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Podziekowania

Prezentowana rozprawa doktorska przygotowana zostata pod opieka naukowg Pani dr
hab. n. farm. Moniki A. OlszewsKiej, prof. UM oraz Pani dr hab. n. farm. Moniki E. Czerwinskiej,
ktérym pragne ztozy¢ najserdeczniejsze podziekowania za okazana pomoc, cierpliwos¢ oraz
cenne uwagi i wskazdwki merytoryczne, ktére wptynety na ostateczny ksztatt niniejszej
dysertaciji.

Chciatabym podkresli¢, ze cykl eksperymentéw wchodzacych w skiad prezentowanej
rozprawy doktorskiej byt praca zespotow3a i bez pomocy wielu innych os6b nie mégtby zostac
zakonczony pomys$lnie. Dlatego dziekuje wszystkim pozostatym wspétautorom publikacji
bedacych podstawa niniejszej rozprawy doktorskiej, w osobach Pana prof. dr hab. n. med. i n.
o zdr. Sebastiana Granicy, Pani dr hab. n. biol. Joanny Kotodziejczyk-Czepas, prof. UL, Pani dr
n. farm. Anny Marchelak, Pana dr n. farm. Piotra Michela, Pani dr n. farm. Aleksandry
Owczarek, Pani mgr farm. Aleksandry Prokop, Pani dr n. farm. Magdaleny Rutkowskiej oraz
Pani mgr Karoliny Skrobacz.

Dziekuje rowniez wszystkim pracownikom Katedry Farmakognozji Wydziatu
Farmaceutycznego Uniwersytetu Medycznego w todzi oraz Katedry Farmakognozji
i Molekularnych Podstaw Fitoterapii (obecnie Zakitad Biologii i Farmakognozji)
Warszawskiego Uniwersytetu Medycznego za pomoc i przyjazng atmosfere w pracy.






Anna Magiera Rozprawa doktorska Spis tresci

Spis tresci

Wykaz publikacji bedgcych podstawg rozprawy doKtOrSKI€] ... eererreeeernsemseeseesssesssessssesssessssessssesssessssssseesssessans 5
WWYKAZ SKIGOTOW ..ovvvevereeeuseeemseessseesssseessssessssseesssesesssesesssesesssesessse etz sssses s a1 88 E 8RR RS E SRR R R R RS R R 7
Uzasadnienie podjetej tematyKi DAAAWCEZE] ....cceeremeereereesreesseesseesssessesssessssssses s sssesssesssesssssssssssssssssssssssssssesssssssseses 11
CELE NAUKOWE PIACY .evureeuriesseeruseessseessessssesssessssessssesssessssssssessssesssessssessssssssassssesssassssasssessssessssesssessssesssessssesssessssassssssssassasesssnssssassssssssases 19
CZESC AOSWIAACZAINA «.cevveerreeeereeeeeeesseerseessesessees e sssesss s s ss e b s8R REEER R R R R RS R 21
Materiat roslinny i przygotowanie eKStraRtOW /fTAKC]T ...coeeeeermeesseerneessesesessssesssessssssssssssesssssssssssssssssssssssssssssssasssssssseses 21
IMEEOAYKA DAAAN cvurvrevusrerusressseeessseessseesssseessssesssseessssesssssesssseeesssesesssesesssesesssesesssesesssesssssesesssesesssessssesesssesesssessssssssssesssssesssssesssssesssssessssnans 21

Analiza Profilu CHEMICZNEZ0 ... v eeeeeeeeeeseseesseresse s s s s s ss e ss s 21

Analiza in vitro aktyWnoSCi DI0l0ZICZNE] ... vuuurerrerereresessessssesssseesssesssssssssssssssessssssssssssssssesssssesssssesssssesssssesssssesess 22

0cena StatyStYCZNa WYTHKOW ..o sssssssssssssssssssssssssssssssssssssssss st sssssssssss s s sssssssssssss s s ssans 23
Realizacja celdw naukowych — WyniKi i AYSKUSa....rerrerrerssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssans 25

Analiza profilu chemicznego suchych ekstraktéw uzyskanych ze Swiezych i suszonych
OWOCOW P. SPINOSA ceuveueerseersesessssssssssssssssssssssssssssssssssssssessssssssessassssssssasessanssssassssssssessasesssessasessssssssessssessssesssassasssssnssssasssssssnees 25

Analiza in vitro aktywno$ci biologicznej suchych ekstraktow ze Swiezych i suszonych

OWOCOW P. SPINOSH cevrrevverserssssessssesssssesssssesssssssssssssssssssssssssssesssssasssssssssssssssssssssss s s s s SRR SAREeRE 26
POASUMOWANIE WYTIKOW ...vvevuirrsecesseiesssssssessssssssssssssssesssssess s ssssss s s s s s s s 31
W OS K teureruseesseesseesssesssesssssssseesssesssessssessssesssesssse st ssse s 4R 4R EEE £ AR AR AR R bR 33
Perspektywy i kierunki dalSZyCh Dadan ... ceeeeeeeeseesseeeesssessseesssesssessssessssessssesssssssssssssssssssssssssesssesssssssssssssesssssssseses 35
Y0 QR o) oL L 37
D) 00 0000 F: 1 oy PP 41
PISINIEINNICEINO c.euveereeeeeeeeseesee s e s b es s b ssse s s s a £ £ R 8RR R SRS b bR 45
Kopie publikacji bedacych podstawa rozprawy doktorskiej (Publikacje I-I11) .....ooeneemeernmeesneenmeesssessesssseessenes 49
Oswiadczenia osoby ubiegajacej si€ 0 StOPIEN AOKLOTA ...uucvueerieereereeessrisseessses s ssssssssssssssssssessssssssssasssssssans 141
OSWIAACZENIA WSPOTAULOTOW .. ceureercensecrsreseersseesessssessssesssesssseesssessseesssess s ss s s se s e R AR R R R Rt 144
Wyksztatcenie i catkowity dorobek naukowy osoby ubiegajacej sie 0 stopiefl dOKtora ....couweueeemreeereeereeeeeeneens 155






Anna Magiera Rozprawa doktorska Wykaz publikacji

Publikacje naukowe bedace podstawg rozprawy doktorskiej

Ponizej przedstawiono wykaz oryginalnych publikacji naukowych stanowigcych podstawe
rozprawy doktorskiej pt. ,Profil polifenolowy i aktywno$¢ biologiczna ekstraktéw ze
Swiezych i suszonych owocéw Prunus spinosa L. - analiza poréwnawcza”. Sumaryczny IF (IS]
Journal Citation Reports) cyklu zgodny z rokiem opublikowania jest réwny 15.069, natomiast

punktacja MEiN2921 wynosi 380.

»  Publikacjal

Magiera A., Czerwinska M.E., Owczarek A., Marchelak A., Granica S., Olszewska M.A.
(2022). Polyphenol-enriched extracts of Prunus spinosa fruits: Anti-inflammatory and
antioxidant effects in human immune cells ex vivo in relation to phytochemical
profile. Molecules, 27(5), 1691, doi: 10.3390/ molecules27051691.

IF2021 = 4927, MEiN2021 =140

> Publikacja Il

Magiera A., Czerwinska M.E., Owczarek A., Marchelak A., Granica S., Olszewska M.A.
(2022). Polyphenols and Maillard reaction products in dried Prunus spinosa fruits:
Quality aspects and contribution to anti-inflammatory and antioxidant activity in
human  immune cells ex vivo. Molecules, 27(10), 3302, doi:
10.3390/molecules27103302.

IF2021 = 4927, MEiN2021 = 14-0

> Publikacja III

Magiera A., Kotodziejczyk-Czepas ]., Skrobacz K. Czerwinska M.E., Rutkowska M,
Prokop A., Michel P., Olszewska M.A. (2022). Valorisation of the inhibitory potential
of fresh and dried fruit extracts of Prunus spinosa L. towards carbohydrate
hydrolysing enzymes, protein glycation, multiple oxidants and oxidative stress-
induced changes in human plasma constituents. Pharmaceuticals, 15(10), 1300, doi:
10.3390/ph15101300.

IF2021 = 5.215, MEiN2021 =100
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Wyniki badan prezentowane w ramach niniejszej dysertacji zostaty takze przedstawione
w formie 4 komunikatéw zjazdowych (3 posteréw i 1 referatu ustnego) na krajowych
i miedzynarodowych sympozjach naukowych.

> Magiera A. Czerwinska M.E., Kolodziejczyk-Czepas ], Olszewska M.A. Wielo-
kierunkowa aktywno$¢ S$wiezych i suszonych owocéw Prunus spinosa L. -
uwarunkowania fitochemiczne. V Krajowa Konferencja Naturalne Substancje
Roslinne - Aspekty Strukturalne i Aplikacyjne, Putawy (Polska), 2019, referat ustny.

Referat zostal wyrézniony nagroda dla autora najlepszej prezentacji.

> Magiera A. Czerwinska M.E., Olszewska M.A. Analiza profilu polifenolowego
ekstraktow ze $wiezych i suszonych owocdw Prunus spinosa L. oraz ocena ich wptywu
na sekrecje wybranych czynnikow pro- i przeciwzapalnych. Kopernikanskie E-
Seminarium Doktoranckie, Torun (Polska), 2020, poster.

> Magiera A., Prokop A., Czerwinska M.E., Rutkowska M., Olszewska M.A. Evaluation of
blackthorn (Prunus spinosa L.) fruits activities targeting management of diabetes and
related complications using in vitro models. International Conference on Plant Systems
Biology and Biotechnology (ICPSBB), Ztote Piaski (Butgaria), 2021, poster.

> Magiera A., Czerwinska M.E., Olszewska M.A. In vitro anti-inflammatory activity of
blackthorn (Prunus spinosa L.) fruits extracts in human immune cells. International
Conference on Plant Systems Biology and Biotechnology (ICPSBB), Ztote Piaski
(Butgaria), 2021, poster.
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Wykaz skrotow

3-NT 3-nitrotyrozyna (ang. 3-nitrotyrosine)

ABTS kwas 2,2'-azyno-bis(3-etylobenzotiazolino-6-sulfonowy)
(ang. 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid))

AGEs zaawansowane produkty glikacji (ang. advanced glycation end-products)

ASE przyspieszona ekstrakcja za pomoca rozpuszczalnika
(ang. accelerated solvent extraction)

BSA surowicza albumina bydleca (ang. bovine serum albumin)

BFD frakcja n-butanolu (ekstraktu metanolowo-wodnego) z owocu suszonego
(ang. n-butanol fraction of dried fruit)

BFF frakcja n-butanolu (ekstraktu metanolowo-wodnego) z owocu $wiezego
(ang. n-butanol fraction of fresh fruit)

CDs choroby cywilizacyjne (ang. civilisation diseases)

COSsYy spektroskopia korelacyjna (ang. correlation spectroscopy)

DEFD frakcja eteru dietylowego (ekstraktu metanolowo-wodnego) z owocu
suszonego (ang. diethylether fraction of dried fruit)

DEFF frakcja eteru dietylowego (ekstraktu metanolowo-wodnego) z owocu
Swiezego (ang. diethylether fraction of fresh fruit)

DPPH 2,2-difenylo-1-pikrylohydrazyl (ang. 2,2-diphenyl-1-picrylhydrazyl)

EAFD frakcja octanu etylu (ekstraktu metanolowo-wodnego) z owocu suszonego
(ang. ethyl acetate fraction of dried fruit)

EAFF frakcja octanu etylu (ekstraktu metanolowo-wodnego) z owocu $wiezego
(ang. ethyl acetate fraction of fresh fruit)

IC50 stezenie inhibitora hamujace badany czynnik w 50% (ang. half inhibitory
concentration)

ELA-2 elastaza typu 2 (ang. type 2 elastase)

ELISA testimmunoenzymosorpcyjny (ang. enzyme-linked immunosorbent assay)

ESI-MS spektrometria mas z jonizacja typu elektrosprej (ang. electrospray
ionizationmass spectrometry)

f-MLP N-formylometionylo-leucylo-fenyloalanina
(ang. N-formylmethionyl-leucyl-phenylalanine)

FRAP test zdolnosci do redukcji jonéw zelaza Fe3+ (ang. ferric reducing
antioxidantpower assay)

GAE ekwiwalenty kwasu galusowego (ang. gallic acid equivalents)

H.0; nadtlenek wodoru (ang. hydrogen peroxide)

HCIO kwas podchlorawy (ang. hypochlorous acid)

HMBC heterojadrowa korelacja dalekiego zasiegu
(ang. heteronuclear multiple bondcoherence)

HMF hydroksymetylofurfural (ang. hydroxymethylfurfural)

HMQC heterojadrowa korelacja z detekcjg przejs¢ wielokwantowych

(ang.heteronuclear multiple quantum coherence)
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rodnik hydroksylowy (ang. hydroxyl radical)

czasteczka adhezji miedzykomoérkowej typu 1
(ang. intercellular adhesion molecule 1)

interleukina (ang. interleukin)
lipopolisacharyd (ang. lipopolysaccharide)

ekstrakt metanolowo-wodny z owocu suszonego (75:25, v/v)
(ang. methanol-water (75:25, v/v) extract of dried fruit)

ekstrakt metanolowo-wodny z owocu $wiezego (75:25, v/v)
(ang. methanol-water (75:25, v/v) extract of fresh fruit)

produkty reakcji Maillarda (ang. Maillard reaction products)
btekit nitrotetrazoliowy (ang. nitrotetrazolium blue)

nieenzymatyczna pojemnos¢ antyoksydacyjna osocza
(ang. non-enzymaticantioxidant capacity of plasma)

jadrowy czynnik transkrypcyjny NF-xB
(ang. nuclear factor kappa-light-chain-enhancer of activated B cells)

tlenek azotu (ang. nitric oxide)

spektroskopia magnetycznego rezonansu jadrowego
(ang. nuclear magnetic resonance)

jadrowy czynnik transkrypcyjny NRF2
(ang. nuclear factor erythroid 2-related factor 2)

anionorodnik ponadtlenkowy (ang. superoxide anion radical)
nadtlenoazotyn (ang. peroxynitrite)

zdolnos$¢ do pochtaniania reaktywnych form tlenu/pojemno$¢
antyoksydacyjna (ang. oxygen radical absorbance capacity)

jednojadrzaste komorki krwi obwodowej (ang. peripheral blood
mononuclear cells)

reaktywne formy tlenu (ang. reactive oxygen species)

steZenie analitu “zmiatajace” ROS w 50% (ang. half scavenging
concentration)

sucha masa (ang. dw, dry weight)
Swieza masa (ang. fw, fresh weight)

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

catkowita zawarto$¢ polifenoli (ang. total phenolic content)
oznaczona metoda Folina-Ciocalteu’a (ang. Folin-Ciocalteu assay)

catkowita zawarto$¢ polifenoli oznaczona metodg HPLC-PDA
(ang. total contents of polyphenolic compounds)

czynnik martwicy nowotwordéw (ang. tumor necrosis factor a)

(ultra)wysokosprawna chromatografia cieczowa z detekcja
fotodiodowa (ang.(ultra)-high-performance liquid chromatography
with photodiode array detection)
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VCAM-1 czasteczka adhezji komoérek naczyn typ 1 (ang. vascular cell
adhesion molecule 1)

WRD pozostato$¢ wodna (ekstraktu metanolowo-wodnego) z owocu suszonego
(ang. water residue of dried fruit)

WRF pozostato$¢ wodna (ekstraktu metanolowo-wodnego) z owocu $wiezego
(ang. water residue of fresh fruit)
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Uzasadnienie podjetej tematyki badawczej

Nieustannie zwiekszajace sie zapotrzebowanie na zasoby systemu opieki zdrowotnej (tj.
naklady finansowe zwigzane z diagnostyka, monitorowaniem i leczeniem pacjentéw,
dostepnos$¢ do technologii medycznej i personelu medycznego) generuje stala potrzebe
implementacji skutecznej prewencji chordb, w szczegdlnosci tych, ktére okre$lane sa mianem
choréb cywilizacyjnych (CDs)/przewlektych. Termin ten odnosi sie do powszechnie
wystepujacych schorzen o zasiegu globalnym, ktérych etiologia $ciSle zwigzana jest
z negatywnymi skutkami Zycia w warunkach szybkiego rozwoju przemystu i dynamiczne;j
urbanizacji oraz z nieracjonalnym stylem zycia (Zle zbilansowana, bogata w wysoko
przetworzong zywnos$¢ dieta, niewystarczajaca aktywnoscia fizyczng, chronicznym stresem,
czy naduzywaniem substancji psychoaktywnych). Do najcze$ciej wymienianych schorzen
w tej grupie zaliczaja sie zaburzenia metaboliczne (m.in. cukrzyca, otyto$¢), patologie uktadu
krazenia (tj. nadci$nienie tetnicze, miazdzyca), choroby uktadu pokarmowego (np. choroba
wrzodowa zotgdka, nieswoiste zapalne choroby jelit), zaburzenia psychiczne (zwlaszcza
depresja i zaburzenia lekowe), a takze niektére choroby nowotworowe (np. tytonio-
i alkoholozalezne). Jak wynika z szacunkéw Swiatowej Organizacji Zdrowia (WHO), CDs
w 2019 r. byty przyczyna 71% zgondéw (41 mln oso6b), z czego prawie 40% stanowily zgony
przedwczesne (World Health Organization, 2022). W badaniach prowadzonych w ostatnich
dekadach dowiedziono, iZ patomechanizm wiekszosci choréb cywilizacyjnych i ich powiktan
jest bardzo zloZzony, jednak w istotnym stopniu powigzany z chronicznym stresem
oksydacyjnym, czyli utrzymujaca sie =zaburzona réwnowagg pomiedzy generacja
rodnikowych i nierodnikowych reaktywnych form tlenu (ROS) a zdolno$ciami
antyoksydacyjnymi organizmu. ROS wykazuja wielokierunkowe, niszczace dziatanie wobec
bioczasteczek funkcjonalnych. Doprowadzaja m.in. do chemicznych modyfikacji
(peroksydacji, agregacji, denaturacji) biatek i lipidéw, indukujg tez zmiany w strukturze DNA,
prowadzace do efektow cytotoksycznych badz mutacji. Co wiecej, ROS stanowig réwniez
wazny element aktywacji komdrkowych szlakéw sygnatowych i czynnikéw transkrypcyjnych
zaangazowanych w powstawanie przewlektego stanu zapalnego (Rani i wsp., 2016; Liguori
iwsp., 2018). Podstawowa strategia terapeutyczna wspoéiczesnej medycyny zaktada, iz
pojedyncza substancja aktywna trafia w cel, ktérym jest Zrédto choroby, doprowadzajac do
jego wyeliminowania. W farmakoterapii CDs w wielu przypadkach ten model postepowania
leczniczego czesto sie nie sprawdza, gdyz jak wzmiankowano powyzej ich mechanizmy
patogenne sg ztozone i wigzg sie z zaburzeniami homeostazy catego organizmu. Leczenie CDs
obejmuje wiec wiele celéw farmakologicznych i oparte jest na zastosowaniu przynajmniej
kilku $rodkoéw leczniczych, co wymaga bardzo uwaznej kontroli i naraza pacjenta na ryzyko
wystgpienia niepozadanych reakcji polekowych.

Uwzgledniajgc zatem wzgledy epidemiologiczne i ekonomiczne oraz niedoskonatosc¢
terapii lekami syntetycznymi, istnieje konieczno$¢ zwiekszenia nacisku na profilaktyke
oparta o racjonalne odzywianie oraz wysokiej jakos$ci zywnosé, a takze uzupetnienie
konwencjonalnej farmakoterapii racjonalng fitoterapiag. W tym aspekcie szczeg6lne znaczenie
ma poszerzenie wiedzy na temat prozdrowotnego dziatania surowcéw/substancji roslinnych
stosowanych tradycyjnie w lecznictwie i zywieniu oraz udoskonalenie sposobéw ich
otrzymywania i przetwarzania (Roberfroid, 2000; Rani i wsp., 2016). Sposrdéd dostepnych
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substancji roslinnych szczegdlnie duzym zainteresowaniem w kontekscie zastosowania
w profilaktyce pierwotnej i wtérnej CDs cieszg sie produkty bogate w polifenole (Cory i wsp.,
2018; Tresserra-Rimbau i wsp., 2018; Koch, 2019).

Profilaktyczny i terapeutyczny wplyw polifenoli roslinnych na postep CDs jest gtéwnie
zwigzany z ich normalizujgco-regulujgcym wplywem na procesy oksydacyjne i zapalne oraz
zaburzenia metaboliczne zachodzace w zywych komérkach, stanowigce elementarne
czynniki etiologiczne CDs. Plejotropowe wiasciwosci farmakologiczne polifenoli sg wynikiem
ztoZono$ci ich mechanizmu dziatania, w tym zdolnosci do interferencji z szeregiem uktadéw
enzymatycznych, komoérkowych szlakéw sygnatowych, biatek funkcjonalnych oraz wptywem
na ekspresje gen6w w komdrkach (Hussain i wsp., 2016; Tresserra-Rimbau i wsp., 2018;
Koch, 2019). Zwiagzki polifenolowe wykazuja takze zdolno$¢ do bezposredniej redukcji ROS,
m.in. anionorodnika ponadtlenkowego (0:*-), nadtlenku wodoru (H;0;), rodnika
hydroksylowego (HO®), kwasu podchlorawego (HCIO), tlenku azotu (NO¢) czy
nadtlenoazotynu (ONOO-). Hamuja takze aktywnos$¢ enzyméw bioracych udziat w tworzeniu
ROS, m.in. oksydazy ksantynowej, oksydazy NADPH, mieloperoksydaz i syntazy tlenku azotu,
jak réwniez reguluja aktywno$¢ biatek (enzymatycznych i nieenzymatycznych)
zaangazowanych w procesy oksydoredukcyjne. Rownie znaczacym aspektem dziatania
biologicznego polifenoli jest ich zdolno$¢ do modyfikacji funkcji komoérek uktadu
immunologicznego. Zwigzki te mogg wplywa¢ na sekrecje prozapalnych cytokin, m.in.
interleukin (IL), w szczegdlnosci IL-1§, IL-6 i IL-8, czynnika nekrozy nowotworéw (TNF-a),
prozapalnych enzymow remodelujgcych skladniki macierzy zewnagtrzkomoérkowej, m.in.
neutrofilowej elastazy 2 (ELA2), prowadzacych do eskalacji procesu zapalnego; jednoczes$nie
moga nasila¢ wydzielanie cytokin przeciwzapalnych, m.in. IL-10. Za kluczowy molekularny
mechanizm dziatania polifenoli uwaza sie ich wpltyw na ekspresje jadrowych czynnikéw
transkrypcyjnych, w tym gtownie NF-kB, zaangazowanego w ekspresje gendéw dla
prozapalnych cytokin i enzymoéw, biatek ostrej fazy i czasteczek adhezyjnych, oraz NRF2,
regulatora ekspresji enzymatycznych i nieenzymatycznych biatek endogennego systemu
antyoksydacyjnego. Ponadto, zwigzki polifenolowe mogg bezposrednio hamowac¢ aktywnos$¢
enzyméw o dziataniu prozapalnym, w tym cyklooksygenaz, fosfolipaz wydzielniczych,
lipooksygenaz i hialuronidazy (Hussain i wsp., 2016; Yahfoufi i wsp., 2018). W kontekscie
profilaktyczno-leczniczym CDs duze znaczenie ma takze regulujacy wptyw polifenoli na
metabolizm spozywanych weglowodanéw, ktéry jest m.in. wynikiem ich zdolnosci do
inhibicji glikolitycznych enzymoéw trawiennych: a-amylazy i a-glukozydazy (Ombra i wsp.,,
2018).

Majac na uwadze ztozono$¢ procesow patologicznych odpowiedzialnych za rozwoj CDs,
wielo$¢ mechanizméw dziatania polifenoli roslinnych stoi za ich skuteczno$cia w prewencji
pierwotnej i wtérnej CDs. Sposrdd dostepnych substancji roslinnych bogatych w polifenole
szczegblnym zainteresowaniem cieszg sie owoce, zwykle chetnie spozywane w postaci
Swiezej lub przetworzonej. Niektére z nich znajduja takze zastosowanie w medycynie
tradycyjnej, co wskazuje na ich znaczny potencjat profilaktyczno-leczniczy. Jednakze, pomimo
plejotropowego dziatania polifenoli wiadomym jest, iz nie kazdy produkt roslinny bogaty
wte zwiazki wykazuje satysfakcjonujacg efektywno$¢ terapeutyczng. Liczne badania
pokazuja, iz aktywno$¢ biologiczna frakcji polifenolowych surowcéw roslinnych jest
uwarunkowana obecnoscig specyficznej palety zwigzkéw w odpowiednich proporcjach. Stad
podstawa racjonalnego stosowania substancji roslinnych jest ich petna charakterystyka -
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wskazanie skladnikéw warunkujacych aktywno$¢, standaryzacja fitochemiczna, ustalenie
mechanizméw dziatania, parametréw aktywnosci i wlasciwego dawkowania oraz
wykluczenie toksycznosci.

Uwzgledniajac powyzZsze przestanki, obiektem mojego zainteresowania i przedmiotem
niniejszej rozprawy doktorskiej stat sie owoc Prunus spinosa L. - surowiec polifenolowy,
wymieniany w lecznictwie tradycyjnym, jako substancja o plejotropowych wilasciwosciach
biologicznych.

P. spinosa L. (Sliwa tarnina) jest ciernistym krzewem lub niewielkim drzewem nalezgcym
do rodziny Rosaceae, charakterystycznym dla flory Europy, po6tnocno-zachodniej Afryki
i potudniowo-zachodniej Azji. Ponadto gatunek ten zostat naturalizowany na obszarze Nowej
Zelandii i Tasmanii oraz w Ameryce Péinocnej (Rycina 1). Na terenie naszego kraju rosnie na
obszarze catego nizu i w dolnych partiach gérskich. Roslina spotykana jest gtéwnie na
brzegach laséw, skarpach, miedziach oraz stabo eksploatowanych tgkach czy pastwiskach.
Tarnina pomimo tego, iz preferuje stanowiska nastonecznione i ciepty klimat jest rosling
mrozo- i suszoodporng. Roslina najlepiej rozwija sie w miejscach o glebach zyznych,
préchniczych, mineralnych, o duZej zawarto$ci wapnia i stabo zasadowym odczynie
(Ruminska i Ozarowski, 1990; Poonam i wsp., 2011; Popescu i Caudullo, 2016).

Rycina 1. Obszar wystepowania gatunku P. spinosa L. (Zr6dto:
https://www.cwrnl.nl/en/CWRnl-1/CWRbybotanicalname/Prunus-spinosa-L.-1.htm;
dostep: 26.07.2022)

Sliwa tarnina dostarcza jadalnych owocéw oraz szeregu innych substancji roslinnych
(kwiatéw, lisci, owocéw, mtodych peddw, kory) cenionych z uwagi na walory terapeutyczne
juz od czaséw starozytnych. Swieze owoce tarniny sa spozywane gléwnie w formie
przetworow (konfitur, sokow, syropow, kompotéw, nalewek, likieréw i win), zawierajgcych
wartos$ciowe sktadniki odzywcze, witaminy i mineraty; z kolei suszone owoce wykorzystuje
sie do przygotowywania leczniczych herbat ziotowych. Zar6wno $wieze, jak i suszone owoce
majg status tradycyjnej roslinnej substancji leczniczej (brak monografii farmakopealnej),
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polecanej w terapii stanéw zapalnych przewodu pokarmowego, pecherza i dr6g moczowych,
biegunek, chor6b metabolicznych, m.in. cukrzycy i otytosci, a takze jako $rodek
wspomagajacy prace ukladu krazenia, w tym hipotensyjny. Doswiadczenia etnomedycyny
wskazuja na réznice w aktywnos$ci owocéw Swiezych i suszonych - odwary z suszu
wykorzystuje sie gléwnie w terapii miejscowych stanéw zapalnych przewodu pokarmowego,
niezytach Zotadka i jelit oraz biegunkach, za$ owoce $wieze w kierunkach o charakterze
og6lnoustrojowym (Ruminska i Ozarowski, 1990; Kiiltiir, 2007; Poonam i wsp., 2011; Alarcon
i wsp., 2015; Jaric¢ i wsp., 2015).

Mimo udokumentowanego zastosowania, do czasu opublikowania prac stanowigcych
niniejsza rozprawe, sklad chemiczny owocéw pozostawal rozpoznany jedynie
fragmentarycznie, a kwestia ewentualnej zmiany sktadu w procesie suszenia nie byta
przedmiotem zadnych badan. Przyjmowano jednak, Ze gléwne sktadniki farmakologicznie
aktywne owocéw tarniny to polifenole, szczeg6lnie antocyjany, ale takze kwasy fenolowe
i flawonoidy, ktére w wiekszosci zidentyfikowane byly jedynie cze$ciowo (Barros i wsp.,
2010; Guimardes i wsp., 2013; Jaiswal iwsp., 2013; Velickovic i wsp., 2014; Mikulic-
Petkovsek i wsp., 2016; Popovi¢ i wsp., 2020). Szczatkowe byly takze dane na temat
aktywnosci biologicznej owocow tarniny. Wczesniejsze badania koncentrowaty sie gléwnie
na ocenie aktywno$ci przeciwutleniajgcej S$wiezych owocéw tarniny, w wiekszosci
z wykorzystaniem prostych, chemicznych testéow in vitro, tj. DPPH, ABTS, FRAP, TBARS
i ORAC, ktorych wyniki trudno odnies¢ do warunkéw in vivo. Z drugiej strony sugerowaty one
wysoki potencjat antyoksydacyjny owocédw, w tym ich istotng aktywno$¢ redukujgca
i zdolno$¢ do inhibicji oksydacji lipidéw (modelowego kwasu linolenowego) (Barros i wsp.,
2010; Guimaraes i wsp., 2013; Velickovic i wsp., 2014; Pinacho i wsp., 2015), co zachecato do
pogltebienia analiz, szczegoélnie, Ze w jedynym dostepnym dotychczas badaniu wtasciwosci
przeciwutleniajgcych w modelu komérkowym (ludzkich promonocytéw U937) wykazano
istotne i zalezne od dawki wlasciwosci ochronne soku z owocéw tarniny (zwiekszong
przezywalno$¢) w warunkach stresu oksydacyjnego generowanego H;0; (Fraternale i wsp.,
2009). W przypadku dziatania przeciwzapalnego jedynie Sabatini i wsp. (2020) oraz Tiboni
i wsp. (2020) wykazali, Ze ekstrakt etanolowy z $wiezych owocdw tarniny moze zwiekszac
poziom ekspresji miR-126 i miR-146a, a tym samym zmniejsza¢ ekspresje prozapalnej
cytokiny IL-6 i czasteczek adhezyjnych ICAM-1 i VCAM-1 w stymulowanych ludzkich
komoérkach Ssrédbtonka (HUVEC). Brakowato jednak informacji na temat wptywu owocow
tarniny na funkcje prozapalne i prooksydacyjne prawidlowych ludzkich komoérek uktadu
immunologicznego, ktérych nadmierna aktywacja jest czynnikiem krytycznymi w procesach
zapalnych in vivo, bedacych podtozem wielu jednostek chorobowych. Z kolei w kontekscie
aktywnosci przeciwcukrzycowej Popovi¢ i wsp. (2020) wykazali, ze ekstrakty alkoholowe ze
Swiezych owocéw tarniny moga hamowac dziatanie a-glukozydazy i a-amylazy. Przygladajac
sie blizej wyzej przedstawionym, obiecujagcym doniesieniom naukowym postawiono
hipoteze, Ze owoce tarniny mogg posiadac istotny potencjat prozdrowotny i przydatnos¢ do
produkcji funkcjonalnych produktéw zywnosciowych lub preparatéw terapeutycznych.
Weryfikacja tej hipotezy wymagata jednakze rozszerzenia i uzupeinienia wcze$niejszych
badan.
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Tabela 1. Charakterystyka botaniczna P. spinosa L.

CECHY MORFOLOGICZNE

POKROJ

Tarnina to gesto rozgateziony, ciernisty (tac. spinosus -
kolczasty, ciernisty), krzew lub mate drzewo
o wysokos$ci od 1 do 3 m (niekiedy do 8 m); tworzy
liczne odrosla korzeniowe, powstate na rozrastajacych
sie szeroko i ptytko pod powierzchnig ziemi korzeniach,
efektem czego ro$lina formuje geste zarosSla (tzw.
czyznie), bedace miejscami legowymi dla ptakéw
i ssakow.

PED I KORA
Ped gléwny o S$rednicy do 8 cm; miode pedy sa
szarobrazowe i kutnerowato owtlosione, z czasem stajg
sie gladkie, potyskujgce i przyjmujag zabarwienie
oliwkowozielone lub ciemnobrazowe, czesto posiadaja
drobne, jasne punkty; pedy boczne s3a krotkie
i prostopadle odstaja od pedu gltéwnego, zakonczone

dtugimi cierniami; paczki liSciowe i kwiatowe sg liczne,
niewielkie, ksztattu wasko-jajowatego, osadzone
pojedynczo lub po 2-3 obok siebie (skrajne paki
najczesciej sa kwiatowe); tuski pakéw z reguty
orzesione posiadajag kolor brunatnoczerwony; kora
barwy brunatnej, fioletowo nabiegta, na starszych
pniach lekko spekana w waskie pasma.

LISCIE
Liscie ulozone skretolegle, pojedyncze, krotkoogon-
kowe (ogonki maja do 1,5 cm dlugosci), u nasady
ogonka znajdujg sie waskie, owlosione przylistki
o brzegu zabkowanym; blaszki liSciowe o duzej
rozpieto$ci ksztattéw: lancetowate, szeroko-eliptyczne,
podtuznie-eliptyczne lub odwrotnie-jajowate; brzeg
pojedynczo lub podwoéjnie ostro pitkowano-zagbkowany;
nasada klinowato zwezona; szczyt zaostrzony lub lekko
stepiony; gérna blaszka liSciowa jest ciemnozielona,
naga i matowa, natomiast blaszka dolna jest
jasnozielona, owtosiona (w szczegélnosci w okolicach

nerwéw); blaszka lisSciowa ma dtugos¢ od 1,5 do 6,5 cm
i szerokos$¢ od 1 do 3 cm.
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KWIATY

Kwiaty sa pieciokrotne, $rednicy 1,2-1,8 cm, osadzone
na krétkich (do 9 mm dilugosci), nagich, sztywnych,
wzniesionych szyputkach, z reguty pojedynczo, rzadziej
po dwa do pieciu; kielich sklada sie z pieciu
nieodgietych,  jajowato-tréjkatnych, na  brzegu
orzesionych dziatek o dtugosci do 2,5 mm; ptatki
korony jajowate lub podtugowato-jajowate, dtugosci 6-
8 mm, barwy biatej; preciki w liczbie okoto 20, dtugosci
4-6 mm, osadzone na biatych nitkach, na koncu ktérych
usytuowane sg zoélte, pomaranczowe lub czerwone
pylniki; stupek pojedynczy, dolny i nagi. Tarnina
kwitnie miedzy marcem a majem, kwiaty pojawiajg sie
zwykle wczesniej niz liscie, kwiaty tarniny s3
miododajne.

OWOCE I NASIONA

Owocem tarniny jest maty (o dtugosci od 10 do 15 mm
iszerokosci od 8 do 12 mm), kulisty lub jajowaty
pestkowiec (zwany tarka), posiadajacy sztywna, prosto
wzniesiona, krétka szyputke; barwa owocu jest
granatowa niebieskoczarna lub sinoczarna z fioletowo-

niebieskim woskowym nalotem; miazsz jest zwarty,
z6tto-zielonkawy, cierpki i gorzkawy w smaku;
wewnatrz owocu znajduje sie zwykle silnie zrosnieta
z migzszem, eliptyczna, jasnobragzowa lub z6ttobrazowa
pestka, dtugosci ok. 10 mm, szerokosci od 6 do 9 mm
igrubodci okoto 5 mm, z ostrym wierzchotkiem
izaokraglong lub szpiczasta podstawa, na jej
powierzchni znajdujg sie podluzne Zeberka; nasiona

ksztattem przypominajg migdat, sa jasnobrazowe,
dtugosci 6 mm i szerokosci 4 mm; owoc dojrzewa
poznym latem (sierpieni/wrzesien), pozostaje na
gateziach do podznej jesieni (listopad/grudzien). Do
celow spozywczych owoce zbierane sa w pazdzierniku/

listopadzie po pierwszych przymrozkach.

Zrodta zdjeé: Robert Vernon: https://treesandshrubsonline.org/articles/prunus/prunus-spinosa/ (dostep:
26.07.2022); Stefan Lefnaer: https://pl.wikipedia.org/wiki/%C5%9Aliwa_tarnina#/media/Plik:
Prunus_spinosa_sl6.jpg (dostep: 26.07.2022); Fernando Losada Rodriguez: https://plwikipedia.org/wiki/%C5%9
Aliwa_tarnina#/media/Plik:Prunus_spinosa.001_-_Serra_de_Enci%C3%B1a_de_Lastra.JPG  (dostep:  26.07.2022);
Kenraiz: https://pl.wikipedia.org/wiki/%C5%9Aliwa_tarnina#/media/Plik:Prunus_spinosa_leaf_kz1.jpg (dostep:
26.07.2022); Stefan Lefnaer: https://de.wikipedia.org/wiki/Schlehdorn#/media/Datei:Prunus_spinosa_sl2.jpg
(dostep: 10.08.2022); Summa: https://pixabay.com/pl/photos/tarnina-wiosna-kwiaty-bia%c5%82e-1236126/
(dostep: 10.08.2022); Jhenning: https://pixabay.com/pl/photos/kwiaty-tarnina-wzrost-kwiat-7115492/ (dostep:
10.08.2022); Pavlofox: https://pixabay.com/pl/photos/tarnina-owoc-ga%c5%82%c4%85zka-1621554/ (dostep:
10.08.2022); Logga Wiggler: https://pixabay.com/pl/photos/tarnina-schlehdorn-%c5%9bliwka-spinosa-509753/
(dostep: 10.08.2022); Hans: https://pixabay.com/pl/photos/tarnina-jagoda-niebieski-krzak-693938/ (dostep:
10.08.2022).
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Wedtug obecnych wymagan stawianych substancjom/preparatom roslinnym
stosowanym w celach dietetycznych badz farmaceutycznych, Kkonieczne jest
przeprowadzenie szczeg6towej analizy ich skladu chemicznego (ocena jakoSciowa
i iloSciowa) oraz standaryzacja przy pomocy odpowiednio dobranych i poddanych walidacji
metod analitycznych. Rdwnie istotnym aspektem badan materiatu roslinnego jest dokonanie
szczegOtowej i kompleksowej analizy aktywnosci biologicznej z uzyciem modeli in vitro
komoérkowych i bezkomorkowych, modeli zwierzecych in vivo oraz badan klinicznych, celem
doktadnego okreslenia skuteczno$ci terapeutycznej i jednoznacznego zdefiniowania
mechanizméw dziatania tejze substancji roslinnej i odpowiednich jej preparatéw. Doktadna
ocena obejmujaca weryfikacje fitochemiczng i farmakologiczng przektada sie na postaé
preparatu leczniczego/funkcjonalnego oraz umozliwia dobdér odpowiedniego dawkowania,
gwarantujacego skutecznos$¢ i bezpieczenstwo terapii, w konsekwencji prowadzac do
otrzymania wysokiej jakosSci produktu leczniczego lub dietetycznego.

Uwzgledniajgc powyzsze przestanki, prezentowana rozprawa doktorska stanowi
pierwszy etap wieloaspektowego projektu badawczego, zmierzajacego do peinej
charakterystyki $wiezych i suszonych owocow P. spinosa, a takze pochodnych
ekstraktow /frakc;ji polifenolowych, jako potencjalnego sktadnika zywno$ci
funkcjonalnej/preparatéw leczniczych o plejotropowym dziataniu i potencjalnych cechach
profilaktyczno-terapeutycznych wobec choréb cywilizacyjnych, takich jak choroby zapalne
jelit oraz cukrzyca i jej powiktania naczyniowe.
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Realizacja celu naukowego

Celem niniejszej dysertacji byta analiza poréwnawcza profilu fitochemicznego ekstraktdw
pozyskanych ze Swiezych i suszonych owocédw tarniny z identyfikacjg sktadnikéw aktywnych,
a takze poréwnanie potencjalnej aktywnoS$ci przeciwutleniajacej, przeciwzapalnej i przeciw-
cukrzycowej ekstraktéw w kontekscie profilaktyki i terapii choréb zapalnych jelit oraz
cukrzycy i jej powiktan naczyniowych.

Cel naukowy rozprawy zostat zrealizowany poprzez przeprowadzenie komplementarnych
analiz fitochemicznych i aktywnosci biologicznej z wykorzystaniem szeregu komoérkowych
i bezkomo6rkowych modeli in vitro. Na plan badawczy sktadaty sie:

1. Przygotowanie suchych ekstraktéow/frakcji z Swiezych i suszonych owocéw P. spinosa oraz
analiza ich profilu chemicznego, w tym:

» standaryzacja jakoSciowa profilu polifenolowego (UHPLC-PDA-ESI-MS3) - Publikacje I
ill,

» ocena catkowitej zawartoSci zwigzkéw polifenolowych i garbnikéw (metody
spektrofotometryczne); optymalizacja i rewalidacja metody HPLC-PDA-fingerprint analizy
zwigzkéw polifenolowych w badanym materiale ros$linnym oraz ocena zawartoSci
poszczegblnych zwigzkéw niskoczasteczkowych (kwasow fenolowych, aldehydéw,
antocyjanow i flawonoidéw), a takze ich sumy - Publikacje I'i II,

» izolacja i okre$lenie struktury chemicznej sktadnikéw niepolifenolowych, tj. produktow
reakcji Maillarda (MRPs) powstajacych podczas suszenia (NMR, UHPLC-PDA-ESI-MS3);
optymalizacja i rewalidacja metody HPLC-PDA-fingerprint analizy tych zwigzkow
w badanym materiale roSlinnym oraz ocena zawarto$ci gtownego sktadnika
(hydroksymetylofurfuralu, HMF), a takze sumy MRPs - Publikacja II,

» wytypowanie zwigzkéw modelowych dla dominujacych grup sktadnikéw $wiezych
i suszonych owocow do badan aktywnoSci biologicznej - Publikacje i II,

» analiza poréwnawcza sktadu chemicznego owocéw swiezych i suszonych - Publikacja II.

2. Analiza in vitro aktywno$ci biologicznej suchych ekstraktéw/frakcji ze $wiezych
i suszonych owocow P. spinosa oraz zwigzkow modelowych, w tym:

» ocena wptywu analitow na prooksydacyjne i prozapalne funkcje neutrofili
(stymulowanych f~-MLP/LPS/f-MLP+cytochalazyng B), tj. generowanie ROS w procesie
wybuchu tlenowego oraz sekrecje enzymu prozapalnego ELA-2 i cytokin prozapalnych
(IL-8, TNF-a) - Publikacje I i II,

» ocena wptywu analitow na pro- i przeciwzapalne funkcje jednojadrzastych komorek krwi
obwodowej (PBMCs) po stymulacji LPS, w tym uwalnianie cytokin prozapalnych (IL-6
i TNF-a) i przeciwzapalnych (IL-10) - Publikacje Ii I,

» weryfikacja zdolno$ci analitéw do bezposredniego hamowania enzymoéw zwigzanych
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z trawieniem weglowodandéw (a-glukozydazy i a-amylazy) - Publikacja III,

» weryfikacja zdolnosci analitéw do zmiatania ROS generowanych in vivo, tj. H202, Oz*-, HO",
NO- i HCIO - Publikacja III,

» ocena zdolno$ci analitbw do hamowania nieenzymatycznej glikacji biatek - Publikacja III,

» ocena dziatania ochronnego analitéw w stosunku do biatkowych i lipidowych sktadnikow
ludzkiego osocza w warunkach stresu oksydacyjnego indukowanego ONOO-, w tym
oznaczenie biomarkeréw nitrowania biatek (3-NT) i peroksydacji lipidéw (TBARS) oraz
analiza wptywu analitéw na catkowita pojemnos¢ antyoksydacyjna osocza (NEAC) -
Publikacja III

» analiza poréwnawcza aktywnosci biologicznej $wiezych i suszonych owocéw - Publikacja
LIIiIIL

3. Analiza in vitro bezpieczenstwa komoérkowego (potencjalnej cytotoksycznosci) suchych
ekstraktow/frakcji z $wiezych i suszonych owocéw P. spinosa oraz zwigzkow
modelowych:

» testy przezywalno$ci neutrofilii i PBMCs z analizg poréwnawcza wpltywu Swiezych
i suszonych owocow - Publikacja I'i Il

Analiza fitochemiczna, weryfikacja aktywnosci Weryfikacja aktywnosci przeciwcukrzycowej i pogtebiona
antyoksydacyjnej i przeciwzapalnej oraz ocena ocena aktywnosci antyoksydacyjnej w modelach chemicznych
cytotoksycznosci w modelach ludzkich neutrofilii i PBMCs oraz ludzkiego osocza
PUBLIKACIA I PUBLIKACJA II PUBLIKACJA 111
ekstrakty/frakcje ekstrakty/frakcje ,elfstlrakt).r/ lilic
Z éwiezego owocu Z suszonego owocu ZSWIezego 1 Suszonego
owocu
O O O
analiza jako$ciowego i iloSciowego profilu chemicznego suchych \ Kanaliza aktywnosci przeciwcukrzycowej w testach inhibicji \
ekstraktow/frakeji enzymow glikolitycznych (a-glukozydazy i a-amylazy) suchych
ocena zdolnosci suchych ekstraktow/frakeji i ich modelowych ekstraktow/frakcji i ich modelowych zwigzkéw czynnych
zwigzkow czynnych do hamowania sekrecji ROS i ELA-2 oraz » ocena zdolno$ci suchych ekstraktow/frakcji i ich modelowych
modulacji wydzielania cytokin pro- i przeciwzapalnych (IL-6, IL-8, zwiazkow czynnych do zmniejszania tworzenia AGEs
TNF-q, IL-10) » ocena aktywnosci antyoksydacyjnej suchych ekstraktéw/frakeji
ocena cytotoksycznosci suchych ekstraktow/frakcji i ich modelowych oraz ich modelowych zwiazkéw czynnych wzgldem oksydantéw
zwigzkow czynnych / generowanych in vivo (H202, 02*-, HO*, NO* i HCIO)
~\ » analiza aktywno$ci antyoksydacyjnej suchych ekstraktow/frakeji i

» analiza poréwnawcza sktadu
chemicznego, aktywnos$ci
biologicznej i cytotoksycznosci
$wiezych i suszonych owocoéw

ich modelowych zwiazkéw czynnych w modelu biologicznym -
ocena efektu ochronnego analitéw w stosunku do biatkowych i
lipidowych sktadnikéw ludzkiego osocza w warunkach stresu
oksydacyjnego (oznaczenie biomarkeréw nitrowania biatek i

J peroksydacji lipidéw) oraz analiza wptywu na catkowitg pojemnos$¢
\antyoksydacyjnq 0socza /

Rycina 2. Ogélny schemat przeprowadzonych badan.
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Czes$c¢ doswiadczalna

1. Material roslinny i przygotowanie ekstraktow/frakcji

Wyjsciowym materiatem badawczym wykorzystanym do analiz sktadu chemicznego oraz
oceny parametréow aktywnosci biologicznej byly dojrzate owoce P. spinosa, ktére zebrano
w pazdzierniku 2018 r. z krzewdw naturalnie rosnacych w Krasnobrodzie (w poblizu
Roztoczanskiego Parku Narodowego). Optymalny czas pozyskania owocow zostat
wytypowany na podstawie zalecen medycyny tradycyjnej, ktéra sugeruje, Ze do sporzadzania
przetwor6w leczniczych 1 spozywczych zbiera sie surowiec w stanie dojrzatym
w pazdzierniku/listopadzie po pierwszych przymrozkach. ToZsamo$¢ taksonomiczna
materiatu roslinnego zostata potwierdzona przez dr hab. n. farm. Monike A. Olszewska, prof.
UM.

