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STRESZCZENIE

Obecne trendy zywieniowe i sSwiadomos¢ konsumentéw zorientowane sg na relacje miedzy spozywang
zywnos$cig i stosowaniem naturalnej diety a wplywem na stan zdrowia i prewencjg chorob. Konsekwentnie,
rosngce zagrozenia zdrowotne zwigzane z nieodpowiednim odzywianiem zwickszaja presje rozwoju innowacji
i produktéw funkcjonalnych ukierunkowanych na surowce ro§linne o udowodnionym dziataniu
prozdrowotnym. W tym kontekscie, owoce rokitnika pospolitego (Hippophaé rhamnoides L.) wpisuja si¢
w strategie¢ poszukiwania naturalnych czynnikéw profilaktyki chorob niezakaznych, jednak ich walory
sensoryczne i ztozono$¢ fazy hydrofilowo-lipidowej stanowia wyzwanie nie tylko dla konsumentow, ale takze

dla przemystu spozywczego.

Celem pracy byto okreslenie profilu prozdrowotnego owocow rokitnika pospolitego i opracowanie
technologii otrzymywania funkcjonalnych i atrakcyjnych sensorycznie produktow o ukierunkowanych
wlasciwosciach prozdrowotnych na bazie owocow tej rosliny. Osiagnigcie celu oparto o realizacje 4 etapow
badawczych: (1) analiza frakcji biologicznie aktywnej rokitnika pospolitego; (2) optymalizacja procesu
fermentacji jablkowo-mlekowej sokéw na bazie owocdw rokitnika pospolitego; (3) opracowanie recepturowe
i optymalizacja technologii otrzymywania produktow funkcjonalnych z sokiem z owocow rokitnika
pospolitego; (4) analiza wlasciwosci fizykochemicznych i1 potencjalu prozdrowotnego mikrokapsutek

otrzymanych z soku z owocow rokitnika pospolitego.

Wyniki uzyskane w pierwszym etapie pozwolity na stwierdzenie, ze jagody rokitnika pospolitego maja
unikatowg kompozycje lipofilowych i1 hydrofilowych zwigzkéw bioaktywnych istotnie modulujgcych
aktywnos$¢ przeciwcukrzycowa, przeciw otylosci, przeciwstarzeniowa, przeciwzapalng i przeciwutleniajaca.
Okreslono r6znorodnos¢ anatomicznych czesci rokitnika pospolitego (skorka, migzsz, nasiona, endokarp, pedy
i liscie) pod wzgledem zwigzkéw fenolowych, triterpendw i skladnikow mineralnych. Analiza sokow,
powszechnej komercyjnie formy przetworzenia owocoéw rokitnika pospolitego, potwierdzita dziatanie
przeciwcukrzycowe, przeciw otyltosci i potencjat zwigkszenia funkcjonalnosci sokow w ograniczaniu zmian
neurodegeneracyjnych z uwagi na obecnos¢ fitoprostanéw, fitofuranow, tokoferoli, tokotrienoli

1 aminokwasow.

W dalszej kolejnosci rozwazono potencjat jakim owoce rokitnika pospolitego si¢ charakteryzuja przez
aspekt technologiczny zwigzany z projektowaniem zywnosci o ukierunkowanym potencjale prozdrowotnym.
Okreslono dynamike zmian zawarto$ci kwasdéw organicznych, cukrow, zwiazkow fenolowych oraz
aktywnosci przeciwutleniajacej podczas fermentacji jabtkowo-mlekowej soku z owocow rokitnika pospolitego
i soku mieszanego rokitnik — jablko. Wybrane szczepy Lactobacillus plantarum i L. plantarum subsp.
argentoratensis charakteryzowata wysoka aktywno$¢ metaboliczna, sprzyjaty akumulacji flawonoli
i wzrostowi aktywno$ci przeciwutleniajacej, stad fermentacje jablkowo-mlekowa z ich zastosowaniem uznano

za obiecujaca metode biologicznego odkwaszania sokéw na bazie owocoéw rokitnika pospolitego.

Zaprojektowano produkty typu smoothie zawierajace wysoki udzial soku z owocow rokitnika
pospolitego (25% i 50%), jednoczesnie o wysokim potencjale prozdrowotnym i akceptacji konsumenckiej.
Nowatorskie formuty produktowe nalezy traktowac jako uzupetnienie diety o potencjalnych wtasciwosciach

przeciwutleniajacych, przeciwstarzeniowych i przeciwcukrzycowych. Komponowanie soku z owocow



rokitnika pospolitego z innymi owocami i warzywami, powszechnie dostepnymi dla przemystu przetworczego

w Polsce, wptyngto takze na poprawe atrakcyjnosci smaku, barwy i aromatu produktow.

Badania nad optymalizacjg procesu mikroenkapsulacji soku z owocow rokitnika pospolitego
pozwolily na wskazanie maltodekstryny jako substancji powlekajacej konkurencyjnej w poréwnaniu
do inuliny, ze wzgledu na wyzsze stgzenie zwigzkow fenolowych, aktywno$¢ przeciwutleniajaca,
niesprzyjanie bragzowieniu nieenzymatycznemu i akumulacji HMF w mikrokapsutkach. W pracy
przedstawiono wptyw no$nikow polisacharydowych i rodzajow suszenia w kontekscie stabilnosci wybranych
zwigzkow chemicznych i aktywnos$ci przeciwutleniajacej soku z owocow rokitnika pospolitego po procesie

suszenia i przechowywania.

Na podstawie przeprowadzonych badan wskazano, ze rokitnik pospolity stanowi wartosciowy
surowiec do produkcji jednoczesnie funkcjonalnych i atrakcyjnych sensorycznie produktow. Stwierdzono
wysoki potencjal owocow rokitnika pospolitego jako skladnika zywno$ci bogatej w zwigzki bioaktywne
0 potencjale przeciwutleniajagcym, przeciwcukrzycowym, przeciw  otylosci, przeciwzapalnym

1 przeciwstarzeniowym.

Stowa kluczowe: rokitnik pospolity, czesci anatomiczne, soki, smoothie, fermentacja jabtkowo-mlekowa,
mikrokapsulki, zwigzki bioaktywne, przeciwutleniajacy, przeciwstarzeniowy, przeciwcukrzycowy, przeciw

otylosci, przeciwzapalny



ABSTRACT

Current dietary trends and consumer awareness focus on the relationship between the consumed food,
a natural diet and its impact on health and disease prevention. Therefore, growing health risks related
to inadequate nutrition increase the pressure to develop innovative and functional products based on plant raw
materials with proven health-promoting effects. In this context, sea buckthorn (Hippophaé rhamnoides L.)
berries fit in the strategy of searching for natural agents that may help prevent non-communicable diseases.
However, their sensory qualities and the complexity of their hydrophilic-lipid phase pose a challenge not only

for consumers but also for the food industry.

The aim of the study was to determine the health-promoting profile of sea buckthorn berries and
to develop a technology for the production of functional and tasteful products with targeted health-promoting
properties based on sea buckthorn fruits. This objective was implemented in four research steps: (1) analysis
of the biologically active fraction of sea buckthorn; (2) optimization of the malolactic fermentation of juices
based on sea buckthorn fruits; (3) development of recipes and optimization of technology for obtaining
functional products with sea buckthorn fruit juice; (4) analysis of physicochemical properties and health-

promoting potential of microcapsules obtained from sea buckthorn fruit juice.

The results obtained in the first step demonstrated a unique composition of lipophilic and hydrophilic
bioactive compounds of sea buckthorn berries that significantly modulate anti-diabetic, anti-obesity,
anti-aging, anti-inflammatory, and antioxidant activities. The diversity of the anatomical parts of sea buckthorn
(skin, pulp, seeds, endocarp, shoots, and leaves) was determined in terms of their content of phenolic
compounds, triterpenes, and mineral nutrients. Analysis of juices, a commercially common form of processing
sea buckthorn fruits, confirmed their anti-diabetic and anti-obesity properties. It also indicated the potential
to increase the functionality of juices in reducing neurodegenerative changes due to their content

of phytoprostanes, phytofurans, tocopherols, tocotrienols, and amino acids.

Further, the potential of sea buckthorn fruits was considered in the technological aspect related to the
design of foods with targeted health-promoting properties. The dynamics of changes in the content of organic
acids, sugars, phenolic compounds, and antioxidant activity during malolactic fermentation of sea buckthorn
fruit juice and mixed sea buckthorn-apple juice was determined. Selected strains of Lactobacillus plantarum
and L. plantarum subsp. argentoratensis were characterized by high metabolic activity. They promoted
accumulation of flavonols and increased the antioxidant activity of the juices. Malolactic fermentation was

therefore considered a promising method of biological deacidification of sea buckthorn fruit-based juices.

The designed smoothie products, containing high proportion of sea buckthorn fruit juice (25% and
50%), achieved both high health-promoting potential and consumer acceptance. Novel product formulations
should be considered as dietary supplements with potential antioxidant, anti-aging, and anti-diabetic
properties. Mixing sea buckthorn fruit juice with other fruits and vegetables, commonly available for

processing industry in Poland, improved the taste, color, and aroma of the final products.

Studies on the optimization of microencapsulation of sea buckthorn fruit juice identified maltodextrin
as a coating agent more valuable than inulin due to a higher content of phenolic compounds, greater antioxidant

activity, lower non-enzymatic browning, and HMF accumulation in the microcapsules. This paper presents the



effects of polysaccharide carriers and drying method type on the stability of selected chemical compounds

and antioxidant activity of sea buckthorn fruit juice after drying and storage.

The study confirmed that sea buckthorn is a valuable raw material for the production of both functional
and palatable products. It corroborated a high potential of sea buckthorn berries as a food component rich
in bioactive compounds with antioxidant, antidiabetic, anti-obesity, anti-inflammatory, and anti-aging

properties.

Key words: sea buckthorn, anatomical parts, juices, smoothies, malolactic fermentation, microcapsules,

bioactive compounds, antioxidant, anti-aging, anti-diabetic, anti-obesity, anti-inflammatory



1. WSTEP

Rokitnik pospolity (Hippophaé rhamnoides L.) jest lisciastym i owocujacym krzewem z rodziny
oliwnikowatych Elaeagnaceae. Obecnie rozpoznanych jest szes¢ gatunkow Hippophaé 1 12 podgatunkow,
w tym najwazniejsze o znaczeniu gospodarczym, ekonomicznym i odzywczym sg ssp. sinensis, ssp. mongolica
1 ssp. rhamnoides. Rokitnik pospolity naturalnie wystepuje w wielu regionach pétkuli poétnocnej. Globalna
powierzchnia dzikiej i uprawianej rosliny szacowana jest na 3,0 mln ha, z czego okoto 85% obejmujg tereny
Chin, nastgpnie Mongolii, Indii i1 Pakistanu. W niektérych krajach Europy, w Chinach, Japonii, Rosji, Chile
i Kanadzie rokitnik pospolity wykorzystywany jest na skale przemystows (Rafalska i in., 2017; Ruan i in.,
2013).

Kuliste lub owalne, btyszczace jagody rokitnika pospolitego przybieraja barwe skorki i migzszu
w odcieniach od zo6ttej do czerwonej. To charakterystyczne zabarwienie spowodowane jest wysoka
zawarto$cig zwigzkoéw karotenoidowych z co najmniej siedmioma sprzezonymi wigzaniami podwojnymi (Pop
i1in., 2014). Jagody sa kilkakrotnie zasobniejsze w witamin¢ C niz popularne owoce, takie jak truskawki,
cytryny czy jezyny, i wyrdznia je wysoka zawarto$¢ ttuszczu, srednio 10% $wiezej masy owocow, bogatego

w kwasy thuszczowe omega-3, omega-6, omega-7 i omega-9 (Publikacja 1; Teleszko i in., 2015).

Zastosowanie rokitnika pospolitego do celow terapeutycznych wywodzi si¢ z medycyny tybetanskiej,
mongolskiej i starozytnej Grecji, a badania wspotcze$nie prowadzone potwierdzaja, ze zwiazki biologicznie
aktywne wptywaja na szereg wtasciwosci prozdrowotnych rosliny (Pitat i in., 2015; Rafalska i in., 2017). Testy
przeprowadzone z udzialem pacjentow kardiologicznych wskazaly, ze flawonoidy z rokitnika pospolitego
przyczynity sie do obnizenia poziomu cholesterolu catkowitego, triacyloglicerydow i frakcji lipoprotein
o niskiej gestosci (LDL) oraz zwigkszenia frakcji lipoprotein o duzej gestosci (HDL) (Rafalska i in., 2017).
Guo i in. (2017b) dowiedli, ze kardioprotekcyjne dziatanie rokitnika pospolitego mozna przypisa¢ zawartosci
flawonoidow i B-sitosterolu. Ponadto, olej z rokitnika pospolitego o wysokim stgzeniu karotenoidow moze by¢
korzystny w leczeniu i profilaktyce miazdzycowych chorob tetnic, poniewaz skutecznie hamuje agregacje
ptytek krwi (Xu i in., 2011). Enkhtaivan i in. (2017) dowiedli, ze aktywno$¢ w kierunku infekcji wywolane;j
zakazeniem wirusem grypy silnie korelowata z zawartoscig aglikondw i monoglikozydéw flawonoli, podczas
gdy di- i triglikozydy flawonoli wskazaty silng korelacje z dzialaniem cytotoksycznym wobec komorek
prawidtowych i nowotworowych. W przemys$le kosmetycznym roslina wykorzystywana jest w prewencji
1 terapii chorob dermatologicznych, pielegnacji wltosow, rewitalizacji ran i oparzen skéry oraz jako forma
naturalnej ochrony przed promieniowaniem UV-B (Rafalska i in., 2017). Zainteresowanie rokitnikiem
pospolitym stale wzrasta wraz z powigkszajaca si¢ pulg wynikow badan in vitro i in vivo potwierdzajacych
mozliwe korzystne implikacje dla zdrowia czlowieka, w tym skuteczno$¢ ekstraktow w zapobieganiu
hiperglikemii, hiperinsulinemii i hiperlipidemii, aktywno$¢ hepatoprotekcyjna, kardioprotekcyjna,
neuroprotekcyjng, cytoprotekcyjna, radioprotekcyjng, immunomodulujgca, przeciwnowotworows,
przeciwutleniajacg, przeciwdrobnoustrojowa, a takze pozytywne funkcjonowanie uktadu pokarmowego
i wzroku (Arimboor i in, 2008; Kim i in., 2010; Suryakumar i Gupta, 2011; Dulfi in., 2012; Patel i in., 2012;
Guo i in., 2017b; Rafalska i in., 2017).

Obecnie w centrum uwagi znajduja si¢ tradycyjnie uprawiane rosliny, a zapotrzebowanie na ich

produkcje wzrasta dzigki strategii hamowania lub opdzniania chorob za pomoca naturalnej diety (Ciesarova



i in., 2020). Rosngca tendencja zagrozeniami zdrowotnymi zwigzanymi z nieodpowiednim odzywianiem
zwigksza presj¢ na poszukiwanie autentyczno$ci, czystych etykiet i zatwierdzonych oswiadczen
zywnosciowych. Konsekwentnie trendy konsumenckie zorientowane sg na produkty roslinne i prozdrowotne,
a przemyst spozywczy rozwija innowacyjne i alternatywne receptury z dodatkami funkcjonalnymi, ciekawymi
polaczeniami smakowymi, zapomnianymi ro§linami oraz superowocami i warzywami (Baiano i in., 2012;
Di Cagno i in., 2011). W tym kontekscie, prowadzono badania nad owocami rokitnika pospolitego
pochodzacymi z r6znych regionéw $wiata, jednak wiedza o zwigzkach biologicznie aktywnych i potencjale
prozdrowotnym odmian uprawianych w Polsce jest ograniczona. Obecnie, Polska jest jednym z najwi¢ckszych
krajow w Europie zainteresowanych uprawg rokitnika pospolitego na skal¢ przemystowa. Majac na uwadze
powyzsze, wazne bylo scharakteryzowanie wybranych odmian rokitnika pospolitego jako bogatego zrodta

sktadnikow odzywczych i metabolitow wtérnych o ukierunkowanym dziataniu prozdrowotnym.

Badania przeprowadzone nad wybranymi odmianami uprawianymi w Polsce zaprezentowane
w Publikacji 1 pozwolity na stwierdzenie, ze jagody rokitnika pospolitego sa zasobne w kwasy organiczne,
zwiazki fenolowe, karotenoidy, tokoferole i kwasy tluszczowe, ktére zwigzane sg z aktywnoscia
przeciwcukrzycowa, przeciw otylosci, przeciwzapalng i przeciwutleniajaca. Nastepnie, w ramach badan
zreferowanych w Publikacji 2, wskazano wysoki potencjat hamowania cholinoesteraz przez owoce rokitnika
pospolitego, ktore moga stanowi¢ sktadnik nowych funkcjonalnych i warto$ciowych produktéw bogatych
we flawonole i1 karotenoidy o dzialaniu przeciwstarzeniowym. Co wiecej, zgodnie z ideg zréwnowazonego
rozwoju 1 technologii bezodpadowej dostrzezono potencjal zagospodarowania pozostatoSci po zbiorze
rokitnika pospolitego i procesach przetworczych z jego udzialem. Zawansowanie badan wlasnych i rownolegty
niedobor doniesien literaturowych na temat sktadu calej rosliny zaowocowaty badaniami, w ramach ktérych
stwierdzono réznorodnos¢ triterpenoidow, zwigzkoéw fenolowych oraz makro- i mikroelementow w zaleznosci
od anatomicznych cze$ci rokitnika pospolitego, skérki, migzszu, nasion, endokarpu, pedow 1 lisci,
wysokoplonujacych odmian uprawianych w Europie Srodkowo-Wschodniej (Publikacja 3). Stad, dobér
surowca, jego wstepna obrobka, zastosowane parametry i rodzaje proceséw technologicznych beda istotne
w uzyskaniu produktow o zachowanych i ukierunkowanych walorach prozdrowotnych. Potwierdzily
to badania wlasne nad sokami stanowigcymi komercyjnie powszechng forma przetworzonego rokitnika
pospolitego (Publikacja 4). Wyniki badan zamieszczone w Publikacji 4 dowiodty takze, ze soki z owocow
rokitnika pospolitego to propozycja produktow zywnosciowych o dziataniu przeciwcukrzycowym, przeciw
otytosci i przeciwstarzeniowym wynikajacym z zasobno$ci w fitoprostany, fitofurany, tokoferole, tokotrienole

1 aminokwasy.

Jednakze, pomimo szerokiego wystepowania rokitnika pospolitego, niewielkich wymagan
co do warunkéw uprawy oraz niepowtarzalnego sktadu chemicznego i dziatania prozdrowotnego, wcigz
odnotowuje si¢ niskie spozycie jagdéd oraz nikle zainteresowanie od strony przemystu. Wedhug
Migdzynarodowego Stowarzyszenia Rokitnika (ISA) z owocow rokitnika pospolitego produkowana jest
zywnos$¢ gtownie w skali lokalnej, w tym soki, napoje bezalkoholowe, herbaty, dzemy, przekaski i likiery.
Olej pozyskiwany z nasion i miazgi stosowany jest jako kosmetyk i suplement diety, zas pozostatosci
produkcyjne moga by¢ funkcjonalnym sktadnikiem pasz (Bal i in., 2011, Rafalska i in., 2017). Chociaz roélina
ta jest cennym surowcem w przemysle kosmetycznym i farmaceutycznym, to jej potencjat jako sktadnik

zywnosci wcigz pozostaje niewykorzystany. Stanowi wyzwanie zaréwno dla przemyshu spozywczego,
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jak 1 konsumentow ze wzgledu na utrudniony zbior i obrobke technologiczna, a przede wszystkim postrzeganag

jako$¢ sensoryczng (Ciesarova i in., 2020).

W smaku jagod dominuje intensywna kwasowo$§¢ wynikajaca ze skrajnie niskiego stosunku cukrow
do kwasow organicznych, a takze cierpkos¢ skorelowana z niektorymi glikozydami flawonoli,
proantocyjanidynami, etylo-B-D-glukopiranozydem i kwasem jabtkowym oraz gorycz zwigzana
ze stosunkiem kwasow organicznych i zwigzkow fenolowych. Aromat jest opisywany jako intensywnie ostry
z nutami fermentacyjnymi. Z kolei konsystencja czystego soku jest niejednorodna ze wzgledu na podatno$¢
fazy tluszczowej i osadu na separacje (Laaksonen i in., 2016; Ma i in., 2020; Tiitinen i in., 2006; Publikacja
1). Wciaz brak w literaturze naukowej doniesien o produktach z duzym udziatem jagdd rokitnika pospolitego,
ktore bylyby atrakcyjne dla potencjalnego konsumenta jednoczesnie pod wzglegdem wiasciwosci
prozdrowotnych 1 sensorycznych. Rozwigzaniem dla zwigkszenia spozycia i zastosowania rokitnika
pospolitego w przemysle spozywczym moze by¢ skorygowanie kwasnego smaku soku poprzez fermentacje
jabtkowo-mlekowa (malolaktyczna; MLF) (Publikacja 5). Proces ten obejmuje dekarboksylacje kwasu
jabtkowego do kwasu mlekowego i dwutlenku wegla oraz jest szeroko stosowany w celu obnizenia
kwasowosci, zwigkszenia stabilno$ci mikrobiologicznej oraz modyfikacji aromatu, smaku i tekstury win
czerwonych i niektorych win biatych (Wojdyto i in., 2020). Potencjalne zastosowanie MLF badano réwniez
w sokach i miazgach owocowych i warzywnych. Wyniki sugerowaty, ze fermentacja z uzyciem Lactobacillus
plantarum moze mie¢ korzystny wplyw na wilasciwosci fizykochemiczne, zawarto$¢ i profil zwigzkdéw
bioaktywnych, potencjat przeciwutleniajacy i ocene sensoryczng m.in. oliwek (Kachouri i in., 2015), kiwi

(Zhou i in., 2020), owocow granatu (Mousavi i in., 2013) i morwy (Kwaw i in., 2018).

Owoce rokitnika pospolitego stosowane sg jako kilkuprocentowy dodatek wzbogacajacy walory
prozdrowotne i zwigkszajacy kwasowos$¢ przetwordow owocowo-warzywnych. Jednak niwelacji problemu
braku atrakcyjnosci sensorycznej mozna upatrywaé w komponowaniu soku z owocow rokitnika pospolitego
z wyselekcjonowanymi surowcami powszechnie stosowanymi w przetworstwie Owocowo-warzywnym
(Publikacja 6). Selvamuthukumaran i in. (2007) opracowali galaretki na bazie jagdd rokitnika pospolitego
i winogron (1:1), ktore uzyskaly wysoka aprobat¢ w ocenie sensorycznej w porownaniu do produktow
z rokitnika pospolitego z papajg i arbuzem. Poprzednio, w badaniu przeprowadzonym przez Hartvig i in.
(2014), tylko dzieci wérod konsumentéw z Danii aprobowaly stodko-kwasny sok z owocéw rokitnika

pospolitego, ktdry jest powszechnym sktadnikiem diety nordyckie;.

Alternatywa wykorzystania owocow rokitnika pospolitego moze by¢ proces mikroenkapsulacji soku
z nos$nikami polisacharydowymi w oparciu o proces suszenia (Publikacja 7). Dotychczas z sukcesem
otrzymano mikrokapsutki z sokow, ekstraktow i wytlokdw owocowych, m.in. z mango, jablek, pomaranczy,
ekstraktow fenolowych z czarnej porzeczki i skorki winogron, metodami suszenia rozpylowego
i sublimacyjnego z zastosowaniem maltodekstryn, inuliny, gumy arabskiej, gumy karagenowej,
karboksymetylocelulozy, skrobi, pektyn i biatka serwatki (Caparino i in., 2012; Barbosa i in., 2015; Kuck
i Norefia, 2016; Michalska i Lech, 2018). Proces mikroenkapsulacji zapewnia ochrone cennych, wrazliwych
lub docelowych sktadnikow w materiale powtokowym, dlatego w jego zastosowaniu upatruje si¢ wydtuzenia
okresu przydatnosci do spozycia, poprawy wlasciwosci fizycznych, wartosci odzywczych i prozdrowotnych,
jednoczesnie zapewniajac nizszy koszt transportu i przechowywania innowacyjnych mikrokapsulek (Cam
iin., 2014; Michalska i Lech, 2018).
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2. CELIHIPOTEZA BADAN

Celem niniejszej pracy bylo okreslenie profilu prozdrowotnego owocdw rokitnika pospolitego

(Hippophaé rhamnoides 1.) 1 opracowanie technologii otrzymywania funkcjonalnych i atrakcyjnych

sensorycznie produktéw o ukierunkowanych wtasciwo$ciach prozdrowotnych na bazie owocdw tej rosliny.

Cel glowny pracy realizowano w oparciu o cele szczegélowe wynikajace bezposrednio

z monotematycznego cyklu publikacji wchodzacego w sktad niniejszej rozprawy doktorskie;j:

1.

Analiza aktywnosci biologicznej w odniesieniu do wybranych sktadnikow bioaktywnych (flawonole,
kwasy fenolowe, ksantofile, karoteny, estryfikowane karotenoidy, tokoferole, tokotrienole, kwasy
tluszczowe) 1 podstawowego sktadu chemicznego (cukry, kwasy organiczne, sucha masa, ekstrakt
og6lny, pH, kwasowos$¢, popidt, pektyny, witamina C) owocodw szeSciu powszechnie uprawianych
w Polsce odmian rokitnika pospolitego (Publikacja 1).

Szczegotowa identyfikacja i oznaczanie ilosciowe zwigzkow fenolowych i karotenoidow oraz ocena
aktywnosci przeciwstarzeniowej owocow wybranych odmian rokitnika pospolitego (Publikacja 2).
Jakosciowe 1 iloSciowe oznaczenie triterpendw, zwigzkow fenolowych, makro- i mikroelementow
czesci anatomicznych jagod (skoéra, migzsz, endokarp, nasiona), pedoéw i liSci wybranych odmian
rokitnika pospolitego (Publikacja 3).

Jako$ciowe i iloSciowe oznaczenie fitoprostanow, fitofuranow, tokoferoli, tokotrienoli, karotenoidow
i wolnych aminokwaséw oraz ocena potencjatu przeciwstarzeniowego, przeciwcukrzycowego,
przeciw otytosci, przeciwzapalnego i przeciwutleniajacego komercyjnie dostgpnych sokow z owocow
rokitnika pospolitego (Publikacja 4).

Okreslenie aktywno$ci metabolicznej wybranych szczepoéw bakterii wraz z dynamikg zmiany
zawarto$ci kwasoéw organicznych, cukrow, zwigzkow fenolowych i aktywnosci przeciwutleniajacej
podczas fermentacji jablkowo-mlekowej soku z owocow rokitnika pospolitego i soku mieszanego
rokitnik — jabtko (1:1) (Publikacja 5).

Ocena  potencjalu  przeciwstarzeniowego,  przeciwcukrzycowego,  przeciw  otylosci
1 przeciwutleniajacego, analiza zwigzkoéw fenolowych, podstawowego sktadu chemicznego i jakosci
sensorycznej nowatorskich smoothies na bazie owocow rokitnika pospolitego (Publikacja 6).

Ocena wpltywu metod suszenia i no$nikow polisacharydowych na wlasciwosci fizyczne, sktadniki
chemiczne i aktywnos$¢ przeciwutleniajaca mikrokapsutek z soku z owocow rokitnika pospolitego
(Publikacja 7).

Weryfikacji poddano hipoteze badawcza zaktadajaca, ze owoce rokitnika pospolitego charakteryzuje

unikatowy profil zwigzkéw bioaktywnych o okreslonym potencjale prozdrowotnym przez co moga one

stanowi¢ warto$ciowy surowiec do produkcji jednoczes$nie funkcjonalnych i atrakcyjnych sensorycznie

produktow.
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3. ORGANIZACJA BADAN
3.1. Material i zakres badan

Przedmiotem badan niniejszej pracy byly owoce rokitnika pospolitego (Hippophaé rhamnoides L.).
W pierwszym etapie do$wiadczen analizowano jagody szesSciu odmian: ‘Aromatnaja’, ‘Botaniczeskaja-
Lubitelskaja’, ‘Jozef’, ‘Luczistaja’, ‘Moskwiczka’ i ‘Podarok Sadu’, pozyskane na przetomie lipca i sierpnia
2018 roku z Sadu Do$wiadczalnego Dabrowice Instytutu Ogrodnictwa w Skierniewicach (51°56'N 20°06'E)
(Publikacje 11 2).

Zakres badan pierwszego etapu poszerzono o analizy czesci anatomicznych jagody, w tym skorki,
migzszu, nasion i endokarpu, oraz lisci, srebrzysto-zielonych pgedéw jednorocznych i owocujacych pedow
dwuletnich pokrytych srebrzysta korowing (dalej okreslanych jako: ,,pedy”) rokitnika pospolitego. Materiat
badawczy frakcjonowano z krzewdéw siedmiu odmian: ‘Botaniczeskaja-Lubitelskaja’, ‘Golden Rain’,
‘Luczistaja’, ‘Maryja’, ‘Podarok Sadu’, ‘Prozrocznaja’ i ‘Tatiana’, w polowie wrzesnia 2020 roku z plantacji

Gospodarstwa Ogrodniczego Stanistaw Trzonkowski w Sokotce (Publikacja 3).

W pierwszym etapie badan przebadano soki z owocdéw rokitnika pospolitego ogoélnodostepne
na polskim rynku detalicznym w poréwnaniu z sokiem wykonanym w skali laboratoryjnej z owocdéw odmiany
‘J6zef” (Publikacja 4).

W drugim etapie badan przeprowadzono fermentacje¢ jabtkowo-mlekowa soku z owocow rokitnika
pospolitego odmiany ‘Jézef” i soku mieszanego (1:1) z owocow rokitnika pospolitego 1 jabltek odmiany
‘Champion’ (Stacja Doswiadczalna Oceny Odmian w Zybiszowie, k. Wroctawia). Zastosowano liofilizowane
kultury szczepow Lactobacillus plantarum (DSM 100813, DSM 13273, DSM 20174, DSM 10492 i DSM
6872), Lactobacillus plantarum subsp. argentoratensis (DSM 16365) 1 Oenococcus oeni (DSM 20255)
pozyskane z the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures GmbH
(Brunszwik, Niemcy) (Publikacja 5).

Etap trzeci obejmowat analiz¢ produktéw typu smoothies wytworzonych w skali laboratoryjnej z soku
z owocow rokitnika pospolitego odmiany ‘Jézef” oraz z przecieru otrzymanego z owocow: gruszy (Pyrus
communis), jabloni (Malus domestica), moreli (Prunus armeniaca), brzoskwini (Prunus persica), pomaranczy
(Citrus sinensis) 1 zielonych winogron (Vitis vinifera), oraz korzeni warzyw: selera (Apium graveolens),
marchwi (Daucus carota), pietruszki (Petroselinum crispum). Surowce zakupiono w pierwszej potowie

wrzesnia 2020 roku na rynku detalicznym (Publikacja 6).

W czwartym etapie badano mikrokapsutki utrwalone poprzez proces suszenia rozpylowego,
sublimacyjnego i prozniowego, sktadajace si¢ z soku z owocdéw rokitnika pospolitego odmiany ,,Jozef”
z 20%-owym dodatkiem wagowym inuliny, maltodekstryny i mieszanek inuliny z maltodekstryng (BENEO-
Orafti S.A., Oreye, Belgia) w proporcjach 2:1 i 1:2 (Publikacja 7).
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3.2. Procesy technologiczne

Soki z owocow rokitnika pospolitego 1 jablek przygotowano odpowiednio za pomoca prasy
hydraulicznej (SRSE, Warszawa, Polska) i wyciskarki wolnoobrotowej (Hurom HG 2G, Puregreen S.C.,
Stawno, Polska) (Publikacje 4, 51 7).

Proces fermentacji jabtkowo-mlekowej (Publikacja 5) prowadzono zgodnie z procedurg
przygotowania zawiesin bakteryjnych, zaszczepiania i 72-godzinnej fermentacji z pobieraniem probek wedtug
Tkacz i in. (2020a).

Produkcja smoothies (Publikacja 6) sktadala si¢ z czterech etapow:
(1) przygotowanie soku z owocow rokitnika pospolitego,

(2) przetwarzania owocOw 1 warzyw na przecier,

(3) potaczenia sktadnikow w smoothies,

(4) obrobka termiczna, zgodnie z protokotem wedtug Tkacz i in. (2021b).

Proces produkcji mikrokapsutek z soku z owocow rokitnika pospolitego z dodatkiem nosnikoéw
polisacharydowych (Publikacja 7) wykonano metodami suszenia rozpylowego, sublimacyjnego
1 prézniowego, zgodnie z procedurg wedlug Tkacz i in. (2020b). Testy przechowalnicze mikrokapsutek

(Publikacja 7) prowadzono przez okres sze$ciu miesiecy w warunkach podanych przez Tkacz i in (2020b).

3.3. Etapy badan

Cele pracy realizowano w oparciu o I'V gléwne etapy badan zaprezentowane na Schemacie 1, gdzie
przedstawiono organizacj¢ badan z uwzglednieniem analiz sktadu chemicznego, parametrow fizycznych,

aktywnosci biologicznej i analizy sensorycznej.
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Parametry fizyczne:
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rokitnik — jabtko (1:1)
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- karotenoidy (UPLC-PDA)

- tokoferole i tokotrienole (UPLC-FL)
- kwasy ttuszczowe (GC-MS)

- podstawowy skfad chemiczny \l,

Publikacja 2

Aktywnosci biologiczne in vitro
- przeciwcukrzycowe

- przeciw otytosci

- przeciwzapalne

- przeciwutleniajgce

Skfad chemiczny:
- zwigzki fenolowe (UPLC-PDA-ESI-Q/TOF-MS)

Aktywnos¢ przeciwstarzeniowa in vitro

- Profilowanie on-line przeciwutleniaczy
- karotenoidy (UPLC-PDA-ESI-Q/TOF-MS) (HPLC-PDA sprzezone z ABTS *)

y

Czesci anatomiczne jagod
(skdrka, migzsz, nasiona, endocarp),
pedy i liscie rokitnika pospolitego

Publikacja 3

Sktad chemiczny:

- zwigzki fenolowe (UPLC-PDA-ESI-Q/TOF-MS)
- polimery procyjanidyn (UPLC-FL)

- triterpeny (UPLC-PDA)

- makro- i mikroelementy (FAAS)

Soki z owocow rokitnika pospolitego

¥

Publikacja 4

Sktad chemiczny:

- fitoprostany i fitofurany (UPLC-ESI-QqQ-MS/MS)
- karotenoidy (UPLC-PDA-ESI-Q/TOF-MS)

- tokoferole i tokotrienole (UPLC-FL)

- wolne aminokwasy (FAAS)

- przeciwcukrzycowe
- przeciwstarzeniowe
- przeciw otytosci

- przeciwzapalne

- przeciwutleniajace

Aktywnosci biologiczne in vitro:

Produkcja smoothies

V

- P

Smoothies na bazie owocéw
rokitnika pospolitego z innymi
owocami i warzywami
(1:1, 1:3)

v

Publikacja 6 ‘l’
Skfad chemiczny:
- zwigzki fenolowe (UPLC-PDA-FL)
- kwasy organiczne (UPLC-PDA)

Sktad
- podstawowy skfad chemiczny

Analiza sensoryczna

Aktywnosci biologiczne in vitro:
- przeciwcukrzycowe

- pod

- przeciwstarzeniowe
- przeciw otytosci
- przeciwutleniajace

Suszenie metodami:

- rozpytowg
- sublimacyjna

rozniowg

Proszki z soku z owocow

rokitnika pospolitego z 20%

nosnikéw polimerowych

Testy
Publikacja 7 przechowalnicze

chemiczny:

- zwigzki fenolowe (UPLC-PDA)
- HMF (UPLC-PDA)
- cukry (HPLC-ELSD)

stawowy skfad chemiczny

Parametry fizyczne:

- aktywnos¢ wody

- gestos¢ rzeczywista i nasypowa
- porowatos¢

- indeks brazowienia

- parametry barwy

Profilowanie on-line przeciwutleniaczy
(HPLC-PDA sprzezone z ABTS™)

Aktywnos¢ przeciwutlaniajagca in vitro

Schemat 1. Organizacja badan nad owocami rokitnika pospolitego w projektowaniu zywnosci

o ukierunkowanym potencjale prozdrowotnym
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3.4. Metody badan

Analizy skladu chemicznego

Material badawczy (surowiec i produkty), w zalezno$ci od etapu badan (Publikacje 1-7), poddano

nastepujacym analizom sktadu chemicznego:

oznaczenie iloSciowe i identyfikacja zwiazkéw fenolowych metoda chromatografii cieczowe;j
z uktadem fotodiodowym sprze¢zonej z tandemowym spektrometrem mas typu kwadrupol-analizator
czasu przelotu (UPLC-PDA-ESI-Q/TOF-MS) zgodnie z Wojdyto i in. (2018) z modyfikacjami wedtug
Tkacz i in. (2020c);

oznaczenie ilo§ciowe polimerow procyjanidyn metoda bezposredniej floroglucynolizy z uzyciem
ultrasprawnej chromatografii cieczowej (UPLC) sprzezonej z detekcja fluorescencyjna (FL) wedtug
Teleszko i Wojdyto i in. (2015);

oznaczenie ilosciowe i identyfikacja karotenoidéw metoda UPLC-PDA-ESI-Q/TOF-MS wedlug
Wojdyto i in. (2018);

oznaczenie ilo$ciowe i identyfikacja tokoferoli i tokotrienoli metoda UPLC-FL wedtug Tkacz i in.
(2019b);

oznaczenie ilosciowe i identyfikacja wolnych aminokwaséw metoda UPLC-PDA-ESI-Q/TOF-MS
wedtug Turkiewicza i in. (2020);

oznaczenie iloSciowe i identyfikacja kwasow tluszczowych metoda chromatografii gazowej
sprzezonej ze spektrometriag mas (GC-MS) wedlug Nowackiego i in. (2017);

oznaczenie ilo$ciowe i identyfikacja triterpenéw metoda UPLC-PDA-ESI-Q/TOF-MS wedlug Zhang
iin. (2013);

oznaczenie ilosciowe i identyfikacja fitoprostanow i fitofuranow metoda ultrawysokosprawnej
chromatografii cieczowej sprzezonej z potrojng kwadrupolowa spektrometria mas (UHPLC-ESI-
QqQ-MS/MS) wedlug Collado-Gonzélez i in. (2015)

oznaczenie iloSciowe i identyfikacja kwasow organicznych metoda ultrasprawnej chromatografii
cieczowej (UPLC) sprzgzonej z detekcja fotodiodowa (PDA) wedlug Wojdyto i in. (2018);
oznaczenie iloSciowe i identyfikacja cukrow metoda wysokosprawnej chromatografii cieczowej
(HPLC) sprzezonej z detektorem rozproszenia $wiatta (ELSD) wedtug Wojdylto i in. (2018);
oznaczenie ilosciowe i identyfikacja hydroksymetylofurfuralu (HMF) metoda UPLC-PDA wedlug
Tkacz i in. (2020b);

oznaczenie iloSciowe i identyfikacja makroelementdow i mikroelementéw metodg atomowe;j
spektrometrii absorpcyjnej z atomizacjg w ptomieniu (FAAS) wedlug Tkacz i in. (2021a);
podstawowe analizy chemiczne:

- zawarto$¢ ekstraktu ogdlnego metoda refraktometryczng wedtug PN-90/A-75101/02,

- zawarto$¢ suchej masy metoda wagowa wedtug PN-90/A-75101/03,

- kwasowo$¢ ogolna metodg miareczkowa wedlug PN-90/A-75101/04,

- pH metodg potencjometryczng wedtug PN-90/A-75101/06,

- zawarto$¢ popiotu ogélnego metodg wagowa wedlug PN-90/A-75101/08;

- zawarto$¢ witaminy C metoda miareczkowa wedlug PN-90/A-75101/11;
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- zawarto$¢ pektyn metoda Morrisa wedtug Wojdylo i in. (2017).

Analizy parametroéw fizycznych

Analizy mikroskopowe zawiesin szczepow bakterii uzytych w procesie fermentacji jabtkowo-
mlekowej sokow na bazie owocdw rokitnika pospolitego (Publikacja 5) wykonano z uzyciem imersji olejowej

(100-krotne powickszenie obiektywu) zgodnie z protokotem Tkacz i in. (2020a).

Gestos¢ optyczng (ODseo) okreslajaca wzrost komorek bakteryjnych (Publikacja 5) mierzono metoda
spektrofotometryczng przy 560 nm wedlug Tkacz i in. (2020a).

Mikrokapsutki z soku z owocow rokitnika pospolitego (Publikacja 7) analizowano pod katem
parametréw fizycznych, tj. aktywno$¢ wody, gesto$¢ rzeczywista, gestos¢ nasypowa, porowatos¢, indeks

brazowienia, analizowano wedlug Michalskiej i Lecha (2018). Parametry barwy w przestrzenie CIE L*a*b*,

parametr nasycenia C (Chroma), kat barwy (h°) i catkowita réznice barwy (dE) analizowano wedtug Kuck
i Norefia (2016) i Sumi¢ i in. (2013).

Analizy aktywnosSci biologicznej

Analizy aktywno$ci przeciwutleniajacej wykonano postugujac si¢ nastgpujgcymi metodami:

e oznaczenie aktywnosci przeciwutleniajacej z kationorodnikiem ABTS*" wedtug Re i in. (1999);
e oznaczania zdolno$ci redukowania jonéw Fe** (FRAP) wedtug Benzie i Strain (1996);

e oznaczania zdolno$ci absorpcji rodnikoéw tlenowych (ORAC) wedtug Ou i in. (2001);

e profilowanie on-line przeciwutleniaczy metodg HPLC-PDA sprzgzona z derywatyzacja

pokolumnowg z uzyciem odczynnika ABTS®" zgodnie z Kusznierewicz i in. (2011) z modyfikacjami
wedtug Tkacz i in. (2019a).

Aktywnosci biologiczne zwigzane z regulacjg aktywnosci enzyméw wyznaczono w oparciu

o metody in vitro:

e oznaczenie aktywnosci przeciwstarzeniowej jako zdolnosci inhibicji enzyméw acetylocholinoesterazy
(AChE) i butylocholinoesterazy (BuChE) wedlug Gironés-Vilaplana i in. (2015);

e oznaczenie aktywnosci przeciwcukrzycowej jako zdolnosci inhibicji enzyméw o-amylazy
i a-glukozydazy wedlug Nowicka i in. (2018);

e oznaczenie aktywnosci przeciw otyltosci jako zdolnos$ci inhibicji enzymu lipazy trzustkowej wedlug
Podsedek i in. (2014);

e oznaczenie aktywno$ci przeciwzapalnej jako zdolno$ci inhibicji enzymu 15-lipooksygenazy
(15-LOX) wedtug Chung i in. (2009).
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Analiza sensoryczna

Analize sensoryczna produktow na bazie owocoéw rokitnika pospolitego (Publikacja 6)
przeprowadzono wsrdd 23 przeszkolonych panelistow oceniajacych atrybuty: barwe, aromat, konsystencje,
smak, posmak kwasny, posmak obcy i 0g6lng akceptacje w S-stopniowej skali hedonicznej, z zachowaniem
standardow procesu wedtug ISO 13299:2016 (Tkacz i in., 2021b).

3.5. Analiza statystyczna

Wyniki oznaczen sktadu chemicznego i parametréw fizycznych, aktywnosci biologicznej oraz analizy
sensorycznej poddano analizie statystycznej. Celem testowania istotnosci réznic miedzy $rednimi, dane
poddano analizie wariancji (ANOVA) i testowi rozsadnej istotnej réznicy (RIR, ang. HSD) Tukeya
(Publikacje 1-3, 5-6) Iub testowi wiclozakresowemu Duncana (Publikacja 7). Dane dotyczace sokow
komercyjnych z owocow rokitnika (Publikacja 4) poddano nieparametrycznej analizie wariancji stosujac test
Kruskala-Wallisa, a nastgpnie test wielokrotnych porownan Dunna. Roznice statystyczne na poziomie p < 0,05
oznaczono w tabelach i na rysunkach kolejnymi literami (a, b, ¢, ...). Wszystkie pomiary przeprowadzono
w trzech powtorzeniach, a wyniki przedstawiono jako warto$¢ srednia (n = 3) & odchylenie standardowe (SD).
Dodatkowo, przedstawiono wspolczynniki korelacji Pearsona (r), analizg¢ gléwnych sktadowych (PCA)
w oparciu o macierz korelacji i z zastosowaniem autoskalowania oraz aglomeracyjne klastrowanie
hierarchiczne (AHC) uzyskane na podstawie odmiennych odleglosci euklidesowych, stosujac aglomeracyjng
metode grupowania Warda. Analizy statystyczne i opracowanie graficzne wynikow wykonano przy uzyciu
oprogramowan Statistica 13.1 (StatSoft, Krakow, Polska) oraz XLSTAT Statistical Software w wersji 2016.4
(Addinsoft Inc, New York, NY, USA) zintegrowanego z Microsoft Excel 2010/2017/2019 (Microsoft Corp.,
Redmond, WA, USA).
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4. OMOWIENIE I DYSKUSJA WYNIKOW
4.1. Analiza frakcji biologicznie aktywnej rokitnika pospolitego

W pierwszym etapie pracy analizom poddano owoce szesciu, powszechnie uprawianych w Polsce,
odmian rokitnika pospolitego (Hippophaé rhamnoides L.): ‘Aromatnaja’, ‘Botaniczeskaja-Lubitelskaja’,
‘Jozet’, ‘Luczistaja’, ‘Moskwiczka’ i ‘Podarok Sadu’. Celem tego badania bylo okreslenie aktywnosci
biologicznej in vitro jako potencjalu przeciwutleniajacego i zdolnos$ci inhibicji a-amylazy, a-glukozydazy,
lipazy trzustkowej i 15-lipooksygenazy, w stosunku do sktadnikow bioaktywnych (kwaséw fenolowych,
flawonoli, ksantofili, karotenéw, zestryfikowanych karotenoidow, tokoferoli, tokotrienoli i kwasow

thuszczowych) oraz podstawowego sktadu chemicznego jagdd rokitnika pospolitego.

Wyniki przedstawiono w Publikacji 1:
Tkacz K., Wojdyto A., Turkiewicz I.P., Bobak L., Nowicka P. 2019. Anti-oxidant and anti-enzymatic
activities of sea buckthorn (Hippophaé rhamnoides L.) fruits modulated by chemical components.
Antioxidants, 8, 618. d01:10.3390/antiox8120618.

