland). In all analyses
redistilled water was used. Samples were incubated in a constant
temperature using a BD 23 incubator (Binder, Tuttlingen, Germany). All
activity studies were performed using 96-well plates and microplate
readers: SPECTROstar Nano (BMG LabTech, Ortenberg, Germany) and
Synergy HTX (BioTek, Winooski, VT, USA).

COOH
OH

HOOC
\/\@ -
OH OH

dihydrocaffeic acid (DCA)

protocatechuic acid (PCA)

HOOC \/\©\
OH

3-(4'-hydroxyphenyl)propionic acid (PPA)

Fig. 5. Structures of the analysed phenolic metabolites.
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3.2. Plant material and extracts preparation

The analyses were performed using extracts (MED, DEF, EAF, BF,
WR) obtained by fractionated extraction from the flowers of P. spinosa
L. The commercial sample of the plant material was purchased in 2015
(harvest in April 2015) from Dary Natury (Koryciny, Poland). The
preparation of the extracts and their standardisation were described
previously (Marchelak et al., 2017).

3.3. Antioxidant activity measurements

The scavenging activity of the analytes towards multiple oxidants
was evaluated using relevant methods in 96-well microplates. The re-
sults were expressed as SCs, values understood as the concentration of
the analyte that decreases the initial amount of the oxidant by 50% and
calculated from concentration-scavenging curves. For easier compar-
ison, the results were expressed also in equivalents of TX (TE) and AA
(AAE), and for each analyte, its total antioxidant potential was calcu-
lated with respect to both standards as a sum of the results from par-
ticular tests (TEmre and AAEyge, respectively).

3.3.1. O, scavenging capacity assay

The O,"~ scavenging activity was evaluated in xanthine/xanthine
oxidase system acc. to Granica et al. (2013) with nitrotetrazolium blue
chloride (NBT) used for detection of the oxidative action of O, ~, which
was monitored spectrophotometrically at 560 nm.

3.3.2. H,0; scavenging capacity assay

The ability to scavenge H,0, was determined spectro-
photometrically acc. to Fernando and Soysa (2015) with some mod-
ifications. Briefly, 100 uL of tested analytes solutions in phosphate
buffer (84 mM, pH = 7), 40 uL H,O, (0.08 mM in water), 100 uL phenol
(12 mM in phosphate buffer), 30 uL 4-aminoantipyrine (4-AAP; 0.5 mM
in phosphate buffer), and 20 pL horseradish peroxidase (HRP; 0.6 U/mL
in phosphate buffer) were added to each well. The reaction mixture was
incubated in 37 °C for 30 min, and then the absorbance was measured at
504 nm. The scavenging percentage of H,O, (S%) was calculated as
follows:

(As — Ag)

S%= 100 —
(A100 — Ao)

x100

where Ag is the absorbance of reaction mixture containing tested ana-
lytes, H,O,, phenol, 4-AAP, and HRP; Ag is the absorbance of reaction
mixture without phenol; A;qo is the absorbance of reaction mixture
without tested analytes; A, is the absorbance of the reaction mixture
without tested analytes and phenol.

3.3.3. OH’ scavenging capacity assay

The ability to scavenge HO' was assayed spectrophotometrically
using method by Fu et al. (2014) with some modifications. Briefly,
50 uL of FeSO,4 (1.5 mM, in redistilled water), 30 uL of H,0, (6 mM, in
redistilled water), 100 uL of tested analytes, and 20 uL of salicylic acid
(20 mM, in methanol) were added to each well. After 60 min of the
incubation at 37°C, the absorbance of the hydroxylated salicylate
complex was measured at 520 nm. The scavenging percentage of OH" (S
%) was calculated as follows:

(As — Ag)

S%= 100 —
(Aroo — Ao)

x 100

where Ag is the absorbance of reaction mixture containing FeSO4, H,05,
tested analytes, and salicylic acid; Ap is the absorbance of reaction
mixture without salicylic acid; A, is the absorbance of reaction mix-
ture without tested analytes; Aq is the absorbance of reaction mixture
without tested analytes and salicylic acid.
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3.3.4. NO' scavenging capacity assay

The NO’ scavenging activity was evaluated in 96-well plates acc. to
Czerwinska et al. (2012), using diaminofluorescein-2 (DAF-2) as
NO' probe. In the presence of oxygen, DAF-2 can trap NO' generated by
sodium nitroprusside (SNP), resulting in triazolofluorescein monitored
fluorometrically. Changes of fluorescence (Aexcitation = 495nm,
Aemission = 515 nm) were measured over a 30 min period at intervals of
5 min.

3.3.5. ONOO™ scavenging capacity assay

The ability to scavenge ONOO™ (obtained synthetically) was de-
termined by spectrophotometric measurement of the inhibition of
Evans Blue dye oxidation (after 30 min of incubation, A = 611 nm) acc.
to Krzyzanowska-Kowalczyk et al. (2017).

3.3.6. HOCI scavenging capacity assay

The HOCI scavenging effect was determined in 96-well microplates
acc. to Czerwinska et al. (2012) with some modifications. In the method
5-thio-2-nitrobenzoic acid (TNB) was oxidized by HOCI into 5,5-di-
thiobis(2-nitrobenzoic acid), which was monitored spectro-
photometrically at 412 nm. Briefly, 50 uL of solutions of tested analytes
in PBS and 100 uL of 0.0122% NaOCI solution in PBS were added to
each well. After 5min of the incubation in the dark, 50 uL of TNB
(0.1 mM) were added, and then the reaction mixture was incubated for
15 min in the dark. The scavenging percentage of HOCI (S%) was cal-
culated as follows:

(As — Ap)
(Ao — Aio0)

where Ag is the absorbance of the reaction mixture containing tested
analytes, NaOCl and TNB; Ag is the absorbance of the reaction mixture
without TNB; A, is the absorbance of the reaction mixture without
tested analytes and NaClO; A,q is the absorbance of the reaction
mixture without tested analytes.

S%= 100x

3.4. Statistical analysis

The results were reported as means + SD (standard deviation) for
the indicated number of experiments. Normality of the distribution of
the results was verified using the Shapiro-Wilk test, and the homo-
geneity of variances using the Levene’s test. The significance of differ-
ences between samples and controls was determined with one-way
ANOVA, followed by the post-hoc Tukey’s test for multiple compar-
isons. The correlations were evaluated by calculating Pearson correla-
tion coefficients. All calculations were performed using the
Satistical 3Pl software for Windows (StatSoft Inc., Krakow, Poland)
with p-values less than 0.05 regarded as significant.

4. Conclusions

This work is the first evaluation of the scavenging capacity of P.
spinosa flower extracts and their primary polyphenolic components
towards in vivo-relevant oxidants. It demonstrated that ROS/RNS
quenching might be one of the possible molecular mechanisms of the
systemic activity of the extracts. In combination with findings from our
previous study on human plasma (Marchelak et al., 2017), it might
support wider application of blackthorn flowers in adjunctive therapy
of CVD. However, further research is required to specify in detail the
activity profile of the extracts, including other possible molecular me-
chanisms and in vivo effects. Nevertheless, the results obtained for
model native constituents of the flower extracts, apart from confirming
their role in the activity of the investigated plant material, are espe-
cially relevant with regard to its standardisation (that should be ad-
dressed in future research), as they indicate potential candidates and
activity markers for quality control. The work is also the first in-
vestigation into the bioactivity of phenolic metabolites that might be
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produced in human organism after ingestion of blackthorn flowers.
High activity parameters obtained for some of these compounds show
that their potential impact should not be neglected in future activity
studies of the title plant as well as other polyphenol-rich species.
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The paper presents development and validation of aRP-HPLC-PDA method for quantification of 30 pheno-
lic constituents of the blackthorn ( Prunus spinosa L.) flower, a traditional European herbal medicine with
a unique and complex composition. The target analytes were selected from over 50 active compounds
present in the investigated plant material, and their separation was optimized on a C18 Ascentis Express
fused-core column (2.7 pm, 150 mm x 4.6 mm), in a step-by-step process, in terms of elution solvents,
gradient profile, temperature, and flow rate. The final procedure was carried out with an acetonitrile-
tetrahydrofuran gradient at a flow rate of 1.09 mL/min and column temperature of 28°C. Under those
conditions, the matrix peaks were satisfactorily separated within 35 min. The validation showed good
precision (RSD <5 %), accuracy (93.5-102.1 %), linearity (r > 0.9998), and sensitivity (LODs 0.51-2.05 ng)
of the method. The real sample analysis demonstrated its applicability for quantification of the phenolics
both in commercial samples of P. spinosa flowers (different manufacturers and years of collection), as
well as in the extracts (of different polarity) prepared thereof. Thus, the developed procedure proved to
be a useful tool in quality control, and the optimization approach might serve as a practical guideline for

LC-method development in complex matrices.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The composition of plants and plant-derived medicines greatly
affects their efficacy and safety. It is also very variable and depends
on numerous environmental factors and processing conditions.
Therefore, a careful qualitative and quantitative analysis is a pre-
requisite to reliable application of herbal drugs either at the stage
ofactivity studies or as a final medicinal product. Since plant matri-
ces are often very complex, chromatographic separation of the
metabolites is required prior to detection and quantification [1].
This is often not a straightforward task, which causes the grow-
ing popularity of MS detectors that enable selective detection of
the analytes without full separation [2]. While they offer excel-
lent sensitivity and selectivity, the MS detectors are not without
disadvantages when it comes to quantitative analyses. The main
drawbacks include compound-dependent response, ion suppres-
sion effects in complex matrices, and a relatively narrow dynamic
range [3]. Thus, for the quantification of natural constituents with

* Corresponding author.
E-mail address: anna.marchelak@umed.lodz.pl (A. Marchelak).
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strong chromophores, including phenolics, UV-based detectors,
such as PDA (DAD), are still preferred.

In such cases, the efficient separation might be facilitated by
developments in column technology, e.g. sub 2-p.m columns suit-
able for use in UHPLC systems or columns packed with superficially
porous particles, that, due to their design, operate with compa-
rable efficiency but only half the operating pressure [4-6]. The
latter might also be used with success in HPLC chromatographs
that are less prone to clogging and have good compatibility with
plant extracts [6]. Still, to achieve a satisfactory separation in the
case of many herbal matrices, a careful optimization of numerous
other factors is required, making method development a tedious
task that needs a careful and systematic approach.

One such demanding plant material is the blackthorn (Prunus
spinosa L.) flower, an herbal medicine valued in European tradi-
tion, with monograph by Commission E [7]. It is recommended,
e.g., for the treatment of urinary tract disorders, inflammation,
and various cardiac complaints such as inflammation of the heart
muscle, cardiac neurosis, or atherosclerosis [7-9]. Our previous
studies demonstrated that the activity of this plant material sup-
ports its traditional application and might result from the high
content of diversified polyphenols [10,11]. On the other hand, in

0731-7085/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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terms of proper quality control procedures, the P. spinosa flower
poses a great challenge, as over 50 constituents were detected
in the extracts in the UHPLC-PDA-ESI-MS? study, representing a
wide range of phenolic classes, including flavonoids, caffeic acid
pseudodepsides, flavan-3-ol derivatives (catechins and proantho-
cyanidins), and simple phenolic acids [10]. Moreover, many of the
compounds present a close structural similarity that might impede
the separation process [10].

Thus far, only one chromatographic procedure for the quantifi-
cation of phenolics in blackthorn flowers has been published [12].
However, it was designed mainly for comparative purposes (mostly
relative standards, narrow calibration ranges enforcing the extrap-
olation of the results, no full validation), and thus, is not suitable
for wider application.

Therefore, the aim of this work was to optimize and validate
a HPLC-PDA method suitable for quality control of the P. spinosa
flower and extracts prepared thereof. To this end, multiple param-
eters were optimized during method development with the use
of a standard mixture of 30 model analytes typical of the ana-
lyzed species. The developed method was finally employed for
determination of individual blackthorn flower constituentsin plant
materials purchased from three European manufacturers between
the years of 2015-2018 and dry extracts prepared thereof.