Po zbiorze surowiec podzielono na dwie czeSci; pierwsza cze$¢ poddano suszeniu
w warunkach typowych dla produkcji ziotowych produktow leczniczych (suszenie
konwekcyjne w temperaturze nie wyzszej niz 60°C), z kolei druga cze$¢ surowca stanowity
nieprzetworzone owoce $wieze. Z obu partii materialu roslinnego w pierwszym etapie
przygotowano niezalezne ekstrakty metanolowo-wodne (75:25, v/v). Nastepnie, majac na
celu szczegétowe poznanie profilu chemicznego oraz doktadng identyfikacje zwigzkéw/grup
zwigzkéw odpowiedzialnych za weryfikowane kierunki aktywnos$ci biologicznej, a takze
uwzgledniajac, iz coraz czesciej sktadnikami fitofarmaceutykéw i zywnosci funkcjonalnej sg
ekstrakty/frakcje wysoko skoncentrowane, wyj$ciowe wyciagi metanolowo-wodne poddano
frakcjonowanej ekstrakcji rozpuszczalnikami o wzrastajacej polarnosci (eter dietylowy, octan
etylu, n-butanol), uzyskujac niezalezne wzbogacone frakcje oraz pozostatos¢ wodna. Do
celéw izolacji MRPs z suszonych owocéw sporzadzono odrebny ekstrakt metanolowo-wodny
(75:25, v/v), z ktorego przygotowano wytacznie frakcje octanu etylu. Szczegdtowy opis
dotyczacy obrébki materiatu roslinnego oraz metod ekstrakcji/frakcjonowania i izolacji
zamieszczono w Publikacjach Ii II.

2. Metodyka badan
2.1.  Analiza profilu chemicznego

Standaryzacje jakosciowa przeprowadzono metoda UHPLC-PDA-ESI-MS3
z wykorzystaniem chromatografu sprzezonego ze spektrometrem mas typu putapki jonowe;j.
Piki polifenoli zidentyfikowano z wykorzystaniem bazy literaturowej oraz kolekcji wzorcow
Katedry Farmakognozji Uniwersytetu Medycznego w L.odzi, w tym wyizolowanych z kwiatow
i lisci tarniny (Olszewska i Wolbi$, 2001; Olszewska i Wolbis, 2002a; Olszewska i Wolbis,
2002b; Owczarek i wsp., 2017; Marchelak i wsp., 2020); MRPs wstepnie zidentyfikowano
strukturalnie z wykorzystaniem bazy literaturowe;.

[zolacje MRPs przeprowadzono z wykorzystaniem chromatografii preparatywnej HPLC-
PDA, z kolei struktury wyizolowanych i oczyszczonych zwigzkéw szczegdétowo okreslono
metodami spektroskopowymi (:H NMR, 13C NMR, COSY, HMBC, HMQCQC).

Standaryzacja iloSciowa objeta m.in. oznaczenie catkowitej zawartosci polifenoli metoda
Folina Ciocalteu’a (wg Marchelak i wsp., 2017) oraz catkowitej zawarto$ci garbnikow metodg
HCl+wanilina (wg Sun i wsp., 1998). Ponadto, zawartos$¢ indywidualnych polifenoli i MRPs,
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atakze ich sumy, okreslono wg procedury opracowanej wcze$niej dla kwiatow tarniny
(Marchelak i wsp., 2020) i zrewalidowanej w zakresie sktadnikow typowych dla owocdéw.

Doktadng charakterystyke zastosowanych metod, odczynnikéw, aparatury i warunkow
analiz przedstawiono w Publikacjach I'i IL

2.2. Analiza in vitro aktywnoS$ci biologicznej w modelach komérkowych
i bezkomoérkowych

Komoérkowa aktywno$¢ antyoksydacyjna i przeciwzapalng analitéw (ekstraktéw, frakcji
i substancji wzorcowych) badano w modelu ludzkich neutrofilii i jednojadrzastych komoérek
krwi obwodowej (PBMCs). Ww. komérki uktadu immunologicznego byty izolowane w 2019 r.
(niewymagana zgoda Komisji Bioetycznej) przez sedymentacje dekstranem, hipotoniczna lize
erytrocytow i wirowanie w gradiencie Ficoll-Hypaque z kozuszkéw leukocytarno-ptytkowych
uzyskanych komercyjnie w Regionalnym Centrum Krwiodawstwa i Krwiolecznictwa (RCKK)
w Warszawie, jak opisano wcze$niej (Michel i wsp., 2019; Olszewska i wsp., 2020). Zdolnos$¢
do zmniejszania wytwarzania ROS przez neutrofile stymulowane fMLP (N-formylo-
metionylo-leucylo-fenylo-alaning) analizowano metoda chemiluminescencyjna
z zastosowaniem luminolu jako luminoforu (wg Michel i wsp., 2019). Wplyw na hamowanie
uwalniania prozapalnego enzymu elastazy (ELA-2) przez stymulowane f~-MLP+cytochalazyna
B neutrofile badano spektrofotometrycznie poprzez monitorowanie poziomu p-nitrofenolu
powstatego z substratu, ktérym byt N-sukcynylo-alanino-alanino-walinino-p-nitroanilid, wg
zmodyfikowanej, wcze$niej opublikowanej procedury (Michel i wsp., 2019). Wptyw analitow
na wydzielanie IL-8 i TNF-a przez neutrofile stymulowane LPS oraz wptyw na sekrecje IL-6,
TNF-a i IL-10 przez PBMCs stymulowane LPS analizowano metodami
immunoenzymatycznymi (ELISA) z wykorzystaniem testéw komercyjnych (Publikacje I i II).

Potencjalne dziatanie przeciwcukrzycowe zweryfikowano w testach inhibicji enzymoéw
glikolitycznych (a-glukozydazy i a-amylazy) oraz w teScie zahamowania tworzenia
zaawansowanych produktéw glikacji (AGEs). Zdolno$¢ do inhibicji a-glukozydazy zostata
sprawdzona w oparciu o spektrofotometryczny pomiar poziomu p-nitrofenolu jako produktu
powstatego z o-p-glukopiranozydu-p-nitrofenolu na skutek dziatania enzymu. Z kolei
aktywno$¢ hamujaca a-amylaze oceniono metodg fluorescencyjng (wg Truba i wsp., 2020)
przy uzyciu komercyjnego zestawu EnzChek™ Ultra Amylase Assay Kit. Metoda ta opierala sie
na pomiarze fluorescencyjnych produktéw powstatych po hydrolitycznym rozszczepieniu
przez enzym substratu skrobiowego DQ™ (znakowanego barwnikiem BODIPY® FL
o wygaszonej fluorescencji). Wptyw analitbw na nieenzymatyczng glikacje biatek
sprawdzony zostal wg Rutkowskiej i wsp. (2021) przez fluorymetryczne oznaczenie poziomu
AGEs w $rodowisku surowiczej albuminy bydlecej (BSA) i fruktozy (Publikacja III).

Zweryfikowano rowniez aktywnos$¢ antyoksydacyjna analitbw wobec najwazniejszych
niskoczasteczkowych ROS odpowiadajacych in vivo za generowanie stresu oksydacyjnego
ijego konsekwencji funkcjonalnych, w tym m.in. powiktai naczyniowych cukrzycy, tj. Oz°-,
H,0,, NO+, HCIO i HO* - badania prowadzono przy pomocy zmodyfikowanych
spektro/fluorymetrycznych metod in vitro. Zdolno$¢ do zmiatania Oz~ oceniono poprzez
pomiar stezenia zredukowanych form blekitu nitrotetrazoliowego (NBT) wytworzonych
w reakcji NBT z O;-, powstatym w reakcji oksydazy ksantynowej z ksantyng (wg Granica
iwsp. 2013). Zdolnos¢ do wychwytywania H;0. analizowano w teScie tworzenia
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chinonoiminy w obecnosci peroksydazy chrzanowej, katalizujacej reakcje fenolu, 4-
aminoantypiryny i H,0, (wg Fernando i Soysa, 2015). Zdolno$¢ do zmiatania NO* oceniono
poprzez pomiar poziomu triazofluoresceiny powstatej w wyniku reakcji 4,5-diamino-
fluoresceiny z NO* (wg Czerwinska i wsp., 2012). Efekt zmiatania HOCI] okreslono poprzez
zbadanie poziomu kwasu 5,5-ditiobis-2-nitrobenzoesowego, bedacego produktem utleniania
kwasu 5-tio-2-nitrobenzoesowego w obecno$ci HCIO (wg Czerwinska i wsp., 2012). Zdolnos¢
do zmiatania HO* analizowano przez ocene poziomu dihydroksypochodnych kwasu
benzoesowego, powstatych w reakcji kwasu salicylowego z HO*, generowanego w reakcji
nadtlenku wodoru i jonéw zelaza (II) (wg Fu i wsp., 2014) (Publikacja III).

Efekt protekcyjny badanych analitbtw w stosunku do skladnikéw ludzkiego osocza
w warunkach stresu oksydacyjnego indukowanego ONOO- weryfikowano spektro/fluoryme-
trycznie i immunoenzymatycznie. Analizowano wptyw analitdw na poziomy biomarkerow
stresu oksydacyjnego powstajgce w wyniku uszkodzen biatek i lipidéw osocza, tj. poziom 3-
nitro-tyrozyny (3-NT) wg Olas i wsp. (2006) oraz poziom substancji reagujacych z kwasem
tiobarbiturowym (TBARS) wg Gay i Gebicki (2000) i Kotodziejczyk-Czepas i wsp. (2011,
2017). Ponadto sprawdzono wplyw analitbw na nieenzymatyczng pojemnos$c¢
antyoksydacyjng osocza (NEAC) mierzac zdolno$¢ osocza do redukcji jonoéw zelaza (III)
(metodg FRAP) wg Kotodziejczyk-Czepas i wsp. (2014) (Publikacja III).

Bezpieczenstwo komoérkowe (potencjalng cytotoksyczno$¢) analitbw wobec neutrofili
i PBMCs analizowano cytometrycznie oceniajac przezywalno$¢ ww. komoérek metoda
barwienia jodkiem propidyny kwaséw nukleinowych uwolnionych z uszkodzonych jader
martwych komoérek (Publikacja I'i II).

Badania w modelach bezkomérkowych byly prowadzone w min. 5 stezeniach
ekstraktow/frakcji z wyznaczeniem wartosci 1Cs0/SCso. Badania w modelach biologicznych
wykonano w min. 3 stezeniach ekstraktéw/frakcji w zakresie 1-100 pg/mL, obejmujacych
zaréwno zakresy fizjologiczne dla polifenoli w osoczu (1-5 pg/mL), jak i wyzsze w celu
uchwycenia wszystkich mozliwych efektow dziatania. Wszystkim testom aktywnoSci
poddano takze zwigzki modelowe dla dominujgcych grup sktadnikéw owocéw tarniny (kwas
chlorogenowy dla fenolokwasdw; kwercetyne i izokwercytryne, tj. 3-0-glukozyd kwercetyny,
dla flawonoidéw; 3-0-glukozyd cyjanidyny dla antocyjanéw; procyjanidyne B2 dla
procyjanidyn i garbnikéw; oraz 5-hydroksymetylofurfural dla MRPs). Ponadto, w testach
aktywnosci biologicznej stosowano kontrole pozytywng w postaci substancji referencyjnych
o odpowiednim typie dziatania, stosowanych jako komponenty aktywne produktéw
leczniczych, tj. akaraboze (lek diabetologiczny), kwas askorbinowy (przeciwutleniacz) oraz
deksametazon (glikokortykosteroid o dzialaniu przeciwzapalnym) (Publikacje I, II, III).

2.3.  Ocena statystyczna wynikéw

Wyniki uzyskane w ramach rozprawy doktorskiej byly weryfikowane pod katem
istotnos$ci statystycznej roznic i korelacji na poziomie istotno$ci min. a = 0.05 przy pomocy
programu Statistical3PI (StatSoft). Szczegdtowe informacje odnoszace sie do zastosowanych
testow statystycznych przedstawiono w zatgczonych publikacjach (Publikacje I, II, I1I).
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Realizacja celow naukowych - wyniki i dyskusja

1. Analiza profilu chemicznego suchych ekstraktow uzyskanych ze $wiezych
i suszonych owocow P. spinosa

Na podstawie wstepnych analiz optymalizacyjnych (doboru wtasciwych ekstrahentow)
oraz uwzgledniajac wyniki wczesniejszych badan dotyczacych owocéw P. spinosa (Barros
iwsp., 2010; Guimardes i wsp., 2013; Mikulic-Petkovsek i wsp., 2016), do badan
fitochemicznych i aktywnosci biologicznej z materiatu $wiezego i suszonego przygotowano
niezaleznie wyjSciowe ekstrakty metanolowo-wodne (75:25, v/v), a nastepnie, stosujac
ekstrakcje frakcjonowana, takze ich frakcje octanu etylu, eteru dietylowego i n-butanolu.
Liczne publikacje naukowe wskazuja, Ze frakcjonowana ekstrakcja rozpuszczalnikami
oréznej polarnosci pozwala na przygotowanie frakcji wzbogaconych w poszczegélne
zwigzki/grupy zwigzkéw, a tym samym utatwia z jednej strony identyfikacje jakoSciowa
sktadnikéw obecnych w surowcu, z drugiej za§ umozliwia ocene wpltywu poszczeg6lnych
komponentéw na dziatanie farmakologiczne surowca (Marchelak i wsp., 2017; Olszewska
i wsp., 2020; Rutkowska i wsp. 2021).

Przeprowadzona w ramach niniejszej dysertacji szczegétowa analiza jako$ciowa LC-PDA-
ESI-MS3, umozliwila identyfikacje po raz pierwszy sktadnikéw obecnych w suszonych
owocach, a ponadto znacznie zwiekszyta wiedze na temat zwigzkéw czynnych $wiezych
owocéw tarniny. Dzieki koncentracji analitéw i dysponowaniu szeroka paleta substancji
wzorcowych okreslono strukture tacznie 57 i 45 sktadnikéw polifenolowych, odpowiednio
w $wiezym i suszonym materiale roslinnym. Posréd zidentyfikowanych polifenoli znajdowaty
sie kwasy fenolowe, pochodne kwaséw kawoilo- i feruilochinowego, kawoiloszikimowego,
benzoesowego i cynamonowego; glikozydy flawonolowe, w tym rzadko wystepujace
w przyrodzie mono- i dipentozydy kwercetyny i kemferolu; jak réwniez antocyjaniny,
glikozydy cyjanidyny i peonidyny). Sumarycznie udato sie wykry¢ 35 nowych zwigzkéow
polifenolowych dla owocéw tarniny, wnoszac tym samym istotng nowos$¢ w zakresie
fitochemii tego surowca. Generalnie, suszone owoce charakteryzowaty sie mniejsza
réznorodnoscig w obrebie sktadnikéw polifenolowych niz owoce Swieze - podczas obrobki
termicznej doszto do utraty 19 sktadnikéw i pojawienia sie tylko 7. Polifenole ulegty
catkowitemu lub czeSciowemu rozktadowi w wyniku, m.in., rozszczepienia wigzan
glikozydowych, izomeryzacji, depolimeryzacji, czy oksydacyjnego sprzegania.

W przypadku $wiezych owocédw, catkowita zawarto$¢ polifenoli w ekstraktach/frakcjach
miescita sie w zakresie 64,6-126,5 mg GAE/g s.m. w oznaczeniach wykonanych metoda
Folina-Ciocalteu (TPC) oraz 6,1-104,0 mg/g s.m. w pomiarach przeprowadzonych technika
wysokosprawnej chromatografii cieczowej (TPH). Z kolei w ekstraktach/frakcjach
uzyskanych z suszonych owocéw TPC wyniosto 26,8-124,0 mg GAE/g s.m., natomiast TPH
oscylowato w przedziale 9,6-109,1 mg/g s.m. Niniejsze badania wykazatly po raz pierwszy, ze
owoce tarniny suszone w warunkach typowych dla produkcji lekéw ziotowych zawierajg
nizsze poziomy wszystkich rodzajow polifenoli w poréwnaniu ze S$wiezymi owocami.
Najbardziej dramatycznie zmienity sie zawarto$ci antocyjanéw i proantocyjanidyn, a ich
taczny poziom w suszu spadl, odpowiednio, o prawie 100% i 76%. Niemniej jednak,
oznaczone poziomy TPC w $wiezych (1,37 g GAE/100 g $.m.) oraz suszonych owocach tarniny
(0,55 g/100 g $.m.) byly poréwnywalne lub przekroczyly warto$ci TPC podawane
literaturowo dla innych owocéw cenionych ze wzgledu na wtasciwos$ci prozdrowotne
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w kontekscie choréb cywilizacyjnych, jak np. Zurawina (0,45 g/100 g), czarne jagody (0,13 g/
100 g), czy aronia (ok. 1,01 g/100 g) (Mikulic-Petkovsek i wsp., 2012).

Gtownymi sktadnikami wyj$ciowego ekstraktu metanolowo-wodnego otrzymanego ze
Swiezego materiatu roslinnego (MEF), a tym samym gléwnymi polifenolami $wiezych
owocéw, byty garbniki (skondensowane procyjanidyny), a nastepnie kwasy fenolowe,
antocyjany i flawonoidy. Z kolei w ekstrakcie metanolowo-wodnym uzyskanym z suszonych
owocéw (MED) gtéwnymi zwigzkami byty kwasy fenolowe i garbniki, nastepnie flawonoidy,
natomiast antocyjany znajdowatly sie ponizej granic wykrywalnos$ci (LOD). Podziat MEF
pomiedzy rozpuszczalniki o réznej polarnosci doprowadzit do skoncentrowania antocyjanéw
we frakcji n-butanolu (BFF), flawonoidéw gtéwnie we frakcji eteru dietylowego (DEFF),
kwaséw fenolowych we frakcjach octanu etylu (EAFF) i DEFF, za$ garbnikéw w pozostatosci
wodnej (WRF). Z kolei frakcjonowanie MED przyczynito sie do koncentracji kwaséw
fenolowych we frakcjach eteru dietylowego (DEFD), octanu etylu (EAFD) i n-butanolu (BFD),
garbnikow w pozostato$ci wodnej (WRD), a flawonoidéow gtéwnie w DEFD. Antocyjany
znaleziono w $ladowych ilosciach tylko w BFD.

Suszone owoce tarniny charakteryzowaly sie takze obecnoscig trzech MPRs powstatych
w wyniku reakcji Maillarda, w tym 3-hydroksy-2,3-dihydromaltolu, 5-
hydroksymetylofurfuralu (HMF) i (5-hydroksymetylofur-2-ylo)-metoksymetanolu. Dwa
ostatnie zwiagzki musiaty zosta¢ wyizolowane w celu przeprowadzenia identyfikacji
strukturalnej. Wszystkie MRPs zostaty po raz pierwszy wykryte w owocach P. spinosa, lecz
wczesniej zidentyfikowano je w wielu udomowionych gatunkach Prunus (Madrau i wsp.,
2010). MRPs wystepuja takze powszechnie w innych produktach spozywczych, tj. roznych
suszonych owocach, sokach owocowych, kawie, miodach, czy produktach piekarniczych.
Z uwagi na potencjalng wysoka ekspozycje na te zwigzki oraz niepokojace wyniki wstepnych
badan toksykologicznych (w modelach komoérkowych oraz zwierzecych), ktore
sygnalizowaty, iz MRPs moga charakteryzowac sie dzialaniem hepato-, nefro-, cyto-
i genotoksycznym (Abraham i wsp., 2011; Pastoriza de la Cueva i wsp., 2017; Choudhary
i wsp., 2021), zalecane jest, by ich zawarto$¢ w przetworzonej zywnosci byta monitorowana.
Wzwigzku z tym, w ramach niniejszej pracy doktorskiej okreslono zawarto$¢ ww.
sktadnikéw w suszonych owocach tarniny przy pomocy metody HPLC-PDA (zrewalidowanej
metody wg. Marchelak i wsp., 2020, wykorzystywanej takze do analizy zawarto$ci polifenoli
w badanym materiale). Zawarto§¢ MRPs w owocach tarniny wynosita 460 mg/kg s.m., co
miescito sie w dolnym przedziale szerokiego zakresu 1-2200 mg/kg s.m., raportowanego
w literaturze dla innych, powszechnie spozywanych suszonych owocéw, uznawanych za
bezpieczne, takich jak jabtka, morele, daktyle czy $liwki (Murkovic i Pichler, 2006; Madrau
i wsp., 2010; Shapla i wsp., 2018).

2. Analiza in vitro aktywnoSci biologicznej suchych ekstraktow ze $wiezych
i suszonych owocow P. spinosa
Majac na uwadze, Ze $wieze i suszone owoce tarniny posiadajg status tradycyjnej roslinnej
substancji leczniczej, polecanej w terapii standéw zapalnych przewodu pokarmowego
(Alarcon i wsp., 2015), a takze uwzgledniajac krytyczng role, jaka przypisuje sie komérkom
uktadu immunologicznego, tj. neutrofilom i PBMCs, w patogenezie i progresji choroéb
zapalnych przewodu pokarmowego, w tym chronicznych, nieswoistych zapalen jelit (Zhang

26



Anna Magiera Rozprawa doktorska Wyniki i dyskusja

iwsp.,, 2018), w pierwszym etapie badan aktywnos$ci biologicznej oceniono wptyw
ekstraktow z owocéw tarniny oraz zwigzkéw modelowych na sekrecje przez neutrofile
i PBMCs wybranych, kluczowych mediatoréw stanu zapalnego, tj. ROS, ELA-2, TNF-q, IL-8, IL-
6 i IL-10. Otrzymane wyniki dla poszczeg6lnych ekstraktow/frakcji uzyskanych zaréwno
Z owocu $wiezego, jak i suszonego, a takze efekty zaobserwowane dla modelowych zwigzkow
polifenolowych oraz przeprowadzone analizy korelacji, wyraznie wskazywaly na zwigzek
pomiedzy aktywnoScig ekstraktéw/frakcji a zawartoS$cig polifenoli. Zasadniczo najbardziej
aktywnymi analitami byly frakcje eteru dietylowego (DEFF, DEFD) i octanu etylu (EAFF,
EAFD) o najwyzszych wartosciach TPC i TPH, wzbogacone w kwasy fenolowe i flawonoidy.
Wysoka skutecznos$cig odznaczata sie takze frakcja n-butanolu z owocu $wiezego (BFF), ktora
charakteryzowata sie najwyzsza zawartos$cia antocyjandéw. Badane ekstrakty/frakcje
najskuteczniej hamowaly sekrecje ROS, prozapalnych ELA-2 i TNF-a oraz nasilaly
wydzielanie przeciwzapalnej IL-10. Tytutem przyktadu: wszystkie ekstrakty/frakcje,
uzyskane zaréwno z owocu $wiezego, jak i suszonego, obnizaly poziom ROS przynajmniej
069% w stezeniu 100 pg/mlL, zas DEFF, DEFD, EAFF i EAFD o co najmniej 93% przy
100 pg/mL i 43% przy 2,5 pg/mL. W tescie inhibicji sekrecji ELA-2, podobnie, wszystkie
badane anality cechowaty sie wysoka skuteczno$cia, przy czym najbardziej aktywne frakcje
(DEFF, DEFD, EAFF, EAFD i BFF) zmniejszaty produkcje ELA-2 o 38-58% juz w stezeniu 5
ug/mL. W przypadku hamowania wydzielania TNF-a najwyrazniejsze efekty zaobserwowano
dla ekstraktéw/frakcji badanych w stezeniach 50-100 pg/mL, przy czym najskuteczniejsze
anality (DEFF, DEFD, EAFF, EAFD i BFF) w stezeniu 100 pg/mL obnizaty sekrecje tego
czynnika o 35-75%. Frakcje DEFF, DEFD, EAFF i EAFD w stezeniu 100 pg/mL nasilaty takze
wytwarzanie przeciwzapalnej IL-10 o 20-50%. Jak pokazuja przedstawione wyniki, badane
ekstrakty/frakcje charakteryzowaty sie bardzo wysoka skutecznoscig modulacji wydzielania
mediatoréw stanu zapalnego, zar6wno w stezeniach 1-5 pg/ml, ktére sg nominalnie
osiagalne w osoczu, jak i tych wystepujacych w przewodzie pokarmowym (25-100 pg/mL)
po podaniu doustnym bogatych w polifenole produktéw (Scalbert i Williamson, 2000;
Manach i wsp., 2005), mozna zatem oczekiwa¢, iZ moga one tagodzi¢ stan zapalny zaréwno
ogolnoustrojowo, jak i lokalnie w przewodzie pokarmowym. Generalnie, ekstrakty/frakcje
uzyskane z suszonych owocéw wykazywaly nieco mniejszg aktywno$¢ niz te z owocow
Swiezych. Analiza uzyskanych efektow wskazuje, iz kluczowe znaczenie dla ostabienia
dziatania ekstraktéw/frakcji suszonych owocéw miata degradacja antocyjanéw
i zmniejszenie stezenia garbnikéw. Na przyktad w testach wydzielania ROS i TNF-a przez
neutrofile ekstrakty/frakcje, w ktorych zawarto$¢ antocyjanéw i garbnikéw zmniejszyta sie
najbardziej byty, odpowiednio, do 19% i 21% mniej aktywne w pordéwnaniu do
odpowiednich frakcji §wiezych owocow. Z drugiej strony, czeSciowa degradacja flawonoidow
byta prawdopodobnie odpowiedzialna za stabsze dzialanie frakcji pozbawionych
antocyjandw i procyjanidyn. Na przyktad spadek zawartosci flawonoidéw w DEFD
w poréwnaniu z DEFF skutkowato stabszg stymulacja produkcji 1L.-10 w PBMCs. Jednakze
stwierdzone rdéznice w aktywnos$ciach pomiedzy ekstraktami z owocow suszonych i §wiezych
nie byty krytyczne, a suszony materiat roslinny zachowat zdolno$¢ do istotnego modulowania
odpowiedzi zapalnej w obydwu typach komérek odpornosciowych.

Po raz pierwszy oceniono takze wptyw HMF (przedstawiciel MRPs obecnych w suszonych
owocach) na funkcje prozapalne i prooksydacyjne ludzkich neutrofili i PBMCs. Dostepne dane
literaturowe sugeruja, iz poza wcze$niej wspomnianymi efektami toksycznymi, HMF posiada
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takze stabe wtasciwosci antyoksydacyjne oraz znaczaca aktywno$¢ przeciwzapalng, ktore
jednak udokumentowano, jak dotad, wytgcznie na modelach komoérek zwierzecych (Kong
i wsp., 2019; Uchida i wsp., 2020). W ramach prezentowanej dysertacji, wykazano, iz ww.
zwigzek w stezeniach 5-50 uM (0,63-6,3 pg/mL) zmniejszat wytwarzanie ROS w neutrofilach
o ok. 15%. W najwyzszym testowanym stezeniu (50 puM), HMF nieznacznie (o 9-15%)
zmniejszat rowniez wydzielanie niektoérych czynnikéw prozapalnych przez badanie komorki,
w tym ELA-2, IL-6 i [L-8. Odno$nie wydzielania TNF-a, efekty HMF byty r6zne w zaleznosci od
typu komorki. Wydzielanie tej cytokiny wzrastato w neutrofilach (o 24% przy 50 uM), ale
spadalo w PBMC (do 40% przy 50 pM), co moze by¢ spowodowane roznicami
w mechanizmach biosyntezy/sekrecji cytokin w r6znych komérkach. Ponadto HMF znaczaco
hamowat uwalnianie przeciwzapalnej cytokiny IL-10 z PBMCs (nawet o 29% w stezeniu 50
uM). Co ciekawe, frakcja DEFD, charakteryzujaca sie najwyzsza zawartoscia HMF i MRPs,
wykazywata odwrotng tendencje w konteks$cie modulacji wydzielania IL-10, co sugeruje, Ze
wptyw tych zwigzkéw na dziatanie suszonych owocow tarniny pod wzgledem wydzielania IL-
10 mozna uzna¢ za znikomy i zniwelowany przez obecno$¢ sktadnikéow polifenolowych.
Z drugiej strony, HMF moze by¢ wspoétodpowiedzialny za zmniejszone uwalnianie TNF-o
w PBMCs pod wplywem ekstraktéw z owocdw P. spinosa.

Drugi etap analiz aktywno$ci biologicznej obejmowat weryfikacje zasadnos$ci wskazan
etnomedycyny, co do pomocniczego stosowania owocoéw tarniny w terapii cukrzycy (Kultiir,
2007). Ten etap badan przebiegat kilkupoziomowo. W pierwszej kolejno$ci zbadano zdolno$¢
ekstraktow/frakcji ze Swiezych i suszonych owocdw do inhibicji enzymow glikolitycznych -
a-glukozydazy i a-amylazy. Enzymy te odpowiadajg za hydrolize weglowodandw ztozonych
w jelicie; tym samym, zahamowanie ich aktywno$ci opdéznia proces trawienia, a wiec
prowadzi do zmniejszenia uwalniania glukozy i w konsekwencji ogranicza wzrost jej
popositkowego stezenia we krwi (Lovegrove i wsp., 2017).

Wszystkie przebadane ekstrakty/frakcje, zar6wno te otrzymane ze S$Swiezego, jak
iz suszonego materiatu ro$linnego, odznaczaly sie wiekszg zdolnoscig do inhibicji a-
glukozydazy niz referencyjny lek przeciwcukrzycowy - akarboza. Najbardziej aktywne byty
wyjsSciowy ekstrakt metanolowo-wodny ze Swiezych owocow (MEF) oraz DEFF i DEFD. Ich
wartos$ci ICsop wynosity 15,4-26,8 pg/mL i tym samym byly az 6,6-11,5 razy nizsze niz
w przypadku akarbozy. W tym miejscu warto zauwazy¢, iz dostepna literatura naukowa
wskazuje tylko kilka gatunkéw owocow, ktorych warto$ci ICsp w teScie inhibicji a-
glukozydazy sa nizsze lub plasujg sie na podobnym poziomie co ICso akarbozy. Takie efekty
osiggnieto jak dotad m.in. dla ekstraktéw alkoholowych z morwy biatej (Wang i wsp., 2013),
rokitnika zwyczajnego (Li i wsp., 2019), kilku gatunkéw dereni (Truba i wsp., 2020),
brzoskwini zwyczajnej (Bento i wsp., 2018) i czere$ni (Papoutsis i wsp., 2021). Z kolei
w tescie inhibicji a-amylazy, ekstrakty/frakcje z owocow tarniny wykazaty sie przecietng
aktywnos$cia - najaktywniejsze ekstrakty/frakcje ze $wiezych owocéw (MEF, DEFF, EAFF)
hamowaty enzym 7-14 razy stabiej niz lek referencyjny.

Zwazywszy na fakt, iz nadprodukcja ROS modyfikuje gltéwne procesy biochemiczne,
stanowigce podtoze patogenetyczne mikro- i makronaczyniowych powiktan cukrzycowych,
m.in. szlak polioliowy i heksozaminowy, a takze aktywacje kinazy biatkowej C i jadrowego
czynnika transkrypcyjnego NF-«kB (Giacco i Brownlee 2010), w kolejnym kroku po raz
pierwszy oceniono aktywnos$¢ ekstraktéw/frakcji ze $wiezych i suszonych owocéw tarniny
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wobec szeregu rodnikowych i nierodnikowych oksydantéw generowanych in vivo, w tym O2°-,
HO:, H20;, NO° iHOCL. Tym samym etap ten stanowil takze uszczegdtowienie
przeprowadzonych badan aktywno$ci antyoksydacyjnej w modelu ludzkich neutrofilii.
Wykazano wysoki, zalezny od dawki i skorelowany z zawarto$cig polifenoli potencjat
neutralizacyjny ekstraktéw/frakcji z owocow Swiezych i suszonych wzgledem wszystkich
badanych ROS, przy czym najwyzsza efektywnos¢ zaobserwowano w stosunku do NO-, HOCI
i Oz~ Na przyktad wartosci SCso dla wszystkich ekstraktéw (wyjatek WRD) w teScie
zmiatania Oz byly 1,3-4,6 razy nizsze niz warto$¢ SCso dla Troloxu (kontrola pozytywna).
Wartosci SCso wyrazone w pg GAE/mL dla wszystkich frakcji (przeliczone na podstawie
oryginalnych parametréw aktywnosci przeciwutleniajacej i zawartosci TPC) wykazaty, ze
polifenole owocéw tarniny sg skuteczne nawet przy bardzo niskich stezeniach. W wyzej
przytoczonym w te$cie zmiatania Oz~ wartosci SCso wyniosty 2,7-7,0 pg GAE/mL, podczas
gdy odpowiednie parametry dla kwasu askorbinowego i Troloxu® (kontrole pozytywne)
wyniosty odpowiednio 5,3 pg/mL i 135,3 pg/mL. Podobnie, jak w tescie sekrecji ROS
w modelu ludzkich neutrofilii, we wszystkich testach bezkomérkowych najsilniejsze efekty
przeciwutleniajgce stwierdzono dla DEFF, DEFD, EAFF i EAFD.

Idac dalej w rozwazaniach dotyczacych wptywu nadprodukcji ROS na rozwdj
przewlektych powiklan cukrzycy nie sposéb nie wspomnie¢, iZ w warunkach
ponadfizjologicznych stezen glukozy przyspieszaja one glikacje biatek, lipidow i tworzenie
AGEs. I tak, na przyktad w nastepstwie glikacji kolagenu odpowiedzialnego za strukture
btony podstawnej naczyn, dochodzi do utraty elastycznos$ci $ciany naczyniowej - zmiany
angiopatycznej typowej dla niewyréwnanej metabolicznie cukrzycy. Co wiecej, zwigzanie sie
AGEs ze swoistym receptorem koncowych produktéw zaawansowanej glikacji staje sie
sygnatem, m.in., dla aktywacji prozapalnych i prooksydacyjnych czynnikéw transkrypcyjnych
oraz szlakéw sygnatowych, co dalej pogtebia zjawisko stresu oksydacyjnego (Tan i wsp.,
2011; Singh i wsp., 2014). Zatem majgc na wzgledzie powyzsze, w ramach niniejszej
rozprawy doktorskiej oceniono zdolno$¢ ekstraktow/frakcji ze Swiezych i suszonych owocow
P. spinosa do hamowania nieenzymatycznej glikacji biatek. Wszystkie badane anality
zapobiegaty powstawaniu AGEs, a ich skuteczno$¢ byla poréwnywalna lub wyzsza niz
referencyjnej aminoguanidyny (substancji o wlasciwos$ciach przeciwglikacyjnych).
Najefektywniejsze okazaty sie ekstrakt i frakcja ze $Swiezego owocu bogate w antocyjany
i procyjanidyny - MEF oraz BFF.

W ostatnim etapie badawczym, zweryfikowano ochronne dziatanie ekstraktow/frakcji
zowocow tarniny przed oksydacyjnym uszkodzeniem biomolekut ludzkiego osocza
w warunkach stresu oksydacyjnego indukowanego ONOO-, ktéry jest najbardziej toksyczng
forma ROS powstajagca w S$rodowisku hiperglikemicznym. Po wygenerowaniu, ONOO-
indukuje strukturalne modyfikacje funkcjonalnych biatek i lipidéw w $rédbtonku naczyn,
mies$niach gtadkich naczyn i osoczu, w tym nitracje i dimeryzacje reszt tyrozyny, utlenianie
grup tiolowych cysteiny i peroksydacje lipidéow, co ostatecznie prowadzi do przewlektych
dysfunkcji sercowo-naczyniowych (Pacher i Szab6, 2006). Po wnikliwej ocenie wynikow
uzyskanych z testéw hamowania enzyméw glikolitycznych, inhibicji tworzenia AGEs oraz
zmiatania ROS, ktore wskazywaty, ze $§wieze owoce tarniny charakteryzuje silniejszy efekt
farmakologiczny, do ostatniego etapu badan szczegétowych wybrano ekstrakt i frakcje ze
Swiezego materiatu roslinnego. Ponadto, dla og6lnego poréwnania analizom poddano takze
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wyjsciowy metanolowo-wodny ekstrakt z owocéw suszonych. Wykazano, Ze badane
ekstrakty/frakcje  skutecznie zwiekszatly catkowitg, nieenzymatyczng pojemnos¢
antyoksydacyjng ludzkiego osocza (NEAC) oraz wykazywaty efekt ochronny wobec
sktadnikéw osocza, wyrazony poprzez obnizenie stezenia biomarkeréw osoczowego stresu
oksydacyjnego, takich jak produkty nitrowania biatek oraz peroksydacji lipidow.
Najefektywniejszymi $rodkami chronigcymi osocze okazaty sie ponownie ekstrakty/frakcje
o najwyzszej zawartosci fenoli (DEFF, EAFF, MEF), zwtaszcza te wzbogacone w kwasy
fenolowe i flawonoidy (DEFF, EAFF). Szczegolnie silne efekty biologiczne zaobserwowano
w teScie redukcji nitrowania tyrozyny, gdzie stwierdzono, iZ testowane anality w stezeniach
fizjologicznych (1-5 pg/mL) sg w stanie zmniejszy¢ poziomy markerédw nitrowania nawet
o ponad 40%. W przypadku testow weryfikujacych dziatanie przeciwcukrzycowe i ochronne
przeciwko stresowi oksydacyjnemu, analizy korelacji oraz wyniki otrzymane dla
modelowych polifenoli jednoznacznie wskazujg, iz zwigzki fenolowe s3g glownymi
determinantami tych kierunkéw aktywnos$ci owocéw tarniny. Przedstawiciel MRPs - HMF -
nie wykazywat efektow biologicznych w ww. analizach.

Wielowiekowe zastosowanie owocéw P. spinosa w lecznictwie tradycyjnym jest
niewatpliwie potwierdzeniem bezpieczenstwa jego leczniczego stosowania. Niemniej jednak
ze wzgledu na mozliwe, terapeutyczne wykorzystanie ekstraktow/frakcji z badanego
surowca w ich skoncentrowanej postaci, w ramach prezentowanej dysertacji
przeprowadzona zostata ocena ich potencjalnej toksyczno$ci wobec neutrofilii i PBMCs. Nie
stwierdzono aby 24-48-godzinna ekspozycja komorek uktadu immunologicznego na
ekstrakty/frakcje z owocéw tarniny w stezeniach 5-100 pg/mL wptyneta na ich Zywotnosé,
co pozwala wstepnie uznac¢ badane anality za bezpieczne.
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Podsumowanie wynikow

W ramach realizacji rozprawy doktorskiej:

» wykazano zalezno$¢ pomiedzy profilem fitochemicznym otrzymanych ekstraktéw/frakcji,
a rodzajem zastosowanego ekstrahenta;

» wyselekcjonowano ekstrakty/frakcje z owocu S$Swiezego i suszonego o najwyzszej
catkowitej zawartoSci polifenoli oraz frakcje wzbogacone w odpowiednie zwigzki lub
grupy zwigzkow polifenolowych;

» wykazano, iz zaréwno $wieze, jak i suszone owoce tarniny charakteryzuje bogaty i ztozony
profil polifenolowy, dokonano catkowitej lub czeSciowej identyfikacji 57 i 45 zwigzkow
z tej grupy, odpowiednio dla owocu §wiezego i suszonego, w tym 35 sktadnikéw wykryto
po raz pierwszy w badanym materiale roslinnym;

» wykazano istotne zmiany w sktadzie jako$ciowym i iloSciowym polifenoli $wiezej
i wysuszonej substancji roslinnej;

» wykazano, iz podczas suszenia owocow tarniny dochodzi takze do powstania MRPs,
dokonano ich izolacji w skali preparatywnej i oznaczono struktury, a ponadto
przeprowadzono ocene zawarto$ci sumy MRPs oraz ich gléwnego sktadnika - HMF;

» przeprowadzono optymalizacje i rewalidacje metody HPLC-PDA-fingerprint analizy
zwigzkoéw polifenolowych i niepolifenolowych, ktéra moze znalez¢ zastosowanie
w kontroli jakosci $wiezych i suszonych owocow P. spinosa oraz pochodnych ekstraktow;

» w modelach ludzkich neutrofilii oraz PBMCs ex vivo wykazano wysoki potencjat
przeciwzapalny i antyoksydacyjny (w szczegdlnosci hamowanie sekrecji ROS, ELA-2
i TNF-a oraz nasilanie wydzielania IL-10) badanych ekstraktéw/frakcji z owocéw
Swiezych i suszonych oraz modelowych zwigzkéw czynnych wchodzacych w ich sktad;

» w modelach chemicznych in vitro wykazano wysoka zdolno$¢ ekstraktéw/frakcji oraz ich
gtéwnych  skladnikéw do bezposredniej inhibicji enzyméw  glikolitycznych
(w szczegolnosci a-glukozydazy);

» wykazano in vitro, ze ekstrakty/frakcje z owocow $wiezych i suszonych oraz ich markery
aktywne cechuje zdolno$¢ do efektywnego zmiatania szerokiego spektrum oksydantéow
operujacych in vivo, tj. 0z*-, H202, NO*, HCIO i HO*;

» w modelu chemicznym in vitro wykazano wysoka zdolno$¢ ekstraktow /frakcji z owocow
Swiezych i suszonych oraz ich markeréw aktywnych do hamowania nieenzymatycznej
glikacji biatek;

» wykazano ochronny wptyw ekstraktéw/frakcji z owocow $§wiezych oraz ich modelowych
zwigzkow czynnych na biatkowe i lipidowe sktadniki ludzkiego osocza oraz ich zdolnos$¢
do zwiekszania nieenzymatycznej pojemno$ci antyoksydacyjnej osocza w warunkach
stresu oksydacyjnego indukowanego ONOO-;

» wykazano brak dziatania cytotoksycznego ekstraktow/frakcji z owocéw Swiezych
i suszonych i ich markeréw aktywnych wobec ludzkich neutrofilii i PBMCs w badanym
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zakresie stezen;

» po raz pierwszy przeprowadzono ocene aktywnosci i cytotoksycznosci w ww. modelach
biologicznych przedstawiciela MRPs - HMF;

» dokonano poréwnawczej oceny aktywnosci biologicznej ekstraktow/frakcji z owocow
Swiezych oraz suszonych, ktéra wykazata, iz zaré6wno $wiezy jak i suszony materiat
ros$linny charakteryzuje sie znacznym potencjatem farmakologicznym, chociaz $wieze
owoce w wiekszosci testéw cechowata wyzsza skutecznos¢;

» wysokg i wielokierunkowg aktywnos$¢ biologiczna ekstraktow/frakcji z owocow swiezych
i suszonych wykazano zaréwno dla stezen potencjalnie mozliwych do osiaggniecia
ogolnoustrojowo, jak i lokalnie w przewodzie pokarmowym.
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WhniosKki

> Swieze i suszone owoce P. spinosa stanowia bogate zrédto zréznicowanych strukturalnie
zwigzkow polifenolowych, w tym kwaséw fenolowych, skondensowanych procyjanidyn,
flawonoidéw i antocyjanéw, ktére w znacznym stopniu warunkujg aktywnos¢
antyoksydacyjna i przeciwzapalng ekstraktéw z owocoéw oraz ich zdolno$¢ do hamowania
aktywnos$ci enzymow glikolitycznych i tworzenia zaawansowanych produktéw glikacji
biatek.

» Suszenie Swiezego materiatu roslinnego znaczaco obniza zawartos¢ polifenoli, indukuje
zmiany ich profilu jako$ciowego i prowadzi do powstania produktéw reakcji Maillarda, co
ostatecznie skutkuje ostabieniem aktywnosci biologicznej owocéw suszonych w stosunku
do owocéw $wiezych, ktére tym samym powinny by¢é preferowane do zastosowan
leczniczych i funkcjonalnych.

» Zaobserwowana zdolno$¢ ekstraktéw z owocow tarniny do hamowania sekrecji ROS, ELA-
2 1 TNF-a oraz stymulacji wydzielania IL-10 przez komérki uktadu immunologicznego, jak
réwniez zdolnos$¢ do bezposredniej neutralizacji szerokiej palety oksydantéw operujacych
in vivo, dziatanie ochronne na sktadniki ludzkiego osocza w warunkach stresu ochronnego
i hamowanie aktywno$ci a-glukozydazy i procesu glikacji bialek mogg czesciowo
wyjasnia¢ i uzasadnia¢ wskazania medycyny tradycyjnej w zakresie stosowania
przetworow z owocow w stanach zapalnych przewodu pokarmowego i cukrzycy.