Owoce rokitnika pospolitego poddano analizom podstawowego sktadu chemicznego, czyli zawartosci
cukréw, kwasdéw organicznych, suchej masy, ekstraktu ogdlnego, popiotu, pektyn, witaminy C, pH
i kwasowosci ogdlnej (Publikacja 1, Tab. 1). Niektore z odmian H. rhamnoides stanowily przedmiot
zainteresowania takze innych naukowcow, jednak byty uprawiane w odmiennych warunkach klimatycznych
i glebowych, w tym na terenie Szwecji, Biatorusi, Finlandii i Kanady. Co wigcej, wyniki zawarte w Publikacji

1 stanowig pierwsze doniesienie literaturowe na temat nowej odmiany ‘Jozef” wyselekcjonowanej w Polsce.

Zgodnie z analizg iloSciowa i identyfikacja cukrow w rokitniku pospolitym z uzyciem metody HPLC-
ELSD, w najwyzszej ilosci wystepowata glukoza (od 86,58% do 92,68% cukrow ogotem), nastgpnie sorbitol,
fruktoza i ramnoza (Publikacja 1, Tab. 1). Kwasy organiczne badane metodg UPLC-PDA uszeregowano pod
wzgledem ich iloSci w odmianach rokitnika pospolitego w nastepujacej kolejnosci: kwas jabtkowy > kwas
chinowy > kwas izocytrynowy > kwas cytrynowy > kwas szczawiowy. Wyniki zaprezentowane w Publikacji
1 wskazaty na konieczno$¢ korekty smaku owocow wybranych odmian rokitnika pospolitego, w szczegolnosci
tych, w ktorych stosunek cukrow do kwasoéw organicznych wyniost ponizej 1,0, tj. ‘Botaniczeskaja-
Lubitelskaja’, ‘Luczistaja’, ‘Podarok Sadu’ oraz nowej odmiany ‘Jozef’. Wyjatkowo kwasny smak owocow
potwierdzila analiza pH, ktéore wynosito od 2,89 do 2,95 oraz kwasowo$¢ miareczkowa réwna
od 2,48 g do 2,79 g kwasu jabtkowego/100 g $m ($wiezej masy). Owoce rokitnika pospolitego
charakteryzowata takze wyzsza niz w przypadku innych owocow jagodowych zawartos¢ witaminy C (od 61,02
do 158,81mg/100 g $m), ktora ze wzgledu na brak aktywnego enzymu askorbinazy w jagodach rokitnika

pospolitego pozostaje stabilna po zbiorze i podczas przechowywania (Kallio i in., 2002).

Postugujac si¢ technika UPLC-PDA oznaczono w owocach rokitnika pospolitego kwasy fenolowe
i flawonole (Publikacja 1, Tab. 1). Catkowita zawarto$¢ zwigzkow fenolowych wyniosta od 468,60 mg
do 901,11 mg/100 g sm (suchej masy). Okoto 98,9% zwigzkéw fenolowych ogdtem stanowily flawonole,
a kolejnos$¢ odmian pod wzgledem ich zawartosci byla nastgpujaca: ‘Moskwiczka’ > ‘Jozef” > ‘Aromatnaja’
> ‘Podarok Sadu’ > ‘Botaniczeskaja-Lubitelskaja’ > ‘Luczistaja’. Na podstawie poroéwnania badanych odmian

z odmianami uprawianymi w Europie Wschodniej i Azji (Pop i in., 2013; Ma i in. 2016) stwierdzono
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zmienno$¢ profilu flawonoli, co znajduje swoje odzwierciedlenie wynikajace z oddziatywania odmiennych
czynnikow klimatycznych, geograficznych, daty zbioru, transportu i przechowywania oraz stanowi ceche

podgatunkowa i odmianowa (Zheng i in., 2016).

Owoce rokitnika poddano analizie karotenoidow z uzyciem techniki UPLC-PDA, ktéra pozwolita
na wyznaczenie catkowitego stezenia karotenoidow od 46,61 mg do 508,57 mg/100 g sm (Publikacja 1, Tab.
1). Uzyskane warto$ci byty istotnie wyzsze (p < 0,05) niz raportowane dla owocow rokitnika pospolitego
zebranych w Szwecji (od 11,99 mg do 142,49 mg/100 g sm) (Andersson i in., 2008) i Rumunii (od 53 mg
do 97 mg/100 g sm) (Pop i in., 2014). Jagody odmiany ‘Jézef” zawieraty 3-krotnie wigcej karotenoidow niz
odmiany ‘Luczistaja’, a w owocach odmiany ‘Aromatnaja’ stwierdzono od 2 do 25 razy wyzsza zawarto$¢
karotenow (225,42 mg/100 g sm) niz w innych odmianach. Najwyzszym udziatem ksantofili w stosunku
do karotenoidow ogolem, ponad 74%, charakteryzowaty si¢ owoce odmian ‘Botaniczeskaja-Lubitelskaja’

i ‘Luczistaja’.

Przeprowadzona analiza z wykorzystaniem metody chromatograficznej (UPLC-FL) pozwolita
na stwierdzenie, ze frakcja lipofilowa jagdéd rokitnika pospolitego zawierala obok karotenoidow takze
tokoferole i tokotrienole (Publikacja 1, Tab. 1). Sumaryczna zawarto$¢ tokoferoli i tokotrienoli wyniosta

od 27,12 mg do 34,27 mg/100 g sm, odpowiednio dla owocoéw odmian ‘Luczistaja’ i ‘Aromatnaja’.

Postugujac si¢ metoda chromatografii gazowej (GC-MS), zidentyfikowano szes¢ kwasow
thuszczowych przynaleznych do omega-3, omega-6, omega-7 i omega-9, w tym dwa kwasy nasycone (SFA;
palmitynowy i stearynowy), dwa kwasy jednonienasycone (MUFA, oleopalmitynowy i oleinowy) oraz dwa
kwasy wielonienasycone (PUFA; linolowy i linolenowy) (Publikacja 1, Tab. 1). Dominujacym byt kwas
palmitynowy (C16:0), a og6lny profil kwaséw tluszczowych owocow rokitnika pospolitego ustalono
nastgpujaco: 38% kwasy nasycone, 42% kwasy jednonienasycone i 20% kwasy wielonienasycone. Wysoka
zawarto$¢ kwasu palmitynowego, palmitoleinowego, oleinowego i linolowego jest charakterystyczna dla oleju
z owocow rokitnika pospolitego, w przeciwienstwie do nasion bogatych w kwasy wielonienasycone (Pop i in.,
2014; Vescan i in., 2010).

W Publikacji 1, po raz pierwszy w literaturze, zaprezentowano wyniki zwigzane z aktywnoscia
przeciwcukrzycowsa, przeciw otyloSci, przeciwzapalng 1 przeciwutleniajacg jagdéd odmian rokitnika
pospolitego uprawianych w Polsce, w tym nowej odmiany ‘Jozef”. Najwyzszy potencjat przeciwutleniajgcy
oznaczony metodami ABTS, FRAP i ORAC zbadano w przypadku owocéw odmiany ‘Aromatnaja’,
a najnizszy dla owocow odmian ‘Luczistaja’ i ‘Botaniczeskaja-Lubitelskaja’ (Publikacja 1, Tab. 2). Zdolnos¢
absorpcji rodnikow tlenowych (metoda ORAC) wyniosta do 34,68 mmol Trolox/100 g sm, podobnie jak
w przypadku jagod rokitnika pospolitego podgatunkdw turkestanica i sinensis zebranych w Chinach (Guo
i in., 2017a). Gao i in. (2000) dowiedli, ze obnizenie aktywnosci przeciwutleniajacej ABTS podczas
dojrzewania jagod korelowato z obnizeniem stgzen zwigzkow fenolowych i1 kwasu askorbinowego podczas

gdy aktywnos$¢ frakcji lipidowej wzrastata w procesie dojrzewania dzigki syntezie karotenoidow.

Najwyzsza aktywnos¢ przeciwcukrzycows (ICso = 26,83 mg/ml), analizowang jako zdolnos$¢ inhibicji
a-amylazy, stwierdzono dla jagdd odmiany ‘Aromatnaja’. Z kolei, wysoka aktywno$¢ w kierunku
a-glukozydazy, drugiego enzymu zaangazowanego w metabolizm cukréow, zbadano dla owocdéw odmiany

‘Botaniczeskaja-Lubitelskaja’ (ICso = 41,78 mg/ml). Dla wszystkich badanych odmian rokitnika pospolitego
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hamowanie a-amylazy byto silniejsze niz a-glukozydazy. Efekt hipoglikemiczny potwierdzity takze badania
z udziatem ludzi, ktore dowiodly, ze positki zawierajace jagody rokitnika pospolitego moga zmniejszaé

1 opdznia¢ popositkowa odpowiedz insulinowg oraz poprawiac profil glikemiczny (Mortensen i in., 2018).

W wyniku badan zaprezentowanych w Publikacji 1 stwierdzono wysoka aktywno$¢ jagod rokitnika
pospolitego w kierunku inhibicji 15-lipooksygenazy zaangazowanej w regulacje procesow zapalnych oraz
lipazy trzustkowej, ktora determinujac ilo§¢ przyswajanych tluszczow, odgrywa kluczowa rolg
w mechanizmach otylto$ci, nadwagi i powiktan cukrzycy typu 2. Wyniki analizy korelacji Pearsona wskazaty
na silne korelacje migdzy zawartoscig karotenoidow a zdolnoscig hamowania o-amylazy (r = 0,747)
i 15-lipooksygenazy (r = 0,668). Nasycone kwasy tluszczowe silniej korelowaly z potencjalem

przeciwzapalnym niz z aktywnoscig przeciwutleniajaca owocow rokitnika pospolitego.

Analiza gtownych sktadowych (PCA) pozwolita na wyznaczenie czterech grup relacji (Publikacja 1,
Fig. 2):

(1) jagody odmiany ‘Podarok Sadu’ byly bogate w wielonienasycone kwasy tluszczowe i miaty silne
dziatanie w kierunku inhibicji 15-lipooksygenazy;

(2) aktywno$¢ przeciwutleniajaca i w kierunku inhibicji a-amylazy byly skorelowane z zawarto$cia
karotenoidow i witaminy C, w ktore szczegodlnie zasobne byly owoce odmiany ‘Aromatnaja’;

(3) jagody odmiany ‘Moskwiczka’ zawieraly wysokie stezenia nasyconych kwasow thuszczowych,
zwigzkow fenolowych i glukozy, co z kolei korelowalo ze zdolnoscia inhibicji lipazy trzustkowe;j
i a-glukozydazy;

(4) owoce odmian ‘Botaniczeskaja-Lubitelskaja’, ‘Luczistaja’ i ‘Jozef® tworzyl najbardziej rozlegly
klaster o wysokiej zawarto$ci kwaséw organicznych, jednonienasyconych kwasow thuszczowych,

tokotrienoli 1 tokoferoli.

Badania zaprezentowane w Publikacji 1 dowiodty, ze jagody rokitnika pospolitego majg unikatowa
kompozycje lipofilowych i hydrofilowych zwigzkéow bioaktywnych. Uzyskane wyniki pozwolily

na wytypowanie do dalszych badan odmian o najwyzszym potencjale bioaktywnym.

Dotychczas w literaturze nie przeprowadzono analizy zwigzkéw fenolowych i karotenoidow
w rokitniku pospolitym pod katem ich dziatania przeciwstarzeniowego, istotnego w terapii choroby
Alzheimera czy Parkinsona. W tym kontekscie, celem kolejnej czgsci badan byla szczegdétowa identyfikacja
1 oznaczenie ilo§ciowe zwigzkdéw fenolowych i karotenoiddéw przy uzyciu metody UPLC-PDA-ESI-Q/TOF-
MS oraz ocena potencjalu przeciwstarzeniowego jako inhibicji acetylocholinoesterazy (AChE)

i butylocholinoesterazy (BuChE) owocéw wybranych odmian rokitnika pospolitego.

Wyniki przedstawiono w Publikacji 2:
Tkacz K., Wojdyto A., Turkiewicz L.P., Ferreres F., Moren, D. A., Nowicka P. 2020. UPLC-PDA-Q/TOF-
MS profiling of phenolic compounds and carotenoids and their influence on anticholinergic potential for AChE
and BuChE inhibition and on-line antioxidant activity of selected Hippophaé rhamnoides L. cultivars. Food
Chemistry, 309: 125766. doi: 10.1016/j.foodchem.2019.125766.

Wstepnie zidentyfikowano i okreslono zawarto$¢ 28 zwigzkoéw fenolowych, w tym dwoch kwasow

fenolowych i reszty jako pochodnych flawonoli (Publikacja 2, Tab. 1). Pasma absorpcji UV i gtéwne jony
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fragmentacyjne odpowiadaty pochodnym kwasu hydroksycynamonowego, odpowiednio O-heksozydowi
kwasu p-kumarowego i O-heksozydowi kwasu ferulowego. Dotychczasowe badania nad rokitnikiem
pospolitym zebranym w indyjskim rejonie Himalajow sugerowaly dominacj¢ obu oznaczonych kwasow, wraz
z kwasem galusowym i p-hydroksybenzoesowym, jednak badane w literaturze owoce rokitnika pospolitego
zawieraty nawet do 107 mg kwaséw fenolowych w 100 g sm (Arimboor i in., 2008; Guo i in., 2017a; Teleszko
iin., 2015).

Oznaczono osiem pochodnych kwercetyny, 15 pochodnych izoramnetyny i aglikon izoramnetyny oraz
dwie pochodne kemferolu (Publikacja 2, Tab. 1). Gléwnymi strukturami glikozydoéw flawonolu byly:
-O-rutynozyl, -O-glukozyl, -O-soforozyl i -O-ramnozyl, podobnie jak wskazano to w innych badaniach nad
rokitnikiem pospolitym (Zheng i in., 2016; Guo i in., 2017a). Badanie identyfikuje pochodne flawonolu
podstawione w pozycji C3 (13 zwigzkow) oraz w pozycjach C3 1 C7 (10 zwiazkoéw) jako preferencyjne pozycje
glikozylacji.

Owoce rokitnika nalezy uzna¢ jako bogate zrodto pochodnych izorammetyny (od 66% do 72%
flawonoli ogdtem), a nastgpnie pochodnych kwercetyny (od 25% do 32% flawonoli ogétem). W przypadku
wszystkich odmian najwyzsza koncentracje, od 16% do 20% flawonoli ogoétem, wyznaczono
dla 3-O-rutynozydu izoramnetyny, zwiazku waznego w aspekcie prozdrowotnym. Badania Boubaker i in.
(2011) dowiodty, ze 3-O-rutynozydu izoramnetyny pochodzenia naturalnego sprzyjat apoptozie ludzkich
komorek szpikowej erytroleukemii, z kolei badania na komdrkach ttuszczowych linii 3T3-L1 wskazaly,
ze flawonol ten moze wptywac na kontrole masy tkanki ttuszczowej, poprzez hamowanie adipogenezy (Sekii
i in.,, 2015). Badane jagody rokitnika pospolitego charakteryzowaty si¢ takze wysokim stezeniem:
3-O-glukozydu i 3-O-glukozydu-7-O-ramnozydu izoramnetyny oraz 3-O-glukozydu i 3-O-rutynozydu

kwercetyny.

Wyniki zaprezentowane w Publikacji 2 stanowig pierwszy w literaturze szczegdlowy raport
dotyczacy karotenoidéow badanych odmian oraz owocow rokitnika pospolitego uprawianych w Polsce.
Poréwnanie czas6w retencji, widm absorpcji UV 1 ich struktury oscylacyjnej, absorpcji pikow cis oraz
wlasciwosci jonow i fragmentdw molekularnych pozwolito na wstepng identyfikacje 16 karotenoidow, w tym
11 ksantofili, czterech karotendéw i jednego estru. Wsréd ksantofili oznaczono: all-trans-luteing i jej izomery,
all-trans-zeaksantyng i jej izomery oraz all-trans-pB-kryptoksantyng. Z grupy karotendow zbadano all-trans-p-
karoten i jego izomery oraz likopen, a takze zidentyfikowano estryfikowany karotenoid, tj. dipalmitynian
zeaksantyny (Publikacja 2, Tab. 2).

Analiza UPLC-PDA pozwolita wyznaczy¢ zawarto$¢ ksantofili w ilosci od 16% do 81% karotenoidow
ogo6lem (Publikacja 2, Tab. 2). Stwierdzono, ze owoce rokitnika pospolitego wybranych odmian uprawianych
w Polsce wyrdzniato kilkukrotnie wyzsze stezenie all-frans-zeaksantyny niz odmian H. rhamnoides
z innych regiondéw (Andersson i in., 2009; Pop i in., 2014). Badania wskazuja, ze karoteny stanowity od 19%
do 47% karotenoidow ogdlem, a zawarto$¢ dominujgcego zwigzku, all-trans-p-karotenu, wyniosta od 8,85 mg

(‘Luczistaja’) do 162 mg/100 g sm (‘Aromatnaja’).

Nastepnie, okreslono aktywnos$¢ przeciwstarzeniowa, badang jako zdolno$¢ do hamowania AChE
i BuChE (Publikacja 2, Tab. 3). Enzymy te biorg udzial w rozpadzie neuroprzekaznika acetylocholiny,

ktérego niski poziom jest typowy dla nieuleczalnej 1 postepujacej choroby Alzheimera, otgpienia i wielu
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innych zaburzen neurodegeneracyjnych. Jagody odmian ‘Aromatnaja’, ‘Jozef” 1 ‘Moskwiczka’
charakteryzowata najwyzsza wyznaczona aktywno$¢. Potencjal owocow okreslono jako umiarkowany
w kierunku AChE (ICs od 20,16 do 40,60 mg/ml) i silny w kierunku BuChE (ICsp < 0,01 mg/ml). Aktywnos$¢
BuChE wzrasta wraz z postepem uposledzenia funkcji mézgu, stad wskazanie, iz badane odmiany rokitnika

pospolitego moga stanowic¢ terapeutyczne uzupetnienie codziennej diety chorego.

Ustalono takze aktywno$¢ przeciwutleniajaca frakcji fenolowej rokitnika pospolitego za pomoca
metody HPLC-PDA sprz¢zonej z derywatyzacja postkolumnowa z uzyciem odczynnika ABTS', dotychczas
nie opisanej w literaturze dla H. rhamnoides. Badanie wskazalo, ze kwasy fenolowe charakteryzuja si¢
silniejsza zdolnosciag do wygaszania wolnych rodnikow niz flawonole, co thumaczone jest niskg aktywnoscia
3-O-glikozydow w poroéwnaniu do aglikonow i brakiem ich zdolnosci do tworzenia struktur chinonowych

przez utlenianie (Rosch i in., 2004).

Podsumowujac, wyniki korelacji Pearsona mi¢dzy zdolnoscia inhibicji AChE i BuChE a zawarto$cig
flawonoli byty wysokie (r = 0,851 i 0,614), umiarkowane dla karotenoidow (r = 0,504) i niskie w przypadku
kwaséw fenolowych (r = 0,388 1 0,355) (Publikacja 2, Tab. 4). Z kolei, szczegdty analizy gléwnych
sktadowych (PCA) (Publikacja 2, Fig. 2) wskazaly na relacje migdzy aktywnos$cig przeciwstarzeniowa
a all-trans-B-kryptoksantyna, 3-O-glukozydem kwercetyny, 3-O-heksozydem-7-O-ramnozydem kemferolu
oraz 3-O-(2-ramnozylo)glukozydem, 3-O-(6-ramnozylo)heksozydem, 3-O-rutynozydem i 3-O-glukozydem

izoramnetyny.

Potencjat wykorzystania calej rosliny H. rhamnoides postrzegany przez pryzmat gospodarki
bezodpadowej skupia si¢ na zagospodarowaniu pozostatosci, takich jak pedy i liscie po mechanicznym zbiorze
owocow 1 wyttoki zawierajace skorki i nasiona z endokarpem, w produkcji o wysokiej wartosci dodanej
(Ciesarova i in., 2020; Radenkovs i in., 2018). Postep badan wiasnych nad odmianami rokitnika pospolitego
i jednoczesny niedobor doniesien literaturowych na temat profilu metabolitow wtornych i sktadnikow
odzywczych czesci anatomicznych rokitnika pospolitego zainicjowaty badania majace na celu jakosciowe
i iloSciowe oznaczenie pentacyklicznych triterpenoidow, zwiazkow fenolowych oraz makro-
i mikroelementdéw czesci anatomicznych jagdd (skorki, migzszu, endokarpu, nasion), pedoéw i lisci wybranych

odmian rokitnika pospolitego.

Wyniki przedstawiono w Publikacji 3:
Tkacz K., Wojdyto A., Turkiewicz I.P., Nowicka P. 2021. Triterpenoids, phenolic compounds, macro- and
microelements in anatomical parts of sea buckthorn (Hippophaé rhamnoides L.) berries, branches and leaves.
Journal of Food Composition and Analysis, 103, 104107. doi: 10.1016/j.jfca.2021.104107.

Badania omowione w Publikacji 3 podkreslaja réznorodnos¢ anatomicznych czesci rokitnika
pospolitego pod wzgledem weryfikowanych skladnikow 1 zapewniajag kompleksowe porownanie
wysokoplonujacych odmian uprawianych w Europie Srodkowo-Wschodniej, tj. ‘Botaniczeskaja-

Lubitelskaja’, ‘Golden Rain’, ‘Luczistaja’, ‘Maryja’, ‘Podarok Sadu’, ‘Prozrocznaja’ i ‘Tatiana’.

Analiza przeprowadzona metoda UPLC-PDA-ESI-Q/TOF-MS pozwolita na identyfikacje
i oznaczenie ilosciowe siedmiu pochodnych kwercetyny, 12 pochodnych izoramnetyny oraz dwoch

pochodnych kemferolu (Publikacja 3, Tab. 1). Pochodne izoramnetyny sa dobrze rozpoznane jako
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dominujaca frakcja fenolowa, stanowig ponad 65% flawonoli calych jagdd gatunkow nalezacych do rodziny
rokitnikowatych (Elaeagnaceae) uprawianych w réznych lokalizacjach geograficznych (Fatima i in., 2015;
Ma i in., 2016; Publikacja 1). Jednak to badanie czgsci anatomicznych rokitnika pospolitego wskazato
na wigksze zréznicowanie pochodnych izoramnetyny niz kwercetyny i kemferolu, ale jednoczes$nie wyzsze
stezenie pochodnych kwercetyny w skorce, migzszu, pedach i lisciach. Najwyzsze zawartosci 3-O-glukozydu,
3-O-rutynozydu i 3-O-glukozydu-7-O-ramnozydu izoramnetyny oraz 3-O-glukozydu kwercetyny oznaczono
w skorkach, przy czym w migzszu dominowat 3-O-glukozyd kwercetyny. 3-O-Glukozyd-7-O-ramnozyd
izoramnetyny byl rowniez glownym flawonolem w nasionach i endokarpie, czego wczesniej nie opisano

w literaturze naukowe;j.

W pedach i liSciach zbadano istotnie wysokie ilosci 3-O-glukozydu-7-O-ramnozydu kwercetyny
(p <0,05), a wigkszos$¢ lisci byta zasobna réwniez w 3-O-glukozyd i 3-O-rutynozyd kwercetyny. Oprocz lisci,
3-O-rutynozyd kwercetyny zidentyfikowano, takze w skorkach, migzszu i endokarpie, w przeciwienstwie
do odmian uprawianych w Kanadzie, w tym rowniez analizowanej w tym badaniu ‘Golden Rain’, gdzie

zwigzek ten zidentyfikowano tylko w li§ciach (Fatima i in., 2015).

Obecnos¢ pochodnych kemferolu byta selektywna, zalezna od frakcji i odmiany; dla przyktadu
nasiona zawieraly tylko 3-O-rutynozyd, natomiast pochodnych kemferolu nie zidentyfikowano w pedach.
Stwierdzono, ze im bardziej zewngtrzna cz¢s$¢ jagody (od nasion do skorki), tym wyzsza byta zawartos¢
pochodnych kemferolu. Ponadto, analiza ilosciowa przeprowadzona metoda UPLC-PDA dowiodta, Ze liscie

rokitnika pospolitego byty Srednio 2-krotnie zasobniejsze w kwasy fenolowe niz migzsz i skorki.

Zgodnie z oznaczeniem metoda UPLC-PDA, wséréd flawan-3-oli oznaczono (+)-katechine,
(-)-epikatechine (EC), galusan (-)-epikatechiny (ECG) i (-)-epigallokatechiny (EGC) (Publikacja 2, Tab. 2).
Frakcje rokitnika pospolitego pod wzgledem zawartosci flawan-3-oli uporzadkowano nastepujaco: pedy >
endokarp > liscie > skorki > miazsz > nasiona. Analiza UPLC-FL koncowych jednostek polimerycznych
procyjanidyn (PP), powstatych w wyniku reakcji floroglucynolizy, wskazala przewage (+)-katechiny
w ilo§ciowo zréznicowanych strukturach polimerowych. Czgsci wegetatywne i nasiona byly lepszym zroédtem
PP niz miekkie tkanki jagdod. Liscie powszechnie uprawianych jabtoni, pigwy pospolitej, pigwowca
japonskiego, zurawiny wieloowocowej i porzeczki czarnej zawieraly od 239 mg do 11 215 mg PP w 100 g sm

(Teleszko i Wojdyto, 2015), stad liscie rokitnika pospolitego uznano za zrédto PP o umiarkowanej zawartosci.

Sredni stopien polimeryzacji procyjanidyn (DP) wskazujacy liczbe jednostek flawan-3-olu
w polimerach, oznaczono od 2,4 w pedach do 8,0 w nasionach. Obecno$¢ dimerycznych i oligomerycznych
flawan-3-oli oraz stabe ujemne korelacje miedzy DP i PP oraz DP i flawan-3-olami (odpowiednio r = -0,30
i -0,39) wskazaly na niskg intensywno$¢ cierpkosci frakcji, waznej z punktu widzenia potencjalnych

zastosowan spozywczych.

Dotychczasowe dane literaturowe akcentowaty kilkukrotnie wyzsza zawartos¢ zwigzkdéw fenolowych
w lisciach wytagcznie w poréwnaniu do catych jagodd rokitnika pospolitego i innych owocow jagodowych
i ziarnkowych, pomijajac znaczenie cz¢éci anatomicznych (Bittova i in., 2014; Teleszko i Wojdyto, 2015;
Criste 1 in., 2020). Wyniki badan zaprezentowane w Publikacji 3 wskazuja na ponad 4-krotnie wyzszg ilo$¢
zwigzkow fenolowych w pedach niz lisciach, kolejno okoto 6 razy wyzsza niz w nasionach i 7 razy wyzsza

niz w skérkach. Suma mono-, di-, oligo- i polimerycznych flawan-3-oli w endokarpie i nasionach stanowila
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ponad 80%, a w przypadku pedéw ponad 99% zwigzkow fenolowych ogotem. W wigkszosci skorek i lisci

stosunek flawan-3-oli do flawonoli wyniost 1:1 i proporcje te byly determinowane czynnikiem odmianowym.

Postugujac sic metoda UPLC-PDA-ESI-Q/TOF-MS zidentyfikowano i oznaczono ilo$ciowo
11 pentacyklicznych triterpenoidoéw, ktore podzielono na dwie grupy (Publikacja 3, Tab. 3). Pierwsza z nich
sktadata si¢ z oznaczonych w wysokich ilo§ciach kwasdéw: maslinowego, pomolowego, korozolowego,
betulinowego, oleanolowego i ursolowego oraz betuliny. Druga frakcje stanowily kwas tormentowy, kwas
a-bosweliowy, uwaol i erytrodiol (wystgpujacy tylko w pedach i lisciach), ktorych suma stanowita okoto 2%
triterpenoidow ogotem. Kwasy pomolowy, korozolowy, betulinowy, tormentowy i a-bosweliowy, betuling,
uwaol i erytrodiol, zidentyfikowane po raz pierwszy w czegSciach anatomicznych jagod, pedach

i lisciach roznych odmian H. rhamnoides.

Cechg wyrdzniajacg czesci anatomiczne jagody (skorki, migzszu, endokarpu, nasion) byta dominacja
kwasu pomolowego, ktory stanowit od 34% do 57% triterpenoidow ogoélem, odpowiednio dla skorek
iendokarpu. Zawartosci kwasu maslinowego i kwasu pomolowego byly silnie skorelowane (r=0,98), a migzsz
byt ponad 20-krotnie zasobniejszy w te metabolity niz li§cie. Skorki charakteryzowala najwyzsza ilo$¢ kwasu
oleanolowego i kwasu ursolowego, powszechnie wystgpujacych w niskopolarnych i niepolarnych frakcjach
wielu roslin. Pedy uznano jako najlepsze zrodlo kwasu korozolowego i1 kwasu betulinowego, podczas gdy
liscie zawieraty kwas ursolowy w ilo$ci 46% triterpenoidow ogdtem. Ustalono, Ze profil triterpenoidow skorek
1 lidci rokitnika pospolitego moze mie¢ znaczenie w przypadku ich zastosowania w zapobieganiu stanom
zapalnym, poniewaz badania in vitro i in vivo, w tym ostatnie nad pedami H. rhamnoides, sugeruja hamowanie
promocji nowotworu przez kwas ursolowy (Yasukawa i in., 2009; Marciniak i in., 2021). Zidentyfikowane
triterpenoidy  maja roéwniez  wspolne  dziatanie  przeciwdrobnoustrojowe,  hepatoprotekcyjne

i przeciwutleniajace (Rozalska i in., 2018).

Nastepnie, zastosowanie metody FAAS skoncentrowano na detekcji czterech makroelementow: sodu,
potasu, wapnia i magnezu oraz czterech mikroelementéw: zelaza, miedzi, cynku i manganu (Publikacja 3,
Tab. 4). So6d stanowil zaledwie od 1% do 2% badanych makroelementéw. Natomiast kluczowym
pierwiastkiem byt potas w ilosci od 74% do 93% wszystkich makroelementow odpowiednio w pedach
1 migzszu, z wyjatkiem lisci, w ktorych znaczny udziat stanowil wapn - 55% makroelementow. Nadci$nieniu
tetniczemu towarzyszy niskie st¢zenie potasu, wapnia i magnezu w organizmie, stad uzasadnione wydaje si¢
spozywanie produktéw na bazie frakcji rokitnika pospolitego, zasobnych w te sktadniki mineralne, przez
konsumentéw zmagajacych si¢ z tg chorobg. Co wigcej, dostrzezono potencjat w regularnym spozywaniu
pokarmoéw zawierajacych jagody rokitnika pospolitego celem wspomagania utrzymania rownowagi jonowej

1 wlasciwej pobudliwosci tkanek wynikajacej z roli potasu w organizmie czlowieka (Bal i in., 2011).

Badania dowiodly, ze najlepszym zrédtem magnezu byty nasiona (15% makroelementéw), nast¢pnie
pedy 1 liscie. Wysoka zawarto$¢ magnezu oraz przewaga zelaza i cynku nad sodem byly charakterystyczne
réwniez dla nasion rokitnika pospolitego badanych przez Zeb i Malook (2009). Jednak dane zaprezentowane
w Publikacji 3 doktadnie sprecyzowaty 25-krotnie wyzszg akumulacj¢ wapnia w endokarpie niz w nasionach,
ktore zawieraly istotnie nizsze st¢zenie tego makroelementu (p < 0,05) niz pozostale czesci anatomiczne

rokitnika pospolitego.

25



Analiza mikroelementéw wskazata zZelazo jako dominujacy mikroelement, w iloSci od 36%
w przypadku endokarpu do 55% mikroelementéw ogdétem w nasionach. Oznaczono 2,5-krotnie wyzsza
koncentracje zelaza w nasionach i 1,5-krotnie wyzsza zawarto§¢ w skorkach i endokarpie niz w miazszu.
Dlatego tez, przeciery i soki metne, czyli produkty ze zwigkszong zawartoscig czgsci stalych (skorek
i endokarpu), dostarcza znacznie wigcej zelaza niz soki poddane klarowaniu i filtrowaniu. Dodatkowo,
poprzednie badania dowiodty, ze owoce rokitnika pospolitego maja wysokie st¢zenie witaminy C (Publikacja
1, Tab. 1), ktora zwicksza przyswajalnos¢ zelaza; stad spozywanie produktow z tej rosliny mogloby wspierac
zaréwno prawidtowe funkcjonowanie uktadu odpornosciowego, jak i przemian metabolicznych - transportu

elektronow, tlenu, aktywacji tlenu (Gutzeit i in., 2008).

Badania sktadnikéw mineralnych pozwolity na stwierdzenie, ze 100 g sproszkowanych lisci badanych
odmian rokitnika pospolitego moze pokry¢ zalecane dzienne spozycie (RDA) wapnia (1000 mg), zelaza (8 mg
—mgzezyzni, 18 mg - kobiety), miedzi (0,9 mg) i manganu (2,3 mg - m¢zczyzni, 1,8 mg - kobiety). Podobnie,
endokarp, nasiona i pedy moga stanowi¢ korzystne niekonwencjonalne zrodlo zelaza, miedzi i manganu,

bliskie zapotrzebowaniu na sktadniki odzywcze.

Relacje migdzy czgsciami anatomicznymi rokitnika pospolitego a sktadem chemicznym okreslono
poprzez analiz¢ glownych skladowych (PCA), w wyniku ktorej wyrozniono szes¢ skupien (Publikacja 3, Fig.
2):

(1) skorki charakteryzujace si¢ znaczng zawartoscia pochodnych izoramnetyny, kwercetyny
i kempferolu, kwasow fenolowych, betuliny, kwasu oleanolowego i kwasu ursolowego;

(2) migzsz zasobny w kwas pomolowy, kwas maslinowy i potas;

(3) endokarp o wysokim stezeniu potasu i sodu;

(4) nasiona kumulujace polimeryczne procyjanidyny, kwas betulinowy, magnez i cynk;

(5) pedy zasobne w polimeryczne procyjanidyny, flawan-3-ole, kwas korozolowy i kwas betulinowy;

(6) liscie jako najbardziej rozlegta grupa reprezentujaca szczeg6lnie wysoka zawartos¢ flawonoli, wapnia,

potasu, sodu, zelaza, miedzi, manganu i kwasu ursolowego.

Podsumowujac, analiza wynikéw zaprezentowanych w Publikacji 3, pozwolita na stwierdzenie,
ze anatomiczne czesci rokitnika pospolitego (skorka, migzsz, nasiona, endokarp, pedy i liScie) majg potencjat
do produkcji zywnosci bogatej w zwiazki fenolowe 1 triterpeny o wysokiej aktywnosci przeciwutleniajace;j
i przeciwzapalnej, a takze do uzupeiniania jonéw (szczegdlnie potasu, wapnia, zelaza, miedzi i manganu)

i utrzymania ich odpowiedniej rownowagi w organizmie.

Nastepne, dziatania badawcze skupiono na analizie zalezno$ci migdzy frakcja fitozwigzkow
a aktywno$cia biologiczng sokow z owocow rokitnika pospolitego (Publikacja 4). Produkcja sokow wciaz
pozostaje szybko rozwijajacym si¢ segmentem w sektorze przemystu owocowo-warzywnego, jednoczesnie
stanowigc powszechng komercyjnie forme przetworzenia owocow rokitnika pospolitego. Dotychczas, brak
w literaturze doniesien na temat zréznicowania profilu fitochemicznego i wlasciwosci prozdrowotnych
dostepnych w handlu sokdéw z owocow tej rosliny. Dlatego tez, celem badan bylo jakosciowe i ilosciowe
oznaczenie tokoferoli i tokotrienoli, karotenoidéw i wolnych aminokwasdéw oraz ocena potencjatu

przeciwstarzeniowego, przeciwcukrzycowego, przeciw otytosci, przeciwzapalnego i przeciwutleniajacego
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w dostepnych na rynku detalicznym sokach z owocow rokitnika pospolitego (J1-J5) i soku laboratoryjnym
z owocOw odmiany ‘Jozef® (J6). Dodatkowym novum byla analiza ilo$ciowa i jakoSciowa zwigzkow

okreslanych mianem fitoprostanow (PhytoP) i fitofuranéw (PhytoF).

Wyniki przedstawiono w Publikacji 4:
Tkacz K., Gil-Izquierdo A., Medina S., Turkiewicz I.P., Dominguez-Perles R., Nowicka P., Wojdyto, A. 2021.
Phytoprostanes, phytofurans, tocopherols, tocotrienols, carotenoids and free amino acids and biological
potential of sea buckthorn juices. Journal of the Science of Food and Agriculture, 11345.
doi: 10.1002/jsfa.11345.

Po raz pierwszy zidentyfikowano fitoprostany i fitofuran w sokach z owocoéw rokitnika pospolitego
(Publikacja 4, Tab. 1). Analiza wykonana metodg UHPLC-QqQ-MS/MS pozwolita na jakosciowe i ilosciowe
oznaczenie o$miu fitoprostanow Fi, D1, B; i1 L1, ich odpowiednich enancjomeréw oraz mniej powszechnej
oksylipiny w matrycach roslinnych — fitofuranu. Dominujaca klasg byly F-fitoprostany (od 66% do 100%
fitoprostanéw ogolem), nastgpnie pochodne D; (do 28% fitoprostanow ogoltem). Ze wzgledu na rosnace
znaczenie fitoprostanow w ludzkim metabolizmie, biodostgpnos$ci i implikacjach przeciwwirusowych,
przeciwzapalnych, immunomodulujacych, cytotoksycznych i cytoprotekcyjnych (Medina i in., 2018), od 20
do niemal 50-krotnie wyzsza sumg¢ fitoprostanéw w sokach J1, J3 i J6 w poréwnaniu z pozostalymi sokami
uznano za potencjalnie korzystne. Warto zauwazy¢, ze ilosci fitoprostandw w sokach z owocow rokitnika byly
porownywalne z tymi w roslinach i zywnos$ci uwazanych za bogate zrodla w oksylipiny, migdzy innymi
w marakui, migdatach i orzechach oraz réznych czgsciach anatomicznych roslin o potencjale leczniczym
(Medina i in., 2018).

Wsrod fitofurandw, okre$lono jedynie Ent-9-(RS)-12-epi-ST-A!°-13-fitofuran w sokach J1, J4 i J6.
Odmiany rokitnika pospolitego i warunki agronomiczne zwiazane z nasileniem stresu oksydacyjnego,
a nastepnie proces produkcji i przechowywania sokéw mogly istotnie modulowaé zawarto$¢ badanych
oksylipin, ze wzgledu na potencjalny wzrost utleniania kwasu a-linolenowego (ALA) powodowany obrobka

cieplna, co poprzednio badano w olejach roslinnych (Collado-Gonzalez i in., 2015).

Analiza przeprowadzona metoda UPLC-FL ujawnita w sokach z owocow rokitnika pospolitego cztery
kongenery tokoferolu: a, B, v i 0, oraz trzy kongenery tokotrienolu: a, y i & (Publikacja 4, Fig. 1). Zawartos¢
tokoferoli byta od 3,6 do 6,7 razy wyzsza niz ilo§¢ tokotrienoli. Wysoka koncentracja a-tokoferolu w sokach
z owocow rokitnika pospolitego (gtéwnie J3, J4 i J6) uznano za niewatpliwie cenng, gdyz forma o jest jedyna
aktywng forma speiniajaca zapotrzebowanie cztowieka na witaming E. Nasiona rokitnika pospolitego
zawieraly wyzsze ilosci y-tokoferolu (od 20% do 40%) niz mickkie czgsci jagdd, zas d-tokoferol dominowat
w skorkach (Ranjith i1 in., 2006; Pop i in., 2015). W zwigzku z tym obrobka wstepna surowca mogla
modulowa¢ koncowa zawarto$¢ tych form w sokach, zwlaszcza w soku z owocow odmiany ,,Jozef”

0 najwyzszych oznaczonych stezeniach form y i 8.

Opierajac analize¢ wykonang metodg UPLC-PDA-ESI-Q/TOF-MS o charakterystyke protonowanych
czasteczek i1 jonow fragmentacyjnych, oznaczono 18 karotenoidow, w tym 10 ksantofili (izomery all-trans-
luteiny, all-frans-zeaksantyny i all-trans-B-kryptoksantyny), 7 karotendéw (all-trans-p-karoten, cis-p-karoten,
a-, Y-, 0-, &- 1 (-karoten) oraz fitofluen (Publikacja 4, Tab. 2). Obecno$¢ karotenoidow determinuje

pomaranczowy, niemal czerwony kolor produktow z rokitnika pospolitego, a tym samym ich atrakcyjnos¢.
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W soku J5 dominowaty karoteny (82% karotenoidéw ogodtem), dla soku J6 stosunek karotenow do ksantofili
wyniost niemal 1:1, a w pozostatych sokach ksantofile stanowity od 64% do 100% karotenoidéw ogdtem.
Zatem, nie znaleziono korelacji migdzy tymi dwiema grupami karotenoidow (r = 0,01), ale karoteny silnie
korelowaty z fitofluenem (r = 0,91), ktérego obecnos¢ mogla wynika¢ z zanieczyszczenia niedojrzatymi
jagodami. Co istotne, all-trans-B-kryptoksantyna, jeden z charakterystycznych karotenoidow w rokitniku
pospolitym opisany w Publikacji 2, nie zostal oznaczony w sokach J3 i J4, ktore nie zawieraly takze
pochodnych karotenow (all-trans-p-karoten, cis-p-karoten, a-, y-, 8-, € i (-karoten). Niskie ilosci tych
metabolitow wtornych wynikajg z eliminacji fazy thuszczowej z sokow lub technologii przetwarzania, w ktorej
surowiec podlega wstgpnej obrobce wylacznie na zimno, nie sprzyjajacej wysokiej wydajnosci ekstrakcji

karotenoéw (Seglina i in., 2006).

Zidentyfikowano i oznaczono ilosciowo 20 wolnych aminokwaséw, w tym osiem aminokwasow
egzogennych (EAA) i pig¢ aminokwasow warunkowo niezbednych dla organizmu czlowieka (CEAA)
(Publikacja 4, Tab. 3). Badane soki miaty kompleksowy profil EAA i CEAA, ale ich zawarto$¢ byta
umiarkowana, od 11% do 41% aminokwasow ogotem. Zatem, tylko wyselekcjonowane produkty uznano jako

atrakcyjne zrodto aminokwasow.

Stosunkowo wysoka 1 zroéznicowang zawarto$¢ asparaginy (Asn) w ilosci od 30% do 81%
aminokwasow ogdtem, nastgpnie kwasu asparaginowego (Asp) i alaniny (Ala) w sokach z owocow rokitnika
pospolitego nalezy rozpatrywaé w kontek$cie ryzyka wystapienia reakcji Maillarda powodujacych
powstawanie potencjalnie toksycznych zwigzkow o negatywnym wptywie na zdrowie (akrylamidu - ACR,
hydroksymetylofurfuralu - HMF, amin heterocyklicznych, furanu) (Collado-Gonzalez i in. 2014; Constantin
iin., 2019). Z drugiej strony Constantin i in. (2019) zidentyfikowali optymalng temperature i sekwencje
czasowa w celu zmniejszenia tworzenia si¢ ACR i 5-HMF podczas obréobki termicznej purée z rokitnika,
tj. 134,87 °C przez 14,82 min.

Co wazne, w$roéd aminokwasow nieproteogennych, GABA stanowit do 4,5%, a aminokwas siarkowy
homocysteina (HCys) do 3,3% aminokwasow ogdtem. Chociaz te aminokwasy nie s3 wbudowane w bialka,
ich obecno$¢ w sokach z owocow rokitnika pospolitego moze by¢ zwigzana ze zdrowiem, poniewaz dziataja
jako gléwne neuroprzekazniki synaptyczne o dziataniu hamujgcym i sg silnymi przeciwutleniaczami (Wu,
2010; Collado-Gonzalez i in. 2014). W dotychczasowych danych literaturowych nie analizowano
aminokwasow w sokach z owocow rokitnika pospolitego przy uzyciu metody LC-MS, a badanie opisane
w Publikacji 4 jest pierwszym, w ktorym zidentyfikowano i oznaczono ilosciowo HCys i GABA dla

produktow z H. rhamnoides.

Potencjat prozdrowotny sokow z owocow rokitnika pospolitego selektywnie korelowat z ich sktadem.
Soki charakteryzowata nizsza aktywno$¢ w kierunku inhibicji AChE i BuChE jako potencjalny sposob
hamowania zmian zwyrodnieniowych poprzez zwigkszenie transmisji w ukladzie cholinergicznym niz
w przypadku jagod (Publikacji 2, Tab. 3). Jednak sok uzyskany w skali laboratoryjnej miat najwyzszy wsrod
badanych sokéw potencjat inhibicji AChE i BuChE. Jest to tym bardziej istotne, gdyz ostatnie doniesienia
literaturowe sugerowaty, ze niektére izoprostany (IsoP), izofurany (IsoF) i neurofurany (NeuroF) mogg by¢
potencjalnymi biomarkerami stresu oksydacyjnego w zaburzeniach neurologicznych, w tym choroby
Alzheimera i Parkinsona (Ahmed i in., 2020). Jednak rola oksylipin roslinnych, w tym fitoprostanow

i fitofuranow, w regulacji zaburzen neurodegeneracyjnych nie zostata wyjasniona i jest to pierwsze doniesienie
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na temat sokow jako potencjalnych srodkéw o aktywno$ci hamujgcej AChE i BuChE w profilaktyce przyczyn

otepienia.

Hipoglikemiczny wptyw sokdéw z owocdw rokitnika pospolitego analizowano pod katem hamowania
a-amylazy i a-glukozydazy (Publikacja 4, Tab. 4). Potencjal hamowania a-glukozydazy byt silniejszy niz
aktywno$¢ hamowania a-amylazy, z wyjatkiem soku J2. Tokoferole, tokotrienole i wickszo$¢ aminokwasow

umiarkowanie lub silnie korelowaty z aktywno$cia hamujaca a-amylaze (r > 0,50).