2. Experimental
2.1. Chemicals

All solvents used in the analyses, including methanol, ace-
tonitrile, tetrahydrofuran (Avantor Performance Materials, Gliwice,
Poland), and 85 % (w/w) ortho-phosphoric acid (Merck, Darmstadt,
Germany), were HPLC grade. The list of reference standards of P.
spinosa polyphenols used in the present study, as well as their
source and purity, have been presented in Table 1. In regards to
the reference standards isolated previously in the Department of
Pharmacognosy, Medical University of Lodz, Lodz, Poland [13-16],
their structures and lack of organic contaminations were estab-
lished with a NMR method, and their purity was determined by
HPLC (= 98 %). The standards purchased from Sigma-Aldrich, St.
Louis, MO, USA/Seelze, Germany were of HPLC purity (= 95 %).

2.2. Plant material

Commercial samples of the P. spinosa L. flower were purchased
from Dary Natury (Koryciny, Poland), Flos (Mokrsko, Poland), and
Krduter Kiithne (Berlin, Germany)in the years 2015-2018. The plant
material was authenticated based on the manufacturers’ decla-
ration. The identity was further confirmed in macroscopic and
microscopic studies by Prof. Monika Anna Olszewska according to
Wichtl [17]. The vouchers of each sample were deposited in the
Department of Pharmacognosy, Medical University of Lodz, Poland.
The list of samples, their origin, batch, and voucher numbers have
been presented in Table 2.

2.3. Chromatographic conditions

The HPLC-PDA analyses were performed on a Shimadzu
Prominence-i LC-2030C 3D chromatograph equipped with a
PDA detector, a column oven, and an autosampler (Shimadzu,
Kyoto, Japan). Separations were carried out on a C18 Ascentis®
Express column (2.7 pum, 150 mm x 4.6 mm; Supelco, Bellefonte,
PA, USA) with a C18 Ascentis® 2.7 Micron Guard Cartridge (2.7 p.m,
5mm x 4.6 mm; Supelco).

The separation conditions (mobile phase composition, elution
profile, flow rate, and temperature) were optimized using a mix-
ture of 30 model analytes (Table 1), which were selected based ona

UHPLC-PDA-ESI-MS? assay [ 10]. The final elution system consisted
of solvent A (0.5 % water solution of orthophosphoric acid, w/v),
solvent B (acetonitrile) and solvent C (tetrahydrofuran). The final
elution profile is shown in Table 3, as well as in Fig. 4 of the sup-
plementary paper [18]. The flow rate was 1.09 mL/min, the column
was maintained at 28 °C, and the injection volume was 5 p.L.

The UV-vis data were collected over the range of 190-600 nm.
The wavelength for detection and quantification was set to 280 nm
for flavan-3-ols and proanthocyanidins, 310 nm for p-coumaric
acid, 325 nm for caffeic acid derivatives, and 350 nm for flavonols.
The peak purity was assessed based on the degree of similarity of
the UV spectra across the peak over the whole data collection range
using a LabSolutions software (Shimadzu).

2.4. Method validation

The analytical method was validated by determining the
selectivity, linearity, precision, and accuracy according to the Inter-
national Council for Harmonisation (ICH) Guidance for Industry
[19] and a previous literature report [20].

Selectivity of the method was analyzed by comparison of reten-
tion times and UV-vis spectra with reference compounds using an
automated match system.

To test linearity, the standard stock solution containing 30 ref-
erence compounds was prepared in methanol-water (7:3, v/v),
serially diluted (in triplicate) with the same solvent to at least
six concentrations levels (2 %, 10 %, 25 %, 50 %, 75 %, and 100 %
of the stock concentration) within the ranges of approximately
1-55 pg/mL(Table 4), filtered through a PTFE syringe filter (13 mm,
0.2 um, Whatman, Pittsburgh, PA, USA), and injected triply (5 j.L)
into the HPLC system. Calibration tests were run at the begin-
ning, midpoint, and end of the analytical tests. Linearity of the
calibration curves was tested using two linear regression models
(y = ax + b; y = ax), and the F- and t-tests were applied to check
the statistical significance of the regression equations, slopes, and
intercepts at the 99 % confidence level. The residuals from lin-
ear regression models were tested ex post to check the validity of
the assumptions of normality, independence, and homoscedastic-
ity of the response variables. Possible matrix effects were evaluated
by constructing the sensitivity plots for the standards dissolved
in the real samples. Concentration ranges of the added standards
were the same as those used for calibration. Statistical differ-
ences between the slopes of the matrix-matched linear regression
equations and the calibration curves were tested by Tukey's
HSD (honest significant difference) test at the 95 % confidence
level.

The limits of detection (LODs) and limits of quantification
(LOQs) were estimated from the standard solutions diluted with
methanol-water (7:3, v/v) to provide serial dilutions with analyte
concentrations decreasing to the smallest detectable peaks. The
LODs were accepted with the 3-§ signal-to-noise (S/N) ratio, while
the LOQs were accepted if the RSDs for peak area were less than 15
% for bothintra-day and inert-day variability with S/N ratios greater
than 10.

The precision (intra- and inter-day variability) tests for reten-
tion times and peak areas were performed using standard solutions
at two concentration levels (10 % and 100 % of the stock concen-
tration) and a real sample of P. spinosa flower extract. The RSD
values were considered as a measure of precision. The repeatabil-
ity (intra-day variability) was determined by triplicate analysis of
each sample within 24 h, while the reproducibility (inter-day vari-
ability) was measured on three non-consecutive days within a two
week span.

The accuracy was checked in the real sample of P. spinosa flower
by the standard addition/recovery procedure at three different lev-
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Table 1

Reference standards of P. spinosa flower polyphenols used in the optimization study.

No. Analyte Source of the standard Purity of the standard
1 3-0-Caffeoylquinic acid {neochlorogenic acid) A® =98
2 5-0-Caffeoylquinic acid (chlorogenic acid) A* =98
3 (+)-Catechin A* =95
4 4-0-Caffeoylquinic acid (cryptochlorogenic acid) A* =98
5 Caffeic acid A* =99
6 (-)-Epicatechin A* =97
7 Kaempferol 3-0-a-L-arabinopyranoside-7-0-a-L-rhamnopyranoside B =98
8 Kaempferol 3-0-8-p-xylopyranoside-7-0-a-L-rhamnopyranoside (lepidoside) B =98
9 p-Coumaric acid A* =98
10 Kaempferol 3,7-di-O-a-L-rhamnopyranoside (kaempferitrin) B =98
11 Kaempferol 3-0-a-L-arabinofuranoside-7-0-e-L-rhamnopyranoside B =98
12 Quercetin 3-0<6"-0-a-L-rhamnopyranosyl )-B-b-glucopyranoside (rutin) A* =98
13 Quercetin 3-042"-0-B-p-glucopyranosyl)-a-L-arabinofuranoside B =98
14 Quercetin 3-0-f-p-glucopyranoside (isoquercitrin) A* =97
15 Quercetin 3-0-f-p-galactopyranoside {hyperoside) A* =97
16 Kaempferol 3-0-(6™0-a-L-rhamnopyranosyl)-8-p-glucopyranoside B* =98
17 Quercetin 3-0-a-p-xylopyranoside (reinutrin) B* =98
18 Quercetin 3-0-¢-L-arabinopyranoside (guaiaverin) B* =98
19 Quercetin 3-0<{4"-0-B-p-glucopyranosyl)-a-L-rhamnopyranoside (multinoside A) B =98
20 Quercetin 3-0O-e-L-arabinofuranoside {avicularin) B* =98
21 Quercetin 3-0-e-L-rhamnopyranoside (quercitrin) B* =98
22 Kaempferol 3-0-8-p-xylopyranoside B* =98
23 Kaempferol 3-0-(4"-0-8-p-glucopyranosyl)-a-L-rhamnopyranoside (multiflorin B) B =98
24 Kaempferol 3-0-a@-L-arabinofuranoside (juglanin) B* =98
25 Kaempferol 3-0-a-L-rhamnopyranoside (afzelin) B* =98
26 Kaempferol 7-0-a-L-rhamnopyranoside B =98
27 Kaempferol 3-0-(2"-0-E-p-coumaroyl)-a-L-arabinofuranoside-7-0-a-L-rhamnopyranoside B =98
28 Quercetin A =95
29 Kaempferol A* =96
30 Kaempferol 3-0-(2"-0-E-p-coumaroyl)-o-L-arabinofuranoside B =98

A, compounds obtained from Sigma-Aldrich (Seelze, Germany/St. Louis, MO, USA); B, compounds isolated previously in our laboratory from the flowers and leaves of P.
spinosa [13-16]; *, compounds commercially available. The nomenclature of caffeoylquinic acids isomers is according to IUPAC.

Table 2
The list of P. spinosa flower samples used in the current study.

Sample symbol Origin Batch number/voucher number
Flos 2015 Flos, Mokrsko, Poland 2034/PSFL.1501_F

Flos 2016 Flos, Mokrsko, Poland 1075/PSFL_1601_F

Flos 2017 Flos, Mokrsko, Poland 1096/PSFL_1701_F

Flos 2018 Flos, Mokrsko, Poland 1068/PSFL_1801_F

Dary natury 2015 Dary Natury, Koryciny, Poland 01052015/PSFL_1501_DN
Dary natury 2016 Dary Natury, Koryciny, Poland 01112016/PSFL_1601_DN
Dary natury 2017 Dary Natury, Koryciny, Poland 01112018/PSFL_1701_DN
Dary natury 2018 Dary Natury, Koryciny, Poland 01112019/PSFL_1801_DN
Kréiuter Kiihne 2015 Krduter Kiithne, Berlin, Germany 210674/PSFL.1501 KK
Kriuter Kiihne 2016 Krduter Kithne, Berlin, Germany 213794/PSFL_.1601 KK
Kriuter Kiihne 2017 Krduter Kithne, Berlin, Germany 213684/PSFL_1701 KK
Kréiuter Kiihne 2018 Krduter Kiithne, Berlin, Germany 210757/PSFL.1801 KK

Table 3
The optimized elution profile.

Solvent B (acetonitrile)

Solvent C (tetrahydrofuran)

Time [min] Concentration [%]

0-1 1 (isocratic elution)

1-25 1 — 20 (linear gradient)

25-35 20 — 50 (linear gradient)

35-37 50 (isocratic elution)

37-38 50 — 1 (return to initial condition)
38-45 1 (equilibration)

Time [min] Concentration [%)

o0-11 2 (isocratic elution)

11-12 2 — 6 (linear gradient)

12-19 6 (isocratic elution)

19-25 6 — 9 (linear gradient)

25-37 9 (isocratic elution)

37-38 9 — 2 (return to initial condition)
38-45 2 (equilibration)

Solvent A: 0.5 % aqueous solution of orthophosphoric acid {(w/v).

els of standards corresponding to the linear range limits. For each
level, the samples were prepared in triplicate according to the pro-
cedure described in Section 2.5, and standards were added to the
sample after pre-extraction with chloroform. Each sample wasana-
lyzed in triplicate by HPLC. The mean recovery of the analytes (the
spiked versus the non-spiked extracts) was considered as the mea-
sure of accuracy.