» Uzyskane wyniki wskazujg na wysokg wartos¢ ekstraktow z owocow P. spinosa
w kontekscie potencjalnej profilaktyki i terapii uzupeiniajacej CDs i mogg stanowi¢ punkt
wyjscia do dalszych, rozszerzonych badan fitochemicznych, farmakologicznych
i toksykologicznych, koniecznych do dokonania peinej charakterystyki surowca,
weryfikacji jego skuteczno$ci terapeutycznej i bezpieczeistwa stosowania, a ostatecznie
do opracowania warto$ciowych produktéw funkcjonalnych lub preparatéow
terapeutycznych.
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Perspektywy i kierunki dalszych badan

Przeprowadzone w ramach niniejszej dysertacji analizy fitochemiczne i aktywnoSci
biologicznej in vitro doprowadzily do uzyskania wynikéw, ktore potwierdzaja istotny
potencjat aplikacyjny owocéw P. spinosa w kontekscie profilaktyki pierwotnej i wtérnej CDs.
Jednakze, aby ww. materiat ro$linny mdgt zosta¢ w petni wykorzystany do otrzymywania
wysokiej jakosci funkcjonalnych produktéw spozywczych badZ preparatéw terapeutycznych
konieczne s3g dalsze rozszerzone badania dotyczace zaréwno sktadnikéw czynnych jak
i aktywnoSci biologicznej. Stad tez, w kolejnym etapie badan zaplanowano opracowanie
procedury ekstrakcji (po uprzednim przeprowadzeniu szeroko zakrojonej optymalizacji
w potaczeniu z metodami statystycznymi), umozliwiajgcej wyodrebnienie maksymalnej ilosci
zwigzkow bioaktywnych z surowca roslinnego. Ten etap badan jest kluczowy z uwagi na fakt,
iz aktywnymi zwigzkami owocéw tarniny sg polifenole, ktére sa wysoce zréznicowang pod
wzgledem fizyko-chemicznym grupg metabolitéw roslinnych; z tego wzgledu standardowe
procedury ekstrakcji najczesciej prowadza tylko do ich cze$ciowego wydobycia z substanc;ji
roslinnej. Do tej czesci badan wybrano technike ekstrakcji przyspieszonej (ASE). ASE to
zautomatyzowana, szybka, doktadna, powtarzalna, wysokoprzepustowa metoda ekstrakcji
probek statych za pomocg ciektych rozpuszczalnikow w kontrolowanej temperaturze
i podwyzszonym ci$nieniu, umozliwiajgca dogtebna penetracje materiatu roslinnego przez
rozpuszczalnik i wydobycie maksymalnych ilosci jego sktadnikéw czynnych. W kontekscie
przyszlych badan nad aktywnos$cia biologiczng planowane jest przeprowadzenie poglebionej
weryfikacji wartoSci owocéw P. spinosa jako potencjalnego sktadnika zywnosci funkcjonalnej
przeznaczonej do zapobiegania i leczenia wspomagajacego przewleklych standéw zapalnych
przewodu pokarmowego, w szczego6lnosci jelit. Planowane badania beda zmierza¢ do
ustalenia wplywu trawienia na aktywno$¢ biologiczng ekstraktu oraz do doktadniejszego
rozpoznania potencjalnych mechanizméw molekularnych tej aktywnosci. W tym celu,
przygotowany metoda ASE, wysokoskoncentrowany ekstrakt z surowca zostanie poddany
procesowi symulowanego trawienia in vitro (obejmujacego etapy zachodzace we wszystkich
czeSciach przewodu pokarmowego, tj. jamie ustnej, zotgdku, jelicie cienkim i jelicie grubym),
dzieki czemu uzyskana zostanie frakcja, ktéra dociera do miejsc zmienionych chorobowo.
Aktywnos¢ tej frakcji zostanie przetestowana w modelach komoérek Sci$le zaangazowanych
w powstawanie i progresje standéw zapalnych jelit, tj. komdrek uktadu immunologicznego,
atakze w modelu ludzkich komorek jelitowych (enterocytdéw). Zaplanowane analizy
obejmowa¢ beda m.in. weryfikacje wplywu frakcji po trawieniu na funkcje pro-
i przeciwzapalne oraz pro- i antyoksydacyjne wyzej wspomnianych komoérek, w tym
przewidywana jest ocena wptywu na sekrecje ROS, enzymdw pro-i antyoksydacyjnych (iNOS,
X0, COX-2, SOD1, SOD2, CAT), enzymoéw prozapalnych (ELA-2, MMP-9), cytokin i chemokin
(IL-1B, IL-6, IL-8, IL-10, IL-18, TNF-a, MCP-1, MIF). Wykonana zostanie takze ocena wptywu
tej frakcji na ekspresje kluczowych w kontek$cie rozwoju stanu zapalnego czynnikow
transkrypcyjnych (NF-xB1, NF-kB2 i Nrf2) oraz biatek tworzacych $ciste potaczenia w jelitach
(CLDN1, ZO-1, OCLN). Poza pogtebiong oceng aktywnosci biologicznej, frakcja po trawieniu
poddana bedzie takze szczegétowej analizie fitochemicznej, co pozwoli na okre$lenie, jakim
transformacjom ulegaja polifenole owocéw tarniny w przewodzie pokarmowym, a tym
samym mozliwe bedzie wskazanie ich aktywnych metabolitéw. Uzyskane w ten sposoéb
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wyniki umozliwia wyboér analitbw do badan biodostepnos$ci oraz wskaza witasciwe cele
molekularne dla ekstraktéw z owocoéw P. spinosa, a tym samym pozwolg na wybér dalszych
kierunkéw i modeli do badan in vivo.
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Streszczenie

Wedhug szacunkéw Swiatowej Organizacji Zdrowia choroby cywilizacyjne (CDs) sa
obecnie przyczyng 71% zgondw, z czego prawie 40% stanowia zgony przedwczesne. Ze
wzgledu na masowo$¢ wystepowania CDs i wigzace sie z tym znaczne obcigzenie systemow
opieki zdrowotnej, istnieje potrzeba zwrdcenia baczniejszej uwagi na profilaktyke, w tym
zastosowanie wysokiej jakoSci Zzywnos$ci i produktéw funkcjonalnych, a takze uzupeinienie
konwencjonalnej farmakoterapii racjonalng fitoterapia, co mogtoby istotnie obnizy¢ koszty
ekonomiczne i spoteczne CDs. W tym konteks$cie specjalne zainteresowanie budza produkty
ro$linne bogate w zwigzki polifenolowe, ktore wykazuja dobrze udokumentowang aktywnos¢
biologiczng o szerokim spektrum, odpowiadajacg ztoZonej patofizjologii CDs, i wystepuja
powszechnie w roslinach uzytkowych i leczniczych. Profilaktyczny i terapeutyczny wplyw
polifenoli roslinnych na postep CDs jest m.in. zwigzany z ich normalizujgco-regulujacym
wptywem na procesy oksydacyjne i zapalne oraz zaburzenia metaboliczne, stanowigce
elementarne czynniki etiologiczne CDs. Sposrod dostepnych substancji roslinnych bogatych
w polifenole szczegbélnym zainteresowaniem cieszg sie owoce, chetnie spozywane w postaci
Swiezej lub przetworzonej. Niektére z nich znajduja takze zastosowanie w medycynie
tradycyjnej, co sugeruje ich znaczny potencjat profilaktyczno-leczniczy. Dostepne badania
pokazuja jednak, iz aktywnos$¢ biologiczna frakcji polifenolowych substancji roslinnych jest
uwarunkowana obecnoscig specyficznej palety zwigzkéw w odpowiednich proporcjach. Stad
podstawa racjonalnego stosowania substancji roslinnych/preparatéw roslinnych jest ich
pelna charakterystyka, w tym wskazanie skladnikéw warunkujgcych aktywnos¢,
standaryzacja fitochemiczna, wykluczenie toksycznos$ci oraz ustalenie mechanizméw
dziatania, parametréw aktywnosci i wiasciwego dawkowania, gwarantujgcego skuteczno$¢
i bezpieczenstwo terapii.

Uwzgledniajac powyzsze przestanki, przedmiotem niniejszej rozprawy doktorskiej stat sie
owoc Prunus spinosa L. - produkt spozywczy i jednoczesSnie surowiec polifenolowy,
wymieniany w lecznictwie tradycyjnym, jako substancja o plejotropowych wtasciwosciach
biologicznych. Swieze owoce tarniny sa spozywane gtéwnie w formie przetworéw (m.in.
sokow, nalewek), z kolei suszone owoce wykorzystuje sie do przygotowywania leczniczych
herbat ziotowych. Zaréwno $wieze, jak i suszone owoce maja status tradycyjnej roslinnej
substancji leczniczej. Dos$wiadczenia etnomedycyny wskazuja jednak na rdéznice
w aktywnos$ci owocoéw Swiezych i suszonych - odwary z suszu wykorzystuje sie gtoéwnie
w terapii miejscowych stanéw zapalnych przewodu pokarmowego, zas owoce S$wieze
w kierunkach o charakterze ogélnoustrojowym, np. w terapii choréb metabolicznych, m.in.
cukrzycy. Mimo udokumentowanego zastosowania, do czasu opublikowania prac
stanowigcych niniejsza rozprawe, sktad chemiczny owocéw pozostawat rozpoznany jedynie
fragmentarycznie, a kwestia jego ewentualnej zmiany w procesie suszenia nie byla
przedmiotem zadnych badan. Przyjmowano jednak, ze gléwne sktadniki farmakologicznie
aktywne owocow tarniny to polifenole, ktére w wiekszosci zidentyfikowane byly jedynie
czesSciowo. Szczatkowe byly takze dane na temat aktywno$ci biologicznej owocéw tarniny.
Weczeéniejsze badania koncentrowaty sie gtéwnie na ocenie aktywnosci przeciwutleniajgcej
Swiezych owocdédw tarniny, w wiekszosci z wykorzystaniem prostych, chemicznych testow in
vitro, ktorych wyniki trudno odnie$¢ do warunkoéw in vivo. Z drugiej strony sugerowaty one
wysoki potencjal antyoksydacyjny owocéw, co zachecato do pogtebienia analiz, szczeg6lnie,
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ze w jedynym dostepnym dotychczas badaniu wiasciwosci przeciwutleniajacych w modelu
komoérkowym (ludzkich promonocytéw U937) wykazano istotne i zalezne od dawki
wlasciwo$ci ochronne soku z owocéw tarniny w warunkach stresu oksydacyjnego.
W przypadku dziatania przeciwzapalnego dotychczas wykazano jedynie, iz ekstrakt
etanolowy ze $wiezych owocéw tarniny moze poprzez posrednie mechanizmy zmniejszac
ekspresje prozapalnej cytokiny IL-6 i czynnikow adhezyjnych w stymulowanych ludzkich
komorkach srédbtonka. Z kolei w kontekscie aktywnos$ci przeciwcukrzycowej dowiedziono,
ze ekstrakty alkoholowe ze $wiezych owocow tarniny mogg hamowaé dziatanie a-
glukozydazy i a-amylazy.

Majac na wzgledzie powyzsze, celem niniejszej dysertacji byta identyfikacja sktadnikéw
aktywnych ekstraktéw/frakcji pozyskanych ze $wiezych i suszonych owocow tarniny, a takze
poréwnawcza analiza ich profilu fitochemicznego oraz potencjalnej aktywnosci
przeciwutleniajacej, przeciwzapalnej i przeciwcukrzycowej w kontekscie profilaktyki i terapii
choréb zapalnych jelit, cukrzycy i jej powiktan naczyniowych.

W czesci fitochemicznej pracy doktorskiej przeprowadzono szczegdtowa analize profilu
polifenolowego suchych ekstraktéw/frakcji otrzymanych owocéw tarniny. Analiza profilu
jakosciowego metoda LC-PDA-ESI-MS3, umozliwita identyfikacje po raz pierwszy sktadnikow
obecnych w suszonych owocach oraz znacznie zwiekszyta wiedze na temat zwigzkow
czynnych $wiezych owocéw tarniny. Zidentyfikowano tgcznie 57 i 45 sktadnikow
polifenolowych, odpowiednio w $wiezym i suszonym materiale ro$linnym. Sumarycznie
udato sie wykry¢ 35 nowych zwigzkéw polifenolowych dla owocdw tarniny. Suszone owoce
charakteryzowaty sie mniejsza réznorodnoscia w obrebie sktadnikéw polifenolowych niz
owoce Swieze. Analiza catkowitej zawartosci polifenoli (TPC) potwierdzita, ze badane owoce
stanowig bogate ich Zrédto, chociaz te suszone w warunkach typowych dla produkgc;ji lekéw
ziotowych zawieraty nizsze warto$ci TPC w poréwnaniu z owocami $wiezymi. W suszonych
owocach tarniny potwierdzono réwniez po raz pierwszy obecno$¢ trzech zwigzkow
powstatych w wyniku reakcji Maillarda (MPRs). Z uwagi na potencjalng wysoka ekspozycje
na te zwigzki w typowej diecie oraz niepokojace wyniki wstepnych badan toksykologicznych,
zalecane jest, by ich zawartos¢ w zywnosci byla kontrolowana. W badaniach
przeprowadzonych w ramach rozprawy doktorskiej wykazano, iz zawarto$¢ MRPs
w owocach tarniny miesci sie w dolnym przedziale zakresu raportowanego w literaturze dla
innych, powszechnie spozywanych suszonych owocoéw, uznawanych za bezpieczne.

Uwzgledniajac krytyczna role, jaka przypisuje sie komérkom uktadu immunologicznego, tj.
neutrofilom i jednojgdrzastym komoérkom krwi obwodowej (PBMCs) w patogenezie
i progresji choréb zapalnych, m.in. przewodu pokarmowego, w pierwszym etapie badan
aktywnos$ci biologicznej oceniono wptyw ekstraktéw/frakcji z owocéw tarniny oraz
zwigzkow modelowych na sekrecje przez neutrofile i PBMCs kluczowych mediatoréw stanu
zapalnego, tj. ROS, ELA-2, TNF-a, IL-8, IL-6 i IL-10. Badane ekstrakty/frakcje
charakteryzowaly sie bardzo wysoka skuteczno$cig modulacji wydzielania mediatoréw stanu
zapalnego, zaro6wno w stezeniach 1-5 pg/ml, ktére sa nominalnie osiggalne dla polifenoli
w osoczy, jak i tych wystepujacych w przewodzie pokarmowym (25-100 pg/mL) po podaniu
doustnym bogatych w polifenole produktéw; mozna zatem oczekiwa¢, iz mogg one tagodzic
stan zapalny zaréwno ogolnoustrojowo, jak i lokalnie w przewodzie pokarmowym. Badane
anality najskuteczniej hamowaty sekrecje ROS, prozapalnych ELA-2 i TNF-a oraz zwiekszaty

38



Anna Magiera Rozprawa doktorska Streszczenie

wydzielanie przeciwzapalnej IL-10.

Drugi etap analiz aktywnosSci biologicznej obejmowatl weryfikacje zasadno$ci wskazan
etnomedycyny, co do pomocniczego stosowania owocOéw tarniny w terapii cukrzycy.
W pierwszej kolejnosci zbadano zdolnos$¢ ekstraktéw/frakcji owocéw do inhibicji enzyméw
glikolitycznych - a-glukozydazy i a-amylazy. Wszystkie przebadane ekstrakty/frakcje,
zar6wno te otrzymane ze $wiezego, jak i z suszonego materialu roslinnego, odznaczaty sie
wiekszg zdolnoscig do inhibicji a-glukozydazy niz referencyjny lek przeciwcukrzycowy -
akarboza. Z kolei w tescie inhibicji a-amylazy, ekstrakty/frakcje z owocow tarniny wykazaty
sie przecietng aktywnoS$cig. Zwazywszy na fakt, iz nadprodukcja ROS modyfikuje gtéwne
procesy biochemiczne, stanowigce podtoze patogenetyczne naczyniowych powiktan
cukrzycowych, w tym glikacje r6znych biomolekut i tworzenie zaawansowanych produktow
glikacji (AGEs), w kolejnym etapie pracy udokumentowano szerokie spektrum dziatania
ekstraktow/frakcji ze $wiezych i suszonych owocéw tarniny wobec szeregu rodnikowych
i nierodnikowych oksydantow generowanych in vivo, w tym 0>, HO*, H,0,, NO+ i HOCL
Ponadto wykazano, iz badane ekstrakty/frakcje poréwnywalnie lub skuteczniej niz
aminoguanidyna (substancja o wtasciwos$ciach przeciwglikacyjnych) hamuja tworzenie AGEs.
W ostatnim etapie pracy udowodniono ponadto, Ze badane anality zapobiegaja uszkodzeniom
sktadnikéw ludzkiego osocza (biatek i lipidéw) w warunkach stresu oksydacyjnego
indukowanego ONOO-, a takze posiadaja duza zdolno$¢ do zwiekszenia nieenzymatycznej
pojemnosci antyoksydacyjnej osocza.

W wiekszosci przeprowadzonych testow aktywnos$ci biologicznej, ekstrakty/frakcje
uzyskane z suszonych owocéw wykazywaly nizsza skutecznos¢ niz te z owocoOw $wiezych,
jednak stwierdzone ro6znice nie byly krytyczne, a suszony materiat roslinny réwniez
charakteryzowal sie istotnym potencjalem antyoksydacyjnym, przeciwzapalnym
i przeciwcukrzycowym. Wyniki oznaczen dla polifenolowych markeréw aktywnych oraz
przeprowadzone analizy korelacji wykazaty takze, iZ obserwowane efekty w znacznym
stopniu determinowane sg obecnos$cig zwigzkéw polifenolowych. Z drugiej strony, badania
aktywnos$ci modelowego MRPs - HMF - sugerowaty, ze cho¢ MPRs daja czesciowo
przeciwstawne efekty w poréwnaniu do polifenoli, gtdbwnie w zakresie modyfikacji funkcji
prozapalnych ludzkich neutrofili i PBMCs (w kierunku stymulacji sekrecji TNF-a przez
neutrofile i hamowania sekrecji IL-10 przez PBMCs), to ich obecno$¢ nie wptywa negatywnie
na warto$¢ terapeutyczng badanych ekstraktow/frakcji z uwagi na niewysokie stezenie.
Ponadto, testy przezywalnosci neutrofilii i PBMCs pozwolity na wstepne zakwalifikowanie
badanych ekstraktéw/frakcji i ich markeréw aktywnych jako bezpiecznych.

Wyniki uzyskane w ramach niniejszej dysertacji dowodza wysokiej wartos$ci ekstraktow
zowocow P. spinosa w kontek$cie potencjalnej profilaktyki i terapii uzupetniajgcej CDs.
Uzyskane rezultaty mogg stanowi¢ punkt wyjScia do dalszych, rozszerzonych badan
fitochemicznych, farmakologicznych i toksykologicznych, prowadzacych do petnej
farmakognostycznej charakterystyki surowca, a w przysztosci do opracowania
wartos$ciowych funkcjonalnych produktéw zywnosciowych lub preparatéw terapeutycznych.
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Summary

According to the World Health Organization, diseases of affluence/noncommunicable
diseases (NCDs) currently cause 71% of deaths globally, almost 40% of which are premature
deaths. Due to the high prevalence of NCDs and the associated massive demand on the
healthcare systems, there is a need to pay more attention to prophylaxis, including the use of
high-quality food and functional products, as well as supplementing conventional
pharmacotherapy with rational phytotherapy, which might decrease the economic and social
costs of NCDs. In this context, particularly interesting are plant products rich in polyphenols,
widespread in food and medicinal plants, and showing a well-documented biological activity
of a broad spectrum, corresponding to the complex pathophysiology of NCDs. It is
acknowledged that the prophylactic and therapeutic influence of plant polyphenols on the
progression of NCDs is associated with their normalizing and regulating effect on oxidative
and inflammatory processes as well as metabolic disorders occurring in living cells, which are
the elementary etiological factors of NCDs. Among the polyphenol-abundant plant materials,
fruits are especially auspicious as they are willingly consumed fresh or processed. Some of
them are also used in traditional medicine, which suggests their significant preventive and
therapeutic potential. However, the available research demonstrates that the biological
activity of plant phenolic fractions is conditioned by the presence of a specific range of
compounds in appropriate proportions. Hence, the rational wuse of plant
substances/preparations requires their complete characterization, including the
establishment of their active components and mechanisms of action, phytochemical
standardization, and activity parameters, as well as evaluation of toxicity and
formulation/dosage to guarantee the effectiveness and safety of the therapy.

Considering the above premises, the subject of this dissertation is the fruit of Prunus
spinosa L. (sloe, blackthorn) - a dietary product and a polyphenolic plant material, mentioned
in traditional medicine as a substance with pleiotropic biological properties. For dietary
purposes, fresh sloe fruits are consumed mainly as preserves (including juices and tinctures),
while dried fruits are used to prepare herbal teas. Both fresh and dried fruits have the status
of traditional herbal medicines. However, the ethnomedical sources suggest differences in the
activity of both materials. For instance, dried fruit decoctions are mainly used to treat
gastrointestinal tract inflammation; in contrast, fresh fruit preparations are recommended
for systemic disorders, e.g., metabolic diseases, like diabetes. Despite the documented
therapeutic application, until the publication of the manuscripts constituting this dissertation,
the chemical composition of the fruit remained only fragmentarily recognized, and the impact
of drying on its composition was not the subject of any research. However, it has been
assumed that the primary pharmacologically active molecules of sloe fruits are polyphenols,
most of which have been only partially identified. The data on the biological activity of sloe
fruits was also incomplete. The previous studies have focused mainly on the antioxidant
activity of fresh blackthorn fruits but they primarily used simple in vitro chemical tests, which
are difficult to relate to in vivo conditions. On the other hand, the accumulated research
suggested a high antioxidant potential of the fruit, encouraging further studies on the subject,
especially because the only one available study of the antioxidant properties in a cellular
model (U937 human promonocytes) showed significant and dose-dependent protective
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properties of sloe juice in the conditions of oxidative stress. Concerning the anti-
inflammatory effect, the ethanol extract of fresh sloes has only been demonstrated to reduce
the expression of the pro-inflammatory cytokine IL-6 and some adhesion factors in
stimulated human endothelial cells. Moreover, in the context of antidiabetic properties, the
alcoholic extracts of fresh blackthorn fruits have been proven to inhibit a-glucosidase and a-
amylase in vitro.

Considering the above, this dissertation aimed to identify biologically active components
of extracts/fractions obtained from fresh and dried P. spinosa fruits as well as compare their
phytochemical profile and their potential antioxidant, anti-inflammatory and antidiabetic
effects in vitro in the context of the prevention and treatment of inflammatory bowel diseases,
diabetes, and its vascular complications.

In the phytochemical part of the research, a detailed analysis of the polyphenolic profile of
dry extracts/fractions from fresh and dried blackthorn fruits was carried out. The qualitative
profiling, performed by the LC-PDA-ESI-MS3 method, allowed for the first time to identify the
dried fruit constituents and significantly increased the knowledge about the active
components of fresh sloes. In total, 57 and 45 polyphenols were identified in fresh and dried
plant material, respectively, including 35 polyphenolic compounds new for P. spinosa fruits.
Aless diversified polyphenolic composition was observed for the dried compared to the fresh
fruits. The dried material also contained lower total polyphenolic content (TPC) than the
fresh one; however, the determinations confirmed sloes as a rich source of these
phytochemicals. Apart from polyphenols, three compounds formed through the dehydration
of sugars in the Maillard reaction (MPRs) were also confirmed for the first time in dried sloe
fruits. Due to the potential high exposure to these compounds in a standard human diet and
the alarming results of preliminary toxicological studies available in the literature, it is
generally recommended to control the MPRs content in food. However, the present
dissertation revealed that the content of MRPs in blackthorn fruits is at the lower range limit
reported in the literature for numerous commonly consumed fruits, including prunes, and the
fruits might be thus regarded safe.

Taking into account the critical role of immune cells, such as neutrophils and peripheral
blood mononuclear cells (PBMCs), in the pathogenesis and progression of inflammatory
diseases, including gastrointestinal tract inflammations, the influence of blackthorn
extracts/fractions and model compounds on the secretion of key inflammatory mediators, i.e.,
ROS, ELA-2, TNF-q, IL-8, IL-6 and IL-10 by neutrophils and PBMCs was evaluated in the first
step of biological activity studies. The tested extracts/fractions were characterized by a high
modulation efficiency of pro-inflammatory and pro-oxidant functions of immune cells, both at
concentrations of 1-5 pg/ml, which are nominally achievable for plasma polyphenols, and
those found in the gastrointestinal tract (25-100 pg/mL) after oral administration of
polyphenol-rich products. It might, therefore, be expected that they may be able to alleviate
both systemic and local inflammation. Among the tested factors, the analytes most effectively
inhibited the secretion of ROS, pro-inflammatory ELA-2 and TNF-o, and increased the
secretion of anti-inflammatory IL-10.

The second step of biological activity studies included the verification of ethnomedical
indications of sloe fruits in the treatment of diabetes. First, the potential of fruit
extracts/fractions to inhibit glycolytic enzymes a-glucosidase and a-amylase was examined.
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All extracts/fractions from fresh and dried plant material presented a higher ability to inhibit
a-glucosidase than acarbose, a reference antidiabetic drug. In turn, the fruit
extracts/fractions had only moderate activity in the a-amylase inhibition test. Moreover,
because the overproduction of ROS modifies the main biochemical processes underlying the
pathogenesis of diabetic vascular complications, including the glycation of wvarious
biomolecules and the formation of advanced glycation products (AGEs), a broad scavenging
activity towards a range of in vivo generated free radical and non-radical oxidants, including
02+, HO*, H202, NO* and HOCI, was documented for extracts/fractions from fresh and dried
sloe fruits in the next step. Furthermore, the tested extracts/fractions were proven to inhibit
the formation of AGEs with similar or higher effectiveness than aminoguanidine, a reference
standard with anti-glycation properties. In the last step of activity studies, the analytes were
tested in a human plasma model exposed to ONOO--induced oxidative stress. It was
documented that the tested analytes effectively prevent the oxidative/nitrative damage to
human plasma components (proteins and lipids) in vitro, and also have a high ability to
increase the non-enzymatic antioxidant capacity of plasma.

In most of the performed biological activity tests, the extracts/fractions obtained from
dried fruits presented slightly lower effectiveness than those from fresh fruits. However, the
observed activity differences between dried and fresh fruit extracts were not critical, and the
dried plant material was also characterized by a high antioxidant, anti-inflammatory and anti-
diabetic potential. The activity parameters achieved for model polyphenols and the
correlation studies showed that the presence of polyphenols determines the biological
activity of sloe fruits. On the other hand, the activity tests of a model MRPs - HMF - suggested
that these compounds exhibit partially opposite effects to polyphenols, especially towards
immune cells (they stimulated the secretion of TNF-a and inhibited the release of I1L-10);
however, their presence did not influence negatively the therapeutic value of the analyzed
extracts/fractions due to the low concentration. Eventually, the viability tests of neutrophils
and PBMCs enabled the preliminarily confirmation of the cellular safety of the tested
extracts/fractions and their model compounds.

The results of this dissertation prove the high potential of P. spinosa fruit extracts in the
context of prophylaxis and complementary therapy of NCDs. Moreover, the obtained data
may become the starting point for further, extended phytochemical, pharmacological and
toxicological studies leading to the complete characterization of the plant material and,
finally, to the development of valuable functional food products or therapeutic preparations.
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Abstract: The fresh fruits of Prunus spinosa L., a wild plum species, are traditionally used for dietary
purposes and medicinal applications in disorders related to inflammation and oxidative stress. This
study aimed to investigate the phytochemical composition of the fruits in the function of fractionated
extraction and evaluate the biological potential of the extracts as functional products in two models
of human immune cells ex vivo. Fifty-seven phenolic components were identified in the extracts by
UHPLC-PDA-ESI-MS?, including twenty-eight new for the analysed fruits. Fractionation enabled the
enrichment of polyphenols in the extracts up to 126.5 mg gallic acid equivalents/g dw total contents,
91.3 mg/g phenolic acids (caffeoyl-, coumaroyl-, and feruloylquinic acids), 41.1 mg/g flavonoids
(mostly quercetin mono-, di- and triglycosides), 44.5 mg/g condensed proanthocyanidins, and
9.2 mg/g anthocyanins (cyanidin and peonidin glycosides). The hydroalcoholic extract and phenolic-
enriched fractions of the fruits revealed significant ability to modulate pro-oxidant, pro-inflammatory,
and anti-inflammatory functions of human neutrophils and peripheral blood mononuclear cells
(PBMCs): they strongly downregulated the release of reactive oxygen species, TNF-a, and neutrophils
elastase, upregulated the secretion of IL-10, and slightly inhibited the production of IL-8 and IL-6
in the cells stimulated by fMLP, fMLP+cytochalasin B, and LPS, depending on the test. Correlation
studies and experiments on the pure compounds indicated a significant contribution of polyphenols
to these effects. Moreover, cellular safety was confirmed for the extracts by flow cytometry in a
wide range of concentrations. The results support the traditional use of fresh blackthorn fruits in
inflammatory disorders and indicate extracts that are most promising for functional applications.

Keywords: blackthorn fruits; LC-MS; phenolic compounds; oxidative stress; inflammation;
functional foods

1. Introduction

A lot of epidemiological data provide solid evidence for the health benefits of diets rich
in fruits and vegetables, mainly due to their bioactive constituents, including polyphenols,
exhibiting the well-documented potential to resolve the interconnected pathological pro-
cesses of inflammation and oxidative stress [1,2]. The essential hallmark of inflammation
is the infiltration and hyperactivation of the primary immune cells, such as neutrophils
and mononuclear cells (monocytes/macrophages) in the tissue site and the production of
inflammatory mediators, including cytokines (interleukins, IL; tumour necrosis factor «,
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TNF-a), proteolytic enzymes (elastase, ELLA-2), growth factors, arachidonic acid metabo-
lites, and a vast diversity of reactive oxygen species (ROS), which collectively contribute to
tissue dysfunction [3]. Failure to control this process is linked to many acute and chronic
human disorders, such as bowel diseases, atherosclerosis, rheumatoid arthritis, and kidney
diseases [3,4]. The conventional treatment for these health problems involves synthetic
drugs, which often have emerging side effects. Therefore, global emphasis is on searching
for plant-based foods as alternative options to prevent chronic inflammation with dietary
intervention [5].

In the search of foods with anti-inflammatory activity, increased attention has been
recently paid to the fruit of Prunus spinosa L. (blackthorn, sloe). It is a small rosaceous tree
occurring primarily in south-central Europe but extending to the Scandinavian Peninsula,
western Asia, and north-western Africa. The plant has also been introduced and locally
naturalised in New Zealand, Tasmania, and North America, and is one of the most popular
wild Prunus species worldwide [6]. The blackthorn fruit is a small, spherical, bluish-black
drupe with a purple-blue frostlike bloom and yellow-greenish pulp. When fresh, the sloe
plums have an astringent flavour; thus, they are harvested after being mellowed by frost
and preferably consumed after processing into jams, jellies, juices, and alcoholic beverages,
including wines, liqueurs, and tinctures [7].

In many countries, blackthorn fruit is a traditional herbal remedy recommended to
treat inflammation-related disorders within the gastrointestinal and urinary tracts, respira-
tory system, and topically in oral and pharyngeal mucosa inflammation. Moreover, the fruit
is used to treat diarrhoea, metabolic diseases (including diabetes and obesity) and as a heart-
strengthening and anti-hypertensive agent [8-10]. It is believed that polyphenols are active
components of the fruits, including anthocyanins, phenolic acids, and flavonoids [11-17].
However, the chemical composition of sloes is still insufficiently recognised as the reported
fruit profiles are significantly less complex as expected compared to other organs of the
same plant, such as flowers, leaves and stems [ 18-20].

The previous research on the biological activity of P. spinosa fruits has focused mainly
on their antioxidant potential [11,14,21,22], with some data available on the antidiabetic,
antimicrobial, anti-inflammatory and anticancer activity [15,17,23-25]. The accumulated
results suggest the high value of blackthorn fruits as health-promoting food and source
material for the production of functional supplements, but further research is required to
characterise the underlying mechanisms, which might be relevant to their in vivo effects.
To date, the antioxidant activity of the fruits has been studied in vitro mainly using simple
chemical, non-cellular tests, such as the DPPH, ABTS, FRAP, and TBARS tests [11,14,21,22].
The cellular antioxidant potential has been demonstrated only for sloe juice in human
malignant promonocytes (U937 cells) exposed to H,O,, with increased cellular viability
being observed in the presence of the juice [21]. In the case of anti-inflammatory effects,
Sabatini et al. [24] reported that the ethanol extract from blackthorn fruits could upregulate
miR-126 and miR-146a expression levels and therefore downregulate the expression of
the pro-inflammatory cytokine IL-6 and adhesion molecules ICAM-1 and VCAM-1 in
lipopolysaccharide (LPS)-stimulated human endothelial cells (HUVEC). However, no infor-
mation is available on the impact of blackthorn fruits on pro-inflammatory and pro-oxidant
functions of normal human immune cells, which are critical factors in the inflammatory
processes in vivo.

Several previous studies suggested that some technological treatments, such as
fractionation [26] or loading in nanoparticles [25], might increase the anti-inflammatory ef-
fects of crude extracts from different fruits. In addition, fractionation might also improve the
effectiveness of phytochemical profiling of the fruit extracts and studies on the contribution
of particular compounds to their anti-inflammatory and antioxidant activity [26].

Therefore, the aim of the present study was (a) to characterise in details the polyphe-
nolic profile of the fresh blackthorn fruits in the function of fractionated extraction; (b) to
investigate the antioxidant and anti-inflammatory activity of the fruit extracts in human im-
mune cells ex vivo, including neutrophils and peripheral blood mononuclear cells (PBMCs);
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(c) to select extracts that are most promising for their potential use as anti-inflammatory
agents and functional products; and (d) to identify compounds responsible for the ob-
served biological effects. A wide range of analytical techniques (UHPLC- PDA-ESI-MS?,
HPLC-PDA, and UV-spectrophotometric methods) and authentic standards isolated from
P. spinosa were used for phytochemical profiling to enable in-depth characterisation of sec-
ondary fruit metabolites. Moreover, the release of a series of pro-oxidant, pro-inflammatory
and anti-inflammatory factors (ROS, 1L-8, IL-6, TNF-x, ELA-2 and [L-10) was monitored
during the cellular tests and the effects of the extracts were compared to those of a panel
of positive standards including native blackthorn polyphenols. Furthermore, the cellular
safety of the extracts was evaluated by flow cytometry.

2. Results
2.1. LC-PDA-ESI-MS? Metabolite Profiling

The phenolic profile of the fractionated extracts from fresh P. spinosa fruits was in-
vestigated by LC-PDA-ESI-MS?. The analytes were structurally characterised based on
comparing their chromatographic and spectral properties with the literature data or refer-
ence standards, both commercial and isolated in our laboratory from flowers and leaves
of P. spinosa ([18] and references therein). The enrichment of the phenolic fractions by
fractionation of the source methanol-water (75:25, v/v) extract (MEF) with solvents of
different polarity (diethyl ether, ethyl acetate, n-butanol, and water) allowed for the de-
tection of 63 peaks in total (Figure 1, peaks 1-63; Table 51) and full or tentative identifi-
cation of 57 phenolic constituents, including 28 analytes found for the first time in sloes
(the primary structures are shown in Figure S1). The identified compounds belonged to
three main classes of polyphenols: (a) phenolic acids and aldehydes, (b) flavonols, and
(c) anthocyanins.
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Figure 1. Representative UHPLC chromatograms at 280 nm of (a) diethy! ether fraction from fresh
fruits of P. spinosa, DEFF; and (b) n-butanol fraction from fresh fruits, BFF. Peak numbers refer to
those implemented in the Supplementary Table S1.

2.1.1. Phenolic Acids and Aldehydes

The leading and most structurally diversified group of polyphenols in sloes were phe-
nolic acids (28 analytes; peaks: 1, 2, 5-16, 18, 20-22, 24, 27, 29-35, 39, 59) with UV-Vis
absorption maxima in the range of 250-325 nm. Eight representatives of this group
were identified by comparison with standards as protocatechuic (2), p-hydroxybenzoic
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(8), vanillic (13), caffeic (16), p-coumaric (30), and isomeric chlorogenic acids (7, 14, 18).
The MS/MS data of compound 5 was similar to that of 3-O-caffeoylquinic acid (7), but
its retention time was somewhat shorter; according to Jaiswal, Sovdat, Vivan and Kuhn-
ert [27], it was identified as the cis-isomer of 7. Compounds 6 and 9 revealed deprotonated
molecular ions [M-H]~ at m/z 515 and MS? base peaks at m/z 353 [M-H-hexose moiety] -,
whose further fragmentation was consistent with that of 7; thus, they were tentatively
assigned as 3-O-caffeoylquinic acid hexosides [28]. According to the literature hierarchical
discrimination keys [27,29], the peaks showing parent [M-H|~ ions at m/z 335, 337 and
367 were identified as isomeric caffeoylshikimic acids (29, 33, 35), p-coumaroylquinic acids
(11, 21, 27) and feruloylquinic acids (15, 22, 31), respectively. Likewise, compound 39 with
[M-H]~ at m/z 319 and a fragment ion at m/z 163 [p-coumaric acid-H]~ was identified as
p-coumaroylshikimic acid [30]. The analytes 32 and 34 (/2 501), due to the presence of the
MS? base peaks at m/z 223, typical for sinapic acid derivatives, and the neutral losses of
162 Da and 116 Da, diagnostic for a malate hexose moiety [31], were identified as sinapoyl
malate hexosides. Analogously, compound 10, with fragments at m/z 329 [M-H-116]~
and 167 [M-H-116-162] was identified as vanillic acid malate hexoside. Some other
compounds representing phenolic acids (1, 12, 20) also revealed the loss of a hexose moi-
ety ((M-162-H] ). Among them, compounds 12 and 20 with fragment ions at m/z 179
[caffeic acid-H]~ and 135 [caffeic acid—-H-CO,]~ were identified as isomeric caffeic acid
3/4-O-hexosides. Likewise, peak 1 showed a fragment ion at m/z 167 [vanillic acid-H]~,
which suggested the presence of vanillic acid O-hexoside [32]. In addition to phenolic acids,
one phenolic aldehyde (vanillin, 24) was detected and identified with standard.

2.1.2. Flavonoids

The second group of polyphenols in sloes was formed by flavonols, revealing two
UV-Vis absorption maxima at 270 and 350-370 nm. Their MS spectra in a negative ion mode
showed the presence of fragment ions at n1/z 301, 285, and 315, typical for quercetin (62),
kaempferol and isorhamnetin aglycones, respectively. Flavonol mono-, di- and triglycosides
(36, 38, 40-58, 60-61) were discriminated based on the number and character of neutral
losses of hexose (—162 Da), rhamnose (—146 Da), and pentose (—132 Da) moieties. Among
them, nine quercetin glycosides were identified with standards as hyperoside (42), rutin
(44), isoquercitrin (45), quercetin 3-O-(2"-O-B-D-glucopyranosyl)-a-1-arabino-furanoside
(46), reinutrin (47), guaiaverin (48), avicularin (50), multinoside A (51), and quercitrin (52).
Five other quercetin glycosides (49, 55-57, 61) fragmented with the neutral losses of malyl
(=116 Da) or acetyl (—42 Da) moieties and were identified as the appropriate esters.

2.1.3. Anthocyanins

Only four anthocyanins—glycosides of cyanidin (19, 23) and peonidin (26, 28)—with
different sugar moieties were detected in the fruit extracts. Three compounds were iden-
tified with standards: 19 as cyanidin 3-O-p-D-glucopyranoside (CYG), 23 as cyanidin-3-
O-rutinoside and 26 as peonidin-3-O-$-D-glucopyranoside. Peak 28, showing the UV-Vis
absorption maxima at 280 and 515 nm, typical for anthocyanins, and MS spectra character-
istic for peonidin rhamnohexosides with a [M-H] "~ ion at m/z 607 and a fragment ion at
m/z 299 (aglycone moiety), resulting from the neutral loss of 308 Da ([M-132-162-H] "),
was assigned as peonidin 3-O-rutinoside [33].

2.2. Quantitative Profile of the Extracts/Fractions

The quantitative profiles of the fruit extracts/fractions differed depending on the extraction
solvent (Table 1). The total phenolic content varied in the range of 64.6-126.5 mg GAE/g dw
(TPC, determined by the Folin-Ciocalteu method) and 6.1-104.0 mg/g dw (TPH, deter-
mined by HPLC-PDA) with the highest values observed for DEFF and EAFF fractions.
In all extracts /fractions, the TPC levels surpassed the TPH values, which represent the sum
of low-molecular-weight polyphenols, including total flavonoids (TFL), total anthocyanins
(TAC) and total phenolic acids (TPA). This gap came primarily from the presence of high-
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molecular-weight tannin-type proanthocyanidins (TTC). Figure 2 presents the relative ratio
of particular families of polyphenols to the TPH+TTC levels that reflect the actual total
phenolic level of the blackthorn extracts. The results indicated that the main constituents of
MEF (Table 1, Figure 2) and thereby the primary polyphenols of fresh fruits (Table S2) were
tannins, followed by phenolic acids, anthocyanins and flavonoids. Partitioning of MEF
between solvents of different polarities led to the concentration of anthocyanins in BFF,
flavonoids mainly in DEFF, phenolic acids in DEFF, EAFF and BFFE, and tannins in WRF.

Table 1. Quantitative profile of the P. spinosa fruit extracts (mg/g dw).

MEF DEFF EAFF BFF WRF
Total contents:
TPC (GAE) 87574354 12649 +1412 12363 +368° 6823+0.12¢ 6459 +0.61°¢
TPH 2856+ 0589 8183+ 080°  10402+192° 4317+1.14° 607 +0.14°
TPA 19.67 +033¢ 3515+ 1.12% 91264216 2962+ 1.10¢ 4.79 +0.08°
TAC 464+0m" nd. nd. 91740332 0.96 + 0.06 €
TFL 425+021¢  41.11+041° 12214032  438+017°¢ 0.32 +0.029
TTC (PB2) 44.53 + 1932 nd. nd. 8.02+0.23°¢ 28.36 +041°
Individual compounds:
Avicularin (50) 132+0.14¢ 252 4002° 298 +0.14° 0.41+0.06 ¢ nd.
Guaiaverin (48) nd. 1.05 4+ 0.05° 0.61 + 006" n.d. nd.
Hyperoside (42) 011+0.005¢ 094 +£007° 1.51 +0.03° nd. nd.
Isoquercitrin (45) 0.09+0.004¢  0214+00" 0.97 + 0072 0124 0.01¢ nd.
Reinutrin (47) nd. 0.38 +0.022 024 +002° nd. nd.
Rutin (44) 1.60 + 0.02 ¢ 0.29 +0.044 225+ 027° 29340.11° 022 +0.039
Quercitrin (52) 0.15 4 0.01 ¢4 1.66 +0.04 ° 191 +011° 013+ 0014 nd.
Quercetin (62, QU) nd. 2745+ 0.09° 125 + 013" nd. nd.
Cyanidin 3-O-glucoside (19, CYG) 196 +0.12° nd. n.d. 446+0.12° 0.55 +0.06¢
Cyanidin 3-O-rutinoside (23) 139+ 0070 nd. nd. 228+40.10° 0.41 £0.05¢
Peonidin-3-O-glucoside (26) 099 £ 004" nd. nd. 1.68 +0.072 nd.
Protocatechuic acid (2) nd. 52+011° 0.63 + 0.02° n.d. nd.
p-Hydroxybenzoic acid (8) nd. 0.51 +0.06* 047 +0.01° n.d. nd.
Vanillic acid (13) n.d. 3.37 +0.192 nd. n.d. nd.
p-Coumaric acid (30) nd. 0.52+0.03* nd. nd. nd.
Neochlorogenic acid (7) 1556 +030¢ 1093+ 0849  4962+151% 2447 +107°  340+015¢
Chlorogenic acid (14, CHA) 094 +0.02° 0.62 +0.02¢ 4.75 +0.03* 039 +0.0149 nd.
Cryptochlorogenic acid (18) 1.57 £ 0,079 485+0.10°  2874+037®  363+0.12°¢ nd.
Vanillin (24) n.d. 5.57 +0.38° 0.55 + 004" n.d. nd.

Results are presented as means + SD (n = 3). Numbers in parentheses (first column, in bold) refer to those in
Figure 1 and Supplementary Table S1. For each parameter, different superscript letters (a-¢) indicate significant
differences (p < 0.05) in Tukey’s HSD test. MEF, methanol-water (75:25, v/v) extract of fresh fruits; DEFF, diethyl
ether fraction of MEF; EAFF, ethyl acetate fraction of MEF; BFF, n-butanol fraction of MEF; WRE, water residue of
MEF; TPC, total phenolic contents in gallic acid equivalents (GAE); TPH, total contents of low-molecular-weight
phenols determined by HPLC-PDA; TPA, total phenolic acids; TAC, total anthocyanins; TFL, total flavonoids; TTC,
total tannins in procyanidin B2 (PB2) equivalents. n.d.: below the limits of quantitation (LOQ) or detection (LOD).

The TPA levels varied between 4.8 and 91.3 mg/g dw with the peak values in EAFF,
where derivatives of phenolic acids prevailed (constituted 88% of the TPH+TTC contents).
Pseudodepsides of quinic and shikimic acids (in both free and glycosylated forms), es-
pecially chlorogenic acids (5, 7, 14, 18), were the most abundant compounds forming
47-96% TPAs. Neochlorogenic acid (7) dominated among the individual analytes with
levels up to 15.6 mg/g dw in MEF and 49.6 mg/g dw in EAFF. Apart from pseudodepsides,
the fruits contained simple cinnamic and benzoic acids (free and glycosylated). Their levels
in the source extract were below the quantitation limits, but they were concentrated in
DEFF, where protocatechuic acid (2) and vanillic acid (13) formed 24% of TPAs.
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Figure 2. Contribution of individual groups of compounds to total phenolic contents in P. spinosa
fruit extracts. TPA, TAC, and TFL: total contents of phenolic acids, anthocyanins, and flavonoids,
respectively, determined by HPLC-PDA; TTC: total content of condensed tannins in procyanidin B2
(PB2) equivalents. For extracts codes, see Table 1.

Anthocyanins are the primary pigments of fresh sloes. High levels of anthocyanins
were revealed in MEF (4.6 mg/g dw) and after fractionation in BFF (9.2 mg/g dw). With
the contents up to 42-49% of the TAC values, the dominant compound was CYG.

The levels of flavonoids were 0.3-41.1 mg/g dw, with the peak values in DEFF, where
TFLs formed 50% TPH+TTCs. The profile of individual flavonoids varied significantly among
particular extracts/fractions. Quercetin (QU) dominated in DEFF (formed 67% TFL), whereas
glycosides prevailed in other fractions: avicularin (quercetin 3-O-a-L-arabinofuranoside, 50)
in EAFF (24% TFL) and rutin (44) in BFF (67% TFL). Avicularin and rutin were also the
major flavonoids of the source extract MEF.

2.3. Influence on Cells Viability

The viability of neutrophils and PBMCs after 2448 h of incubation with the fruit ex-
tracts/fractions and reference compounds was 85.0-93.4%, except for DEFF at 50-100 pg/mL,
for which the cells’ viability was 72.4-82.8%. For the LPS-stimulated and control (non-
stimulated) cells, this value was 91.8-96.4% and 92.9-94.4%, respectively (Figure S2).

2.4. Antioxidant Effect: Influence on ROS Production by Neutrophils

For antioxidant activity testing, ROS were produced by cells after stimulation by
FMLP. As shown in Figure 3, all analysed extracts/fractions revealed significant and dose-
dependent antioxidant effects and reduced the oxidative burst in stimulated human neu-
trophils by at least 70% at 100 pg/mL. The most potent activity was observed for fractions
enriched in phenolic acids and flavonoids (DEFF and EAFF), which downregulated the
ROS release by at least 93% at 100 ug/mL and 43% at 2.5 pg/mL. The source extract MEFF
effectively inhibited the ROS production at the levels 25-100 pg/mL (p < 0.05). For instance,
at 50 pug/mlL, it reduced the ROS release to 15%. This allowed for reaching the physiological
value of ROS generation, which in non-stimulated cells was 21%. Among the reference
compounds, the strongest antioxidant effects were revealed for CYG and chlorogenic acid
(CHA), followed by QU (a positive standard), which downregulated the ROS production
already at 5 uM (1.5-2.5 ug/mL).
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Figure 3. Effect of fruit extracts/fractions (1-100 ug/mL) and standards (5-50 uM) on the release
of ROS, reactive oxygen species; Positive controls: QU, quercetin. For extracts codes see Table 1.
Data expressed as means -+ SD of five independent experiments performed with cells isolated from
five independent donors. Statistical significance in Dunnett’s test: * p < 0.05 compared with the
stimulated control.

2.5. Inhibition of ELA-2 Release by Neutrophils

All of the tested extracts/fractions and reference compounds effectively inhibited the
secretion of ELA-2 from neutrophils stimulated by fMLP+cytochalasin B, and in general
their effects depended on the concentration (Figure 4a). The polyphenol-rich fractions
(DEFFE, EAFF, BFF), CYG, CHA and QU (a positive standard) reduced the enzyme release
most strongly, by up to 71% at 100 ug/mL for DEFF, compared to control cells (untreated by
the extracts). These analytes were also active at a low concentration of 5 pg/mL, and some
of them even at 1-2.5 pg/mL (p < 0.05). For example, BFF reduced the ELA-2 secretion by
38% at 5 pg/mL. The source hydroalcoholic extract was less effective, but able to decrease
the enzyme release by about 33% at 100 pg/mL.

2.6. Inhibition of IL-8 and TNF-a Production by Human Neutrophils

As shown in Figure 4b, all analysed extracts/fractions inhibited the secretion of TNF-a
from LPS-stimulated neutrophils at 50-100 pg/mL (p < 0.05). The highest reduction (by up
to 57%) was recorded for DEFE. At the lowest levels (5 ug/mL), BEF was most effective
and downregulated the production of this cytokine by 26%. A similar range of activity
was demonstrated for pure polyphenols. The effects on IL-8 release (Figure 4c) were weak
and statistically significant only for selected extracts at 50-100 pg/mL, especially for BFF,
which reduced the IL-8 levels by up to 39% at 100 pg/mL. Among pure polyphenols, CYG
and QU were the most effective. Dexamethasone (DEX), a model anti-inflammatory drug
(5-50 uM), significantly decreased the release of both TNF-a and TL-8.