Wykazano, ze wszystkie analizowane soki charakteryzowaly si¢ inhibicjg lipazy trzustkowe;.
Wiadomo, ze cukrzyca typu 2 silnie koreluje z przyrostem tkanki tluszczowej i stopniem otylosci. Zatem
hamowanie lipazy trzustkowej, kluczowego enzymu w trawieniu i wchianianiu lipidow, moze mie¢ wpltyw
na leczenie zarowno cukrzycy, jak i otylosci (Justino i in., 2018). Analiza korelacji Pearsona ujawnita
ksantofile (kryptoksantyne, luteine, zeaksantyne) i niektore fitoprostany zawarte w sokach z owocow rokitnika
pospolitego jako potencjalne inhibitory lipazy trzustkowej (r > 0,50). Niedawne badania epidemiologiczne
z udziatem ludzi dowiodly, Zze wyzsze spozycie w diecie przektadato si¢ na wyzsze stg¢zenie karotenoidow
w surowicy krwi i istotnie wptywato na zmniejszenie stopnia otytosci (Bonet i in., 2015). Dotychczas

w literaturze nie wigzano zdolno$ci hamowania lipazy trzustkowej z obecnoscig fitoprostanow.

Potencjal przeciwzapalny sokéw z owocow rokitnika pospolitego prezentowany jako procent
hamowania aktywnosci 15-lipoksygenazy silnie korelowal z zawartos$cig fitoprostanow i fitofuranow,
zwyjatkiem Ent-16-epi-16-F-fitoprostanu i Ent-16-F -fitoprostanu, powszechnie wystepujacych w badanych
sokach (Publikacja 4, Tab. 4). Wyniki byly zgodne z poprzednimi badaniami Karg i in. (2007) sugerujacymi
dzialanie przeciwzapalne fitoprostanéw, ich zdolno$¢ do modulowania mechanizméw komoérkowych
zaangazowanych w adaptacyjna odpowiedz immunologiczna, oraz silng analogi¢ strukturalng z endogennymi

prostaglandynami w odniesieniu do pierscienia cyklopentenonu i jego elektrofilowego charakteru.

Aktywno$¢ przeciwutleniajaca badana metodami ORAC, ABTS i FRAP w soku otrzymanym w skali
laboratoryjnej (J6) byta zblizona do $redniej aktywnosci sokow handlowych (Publikacja 4, Tab. 4). Karoteny,
a-tokoferol, Arg i Gln wydaty si¢ by¢ najskuteczniejszymi przeciwutleniaczami wsrod badanych zwigzkow

chemicznych.

Podsumowujac wyniki zawarte w Publikacji 4, soki z owocodw rokitnika pospolitego moga by¢
atrakcyjng zywno$cig o dzialaniu przeciwcukrzycowym i przeciw otylosci ze wzgledu na zawartosé
potencjalnych inhibitoréow a-amylazy, a-glukozydazy (tokoferole, tokotrienole, wybrane aminokwasy) oraz
lipazy trzustkowej (fitoprostany i ksantofile). Obecnos¢ oksylipin, tokoferoli, tokotrienoli i aminokwasow
moze zwigkszy¢ funkcjonalno§¢ sokdéw w ograniczaniu zmian neurodegeneracyjnych, co czyni
je potencjalnymi $rodkami przeciwstarzeniowymi w profilaktyce najczestszego typu otepienia — choroby

Alzheimera.
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4.2. Optymalizacja procesu fermentacji jablkowo-mlekowej sokow na bazie owocow

rokitnika pospolitego

Wyniki uzyskane w pierwszym etapie badan dowiodly, ze frakcje (jagody, pedy, liscie)
isoki z rokitnika pospolitego majg unikatowa kompozycje hydrofilowych i lipofilowych zwiazkow o dziataniu
prozdrowotnym, stad wpisuja si¢ w strategi¢ poszukiwania naturalnych czynnikow profilaktyki przewlektych
choroéb niezakaznych. Niemniej jednak, surowiec ten stanowi dla przemystu spozywczego istotne wyzwanie
zwigzane z opracowaniem w pelni akceptowalnego produktu pod wzgledem sensorycznym przy zachowaniu
wysokich waloréw prozdrowotnych. Jagody cechuje intensywna kwasowos$¢, cierpkos¢, ostry aromat
i niejednorodna konsystencja wynikajagca z separacji fazy tluszczowej i osadu. Wiasciwosci te znajduja
odzwierciedlenie w niskim spozyciu i produkcji zywno$ci z rokitnika pospolitego gléwnie w skali lokalnej lub
stosowaniu tylko jako kilkuprocentowy dodatek do produktéw owocowo-warzywnych. Dlatego tez, w drugim
etapie badan podjgto probe optymalizacji procesu redukceji kwasowosci sokow z owocow rokitnika pospolitego
na drodze fermentacji jablkowo-mlekowej. Celem tego etapu bylo okreslenie aktywnosci metabolicznej
szczepOow Lactobacillus plantarum, Lactobacillus plantarum subsp. argentoratensis i Oenococcus oeni wraz
z dynamika zmiany zawarto$ci kwasdéw organicznych, cukréw, zwigzkow fenolowych oraz aktywnosci
przeciwutleniajgcej podczas 72-godzinnej fermentacji soku z owocow rokitnika pospolitego odmiany ‘Jozef’

1 sokow mieszanych rokitnik — jabtko odmiany ‘Champion’ (1:1).

Wyniki przedstawiono w Publikacji 5:
Tkacz K., Chmielewska J., Turkiewicz I.P., Nowicka P., Wojdyto A. 2020. Dynamics of changes in organic
acids, sugars and phenolic compounds and antioxidant activity of sea buckthorn and sea buckthorn-apple juices
during malolactic fermentation. Food Chemistry, 332: 127382. doi: 10.1016/j.foodchem.2020.127382.

Fermentacja jabtkowo-mlekowa powszechnie stosowana jest w produkcji win czerwonych
1 niektorych win biatych, celem modyfikacji bukietu i zwigkszenia stabilno$ci mikrobiologicznej. Wyniki
opisane w Publikacji 5 po raz pierwszy nawigzuja do aktywnosci metabolicznej i selekcji szczepow bakterii
fermentacji jablkowo-mlekowej sokdw na bazie owocow rokitnika pospolitego zapewniajgcych redukcje ilosci
kwasu jabtkowego przy jednoczesnym zwigkszeniu potencjalu prozdrowotnego poprzez wzrost ilosci

zwiazkow fenolowych i aktywnosci przeciwutleniajace;.

Wczedniejsze badania nad fermentacjg sokow owocowych 1 warzywnych dowiodly, ze wyzsze pH
sprzyja zdolnosci metabolicznej wielu szczepow bakterii (Filannino i in, 2014; Wei i in., 2018). Modyfikacje
pH (o 0,1) zbadano jedynie w sokach mieszanych zaszczepionych L. plantarum (Publikacja 5, Tab. 1, 2).
Proces fermentacji jabtkowo-mlekowej przyczynit si¢ do zmian zawartosci ekstraktu ogdlnego nie wigcej niz
o 1,2 °Bx, co silnie dodatnio korelowato z ilo$cig kwasu jablkowego (r = 0,92) i silnie ujemnie z iloscig kwasu
mlekowego (r = -0,78 1 -0,85 odpowiednio dla sokéw jednorodnych i mieszanych). Co wazne, badane soki
bioprzetwarzane spetnialty obowiazujace przepisy branzowe zawarte w Codex General Standard for Fruit
Juices and Nectars (Codex STAN 247-2005) okreslajace minimalny stopien Brix dla sokow z owocow

rokitnika pospolitego réwny 6,0, a dla soku jabtkowego - 10,0.

Wskaznikiem procesu fermentacji byla konwersja kwasu jabtkowego do tagodniejszego kwasu
mlekowego. Stwierdzono umiarkowane obnizenie zawarto$ci kwasu jabtkowego, od 3,5% do 20,9%, w sokach

z owocow rokitnika pospolitego (Publikacja 5, Tab. 1). We wszystkich sokach jednorodnych zaobserwowano
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w trakcie procesu wzrost ilosci kwasu mlekowego, jednak tylko w przypadku sokéw fermentowanych
ze szczepami DSM 20174 1 DSM 10492 zmiany te byty istotne statystycznie. Udowodniono, Ze rodzaj szczepu
determinowat ilo$¢ powstajacego kwasu mlekowego, nie naruszajac pierwotnej zawartosci cukrow.
Na przyktad w soku jednorodnym traktowanym szczepem DSM 10492 oznaczono okoto 2-krotnie wigcej
kwasu mlekowego niz w sokach ze szczepem DSM 100813 1 DSM 6872, pomimo podobnej redukcji ilosci
kwasu jabtkowego, $rednio 13,2%. W przyszio$ci cenna moze by¢ proba odkwaszania soku za pomoca

zrekombinowanych komorek L. plantarum, ktore zwickszaja efektywno$¢ fermentacji (Schiimann i in., 2012).

Redukcja zawartosci kwasu jablkowego byla istotniejsza dla sokéw mieszanych rokitnik —jabtko (1:1)
i wyniosta do 75,0% dla soku traktowanego szczepem DSM 10492 (Publikacja S, Tab. 2). Najsilniejsze
obnizenie ilosci kwasu jabtkowego nastgpito podczas pierwszych 24 godzin fermentacji ze szczepami
L. plantarum. W zwiazku z niewielkimi ré6znicami w stezeniu kwasu jabtkowego w kolejnych dobach procesu,
optymalny czas fermentacji dla szczepow DSM 6872, DSM 100813 i DSM 20174 ustalono jako 48 godzin
(Publikacja S, Fig. 2). Dodatek soku jabtkowego zwigkszyl pH soku przeznaczonego do procesu fermentacji,
zapewniajac warunki procesu zblizone do optymalnych dla bakterii, jak réwniez dostarczyl niezb¢dnych do
ich aktywnosci cukréw, aminokwasow i witamin. Ponadto, wybor jablek uznano za pozadane dziatanie

ekonomicznie i sensorycznie.

Zastosowany szczep O. oeni nie wykazal aktywnosci w kierunku konwersji kwasu jabtkowego
podczas 72-godzinnej fermentacji. Z drugiej strony, stosujac ten gatunek bakterii do soku z rokitnika odmiany
‘Oranzhevaya’, osiggnicto ponad 90%-owa redukcje ilosci kwasu jabtkowego (Tiitinen i in., 2006). Dane
literaturowe podkreslaja dominacje O. oeni w procesie fermentacji jablkowo-mlekowe;j i ich dobrg adaptacje
do trudnych warunkow winiarskich (Cinquanta i in., 2018). Niemniej jednak, brak aktywnos$ci thumaczone jest
mozliwym obnizeniem zawarto$ci komorek bakterii ponizej minimalnej wartosci niezbednej do utrzymania
fermentacji jablkowo-mlekowej, obecnos$cig naturalnych zwigzkéw przeciwdrobnoustrojowych owocow oraz

zbyt niskim pH sokéw 1 wysoka kwasowos$ciag w porownaniu do wyrobow winiarskich.

W sokach wykryto towarzyszace kwasy organiczne, tj. kwasy chinowy, cytrynowy, izocytrynowy
1 szczawiowy, ale proces fermentacji nie wplynal na istotng zmiang ich zawartosci (p > 0,05) (Publikacja 5,
Fig. 3). Kwas chinowy ma gorzki i cierpki smak, dlatego potencjalne modyfikacje jego zawartosci sg wazne

z punktu widzenia jakosci sensorycznej sokow.

Fermentacja jabtkowo-mlekowa sokow jednorodnych i mieszanych nie powodowata redukcji cukrow,
w tym glukozy, sacharozy, sorbitolu, fruktozy i ramnozy (Publikacja 5, Tab. 1, 2). Prawdopodobnie,
ze wzgledu na niskie pH soku z owocdw rokitnika pospolitego, L. plantarum wykazat wigkszg preferencje
kwasow jako zrodla wegla, a niepelna konwersja kwasu jabtkowego w kwas mlekowy nie skutkowata
konieczno$ciag bakteryjnej degradacji cukréw (Markkinen i in., 2019). Niemniej jednak, smak jagod zalezy
od stosunku cukréw do kwasow organicznych, ktory koreluje dodatnio ze stodycza, a ujemnie z kwasnoscia
i cierpko$cia (Tiitinen 1 in., 2005). Fermentacja wyltacznie sokéw mieszanych skutkowata maksymalnie

2-krotnym spadkiem tego wskaznika.

Wyniki uzyskane w pierwszym etapie badan wykazaty, ze jagody rokitnika pospolitego sg bogatym
zrodlem zwigzkow fenolowych, w tym flawonoli, ktore stanowiag ponad 98% calosci, a pozostale to pochodne

kwasoéw hydroksycynamonowych (Publikacje 1 i 2). Dlatego tez zmierzono dynamike zmian ilosci tych
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metabolitéw podczas 72-godzinnej fermentacji sokow. Reduktazy i dekarboksylazy niektorych szczepow
L. plantarum metabolizuja kwasy zawarte w owocach rokitnika pospolitego: kwas ferulowy
do p-winylogwajakolu, a kwasu p-kumarowy do kwasu floretowego i p-winylofenolu, czyli niepozadanych
prekursoréw sfermentowanego smaku (Rodriguez i in., 2008; Filannino i in., 2015). Poprzednie badania
wskazaty na silng redukcje ilosci kwaséw hydroksycynamonowych w fermentowanym soku z aronii czarnej,
wzrost zawarto$ci kwasu protokatechowego w soku z owocoéw rokitnika pospolitego poddanego dziataniu
szczepu DSM 10492 (Markkinen i in., 2019) oraz obnizenie zawartosci kwasu ferulowego i kwasu
p-kumarowego w soku z borowki bagiennej zaszczepionej O. oeni (Chen i in., 2019). Jednakze, zaszczepienie
sokow z owocow rokitnika pospolitego i sokow mieszanych rokitnik — jabtko (1:1) bakteriami kwasu

mlekowego nie spowodowato istotnych zmian zawartosci kwasoéw fenolowych (p > 0,05).

Rodzaj szczepu bakterii kwasu mlekowego determinowatl réznice w stezeniu flawonoli (Publikacja
5, Tab. 1). Roznice w zawartosci zwigzkow fenolowych ogétem w sokach z owocoéw rokitnika pospolitego
po 72-godzinnej fermentacji wyniosty maksymalnie 10%, podobnie jak zmiany flawonoli. Fermentacja sokow
jednorodnych z udziatem szczepu DSM 20174 sprzyjata przyrostowi ilo$ci flawonoli, przeciwnie do procesu
z udziatem szczepéw DSM 100813 i DSM 10492. Potencjalne wytracanie, utlenianie i taczenie zwigzkow
fenolowych lub ich adsorpcja w ciatach statych i polimeryzacja mogly spowodowac obnizenie ilo$ci tych
zwiazkow (Chen i in., 2018).

Fermentacja jabtkowo-mlekowa promowala wzrost zawarto$ci zwiazkow fenolowych w sokach
mieszanych rokitnik — jabtko (1:1), z wyjatkiem soku traktowanego szczepem DSM 10492 (Publikacja S,
Tab. 2). W sokach traktowanych szczepami DSM 16365 i DSM 100813 zmierzono wzrost flawonoli o okoto
27%. Inaczej niz w przypadku L. plantarum, w sokach poddanych dziataniu O. oeni zaobserwowano wzrost
flawonoli o 29% po 48 godzinach, nastepnie silng redukcje ich ilosci o 20% w ostatniej dobie procesu.
Zaleznosci te wynikaja z indywidualnej adaptacji szczepdw bakteryjnych oraz indukcji degradacji struktury
$cian komorkowych i hydrolizy glikozylowanych flawonoli do aglikoné6w w wyniku dziatania -glikozydazy
uwalnianej przez szczepy L. plantarum (Wei i in., 2018), oraz konwersja komplekséw fenolowych do form
wolnych i depolimeryzacja podjednostek o duzej masie czasteczkowej mozliwg w reakcjach katalizowanych
przez fenolooksydaze, charakterystycznych dla aktywnos$ci bakterii kwasu mlekowego (Hur i in., 2014; Kwaw
iin., 2018).

Fermentacja z udziatem szczepu DSM 20174 przyczynit si¢ do zwigkszenia dostepnosci zwigzkow
o wilasciwosciach przeciwutleniajacych w sokach jednorodnych (Publikacja 5, Tab. 1), a podobng
efektywnos$¢ tego szczepu stwierdzono w badaniach, gdzie fermentacji poddano sok z owocow granatu
(Mousavi 1 in., 2013). W przypadku sokow mieszanych po profesie fermentacji, z wyjatkiem proby
prowadzonej ze szczepem bakterii DSM 10492, zmierzono istotnie wyzsza aktywno$¢ przeciwutleniajaca
mierzong metodga ORAC (p < 0,05) (Publikacja 5, Fig. 4). Potwierdzono, ze L. plantarum wplywa
na konwersje lub ochrong zwigzkow bioaktywnych o aktywnosci przeciwutleniajgcej. Przyczyng moze by¢
zdolnos¢ bakterii do obrony przeciwutleniajacej przed generowaniem rodnikow tlenowych poprzez udziat
tlenu w redukcyjnej konwersji fenoli. Zwiazki przeciwutleniajace uwalniane lub syntetyzowane podczas
fermentacji moga dziata¢ jako czynniki redukujace, wygaszacze tlenu singletowego, chelatory metali oraz
donory wodoru. W rzeczywisto$ci, na dziatanie przeciwutleniajace wplywa wiele czynnikow, w tym rodzaj

szczepu 1 jego roznorodno$¢ na poziomie fenotypowym, ekologicznym i genotypowym, stezenie komorek,
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zdolnos¢ metaboliczna i1 zdolno$¢ rodzaju Lactobacillus do hamowania aktywnosci oksydazy polifenolowej
(Hur i in., 2014; Zheng i in., 2020). W tym badaniu fermentacja jabtkowo-mlekowa promowata
biotransformacje¢ sktadnikéw bioaktywnych w sokach dostarczajac silniejszych przeciwutleniaczy. Wzrost
aktywnosci przeciwutleniajgcej byt wiec silnie skorelowany z zawartoscig flawonoli w sokach jednorodnych

i sokach mieszanych, odpowiednio r= 0,92 i 0,99.

Reasumujgc wyniki zaprezentowane w Publikacji 5, fermentacje jablkowo-mlekowa uznano
za obiecujaca metodg biologicznego odkwaszania sokow z owocow rokitnika pospolitego i sokéw mieszanych
z jego wysoka zawartoscig. Szczepy Lactobacillus plantarum DSM 10492 i DSM 20174 oraz L. plantarum
subsp. argentoratensis DSM 16365 charakteryzowaly najwyzsza aktywno$¢ metaboliczna, sprzyjaty
akumulacji flawonoli i wzrostowi aktywnosci przeciwutleniajacej w sokach z owocow rokitnika i sokach

mieszanych rokitnik — jabtko (1:1).
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4.3. Opracowanie recepturowe i optymalizacja technologii otrzymywania produktéow

funkcjonalnych z sokiem z owocow rokitnika pospolitego

W kolejnym etapie badan zaprojektowano produkty funkcjonalne zawierajacych wysoki udziat soku
z owocOw rokitnika pospolitego (25% i 50%), jednocze$nie o wysokim potencjale prozdrowotnym i akceptacji
konsumenckiej. Celem badania byla ocena potencjalu przeciwstarzeniowego, przeciwcukrzycowego
i przeciwutleniajacego, analiza zwiazkéw fenolowych, podstawowego sktadu chemicznego i jakos$ci

sensorycznej 18 nowatorskich smoothies na bazie owocdw rokitnika pospolitego.

Wyniki przedstawiono w Publikacji 6:
Tkacz K., Wojdyto A., Turkiewicz I.P., Nowicka P. 2021. Anti-diabetic, anti-cholinesterase, and antioxidant
potential, chemical composition and sensory evaluation of novel sea buckthorn-based smoothies. Food
Chemistry, 338, 128105. doi: 10.1016/j.foodchem.2020.128105.

Nalezy podkreslic, ze w dostepnych danych literaturowych dotychczas nie przeprowadzono
kompleksowej analizy pomigdzy sktadem chemicznym, aktywnos$cia biologiczng in vitro w korelacji z oceng

sensoryczng produktéw z rokitnika pospolitego.

Smoothies poddano analizie podstawowych wlasciwosci chemicznych, tj. kwasowo$¢ miareczkowa,
pH, zawarto$¢ suchej masy, ekstraktu ogodlnego, popiotu i pektyn (Publikacja 6, Tab. 1). Zastosowanie
dodatkéw owocow 1 warzyw spowodowato wzrost pH, obnizenie kwasowo$ci miareczkowej i zwickszenie
ekstraktu ogolnego wigkszosci smoothies. Co wigcej, zastosowanie korzeni pietruszki i selera, marchwi,
gruszki 1 moreli istotnie wzbogacito produkty w pektyny (p < 0,05), co jest tym bardziej znaczace, ze badane
owoce rokitnika pospolitego nie sg zasobne we frakcj¢ rozpuszczalnego btonnika pokarmowego (Publikacja
6, Tab. 1).

Kolejnym wyrdznikiem jakosci opracowanych produktow byt profil cukréw i kwaséw organicznych
oznaczony odpowiednio metodami HPLC-ELSD i UPLC-PDA (Publikacja 6, Tab. 2). Pomimo znacznego
wzrostu naturalnych wolnych cukrow, wigkszo§¢ smoothies nalezy uznaé jako niskostodzone, gdyz 100 g
produktu zawierato nie wigcej niz 5 g cukrow ogoétem (Rozporzadzenie (WE) nr 1924/2006). Produkty
wzbogacane przecierem z gruszki i jabtka ze wzgledu na profil cukrowy (wysoka zawartos¢ fruktozy o niskim
IG w odniesieniu do IG glukozy czy sacharozy) nalezy uzna¢ za produkty o niskim indeksie glikemicznym
(IG). Wszystkie produkty miaty takze niski tadunek glikemiczny (GL), ponizej 10, co jest kluczowe z uwagi
na zachowanie niskiego poziomu glukozy we krwi po spozyciu smoothies i ich potencjalnie

przeciwcukrzycowego charakteru.

Catkowita zawarto$¢ kwasoéw organicznych w smoothies byla nizsza w pordéwnaniu do soku
z owocow rokitnika pospolitego 1 wyniosta od 1,77g do 4,53 g/100 g $m. Profil kwaséw mozna zestawic¢
nastgpujaco: kwas jabtkowy > kwas cytrynowy =~ kwas chinowy > kwas szczawiowy > kwas szikimowy >
kwas bursztynowy (Publikacja 6, Tab. 2). Wigkszo$¢ badan przypisuje prozdrowotne wlasciwosci warzyw
i owocow, w tym rokitnika pospolitego, witaminom i zwigzkom fenolowym, za§ malo uwagi poswigca si¢
kwasom organicznym w konteks$cie wilasciwosci terapeutycznych. Niemniej jednak, ostatnie badania
Izquierdo-Vega i in. (2020) wskazaly na udzial kwasu cytrynowego w poprawie biodostepnosci sktadnikow

mineralnych, regulacji réwnowagi kwasowo-zasadowej, dzialanie przeciwzapalne, przeciwutleniajace

34



1 przeciwzakrzepowe, z kolei cennymi wlasciwos$ciami kwasu jabtkowego jest jego potencjat prebiotyczny,

pobudzanie wydzielania soku zotadkowego oraz rozwoju niepatogennych bakterii.

Zawartos¢ cukrow i kwasow organicznych determinuje kluczowe postrzeganie smaku i akceptacje
owocow 1 produktow z udziatem rokitnika pospolitego (Yang, 2009), a niski stosunek cukréw do kwasow
organicznych réwny 0,3 determinuje silnie odczuwanie kwasnego smaku. Zastosowanie dodatku pomaranczy,
winogron, jabtka, brzoskwini, korzenia pietruszki i marchwi pozwolito na zwigkszenie stosunku cukrow
do kwasow organicznych powyzej 1,0 (Publikacja 6, Tab. 2). Chociaz wskaznik ten silniej korelowat
z odczuciem kwasnego smaku produktdow owocowych niz z dodatkiem warzyw (odpowiednio r = -0,77
1-0,49), to korelacja miedzy ogolng akceptacja a proporcja cukrow do kwasoéw organicznych byta wyzsza dla

smoothies z warzywami (r = 0,66).

Zgodnie z przeprowadzong analizg sensorycznag, produkt z owocoéw rokitnika pospolitego byt
nieakceptowalny sensorycznie (ocena 1,3), ze wzgledu na jego intensywnie kwasny, cierpki i gorzki smak,
a nastepnie niesatysfakcjonujaca konsystencje z tendencja do rozdzielania na faze thuszczowa, sok wlasciwy
i osad (Publikacja 6, Rys. 1). Zastosowanie dodatku przecieréw owocowych i warzywnych wptyneto
na istotng poprawe ogodlnej akceptacji produktow (p < 0,05). Ustalono silng przewage atrakcyjnego smaku
smoothies nad sokiem z owocow rokitnika pospolitego, zatem doznania smakowe determinowaly ogolng
oceng produktow (r=0,99). W tym kontekscie wsad 75% owocow 1 50% warzyw zapewniat najwyzsze oceny.
Smak kwasny jest jednoczesnie najbardziej intensywny i krotkotrwaly (Obrist i in., 2014), dlatego byt
kluczowym wyroznikiem w ocenie smaku nowych produktéw. Stwierdzono, Zze im nizsze odczucie
kwasowosci, tym wyzsza byta ogdlna ocena smoothies (r = -0,60). Najefektywniejsze w tagodzeniu kwasnego

smaku rokitnika pospolitego okazaty si¢ warzywa — marchew, seler i pietruszka.

Sok z owocdw rokitnika pospolitego zawieral jedynie 2 mg kwaséw fenolowych w 100 g $m, jednak
zastosowanie dodatku przecieréw z gruszki, brzoskwini, jabtka, pomaranczy, marchwi i pietruszki zwiekszyto
udziat tych zwiazkéw od 2 do 7 razy (Publikacja 6, Tab. 3). Wzbogacenie smoothies w kwasy fenolowe jest
tym bardziej korzystne, ze zwiazki te sa dobrze znanymi substancjami o udowodnionym dziataniu
hepatoprotekcyjnym, immunomodulujagcym, hipotensyjnym, przeciwutleniajacym, przeciwzapalnym,
przeciwcukrzycowym i przeciwmiazdzycowym (Izquierdo-Vega i in., 2020). W produktach z przecierem
jabtkowym w obu wariantach ilo$ciowych, z 75%-owym udzialem pomaranczy oraz z 25%-owa iloscig
marchwi kwasy fenolowe stanowily ponad 10% zwigzkéw fenolowych ogotem, podczas gdy w pozostalych

smoothies byto to $rednio 3,4%.

Flawonole byly dominujacymi zwigzkami fenolowymi we wszystkich smoothies, a najwyzsze ilo$ci
zbadano w produktach z pomaranczg, nastgpnie z morelg, brzoskwinig i winogronem ($rednio 60 mg/100 g
$m) (Publikacja 6, Tab. 3). Zaprojektowane receptury zapewniajg szczego6lnie wysokie ilosci flawonoli,
pochodzacych gtownie z rokitnika pospolitego, co odroznia je od dotychczas badanych smoothies owocowych,
w ktorych flawonole stanowity najmniej liczng grupe zwigzkow fenolowych (Nowicka i in., 2016; Teleszko
1 Wojdyto, 2014). Co wigcej, doniesienia te wskazaty na trudno$ci w zaprojektowaniu produktéw owocowych
o wysokiej zawartosci polifenoli i aktywno$ci przeciwutleniajacej w korelacji z wynikami oceny
konsumenckiej. Badanie przeprowadzone w ramach tej pracy dowiodlo jednak, ze wybrane kompozycje
owocowo-warzywne z sokiem z owocoéw rokitnika pospolitego zapewniaja wysoki potencjat prozdrowotny

przy duzej akceptacji sensoryczne;j.
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Stwierdzono, ze komponowanie soku z owocoéw rokitnika pospolitego z innymi owocami
1 warzywami istotnie zwigkszylo stezenie polimerow procyjanidyn w smoothies (Publikacja 6, Tab. 3).
W badaniu dotyczacym rokitnika pospolitego, Ma i in. (2020) zbadali szerokie zréznicowanie iloSci
procyjanidyn w zaleznosci od odmiany, jak rowniez okreslili silny zwiazek migdzy cierpkoscia
a proantocyjanidynami ogoétem. Jednak za gorycz i cierpkos¢ odpowiadaja glownie niskoczasteczkowe
procyjanidyny (Tkacz i in., 2019a). Z uwagi na fakt, iz celem tego badania byly produkty o wysokiej akceptacji
sensorycznej, a ilo§¢ procyjanidyn wzrosta w poréwnaniu do soku z owocow rokitnika pospolitego, okreslono
stopien polimeryzacji (DP). Wskaznik DP wzrdst $rednio 1,5-krotnie (smoothies z selerem, jablkiem,
brzoskwinig) do 3-krotnie w przypadku smoothies z winogronem. Ogoélna akceptacja produktow
umiarkowanie korelowata z zawartos$cia procyjanidyn (r = 0,35) oraz z ich DP (r = 0,40), z kolei silnie ujemnie

ze stezeniem flawonoli (r =-0,68), co moglo wynikac z cierpkosci pochodzacej od pochodnych izoramnetyny.

Zdolnos¢ redukcji jonow zelaza okreslona metoda FRAP w smoothies z gruszka, brzoskwinig
1 pomarancza byla istotnie wyzsza (p < 0,05), od 3,38 mmol do 7,31 mmol Trolox/100 g $m, niz aktywnos¢
soku z owocow rokitnika pospolitego (Publikacja 6, Tab. 4). Z kolei, zastosowanie dodatku warzyw, jabtka,
winogron i brzoskwini zapewnilo wyzsza zdolno$¢ smoothies do absorpcji rodnikéow tlenowych wedtug

metody ORAC niz aktywno$¢ przeciwutleniajaca FRAP.

Stwierdzono wyzsza aktywno$¢ przeciwstarzeniowg jako zdolno$¢ do hamowania enzyméw AChE
i BuChE dla produktéw owocowych niz wzbogacanych warzywami (Publikacja 6, Tab. 4). Mieszanie soku
z owocow rokitnika pospolitego z innymi polproduktami moze istotnie zwigkszy¢ aktywno§¢ hamowania
AChE (p <0,05) w poréwnaniu do samego soku (14,72%). Chociaz sok z rokitnika pospolitego silnie hamowat
BuChE (53,41%), to dodatek innych owocow i korzenia selera obnizyt aktywno$¢ produktow o nie wigcej niz
10%. Kwestia oddziatywania zwiazkow fenolowych z AChE i BuChE jest wciaz slabo zbadana
i niewyjasniona, a réznice widoczne s3 w stopniu powinowactwa inhibitorow do czasteczek enzymow.
Niemniej jednak, badania nad neuroprotekcja zwiazkéw fenolowych wskazuja na wyzszy potencjat kwasow
fenolowych i flawonoli (w tym kwasu ferulowego, kwasu p-kumarowego i kwercetyny obecnych w rokitniku

pospolitym) niz flawan-3-oli (Jabir i in., 2018; Szwajgier, 2015).

Wszystkie nowo zaprojektowane smoothies miaty zdolnos¢ hamowania a-amylazy i a-glukozydazy,
ale wptyw na aktywno$¢ a-glukozydazy byt istotnie silniejszy (p < 0,05). Dodatek moreli, winogron,
pomaranczy i korzenia pietruszki okazat si¢ by¢ najbardziej korzystnym dla aktywnosci inhibicji a-amylazy
i a-glukozydazy. Z kolei, silnymi inhibitorami lipazy trzustkowej byly produkty z brzoskwinig, nastepnie
gruszka, pomarancza, jabtkiem i korzeniem pietruszki. Aktywno§¢ hamowania a-amylazy i a-glukozydazy
korelowala za zawartos$cia flawonoli (odpowiednio r = 0,54 1 0,50), za$ zdolnos$¢ inhibicji lipazy trzustkowe;j
moze wynika¢ z obecnos$ci polimerycznych procyjanidyn (r = 0,50). Wyniki te znajdujg odzwierciedlenie
zaleznosci w analizie grupowania hierarchicznego (AHC) i analizie gtdéwnych sktadowych (PCA) (Publikacja
6, Fig. 2). Badania in vitro 1 z zastosowaniem modeli zwierzgcych wskazaly, ze perspektywa
przeciwcukrzycowa zwigzana z flawonoidami wynika z ich modulujacego wplywu na metabolizm
weglowodanow, poprawy funkcji komoérek beta trzustki 1 dziatania insuliny, zmniejszenia insulinoopornosci,
stanu zapalnego 1 stresu oksydacyjnego w migsniach oraz zmniejszenia syntezy cholesterolu i poziomu

triglicerydow (Vinayagam i Xu, 2015). Kontrolowana redukcja aktywnosci enzymow jest zatem obiecujacym
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rozwigzaniem w profilaktyce i leczeniu cukrzycy typu 2 w polaczeniu ze zmniejszong dawka lekow,

towarzyszaca nadwagg i wczesnym stadium otytosci oraz ich powiktaniami (Costamagna i in., 2016).

Wobec powyzszego, kompozycje smoothies opracowane w ramach badan zawartych w Publikacji 6,
mozna traktowa¢ jako istotng propozycje uzupetlnienia diety o potencjalnych wlasciwosciach

przeciwutleniajacych, przeciwstarzeniowych i przeciwcukrzycowych i atrakcyjnych sensorycznie.
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4.4. Analiza wlasciwosci fizykochemicznych i potencjalu prozdrowotnego mikrokapsulek

otrzymanych z soku z owocow rokitnika pospolitego

Wraz z postgpem prac nad produktami z owocdéw rokitnika pospolitego dostrzezono potencjal soku
w procesie mikroenkapsulacji, ktory obejmuje zamkniecie cennych, wrazliwych i docelowych sktadnikow
w materiale powlokowym. Stad, zakres badan rozszerzono w kierunku przetwarzania rokitnika pospolitego
do utrwalonej formy mikrokapsutki o wydluzonym okresie przydatnosci do spozycia, a tym samym
poprawionych wlasciwo$ciach fizycznych oraz warto$ci prozdrowotnej. Celem tego etapu badan byta ocena
wplywu metod suszenia i no$nikéw polisacharydowych na wilasciwoscei fizyczne, sktadniki chemiczne

i aktywnos¢ przeciwutleniajaca mikrokapsutek z soku z owocoéw rokitnika pospolitego.

Wyniki przedstawiono w Publikacji 7:
Tkacz K., Wojdyto A, Michalska-Ciechanowska A., Turkiewicz 1.P., Lech K., Nowicka P. 2020. Influence
carrier agents, drying methods, storage time on physico-chemical properties and bioactive potential
of encapsulated sea buckthorn juice powders. Molecules, 25(17), 3801. doi: 10.3390/molecules25173801.

Oceniono wpltyw metod suszenia rozpytowego (180 °C), sublimacyjnego (od -30 do 30 °C)
1 préozniowego (w trzech wariantach temperaturowych 50, 70 i 90 °C) oraz rodzajow nos$nikow
polisacharydowych (inulina, maltodekstryna, mieszaniny inuliny i maltodekstryny w stosunku 1:2 i 2:1)
na zawarto$¢ wody, aktywno$¢ wody, gestosci rzeczywistg 1 nasypowa, porowato$¢, parametry barwy,
wskaznik brgzowienia, zawarto$¢ hydroksymetylofurfuralu i zwiazkéw fenolowych oraz aktywnosé
przeciwutleniajacg 20 wariantow mikrokapsulek z soku z owocdw rokitnika pospolitego nowej odmiany
‘Jozet” (Publikacja 7, Fig. 1), przed i po sze$ciu miesigcach przechowywania. Nowatorski charakter wynikow
zaprezentowanych w Publikacji 7 wynika z zastosowania zar6wno réznych metod suszenia, jak i roznych

no$nikow polimerowych w procesie tworzenia mikrokapsutkowanego soku z owocow rokitnika pospolitego.

Zbadano istotnie wigkszy wptyw metody suszenia na modulacje aktywnosci wody niz w przypadku
rodzaju nosnika (p < 0,05) (Publikacja 7, Tab. 1). Inulina powodowatla silniejsze zatrzymywanie wody
w mikrokapsutkach niz maltodekstryna (odpowiednio 3,71 i 2,01%), co jest uzasadnione wysoka
higroskopijnos$cig inuliny wynikajacg z rozgat¢zionej struktury sprzyjajacej tworzeniu wigzan wodorowych
i absorpcji wody z otoczenia (Lacerda i in., 2016). Niemniej jednak, nowo otrzymane formuly spehialy
kryterium wilgotnosci ponizej 5% dla bezpieczenstwa mikrobiologicznego (Aziz i in., 2018). Aktywnos$¢
wody mikrokapsulek ponizej 0,1 byta zasadnicza dla zminimalizowania rozwoju plesni, drozdzy i bakterii oraz

zapobiegania degradacji zwigzkow biologicznie aktywnych i brunatnienia nieenzymatycznego.

Co wiecej, produkty z inuling cechowaly wyzsze wartosci ggstosci rzeczywistej niz tych
z maltodekstryng, odpowiednio 1472 i 1423 kg/m* (Publikacja 7, Tab. 1). Gesto$¢ nasypowa i porowato$é
znacznie roznity si¢ ze wzgledu na metody suszenia, a suszenie prozniowe wydaje si¢ by¢ uzyteczna technika
otrzymywania mikrokapsutek o duzej gestosci nasypowej. Porowato$¢ mikrokapsulek suszonych rozpylowo
i sublimacyjnie byla istotnie wyzsza niz formul poddanych suszeniu prézniowemu (p < 0,05). Obnizona
temperatura i ci$nienie w procesie suszenia sublimacyjnego zapewniajg odpowiednia szybkos$¢ sublimacji, nie
narazajac materialu na skurcz, dlatego otrzymano produkty o duzej porowatosci i zdolno$ci rehydracyjnej

(Caparino i in., 2012). Zatem porowato$¢ i gesto$¢ nasypowa mikrokapsutek sa waznym kryterium
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aplikacyjnym, ze wzgledu na warunki przechowywania, rodzaj i posta¢ produktu koncowego oraz stabilno$¢

oksydacyjng i aromatow.

Nastepnie, okreslono parametry barwy w przestrzeni CIE L*a*b*, kat barwy (h°) charakteryzujacy
percepcj¢ barwy, parametr chroma (C) wskazujacy na czysto$¢ i intensywno$¢ barwy oraz catkowitg rdznice
barwy (dE) (Publikacja 7, Tab. 2). Ze wzgledu na intensywna z6lta barweg mikrokapsutek z dodatkiem
maltodekstryny (parametr barwy b* = 52,05 przy intensywnosci C = 55,72), stosowanie tego nos$nika
polimerowego byto konkurencyjne w poréwnaniu z inuling. Mikrokapsulki wytworzone metoda suszenia
rozpytowego 1 sublimacyjnego charakteryzowaly wysokie warto$ci parametru jasnosci L*, dlatego
uzasadnione jest wykorzystanie tych procesow suszenia w produkcji wyrobow o korzystnej, minimalnie
zmienionej barwie. Uzyskane wyniki wskazaty na widoczny i rozr6znialny kontrast barwy mikrokapsutek dla

ludzkiego oka (dE > 5,0), ale nie sugerowaly jednoznacznej oceny sensorycznej barwy (Lacerda i in., 2016).

Suszenie rozpylowe, sublimacyjne i prozniowe w temperaturze 50 °C oraz dodatek maltodekstryny
nie sprzyjaly brazowieniu nieenzymatycznemu i tworzeniu hydroksymetylofurfuralu (HMF)
w mikrokapsutkach. Inulina z kolei promowata wzrost indeksu brazowienia mikrokapsutek $wiezych
i przechowywanych (Publikacja 7, Tab. 2). Niskie pH i podwyzszona temperatura procesOw suszenia moga
sprzyja¢ hydrolizie inuliny w roztworach wodnych, zwigkszajac w ten sposob ilos¢ cukréw redukujacych
uczestniczacych w reakcjach Miliarda (Mensink i in., 2015). Nalezy to uwzgledni¢ szczeg6lnie przy

stosowaniu soku z owocow rokitnika pospolitego o naturalnie niskim pH okoto 3,0 (Publikacja 11i5).

Srednia zawartoé¢ HMF w mikrokapsutkach z maltodekstryng byta od 28 do 45 razy nizsza niz
w mikrokapsutkach z innymi no$nikami, co wskazuje na zasadno§¢ wykorzystania czystej maltodekstryny
do produkcji mikrokapsutek metoda prozniowa w podwyzszonej temperaturze (Publikacja 7, Tab. 3). Nalezy
jednak zaznaczy¢, ze krotkotrwate suszenie rozpytowe w 180 °C nie skutkowalo akumulacja HMF niezaleznie
od rodzaju nos$nika. Wzrost HMF w formutach po przechowywaniu byt znacznie nizszy dla mikrokapsutek
suszonych rozpytowo, co moglo wynika¢ z tworzenia sferycznych kapsutek podczas suszenia rozpylowego,

pozbawionych porow i tym samym peing ochrong rdzenia (Pasrija i in., 2015).

Zgodnie z analiza zwigzkéw fenolowych wykonang metoda UPLC-PDA, suszenie rozpytowe
i suszenie proézniowe w 70 °C najbardziej sprzyjaly zachowaniu odpowiednio kwasow fenolowych
(2,51 mg/100 g sm) i flawonoli (271,71 mg/100 g sm) w mikrokapsutkach (Publikacja 7, Tab. 3). Degradacja
flawonoli po procesie suszenia sublimacyjnego byla najnizsza (o 4,8%), zatem ich stezenie w tych
mikrokapsutkach byto najwyzsze (okoto 119,76 mg/100 g sm). W mikrokapsutkach z maltodekstryng zbadano
wigce] zwiazkéw fenolowych, jednak to inulina zapewnila minimalng redukcje ich zawartosci podczas
przechowywania (o 10,6%). Elastyczno$¢ szkieletu inuliny w polgczeniu z wysoka temperaturg zeszklenia
(Tg) czynig ten $rodek odpowiednim stabilizatorem sktadnikéw odzywczych i bioaktywnych, na przyklad
biatka w stanie suchym w zastosowaniach spozywczych i farmaceutycznych (Mensink i in., 2015). W zwigzku
z tym, uzyskane wyniki sg uzaleznione od stopnia retencji zwigzkow fenolowych i ich stabilnosci
w mikrokapsutkach stabilizowanymi nosnikami, ktéore wykazuja rozne wiasciwosci ochronne i parametry
kinetyczne. Ponadto, stezenie flawonoli korelowato z porowatoscia otrzymanych formut (r = 0,913), co moze
tlumaczy¢ wydajne uwalnianie polifenoli w procesie ekstrakeji, jak rowniez ich mniejsza retencj¢ podczas

przechowywania, i tym samym narazenie na degradacje.
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Mikrokapsulki otrzymane metodami suszenia rozpylowego, sublimacyjnego i prézniowego w 50 °C
mialy najwyzsza aktywno$¢ przeciwutleniajgca okreslong metodg ABTS (okoto 1,55 mmol Trolox/100 g sm)
(Publikacja 7, Tab. 3). Proces przechowywania sprzyjal wzrostowi aktywnos$ci przeciwutleniajacej
mikrokapsutek, w tym po procesie suszenia rozpytowego i sublimacyjnego $rednio o 26%. Stwierdzono niemal
50%-owy wzrost aktywnos$ci wobec rodnikéw kationowych formut suszonych w warunkach prézni w 90 °C,
ale ich aktywno$¢ byla najnizsza sposrod badanych. Wedlug Rocha-Parra i in. (2016), straty zwiazkow
fenolowych w czerwonym winie kapsulkowanym metoda sublimacji rowniez nie znalazty odzwierciedlenia
w zmianie aktywnos$ci przeciwutleniajacej. Reakcje miedzy utlenionymi fenolami moga zatem zwigkszy¢

zdolno$¢ hamowania czynnikow utleniajacych.

Przeprowadzono profilowanie on-line przeciwutleniaczy celem weryfikacji potencjalnej aktywnosci
HMF i furozyny, produktéw powstajacych w wyniku obrobki termicznej i podczas przechowywania
(Publikacja 7, Fig. 2). Brak negatywnych odpowiedzi po reakcji postkolumnowej z odczynnikiem ABTS*"
sugerowal, ze HMF i furozyna nie miaty zdolnosci zmiatania rodnikoéw kationowych. Ponadto, nie stwierdzono

korelacji migdzy zawartosciag HMF a wzrostem aktywnog$ci przeciwutleniajacej mikrokapsulek.

Wyniki uzyskane w ramach tego etapu badan, zaprezentowane w Publikacji 7, pozwolity
na stwierdzenie, ze zastosowanie maltodekstryny byto konkurencyjne w porownaniu do inuliny i mieszanek
polimerowych maltodekstyny i inuliny (2:1 i 1:2), ze wzgledu na wyzsze stezenie zwigzkoéw fenolowych,
aktywno$¢ przeciwutleniajagca 1 niesprzyjanie bragzowieniu nieenzymatycznemu i akumulacji HMF

w mikrokapsutkach.
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5. PODSUMOWANIE I WNIOSKI

Wyniki przedstawione w niniejszym cyklu publikacyjnym rozprawy doktorskiej pozwolity

na potwierdzenie hipotezy badawczej, wskazujac, ze owoce rokitnika pospolitego charakteryzuje unikatowy

profil zwigzkéw bioaktywnych o okreslonym potencjale prozdrowotnym oraz stanowig one warto§ciowy

surowiec do produkcji jednoczesnie funkcjonalnych i atrakcyjnych sensorycznie produktow.

Rozwiazania problemu badawczego zwigzanego z brakiem akceptacji sensorycznej rokitnika

pospolitego nalezy upatrywaé w zastosowaniu fermentacji jablkowo-mlekowej sokow z owocodw rokitnika
pospolitego, komponowaniu soku z owocow rokitnika pospolitego z surowcami powszechnie stosowanym

W przetworstwie owocowo-warzywnym oraz mikroenkapsulacji soku z owocdw rokitnika pospolitego.
Przeprowadzone badania pozwolity na sformutowanie nastepujgcych wnioskow:

1.  Owoce rokitnika pospolitego odmian uprawianych w Polsce roznily si¢ sktadem chemicznym, w tym
kompozycji lipofilowych i hydrofilowych zwigzkow bioaktywnych. Analizowane odmiany, wraz
z nowg odmiang ‘Jozef’, charakteryzowat istotny potencjal przeciwcukrzycowy, przeciwstarzeniowy,
przeciw otytosci, przeciwzapalny i przeciwutleniajacy in vitro w korelacji z zawartos$cig zwigzkow
fenolowych (697,56 mg/100 g sm), karotenoidow (157,93 mg/100 g sm), tokoferoli i tokotrienoli
(28,23 mg/100 g sm), kwasow thuszczowych (38% SFA, 42% MUFA, 20% PUFA) i witaminy C
(64,92 mg/100 g $m). Stwarza to obiecujace perspektywy dla komercyjnej produkcji tej odmiany i jej
wykorzystania w przemysle spozywczym jako zrodta substancji i wlasciwosci prozdrowotnych.
Badane odmiany jagdd rokitnika pospolitego charakteryzowaly si¢ wysoka zawarto$cig frakcji
biologicznie aktywnych zwigzkow o wysokim potencjale biologicznym, co stanowi podstawe
do dalszego zastosowania w projektowaniu innowacyjnych produktow funkcjonalnych,

nutraceutykow i kosmetykow, oraz do wykorzystania w planowaniu i rozpowszechnianiu upraw.