2.5. Quantification of phenolics in raw plant material

Prior to the analysis, the plant samples were powdered using
an electric grinder, sieved through a 0.315 mm sieve and stored in
airtight containers at ambient temperature and in darkness until
used. Each accurately weighed sample (500 mg) was first defatted
by pre-extraction with chloroform (20 mL, 15 min, the chloroform
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Table 4

Validation parameters for the proposed HPLC-PDA quantitative method.
Analyte X {nm) Regression (linear model) » Linear range Ftest LOD (pug/mL)

: (pg/mL)
Equation n

1 325 y=14682.25x 7 0.99997 0.31-46.0 87754.44 0.102
2 325 y=14436.16x 7 0.99997 0.36-53.8 94807.06 0.120
3 280 y=3097.696x 6 0.99999 1.06-53.0 203709.60 0353
4 325 y=14034.80x 7 0.99997 0.34-51.6 72925.63 0.115
5 325 y=18242.80x 6 0.99999 1.18-58.9 280754.90 0393
6 280 y=3167.560x 6 0.99997 1.08-54.2 93132.00 0361
7 350 y=7986.056x 6 0.99992 1.04-52.1 57243.99 0.347
8 350 y=7844.095x 6 0.99995 0.96-48.0 5255245 0320
9 310 y=36172.14x 7 0.99996 0.35-52.2 59486.99 0.116
10 350 y=6856.451x 6 0.99994 1.02-509 44489.70 0.339
11 350 v=8565.326x 6 0.99997 1.01-50.3 92646.12 0335
12 350 y=7535.276x 6 0.99999 1.03-51.7 188447.30 0345
13 350 y=7420.369x 6 0.99994 1.00-50.1 42845.70 0333
14 350 y=10296.28x 6 0.99999 1.18-589 240807.80 0393
15 350 y=10435.57x 6 0.99998 1.10-55.1 125026.90 0367
16 350 y=4597.466x 6 0.99996 1.11-55.6 5715241 0371
17 350 y=1122547x 6 0.99999 0.98-49.0 332086.70 0327
18 350 y=10847.65x 6 0.99997 0.95-47.6 87138.24 0317
19 350 y=7256.459x 6 0.99990 1.08-54.1 34546.49 0.360
20 350 y=1024551x 6 0.99990 1.19-59.6 25545.71 0397
21 350 y=9489.342x 6 0.99992 1.09-54.1 32135.90 0.365
22 350 y=10812.35x 6 0.99994 1.05-52.5 38446.49 0350
23 350 y = 8498.562x 6 0.99997 1.05-52.4 86253.50 0350
24 350 y=9918.776x 6 0.99998 1.11-553 110833.60 0.369
25 350 y=9175311x 6 0.99994 1.12-613 40093.25 0.409
26 350 y=9785.407x 6 0.99997 1.12-56.1 91625.86 0374
27 350 y=8073.629x 6 0.99989 1.16-57.9 2347630 0390
28 350 y=13968.08x 7 0.99994 0.40-59.6 39847.69 0.132
29 350 y=14812.50x 7 0.99997 0.32-48.0 88253.50 0.107
30 350 y=10207.50x 6 0.99990 1.16-58.0 25245.77 0387

2, detection wavelength; y, peak area; x, concentration of standard in (pg/mL); n, number of concentration levels (data points) used for construction of the regression
equation; F-test, value of the statistical Fisher variance ratio for the experimental data (the critical values at @=0.01 are 13.745 for n=6, and 12.246 for n = 7 calibration data

points).

extract was discarded) and then refluxed for 30 min with 30 mL
of methanol-water (7:3, v/v). After filtering the extract, the pellet
was extracted twice for 15 min with 20 mL of the same solvent. The
combined filtrates were diluted with the solvent to 100 mL, filtered
through a PTFE syringe filter (13 mm, 0.2 jum, Whatman, Pittsburgh,
PA, USA), and injected (5 p.L) into the HPLC system.

2.6. Quantification of phenolics in dry extracts

Dry extracts for the study, i.e. the defatted methanol-water (7:3,
v/v) extract(MED), and its diethyl ether fraction (DEF), ethyl acetate
fraction (EAF), n-butanol fraction (BF), and water residue (WR) were
obtained by fractionated extraction from the flowers of P. spinosa L.
(sample: Dary Natury 2015) asdescribed previously [ 10].Before the
analysis, samples of the extracts were dissolved in methanol-water
(7:3, v/v), filtered through a PTFE syringe filter (13 mm, 0.2 pm,
Whatman, Pittsburgh, PA, USA), and injected (5 L) into the HPLC
system.

2.7. Statistical analysis

The quantitative results were expressed as means + standard
deviations (SD) of triplicate determinations. Normality of the dis-
tribution of the results was verified using the Shapiro-Wilk test
and the homogeneity of the variances using the Levene's test. The
significance of differences between samples was determined with
one-way ANOVA followed by the post hoc Tukey's test for multiple
comparisons. All calculations were performed using the Statis-
tical3Pl software for Windows (StatSoft Inc., Krakow, Poland), with
p values less than 0.05 being regarded as significant.

3. Results and discussion
3.1. Optimization of the chromatographic conditions

The main challenge during the optimization process was the
very complex composition of the investigated plant material. Our
previous UHPLC-PDA-ESI-MS? study showed 44 constituents in
the crude methanolic extract alone, and additional analytes were
detected in the concentrated fractions, amounting in total to 59
structures [10]. Among those, 30 compounds were unambigu-
ously identified with reference standards available commercially
or obtained during our extensive isolation studies on P. spinosa
flowers and leaves [ 13-16]. This set contained the dominating con-
stituents of the plant but also some of the minor compounds that
might be important from a chemotaxonomic point of view or/and
for identity confirmation (Table 1). The latter group included com-
mon constituents of the plants, in general (e.g. 3, 6, 12, 14, 15), as
well asrare flavonoid glycosides, characteristic of the P. spinosa (e.g.
7,8,13,16, 19,27, 30). Those 30 identified constituents were found
to reflect the composition of the flowers with reasonable accuracy
and were used to both track the quality of the separation and serve
as quantitative standards.

To ensure the method’s usefulness in high-throughput quality
control, our aim was to obtain the separation within about 30 min
and the total analysis in about 45 min (25 min shorter than a pre-
vious UHPLC assay [ 10]). A resolution above 1.5 allows for baseline
separation; however, given the number of analytes and the time
limit, we aimed to obtain a resolution over 1.0 [21] for as many
compounds as possible, prioritizing the dominant constituents of
the plant.

In case of HPLC studies, numerous factors, such as column
type, mobile phase composition, and gradient, should be consid-
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ered. A fused-core C18 Ascentis Express column was selected as
it was reported to be effective for separation of phenolic mix-
tures, although in much simpler configurations [20]. Though other
column chemistries have also been used for the separation of phe-
nolics, C18 chemistry is the most popular,and in the case of so many
constituents with close structural similarities, no column chemistry
alone could provide sufficient selectivity. Thus, the main effort must
be put into optimization of the gradient program.

The initial experiments proved that acetonitrile was superior to
methanol in terms of peak shape and width. This phenomenon has
been noticed previously by numerous authors optimizing separa-
tions of phenolics and is attributed to the higher dipole moment of
acetonitrile and stronger donor-acceptor interactions between the
analytes and eluent [22,23]. To keep the phenolics in an undisso-
ciated form and to improve retention, 0.5 % orthophosphoric acid
(w/v) was used as the second phase constituent.

In some of our previous works aimed at optimization of the
separation gradients, we successfully used statistical techniques to
facilitate the optimization process and obtain satisfactory resolu-
tion within a short time [ 16,24]. Thus, in the first attempts, we tried
to employ a similar approach in this work. However, this time, the
number of variables which must be taken into account caused the
obtained models to be highly complicated and fit the data poorly
(data not shown). Therefore, we resolved to take a more traditional
approach of systematic profile development by trial and error with
careful analysis of the obtained results, followed by modifying the
gradient accordingly.

The first phase of the optimization included simple linear gra-
dient experiments with the initial concentration of acetonitrile
varying from 1 to 7% and final concentration from 25 to 55%. These
experiments demonstrated some selectivity problems that could
notbe resolved in abinary solvent system but helped in establishing
a basic gradient (1-35 % acetonitrile in 45 min) in which 17 out of
30 constituents were separated with a resolution >1.1. To improve
the results, tetrahydrofuran (THF) was added as a second organic
modifier, and at first, constant concentrations of THF were tested
(in the range of 1-7 %). The addition of THF had a generally pos-
itive impact on the separation. However, no single concentration
was optimal, and a THF gradient had to be introduced. Combining
the obtained results, the final gradient was developed (Table 3), in
which the concentrations of THF and acetonitrile were optimized
to maximize separation efficiency and minimize analysis time. The
proposed gradient allowed for separation of 26 out of 30 target con-
stituents with a resolution >1.1. As the final optimization step, the
temperature influence was tested in the range of 20-30 °C. In com-
parison to the initial temperature of 25 °C, the largest improvement
was noticed for the separation run at 28 °C, as the resolution of some
critical pairs was improved to >1.5. In the final conditions, only one
pair (17/18) still remained unresolved. As the two compounds differ
only by the sugar moiety, they were quantified as a sum using the
curve of 17 that, according to UHPLC-MS study [10], was somewhat
more dominant. For the pair 14/15 separated with a resolution of
0.415, we decided to use a software feature that allowed for the
deconvolution of overlapping peaks using differences in their UV
spectrum. A more detailed description of the optimization process,
including the influence of the optimized parameters on the sep-
aration of the critical peak pairs and the figures illustrating the
subsequent stages of the method development, can be found in
Section 2.3 of the supplementary paper [18].

3.2. Method validation

Good selectivity of the method was demonstrated in the real
sample experiments (Fig. 1), as the investigated marker con-
stituents were satisfactorily separated from the other matrix
components. Comparison of the results with the UHPLC-MS anal-

ysis carried out previously [10] allowed (based on UV-spectra and
peak proportions) for labelling of other larger peaks that could not
be included in the optimization process due to a tentative identifi-
cation and lack of standards. Those compounds include an isomer
of p-coumaroylquinic acid (€CQ), a dimeric A type proanthocyanidin
(PA), an isorhamnetin dihexoside (IHH), a kaempferol rhamnoside-
hexoside (KRH), and a spermidine derivative (SP). The compounds
may be introduced to the analysis upon full identification, or, if
necessary, quantified relatively as equivalents of chlorogenic acid
(CQ), (-)-epicatechin (PA), rutin (IHH), kaempferol 3-0-(6"-0-c«—
L-rhamnopyranosyl)-B-b-glucopyranoside (KRH), and caffeic acid
(SP). Quantification data for the five tentatively identified peaks are
presented in Table 4 of the supplementary paper [ 18].

For all investigated analytes, the linearity of the method (r
> 0.9998) was confirmed over the whole concentration range
tested, and the values of LODs and LOQs were in the range of
0.102-0.409 pg/mL and 0.31-1.19 pg/mL, respectively (Table 4).
The method was found to be adequately precise with intra-day and
inter-day variability (RSD) forthe peak area of all tested compounds
in the range of 0.05-3.83 % and 0.27-4.97 %, respectively. For the
majority of samples, the RSD values did not exceed 3 % for all pre-
cision components. Higher RSD values were found at the lowest
spiking levels for only a few analytes (Table 1 of the supplemen-
tary paper [18]). The accuracy of measurements was within the
acceptable range of 93-102 % (Table 1 of the supplementary paper

[18]).
3.3. Real sample analysis

3.3.1. Raw plant material

Since the majority of medicinal plants, including P. spinosa, grow
in wild, their metabolite pools are determined by uncontrolled
environmental factors. Therefore, raw materials collected at dif-
ferent times and from different regions might differ in the content
of active compounds [25]. To ensure that the developed method is
suitable for detecting those differences, we investigated commer-
cial samples of blackthorn flowers purchased from three European
manufacturers in the years 2015-2018.