2.7. Influence on TNF-«, IL-6 and IL-10 Production by Human PBMCs

The analysed extracts/fractions and pure polyphenols downregulated the release
of TNF-x from LPS-stimulated PBMCs in a dose-dependent manner, and their effects
were stronger than those revealed in the neutrophil model (Figure 5a). All of the ex-
tracts/fractions were effective even at 5 pg/mL (p < 0.05), and the most active were
fractions enriched in anthocyanins, phenolic acids and flavonoids (BFF, DEFF and EAFF).
For instance, EAFF reduced the TNF-a level by 16% at 5 ug/mL and 75% at 100 pg/mL,
compared to LPS-stimulated control cells (p < 0.05). Similarly, all pure polyphenols also
showed remarkable anti-TNF-« effects. In contrast, the effects on IL-6 secretion (Figure 5b)
were statistically significant only for QU, DEFF and EAFF, which decreased the IL-6 levels
by up to 33% at 100 pg/mL (p < 0.05). Concerning IL-10, the blackthorn extracts/ fractions
varied significantly in the ability to modulate the production of this cytokine (Figure 5¢).
In general, MEF did not influence its secretion (p > 0.05 in the entire concentration range),
DEFF and EAFF stimulated its release, whereas BFF and WRF decreased its production
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(at 50-100 pg/mL). The stimulatory effect reached a maximum (50% increase) for DEFF and
the inhibitory effect (32% decrease) for WRF at 100 pg/mL. Interestingly, pure polyphenols
upregulated the IL-10 release at 5 uM, but their effects were insignificant at higher con-
centrations, except for QU, which strongly reduced the IL-10 levels at 50 uM. The positive
control DEX significantly reduced the levels of both TNF-a and IL-6 but did not modulate
the release of 1L-10.
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Figure 4. Effect of fruit extracts/fractions (1-100 pg/mL) and standards (5-50 pM) on pro-
inflammatory functions of stimulated human neutrophils: effects on the release of (a) ELA-2, neu-
trophils elastase; (b) TNF-x, tumour necrosis factor «; and (¢) IL-8, interleukin 8. Positive controls:
QU, quercetin; DEX, dexamethasone. For extracts codes see Table 1. Data expressed as means + SD of
five independent experiments performed with cells isolated from five independent donors. Statistical
significance in Dunnett’s test: * p < 0.05 compared with the stimulated control.
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Figure 5. Effect of fruit extracts/fractions (5-100 pg/mlL) and standards (5-50 uM) on pro-
inflammatory and anti-inflammatory functions of stimulated human PBMCs: effects on the secretion
of (a) TNF-a, tumour necrosis factor a; (b) IL-6 interleukin 6; and (c) IL-10, interleukin 10. Positive
control: DEX, dexamethasone. For extracts codes see Table 1. Data expressed as means + SD of five
independent experiments performed with cells isolated from five independent donors. Statistical
significance in Dunnett’s test: * p < 0.05 compared with the stimulated control.

3. Discussion

Edible fruits are among the best sources of dietary polyphenols, and their regular
intake is connected with the prevention and slowed development of oxidative stress and
inflammation-related chronic human disorders [1,2]. For dietary intervention, fruits may be
consumed fresh or processed into specialised functional products, including standardised
extracts, which exhibit the most potent biological effects due to the increased content of
polyphenols [34]. In this context, this work focused on the fruits of a wild European plum
species—P. spinosa—and investigated their chemical profile as well as antioxidant and anti-
inflammatory activity in the function of fractionated extraction. This is the first detailed
phytochemical and bioactivity study of blackthorn fruits and the first comprehensive
phytochemical survey of sloes harvested in central Europe (Poland).

Based on preliminary experiments and previous studies on sloes [11,12,15,16,22], for
phytochemical analysis the fresh fruits were first extracted with methanol-water (75:25,
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v/v) to achieve high recovery of the target phenolic compounds. In accordance with the
profiles reported for the fruits from other parts of Europe [12,13,16,17], the presence of four
main polyphenolic classes, including phenolic acids, anthocyanins, flavonols and flavanols
(condensed proanthocyanidins), was revealed (Table 1, Tables S1 and S2). However, thanks
to the fractionation of crude hydroalcoholic extract and enrichment of the fractions in
selected analytes, we were able to describe the composition of sloes in more detail and fully
or tentatively identify 57 polyphenols, among which 28 compounds, mainly flavonoids and
phenolic acids, were found for the first time (Figure 1a,b; Table S1). In consequence, the fruit
profile appeared similarly complex as that of blackthorn flowers (57 identified constituents
according to Marchelak et al. [18]) and significantly more diversified than stems and leaves
of the plant (25 and 21 identified components, respectively [19,20]). In comparison to other
plant parts, the blackthorn fruits may be distinguished by the presence of anthocyanins and
lack of low-molecular-weight flavanols. Nevertheless, high and comparable complexity of
the polyphenolic fractions of fruits and flowers might explain the popularity of both plant
materials in traditional phytotherapy [8-10].

The TPC levels in sloes were in good agreement with some previous reports, both
in the case of dry extract MEF (87.57 mg GAE/g dw versus 83.40 mg GAE/g dw [11])
and fresh fruits (13.69 mg GAE/g fw versus 17.69 mg GAE/g fw [15]). The total level of
low-molecular-weight phenols (TPH) in fresh fruits (4.46 mg/g; Table S2) was higher than
the literature values (2.29-3.37 mg/g fw; [16,22,24]), probably because of more detailed
profiling. Moreover, a large fraction of condensed proanthocyanidins was detected (6.96 mg
PCB2/g fw) that previously has been quantified in sloes at significantly lower levels
(1.85 mg GAE/g fw; [16]). Recently, Popovi¢ et al. [17] suggested that the variability of
polyphenolic profiles in sloes harvested in different geographic areas might be due to
changing climatic and genetic factors, and the relative ratio between different classes of
polyphenols might be especially prone to change. Indeed, we observed the shares of
anthocyanins and phenolic acids to the TPH levels (16.2 and 68.9%, respectively) similar to
those found earlier for the fruits collected in colder parts of Europe [17] but significantly
different from those revealed in the south of the continent [16,22,24], where anthocyanins
(50-70%) clearly prevailed over phenolic acids (15-32%). Nevertheless, as the TPC of fresh
sloes (1.37 g GAE/100 g fw; Table S2) surpassed the literature levels in fruits valued for their
health-promoting properties and anti-inflammatory effects in humans, such as cranberries
(0.45 g/100 g), blueberries (0.13 g/100 g) and chokeberries (about 1.01 g/100 g) [35], the
present study confirms the significant potential of blackthorn fruits for industrial and
functional applications.

Ethnopharmacological sources suggest that blackthorn fruits may control systemic and
local inflammation, especially within the digestive tract, but also in the urinary tract and
cardiovascular system [8-10]. Recent preclinical and epidemiological studies of polyphenol-
rich fruits of similar composition, such as cherries or blueberries, have confirmed their
exceptional effectiveness against gastrointestinal inflammation [36-38]. Those effects might
be connected with the oral bioavailability profile of polyphenols. It is well established that
the absorption of polyphenols in the upper digestive tract is relatively moderate and results
in at most micromolar (1-5 uM) phenolic levels in the bloodstream, while 90-95% of the
bolus reaches the colon and accumulates in the millimolar range, making the activity most
dramatic for gastrointestinal disorders [39]. In the case of primary P. spinosa polyphenols,
their millimolar levels (taking into account their molecular masses) might range from
130-180 pg/mL for phenolic acids to 500-700 ug/mL for glycosides and pseudodepsides
(Table S1). Therefore, the antioxidant and anti-inflammatory activity of the blackthorn
extracts in the models of human immune cells was tested during the present study in a
wide range of concentrations (1-100 ug/mL). This range was a good compromise between
the cells’ viability (Figure S2) and the polyphenolic levels that might be achieved in plasma
(1-5 pg/mL) and in local compartments of the digestive tract (25-100 pug/mL) after oral
administration of the fruits or extracts.
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Neutrophil migration and massive infiltration into the colon mucosa and lamina
propria is a hallmark of numerous inflammatory disorders of the digestive tract, for example
inflammatory bowel disease (IBD) [40]. The excessive or prolonged activation of neutrophils
promotes an increased mobilisation of monocytes differentiating into macrophages that
are attracted to the damaged tissues where they extend inflammatory reactions [3]. The
present study revealed that the extracts from fresh P. spinosa fruits significantly and in
a dose-dependent manner modulate the pro-oxidant and pro-inflammatory functions of
human neutrophils and monocytes (PBMCs) ex vivo with the most spectacular effects
towards the release of ROS, TNF-a, ELA-2 and IL-10.

Oxidative stress is a crucial feature of digestive tract inflammation. The chief cause of
oxidative stress in IBD is the overproduction of ROS such as ONOO~, NO*®, O,*~, H,0,,
HO* and HCIO by neutrophils in the process of oxidative burst, which cause progressive
damage of the intestinal mucosa and stimulate tissue inflammation [5]. We observed that
the blackthorn extracts significantly inhibited the oxidative burst of stimulated neutrophils,
and the ROS release correlated negatively with the phenolic levels, both TPC and TPH+TTC
(rmax = —0.7398, p < 0.001; Table S3). As the polyphenol-rich fractions (DEFF, EAFF, BFF)
strongly reduced the ROS production at even 2.5-5 ug/mL, and their activity was up to
50-fold stronger than that of phenolic-poor WRE, the polyphenolic constituents might be
considered primarily responsible for these effects. This was confirmed by the potent activity
of pure blackthorn polyphenols CYG and CHA compared to the positive control.

The cellular antioxidant effects of polyphenols may be related to their direct ROS-
scavenging potential or to some indirect mechanisms, including the regulation of transcrip-
tion factors, such as NF-xB, and the secretion of regulatory cytokines, including TNF-g,
which can prime neutrophils for oxidative burst [26]. Indeed, Fraternale et al. [21] showed
that sloe juice exhibits cytoprotective activity and significantly increases the viability of
H;0;-treated human promonocytes U937, probably due to HyO; scavenging. Recently, we
have reported that polyphenols of P. spinosa flowers are able to effectively scavenge several
other in vivo-relevant ROS, such as O,*, ONOO~, HO® and HCIO [41]. On the other
hand, Sabatini et al. [24] and Tiboni et al. [25] have demonstrated that the ethanol extracts
from sloes decrease the expression of interleukin-1 receptor-associated kinase (IRAK-1)
in stimulated U937 cells, which plays a crucial role in regulating signalling cascades and
NE-xB activation. In the present study, we observed that the sloe extracts significantly
diminished the release of TNF-a from both neutrophils and PBMCs. TNF-a is a master
cytokine of the NF-xB pathway and potent priming agonist of immune cells that orches-
trate the inflammatory response and stimulate the release of numerous pro-inflammatory
mediators, including ROS [42]. TNF-a is also a key cytokine in the pathogenesis of IBD and
a therapeutic target in modern anti-inflammatory therapies [40]. It is worth noting that
the blackthorn extracts were especially effective downregulators of the TNF-a secretion
in PBMCs, the leading producers of this cytokine in vivo [42]. Polyphenols contributed
primarily to the anti-TNF-x effects as a significant negative correlation was found between
the phenolic levels (TPC or TPH+TTC) and TNF-a release in PBMCS (rmay = —0.8689,
p < 0.001; Table S3).

An important finding of the present study is also the potent ability of the blackthorn
extracts to inhibit the secretion of ELA-2 from stimulated neutrophils. This enzyme is a ser-
ine protease that breaks the extracellular matrix by degrading its main components, such as
elastin and collagen [26]. In IBD patients, ELA-2 increases tissue permeability, potentiates
the inflammatory response, impairs mucosal regeneration, and is closely associated with
disease progression [43]. The blackthorn polyphenols seem essential for the release inhibi-
tion of ELA-2, but because the relationship between their levels (TPC or TPH+TTC) and
the enzyme secretion was relatively weak, although significant (rmax = —0.4481, p < 0.05;
Table S3), the synergistic effects of non-phenolic components of sloes should be taken into
consideration. Nevertheless, strong anti-TNF-a, anti-ROS and anti-ELA-2 effects of the
extracts might partly explain the traditional indication of sloes in gastrointestinal inflamma-
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tion, and the TPC level might be recommended as a simple quality marker of the extracts
for their functional application.

ROS, TNF-« and ELA-2 appeared to be the main targets for the sloe extracts, but
the influence on the secretion of IL-10 might also be relevant. 1L-10 is the primary anti-
inflammatory cytokine in humans that inhibits the release of pro-inflammatory cytokines
and attenuates the inflammatory process in the mucosa [3]. Therefore, intense stimulation
of the IL-10 production by DEFF and EAFF might be beneficial in the context of their future
use. Interestingly, other fractionated extracts (BFF and WRF) exhibited the opposite effects.
This fact might suggest that low-molecular-weight blackthorn polyphenols (TPH), enriched
in DEFF and EAFF, indeed stimulate this cytokine, while non-phenolic compounds or TTC
(enriched in hydrophilic fractions) inhibit its secretion, but further investigation is required
to confirm this hypothesis.

The previous studies on sloes concluded that anthocyanins are mainly responsible for
the anti-inflammatory and cellular antioxidant activity of the fruits [21,24,25]. This might
indeed be true for fruits collected in Mediterranean regions as anthocyanins dominated in
their phenolic fractions [16,22,24]. However, the impact of other polyphenols, especially
phenolic acids and flavonoids, should not be overlooked. As evidenced by our results,
the fractions rich in these types of polyphenols and anthocyanin-free (DEFF and EAFF)
had stronger or comparable effects to the anthocyanin-rich BFE. Hence, it might be consid-
ered that phenolic acids are primary active components of sloes collected in continental
climate regions such as Poland, where it seems they prevailed over anthocyanins, but other
polyphenols have an additive or synergistic impact.

4. Materials and Methods
4.1. Plant Material

Fruit samples of P. spinosa L. in the phase of full ripeness (Figure S3) were collected in
October 2018 by hand picking from shrubs naturally growing in Krasnobréd (50°32'41" N
and 23°12'55"” E), Poland (near the Roztocze National Park). The plant material was
authenticated by prof. M.A. Olszewska according to Popescu and Caudullo [6]. The
voucher specimen (no. KFG/HB/18006-PSP-FRUIT) was deposited in the herbarium of the
Department of Pharmacognosy, Medical University in Lodz, Poland. After collecting, the
fresh fruits were immediately and directly frozen and stored at —15 °C until use.

4.2. Extracts Preparation

A sample of fresh fruits (1008.0 g) was poured with a small amount of heated methanol-
water (75:25, v/v), ground in a blender and refluxed three times with methanol-water (75:25,
©v/v; 1.5 L. and 20 min each). The solvent was filtered off and the filtrates were combined
to give the source extract MEF (157.6 g dw). Next, the sample of MEF (145.8 g dw) was
suspended in warm (40 °C) water (1.5 L) and subjected to sequential liquid-liquid extraction
with organic solvents (10 x 200 mL each) to yield diethyl ether fraction (DEFF, 1.6 g dw),
ethyl acetate fraction (EAFF, 1.8 g dw), n-butanol fraction (BFF, 9.2 g dw) and water
residue (WRD, 9.7 g dw). The organic solvent extracts were dried by vacuum evaporation
(Rotavapor R-200, Biichi®, Flawil, Switzerland) and the water-containing fractions were
lyophilised (Alpha 1-2/LD Plus freeze dryer; Christ, Osterode, Germany). All solvents
were of analytical grade (Avantor Performance Materials, Gliwice, Poland).

4.3. Phytochemical Profiling
4.3.1. Qualitative LC-MS/MS Profiling

The LC-PDA-ESI-MS? analysis was performed on a UHPLC-3000 RS system (Dionex,
Dreieich, Germany) coupled with a diode array detector (Dionex) 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 pm, 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) with the elution profile as
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follows: 0-10 min, 6-13% B (v/v); 10-15 min, 13% B (v/v); 15-19 min, 13-15% B (v/v);
19-28 min, 15% B (v/v); 28-44 min, 15-23% B (v/v); 44-55 min, 23-40% B (v/v); 55-60 min,
40% B (v/v); 60-65 min, 40-6% B (v/v); 65-80 min, 6% B (v/v). All gradients were linear.
The flow rate was 0.3 mL/min. Before injection, sample extract solutions (10.0 mg/1.5 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. The LC eluate was introduced
directly into the ESI interface without splitting and analysed 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 scanning from m/z 200 to 2200. Identification of the analytes was confirmed
by comparing the retention times and spectra (UV-Vis, MS/MS) with standards and /or
literature data. All solvents were of HPLC grade (Avantor Performance Materials, Gliwice,
Poland). For reference standards, see Supplementary S.2.

4.3.2. Quantitative Profiling

The total contents of polyphenols (TPC) and condensed tannins (proanthocyanidins,
TTC) were determined spectrophotometrically by Folin-Ciocalteu and vanillin assay, as
described previously by Marchelak et al. [15] and Sun et al. [44], respectively. The results
were expressed as equivalents of HPLC-grade standards (Sigma-Aldrich, St. Louis, MO,
USA) of gallic acid (GAE) and procyanidin B2 (PB2) per dw of the extracts.

The quantitative HPLC-PDA analyses were performed on a Shimadzu Prominence-i
LC-2030C 3D chromatograph (Shimadzu, Kyoto, Japan) according to the method validated
previously for the fingerprint analysis of the flower extracts of P. spinosa [45], modified
slightly for the study of the fruit matrix. Separations were carried out on a C18 Ascentis®
Express column (2.7 um, 150 mm x 4.6 mm; Supelco, Bellefonte, PA, USA) with a C18
Ascentis® 2.7 Micron Guard Cartridge (2.7 um, 5 mm x 4.6 mm; Supelco). Samples of
the tested extracts (2.5-20 mg) were dissolved in 10 mL of methanol-water (75:25, v/v),
filtered through a polytetrafluoroethylene (PTFE) syringe filter (25 mm, 0.2 um, Ahlstrom,
Helsinki, Finland), and the filtrate was directly injected (5 pL) into the HPLC system. The
elution system consisted of solvent A (0.5% water solution of orthophosphoric acid, w/v),
solvent B (acetonitrile) and solvent C (tetrahydrofuran). The elution profile is presented
in Table 2. The flow rate was 1.0 mL/min, the column was maintained at 25 °C, and the
injection volume was 5 pL.

Table 2. Elution profile for HPLC-PDA quantitation of the fruit polyphenols.

Solvent B (Acetonitrile) Solvent C (Tetrahydrofuran)
Time (min) Concentration (%, v/v) Time (min) Concentration (%, v/v)

0-1 3.0 (isocratic elution) 0-8 2.5 (isocratic elution)

1-25 3.0 — 20.5 (linear gradient) 89 25 — 6.5 (linear gradient)
25-45 20.5 — 50.0 (linear gradient) 9-19 6.5 (isocratic elution)
45-50 50.0 (isocratic elution) 19-24 6.5 — 9.0 (linear gradient)
50-52 50.0 —» 3.0 (return to initial condition) 24-50 9.0 (isocratic elution)
52-60 3.0 (equilibration) 50-52 9.0 —» 2.5 (return to initial condition)

52-60 2.5 (equilibration)

The UV-Vis spectra were recorded over a range of 190-550 nm. The wavelength
for detection and quantification was set to 250 nm for hydroxybenzoic acid derivatives,
325 nm for caffeic acid derivatives, 310 nm for other hydroxycinnamic acid derivatives,
350 nm for flavonol glycosides, 350 nm for flavonol aglycones, and 520 nm for anthocyanins.
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,
Kyoto, Japan). Calibration was performed with the use of 24 authentic standards and the
method was re-validated according to Marchelak et al. [18]. The validation parameters
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for 7 fruit-specific standards (not involved in the previous study) are shown in Table 3.
The analytes were quantified as equivalents of external standards per dw of the extracts,
depending on their structures and UV-Vis spectra: protocatechuic acid for hydroxybenzoic
acid derivatives, CHA for monocaffeoylquinic acid isomers, cynarin for dicaffeoylquinic
acid isomers, caffeic acid or p-coumaric acid for other hydroxycinnamic acid derivatives;
isoquercitrin for flavonoid monoglycosides, rutin for flavonoid diglycosides, and CYG for
anthocyanins. All quantitative results were recalculated for the fresh weight (fw) of fruits
using the extraction yield of MEF.

Table 3. Validation parameters for HPLC-PDA quantitative method.

Regression
Analyte A (nm) (Linear Model) r u’::;:tl;se F-Test ("l;):u
Equation n
Protocatechuic acid 260 y=1588445x 6 0.9998 0.64-63.7 19979.99 0.398
p-Hydroxybenzoic acid 260 y=2559621x 6 0.9997 0.63-62.8 13094.52 0.365
Vanillic acid 260 y=1688429x 6 0.9997 0.56-55.5 15385.86 0.373
Vanillin 280 y=1867322x 6 0.9999 0.67-66.8 32063.03 0.389
Cyanidin 3-O-B-D-glucopyranoside 520 y=17908.10x 6 0.9990 052-52.3 4091.50 0.339
Cyanidin 3-O-rutinoside 520 y = 10946.63x 6 0.9997 0.51-51.0 12466.71 0.325
Peonidin 3-O-$-D-glucopyranoside 520 y=1260430x 6 0.9956 0.48-48.5 906.70 0.340

A, detection wavelength; y, peak area; x, concentration of standard in (ug/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.

4.4. Antioxidant and Anti-Inflammatory Activity in Cellular Models
4.4.1. Isolation of Human Neutrophils and PBMCs

The buffy coat fractions (a by-product of blood fractionation for transfusions) were
obtained from the Warsaw Blood Donation Centre, where they were collected from adult
male donors (18-35 years old). The donors were non-smokers, were clinically recognised to
be healthy, and did not take any medications. The study conformed to the principles of the
Declaration of Helsinki. As itinvolved commercially available biological material, it did
not require approval of a bioethics committee.

Neutrophils were isolated by dextran sedimentation, hypotonic lysis of erythrocytes
and, centrifugation in a Ficoll-Hypaque gradient (PAA Laboratories, Pasching, Austria)
according to Michel et al. [46]. PBMCs were isolated by a Ficoll-Hypaque gradient cen-
trifugation as described previously [47]. After isolation, the cells were suspended in RPMI
1640 culture medium, (Ca**)-free phosphate-buffered saline (PBS; Thermo Fisher Scientific,
Waltham, MA, USA), or (Ca®*)-free Hanks’ balanced salt solution (HBSS; Sigma-Aldrich,
St. Louis, MO, USA), and were maintained at 4 °C before use.

4.4.2. Neutrophils and PBMCs Viability

The potential cytotoxicity of the extracts, fractions and pure compounds (analytes)
was examined by standard flow cytometry (BD FACSCalibur, BD Biosciences, San Jose,
CA, USA) with propidium iodide (PI) staining and Triton X-100 solution as a positive
control [46]. The analytes were tested at the final concentrations of 1-100 pg/mL for the
extracts/fractions and 5-50 pM for pure compounds. The analyses were performed after
24h of incubation for neutrophils, and after 48h of incubation for PBMCs.

4.4.3. ROS Generation by Human Neutrophils

The inhibition of ROS production was analysed by the luminol-dependent chemilumines-
cence method after N-formyl-1-methionyl-1-leucyl-L-phenylalanine (f-MLP) stimulation [46].
The changes in chemiluminescence were measured in 96-well plates over a 40 min period
at intervals of 2 min using a microplate reader (Synergy 4, BioTek, Winooski, VT, USA).
The percentage of ROS secretion was calculated in comparison to the control untreated by
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the investigated analytes. Quercetin (5-50 uM) was used as a positive control. All reagents
were from Sigma-Aldrich (St. Louis, MO, USA).

4.4.4. ELA-2 Release by Human Neutrophils

The ELA-2 secretion by f-MLP-cytochalasin B-stimulated neutrophils was determined
using N-succinyl-alanine-alanine-valine-p-nitroanilide (SAAVNA) as a substrate according
to Michel etal. [46] with some modifications. Briefly, 200 uL of cell suspension (4 x 10°/mL)
in HBSS was pre-incubated in 96-well plates for 30 min at 37 °C with 5% CO, in the presence
of an analyte (50 uL) dissolved in HBSS. The final levels of the analytes were the same as
those used in the viability tests. The liberated p-nitrophenol was measured at 412 nm over
a period of 300 min with 20 min intervals using a microplate reader (SYNERGY 4, BioTek,
Winooski, VT, USA). The percentage of the ELA-2 release was calculated in comparison
to the control untreated by the investigated analytes. Quercetin (5-50 uM) was used as a
positive control. All reagents were from Sigma-Aldrich (St. Louis, MO, USA).

4.4.5. Secretion of IL-8, [L-6, TNF-a and IL-10 by Immune Cells

The release of pro- and anti-inflammatory cytokines by LPS-stimulated cells was
analysed as described earlier [46,47], with slight modifications. Briefly, the working cell
concentration was 2 x 10°/mL for neutrophils and 4 x 10°/mL for PBMCs, and the
incubation time was 24 h for analyte-treated neutrophils and 48 h for analyte-treated
PBMCs. The final levels of the analytes were the same as those used in the viability tests.
Dexamethasone (5-50 uM) was applied as a positive control. LPS (from Escherichia coli
0111:B4) was purchased from Merck Millipore (Billerica, MA, USA), and all other reagents
from Sigma-Aldrich (St. Louis, MO, USA).

4.5. Statistics and Data Analysis

Results were expressed as means =+ standard deviation (SD) for replicate determina-
tions. The statistical analyses (calculation of SD, one-way analysis of variance, HSD Tukey’s
HSD test, Dunnett’s test) were carried out using the Statistical3.1Pl software for Windows
(StatSoft, Krakow, Poland) at a significance level of a = 0.05.

5. Conclusions

This is the first report on the antioxidant and anti-inflammatory activity of fresh fruits
of P. spinosa in normal human immune cells. With 57 identified constituents (28 new for the
fruits), the study also introduces significant novelty to the phytochemistry of sloes. The
results indicate that fresh blackthorn fruits from Poland (continental climate) accumulate
high contents of polyphenols, mainly condensed proanthocyanidins and phenolic acids,
followed by anthocyanins and flavonols. As evidenced by correlation studies, polyphenols
significantly contribute to the antioxidant and anti-inflammatory effects of the fruit extracts.
The biological effects of the extracts are significant and most pronounced for the release of
some key pro-inflammatory (ROS, TNF-a, ELA-2) and anti-inflammatory (IL-10) factors,
which are down- and upregulated, respectively, in immune cells. Considering the fact that
native polyphenols accumulate to a large extent in the intestines, these observations might
explain the traditional application of blackthorn fruits in chronic inflammatory diseases
within the gastrointestinal tract. The study also documents the role of fractionation for
effective phytochemical profiling and concentration of active fruit polyphenols. Due to the
superior phenolic contents and activity parameters, the DEFF, EAFF and BFF appear to be
the most advantageous for functional applications. Nonetheless, further studies of their
activity mechanisms, potential toxicity and in vivo effects, including intestinal metabolism,
are required to verify their health benefits.
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Supplementary Materials: The following supporting information can be downloaded online. S.1.
Results: Table S1. UHPLC-PDA-ESI-MS? identification data of compounds detected in the extracts
from fresh fruits of P. spinosa; Table S2. Quantitative profile of the P. spinosa fruit (mg/g fw); Table S3.
Correlation (r) coefficients and probability p-Values of linear relationships between antioxidant and
anti-inflammatory activity parameters and phenolic contents of P. spinosa fruit extracts; Figure S1.
Structures of the dominant polyphenolic compounds of P. spinosa fruits extracts; Figure S2. Effect of
the P. spinosa fruit extracts and pure compounds on viability (membrane integrity) of human immune
cells; 5.2. Reference Standards; S.3. Plant Material: Figure S3. Representative image of a sample of
fresh P. spinosa fruits. References [48-51] are cited in the supplementary materials.
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Abbreviations

BFF n-butanol fraction of MEF

CHA chlorogenic acid (5-O-caffeoylquinic acid)
CYG cyanidin 3-O-g-D-glucopyranoside

DEFF diethyl ether fraction of MEF

DEX dexamethasone

dw dry weight

EAFF  ethyl acetate fraction of MEF

ELA-2  elastase 2 (neutrophils elastase)

SMLP  N-formyl-L-methionyl-L-leucyl-L-phenylalanine
FRAP ferric reducing antioxidant power

fw fresh weight

GAE gallic acid equivalents

IBD inflammatory bowel disease
L interleukin

LOD limits of detection

LOQ limits of quantitation

LPS bacterial lipopolysaccharide

MEF methanol-water (75:25, v/v) extract of fresh fruits
PB2 procyanidin B2

PBMCs  peripheral blood mononuclear cells

QU quercetin

ROS reactive oxygen species

TAC total content of anthocyanins

TFL total content of flavonoids

TNF-x  tumour necrosis factor a

TPA total content of phenolic acids
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TPC total phenolic content (Folin-Ciocalteu assay)

TPH total phenolic content (sum of individual phenolics by HPLC)
TTC total content of tannin-type proanthocyanidins

WRF water residue of MEF after fractionated extraction

References

1.

©®N

10.

11

12,

13.

14.

16.

17.

18.

19.

20.

21.

Minihane, AM.; Vinoy, S.; Russell, W.R.; Baka, A.; Roche, HM.; Tuohy, KM.; Teeling, ].L.; Blaak, EE.; Fenech, M.;
Vauzour, D.; et al. Low-grade inflammation, diet composition and health: Current research evidence and its translation. Br. |.
Nutr. 2015, 114, 999-1012. [CrossRef]

Yahfoufi, N.; Alsadi, N.; Jambi, M.; Matar, C. The immunomodulatory and anti-inflammatory role of polyphenols. Nutrients 2018,
10, 1618. [CrossRef] [PubMed]

Prame Kumar, K.; Nicholls, A.].; Wong, C.H.Y. Partners in crime: Neutrophils and monocytes/macrophages in inflammation and
disease. Cell Tissue Res. 2018, 371, 551-565. [CrossRef] [PubMed]

Chen, L.; Deng, H.; Cui, H;; Fang, ].; Zuo, Z.; Deng, |.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and inflammation-
associated diseases in organs. Oncotarget 2018, 9, 7204-7218. [CrossRef]

Bourgonje, A.R.; Feelisch, M.; Faber, K.N.; Pasch, A.; Dijkstra, G.; van Goor, H. Oxidative stress and redox-modulating therapeutics
in inflammatory bowel disease. Trends Mol. Med. 2020, 26, 1034-1046. [CrossRef] [PubMed]

Popescu, I.; Caudullo, G. Prunus spinosa in Europe: Distribution, habitat, usage and threats. In European Atlas of Forest Tree Species;
San-Miguel-Ayanz, |., de Rigo, D., Caudullo, G., Houston Durrant, T., Mauri, A., Eds.; Publications Office of the European
Union: Luxembourg, 2016; p. e0laa69+. Available online: https://w3id.org/mtv /FISE-Comm/v01/e01aab9 (accessed on
10 December 2021).

Facciola, S. Cornucopia II: A Source Book of Edible Plants, 2nd ed.; Kampong Publications: Vista, CA, USA, 1998; p. 204.

Kiiltiir, S. Medicinal plants used in Kirklareli Province (Turkey). J. Ethnopharmacol. 2007, 111, 341-364. [CrossRef] [PubMed]
Alarcon, R.; Pardo-de-Santayana, M.; Priestley, C.; Morales, R.; Heinrich, M. Medicinal and local food plants in the south of Alava
(Basque Country, Spain). . Ethnopharmacol. 2015, 176, 207-224. [CrossRef]

Jari¢, S.; Matukanovié-Joci¢, M.; Djurdjevi¢, L.; Mitrovi¢, M.; Kosti¢, O.; Karadzi¢, B.; Pavlovi¢, P. An ethnobotanical survey of
traditionally used plants on Suva planina mountain (south-eastern Serbia). J. Ethnopharmacol. 2015, 175, 93-108. [CrossRef]
Barros, L.; Carvalho, A.M.; Sa Morais, ].; Ferreira, LC.ER. Strawberry-tree, blackthorn and rose fruits: Detailed characterisation in
nutrients and phytochemicals with antioxidant properties. Food Chem. 2010, 120, 247-254. [CrossRef]

Guimaraes, R.; Barros, L.; Duefias, M.; Carvalho, A.M.; Queiroz, M.J.; Santos-Buelga, C.; Ferreira, I.C. Characterisation of phenolic
compounds in wild fruits from Northeastern Portugal. Food Chem. 2013, 141, 3721-3730. [CrossRef]

Jaiswal, R.; Karakose, H.; Rithmann, S.; Goldner, K.; Neumiiller, M.; Treutter, D.; Kuhnert, N. Identification of phenolic compounds
in plum fruits (Prunus salicina L. and Prunus domestica L.) by high-performance liquid chromatography /tandem mass spectrometry
and characterization of varieties by quantitative phenolic fingerprints. J. Agric. Food Chem. 2013, 61, 12020-12031. [CrossRef]
[PubMed]

Morales, P; Ferreira, LC.FR.; Carvalho, A.M.; Fernandez-Ruiz, V.; Cortes Sanchez-Mata, M.; Camara, M.; Morales, R.; Tardio, ].
Wild edible fruits as a potential source of phytochemicals with capacity to inhibit lipid peroxidation. Eur. |. Lipid Sci. Technol.
2013, 115, 176-185. [CrossRef]

Velickovié, ].M.; Kosti¢, D.A_; Stojanovi¢, G.S.; Miti¢, SS.; Mitié, M.N.; Randelovi¢, SS.; Dordevié, A.S. Phenolic composition,
antioxidant and antimicrobial activity of the extracts from Prunus spinosa L. fruit. Hem. Ind. 2014, 68, 297-303. [CrossRef]
Mikulic-Petkovsek, M.; Stampar, F; Veberic, R.; Sircelj, H. Wild Prunus fruit species as a rich source of bioactive compounds.
J. Food Sci. 2016, 81, C1928-C1937. [CrossRef] [PubMed)

Popovi¢, B.M.; Blagojevi¢, B.; Zdero Pavlovié, R.; Miéi¢, N.; Bijeli¢, S.; Bogdanovi¢, B.; Misan, A.; Duarte, CM.M,; Serra, A.T.
Comparison between polyphenol profile and bioactive response in blackthorn (Prunus spinosa L.) genotypes from north Serbia-
from raw data to PCA analysis. Food Chem. 2020, 302, 125373, [CrossRef] [PubMed]

Marchelak, A.; Owczarek, A.; Matczak, M.; Pawlak, A.; Kolodziejczyk-Czepas, |.; Nowak, P.; Olszewska, M.A. Bicactivity
potential of Prunus spinosa L. flower extracts: Phytochemical profiling, cellular safety, pro-inflammatory enzymes inhibition and
protective effects against oxidative stress in vitro. Front. Pharmacol. 2017, 8, 680. [CrossRef]

Pinacho, R; Cavero, R.Y.; Astiasaran, L.; Ansorena, D.; Calvo, M.L. Phenolic compounds of blackthorn (Prunus spinosa L.) and
influence of in vitro digestion on their antioxidant capacity. J. Funct. Foods 2015, 19,49-62. [CrossRef]

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.
Phytochem. Lett. 2017, 20, 415-424. [CrossRef]

Fraternale, D.; Giamperi, L.; Bucchini, A.; Sestili, P.; Paolillo, M.; Riccia, D. Prunus spinosa fresh fruit juice: Antioxidant activity in
cell-free and cellular systems. Nat. Prod. Commun. 2009, 4, 1665-1670. [CrossRef]

Ruiz-Rodriguez, B.M.; De Ancos, B.; Sanchez-Moreno, C.; Fernandez-Ruiz, V.; De Cortes Sanchez-Mata, M.; Camara, M.; Tardio, J.
Wild blackthorn (Prunus spinesa L.) and hawthorn (Crataegus monogyna Jacq.) fruits as valuable sources of antioxidants. Fruits
2014, 69, 61-73. [CrossRef]

67



Anna Magiera Rozprawa doktorska Publikacja I

Molecules 2022, 27, 1691 18 0f 19

23.

24.

26.

27.

28.

29.

31.

32,

33.

35.

36.

37.

39.

40.

41.

42.

43.

45.

Condello, M.; Pellegrinia, E.; Spugnini, E.P; Baldi, A.; Amadio, B.; Vincenzi, B.; Occhionero, G.; Delfine, S.; Mastrodonato, F;
Meschini, S. Anticancer activity of “Trigno M”, extract of Prunus spinosa drupes, against in vitro 3D and in vivo colon cancer
models. Biomed. Pharmacother. 2019, 118, 109281. [CrossRef]

Sabatini, L.; Fraternale, D.; Di Giacomo, B.; Mari, M.; Albertini, M.C.; Gordillo, B.; Rocchi, M.B.L.; Sisti, D.; Coppari, S.;
Semprucci, F; et al. Chemical composition, antioxidant, antimicrobial and anti-inflammatory activity of Prunus spinosa L. fruit
ethanol extract. J. Funct. Foods 2020, 67, 103885. [CrossRef]

Tiboni, M.; Coppari, S.; Casettari, L.; Guescini, M.; Colomba, M.; Fraternale, D.; Gorassini, A.; Verardo, G.; Ramakrishna, S.;
Guidi, L; et al. Prunus spinosa extract loaded in biomimetic nanoparticles evokes in vitro anti-inflammatory and wound healing
activities. Nanomaterials 2020, 11, 36. [CrossRef] [PubMed]

Michel, P; Granica, S.; Rosiniska, K.; Rojek, J.; Poraj, L.; Olszewska, M.A. Biological and chemical insight into Gaultheria procumbens
fruits: A rich source of anti-inflammatory and antioxidant salicylate glycosides and procyanidins for food and functional
application. Food Funct. 2020, 11, 7532-7544. [CrossRef] [PubMed]

Jaiswal, R.; Sovdat, T.; Vivan, F.; Kuhnert, N. Profiling and characterization by LC-MSn of the chlorogenic acids and hydroxycin-
namoylshikimate esters in maté (llex paraguariensis). |. Agric. Food Chem. 2010, 58, 5471-5481. [CrossRef]

Jaiswal, R.; Miiller, H.; Miiller, A.; Karar, M.G.; Kuhnert, N. Identification and characterization of chlorogenic acids, chlorogenic
acid glycosides and flavonoids from Lonicera henryi L. (Caprifoliaceae) leaves by LC-MS". Phytochemistry 2014, 108, 252-263.
[CrossRef)]

Clifford, M.N.; Johnston, K.L.; Knight, S.; Kuhnert, N. Hierarchical scheme for LC-MS" identification of chlorogenic acids. J. Agric.
Food Chem. 2003, 51, 2900-2911. [CrossRef]

Ben Said, R.; Hamed, A.L; Mahalel, U.A.; Al-Ayed, A.S.; Kowalczyk, M.; Moldoch, J.; Oleszek, W.; Stochmal, A. Tentative
Characterization of Polyphenolic Compounds in the Male Flowers of Phoenix dactylifera by Liquid Chromatography Coupled
with Mass Spectrometry and DFT. Int. . Mol. Sci. 2017, 18, 512. [CrossRef]

Morreel, K.; Saeys, Y.; Dima, O.; Lu, F; Van de Peer, Y.; Vanholme, R.; Ralph, ].; Vanholme, B.; Boerjan, W. Systematic structural
characterization of metabolites in Arabidopsis via candidate substrate-product pair networks. Plant Cell 2014, 26, 929-945.
[CrossRef]

Catarino, M.D.; Silva, A.M.S,; Saraiva, S.C.; Sobral, A.B.J.EN.; Cardoso, S.M. Characterization of phenolic constituents and
evaluation of antioxidant properties of leaves and stems of Eriocephalus africanus. Arab. J. Chem. 2018, 11, 62-69. [CrossRef]
Colombo, F;; Di Lorenzo, C.; Regazzoni, L.; Fumagalli, M.; Sangiovanni, E.; de Sousa, L.P.; Bavaresco, L.; Tomasi, D.; Bosso, A.;
Aldini, G; et al. Phenolic profiles and anti-inflammatory activities of sixteen table grape (Vitis vinifera L.) varieties. Food Funct.
2019, 10, 1797-1807. [CrossRef] [PubMed]

Adefegha, S.A. Functional foods and nutraceuticals as dietary intervention in chronic diseases; Novel perspectives for health
promotion and disease prevention. |. Dietary Suppl. 2018, 15, 977-1009. [CrossRef] [PubMed]

Mikulic-Petkovsek, M.; Schmitzer, V.; Slatnar, A.; Stampar, E; Veberic, R. Composition of sugars, organic acids, and total phenolics
in 25 wild or cultivated berry species. |. Food Sci. 2012, 77, C1064-C1070. [CrossRef] [PubMed]

Pervin, M.; Hasnat, M.A_; Lim, ].H.; Lee, YM,; Kim, E.O.; Um, B.H.; Lim, B.O. Preventive and therapeutic effects of blueberry
(Vaccinium corymbosum) extract against DSS-induced ulcerative colitis by regulation of antioxidant and inflammatory mediators.
J. Nutr. Biochem. 2016, 28, 103-113. [CrossRef] [PubMed])

Raafat, K; El-Darra, N.; Saleh, F.A. Gastroprotective and anti-inflammatory effects of Prunus cerasus phytochemicals and their
possible mechanisms of action. J. Tradit. Complement. Med. 2020, 10, 345-353. [CrossRef] [PubMed]

Wu, X; Song, M.; Cai, X,; Neto, C.; Tata, A.; Han, Y.; Wang, Q.; Tang, Z.; Xiao, H. Chemopreventive Effects of whole cranberry
(Vaccinium macrocarpon) on colitis-associated colon tumorigenesis. Food Funct. 2018, 62, 1800942. [CrossRef] [PubMed]

Ozdal, T.; Sela, D.A; Xiao, J.; Boyacioglu, D.; Chen, F; Capanoglu, E. The reciprocal interactions between polyphenols and gut
microbiota and effects on bioaccessibility. Nutrients 2016, 8, 78. [CrossRef] [PubMed]

Zhang, C.; Shu, W;; Zhou, G.; Lin, |.; Chu, E; Wu, H.; Liu, Z. Anti-TNF-a therapy suppresses pro-inflammatory activities of
mucosal neutrophils in inflammatory bowel disease. Mediat. Inflamm. 2018, 2018, 3021863. [CrossRef]

Marchelak, A.; Owczarek, A.; Rutkowska, M.; Michel, P; Kolodziejczyk-Czepas, ].; 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. Phytochem. Lett. 2019, 30, 288-295. [CrossRef]

Sanchez-Munoz, F; Dominguez-Lopez, A.; Yamamoto-Furusho, ].K. Role of cytokines in inflammatory bowel disease. World |.
Gastroenterol. 2008, 14, 4280—4288. [CrossRef] [PubMed)

Kuno, Y.; Ina, K.; Nishiwaki, T,; Tsuzuki, T,; Shimada, M.; Imada, A.; Nishio, Y.; Nobata, K.; Suzuki, T.; Ando, T.; et al. Possible
involvement of neutrophil elastase in impaired mucosal repair in patients with ulcerative colitis. J. Gastroenterol. 2002, 37, 22-32.
[CrossRef] [PubMed]

Sun, B.; Ricardo-da-Silva, ].M.; Spranger, 1. Critical factors of vanillin assay for catechins and proanthocyanidins. J. Agric. Food
Chem. 1998, 46, 42674274, [CrossRet]

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. J. Pharm. Biomed. Anal. 2020,
184, 113121. [CrossRef]

68



Anna Magiera

Rozprawa doktorska Publikacja I

Molecules 2022, 27, 1691 190f 19

47.

48.

49.

51.

Michel, P; Granica, S.; Magiera, A.; Rosinska, K.; Jurek, M.; Poraj, L.; Olszewska, M.A. Salicylate and procyanidin-rich stem
extracts of Gaultheria procumbens L. inhibit pro-inflammatory enzymes and suppress pro-inflammatory and pro-oxidant functions
of human neutrophils ex vivo. Int. |. Mol. Sci. 2019, 20, 1753. [CrossRef]

Olszewska, M.A.; Granica, S.; Kolodziejczyk-Czepas, J.; Magiera, A.; Czerwiniska, M.E.; Nowak, P.; Rutkowska, M.; Wasinski, P.;
Owczarek, A. Variability of sinapic acid derivatives during germination and their contribution to antioxidant and anti-
inflammatory effects of broccoli sprouts in human plasma and human peripheral blood mononuclear cells. Food Funct. 2020, 11,
7231-7244. [CrossRef]

Wuy, Z.].; Ma, X.L;; Fang, D.M.; Qi, H.Y,; Ren, W.].; Zhang, G.L. Analysis of caffeic acid derivatives from Osmanthus yunnanensis
using electrospray ionization quadrupole time-of-flight mass spectrometry. Eur. J. Mass Spectrom. 2009, 15, 415-429. [CrossRef]
Clifford, M.N.; Knight, S.; Kuhnert, N. Discriminating between the six isomers of dicaffeoylquinic acid by LC-MS". |. Agric. Food
Chent. 2005, 53, 3821-3832. [CrossRef]

Olszewska, M.; Wolbi§, M. Further flavonoids from the flowers of Prunus spinosa L. Acta Pol. Pharm. 2002, 59, 133-137. [PubMed]
Olszewska, M.; Wolbi§, M. Flavonoids from the leaves of Prunus spinosa L. Pol. |. Chem. 2002, 76, 967-974.

69



Anna Magiera Rozprawa doktorska Publikacja I

molecules Mo

Supplementary Material for:

Polyphenol-Enriched Extracts of Prunus spinosa Fruits:
Anti-Inflammatory and Antioxidant Effects in Human Immune
Cells Ex Vivo in Relation to Phytochemical Profile

Anna Magiera '*, Monika Ewa Czerwinska??, Aleksandra Owczarek!, Anna Marchelak’, Sebastian Granica® and
Monika Anna Olszewska'

! Department of Pharmacognosy, Faculty of Pharmacy, Medical University of Lodz, 1 Muszynskiego St.,

90-151 Lodz, Poland
1 Department of Biochemistry and Pharmacogenomics, Medical University of Warsaw, 1 Banacha St.,

02-097 Warsaw, Poland

7 Centre for Preclinical Research, Mgdicgl University of Warsaw, 1B Banacha St,, 02-097 Warsaw, Poland
4 Microbiota Lab, Centre for Predlinical Studies, Department of f’harmamgnosy and Molecular Basis of

Phy-totherapy, Medical University of Warsaw, 1 Banacha St., 02-097 Warsaw, Poland
* Correspondence: anna. magiera@umed.lodz.pl (A.Magiera); Tel: +48 503316997

Supplementary Material
Table of Contents

S.1. Results

Table S1. UHPLC-PDA-ESI-MS’ identification data of compounds detected in the dry extracts from fresh and dried fruits of
P. spinosa.

Figure S1. Structures of the dominant polyphenolic compounds of P. spinosa fruits extracts.

Table S2. Quantitative profile of the P, spinosa fruit (mg/g fw).

Figure S2. Effect of the fruit extracts and pure compounds on viability (membrane integrity) of human immune cells.

Table S3. Correlation (r) coefficients and probability (p) values of linear relationships between antioxidant and anti-inflammatory
activity parameters and phenolic contents of P, spinosa fruits extracts.

S.2. Reference Standards

S.3. Plant Material

Figure S3. Representative image of a sample of fresh P. spinosa fruits.