2. Ponad 98% zwiazkow fenolowych owocow rokitnika pospolitego stanowily flawonole, nastepnie
kwasy fenolowe. Kwasy fenolowe charakteryzowaty si¢ silniejszym potencjatem przeciwutleniajagcym
niz flawonole, ktore podobnie jak karotenoidy wskazaty na zdolno$¢ hamowania aktywnos$ci
acetylocholinoesterazy i butylocholinoesterazy. Owoce badanych odmian rokitnika pospolitego moga
stanowi¢ skladnik nowych funkcjonalnych i wartosciowych produktow bogatych we flawonole
i karotenoidy o dzialaniu przeciwstarzeniowym, stosowanych w profilaktyce zmian

neurozwyrodnieniowych i przyczyn otgpienia, w tym chorobie Alzheimera i Parkinsona.

3. Stwierdzono ro6znorodno$¢ anatomicznych cze$ci owocow (skorki, migzszu, endokarpu, nasion),
pedow 1 lisci rokitnika pospolitego w odniesieniu do triterpenoidow, zwigzkéw fenolowych oraz
makro- 1 mikroelementéw. Skérka i miazsz byly cennym zrédlem triterpenoidéw (maksymalnie
76,38 mg i 76,23 mg/100 g sm, odpowiednio), w przeciwienstwie do lisci, ktére gromadzity znaczne
stezenia sktadnikow mineralnych (glownie wapnia, Zelaza, miedzi i manganu), pochodnych
kwercetyny i izoramnetyny (odpowiednio 729,07 mg i 173,40 mg/100 g sm). Pedy i nasiona
z endokarpem stanowity zrédlo flawan-3-oli i polimerycznych procyjanidyn (maksymalnie
2 021,31 mgi7 275,98 mg/100 g sm). Analizowane frakcje rokitnika pospolitego uznano za korzystne

niekonwencjonalne zrédto potasu (553,41 mg - 794,39 mg/100 g sm), a w przypadku lisci rowniez
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wapnia (964,97 mg/100 g sm). Wyniki dostarczyly waznych informacji do ukierunkowania
1 wdrazania formut funkcjonalnych i nutraceutycznych, jednocze$nie wskazujac wykorzystanie calej

rosliny w produkcji bezodpadowej zgodnie z obowigzujacymi trendami.

Soki z owocdw rokitnika pospolitego sg bogatym zrédtem karotenoidow (133,65 mg - 839,89 mg/100
g sm), tokoferoli (22,23 mg - 94,08 mg/100 g sm), aminokwasow (175,92 mg - 1 822,69 mg/100 g
sm), fitoprostanow (32,31 ng - 1523,51 ng/100 g sm) i fitofuranéw (do 101,47 ug/100 g sm)
wskazujacych na potencjal zastosowania w prewencji standw zapalnych, procesOw starzenia,
hiperglikemii popositkowej i obronie organizmu przed reakcjami wywotanymi przez wolne rodniki.
Niewatpliwym osiagniecciem bylaby komercjalizacja i globalizacja produkcji owocow rokitnika
pospolitego oraz szerokiej gamy produktow z nich otrzymanych, w tym produktéw o charakterze
pltynnym i potptynnym. Zroéznicowanie sktadu i bioaktywnos$ci analizowanych sokow komercyjnych
wskazato na istotg wyboru przez konsumenta sokéw z deklarowanych odmian i upraw rokitnika

pospolitego.

Fermentacje jabtkowo-mlekowsa uznano za obiecujaca metode redukcji kwasowosci sokow z owocow
rokitnika pospolitego 1 sokéw mieszanych z jego wysokim udzialem, przy jednoczesnym zwigkszeniu
potencjatu prozdrowotnego poprzez wzrost ilosci zwigzkow fenolowych (maksymalnie o 23%)
i aktywnosci przeciwutleniajgcej (maksymalnie o 52%). Najkorzystniejszym w tym kontekscie byt
proces 72-godzinnej fermentacji soku mieszanego rokitnik — jabtko (1:1) z zastosowaniem szczepow
Lactobacillus planarum DSM 10492 i DSM 20174. Uzyskane wyniki pozwola zatem na dobor
warunkoéw i szczepow bakteryjnych do odkwaszenia na skale przemystowa oraz przyczynia sig
do opracowania nowych produktéw o wartosci dodanej, zwiekszajac tym samym spozycie jagod

rokitnika pospolitego, w tym w profilaktyce przewleklych choréb niezakaznych.

Komponowanie soku z owocoéw rokitnika pospolitego z innymi owocami i warzywami poprawilo
atrakcyjno$¢ smaku, barwy i aromatu produktow typu smoothie, szczegdlnie przy uktadzie 1:3 dla
owocow i 1:1 dla warzyw. Opracowane produkty rokitnikowe typu smoothies na bazie owocow
i warzyw charakteryzowaly si¢ wyzsza zawarto$cig pektyn (maksymalnie 7-krotng), kwasow
fenolowych (maksymalnie 7-krotng) i polimeréw procyjanidyn (maksymalnie 6-krotng) w poréwnaniu
do soku z owocow rokitnika pospolitego. Dodatek gruszki, brzoskwini, winogron, jabtka i pietruszki
spowodowat 3-krotny wzrost aktywnosci produktow w kierunku inhibicji acetylocholinoesterazy.
Nowe formuty smoothies sg propozycja uzupehienia diety o ukierunkowaniu w stron¢ podniesienia
potencjatu przeciwstarzeniowego, przeciwcukrzycowego i przeciwutleniajacego. Uzyskane wyniki
badan stanowig podstawe do dalszego projektowania innowacyjnych produktéw jednoczesnie
o znaczacych wiasciwosciach sensorycznych i wysokim potencjale prozdrowotnym opartych

na jagodach rokitnika pospolitego — wcigz niedocenianych przez przemyst spozywczy.

Badania nad optymalizacja procesu mikroenkapsulacji soku z owocow rokitnika pospolitego
ukierunkowuja w zakresie doboru nosnikow i1 optymalizacji warunkéw suszenia do potencjalnego
zastosowania w skali przemystowej, stabilnosci wybranych zwiazkéw biologicznie aktywnych oraz
aktywnos$ci przeciwutleniajacej soku z owocow rokitnika pospolitego po procesie suszenia
i przechowywania. Zastosowanie maltodekstryny jako no$nika polimerowego sprzyjato wyzszej

0 20% zawarto$ci zwigzkow fenolowych niz w mikrokapsutkach z inuling, jednocze$nie ograniczajac
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reakcje bragzowienia nieenzymatycznego i akumulacje HMF. Mikrokapsutki suszone rozpytowo
i prézniowo w 70 °C charakteryzowala najwyzsza ilo$¢ odpowiednio kwasoéw fenolowych
(2,51 mg/100 g sm) i flawonoli (271,71 mg/100 g sm), z kolei suszenie sublimacyjnego zapewnito
najwyzsza ochrong flawonoli podczas 6-miesiecznego przechowywania. Proces mikroenkapsulacji
ograniczyl niestabilno$¢ bioaktywnych zwigzkow rokitnika pospolitego podczas przetwarzania
i przechowywania, co jest odpowiedziag na obecne oczekiwania producentow co do stabilnosci
sktadnikow bioaktywnych, szczegolnie waznych w przypadku fakceji lipidowo-hydrofilowej jagod
rokitnika pospolitego.

Podsumowujac, ze wzgledu na wysoki potencjat prozdrowotny owocow rokitnika pospolitego,
ale niski stosunek cukréw do kwasow organicznych, nalezy dazy¢ do poprawy waloréw sensorycznych jagdd
i produktow z nich otrzymanych. Wymiernym efektem badan nad innowacyjnymi rozwigzaniami
zastosowania owocow rokitnika pospolitego byl dobor warunkéw i szczepow bakterii do potencjalnej
fermentacji jabtkowo-mlekowej soku w skali przemyslowej, wskazanie odpowiednich no$nikow
polimerowych 1 metod suszarniczych w procesie mikroenkapsulacji soku, opracowanie kompozycji rokitnika
pospolitego z owocami 1 warzywami wykorzystywanymi w przetworstwie, co moze przyczyni¢ si¢
do rozszerzenia upraw H. rhamnoides w Polsce, opracowania nowych produktow o wartosci dodanej,
zwigkszajac tym samym spozycie rokitnika pospolitego, w tym w profilaktyce przewleklych chorob

niezakaznych.

43



6. LITERATURA

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ahmed, O. S., Galano, J. M., Pavlickova, T., Revol-Cavalier, J., Vigor, C., Lee, J. C. Y., Oger, C., Durand,
T. (2020). Moving forward with isoprostanes, neuroprostanes and phytoprostanes: where are we now?
Essays in Biochemistry, 64(3), 463-484.

Andersson, S. C., Olsson, M. E., Johansson, E., Rumpunen, K. (2009). Carotenoids in sea buckthorn
(Hippophaé rhamnoides L.) berries during ripening and use of pheophytin a as a maturity marker. Journal
of Agricultural and Food Chemistry, 57(1), 250-258.

Arimboor, R., Kumar, K. S., Arumughan, C. (2008). Simultaneous estimation of phenolic acids in sea
buckthorn (Hippophaé rhamnoides) using RP-HPLC with DAD. Journal of Pharmaceutical and
Biomedical Analysis, 47(1), 31-38.

Aziz, M. G., Yusof, Y. A., Blanchard, C., Saifullah, M., Farahnaky, A., Scheiling, G. (2018). Material
properties and tableting of fruit powders. Food Engineering Reviews, 10(2), 66-80.

Baiano, A., Mastromatteo, M., Del Nobile, M. A. (2012). Effects of cultivar and process variables
on dynamic-mechanical and sensorial behavior of value-added grape-based smoothies. Molecules, 17(10),
11421-11434.

Bal, L. M., Meda, V., Naik, S. N., Satya, S. (2011). Sea buckthorn berries: A potential source of valuable
nutrients for nutraceuticals and cosmoceuticals. Food Research International, 44(7), 1718-1727.

Barbosa, J., Borges, S., Amorim, M., Pereira, M. J., Oliveira, A., Pintado, M. E., Teixeira, P. (2015).
Comparison of spray drying, freeze drying and convective hot air drying for the production of a probiotic
orange powder. Journal of Functional Foods, 17, 340-351.

Benzie, L. F., Strain, J. J. (1996). The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant
power”: the FRAP assay. Analytical Biochemistry, 239(1), 70-76.

Bittova, M., Krejzova, E., Roblova, V., Kuban, P., Kuban, V. (2014). Monitoring of HPLC profiles
of selected polyphenolic compounds in sea buckthorn (Hippophaé rhamnoides L.) plant parts during annual
growth cycle and estimation of their antioxidant potential. Open Chemistry, 12(11), 1152-1161.

Bonet, M. L., Canas, J. A., Ribot, J., Palou, A. (2015). Carotenoids and their conversion products in the
control of adipocyte function, adiposity and obesity. Archives of Biochemistry and Biophysics, 572, 112-
125.

Boubaker, J., Bhouri, W., Ben Sghaier, M., Ghedira, K., Dijoux Franca, M. G., Chekir-Ghedira, L. (2011).
Ethyl acetate extract and its major constituent, isorhamnetin 3-O-rutinoside, from Nitraria retusa leaves,
promote apoptosis of human myelogenous erythroleukaemia cells. Cell Proliferation, 44(5), 453-461.
Cam, M., igyer, N. C., & Erdogan, F. (2014). Pomegranate peel phenolics: Microencapsulation, storage
stability and potential ingredient for functional food development. LWT-Food Science and
Technology, 55(1), 117-123.

Caparino, O. A., Tang, J., Nindo, C. I, Sablani, S. S., Powers, J. R., Fellman, J. K. (2012). Effect of drying
methods on the physical properties and microstructures of mango (Philippine ‘Carabao’var.)
powder. Journal of Food Engineering, 111(1), 135-148.

Chen, R., Chen, W., Chen, H., Zhang, G., Chen, W. (2018). Comparative evaluation of the antioxidant
capacities, organic acids, and volatiles of papaya juices fermented by Lactobacillus acidophilus and
Lactobacillus plantarum. Journal of Food Quality, 2018.

Chen, Y., Ouyang, X., Laaksonen, O., Liu, X., Shao, Y., Zhao, H., Zhang, B., Zhu, B. (2019). Effect
of Lactobacillus acidophilus, Oenococcus oeni, and Lactobacillus brevis on composition of bog bilberry
juice. Foods, 8(10), 430.

Chung, L. Y., Soo, W. K., Chan, K. Y., Mustafa, M. R., Goh, S. H., Imiyabir, Z. (2009). Lipoxygenase
inhibiting activity of some Malaysian plants. Pharmaceutical Biology, 47(12), 1142-1148.

Ciesarova, Z., Murkovic, M., Cejpek, K., Kreps, F., Tobolkova, B., Koplik, R., Belajova, E., i in. (2020).
Why is sea buckthorn (Hippophaé rhamnoides 1.) so exceptional? A review. Food Research
International, 133, 109170.

Cinquanta, L., De Stefano, G., Formato, D., Niro, S., Panfili, G. (2018). Effect of pH on malolactic
fermentation in southern Italian wines. European Food Research and Technology, 244(7), 1261-1268.
Collado-Gonzaélez, J., Cruz, Z. N., Medina, S., Mellisho, C., Rodriguez, P., Galindo, A., Egea, I., Romojaro,
F., Ferreres, F., Torrecillas, A., Gil-Izquierdo, A. (2014). Effects of water deficit during maturation
on amino acids and jujube fruit eating quality. Macedonian Journal of Chemistry and Chemical
Engineering, 33(1), 105-119.

Collado-Gonzalez, J., Medina, S., Durand, T., Guy, A., Galano, J. M., Torrecillas, A., Ferreres, F., Gil-
Izquierdo, A. (2015). New UHPLC-QqQ-MS/MS method for quantitative and qualitative determination

44



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

of free phytoprostanes in foodstuffs of commercial olive and sunflower oils. Food Chemistry, 178, 212-
220.

Constantin, O. E., Kukurova, K., Dasko, L., Stanciuc, N., Ciesarova, Z., Croitoru, C., Rapeanu, G. (2019).
Modelling contaminant formation during thermal processing of sea buckthorn purée. Molecules, 24(8),
1571.

Costamagna, M. S., Zampini, I. C., Alberto, M. R., Cuello, S., Torres, S., Pérez, J., Quispe, C., i in. (2016).
Polyphenols rich fraction from Geoffroea decorticans fruits flour affects key enzymes involved in metabolic
syndrome, oxidative stress and inflammatory process. Food Chemistry, 190, 392-402.

Criste, A., Urcan, A. C., Bunea, A., Pripon Furtuna, F. R., Olah, N. K., Madden, R. H., Corcionivoschi, N.
(2020). Phytochemical composition and biological activity of berries and leaves from four Romanian sea
buckthorn (Hippophaé rhamnoides L.) varieties. Molecules, 25(5), 1170.

Di Cagno, R., Minervini, G., Rizzello, C. G., De Angelis, M., Gobbetti, M. (2011). Effect of lactic acid
fermentation on antioxidant, texture, color and sensory properties of red and green smoothies. Food
Microbiology, 28(5), 1062-1071.

Dulf, F. V. (2012). Fatty acids in berry lipids of six sea buckthorn (Hippophaé rhamnoides L., subspecies
carpatica) cultivars grown in Romania. Chemistry Central Journal, 6(1), 1-12.

Enkhtaivan, G., John, K. M., Pandurangan, M., Hur, J. H., Leutou, A. S., Kim, D. H. (2017). Extreme
effects of sea buckthorn extracts on influenza viruses and human cancer cells and correlation between
flavonol glycosides and biological activities of extracts. Saudi Journal of Biological Sciences, 24(7), 1646-
1656.

Fatima, T., Kesari, V., Watt, 1., Wishart, D., Todd, J. F., Schroeder, W. R., Paliyath, G., Krishna, P. (2015).
Metabolite profiling and expression analysis of flavonoid, vitamin C and tocopherol biosynthesis genes
in the antioxidant-rich sea buckthorn (Hippophaé rhamnoides L.). Phytochemistry, 118, 181-191.

Filannino, P., Bai, Y., Di Cagno, R., Gobbetti, M., Ginzle, M. G. (2015). Metabolism of phenolic
compounds by Lactobacillus spp. during fermentation of cherry juice and broccoli puree. Food
Microbiology, 46, 272-279.

Filannino, P., Cavoski, I., Thlien, N., Vincentini, O., De Angelis, M., Silano, M., Gobbetti, M., Di Cagno,
R. (2016). Lactic acid fermentation of cactus cladodes (Opuntia ficus-indica L.) generates flavonoid
derivatives with antioxidant and anti-inflammatory properties. PLoS One, 11(3), e0152575.

Gao, X., Ohlander, M., Jeppsson, N., Bjork, L., Trajkovski, V. (2000). Changes in antioxidant effects and
their relationship to phytonutrients in fruits of sea buckthorn (Hippophaé rhamnoides L.) during
maturation. Journal of Agricultural and Food Chemistry, 48(5), 1485-1490.

Gironés-Vilaplana, A., Valentdo, P., Andrade, P. B., Ferreres, F., Moreno, D. A., Garcia-Viguera, C.
(2015). Beverages of lemon juice and exotic noni and papaya with potential for anticholinergic
effects. Food Chemistry, 170, 16-21.

Guo, R., Guo, X, Li, T, Fu, X., Liu, R. H. (2017a). Comparative assessment of phytochemical profiles,

antioxidant and antiproliferative activities of Sea buckthorn (Hippophaé rhamnoides L.) berries. Food
Chemistry, 221, 997-1003.

Guo, X. F., Yang, B., Cai, W., Li, D. (2017b). Effect of sea buckthorn (Hippophaé rhamnoides L.) on blood
lipid profiles: A systematic review and meta-analysis from 11 independent randomized controlled
trials. Trends in Food Science & Technology, 61, 1-10.

Gutzeit, D., Winterhalter, P., Jerz, G. (2008). Nutritional assessment of processing effects on major and
trace element content in sea buckthorn juice (Hippophaé rhamnoides L. ssp. rhamnoides). Journal of Food
Science, 73(6), H97-H102.

Hartvig, D., Hausner, H., Wendin, K., Bredie, W. L. (2014). Quinine sensitivity influences the acceptance
of sea-buckthorn and grapefruit juices in 9-to 11-year-old children. Appetite, 74, 70-78.

Hur, S. J,, Lee, S. Y., Kim, Y. C., Choi, L., Kim, G. B. (2014). Effect of fermentation on the antioxidant
activity in plant-based foods. Food Chemistry, 160, 346-356.

Izquierdo-Vega, J. A., Arteaga-Badillo, D. A., Sanchez-Gutiérrez, M., Morales-Gonzalez, J. A., Vargas-
Mendoza, N., Gémez-Aldapa, C. A., Castro-Rosas, J., i in. (2020). Organic acids from Roselle (Hibiscus
sabdariffa L.) - A brief review of its pharmacological effects. Biomedicines, 8(5), 100.

Jabir, N. R., Khan, F. R., Tabrez, S. (2018). Cholinesterase targeting by polyphenols: A therapeutic
approach for the treatment of Alzheimer’s disease. CNS Neuroscience & Therapeutics, 24(9), 753-762.
Justino, A. B., Miranda, N. C., Franco, R. R., Martins, M. M., da Silva, N. M., Espindola, F. S. (2018).
Annona muricata Linn. leaf as a source of antioxidant compounds with ir vitro antidiabetic and inhibitory
potential  against o-amylase, o-glucosidase, lipase, non-enzymatic glycation and lipid
peroxidation. Biomedicine & Pharmacotherapy, 100, 83-92.

45



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Kachouri, F., Ksontini, H., Kraiem, M., Setti, K., Mechmeche, M., Hamdi, M. (2015). Involvement
of antioxidant activity of Lactobacillus plantarum on functional properties of olive phenolic
compounds. Journal of Food Science and Technology, 52(12), 7924-7933.

Kallio, H., Yang, B., Peippo, P. (2002). Effects of different origins and harvesting time on vitamin C,
tocopherols, and tocotrienols in sea buckthorn (Hippophaé rhamnoides) berries. Journal of Agricultural
and Food Chemistry, 50(21), 6136-6142.

Karg, K., Karg, K., Dirsch, V. M., Karg, K., Dirsch, V. M., Vollmar, A. M., Cracowski, J.-L., Laporte, F.,
Mueller, M. J. (2007). Biologically active oxidized lipids (phytoprostanes) in the plant diet and parenteral
lipid nutrition. Free Radical Research, 41(1), 25-37.

Kim, J. S., Kwon, Y. S.,, Sa, Y. J., Kim, M. J. (2011). Isolation and identification of sea buckthorn
(Hippophaé rhamnoides) phenolics with antioxidant activity and a-glucosidase inhibitory effect. Journal
of Agricultural and Food Chemistry, 59(1), 138-144.

Kuck, L. S., Noreiia, C. P. Z. (2016). Microencapsulation of grape (Vitis labrusca var. Bordo) skin phenolic
extract using gum Arabic, polydextrose, and partially hydrolyzed guar gum as encapsulating agents. Food
Chemistry, 194, 569-576.

Kusznierewicz, B., Piasek, A., Bartoszek, A., Namiesnik, J. (2011). The optimisation of analytical
parameters for routine profiling of antioxidants in complex mixtures by HPLC coupled post-column
derivatisation. Phytochemical Analysis, 22(5), 392-402.

Kwaw, E., Ma, Y., Tchabo, W., Apaliya, M. T., Wu, M., Sackey, A. S., Xiao, L., Tahir, H. E. (2018). Effect
of Lactobacillus strains on phenolic profile, color attributes and antioxidant activities of lactic-acid-
fermented mulberry juice. Food Chemistry, 250, 148-154.

Laaksonen, O., Knaapila, A., Niva, T., Deegan, K. C., Sandell, M. (2016). Sensory properties and consumer
characteristics contributing to liking of berries. Food Quality and Preference, 53, 117-126.

Lacerda, E. C. Q., de Araujo Calado, V. M., Monteiro, M., Finotelli, P. V., Torres, A. G., Perrone, D.
(2016). Starch, inulin and maltodextrin as encapsulating agents affect the quality and stability of jussara
pulp microparticles. Carbohydrate Polymers, 151, 500-510.

Ma, X., Laaksonen, O., Zheng, J., Yang, W., Trépanier, M., Kallio, H., Yang, B. (2016). Flavonol
glycosides in berries of two major subspecies of sea buckthorn (Hippophaé rhamnoides L.) and influence
of growth sites. Food Chemistry, 200, 189-198.

Ma, X., Yang, W., Marsol-Vall, A., Laaksonen, O., Yang, B. (2020). Analysis of flavour compounds and
prediction of sensory properties in sea buckthorn (Hippophaé rhamnoides L.) berries. International Journal
of Food Science & Technology, 55(4), 1705-1715.

Marciniak, B., Kontek, R., Zuchowski, J., Stochmal, A. (2021). Novel bioactive properties of low-polarity
fractions from sea-buckthorn extracts (Elaeagnus rhamnoides (L.) A. Nelson) - (in vitro). Biomedicine
& Pharmacotherapy, 135, 111141,

Markkinen, N., Laaksonen, O., Nahku, R., Kuldjérv, R., Yang, B. (2019). Impact of lactic acid fermentation
on acids, sugars, and phenolic compounds in black chokeberry and sea buckthorn juices. Food
Chemistry, 286, 204-215.

Medina, S., Gil-Izquierdo, A., Durand, T., Ferreres, F., Dominguez-Perles, R. (2018). Structural/functional
matches and divergences of phytoprostanes and phytofurans with bioactive human
oxylipins. Antioxidants, 7(11), 165.

Mensink, M. A., Frijlink, H. W., van der Voort Maarschalk, K., Hinrichs, W. L. (2015). Inulin, a flexible
oligosaccharide I: Review of its physicochemical characteristics. Carbohydrate Polymers, 130, 405-419.
Michalska, A., Lech, K. (2018). The effect of carrier quantity and drying method on the physical properties
of apple juice powders. Beverages, 4(1), 2.

Mortensen, M. W., Spagner, C., Cuparencu, C., Astrup, A., Raben, A., Dragsted, L. O. (2018). Sea
buckthorn decreases and delays insulin response and improves glycaemic profile following a sucrose-
containing berry meal: A randomised, controlled, crossover study of Danish sea buckthorn and strawberries
in overweight and obese male subjects. European Journal of Nutrition, 57(8), 2827-2837.

Mousavi, Z. E., Mousavi, S. M., Razavi, S. H., Hadinejad, M., Emam-Djomeh, Z., Mirzapour, M. (2013).
Effect of fermentation of pomegranate juice by Lactobacillus plantarum and Lactobacillus acidophilus
on the antioxidant activity and metabolism of sugars, organic acids and phenolic compounds. Food
Biotechnology, 27(1), 1-13.

Nowacki, D., Martynowicz, H., Skoczynska, A., Wojakowska, A., Turczyn, B., Bobak, L., Trziszka, T.,
Szuba, A. (2017). Lecithin derived from ®-3 PUFA fortified eggs decreases blood pressure
in spontaneously hypertensive rats. Scientific Reports, 7(1), 1-11.

46



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Nowicka, P., Wojdyto, A., Laskowski, P. (2018). Inhibitory potential against digestive enzymes linked
to obesity and type 2 diabetes and content of bioactive compounds in 20 cultivars of the peach fruit grown
in Poland. Plant Foods for Human Nutrition, 73(4), 314-320.

Nowicka, P., Wojdylo, A., Samoticha, J. (2016). Evaluation of phytochemicals, antioxidant capacity, and
antidiabetic activity of novel smoothies from selected Prunus fruits. Journal of Functional Foods, 25,397-
407.

Obrist, M., Comber, R., Subramanian, S., Piqueras-Fiszman, B., Velasco, C., Spence, C. (2014). Temporal,
affective, and embodied characteristics of taste experiences: A framework for design. Proceedings of the
SIGCHI Conference on Human Factors in Computing Systems (s. 2853-2862).

Ou, B., Huang, D., Hampsch-Woodill, M., Flanagan, J. A., Deemer, E. K. (2002). Analysis of antioxidant
activities of common vegetables employing oxygen radical absorbance capacity (ORAC) and ferric
reducing antioxidant power (FRAP) assays: a comparative study. Journal of Agricultural and Food
Chemistry, 50(11), 3122-3128.

Pasrija, D., Ezhilarasi, P. N., Indrani, D., Anandharamakrishnan, C. (2015). Microencapsulation of green
tea polyphenols and its effect on incorporated bread quality. LWT-Food Science and Technology, 64(1),
289-296.

Patel, C. A., Divakar, K., Santani, D., Solanki, H. K., Thakkar, J. H. (2012). Remedial prospective
of Hippophaé rhamnoides Linn. (sea buckthorn). International Scholarly Research Notices, 2012.

Pitat, B., Bieniek, A., Zadernowski, R. (2015). Common sea buckthorn (Hippophaé rhamnoides L.)
as an alternative orchard plant. Polish Journal of Natural Sciences, 30, 417-430.

PN-90/A-75101/02 Przetwory owocowe 1 warzywne. Przygotowanie probek i metody badan
fizykochemicznych. Oznaczenie zawartosci ekstraktu ogolnego.

PN-90/A-75101/03 Przetwory owocowe 1 warzywne. Przygotowanie probek i metody badan
fizykochemicznych. Oznaczanie zawarto$ci suchej masy metoda wagowa.

PN-90/A-75101/04 Przetwory owocowe 1 warzywne. Przygotowanie probek i metody badan
fizykochemicznych. Oznaczanie kwasowos$ci ogolne;.

PN-90/A-75101/06 Przetwory owocowe 1 warzywne. Przygotowanie probek i metody badan
fizykochemicznych. Oznaczanie pH metodg potencjometryczna.

PN-90/A-75101/08 Przetwory owocowe 1 warzywne. Przygotowanie probek i metody badan
fizykochemicznych. Oznaczanie zawartosci popiotu ogdlnego i jego alkalicznosci.

PN-90/A-75101/11 Przetwory owocowe 1 warzywne. Przygotowanie probek i metody badan
fizykochemicznych. Oznaczanie zawartosci witaminy C.

Podsedek, A., Majewska, 1., Redzynia, M., Sosnowska, D., Koziotkiewicz, M. (2014). In vitro inhibitory
effect on digestive enzymes and antioxidant potential of commonly consumed fruits. Journal
of Agricultural and Food Chemistry, 62(20), 4610-4617.

Pop, E. A., Diaconeasa, Z. M., Fetea, F., Bunea, A., Dulf, F., Pintea, A., Socaciu, C. (2015). Carotenoids,
tocopherols and antioxidant activity of lipophilic extracts from sea buckthorn berries (Hippophaé
rhamnoides), apricot pulp and apricot kernel (Prunus armeniaca). Bulletin UASVM Food Science and
Technology, 72(2), 169-176.

Pop, R. M., Socaciu, C., Pintea, A., Buzoianu, A. D., Sanders, M. G., Gruppen, H., Vincken, J. P. (2013).
UHPLC/PDA-ESI/MS analysis of the main berry and leaf flavonol glycosides from different Carpathian
Hippophaé rhamnoides L. varieties. Phytochemical Analysis, 24(5), 484-492.

Pop, R. M., Weesepoel, Y., Socaciu, C., Pintea, A., Vincken, J. P., Gruppen, H. (2014). Carotenoid
composition of berries and leaves from six Romanian sea buckthorn (Hippophaé rhamnoides L.)
varieties. Food Chemistry, 147, 1-9.

Radenkovs, V., Piissa, T., Juhnevica-Radenkova, K., Anton, D., Seglina, D. (2018). Phytochemical
characterization and antimicrobial evaluation of young leaf/shoot and press cake extracts from Hippophaé
rhamnoides L. Food Bioscience, 24, 56-66.

Rafalska, A., Abramowicz, K., Krauze, M. (2017). Sea buckthorn (Hippophaé rhamnoides L.) as a plant
for universal application. World Scientific News, 72, 123-140.

Ranjith, A., Kumar, K. S., Venugopalan, V. V., Arumughan, C., Sawhney, R. C., Singh, V. (20006). Fatty
acids, tocols, and carotenoids in pulp oil of three sea buckthorn species (Hippophaé rhamnoides, H.
salicifolia, and H. tibetana) grown in the Indian Himalayas. Journal of the American Oil Chemists'
Society, 83(4), 359-364.

Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., Rice-Evans, C. (1999). Antioxidant activity

applying an improved ABTS radical cation decolorization assay. Free Radical Biology and Medicine, 26(9-
10), 1231-1237.

47



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Rocha-Parra, D. F., Lanari, M. C., Zamora, M. C., Chirife, J. (2016). Influence of storage conditions
on phenolic compounds stability, antioxidant capacity and colour of freeze-dried encapsulated red
wine. LWT-Food Science and Technology, 70, 162-170.

Rodriguez, H., Landete, J. M., de las Rivas, B., Mufioz, R. (2008). Metabolism of food phenolic acids
by Lactobacillus plantarum CECT 748T. Food Chemistry, 107(4), 1393-1398.

R&sch, D., Krumbein, A., Miigge, C., Kroh, L. W. (2004). Structural investigations of flavonol glycosides
from sea buckthorn (Hippophaé rhamnoides) pomace by NMR spectroscopy and HPLC-ESI-MS". Journal
of Agricultural and Food Chemistry, 52(13), 4039-4046.

Rozalska, B., Sadowska, B., Zuchowski, J., Wieckowska-Szakiel, M., Budzynska, A., Wojcik, U.,
Stochmal, A. (2018). Phenolic and nonpolar fractions of Elaecagnus rhamnoides (L.) A. Nelson extracts
as virulence modulators - in vitro study on bacteria, fungi, and epithelial cells. Molecules, 23(7), 1498.
Ruan, C. J., Rumpunen, K., Nybom, H. (2013). Advances in improvement of quality and resistance
in a multipurpose crop: sea buckthorn. Critical Reviews in Biotechnology, 33(2), 126-144.

Schiimann, C., Michlmayr, H., Eder, R., Del Hierro, A. M., Kulbe, K. D., Mathiesen, G., Nguyen, T. H.
(2012). Heterologous expression of Oenococcus oeni malolactic enzyme in Lactobacillus plantarum for
improved malolactic fermentation. AMB Express, 2(1), 1-9.

Seglina, D., Karklina, D., Ruisa, S., Krasnova, I. (2006). The effect of processing on the composition
of sea buckthorn juice. Journal of Fruit and Ornamental Plant Research, 14,257.

Sekii, Y., Han, J., Isoda, H., Bouaziz, M., Dhouib, A., Sayadi, S., Shigemori, H. (2015). Two isorhamnetin
glycosides from Arthrocnemum glaucum that inhibit adipogenesis in 3T3-L1 adipocytes. Chemistry
of Natural Compounds, 51(2), 338-340.

Selvamuthukumaran, M., Khanum, F., Bawa, A. S. (2007). Development of sea buckthorn mixed fruit
jelly. International Journal of Food Science & Technology, 42(4), 403-410.

Sumi¢, Z., Tepi¢, A., Vidovié, S., Jokié, S., Malbasa, R. (2013). Optimization of frozen sour cherries
vacuum drying process. Food Chemistry, 136(1), 55-63.

Suryakumar, G., Gupta, A. (2011). Medicinal and therapeutic potential of Sea buckthorn (Hippophaé
rhamnoides L.). Journal of Ethnopharmacology, 138(2), 268-278.

Szwajgier, D., Borowiec, K. (2012). Screening for cholinesterase inhibitors in selected fruits and
vegetables. Electronic Journal of Polish Agricultural Universities, 15(2), 06.

Teleszko, M., Wojdylo, A. (2014). Bioactive compounds vs. organoleptic assessment of ‘smoothies’-type
products prepared from selected fruit species. International Journal of Food Science & Technology, 49(1),
98-106.

Teleszko, M., Wojdylo, A. (2015). Comparison of phenolic compounds and antioxidant potential between
selected edible fruits and their leaves. Journal of Functional Foods, 14: 736-746.

Teleszko, M., Wojdylo, A., Rudzinska, M., Oszmianski, J., Golis, T. (2015). Analysis of lipophilic and
hydrophilic bioactive compounds content in sea buckthorn (Hippophaé rhamnoides L.) berries. Journal
of Agricultural and Food Chemistry, 63(16), 4120-4129.

Tiitinen, K. M., Hakala, M. A., Kallio, H. P. (2005). Quality components of sea buckthorn (Hippophaé
rhamnoides) varieties. Journal of Agricultural and Food Chemistry, 53(5), 1692-1699.

Tiitinen, K., Vahvaselkd, M., Hakala, M., Laakso, S., Kallio, H. (2006). Malolactic fermentation in sea

buckthorn (Hippophaé rhamnoides L.) juice processing. Furopean Food Research and Technology, 222(5),
686-691.

Tkacz, K., Chmielewska, J., Turkiewicz, I. P., Nowicka, P., Wojdyto, A. (2020a). Dynamics of changes
in organic acids, sugars and phenolic compounds and antioxidant activity of sea buckthorn and sea
buckthorn-apple juices during malolactic fermentation. Food Chemistry, 332, 127382.

Tkacz, K., Wojdylo, A., Michalska-Ciechanowska, A., Turkiewicz, 1. P., Lech, K., Nowicka, P. (2020b).
Influence carrier agents, drying methods, storage time on physico-chemical properties and bioactive
potential of encapsulated sea buckthorn juice powders. Molecules, 25(17), 3801.

Tkacz, K., Wojdylo, A., Nowicka, P., Turkiewicz, 1., Golis, T. (2019a). Characterization in vitro potency
of biological active fractions of seeds, skins and flesh from selected Vitis vinifera L. cultivars and
interspecific hybrids. Journal of Functional Foods, 56, 353-363.

Tkacz, K., Wojdylo, A., Turkiewicz, I. P., Bobak, L., Nowicka, P. (2019b). Anti-oxidant and anti-enzymatic
activities of sea buckthorn (Hippophaé rhamnoides L.) fruits modulated by chemical
components. Antioxidants, 8(12), 618.

Tkacz, K., Wojdylo, A., Turkiewicz, L. P., Ferreres, F., Moreno, D. A., Nowicka, P. (2020c). UPLC-PDA-
Q/TOF-MS profiling of phenolic and carotenoid compounds and their influence on anticholinergic potential

48



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

for AChE and BuChE inhibition and on-line antioxidant activity of selected Hippophaé rhamnoides L.
cultivars. Food Chemistry, 309, 125766.

Tkacz, K., Wojdyto, A., Turkiewicz, I. P., Nowicka, P. (2021a). Triterpenoids, phenolic compounds,
macro-and microelements in anatomical parts of sea buckthorn (Hippophaé rhamnoides L.) berries,
branches and leaves. Journal of Food Composition and Analysis, 103, 104107.

Tkacz, K., Wojdylo, A., Turkiewicz, 1. P., Nowicka, P. (2021b). Anti-diabetic, anti-cholinesterase, and
antioxidant potential, chemical composition and sensory evaluation of novel sea buckthorn-based
smoothies. Food Chemistry, 338, 128105.

Turkiewicz, 1. P., Wojdylo, A., Tkacz, K., Nowicka, P. (2020). Carotenoids, chlorophylls, vitamin E and
amino acid profile in fruits of nineteen Chaenomeles cultivars. Journal of Food Composition and
Analysis, 93, 103608.

Vescan, L. A., Pamfil, D., Constantin, B. E. L. E., Matea, C., Sisea, C. R. (2010). Several lipophilic
components of five elite genotypes of Romanian seabuckthorn (Hippophaé rhamnoides subs.
carpatica). Notulae Botanicae Horti Agrobotanici Cluj-Napoca, 38(2), 114-122.

Vinayagam, R., Xu, B. (2015). Antidiabetic properties of dietary flavonoids: a cellular mechanism
review. Nutrition & Metabolism, 12(1), 1-20.

Wei, M., Wang, S., Gu, P.,, Ouyang, X., Liu, S., Li, Y., Zhang, B., Zhu, B. (2018). Comparison
of physicochemical indexes, amino acids, phenolic compounds and volatile compounds in bog bilberry
juice fermented by Lactobacillus plantarum under different pH conditions. Journal of Food Science and
Technology, 55(6), 2240-2250.

Wojdyto, A., Nowicka, P., Babelewski, P. (2018). Phenolic and carotenoid profile of new goji cultivars and
their anti-hyperglycemic, anti-aging and antioxidant properties. Journal of Functional Foods, 48, 632-642.
Wojdyto, A., Nowicka, P., Oszmianski, J., Golis, T. (2017). Phytochemical compounds and biological
effects of Actinidia fruits. Journal of Functional Foods, 30, 194-202.

Wojdyto, A., Samoticha, J., Chmielewska, J. (2020). The influence of different strains of Oenococcus oeni
malolactic bacteria on profile of organic acids and phenolic compounds of red wine cultivars Rondo and
Regent growing in a cold region. Journal of Food Science, 85(4), 1070-1081.

Wu, G. (2010). Functional amino acids in growth, reproduction, and health. Advances in Nutrition, 1(1),
31-37.

Xu, Y. J., Kaur, M., Dhillon, R. S., Tappia, P. S., Dhalla, N. S. (2011). Health benefits of sea buckthorn
for the prevention of cardiovascular diseases. Journal of Functional Foods, 3(1), 2-12.

Yang, B. (2009). Sugars, acids, ethyl B-D-glucopyranose and a methyl inositol in sea buckthorn (Hippophaé
rhamnoides) berries. Food Chemistry, 112(1), 89-97.

Yasukawa, K., Kitanaka, S., Kawata, K., Goto, K. (2009). Anti-tumor promoters phenolics and triterpenoid
from Hippophaé rhamnoides. Fitoterapia, 80(3), 164-167.

Zeb, A., Malook, L. (2009). Biochemical characterization of sea buckthorn (Hippophaé rhamnoides L. spp.
turkestanica) seed. African Journal of Biotechnology, 8(8).

Zhang, Y., Xue, K., Zhao, E. Y., Li, Y., Yao, L., Yang, X., Xie, X. (2013). Determination of oleanolic acid
and ursolic acid in Chinese medicinal plants using HPLC with PAH polymeric C18. Pharmacognosy
Magazine, 9(Suppl 1), S19.

Zheng, J., Kallio, H., Yang, B. (2016). Sea buckthorn (Hippophaé rhamnoides ssp. rhamnoides) berries
in Nordic environment: Compositional response to latitude and weather conditions. Journal of Agricultural
and Food Chemistry, 64(24), 5031-5044.

Zheng, J., Wittouck, S., Salvetti, E., Franz, C. M., Harris, H., Mattarelli, P., O’Toole, P. W., i in. (2020).
A taxonomic note on the genus Lactobacillus: Description of 23 novel genera, emended description of the
genus Lactobacillus Beijerinck 1901, and union of Lactobacillaceae and Leuconostocaceae. International
Journal of Systematic and Evolutionary Microbiology, 70(4), 2782-2858.

Zhou, Y., Wang, R., Zhang, Y., Yang, Y., Sun, X., Zhang, Q., Yang, N. (2020). Biotransformation
of phenolics and metabolites and the change in antioxidant activity in kiwifruit induced by Lactobacillus
plantarum fermentation. Journal of the Science of Food and Agriculture, 100(8), 3283-3290.

49



ZALACZNIKI

Publikacje wchodzace w sktad rozprawy doktorskie;j
pt. ,,Owoce rokitnika pospolitego (Hippophaé rhamnoides)
w projektowaniu zywnosci o ukierunkowanym potencjale
prozdrowotnym”
wraz z o$wiadczeniami wspotautorow

50



Publikacja 1

51



4 antioxidants m\"y

Article

Anti-Oxidant and Anti-Enzymatic Activities of Sea
Buckthorn (Hippophaé rhamnoides L.) Fruits
Modulated by Chemical Components

Karolina Tkacz 1, Aneta Wojdylo **, Igor Piotr Turkiewicz 1, Lukasz Bobak 2
and Paulina Nowicka !

1 Department of Fruit, Vegetable and Nutraceutical Plant Technology, The Faculty of Biotechnology and
Food Science, Wroctaw University of Environmental and Life Sciences, 37 Chelmoniskiego Street,
51-630 Wroctaw, Poland; karolina.tkacz@upwr.edu.pl (K.T.); igor.turkiewicz@upwr.edu.pl (I.P.T.);
paulina.nowicka@upwr.edu.pl (P.N.)

2 Department of Animal Products Technology and Quality Management, The Faculty of Biotechnology and
Food Science, Wroctaw University of Environmental and Life Sciences, 37 Chelmonskiego Street,
51-630 Wroctaw, Poland; lukasz.bobak@upwr.edu.pl

* Correspondence: aneta.wojdylo@upwr.edu.pl; Tel.: +48-71-320-7706

Received: 26 October 2019; Accepted: 2 December 2019; Published: 4 December 2019

Abstract: The aim of this study was to analyze in vitro biological activities as anti-oxidant, anti-a-
amylase, anti-a-glucosidase, anti-lipase, and anti-lipoxygenase activity, relative to bioactive
components (phenolic acids, flavonols, xanthophylls, carotenes, esterified carotenoids, tocopherols,
tocotrienols, and fatty acids) and the basic chemical composition (sugars, organic acid, dry matter,
soluble solid, pH, titratable acidity, ash, pectins, and vitamin C) of Hippophaé rhamnoides berries. Six
sea buckthorn cultivars commonly grown in Poland were analyzed including Aromatnaja,
Botaniczeskaja-Lubitelskaja, Jozef, Luczistaja, Moskwiczka, and Podarok Sadu. Berries contained
1.34-2.87 g of sugars and 0.96-4.22 g of organic acids in 100 g fresh weight, 468.60-901.11 mg of
phenolic compounds, and 46.61-508.57 mg of carotenoids in 100 g dry mass. The fatty acid profile
was established: palmitic > palmitoleic > oleic and linoleic > stearic and linolenic acids. The highest
anti-oxidant (34.68 mmol Trolox/100 g dry mass) and anti-a-amylase potential (ICs0 = 26.83 mg/mL)
was determined in Aromatnaja, anti-a-glucosidase in Botaniczeskaja-Lubitelskaja (ICs0 = 41.78
mg/mL), anti-lipase in Moskwiczka and Aromatnaja (average ICs0 = 4.37 mg/mL), and anti-
lipoxygenase in Aromatnaja and Podarok Sadu fruits (100% inhibition). The studied sea buckthorn
berries may be a raw material for the development of functional foods and nutraceutical products
rich in compounds with high biological activity.

Keywords: sea buckthorn berries; 2,2’-Azobis(2-amidinopropane)dihydrochloride (ABTS); ferric
reducing ability of plasma (FRAP); oxygen radical absorbance capacity (ORAC); a-amylase; a-
glucosidase; lipase; lipoxygenase; fatty acids; vitamins

1. Introduction

Sea buckthorn (Hippophaé rhamnoides L.) is a thorny, deciduous shrub belonging to the
Elaeagnaceae family. Six species of Hippophaé and 12 subspecies are currently recognized, including
ssp. sinensis, ssp. mongolica, and ssp. rhamnoides, which are the most economically and commercially
important. There are over 150 cultivars of sea buckthorn, but new thornless and easier-to-harvest
varieties are still being selected. Sea buckthorn naturally grows on sea coasts and river valleys of
Central and Northern Europe, Russia, China, Mongolia, Central Asia, and slopes of the Caucasus and
Himalayas. The plant is cultivated mainly in the Northern Hemisphere and its largest producer is
China [1-4].
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Fleshy and soft sea buckthorn fruits are yellow, orange, or red, round or oblong, and 6-15 mm
in diameter [5]. Due to the similarity of berries, the plant is commonly confused with scarlet firethorn
(Pyracantha coccinea), rock cotoneaster (Cotoneaster horizontalis), or rowan (Sorbus aucuparia), whose
raw fruits are poisonous. The sea buckthorn aroma is compared to strawberries, peach, mango,
apricot, papaya, and citrus, but mostly to pineapple, which results from a similar ester profile [6]. In
the food industry, sea buckthorn is used as a raw material enriching the pro-health value or
increasing the acidity of fruit products. Berries are intended for the production of jams, juices, soft
drinks, liqueurs, wine, or as an addition to beers, kefir, and cheeses. By contrast, oil obtained from
seeds and pulp is used as a cosmetic and dietary supplement, and is used less frequently as a culinary
product. Production residues can be a functional ingredient in meat or animal feed [1,2,5,7].