As revealed by the results (Fig. 1A, 1B), all of the model com-
pounds were detected in each sample, demonstrating a relative
stability of the qualitative profile of the P. spinosa flower and indi-
cating that the appropiate standards were selected. On the other
hand, as expected, inter-sample variations were observed from the
quantitative profile (Table 2 of the supplementary paper [18]). The
total content of the investigated compounds (TPH) varied in the
range of 31.95-48.96mg/g dry weight (dw), and the contents of
individual constituents showed differences up to four-fold, e.g. for
2itwasintherange 0f0.51-2.22 mg/g dw and for 4, 0.44-1.64 mg/g
dw. Compounds 10 and 20 were among the most abundant,
reaching levels of 3.11-6.52mg/g dw and 2.51-5.95mg/g dw,
respectively, and were the dominant constituents in five and four
out of 12 plant samples, respectively. Other major constituents, the
content of which, in most samples, exceeded 3 mg/g, were 1,25,11
and 24. Those six compounds constituted 51.39-60.41 % of the TPH
values and should be considered as an absolute minimum for quan-
tification in quality control studies. Three compounds, i.e. 6,9, and
5, were below the LOQs in all of the samples; however, all the minor,
but characteristic, constituents of P. spinosa (e.g. 7, 8, 27, 30) were
reliably quantified.

Generally, the method allowed for the collection of detailed data
on the composition of P. spinosa flowers that might be useful in
applications such as identity confirmation, quality control, as well
as more advanced chemometric studies. It might also be a good
starting point for bioactivity studies and an important indicator of
the suitability of the plant material for a particular application. For
example, our previous studies demonstrated that quercetin deriva-
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Fig. 1. Representative HPLC-UV chromatograms of the commercial samples of the P. spinosa flower: (A) Flos, 2015; (B) Dary Natury, 2016; and dry extracts: (C) MED; (D)
EAF; (E) DEF under optimized conditions (Table 3) at 280 nm. The analytes levels per peak were in the range 0.01-0.34 pg(A), 0.01-0.28 ug (B), 0.01-0.15 g (C), 0.01-0.21 pg
(D), 0.03-0.44 p.g (E). CQ, p-coumaroylquinic acid; PA, a dimeric A type proanthocyanidin; IHH, an isorhamnetin dihexoside; KRH, a kaempferol rhamnoside-hexoside; SP, a

spermidine derivative.

tives were more effective scavengers of primary in vivo-relevant
reactive oxygen species than the derivatives of kaempferol [11]. The
presently recorded datashows that the ratio between quercetin and
kaempferol derivatives in the raw material might be variable and
range from about 1:1 to almost 1:3. Thus, though the blackthorn
flower purchased from Flos in 2016 and 2015 revealed similar total
contents of the analytes (40.95 and 43.71 mg/g dw, respectively),
the latter sample might be preferable for therapeutic preparations

aimed at diminishing the impact of oxidative stress due to a more
desirable quercetin to kaempferol ratio (1:1.3 versus 1:2.5).

3.3.2. Dry extracts

The optimized RP-HPLC-PDA method was also successfully
employed for determination of individual constituents in the frac-
tionated dry extracts (Fig. 1C-E) that, in comparison to the raw
materials, were much more varied both qualitatively and quanti-
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Table 5

Relative response factors ( RRFs).
Analyte Reference compound RRF
Caffeoylquinic acids
2 1.0
a 1 10
Flavan-3-ols and proanthocyanidins
6 5 1.0
Flavonoid diglycosides
7 12
8 1.1
11 12
12 1.1
13 10 1.1
16 0.7
19 151
23 12
27 12
Flavonoid monoglycosides KA deriv.
22 12
24 1.1
26 25 1.1
30 1.1
Flavonoid monoglycosides QU deriv.
14 1.0
15 1.0
17 20 1.1
18 1.1
21 09

tatively (Table 3 of the supplementary data [ 18]). The total content
of the analytes was in the range of 15.91-491.69 mg/g dw, and
the content of individual analytes reached up to 115.46 mg/g (for
25 in DEF). The proportions of constituents in MED reflected, rel-
atively well, the proportions in the raw material from which it
was obtained. Further, the content of particular constituents was
about four to five times higher, enabling preliminary evaluation of
the extracts’ quality based on the quality of the raw material. The
composition of other extracts was a function of the polarity of the
solvent used for extraction. For example, in DEF, the flavonol pen-
tosides and aglycones were dominant; it also contained relevant
levels of 5, 9, 3 - the compounds that were present in negligible
amounts in other extracts. On the other hand, EAF was enriched in
flavonol diglycosides (10, 11) and flavonol monoglycosides (20, 25,
21), whereas in BF, diglycosides (10, 11, 13, 19, 23) and isomeric
chlorogenic acids (1) prevailed. Despite the large variability of the
extracts’ composition, the wide range of standards allowed forreli-
able quantification of all the main constituents and evaluation of
the proportions between different chemical groups of phenolics.
In comparison to our previous work, in which four different meth-
ods were used to obtain much less detailed information [10], the
newly developed method offers a huge advantage in future studies
of extracts’ bioactivities.

3.3.3. Relative response factors

One of the main issues of multi-constituent quality control of
plant products is the accessibility of the reference standards. For
example, many of the flavonoids used in the present work are
commercially unavailable or high-priced. However, as the relative
responses of different analytes in UV-vis measurements are a func-
tion of their molar absorptivity, it is possible to establish reliable
correction factors that would enable an absolute quantification of
one compound using another as a reference standard.

Thus, to enable reliable quantification of rare constituents and
to increase the cost-efficiency of the method, we selected a cou-
ple of representative compounds that might serve as a calibration
set for the investigated plant material. Using the calibration curves
obtained in the study, we determined relative response factors
(RRFs) that should be used to calculate the concentrations of par-

ticular compounds in the absence of actual standards (Table 5). To
minimize possible errors, the standards were selected from the
major constituents and, thus, are not the least expensive alter-
natives. Still, other RRFs might be calculated, if necessary, using
calibration data from Table 4.

4. Conclusion

The developed RP-HPLC-PDA method allows the quantification
of over 30 constituents of blackthorn flowers in less than 35 min.
It satisfactorily compromises the time of the analysis with the
amount of data obtained and their reliability. It proved suitable for
both raw materials of different origin, as well as extracts obtained
with various solvents. The obtained data might be relevant for
quality control, identity confirmation, and chemometric studies.
The procedure is also a good starting point as a standardization
method before activity studies. Moreover, the presented systematic
approach for method development might be useful for optimization
of separation for other complex matrices.
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Reversed phase high-performance liquid chromatography with photodiode array
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1. Data description

Figs. 1-3 show sample chromatograms illustrating the stages of the optimization process for the
separation of 30 polyphenolic compounds typical for the blackthorn (Prunus spinosa L.) flower,
particularly the influence of acetonitrile (Fig. 1), tetrahydrofuran (Fig. 2), and temperature/flow rate
(Fig. 3) on the separation. Fig. 4 presents the optimized gradient profile. Fig. 5 shows the deconvolution
of overlapping peaks using the differences in their UV—Vis spectra. Table 1 summarizes the validation
data of the developed method for precision and accuracy. Quantification data for the commercial
samples of blackthorn flower (different manufactures and years of collection), as well as for the ex-
tracts (of different polarity) prepared thereof, are presented in Table 2 and Table 3, respectively.
Moreover, the contents of five tentatively identified compounds in the commercial samples and dry
extracts are shown in Table 4,

mAU

10411417 27

30

26
29

300 35.0 40.0 45.0 50.0 55.0 min

27
30
26
29
28
0,
DDV o 75’07 o Vlﬂ'Dr o 7]5’07 o VZdDV o 725’07 o 730’.07 o 735’!]’ o VJD'EIV o 745’!]’ o 500 o 755’07 o rﬁm
mAU
50
9
E 14 10+11
40 -
E H
30 L 2 2%
4 25

[N

5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 min

445 9
27

D 10411417 30
14+13

Fig. 1. The separation of P. spinosa flower model analytes in different profiles of acetonitrile gradient: (A) 0—45 min 3% — 35%; (B)
0—45 min 7%—35%; (C) 0—45 min 1%—25%; (D) 0—45 min 1%—45%. The column temperature 25 °C, the flow rate 1 mL/min,
A = 280 nm. The analyte levels per peak 0.04—0.24 ug, eg. 0.06 g for 1, 0.06 ug for 3, 0.05 ug for 9, 0.09 ug for 24, 0.08 ug for 29. For
details of peak identification see Table 1 of the main paper [1].
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2. Experimental design, materials, and methods
2.1. Chemicals

Details regarding the chemicals are presented in the main paper [1].

2.2. HPLC analyses

The HPLC-PDA analyses were carried out on a Shimadzu Prominence-i LC-2030C 3D chromatograph
equipped with a PDA detector, a column oven, and an autosampler (Shimadzu, Kyoto, Japan). Sepa-
rations were performed using a C18 Ascentis® Express column (2.7 pm, 150 mm x 4.6 mm; Supelco,
Bellefonte, PA, USA) with a C18 Ascentis® 2.7 Micron Guard Cartridge (2.7 pym, 5 mm x 4.6 mm;
Supelco).
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Fig. 2. The influence of tetrahydrofuran (volume percentage in the mobile phase) on the separation of P. spinosa flower model
phenolics: (A) 0%; (B) 2% (isocratic elution); (C) 4% (isocratic elution); (D) 6% (isocratic elution). The column temperature 25 °C; the
concentration of acetonitrile: 0—45 min 1%— 35% (v/v, linear gradient); 4 = 280 nm. For the analyte levels see Fig. 1. For details of
peak identification see Table 1 of the main paper [1].



A. Marchelak et al. / Data in brief 29 (2020) 105319 5

27 30

15 37418

5.0 7.5 10.0 125 15.0

15 17+18

mAU 25 5.0 75 10.0 125 15.0 175 20.0 225 25.0 275 30.0 325 min
30
29
0.0 25 5.0 7.5 10.0 125 15.0 17.5 20.0 225 25.0 275 30.0 325 min

Fig. 3. The influence of temperature/flow rate on the separation of P. spinosa flower model phenolics: (A) 20 °C, 0.85 mL/min; (B)
25 °C, 1.0 mL/min; (C) 28 °C, 1.09 mL/min; (D) 30 °C, 1.15 mL/min under optimized gradient (Fig. 4). A = 280 nm. For the analyte levels
see Fig. 1. For details of peak identification see Table 1 of the main paper [1].
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Fig. 4. The optimized elution profile. Solvent A — 0.5% water solution of orthophosphoric acid (w/v); Solvent B — acetonitrile;
Solvent C — tetrahydrofuran.
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Fig. 5. The deconvolution of overlapping peaks using the differences in their UV spectrum presented on the example of peaks 14 and
15 (Dary Natury 2016); A = 350 nm; (A) before the deconvolution; (B) after the deconvolution.

2.3. Optimization of the chromatographic conditions

The separation conditions (the mobile phase composition, elution profile, flow rate, and temper-
ature) were optimized using a mixture of 30 model analytes typical of the analyzed species. The name,
source, and purity of the standards are provided in Table 1 of the main paper [1].

In the first phase of the optimization, simple linear gradient experiments were performed with the
initial concentration of acetonitrile varying in the range of 1-7% and final concentration in the range of
25-55%. The aim was to establish the elution range for the investigated constituents and identify the
critical co-eluting peaks. The obtained chromatograms (examples in Fig. 1) could be divided into three
regions. Simple phenolic acids (5, 9), monomeric flavan-3-ols (3, 6), and caffeoylquinic acid pseudo-
depsides (1, 2, 4) were eluted in the front and were mostly well-separated, with the exception of 2 and
3. In the middle part of the chromatogram, most of the flavonoid glycosides were grouped (7, 8,10—25).
This portion was very crowded, and the selectivity issues were particularly visible here, especially with
the two main diglycosides (10, 11) co-eluting in all the gradients tested. At the end of the chromato-
gram, the least polar compounds were eluted, i.e. a 7-O-monoglycoside (26), flavonoid aglycones (28,
29), and p-coumaroyl! esters of flavonoid glycosides (27, 30) with some co-elution problems between
28 and 26. Based on those data, a basic gradient was established for further modification. As it become
clear that the addition of a second modifier would be required to improve the selectivity, the initial
concentration of acetonitrile was kept at a low level of 1%, while the final concentration was set to 35%,
allowing for elution of all constituents in a reasonable time frame of 45 min. In those conditions, only
17 out of 30 constituents were separated with a resolution >1.1 (Fig. 2A).