References

70



Rozprawa doktorska Publikacja I

Anna Magiera

= TAM “TIN ‘149 48T 6t 10% ‘s8¢ Vhid i 911 «{DAD) apsoan(3-g-g urpruedd 61
JAN e [ ¥4 «(poe draBoiopypoyd A1)
. - <
1€l IV 4480 ‘138 hel-leb el L @e U poesmmbiioayed-0-F O
= 4494 - 2 €6 ai¥ wmm A paynuapun 41
98¢
@ 4440 - 3 = 6L1 yiT Tl spRedRHE) 91
£2¢
6T
[1] 444 ‘4430 . : €61 £9¢ a3 0L apwe owmbjAoniag-0-¢s1 61
¢z
[e] P 7 u\mS z . 641 ‘161 £6¢ sce 901 {VHD ‘proe owadoiopp) ppeoumbifoayed-0-¢ ¥l
A4V 4490 449
062
z 449a 691 691 £91 291 09T 101 spREIIIUIEs €]
91T
y €8¢ ;
: 144 = - SE1 641 IFe oo S'6 OPISOXY-O-F/€ PR JOJED  ZI
SAM “AAN
- - ‘ cp 3 . e dwumbjforewnon-d-0)-¢
(1] S A 161 ‘€91 LE€ oLe 6 poedumby D-d-0-¢ 1L
- 1IVE - s £91 ‘67 543 09T 68 Ppisoxay ajeew (foues 1
%€ ‘161 g
TIVE = 5 ¢ 3 BpIsoxay poe dslumbiioaged-0-
[z] 2IVE 249 B et SRR €I¢ 43 8L @PPISOXaYy ppedwmbiiosyed-0-¢ 6
(114
" 06T . 2 5
- JAVI “119a - - - €1 192 1z ePIE DI0ZUdGAXOIPAH-d g
Lz
M \nmm:z » 4 " _..Av_um UEUWC..—C—_._UAE—.—V
I€l 1AV “14aa ‘139 sRk.calT0] = MMM “ poeoumbiloayed-0-g -
641 '1FE ‘GE€ 6T .
S A apisoxay poe dumbiioagey-0- 9
[ EEL:| e Ty oo <t e 79 4@pIsOXaY P 140ag3e3-0-¢
(1] TIM TAN “1IVE : : 641 161 £5€ e VA sppedmmbiloaed-0-g-s ¢
2 1AM 2 x 191 ‘641 gle A4 TS paynuapn
s JAW “A49 - - cee L1€ cze TS paynuapun ¢
- 44va 449a scl g1 €1 €81 Omww 9t GePDEIINYPINLI0I0I] T
JIM 062
- - - o D PISOXAY-~ o D1 e
AN VA A1 £91 67€ 05z 6'¢ pr -0 proe dIiue I
PERMTETETE) S)oRIIXD JIn suol (z/w) suor ArejuawSer (Z/w) Ax_..“_: (u1w) qAeu ©d,
o L fewwSey W] . o O Ty e
“pSouids *J JO SyINIJ YSIJ WOIJ SPRIXD D} UT pajddjap spunodwod jo ejep uonedynuapt SIN-IST-VAJd-DTdHN ‘IS 21qeL
3—5@0#— ‘'S

71



Rozprawa doktorska Publikacja I

Anna Magiera

(1]
lel
(1]

l1]
(1]
[¥]

(1]
[¥]

[1]
(1]

444 ‘44490
44V “249d
AAM ‘AN ‘44
JIN

AdVH 4490 444
DAM “TIN

1dvA ‘1494 ‘149
$AM

43N H4Vd 44490
BERINEEE ]

9N ‘449

44V “2d9a
EEIN

ERelel

EEC

A4V ‘4490
BRklel

AAM AN

JAvH ‘1494 ‘134
444a

44vi

444904
44VE 113a

44M “AHN ‘449
44va 113a
9N ‘444
44490

44V 443a
UM HHN 44
44va ‘119a

44490
EELE]

€0€

€0€

€0¢

€0¢

482

Sev

10€
10€ ‘€et

10e

10€
S8 €68

L0g

T0€
€ev 10

£5T €91 ‘SLT 'SF1 ‘611

S8T ‘L
482
609 “10¢
641 191
6€€ "€CT

641 “SE1 ‘191

£€CT

S€T ‘641
66T
€91
66T

8574

L9% 'S8T

€61
€41
SE1 ‘641

33 4

€y

S6S

9

609

74

134

609
<68

61¢€

609

1€
174

29¢

€91
5142

209
LE€
209

<6T

€65
£9¢€

LEE
I¥e

0ge
08T
08t
0ce
€1z
SLT

08¢

€1€
08T
41T
(145
OLE
14
08T
14
<0¢
08¢
SIS

voe

To¢

L
99t
€92
9c
96T
A 24
/€T
€€l
60T
L6l
681
€81
¥LiL
s91L

<91
861
rAey §
st
9F1
i 448
vl
€€l
9cL
STl

€l
%45

ge(uniaaeieng) apisouriddourgere-1-v-0-¢ unadIaNg)
ce(urnnuiar) apsouerAdojdx-a-v-)-¢ unaoiand)
gedpisoueinjourqere-i-v-(jdsouerfdoon|8-a-¢-0-,z)-0-¢ unadiongd)

Jurianbosi) apisouesidoon|8-a-g-0-¢ ugasiand

«(unna)
apisouesddoon|8-a-g-(jAsouesAdouweyi-1-v-0-, 9)-0-¢ unPdIANY

apisoxayip-opisowey ordjduaey

(apisosadAy) apsope(e8-a-g-0-¢ unaosand

SPISOXI-DPISOUILYT UTJDIIINT)
apisojuad-apisoxay un@oIaNg)

qpe dnupysjorewnoy-d

OpISOXaYIp [o1adwaey

paynuaprun
PPISOXI-IPISOUW PUIIP ULFADIINT)

apre dnunysifoayed
Dpisoxay ajefew [Lodeurg

gpe drunjiysifoagyen)
Ppisoxay aeew [fodeurg

sppe sumbyfoniag-o-p

eploe duewno)-d

spre munys[0a53ed-0-F
ApIsOUNNI-O-¢ WPIIoI]
qpoedumbjiorewno)y-d-0-g-s12

@PISOIN[B-O- UIPIUOD]

paynuapiun
qeUI[IueA
IPISOUNNI-()-¢ WpIueL)

poe dumbjioniag-0-¢
pe dwmbjiorewno)-d-0)-p
IPISOXIY-O-F/E pLoe d1ajgeD)

big

VA d

o
¥

49

1€

0g

8¢
L&
9

14
€<

0T

72



Rozprawa doktorska Publikacja I

Anna Magiera

‘[8%€] "Te 1@ progpd Aq paydope sapna Dy N1 03 Surprodoe st s1owost proe d1uaSoIonyd Surpnpur sia)
-s3 pe dorumb jo amjepuawoN "dpow uot danIsod e ur papiodar endads G ur suot rendajowr pajeuojord [+ 2pow uor aaneSau b ur papiodar endads G uT SUOT renda[ow
pajeuojoxdap “[H-A] endads STA- AN UT BLWUIXEW 90URGIOSqR ¥y A "SIWT] UOHUR}AI ‘13 "dWN 151 9Y} 10 S)INIJ USouIdS (] Ul Pajdala(] q "SPILPUL]S DRUANE YIIM PIYHUIP] «

449a
EELEREEETE]

AAN AV
ERalal

444

44390

1490

JAN ‘4990

444 ‘44490

4134

ERINEE R

JIN
EELVEREECTEREE T
JANW 14V ‘139
EETLN

14V 1430 ‘44
443d

£0¢

€0€ ‘6¥F

€0¢

o
f=1
[}

2154

(a4

119

(443

10€ ‘609
1:14
161 ‘S€1 ‘191
Log
10€ ‘e€F
10€

10€ ‘ecv
SIg
Sie

10g
10€ “Z¥¥

10€

A%

1S9

L¥¥

60F

39 4

6FS

<0s

6v<
9%
€29

ivy

609

€€t

499

0s€
9s¢
ierd
0s¢g
L £°T4
ss€
T4
6T
€TE
0s¢
o4
sse
14
(U89
0sT
0s¢
14

0se

60S

6v

S9%

iaidd

444

ey

€6¢

8¢

08¢

TLie

TLe

g9¢

pagnuapuf]
«(NO) uadIand)

APISOWRYI-dPISOXaY-[AJ0€ uTad1ang)
< OpISOXaY [oxdydwarey]

419389 [A1nq poe dsunbifoagyen
apisojuad uradiangy

4 9pisojuad-[Ajewr un@dIaNY
apisoxay-[A120e unadIaNg)

qaprsojuad-j4jew ugad1ang)

¢ PPISOUW Y UTAUWILLIOS]
(9 prsounnu upauw LYIOS|)
SPISOXI-2 PISOULI YT UTJIULURLIOS]

H(uypianb) apsouesddouweys-1-v-0)-¢ ugporand

qe(V opisounnu)
apisoueiidouweys-1-v-(jAsouer{doon8-a-¢-0-, §)-0-¢ unedend

qe(ULIe[ndIAR) 9 PISOURINOUIqRIR-1-D-()-€ UT}2dIINY)

(OPISOXAYIp-[Aja0e unPdIANY)

€9
9

9

6S

ha

& ¥ 8

6t

73



Anna Magiera

Rozprawa doktorska

Publikacja I

0 OH [¢] OH
: OH : OCH,
HO HO

Prolocatechuic acid (2) Vanillic acid (13)

HO

Neochlorogenic acid (7)

OH

HO

OH
OH
OH O [¢]

=}

o
CH
o OH
OH
OH

Figure S1. Structures of the dominant polyphenolic compounds of P. spinosa fruits extracts. Numbers
in parentheses (bold font) refer to those in Figure 1 (main article) and supplementary Table S1.
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Table S2. Quantitative profile of the P. spinosa fruit (mg/g fw).

Total contents
TPC (GAE) 13.69 £ 0.55
TPH 4.46 =0.09
TPA 3.07 =0.05
TAC 0.72 £0.02
TFL 0.66 =0.03
TTC (PB2) 6.96 £ 0.30
Individual compounds
Avicularin (50) 0.21£0.02
Hyperoside (42) 0.03 + 0.0007
Isoquercitrin (45) 0.01 £ 0.0006
Rutin (44) 0.25+0.003
Quercitrin (52) 0.02+0.001
Cyanidin 3-O-glucoside (19, CYG) 0.31£0.02
Cyanidin 3-O-rutinoside (23) 0.22 +0.01
Peonidin-3-O-glucoside (26) 0.15+0.01
Neochlorogenic acid (7) 243£0.05
Chlorogenic acid (14, CHA) 0.15+0.003
Cryptochlorogenic acid (18) 0.24 +0.01

Results are presented as means + SD (n = 3). Numbers in parentheses (first
column, in bold) refer to those in Figure 1 (main article) and supplementary
Table S1. TPC, total phenolic contents in gallic acid equivalents (GAE); TPH,
total contents of low-molecular-weight phenols determined by HPLC-PDA;
TPA, total phenolic acids; TAC, total anthocyanins; TFL, total flavonoids;
TTC, total tannins in procyanidin (PB2) B2 equivalents.
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Figure S2. Effect of fruit extracts/fractions (5-100 pg/mL) and standards (5-50 uM) on viability
(membrane integrity) of human immune cells expressed as a percentage of PI(-) cells (propidium io-
dide-negative): (a) effect on viability of neutrophils after 24 h incubation; (b) effect on viability of
PBMCs after 48 h incubation. Standards: DEX, dexamethasone; QU, quercetin; CYG, cyanidin
3-O-glucoside; CHA, chlorogenic acid; Positive control: Triton X-100 solution (98.6% of Pl(+) cells).
Data expressed as means + SD of five independent experiments performed with cells isolated from
five independent donors. Statistical significance in Dunnett’s test: *p < 0,05 compared with the stimu-
lated control.
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Table $3. Correlation (r) coefficients and probability (p) values of linear relationships between biological activity

parameters and phenolic contents of P. spiosa fruits extracts.

Neutrophils
r (p) for ROS level TNF-«x secretion ELA-2 secretion IL-8 secretion
TPC -0.7455 (0.000)* -0.7463 (0.001)* -0.4777 (0.029)* -0.4545 (0.089)
TPH+TTC -0.7398 (0.000)* -0.6504 (0.009)* -0.4481 (0.042)* -0.3927 (0.148)
PBMCs

1 (p) for TNF-« secretion IL-10 secretion IL-6 secretion
TPC -0.8689 (0.000)* 0.5787 (0.024)* -0.6200 (0.014)*
TPH+TTC -0.8761 (0.000) 0.6116 (0.015)* -0.6070 (0.016)*

Values calculated using activity and concentration parameters reported in Table 1 and Figures 3-5. TPC, total
phenolic contents in gallic acid equivalents (GAE); TPH, total contents of low-molecular-weight phenols de-
termined by HPLC-PDA; TTC, total tannins in procyanidin (PB2) B2 equivalents. Asterisks mean statistical

significance of the linear relationships (p <0 05).

77



Anna Magiera

Rozprawa doktorska Publikacja I

S.2. Reference Standards

All standards used for phytochemical profiling and biological activity tests were of
HPLC grade (purity at least 95%). The standards of dexamethasone, protocatechuic acid,
p-hydroxybenzoic acid, 3-O-caffeoylquinic acid (neochlorogenic acid), 4-O-caffeoylquinic
acid (cryptochlorogenic acid), 5-O-caffeoylquinic acid (chlorogenic acid, CHA), cynarin,
p-coumaric acid, caffeic acid, vanillic acid, vanillin, quercetin (QU), quercetin
3-O-a-L-arabinofuranoside (avicularin), quercetin 3-O-f-D-galactopyranoside (hyper-
oside), quercetin 3-O-g-D-glucopyranoside (isoquercitrin), quercetin 3-O-(6"-O-a-L-rha-
mnopyranosyl)-f-D-glucopyranoside (rutin) and (-)-epicatechin were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The standards of cyanidin 3-O-f-D-glucopyranoside
(CYG), cyanidin 3-O-rutinoside and peonidin 3-O-f-D-glucopyranoside were purchased
from PhytoLab (Vestenbergsgreuth, Germany). All other standards, such as quercetin
3-O-a-L-arabinopyranoside (guaiaverin), quercetin 3-O-f-D-xylopyranoside (reinutrin),
quercetin 3-O-a-L-thamnofuranoside (quercitrin), quercetin 3-O-(4"-O-p-D-glucopyrano-
syl)-a-L-rhamnopyranoside and quercetin 3-O-(2"-0--D-glucopyranosyl)-a-L-arabinofu-
ranoside were isolated previously in our laboratory from flowers and leaves of P. spinosa
with at least 95% HPLC purity [9,10].

S.3. Plant Material

Figure S3. Representative image of a sample of fresh P. spinosa fruits.

78



Anna Magiera

Rozprawa doktorska Publikacja I

References

1

8

9

Jaiswal, R; Sovdat, T; Vivan, F.; Kuhnert, N. Profiling and characterization by LC-MSn of the chlorogenic acids and hy-
droxycinnamoylshikimate esters in maté (llex paraguariensis). |. Agri. Food Chem. 2010, 58, 5471-5481.

Jaiswal, R.; Miiller, H.; Miiller, A.; Karar, M. G.; Kuhnert, N. Identification and characterization of chlorogenic acids,
chlorogenic acid glycosides and flavonoids from Lonicera henryi L. (Caprifoliaceae) leaves by LC-MS®. Plrylochemistry 2014,
108, 252-263.

Clifford, M.N; Johnston, K.L.; Knight, S.; Kuhnert, N. Hierarchical scheme for LC-MS" identification of chlorogenic acids. J.
Agri. Food Chem. 2003, 51, 2900-2911.

Colombo, F.; Di Lorenzo, C.; Regazzoni, L.; Fumagalli, M.; Sangiovanni, E.; de Sousa, L.P.; Bavaresco, L.; Tomasi, D.; Bosso,
A.; Aldini, G;; Restani, P.; Dell'Agli, M. Phenolic profiles and anti-inflammatory activities of sixteen table grape (Vitis vi-
nifera L.) varieties. Food Funct. 2019, 10, 1797.

Morreel, K,; Saeys, Y.; Dima, O.; Lu, F; Van de Peer, Y.; Vanholme, R.; Ralph, J.; Vanholme, B.; Boerjan, W. Systematic
structural characterization of metabolites in Arabidopsis via candidate substrate-product pair networks. Plant Cell 2014, 26,
929-945,

Ben Said, R.; Hamed, A.L; Mahalel, U.A.; Al-Ayed, A.S,; Kowalczyk, M.; Moldoch, J.; Oleszek, W.; Stochmal, A. Tentative
Characterization of Polyphenolic Compounds in the Male Flowers of Phoenix dactylifera by Liquid Chromatography Cou-
pled with Mass Spectrometry and DFT. Int. |. Mol. Sci. 2017, 18, E512.

Wu, Z]; Ma, X.L; Fang, DM.; Qi, H,Y,; Ren, W.]J.; Zhang, G.L. Analysis of caffeic acid derivatives from Osmanthus yun-
nanensis using electrospray ionization quadrupole time-of-flight mass spectrometry. Eur. |. Mass Spectrom. 2009, 15, 415~
429.

Clifford, M.N.; Knight, S;; Kuhnert, N. Discriminating between the six isomers of dicaffeoylquinic acid by LC-MS". J. Agri.
Food Chem. 2005, 53, 3821-3832.

Olszewska, M.; Wolbi$, M. Further flavonoids from the flowers of Prunus spinosa L. Acta Pol. Pharm. 2002a, 59, 133-137.

10 Olszewska, M.; Wolbis, M. Flavonoids from the leaves of Prunus spiitosa L. Pol. |. Chem. 2002b, 76, 967-974.

79



80



Anna Magiera Rozprawa doktorska Publikacja II

» Publikacja II

Magiera A., Czerwinska M.E., Owczarek A., Marchelak A., Granica S., Olszewska M.A. (2022).
Polyphenols and Maillard reaction products in dried Prunus spinosa fruits: Quality aspects
and contribution to anti-Inflammatory and antioxidant activity in human immune cells ex
vivo. Molecules, 27(10), 3302, doi: 10.3390/molecules27103302, IF2021 = 4.927, MEiN2021 =
140

81



82



Anna Magiera

. molecules

Rozprawa doktorska Publikacja II

fbry

Article

Polyphenols and Maillard Reaction Products in Dried
Prunus spinosa Fruits: Quality Aspects and Contribution to
Anti-Inflammatory and Antioxidant Activity in Human Immune

Cells Ex Vivo

Anna Magiera "*{), Monika Ewa Czerwiriska (), Aleksandra Owczarek ', Anna Marchelak ',
Sebastian Granica ** and Monika Anna Olszewska 1

check for
updates

Citation: Magiera, A.; Czerwifiska,
M.E,; Owczarek, A.; Marchelak, A.;
Granica, S.; Olszewska, M.A.
Polyphenols and Maillard Reaction
Products in Dried Prunus spinosa
Fruits: Quality Aspects and
Contribution to Anti-Inflammatory
and Antioxidant Activity in Human
Immune Cells Ex Vivo. Molecules
2022, 27,3302 https:/ /doi.ong/
103390/ molecules27103302

Academic Editors: Rudolf Baver
and Jelena S. Katanic Stankovic

Received: 12 April 2022
Accepted: 18 May 2022
Published: 20 May 2022

Publisher’s Note: MDP1 stays neutral
with regard to jurisdictional claims in
1 affil-

PR TR
P

iations.

Copyright: © 2022 by the authors.
Licersee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/ licenses /by /
4.0/).

maps and i

! Department of Pharmacognosy, Faculty of Pharmacy, Medical University of Lodz, 1 Muszynskiego St.,
90-151 Lodz, Poland; aleksandra.owczarek@umed.lodz.pl (A.O.); anna.marchelak@umed.lodz.pl (AM.);
monika.olszewska@umed.lodzpl (M.A.O.)

?  Department of Biochemistry and Pharmacogenomics, Medical University of Warsaw, 1 Banacha St.,

02-097 Warsaw, Poland; monika.czerwinska@wum.edu.pl

3 Centre for Preclinical Research, Medical University of Warsaw, 1B Banacha St., 02-097 Warsaw, Poland

*  Microbiota Lab, Centre for Preclinical Studies, Department of Pharmacognosy and Molecular Basis of
Phytotherapy, Medical University of Warsaw, 1 Banacha St., 02-097 Warsaw, Poland; sgranica@wum.edu.pl

*  Correspondence: anna.magiera@umed.lodz.pl; Tel.: +48-503-316-997

Abstract: Dried Prunus spinosa fruits (sloes) are folk phytotherapeutics applied to treat chronic in-
flammatory disorders. However, their pharmacological potential, activity vectors, and drying-related
changes in bioactive components remain unexplored. Therefore, the present research aimed to
evaluate the anti-inflammatory and antioxidant effects of dried sloes in ex vivo models of human
neutrophils and peripheral blood mononuclear cells (PMBCs) and establish their main active com-
ponents. It was revealed that the fruit extracts significantly and dose-dependently inhibited the
respiratory burst, downregulated the production of elastase (ELA-2) and TNF-«, and upregulated the
IL-10 secretion by immune cells under pro-inflammatory and pro-oxidant stimulation. The slightly
reduced IL-6 and IL-8 secretion was also observed. The structural identification of active compounds,
including 45 phenolics and three Maillard reaction products (MRPs) which were formed during dry-
ing, was performed by an integrated approach combining LC-MS/MS, preparative HPLC isolation,
and NMR studies. The cellular tests of four isolated model compounds (chlorogenic acid, quercetin,
procyanidin B2, and 5-hydroxymethylfurfural), supported by statistical correlation studies, revealed
a significant polyphenolic contribution and a slight impact of MRPs on the extracts’ effects. Moreover,
a substantial synergy was observed for phenolic acids, flavonoids, condensed proanthocyanidins,
and MPRs. These results might support the phytotherapeutic use of dried P. spinosa fruits to relieve
inflammation and establish the quality control procedure for the extracts prepared thereof.

Keywords: Prunus spinosa fruits; LC-MS; NMR; phenolics; 5-hydroxymethylfurfural; drying; ROS;
inflammatory mediators

1. Introduction

Prunus spinosa L. (blackthorn) is a small to medium-sized thorny tree of the rose
family, native to Europe, Western Asia, and Northern Africa, and locally naturalised in
New Zealand, Tasmania, and eastern North America [1]. The plant is one of few wild
rosaceous species yielding edible fruits. They are tiny, globose, purple plums, which, when
fresh, are widely used to produce various preserves, such as jams, juices, wines, brandy or
liquors, while when dried, they are added to herbal teas [2]. Moreover, blackthorn fruits
(sloes), both fresh and dried, are traditional herbal medicines recommended mostly to treat
chronic inflammation-related disorders, especially those within the gastrointestinal and

Molecules 2022, 27, 3302. https:// doi.org/10.3390/molecules27103302
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urinary tracts, but also diarrhoea, hypertension, and metabolic diseases, such as diabetes
and obesity [3-6].

Although ethnopharmacological sources do not differentiate the application range
of fresh and dried sloes, to date scientific interest has focused almost exclusively on fresh
fruits [7-14], and information on the dried P. spinosa plums is extremely scarce [15-17].
On the other hand, fresh sloes have been relatively deeply studied, primarily in terms
of the mechanisms of their anti-inflammatory and antioxidant effects. In our previous
study, we have documented that the fresh fruit extracts significantly modulate the functions
of human immune cells, neutrophils and peripheral blood mononuclear cells (PBMCs)
involved in the pathogenesis of inflammation. They downregulate the secretion of reactive
oxygen species (ROS), pro-inflammatory cytokines (tumour necrosis factor o, TNF-«) and
enzymes (elastase, ELA-2), and stimulate the production of the anti-inflammatory cytokine
IL-10 [13]. Moreover, according to Sabatini et al. [14], the alcoholic extracts of fresh sloe
plums can decrease the expression of IL-6 and adhesion molecules ICAM-1 and VCAM-1
in human endothelial cells (HUVEC). Furthermore, the high antioxidant potential of fresh
P. spinosa plums was revealed in human malignant promonocytes [7] and non-cellular
in vitro models [8,10-12].

The accumulated research suggests that the main active components of fresh sloes
are polyphenols. A rich fraction of various polyphenols with more than 50 individual
compounds has been revealed in the fresh plant material, including condensed proantho-
cyanidins, phenolic acids, anthocyanins, and flavonols [13]. It is known that the biological
activity of fruit polyphenolic fractions depends on the presence of specific individual com-
pounds and their proportions [18]. Post-harvest technological processing may influence
these factors, leading to structural changes of polyphenols and changes in their quantity and
bioavailability. For instance, thermal treatment can result in transformation /isomerisation,
enzymatic breakdown, or degradation of labile compounds. Additionally, the release of
polyphenols bound with polysaccharides, proteins, or lipids may occur during drying.
All these changes may have a dualistic effect on the plant material’s final activity. On
the one hand, the loss of some polyphenolic components may reduce its pharmacological
potential, but on the other hand, the newly formed or released compounds may reveal
higher biological effects [19-22].

Thermal fruit processing may also induce the formation of non-polyphenolic com-
pounds, such as Maillard reaction products (MRPs). They are aromatic derivatives formed
in a multistep, non-enzymatic reaction between amino acids and reducing sugars when
dehydration occurs at high temperatures. Since MPRs from food, especially low-molecular-
weight ones such as furans, are orally ingested by humans and absorbed into the blood-
stream, their biological activity is of great interest [23]. To date, both the harmful properties
(genotoxic, mutagenic, carcinogenic) and the beneficial health effects (antioxidant, anti-
inflammatory, antibacterial) of these compounds have been revealed [24,25]. However, the
reported data are conflicting, and further research is required to assess their pharmacologi-
cal activity [23]. Moreover, the quantitative determination of MPRs in various processed
plant materials is required to ensure their safety.

Extraction of a fruit matrix is crucial in developing fruit-based medicines and func-
tional products [26]. The fractionated extraction enables the concentration of the active plant
components and facilitates their identification through selective isolation and comparative
activity studies [13,18].

Therefore, the aim of the present study was: (a) to characterise for the first time the phy-
tochemical composition of dried P. spinosa fruits in the function of fractionated extraction
with particular emphasis on individual polyphenols and MPRs and their drying-related
molecular transformation; (b) to investigate the antioxidant and anti-inflammatory activity
of the fruit extracts and their main pure components in human neutrophils and PBMCs
ex vivo; (c) to select extracts with the highest potential as anti-inflammatory agents; and
(d) to evaluate the contribution of polyphenols and MPRs to the observed biological effects.
The phytochemical profiling was performed using various analytical techniques, includ-
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ing LC-MS/MS, preparative HPLC isolation, and subsequent spectroscopic identification
(NMR) of primary MPRs formed during drying. The cellular tests covered the release
assessment of a series of pro-oxidant, pro-inflammatory, and anti-inflammatory factors
(ROS, TNF-x, ELA-2, IL-8, IL-6, and IL-10). Moreover, the cellular safety of the extracts and
pure compounds was evaluated by flow cytometry.

2. Results and Discussion
2.1. Fractionated Extraction and Phytochemical Composition of the Extract/Fractions

As P. spinosa dried fruits are primarily used as a traditional herbal remedy [3-5], for
the present study, the fresh fruits were dried in the typical conditions of herbal medicinal
products [27]. The same fresh plant material batch and the same extraction procedure as in
our previous work on fresh fruits [13] were used for direct result comparison. In the first
step, the dried fruits were extracted with methanol-water (75:25, v/v) to maximise recovery
of polyphenols [13] and reflect the composition of tinctures, the most popular medicinal
preparations of dried sloes [3-5]. Then, the obtained source hydroalcoholic extract (MED)
was partitioned by fractionated extraction to yield the fractions of diethyl ether (DEFD),
ethyl acetate (EAFD), n-butanol (BFD), and water residue (WRD).

The qualitative LC-PDA-ESI-MS? assay revealed the presence of 54 constituents in the
extracts /fractions (Figure 1, peaks 1-54; Table S1, Figure S1), among which 45 polyphenols
and four non-phenolic compounds were fully or tentatively identified by comparing their
retention properties, UV-vis spectra, and MS/MS fragmentation patterns with reference
compounds or literature data (Table S1).

9,10 (b)
s n
"
23,24
nzra ] 16 | % a g =
W A A__a
0 0 ) ) 0 Teve )

Figure 1. Representative UHPLC chromatograms at 280 nm of (a) diethyl ether fraction from dried
fruits of Prunus spinosa, DEFD, and (b) n-butanol fraction from dried fruits, BFD. Peak numbers refer
to those implemented in Table S1 (Supplementary Materials).

2.1.1. Polyphenolic Profile

The polyphenolic constituents represented two main classes: phenolic acids and
aldehydes (27 analytes, peaks 4—6,8—11, 1417, 1921, 23, 25—34, 36, 39) and flavonols (16
analytes, peaks 37, 38, 40—53). Moreover, one anthocyanin (24) and one flavanol (13) were
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found. Phenolic acids were the most structurally diversified group that comprised caffeoyl-,
coumaroyl-, and ferulolylquinic acids (8, 10, 16, 20, 21, 23, 26, 32); caffeoylquinic acid
hexoside (9); shikimic acid derivatives (14, 30, 33, 34, 36, 39); p-coumaric acid (31) and
its hexoside (17); caffeic acid hexoside (25); and benzoic acid derivatives including p-
hydroxybenzoic acid (11), protocatechuic acid (6) and its hexoside (5), vanillic acid (19) and
its hexoside (4) and malate hexoside (15). The phenolic aldehyde (27) was identified as
vanillin. Among flavonols, one aglycone quercetin (53), thirteen quercetin mono-, di-, and
triglycosides (38, 40—48), including malyl (49, 50) and acetyl esters (52), one kaempferol
hexoside (51) and one dihydrokaempferol hexoside (aromadendrin hexoside, 37) were
found. The sole anthocyanin detected (24) was cyanidin 3-O-B-D-glucopyranoside, while
the single flavanol (13) was tentatively identified as an (epi)catechin derivative.

The polyphenolic profiles of the extracts/fractions from dried sloes differed signifi-
cantly from those observed previously for fresh fruits [13]. With 45 versus 57 identified com-
pounds, the dried sloes revealed a less rich composition and lesser variety of flavonols (17
vs. 24 analytes) and anthocyanins (one vs. four compounds). Moreover, the dried material
was distinguished by the loss of 19 constituents present in fresh fruits and the appearance
of seven polyphenols (13, 14, 17, 29, 37, 39, 51) newly formed during drying and thus
detected for the first time in P. spinosa. The lost compounds, including several derivatives
of sinapic and caffeic acids, as well as isorhamnetin, kaempferol, cyanidin, and peonidin
glycosides, occurred in the fresh material at low or trace levels and were probably destroyed
by thermal processing. Some other compounds decomposed partly; for example, cleavage
of glycosidic bonds might explain the appearance of kaempferol hexoside (51) instead of
two kaempferol di- and triglycosides from fresh fruits. Moreover, partial isomerisation of
pseudodepsides could also take place; an example is the case of p-coumaroylshikimic acids
(36, 39), among which one was present in both materials (36) but second only in dried sloes
(39). Furthermore, three other drying-related processes, such as the oxidative coupling
of caffeoylquinic acids [28], depolymerisation of condensed proanthocyanidins [21], and
recovery of polyphenols from lignified stone tissue [29] were probably responsible for
the presence of caffeoylquinic acid dehydrodimer (29), (epi)catechin derivative (13), and
aromadendrin hexoside (37) in dried fruits, respectively.

The quantitative profiles of polyphenols in the extracts/fractions of dried fruits dif-
fered significantly depending on the extraction solvent (Table 1). The total phenolic levels
amounted to 26.8—124.0 mg GAE/g dw (TPC, determined by the Folin-Ciocalteu method)
and 9.6—109.1 mg/g dw (TPH, assayed by HPLC-PDA), with the highest values observed
for DEFD and EAFD. In all extracts/fractions (except EAFD), the TPC levels exceeded
the TPH values, determined as the sum of individual low-molecular-weight polyphenols,
including total phenolic acids (TPA), total flavonoids (TFL), and total anthocyanins (TAC).
For instance, the TPC value in the source extract MED was about 3-times higher than
TPH. This gap might be explained by the presence of high-molecular-weight tannin-type
proanthocyanidins, which are undetectable by standard RP-LC procedures due to high po-
larity. Therefore, their content was estimated by a procyanidin-specific spectrophotometric
assay (TTC). Consequently, the sum TPH+TTC better represents the genuine total phenolic
contents of the sloe extracts. A similar relationship was previously revealed for the fresh
fruit extracts [13], which means that drying did not affect the TPC/TPH ratio. Similarly, as
in the fresh fruit [13], only one low-molecular-weight flavan-3-ol was detected, which is
also in accordance with the works of Guimaraes et al. [9] and Mikuli¢-Petkovsek et al. [12],
who did not detect such compounds in sloes at all or only a few representatives.

On the other hand, the thermal treatment significantly influenced the levels and propor-
tions between individual compounds and their fractions (Figure 2). The major compounds
occurring in MED were phenolic acids and tannins, while flavonoids constituted less than
10% of the extract, and anthocyanins were below the detection limits (Table 1, Figure 2).
Partitioning of MED between solvents of different polarities led to the concentration of
phenolic acids in DEFD, EAFD, and BFD, tannins in WRD, and flavonoids mainly in DEFD.
Anthocyanins were found in trace amounts only in BFD. The TPA levels varied between
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0.8—-102.5 mg/g dw with the peak values in EAFD, where derivatives of phenolic acids
prevailed (constituted 93% TPH+TTC). The most abundant compounds from this group
were pseudodepsides of quinic acids, especially chlorogenic acids (10, 20, 23), forming
37-100% TPAs. Among the individual analytes, cryptochlorogenic acid (23) dominated
in EAFD with a level of 50.8 mg/g dw, while in the other extracts/fractions, the primary
compound was neochlorogenic acid (10) with the peak content in BFD (16.2 mg/g dw).
Apart from pseudodepsides, the fruits also contained simple benzoic and cinnamic acids.
Only traces of these compounds were found in the source extract, but they were concen-
trated in DEFD, where protocatechuic acid (6) and vanillic acid (22) formed 40% TPAs. The
flavonoid contents amounted to 0.3—41.1 mg/g dw, with the highest values in DEFD, where
TFL formed 32% TPH+TTC. The particular extracts/fractions significantly varied in the
flavonoid profiles. Quercetin (53) dominated in DEFD (formed 63% TFL), whereas glyco-
sides prevailed in other fractions: isoquercitrin (quercetin 3-O-g-D-glucopyranoside, 42) in
EAFD (16% TFL), rutin (quercetin 3-O-(6""-O-a-L-rhamnopyranosyl)-p-D-glucopyranoside,
41) in BFD (68% TFL), and avicularin (quercetin 3-O-a-L-arabinofuranoside, 46) in MED
(45% TFL). Regarding tannins, they are only present in MED and WRD but at relatively
high levels of 46% and 87% TTC+TPH, respectively.

Table 1. Quantitative profile of the Prunus spinosa dried fruit extracts (mg/g dw).

MED DEFD EAFD BFD WRD

Total contents:
TPC (GAE)
TPH
TPA
TAC
TFL
TTC (PB2)

MRPs
Individual compounds:
Avicularin (46)
Guaiaverin (45)
Hyperoside (40)
Isoquercitrin (42)
Reinutrin (44)

Rutin (41)
Quercitrin (48)
Quercetin (53, QU)
Cyanidin 3-O-glucoside (24)
Protocatechuic acid (6)
p-Hydroxybenzoic acid (11)
Vanillic acid (19)
p-Coumaric acid (31)
Neochlorogenic acid (10)
Chlorogenic acid (20, CHA)
Cryptochlorogenic acid (23)
Vanillin (27)
5-Hydroxymethylfurfural
(2, HMF)

2677 +047¢ 12401 £070* 10743 +4.08° 4658 +2.28°¢ 2259 + 0054
961 + 0609 8024 + 116" 109.91 + 1.26 2 2849 + 0.96 € 0.78 +0.01°¢
819+ 0514 4751+ 150" 102.53 + 0.85 2 25.16 + 0.80 ¢ 0.78 +£0.01¢

nd. nd. nd. 0.22 +0.01° n.d.
143 + 0,094 2599 4+ 0772 6.69 + 0.46° 3124+ 0.24°¢ nd.
817 £ 0242 nd. nd. nd. 537 +0.11"
0.92 +0.07 ¢ 37.75 4+ 2.393 13.53 + 078" 1.37 +0.03 ¢ 0.26 + 0.003¢
0.64 + 009" 444 +0.22° 0.83 +0.14° nd. nd.

nd. 0.91+0.05° 048 + 0.03° nd. nd.

n.d. nd. 0.84 + 0.04° n.d. n.d.

nd. 0.13+001° 110 + 0147 nd. nd.

nd. 0.41 + 0.003® 0.71 £ 0.07° nd. nd.
041 +0.03¢ nd. 0.74 + 0.03° 213 +0.20° nd.
0.11 +0.01¢ 1.40 +0.072 0.67 + 0.03° nd. nd.
0.06 = 0.01¢ 16.41 + 0402 0.63 + 0.04° nd. n.d.

nd. nd. n.d. 0.22 £ 0.01° n.d.

nd. 1104 + 096° 0.57 + 0.02° nd. nd.

nd. 147 0122 0.57 + 0.04° n.d. nd.

nd. 785+ 0.31° nd. n.d. n.d.

n.d. 1.89 +0.18° nd. n.d. n.d.
452 + 0344 11.10 + 040¢ 29.28 4 0.86 * 16.19 + 0.50® 0.78 + 0.01°¢
014+ 001" 0.2840.01° 3.56 + 0.21° 0.20+0.01° nd.

211 +0.03°¢ 6.40+ 040" 50.85 + 1.29 2 7.65 + 0.49° nd.
nd. 6.74 4047 0.69 + 0.05° nd. nd.

0.78 £ 0.05¢ 32.08 +2.03° 11.50 = 0.66 © 1.16 £ 0.03 ¢ 0.22 £ 0.002¢

Results are presented as means + SD (n = 3). Numbers in parentheses (first column, in bold) refer to those in
Figure | and Supplementary Table S1. For each parameter, different superscript letters ( ) indicate significant
differences (p < 0.05) in Tukey’s HSD test. MED, methanol-water (75:25, v/v) extract of dried fruits; DEFD,
diethyl ether fraction of MED; EAFD, ethyl acetate fraction of MED; BFD, n-butanol fraction of MED; WRD,
water residue of MED; TPC, total phenolic contents in gallic acid equivalents (GAE); TP'H, total contents of
low-molecular-weight phenols determined by HPLC-PDA; TPA, total phenolic acids; TAC, total anthocyanins;
TFL, total flavonoids; TTC, total tannins in procyanidin B2 (PB2) equivalents. n.d.: below the quantitation (LOQ)
or detection (LOD) limits.
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Figure 2. Contribution of individual groups of compounds to total phenolic contents (TPH+TTC)
in Prunus spinosa fruit extracts: (a) dried fruits and (b) fresh fruits. TPA, TAC, and TFL: total
contents of phenolic acids, anthocyanins, and flavonoids, respectively, determined by HPLC-PDA;
TTC: total content of condensed tannins in procyanidin B2 (PB2) equivalents; TPH, sum of individual
polyphenols by HPLC. For extract codes, see Table 1 and Section Abbreviations. The extracts/fractions
from dried fruits were coded by the last letter “D”, while those from fresh fruits by “F”. For detailed
experimental data on fresh fruits, see Magiera et al. [13].

The qualitative and quantitative profiles of bioactive fruit components may change
during thermal processing [30]. The present research showed for the first time that sloes
dried in the conditions typical for the production of herbal medicines contain lower levels
of all types of polyphenols compared to fresh fruits [13]. Among different compounds,
anthocyanins and proanthocyanidins changed most dramatically, and their total levels in
the dried fruits dropped by almost 100% and 76%, respectively (Table S2, Supplementary
Materials). This observation is consistent with the earlier reports on the relatively low
thermal stability of anthocyanins and proanthocyanidins in various fruits, including grapes,
bilberries, blueberries, and domesticated plums [19,31,32]. Phenolic acids and flavonols are
less sensitive to drying [33], which also seems true in sloes, as their total amounts decreased
by 46% and 56%, respectively (Table S2). Interestingly, in contrast to the majority of most
individual polyphenols, the levels of some simple phenolic acids (e.g., protocatechuic,
vanillic, p-coumaric, and p-hydroxybenzoic acids) and cryptochlorogenic acid were higher
in dried than in fresh fruits. The first case suggests that cleavage of some phenolic esters
might have taken place during drying. In the second case, as the levels of other chlorogenic
acid isomers decreased in line with the general trend, their partial isomerisation might be
one possible explanation for the higher content of cryptochlorogenic acid in the dried fruits.
All these changes corresponded to the differences in the TPC and TPH levels, which in dried
fruits were about 3-times lower than in fresh sloes (Table S2). Nevertheless, the TPC levels
of dried blackthorn fruits (0.55 g GAE/100 g fw and 1.3 g GAE/100 g dw) were similar to or
surpassed the values reported for fruits valued in phytotherapy for their beneficial health
effects and anti-inflammatory activity, such as cranberries (0.45 g/100 g fw), blueberries
(0.13 g/100 g fw) or hawthorn fruits (2.1 g GAE/100 g dw) [12,15].

2.1.2. Non-Phenolic Compounds

Apart from polyphenols, the dried blackthorn fruits were also distinguished by the
presence of traces of a cyanogenic glycoside amygdalin (18) and three MPRs formed by
dehydration of sugars and Maillard reaction, including 3-hydroxy-2,3-dihydromaltol (1)
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and two furfural derivatives (peak 2 and 3). The last two compounds had to be isolated for
structural identification. The isolation was carried out by preparative HPLC. The isolates
were obtained with high yield and identified after thorough spectral profiling (*H NMR,
13C NMR, COSY, HMBC, and HMQC). Their structures and NMR data were shown in
Figure 3 and Table 2.

1 OH 7 ™\
"o 0\ 2 / \ 5 HO. 2 / \ 5
o (0]
0" “cuy OH OCH,4 OH
1 2 3

Figure 3. Structures of MRPs identified in dried Prunus spinosa fruits.

Table 2. 'H NMR and '*C NMR spectral data of the compounds isolated from the fruits of Prunus
spinosa (methanol-dy) *.

Position/ Compound 2 Compound 3
Group® Sc i 8 S
Cc-2 163.8 - 154.8 -
C-3 1129 6.62(1H,d,[=3.1) 107.6 6.39(1H,d, ] =3.0)
Cc4 129.3 742(1H,d,[=3.1) 108.9 6.31(1H,d, ] =3.0)
C-5 1549 - 155.2 -
-OCHO- - - 98.2 5.41(1H, s)
-CH,0- 582 462 (1H, s) 67.0 452 (2H, s)
-OCH;3 ~ 559 3.37(3H, 5)
-CHO 182.6 9.56 (1H, ) - -

* Data acquired with TMS as the internal standard, é in ppm. Multiplicities and coupling constants (in Hz) are
given in parentheses. ® For trivial atom numbering, see Figure 3.

The "H NMR spectra of compound 3 revealed the presence of two one-proton doublets
até 6.31 ppm and ¢ 6.39 ppm with a small coupling constant (/ = 3.0 Hz). The heteronuclear
correlation experiments (HSQC, HMBC) showed one-bond correlations of the proton reso-
nances with the carbon signals at § 108.8 ppm and & 107.6 ppm, respectively, and two-bond
correlations with carbon resonances at 6 155.2 ppm and § 154.2 ppm, respectively. This set
of signals is characteristic of a 2,5-disubstituted furan ring [34]. The substituent at C-2 was
interpreted as a -CH,OH group due to a two-proton singlet at § 4.52 ppm in the '"H NMR
spectrum and a corresponding *C NMR carbon resonance at § 67.0 ppm. The substituent at
C-5 gave in "H NMR one-proton singlet at 4 5.41 ppm with the corresponding carbon signal
at 0 98.2 ppm, suggesting the presence of a -CH(OH); group. Additionally, the proton reso-
nance at d 3.37 ppm (3H, s) correlated with the carbon signal of the -CH(OH); group, which
indicated that one of the hydroxyl groups is methylated. Eventually, compound 3 was
identified as (5-hydroxymethylfur-2-yl)-methoxymethanol [35]. The spectral data of com-
pound 2 were similar to those of compound 3. However, all the 'H NMR resonances of the
furan ring were downshifted, suggesting at least one substituent of higher electronegativity.
Indeed, the "H NMR high-field signal of the substituent in the C-5 position at § 9.56 ppm
(1H, s) and its corresponding *C carbon resonance at  182.6 ppm indicated an aldehyde
group. Thus, compound 2 was identified as 5-hydroxymethylfurfural (HMF) [36].

All three MRPs were revealed for the first time in P. spinosa fruits but are known in
numerous domesticated Prunus species [33]. The MRPs have also been found in various
food products like other dried fruits, juices, coffee, bakery products, or honey. These
by-products, particularly HMF, have gained much interest due to the doubt on their safety
and health potential [37]. The toxicological effects of HMF, such as hepato-, nephro-, cy-
to-, and genotoxic effects, as well as mutagenic and carcinogenic properties, have been
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preliminarily demonstrated in experimental animals and cultured mammalian cells [37-39],
however, the reported data are inconclusive [23]. Because of the potential high exposure
and possible toxicity of MRPs, their content in processed foods and medicinal products,
should be monitored to assess health hazards. Specific, accurate methods should thus
be developed and validated for the task. In the present study, the HPLC-PDA method,
previously developed for the quality control of fresh sloes [13], was revalidated for the dried
fruit matrix, and MRPs were determined in all extracts/fractions thereof (Table 1), with
the peak concentration in DEFD and EAFD. The content of these compounds in sloes was
460 mg/kg dw (Table S2), which is within the wide range of 12200 mg/kg dw reported
for other commonly consumed dried fruits generally recognised as safe, such as apples,
apricots, dates, and plums [25,33,40]. Moreover, blackthorn fruits contained significantly
lower MPRs levels than typically observed (1100—2200 mg/kg dw) for widely consumed
prunes (from Prunus domestica) [40]. However, further studies on the biological effects of
MRPs are required to verify their safety.

2.2. Bioactivity of the Extracts/Fractions and Model Compounds in Human Immune Cells Ex Vivo
2.2.1. Cellular Models

Accumulated research strongly suggests that low-grade inflammation is a critical
player in the progression of chronic human disorders, such as bowel diseases, vascu-
lar abnormalities, cancer, diabetes, obesity, metabolic syndrome, and neurodegenerative
diseases [41]. In humans, chronic inflammatory processes are linked with continuous
up-regulation of pro-oxidant and pro-inflammatory functions of immune cells, primarily
neutrophils and PBMCs differentiating into macrophages. Upon activation, the immune
cells produce and release a wide range of pro-inflammatory and pro-oxidant mediators,
including chemokines/cytokines (i.e., IL-8, IL-6, TNF-«), tissue-remodelling enzymes
(i.e., ELA-2) and ROS, which collectively contribute to tissue dysfunction [42]. On the other
hand, these cells can also secrete some anti-inflammatory factors (such as IL-10), which
help to limit inflammation [43]. Considering their primary and complementary roles in
inflammatory reactions, both neutrophils and PBMCs were chosen as cellular models for
the present ex vivo study of antioxidant and anti-inflammatory effects of P. spinosa fruit
extracts. Because sloes are recommended by traditional medicine to treat various types of
inflammatory disorders, both local in the digestive tract and systemic [3-6], the extracts
were tested in a wide concentration range of 1-100 pg/mL to cover the polyphenolic
levels potentially achievable in the bloodstream (1-5 ug/mL) and gastrointestinal tract
(25—100 pg/mL) after oral intake of polyphenol-rich products. A broader discussion on
the bioavailability of orally administrated polyphenols was published earlier [13,44]. Apart
from the extracts, pure chlorogenic acid, quercetin, procyanidin B2, and HMF were tested
as model compounds, representative of the fruit phenolic acids, flavonoids, proanthocyani-
dins, and MPRs.