The therapeutic properties of bark, leaves, and fruits were already known in ancient Greece as
well as in Tibetan and Mongolian medicine. In the cosmetics industry, the plant is used in
dermatological diseases, hair care, revitalization of wounds and skin burns, and as a form of natural
protection against UV-B radiation. The results of previous in vitro and in vivo studies [2,5,7-10]
confirm the effectiveness of sea buckthorn extracts in the prevention of hyperglycemia,
hyperinsulinemia, and hyperlipidemia, together with hepatoprotective, anti-carcinogenic,
antibacterial, and antifungal effects, as well as positive functioning of the digestive system and
eyesight. The properties of sea buckthorn are due to the high concentrations of flavonoids (mainly
flavonols), carotenoids (principally -cryptoxanthin and (-carotene), ascorbic acid, vitamin E (the
most active form, a-tocopherol, dominates), and fatty acids (omega-3, omega-6, omega-7, and omega-
9) present in seeds, skin, and flesh [6,11,12].

A number of studies have been carried out on sea buckthorn in different world regions, but the
knowledge about biologically active compounds and pro-health potential of cultivars grown in
Poland is limited. Given the above, the aim of this study was to analyze biological activities (anti-
oxidant, anti-a-amylase, anti-a-glucosidase, anti-lipase, and anti-lipoxygenase effects) relative to
selected bioactive components (flavonols and phenolic acids, xanthophylls, carotenes, esterified
carotenoids, tocopherols and tocotrienols, fatty acids), and the basic chemical composition (sugars,
organic acid, dry matter, soluble solid, pH, titratable acidity, ash, pectins, vitamin C) of berries of six
commonly grown H. rhamnoides cultivars in Poland.

a-Amylase and a-glucosidase break down polysaccharides to glucose. Therefore, their
inhibition is one of the methods of postprandial hyperglycemia reduction. This effect plays a key role
in treating type 2 diabetes, which, according to WHO, affects 8.5% of the global adult population. In
turn, pancreatic lipase breaks down dietary triglycerides into bioavailable forms — fatty acids and
glycerol. Its inhibition can reduce energy intake at a meal, which is part of the strategy of overweight
and obesity therapy. The lipoxygenase pathway, including lipoxygenase 5-LOX, 12-LOX, and 15-
LOX, is associated with the production of hydroperoxy fatty acids and leukotrienes. Increased
concentrations of these products correlate with the progression of, inter alia, inflammatory bowel
disease, asthmatic bronchitis, rheumatoid arthritis, cancers, and cardiovascular diseases [13].

Therefore, it was assumed that the results will allow the identification of significant differences
in the pro-health potential and composition of the studied sea buckthorn cultivars for further use in
the design of innovative functional products, nutraceuticals, and cosmeceuticals. Additionally, this
study should indicate cultivars with the highest biological potential for further use in planning and
expanding cultivations. Furthermore, the results of the cultivar J6zef, bred in Poland, are presented
for the first time. This creates promising perspectives for commercial production of this sea buckthorn
cultivar and use in the food industry as a source of health-promoting substances and antioxidant
properties.

2. Materials and Methods

2.1. Chemicals

Standards of sugars, organic acids, phenolic compounds, and carotenoid compounds were
purchased from Extrasynthese (Genay, France), and the rest of the reagents were bought from Merck
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KgaA (Darmstadt, Germany). The samples before chromatographic analysis were filtered through a
Hydrophilic PTFE 0.20 um membrane (Millex Samplicity Filters, Merck KgaA, Darmstadt, Germany).

2.2. Plant Materials

The fruits of six sea buckthorn (Hippophaé rhamnoides L.) cultivars — Aromatnaja, Botaniczeskaja-
Lubitelskaja, Jozef, Luczistaja, Moskwiczka, and Podarok Sadu—were tested (Figure 1). Ripe berries
were collected in early July and August 2018 from the Research Institute of Horticulture in
Skierniewice (Poland). Fresh fruits were used to analyze the basic chemical composition. The second
portion of selected berries was frozen, freeze-dried for 24 h (Christ Alpha 1-4 LSC, Martin Christ
GmbH, Osterode am Harz, Germany) and crushed by a laboratory mill (A1l, IKA, Darmstadt,
Germany). The homogeneous materials were stored in a freezer at —80 °C until undergoing the other
analysis.
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Figure 1. Berries of sea buckthorn cultivars.

2.3. Basic Chemical Composition

The soluble solids content was expressed in °Bx using a digital refractometer (Atago RX-5000,
Atago Co. Ltd., Saitama, Japan). The instrument was calibrated using distilled water. Liquid and
homogenized raw material was applied to the dry prism surface. The measurement was taken at 20
°C. The dry matter was determined by mixing the sample with diatomaceous earth, pre-drying, and
final drying under reduced pressure. Titratable acidity (TA) was analyzed by the titration of
homogenous fresh fruits with 0.1N NaOH to pH 8.1 and the result were expressed as g malic acid/100
g FW (fresh weight). TA and pH were determined using an automatic pH titrator system (TitroLine
5000, Xylem Analytics GmbH, Weilheim in Oberbayern, Germany). The soluble solids content, dry
matter, and titratable acidity were taken according to European Standards, PN-EN 12143:2000, PN-
EN 12145:2001, and PN-EN 12145:2000, respectively. Pectin content (g/100 g FW) was measured
according to the Morris method reported by Pijanowski et al. [14]. Ash (%), L-ascorbic acid (mg/100
g FW), sugars, and organic acids contents (g/100 g FW) were determined, as reported previously by
Wojdylo et al. [15]. Sugars and organic acids were analyzed using high pressure liquid
chromatography including the evaporative light scattering detector (HPLC-ELSD) and ultra
performance liquid chromatography-photodiode array detector (UPLC-PDA) methods. All
measurements were taken three times.
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2.4. Analysis of Phenolic Compounds

The extraction of the samples for phenolic compounds and their chromatographic analysis were
performed exactly as described by Wojdylo et al. [15]. The samples were analyzed by an Ultra-
Performance Liquid Chromatography Photodiode Array Detector (UPLC-PDA; Acquity UPLC
System, Waters Corp., Milford, MA, US). The study identified phenolic acids and flavonols, and their
sums were calculated as p-coumaric acid and isorhamnetin-3-O-rutinoside, respectively, which is
based on dominant compounds and compared with reference standards. All results were taken in
triplicate and shown as mg/100 g DM of berries (dry mass).

2.5. Analysis of Carotenoids, Tocopherols, and Tocotrienols

The extraction of the samples for carotenoid compounds was made as previously described by
Wojdylo et al. [15] and Nowicka et al. [16]. The determination of carotenoids was made using the
equipment as in subSection 2.4, according to the protocol given by Wojdylo et al. [15]. The powder
samples of fruits (0.20 g) containing 10% MgCOs and 1% butylhydroxytoluene (BHT) to prevent
oxidation were continuously shaken with 5 mL of a ternary mixture of methanol/acetone/hexane
(1:1:2, v:v:w) at 300 rpm (DOS-10L Digital Orbital Shaker, Elmi Ltd., Riga, Latvia) for 30 min in the
dark. Recovered supernatants were obtained after 4-5 times being re-extracted of solid residue. All
combined fractions collected after centrifugation (4 °C, 7 min at 19,000x g, MPW-350, Warsaw,
Poland) were evaporated to dryness. The pellet was diluted using 2 mL of 100% methanol, filtered
through a hydrophilic polytetrafluoroethylene (PTFE) 0.20-um membrane (Millex Samplicity Filter,
Merck, Darmstadt, Germany) and used for analysis.

Carotenoids were carried out on an ACQUITY UPLC BEH RP C18 column being protected by
the guard column of the same materials (1.7 mm, 2.1 mm 100 mm, Waters Corp., Milford, MA, USA)
operated at 30 °C. The elution solvents were linear gradient of acetonitrile:methanol (70:30, v:v) (A)
and 0.1% formic acid (B). The runs were monitored at 450 nm. The photodiode array detector PDA
spectra were measured over the wavelength range of 200-700 nm in steps of 2 nm. The retention
times and spectra were compared to those of the authentic standards. All incubations were done in
triplicate. The results were expressed as mg per kg of dm. Samples for the analysis of tocopherols
and tocotrienols were prepared as follows. The fresh sea buckthorn berries (~3g) were homogenized
with two times as much of the ethanol portion mixed with 0.05% butylated hydroxytoluene (BHT).
Saponification was carried out using 60% CaOH, at a temperature of 50 °C for 2 h. Then, the samples
were mixed with hexane:ethyl acetate with 0.05% BHT. After that, NaOH (saturated solution) was
added. The upper layer was collected, evaporated, and dissolved in methanol with 0.05% BHT. The
solutions were filtered through a Hydrophilic PTFE 0.20 um membrane and used for UPLC analysis.
The analysis of tocopherols and tocotrienols was carried out by using Ultra-Performance Liquid
Chromatography with a fluorescence detector (UPLC-FL). The column ACQUITY UPLC BEH RP C18
(1.7 mm, 2.1 mm x 100 mm, Waters Corp., Milford, MA, US) being protected by a guard column of
the same materials was operated at 30 °C. Identification and quantification was performed based on
reference standards and calibration curves. The samples (5 pL) were injected, and the elution was
completed in 12 min with an isocratic method of methanol with water (88:12, v:v) flow rates of 0.45
mL/min. All incubations were done in triplicate. The results were expressed as mg per kg of dm.

2.6. Analysis of Fatty Acids

Fatty acids were extracted and tested with the technique of gas chromatography with mass
spectrometry (GC-MS), in the same way as described by Nowacki et al. [17]. The samples were
analyzed using a GC 6890 gas chromatograph coupled with a 5983 MS mass spectrometer (Agilent
Technologies Inc., Santa Clara, CA, US) equipped in a quadrupole mass detector. Measurements were
taken in triplicate. The results of fatty acid studies were expressed as the percentage of total fatty
acids of sea buckthorn berries.
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2.7. Determintation of Biological Activity: Anti-Oxidant, Anti-a-amylase, Anti- a-glucosidase, Anti-Lipase,
and Anti-Lipoxygenase

The extraction procedure was the same for all determinations and was carried out identically,
as described by Nowicka et al. [16]. The ABTS, FRAP, and ORAC assays were conducted as
previously reported by Re et al. [18], Benzie and Strain [19], and Ou et al. [20], respectively. The
ABTS*+ (2,2'-azine-bis-(3-ethylene-benzothiazoline-6-sulfonic acid) scavenging test is based on
measuring the decrease in the color intensity inversely proportional to the antioxidant content. An
ABTS** solution was prepared with an absorbance of 0.700 + 0.02 at a wavelength of 734 nm. Sea
buckthorn extracts and the ABTS** solution were mixed and, after 6 min, the absorption at the
wavelength above was measured. Distilled water was blank. The results were calculated based on
the calibration curve (R? = 0.9950) for Trolox concentrations 0.100 to 0.900 mM.

The FRAP method involves determining the ability to reduce Fe** ions by antioxidant substances
contained in sea buckthorn extracts to the blue Fe?" ions complex. Sea buckthorn extracts were mixed
with distilled water. The absorbance of the samples was measured 10 min after the addition of the
FRAP reagent (acetate buffer, 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) in HCl and FeCls x 6H20 in a
volume ratio of 10:1:1, v:v:v), at a wavelength of 593 nm. The results were calculated based on the
calibration curve (R2=0.9899) for Trolox concentrations 0.050 to 0.900 mM.

The analysis of oxygen radical absorbance capacity (ORAC) consists of a spectrofluorometric
measurement of the decrease in fluorescence caused by oxidation of a fluorescent substance under
the influence of free radicals, but in the presence of antioxidant substances. Samples containing sea
buckthorn extract, phosphate buffer, and fluorescein were incubated at 37 °C throughout the analysis
period. 2,2’-Azobis(2-amidinopropane)dihydrochloride was added and the spectrofluorometric
measurement was performed every 5 min at an excitation wavelength 493 nm and an emission
wavelength of 515 nm. The blank was a phosphate buffer. The antioxidant activity of the tested
samples was obtained by comparing the surface under the fluorescence decrease curves over time
with the surface for pure Trolox solutions (12.5, 25.0, 50.0, and 75.0 uM).

The ABTS, FRAP, and ORAC results were expressed in mmol TE (Trolox)/100 g sample.

The anti-a-amylase, anti-a-glucosidase, and anti-lipase activity were studied, according to
methods reported by Nowicka et al. [16] and Podsedek et al. [21]. Briefly, analysis of the anti-a-
amylase inhibitory activity is based on a spectrophotometric measurement of the color change as a
result of a reaction of iodine in potassium iodide with the remaining starch after enzymatic
hydrolysis. Basic samples contained sea buckthorn extracts, starch solution, and a-amylase. After
incubation at 37 °C, the reaction was stopped using 0.4 M HCI. A solution of potassium iodide with
iodine was added. Reference samples contained phosphate buffer instead of an enzyme. The acarbose
was included as a positive control and absorbance was measured at 600 nm.

The analysis of a-glucosidase inhibitory activity consists of the reaction of the enzyme with a 3-
D-glucosidase substrate producing a yellow solution upon cleavage. Basic samples containing sea
buckthorn extracts and enzymes were incubated as above. After the addition of the substrate, the
mixture was incubated again and measurement was made at 405 nm. As in the above analysis, the
reference samples contained buffer instead of enzymes and the acarbose was included as a positive
control.

The analysis of lipase inhibitory activity is based on a spectrophotometric measurement of the
amount of p-nitrophenol formed from p-nitrophenyl acetate. Basic samples contained sea buckthorn
extracts, Tris-HCl buffer, and the enzyme. After 5 min of incubation at 37 °C, the substrate was added.
Then incubation continued for 15 min. Reference samples contained buffer instead of the enzyme and
the orlistat was used as a positive control. Absorbance was measured at 400 nm. The results of anti-
a-amylase, anti-a-glucosidase, and anti-lipase activity are presented as ICso in mg/mL, i.e., the
amount of the sample that is able to reduce enzyme activity by 50%.

Inhibitory activity toward 15-lipoxygenase was measured in accordance with Chung et al. [13].
Basic samples containing sea buckthorn extract and enzymes were incubated at 37 °C. Then, linoleic
acid was added and incubation continued for 20 min. The mixture was measured at 210 nm.
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Reference samples contained Tris-HCI buffer instead of the enzyme. The results were expressed as a
percentage inhibition (at the concentration of 30 mg/mL).

All tests: anti-oxidant (ABTS, ORAC, FRAP), anti-a-amylase, anti- a-glucosidase, anti-lipase,
and anti-lipoxygenase were performed in triplicate using a microplate reader Synergy™ H1 (BioTek,
Winooski, VT, US).

2.8. Statistical Analysis

One-way analysis of variance (ANOVA, p <0.05), Tukey’s test, Pearson’s correlation coefficients,
and Principal Component Analysis (PCA) were carried out using XLSTAT for Microsoft Excel 2010
(Microsoft Corp., Redmond, WA, US) and Statistica 13.1 (StatSoft, Cracow, Poland). The results were
presented as the mean value (n = 3) + standard deviation (SD).

3. Results and Discussion

3.1. Basic Chemical Composition of Sea Buckthorn Cultivars

Table 1 presents the basic chemical composition of sea buckthorn cultivars: Aromatnaja,
Botaniczeskaja-Lubitelskaja, Jozef, Luczistaja, Moskwiczka, and Podarok Sadu. Analogous or closely
related cultivars have been analyzed by other researchers but were cultivated in other climatic and
soil conditions, including Sweden, Belarus, Finland, and Canada. However, this is the first report on
the new cultivar Jézef, bred in Poland.

Dry matter of H. rhamnoides berries was statistically different and ranged from 11.78%
(Luczistaja) to 13.08% (Aromatnaja). A soluble solid was examined from 5.7 (Luczistaja) to 7.2 °Bx
(Moskwiczka and Aromatnaja) and was lower than indicated in berries cultivated in Canada [22] and
Finland [23] (to 12.6 °Bx). Sea buckthorn fruits had a low pH (from 2.89 to 2.95 in the case of
Moskwiczka and Aromatnaja, respectively) and titratable acidity (from 2.48 to 2.79 g malic acid/100
g fresh weight (FW) for Moskwiczka and Podarok Sadu, respectively). The obtained results were in
line with other reports, according to which pH was from 2.30 to 3.20 and titratable acidity from 2.00
to 4.66 g malic acid/100 g [22-24]. Yang [24] stated that pH may be dependent on the harvest period
of berries because values increased from late August to mid-October, and then decreased.
Additionally, low ash content was determined, from 0.31% (Moskwiczka) to 0.43% (Aromatnaja),
compared to data provided by Bal et al. [1], for sea buckthorn berries cultivated in Japan (1.78% and
1.8%). Pectin content was from 0.21% (Jozef) to 0.68% (Luczistaja). Aromatnaja berries were
characterized by about half the amount of pectins (0.34%) and twice as high vitamin C content (158.81
mg/100 g FW) compared to other examined berries. The new cultivar (cv.) Jozef contained a similar
amount of vitamin C since the cultivar was the poorest in it (64.92 mg/100 g FW). In studies by
Teleszko et al. [12], Aromatnaja fruits were the richest in ascorbic acid (130.97 mg/100 g FW), followed
by Podarok Sadu, Moskwiczka, Botaniczeskaja-Lubitelskaja, and Luczistaja (from 82.61 to 52.86
mg/100 g FW). Kawecki et al. [25] reported two to three times more vitamin C content in Podarok
Sadu and Botaniczeskaja berries than in our study. Research on sea buckthorn fruits from Germany
[26], Finland [23], and Canada [22] reported a similar content of vitamin C as in the studied cultivars,
and also proved that the factors determining the vitamin C content are mainly the cultivar, maturity
stage, fruit size, and harvest season. Due to the lack of ascorbinase in berries and juice, vitamin C is
stable for six days, whereas the annual frozen storage does not change its content [27].

The studied sea buckthorn fruits contained from 1.34 (Botaniczeskaja-Lubitelskaja) to 2.87 g of
sugars/100 g FW (Moskwiczka) (Table 1). The most abundant sugar was glucose, which constituted
86.58% to 92.68% of all sugars (in the case of Podarok Sad and Moskwiczka, respectively).
Significantly lower concentrations of sorbitol and fructose were determined (maximum 6.36% and
5.88% of total sugars, respectively). Only Luczistaja berries contained more fructose than sorbitol. In
Luczistaja, Podarok Sadu, Jézef, and Aromatnaja fruits, rhamnose below 3.5% of all sugars was
quantitated, while, in other tested fruits, it was not detected. Our results corroborated those
published by Kawecki et al. [25], Tiitinen et al. [23], and Zheng et al. [22]. For example, the tested cv.
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Podarok Sadu contained 1.49% of sugars, compared to an analogous cultivar grown in Poland, tested
by Kawacki et al. [25], and containing 1.99%.

The content of organic acids (Table 1) was from 0.96 to 4.22 g/100 g FW (for Moskwiczka and
Luczistaja, respectively). In all cultivars, organic acid concentrations were studied in the following
order: malic acid (from 63.11% to 85.42% of acids) > quinic acid (from 6.77% to 32.04% of acids) >
isocitric acid (to 15.79% of acids) > citric acid (from 0.32% to 4.44% of acids) > oxalic acid (from 0.32%
to 2.08% of acids). The exceptions were cv. Moskwiczka, in which no isocitric acid was detected, cv.
Jézef, which contained more citric acid than isocitric acid, and cv. Aromatnaja, in which more isocitric
acid than quinic acid was identified. Furthermore, maleic and shikimic acids were identified, but
were in quantities below 0.01 g/100 g FW (results not shown in the table). The newly studied cv. Jozef
contained the amount of sugars and acids most similar to the average amounts of sugars and organic
acids in the tested sea buckthorn cultivars, 1.93 and 2.23 mg/100 g FW, respectively. Studies on sea
buckthorn cultivars grown in Canada, Finland, or Poland indicated the organic acid content from
0.96% to 5.40% and the main acids were malic and then quinic [22-25].

The sugars/organic acids ratio was low and ranged from 0.40 to 2.99 (for Luczistaja and
Moskwiczka, respectively). The results point to the need to correct the taste of selected cultivars, in
particular those where the ratio was below 1.0, i.e., Botaniczeskaja-Lubitelskaja, Luczistaja, Podarok
Sadu, and the new cv. Jozef.

3.2. Analysis of Phenolic Compounds of Sea Buckthorn Cultivars

Among the phenolic compounds, phenolic acids and flavonols were quantified in tested sea
buckthorn fruits and the results are summarized in Table 1. The total content of phenolic compounds
in sea buckthorn berries ranged from 468.60 mg (Luczistaja) to 901.11 mg/100 g dry mass (DM)
(Moskwiczka). Other reports indicated comparable phenolic compound values in H. rhamnoides
berries from 385 to 1442 mg/100 g DM [7,28,29]. The tested Podarok Sadu fruits contained half the
amount of phenolic compounds compared to the analogous cultivar collected in Belarus and studied
by Zadernowski et al. [29].

The concentration of phenolic acids in studied berries was from 5.18 mg (Botaniczeskaja-
Lubitelskaja) to 8.94 mg/100 g DM (Podarok Sadu). The cultivar created in Poland - Jézef — contained
the same amount of organic acids as Aromatnaja (6.11 mg/100 g DM), and these were richer than
Botaniczeskaja-Lubitelskaja and Luczistaja berries. Other reports indicated several times higher
content of phenolic acids: from 37.9 mg to 443.92 mg/100 g DM [5,7,29]. Podarok Sadu contained 43
times less phenolic acids than the analogous cultivar tested by Zadernowski et al. [29]. Research by
Teleszko et al. [12] determined the phenolic acid concentration from 5.81 mg in Avgustinka to 3.11
mg/100 g FW for Luczistaja berries.

In berries of tested cultivars, approximately 98.94% of the total phenolic compounds were
flavonols. Their quantity ranged from 463.14 mg to 893.92 mg/100 g DM, and the order of cultivars
in terms of flavonols content was as follows: Moskwiczka > J6zef > Aromatnaja > Podarok Sadu >
Botaniczeskaja-Lubitelskaja > Luczistaja. Jozef berries contained a statistically similar amount of
flavonols as Aromatnaja and Podarok Sadu, and these values were higher than the average flavonol
content in the studied cultivars (637.53 mg/100 g DM). Teleszko et al. [12] reported that, among
cultivars grown in Poland, Botaniczeskaja-Lubitelskaja berries had the lowest flavonol concentration
(212.89 mg/100 g FW). The obtained results were in line with those published by Pop et al. [30], where
the flavonol content ranged from 563 to 1437 mg rutin equivalent/100 g DM (for Serpenta and Tiberiu,
respectively). However, the analyzed berries were richer in flavonols than those examined by Ma et
al. [31], who reported a concentration from 23 (Oranzhevaya collected in China) to 250 mg/100 g (wild
berries of ssp. sinensis from China). Variation in quantitative and qualitative flavonol profile occurs
within subspecies and cultivars, and is affected by the harvest date, climatic, genetic, and geographic
factors, transport, and storage [32,33].
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Table 1. Basic chemical composition, phenolic compounds, carotenoids, tocopherols, and tocotrienols and fatty acids contents in sea buckthorn cultivars.
Components Aromatnaja Botam'czeska'] & Jozef Luczistaja Moskwiczka Podarok Sadu
-Lubitelskaja
Dry matter (%) 13.08 +0.23 a 11.88+0.44 b 12.03+0.38 b 11.78+0.19b 12.84 +0.34 ab 12.71 £ 0.40 ab
Soluble solid (°Bx) 72+0.01a 6.4+0.00 a 7.1+0.01a 57+0.01 a 72+0.01a 7.0+0.00 a
pH 295+0.01 a 2.90+0.00 a 2.90+0.01 a 290+0.02 a 2.89+0.00 a 2.93+0.01 a
Titratable aad;’;%)mahc acid/100 5 44 0.01 ¢ 2.62+0.00b 259+ 0.08b 2.71+0.11ab 2.48 +0.03 be 2.79+0.00 a
Ash (%) 0.43+0.01 a 0.39+0.01 a 0.40+0.02 a 0.35+0.04 a 031+0.01a 0.38+0.05 a
Pectins (%) 0.34+0.04b 0.67 +0.16 a 021+0.17 ¢ 0.68+0.18 a 0.64 +0.06 a 0.58 +0.18 ab
Vitamin C (mg/100 g FW) 158.81 £0.78 a 78.52 +0.64 b 64.92 +1.00d 80.93+2.32b 71.32 £3.67 ¢ 61.02+0.21d
Sugars (g/100 g FW)
Rhamnose 0.05+0.02b nd 0.04 +0.01 ¢ 0.06 +£0.00 a nd 0.04 +0.02 ¢
Fructose 0.05+0.00d 0.04+0.02e 0.08+0.02b 0.10+0.02 a 0.08+0.02b 0.07+0.01 ¢
Sorbitol 0.14+0.01 a 0.07 +0.00 ¢ 0.11+0.02b 0.08 +0.00 ¢ 0.13+0.04 a 0.09 +0.02 bc
Glucose 1.96+0.02b 1.21+0.02d 1.73+0.14 bc 1.49+0.28 ¢ 2.66 +0.65 a 1.29 + 0.08 cd
). sugars 2.20+0.01b 1.34+0.03 d 1.96 +0.19 ¢ 1.70+0.25 cd 2.87+0.71 a 1.49+0.13 cd
Organic acids (g/100 g FW)
Oxalic acid 0.01+0.00b 0.01+0.00b 0.02+0.00 a 0.02+0.01 a 0.02+0.02 a 0.02+0.00 a
Citric acid 0.05+0.00b 0.01+0.00d 0.10+0.05a 0.03+0.01 ¢ 0.05+0.01b 0.02 £0.00 cd
Isocitric acid 021+0.0a 0.11+0.00 a 0.02+0.00b 0.17+0.01 a nd 0.16 £0.00 a
Malic acid 0.96 +0.07 cd 1.95+0.00b 1.84+0.09b 2.87+0.21 a 0.82+0.03d 1.17+0.13 ¢
Quinic acid 0.09+0.19 ¢ 0.99+0.03 a 027+0.15b 1.14+022a 0.07+0.01 ¢ 0.16 £0.09 ¢
Y. organic acids 1.33+0.11d 3.09+0.27b 225+0.20 ¢ 422+0.13a 096+0.13 e 1.54+0.14d
Sugar: organic acid ratio 1.65b 0.43d 0.87 ¢ 0.40d 299 a 0.97 ¢
Phenolic compounds (mg/100 g DM)
Phenolic acids 6.11+1.98 ¢ 5.18+1.52d 6.11+1.88 ¢ 546 +1.07 d 719+252b 894+274a
Flavonols 655.21 +46.16 b 484.22 +24.80 ¢ 691.45 +56.36 b 463.14 +30.48 ¢ 893.92 +54.96 a 637.22+42.75b

2, phenolic compounds

661.32+48.14b

491.20+26.71 c

697.56 + 58.34 b

468.60 + 31.55 ¢

901.11 +57.48 a

646.16 +45.52 b

Carotenoids (mg/100 g DM)
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Xanthophylls 80.73+10.22 a 45.71+4.62 cd 65.04+5.33Db 37.76 +4.77 d 51.13+7.18 ¢ 60.27 +8.11 b

Carotenes 22542 +12.27 a 16.03+293 e 69.78 +4.60 c 8.85+1.52f 56.18 +4.27 d 115.62+8.11b
Esterified carotenoids 202.42+7.02a nd 23.11+2.04 ¢ nd 14.78 +1.35d 70.37+3.20 b

Y carotenoids 508.57 £29.54 a 61.73+755e 15793 +11.97 ¢ 46.61+6.29 e 122.09+12.80 d 246.26 +19.42b

2. tocopherols and tocotrienols
(mg/100 g DM) 2712+131b 27.68+1.42b 28.23+1.39b 3427 +2.00 a 29.29+1.78b 2758 +1.55b
Fatty acids (%)

Palmitic (C16:0) 3429+0.01b 33.24+0.01b 33.45+0.01b 32.82+0.01b 38.19+£0.01 a 32.00+£0.01b
Palmitoleic (C16:1 n-7) 25.84+0.02b 23.67+0.01 b 25.87+0.01 b 31.25+0.01 a 26.40+0.01 b 26.17+0.01 b
Stearic (C18:0) 4.14+0.01a 3.71+0.01 ab 3.89+0.01a 2.65+0.01b 449+0.01a 2.72+0.01b
Oleic (C18:1 n-9) 14.90 £ 0.01 ab 17.83+0.01a 15.03 +0.01 ab 1291+0.01b 14.81+0.01b 14.49+0.01 b
Linoleic (C18:2 n-6) 1742 +0.03 b 17.60 +0.01 b 16.74 +0.01 b 1693 +0.01b 13.16 £0.01 ¢ 20.13+0.01 a
Linolenic (C18:3 n-3) 343+0.01b 3.94+0.01 ab 340+0.01b 344 +0.01b 295+0.01 ¢ 449+0.01a
Y'SFAs 38.42+0.04b 36.95+0.02 ¢ 37.34 £0.01 bc 35.47+0.02 c 42.68 £0.02 a 34.71+£0.01c
Y>MUFAs 40.73+0.05b 41.50+0.05b 40.90 +0.06 b 44.16+0.04 a 41.21+0.04b 40.66 +0.01 b
> PUFAs 20.84 +0.03 b 21.54+0.04 b 20.14+£0.01b 20.37+£0.02b 16.11 +£0.01 ¢ 24.62+0.01 a

SFAs - saturated fatty acids. MUFAs - monounsaturated fatty acids. PUFAs - polyunsaturated fatty acids. The data shown are mean values + SD (1 = 3). nd - not detectable.

DM - dry mass. FW - fresh weight. Different letters (a—d) in the same column denote a significant difference among varieties, according to Tukey’s test. p < 0.05.
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3.3. Analysis of Carotenoids, Tocopherols, and Tocotrienols of Sea Buckthorn Cultivars

Carotenoids were classified as xanthophylls, carotenes, and esterified carotenoids. Their
amounts for individual sea buckthorn cultivars are shown in Table 1. The total carotenoid
concentration ranged between 46.61 mg and 508.57 mg/100 g DM, respectively, for Luczistaja and
Aromatnaja. J6zef berries were more than three times richer in carotenoids than Luczistaja and poorer
than Aromatnaja. The values obtained were significantly higher than those observed for sea
buckthorn fruits from Sweden [11] (from 11.99 mg to 142.49 mg/100 g DM) and growing in Romania
[34] (from 53 mg to 97 mg/100 g DM).

Aromatnaja berries contained the most xanthophylls (80.73 mg/100 g DM). Nevertheless,
Botaniczeskaja-Lubitelskaja and Luczistaja fruits were characterized by the highest percentage of
these compounds with more than 74% of the total carotenoids. Moskwiczka and the new Jézef berries
contained similar amounts of xanthophylls and carotenes (about 41% of xanthophylls and 45% of
carotenes). Fruits of cv. Aromatnaja contained 2 to 25 times more carotenes (225.42 mg/100 g DM)
than other cultivars. Therefore, these berries were not yellow-orange but red (Figure 1). The
remaining cultivars can be presented according to the increasing content of carotenes: Podarok Sadu
> Jézef > Moskwiczka > Botaniczeskaja-Lubitelskaja > Luczistaja. By comparison, in H. rhamnoides
berries grown in Sweden, the carotene content was on average 29.66 mg/100 g DM [11]. On the other
hand, research of Kruczek et al. [35] indicated that Aromatnaja and Moskwiczka berries were rich in
carotenes (average 23.01 mg/100 g FW), and Botaniczeskaja-Lubitelskaja, Luczistaja, and Podarok
Sadu contained less than 1 mg/100 g FW.

Esterified carotenoids were examined in four cultivars in the following order: Aromatnaja >
Podarok Sadu > Jozef > Moskwiczka. In the case of these berries, esterified carotenoids ranged from
12.11% to 19.80% of total carotenoids (for Moskwiczka and Aromatnaja, respectively). These contents
were lower than in studies of Pop et al. [34] and Andersson et al. [11] in which esterified carotenoids
accounted for an average of 71% and 55% of total carotenoids, respectively. Research on the sea
buckthorn collected from Romania identified mono-esters and diesters of zeaxanthin and lutein
esterified with palmitic, myristic, and stearic acid residues [34].

The lipophilic fraction of sea buckthorn berries also contains tocopherols and tocotrienols.
However, the quantities determined were low and ranged between 27.12 mg of tocopherols and
tocotrienols for Aromatnaja and 34.27 mg/100 g DM for Luczistaja (on average 29.03 mg/100 g DM).
Cultivars grown in Sweden contained from 40.6 mg to 80.1 mg/100 g DM [6], and those from Finland
contained tocopherols and tocotrienols from similar concentrations to almost four times higher [27].

3.4. Analysis of Fatty Acids of Sea Buckthorn Cultivars

In this research, omega-3, omega-6, omega-7, and omega-9 fatty acids were identified and
divided into saturated fatty acids (SFAs) without C=C double bonds, monounsaturated fatty acids
(MUFAs) with one such bond, and polyunsaturated fatty acids (PUFAs) with two or more double
bonds between two connected carbon atoms. The fatty acid content in berries of sea buckthorn is
summarized in Table 1.

Six fatty acids were identified in berries of the studied sea buckthorn cultivars, including two
unsaturated acids (palmitic and stearic), two monounsaturated acids (palmitoleic and oleic), and two
polyunsaturated acids (linoleic and linolenic). The dominant fatty acid was palmitic acid (C16:0),
which ranged from 32.00% (Podarok Sadu) to 38.19% (Moskwiczka) of total fatty acid content. The
berries were also abundant in palmitoleic acid (C16:1 n-7). Similar contents of oleic (C18:1 n-9) and
linoleic acids (C18:2 n-6) as well as stearic (C18:0) and linolenic acids (C18:3 n-3) were determined.
MUFAs dominated in the sea buckthorn berries (from 40.66% to 44.16%), except for cv. Moskwiczka
in which saturated acids predominated (SFAs). PUFAs ranged from 16.11% (Moskwiczka) to 24.62%
(Podarok Sadu). Generally, the fatty acid profile of the studied cultivars, including the newly bred
cv. Jozef, can be presented as mean 37.60% SFAs, 41.53% MUFAs, and 20.60% PUFAs.

The results obtained were in line with those given for the analogous Aromatnaja, Botaniczeskaja-
Lubitelskaja, Luczistaja, Moskwiczka, and Podarok Sadu, rich in palmitic, palmitoleic, and linoleic
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acids (up to 38.25%, 38.51%, and 14.11%, respectively) [12]. Yang and Kallio [36] observed high
contents of palmitic, palmitoleic, oleic, and linoleic acids (up to 29.2%, 31.0%, 24.8%, and 33.9%,
respectively) in oil from whole berries grown in Finland. In sea buckthorn berries grown in Romania,
the main acids were oleic (up to 45.9%) and palmitic acids (up to 40.2%), in contrast with seeds rich
in polyunsaturated acids [9,34,37].

Other studies also examined vaccenic acid (C18:1 n-7) in the sea buckthorn fruits in an amount
of 4.5% to 9.8%, as well as myristic (C14:0), pentadecanoic (C15:0), hexadecanoic (C16:1 n-9), margaric
(C17:0), arachidic (C20:0), and eicosenoic acids (C20:1 n-9) below 1% of the total amount of fatty acids
[12,27,37].

3.5. Analysis of Biological Activity of Sea Buckthorn Cultivars: Anti-Oxidant, Anti-a-amylase, Anti-a-
glucosidase, Anti-Lipase, and Anti-Lipoxygenase Effects

Table 2 presents anti-oxidant capacity measured by ABTS, FRAP, and ORAC assays in analyzed
sea buckthorn fruits. According to all three methods, the highest anti-oxidant potential was observed
for Aromatnaja berries, and the lowest for Luczistaja and Botaniczeskaja-Lubitelskaja. In the oxygen
radical absorbance capacity (ORAC) test, the results ranged from 15.47 mmol to 34.68 mmol TE/100
g DM. The mean ABTS and FRAP activity values were 1.86 mmol and 2.59 mmol TE/100 g,
respectively. Similarly, sea buckthorn berries harvested in China had ORAC activity from 26.6 to 36.9
mmol TE/100 g DM, in Turkestanica and Sinensis subspecies, respectively [7]. In line with Sharma et
al. [38], the diversity of activity may result from the method (higher results in DPPH than ABTS test)
and extraction because microwave application caused the highest activity of sea buckthorn berries in
comparison to maceration, ultrasound, and Soxhlet. In addition, Gao et al. [39] reported that the
reduction of ABTS activity during maturation correlated with decreasing concentrations of phenolic
compounds and ascorbic acid. The lipid fraction activity increased due to the carotenoid synthesis,
but this fraction did not significantly affect the anti-oxidant activity of berries. For example, fractions
from ripe Aromatnaja berries had activities equal to 1.30, 0.45, and 0.56 mmol TE/100 g, for the
phenolic, ascorbic, and lipophilic fractions, respectively.

Table 2 also shows anti-a-amylase, anti-a-glucosidase, and anti-lipase activity, as ICso (mg/mL).
The inhibitory activity against a-amylase ranged from 26.83 mg to 35.12 mg/mL (for Aromatnaja and
Jézef berries, respectively), while a-glucosidase inhibition was between 41.79 mg and 60.32 mg/mL
(Botaniczeskaja-Lubitelskaja and Luczistaja, respectively). In all studied cultivars, a-amylase
inhibition was stronger than that of a-glucosidase. In human trials, meals containing sea buckthorn
berries reduced and delayed the postprandial insulin response and improved the glycemic profile
[40,41]. Moreover, studies of Sharma et al. [38] and Xue et al. [42], carried out on rats and mice with
type 2 diabetes, also confirmed the hypoglycemic effect of H. rhamnoides fruits. The inhibition toward
pancreatic lipase in Aromatnaja and Moskwiczka berries was below 5.00 mg/mL. In the remaining
cultivars, activity from 6.07 mg (Jozef) to 14.02 mg/mL (Podarok Sadu) was recorded. The positive
influence of sea buckthorn on lipid metabolism is confirmed by the examination of Linderborg et al.
[43], according to which the addition of berries or their extract residues to meals delayed postprandial
lipemia in humans.

The potential effect of sea buckthorn berries in relation to 15-lipoxygenase activity was analyzed,
and the results were presented as the percentage of inhibition (at the concentration of 30 mg/mL)
(Table 2). High anti-lipoxygenase activity of all cultivars ranged from 92.01% (Moskwiczka) to
100.00% (Aromatnaja and Podarok Sadu). Jozef berries inhibited the enzyme activity equal to the
others at 94.10%. The studied sea buckthorn berries can constitute a remedy in the concept of
prevention and treatment of inflammatory diseases. Therefore, a good proposition is to use these
fruits as a major component of functional foods. Zadernowski et al. [44] reported that lipophilic and
ethanolic hydrophilic extracts from sea buckthorn decreased lipase activity, but the inhibition of
lipoxygenase was higher than that of lipase.
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Table 2. Anti-oxidant (mmol TE/100g DM), anti-a-amylase, anti- a-glucosidase, anti-lipase (ICs0), and anti-lipoxygenase (percentage of inhibition) activities of sea

buckthorn cultivars.

Properties Aromatnaja Botan{czeska.] & Jozef Luczistaja Moskwiczka Podarok Sadu
-Lubitelskaja
Anti-oxidant activity
ABTS 3.58+£0.36 a 127+0.10d 1.12+040d 128+0.01d 2.22+0.04b 1.69+0.12¢
FRAP 470+0.14 a 1.84+0.17 ¢ 1.98+0.12¢ 1.85+0.29 ¢ 2.89+0.09b 2.29+0.04 be
ORAC 34.68+2.14a 18.41+0.79d 20.04+0.62 c 1547 +2.38 e 28.71+041b 2730+1.15Db
Enzyme inhibitory activity
anti-a-amylase 26.83+0.22a 32.84+0.09 3512+0.11d 32.93+0.48 c 29.62 +0.41 bc 28.49+0.34Db
anti-a-glucosidase 44.45+0.35 ab 41.79+0.42a 54.76 +0.72 c 60.32+0.87 d 4626 +0.31Db 58.89+0.11 cd
anti-lipase 455+0.16 a 9.20+0.20 c 6.07+0.19b 10.07+£0.11d 419+0.17 a 14.02+0.10 e
anti-lipoxygenase 100.00 a 92.22.d 94.10 ¢ 97.43 b 92.01d 100.00 a

The data shown are mean values + SD (n = 3). a-amylase, a-glucosidase, and lipase inhibition are presented as ICso in mg/mL, and anti-lipoxygenase effect as the
percentage of inhibition (at the concentration of 30 mg/mL). DM — dry mass. Different letters (a—d) in the same column denote a significant difference among varieties,

according to Tukey’s test. p <0.05.
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3.6. Pearson’s Correlation and Principal Component Analysis (PCA)

Pearson’s correlation coefficients (r) between chemical composition and biological activity were
determined. According to Rosh et al. [26], the dominant anti-oxidant compound in sea buckthorn is
ascorbic acid, which is followed by flavan-3-ols and phenolic acids with catechol structures, in which
the tested cultivars were not abundant. High correlations of vitamin C content with ABTS and FRAP
anti-oxidant effects (r = 0.864 and 0.886, respectively) and between flavonols and the oxygen radical
absorbance capacity (ORAC) (r = 0.617) were found. Carotenoids strongly influenced a-amylase
inhibition (r = 0.747), lipoxygenase (r = 0.668), and antioxidant potential measured by ABTS, FRAP,
and ORAC methods (mean r = 0.875). Carotenes and esterified carotenoids had a stronger effect on
these activities than xanthophylls. SFAs correlated more strongly with the anti-lipase and anti-
lipoxygenase potential (r=0.601 and 0.710, respectively) than with antioxidant activity. Nevertheless,
correlations of stearic acid were stronger with anti-oxidant, anti-a-glucosidase, and anti-lipase
activity than for palmitic acid. However, oleic acid positively correlated with anti-a-glucosidase
potential (r = 0.759). The correlation of linoleic and linolenic acids with the anti-lipoxygenase effect
was positively moderate (r = 0.633). This could be due to the LOX function consisting in the catalysis
of PUFAs.

Nutritionally, pectin is one of the soluble fiber fractions and may delay gastric emptying, which,
in turn, is associated with reducing glycemic response [45]. There was, however, no correlation
between pectins and biological activity, including a-amylase inhibition. Weickert and Pfeiffer [46]
stated that a diet rich in insoluble dietary fiber in the form of cereals and whole grains may
significantly reduce diabetes risk. However, there is no indisputable evidence that soluble dietary
fibers from fruits and vegetables play a key role in this process, which may explain our results.

It should not be ruled out that the correlations between biological effects and lipophilic
compounds may be apparent or false. The biological activities of sea buckthorn berries were tested
on methanol-water solutions. Therefore, correlations for in vitro tests should be performed, with
regard to lipophilic and hydrophilic compounds in H. rhamnoides. Other research on fruits also
proved to be a selective correlation between chemical composition and biological activities. For
example, Wang et al. [47] reported that flavonoids isolated from goji berries showed the most
pronounced effect in scavenging free radicals (DPPH and ABTS) and chelating metal ions, while the
zeaxanthin fraction was a strong scavenger of free hydroxyl radicals. In the studies of Wojdylo et al.
[48], figs with a high content of sugars did not correlate with high anti-diabetic activity, but
glycosylated derivatives of kaempferol, cyanidin, apigenin, polymeric procyanidins, and (-)-
epicatechin correlated with the ability to inhibit a-amylase and a-glucosidase, and with the anti-
oxidant effect (for the ORAC test). Ado et al. [49] found that a potent lipase inhibitor was kaempferol-
3-O-thamnoside isolated from C. cauliflora leaves. According to Stahl and Sies [50], carotenoids are
effective anti-oxidants scavenging singlet molecular oxygen and peroxyl radicals. Principal
component analysis (PCA) was conducted on the average contents of each chemical component (basic
chemical composition, phenolic and carotenoid compounds, fatty acids), biological effects (anti-
oxidant as ABTS, FRAP, and ORAC tests, enzyme inhibitory potential for a-amylase, a-glucosidase,
lipase, and lipoxygenase), and berries of the tested H. rhamnoides cultivars. The outcomes are shown
on the PCA biplot (Figure 2). The first two principal components (PC1 and PC2) explained 68.10% of
the total variance (41.48% and 26.61%, respectively). The correlation biplot indicated the following;:
(1) Podarok Sadu berries were rich in PUFAs and had a strong anti-lipoxygenase effect, (2) anti-
oxidant and anti-a-amylase activities were strongly correlated with the content of carotenoids and
vitamin C, in which Aromatnaja fruits were particularly rich, (3) cv. Moskwiczka contained high
concentrations of SFAs, phenolic compounds, and glucose, which, in turn, correlated with anti-lipase
and anti-glucosidase activity, (4) Botaniczeskaja-Lubitelskaja, Luczistaja, and the new cv. Jozef
formed the most extensive berry cluster with high content of organic acids, MUFAs, tocotrienols, and
tocopherols.
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Figure 2. Principal component analysis biplot of chemical composition and biological effects of sea
buckthorn cultivars. SFAs — saturated fatty acids. MUFAs - monounsaturated fatty acids. PUFAs -
polyunsaturated fatty acids.