To improve the separation, tetrahydrofuran (THF) was added as a second organic modifier. THF
proved to be efficient in the separation of natural aromatic compounds, such as flavonoids and phenolic
acids [2—4]. Although, it generates relatively high back pressures that do not allow for high concen-
trations to be used. At first, a constant amount of THF in the range of 1-7% was added to the basic
gradient, and its influence on the selectivity was observed (Fig. 2). The addition of THF at the con-
centration of 2% (Fig. 2B) allowed for the most efficient separation of 2, 3 and 4 in the front section of
the chromatogram. On the other hand, in the flavonoid part of the chromatogram, the best effects of
THF were visible at the concentration of 6% (Fig. 2D). Importantly, in the latter variant, good resolution
was obtained for peaks 10, 11, 20 and 24, which were previously poorly separated; nevertheless, co-
elution still occurred between pairs 14/15 and 17/18. According to the earlier UHPLC analysis [5],
those compounds were, however, only minor constituents of the P. spinosa flower. Based on the data
from this set of experiments, the final gradient was developed, in which the concentrations of THF and
acetonitrile were optimized to maximize the separation efficiency and minimize the time of the
analysis (Fig. 4). The proposed gradient allowed for the separation of 26 out of 30 target constituents
with a resolution >1.1 (Fig. 3B).
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Table 1
Accuracy and precision data of the proposed method in the matrix of methanol-water (7:3, v/v) (standard solution, STD) and real
sample of P. spinosa flower (Dary Natury 2015).

Analyte Precision Accuracy

Matrix Level Intra-day variability, RSD (%)  Inter-day variability, RSD (%)  Spiked level Recovery

(ug/mL) tr Concentration tr Concentration (hg/ml) (*+5D)
1 STD 10%  4.60 0.09 0.25 1.69 1.35 1.01 9451 + 1.76
STD 100%  46.00 0.07 1.59 213 324 10.02 9547 + 1.49
P. spinosa  17.00 0.05 0.14 1.89 299 19.89 94.17 + 0.89
2 STD 10% 538 010 0.39 1.81 1.53 1.02 9548 + 3.18
STD 100% 53.80 0.07 1.09 218 3.12 15.01 96.03 + 2.81
P. spinosa 636 0.06 0.27 1.69 3.46 2998 97.65 + 1.66
3 STD 10% 530 012 1.77 236 0.63 1.05 97.26 + 2.09
STD 100%  53.00 012 0.52 045 0.53 15.00 96.55 + 0.46
P. spinosa® 277 0.09 1.24 0.89 1.14 3021 97.17 + 0.99
4 STD 10% 5.16 0.02 0.49 213 4.04 1.01 97.85 + 3.95
STD 100% 51.60 0.06 0.06 236 0.63 14.98 96.50 + 1.07
P.spinosa  2.82 0.08 0.66 1.94 0.89 28.08 96.19 + 047
5 STD 10% 5.89 0.07 1.09 092 497 1.03 95.84 + 3.08
STD 100% 58.90 0.05 0.10 111 0.27 15.03 96.11 + 1.82
P. spinosa® 201 0.02 1.81 0.69 1.64 30.01 97.14 + 1.34
6 STD 10% 542 0.02 255 0.16 334 1.01 96.35 + 4.80
STD 100% 54.20 0.02 0.73 125 0.63 14.85 97.17 + 3.64
P. spinosa® 202 0.03 145 0.64 2.89 30.04 96.44 + 1.75
7 STD 10% 521 0.03 2.89 029 2.64 1.05 95.58 + 2.73
STD 100% 52.10 0.04 1.18 149 0.79 15.01 95.09 + 245
P.spinosa 272 0.09 4.73 0.69 3.89 29.87 96.78 + 1.26
8 SID 10%  4.80 0.04 0.94 015 271 1.01 98.94 + 2.38
STD 100%  48.00 0.02 0.35 1.26 1.58 15.01 97.78 + 4.19
P.spinosa  3.19 0.03 4.49 097 475 30.02 98.53 + 2.81
9 STD 10% 5.22 0.02 0.09 026 0.78 1.00 97.62 + 2.36
STD 100%  52.20 0.09 0.22 1.03 0.76 1499 96.26 + 1.04
P. spinosa® 1.99 0.02 2.15 1.04 1.69 30.02 96.55 + 1.66
10 STD 10% 5.09 0.06 0.87 1.10 1.65 1.00 100.12 + 0.95
STD 100%  50.90 0.05 1.29 133 2.68 10.01 98.15 + 4.85
P.spinosa  19.28 0.05 1.05 098 274 20,03 98.51 + 2.67
11 STD 10% 5.03 0.02 113 1.16 321 1.02 97.89 + 0.89
STD 100% 50.30 0.09 0.05 1.31 0.72 10.01 97.94 + 1.30
P. spinosa  16.75 0.08 1.42 1.46 1.46 20.02 10001 +2.28
12 STD 10% 517 016 3.83 011 4.12 1.00 100.04 + 1.96
STD 100% 51.70 0.06 0.46 1.16 0.33 15.01 98.11 + 1.65
P. spinosa 423 0.02 3.99 043 4.51 3001 97.97 + 343
13 STD 10% 5.01 0.03 1.54 0.14 4.29 1.01 98.01 + 2,61
STD 100% 50.10 0.08 0.79 1.38 0.86 1499 99.48 + 499
P. spinosa  6.02 0.04 248 0.16 2.69 30.10 10021 + 1.03
14 STD 10% 5.89 0.16 0.81 013 4.33 1.00 96.42 + 2.76
STD 100% 58.90 0.06 0.34 135 0.28 1498 94.01 + 1.85
P. spinosa  1.87 0.10 137 1.12 1.57 28.99 9547 + 1.75
15 STD 10% 551 0.02 041 0.20 1.73 1.03 9727 + 249
STD 100% 55.10 0.08 0.25 122 1.88 15.03 96.83 +2.28
P.spinosa 127 0.06 275 0.65 371 30.01 96.50 + 2.32
16 STD 10% 5.56 0.02 1.58 0.19 2.96 1.01 98.02 + 1.96
STD 100%  55.60 0.08 0.45 131 1.18 1499 99.26 + 2.44
P.spinosa 419 0.02 1.08 112 245 3001 99.55 + 0.96
19 STD 10% 541 0.03 0.94 0.15 273 1.00 97.14 + 1.35
STD 100% 54.10 0.08 0.59 1.56 1.14 15.00 101.32 + 2.86
P. spinosa 522 0.04 3.79 1.63 3.65 30.02 100.17 + 3.61
20 STD 10% 596 0.02 0.59 094 227 1.01 10144 +2.89
STD 100%  59.60 0.04 1.88 1.04 3.02 10.03 102.05 + 3.88
P.spinosa  16.21 0.05 1.12 1.03 1.45 20.04 10027 + 2,60
21 STD 10% 547 0.02 0.86 099 3.02 1.01 100.05 + 2.81
STD 100% 54.07 0.07 0.13 113 0.46 15.01 99.88 + 4.73

(continued on next page)
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Table 1 (continued )

Analyte Precision Accuracy

Matrix Level Intra-day variability, RSD (%) Inter-day variability, RSD (%) Spiked level Recovery

(hg/mL) tp Concentration tp Concentration (hg/mL) (250)
P. spinosa 837 0.06 428 1.24 436 29.98 100.19 + 2.26
22 STD 10% 5.25 0.03 051 0.96 1.25 1.00 96.58 + 2.16
STD 100% 5250 0.03 1.26 1.08 265 14.98 96.94 + 2.39
P. spinosa  3.51 0.02 427 1.69 3.76 30.00 100.16 + 3.26
23 STD 10% 5.24 0.02 0.76 0.69 229 1.01 94.24 + 2.87
STD 100% 5240 0.04 0.15 1.24 1.49 14,96 95.11 + 3.65
P. spinosa  8.54 0.04 237 136 278 30.01 95.7 +£3.33
24 STD 10% 5.53 0.01 0.70 0.89 224 1.02 99.91 + 276
STD 100% 55.30 0.06 0.05 1.02 077 10.03 100.28 + 3.99
P.spinosa 1591 0.04 0.80 0.39 1.54 20.01 100.01 + 2.38
25 STD 10% 6.13 0.03 035 0.82 1.76 1.00 10042 + 3.71
STD 100% 61.30 0.03 1.02 0.93 278 10.03 98.58 + 4.28
P. spinosa 1532 0.02 079 0.69 0.82 20.03 99.03 + 1.88
26 STD 10% 5.61 0.02 051 0.64 3.01 1.02 95.02 + 1.86
STD 100% 56.10 0.06 0.07 0.72 052 14.98 96.26 + 2.24
P. spinosa  1.41 0.06 215 0.79 212 30.01 94.55 + 0.77
27 STD 10% 5.79 0.11 0.36 0.08 4.82 1.00 94.17 + 098
STD 100% 5790 0.01 021 0.71 047 15.01 94,15 + 1.85
P.spinosa 132 0.01 3.99 0.84 3.69 30.02 93.51 + 2.64
28 STD 10% 5.96 0.02 027 047 2,60 1.02 97.29 + 0.67
SID 100% 59.60 0.02 0.90 0.51 426 14.98 97.71 + 1.08
P. spinosa  1.39 0.03 257 0.62 415 29.98 96.81 + 1.72
29 STD 10%  4.80 0.02 028 0.46 2,64 1.01 9548 + 2.39
SID 100% 48.00 0.03 0.08 0.50 0.54 15.02 96.16 + 1.62
P. spinosa  1.06 0.04 45 0.54 325 30.01 95.97 + 3.83
30 STD 10% 5.80 0.03 043 043 2.82 1.01 96.90 + 1.84
SID 100% 58.00 0.03 038 0.48 0.60 15.00 96.97 + 1.80
P. spinosa  1.58 0.03 3.51 0.63 1.60 29.98 9591 + 221

The test levels in pg/mL refer to the analyte amount present (precision test) oradded to the sample (accuracy test).” The contents
of3,5, 6 and 9 in the real sample of P. spinosa flower were below LOQs: for precision tests the real sample of P. spinosa flower was
thus spiked with 2 pg/mL of these analytes. The systematic names of the analytes are provided in Table 1 of the main paper [1].

As the final optimization step, the temperature influence was tested in the range of 20—30 °C
(Fig. 3). To keep the back pressure in the range of 4000—4500 PSI (around 70%—80% of maximal
operating pressure to limit wear on the equipment and leave some space for troubleshooting), the flow
rate was modified accordingly in the range of 0.85—1.15 mL/min. In comparison to the initial 25 °C
(Fig. 3B), the largest improvement was noticed for the separation run at 28 °C (Fig. 3C). Most impor-
tantly, it was possible to increase resolution factors for peak pairs 9/10 and 20/21 to >1.5. The pair 17/18
still remained unresolved. As both compounds are quercetin monoglycosides, differing only by the
sugar moiety, the slope of their calibration curves were almost identical. Thus, the compounds were
quantified as a sum, using the curve of 17 that, according to a UHPLC-MS analysis [5], was somewhat
more dominant. On the other hand, the pair 14/15, in the most optimal gradient, was separated with a
resolution of 0.415. To increase the reliability of the quantification, we decided to use a software feature
that allows for deconvolution of overlapping peaks using the differences in their UV—Vis spectra
(Fig. 5).

Therefore, the final elution system consisted of solvent A (0.5% water solution of orthophosphoric
acid, w/v), solvent B (acetonitrile), and solvent C (tetrahydrofuran). The final elution profile is shown in
Fig. 4. The flow rate was 1.09 mL/min, and the column was maintained at 28 °C.