2.2.2. Effects on Viability of Neutrophils and PBMCs

The potential cytotoxicity of the model compounds and extracts/ fractions was checked
by flow cytometry and propidium iodide staining. The viability of neutrophils and
PBMCs after 2448 h of incubation with the analytes, except for DEFD at 50100 pg/mL,
was 85.0-95.1% and did not differ significantly (p > 0.05) from that of LPS-stimulated
(91.8-96.4%) and control, non-stimulated (92.9—-94.4%) cells (Figure $2). Only for DEFD
at the highest concentration, the cells’ viability was slightly lower and amounted to
76.9—83.5%. Nevertheless, all analytes might be regarded as non-cytotoxic to the tested cells.

2.2.3. Influence on Pro-Oxidant Functions of Human Neutrophils: Antioxidant Effect
Neutrophils are the most abundant immune cells in human blood and one of the first
responders to pro-inflammatory stimuli. The activated neutrophils start the process of
respiratory burst that results in excessive production of ROS, especially O,*~, which is then
transformed into other highly toxic molecules, including *OH, H,0,, NO*, ONOO™, and
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HCIO. These oxidants form an aggressive cocktail that may generate persistent oxidative
stress, leading to chronic inflammation [42]. The elevated levels of ROS and oxidative
stress-related biomarkers are observed in the blood or inflamed tissues of patients with
various chronic diseases, including digestive tract inflammatory disorders [45], diabetes
and its vascular complications [46], which are within the traditional application range of
sloes [3-6]. The accumulated research on fresh P. spinosa fruits strongly suggests that their
antioxidant activity at the cellular level might be partly responsible for their beneficial
health effects [7,13,14]. The present study monitored the impact of the dried sloe extracts
on an oxidative burst of the neutrophils using luminol as a universal detector of the whole
array of ROS produced in this process. The results revealed for the first time that dried
sloes also exhibit significant and concentration-dependent antioxidant effects in cellular
models. All analysed extracts/fractions reduced the ROS production in f-MLP-stimulated
human neutrophils by up to 69-99% at 100 ug/mL (Figure 4a). Moreover, the source
extract MED (the extractable dried fruit matrix) effectively inhibited the ROS release at
25-100 pg/mL (p < 0.05), limiting at the highest concentration the ROS levels to their
physiological values observed for non-stimulated control neutrophils. Out of the tested
extracts, the DEFD and EAFD (the polyphenol-richest fractions) were the most active,
interfering with the ROS secretion by at least 99% at 100 pug/mL and 49% at 2.5 ug/mL.
It might suggest the substantial contribution of polyphenols to the observed antioxidant
effects. Indeed, the linear correlation between the ROS release and total phenolic levels, both
TPC and TPH+TTC, was negative and statistically significant (rmax = —0.7099, p < 0.001;
Table S3). In contrast, the correlations for the polyphenolic subgroups (TTC, TPA, TFL)
were insignificant (p > 0.05), but the potent antioxidant effects of the model polyphenols
(chlorogenic acid, procyanidin B2, and quercetin) at even the lowest tested concentration of
2.5-5 uM (0.8-2.9 pg/mL) might indicate the synergic contribution of all relevant classes of
polyphenols to the cellular antioxidant activity of the extracts, with the most outstanding
impact of phenolic acids and tannins due to their prevalence in the extracts (Figure 2). For
instance, the most active chlorogenic acid lowered the ROS release to 65% at 5 uM and 21%
at 50 uM (Figure 4a).
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Figure 4. Effect of fruit extracts/ fractions (1-100 pg/mL) and standards (2.5-50 uM) on the release of (a)
ROS, reactive oxygen species; (b) ELA-2, neutrophils elastase from human neutrophils. Pure compounds:
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CHA, chlorogenic acid; PB2, procyanidin B2; HMF, 5-hydroxymethylfurfural; QU, quercetin (pos-
itive control). For extracts codes see Table 1. Data expressed as means + SD of five independent
experiments performed with cells isolated from five independent donars. Statistical significance in
Dunnett’s test: * p < 0.05 compared with the stimulated control.

2.2.4. Effect on the ELA-2 Release by Human Neutrophils

After stimulation, neutrophils release a wide range of tissue-remodelling enzymes
potentiating inflammation by increasing the extracellular matrix permeability for pro-
inflammatory mediators. As a key enzyme hydrolysing elastin, one of the major extracellu-
lar matrix components, ELA-2 triggers numerous inflammatory diseases, e.g., it impairs
regeneration of the colon mucosa in digestive tract disorders [47] and contributes to the
pathological vascular permeability in diabetes [45]. As shown in Figure 4b, the dried
fruit extracts significantly and in a dose-dependent manner inhibited the ELA-2 gener-
ation by the fMLP+cytochalasin B-stimulated neutrophils. The most potent inhibitory
effect was detected for the polyphenolic-richest fractions DEFD, EAFD, and BFD, active
even at low concentrations of 15 pg/mL (p < 0.05). For instance, EAFD downregulated
the ELA-2 secretion by 35% at 1 pug/mL and 50% at 5 pg/mL. Similarly, to the case of
ROS production, the strong activity of chlorogenic acid, procyanidin B2, and quercetin
at 5-10 pM (3.0-5.8 pg/mL) and the significant correlation between the phenolic levels
(TPC or TPH+TTC) and ELA-2 release (rmax = —0.6510, p < 0.005; Table S3) suggested the
synergic contribution of phenolic acids, tannins, and flavonoids to the observed effects.
The most active polyphenol in the test was quercetin, which reduced the ELA-2 secretion
to 64% at 50 uM compared to the stimulated control.

2.2.5. Influence on the Cytokine Secretion by Human Neutrophils and PBMCs

Cytokines are small signalling proteins and primary controllers of the growth and ac-
tivity of immune cells. Several different cell types coordinate their functions as a part of the
immune system, including neutrophils and PBMCs differentiating into macrophages [49].
The master cytokine in the network is TNF-a — a priming agonist of immune cells and a
pro-inflammatory mediator orchestrating the neutrophil-PBMC /macrophage interplay dur-
ing inflammation [50]. As shown in Figure 5, all analysed extracts/fractions (except MED
in neutrophils) downregulated the TNF-« secretion in both cell types at 50-100 pg/mL
(p < 0.05) with a more robust response from LPS-stimulated PBMCs, the leading TNF-o
producers in humans. For instance, DEFD at 100 pg/mL reduced the TNF-« release by
34% in neutrophils and 63% in PBMCs. Interestingly, some variations in the anti-TNF-o
activity of individual extracts in both cellular models existed: the most active were DEFD
and EAFD in PBMCs but BFD in neutrophils. Moreover, in PBMCs, a significant reduc-
tion in the TNF-a level (p < 0.05) was also seen for DEFD, EAFD, and BFD at 5 ug/mL,
while in neutrophils, only BFD revealed a similar effect. The extracts’ effects reflected the
activity of pure compounds, which were also more effective in PBMCs than in neutrophils.
Interestingly, all three pure polyphenols revealed comparable effects in neutrophils, while
quercetin and chlorogenic acid were slightly more potent than procyanidin B2 in PBMCs.
Nevertheless, the synergistic effects of all polyphenols might be concluded from the sig-
nificant correlations between the activity parameters, TPC and TPH+TTC values of the
extracts/fractions (rmin = —0.9116 in PBMCs, p < 0.001; Table S3).
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Figure 5. Effect of fruit extracts/fractions (1-100 pg/mL) and standards (5-50 uM) on the release

of tumour necrosis factor o (TNF-«) from stimulated human immune cells: (a) neutrophils; and

(b) PBMCs. Standards: QU, quercetin; CHA, chlorogenic acid; PB2, procyanidin B2; HMF, 5-

Hydroxymethylfurfural. Positive control: DEX, dexamethasone. For extracts codes see Table 1.

Data expressed as means =+ SD of five independent experiments performed with cells isolated from

five independent donors. Statistical significance in Dunnett’s test: * p < 0.05 compared with the
stimulated control.

i |

Apart from TNF-g, the impact of the extracts/fractions on the secretion of two other
pro-inflammatory (IL-8, IL-6) and one anti-inflammatory interleukin (IL-10) was tested.
IL-8, also known as the neutrophil chemotactic factor, stimulates the migration and ad-
hesion of neutrophils to the endothelium [42]. TL-6, released mostly by monocytes and
macrophages, affects various immune system functions, including the production of neu-
trophils in the bone marrow. Monocytes/macrophages also release IL-10, the most im-
portant endogenous inhibitor of cytokine synthesis that ensures protection from the over-
exuberant inflammatory response and associated tissue damage [51].

As shown in Figure 6, the analysed extracts/fractions affected mainly the IL-10 secre-
tion, while their effects on IL-8 and IL-6 were less pronounced. Interestingly, the extracts
modulated the IL-10 release in different directions: DEFD and EAFD up-regulated its
secretion, BFF and WRF inhibited its production, while MED did not alter this cytokine
release compared to the LPS-stimulated cells (Figure 6a). The stimulatory effect reached a
maximum (33% increase) for EAFD, while the inhibitory effect (52% decrease) was max-
imal for WRD at 100 pg/mL. Moreover, EAFD and WREF revealed significant effects at
5-50 pg/mL (p < 0.05).
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Figure 6. Effects of fruit extracts/fractions (5-100 ug/mL) and standards (5-50 uM) on the secretion
of anti-inflammatory and pro-inflammatory interleukins from the stimulated human immune cells:
(a) IL-10 from PBMCs; (b) IL-6 from PBMCs; and (c) IL-8 from neutrophils. Standards: QU, quercetin;
CHA, chlorogenic acid; PB2, procyanidin B2; HMF, 5-Hydroxymethylfurfural. Positive control: DEX,
dexamethasone. For extracts codes see Table 1. Data expressed as means + SD of five independent
experiments performed with cells isolated from five independent donors. Statistical significance in
Dunnett’s test: * p <0.05 compared with the stimulated control.

Together with the activity of model polyphenols, this dichotomy suggested that only
low-molecular-weight polyphenols, especially phenolic acids and flavonoids (abundant
in DEFD and EAFD, and represented by chlorogenic acid and quercetin at lower levels),
might contribute to the potentiated IL-10 secretion. Consequently, a significant correlation
between the phenolic contents and IL-10 secretion (rmin = 0.5549, p < 0.05) was primarily
due to the substantial stimulatory effects of DEFD and EAFD, relatively the richest in
phenolic acids and flavonoids (Table 2, Figure 2). It might reinforce the suggestion of their
primary contribution to the up-regulation of IL-10. In contrast, condensed procyanidins
(represented by procyanidin B2) or some non-phenolic compounds (enriched in hydrophilic
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fractions, especially WRF) might act as IL-10 inhibitors. The structure and activity profile
of these compounds should be explained in detail in future studies.

Concerning 1L-8 and 1L-6, the extracts/ fractions tended to inhibit their secretion from
both LPS-stimulated neutrophils and PBMCs (Figure 6b,c), but the statistically significant
effects were visible (p < 0.05) only for selected fractions or at elevated concentration levels
of 50-100 pg/mL. BFD downregulated the 1L-8 release most strongly among the extracts,
by 31% at 100 pg/mL, while DEFD and EAFD were the most influential anti-IL-6 factors,
inhibiting its production by 25% and 31%, respectively. The correlation tests confirmed
that the production of IL-6 was inversely associated with the TPC and TPH+TTC values
(Fmin = =0.9378, p < 0.001; Table S3). Surprisingly, pure polyphenols, especially procyanidin
B2, exhibited relatively potent activity in the IL-8 secretion test, which resulted in a lack of
correlation between phenolic levels and activity parameters (Table S3). It might suggest
some interference from non-phenolic compounds, which requires future studies.

Dexamethasone (DEX), a potent anti-inflammatory drug (5-50 uM), significantly
(p < 0.05) reduced the release of all pro-inflammatory cytokines in both cellular models but
did not influence (p > 0.05) the IL-10 production in PBMCs (Figures 5 and 6).

2.2.6. Drying-Related Differences in Biological Capacity of Dried and Fresh Fruits

A comparison of the results obtained for dried sloes with those presented earlier for
fresh blackthorn fruits [13] indicated that drying-related changes in their polyphenolic
composition significantly influenced their anti-inflammatory and antioxidant activity. In
general, the dried fruit extracts presented slightly lower activity, and the degradation of
anthocyanins and partial loss of proanthocyanidins seem to be of key importance for their
reduced effectiveness. For instance, in the ROS and TNF-« secretion tests in neutrophils,
the extracts/fractions in which the TAC and TTC contents fell the most (MED, BFD, WRD)
were up to 19% and 21% less active, respectively, compared to the respective fractions
of fresh fruits (MEF, BFF, WRF). On the other hand, the partial flavonoid degradation
was probably responsible for the lowered effects of anthocyanin- and procyanidin-free
fractions (DEFD/EAFD vs. DEFF/EAFF). For example, a 37% slide of TFL in DEFD vs.
DEFF resulted in an 18% lower stimulation of IL-10 production in PBMCs. However,
despite variations in their phytochemical profiles, the activity differences between dried
and fresh fruit extracts are not critical, and the dried fruits retained the ability to significantly
modulate the inflammatory response of both types on immune cells.

2.2.7. Biological Effects of HMF

The present study is the first attempt to assess the effects of HMF, a model MRP, on
the viability and pro-inflammatory and pro-oxidant functions of human neutrophils and
PBMCs. As shown in Figure S2, the viability of HMF-treated cells was 85.1-86.6% and
94.9-95.5% for neutrophils and PBMCs, respectively, and did not differ significantly from
the control range. Therefore, HMF at 5-50 uM (0.6-6.0 pg/mlL) can be considered non-
cytotoxic to the tested immune cells. As the average exposure to HMF in a regular human
diet is 44 uM per day [52], this observation might be useful for the general assessment
of HMF-related health hazards. Tt is compatible with the recent reports [53] pointing to
significant antiproliferative effects of HMF on human gastric mucosal epithelial cells only
in concentrations higher than 4 mM (504 pg/mL).

Figure 4a showed that HMF at 5—50 uM decreased the ROS generation by LPS-
stimulated neutrophils by about 15%. At the highest tested concentration (50 uM), HMF
also slightly (by 9—15%) reduced the secretion of some pro-inflammatory factors, including
ELA-2, IL-6, and IL-8 (Figures 4b and 6b,c). On the other hand, the compound significantly
downregulated the release of the anti-inflammatory cytokine IL-10 by up to 29% (Figure 6a).
Concerning TNF-x secretion, the HMF effects varied with the cell type (Figure 5); the
secretion of this cytokine increased in neutrophils (by up to 24% at 50 uM) but decreased
in PBMCs (by up to 40% at 50 uM), which may be due to differences in the cytokine
production mechanisms in various cells. In comparison to model polyphenols, HMF was
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distinguished by the stimulation of the TNF-& production in neutrophils and anti-IL-10
effects in PBMCs. Because the extract richest in HMF and MRPs (DEFD) revealed the
opposite trend, the contribution of these compounds to the biological effects of dried sloes
in terms of [L-10 secretion might be considered negligible or reversed by the presence of
other constituents. On the other hand, HMF might be co-responsible for the downregulation
of TNF-« release by PBMCs.

The observed low antioxidant potential of HMF is consistent with the previous reports
of Kong et al. [54], which demonstrated that this compound (0.25—1 pM) reduced the ROS
production in the murine macrophage-like cell line RAW 264.7 by about 10%. However, in
the same cellular model, HMF at 1 uM strongly inhibited the production of IL-1p, I1.-6, and
TNF-«, even by more than 50% in the case of IL-6 [54]. Moreover, Uchida et al. [55] showed
that HMF could downregulate the IL-6 secretion from bone-marrow-derived murine mast
cells by up to 70% at high concentrations (200 pg/mL, 1.59 mM). Interestingly, our results
revealed only a 10% decrease in the IL-6 level in human PBMCs treated with 50 uM HMF,
which strongly supports the use of human cells in biological activity studies of foods and
herbal medicines.

3. Materials and Methods
3.1. Plant Material and Extracts Preparation

Mature fruits of P. spinosa were collected in October 2018 by handpicking from bushes
naturally growing in Krasnobréd (50° 32 41”N and 23° 12/ 55”E), Poland (near the Roztocze
National Park). Prof. M. A. Olszewska authenticated the fruit sample, according to
Popescu and Caudullo [1]. The voucher specimens (no. KFG/HB/18006-PSP-FRUIT) were
deposited in the Herbarium of the Department of Pharmacognosy, Medical University of
Lodz (Poland). After harvesting, the raw material was divided into two parts. One of them
(fresh fruits) was processed as described earlier [13], and the second was dried in conditions
typical for the production of herbal medicinal products (convective drying at a temperature
not higher than 60°C) [27]. The dried material was powdered with an electric grinder
and sieved through a 0.750-mm sieve. A portion (500.1 g) was sequentially refluxed with
methanol-water (75:25, v/v; 3 x 1.5 L, 30 min, and 2 x 20 min) to give the hydroalcoholic
extract (MED, 250.9 g dw). Next, the sample of MED (220.0 g dw) was suspended in warm
(40 °C) water (1.5 L) and partitioned with organic solvents (10 x 200 mL each) to yield
diethyl ether fraction (DEFD, 7.8 g dw), ethyl acetate fraction (EAFD, 2.7 g dw), n-butanol
fraction (BFD, 23.7 g dw) and water residue (WRD, 26.3 g dw).

3.2. Qualitative and Quantitative Analysis of Phenolic Compounds

The profile of individual phenolic compounds in the extracts/ fractions was evaluated
by UHPLC-PDA-ESI-MS? and HPLC-PDA using the same analytical procedures and
equipment applied previously to fresh fruits [13]. Calibration for HPLC-PDA quantitative
analysis was performed using 21 authentic standards, according to Marchelak et al. [56] and
Magiera et al. [13]. The validation parameters for 5-hydroxymethylfurfural (HMF) — dried
fruit-specific standard (not involved in the previous studies) were shown in Table 3. The
identified peaks were quantified as equivalents of external standards per dw of the extracts,
depending on their structures and UV-Vis spectra. Briefly, hydroxybenzoic acid derivatives
were quantified as protocatechuic acid; monocaffeoylquinic acid isomers as chlorogenic
acid; dicaffeoylquinic acid isomers as cynarin; other hydroxycinnamic acid derivatives
as caffeic acid or p-coumaric acid; flavonoid mono- and diglycosides as isoquercitrin and
rutin, respectively; anthocyanins as cyanidin 3-O-glucopyranoside; and MRPs as HME
Results were calculated per dry weight (dw) of the extracts.

The total phenolic content (TPC) and total content of tannin-type proanthocyanidins
(TTC) were quantified by the Folin-Ciocalteu method and vanillin assay, respectively, as
described previously [13]. The results were expressed in mg gallic acid (GAE)/g of extract
dw and mg procyanidin B2 (PB2)/g of extract dw, respectively.
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Table 3. Validation parameters for HPLC-PDA quantitative method.

R ion (Li Model i
Anadgie egression (Linear el) . Linear Range it LOD (ug/mL)
Equation n (ug/mL)
HMF y =33981.70x — 15618.30 8 0.9999 1.08-108.0 167282.90 0.485

A, detection wavelength; y, peak area; x, concentration of standard in (ug/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, LOD, limits of detection.

The quantitative results were recalculated for the fresh weight (fw) of fruits using the
extraction yield of MED. All standards used for phytochemical profiling were of HPLC
grade (purity at least 95%) and were purchased from Sigma-Aldrich (St. Louis, MO, USA)
or previously isolated in our laboratory from P. spinosa flowers and leaves [13 and
references therein].

3.3. Isolation and Structure Elucidation of MRPs

For isolation purposes, the preparative sample of dried blackthorn fruits (600.5 g)
was extracted as described in Section 3.1 to give the methanol-water (75:25, v/v) extract
(295.7 g dw). The crude extract was suspended in warm (40 °C) water (1.8 L) and re-
extracted with ethyl acetate (10 x 250 mL each) to yield the ethyl acetate fraction (5.6 g dw).
Two MRPs (compounds 2 and 3; Figure 2) were isolated by preparative HPLC-PDA using a
CombiFlash EZ Prep chromatograph (Teledyne ISCO, Lincoln, NE, USA) equipped with a
PDA detector, a self-priming pump, and an internal fraction collector. Separations were
performed on a C18 RediSep Prep column (5.0 um, 150 mm x 20 mm; Teledyne ISCO,
Lincoln, NE, USA). The ethyl acetate fraction (5.0 g dw) was dissolved in 40 mL DMSO,
filtered through a polytetrafluoroethylene (PTFE) syringe filter (25 mm, 0.2 pm, Ahlstrom,
Helsinki, Finland), and the filtrate was injected directly in 2 mL portions into the HPLC
system using the manual injection.

The elution system consisted of solvent A (water) and solvent B (acetonitrile) with
the elution profile as follows: 0-1 min, 5% B (v/v); 1-5 min, 5-10% B; 5-10 min, 10% B;
15-15 min, 10-100% B; 15-20 min, 100% B; 20 min, 5% B; 20-28 min, 5% B (equilibra-
tion). The flow rate was 19.0 mL/min, and the column was maintained at 25 °C. The
effluent was monitored at 290 nm (MRPs) and 350 nm (flavonoids) and automatically
collected into 20 mL test tubes. The subfractions enriched in MRPs were combined and
lyophilised to yield a mixture of compounds 2 and 3 (450.0 mg) in a brown, amorphous,
semi-solid substance.

The structures of the isolates were elucidated by 1D and 2D NMR experiments,
The NMR spectra ('"H NMR, '3C NMR, COSY, HMBC, and HMQC) were acquired on
a Bruker Avance IIl 600 MHz NMR spectrometer (Bruker BioSpin, Rheinstetten, Germany)
in methanol-d4 (600 MHz for 'H and 150.9 MHz for '*C) using TMS as the internal standard.
All reagents were from Sigma-Aldrich (St. Louis, MO, USA).

3.4. Biological Activity Studies in Cellular Models
3.4.1. Isolation of Neutrophils and PBMCs from Human Buffy Coats

Neutrophils and PBMCs were isolated from human buffy coats by dextran sedimenta-
tion, erythrocyte lysis, and centrifugation in a Ficoll-Hypaque gradient (PAA Laboratories,
Pasching, Austria), as previously described [13]. After isolation, the cells were suspended
in RPMI 1640 culture medium (BioWest, Nuaillé, France), (Caz*)-free phosphate-buffered
saline (PBS; Thermo Fisher Scientific, Waltham, MA, USA), or (Ca2*)-free Hanks’ balanced
salt solution (HBSS; Sigma-Aldrich, St. Louis, MO, USA), depending on the test, and were
stored at 4 °C until use. The buffy coats for the study were purchased from the Warsaw
Regional Blood Centre. Peripheral venous blood for fractionation and preparation of buffy
coats was collected in the centre from healthy male volunteers (ages 18-35 years). The
donors were non-smokers, clinically recognised as healthy, and did not take any med-
ications. The study complied with the principles of the Declaration of Helsinki. As it
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used a by-product material available on the market, it did not require the approval of the
bioethics committee.

3.4.2. Viability Assessment of Neutrophils and PBMCs

The potential cytotoxicity of the analytes was assessed by flow cytometry (BD FAC-
SCalibur, BD Biosciences, San Jose, CA, USA) with propidium iodide (PI) staining and
Triton X-100 solution as a positive control, according to Magiera et al. [13]. The final test
concentrations were 1-100 pg/mL for the extracts/fractions and 5-50 uM for pure com-
pounds. The analyses were performed after 24 h and 48 h of incubation for neutrophils and
PBMCs, respectively.

3.4.3. Evaluation of ROS, ELA-2, IL-8, IL-6, TNF-« and IL-10 Secretion by Human
Immune Cells

All assays were performed according to the procedures described previously [13].
Briefly, the ROS production by neutrophils stimulated by N-formyl-L-methionyl-L-leucyl-L-
phenylalanine (f-MLP) was determined using the luminol-amplified chemiluminescence as-
say. The ELA-2 secretion by f-MLP-cytochalasin B-stimulated neutrophils was determined
spectrophotometric using N-succinyl-alanine- alanine-valine-p-nitroanilide (SAAVNA) as
a substrate. The release of pro- and anti-inflammatory cytokines (IL-8, IL-6, TNF-a and
IL-10) by the LPS-stimulated neutrophils and PBMCs was determined with enzyme-linked
immunosorbent assays (ELISA) using the commercial kits. The secretion ranges of indi-
vidual cytokines in ng/mL in stimulated and unstimulated controls for all donors are
presented in Table 4. For each assay, appropriate sample dilutions were made to obtain the
measuring ranges specified by the manufacturer. Finally, the secretion degree of a particular
factor was calculated as a percentage compared to the control cell samples untreated by
the tested analytes (100% activity). As positive controls, dexamethasone (5—50 uM) and
quercetin (2.5—-50 uM) were used. Before the experiments all extracts/compounds were
dissolved in water-DMSO mixtures and diluted with the culture medium to obtain the
desired concentrations. The final DMSO levels in the reaction environment were at most
2.5% and were checked not to influence the results. LPS (from Escherichia coli O111:B4)
was purchased from Merck Millipore (Billerica, MA, USA), ELISA tests from BD Biosciences
(San Jose, CA, USA), and all other reagents from Sigma-Aldrich (St. Louis, MO, USA). All
measurements were performed in 96-well plates using a microplate reader (SYNERGY 4,
BioTek, Winooski, VT, USA).

Table 4. Ranges of cytokine secretion levels (ng/mL) in stimulated and unstimulated controls.

Neutrophils PBMCs
TNF-« IL-8 TNF-« IL-10 IL-6
stimulated control 05-1.8 43.9-88.8 1.5-58 14-28 23-27

unstimulated control 0.03-0.20 10.4-20.2 0.06—0.23 0.08-0.13 0.13-0.26

3.5. Statistics and Data Analysis

The results were expressed as means = standard deviation (SD) for replicate deter-
minations. The one-way analysis of variance (ANOVA), HSD Tukey test, and Dunnett’s
test were applied to evaluate the statistical significance of the mean values, with p < 0.05
regarded as significant. The data were analysed using the Statistical3.1PI software for
Windows (StatSoft, Krakow, Poland).

4. Conclusions

The present study is the first comprehensive analysis addressing the phytochemi-
cal profile and biological capacity of dried P. spinosa fruits and their main components.
Forty-five polyphenolic compounds and three MRPs, including ten new for the plant,
were detected and structurally characterised using the LC-MS technique and NMR spec-
troscopy. Fractionated extraction enabled enrichment of the extracts in active constituents
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and activity enhancement. The obtained extracts/fractions significantly downregulated
the pro-oxidant and pro-inflammatory functions of human neutrophils and PBMCs by
modulating, in particular, the secretion of ROS, TNF-«, ELA-2, and IL-10. Polyphenols
significantly contribute to the observed effects through the synergistic action of phenolic
acids, condensed procyanidins, and flavonoids. The main constituent of the MRPs fraction,
HMF, was nontoxic for the cells at a wide concentration range and able to significantly
downregulate the TNF-« release from PBMCs acting thus additively with polyphenols.
Compared to fresh sloes [13], dried fruits contain significantly lower levels of most polyphe-
nolic compounds and are distinguished by the formation of MRPs. Nevertheless, dried
sloes exhibit considerable pharmacological potential despite the decreased polyphenolic
content. The present results might partly explain their traditional use as an inflammatory
agent and indicate the extracts most suitable for functional application. However, further
studies, including in vivo experiments, are required to confirm their effects eventually.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ molecules27103302 /s1. Table S1. UHPLC-PDA-ESI-MS? iden-
tification data of compounds detected in the dried fruit extracts of P. spinosa; Figure S1. Repre-
sentative UHPLC chromatograms; Table S2. Quantitative profile of the P. spinosa fruit; Table S3.
Correlation (r) coefficients and probability (p) values of linear relationships between antioxidant
and anti-inflammatory activity parameters and phenolic contents of P. spinosa dried fruit extracts;
Figure S2. Effect of the dried fruit extracts and pure compounds on viability (membrane integrity) of
human immune cells. References [13,28,57-68] are cited in the supplementary materials.
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Abbreviations

BFD n-butanol fraction of MED

BFF n-butanol fraction of MEF

CHA chlorogenic acid (5-O-caffeoylquinic acid)
CYG cyanidin 3-O-g-D-glucopyranoside
DEFD  diethyl ether fraction of MED

DEFF  diethyl ether fraction of MEF

DEX dexamethasone

dw dry weight

EAFD  ethyl acetate fraction of MED

EAFF ethyl acetate fraction of MEF

ELA-2  elastase 2 (neutrophils elastase)

fMLP  N-formyl-L-methionyl-L-leucyl-L-phenylalanine

fw fresh weight

GAE gallic acid equivalents
IL interleukin

LOD limits of detection
LOQ limits of quantitation

LPS bacterial lipopolysaccharide

MED methanol-water (75:25, v/v) extract of dried fruits
MEF methanol-water (75:25, v/v) extract of fresh fruits
MRPs  Maillard reaction products

MS? three-stage mass spectrometry

PB2 procyanidin B2

PBMCs  peripheral blood mononuclear cells

QU quercetin

ROS reactive oxygen species

TAC total content of anthocyanins

TFL total content of flavonoids
TNF-x  tumour necrosis factor a
TPA total content of phenolic acids

TPC total phenolic content (Folin-Ciocalteu assay)

TPH total phenolic content (sum of individual phenolics by HPLC)
i ) A total content of tannin-type proanthocyanidins

WRD water residue of MED after fractionated extraction

WRF water residue of MEF after fractionated extraction
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Figure S1. Representative UHPLC chromatograms at 280 nm of (a) methanol extract from dried fruits of
Prunus spinosa, MED; ethyl acetate fraction from dried fruits, EAFD (b); and water residue from dried fruits,
WRD. Peak numbers refer to those implemented in the Supplementary Table S1.
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Table S2. Quantitative profile of the Prunus spinosa fruit.

Dried fruit Fresh fruit
Total contents: mg/g fw mg/g dw mg/g fw* mg/g dw
TPC (GAE) 547 +0.09 13.43+£0.24 13.69+0.55 33.63+1.36
TPH 1.96 +0.12 9.61 +0.30 4.46 +0.09 10.97 + 0.22
TPA 1.67 £0.10 4.11+0.26 3.07 £0.05 7.55+0.13
TAC n.d. n.d. 0.72 £0.02 1.78 £0.04
TFL 0.29 +0.02 0.72+0.04 0.66 +0.03 1.63+£0.08
TTC (PB2) 1.67 £ 0.05 4.10+0.12 6.96 = 0.30 17.10 = 0.74
MRPs 0.19 +0.01 0.46 +0.03 n.d. n.d,
Individual compounds:
Avicularin 0.13+0.02 0.32 +0.04 0.21 +0.02 0.51+0.05
Hyperoside n.d. n.d. 0.02 +0.0007 0.04 +0.001
Isoquercitrin n.d. n.d. 0.01 + 0.0006 0.03 +£0.001
Rutin 0.08 + 0.006 0.20 +0.01 0.25+0.003 0.61+0.007
Quercitrin 0.02 £ 0.002 0.05 +0.005 0.02£0.001 0.06 +0.004
Quercetin 0.01 £ 0.002 0.03 £ 0.005 n.d. nd.
Cyanidin 3-O-glucoside n.d. n.d. 0.31+0.02 0.75+0.05
Cyanidin 3-O-rutinoside n.d. nd. 0.22£0.01 0.53x0.03
Peonidin-3-0-glucoside n.d. n.d. 0.15+0.01 0.38 +0.01
Neochlorogenic acid 0.92 +0.07 2.27+017 2.43+0.05 5.96+0.11
Chlorogenic acid 0.03 £0.002 0.07 £0.005 0.15=0.003 0.36 £0.007
Cryptochlorogenic acid 0.43 + 0.006 1.06 £0.01 0.24 £0.01 0.60+0.03
5-Hydroxymethylfurfural 0.16 +0.01 0.39 +0.03 n.d. n.d.

Results are presented as means + SD (1 = 3). * Values according to Magiera et al. [14]. TPC, total phenolic contents in gallic
acid equivalents (GAE); TPH, total contents of low-molecular-weight phenols determined by HPLC-PDA; TPA, total phe-
nolic acids; TAC, total anthocyanins; TFL, total flavonoids; TTC, total tannins in procyanidin B2 (PB2) equivalents; fw, fresh

weight; dw, dry weight. N.d.: below the limits of quantitation (LOQ) or detection (LOD).
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Figure S2. Effect of fruit extracts/fractions (5-100 ug/mL) and standards (5-50 uM) on viability
(membrane integrity) of human immune cells expressed as a percentage of PI(-) cells (propidium io-
dide-negative): (a) effect on viability of neutrophils after 24 h incubation; (b) effect on viability of
PBMCs after 48 h incubation. Extracts/fractions: MED, methanol-water (75:25, v/v) extract of dried
fruits; DEFD, diethyl ether fraction of MED; EAFD, ethyl acetate fraction of MED; BFD, n-butanol
fraction of MED; WRD, water residue of MED. Standards: DEX, dexamethasone; QU, quercetin; CHA,
chlorogenic acid; PB2, procyanidin B2; HMF, 5-Hydroxymethylfurfural; Positive control: Triton X-100
solution (98.6% of PI(+) cells). Data expressed as means + SD of five independent experiments per-
formed with cells isolated from five independent donors. Statistical significance in Dunnett’s test: *p <
0.05 compared with the stimulated control (+)st.
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Table S3. Correlation (r) coefficients and probability (p) values of linear relationships between biological activity
parameters and phenolic contents of Priius spinosa fruits extracts.

Neutrophils
r (p) for ROS level TNF-«x secretion ELA-2 secretion IL-8 secretion
TPC -0.7099 (0.000)* -0.5936 (0.020)* -0.6390 (0.002)* -0.1314 (0.641)
TPH+TTC -0.6479 (0.001)* -0.5292 (0.042)* -0.6510 (0.001)* -0.1317 (0.625)
PBMCs

r (p) for TNF-a secretion IL-10 secretion [L-6 secretion
TPC -0.9116 (0.000)* 0.5549 (0.032)* -0.9378 (0.000)*
TPH+TTC -0.9134 (0.000)* 0.6685 (0.006)* -0.9774 (0.000)*

Values calculated using activity and concentration parameters reported in Table 1 and Figures 4-6. TPC, total
phenolic contents in gallic acid equivalents (GAE); TPH, total contents of low-molecular-weight phenols de-
termined by HPLC-PDA; TTC, total tannins in procyanidin (PB2) B2 equivalents. Asterisks mean statistical
significance of the linear relationships (p <0 05).
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Abstract: Prunus spinosa fruits (sloes), both fresh and dried, are underexplored dietary components
and ethno-phytotherapeutic remedies applied to treat chronic oxidative-stress-related diseases, in-
cluding diabetes. The present study aimed to evaluate drying-related changes in the antidiabetic
potential of sloe extracts and some bioactivity mechanisms, which might be connected with their
traditional application. The polyphenol-enriched extracts, prepared by fractionated extraction and
phytochemically standardised, i.a., by LC-MS/MS, were tested in vitro using a set of biological and
chemical models. The experiments revealed the significant extracts’ ability to counteract the genera-
tion of advanced glycation end products (AGEs) and inhibit the activity of key glycolytic enzymes,
ie, c-glucosidase and a-amylase. Moreover, they were proved to effectively scavenge multiple
oxidants of physiological importance (O,*~, HO®, H;O,, NO*, HOCI), increase the non-enzymatic
antioxidant capacity of human plasma (NEAC) under oxidative stress conditions induced by perox-
ynitrite, and protect plasma proteins and lipids against peroxidation and nitration at in vivo-relevant
levels (1-50 pg/mL, equivalent to 0.03-6.32 ug polyphenols/mL). In most cases, the activity of fresh
fruit extracts surpassed that of dried-based products. The correlation studies and tests on model
compounds proved polyphenols as dominant contributors to the observed effects. Furthermore, the
co-occurring representatives of various polyphenolic classes were found to contribute to the biological
activity of sloes through additive and synergistic effects. Considering the extraction yield and activity
parameters, especially the superior outcomes compared to anti-diabetic drugs aminoguanidine and
acarbose in the anti-glycation and «-glucosidase inhibition tests, the methanol-water (75:25, v/v)
extract of fresh fruits and its phenolic-enriched fractions revealed the most advantageous potential
for functional application.

Keywords: Prunus spinosa Linne; polyphenols; antidiabetic activity; antioxidant activity; human
plasma; digestive enzymes; glycation

1. Introduction

Diabetes mellitus (DM) is a chronic ailment distinguished by high blood-glucose levels
and various vascular pathologies associated with hyperglycaemia, such as cardiomyopathy;,
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peripheral arterial diseases, diabetic nephropathy or retinopathy [1]. Nowadays, the
frequency of DM is increasing worldwide drastically because of the changing lifestyles and
diets of industrial societies. The International Diabetes Federation expects that the diabetic
population throughout the world will become almost 800 million by 2045, posing severe
health and economic challenge [2].

Significant evidence from epidemiological studies has revealed that long-term con-
sumption of plant-derived foods is inversely correlated with DM and its cardiovascular
complications [3]. The beneficial health effects of plant products are primarily connected
with their polyphenolic constituents, such as flavonoids, anthocyanins, phenolic acid
derivatives, and proanthocyanidins. As therapeutic agents, polyphenols may act through
various molecular mechanisms, including influence on the DM-related metabolic pathways,
inhibition of protein glycation and generation of toxic end products of advanced glycation
(AGEs), enhancement of the total antioxidant status, and modification of inflammatory
response [3,4]. In addition, polyphenols can ameliorate hyperglycaemia by inhibiting the
activity of critical enzymes digesting complex carbohydrates in the intestinal lumen, such
as x-glucosidase and x-amylase [3,5]. Therefore, the development and biological effects of
polyphenol-rich plant-based products that can prevent or treat DM and its complications
has recently gained close attention [4].

Prunus spinosa L. (blackthorn, sloe), which belongs to the Rosaceae family, is a perennial
deciduous plant growing native as a shrub in wild areas of northern Europe, Mediterranean
countries, temperate regions of Asia and in northwest Africa. Moreover, as a naturalized
species, the plant also occurs in the temperate zone of North America [6]. Blackthorn is a
source of edible fruits—fresh plums are used to make syrups, juice, wine, liqueurs, and
tinctures, while dried sloes are added to herbal teas [7]. The polyphenol-rich blackthorn
fruits, both fresh and dried, are pleiotropic ethomedicines indicated to treat gastrointestinal
and urinary inflammations, diarrhoea, and metabolic diseases, including diabetes and
obesity [8,9]. Moreover, herbal formulations of fresh sloes are used as heart-strengthening
and anti-hypertensive agents [10].

Although the ethnopharmacological sources suggested the potential of blackthorn
fruits in the prophylaxis and therapy of DM and its cardiovascular pathologies [8-10], the
relevant activity mechanisms and vectors are still insufficiently recognised. Most of the
earlier works focused on the anti-inflammatory properties of the fruit preparations: the
extracts were proved to downregulate the pro-inflammatory response of human immune
cells, including neutrophils and peripheral blood mononuclear cells [11,12], and inhibit
the expression of adhesion molecules in human endothelial cells [13], which might be
essential for alleviating the DM-associated vascular inflammation. The potential direct
antidiabetic properties of sloe fruits have been analysed to date only by Popovic¢ et al. [14].
They showed that alcoholic extracts of fresh sloes could inhibit x-glucosidase and o-
amylase and investigated the impact of selected polyphenolic compounds on the observed
activity. Unfortunately, the potential of dried fruits to inhibit glycolytic enzymes remained
unexplored to date. On the other hand, plant extracts usually have a complex composition,
and their biological capacities are driven by the joint activity of multiple constituents
rather than by individual phytochemicals, with the benefit of additive and synergistic
effects [15]. Our previous study revealed the vast complexity of the phenolic matrix of sloes;
over 60 compounds representing various chemical classes were identified by LC-MS/MS,
including flavonoids, anthocyanins, phenolic acids, tannin-type proanthocyanidins, and
non-polyphenolic Maillard reaction products (MRPs), present only in the dried fruits [11,12].
Apart from the presence of MRPs, the extracts of fresh and dried P. spinosa fruits differed
significantly in terms of the structure and concentration of numerous polyphenols [11,12].
Therefore, the contribution of various compounds/groups of compounds and differences in
phenolic profiles of fresh and dried blackthorn fruits to their antidiabetic potential should
be explained.

DM and DM-related vascular pathologies are linked to oxidative stress arising from
the hyperglycaemia-induced excessive production of reactive oxygen and nitrogen species
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(ROS/RNS), which can trigger a maladaptive response by affecting numerous signalling
and metabolic pathways in diabetic complications [1]. First, the oxidative steps are involved
in glycation (glycoxidation), i.e., the non-enzymatic reaction between reducing sugars
and protein amino groups, which leads to the generation of AGEs. They are metabolic
pro-oxidants that can directly impair the functions of various proteins and further boost
ROS/RNS secretion. The overproduced ROS/RNS can induce inflammatory reactions and
attack various biomolecules in blood plasma, vascular endothelium, and myocardium,
increasing tissue degradation [16]. Thus, the potential antiglycation effects of blackthorn
fruits, their influence on functional biomolecules under oxidative stress conditions, or
multiple ROS/RNS generated in vivo might represent important activity mechanisms of
sloes in treating diabetes. Unfortunately, there are no previous studies on the subject
to date.

Therefore, the purpose of the present study was: (a) to compare for the first time the
inhibitory ability of the phenolic-enriched extracts from fresh and dried P. spinosa fruits
(thoroughly standardised by various phytochemical methods, including LC-MS/MS) to-
wards glycolytic enzymes (x-glucosidase and a-amylase); (b) to investigate the scavenging
capacity of the extracts towards various ROS/RNS of physiological significance (O;*~,
HO®, HyO,, NO*, HOCL); (c) to evaluate the anti-glycation properties of the extracts (the
impact on the formation of AGEs); and (d) to verify the preventive features of the extracts
against peroxidation and nitration of human plasma components, and their impact on the
non-enzymatic antioxidant capacity of plasma under oxidative stress conditions. Moreover,
correlation studies and comparative tests of native blackthorn polyphenols and MPRs were
applied to specify compounds responsible for the effects observed in vitro. Finally, the
extracts most favourable for their potential use as functional products were selected.

2. Results and Discussion
2.1. Inhibition of Digestive Enzymes Related to Diabetes Mellitus (DM)

The carbohydrate-metabolising enzymes «-glucosidase and x-amylase are among
the leading pharmacological targets for managing DM [17]. The primary function of the
two enzymes is to hydrolyse polysaccharides from food, specifically starch, to enable the
absorption of free monosaccharides in the gastrointestinal tract. The breakdown of starch
to maltose and other oligosaccharides is mainly catalysed in the duodenum by x-amylase
synthesized by pancreatic acinar cells [18]. Subsequently, at the mucosal brush border of the
small intestine cells, a-glucosidase hydrolyse the free oligosaccharides into single glucose
units, which are then transported into the blood [19]. Therefore, inhibiting these enzymes
slows down the digestion of complex sugars, reduces the absorption of the hydrolysis
products, and consequently lowers the postprandial plasma sugar in DM patients.

Antioxidant-rich plant food has significant antidiabetic potential and is used to prevent
and support the treatment of DM [20]. Fruits are among the best sources of bioavailable
polyphenolic antioxidants in the human diet, with excellent potential for producing antidi-
abetic functional foods or even phytotherapeutics. The accumulated research revealed that
the fruits of various Prunus species might be especially effective inhibitors of glycolytic en-
zymes related to DM [21-23]. Therefore, the present study aimed to compare the inhibitory
ability of P. spinosa fresh and dried fruits towards both key carbohydrate-digesting enzymes
a-glucosidase and a-amylase. The material for the study were the hydroalcoholic extracts
of fresh (MEF) and dried (MED) sloes and their concentrated polyphenol-rich fractions
obtained by fractionated extraction of the source extracts with diethyl ether (DEFs), ethyl
acetate (EAFs), and n-butanol (BFs). Moreover, the post-extraction water residues (WRs)
were also analysed to obtain a deeper insight into the activity vectors of the studied extracts.
In our previous works, we showed that fractionation is a convenient way to establish active
components of a studied plant because it enables selective isolation of various groups
of phytochemicals and prevents the coincidental correlations that might be observed for
extracts of similar composition [11,12,24].
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The extracts/fractions for the present study were obtained previously, verified as
non-cytotoxic for human blood cells in vitro, and thoroughly standardised using a panel of
phytochemical techniques, including LC-MS/MS [11,12]. The standardisation allowed the
identification and quantitation of 69 individual compounds as well as the calculation of total
contents of flavonoids (TFL), phenolic acids (TPA), tannin-type proanthocyanidins (TTC),
anthocyanins (TAC), and MRPs [11,12]. The representative chromatograms for fresh fruit
extracts/fractions were provided in Figure 1. The overall phytochemical composition of the
extracts/fractions was shown in Supplementary Table S1; as indicated, their total phenolic
contents (TPC) fall in the range of 26.8-126.5 mg gallic acid equivalents (GAE)/g dw. The
details on the structural identification and quantitative determination of polyphenolic
individuals were reported in earlier works [11,12]. Among the identified compounds,
cyanidin 3-O-glucoside, quercetin 3-O-glucoside (isoquercitrin), quercetin, chlorogenic
acid (5-O-caffeoylquinic acid), and 5-hydroxymethylfurfural (HMF) were chosen as model
representatives of various chemical classes to test the impact of individual phytochemicals
on the analysed activity.

ntens.
mAly
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Figure 1. Example UHPLC chromatograms at 280 nm of (a) methanol-water (75:25, v/v) extract
from fresh P. spinosa fruits, MEF; and (b) its ethyl acetate fraction, EAFF. Peak identification: 1—
vanillic acid O-hexoside; 2—protocatechuic acid; 3—unidentified; 5—cis-3-O-caffeoylquinic acid;
7—neochlorogenic acid; 8—p-hydroxybenzoic acid; 9—neochlorogenic acid hexoside; 10—vanilloyl
malate hexoside; 11—3-O-p-coumaroylquinic acid; 14—chlorogenic acid; 15—cis-3-O-feruloylquinic
acid; 18—ecryptochlorogenic acid; 19—cyanidin 3-O-glucoside; 20—caffeic acid 3/4-O-hexoside; 22—
3-O-feruloylquinic acid; 23—cyanidin 3-O-rutinoside; 24—vanillin; 26—peonidin 3-O-glucoside;
27—cis-3-0-p-coumaroylquinic acid; 28—peonidin 3-O-rutinoside; 29—4-0-caffeoylshikimic acid;
31—4-O-feruloylquinic acid; 33, 35—caffeoylshikimic acid; 38—kaempferol dihexoside; 39—p-
coumaroylshikimic acid; 40—quercetin hexoside-pentoside; 41—quercetin rhamnoside-hexoside;
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42—hyperoside; 44—rutin; 45—isoquercitrin; 46—quercetin 3-0-(2"-0-p-D-glucopyranosyl)-a-L-
arabinofuranoside; 47—reinutrin; 48—guaiaverin; 50—avicularin; 51—multinoside A; 52—quercitrin;
53—isorhamnetin rhamnoside-hexoside; 55—quercetin malyl-pentoside; 56—quercetin acetyl-
hexoside; 61—quercetin acetyl-hexoside-rhamoside; 62—quercetin. Nomenclature of pseudodepsides
according to IUPAC. For details of compounds” identification and quantification see Magiera et al. [11].