4. Conclusions

The study confirmed biochemical and functional differences among six cultivars of sea
buckthorn berries cultivated in Poland. In conclusion, the analyzed sea buckthorn cultivars, including
cv. Jozef (reach in tocopherols and tocotrienols, MUFAs, palmitoleic acid (C16:1 n-7), fructose, quinic
and oxcalic acids, and pectin) with biological potency against anti-a-glucosidase and anti-lipase
activity, studied for the first time, can be a raw material in the development of innovative functional
foods, nutraceuticals, and cosmeceuticals rich in chemical compounds with high biological activity.
Research provides valuable information for selecting high-activity cultivars for further cultivation,
and may also direct further in vivo testing for non-communicable diseases.
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ARTICLE INFO ABSTRACT

Keywords: This study aimed to identify by UPLC-PDA-Q/TOF-MS and quantify by UPLC-PDA phenolic compounds (26
Sea buckthorn flavonols and 2 phenolic acids) and carotenoids (16) from berries of different cultivars of Hippophaé rhamnoides
Flavonols and determine correlations between these variables and in vitro anticholinergic and on-line antioxidant potential.
Phenolic f‘dds Isorhamnetin derivatives presented over 65% of total flavonols, but quercetin and kaempferol derivatives were
f\i‘;?:ﬁgﬁf:rgic also determined. Carotenes accounted for 19 to 47%, xanthophylls 16 to 81% of total carotenoids. Pearson’s
AChE correlations between AChE and BuChE inhibition and phenolic acid content were low (r = 0.388 and 0.355),
BuChE moderate for carotenoids (0.504 and 0.437) and high for flavonols (0.851 and 0.614). The PCA biplot showed

ABTS on-line the highest correlation between anticholinergic activity and all-trans-f8-cryptoxanthin, quercetin-3-O-glucoside,
PCA isorhamnetin-3-0-(2-rhamnosyl)glucoside, ~kaempferol-3-O-hexoside-7-O-rhamnoside, isorhamnetin-3-O-(6-
rhamnosylhexoside, isorhamnetin-3-O-rutinoside, and isorhamnetin-3-O-glucoside concentrations. The results
obtained can be used to identify sea buckthorn cultivars, develop crops and production, and design functional

products rich in flavonols and carotenoids with anticholinergic properties.

1. Introduction

Rich sources of flavonols include onions, broccoli, kale, red grapes,
apples, tea, and berries (Panche, Diwan, & Chandra, 2016; Testa,
Bonfigli, Genovese, De Nigris, & Cariello, 2016). But previous studies
also confirmed the high concentrations of these compounds in sea
buckthorn fruits (Guo, Guo, Li, Fu, & Liu, 2017; Ma et al., 2016; Pop
et al., 2013; Teleszko, Wojdyto, Rudziniska, Oszmianski, & Golis, 2015;
Zheng, Kallio, & Yang, 2016). Sea buckthorn (Hippophaé rhamnoides L.)
belongs to the Elaeagnaceae olive family and is a spiny fruiting and
deciduous shrub. In some countries, inter alia, Germany, Finland, Czech
Republic, Ukraine, Estonia, Belarus, Latvia, Russia, China, Japan, Slo-
vakia, Chile, and Canada, sea buckthorn is used on an industrial scale
(Rafalska, Abramowicz, & Krauze, 2017; Ruan, Rumpunen, & Nybom,
2013). The global area of wild and grown sea buckthorn is estimated at
about 3.0 mln ha, of which about 85% is in China, followed by Mon-
golia, India and Pakistan. In China, this area is successively expanded

* Corresponding author.
E-mail address: aneta.wojdylo@upwr.edu.pl (A. Wojdylo).
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by about 10,000 ha per year. Global yields of sea buckthorn fruits are
not established due to the use of shrubs not only for the production of
berries, but also for firewood, planting for soil remediation and har-
vesting methods. In Poland and other European countries, the average
yield from industrial crops is about 4 t/ha/year, using harvest with
cutting whole shoots with berries. For example, the crop obtained from
one shrub of cv. Podarok Sadu is within a range of 12.5-20.5 kg of fruits
(Pilat, Bieniek, & Zadernowski, 2015; Ruan et al., 2013). According to
the International Sea Buckthorn Association (ISA), juices, beverages,
tea, oils, jams, snacks, liquor, food supplements, cosmetics and feeding
stuff are produced from sea buckthorn fruits.

Sea buckthorn berries are spherical or oval, shiny, the color of the
skin and flesh varying from yellow to red. This characteristic coloration
is caused by the high content of carotenoid compounds with at least 7
conjugated double bonds (Andersson, Olsson, Johansson, & Rumpunen,
2009; Pop et al., 2014). Nevertheless, the primary sources of car-
otenoids in the human diet are yellow and orange vegetables and fruits.
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Carrots, sweet potatoes, pumpkins, peppers, and apricots contain high
concentrations of B-carotene; papayas and citruses are rich in a-cryp-
toxanthin and zeinoxanthin; tomatoes contain lycopene; and lutein,
violaxanthin and neoxanthin are present in green vegetables — kale,
spinach and broccoli (Saini, Nile, & Park, 2015). Sea buckthorn berries
may contain high concentrations of most carotenoids mentioned above,
which makes them unique (Andersson et al., 2009; Pop et al., 2014).

Application of sea buckthorn for therapeutic purposes is derived
from Tibetan and Mongolian medicine and ancient Greece, but
healthful properties of compounds from this plant are currently being
researched (Pitat et al., 2015; Rafalska et al., 2017). Studies conducted
on cardiac patients proved that flavonoids from sea buckthorn con-
tributed to lowering total cholesterol, triacylglycerides and the low-
density lipoprotein (LDL) fraction and increasing the high-density li-
poprotein (HDL) fraction (Rafalska et al., 2017). Guo, Yang, Cai, & Li
(2017) reported that the cardioprotective effect of sea buckthorn intake
can be attributed to its content of flavonoids and f-sitosterol. Flavonol
extracts from sea buckthorn berries reduced levels of serum glucose,
serum triglyceride and serum cholesterol in mice, and effects on gly-
cometabolism may be associated with glycogenesis (Cao et al., 2003),
whereas Yohendra Kumar, Tirpude, Maheshwari, Bansal, and Misra
(2013) investigated the high inhibitory activity of the phenolic fraction
of H. rhamnoides towards E. coli, S. typhi, S. dysenteriae, S. pneumoniae
and S. aureus. Furthermore, sea buckthorn oil with a high concentration
of carotenoids may be beneficial in the treatment and prevention of
atherosclerotic artery diseases, because it effectively inhibits platelet
aggregation (Xu, Kaur, Dhillon, Tappia, & Dhalla, 2011). Chew et al.
(2014) reported that increased oral intake of lutein and zeaxanthin may
be more potent than f-carotene in reducing the risk of age-related
macular degeneration.

Currently Poland is becoming one of the major countries in Europe
interested in growing sea buckthorn on an industrial scale. So far,
analysis of phenolic and carotenoid compounds in reference to antic-
holinergic activity in sea buckthorn has not been carried out. In this
context, the first aim of this paper was detailed identification and
quantification of phenolic and carotenoid compounds from berries of
selected H. rhamnoides cultivars grown in Poland. The second objective
was to assess the anticholinergic activity of berries and to determine the
correlations between the composition and pro-health potential, as well
as to establish the activity of the phenolic fraction in relation to the
ABTS * reagent by on-line HPLC-PDA analysis.

2. Materials and methods
2.1. Chemicals

The chemicals required to carry out anticholinergic activity ana-
lysis, antioxidant on-line profiling with post-column derivatization with
ABTS" ™, and solvents for LC/MS grade were acquired from Sigma-
Aldrich (Steinheim, Germany). Acetonitrile for ultraperformance liquid
chromatography (UPLC; gradient grade) and ascorbic acid were bought
from Merck (Darmstadt, Germany). The standards of phenolic and
carotenoid compounds were bought from Extrasynthese (Genay,
France).

2.2. Plant materials

Six sea buckthorn (Hippophae rhamnoides L.) cultivars:
Botaniczeskaja-Lubitelskaja, Luczistaja, Moskwiczka, Podarok Sadu,
Jozef, and Aromatnaja were analyzed. Mature raw fruits were collected
between July and August 2018 from orchard located in Dabrowice
(51°56’N 20°06’E) of Research Institute of Horticulture (Skierniewice,
Poland). General samples were washed with cold water, frozen at 80 °C,
freeze-dried for 24h (Alpha 1-4 LSC, Martin Christ
Gefriertrocknungsanlagen GmbH; Osterode am Harz, Germany) and
milled (IKA, All basic analytical mill; Darmstadt, Germany). The
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homogeneous laboratory samples were subjected to extraction.
2.3. Identification and quantification of phenolic compounds

For identification and quantification of phenolic compounds by
UPLC-PDA-Q/TOF-MS and UPLC-PDA methods, the extraction proto-
cols were the same as that applied by Tkacz, Wojdyto, Nowicka,
Turkiewicz, and Golis (2019). Briefly, the sea buckthorn samples
(~0.50 g) were mixed with 5mL methanol:water (3:7, v/v) with 2%
ascorbic acid and 1% acetic acid, and sonicated (Sonic-6D, Polsonic;
Warsaw, Poland). The extraction process was repeated after storage for
24 h at 4 °C, and then, the samples were centrifuged (19,000g, 10 min, 4
°C; MPW-350; Warsaw, Poland). Supernatants were filtered through a
hydrophilic membrane (PTFE, 0.20 um; Millex Samplicity Filter, Merck;
Germany) and used for analysis.

The analysis of phenolic compounds was carried out using an
ACQUITY Ultra Performance Liquid Chromatography system (Waters
Corporation; Milford, MA, USA) with a binary solvent manager and
PDA detector coupled to G2 Q/TOF micro-mass spectrometer (Waters;
Manchester, UK) fitted with an electrospray ionization ESI source acting
on negative and positive modes. The parameters of the UPLC-PDA-Q/
TOF-MS analysis were analogous to that explained previously by
Wojdyto, Nowicka, and Babelewski (2018). The UPLC BEH C18 column
(2.1 x 100 mm, 1.7 um; Waters Corporation; Milford, MA, USA) was
kept at 30 °C. The injection volume was 5L, and the elution was
completed in 30 min with a flow rate of 0.420 mL/min. Solvent A (2.0%
formic acid) and solvent B (100% acetonitryle) were used in the fol-
lowing gradients: elution start with 98.0% A; next solvent A reduction
to 65% (to 32.00 min), and to 0% (to 33.00 min); 98% A from 33.50 to
35.00 min to re-equilibrate the column. The PDA spectra for phenolic
acids and flavonols were measured at 320 and 360 nm, respectively.
The optimized MS parameters were as follows: source temperature of
100 °C, desolvation temperature of 300 °C, cone gas flow 40 L/h, des-
olvation gas flow 300 L/h, capillary voltage of 2500 V, and cone voltage
of 30 V. The MS analysis was performed using a mass scanning from m/
2 100 to 1200. Empower 3 software and MassLynx 4.0 ChromaLynx
Application Manager software were used to develop quantitative and
qualitative data. Quantification was made by injection of solutions of
known concentrations ranging between 0.05 and 5mg/mL
(R2 = 0.9998) of coumaric and ferulic acids, isorhamnetin, quercetin,
and kaempferol-3-O-rutinoside, -glucoside, and -galactoside, as stan-
dards. The remaining flavonol derivatives were expressed as the cor-
responding 3-O-glucoside derivatives. The results of ULPC-PDA ana-
lyses were reported as the average of three replicates and expressed as
mg per 100 g of dry matter (dm).

2.4. Identification and quantification of carotenoids

For identification and quantification of carotenoids by UPLC-PDA-
Q/TOF-MS and UPLC-PDA assays, the extraction and all parameters
were the same as that given by Wojdylo et al. (2018). The sea buck-
thorn samples (~0.20 g) enriched with 10% MgCO3; were shaken in the
dark, with 5 mL hexane:acetone:methanol (2:1:1, v/v/v) with 1% BHT
(300 rpm, 30 min; DOS-10L Digital Orbital Shaker, ELMI; Riga, Latvia).
Then, the samples were centrifuged (as in subsection 2.3), supernatants
were collected, and the extraction procedure was repeated two more
times. The combined supernatants were evaporated to dryness. The
residues were dissolved in 2 mL of 100% methanol, filtered through a
hydrophilic 0.20 ym membrane (as before) and used for analysis.

The ACQUITY UPLC system and software were used as previously
(subsection 2.3). A ACQUITY UPLC BEH RP C18 column (2.1mmx
100 mm, 1.7 um; Waters Corporation; Milford, MA, USA) with a C18
guard column were maintained at 32 °C. The injection volume of sea
buckthorn extract was 10 pL. The mobile phase consisted and 0.1%
formic acid (solvent A) and acetonitrile:methanol (7:3, v/v) (solvent B).
A gradient with a flow rate of 0.500mL/min was used: 25% A
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0-0.60 min; 4.9% A to 6.50min; 0% A to 13.60min; 25% A to
16.60 min. The detection wavelength for carotenoid compounds was
450 nm. The MS parameters were as in subsection 2.3, except for des-
olvation gas flow equal 350 L/h. The MS analysis was performed using
a mass scanning from m/z 200 to 1100. The retention times and UV
spectra were compared to authentic standards of lutein, zeaxanthin, fs-
cryptoxanthin, lycopene, zeaxanthin dipalmitate, and f-carotene.
Quantification was performed on the basis of standard curves con-
structed similarly as above. The results of ULPC-PDA studies were
shown as the average of three replicates and as mg per 100 g dm.

2.5. Determination of anticholinergic activity as AChE and BuChE
inhibition

The extraction procedure for this analysis was the same as that re-
ported by Turkiewicz, Wojdylo, Tkacz, Nowicka, and Hernandez
(2019). The anticholinergic activity was examined as acet-
ylcholinesterase (AChE) and butylcholinesterase (BuChE) inhibition
methods reported by Wojdylo et al. (2018). The results were expressed
as ICso (mg of dried sample/ml) and % of inhibition. Tests were per-
formed using multi-mode microplate reader Synergy™ H1 (BioTek;
Winooski, Vermont, U.S.).

2.6. Antioxidant on-line profiling by HPLC-PDA coupled with post-column
derivatization with ABTS' * reagent

The antioxidant activity of individual phenolic peaks was studied
using an on-line HPLC antioxidant detector system. The procedure and
conditions of this assay were the same as reported by Tkacz et al.
(2019). Briefly, a Cadenza CD-C18 column (75mm X 4.6 mm, 3 um;
Tokyo, Japan) being protected by C18 guard column was operated at 30
°C. The injection volume of sea buckthorn extract was 10 puL. The sol-
vents and gradient profile were analogous to those in Section 2.3. A
flow rate was 0.600 mL/min. The detection wavelength for phenolic
compounds was set at 360 nm. The mobile phase after passing through
the PDA detector was mixed with the ABTS" * solution (a flow rate was
0.2 mL/min). The mixture flowed through reaction coil (PTFE; 40°C;
25m long, 0.25 mm L.D.) to the UV detector. Decolorisation of the HPLC
eluate and ABTS ™ solution was monitored as a negative peaks at
734 nm. The results are presented in the form of chromatograms.

2.7. Statistical analysis

One-way analysis of variance (ANOVA; p < 0.05) and Tukey’s HSD
test were carried out using Statistica 13.1 (StatSoft; Cracow, Poland).
The statistical software XLSTAT for Microsoft Excel 2010 was used to
perform the Principal Component Analysis (PCA) and determine
Pearson’s correlation coefficients.

3. Results and discussion
3.1. Identification of phenolic compounds of H. rhamnoides

Liquid chromatography-mass spectrometry-photodiode array—qua-
drupole time-of-flight (UPLC-PDA-Q/TOF-MS) analysis was conducted
for extracts of six selected sea buckthorn cultivars and 28 phenolic
compounds were tentatively identified, including two phenolic acids,
and the rest were flavonol derivatives. The compounds were tested at
negative ionization and at 320 and 360 nm, respectively for phenolic
acids and flavonols. The identification was made on the basis of re-
ference standards, as well as MS fragmentation, the UV spectrum, and
literature data (tentative identification) (Ferreres et al., 2017; Ma et al.,
2016; Pop et al., 2013; Rosch, Krumbein, Miigge, & Kroh, 2004; Zheng
et al., 2016). The results are presented in Table 1 and Fig. 1 in the
example of Podarok Sadu berries.

In all cultivars, two hydroxycinnamic acid derivatives were
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tentatively identified: p-coumaric acid-O-hexoside (compound 1) and
ferulic acid-O-hexoside (compound 2). UV spectrum analysis of both
compounds presented the absorption typical of these phenolic acids:
peak 1 (rt = 2.871min) showed absorption bands at 312nm and
284 nm, and peak 2 (rt = 3.753 min) at 323 nm and 251 nm. The major
fragment ion at m/z 163.04 corresponded to p-coumaric acid and m/z
193.02 was specific to ferulic acid.

The study tentatively identified 26 flavonol derivatives, including
eight derivatives of quercetin (compounds 3, 6, 8-10, 13, 15, 23), 15
isorhamnetin derivatives (compounds 4, 5, 7, 11, 12, 14, 16, 17,
19-22, 25-27), and aglycon (compound 28) and two derivatives of
kaempferol (compound 18 and 24). For all flavonols, the characteristic
wavelengths at band I (348-370 nm) and band II (248-266 nm) were
observed (Chen, Zhang, Xiao, Yong, & Bai, 2007). The flavonols were
detected at mass-to-charge ratio m/z equal to 301.03 for quercetin,
315.05 for isorhamnetin, and 285.00 in the case of kaempferol. The
study tentatively identified flavonol derivatives substituted at position
3 (13 compounds) and position 7 as preferential glycosylation position
(10 compounds). The main structures of flavonol glycosides were O-
rutinosyl, -O-glucosyl, -O-sophorosyl, and -O-rhamnosyl, as was in-
dicated in other research on sea buckthorn (Guo, Guo et al., 2017;
Rosch et al., 2004; Zheng et al., 2016).

Compound 3 (rt = 2.407 min and [M—H]~ at m/z 771.20) was
tentatively identified as quercetin-3-O-sophoroside-7-O-rhamnoside
due to the loss of 324 Da indicating sophorose. But according to the
specificity of the disaccharides linked at position 3, this fragment can
also be considered a combination of two hexosyls: hexosyl(1 — 2)
hexoside. Hence, this compound would be quercetin-3-O-(2-hexosyl)
hexoside-7-O-rhamnoside. An analogous situation can be concluded for
compound 7 isorhamnetin-3-O-sophoroside-7-O-rhamnoside
(rt = 5.164 min and [M—H]~ at m/z 785.20), which is the isomer of
compound 3 differing in the basic flavonol ring. Similarly, for peak 5
(rt = 4.213 min and [M—H] ™~ at m/z 785.20), with the loss of 308 Da
(rutinoside), two compounds can be labeled as isorhamnetin-3-O-ruti-
noside-7-0O-glucoside and isorhamnetin-3-0O-(6-rhamnosyl)glucoside-7-
O-glucoside. The variants of creating flavonol patterns were described
in detail by Ferreres et al. (2017) in a high-performance liquid chro-
matography-diode array detector—electrospray ionization-mass spec-
trometry (HPLC-DAD-ESI/MS™) study on Lathyrus cicera seeds. In re-
ports specifically on sea buckthorn berries, a series of flavonol
combinations with sophorosides and rutinosides were given (Ma et al.,
2016; Pop et al., 2013; Rosch et al., 2004; Teleszko et al., 2015; Zheng
et al., 2016).

The loss of 162 Da points to hexose, and according to previous re-
search on sea buckthorn extracts, glucose was the main sugar on the
molecules of flavonol glycosides (Ma et al., 2016; Pop et al., 2013;
Rosch et al., 2004). Thus, compound 4 isorhamnetin-3,7-O-dihexoside
(rt = 3.188 min and [M—H]~ at m/z 639.15) can be tentatively re-
cognized as isorhamnetin-3,7-O-diglucoside and equally for compounds
8, 11, 16, 18, 19.

Compound 6 (rt = 4.502min and [M—H]~ at m/z 771.20) lost
—162/—180 Da, which is due to the loss of 18 Da (H,0) and indicates a
direct link of sugar residues. This compound should therefore be con-
sidered as quercetin-3-O-(2-rutinosyl)glucoside and such a structure has
not yet been identified in H. rhamnoides.

Analyzing compound 8 (rt = 6.678 min), MS/MS fragmentation m/
2 755.20 — 609.14 resulted in loss of 146 Da (rhamnosyl) and then led
to m/z 301.03 by loss of 308 Da (rhamnosyl + hydroxyl). Additionally,
the link in position 6 is more stable than in position 2 and, therefore,
during fragmentation there was an internal rupture of hexose linked
with rhamnose at position 6 and the loss of 120 Da. The confirmation is
the loss of 266 Da (m/z 755.20 —489.11) (Ferreres et al., 2017).
Consequently, this peak was tentatively identified as quercetin-3-O-
(2,6-dirhamnosyl)hexoside. Compounds 8 and 12 (rt = 9.374 min and
[M—H]~ at m/z 769.21) belong to dirhamnosylglucosides (triglyco-
sides) and are isomers with two different flavonols — quercetin and



Table 1
UPLC-PDA-Q/TOF-MS data of phenolic acids and flavonols identification and their quantification in H. rhamnoides cultivars.
Peak no. Rt (min) Amax (Nm) MS [M—H]™ (m/2) MS/MS [M—H]~ (m/2) Phenolic content (mg/100 g dm)
Botaniczeskaja-Lubitelskaja Luczistaja Moskwiczka Podarok Sadu Jozef Aromatnaja

Phenollic acids

1 2.871 284/312 325.09 163.04/119.05 2.84 = 0.64 2.88 = 0.32 4.19 * 1.43 5.50 + 1.24 3.12 = 0.95 4.26 = 1.06
2 3.753 251/323 401.14 193.02 2.34 = 0.88 2.58 * 0.75 3.00 = 1.09 3.44 = 1.50 2.99 * 1.03 2.72 * 0.85
Flavonols

3 2.407 258/356 771.20 625.20/301.03 7.28 + 0.21 2.83 = 0.22 8.16 = 1.00 4.92 + 0.51 522 = 0.71 2.76 = 0.28
4 3.188 254/356 639.15 477.10/315.05 5.35 = 0.18 9.59 = 1.11 121 = 2.1 131 + 1.4 10.5 = 2.5 11.1 = 1.8
5 4.213 256/352 785.20 623.16/315.03 7.03 = 0.14 4.77 = 0.14 16.8 = 2.4 8.53 = 1.27 5.06 + 0.84 5.59 + 0.73
6 4.502 258/352 771.20 609.14/591.20/301.03 6.30 = 0.38 4.56 = 0.27 114 = 1.8 7.05 = 1.08 8.13 * 1.79 6.72 = 1.00
7 5.164 256/355 785.20 639.15/315.05 214 = 1.1 23.7 £ 2.1 41.4 = 3.6 44.5 = 3.5 40.8 = 3.0 38.1 + 2.7
8 6.678 254/352 755.20 625.20/609.14/489.11/301.03 26.1 = 0.9 16.2 = 2.0 29.7 = 2.3 221 = 1.9 244 + 1.5 222 + 1.4
9 7.716 258/354 609.14 447.04/301.03 1.02 = 0.02 1.14 = 0.11 0.992 + 0.314 1.20 = 0.23 1.10 = 0.43 1.07 = 0.55
10 7.908 256/356 609.14 447.04/301.03 6.32 = 0.17 1.62 = 0.05 5.07 = 0.89 3.64 = 2.02 3.19 + 1.53 5.29 + 0.91
11 8.961 248/336 977.31 831.18/771.20/639.03/625.20/445.12/315.05 1.34 = 0.38 1.22 = 0.43 1.93 * 0.57 1.57 = 0.53 1.04 = 0.81 1.83 = 0.40
12 9.374 254/356 769.21 623.16/605.09/503.22/315.05 2.31 = 0.65 3.89 = 0.76 3.53 = 0.43 295 = 1.34 4.09 = 1.17 4.69 * 1.74
13 9.758 260/354 609.15 301.03 43.0 = 1.0 385 + 2.1 67.9 = 4.1 40.4 = 2.0 54.4 + 4.3 51.9 + 3.0
14 10.200 254/352 623.16 477.10/315.05 40.4 = 1.0 37.4 £ 4.0 83.6 = 5.0 52.8 =+ 34 86.2 + 4.6 45.7 = 2.8
15 10.776 256/354 463.08 301.03 62.7 = 3.0 68.7 = 3.0 98.3 = 5.3 81.2 + 4.7 79.1 £ 4.2 88.2 + 4.5
16 11.668 255/353 623.16 461.01/443.04/315.05 17.2 = 1.9 124 = 1.1 247 + 2.6 16.5 = 1.1 22.7 = 3.0 32.7 = 3.6
17 12.297 254/360 593.04 447.04/315.05 2.01 = 0.61 2.13 + 0.54 1.98 + 0.61 2.18 *+ 0.26 2.03 = 0.45 242 * 0.11
18 14.057 265/348 593.04 447.04/285.00 6.25 = 0.47 9.01 + 0.76 19.6 = 1.0 13.3 = 1.6 141 = 3.3 144 + 2.4
19 14.555 257/348 623.16 461.01/315.05 3.88 = 0.57 4.09 * 1.62 5.43 = 0.67 4.51 = 1.33 4.79 = 1.28 4.82 + 1.27
20 15.036 255/354 623.16 315.05 96.4 = 3.4 102 + 4 228 =+ 9 129 + 4 172 = 6 160 = 6

21 15.575 255/353 477.10 315.05 79.4 = 3.1 64.1 = 2.1 208 = 9 119 + 3 105 + 4 122 + 6

22 19.960 254/350 447.04 315.05 2.66 = 0.96 2.00 = 0.05 nd 2.82 + 0.84 2.75 = 0.93 2.60 = 0.94
23 22.256 256/366 447.04 301.03 3.69 + 1.84 2.06 = 0.14 4.95 = 0.78 6.00 = 0.05 3.72 = 1.14 4.52 + 1.37
24 24.768 265/352 593.04 285.00 3.72 = 0.07 4.49 = 1.53 1.02 = 0.05 1.05 = 0.35 3.01 = 1.10 2.55 + 0.16
25 25.567 256/368 461.01 315.05 2.02 = 0.85 1.99 = 0.77 nd 6.91 + 1.63 2.09 = 0.78 1.31 = 0.05
26 27.007 260/354 707.21 545.16/477.10/315.05 5.95 = 0.10 9.87 = 1.04 271 = 0.17 1.20 = 0.84 2.74 = 1.65 0.712 * 0.113
27 27.217 256/358 707.21 545.16/477.10/315.05 258 = 1.2 29.3 + 2.4 156 = 1.3 445 = 2.2 30.3 = 3.9 21.0 = 2.0
28 28.158 256/370 315.05 301.01 4.69 = 0.55 4.83 = 0.84 0.743 = 0.041 5.46 + 1.60 3.28 + 1.51 1.45 + 0.23

Identification of peak numbers: (1) p-Coumaric acid-O-hexoside; (2) Ferulic acid-O-hexoside; (3) Quercetin-3-O-sophoroside-7-O-rhamnoside; (4) Isorhamnetin-3,7-O-dihexoside; (5) Isorhamnetin-3-O-rutinoside-7-O-
glucoside; (6) Quercetin-3-O-(2-rutinosyl)glucoside; (7) Isorhamnetin-3-O-sophoroside-7-O-rhamnoside; (8) Quercetin-3-0-(2,6-dirhamnosyl)hexoside; (9) Quercetin-3-O-galactoside-7-O-rhamnoside; (10) Quercetin-3-
O-glucoside-7-O-rhamnoside; (11) Isorhamnetin-3-0O-hydroxyferuloyl-glucosyl-glucoside-7-O-rhamnoside; (12) Isorhamnetin-3-0-(2,6-dirhamnosyl)glucoside; (13) Quercetin-3-O-rutinoside; (14) Isorhamnetin-3-O-glu-
coside-7-O-rhamnoside; (15) Quercetin-3-O-glucoside; (16) Isorhamnetin-3-O-(2-rhamnosyl)hexoside; (17) Isorhamnetin-3-O-pentoside-7-O-rhamnoside; (18) Kaempferol-3-O-hexoside-7-O-rhamnoside; (19)
Isorhamnetin-3-O-(6-rhamnosyl)hexoside; (20) Isorhamnetin-3-O-rutinoside; (21) Isorhamnetin-3-O-glucoside; (22) Isorhamnetin-3-O-pentoside; (23) Quercetin-3-O-rhamnoside; (24) Kaempferol-3-O-rutinoside; (25)
Isorhamnetin-3-O-rhamnoside; (26) Derivative of isorhamnetin I; (27) Derivative of isorhamnetin II; (28) Isorhamnetin.

The data shown are mean values + SD (n = 3); nd - not detectable.
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Fig. 1. UPLC-PDA chromatogram of phenolic compounds at 360 nm (A) and carotenoids at 450 nm of Podarok Sadu (B) and chromatographic profile HPLC-PDA
obtained before and after the derivatization using the ABTS" * reagent for Botaniczeskaja-Lubitelskaja (C). The identification of peak numbers is given in Table 1 for
phenolic compounds (A) and in Table 2 for carotenoids (B).
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isorhamnetin, respectively. Also, despite the most common glucose
substitution at positions 2 and 6, rhamnosyl substituents may also be
linked at positions 3/4 and 6. Hence these compounds may be called
quercetin-3-0-(3/4,6-dirhamnosyl)hexoside and isorhamnetin-3-O-(3/
4,6-dirhamnosyl)hexoside. Rosh et al. (2004) reported the presence of
quercetin dirhamnosylglucoside; however, this combination of sugars
with isorhamnetin was first tentatively identified.

Compounds 9 and 10 (rt = 7.716 and 7.908 min, respectively) had
the same MS/MS fragmentation [M—H—-162—146]" yielding an ion
at m/z 301.03. Because of the elution order of sugar residues, peaks
were recognized as quercetin-3-O-galactoside-7-O-rhamnoside and
quercetin-3-0O-glucoside-7-O-rhamnoside (Wojdyto & Nowicka, 2019).
Flavonol 11 (rt = 8.961 min and [M—H] ™~ at m/z 977.31) was acylated
with hydroxycinnamic acid derivative which results from shifted bands
of spectra at 248 and 336 nm (Ma et al., 2016) and MS/MS fragmen-
tation which corresponded with the loss of hydroxyferulic acid
(192 Da), 2 molecules of glucose (162 Da) and rhamnose (146 Da). As in
the study of Rosh et al. (2004), this compound was considered to be
isorhamnetin-3-O-hydroxyferuloyl-glucosyl-glucoside-7-O-rhamnoside.
This research group also tentatively identified derivatives with cou-
maric, caffeic and hydroxyvanillic acids but our research, like the stu-
dies of Ma et al. (2016), Pop et al. (2013), and Zheng et al. (2016), did
not provide such results.

Compound 13 (rt = 9.758 min and [M—H]~ at m/z 609.15) had
identical mass as flavonols 9 and 10. However, its fragmentation caused
a direct loss of 308 Da (rutinoside) yielding an ion at m/z 301.03,
whereas the fragmentation of compounds 9 and 10 was gradual and led
to ions at m/z 447.04 and then m/z 301.03. Quercetin-3-O-glucoside-7-
O-rhamnoside (10) and quercetin-3-O-rutinoside (13) were commonly
present in sea buckthorn extracts examined by Ma et al. (2016), Pop
et al. (2013), Rosch et al. (2004), and Zheng et al. (2016). In all LC
analyses using the silica-based stationary phases, as well as in our work,
quercetin-3-0O-glucoside-7-O-rhamnoside eluted before quercetin-3-O-
rutinoside. Compound 14 (rt = 10.200min and [M—H]~ at m/z
623.16) lost rhamnose at position 7 in the first step of fragmentation,
yielding ions at m/z 477.10, and then glucose at position 3
[M—H-146-162] . Thus, this compound was tentatively identified
as isorhamnetin-3-O-glucoside-7-O-rhamnoside and is an isomer of
compound 10.

In further retention times from 9.758 to 26.067 min, 8 flavonol
monoglycosides were tentatively identified. MS/MS fragmentation de-
monstrated that compounds 13, 15 and 23 were the precursors of
quercetin ([M—H] ™ at m/z 301.03), peaks 20-22 and 25 corresponded
to isorhamnetin ([M—H] ™~ at m/z 315.05), whilst compound 24 was a
derivative of kaempferol ([M —H]~ at m/z 285.00). Compounds 15 and
21 were identified based on reference standards, as quercetin-3-O-
glucoside and isorhamnetin-3-O-glucoside, respectively. MS/MS frag-
mentation m/z 463.08 — 301.01 and m/z 477.10 — 315.05 (peaks 15
and 21, respectively) caused the loss of hexose units (162 Da).
Furthermore, the LC-MS analysis proved the formation of a dimer with
a proton of isorhamnetin-3-0O-glucoside (compound 21), yielding an ion
at m/z 955.

Peaks 16, 19, and 20 (rt = 11.668, 14.555 and 15.036 min, re-
spectively) had pseudomolecular ions at m/z 623.26 and were tenta-
tively identified as isorhamnetin derivatives considering the loss of
315.05 Da. MS/MS fragmentation of compound 20 explicitly indicated
a loss of rutinoside at position 3 [M —H—308] ~; hence the peak was
identified as isorhamnetin-3-O-rutinoside, also based on the reference
standard. Referring to compounds 16 and 19, subsequent fragmenta-
tion steps resulted in the generation of ions at m/z 461.01, but in the
case of compound 16, there appeared an additional signal at m/z
443.04. Compound 19 was more stable during ion separation than
flavonol 16, so it can be assumed that the rhamnosyl residue was linked
by a bond difficult to splitting at position 6 (Ferreres et al., 2017).
Accordingly, compounds 16 and 19 were tentatively identified as iso-
rhamnetin-3-0-(2-rhamnosyl)hexoside and isorhamnetin-3-0-6-
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rhamnosyl)hexoside, respectively.

Compounds 17 (rt = 12.297 min and [M—H] ™~ at m/z 583.04) and
22 (rt = 19.960 min and [M—H]~ at m/z 447.04) contained pentose
linked at position 3, but xylose may be assumed. Thus, these flavonols
can be tentatively identified as isorhamnetin-3-O-xyloside-7-O-rham-
noside and isorhamnetin-3-O-xyloside (peaks 17 and 22, respectively).
Kaempferol derivatives were found based on an ion at m/z 285.00 and
the UV spectrum which is specific at 265 nm for this flavonol compared
to others (Tallini et al, 2015). The MS/MS fragmentation
[M—H-146-162]" of compound 18 (rt = 14.057 min) indicated the
presence of rhamnose and hexose molecules, whereas for flavonol 24
(rt = 25.068 min) the loss of rutinose (308 Da) was examined. The
elution order was analogous to the compounds 10 and 13 described
above, and peaks 18 and 24 were denoted as kaempferol-3-O-hexoside-
7-O-rhamnoside and kaempferol-3-O-rutinoside, respectively. Quer-
cetin-3-O-rhamnoside and isorhamnetin-3-O-rhamnoside (compounds
23, rt = 22.256 min and 25, rt = 26.067 min, respectively) were con-
sidered as isomers that showed the main fragment ions at m/z 301.03
and 315.05, which arose after the loss of 146 Da (rhamnose).

At retention time 27.007 and 27.217 min, there were tentatively
identified isorhamnetin derivatives (compounds 26 and 27) with the
loss of two hexose units, probably a combination of glucose and ga-
lactose, along with an unidentified acyl with m/z 68. HPLC-DAD-ESI-
MS studies on sea buckthorn fruits also reported isorhamnetin glyco-
sides with an undefined structure at high retention times (Ma et al.,
2016; Rosch et al., 2004; Zheng et al., 2016). Compound 28 giving a
single base peak at m/z 315.05 and with absorption maxima at band I
(370 nm) and II (256 nm), corresponded to an aglycon — isorhamnetin,
similarly as in a report by Pop et al. (2013).

3.2. Quantification of phenolic compounds of H. rhamnoides cultivars

The content of phenolic compounds listed in Table 1 was made on
the basis of the UPLC-PDA method and calculations using data from the
calibration curves.

The p-coumaric acid derivative dominated in all tested cultivars and
Podarok Sadu berries were the richest in this acid (5.50 mg/100 g dm).
The content of the ferulic acid derivative ranged from 2.34 to 3.44 mg/
100gdm (in Botaniczeskaja-Lubitelskaja and Podarok Sadu, respec-
tively). In sea buckthorn berries collected from the region of the
Himalayas, both these acids together with gallic and p-hydroxybenzoic
acids were dominant (Arimboor, Kumar, & Arumughan, 2008). How-
ever, in sea buckthorn grown in Sweden, no hydroxycinnamic acid was
detected, while in blueberries and black chokeberries it was particularly
abundant (Olsson, Gustavsson, Andersson, Nilsson, & Duan, 2004). The
previous studies suggest that sea buckthorn may contain proto-
catechuic, vanillic, salicylic, cinnamic, and caffeic acids, and total
phenolic acids content may amount to 107 mg/100 gdm (Arimboor
et al., 2008; Guo, Guo et al., 2017; Teleszko et al., 2015).

In the case of all samples, isorhamnetin-3-O-rutinoside (compound
20) had the highest concentration and a similar result was obtained by
Olas (2018) in the study of E. rhamnoides A. Nelson. It is worth men-
tioning that isorhamnetin-3-O-rutinoside of natural origin promotes
apoptosis of human myelogenous erythroleukaemia cells (Boubaker
et al., 2011). Other studies have shown that isorhamnetin-3-O-rutino-
side may affect the control of adipose tissue mass because it inhibits
adipogenesis in 3 T3-L1 adipocytes (Sekii et al., 2015). The content of
compound 20 ranged from 96.4 (Botaniczekaja-Lubitelskaja) to
228 mg/100 gdm (Moskwiczka) and accounted for 20 and 16% of fla-
vonols content. Our results are in accordance with those obtained by
Zheng et al. (2016) for two sea buckthorn cultivars, Terhi and Tytti
(29% and 17% of total flavonols, respectively). In berries grown in
Finland and Canada, isorhamnetin-3-O-rutinoside was also the main
flavonol (from 11% to 43% of total flavonol glycosides) (Ma et al.,
2016).

Our study also proves high concentration of: isorhamnetin-3-O-
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glucoside, quercetin-3-O-glucoside, isorhamnetin-3-O-glucoside-7-O- 33
rhamnoside and quercetin-3-O-rutinoside (21, 15, 14 and 13, respec- £ S g g 0 i E @ E E § f 9 n
tively). Moskwiczka presented the highest contents of compounds 21, = HoAH L H 4 H 4 : : o4
15 and 13: 208, 98.3 and 67.9 mg/100 g dm, respectively. The highest S - ﬁ § I5SR2338FZ a3z
concentration of compound 14 was determined in cv. Jézef (86.2 mg/ < | FeSNNUHnT T HaRNAAN
100 g dm), which has not been analyzed in the literature before. Chen I 2
et al. (2007) reported that isorhamnetin-3-O-glucoside-7-O-rhamnoside S 2 5 E o § = g § 23 E E
was the most abundant flavonol glycoside (2.17 mg/g) among several - :; HOH OH H 4 :—I HoH 4 H 4 H
sea buckthorn cultivars grown in China. Additionally, isorhamnetin-3- S| 839823 8BBL2RS
O-pentoside and isorhamnetin-3-O-rhamnoside (compound 22 and 25, SN B A
respectively) were not identified in Moskwiczka. . %
. . . e N O Y ®© N = N T O o
Referring to Moskwiczka, Podarok Sadu, J6zef and Aromatnaja, the gl3zZ2Ighzreacqygany
contents of isorhamnetin-3-O-sophoroside-7-O-rhamnoside (peak 7) Tl H A H AR R HH ;' HOH HHOH
were two-fold higher than in the other cultivars. The amounts of T 323332283833z 7a2
compounds 9, 11, 17, 22 and 25 were relatively low (below 2.82 mg/ Flececeaddeaa@mo@i® -
100 g dm), except isorhamnetin-3-O-rhamnoside in Podarok Sadu ber- & 2
ries (6.91 mg/100 g dm). £ = S § 5 i g = § § %3 5
In all studied cultivars, flavonols were present in the following order E :: HOH H A H :' HoHH H
of concentration: monoglycosides (from 61% for Botaniczeskaja- 8| B8 BRI IBIEE2TS
Lubitelskaja to 68% of total flavonols for Moskwiczka) > diglycosides | Eoffddndodd~Tea
(from 24% for Luczistaja to 30% for J6zef) > triglycosides (from 3.9% < © E g § ~
for Moskwiczka to 6.1% for Botaniczeskaja-Lubitelskaja). Isorhamnetin o T2 Fos <o o
derivatives ranged from 66% (Botaniczeskaja-Lubitelskaja) to 72% of g HoAH :1' : :_' H
total flavonols (Moskwiczka). By comparison, Zheng et al. (2016) found g g vg g § & 3 § E § 5 E 9 § 9
that cultivars grown in Canada had over 85% of isorhamnetin glyco- g
sides and from 10 to 15% of quercetin glycosides. Research by Ma et al. 8 _%
(2016) found from 45 to 78% of isorhamnetin derivatives and from 22 g 'T‘;
to 50% of quercetin derivatives among all flavonols. In our study, the g E
percentage of quercetin derivatives ranged from 25% (Moskwiczka) to £l S iy
32% (Botaniczeskaja-Lubitelskaja). The compounds containing -; % b g p E § § 3 é a
kaempferol had a low impact on the total flavonol content and con- E) g :—I HOH OHOH 4 :' H H
stituted ca. 2.4% of their amount. Nevertheless, in the sea buckthorn = Sl oo maR888 S 303 ux
berries collected in Finland and Canada (Ma et al., 2016; Zheng et al., . cld|]sre-osd—~o =888~ ==
2016), kaempferol derivatives were not identified, in contrast to fruits é X N
grown Romania and Germany (Pop et al., 2013; Rdsch et al., 2004). E E g
In our research no flavan-3-ols were found, although Guo et al. § +E MmO mmmmmm o %
(2017) reported wide variation in the levels of these compounds de- S| g § g E E g E E E E g ;
pending on the sea buckthorn subspecies. According to their studies, the g w W IIIIIIINY g ”s’ I
main forms were (+)-catechin and (—)-epicatechin, which maximum £ § SooooooCoooy 922
content were 11.9 and 4.51 g/100 g dm for Yunnanensis. It should be o = FBRA83B8885 RITT
noted that Luczistaja fruits studied by Teleszko et al. (2015) were the gl =
richest in polymeric proanthocyanidins (5.76 mg/100 g fresh weight). § E
w|+
S| L
3.3. Identification of carotenoid compounds of H. rhamnoides g T o
52 |33sssessssaniass
. . . A 2222322333322 H3585 |9
The carotenoid compounds were studied using UPLC-PDA-Q/TOF- = = BB B BBBBBRNBBE-6BBE |5
MS at positive ionization mode and at 425 and 450 nm. The identifi- £ a g
cation was done on the basis of reference standards, and also retention ':% o oo g © oo é
time, UV-Vis spectra, MS fragmentation and literature data (tentative o E 'i 'i ‘?\r 'i 'i 'i g § g ‘é
identification) (Da Silva, Rodrigues, Mercadante, & de Rosso, 2014; De -% E E 5 '3: ‘i § § ‘Eé § '3: ';? g § § % 3 E —é
Rosso & Mercadante, 2007; Petry & Mercadante, 2016; Pop et al., % g % § § § ﬁ § § ﬁ § § % g ﬁ c@l @ § =
2014). The results are shown in Table 2 and Fig. 1. This is the first § < MOROTTTTOARTOTTOD | @
detailed report on carotenoids from the studied cultivars as well as sea 2l :':
buckthorn berries grown in Poland. é E 828228 nas8388 | &
The analysis indicates that 16 compounds were tentatively identi- g = BEFBBLI0L OSSN BLLSD | P
fied, including 11 xanthophylls, four carotenes and one carotenoid % £ J:,,I
ester. Among the xanthophylls all-trans-lutein and its isomers ([M % =B E E o %
+H]* at m/z 569.40), all-trans-zeaxanthin and its isomers ([M+H]* at s = g g E g > o 3 % g _ o -
m/z 569.40) and all-trans-8-cryptoxanthin ([M—H]* at m/z 553.32) k] s5555828558 Sggg| ¢
were examined. Additionally, all-trans-$-carotene and its isomers ([M g é EEEE8sssEES 2 £ E
+H] " at m/z 537.38) and lycopene ([M+H]* at m/z 537.37) from % é é % é é § % § é é % § “g g § gi E
carotenes were tested, as well as an esterified carotenoid, i.e. zeax- S S 553 5': 5': S835E2 58 5;: &8 g
anthin dipalmitate ([M+H]* at m/z 1045.10). MS/MS fragmentation <| . G
resulted in the loss of toluene ([M + H-92]*) deriving from intra-chain ~ E. g «g
fragmentation in most carotenoids, except for all-trans--cryptoxanthin % S| g coamtnbe | o
R ® |~ HNMTOONOO A A A= [ &
and lycopene (compounds 11 and 12, respectively). S B
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Signals derived from all-trans-lutein (compound 4) and all-trans-
zeaxanthin (compound 5) were identified at rt = 5.039 and 5.115 min,
respectively. As expected, MS/MS fragmentations (m/z 569.40 —
551.11 — 476.03) were the same for both compounds so did not allow
their unambiguous identification. But, the lower intensity of the pro-
tonated molecule peak ([M+H]* at m/z 569.40) than the fragment
created after losing 18 Da ([M+H] ™ at m/z 551.11) indicated lutein.
This diversity was caused by two B-rings in zeaxanthin, while lutein
possesses one [-ring and one e-ring (De Rosso et al., 2007).
Nevertheless, the identity of compounds 4 and 5 was confirmed by
commercial standards, and their derivatives were tentatively tested
according to the characteristic A, values — 336/447/475 nm and 453/
481nm for lutein and zeaxanthin, respectively. Peak 11
(rt = 7.384 min) had the MS/MS fragmentation ([M+H—18-92]%)
yielding an ion at m/z 197.10 and was identified as all-trans-8-cryp-
toxanthin, which was confirmed by comparison with the reference
standard. Lycopene (compound 12; rt = 8.101 min) was confirmed via
the authentic standard as well as broad spectra (364/446,/472/502 nm)
and protonated molecule at m/z 537.37. Compound 14
(rt = 8.701 min) was identified based on reference standard, as all-
trans-f3-carotene with maximum absorbance at 425/454/478 nm. The
protonated molecule was detected at m/z 537.38 and a fragment at m/z
444.01 was generated from the loss of toluene. The cis-isomers of f3-
carotene were reported by comparison to literature data and tentatively
they may be 15- or 15’-cis-, 13- or 13’-cis- and/or 9- or 9’-cis-f3-carotene
(Da Silva et al., 2014; De Rosso & Mercadante, 2007). Other research on
sea buckthorn examined y-, 0- and a-carotene, 15,15-cis-fs-carotene and
cis-f3-carotene (Andersson et al., 2009; Pop et al., 2014).