2.4. Method validation

The analytical method validation was performed according to the International Council for Har-
monisation (ICH) Guidance for Industry [6] and some previous literature reports [2]. The procedure is
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Table 3
Content of the investigated analytes in the dry extracts obtained from P. spinosa flower (mg/g dw).

Analyte Content (mg/g dw)

MED DEF EAF BF WR
1 14.46 + 0.23° nd. 3.04 + 0.05° 27.02 + 0374 10.83 + 0.03€
2 564 + 0.118 nd. 5.69 + 0.328 15.43 + 0.11" 2.02 + 0.02€
3 < 10Q 555 + 0.14" nd. nd. nd.
4 426 + 0.07° nd. 2.10 + 0.08° 1056 + 0.111 3.06 + 0.01°
5 < 10Q 7.65 + 0.18" nd. nd. nd.
6 < LOQ < L0Q nd. nd. nd.
7 2,69 + 0.108 nd. 1.91 + 0.08° 10.47 + 0.13" nd.
8 3.17 + 0.09€ nd. 4.85 + 0.14F 10.92 + 0.19" nd.
9 < L0Q 824 + 0.224 nd. nd. nd.
10 17.42 + 0.79¢ 6.13 + 0.30° 41.46 + 0.19° 48.75 + 0.03" nd.
11 15.13 + 0.21° 095 + 0.02° 4196 + 1.89" 29.84 + 0.07° nd.
12 465 + 0.15° nd. 2.41 + 0.06° 16.56 + 0.16" nd.
13 628 + 0257 nd. 3.71 + 0.02€ 25.77 + 0.15" nd.
14 133 + 0.038 nd. 8.46 + 0.14" nd. nd.
15 092 + 0.04° nd. 4,05 + 0.15% nd. nd.
16 3.67 + 0.14¢ nd. 5.40 + 0.11% 14.10 + 031" nd.
17 + 18 426 +0.15° 8.50 + 0.328 18.75 + 0.05" nd. nd.
19 538 + 0.20¢ nd. 7.22 + 0348 19.56 + 0.06" nd.
20 14.89 + 0.65° 71.04 + 242" 2881 + 1.128 nd. nd.
21 741 +021° 22.11 + 0.35° 3441 + 123" nd. nd.
22 297 + 0.10¢ 16.85 + 0.65" 1023 + 0298 nd. nd.
23 8.82 + 0.07¢ nd. 24,52 + 0.80" 19.57 + 0.078 nd.
24 13.73 + 0.43° 96.14 + 1.33" 1690 + 0.26° nd. nd.
25 1333 + 0.16° 115.46 + 3.98" 4337 + 1.89° nd. nd.
26 1.78 + 0.04° 1641 + 0.16" 9.29 + 0.218 2.41+ 005° nd.
27 147 + 002 7.37 + 034" 4.24 + 0238 nd. nd.
28 1.32 + 0.06¢ 4292 + 1.09" 20.99 + 0509 nd. nd.
29 1.06 + 0.01€ 41,08 + 1.15° 9.28 + 0.348 nd. nd.
30 143 + 0038 2532 + 0.64" nd. nd. nd.
KA deriv. 86.68 325.70 213.40 136.06 nd.
QU deriv. 46.43 144.56 128.83 61.88 nd.
Total 157.47 491.69 353.07 250.95 15.91

The data are presented as means + SD (n = 3). Different superscripts in each row indicate significant differences in the means at
p < 0.05. KA deriv.: total content of kaempferol and its glycosides; QU deriv.: total content of quercetin and its glycosides. The
systematic names of the analytes are provided in Table 1 of the main paper [1].

described in Section 2.4 of the main paper [1]. The data on precision and accuracy are presented in
Table 1, and the data on the other validation parameters are shown in Table 4 of the main paper [1].

2.5. Quantification of 30 phenolics in raw plant material

The plant materials used to obtain the data were commercial samples of the P. spinosa L. flower
purchased from three European manufactures: Dary Natury (Koryciny, Poland), Flos (Mokrsko, Poland),
and Krauter Kiihne (Berlin, Germany) in the years 2015—2018. The authentication of the plant material
is described in Section 2.2 of the main paper [1]. Preparation of the extracts, including pre-extraction
with chloroform and proper extraction with methanol-water (7:3, v/v), is described in detail in Section
2.5 of the main paper [1]. The contents of the investigated analytes in the commercial samples of P.
spinosa flower are presented in Table 2.

2.6. Quantification of 30 phenolics in dry extracts

The plant material used to obtain the data were dry extracts obtained previously from the flowers
of P. spinosa L. (sample: Dary Natury 2015) by fractionated extraction, i.e. the defatted methanol-
water (7:3, v/v) extract (MED), and its diethyl ether fraction (DEF), ethyl acetate fraction (EAF), n-
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Table 4
The content of compounds quantified relatively (mg/g dw).

Analyte

cQ PA IHH KRH sp
Samples of P. spinosa flower:
Flos 2015 0.74 + 0.018 3.69 + 0,088 0.71 + 0.020F 223+ 0018 032 + 0.01F
Flos 2016 0.58 + 0.02° 5.01 +0.14" 0.68 + 0.01F 1.92+001°¢ 024 + 0.01°
Flos 2017 0.66 + 0.01° 4.89 + 0.09" 0.79 + 0.06° 1.98 + 0.01¢ 030 + 0.01F
Flos 2018 042 + 0.01F 1.33 + 0.057 049 + 0.02¢ 2.85 + 0.02" 0.40 + 0.01°
Dary natury 2015 052+ 0.01° 3.65 + 0.07° 1.14 + 0,018 1.10+ 0.01F 0.77 + 0.02"
Dary natury 2016 0.92 + 0.02" 3.24 + 0.09° 141 + 0.04" 214+ 0018 0.53 + 0.028
Dary natury 2017 0.49 + 0.01°¢ 3.36 + 0.10° 0.62 + 0.035F 2,75 + 0,024 021 +0.01F
Dary natury 2018 035+ 0.01° 1.63 + 0.04F 059 + 0.01F 2.69 + 0.05" 049 + 0.015¢
Kriuter Kiihne 2015 0.28 + 0.01° 3.36 + 0.15° 0.84 + 0.05¢ 091+ 0.01F 046 + 0.02¢
Krauter Kiihne 2016 0.70 + 0.02° 3.13 + 0.01° 111 + 0.00% 1.56 + 0.03° 0.74 + 0.01*
Krauter Kiihne 2017 0.74 + 0.03° 3.29 + 0.06° 1.09 + 0.02° 1.64 + 0.01° 0.79 + 0.01*
Krauter Kiihne 2018 0.58 +0.01° 2.27 +0.01° 0.82 + 0.02¢ 152+ 0.02° 0.74 + 0.01"
Extracts:
MED 2.54 + 0.01° 9.53 + 0.55° 526 + 0.11° 598 + 0.14° 237 +0.25°
DEF nd. 2979 + 0.52° nd. < LOQ 1.70 + 0.06°
EAF 1.33 £ 0.03° 48.66 + 5.04° < 10Q 384+ 2.29° 13.43 + 1.15°
BF 7.86 + 0.25° nd. 2131+ 0.21¢ nd. nd.
WR 121+ 0.02¢ nd. nd. nd. nd.

The data are presented as means + SD (n = 3). Different superscripts (capitals and lowercase) in each row indicate significant
differences in the means at p < 0.05. CQ, p-coumaroylquinic acid; PA, a dimeric A type proanthocyanidin; IHH, an isorhamnetin
dihexoside; KRH, a kaempferol rhamnoside-hexoside; SP, a spermidine derivative.

butanol fraction (BF), and water residue (WR) [5]. The sample preparation is described in Section 2.6
of the main paper [1]. The contents of the investigated analytes in the dry extracts are presented in
Table 3.

2.7. Quantification of other compounds in raw plant material and dry extracts

In addition to 30 phenolics that were quantified with the respect to the appropriate reference
standards, five other major compounds were tentatively identified (by comparison of the present data
with the UHPLC-MS analysis performed previously [5]) as an isomer of p-coumaroylquinic acid (CQ), a
dimeric A type proanthocyanidin (PA), an isorhamnetin dihexoside (IHH), a kaempferol rhamnoside-
hexoside (KRH), and a spermidine derivative (SP). These compounds have been quantified relatively
(both in the raw plant material and in the dry extracts) as equivalents of chlorogenic acid (CQ),
(—)-epicatechin (PA), rutin (IHH), kaempferol 3-0-(6"-0-g-.-rhamnopyranosyl)-B-p-glucopyranoside
(KRH), and caffeic acid (SP). The quantification data for five tentatively identified peaks are presented in
Table 4.
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OSWIADCZENIE

Oswiadczam, ze:

w pracy “Oweczarek A., Magiera A., Matczak M., Piotrowska D.G., Olszewska M.A., Marchelak A.:
Optimisation of preparative HPLC separation of four isomeric kaempferol diglycosides from
Prunus spinosa L. by application of the response surface methodology. Phytochemistry Letters,
2017, 20, 415-424, doi: 10.1016/j.phytol.2017.01.010”,

moj udziat polegat na wspdtopracowaniu koncepcji i planu pracy, nadzorze nad procesem
ekstrakcji ifrakcjonowania materiatu roslinnego do celdw izolacyjnych, analizie profilu
fitochemicznego ekstraktéw metoda LC-MS, nadzorze nad procesem izolacji analitéw, a takze na
okresleniu struktury wyizolowanych glikozydéw flawonoidowych przy uzyciu metod spektralnych
(1D i 2D NMR), chemicznych i chromatograficznych (analizie konfiguracji absolutnej cukréw), co
okreslam jako 40% wktadu w przygotowanie ww. publikacji;

w pracy “Marchelak A., Owczarek A., Matczak M., Pawlak A., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: Bioactivity potential of Prunus spinosa L. flower extracts: phytochemical profiling,
cellular safety, pro-inflammatory enzymes inhibition and protective effects against oxidative
stress in vitro. Frontiers in Pharmacology, 2017, 8, €680, 1-15, doi: 10.3389/fphar.2017.00680”,

maj udziat polegat na wspdtopracowaniu koncepcji i planu pracy, wspotautorstwie manuskryptu,
analizie profilu fitochemicznego ekstraktéw metodg LC-MS, oznaczeniu zawartosci aglikonow
flawonoidowych po hydrolizie metodg HPLC, optymalizacji metody TBARS, analizie aktywnosci
antyoksydacyjnej ekstraktow i zwigzkdw modelowych metodg TBARS, nadzorze nad procesem
przygotowania i frakcjonowania ekstraktéw, nadzorze nad wykonaniem oznaczen aktywnosci
antyoksydacyjnej ekstraktow i zwigzkéw modelowych metodami DPPH i FRAP, oraz analizie
statystycznej i interpretacji otrzymanych wynikéw, co okreslam jako 45% wktadu w przygotowanie
ww. publikacji;

w pracy “Marchelak A., Owczarek A., Rutkowska M., Michel P., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: New insights into antioxidant activity of Prunus spinosa flowers: Extracts, model
polyphenols and their phenolic metabolites in plasma towards multiple in vivo-relevant oxidants.
Phytochemistry Letters, 2019, 30, 288-295, doi: 10.1016/j.phytol.2019.02.011”,

maj udziat polegat na wspdtautorstwie koncepcji i planu pracy, wspotautorstwie manuskryptu,
wykonaniu oznaczen aktywnosci antyoksydacyjnej wobec 0,7, HO®, H,0,, HCIO, analizie
statystycznej i interpretacji wynikdow oraz petnieniu funkcji autora korespondencyjnego, w tym
przygotowaniu odpowiedzi na recenzje, co okreslam jako 65% wktadu w przygotowanie ww.
publikacji;

w_pracach “Marchelak A., Olszewska M.A., Owczarek A.: Simultaneous quantification of thirty
polyphenols in blackthorn flowers and dry extracts prepared thereof: HPLC-PDA method
development and validation for quality control. Journal of Pharmaceutical and Biomedical
Analysis, 2020, 184, 113121, doi: 10.1016/j.jpba.2020.113121”, oraz “Marchelak A., Olszewska
M.A., Owczarek A.: Data on the optimization and validation of HPLC-PDA method for
quantification of thirty polyphenols in blackthorn flowers and dry extracts prepared thereof. Data
in Brief, 2020, 29, 105319, doi:10.1016/j.dib.2020.105319”,
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Anna Marchelak Rozprawa doktorska Oswiadczenia autora

moj udziat polegat na wspodtautorstwie koncepcji i planu pracy, wspotautorstwie manuskryptu,
optymalizacji i walidacji metody HPLC-PDA-fingerprint, wykonaniu oznaczenn zawartosci
indywidualnych polifenoli w suchych ekstraktach i komercyjnym materiale roslinnym, analizie
statystycznej i interpretacji wynikéw oraz petnieniu funkcji autora korespondencyjnego, w tym
przygotowaniu odpowiedzi na recenzje, co okreslam jako 60% wktadu w przygotowanie ww.
publikacji.