As presented in Table 1 and Supplementary Figure S1, most of the tested extracts/ fractions
acted as dose-dependent inhibitors of a-glucosidase and a-amylase but with different ef-
fectiveness towards a particular enzyme. The exceptions were WRF and WRD, which, up
to a concentration of 1500 ug/mL, showed no activity against a-amylase. The estimated
IC5 values indicated the extracts as more potent inhibitors of a-glucosidase than a-amylase,
which follows the recent report of Popovi¢ et al. [14] on the ethanol-water extracts from fresh
P. spinosa fruits from north Serbia. Moreover, the fresh fruit extracts were significantly more
effective than those from dried sloes (Table 1 and Supplementary Figure 51).

Table 1. Inhibitory features of P. spinosa fruit extracts against glycolytic enzymes and protein glycation.

«-Glucosidase ICsg «-Amylase 1Csg AGEs Formation ICs;
(nug/mL) (pg/mL) (ug/mL)
Analytes:

MEF 1543 + 0.84 A 6832 +262€ 42,94 +3.18"8

MED 13631 + 4240 21413 +12.20F 96.83 + 3410

DEFF 18.11 + 0.424 40.89 +2.04 B 73.61 £ 3.09€

DEFD 26.82 + 2754 8645 +3.71€ 51.51 4= 3.57 B

EAFF 5239 +2308 3347 41578 7534 +4.42€

EAFD 128.81 +6.29 P 136.17 £ 10.18 E 79.79 +5.39 €

BFF 90.95 +13.00 € 110.12 £ 15.46 45.50 £3.03 B

BFD 181.64 +9.23F 272.83 +- 418 G 95.53 + 2.67 P

WRF 50.05+2.10 8 it 8293 +2.07€

WRD 161.06 +352F i 97,97 + 5620
Quercetin * 3752+2328 -

Quercetin 3-O-glucoside (isoquercitrin) 209.64 + 564 © - 3.09+0174

Cyanidin 3-O-glucoside 635.13 + 34.43H 3128 +1.66 % 10.90 +0.85 A

Chlorogenic acid = 81.06 + 3.94€ 7.07 £ 0.74 4
5-Hydroxymethylfurfural (HMF) " * -

Reference standards:

Acarbose 177.07 +9.10 BF 490 4+ 0304 -

Aminoguanidine - - 78.89 4 4.95€

1Cs0, Half inhibitory concentration (amount needed for 50% inhibition of a given process) expressed in pg/mg
of the dry extract or standard /mL of the reaction mixture; * inactive up to a concentration of 50 ug/mL, above
50 pg/mL insoluble; ** inactive up to 1000 pg/mL; “** inactive up to 1500 pg/mL. For extracts codes, see
Abbreviations. Data represent the mean values =+ SD (i1 = 3). Values in each column labeled with different capital
letters (A—H) are significantly different at p < 0.05.

The inhibitory activity of all analysed extracts/fractions towards «-glucosidase was
superior compared to acarbose, a reference antidiabetic drug. The most active were hy-
droalcoholic fresh fruit extract (MEF) and DEFs from both fresh and dried sloes (Table 1 and
Supplementary Figure S1). Their ICs; values amounted to 15.4-26.8 ug/mL and were up
to 11.5 times lower than observed for acarbose (177.1 ug/mL), which means much stronger
activity. However, the effect of all other extracts/fractions was also relevant and at least
not worse than that of the drug (p < 0.05), regardless of whether they came from fresh or
dried fruits. Although synthetic drugs, including acarbose, are widely recommended to
treat DM and prediabetes, their medicinal application has numerous side effects, such as
nausea, diarrhoea or flatulence [17]. Therefore, the proven effectiveness of sloe extracts sug-
gests that both fresh and dried P. spinosa fruits are promising raw materials for producing
antidiabetic functional foods with a preference for fresh ones.
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It is worth noting that only a few fruit extracts have been demonstrated to inhibit «-
glucosidase with similar effectiveness to the tested P. spinosa extracts/fractions. According
to the latest literature, the comparable or more advantageous activity in relation to acarbose
was achieved for alcoholic extracts from mulberry (Morus alba L.) [25], sea buckthorn
(Hippophae rhamnoides L.) [26], pomegranate (Punica granatum L.) [27], and dogwoods
(Cornus sp.) [28], while in the genus Prunus they were obtained for peach (Prunus persica
(L.) Batsch) [21] and sweet cherry (Prunus avium 1.) [23]. The reported ICsj values for these
extracts amounted to 0.6-72.0 ug/mL, while the corresponding parameters of P. spinosa
fruit extracts (the most active samples) tested in the present paper reached the values of
15.4-26.8 ug/mL. Therefore, it further supports the use of sloes and extracts thereof in the
phytotherapy of DM, according to traditional recommendations [$,9].

As shown in Table 1 and Supplementary Figure S1, fresh fruit extract (MEF) demon-
strated approximately nine times stronger inhibitory activity towards a-glucosidase than
the dried fruit extract (MED): their ICsq values were 15.4 ug/mL and 136.3 pg/mL, re-
spectively. At the same time, MEF was characterised by much higher total contents of
polyphenols (TPC and TPH) and polyphenolic subgroups (p < 0.05), especially tannin-
type proanthocyanidins (TTC); additionally, MEF was distinguished by the presence of
anthocyanins (TAC), not detected in MED (for details on the drying-related changes in the
P. spinosa phytochemistry see Magiera et al. [12]). This might suggest that proanthocyani-
dins and anthocyanins might be primarily responsible for x-glucosidase inhibition. This
assumption was supported by the results obtained for the BFs and WRs fractions—those
from fresh fruits accumulated significantly higher TAC and TTC levels than those from
dried sloes (p < 0.05). However, the DEFs and EAFs clearly broke out of the pattern as they
did not contain either tannins or anthocyanins; instead, they accumulated elevated levels of
phenolic acids (TPA) and flavonoids (TFL). It strongly suggested that none of the phenolic
groups or individual compounds alone but all polyphenols of the fruits contribute to the
observed effects by synergistic or additive mechanisms. The relatively low effectiveness of
pure model polyphenols, especially cyanidin 3-O-glucoside and chlorogenic acid (Table 1
and Supplementary Figure S1), and the statistically significant correlation between the TPC
levels and activity parameters for a-glucosidase inhibition (r = —0.7273, p < 0.05; Figure 2a,
Supplementary Table S2), confirmed this hypothesis. Our results thus partially contrast
those of Popovi¢ et al. [14], who observed only a relevant correlation of the a-glucosidase
inhibitory activity with the levels of quercetin 3-O-glucoside (isoquercitrin) in the sloe
extract without, however, testing the actual potential of the pure compound. As shown in
Table 1 and Supplementary Figure S1, the reactivity of isoquercitrin cannot solely explain
the activity of P. spinosa extracts. On the other hand, the relatively high ICsy values of
polyphenolic standards might suggest that some non-phenolic compounds may also influ-
ence the inhibitory capacity of the extracts. Previously, Cui et al. [22] reported on the potent
inhibitory capacity of a polysaccharide fraction from the apricot pulp (Prunus armeniaca L.)
towards a-glucosidase. Therefore, further research on blackthorn fruits should address the
possible influence of non-phenolic phytochemicals on their anti-glycolytic activity.

The synergic contribution of polyphenols was also proved for the a-amylase inhi-
bition through a close correlation with the TPC values (r = —0.8328, p < 0.01; Figure 2b,
Supplementary Table S2). This time, polyphenols appeared to be the essential vectors of
the observed effects as the model polyphenolic compounds revealed the relevant activity
with the most decisive impact of flavonoids and anthocyanins (quercetin, cyanidin 3-O-
glucoside). It confirmed the report of Popovi¢ et al. [14] on a similarly strong relationship
between 1/1Cs values for a-amylase inhibition and TPC levels (r = —0.8085, p < 0.01), as
well as some individual quercetin glycosides and anthocyanins in the fresh P. spinosa fruit
extracts. Likewise, the activity parameters of sloe extracts were worse than that found
for acarbose in the present (Table 1 and Supplementary Figure S1) and earlier study [14].
We observed that the most potent extracts/fraction from fresh fruits (MEF, DEFF, EAFF)
inhibited the enzyme 7-14 times weaker than the reference drug, while the capacity of
dried fruit extracts/fraction was even lower. Therefore, only the fresh fruits might be
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a-glucosidase (a)

considered potential x-amylase inhibitors, and the concentrated fruit fractions seem to be
the most valuable for the production of functional food. The enrichment in polyphenols
is more recently becoming an increasingly popular procedure when preparing functional
products [29].

140

TPC

Figure 2. Correlation graphs between the total polyphenolic content (TPC) and: (a) a-glucosidase
inhibition, (b) a-amylase inhibition of the extracts. Graphs plotted with the mean value of 1Cs;
(ug/mL) vs. the mean value of TPC (mg GAE/g dw); Rs, coefficient of determination; r, correlation
coefficients; p, probability values.

The results obtained in the inhibition tests towards glycolytic enzymes may also
provide a preliminary explanation of the antidiabetic activity mechanisms of sloe fruits.
Our results show the selectivity of the extracts in terms of activity mechanisms—they are
more potent inhibitors of a-glucosidase than c-amylase. It should be noted that such
selectivity is beneficial for a functional product candidate and is preferred by modern
medicine and pharmacy. Furthermore, such selectivity is often observed for polyphenol-
rich plant extracts and is probably related to the differences in specific steric affinity of
polyphenols to both these enzymes. For instance, such variations in the inhibitory potential
for a given enzyme might be related to the number of hydroxyl groups and the formation
of hydrogen bonds between the hydroxyl groups of polyphenolic compounds and the
catalytic residues of the enzyme binding sites [23].

2.2. Scavenging of Multiple ROS

ROS/RNS are generated as by-products of the normal oxygen metabolism and have an
essential regulatory role for anti-microbial defense and various cellular functions. However,
the hyperglycemic conditions in DM can lead to the overproduction of ROS/RNS and the
development of systemic oxidative stress. Among different ROS, the superoxide anion
radical (O,® ") is critical in vivo because it is the primary species generated by immune cells
upon different pro-oxidant and pro-inflammatory stimuli. When produced, O,*" is trans-
formed into other toxic ROS/RNS, including hydroxyl radical (HO*®), hydrogen peroxide
(Ha03), nitrogen oxide (NO*®), hypochlorous acid (HOCI), and peroxynitrite (ONOO™) [30].
The increased ROS/RNS production modifies numerous DM-related pathways implicated
in the pathogenesis of diabetic complications, such as the polyol and hexosamine path-
ways, nuclear factor kappa B (NF-kB) signalling pathway, as well as the generation of
AGEs and protein kinase C activation [16,31]. Therefore, the supportive role of dietary
polyphenols in the treatment of DM is often explained by their antioxidant effects and
powerful ability to neutralise a ROS/RNS family in the mitochondrial electron transport
chain. The polyphenolic antioxidants disturb the oxidative sequence in different ways;
they may intercept singlet oxygen, prevent the first-chain initiation by scavenging 0,*~,
decompose primary oxidation products to non-radical species, bind metal ion catalysts,
and interact with various essential signalling proteins [32].

This study explored the scavenging ability of blackthorn fruits towards in vivo-
relevant ROS/RNS for the first time. Previously, only their impact on synthetic free-radicals,
such as DPPH or ABTS**, was mainly investigated [33,34]. As indicated in Table 2 and
Supplementary Figure S2, all of the analysed extracts/fractions of P. spinosa fruits showed a
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significant and concentration-dependent capacity to scavenge five of the most common
ROS/RNS generated in vivo: O2*~, HO®, HyO,, NO®, and HOCI. The especially low SCsy
values, compared to the positive controls of ascorbic acid and Trolox, were found in the
NO*®, HOCl, and O,* " -scavenging tests. In all tests, MEF revealed more potent effects
than MED, indicating stronger antioxidant activity of fresh fruits in relation to dried sloes.
Nevertheless, the SCsy values expressed in ng GAE/mL for all fractions (re-calculated from
the original data with the TPC levels; Supplementary Table S3) showed that blackthorn
polyphenols of both fresh and dried fruits are effective even at very low concentrations. For
example, in the O,*~ -scavenging test, the re-calculated values were 2.7-7.0 pg GAE/mL,
while the respective parameters for model polyphenols and positive controls amounted
5.3-135.3 ug/mL. Among all extracts/fractions, the most potent effects were found for
DEFs and EAFs. It corresponded to our previous reports on the powerful antioxidant
effects of these fractions in human neutrophils ex vivo: at physiological concentrations
(2.5-5 pg/mL; 0.3-0.6 ug GAE/mL), they significantly limited the ROS secretion in the
f-MLP-stimulated cells by approximately 36-69% [11,12]. The present results might thus
suggest that the cellular antioxidant effects of sloes are partly due to their direct ROS-
neutralising potential. Likewise, Fraternale et al. [35] observed that sloe juice increases the
viability of H>O»-stressed premonocytes, probably due to H,O,-scavenging. On the other
hand, Sabatini et al. [13] have documented that the target activity is also connected with
the blockage of the NF-B signalling.

Table 2. Scavenging activity (SCsg) of P. spinosa fruit extracts towards multiple oxidants.

NO* HOCI 0, H,0, HO*
(ug/mL) (ug/mL) (ug/mL) (mg/mL) (mg/mL)
Analytes:
MEF 18.28 + 0.42 H 40.04 + 051 F 73.89 + 358 0.17 + 0.004 E 0.44 + 0.02 EF
MED 43,05 + 3.08! 100.90 + 0.69 © 101.81 £ 3.05E 0.57 + 0.007 7 0.81 +0.02H
DEFF 5614013 F 17.34 4 0.50 BC 29.40 4-0.88 B 0.13 & 0.002 € 0.33 +0.01°
DEFD 385+022P 18.35 + 0.52 BC 32.70 +2.74 B 0.15 4+ 0.002° 032 4 0.01°
EAFF 215+ 0.16€ 3148 +0.64 ° 4508 +2.96€ 0.14 + 0.001 € 0.38 + 0.01 DE
EAFD 479+ 039F 34.44 + 046 DE 5276 +2.82¢€ 0.21 +0.005 F 033 4+ 0.01°
BFF 6.35+041C 39.78 = 0.85F 73.52 + 2.68 P 0.22 +0.002¢ 047 +0.01 F¢
BFD 43.70 +2.49! 96.48 £ 541 C 106.88 = 4.39 F 0.44 = 0.008 ! 0.96 £ 0.06"
WRF 51.76 + 3.89) 38.02 4 0,88 EF 10347 + 406 F 0.27 4 0,002 1 052+ 0036
WRD 40.21 +1.99! 153.46 £ 0.83 H 311.63 £ 7.08C 0.72 £ 0,003 K 1.17 £ 0.06/
Quercetin 048 + 0.034 208 +0.144 7.89 + 024 A 0.008 - 0.001 A 0.05 + 0.002 A
Cyanidin 3-O-glucoside 1.40 +0.09 ® 562 +0.114 10.11£0334 00124000148 017 40.002€
Chlorogenic acid 0.69 -+ 0.024 1382 + 0538 458 £0294 0018 +0.001 48 007 +0.001 AP
5'Hydmxym2thylfurf“ra] L 4 e e 4t
(HMF)
Reference standards:
Ascorbic acid 0.59 + 0.04 A 632+ 0074 528 + 0254 0.014 +0.001 A% 0.14 + 0.005 BC
Trolox 0.59 + 0.024 2149 +121€ 13533 + 559 F 0.020 = 0.001 B 0.13 + 0.003 BC

SCsp, Half scavenging concentration (amount required to reduce the initial oxidant concentration by 50%)
calculated in ug/mg of the dry extract or standard/mL of the reaction mixture; ** inactive up to a concentration
of 500 pg/mL; *** inactive up to 1500 pg/mL. For extracts codes, see Abbreviations. Data are given as mean of
three replicates = SD. Values in each column labeled with different capital letters (A-K) are significantly different
atp < 0.05.

The correlation studies (Supplementary Table S2) and tests on model compounds
(Table 2) proved that polyphenols significantly contribute to the observed scavenging
effects. For all scavenging assays, the essential impact (p < 0.05) of total phenolic contents
(TPC, r > —0.88; TPH, r > —0.71) was evidenced, and O»*~-scavenging also significantly
depended (p < 0.05) on the total flavonoid content (TFL, r > —0.79). Similarly, as in the
digestive enzyme inhibition tests, it suggested a strong synergy between individual black-
thorn polyphenols. Many scientific reports point to the antioxidant synergy of polyphenols.
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For example, the synergism of chlorogenic acid with quercetin, rutin, isoquercitrin, and a
quercetin pentoside-hexoside has previously been documented [15,36,37].

2.3. Inhibition of the AGEs Generation

The overproduction of ROS in hyperglycemic conditions also accelerates the protein
glycation and formation of AGEs. By binding with each other and with proteins, AGEs
form a network of cross-links and disturb the functions of most cells and tissues in the
human body [38]. For example, the glycation of collagen in the vascular wall makes its
fibres stiff and inelastic, which results in the loss of elasticity of blood vessels, a typical
complication of DM. The breakdown of endothelial cells from the extracellular matrix is
also attributed to protein glycation. This may favour the development of atherosclerotic
plaque and diabetic microangiopathies. In addition, the glycation of lipoproteins of cell
membranes increases their permeability, facilitates lipid peroxidation, and causes oxidative
damage to intracellular structures, Furthermore, the binding of AGEs to the AGEs-specific
receptor (RAGE) activates immune cells, such as monocytes/macrophages, granulocytes,
and T lymphocytes, leading to the development of chronic inflammation [38]. Recently,
it has been suggested that AGEs may also damage pancreatic f-cells and contribute to
insulin resistance [39]. Dietary polyphenols are among the most promising natural anti-
glycation agents [40,41]. According to the available data, the anti-glycation activity of
polyphenols is connected with various direct and indirect mechanisms, such as ROS-
scavenging, trapping reactive dicarbonyl compounds, deactivating carbonyl groups of
reducing monosaccharides, binding with proteins, cleaving the AGEs structures, and
downregulating the RAGE expression [41,42].

In this study, the polyphenol-rich P. spinosa fruits were, for the first time, demonstrated
to counteract non-enzymatic protein glycation (Table 1 and Supplementary Figure S1).
All of the tested extracts/fractions prevented the formation of AGEs with effectiveness
comparable to or higher than the reference aminoguanidine. Although it is a prototype
anti-AGEs agent approved for treating some diabetic complications, it has severe side
effects; thus, other glycation inhibitors are in demand [40]. In this context, the most
promising blackthorn extracts are MEF, BFF, and DEFD, revealing significantly stronger
anti-glycation effects than aminoguanidine (p < 0.05). As shown in Table S1, MEF and
BFF were rich in anthocyanins and proanthocyanidins. However, the correlation tests
(Supplementary Table S2) displayed only a moderate relationship between the anti-AGEs
capacity of the extracts and the levels of these groups of polyphenols (r = —0.6820 for
TAC and r = —0.5288 for TTC; p > 0.05). Moreover, the experiments on model compounds
(Table 1 and Supplementary Figure S1) suggested the relevant impact of flavonoids and
phenolic acids, which might be essential for the elevated effects of DEFD. Therefore, again,
the additive or synergistic effects of various polyphenols might better explain the activity
of P. spinosa extracts. Previously, similar conclusions were drawn for anthocyanin-rich
and anthocyanin-free extracts of blackberries, raspberries, blueberries, cranberries, and
strawberries [43]. Moreover, our results also show that the sloe fruit extracts are more
effective inhibitors of AGEs formation than those of many other fruits, commonly consumed
or used in phytotherapy. The IC5q values of the basic hydroalcoholic extracts of sloes are
in the range of 42.9-96.8 pg/mlL, while the methanol extracts of blackberries, black/red
raspberries, and strawberries inhibited protein glycation by only 40% at 100 pg/mL. Lower
antiglycation effectiveness was also observed for extracts of various Coloneaster fruits
(ICsp = 106.4-166.6 ug/mL) [44]. On the other hand, effects comparable to blackthorn
extracts were obtained for the extracts of blueberries and cranberries [43].

2.4. Antioxidant Protection of Human Plasma Components against Oxidative Stress

Oxidative stress is a key factor in the pathogenesis of diabetes complications, espe-
cially within the cardiovascular system [31]. Apart from influencing numerous metabolic
pathways and cell signalling and promoting the formation of AGEs, the overproduced
ROS/RNS have a direct destructive effect on various biomolecules. One of the most toxic
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ROS/RNS generated under hyperglycemic conditions is peroxynitrite (ONOO™), produced
in vivo by the reaction between O,*~ and NO® radicals [45,46]. Once generated, ONOO~
induces structural modifications of functional proteins and lipids in the vascular endothe-
lium and blood plasma, including nitration and dimerisation of tyrosine units, oxidation
of active thiol groups in sulphur-containing amino acids, especially cysteine, and lipid
peroxidation, which eventually leads to chronic cardiovascular dysfunction [47].

Therefore, to check the potential preventive effects of P. spinosa fruit extracts against
oxidative and nitrative injury of biomolecules, an experimental model of human blood
plasma exposed to oxidative stress induced by ONOO™ (100-150 uM; achievable locally
in vivo, e.g., in inflamed blood vessels) was applied [46]. The process was monitored by
measuring the oxidative stress biomarkers, including the products of protein nitration
(3-nitrotyrosine, 3-NT), lipid peroxidation (thiobarbituric acid reactive substances, TBARS),
as well as the total antioxidant capacity of plasma (NEAC). The extracts and fractions
from fresh sloes were selected for the study due to their high ability to inhibit glycolytic
enzymes, potent anti-glycation activity, and significant ROS/RNS-scavenging properties.
In addition, the basic hydroalcoholic extract of dried fruits (MED) was tested for the overall
comparison. The extracts/fractions were assayed at 1-50 ug/mL concentrations, equal
to 0.03-6.32 pg GAE/mL, depending on the TPC value. As discussed earlier with the
accumulated bioavailability data, dietary polyphenols may reach such levels in plasma
after oral supplementation [24,47].

As shown in Figure 3, the ONOO™-stimulated plasma exhibited considerably en-
hanced (p < 0.001) amounts of 3-NT and TBARS (an approximately 17-fold and 2-fold
increase was observed, respectively) compared to the untreated samples. Moreover, a
pronounced decrease in the NEAC value was revealed. In plasma samples co-incubated
with ONOO™ and the extracts/fractions, the nitration and oxidation of both proteins and
lipids were significantly limited (Figure 3a,b), regardless of the type and concentration of
the tested extracts. Even at low levels of 1-5 pg/mL (0.02-0.63 pug GAE/mL), the fresh
fruit extracts/fractions lowered tyrosine nitration by about 23-43% (DEFF and MEF were
the most potent) (Figure 3b). At 50 pg/mL (3.23-6.32 pg GAE/mL), the 3-NT level was
reduced by up to 51% for EAFFE. The dried fruit extract MED was slightly less active; it
reduced the nitration effect by about 22% at 1-5 ug/mL (0.01-0.13 ug GAE/mL) and 44%
at50 pg/mL (1.34 pg GAE/mL).

All tested fresh fruit extracts (except WRF at 1 ug/mL) also protected plasma against
ONOO ™ -induced lipid peroxidation (Figure 3b), regardless of the concentration level. The
most pronounced effect was observed at 5-50 pg/mL; in those conditions, the TBARS
level for the samples incubated with EAFF, DEFF, and MEF was not significantly different
(p > 0.001) or only 1.2-fold higher than that of untreated, control plasma. At 5-50 ug/mL,
all analysed extracts/fractions also restored the NEAC plasma values to the physiological
control levels (Figure 3c). Moreover, the highest enhancement of the NEAC values (to about
130-140% vs. the ONOO™-stimulated plasma) was found at 50 ug/mL of DEFF, EAFF
and MED.

Generally, the fresh fruit extracts/fractions, featured by the highest phenolic contents
(DEFF, EAFF, MEF), especially those enriched with flavonoids and phenolic acids (DEFF,
EAFF), were the most valuable plasma protecting agents. The significant impact of polyphe-
nols on the revealed effects was verified by the strong correlation (r = —0.83, p < 0.001)
between the TPC and TBARS levels. For other tests, where the concentration-dependency
was visible for selected extracts/fractions, the correlations were insignificant (p > 0.001), and
the contribution of polyphenols was confirmed by the studies of model compounds. Tt was
revealed that the preventive effects of quercetin, cyanidin 3-O-glucoside, and chlorogenic
acid at 5 pg/mL did not differ substantially (p > 0.001) from that of positive standards ascor-
bic acid and Trolox (Figure 3), tested at the same concentration. Moreover, the standard
polyphenols did not differ (p > 0.001) in antioxidant effectiveness from each other, except
that cyanidin 3-O-glucoside was especially active in the TBARS test. All these observations
suggest the synergistic/additive effects of various groups of polyphenols in the examined

124



Anna Magiera

Pharmaceuticals 2022, 15, 1300

Rozprawa doktorska Publikacja III

11 0f 18

w
o

extracts. Similar effects were previously observed for some other fruits recommended by
ethnomedicine for the adjunctive treatment of diabetes, such as rowanberries [24], and for
blackthorn flowers [45]. On the other hand, the more potent capacity of the flower extracts
observed previously and related to the higher phenolic contents in flowers [48] compared
to the currently analysed fruits confirmed the significant contribution of polyphenols to the
protective activity of blackthorn extracts in plasma.
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Figure 3. Protective effects of P. spinosa fruits extracts on human plasma under oxidative stress
conditions: (a) influence on the nitration of tyrosine residues in plasma proteins and formation of
3-NT; (b) impact on the lipid peroxidation and TBARS generation; (c) effects on the NEAC value of
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plasma (assessed by FRAP). Data expressed as mean values = SE (n = 7-9). Statistical significance:
#i## p < 0.001 for control plasma versus ONOO™ -treated plasma in the absence of the investigated
analytes; “** p < 0.001 for ONOO™ -treated plasma in the presence of the extracts (1-50 pg/mL) or
model compounds/ positive controls (5 ug/mL) versus ONOO™ -treated plasma without the analytes,
QU, quercetin; CYG, cyanidin 3-O-glucoside; CHA, chlorogenic acid; AA, ascorbic acid; TX, Trolox®™.

All tested fresh fruit extracts (except WRF at 1 ug/mL) also protected plasma against
ONOO ™ -induced lipid peroxidation (Figure 3b), regardless of the concentration level. The
most pronounced effect was observed at 5-50 ug/mL; in those conditions, the TBARS
level for the samples incubated with EAFF, DEFF, and MEF was not significantly different
(p > 0.001) or only 1.2-fold higher than that of untreated, control plasma. At 5-50 ug/mL,
all analysed extracts/fractions also restored the NEAC plasma values to the physiological
control levels (Figure 3c). Moreover, the highest enhancement of the NEAC values (to about
130-140% vs. the ONOQO~-stimulated plasma) was found at 50 ug/mL of DEFF, EAFF
and MED.

Generally, the fresh fruit extracts/fractions, featured by the highest phenolic contents
(DEFF, EAFFE, MEF), especially those enriched with flavonoids and phenolic acids (DEFF,
EAFF), were the most valuable plasma protecting agents. The significant impact of polyphe-
nols on the revealed effects was verified by the strong correlation (r = —0.83, p < 0.001)
between the TPC and TBARS levels. For other tests, where the concentration-dependency
was visible for selected extracts/fractions, the correlations were insignificant (p > 0.001), and
the contribution of polyphenols was confirmed by the studies of model compounds. It was
revealed that the preventive effects of quercetin, cyanidin 3-O-glucoside, and chlorogenic
acid at 5 pg/mL did not differ substantially (p > 0.001) from that of positive standards ascor-
bic acid and Trolox (Figure 3), tested at the same concentration. Moreover, the standard
polyphenols did not differ (p > 0.001) in antioxidant effectiveness from each other, except
that cyanidin 3-O-glucoside was especially active in the TBARS test. All these observations
suggest the synergistic/additive effects of various groups of polyphenols in the examined
extracts. Similar effects were previously observed for some other fruits recommended by
ethnomedicine for the adjunctive treatment of diabetes, such as rowanberries [24], and for
blackthorn flowers [48]. On the other hand, the more potent capacity of the flower extracts
observed previously and related to the higher phenolic contents in flowers [48] compared
to the currently analysed fruits confirmed the significant contribution of polyphenols to the
protective activity of blackthorn extracts in plasma.

According to the available research, the elevated levels of the investigated oxidative
stress biomarkers and reduced plasma antioxidant capacity are valuable factors for pre-
dicting cardiovascular events [49]. Therefore, as the impact of exogenous non-enzymatic
antioxidants on the plasma redox status in vitro corresponds with their in vivo effects [50],
the reported activity of P. spinosa fruit extracts at low concentration levels might be an
argument for their use as a functional food adjuvant in DM. However, further studies are
required to verify their value in vivo experimentally.

2.5. Biological Potential of Maillard Reaction Products (MRPs) in Dried Fruits

Our previous study pointed to the presence of several MRPs in dried P. spinosa
fruits [12]. These are drying-related constituents formed at elevated temperatures in
a multistep reaction of amino acids and reducing carbohydrates [51]. The primary MPR
in sloes is 5-hydroxymethylfurfural (HMF), present at the levels of 0.26-37.8 mg/g dw in
the extracts/fractions of dried fruits (Table S1). HMF is also one of the most commonly
occurring MPRs in food [51,52]. According to the available literature, HMF may have
various biological effects, either beneficial or harmful. The molecular structure of HMF and
the presence of some reactive functional groups, such as an aldehyde group, heterocyclic
furan ring, and conjugated double bonds, have been suggested as the basis for the expected
antioxidant activity of HMF [51,52]. However, in our previous research on the ROS-release
in human neutrophils, the compound revealed relatively low activity; it downregulated the
ROS level by only 15% at 50 pM, compared to a 96% reduction observed for quercetin at
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the same concentration [12]. The present study proved that HMF up to 500-1500 pg/mL
(equivalent to 4-40 uM) has no direct ROS-scavenging capacity (Table 2 and Supplementary
Figure 52). Moreover, it is inactive in the inhibition tests towards glycolytic enzymes (Ta-
ble 1 and Supplementary Figure 51) and unable to inhibit the generation of AGEs (Table 1
and Supplementary Figure S1).

3. Materials and Methods
3.1. Study Material, Extraction and Phytochemical Standardisation

The research material was the extracts and fractions of fresh and dried P. spinosa L.
fruits obtained by fractionated extraction as described previously [11,12]. The ripe fruits for
the study were harvested in October 2018 from the natural habitats in Krasnobrod (Poland)
and divided into two stock samples: one immediately frozen to preserve fresh fruits
and second dried as described earlier [11,12]. Eventually, five various extracts/fractions
were prepared from each material. Briefly, methanol-water (75:25, v/v) extract (MEF)
and its fractions of diethyl ether (DEFF), ethyl acetate (EAFF), n-butanol (BFF), and wa-
ter residue (WRF) were produced from fresh fruits. Likewise, dried fruits yielded the
source extract MED and its DEFD, EAFD, BFD, and WRD fractions. Details on the plant
material origin, its authentication, storage conditions, voucher specimen number, the prepa-
ration of extracts/fractions, and the evaluation of their cellular safety in vitro, as well as
on their comprehensive phytochemical standardisation using a set of chromatographic
and spectrophotometric methods, including LC-MS/MS, were reported in the previous
papers [11,12].

3.2. a-Glucosidase and w-Amylase Inhibition Assays

The inhibition of a-glucosidase was evaluated according to the spectrophotometric
method reported by Ma et al. [53] with slight modifications. The enzyme activity mea-
surement was based on the p-nitrophenyl-a-D-glucopyranoside (p-NPG) hydrolysis. In
brief, 150 uL of a phosphate buffer (0.1 M, pH 6.9) solution of an extract or standard was
mixed with the enzyme (0.43 U/mL, 50 pL) and pre-incubated for 15 min at 37 °C. Next, a
0.7 mM p-NPG solution in the buffer (50 pL.) was added, and after 15 min of incubation, the
reaction was stopped by adding Na,CO; (0.2 M, 50 pL). Finally, the absorbance was read
at 405 nm in a microplate reader. The positive control was acarbose. The values obtained
for the blind samples without the analytes or acarbose meant 100% enzyme activity. The
inhibitory potential of the analytes towards a-glucosidase was expressed as a half inhibitory
concentration (ICs), calculated from concentration-inhibition curves.

The inhibitory activity of the analytes towards x-amylase was determined fluoromet-
rically according to Truba et al. [28] using an EnzChek™ Ultra Amylase Assay Kit. The
test was based on measuring products formed after the enzymatically catalysed hydrolysis
of the corn starch substrate DQTM (labeled with the fluorescent dye BODIPY® FL). The
fluorescence of the hydrolysate was read at 37 °C in a microplate reader at 485 nm and
535 nm for excitation and emission, respectively. The positive control was acarbose. The
values obtained for the blind samples without the analytes or acarbose meant 100% enzyme
activity. The inhibitory potential of the analytes towards a-amylase was expressed as a half
inhibitory concentration (ICsp), calculated from concentration-inhibition curves.

3.3. Multiple Oxidants Scavenging Activity

The scavenging efficiency of P. spinosa fruit extracts/fractions towards various ROS
(O5*~, HO®, H,0,, HOCI, and NO®) was tested using appropriate fluorimetric and spec-
trophotometric methods as described previously [54]. Ascorbic acid and Trolox® served
as positive controls. The results were expressed as half scavenging concentration (SCs)
values, estimated using concentration-scavenging curves.
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3.4. Inhibition of the Formation of Advanced Glycation Endproducts (AGEs)

The impact of the extracts/fractions on protein glycation was evaluated in the fructose-
bovine serum albumin (BSA) test system with aminoguanidine as a positive control accord-
ing to the fluorimetric method of Starowicz and Zieliniski [42], modified by Rutkowska
et al. [24]. The fluorescence was measured at 37 °C in a microplate reader at 355 nm
and 420 nm for excitation and emission, respectively. The results were reported as half
inhibitory concentration (ICsp) values, estimated using concentration-inhibition curves.

3.5. Protective Effects on Human Plasma Exposed to Oxidative Stress

Blood plasma was isolated by differential centrifugation [48,55] of buffy coats (from
healthy volunteers) obtained from the Regional Centre of Blood Donation and Blood
Treatment in Lodz (Poland). The Committee on the Ethics of Research at the University
of Lodz approved all experiments (decision number: 8/KBBN-UL/11/2015). For the
study, plasma samples were pre-incubated for 15 min at 37 “C with the extracts/fractions
(1-50 pg/mL) or model polyphenols/positive controls (Trolox®, ascorbic acid) and then
treated by 100-150 uM ONOO™. Two kinds of control plasma were also prepared; the
first was exposed to ONOO ™ in the absence of the analytes, and the second was the
blind control containing neither analytes nor ONOO ™. Several experiments conducted
with blood plasma and the analytes only (without ONOO™) confirmed the lack of their
direct interactions with plasma components. The influence on the levels of oxidative
stress biomarkers in plasma was evaluated using the appropriate immunoenzymatic and
spectrophotometric methods [48,55]. In brief, a competitive ELISA test was applied to
immunodetect 3-NT in proteins. The results were calculated using the standard curve of
nitro-fibrinogen (3-NT-Fg) and expressed as 3-NT-Fg equivalents (nmol/mg of plasma
proteins). The TBARS levels of plasma lipids were determined spectrophotometrically and
calculated in nmol/mL of plasma. The impact on the NEAC value was measured using the
FRAP assay, with the results calculated from the standard curve of ferrous sulphate and
expressed in mM of Fe?* equivalents [48,55].

3.6. Statistical Analysis

Statistical tests were done using the Satistical3P] software for Windows (StatSoft
Inc., Krakow, Poland). All results were presented as means =+ SD (standard deviation)
or +SE (standard error) for the indicated number of independent replicates. Statistical
comparisons were made using the parametric method of 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 or Dunnett’s test. Pearson correlations were used to evaluate the
relationships between the various parameters. Differences between the mean values and
correlation coefficients were considered significant at p-values less than 0.05.

4, Conclusions

The present paper is the first investigation of the potential of polyphenol-rich extracts
from fresh and dried P. spinosa fruits in the context of diabetes and its complications. Both
fresh and dried fruit extracts revealed high antioxidant capacity, manifested in the potent
direct scavenging of multiple oxidants generated in vivo, effective prevention against the
generation of AGEs, enhancement of the non-enzymatic capacity of plasma under oxidative
stress conditions, and noticeable protection against the nitrative and oxidative structural
changes in plasma proteins and lipids. Moreover, the extracts were confirmed as powerful
inhibitors of glycolytic enzymes, especially a-glucosidase. Polyphenolic compounds seem
to contribute mainly to the observed effects through additive and synergic action. In most
tests, the fresh fruit extracts exhibited more potent effects than those obtained from dried
sloes. It confirmed that the changes in fruit polyphenols during drying have substantial
deteriorative consequences on the biological capacity of the final products. The obtained
results might partly explain the therapeutic application of fresh and dried P. spinosa fruits
in diabetes, recommended by traditional medicine, but suggest that the fresh fruit should
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be favoured. Considering its high extraction yield and promising activity parameters
compared to antidiabetic drugs and reference antioxidants, the hydroalcoholic extract of
fresh sloes (MEF) appears to be most advantageous for biological application. However,
additional research is demanded to confirm its effects in vivo and obtain a deeper insight
into other possible mechanisms related to the treatment of diabetes and its complications.
Moreover, the impact of non-phenolic constituents, including polysaccharides, on fruit
activity should be addressed in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph15101300/s1, S1.: General; Table S1. Overall quantitative
profile of the P. spinosa fruit extracts (mg/g dw); Table 52. Correlation (r) coefficients and probability
() values of linear relationships between antioxidant and antidiabetic activity parameters and
phenolic contents of P. spinosa fruits extracts. Table S3. Scavenging activity (SCs, ng GAE/mL)
of P. spinosa fruit extracts towards multiple oxidants; Figure S1. Inhibitory capacity of P. spinosa
fruit extracts, their activity markers and standards against glycolytic enzymes and protein glycation;
Figure S2. Antioxidant activity of P. spinosa fruit extracts, their activity markers and standards towards
in vivo-relevant oxidants.
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Abbreviations

3-NT-Fg  nitro-fibrinogen

ABTS 2,2’-azino-bis(}ethylbenzothiazoline-6~sulfonic acid)
AGEs advanced glycation end products

BFD n-butanol fraction of MED

BFF n-butanol fraction of MEF

DEFD diethyl ether fraction of MED

DEFF diethyl ether fraction of MEF

DM diabetes mellitus
DPPH 2,2-diphenyl-1-picrylhydrazyl
dw dry weight

EAFD ethyl acetate fraction of MED
EAFF ethyl acetate fraction of MEF
FRAP ferric-reducing ability of plasma
GAE gallic acid equivalents

H,O; hydrogen peroxide

HMF 5-hydroxymetylfurfural
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HO* hydroxyl radical
HOCI hypochlorous acid
MED methanol-water (75:25, v/v) extract of dried fruits

MEF methanol-water (75:25, v/v) extract of fresh fruits
MRPs Maillard reaction products

NEAC non-enzymatic antioxidant capacity of human plasma
NF-xB nuclear factor kappa B

NO* nitrogen oxide

0, superoxide anion radical

ONOO™  peroxynitrite

PB2 procyanidin B2

RAGE AGEs-specific receptor

RNS reactive nitrogen species

ROS reactive oxygen species

TAC total content of anthocyanins

TBARS  thiobarbituric acid-reactive substances

TFL total content of flavonoids

TPA total content of phenolic acids

TPC total phenolic content (Folin-Ciocalteu assay)

TPH total phenolic content (sum of individual phenolics by HPLC)
TIe total content of tannin-type proanthocyanidins

WRD water residue of MED after fractionation

WRF water residue of MEF after fractionation
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S.1. General

High-purity reagents and standards for spectrophotometric and fluorometric assays:
a-glucosidase; acarbose; aminoguanidine; fructose; sodium aside; p-nitrophenyl-a-pD-glu-
copyranoside (p-NPG); bovine serum albumin (BSA); pancreatin from porcine pancreas;
xanthine oxidase from bovine milk; xanthine; nitrotetrazolium blue chloride (NBT); hy-
drogen peroxide (H:0:); horseradish peroxidase; phenol; 4-aminoantipyrine; salicylic
acid; iron (I) sulphate heptahydrate; 4,5-diaminofluorescein ~ (DAF-2);
5-thio-2-nitrobenzoic acid (TNB); sodium borohydride; ethylenediaminetetraacetic acid;
Evans blue; diethylenetriaminepentaacetic acid; Trolox; quercetin; isoquercitrin (querce-
tin  3-O-p-D-glucopyranoside); 5-hydroxymethylfurfural (HMF); chlorogenic acid
(5-O-caffeoylquinic acid); and ascorbic acid; were purchased from Sigma-Aldrich (St.
Louis, MO, USA), while sodium nitroprusside and sodium hypochlorite were obtained
from Avantor Performance Materials (Gliwice, Poland); cyanidin 3-O-f-D-glucopyranosi-
de (CYG) from Phytolab (Vestenbergsgreuth, Germany); and phosphate-buffered saline
(PBS) from Biomed (Lublin, Poland). The EnzChek™ Ultra Amylase Assay Kit was pur-
chased from Thermo Fisher Scientific (Walltham, USA). All immunoreagents for
3-nitrotyrosine detection were purchased from Abcam (Cambridge, UK). 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 tempera-
ture using a BD 23 incubator (Binder, Tuttlingen, Germany). All activity studies were
performed using 96-well plates and monitored by microplate readers: SPECTROstar
Nano (BMG LabTech, Ortenberg, Germany) or Synergy HTX (BioTek, Winooski, VT,
USA).
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Table S1. Overall quantitative profile of the P. spinesa fruit extracts (mg/g dw).
TPC (GAE) TPH TPA TAC TFL TTC (PB2) MRPs
Extracts/fractions::

MEF 87.57 + 3.54¢ 28.56 + 0.58¢ 19.67 +0.33¢  4.64+011% 425+021% 44.53+1.934 n.d.
MED 26.77 + 0.477 9.61 +0.607 8.19 +0.51% n.d. 1.43 +0.09% 8.17 £ 0.24¢ 0.92 +0.07¢
DEFF 126.49 +1.41*  §81.83+0.80¢ 35.15+1.12P n.d. 41.11+0.414 n.d. n.d.
DEFD 124.01£0.700  80.24 £ 1.16¢ 47.51 £1.50¢ n.d. 25.99 £0.77° n.d. 37.75 £2.39A
EAFF 123.63 £3.684 104.02 £ 1.928 91.26 +2.16% n.d. 12.21 £ 0.32¢€ n.d. n.d.
EAFD 10743 +£408% 109.91+1.26% 102.53 +0.854 n.d. 6.69 +0.460 n.d. 13.53 £ 0.78¢

BFF 68.23+0.120 4317+ 1.14° 29.62+1.10¢  9.17+0.33* 438+017¢  8.02+0.23¢ n.d.
BFD 4658 + 2,285 28.49 x 0.96% 25.16=0.80F  0.22+0.01° 3.12+0.24% n.d. 1.37 £0.03¢
WRF 64.59 = 0.61° 6.07 £0.14¢ 4.79+0.08 0.96 +0.06¢ 032+0.02F 28.36=0.41¢ n.d.
WRD 22,59 + 0.05% 0.78 £0.014 0.78 £0.01/ n.d. n.d. 537x0.11°  0.26 £0.003¢

Results are presented as means + SD (n = 3). For each parameter, different superscript letters indicate significant differences (p <
0.05). The highest levels for each parameter are printed in bold. Extracts/fractions: MEF/MED, methanol-water (75:25, v/v) extracts of
fresh/dried fruits; DEFF/DEFD, diethyl ether fraction of MEF/MED; EAFF/EAFD, ethyl acetate fraction of MEF/MED; BFF/BFD,
n-butanol fraction of MEF/MED; WRF/WRD, water residue of MEF/MED. Analytical parameters: TPC, total phenolic contents in
gallic acid equivalents (GAE); TPH, total contents of low molecular weight phenols determined by HPLC-PDA; TPA, total phenolic
acids; TAG, total anthocyanins; TFL, total flavonoids; MRPs, total Maillard reaction products; TTC, total tannins in procyanidin B2
equivalents (PB2). N.d.: below the limits of quantitation (LOQ) or detection (LOD). For detailed quantitative levels and LC-MS/M5
data for identification of individual compounds see the previous papers by Magiera et al. [1,2].
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Table §3. Scavenging activity (SCs, pig GAE/mL) of P. spinosa fruit extracts towards multiple oxidants.

NO* HOCI 02~ H:0: HO"
Extracts/fractions:

MEF 1.60 351 6.47 14.89 38.53
MED 115 2.70 2.73 15.25 21.68
DEFF 0.71 219 372 16.44 41.74
DEFD 0.48 228 4.06 18.60 39.68
EAFF 027 3.89 5.57 17.31 25.66
EAFD 0.51 3.70 5.67 22,56 35.45
BFF 0.43 271 5.02 15.01 32.07
BFD 2,04 449 4.98 20.49 4472
WRF 3.34 246 6.68 17.44 34.05
WRD 0.91 347 7.04 16.26 26.43

SCs, Scavenging efficiency (amount of antioxidant needed to decrease the initial concentration of the oxidant
by 50%) expressed in pg of phenolics/mL of the enzyme reaction solution (values obtained by converting the
original SC= values using the TPC levels); expressed in pg of the dry extract or standard/mL of the reaction
solution; GAE, gallic acid equivalents. For extracts/fractions codes, see Table S1 and Section Abbreviations.
Results presented as mean values + SD (11 = 3).
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Figure S1. Inhibitory capacity of P. spinesa fruit extracts, their activity markers and standards against glycolytic
enzymes and protein glycation. Results are presented as mean values of SCso + SD (11 = 3), expressed in pg of the
dry extract or standard/mL. Extracts/fractions: MEF/MED, methanol-water (75:25, v/v) extracts of fresh/dried
fruits; DEFF/DEFD, diethyl ether fraction of MEF/MED; EAFF/EAFD, ethyl acetate fraction of MEF/MED;
BFF/BFD, n-butanol fraction of MEF/MED; WRF/WRD, water residue of MEF/MED. QU, quercetin; 1Q,
isoquercitrin; CYG, cyanidin 3-O-glucoside; CHA, chlorogenic acid; HMF, 5-hydroxymethylfurfural; AC,
acarbose; AG, aminoguanidine; * inactive up to a concentration of 50 pg/mL, above 50 pg/mL insoluble; ** in-
active up to a concentration of 500 pg/mL; *** inactive up to 1500 pg/mL.