Compound 13 (rt = 8.165 min) was eluted before f8-carotene and its
MS/MS fragmentation m/z 1045.10 — 789.20 — 533.06 resulted in the
loss of two palmitic acid molecules ([M+H—256-256] "), then led to
m/z 441.07 [M+H — 256-256-92] * (Petry & Mercadante, 2016). Based
on the above and comparing it with reference standard, this compound
was considered as physalien i.e. zeaxanthin diplamitate (Cy¢.0, C16.0)-
Our analysis did not identify chlorophylls and their derivatives, which
indicates the harvesting of ripe sea buckthorn berries.

3.4. Quantification of carotenoid compounds of H. rhamnoides cultivars

The quantification of carotenoids was determined based on the
UPLC-PDA analysis, standard curves and peak areas, and the results are
displayed in Table 2.

Our research indicated that xanthophylls concentration ranged from
16% (for Moskwiczka) to 81% of the total carotenoids (for Luczistaja).
The dominant compound in this group was all-trans-zeaxanthin (com-
pound 5) - from 22.3 for Podarok Sadu to 37.3mg/100gdm in
Botaniczeskaja-Lubitelskaja berries. The all-trans-zeaxanthin con-
centration was determined several times higher than in the H. rham-
noides cultivars studied by other authors: max of 2.5mg/100 g dm in
the case of cv. Serbdnesti and 9.50 mg/100 gdm for cv. BHI 72,587
(Pop et al., 2014; Andersson et al., 2009, respectively). Zeaxanthin
dominated over lutein and fs-cryptoxanthin, similarly as in the study of
Andersson et al. (2009). All-trans-lutein (compound 4) was not identi-
fied in Moskwiczka and Jézef berries, and all lutein isomers appeared
only in Podarok Sadu fruits (8.23mg/100gdm). The tested lutein
content was comparable to the amount of lutein (1.56 mg/100 g dm)
determined in sea buckthorn harvested in Sweden and tested by Olsson
et al. (2004). But cryptoxanthin was identified, and the contents of
lycopene, f3-carotene and carotoid ester were higher, in contrast to the
results of this research team. The concentration of all-trans-lutein
(compound 4; to 2.22mg/100 g dm for Aromatnaja), all-trans-f-cryp-
toxanthin (compound 11; from 0.67 for Luczistaja to 2.35mg/100 g dm
for Jézef), and lycopene (compound 12; to 9.93 mg/100 g dm for Ar-
omatnaja) were tested, and our results corroborated those published by
Andersson et al. (2009) and Pop et al. (2014).

Comparatively, in sea buckthorn berries grown in Sweden
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xanthophylls accounted for 9.1%, carotenes 36% and esterified car-
otenoids 55% of all carotenoids (Andersson et al., 2009). In studies on
analogous cultivars collected in Poland to those tested, carotenes pre-
dominated in Aromatnaja and Moskwiczka (above 80% of the car-
otenoids sum), whereas in Botaniczeskaja-Lubitelskaja, Luczistaja and
Podarok Sadu, xanthophylls were the main carotenoids (from 61 to
77% of the carotenoids sum) (Kruczek, Swiderski, Mech-Nowak, & Krél,
2012).

Our study showed that carotenes accounted for total carotenoids
from 19% (Luczistaja) to 47% (Podarok Sadu). In this group, all-trans-fs-
carotene (compound 14) was the main compound and amounted from
8.85 mg (Luczistaja) to 162 mg/100 g dm (Aromatnaja). The lycopene
concentration (compound 12) was between 2.06 mg for Moskwiczka
and 9.93 mg/100 g dm for Aromatnaja (not detected in Botaniczeskaja-
Lubitelskaja and Luczistaja berries) and it was in line with lycopene
content in berries from Romania — from 1.4 mg to 2.3 mg/100 gdm —
and not detected in cv. Tiberiu (Pop et al., 2014).

Zeaxanthin esterified with two molecules of palmitic acid (com-
pound 13) was not detected in Botaniczeskaja-Lubitelskaja and
Luczistaja fruits, while in other cultivars it represented from 12%
(Moskwiczka) to 40% of all carotenoids (Aromatnaja). Weller and
Breithaupt (2003) found that sea buckthorn fruits are a rich source of
zeaxanthin esters, alongside red pepper, wolfberry, zucchini blossom,
and Chinese lantern (fruit and husk), and the dominant ester was also
zeaxanthin dipalmitate, similar to the research of Pop et al. (2014).

The general carotenoids content in sea buckthorn berries increases
during maturation (Gao, Ohlander, Jeppsson, Bjork, & Trajkovski,
2000). However, according to Andersson et al. (2009) the concentration
of esterified carotenoids and cryptoxanthin increased, while lutein
content decreased in sea buckthorn berries during ripening, but cultivar
has a greater impact on the carotenoid content than year and harvest
period.

3.5. Anticholinergic activity of H. rhamnoides cultivars

Anticholinergic activity of selected cultivars of H. rhamnoides was
examined as the ability to inhibit acetylcholinesterase (AChE) and bu-
tylcholinesterase (BuChE). The results are shown as ICso (mg of dried
sample/ml) and percentage inhibition at the concentration of
35mgdm/ml enzyme (Table 3). These enzymes are involved in the
breakdown of the neurotransmitter acetylcholine, a low level of which
is typical for incurable and progressive Alzheimer's disease, dementia
and many other neurodegenerative disorders.

The anti-AChE activity, as ICsq, fluctuated from 20.16 (Aromatnaja)
to 40.60 (Luczistaja). Statistically similar activity as in the case of
Aromatnaja was observed for Moskwiczka and J6zef (ICso = 20.96 and
21.01, respectively). Wszelaki, Kuciun, and Kiss (2010) found that
among the plants used in traditional European medicine to treat central

Table 3
Anticholinergic activity of H. rhamnoides cultivars.

Cultivars Anticholinergic activity

1Cso % of inhibition

AChE BuChE AChE BuChE
Botaniczeskaja- 3534 £ 0.71b < 0.0la 41.00 £ 0.24b 98.86 * 0.14a

Lubitelskaja

Luczistaja 40.60 = 0.11a < 0.0la 30.25 * 0.13c  98.48 * 0.20a
Moskwiczka 20.96 + 0.50c <0.0la 65.18 = 0.59a 98.92 * 0.6la
Podarok Sadu 32.89 = 0.43b < 0.0la 43.66 = 0.74b 98.80 = 0.25a
Jozef 21.01 + 0.51c < 0.0la 63.72 = 0.43a 99.01 * 0.64a
Aromatnaja 20.16 = 0.07c <0.0la 63.37 = 0.68a 98.95 *+ 0.57a

The data shown are mean values + SD (n = 3). Different letters in the same
column denote a significant difference among varieties according to Tukey’s
test, p < 0.05.
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nervous system diseases and improve memory, Arnicae flos, Hyperici
herba, and Rutae herba extracts (ICso < 0.20 in the case of AChE
and < 0.08 for BuChE) were the most active. In our study, BuChE in-
hibition of all cultivars was stronger than AChE, at the level below 0.01.
Percent inhibition of AChE was from 30.25% for Luczistaja to 65.18%
for Moskwiczka, respectively. Referring to BuChE inhibition, the results
did not differ significantly and were ca. 99.00%. BuChE activity in-
creases with the progression of brain function impairment; hence tested
sea buckthorn berries should be a therapeutic supplement to the pa-
tient's diet.

3.6. Antioxidant on-line profiling by HPLC-PDA coupled with post-column
derivatization with ABTS' * reagent

Fig. 1 shows the chromatographic profile of sea buckthorn extract
obtained before and after the derivatization process with ABTS' * re-
agent serving as a negative control. Chromatograms are presented in
the example of Botaniczeskaja-Lubitelskaja berries but the results for all
tested cultivars were very similar. The upper chromatogram refers to
the absorbance at 360 nm (due to the high content of flavonols), and the
lower chromatogram is the response after the reaction with the radical
cation solution at 734 nm. So far, on-line profiling with ABTS'* reagent
on H. rhamnoides berries has not been reported.

Negative responses after the post-column reaction suggest that
phenolic acids had a higher radical scavenging capacity than flavonols.
However, phenolic acid content was relatively low, so their activity
does not affect the antioxidant effect of the phenolic fraction of sea
buckthorn. Ferulic acid, which eluted as the second acid, contains one
methoxy group and therefore is more active than p-coumaric acid with
one hydroxyl group in its molecule. The activity of phenolic acids may
be modulated by the alkyl, methoxy groups and electron donors sub-
stituted at the ortho position (Tkacz et al., 2019).

Flavonols did not show or had very low activity against the ABTS" ™
reagent. Generally, quercetin is a stronger antioxidant than iso-
rhamnetin, whilst -3-O-glycosides have lower antioxidant activity than
their aglycones. Our results are in line with the research on sea buck-
thorn juices, in which isorhamnetin-3-O-glycosides were tested using
electron spin resonance spectroscopy. These flavonols were unable to
form quinonic structures by oxidation; therefore, they were weak ra-
dical scavengers (Rosch et al., 2004; Rosch, Bergmann, Knorr, & Kroh,
2003). On the other hand, Chen et al. (2013) examined acylated fla-
vonol glycosides from sea buckthorn berries with high scavenging ac-
tivities towards DPPH and ABTS radicals. In the case of these studies,
the appearance of a sinapoyl moiety could significantly increase the
antioxidant potential of flavonol glycosides. The very low antioxidant
activity of the flavonol fraction from sea buckthorn should nevertheless
be confirmed by other methods including in vitro studies.

3.7. Pearson’s correlation and principal component analysis (PCA)

Table 4 contains Pearson’s correlation coefficients (r) of phenolic
and carotenoid concentrations with anticholinergic activity (% inhibi-
tion was used). The correlations between the amount of phenolic acids
and the inhibitory activity against AChE and BuChE were low
(r = 0.268 and 0.226, respectively).

The high anticholinergic potential of tested sea buckthorn cultivars
may be explained by the strong correlation with the total flavonol
content and activity against AChE and BuChE (0.834 and 0.616, re-
spectively). Regarding AChE inhibition, the highest correlation was
computed with the content of quercetin-3-O-rutinoside (r = 0.868),
isorhamnetin-3-0-(2-rhamnosyl)hexoside (r = 0.872), isorhamnetin-3-
O-(6-rhamnosyl)hexoside (r = 0.854), and isorhamnetin-3-O-rutinoside
(r = 0.867) (compounds 13, 16, 19, and 20, respectively). In the case
of BuChE inhibition, the strongest correlation was found for quercetin-
3-0-(2,6-di-rthamnosyl)hexoside  (r = 0.754), isorhamnetin-3-0-(2-
rhamnosyl)hexoside (r = 0.740), and isorhamnetin-3-O-pentoside
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Table 4
Pearson's correlation values of phenolic compound and carotenoids content and
anticholinergic activity of H. rhamnoides cultivars.

Peak no. Compounds AChE BuChE

1° p-Coumaric acid-O-hexoside 0.242 0.212

2 Ferulic acid-O-hexosice 0.304 0.233
Total phenolic acids 0.268 0.226

3 Quercetin-3-0-sophoroside-7-O-rhamnoside 0.258 0.417

4 Isorhamnetin-3,7-O-dihexoside 0.404 0.119

5 Isorhamnetin-3-O-rutinoside-7-O-glucoside 0.387 0.246

6 Quercetin-3-0-(2-rutinosyl)glucoside 0.765 0.639

7 Isorhamnetin-3-O-sophoroside-7-O-rhamnoside 0.689 0.564

8 Quercetin-3-0-(2,6-dirhamnosyl)hexoside 0.649 0.754

9 Quercetin-3-0-galactoside-7-O-rhamnoside —0.467 —0.442

10 Quercetin-3-0-glucoside-7-O-rhamnoside 0.392 0.629

11 Isorhamnetin-3-O-hydroxyferuloyl-glucosyl- 0.433 0.263
glucoside-7-O-rhamnoside

12 Isorhamnetin-3-0-(2,6-dirhamnosyl)glucoside 0.483 0.116

13 Quercetin-3-O-rutinoside 0.868 0.646

14 Isorhamnetin-3-O-glucoside-7-O-rhamnoside 0.752 0.621

15 Quercetin-3-0O-glucoside 0.783 0.483

16 Isorhamnetin-3-0-(2-rhamnosyl)hexoside 0.872 0.740

17 Isorhamnetin-3-O-pentoside-7-O-rhamnoside 0.085 —0.010

18 Kaempferol-3-O-hexoside-7-O-rhamnoside 0.793 0.489

19 Isorhamnetin-3-0-(6-rhamnosyl)hexoside 0.854 0.559

20 Isorhamnetin-3-O-rutinoside 0.867 0.594

21 Isorhamnetin-3-O-glucoside 0.710 0.502

22 Isorhamnetin-3-O-pentoside 0.607 0.852

23 Quercetin-3-O-rhamnoside 0.451 0.553

24 Kaempferol-3-O-rutinoside —0.546 —0.494

25 Isorhamnetin-3-O-rhamnoside -0.240 —0.088

26 Derivative of isorhamnetin I —-0.761 —0.807

27 Derivative of isorhamnetin II —-0.491 -0.274

28 Isorhamnetin —0.841 —0.555
Total flavonols 0.834 0.616

1° Lutein isomer I -0.249  —0.095

2 Lutein isomer II 0.844 0.702

3 Lutein isomer III 0.221 0.300

4 All-trans-lutein —0.489 —0.292

5 All-trans-zeaxanthin -0.266 —0.078

6 Zeaxanthin isomer I 0.786 0.757

7 Zeaxanthin isomer II 0.690 0.512

8 Zeaxanthin isomer III 0.662 0.586

9 Lutein isomer IV 0.687 0.623

10 Lutein isomer V 0.500 0.449

11 All-trans-f3-cryptoxanthin 0.903 0.819

12 Lycopene 0.573 0.473

13 Zeaxanthin dipalmitate 0.419 0.346

14 All-trans-f3-carotene 0.570 0.499

15 Cis-f3-carotene I 0.536 0.451

16 Cis-f3-carotene II 0.328 0.291
Total carotenoids 0.504 0.437

@ Peak numbers according to Table 1.
b Peak numbers according to Table 2.

(r = 0.852) (compounds 8, 16, and 22, respectively). The coefficients
of correlations above r = 0.600 were calculated for the inhibition of
both enzymes and the content of quercetin-3-O-(2-rutinosyl)glucoside,
quercetin-3-0-(2,6-dirhamnosyl)hexoside, = quercetin-3-O-rutinoside,
isorhamnetin-3-0-glucoside-7-O-rhamnoside, isorhamnetin-3-0-(2-
rhamnosyl)hexoside, and isorhamnetin-3-O-pentoside (compounds 6, 8,
13, 14, 16, and 22, respectively). In the case of quercetin-3-O-ga-
lactoside-7-O-rhamnoside, kaempferol-3-O-rutinoside, isorhamnetin-3-
O-rhamnoside, two isorhamnetin derivatives, and isorhamnetin (com-
pound 9, 24-28), negative correlations were obtained. This result may
stem from the high variability of concentration of these compounds in
cultivars.

Pearson's correlation coefficients between the total carotenoids and
anticholinergic activity were higher than for phenolic acids and lower
than in the case of flavonols, and consequently amounted to 0.504 for
AChE and 0.437 for BuChE inhibition. The highest and at the same time
very strong correlations were determined between all-trans-f8-cryptox-
anthin concentration (compound 11) and AChE inhibition (r = 0.903)
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Fig. 2. Principal component analysis biplot of
phenolic and carotenoid compounds and antic-
holinergic activity for H. rhamnoides cultivars.
(PC1 - principal component 1; PC2 — principal
component 2; A1-A2 - phenolic acids and F3-
F28 - flavonols with the numbers according to
Table 1; C1-C16 - carotenoids with the numbers
according to Table 2).
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and BuChE inhibition (r = 0.819). Negative correlations were calcu-
lated for the inhibition of both enzymes and lutein isomer I, all-trans-
lutein, and all-trans-zeaxanthin (compound 1, 4, and 5). But positive
high correlations were found for most isomers of these compounds.
Anticholinergic activity correlated more strongly with the total amount
of xanthophylls (r = 0.706 for AChE and r = 0.696 for BuChE inhibi-
tion) than with the content of all carotenes (r = 0.535 for AChE and
r = 0.465 for BuChE inhibition).

Principal component analysis (PCA) was performed on the average
contents of each phenolic and carotenoid compounds, anti-cholinergic
activity and fruits of six sea buckthorn cultivars. The results are pre-
sented on the PCA biplot (Fig. 2), from which on the basis of links and
rays, the connections between variables were proposed. The first two
principal components (PC1 and PC2) explained 72% of total variance
(46% and 26%, respectively). The close position of the points suggests
the highest correlation between the ability to inhibit AChE and BuChE
and the concentration of flavonols 15, 18, 19, 20 and 21 and car-
otenoid 11. The most abundant in flavonols were Moskwiczka and
Jozef berries. Flavonols had a stronger effect on anticholinergic ac-
tivity, but carotenoids formed a smaller coherent cluster with Ar-
omatnaja and Podarok Sadu. The content of flavonols 9, 25 and 26 and
carotenoids 1, 4 and 5 weakly correlated with the anticholinergic ac-
tivity as indicated by nearly perpendicular links between the vertices of
these elements. Considering the longest links, the highest variability (no
fixed proportion) was between anticholinergic activity and the amounts
of isorhamnetin (flavonol 28) and all-trans-lutein (carotenoid 4).

4. Conclusions

Analyses of phenolic and carotenoid compounds by UPLC-PDA-Q/
TOF-MS, and anticholinergic potential using the in vitro method of
Botaniczeskaja-Lubitelskaja, Luczistaja, Moskwiczka, Podarok Sadu,
Jozef, and Aromatnaja berries were carried out for the first time.
Twenty-eight phenolic compounds were tentatively identified and the
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content of each was determined; however, over 98% of phenolic com-
pounds were flavonols. Sea buckthorn berries were a rich source of
isorhamnetin derivatives (from 66% to 72% of total flavonols), fol-
lowed by quercetin (from 25% to 32% of total flavonols). The sub-
stitution of the flavonol structure of sea buckthorn compounds is pre-
dominant at the 3-position and 3,7-position. There were tentatively
identified 16 carotenoids, whereas xanthophylls predominated in
Botaniczeskaja-Lubitelskaja and Luczistaja berries (74 and 81% of total
carotenoids) and carotenes were the main compounds in the remaining
cultivars (from 44 to 45% of total carotenoids). The anticholinergic
potential was tested as the ability to inhibit AChE and BuChE and re-
spectively moderate and strong activity was found. The highest antic-
holinergic potential was tested for Aromatnaja, Jézef, and Moskwiczka
berries. The post-column derivatization with ABTS"* reagent proved
that phenolic acids were stronger free radical scavengers than flavonols
contained in tested H. rhamnoides fruits. According to Pearson’s corre-
lation coefficients and PCA analysis, this potential was dependent on
cultivar, phenolic and carotenoid compounds. The results obtained
provide information to determine identity and purity, check the origin
and perform quality control of sea buckthorn as well as to target the
selection of cultivars for industrial crops. Furthermore, the fruits of
tested sea buckthorn cultivars may be a component of new functional
and added-value products rich in flavonols and carotenoids.
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This study aimed to identify and quantify triterpenoids, phenolic compounds (by UPLC/ESI-Q/TOF-MS) and
minerals (by FAAS) of the anatomical berry parts (skin, flesh, endocarp, seed), branches and leaves of seven sea
buckthorn cultivars. The flavonols exceeded 0.7 g/100 g dry weight of leaves and skins. The ratio of quercetin to
isorhamnetin derivatives was higher than 1.0 for skins, flesh, branches and leaves. The most flavan-3-ols and
polymeric procyanidins were found in branches, and phenolic acids in leaves. 11 triterpenoids were identified,
including some new ones such as pomolic acid dominating in berry parts. Triterpenoids were five times more
abundant in the flesh than the leaves, where ursolic acid constituted 46 % of these triterpenes. High contents of
corosolic acid and betulinic acid were specific for branches, and betulin and oleanolic and ursolic acids for skins.
The best sources of sodium were endocarp and leaves, potassium - flesh and endocarp, calcium - leaves, and
magnesium — seeds. Leaves and branches were rich in iron and copper, while seeds were rich in zinc. A char-
acteristic feature of leaves was an iron to manganese ratio of 1:1. Diverse fractions of sea buckthorn give the

potential of non-waste food production with the desired profile of pro-health components.

1. Introduction

Common sea buckthorn (Hippophae rhamnoides L., Elaeagnaceae),
also known as seaberry, Siberian pineapple, sandthorn and sallow thorn,
is widespread from dry, sandy, through mountainous areas, to the sea
coasts and river valleys of Europe, Canada and Asia, where China has the
highest concentration of crops (Ciesarova et al., 2020; Tkacz et al.,
2020). Globally, the most important and best-known part of the plant is
the berries, which are several times richer in vitamin C than popular
fruits such as strawberries, lemons or blackberries and are distinguished
by high content of oil (average 10 % of the fresh fruit weight) rich in n-3,
n-6, n-7 and n-9 fatty acids (Teleszko et al., 2015; Tkacz et al., 2019).

However, sea buckthorn is a multi-purpose plant, the production of
which includes food industry products (juice, drink, smoothie, jam,
sauce, oil) and alcohols (wine, liqueur, beer additive) from berries,
herbal leaf teas providing high access to flavonoids and detoxifying
properties, production of fodder supplements of sea buckthorn by-
products, cosmetics, pharmaceuticals, and fuel as firewood. The

* Corresponding author.

second aspect of sea buckthorn use concerns good soil erosion protec-
tion, reclamation of polluted areas, afforestation of marginal areas and
planting as an ornamental shrub (Bal et al., 2011; Ciesarova et al., 2020;
Madawala et al., 2018; Michel et al., 2012).

Sea buckthorn berries and preserves attract attention due to their
comprehensive nutritional and health-promoting properties known
from traditional medicine (reduction of fever and inflammation, anti-
toxic effect, a positive effect on the regeneration and condition of the
skin and hair) and then well established scientifically (Ciesarova et al.,
2020; Maheshwari et al., 2011; Tkacz et al., 2019). These properties of
sea buckthorn are associated with the wide range of active biological
substances found in berries and leaves, rich in vitamins, carotenoids,
flavonoids, sterols, and tocopherols. A few reports have indicated anti-
oxidant, cardioprotective, hypoglycemic, hypolipidemic, and antibac-
terial properties of phenolic seed extracts (Arimboor and Arumughan,
2012; Wang et al., 2011). In turn, the importance of leaves can be
attributed to anti-influenza activities, cytotoxic effects (Enkhtaivan
et al, 2017) and protection against CCl-4-induced liver oxidative
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damage in the case of phenolic rich fraction of sea buckthorn leaves
containing mainly gallic acid, isorhamnetin, quercetin, kaempferol, and
myricetin (Maheshwari et al., 2011). Enkhtaivan et al. (2017) showed
that the anti-influenza activity strongly correlated with flavonol agly-
cones and monoglycosides, while di- and triglycosides showed a strong
correlation with cytotoxic activity towards normal and cancer cells.

Nowadays, traditionally grown plants are the center of attention and
the demand for their production is increasing, due to the strategy of
inhibiting or delaying diseases using a natural diet (Ciesarova et al.,
2020). Young branches with leaves are a waste product after mechanical
harvesting of sea buckthorn berries, and the pomace containing skins
and seeds with endocarp accounts for 20 % of the weight of sea buck-
thorn berries after juice pressing. Therefore, the potential for using the
whole plant is seen in non-waste technology and focuses on the man-
agement of residues for production with high added value (Ciesarova
et al., 2020; Radenkovs et al., 2018). According to these reports, the
residues after pressing juices and oils (pulp, press cake) can be used to
extract pigments, and then used as a natural food colouring, for the
production of fodder, tea-type infusion, powders, nutraceuticals, anti-
oxidant additives used to stabilize and fortify food, such as bread and
other baked goods, as well as an unconventional source of bio-oil with a
potential use in the food, cosmetic, and pharmaceutical industries.
However, literature reports on the profile of many bioactive components
of the anatomical parts of H. rhamnoides are still very limited. The ne-
cessity to characterize secondary metabolites and nutrients also results
from previous reports on sea buckthorn (Fatima et al., 2015; Kaur et al.,
2017; Michel et al., 2012; Tkacz et al., 2020).

Hence, this study aimed at qualitative and quantitative determina-
tion of pentacyclic triterpenoids, phenolic compounds (flavonols,
phenolic acids, flavan-3-ols, polymeric procyanidins), macro- and mi-
croelements of the anatomical parts of berries (skin, flesh, endocarp,
seed), young branches and leaves of selected sea buckthorn cultivars. It
was assumed that this would allow differentiation and identification of
plant fractions in terms of the profile of health-promoting components
for unconventional and innovative applications in food and nutraceu-
tical production. Previous studies have reported flavonols in fruits (Yang
et al., 2009), leaves (Fatima et al., 2015), sea buckthorn seeds (Arimboor
and Arumughan, 2012), phenolic acids in seeds and leaves (Arimboor
et al., 2008), flavan-3-ols in shoots and fruits (Bittova et al., 2014), some
triterpenes in sea buckthorn fractions (Marciniak et al., 2021), some
minerals in berries (Sabir et al., 2005) and seeds (Zeb and Malook,
2009). Nevertheless, this work is the first to discuss all sea buckthorn
fractions such as skin, flesh, endocarp, seeds, branches, and leaves, for
the identification and quantification of triterpenoids, phenolic com-
pounds and minerals, providing a comprehensive and valuable com-
parison of high-yielding varieties in Central and Eastern Europe.

2. Materials and methods
2.1. Reagents and standards

The reference standards of flavonols (isorhamnetin, quercetin, and
kaempferol-3-O-rutinoside, -rhamnoside, -glucoside, and —galactoside),
phenolic acids (p-coumaric, ferulic, gallic, and chlorogenic acids),
flavan-3-ols [(+)-catechin, (-)-epicatechin, (-)-epicatechin-gallate,
(-)-epigallo-catechin], and triterpenoids (maslinic acid, pomolic acid,
corosolic acid, betulinic acid, oleanolic acid, ursolic acid, betulin, tor-
mentic acid, erythrodiol, a-boswellic acid, and uvaol) were purchased
from Extrasynthese (Genay Cedex, Lyon Nord, France) and Sigma-
Aldrich (Steinheim, Germany). The reference standards for macro- and
microelements (sodium, potassium, calcium, magnesium, iron, copper,
zinc, manganese) were provided by AccuStandard (New Haven, CT, US).
Reagents for extraction, chromatographic analysis and atomic absorp-
tion spectroscopy analysis were purchased from Merck KGaA (Darm-
stadt, Germany).
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2.2. Plant materials and sample preparation

Fresh sea buckthorn berries, young branches and leaves were
collected from seven cultivars: ‘Botaniczeskaja-Ljubitelskaja’ (also as
‘Botaniczeskaja-Lubitelskaja’), ‘Golden Rain’ (also as ‘Goldrain’), ‘Luc-
zistaja’, ‘Maryja’ (also as ‘Mary’), ‘Podarok Sadu’, ‘Prozrocznaja’ (also as
‘Prozrachnaya’), and ‘Tatiana’ (also as ‘Tatjana’). The material was
obtained in mid-September 2020 from a sea buckthorn plantation with
an area of 33 ha from the horticultural farm in Podlaskie Voivodeship
(Sokotka, Poland). Fruits, branches and leaves at the optimal harvest
date were collected manually from the same bushes for each cultivar and
sent to the laboratory in refrigerated packages as general samples. The
leaves were manually separated from the young branches from two
batches in the amount of 0.25 kg. In turn, the two batches of berries
(each 0.25 kg) were manually fractionated into anatomical parts such as
skins, flesh, endocarp (the thin innermost layer of the pericarp directly
surrounding the seed) and seeds, and treated immediately with liquid
nitrogen. The individual fractions pooled from both batches (0.5 kg)
constituted laboratory samples in the following amounts, taking into
account material loss: leaves ~110 g; branches ~310 g; skins ~150 g;
flesh ~250 g; endocarp ~4 g; and seeds ~15 g. All samples were freeze-
dried (Christ Alpha 1-4 LSC, Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany), then crushed by a basic analytical
mill (IKA Al1l, Darmstadt, Germany), and stored vacuum-sealed under
freezing conditions until analysis.

2.3. Identification (UPLC-PDA/ESI-Q/TOF-MS) and quantification
(UPLC-PDA) of flavonols, phenolic acids and flavan-3-ols

The profile and content of phenolic compounds were determined by
ultra performance liquid chromatography (Acquity UPLC System) with a
binary solvent manager and photodiode array detector PDA (Waters
Corp., Milford, MA, US) coupled to G2 Q/TOF micro-mass spectrometer
fitted with an electrospray ionization ESI source acting on negative
modes (Waters Corp., Manchester, UK), as previously described by
Tkacz et al. (2020).

The extraction of these compounds was as follows. Sample (~0.5 &)
was mixed with 1.8 ml of solvent methanol-water-acetic acid-ascorbic
acid (30:68:1:1; v/v/v/m) and sonicated twice (Sonic 6D, Polsonic,
Warsaw, Poland) for 20 min with an interval of 24 h at 4 °C, thus
ensuring the highest extraction efficiency of the desired compounds. The
amount of endocarp was reduced in proportion to the volume of the
extraction reagent due to the low yield of this fraction from the sea
buckthorn berries. The sample solution was centrifuged at 19,000 xg for
10 min using MPW-150R (MPW Med. Instruments, Warsaw, Poland),
and before injection the supernatant was filtered through a 0.20 pm pore
size hydrophilic PTFE membrane (Millex Samplicity™ Filter, Merck
KGaA, Darmstadt, Germany).

The separation of flavonols, phenolic acids and flavan-3-ols was
performed on an UPLC BEH C18 column (2.1 x 100 mm, 1.7 pm, Waters
Corp., Milford, MA, US). The optimized UPLC and MS parameters were
as previously reported (Tkacz et al., 2020). Briefly, the elution lasted 30
min with a flow rate of 0.420 ml/min and the injection volume equal 5
pL. 2.0 % formic acid (solvent A) and 100 % acetonitrile (solvent B) were
used in the following gradients: (1) elution start with 98.0 %solvent A;
(2) solvent A reduction to 65 % (to 32.00 min), and to 0% (to 33.00
min); (3) 98 % solvent A from 33.50 to 35.00 min to re-equilibrate the
column. The MS parameters were as follows: cone gas flow: 40 L/h;
desolvation gas flow: 300 L/h; capillary voltage: 2500 V; cone voltage:
30 V; source temperature: 100 °C; desolvation temperature: 300 °C. The
runs were monitored at 280 nm (flavan-3-ols), 320 nm (phenolic acids),
and 360 nm (flavonols). Empower 3 Chromatography Data Software and
MassLynx™ 4.0 Software were used to develop records. Quantitative
determination was based on injections of the phenolic calibration
standards at concentrations ranging between 0.05 and 5 mg/ml and
under the same conditions as above mentioned for the samples (R2 >



K. Tkacz et al.

0.9995). The sums of phenolic acids, flavan-3-ols, and derivatives of
quercetin, isorhamnetin and kaempferol were calculated as the sums of
ferulic acid, (+)-catechin, quercetin-3-0O-glucoside, iso-
rhamnetin-3-O-rutinoside, and kaempferol-3-O-rutinoside, respectively.
The results of the ULPC-PDA quantification were expressed as mg per
100 g of dry matter (dm).

2.4. Analysis of polymeric procyanidins by UPLC-FL

Analysis of polymeric procyanidins was performed by direct phlor-
oglucinolysis method, exactly as in the protocol previously described by
Teleszko and Wojdyto (2015). The UPLC-FL Acquity System and the
UPLC BEH Shield RP18 column (2.1 x 50 mm, 1.7 pm, Waters Corp.,
Milford, MA, US) were used. The flow rate was 0.500 mL/min, sample
injection volume - 5 pL, elution time — 8.80 min. Solvent A (2.5 % acetic
acid in water) and solvent B (100 % acetonitrile) were used in the
following linear gradients: 0 — 0.6 min, 2% B; 0.6 — 2.17 min, 2-3% B;
2.17 — 3.22 min, 3-10% B; 3.22 — 5.00 min, 10-15% B; 5.00 — 6.00
min, 100 % B; and then, re-equilibrate until the end of the process time.
The fluorescence detection was recorded at an excitation wavelength of
278 nm and an emission wavelength of 360 nm. The calibration curves
were established using (+)-catechin, (-)-epicatechin, and procyanidin
B1 after phloroglucinol reaction as (+)-catechin- and (-)-epicatechin--
phloroglucinol adduct standards. Empower 3 Chromatography Data
Software (Waters Corp., Milford, MA, US) was used to develop records.
The results were expressed as mg polymeric procyanidins per 100 g of
dm and average procyanidins polymerization degree (DP).

2.5. Analysis of pentacyclic triterpenoids by UPLC-PDA

Analysis of pentacyclic triterpenoids was performed by chromato-
graphic technique using PAH (polycyclic aromatic hydrocarbons)
polymeric C18 bonded phase based on the method previously described
by Zhang et al. (2013) with significant modifications.

The two-step extraction of these compounds was as follows. Sample
(~0.1 g) was mixed with 4 ml of solvent hexane-ethyl acetate (1:1; v/v)
and sonicated for 30 min at 40 °C (Sonic 6D, as in Section 2.3). After 24 h
at 4 °C, the sample solution was centrifuged at 19,000 xg for 10 min
using the MPW-150R (as in Section 2.3), and supernatant was preserved.
The residue was mixed with 4 ml of solvent chloroform-chloromethane
(1:1; v/v) and sonicated and centrifuged again as before. Both super-
natants were combined, evaporated to dryness with nitrogen (XCV-5400
XcelVap, Horizon Technology, Salem, NH, US), then residues were dis-
solved in 100 % UPLC-grade methanol and filtered through a 0.20 pm
hydrophilic PTFE membrane (as in Section 2.3) prior to injection.

The UPLC-PDA Acquity System (as in Section 2.3) and the ZORBAX
Elipse PAH column (2.1 x 150 mm, 3.5 pm) with guard column (2.1 x
12.5 mm, 5 pm) (Agilent Technologies, Santa Clara, CA, US) were used.
The flow rate was 0.250 mL/min, sample injection volume - 3 pL, col-
umn temperature — 30 °C. Solvent A (100 % UPLC-grade water) and
solvent B (100 % acetonitrile). The runs were monitored at 210 nm for
oleanolic acid and ursolic acid, and 200 nm for the other triterpenes.
Empower 3 Chromatography Data Software (as in Section 2.4) was used
to develop records. Quantitative determination was based on injections
of the triterpenoid calibration standards at known concentrations and
under the same conditions (R? > 0.9990). The identification of the tri-
terpenes was further confirmed by mass spectrometry and the [M—H] ™
at m/z were as follows: 487.30 for tormentic acid, 471.30 for maslinic,
pomolic and corosolic acids, 455.30 for betulinic, oleanolic, ursolic and
a-boswellic acids, and 441.31 for betulin, erythrodiol and uvaol. The
parameters of LC-ESI-Q/TOF-MS analysis were as given in Section 2.3.
The results of the ULPC-PDA quantification were expressed as mg per
100 g of dm.
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2.6. Analysis of macro- and microelements by FAAS

Analysis of sodium (Na), potassium (K), calcium (Ca), magnesium
(Mg), iron (Fe), cupper (Cu), zinc (Zn) and manganese (Mn) was per-
formed by flame atomic absorption spectrophotometry (FAAS) tech-
nique. Wet digestion was as follows. To the sample (0.5 g) in a PTFE-
TFM vessel was added 7 mL of nitric acid-hydrochloric acid (6:1, v/v)
and then 0.5 mL of 30 % hydrogen peroxide. The amount of endocarp
was reduced in proportion to the volume of the extraction reagents, as in
Section 2.3. The mixture was subjected to microwave digestion at 180 °C
for 20 min with temperature control via IR sensors. After cooling, the
sample was placed in a 10 mL volumetric flask and made up to the mark
with distilled water.

The concentrations of each macro- and micronutrients were
measured using an AA-7000 series Atomic Absorption Spectrophotom-
eter (Shimadzu Corp., Kyoto, Japan) equipped with ASC-7000 Auto-
sampler and hollow cathode lamps (Hamamatsu Photonics K.K., Japan),
and using an air-acetylene flame. The samples were determined for Na at
589 nm, K at 766.5 nm, Ca at 422.7 nm, Mg at 285.2 nm, Fe at 248.3 nm,
Cu at 324.8 nm, Zn at 213.9 nm, and Mn at 279.5 nm. Quantitative
determination was based on the calibration curve of the reference
standards (R2 > 0.9990). WizzAArd software was used to develop re-
cords and the results were expressed as mg per 100 g of dry matter (dm).

2.7. Statistical analysis

All measurements were conducted in triplicate and the results were
presented as mean value + standard deviation (SD). Statistical analysis
data were obtained from Tukey’s HSD test preceded by the one-way
analysis of variance (ANOVA), as well Pearson’s correlation co-
efficients and principal component analysis (PCA). Parameters were
measured in different units and ranges; therefore autoscaling was used
to give each variable a unit variance and therefore the same weight for
PCA analysis. The main factors were obtained based on the correlation
matrix. Statistical differences at level p < 0.05 were marked with
consecutive lowercase letters in Tables. XLSTAT Statistical Software
version 2016.4 (Addinsoft Inc, New York, NY, US) integrated with
Microsoft Excel 2017 (Microsoft Corp., Redmond, WA, US) were used.

3. Results and discussion

3.1. Phenolic compounds in anatomical parts of sea buckthorn berries,
branches and leaves

3.1.1. Flavonols

Ultra high performance liquid chromatography coupled to quadru-
pole time-of-flight tandem mass spectrometer (UPLC-PDA/ESI-Q/TOF-
MS) analysis allowed the identification and quantification of seven
quercetin (Q), 12 isorhamnetin (I), and two kaempferol (K) derivatives
([M—H] ™ atm/z 301.01, 315.03, 285.00, respectively) (Tables 1 and 2).
The identification was performed on the basis of reference standards
(compounds 9, 11, 15-19), as well as the UV spectrum, MS fragmenta-
tion, and literature data - tentative identification (Ma et al., 2016; Pop
et al., 2013; Rosch et al., 2004; Tkacz et al., 2020). Flavonols were
identified with preferential glycosylation positions 3 and 7, in structures
with -O-glucoside, -O-rhamnoside, -O-rutinoside, -O-sophoroside, and
with combinations of two hexosyls: hexosyl(1—2)hexoside.

Isorhamnetin derivatives are well recognized as the dominant poly-
phenol fraction (over 65 % of total flavonols) of whole berries of species
belonging to the Elongaceae family from different geographical locations
(Fatima et al., 2015; Ma et al., 2016; Tkacz et al., 2019). However, this
analysis of the plant anatomical parts indicated a greater variation in I
derivatives than Q and K derivatives but higher concentrations of Q
derivatives in most fractions (skins, flesh, branches, leaves). Thus, the
highest concentrations of I-3-O-glucoside (peak 16, [M—H]  at m/z
477.11), I-3-O-rutinoside (peak 15, [M-H]  at m/z 623.10),
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Table 1
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Identification of flavonols in anatomical parts of sea buckthorn berries, branches and leaves by UPLC-PDA-Q/TOF-MS.

Peak Compound R¢ Amax Molecular MS [M-H]~ (m/2) Mass MS/MS Number of cultivars
no. (min) (nm) formula error [M-H]~
(ppm) (m/2)
Exact Accurate Skins  Flesh  Endocarp Seeds Branches Leaves
mass mass
Quercetin derivatives
1 Q-3-0- 1.71 258, C33H40021 771.2062  771.1847 —27.9 625.18/ 1-7 1-7 nd 1-7 1 nd
sophoroside-7- 357 301.01
O-rhamnoside
4 Q-3-0-(2- 3.57 258, C33H40021 771.2062  771.1845 —28.2 609.14/ 1-7 1-7 1-7 nd nd 1-7
rutinosyl) 353 591.20/
glucoside 301.01
6 Q-3-0-(2,6- 5.45 255,  CssHaoOs9  755.2113  755.1838  —36.4 625.18/ 1-7 1-7 1-7 1-7 nd 1-7
dirhamnosyl) 353 609.13/
glucoside 489.09/
301.01
7 Q-3-0- 6.51 255, Ca7H30016 609.1534  609.1345 -31.0 447.03/ 1-7 1-7 1-7 nd 1-7 1-7
glucoside-7-0- 355 301.01
rhamnoside
9 Q-3-0- 8.29 258, Ca7H30016 609.1534  609.1349 -30.4 301.01 1-7 1-7 1-6 nd nd 1-5,7
rutinoside 355
11 Q-3-0- 9.27 254, Cz1H20012 463.0877  463.0991 +24.6 301.01 1-7 1-7 1-7 1-7 nd 1-7
glucoside 355
17 Q-3-0- 20.34 255/ C21H20011 447.1006  447.0341 —148.7 301.01 1-7 1-7 nd nd nd nd
rhamnoside 365
Isorhamnetin derivatives
2 1-3,7-0- 2.41 255, CagH32017 639.1639  639.1545 -14.7 477.11/ 1-7 1-7 1-7 1-7 1 1-7
diglucoside 354 315.03
3 1-3-0- 3.26 254, C34H4202; 785.2219 785.1839 —48.4 623.10/ 1-7 1-7 1-7 1-7 nd 1-7
rutinoside-7-O- 350 315.03
glucoside
5 1-3-0- 4.18 255, C34H42021 785.2219  785.1842 —48.0 639.15/ 1-7 1-7 1-7 1-7 nd nd
sophoroside-7- 354 315.03
O-rhamnoside
8 1-3-0-(2,6- 8.08 254, C34H41020 769.2197  769.2037 -20.8 623.10/ 1-7 1-7 1-7 1-7 nd 1-7
dirhamnosyl) 355 605.06/
glucoside 503.20/
315.03
10 1-3-0- 8.58 355, CasH32016 623.1690  623.1030 —105.9 477.11/ 1-7 1-7 1-7 1-7 nd 1-7
glucoside-7-0- 352 315.03
rhamnoside
12 1-3-0-(2- 9.89 255, CasH32016 623.1690  623.0997 -111.2 461.00/ 1-7 1-7 nd 1-7 nd nd
rhamnosyl) 353 443.02/
glucoside 315.03
14 1-3-0-(6- 12.61 257, CasH32016 623.1690  623.1015 —108.3 461.00/ 1-7 1-7 nd nd nd 1-5,7
rhamnosyl) 349 315.03
glucoside
15 1-3-0- 13.32 255, CagH32016 623.1690  623.0996 -111.4 315.03 1-7 1-7 1-7 nd nd 1-3,
rutinoside 354 5-7
16 1-3-O-glucoside ~ 13.62 256, CyH22012 477.1111  477.1078 -7.4 315.03 1-7 2-7 nd nd 1-7 nd
352
19 Isorhamnetin 25.69 255, Cy6H1207 315.0583  315.0341 -79.8 301.01 1-7 1-7 1-7 1-7 nd 1-7
368
20 1 derivative I 25.86 256, - - 707.09 - 545.15/ 1-7 1-7 2,4-7 1-7 nd 1-7
355 477.11/
315.03
21 I derivative II 26.04 256, - - 707.09 - 545.15/ 1-7 1-7 nd 1-7 nd 2-7
356 477.11/
315.03
Kaempferol derivatives
13 K-3-0- 12.29 266, Ca7H30015 593.1585  593.0546 -175.2 447.03/ 1-6 1-7 3-7 nd nd 1-5,7
glucoside-7-0- 349 285.00
rhamnoside
18 K-3-0- 23.79 266, Ca7H30015 593.1585  593.0539 -176.3 285.00 1-7 1-7 1-7 1-7 nd 1-7
rutinoside 350

Q — quercetin; I - isorhamnetin; K — kaempferol; numbers of cultivars: 1 — Botaniczeskaja-Ljubitelskaja; 2 — Golden Rain; 3 — Luczistaja; 4 — Maryja; 5 — Podarok Sadu; 6
— Prozrocznaja; 7 — Tatiana; R; — retention time; A,y - UV absorption maxima. Exact massses and molecular formulas based on https://pubchem.ncbi.nlm.nih.gov/.

Q-3-O-glucoside (peak 11, [M—H]  at m/z 463.10) and I-3-O-glucosi-
de-7-O-rhamnoside (peak 10, [M—H]  at m/z 623.10) were determined
in skins, but in flesh the dominant one was Q-3-0-glucoside, followed by
flavonols specific to skins, depending on the berry cultivars. The
exception was flesh of ‘Botaniczeskaja-Ljubitelskaja’ in which
I-3-O-glucoside was not identified, as in endocarp, seeds and leaves of

the analyzed cultivars. According to previous reports, these derivatives
were most prevalent in homogenized berries of Russian, Finnish and
Chinese cultivars (Yang et al., 2009) but contrary to this research,
I-3-O-glucoside was one of the dominant compounds in leaves (Pop
et al., 2013).

1-3-O-glucoside-7-O-rhamnoside was also the dominant flavonol in
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Table 2
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Quantification of phenolic compounds (mg/100 g dm) in anatomical parts of sea buckthorn berries, branches and leaves by UPLC-PDA-FL.