(podpis)
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Anna Marchelak Rozprawa doktorska Oswiadczenia wspétautoréw

t6dz, dnia 06.03.2020
dr hab. n. farm. Monika A. Olszewska, prof. UM
Katedra Farmakognozji
Wydziat Farmaceutyczny
Uniwersytet Medyczny w todzi

OSWIADCZENIE WSPOLAUTORA
Osdwiadczam, ze:

w _pracy “Owczarek A., Magiera A., Matczak M., Piotrowska D.G., Olszewska M.A., Marchelak A.:
Optimisation of preparative HPLC separation of four isomeric kaempferol diglycosides from Prunus
spinosa L. by application of the response surface methodology. Phytochemistry Letters, 2017, 20, 415-
424, doi: 10.1016/j.phytol.2017.01.010”,

moj udziat polegat na wspéftworzeniu koncepcji i planu pracy, nadzorze nad poprawnoscia
prowadzonych eksperymentéw i interpretacji wynikoéw, konsultacji metodyki analizy konfiguracji
absolutnej reszt cukrowych, oraz finalnej korekcie manuskryptu;

w pracy “Marchelak A., Owczarek A., Matczak M., Pawlak A., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: Bioactivity potential of Prunus spinosa L. flower extracts: phytochemical profiling,
cellular safety, pro-inflammatory enzymes inhibition and protective effects against oxidative stress in
vitro. Frontiers in Pharmacology, 2017, 8, €680, 1-15, doi: 10.3389/fphar.2017.00680”,

m6j udziat polegat na wspéftworzeniu koncepcji i planu pracy, nadzorze nad poprawnoscia
prowadzonych eksperymentdw i interpretacji wynikéw, konsultacji metodyki analiz fitochemicznych
i aktywnosci  antyoksydacyjnej na modelach chemicznych, udostgpnieniu palety substancji
wzorcowych uzyskanych w ramach wczeéniejszych prac izolacyjnych, wspétautorstwie i finalnej
korekcie manuskryptu, rozwigzywaniu probleméw naukowo-badawczych podniesionych przez
recenzentéw, oraz petnieniu funkcji autora korespondencyjnego;

w pracy “Marchelak A., Owczarek A., Rutkowska M., Michel P., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: New insights into antioxidant activity of Prunus spinosa flowers: Extracts, model
polyphenols and their phenolic metabolites in plasma towards multiple in vivo-relevant oxidants.
Phytochemistry Letters, 2019, 30, 288-295, doi: 10.1016/j.phytol.2019.02.011”,

méj udziat polegat na wspéttworzeniu koncepcji i planu pracy, nadzorze nad poprawnoscia
prowadzonych eksperymentéw i interpretacji wynikéw, wspotautorstwie i finalnej korekcie
manuskryptu;

w_pracach “Marchelak A., Olszewska M.A., Owczarek A.: Simultaneous quantification of thirty
polyphenols in blackthorn flowers and dry extracts prepared thereof: HPLC-PDA method development
and validation for quality control. Journal of Pharmaceutical and Biomedical Analysis, 2020, 184,
113121, doi: 10.1016/j.jpba.2020.113121” oraz “Marchelak A., Olszewska M.A., Owczarek A.: Data on
the optimization and validation of HPLC-PDA method for quantification of thirty polyphenols in
blackthorn flowers and dry extracts prepared thereof. Data in Brief, 2020, 29, 105319, doi:
10.1016/j.dib.2020.105319”",

moj udziat polegat na wspoéttworzeniu koncepcji i planu pracy, udostepnieniu palety substancji
wzorcowych uzyskanych w ramach wczesniejszych prac izolacyjnych, konsultacji metodyki
optymalizacji i walidacji procedury analitycznej, nadzorze nad poprawnoscia prowadzonych
eksperymentdw i interpretacji wynikéw, oraz finalnej korekcie manuskryptu.
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Anna Marchelak Rozprawa doktorska Oswiadczenia wspétautoréw

Jednocze$nie wyrazam zgode na przedfozenie ww. prac przez mgr farm. Anne Marchelak jako
cze$é rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych w
czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. prac wykazuje indywidualny
wkiad mgr farm. Anny Marchelak w opracowanie koncepcji, wykonanie czesci eksperymentalnej,
.opracowanie i interpretacje wynikéw ww. prac.

(podpis)
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Anna Marchelak Rozprawa doktorska Oswiadczenia wspétautoréw

£6dz, dnia 06.03.2020
dr n. farm. Aleksandra Owczarek
Katedra Farmakognozji
Wydziat Farmaceutyczny
Uniwersytet Medyczny w todzi

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze:

w_pracy “Owczarek A., Magiera A., Matczak M., Piotrowska D.G., Olszewska M.A., Marchelak A.:
Optimisation of preparative HPLC separation of four isomeric kaempferol diglycosides from Prunus
spinosa L. by application of the response surface methodology. Phytochemistry Letters, 2017, 20, 415-
424, doi: 10.1016/j.phytol.2017.01.010”,

méj udziat polegat na wspéttworzeniu koncepcji i planu pracy, optymalizacji metody preparatywnej
HPLC izolacji diglikozydéw flawonoidowych z wykorzystaniem metody ptaszczyzny odpowiedzi,
wspotautorstwie manuskryptu, a takze petnieniu funkcji autora korespondencyjnego;

w_pracy “Marchelak A., Owczarek A., Matczak M., Pawlak A., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: Bioactivity potential of Prunus spinosa L. flower extracts: phytochemical profiling,
cellular safety, pro-inflammatory enzymes inhibition and protective effects against oxidative stress in
vitro. Frontiers in Pharmacology, 2017, 8, €680, 1-15, doi: 10.3389/fphar.2017.00680”,

moj udziat polegat na konsultacji zastosowanej metodyki LC-MS i metod statystycznych oraz
interpretacji wynikdw w tym zakresie, a takze korekcie merytorycznej i jezykowej finalnej wersji
manuskryptu;

w pracy “Marchelak A., Owczarek A., Rutkowska M., Michel P., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: New insights into antioxidant activity of Prunus spinosa flowers: Extracts, model
polyphenols and their phenolic metabolites in plasma towards multiple in vivo-relevant oxidants.
Phytochemistry Letters, 2019, 30, 288-295, doi: 10.1016/j.phytol.2019.02.011",

méj udziat polegat na konsultacji zastosowanych metod statystycznych oraz interpretacji wynikéw w
tym zakresie, a takze korekcie merytorycznej i jezykowej finalnej wersji manuskryptu;

w_pracach “Marchelak A., Olszewska M.A., Owczarek A.: Simultaneous quantification of thirty
polyphenols in blackthorn flowers and dry extracts prepared thereof: HPLC-PDA method development
and validation for quality control. Journal of Pharmaceutical and Biomedical Analysis, 2020, 184,
113121, doi: 10.1016/j.jpba.2020.113121” oraz “Marchelak A., Olszewska M.A., Owczarek A.: Data on
the optimization and validation of HPLC-PDA method for quantification of thirty polyphenols in
blackthorn flowers and dry extracts prepared thereof. Data in Brief, 2020, 29, 105319, doi:
10.1016/j.dib.2020.105319”,

moj udziat polegat na wspéttworzeniu koncepcji i planu pracy, wspétpracy w zakresie optymalizacji
rozdziatu chromatograficznego, oraz wspotautorstwie manuskryptu.

Jednoczeénie wyrazam zgode na przediozenie ww. pracy przez mgr farm. Anng Marchelak jako
cze$¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutéw opublikowanych w
czasopismach naukowych.
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Anna Marchelak Rozprawa doktorska Oswiadczenia wspétautoréw

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. prac wykazuje indywidualny
wktad mgr farm. Anny Marchelak w opracowanie koncepcji, wykonanie czeéci eksperymentalnej,
opracowanie i interpretacje wynikéw ww. prac.

(podpis)
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Anna Marchelak Rozprawa doktorska Oswiadczenia wspotautoréw

tédz, dnia 06.03.2020

dr hab. n. biol. Joanna Kotodziejczyk-Czepas, prof. Ut
Katedra Biochemii Ogélnej

Wydgziat Biologii i Ochrony Srodowiska

Uniwersytet todzki

OSWIADCZENIE WSPOLAUTORA

Os$wiadczam, ze:

w pracy “Marchelak A., Owczarek A., Matczak M., Pawlak A., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: Bioactivity potential of Prunus spinosa L. flower extracts: phytochemical profiling,
cellular safety, pro-inflammatory enzymes inhibition and protective effects against oxidative stress in
vitro. Frontiers in Pharmacology, 2017, 8, €680, 1-15, doi: 10.3389/fphar.2017.00680”,

méj udziat polegat na optymalizacji oraz wykonaniu analiz aktywnoéci antyoksydacyjnej na modelu
ludzkiego osocza, analizie bezpieczerstwa komérkowego stosowania ekstraktéow, konsultacji
interpretacji wynikéw ww. analiz, a takze korekcie finalnej wersji manuskryptu przygotowanego przez
gtéwnych autoréw;

w pracy “Marchelak A., Owczarek A., Rutkowska M., Michel P., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: New insights into antioxidant activity of Prunus spinosa flowers: Extracts, model
polyphenols and their phenolic metabolites in plasma towards multiple in vivo-relevant oxidants.
Phytochemistry Letters, 2019, 30, 288-295, doi: 10.1016/j.phytol.2019.02.011”,

méj udziat polegat na wykonaniu analiz aktywnosci antyoksydacyjnej ekstraktéw w teécie zmiatania
ONOO", a takze korekcie merytorycznej finalnej wersji manuskryptu przygotowanego przez gtéwnych
autoréw.

Jednoczesnie wyrazam zgode na przediozenie ww. prac przez mgr farm. Anne Marchelak jako
czeé¢ rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykutéw opublikowanych w
czasopismach naukowych.

Osdwiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$é ww. prac wykazuje indywidualny
wktad mgr farm. Anny Marchelak w opracowanie koncepcji, wykonanie czesci eksperymentalnej,
opracowanie i interpretacje wynikéw ww. prac.

...................................................

(podpis)
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Anna Marchelak Rozprawa doktorska Os$wiadczenie wspétautoréw

£6dz, dnia 06.03.2020

mgr farm. Anna Magiera
Katedra Farmakognozji
Wydziat Farmaceutyczny
Uniwersytet Medyczny w todzi

OSWIADCZENIE WSPOLAUTORA

Oséwiadczam, ze:

w_pracy “Owczarek A., Magiera A., Matczak M., Piotrowska D.G., Olszewska M.A., Marchelak A.:
Optimisation of preparative HPLC separation of four isomeric kaempferol diglycosides from Prunus
spinosa L. by application of the response surface methodology. Phytochemistry Letters, 2017, 20, 415-
424, doi: 10.1016/j.phytol.2017.01.010”,

moj udziat polegat na wykonaniu rozdziatéw preparatywnych izolowanych glikozydéw flawonoidowych
metoda HPLC oraz korekcie finalnej wersji manuskryptu przygotowanego przez gtéwnych autoréw.