138



Anna Magiera

Rozprawa doktorska

Publikacja III

SCqy ng/mL
g 88 E

g

0,*

- )
,wﬂlﬂlﬂ“aqﬁ,-]
$PEE5ESEEE8835%F

HO*
L
ML I] ﬂ Uafann
LoULQoLOROLODULY
SgigEgisggagsse”

SCsp ug/ml

SC., mg/mlL

0,9
03
0,7
0,6
0,5

04 -+

03
0,2
0,1

HOCI

§

DEFF
DEFD
EAFF

MEF == ]
MED [ ——
DEFF =23
DEFD =21

EAFF =3
EAFD =3

BFF == |

BFD

WRF == | | ‘

WRD
cvG B
™D

Figure S2. Antioxidant activity of P. spinosa fruit extracts, their activity markers and standards towards in vi-
vo-relevant oxidants. Results are presented as mean values of SCso = SD (11 = 3), expressed in pg/mg of the dry
extract or standard/mL. Extracts/fractions: MEF/MED, methanol-water (75:25, v/v) extracts of fresh/dried fruits;
DEFF/DEFD, diethyl ether fraction of MEF/MED; EAFF/EAFD, ethyl acetate fraction of MEF/MED; BFF/BFD,
n-butanol fraction of MEF/MED; WRF/WRD, water residue of MEF/MED. QU, quercetin; CYG, cyanidin
3-O-glucoside; CHA, chlorogenic acid; HMF, 5-hydroxymethylfurfural; AA, ascorbic acid; TX, Trolox®; ** in-
active up to a concentration of 500 pg/mL; *** inactive up to 1500 ug/mL.
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spinosa L. - analiza poréwnawcza” nie byly przedmiotem postepowania o wszczecie
przewodu doktorskiego w innej jednostce uprawnionej do nadawania takiego stopnia. Jestem
wsp6twykonawca badari stanowigcych podstawe mojego doktoratu i posiadam protokoty
badar dostepne do wgladu na zyczenie wtadz Uczelni.

e EEO0:. MOQUR00. ..
(podpis kandydata)
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L6dZ, dnia 07.11.2022

mgr farm, Anna Magiera
Katedra Farmakognozji
Wyadziat Farmaceutyczny
Uniwersytet Medyczny w Ltodzi

OSWIADCZENIE
Oswiadczam, ze:

w publikacji ,Magiera A, Czerwifiska M.E,, Owczarek A, Marchelak A., Granica S., Olszewska
M.A. (2022). Polyphenol-enriched extracts of Prunus spinosa fruits: Anti-inflammatory and
antioxidant effects in human immune cells ex vivo in relation to phytochemical profile.
Molecules, 27(5), 1691, doi: 10.3390/ molecules27051691",

mo6j udzial polegal na wspéttworzeniu koncepcji i planu pracy, wspétautorstwie
manuskryptu, nadzorze nad procesem przygotowania ekstraktow i frakcji, analizie profilu
fitochemicznego ekstraktow i frakcji uzyskanego metodg LC-MS, wykonaniu oznaczen
zawarto$ci zwiazkéw polifenolowych metodami spektrofotometrycznymi i HPLC-PDA dla
ekstraktow/frakcji, wykonaniu oznaczerni wptywu ekstraktow, frakeji, zwiazkéw modelowych
na prooksydacyjne i prozapalne funkcje neutrofilii (inhibicja wytwarzania ROS, hamowanie
sekrecji ELA-2, TNF-, IL-8), wykonaniu oznaczen wplywu ekstraktow/frakcji, zwigzkow
modelowych na pro- i przeciwzapalne funkcje PBMCs (hamowanie sekrecji IL-6, TNF-a,
nasilenie wydzielania 1L-10), ocenie wplywu ekstraktow/frakcji, zwigzkéw modelowych na
Zywotno$¢ ludzkich neutrofilii i PBMCs, analizie statystycznej i interpretacji otrzymanych
wynikéw oraz pefnieniu funkcji autora korespondencyjnego, w tym wspotprzygotowaniu
odpowiedzi dla recenzentéw. M6j udziat w przygotowaniu tej pracy szacuje na 50%.

w publikacji ,Magiera A, Czerwinska M.E,, Owczarek A, Marchelak A., Granica S., Olszewska
M.A. (2022). Polyphenols and Maillard reaction products in dried Prunus spinosa fruits:
Quality aspects and contribution to anti-Inflammatory and antioxidant activity in human
immune cells ex vivo. Molecules, 27(10), 3302, doi: 10.3390/molecules27103302”,

méj udzial polegat na wspéitworzeniu koncepcji i planu pracy, wspoétautorstwie
manuskryptu, nadzorze nad procesem przygotowania ekstraktéw i frakeji niezbednych do
oznaczefi profilu chemicznego oraz aktywnosci biologicznej, przygotowaniu ekstraktéw
niezbednych do izolacji MRPs oraz przeprowadzeniu ich izolacji, analizie profilu
fitochemicznego ekstraktow i frakcji uzyskanego metoda LC-MS, wykonaniu oznaczeh
zawartosci zwiazkéw polifenolowych i MRPs metodami spektrofotometrycznymi i HPLC-PDA
dla ekstraktéw i frakcji, wykonaniu oznaczen wplywu ekstraktow/frakeji, zwigzkow
modelowych na prooksydacyjne i prozapalne funkcje neutrofilii (inhibicja wytwarzania ROS,
hamowanie sekrecji ELA-2, TNF-q, IL-8), wykonaniu oznaczefi wplywu ekstraktéw/frakeji,
zwigzkéw modelowych na pro- i przeciwzapalne funkcje PBMCs (hamowanie sekrecji IL-6,
TNF-, nasilenie wydzielania IL-10), ocenie wplywu ekstraktéw, frakji, zwigzkéw
modelowych na Zywotno$¢ ludzkich neutrofilii i PBMCs, analizie statystycznej i interpretacji
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otrzymanych wynikéw oraz pehieniu funkcji autora korespondencyjnego, w tym
wspétprzygotowaniu odpowiedzi dla recenzentéw. Méj udziat w przygotowaniu tej pracy

szacuje na 65%.

w publikacji ,Magiera A, Kotodziejczyk-Czepas J., Skrobacz K., Czerwiriska M.E.,, Rutkowska
M., Prokop A, Michel P., Olszewska M.A. (2022). Valorisation of the inhibitory potential of
fresh and dried fruit extracts of Prunus spinosa L. towards carbohydrate hydrolysing
enzymes, protein glycation, multiple oxidants and oxidative stress-induced changes in human
plasma constituents. Pharmaceuticals, 15(10), 1300, doi: 10.3390/ph15101300”,

méj udzial polegal na wspéitworzeniu koncepcji i planu pracy, wspdtautorstwie
manuskryptu, wykonaniu oznaczen aktywnosci antyoksydacyjnej ekstraktéw, frakcji,
zwigzkéw modelowych wobec O:'-, HO*, H;0; NO+, HCIO, przeprowadzeniu oznaczen
hamowania enzymu a-amylazy przez ekstrakty, frakcje i zwiazki modelowe, nadzorze nad
wykonaniem oznaczeri hamowania a-glukozydazy dla wszystkich analitéw, wspbtudziale w
procesie optymalizacji metody zahamowania tworzenia AGEs oraz wykonanie w tej metodzie
oznaczeri dla zwigzkéw modelowych i nadzorowanie oznaczen dla ekstraktéw i frakgji,
analizie statystycznej i interpretacji otrzymanych wynikéw oraz pelnieniu funkcji autora
korespondencyjnego, w tym wspétprzygotowaniu odpowiedzi dla recenzentéw. M¢j udziat w
przygotowaniu tej pracy szacuje na 65% .

A Nogeeo,
(podpis)
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+6dz%, dnia 02.11.2022

dr hab. n. farm. Monika A. Olszewska, prof. UM
Katedra Farmakognozji

Wydziat Farmaceutyczny

Uniwersytet Medyczny w Lodzi

OSWIADCZENIE

O$wiadczam, iz w pracach:

,Magiera A, Czerwifiska M.E,, Owczarek A., Marchelak A., Granica S., Olszewska M.A. (2022).
Polyphenol-enriched extracts of Prunus spinosa fruits: Anti-inflammatory and antioxidant effects
in human immune cells ex vivo in relation to phytochemical profile. Molecules, 27(5), 1691, doi:
10.3390/ molecules27051691",

,Magiera A, Czerwinska M.E,, Owczarek A, Marchelak A, Granica S, Olszewska M.A. (2022).
Polyphenols and Maillard reaction products in dried Prunus spinosa fruits: Quality aspects and
contribution to anti-Inflammatory and antioxidant activity in human immune cells ex vivo.
Molecules, 27(10), 3302, doi: 10.3390/molecules27103302",

,Magiera A., Kotodziejczyk-Czepas |, Skrobacz K., Czerwiniska M.E,, Rutkowska M., Prokop A,
Michel P., Olszewska M.A. (2022). Valorisation of the inhibitory potential of fresh and dried fruit
extracts of Prunus spinosa L. towards carbohydrate hydrolysing enzymes, protein glycation,
multiple oxidants and oxidative stress-induced changes in human plasma constituents.
Pharmaceuticals, 15(10), 1300, doi: 10.3390/ph151013007,

méj udziat polegat na wspéitworzeniu koncepcji i planu prac, nadzorze nad poprawnoscia
prowadzonych eksperymentéw i interpretacji wynikéw, konsultacji metodyki analiz
fitochemicznych i aktywnoéci antyoksydacyjnej w modelach bezkomérkowych, udostepnieniu
palety substancji wzorcowych uzyskanych w ramach wcze$niejszych prac izolacyjnych,
wspétautorstwie i finalnej korekcie manuskryptu oraz wsparciu w rozwigzywaniu probleméw
naukowo-badawczych podniesionych przez recenzentéw.

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

Oéwiadczam, ze samodzielna i mozliwa do wyodrebnienia czeé¢ prac wskazuje na indywidualny
wklad mgr Anny Magiery w opracowanie koncepcji, wykonanie czgéci eksperymentalnej,
opracowanie i interpretacjg wynikéw w ww. pracy.

(podpis)
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Warszawa, dnia 22.10.2022

dr hab. n. farm, Monika Ewa Czerwinska

Zaktad Biochemii i Farmakogenomiki

Wydziat Farmaceutyczny

Centrum Badan Przedklinicznych i Technologii (CePT)
Warszawski Uniwersytet Medyczny

OSWIADCZENIE
Os$wiadczam, iz:

w pracy ,Magiera A., Czerwiniska M.E., Owczarek A. Marchelak A., Granica S., Olszewska M.A.
(2022). Polyphenol-enriched extracts of Prunus spinosa fruits: Anti-inflammatory and
antioxidant effects in human immune cells ex vivo in relation to phytochemical profile. Molecules,
27(5), 1691, doi: 10.3390/ molecules27051691",

moj udziat polegat na konsultacji metodyki oraz nadzorze nad poprawnoscia eksperymentéw
przeprowadzonych w modelu ludzkich neutrofilii i PBMCs, a takze korekcie finalnej wersji
manuskryptu,

w pracy ,Magiera A., Czerwinska M.E., Owczarek A, Marchelak A., Granica S., Olszewska M.A.
(2022). Polyphenols and Maillard reaction products in dried Prunus spinosa fruits: Quality
aspects and contribution to anti-Inflammatory and antioxidant activity in human immune cells
ex vivo, Molecules, 27(10), 3302, doi: 10.3390/molecules27103302”,

méj udziat polegat na konsultacji metodyki oraz nadzorze nad poprawno$cia eksperymentéw
przeprowadzonych w modelu ludzkich neutrofilii i PBMCs, a takze korekcie finalnej wersji
manuskryptu.

w pracy ,Magiera A, Kolodziejczyk-Czepas J., Skrobacz K., Czerwinska M.E., Rutkowska M.,
Prokop A, Michel P., Olszewska M.A. (2022). Valorisation of the inhibitory potential of fresh and
dried fruit extracts of Prunus spinosa L. towards carbohydrate hydrolysing enzymes, protein
glycation, multiple oxidants and oxidative stress-induced changes in human plasma constituents,
Pharmaceuticals, 15(10), 1300, doi: 10.3390/ph15101300",,

moéj udzial polegal na konsultacji metodyki oraz nadzorze nad poprawno$cia oznaczen
hamowania enzymu a-amylazy, a takze korekcie finalnej wersji manuskryptu przygotowanego
przez gtéwnych autoréw.

Jednoczes$nie wyrazam zgode na przeditozenie ww. pracy przez mgr farm. Anne Magierg jako
czg§¢ rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykuléw opublikowanych
w czasopismach naukowych.
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Os$wiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$¢ prac wskazuje na indywidualny
wkiad mgr Anny Magiery w opracowanie koncepcji, wykonanie czeéci eksperymentalnej,
opracowanie i interpretacjg¢ wynikéw w ww, pracy.

(podpis)
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Warszawa, dnia 28.10.2022

prof. dr hab. n. med. i n. 0 zdr. Sebastian Granica
Microbiota Lab

Zaktad Biologii | Farmakognozji

Wydzial Farmaceutyczny

Warszawski Uniwersytet Medyczny

OSWIADCZENIE
Oswiadczam, iz:

w pracy Magiera A, Czerwinska M.E, Owczarek A, Marchelak A, Granica S., Olszewska M.A,
(2022). Polyphenol-enriched extracts of Prunus spinosa frults: Anti-inflammatory and
antioxidant effects in human immune cells ex vivo in relation to phytochemical profile. Molecules,
27(5), 1691, doi: 10.3390/ molecules27051691%,

méj udzial polegal na wykonaniu oznaczen profilu fitochemicznego ekstraktow i frakeji metoda
LC-MS, konsultacji metodyki analiz przeprowadzonych w modelu ludzkich neutrofilii oraz
korekcie finalnej wersji manuskryptu przygotowanego przez gldwnych autorow.

w pracy Magiera A, Czerwiska M.E, Owczarek A, Marchelak A, Granica S., Olszewska MA.
(2022). Polyphenols and Maillard reaction products in dried Prunus spinosa fruits: Quality
aspects and contribution to anti-Inflammatory and antioxidant activity in human immune cells
ex vivo, Molecules, 27(10), 3302, dol: 10.3390/molecules27103302°,

méj udzial polegal na wykonaniu oznaczen profilu fitochemicznego ekstraktow i frakejl metoda
LC-MS, konsultacji metodyki analiz przeprowadzonych w modelu ludzkich neutrofilii oraz
korekcie finalnej wersji manuskryptu przygotowanego przez glownych autordw.,

Jednoczesnie wyrazam zgodg na przediozenie ww. pracy przez mgr farm. Ann¢ Magiere jako
czg$¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykuléw opublikowanych
w czasopismach naukowych.

Odwiadczam, ze samodzielna i mozliwa do wyodrghnienia czes¢ prac wskazuje na indywidualny
wklad mgr Anny Magiery w opracowanie koncepcji, wykonanie czescl eksperymentalnej,
opracowanie | interpretacje wynikow w ww, pracy.

e G S
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£6dz, dnia 22.10.2022

dr hab. Joanna Kolodziejczyk-Czepas, prof. UL
Katedra Biochemii Ogélnej Wydziat

Biologii i Ochrony Srodowiska

Uniwersytet £.odzki

OSWIADCZENIE

Os$wiadczam, iz:

w pracy ,Magiera A, Kotodziejczyk-Czepas J., Skrobacz K., Czerwirniska M.E., Rutkowska M.,
Prokop A, Michel P., Olszewska M.A. (2022). Valorisation of the inhibitory potential of fresh and
dried fruit extracts of Prunus spinosa L. towards carbohydrate hydrolysing enzymes, protein
glycation, multiple oxidants and oxidative stress-induced changes in human plasma constituents,
Pharmaceuticals, 15(10), 1300, doi: 10.3390/ph15101300”,

moj udziat polegat na optymalizacji i wykonaniu analiz aktywnoéci antyoksydacyjnej w modelu
ludzkiego osocza dla ekstraktow, frakji i zwigzkoéw modelowych, a takze korekcie finalnej wersji
manuskryptu przygotowanego przez gtéwnych autoréw.

Jednoczesnie wyrazam zgode na przedtozenie ww. pracy przez mgr farm. Anne Magiere jako czes¢
rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

O$wiadczam, ze samodzielna i mozliwa do wyodrebnienia czgé¢ prac wskazuje na indywidualny
wkiad mgr Anny Magiery w opracowanie koncepcji, wykonanie czgéci eksperymentalne;j,
opracowanie i interpretacje wynikéw w ww. pracy.

/ae U le 2 ,Kpﬁxzz’ 2c ?74%/ 1 - [z@ﬁ,{,‘%

(podpis)
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L.6dz, dnia 02.11.2022

dr n. farm. Anna Marchelak
Katedra Farmakognozji
Wydziat Farmaceutyczny
Uniwersytet Medyczny w Lodzi

OSWIADCZENIE
O$wiadczam, iz:

w pracy ,Magiera A, Czerwifiska M.E,, Owczarek A, Marchelak A., Granica S., Olszewska M.A.
(2022). Polyphenol-enriched extracts of Prunus spinosa fruits: Anti-inflammatory and
antioxidant effects in human immune cells ex vivo in relation to phytochemical profile. Molecules,
27(5), 1691, doi: 10.3390/ molecules27051691",

méj udziat polegal na przygotowaniu ekstraktéw i frakcji oraz konsultacji w zakresie
interpretacji wynikéw otrzymanych w analizie profilu fitochemicznego ekstraktéw i frakeji
uzyskanego metoda LC-MS.

w pracy ,Magiera A, Czerwifiska M.E,, Oweczarek A, Marchelak A., Granica S., Olszewska M.A.
(2022). Polyphenols and Maillard reaction products in dried Prunus spinosa fruits: Quality
aspects and contribution to anti-Inflammatory and antioxidant activity in human immune cells
ex vivo. Molecules, 27(10), 3302, doi: 10.3390/molecules27103302",

moéj udziat polegat na przygotowaniu ekstraktéw i frakcji oraz konsultacji w zakresie
interpretacji wynikéw otrzymanych w analizie profilu fitochemicznego ekstraktéw i frakeji
uzyskanego metoda LC-MS.

Jednocze$nie wyrazam zgode na przediozenie ww. pracy przez mgr farm. Anne Magiere jako
cze$¢ rozprawy doktorskiej w formie spbjnego tematycznie zbioru artykutow opublikowanych
w czasopismach naukowych.

0Oéwiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$¢ prac wskazuje na indywidualny
wkiad mgr Anny Magiery w opracowanie koncepcji, wykonanie czeéci eksperymentalnej,
opracowanie i interpretacje wynikéw w ww. pracy.

.....................................................
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16dz%, dnia 02.11.2022

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

0SWIADCZENIE
Os$wiadczam, iz:

w pracy ,Magiera A, Kotodziejczyk-Czepas J., Skrobacz K., Czerwinska M.E, Rutkowska M.,
Prokop A., Michel P., Olszewska M.A. (2022). Valorisation of the inhibitory potential of fresh and
dried fruit extracts of Prunus spinosa L. towards carbohydrate hydrolysing enzymes, protein
glycation, multiple oxidants and oxidative stress-induced changes in human plasma constituents.
Pharmaceuticals, 15(10), 1300, doi: 10.3390/ph15101300",

méj udziat polegat na przeprowadzeniu oznaczenn hamowania enzymu a-glukozydazy dla
ekstraktéw i frakcji otrzymanych z owocow suszonych.

Jednocze$nie wyrazam zgode na przedtozenie ww. pracy przez mgr farm. Anng Magiere jako
cze$¢ rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

Oéwiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$¢ prac wskazuje na indywidualny
wkltad mgr Anny Magiery w opracowanie koncepcji, wykonanie czesci eksperymentalnej,
opracowanie i interpretacjg wynikéw w ww. pracy.

.....................................................
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£6dz, dnia 02.11.2022

dr n. farm. Aleksandra Owczarek-JanuszKkiewicz
Katedra Farmakognozji

Wydziat Farmaceutyczny

Uniwersytet Medyczny w Lodzi

OSWIADCZENIE
Os$wiadczam, iz:

w pracy ,Magiera A, Czerwiniska M.E,, Owczarek A., Marchelak A, Granica S., Olszewska M.A.
(2022). Polyphenol-enriched extracts of Prunus spinosa fruits: Anti-inflammatory and
antioxidant effects in human immune cells ex vivo in relation to phytochemical profile. Molecules,
27(5), 1691, doi: 10.3390/ molecules27051691",

méj udziat polegat na konsultacji w zakresie interpretacji wynikéw otrzymanych w analizie
profilu fitochemicznego ekstraktéow i frakcji uzyskanego metodg LC-MS, a takze korekcie
merytorycznej i jezykowej finalnej wersji manuskryptu przygotowanego przez gtéwnych
autorow.

w pracy ,Magiera A, Czerwiniska M.E,, Owczarek A., Marchelak A, Granica S., Olszewska M.A.
(2022). Polyphenols and Maillard reaction products in dried Prunus spinosa fruits: Quality
aspects and contribution to anti-Inflammatory and antioxidant activity in human immune cells
ex vivo. Molecules, 27(10), 3302, doi: 10.3390/molecules27103302",

méj udziat polegat na konsultacji w zakresie interpretacji wynikéw otrzymanych w analizie
profilu fitochemicznego ekstraktéw i frakcji uzyskanego metoda LC-MS, optymalizacji metody
preparatywnej HPLC-PDA izolacji MRPs, analizie strukturalnej wyizolowanych MRPs, a takze
korekcie merytorycznej i jezykowej finalnej wersji manuskryptu przygotowanego przez
gtéwnych autoréw.

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

Oéwiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$¢ prac wskazuje na indywidualny
wkiad mgr Anny Magiery w opracowanie koncepcji, wykonanie czeéci eksperymentalnej,
opracowanie i interpretacje wynikéw w ww. pracy.

Mcuwtm Qievel” oot e
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16dz, dnia 02.11.2022

dr n. farm. Magdalena Rutkowska
Katedra Farmakognozji

Wydziat Farmaceutyczny
Uniwersytet Medyczny w todzi

OSWIADCZENIE
Oséwiadczam, iz:

w pracy ,Magiera A, Kotodziejczyk-Czepas ], Skrobacz K, Czerwinska M.E., Rutkowska M.,
Prokop A., Michel P, Olszewska M.A. (2022). Valorisation of the inhibitory potential of fresh and
dried fruit extracts of Prunus spinosa L. towards carbohydrate hydrolysing enzymes, protein
glycation, multiple oxidants and oxidative stress-induced changes in human plasma constituents.
Pharmaceuticals, 15(10), 1300, doi: 10.3390/ph15101300",

méj udziat polegat na optymalizacji metody zahamowania tworzenia AGEs oraz wykonanie w tej
metodzie oznaczen dla ekstraktéw i frakcji.

Jednoczeénie wyrazam zgode na przedtozenie ww. pracy przez mgr farm. Ann¢ Magiere jako
cze$é rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

Oéwiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$¢ prac wskazuje na indywidualny
wktad mgr Anny Magiery w opracowanie koncepcji, wykonanie czesci eksperymentalnej,
opracowanie i interpretacje wynikéw w ww. pracy.

(podpis)
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Anna Magiera Rozprawa doktorska Oswiadczenia wspdétautorow

Krakéw, dnia 22.10.2022

mgr farm. Aleksandra Prokop
Koto Naukowe

Katedra Farmakognozji
Wydziat Farmaceutyczny
Uniwersytet Medyczny w Lodzi

OSWIADCZENIE
Oswiadczam, iz:

w pracy .Magiera A., Kotodziejczyk-Czepas J., Skrobacz K., Czerwiniska M.E, Rutkowska M.,
Prokop A., Michel P., Olszewska M.A. (2022). Valorisation of the inhibitory potential of fresh
and dried fruit extracts of Prunus spinosa L. towards carbohydrate hydrolysing enzymes, protein
glycation, multiple oxidants and oxidative stress-induced changes in human plasma constituents.
Pharmaceuticals, 15(10), 1300, doi: 10.3390/ph15101300%,

moéj udzial polegal na przeprowadzeniu oznaczen hamowania enzymu a-glukozydazy dla
zwigzkow modelowych oraz ekstraktéw i frakcji otrzymanych z owocdw Swiezych.

Jednocze$nie wyrazam zgode na przediozenie ww. pracy przez mgr farm. Anne Magiere jako
cze$¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykulow opublikowanych
w czasopismach naukowych.

Oswiadczam, Ze samodzielna i mozliwa do wyodrebnienia cze$¢ prac wskazuje na indywidualny
wkiad mgr Anny Magiery w opracowanie koncepcji, wykonanie czesci eksperymentalnej,
opracowanie i interpretacje wynikow w ww. pracy.

wHhletsandnz.. Tiokge...
(podpis)
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todz, dnia 22.10.2022

mgr Karolina Skrobacz
_ Katedra Biochemii Ogélnej Wydziat
Biologii i Ochrony Srodowiska

Os$wiad iz

w pracy .Magiera A, Kolodziejczyk-Czepas |., Skrobacz K., Czerwiniska M.E, Rutkowska M.,
Prokop A., Michel P., Olszewska M.A. (2022). Valorisation of the inhibitory potential of fresh and
dried fruit extracts of Prunus spinosa L. towards carbohydrate hydrolysing enzymes, protein
glycation, multiple oxidants and oxidative stress-induced changes in human plasma constituents.
Pharmaceuticals, 15(10), 1300, doi: 10.3390/ph15101300”,

moj udzial polegat na wykonaniu analiz aktywnosci antyoksydacyjnej w modelu ludzkiego
osocza dla ekstraktow, frakeji i zwiazkéw modelowych.

Jednoczesnie wyrazam zgode na przedlozenie ww. pracy przez mgr farm. Anne Magiere jako
czgsc rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutéw opublikowanych

w czasopismach naukowych.

Os$wiadczam, Ze samodzielna i mozliwa do wyodrebnienia czes$¢ prac wskazuje na indywidualny
wkiad mgr Anny Magiery w opracowanie koncepcji, wykonanie czesSci eksperymentalnej,
opracowanie i interpretacj¢ wynikéw w ww. pracy.

(podpis)
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Wyksztalcenie i catkowity dorobek naukowy

Wyksztalcenie

» 2021-2022 - studia podyplomowe ,Zarzadzanie projektami: metodyki, praktyka, techniki,
narzedzia”, Politechnika Warszawska, Wydziat Elektroniki i Technik Informacyjnych
Instytut AutomatyKki i Informatyki Stosowane;j.

» 2017-2022 - studia doktoranckie, Uniwersytet Medyczny w todzi, Wydziat
Farmaceutyczny, Katedra Farmakognozji, opiekun naukowy: dr hab. n. farm. Monika A.
Olszewska, prof. UM; otwarcie przewodu doktorskiego: 30.01.2019.

» 2011-2017 - studia magisterskie, kierunek: Farmacja, Uniwersytet Medyczny w Lodzi,
Wydziat Farmaceutyczny.

Praca magisterska przygotowana w Zaktadzie Farmakognozji pod kierunkiem naukowym
dr hab. n. farm. Moniki A. Olszewskiej, prof. UM (promotor) i dr n. farm. Aleksandry
Owczarek (opiekun): ,Optymalizacja izolacji wybranych zwigzkéw flawonoidowych
z materialu ro$linnego z wykorzystaniem metod chromatografii cieczowej -
wysokosprawnej i typu flash”, praca magisterska wyrézniona Il miejscem w Wydzialowym
Konkursie Prac Magisterskich.

Kursy, szkolenie, certyfikaty

» 2021 - Certyfikat ,AgilePM® Agile Project Management Foundation Examination”; APMG
International.

» 2021 - Certyfikat ,PRINCE2® Foundation Certificate in Project Management”; Axelos.
» 2021 - Certyfikat ,Process Iceberg® Facilitation Methodology”; Centrum Facylitacji.

» 2021 - Certyfikowany kurs dla Monitoré6w i kandydatéw na Monitoréw Badan
Klinicznych; Brillance.

» 2021 - Certyfikowane szkolenie ,Dobér witasciwej surowicy w procesie hodowli
komoérek”; Merck.

» 2021 - Certyfikowane szkolenie ,Autentykacja linii komdrkowych. Kolekcja komorek
ECACC jako wiarygodne Zrédto materiatu badawczego”; Merck.

» 2021 - Certyfikowane szkolenie ,,Smart up your lab” - rozwigzania utatwiajgce prace
i poprawiajgce bezpieczenstwo w laboratoriach chemicznych”; Merck.

» 2021 - Certyfikowane szkolenie ,Wyroby Medyczne-Tworzenie, badania, rejestracja”;
TUV Nord Polska i Centrum Innowacji i Transferu Technologii.

» 2020 - Certyfikowane szkolenie dla oséb planujacych, wykonujacych, uczestniczacych
i uSmiercajagcych zwierzeta w doswiadczeniach; Uniwersytet Medyczny w Lodzi,
Zwierzetarnia Wydziatu Farmaceutycznego.

» 2019 - Certyfikowane szkolenie ,Innowacyjne rozwigzania do hodowli komdrek
ssaczych”; Merck.

» 2019 - Certyfikat ,Goethe-Zertifikat C1”; Goethe Institut.

155



Wyksztatcenie i catkowity

Anna Magiera Rozprawa doktorska dorobek naukowy

Staze naukowe

» 09.2022-11.2022 - Staz badawczy w zaKkresie oceny aktywnos$ci przeciwzapalnej réznych

substancji roslinnych w modelach komérek uktadu immunologicznego (Warszawski
Uniwersytet Medyczny, Zaktad Biologii i Farmakognozji, opiekun naukowy stazu: prof. dr
hab. n. med. i n. o zdr. Sebastian Granica).

09.2020-12.2020 - Staz badawczy w zakresie hodowli linii komoérkowej ludzkiego
gruczolakoraka jelita grubego Caco2 (Warszawski Uniwersytet Medyczny, Wydziat
Farmaceutyczny, Katedra Farmakognozji i Molekularnych Podstaw Fitoterapii, opiekun
naukowy stazu: dr hab. n. farm. Monika E. Czerwinska).

10.2019-11.2019 - Staz badawczy w zakresie izolacji PBMCs z krwi obwodowej oraz
oceny ich funkcji prozapalnych (Warszawski Uniwersytet Medyczny, Wydziat
Farmaceutyczny, Katedra Farmakognozji i Molekularnych Podstaw Fitoterapii; opiekun
naukowy stazu: dr hab. n. farm. Monika E. Czerwinska).

05.2019-06.2019 -Staz badawczy w zakresie izolacji neutrofili z krwi obwodowej oraz
oceny ich funkcji pro-oksydacyjnych i prozapalnych (Warszawski Uniwersytet Medyczny,
Wydziat Farmaceutyczny, Katedra Farmakognozji i Molekularnych Podstaw Fitoterapii;
opiekun naukowy stazu: dr. hab. n. farm. Monika E. Czerwiniska, prof. dr hab. n. med. i n. o
zdr. Sebastian Granica).

09.2018-10.2018 - Staz badawczy w zakresie analizy aktywnos$ci enzyméw
zaangazowanych w procesy trawienne (a-amylazy oraz lipazy) (Warszawski Uniwersytet
Medyczny, Wydziat Farmaceutyczny, Katedra Farmakognozji i Molekularnych Podstaw
Fitoterapii; opiekun naukowy stazu: dr hab. n. farm. Monika E. Czerwinska).

Prace oryginalne

1.

Magiera A., Kotodziejczyk-Czepas |., Skrobacz K., Czerwiniska M.E., Rutkowska M., Prokop
A, Michel P., Olszewska M.A. (2022). Valorisation of the inhibitory potential of fresh and
dried fruit extracts of Prunus spinosa L. towards carbohydrate hydrolysing enzymes,
protein glycation, multiple oxidants and oxidative stress-induced changes in human
plasma constituents. Pharmaceuticals, 15, 1300, IF2021=5.215, MEiN2021=100.

. Kicel A,, Magiera A., Skrzywanek M., Malczuk M., Olszewska M.A. (2022). The inhibition of

a-glucosidase, a-amylase and protein glycation by phenolic extracts of Cotoneaster
bullatus, Cotoneaster zabelii, and Cotoneaster integerrimus leaves and fruits: Focus on anti-
hyperglycemic activity and kinetic parameters. Molecules, 27, 7081, IF2021=4.927,
MEiN2021=140.

. Magiera A. Czerwinska M.E., Owczarek A., Marchelak A., Granica S., Olszewska M.A.

(2022). Polyphenols and Maillard Reaction Products in dried Prunus spinosa fruits: Quality
aspects and contribution to anti-Inflammatory and antioxidant activity in human immune
cells ex vivo. Molecules, 27, 1691, IF2021 = 4.927, MEiN2¢21 = 140.

Magiera A. Czerwinska M.E., Owczarek A. Marchelak A. Granica S. Olszewska M.A.
(2022). Polyphenol-enriched extracts of Prunus spinosa fruits: Anti-Inflammatory and
antioxidant effects in human immune cells ex vivo in relation to phytochemical profile.
Molecules, 27, 3302, IF2021=4.927, MEiN2021=140.
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5. Magiera A., Rychlinska L., Olszewska M.A. (2022). Comparative HPLC-DAD analysis of
arbutin content in selected commercial spices from Lamiaceae available on the European
market. Acta Poloniae Pharmaceutica - Drug Research, 79(1), 33-40, IF2021=0.555,
MEiNzoz1=100.

6. Olszewska M.A., Owczarek A., Magiera A., Granica S., Michel P. (2021). Screening for the
active anti-inflammatory and antioxidant polyphenols of Gaultheria procumbens and their
application for standardisation: From identification through cellular studies to
quantitative determination. International Journal of Molecular Sciences, 22(21), 11532,
IF2021=6.208, MEiNzoz1=140.

7. Owczarek A., Kotodziejczyk-Czepas ], WoZniak-Serwata ]., Magiera A., Kobiela N.,
Wasowicz K, Olszewska M.A. (2021). Potential activity mechanisms of Aesculus
hippocastanum bark: Antioxidant effects in chemical and biological in vitro models.
Antioxidants, 10(7), 995, IF2021=7.675, MEiN2021=100.

8. Rutkowska M., Kotodziejczyk-Czepas ], Owczarek A. Zakrzewska A. Magiera A,
Olszewska M.A. (2021). Novel insight into biological activity and phytochemical
composition of Sorbus aucuparia L. fruits: Fractionated extracts as inhibitors of protein
glycation and oxidative/nitrative damage of human plasma components. Food Research
International, 147, 110526, IF2021=7.425, MEiN2021=140.

9. Magiera A. Marchelak A., Michel P.,, Owczarek A. Olszewska M.A. (2021). 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, 35(13), 2263-2268, IF2021=2.488, MEiN221=70.

10.0lszewska M.A., Granica S., Kotodziejczyk-Czepas ]., Magiera A., Czerwinska M., Nowak P.,
Rutkowska M., Owczarek A. (2020). Variability of sinapic acid derivatives during
germination and their contribution to antioxidant and anti-inflammatory effects of
broccoli sprouts in human plasma and human peripheral blood mononuclear cells. Food
and Function, 11(8), 7231-7244, IF2020= 5.396, MNiSW2019=100.

11.Michel P., Granica S., Magiera A., Rosinska K., Jurek M., Poraj L., Olszewska M.A. (2019).
Salicylate and procyanidin-rich stem extracts of Gaultheria procumbens L. inhibit pro-
inflammatory enzymes and suppress pro-Inflammatory and pro-oxidant functions of
human neutrophils ex vivo. International Journal of Molecular Sciences, 20(7), 1753,
IF2019=4.556, MNiSW2019=14-0.

12.0lszewska M.A. Kotodziejczyk-Czepas ]., Rutkowska M., Magiera A., Michel P., Rejman
M.W., Nowak P., Owczarek A. (2019). The effect of standardised flower extracts of Sorbus
aucuparia L. on pro-inflammatory enzymes, multiple oxidants and oxidative/nitrative
damage of human plasma components in vitro. Oxidative Medicine and Cellular Longevity,
2019, 9746358, IF2019=5.076, MNiSW2019=100.

13.Magiera A., Sienkiewicz M., Olszewska M.A.,, Kicel A., Michel P. (2019). Chemical profile
and antibacterial activity of essential oils from leaves and fruits of Gaultheria procumbens
L. cultivated in Poland. Acta Poloniae Pharmaceutica - Drug Research, 76(1), 93-102,
IF2019=0.456, MNiSW2019=100.
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14.0wczarek A., Magiera A. Matczak M., Piotrowska D.G., Olszewska M.A. Marchelak A.
(2017). Optimisation of preparative HPLC separation of four isomeric kaempferol
diglycosides from Prunus spinosa L. by application of the response surface methodology.
Phytochemistry Letters, 20, 415-424, IF2017=1.575, MNiSW3¢17=20.

Prace przegladowe

1. Magiera A. (2022). Das therapeutische Potenzial von Picrorhiza kurroa bei der
Behandlung von Lebererkrankungen. Uberblick iiber den aktuellen Wissensstand.
Zeitschrift fiir Phytotherapie, 43(2), 67-72, MEiN2021=20.

2. Magiera A. Prokop A., Gieleta M., Olszewska M.A. (2021). Potencjal terapeutyczny
owocéw niepokalanka pospolitego (Vitex agnus-castus) w schorzeniach ginekologicznych
- przeglad aktualnego stanu wiedzy. Farmacja Polska, 77(8), 491-502, MEiN221=70.

3. Nowak S., Magiera A., Kopka K, Kicel A., Olszewska M.A. (2018). Rodzaj Grindelia Willd.
Zrédiem cennych roslin leczniczych. Farmacja Polska, 74(9), 521-530, MNiSW2017=8.

4. Magiera A. Marchelak A., Owczarek A. Olszewska M.A. (2018). Profil fitochemiczny
i potencjat terapeutyczny szanty zwyczajnej (Marrubium vulgare) - przeglad aktualnego
stanu wiedzy. Farmacja Polska, 74(4), 210-222, MNiSW2017=8.

5. Marchelak A., Magiera A., Owczarek A., Olszewska M.A. (2017). Kora Terminalia arjuna -
wskazania tradycyjnej medycyny ajurwedyjskiej w $wietle wspotczesnych badan
Klinicznych. Farmacja Polska, 73(8), 465-473, MNiSW2017=8.

6. Magiera A. Marchelak A, Owczarek A. (2017). Terminalia chebula - wskazania
tradycyjnej medycyny w $wietle badan fitochemicznych i farmakologicznych. Farmacja
PoIska, 73(5), 275-284, MNiSW2017=8.

Sumarczyczny wspotczynnik Impact Factor wedlug listy JCR zgodnie z rokiem
opublikowania wynosi 61.406, natomiast tagczna punktacja MEiN/MNiSW jest rowna 1652.

Komunikaty zjazdowe

1. Gieleta M., Olszewska M.A., Marchelak A., Wisniewska J., Magiera A. Zmienno$¢ sezonowa
zawartosci polifenoli oraz aktywnosci przeciwcukrzycowej lisci Prunus spinosa L. XXIV
Naukowy Zjazd Polskiego Towarzystwa Farmaceutycznego, Lublin (Polska), 2021, poster.

2. Magiera A., Prokop A., Czerwinska M.E., Rutkowska M., Olszewska M.A. Evaluation of
blackthorn (Prunus spinosa L.) fruits activities targeting management of diabetes and
related complications using in vitro models. International Conference on Plant Systems
Biology and Biotechnology (ICPSBB), Ztote Piaski (Butgaria), 2021, poster.

3. Magiera A., Czerwinska M.E. Olszewska M.A. In vitro anti-inflammatory activity of
blackthorn (Prunus spinosa L.) fruits extracts in human immune cells. International
Conference on Plant Systems Biology and Biotechnology (ICPSBB), Ztote Piaski (Butgaria),
2021, poster.
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4. Prokop A, Olszewska M.A., Magiera A. Ziele szanty zwyczajnej (Marrubium vulgare L.) -
wskazania medycyny tradycyjnej w $wietle aktualnych badan nad sktadem i aktywnos$cig
biologiczna. Il Ogdlnopolska Konferencja Naukowa ,Perspektywy wykorzystania roslin
w nauce i przemysle”, Lublin (Polska), 2020, referat ustny.

5. Magiera A., Czerwinska M.E., Olszewska M.A. Analiza profilu polifenolowego ekstraktow
ze Swiezych i suszonych owocéw Prunus spinosa L. oraz ocena ich wplywu na sekrecje
wybranych czynnikbw pro- i przeciwzapalnych. Kopernikanskie E-Seminarium
Doktoranckie, Torun (Polska), 2020, poster.

6. Magiera A., Czerwinska M.E., Kotodziejczyk-Czepas ]., Olszewska M.A. Wielokierunkowa
aktywnos$¢ s$wiezych i suszonych owocéw Prunus spinosa L. - uwarunkowania
fitochemiczne. V Krajowa Konferencja Naturalne Substancje Roslinne - Aspekty
Strukturalne i Aplikacyjne, Putawy (Polska), 2019, referat ustny.

7. Olszewska M.A., Kotodziejczyk-Czepas ], Owczarek A. Rutkowska M., Michel P,
Magiera A. Effects of Sorbus aucuparia flower extracts on in vivo-relevant oxidants and
oxidative/nitrative damage of human plasma components. 11th International Symposium
On Chromatography Of Natural Products, Lublin (Poland), 2018, poster.

8. Kicel A., Owczarek A, Gralak P.,, Magiera A. Olszewska M.A. Polyphenolic profile,
antioxidant effectiveness and pro-inflamatory enzymes inhibition of flower, leaves, fruits
and bark of Cotoneaster integerrimus. 11th International Symposium On Chromatography
Of Natural Products, Lublin (Poland), 2018, poster.

9. Michel P., Granica S., Rosinska K. Magiera A., Olszewska M.A. Phytochemical profile of
Gaultheria procumbens stem extracts and their effects on the pro-inflamatory and pro-
oxidant functions of human neutrophils. 11th International Symposium On
Chromatography Of Natural Products, Lublin (Poland), 2018, poster.

10. Owczarek A., Kobiela N., Magiera A., Olszewska M.A. Development of a UHPLC-PDA
method for standardization of Hippocastani cortex by statistical and numerical
optimization. 11th International Symposium On Chromatography Of Natural Products,
Lublin (Poland), 2018, poster.

11. Rutkowska M., Dubicka M., Magiera A., Olszewska M.A. Variation in the phenolic
profile and antioxidant activity of Sorbus domestica (L.) leaves during foliar development.
11th International Symposium On Chromatography Of Natural Products, Lublin (Poland),
2018, poster.

12. Magiera A. Owczarek A, Michel P., Rutkowska M. Olszewska M.A. Profil
fitochemiczny i aktywno$¢ przeciwzapalna ekstraktow z kwiatéw jarzebu pospolitego
(Sorbus aucuparia L.). Il Konferencja Naukowo - Szkoleniowa Studentéw Wydziatu
Farmaceutycznego Uniwersytetu Medycznego w t.odzi, 1.6dz (Polska), 2018, poster.

13. Magiera A., Sienkiewicz M., Olszewska M.A. Kicel A. Michel P. Analiza skiadu
chemicznego oraz aktywnosSci przeciwbakteryjnej olejkow eterycznych z owocow i lisci
gaulterii rozestanej (Gaultheria procumbens L.) uprawianej w Polsce, II Konferencja
Naukowo - Szkoleniowa Studentéw Wydziatu Farmaceutycznego Uniwersytetu Medycznego
w todzi, 1.6dz (Polska), 2018, poster.
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14. Magiera A. Marchelak A, Owczarek A. Terminalia chebula - tybetanski "krol

15.

medycyny” w S$wietle wspotczesnych badan fitochemicznych i farmakologicznych.
Konferencja Naukowa Studentéw Wydziatu Farmaceutycznego z Oddziatem Kosmetologii
i Oddziatem Analityki Medycznej Uniwersyetu Medycznego w todzi , 150 rocznica urodzin
Marii Sktodowskiej-Curie, 1.6dZ (Polska), 2017, poster.

Owczarek A. Magiera A. Marchelak A, Olszewska M.A.: Application of response
surface methodology in optimization of separation of four isomeric flavonoid diglycosides
from Prunus spinosa leaf. 10th International Symposium On Chromatography Of Natural
Products, Lublin (Poland), 2016, poster.

Nagrody i stypendia za dzialalno$¢ naukowa

1.

Zespotowa Nagroda Naukowa II stopnia Rektora Uniwersytetu Medycznego w Lodzi za
publikacje ,Variability of sinapic acid derivatives during germination and their
contribution to antioxidant and anti-inflammatory effects of broccoli sprouts on human
plasma and human peripheral blood mononuclear cells” - IF = 5.396. (2021).

. Zespotowa Nagroda Naukowa I stopnia Rektora Uniwersytetu Medycznego w Lodzi za cykl

publikacji ,Profil fitochemiczny oraz aktywno$¢ przeciwzapalna i antyoksydacyjna
ekstraktéw z wybranych substancji ro$linnych z rodzaju Sorbus w modelach in vitro” - IF =
8.135. (2020).

. Zespotowa Nagroda Naukowa II stopnia Rektora Uniwersytetu Medycznego w Lodzi za

cykl publikacji ,Profil fitochemiczny oraz aktywnos$¢ przeciwzapalna i antyoksydacyjna
ekstraktow z pedow Gaultheria procumbens w modelach in vitro” - IF = 4.556. (2020).

. Zespotowa Nagroda Naukowa III stopnia Rektora Uniwersytetu Medycznego w todzi za

cykl publikacji ,Gatunki Grindelia integrifolia oraz Gaultheria procumbens Zrédiem
olejkdw eterycznych o aktywno$ci przeciwbakteryjnej” - [F=2.614. (2020).

Nagroda dla autora najlepszej prezentacji ustnej podczas V Krajowej Konferencji
,2Naturalne Substancje Ros$linne - Aspekty Strukturalne i Aplikacyjne” w Putawach, (2019).

Zespotowa Nagroda Naukowa III stopnia Rektora Uniwersytetu Medycznego w tLodzi za
cykl publikacji ,Zastosowanie metod statystycznych do optymalizacji rozdziatéw HPLC
produktéw roslinnych” - IF = 3.097, (2018).

Stypendium Rektora Uniwersytetu Medycznego w Lodzi dla najlepszych doktorantéw za
osiagniecia naukowe (2018/2019, 2019/2020, 2020/2021).

Dzialalnos$¢ popularyzatorska

1.

Wsparcie merytoryczne dla studentéw Polskiego Towarzystwa Studentéw Farmacji przy
organizacji ogoélnopolskiej akcji "Skonsultuj z Farmaceutg - Choroby Tarczycy" (L6dz,
09.04.2022).

. Wsparcie merytoryczne dla studentéw Polskiego Towarzystwa Studentéw Farmacji przy

organizacji ogolnopolskiej akcji "Skonsultuj z Farmaceuta - Cukrzyca" (L6dz, 20.11.2021).

. Wyktadowca w projekcie "UMED edukuje” w ramach Programu Operacyjnego Wiedza

Edukacja Rozw6j 2014-2020 (14-23.09.2021).

160



Wyksztatcenie i catkowity
Anna Magiera Rozprawa doktorska dorobek naukowy

4. Wsparcie merytoryczne dla studentéw Polskiego Towarzystwa Studentéw Farmacji przy
organizacji (wraz z Okregowa Izbg Aptekarska w Lodzi) biegu "Recepta na Zdrowie -
L6dz" (w ramach ogdlnopolskiej akcji promujgcej aktywno$é¢ fizyczna) (Lodz, 12.06.2021).

5. Wsparcie merytoryczne dla Studentéw Polskiego Towarzystwa Farmaceutycznego przy
organizacji ogélnopolskiej akcji profilaktycznej ,Skonsultuj z Farmaceutg - Cukrzyca”
(k6dz,30.11.2019).

6. Wsparcie merytoryczne dla Studentéw Polskiego Towarzystwa Farmaceutycznego przy
organizacji ogo6lnopolskiej akcji profilaktycznej ,,Skonsultuj z Farmaceutg -Nadci$nienie
tetnicze” (L6dz, 23.03.2019).

Dzialalnos$¢ dydaktyczna

» Prowadzenie zaje¢ dydaktycznych z przedmiotu Farmakognozja.
» Pemnienie roli opiekuna 8 prac magisterskich.

» Opieka nad cztonkami Kota Naukowa przy Zaktadzie Farmakognozji. W efekcie pracy
w ramach Kota Naukowego powstaty dwie publikacje naukowe oraz 3 komunikaty
zjazdowe (w tym jeden w formie ustnej) zaprezentowane na konferencjach krajowych
oraz zagranicznych.
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