Jednoczeénie wyrazam zgode na przediozenie ww. pracy przez mgr farm. Anng Marchelak jako
czeé¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

Oéwiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy wykazuje
indywidualny wktad mgr farm. Anny Marchelak w opracowanie koncepcji, wykonanie czgsci
eksperymentalnej, opracowanie i interpretacje wynikow ww. pracy.

(podpis)
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Anna Marchelak Rozprawa doktorska Oswiadczenie wspétautoréw

tédz, dnia 06.03.2020

dr n. farm. Piotr Michel
Katedra Farmakognozji
Wydziat Farmaceutyczny
Uniwersytet Medyczny w todzi

OSWIADCZENIE WSPOLAUTORA

Os$wiadczam, ze:

w_pracy “Marchelak A., Owczarek A., Rutkowska M., Michel P., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: New insights into antioxidant activity of Prunus spinosa flowers: Extracts, model
polyphenols and their phenolic metabolites in plasma towards multiple in vivo-relevant oxidants.
Phytochemistry Letters, 2019, 30, 288-295, doi: 10.1016/j.phytol.2019.02.011”,

moj udziat-polegat na konsultacji metodyki analiz aktywnoéci antyoksydacyjnej w testach zmiatania
02", HO" i H,0; oraz korekcie finalnej wersji manuskryptu przygotowanego przez gtéwnych autoréw.

Jednoczesnie wyrazam zgode na przediozenie ww. pracy przez mgr farm. Anng Marchelak jako
czg$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

Os$wiadczam, iz samodzielna i mozliwa do wyodrebnienia czeé¢ ww. pracy wykazuje
indywidualny wktad mgr farm. Anny Marchelak w opracowanie koncepcji, wykonanie czesci
eksperymentalnej, opracowanie i interpretacje wynikéw ww. pracy.

................................................

(podpis)
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Anna Marchelak Rozprawa doktorska Os$wiadczenie wspétautoréw

tédi, dnia 06.03.2020

dr hab. n. biol. Pawet Nowak, prof. Ut
Katedra Biochemii Ogélnej

Wydziat Biologii i Ochrony Srodowiska
_Uniwersytet todzki

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze:

w_pracy “Marchelak A., Owczarek A., Matczak M., Pawlak A., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: Bioactivity potential of Prunus spinosa L. flower extracts: phytochemical profiling,
cellular safety, pro-inflammatory enzymes inhibition and protective effects against oxidative stress in
vitro. Frontiers in Pharmacology, 2017, 8, 680, 1-15, doi: 10.3389/fphar.2017.00680”,

moj udziat pelegat na konsultacji metodyki badari na modelu ludzkiego osocza, syntezie ONOO™, a takze
korekcie finalnej wersji manuskryptu przygotowanego przez gtéwnych autoréw;

w_pracy “Marchelak A., Owczarek A., Rutkowska M., Michel P., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: New insights into antioxidant activity of Prunus spinosa flowers: Extracts, model
polyphenols and their phenolic metabolites in plasma towards multiple in vivo-relevant oxidants.
Phytochemistry Letters, 2019, 30, 288-295, doi: 10.1016/j.phytol.2019.02.011",

moj udziat polegat na konsultacji metodyki analizy aktywno$ci antyoksydacyjnej ekstraktéw w tescie
zmiatania ONOO", syntezie ONOO", a takie korekcie merytorycznej finalnej wersji manuskryptu
przygotowanego przez gtéwnych autoréw.

Jednoczes$nie wyrazam zgode na przedtozenie ww. prac przez mgr farm. Anne Marchelak jako
cze$é rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

Oséwiadczam, iz samodzielna i mozliwa do wyodrebnienia czeé¢ ww. prac wykazuje indywidualny
wktad mgr farm. Anny Marchelak w opracowanie koncepcji, wykonanie czeséci eksperymentalinej,
opracowanie i interpretacje wynikéw ww. prac.

P Nowak

(podpis)
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Anna Marchelak Rozprawa doktorska Oswiadczenie wspétautoréw

t6dz, dnia 06.03.2020

mgr farm. Adam Pawlak
Katedra Farmakognozji
Wydziat Farmaceutyczny
Uniwersytet Medyczny w todzi

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze:

w_pracy “Marchelak A., Owczarek A., Matczak M., Pawlak A., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: Bioactivity potential of Prunus spinosa L. flower extracts: phytochemical profiling,
cellular safety, pro-inflammatory enzymes inhibition and protective effects against oxidative stress in
vitro. Frontiers in Pharmacology, 2017, 8, e680, 1-15, doi: 10.3389/fphar.2017.00680”,

moj udzial polegat na przygotowaniu ekstraktéw, oznaczeniu catkowitej zawartoéci polifenoli
i procyjanidyn w ekstraktach, a takze wykonaniu analizy antyoksydacyjnej ekstraktéw w testach DPPH
i FRAP.

Jednoczesnie wyrazam zgode na przedtozenie ww. pracy przez mgr farm. Anne Marchelak jako
cze$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i moiliwa do wyodrebnienia czeé¢ ww. pracy wykazuje
indywidualny wkiad mgr farm. Anny Marchelak w opracowanie koncepcji, wykonanie czeéci
eksperymentalnej, opracowanie i interpretacje wynikéw ww. pracy.

AO[—D)-M Paw(u/(L

(podpis)
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Anna Marchelak Rozprawa doktorska Os$wiadczenie wspétautoréw

t6dz, dnia 6.03.2020

prof. dr hab. n. farm. Dorota G. Piotrowska
Katedra Chemii Bioorganicznej i Biokoordynacyjnej
Wydziat Farmaceutyczny

Uniwersytet Medyczny w todzi

OSWIADCZENIE WSPOLAUTORA

Os$wiadczam, ze:

w_pracy “Owczarek A., Magiera A., Matczak M., Piotrowska D.G., Olszewska M.A., Marchelak A.:
Optimisation of preparative HPLC separation of four isomeric kaempferol diglycosides from Prunus
spinosa L. by application of the response surface methodology. Phytochemistry Letters, 2017, 20, 415-
424, doi: 10.1016/j.phytol.2017.01.010”,

moj udziat polegat na konsultacji interpretacji danych w analizie NMR i odpowiednich fragmentéw
dyskusji, a takze korekcie finalnej wersji manuskryptu przygotowanego przez gtéwnych autoréw.

Jednoczeénie wyrazam zgode na przediozenie ww. pracy przez mgr farm. Anng Marchelak jako
czeé¢ rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

Oéwiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy wykazuje
indywidualny wktad mgr farm. Anny Marchelak w opracowanie koncepcji, wykonanie czesci
eksperymentalnej, opracowanie i interpretacje wynikow ww. pracy.

(podpis)
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Anna Marchelak Rozprawa doktorska Oswiadczenie wspétautoréw

£6dz, dnia 06.03.2020

mgr farm. Magdalena Rutkowska
Katedra Farmakognozji

Wydziat Farmaceutyczny
Uniwersytet Medyczny w todzi

OSWIADCZENIE WSPOLAUTORA

Oéwiadczam, ze:

w_pracy “Owczarek A., Magiera A., Matczak M., Piotrowska D.G., Olszewska M.A., Marchelak A.:
Optimisation of preparative HPLC separation of four isomeric kaempferol diglycosides from Prunus
spinosa L. by application of the response surface methodology. Phytochemistry Letters, 2017, 20, 415-
424, doi: 10.1016/j.phytol.2017.01.010", .

méj udziat-polegat na ekstrakgji i frakcjonowaniu materiatu roslinnego do celéw preparatywnych oraz
korekcie finalnej wersji manuskryptu przygotowanego przez gtéwnych autoréw;

w_pracy “Marchelak A., Owczarek A., Matczak M., Pawlak A,, Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: Bioactivity potential of Prunus spinosa L. flower extracts: phytochemical profiling,
cellular safety, pro-inflammatory enzymes inhibition and protective effects against oxidative stress in
vitro. Frontiers in Pharmacology, 2017, 8, e680, 1-15, doi: 10.3389/fphar.2017.00680”,

moj udziat polegat na wykonaniu analiz aktywnosci przeciwzapalnej w testach inhibicji enzyméw
prozapalnych oraz korekcie finalnej wersji manuskryptu przygotowanego przez gltéwnych autoréw;

w pracy “Marchelak A., Owczarek A., Rutkowska M., Michel P., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: New insights into antioxidant activity of Prunus spinosa flowers: Extracts, model
polyphenols and their phenolic metabolites in plasma towards multiple in vivo-relevant oxidants.
Phytochemistry Letters, 2019, 30, 288-295, doi:10.1016/j.phytol.2019.02.011",

moj udziat polegat na wykonaniu analiz aktywnosci antyoksydacyjnej ekstraktow w tescie zmiatania
NO* oraz korekcie finalnej wersji manuskryptu przygotowanego przez giéwnych autoréw.

Jednoczeénie wyrazam zgode na przedtozenie ww. prac przez mgr farm. Anng Marchelak jako
czeé¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych w
czasopismach naukowych.

Oéwiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. prac wykazuje indywidualny
wktad mgr farm. Anny Marchelak w opracowanie koncepcji, wykonanie czeéci eksperymentalnej,
opracowanie i interpretacje wynikéw ww. prac.

(podpis)
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Anna Marchelak Rozprawa doktorska Dorobek naukowy

Catkowity dorobek naukowy

Autorstwo lub wspétautorstwo oryginalnych prac naukowych o tgcznym wspdtczynniku IF 21.853
i punktacji MNiSW 465 (zgodnie z rokiem opublikowania), oraz 5 prac przegladowych o tgcznej
punktacji MNiSW 40.

Prace oryginalne:

1.

Marchelak A., Olszewska M.A., Owczarek A.: Simultaneous quantification of thirty
polyphenols in blackthorn flowers and dry extracts prepared thereof: HPLC-PDA method
development and validation for quality control. Journal of Pharmaceutical and Biomedical
Analysis, 2020, 184, 113121, doi: 10.1016/j.jpba.2020.113121, IF2015 = 2.983, MNiSW2015
=35, MNiSW2019 = 100

Marchelak A., Olszewska M.A., Owczarek A.: Data on the optimization and validation of
HPLC-PDA method for quantification of thirty polyphenols in blackthorn flowers and dry
extracts prepared thereof. Data in Brief, 2020, 29, 105319, doi:
10.1016/j.dib.2020.105319, MNiSW019 = 40

Magiera A., Marchelak A., Michel P., Owczarek A., Olszewska M.A.: Lipophilic extracts
from leaves, inflorescences and fruits of Prunus padus L. as potential sources of corosolic,
ursolic and oleanolic acids with anti-inflammatory activity. Natural Product Research,
2019, doi: 10.1080/14786419.2019.1666385, IF2015 = 1.999, MNiSW2015 = 20, MNiSW2010
=70

Marchelak A., Owczarek A., Rutkowska M., Michel P., Kolodziejczyk-Czepas J., Nowak P.,
Olszewska M.A.: New insights into antioxidant activity of Prunus spinosa flowers: Extracts,
model polyphenols and their phenolic metabolites in plasma towards multiple in vivo-
relevant  oxidants. Phytochemistry  Letters, 2019, 30, 288-295, doi:
10.1016/j.phytol.2019.02.011, IF;015 = 1.338, MNiSW2015 = 20, MNiSW2019 = 70

Kicel A., Kolodziejczyk-Czepas J., Owczarek A., Marchelak A., Sopinska M., Ciszewski P.,
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