Phenolic compounds (mg/100 g dm)

No Fractions and Flavonols
- 1ti Phenolic Polymeric Total phenolic
cuitivars Quercetin Isorhamnetin Kaempferol acids Flavan-3-ols procyanidins bp compounds
derivatives derivatives derivatives
Skins
1 Bot.-Ljubitel. 630.02 + 5.12 e 466.88 + 3.49 b 11.76 + 0.66 i 2.57 £0.20 46.86 + 1.32 425.76 + 4.01 qr 3.4 1583.85 + 14.8 jk
i-l v
2 Golden Rain 260.58 + 4.08k  124.29 + 2.14 m 7.97 £0.54] 2.85+0.18 69.00 £1.340  497.49 £ 5.23 pq 4.7 962.17 + 5.39 mn
h-k
3 Luczistaja 376.41 +£ 4.551 414.31 £ 3.52 ¢ 14.30 £ 0.60 h 3.67 £0.32 59.80 + 1.25 514.34 £ 6.43p 4.4 1382.82 +11.41
e-g o-q
4 Maryja 24491 + 3.631 138.51 £ 1.95L 25.90 + 0.81 be 295+ 0.21 62.32 +£ 1.29 396.11 £ 4.75r 5.1 870.69 + 8.25 no
h-j 0-q
5 Podarok Sadu 481.14 £4.89g 401.42+2.26d 13.55+ 0.48h 5.00 + 0.38 85.23+1.43n  619.55+5.390 5.4 1605.89 + 10.4 jk
cd
6 Prozrocznaja 731.54 £5.23d 580.73 +£ 3.58 a 18.12 +£ 0.34 f 3.44 £ 0.35 90.60 +£1.53n 471.03 + 4.42 q 3.6 1895.46 + 16.211
e-g
7 Tatiana 55.03 +£1.52u 29.64 + 1.03 w 21.07 + 0.63 d 0.88 +0.13 45.93 £ 1.27 599.67 =+ 5.45 op 5.1 752.22 + 14.6 op
m r-v
Flesh
1 Bot.-Ljubitel. 216.22 + 5.04 94.43 +£2.12q 4.01 + 0.53 Im 1.72 £ 0.19 50.42 + 1.41 115.55 £ 2.59 t 3.8 482.35 £ 5.13 1s
m Im q-u
2 Golden Rain 150.60 + 4.23 p 63.05 + 1.74 tu 4.69 +0.401 2.11 £0.15 40.61 + 1.30 90.90 £ 2.43 u 4.0 351.94 + 4.30 s
il t-x
3 Luczistaja 196.95 +4.68n  168.89 + 2.30 hi 7.00 + 0.62 jk 2.36 + 0.15 53.57 £ 1.26 175.43 + 2.35 st 4.3 604.20 =+ 6.28 p-r
il p-s
4 Maryja 185.35+4.92n  97.30 + 2.53 pq 16.94 + 0.89 g 3.16 + 0.20 58.17 + 1.64 182.88 +£2.94 s 4.2 543.78 + 3.57 g-s
gi o-r
5 Podarok Sadu 164.13 £ 4.53 0 125.11 £ 2.05m 7.29 £ 0.57j 3.68 £ 0.26 63.19 +£1.27 136.51 +£3.02 t 6.6 499.92 + 5.26 s
e-g op
6 Prozrocznaja 303.36 £ 3.99j 217.24 £2.86 f 5.96 + 0.56 k 1.93 + 0.22 61.96 + 1.80 117.60 +£2.85t 3.1 708.03 £ 6.85 0-q
k-1 oq
7 Tatiana 89.44 £ 1.05 q 32.56 £ 1.14w 21.20 £ 091d 1.70 + 0.16 45.09 + 1.54 169.92 + 3.11 st 5.1 359.91 £3.70 s
Im s-W
Endocarp
1 Bot.-Ljubitel. 49.84 £ 1.64 v 73.70 £ 1.551s 2.09£0.13n nd 120.23 + 2.45 636.21 + 8.20 o 3.2 882.05 + 10.3 no
Im
2 Golden Rain 4750 £1.50vw  57.30 + 1.12 uv 4.80 +£0.331 nd 89.49+1.95n  380.62 +3.49r 3.5 579.71 + 6.25 p-r
3 Luczistaja 64.03 £1.62s-u 109.34 £ 2.85n 4.82 +£0.401 nd 192.18 + 3.92 290.09 £+ 3.92s 1.9 660.46 + 5.17 p-r
h
4 Maryja 60.64 +£1.62tu  66.05 + 1.45 st 13.62 + 0.57 h nd 168.45 + 2.53  359.68 + 3.74r 3.1 668.44 + 6.30 p-r
jk
5 Podarok Sadu 61.97 £1.38tu 7527 +1.94r 3.77 £ 0.21 Im nd 83.12+1.45n 47491 £3.80q 4.3 699.05 + 4.90 o-q
6 Prozrocznaja 75.29 £ 2.04 s 75.91 +£1.85r 3.18 £ 0.25Im nd 127.24 + 2.54 456.84 + 4.12 qr 3.0 738.45 + 5.12 o-q
1
7 Tatiana 47.74 £1.09 v 51.26 + 1.24 v 17.36 + 0.74 fg nd 178.60 + 2.83 375.81 £ 3.05r 3.8 670.77 + 3.06 p-r
ij
Seeds
1 Bot.-Ljubitel. 59.48 + 1.64 tu 109.01 + 2.43 no 1.32+0.10n nd 51.58 + 1.33 1282.71 + 24.8k 10.2 1504.10 + 13.5j-1
p-t
2 Golden Rain 54.80 + 1.56 u 101.35 + 2.23 0-q 1.05 + 0.08 o nd 36.29 + 1.20 1144.60 + 30.21 5.3 1338.09 +12.6 1
V-X
3 Luczistaja 50.79 £1.35v 78.24 + 2.06 r 1.31 +£0.13n nd 30.08+1.54x 967.49 £19.4mn 7.8 1127.91 £ 16.9 m
4 Maryja 60.16 £1.20 tu  103.33 + 2.64 n-p 1.03 £ 0.13 0 nd 33.18 £ 1.09 1297.65 + 48.3 k 5.5 1495.36 + 14.0 j-1
WX
5 Podarok Sadu 82.17 £ 1.65 qr 150.24 + 2.39 k 1.22 4+ 0.05n nd 47.47 + 2.07 1623.86 + 50.3 h 7.6 1904.96 + 22.4 1
v
6 Prozrocznaja 68.13 £+ 1.93 st 109.79 £ 1.95n 1.49 + 0.21 n nd 53.25 + 1.49 1190.61 + 47.01 10.5  1423.26 + 22.7 ki
p-s
7 Tatiana 84.55 +2.05qr  137.90 + 2.831 1.16 + 0.09 n nd 39.14 +£1.28 1360.63 + 28.3j 9.1 1623.38 +13.8
u-x
Branches
1 Bot.-Ljubitel. 36.66 + 1.67 w 5.40 £+ 2.57 xy nd nd 1823.77 + 5630.83 + 53.4 f 2.5 7496.66 + 23.5 e
8.02d
2 Golden Rain 19.60 + 0.95 y 1.51 + 1.30 xy nd nd 2215.51 + 7028.88 + 60.8 d 2.4 9265.49 + 30.2 ¢
9.23¢
3 Luczistaja 24.61 £1.36wx  1.69 + 1.82xy nd nd 2690.62 + 9481.02 £ 73.5a 2.5 12197.94 + 26.1 a
8.45b
4 Maryja 145.95 + 3.93 p 9.47 £ 2.40 x nd nd 24325.10 + 9083.70 + 66.1 b 2.4 11531.76 +22.3 b
8.83a
5 Podarok Sadu 7.12+1.85z 1.91 + 0.73 xy nd nd 1773.83 + 6341.54 + 48.3 ¢ 2.4 8124.40 + 30.4d
7.34e
6 Prozrocznaja 25.16 £2.04wx  2.22 + 0.93 xy nd nd 1719.38 + 5587.42 + 32.2 f 2.6 7334.18 + 315
6.20 f

(continued on next page)
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Table 2 (continued)
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Phenolic compounds (mg/100 g dm)

No Fractions and Flavonols
- 1ti Phenolic Polymeric Total phenolic
cuitivars Quercetin Isorhamnetin Kaempferol acids Flavan-3-ols procyanidins bp compounds
derivatives derivatives derivatives
7 Tatiana 7.41 £1.42z 0.71 £ 0.21 xy nd nd 1493.52 + 7778.49 £ 63.5 ¢ 2.3 9280.13 +38.2 ¢
6.08 g

Leaves

1 Bot.-Ljubitel. 574.90 +£5.03f 118.86 + 3.51 m 19.41 £ 1.64 e 5.69 + 0.78 85.00+3.47n  324.60 + 5.43 1s 2.9 1128.46 + 6.63 m
b

2 Golden Rain 632.45 +6.22 ¢ 157.83 + 3.69 jk 26.56 +1.83b 4.44 £+ 0.45 116.63 + 3.66 921.46 £+ 8.05 n 2.5 1859.37 £ 8.211
c-e Im

3 Luczistaja 786.94 £6.40c  193.99 +£3.53 g 25.01 £1.95¢ 5.35 + 1.12 186.97 + 3.94  1040.88 +14.0m 2.7 2239.15+11.5h
be hi

4 Maryja 1035.21 + 7.60 238.28 £ 4.20 e 31.81 +1.49a 4.16 + 0.83 119.66 + 2.50  1721.07 +125g 2.2 3150.19 £ 13.5f

a d-f Im

5 Podarok Sadu 805.22 +£ 6.34b 167.70 + 3.47 hi 14.50 + 0.48 h 8.12 £ 0.94 91.54+2.07n 927.20 £+ 8.93 n 2.6 2014.28 +9.61 i
a

6 Prozrocznaja 463.30 £5.09h  161.88 + 3.74 ij 5.98 +0.35 k 5.93 + 0.56 112.39 + 2.54  345.97 +5.35r 33 1095.45 + 6.56 m
b m

7 Tatiana 805.47 £ 6.37 b 175.24 + 4.02h 11.64 £ 0.821 4.12 £ 0.54 160.87 + 2.87 1540.35 £ 12.6 1 2.3 2697.69 £11.7 g
d-f k

Tukey’s multiple comparison

Skins 397.09 B 307.97 A 16.09 B 3.05B 65.68 D 503.42D 1293.30 D

Flesh 186.58 C 114.08 C 9.58 C 2.38 B 53.29 E 141.25F 507.16 F

Endocarp 58.15D 72.69 D 7.09 D nd 137.04 B 424.88 E 669.85 E

Seeds 65.73 D 112.84 C 1.23E nd 41.57 F 1266.79 B 1488.15C

Branches 38.07 E 3.27E nd nd 2021.31 A 7275.98 A 9318.65 A

Leaves 729.07 A 173.40 B 19.27 A 5.40 A 124.72 C 974.50 C 2026.37 B

Bot.-Ljubitel. — Botaniczeskaja-Ljubitelskaja; dm — dry matter; DP - average procyanidins polymerization degree by thiolysis; nd — not detectable. Data are shown as
mean (n = 3) + standard deviation (SD); for each parameter tested values with different letters differ significantly (Tukey’s HSD test, p < 0.05).

seeds and endocarp, which was not reported in the literature before.
Arimboor and Arumughan (2012) identified Q-3-O-rutinoside and
I-3-O-rutinoside as the main flavonoid glycosides of sea buckthorn seeds
from the Indian Himalayan Region; however, this study did not identify
these monoglucosides either in seeds or in branches.

The branches and leaves had a significantly high content of Q-3-O-
glucoside-7-O-rhamnoside (peak 7, [M—H] ™ at m/z 609.13) (p < 0.05),
and most of the leaves were also abundant in Q-3-0O-glucoside and Q-3-
O-rutinoside (peak 9, [M—H]  at m/z 609.13) (except for ‘Prozrocz-
naja’). Rutin was identified in addition to leaves, also in skins, flesh and
endocarp (except for ‘Tatiana’), contrary to cultivars grown in Canada,
including ‘Golden Rain’, also analyzed in this study, where rutin was
identified only in leaves (Fatima et al., 2015). It was one of the main
flavonols in sea buckthorn berries grown in Romania (Criste et al., 2020)
and sea buckthorn berries and leaves from the Czech Republic (Bittova
et al., 2014). Similar to Romanian sea buckthorn leaves (Pop et al.,
2013), no Q-3-O-rhamnoside (peak 17, [M—H]™ at m/z 6447.03) was
detected in leaves and branches, although it was the most abundant
flavonol in leaves and shoots studied by Criste et al. (2020) and Bittova
et al. (2014).

The above-mentioned reports analyzed cultivars grown in the same
USDA hardiness zone for Europe (6) and using liquid chromatography
with DAD/PDA detection, as in this study. Hence, the differences in the
qualitative and quantitative profile of the fraction can be explained by
the accumulation of flavonols depending on the plant age, development
phase of the vegetative and generative parts, harvesting date, subspe-
cies, cultivars and genetic, agronomic, annual or seasonal variations,
origins and growth place, post factors and plant defense (Fatima et al.,
2015; Morgenstern et al., 2014; Sne et al., 2013; Yang et al., 2009).
Moreover, according to Sharma et al. (2008), the flavonol content in
seeds, leaves, pulp and whole sea buckthorn fruits was strongly depen-
dent on extraction, and Soxhlet and microwave-assisted extraction seem
to be more efficient than maceration and ultrasound.

Fatima et al. (2015) reported that the putative flavonoid biosynthetic
genes identified in the H. rhamnoides seed transcriptome were expressed
in both leaves and pulp with seed according to RT-PCR analysis,

although the relative expression patterns of some genes may be different
in these fractions. Thus, the flavonoid biosynthesis genes are expressed
in a tissue-specific and developmentally regulated manner, which ex-
plains the differences and disproportionality in the phenolic profile of
the sea buckthorn fraction. For example, Bittova et al. (2014) investi-
gated the increase in Q-3-O-rhamnoside content along with the elon-
gation of berries and leaves (even 10 times), while the concentration in
shoots did not change depending on harvesting time.

Other Q derivatives identified in this study: Q-3-O-sophoroside-7-O-
rhamnoside (peak 1, [M—H]™ at m/z 771.18), Q-3-O-(2-rutinosyl)
glucoside (peak 4, [M—H]  at m/z 771.18), Q-3-0-(2,6-dirhamnosyl)
glucoside (peak 6, [M—H]  at m/z 755.18), and Q-3-O-rhamnoside
(peak 17, [M—H]™ at m/z 447.03) were among the most abundant in
skins and flesh, while the profile of other berry parts was similar to that
for branches and leaves (Table 1). In the anatomical berry parts and
leaves of all cultivars, I derivatives were identified: I-3,7-O-diglucoside
(peak 2, [M—H]™ at m/z 639.15), I-3-O-rutinoside-7-O-glucoside (peak
3, [M—H]  at m/z 785.18), I-3-O-sophoroside-7-O-rhamnoside (peak 5,
[M—H]  at m/z 785.18; except for leaves), 1-3-O-(2,6-dirhamnosyl)
glucoside (peak 8, [M—H] ™ at m/z 769.20) and I aglycone (peak 19).

Flavonols tentatively identified as I-3-O-glucoside with rhamnosyl
residues in position 2 and 6 (peaks 12 and 14, [M—H] ™ at m/z 623.10)
and unknown isorhamnetin derivatives (peaks 20 and 21, [M—H] ™ atm/
z 707.09) were present only in skins and flesh, and in endocarp, seeds
and leaves depending on cultivars (Table 1). Generally, skins and flesh
had a more complex flavonol profile (21 compounds each) than
branches, with only one Q and I derivative identified, (except for ‘Bot-
aniczeskaja-Ljubitelskaja’, in which flavonols 1 and 2 were also
detected).

The content of Q and I derivatives within the individual fractions of
sea buckthorn was strongly correlated and the Pearson correlation co-
efficient (r) was between 0.82 and 0.95, except for endocarp (r = 0.55).
The ratio of the sum of Q derivatives to I derivatives was higher than 1.0
for skins, flesh, branches and leaves (1.3, 1.6, 1.6 and 4.2, respectively).
The cultivar ‘Prozrocznaja’ contained about 15 times in the case of skins
and about 4 times in the case of flesh more Q and I derivatives than those
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parts of ‘Tatiana’ — the poorest in flavonols (Table 2). Conversely, seeds
of ‘Tatiana’ and ‘Podarok Sadu’ contained the most Q and I derivatives
(82.17 mg of Q derivatives to 150.24 mg of I derivatives per 100 g dm).
Branches and leaves of ‘Maryja’ contained significantly higher concen-
trations of flavonols than other cultivars (9.47 mg of I derivatives in
branches to 1035.21 mg of Q derivatives per 100 g dm in leaves), which
was up to 20 times more flavonols than in other cultivars.

The LC-MS fingerprint also showed the presence of two K derivatives
([M—H]~ at m/z 593.05): K-3-O-glucoside-7-O-rhamnoside and K-3-O-
rutinoside (peaks 13 and 18) (Table 1). Contrary to the cultivars
analyzed in this study, compound 13 was one of the dominant flavonols
in young shoots and leaves of ‘Botaniczeskaja-Ljubitelskaja’ and ‘Proz-
rocznaja’ collected in Latvia (Radenkovs et al., 2018). In turn,
K-3-O-rutinoside was the main derivative, alongside K-3-O-neohesper-
idoside (not identified here) in leaves of well-established cultivars in
Romania (Pop et al., 2013). The presence of K derivatives was selective
and dependent on the fraction and cultivar (for example, seeds con-
tained only rutinoside derivative), while none of the K derivatives were
found in branches. The skins, flesh and endocarp of ‘Maryja’ and ‘Tati-
ana’ contained the highest concentration of kaempferols. The deeper the
berry part (from skin to seed), the lower the content of K derivatives.
Moreover, leaves were the richest in K derivatives, and ‘Golden Rain’,
‘Luczistaja’ and ‘Maryja’ contained on average 20 times more of these
compounds than seeds.

In the research by Fatima et al. (2015), the cultivar ‘Golden Rain’ had
the lowest flavonoid concentration among sea buckthorn berries of
Canadian grown cultivars, and kaempferol in leaves differed almost 3
times between consecutive harvest years. But the sums of flavonols of
berry fractions and branches of ‘Golden Rain’ harvested in Poland were
below the average for all cultivars.

Other studies also report the presence of vitexin and luteolin in
leaves and berries, myricetin in leaves (Criste et al., 2020; Yogendra
Kumar et al., 2013) or myricetin only in whole berries but not leaves
(Fatima et al., 2015), which were not detected in sea buckthorn har-
vested in Poland.

In terms of the total flavonol levels, the sea buckthorn parts can be
ranked as follows: branches < endocarp < seeds < flesh < skins < leaves
(mean total levels between 41.34 mg and 921.74 mg/100 g dm)
(Table 2). Leaves and skins were the most abundant in flavonols, with
leaves being the main source of Q derivatives and skins of I derivatives.
Branches contained on average from 17 to 22 times lower flavonol
concentration in relation to leaves and skins, respectively.

3.1.2. Phenolic acids

Quantification using the UPLC-PDA method indicated that sea
buckthorn leaves were on average 2 times more abundant in phenolic
acids than the flesh and skin (Table 2). Phenolic acids were not detected
in endocarp, seeds and branches. Strong correlations were found be-
tween the content of phenolic acids in skins and leaves (r = 0.80) and
skins and flesh (r = 0.72). The sea buckthorn cultivar ‘Podarok Sadu’
contained the most phenolic acids and were 2 times (in the case of
leaves) to almost 6 times (in the case of skins) more abundant in these
metabolites than ‘Tatiana’, in which the lowest concentrations were
determined.

Previous studies showed about 5 times higher content of hydrox-
ybenzoic and hydroxycinnamic acid derivatives in seeds and leaves than
in pulp of H. rhamnoides berry, with dominant gallic acid (Arimboor
et al., 2008). This acid was found in a high concentration in leaves of
‘Golden Rain’, also analyzed in this study (Fatima et al., 2015). Other
reports also indicated high levels of p-coumaric acid hexoside in berries
and shoot with leaves of ‘Botaniczeskaja-Ljubitelskaja’, ‘Prozrocznaja’,
‘Luczistaja’, ‘Podarok Sadu’ (Radenkovs et al., 2018; Tkacz et al., 2020),
and salicylic acid in whole berries of ‘Podarok Sadu’ (Zadernowski et al.,
2005).

In addition to free phenolic acids, sea buckthorn contains phenolic
acids liberated from glycosidic bonds predominant in pulp, and phenolic
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acids bound as esters, which are the main fraction in leaves, seed kernel
and coat. Therefore, their detection depends on solvent polarity,
extraction and chromatographic conditions (Arimboor et al., 2008).
Moreover, autumn leaves, annual green shoots and sea buckthorn fruits
contained lower concentrations of phenolic acids than the spring sam-
ples (Bittova et al., 2014).

3.1.3. Flavan-3-ols and polymeric procyanidins

The content of flavan-3-ols, as (+)-catechin, (-)-epicatechin, (-)-epi-
catechin-gallate, (-)-epigallo-catechin, determined by the UPLC-PDA
method was on average from 41.57-2021.31 mg/100 dm and the sea
buckthorn fractions in this respect can be arranged as follows: seeds <
flesh < skins < leaves < endocarp < branches (Table 2). Branches
contained about 15 times more flavan-3-ols than endocarp and leaves,
and 30-48 times more than other berry parts. Endocarp, branches and
leaves of ‘Luczistaja’, and skins and flesh of ‘Prozrocznaja’ and ‘Podarok
Sadu’ had the highest flavan-3-ol concentrations within the fractions.
Flavan-3-ols of skins and flesh were moderately correlated (r = 0.64), in
contrast to the negative correlations of seeds with branches, leaves and
endocarp (r = -0.75, -0.72, and -0.56, respectively).

The UPLC-FL analysis of terminal units of polymeric procyanidins
(PP) after phloroglucinol cleavage revealed the dominance of
(+)-catechin in quantitatively differentiated polymer structures. Vege-
tative parts and seeds were better sources of PP than the soft tissues of
berry, and the fractions can be ranked by PP content as follows: flesh <
endocarp < skins < leaves < seeds < branches (mean from 141.25 mg to
7275.98 mg/100 g dm).

Research on sea buckthorn seeds by Fan et al. (2007) detected, in
addition to catechin and epicatechin, also epigallocatechin and gallo-
catechin, especially abundant in terminal units in highly heterogeneous
polymers, similar to sea buckthorn pomace studied by Rosch et al.
(2004). This is all the more important as epigallocatechin contained in
H. rhamnoides branches shows significantly stronger inhibition of tumor
promoter-induced inflammation than catechin and epicatechin (Yasu-
kawa et al., 2009).

Bittova et al. (2014) identified catechin as the dominant unit in
shoots and fruits, as in this research, but leaves were more abundant in
epicatechin and levels of these compounds were up to 35 times lower
than in the fractions tested. In 100 g dm of apple, quince, Japanese
quince, cranberry and blackcurrant leaves there was from 239 to 11.22
mg of PP (Teleszko and Wojdyto, 2015); hence sea buckthorn leaves
could be considered a source of PP with an average content. It is known
that as fruit and leaves grow and mature, the PP amount decreases, and
conversely, catechins can increase in branches (Bittova et al., 2014). In
addition to the specificity of the method and type of plant and its frac-
tion, the harvest period may therefore explain the differences in the
proportions between polymeric procyanidin units.

The highest concentrations of PP within the fraction were deter-
mined in skins and seeds of ‘Podarok Sadu’ and ‘Tatiana’ and in flesh and
branches of ‘Luczistaja’ and ‘Maryja’. Leaves of these cultivars were
almost 3-5 times more abundant in PP than leaves of ‘Botaniczeskaja-
Ljubitelskaja’, whose endocarp had exceptionally two times more PP
than leaves. The low-polymerized flavan-3-ols and procyanidin poly-
mers strongly correlated (r = 0.97), and the ratio of PP to flavan-3-ols
ranged from approx. 2.7 in flesh, followed by 3.6 in endocarp and
shoots, 8.0 in peel and leaves, to 31.3 in seeds.

The average degree of procyanidin polymerization (DP) (number of
flavan-3-ol units in polymers) ranged from 2.4 (branches), followed by
2.6 (leaves), to an average of 8.0 (seeds). The presence of dimeric and
oligomeric flavan3-ols and the weak negative correlations of DP and PP,
and DP and flavan-3-ols (r = -0.30 and -0.39) indicate a potentially low
intensity of astringency in food application.

3.1.4. Total phenolic compounds
The total phenolic compounds (TPC) accounted for on average from
0.51 % to 9.32 % of dry weight of flesh and branches, respectively. The
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sea buckthorn parts can be ranked according to the increasing level of
TPC: flesh < endocarp < skins < seeds < leaves < branches (507.16
mg-9318.65 mg/100 g dm). Previous studies only reported that TPC in
leaves is several times higher than that of whole sea buckthorn berries
and other types of berries and pome fruits, leaving aside their anatom-
ical parts (Bittova et al., 2014; Criste et al., 2020; Teleszko and Wojdyto,
2015). This research however showed that branches are 4.6 times more
abundant in phenolic compounds than leaves, about 6 times more than
seeds, and about 7 times more than skins. Flesh and endocarp were
found to contain from 3 to several times less of these compounds than
the fractions. The sum of mono-, di-, oligo- and polymeric flavan-3-ols in
endocarp and seeds accounted for over 80 %, and in the case of shoots
more than 99 % of total phenolic compounds. The flesh was the source of
flavonols with about 60 % of TPC. In most skins and leaves the ratio of
flavan-3-ols to flavonols was 1:1, but the TPC proportions were deter-
mined by cultivars.

Contrary to results obtained previously, seeds and roots were
significantly more abundant in TPC than leaves, stems or bark (Michel
et al., 2012; Saikia and Handique, 2013). Nevertheless, the difference
can be attributed to the spectrophotometric method using Folin--
Ciocalteu reagent used in the earlier works, which, due to interferences
with other bioactive components of sample, is burdened with greater
error than the UPLC technique.

3.2. Triterpenoids in anatomical parts of sea buckthorn berries, branches
and leaves

All 11 triterpenoids were identified on the basis of reference stan-
dards using ultra high performance liquid chromatography analysis
UPLC-PDA and additionally confirmed by mass spectrometry LC-ESI-Q/
TOF-MS; the retention times, UV spectrum, exact mass, accurate mass,
mass errors, and molecular formulas are presented in Table 3. The
pentacyclic triterpenoids determined in sea buckthorn fractions can be
divided into two groups. The first one was composed of maslinic acid,
pomolic acid, corosolic acid, betulinic acid, oleanolic acid, ursolic acid,
and betulin determined in significant quantities (Table 3). In contrast,
tormentic acid, a-boswellic acid, uvaol, and erythrodiol (only in
branches and leaves) were found in amounts below 1 mg/100 g dm, and
their sum represented about 2% of all triterpenoids in each parts.

Oleanolic and ursolic acids are commonly reported triterpenoids in
the low-polar and non-polar fractions of many plants (Rozalska et al.,
2018). So far, the presence of these two acids, along with maslinic acid
and their derivatives, has been investigated in whole berries, seeds,
leaves, roots, twigs and extract of branch bark of sea buckthorn (Grey
et al., 2010; Marciniak et al., 2021; Michel et al., 2012; Olas et al., 2018;
Yang et al., 2007). Previous research also indicated that leaves contain
high levels of triterpenoid saponins, unlike twigs and fruits, which in
turn are abundant in free triterpenoids and triterpenoids acylated with
phenolic acids, mainly coumaric and ferulic acids (R6zalska et al., 2018;
Yang et al., 2007).

This study was the first to identify 11 triterpenoids for individual
berry fractions, and also indicated new triterpenes, pomolic acid,
corosolic acid, betulinic, betulin, tormentic acid, a-boswellic acid,
uvaol, and erythrodiol, for berry parts, branches and leaves of various
H. rhamnoides cultivars. The distinctive feature of berry fractions (skins,
flesh, endocarp, seed) was the dominance of pomolic acid, which
constituted from 34 % to 57 % of the total triterpenoids, for skins and
endocarp, respectively. Maslinic acid and pomolic acid were strongly
correlated (r = 0.98), and flesh was over 20 times richer than leaves. In
turn, the best source of corosolic acid and betulinic acid were branches
(on average 10.94 mg and 1.93 mg/100 g dm, respectively). Skins were
characterized by the highest average amounts of oleanolic acid, ursolic
acid and betulin. However, in the case of acids, the content differed even
10 times between cultivars. As with maslinic acid and pomolic acid,
leaves were the least abundant fraction in oleanolic acid.

However, leaves contained significantly high concentrations of
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ursolic acid, from 6.10 to 9.14 mg/100 g dm (except for ‘Botaniczeskaja-
Ljubitelskaja’), i.e. on average 46 % of the total triterpenoids. This may
be important for the use of sea buckthorn skins and leaves in the pre-
vention of inflammation, as in vitro and in vivo studies suggest inhibition
of tumor promotion by ursolic acid, including recent research on
branches of H. rhamnoides (Marciniak et al., 2021; Yasukawa et al.,
2009). All triterpenoids identified also share antimicrobial, hep-
atoprotective, and antioxidant activities (Rozalska et al., 2018). In the
future use of plant parts, the extraction efficiency and extract polarity
should be taken into account, as these determine the concentration of
triterpenoids in sea buckthorn and their biological potential. For
example, in a study by Grey et al. (2010), the ethyl acetate fraction of
‘Podaruk Sadu’ berries (‘Podarok Sadu’ in this paper) was exclusively
found to contain high contents of ursolic acid (190 mg/100 g dw),
together with low levels of phenolic compounds.

And finally, the amounts of betulin in skins were significantly higher
(p < 0.05) (21 % of the total triterpenoids), compared to leaves — over 11
times, and to seeds and endocarp - over 40 times. The total content of
triterpenoids determined the following relationships between sea
buckthorn fractions: leaves < seeds =~ endocarp = branches < skins <
flesh, with a clear ratio of these compounds 1: 2: 2: 2: 4: 5, respectively.
The fraction determined the triterpenoid content more strongly than the
cultivars. Nevertheless, skins, flesh, endocarp and seeds of ‘Prozrocz-
naja’ were the best sources of triterpenoids within each fraction. ‘Bot-
aniczeskaja-Ljubitelskaja’ had significantly high amounts of
triterpenoids in skins and seeds, in contrast to endocarp, branches and
leaves in which the lowest concentrations of these analytes were
determined. The common feature of ‘Golden Rain’ and ‘Tatiana’ were
the highest triterpenoid levels in branches and the lowest in seeds.
Hence, there were strong positive correlations between skins and seeds
(r = 0.72), leaves and endocarp (r = 0.77) and leaves and branches (r =
0.75), compared to negative correlations of seeds with branches and
leaves (r = -0.61 and -0.66, respectively).

3.3. Minerals in anatomical parts of sea buckthorn berries, branches and
leaves

The application of flame atomic absorption spectroscopy (FAAS) was
focused on the detection of four macroelements: sodium, potassium,
calcium and magnesium, and four microelements: iron, copper, zinc and
manganese, a complete overview of which in sea buckthorn fractions is
presented in Table 4. All eight minerals were identified based on refer-
ence standards.

3.3.1. Macroelements

The macroelement contents were more heterogeneous within culti-
vars and fractions than microelements, especially in the case of leaves.
The best sources of sodium were endocarp and leaves, potassium — flesh
and endocarp, and calcium - leaves. Seeds provided the least sodium,
potassium and calcium, but were distinguished by the highest concen-
tration of magnesium (Table 4). Sodium constituted just 1% to 2 % of
macroelements. All fractions of ‘Golden Rain’ had significantly higher
sodium concentrations, as did endocarp and branches of ‘Bota-
niczeskaja-Ljubitelskaja’. Therefore, the sea buckthorn consumption
does not threaten to reach the tolerable upper intake level for sodium
(2,300 mg per day), the higher dose of which adversely affects blood
pressure (Gutzeit et al., 2008). Hypertension is accompanied by a low
concentration of potassium, calcium and magnesium in body; hence it
seems justified for consumers with this disease to use products based on
sea buckthorn parts much richer in these macroelements.

Potassium was the dominant element (from 74 % in branches to 93 %
of macroelements in flesh), except for leaves in which calcium consti-
tuted a significant portion (55 % of macroelements). In terms of potas-
sium, the fractions can be divided into 2 groups: flesh, endocarp and
leaves (706.16-794.39 mg/100 g dm) and skins, seeds and branches
(553.41-578.62 mg/100 g dm). Regular consumption of food with sea
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Table 3
Quantification of triterpenoids (mg/100 g dm) in anatomical parts of sea buckthorn berries, branches and leaves by UPLC-PDA.

Triterpenoids (mg/100 g dm)

Maslinic acid Pomolic acid Corosolic acid ~ Betulinic acid Oleanolic acid  Ursolic acid Betulin
R (min) 5.946 6.087 6.359 8.781 11.248 13.591 14.185
Amax (NM) 200 194 200 205 212 214 204
MS [M-H]~ Exact mass 471.3553 471.3553 471.3553 455.3603 455.3603 455.3603 441.3811
(m/z) Accurate mass 471.3001 471.3012 471.3005 455.2998 455.2988 455.2988 441.3098 Total
Mass error (ppm) -117.1 -114.8 -116.3 -132.9 -135.1 -135.1 -161.5
No. Fractions and C30Hag04 C30Hag04 C30Hag04 C30HagO03 C30Hag03 C30Hag03 C30Hs002
cultivars
Skins
1 Bot.-Ljubitel. 7.88 +£0.54e 34.17 +£1.64 10.52 + 0.75 0.37+0.05p- 1.64+0.120- 4.70+0.44g 12.38 +1.55 73.02 + 3.26
d cd r q be ab
2 Golden Rain 3.34 + 0.52k- 16.46 + 1.48 10.63 + 0.71 0.42 +£0.03 o- 3.97 £ 0.39 e- 7.06 £+ 0.45 17.08 +£ 1.70 60.49 + 3.05
n f-h be q h d a de
3 Luczistaja 6.41 £0.55fg  31.40 +£1.53 11.00 + 0.73 0.42 £ 0.030-  2.79 + 0.20 5.62 + 0.40 11.31 +1.63 70.41 + 3.82
d ab q mn ef c be
4 Maryja 4.98 + 0.51 g- 21.79 + 1.47 6.61 + 0.56 jk 0.85 + 0.04 ij 721 £0.31c 6.89 + 0.47d 12.75 + 1.40 62.75 + 3.01
i e be cd
5 Podarok Sadu 2.20 + 0.59 270+1.18n- 7.91+£0.61hi 0.60 + 0.03 3.05 £ 0.27 8.45 + 0.49 13.30 + 1.58 39.74 £ 2.45
no P mn Im be b f
6 Prozrocznaja 7.12+0.50ef  31.37 £1.52 8.39 + 0.75 0.41+0.020- 263+0.18n 791+0.52c¢c 16.99 + 1.82 76.38 + 3.23
d gh q a a
7 Tatiana 4.14 £ 0.58 i- 12.23 +1.47 7.89 + 0.62 hi 1.55 + 0.08 f 11.81 + 0.14 454+045g 9.11 +1.43d 53.03 + 2.87
k i-k a e
Flesh
1 Bot.-Ljubitel. 9.80 + 0.93 42.60 +1.71 9.31£0.64fg  0.53 + 0.05 0.52+0.14y 0.37+0.141 0.72+0.19f  65.05+ 3.57
cd be no cd
2 Golden Rain 10.06 + 0.88 40.58+1.78¢c  8.56 + 0.68 0.70+£0.04k- 1.85+0.260  0.51 &+ 0.09 0.63+£0.10f  63.75 4+ 3.45
cd gh m kl cd
3 Luczistaja 10.93 + 0.87 44.62 + 1.60 10.00 + 0.61 0.82 £+ 0.07 i- 1.58 £ 0.22 o- 0.38 +0.081 0.78 +0.14 f 70.05 + 3.81
c b ef k r be
4 Maryja 14.61 + 0.93 41.50 + 1.67 11.89 + 0.65 1.13+0.14g 461+031d 0.50+0.05 0.84+0.16ef 76.23 + 3.86
a be a kl a
5 Podarok Sadu 10.08 £+ 0.99 4295 +1.73 9.94 + 0.62 ef 0.61 £ 0.09 0.76 £ 0.15 0.46 + 0.05 0.72+0.10 f 66.54 + 3.07
cd be mn w-y k1 cd
6 Prozrocznaja 12.59 + 0.87 49.11 + 1.74 10.22 + 0.70 0.91+£0.06hi 0.72 + 0.15 0.41 £0.041 1.11 £0.23f  75.90 & 3.65
b a de Xy a
7 Tatiana 9.35+0.86d 40.17+1.51c 7.96+0.67hi 1.41 +0.08f 8.50 £+ 0.38b  0.61 + 0.09 0.38 £0.05f  69.76 + 3.48
kl be
Endocarp
1 Bot.-Ljubitel. 2.56 +£0.22L- 10.20 +1.26 3.98 £ 0.37 0.15+0.05t 0.58 £ 0.10 4.31 £ 0.36 0.17 £ 0.12 f 22.46 + 2.04
o kl no Xy gh mn
2 Golden Rain 5.19+0.35g-  20.63 +2.27 4.99 +£0.23 0.29+0.08r- 1.12+0.21s- 0.83+0.13 043 £0.25f  33.97 + 2.43
i e Im t u jl f
3 Luczistaja 5.52 + 0.36 19.92 + 1.47 6.60 +0.38jk  0.29 £0.05r- 1.04+0.17u- 0.71 £0.15 0.39 £0.23f  34.92 + 2.56
gh ef t w jl f
4 Maryja 5.03+0.30g-  19.31 +£1.30 5.36 + 0.36 0.36 £0.04p- 1.73 +0.25 0.79 + 0.12 0.36 £0.20f  33.43 +2.12
i e-g Im r op jl f
5 Podarok Sadu 3.89+0.36i1 16.29 +1.38 5.53 +0.29 0.18+0.02st 0.86+0.23v-  0.86 + 0.12 0.22 £0.19f  28.21 + 2.62
gh Im X jl ij
6 Prozrocznaja 4.96 +0.28 g- 19.84 + 1.41 4.87 + 0.27 0.51 +£0.08 n- 3.47 £ 0.48 i- 0.42 +0.121 0.33+0.22f 34.73 + 2.03
i ef Im P k f
7 Tatiana 4.37+0.41h- 18.48 +£1.37 5.16 + 0.39 0.23+0.04r- 1.06 +0.17t- 1.25+0.27j 0.30+0.26f  31.41 +2.25
j e-g Im t v f-h
Seeds
1 Bot.-Ljubitel. 3.49+0.26k- 16.83 +0.63 6.28+0.51kl 4.26 £0.35a  4.29 +£0.36 0.44 + 0.14 0.48 £0.10f  37.08 + 2.71
m f-h de kl f
2 Golden Rain 3.29 + 0.25 k- 13.67 + 0.50 6.72 £ 0.52 jk 1.24+0.05¢g 1.03 + 0.14 0.38+0.171 0.20 + 0.14 f 27.28 +1.96
n i-k uw ik
3 Luczistaja 2.78+0.25L- 13.41 £0.51 6.22+0.45kl 236 £0.12b  2.65+0.25n  0.44 + 0.07 0.28 £0.11f  29.08 + 2.50
o i-k kl ij
4 Maryja 3.04+0.31L- 14.43 £0.43 6.97 £0.42ij 1.12+0.23g 1.26 £0.13r- 0.38+0.091 0.25+0.12f  28.28 + 2.87
o hi t ij
5 Podarok Sadu 2.85+0.20 L- 13.62 + 0.47 7.28 + 0.54 ij 1.07 + 0.20 1.45+£0.13 p- 0.32+0.121 0.20 £ 0.12 f 27.55 + 2.49
o i-k gh r ij
6 Prozrocznaja 4.13 £0.33i- 20.89 +£1.58 7.01 £0.47i 0.76 £0.17j- 0.87+0.08v- 0.45+0.16 0.34 £0.15f  35.22 + 2.90
k e m X kl f
7 Tatiana 2.99 + 0.43 L- 13.50 + 1.04 6.25 + 0.44 kl 1.56 + 0.32 f 1.38 £0.16 g- 0.31+0.101 0.21 + 0.08 26.97 + 2.44
o i-k s kl
Branches
1 Bot.-Ljubitel. 1.64+0.110- 4.83 +0.44 8.88 + 0.54 2.00+£0.05d 3.66+0.14h- 4.22+0.30 0.70 £ 0.23f  26.61 £+ 2.35
r m-o gh j gh Im
2 Golden Rain 3.29+0.40k-  13.88 £1.52 10.77 + 1.43 1.46 + 0.04 f 3.38+0.15jk  3.90 + 0.28 0.64 +£0.14f  38.24 £+ 2.45
n h-j be h f

(continued on next page)
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Table 3 (continued)
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Triterpenoids (mg/100 g dm)

Maslinic acid Pomolic acid Corosolic acid ~ Betulinic acid Oleanolic acid ~ Ursolic acid Betulin
R (min) 5.946 6.087 6.359 8.781 11.248 13.591 14.185
Amax (nm) 200 194 200 205 212 214 204
MS [M-H]~ Exact mass 471.3553 471.3553 471.3553 455.3603 455.3603 455.3603 441.3811
(m/2) Accurate mass 471.3001 471.3012 471.3005 455.2998 455.2988 455.2988 441.3098 Total
Mass error (ppm) -117.1 —-114.8 —-116.3 -132.9 —-135.1 —135.1 —-161.5
No. Fractions and C30Hag04 C30H4g04 C30Hag04 C30Hag03 C30Hag03 C30Hag03 C30Hs002
cultivars
3 Luczistaja 1.97 £0.15n- 6.66 + 0.94 10.90 + 1.48 1.77 £ 0.04 e 3.80 £0.15 g- 3.83 £0.28 0.98 £0.25ef  30.70 &+ 2.90
q mn be i h hi
4 Maryja 2.12+0.16n- 7.57 +0.82 11.35 + 1.03 1.92 + 0.04 3.76 £0.25g-  4.39 + 0.33 0.42 £0.14f  32.42+2.24
P Im ab de i gh fg
5 Podarok Sadu 2.85+0.17 L- 10.41 +£1.20 11.40 £+ 1.00 1.89 + 0.03 3.19+0.14kl 2.79 £0.251 0.31 +0.18f 33.88 +£2.91
o jl ab de f
6 Prozrocznaja 2.33 +0.20 7.77 + 0.95 11.47 + 0.95 2.30 + 0.09 4.10+0.30ef  6.04 &+ 0.40 0.57 £+0.16f  35.33 + 2.05
no Im ab be ef f
7 Tatiana 2.82+0.23L- 11.56 +0.99 11.77 £ 1.27 219+0.10¢ 4.04+041e- 481+0.31g 0.54+0.23f 39.09 +2.16
o i-k a g f
Leaves
1 Bot.-Ljubitel. 0.59 + 0.18 2.34 +0.23 331+0.380 0.67+0.121- 0.66 + 0.14 1.05 £ 0.11 1.48 +£0.14e  10.40 £ 1.59
qr op n Xy jk o
2 Golden Rain 0.55+0.21g 217 +0.28 299 +0.240 0.37+0.05p- 0.61 +0.12 9.14+0.63a 1.26 £0.17e 17.32+1.88
op r Xy no
3 Luczistaja 0.69+0.10p- 2.60 + 0.30 4.02 + 0.30 0.53 + 0.03 0.71 + 0.13 6.77 + 0.59 1.17 £ 0.08e  16.71 £ 1.53
r op mn no Xy d no
4 Maryja 0.35+0.14r 1.19+ 0.19p 3.61 £0.28 0 0.33+0.05q- 0.55 £+ 0.20 5.45+0.52 f 1.41 £0.14 e 13.07 + 1.47
s Xy o
5 Podarok Sadu 0.48 £0.191 191 £0.270p 3.29+0.310 0.77+0.06i-1 0.64 +£0.18 6.10+0.58e  0.83+0.11ef 14.32 +1.50
Xy o
6 Prozrocznaja 0.53 +£0.23 2.05 £ 0.29 3.43+£0260 0.88 + 0.06 i 0.51 £0.18y 6.15+0.51e 1.10 £ 0.15e 14.91 £+ 1.48
qr op no
7 Tatiana 0.37 £0.10r 1.62 + 0.18 3.09+0210 0.39+0.05p- 0.72+0.10 9.00 + 0.55 0.92+0.16ef 16.28 +1.79
op r Xy ab no
Tukey’s multiple comparison
Skins 5.15 BC 21.45B 8.99 C 0.66 C 473 A 6.45 A 13.27 A 62.26 B
Flesh 11.06 A 43.08 A 9.70 B 0.87C 2.65C 0.46 D 0.74 BC 69.61 A
Endocarp 4.50 CD 17.81C 521 E 0.29 D 1.41D 1.31C 0.31 D 31.30C
Seeds 3.22 DE 15.19D 6.67 D 1.77 B 1.85D 0.39D 0.28 D 30.21 C
Branches 243E 8.95E 10.94 A 1.93 A 3.71B 4.28 B 0.60 CD 33.75C
Leaves 0.51F 1.98F 3.39F 0.56 CD 0.63 E 6.24 A 1.17B 14.72 D

Bot.-Ljubitel. — Botaniczeskaja-Ljubitelskaja; dm — dry matter; nd — not detectable; R, — retention time; Apyay - UV absorption maxima.
The table contains selected triterpenoids at the highest concentrations. The sum of triterpenoids includes maslinic acid, pomolic acid, corosolic acid, betulinic acid,
oleanolic acid, ursolic acid, betulin, as well as tormentic acid, erythrodiol, a-boswellic acid, and uvaol which were below 1 mg/100 g dm. Data are shown as mean (n =
3) + standard deviation (SD); for each parameter tested values with different letters differ significantly (Tukey’s HSD test, p < 0.05).

buckthorn parts can therefore help maintain the ionic balance and
proper tissue excitability, resulting from the role of potassium in the
human body (Bal et al., 2011).

The calcium amounts were not significantly different (p > 0.05)
among the cultivars; hence they can be sequentially ranked: seeds <
flesh < skins < endocarp. Leaves were on average eight times more
abundant in calcium than branches.

The observation of potassium dominance was consistent with other
studies of sea buckthorn berries and juice (Sabir et al., 2005; Stobdan
et al., 2010). This research showed the advantage of magnesium over
calcium in skins and flesh (up to two times), as well as in berries of
different populations of sea buckthorn investigated by Arif et al. (2010);
Gutzeit et al. (2008), and Sabir et al. (2005); however, Stobdan et al.
(2010) found in juice almost eight times more calcium than magnesium.
Ercisli et al. (2007) also reported nitrogen, followed by potassium,
phosphorus, calcium and magnesium as the most common elements in
sea buckthorn berries.

The lowest and the highest concentrations of magnesium were
determined in leaves, respectively 10.52 mg for ‘Prozrocznaja’ and
148.05 mg/100 g dm for ‘Golden Rain’. However, seeds were the best
source of magnesium (15 % of macroelements), followed by branches
and leaves, and finally flesh, skins and endocarp. High magnesium
content and the advantage of iron and zinc over sodium were

10

characteristic of sea buckthorn seeds also in the study by Zeb and
Malook (2009). This research team reported the predominant amount of
calcium in seeds; however, this study more accurately concluded that
the accumulation of calcium is 25 times higher in endocarp than seeds,
which contained significantly lower concentrations of this macroele-
ment than other parts.

Strong correlations were found for calcium with manganese (r =
0.97), with iron (r = 0.70), and with sodium (r = 0.51), and for iron with
manganese (r = 0.73) and with copper (r = 0.52).

3.3.2. Microelements

Leaves and branches were the richest in iron and copper, unlike the
flesh, and a particularly valuable source was the ‘Podarok Sadu’ cultivar
(Table 4). Skins, flesh, endocarp and branches of ‘Tatiana’ were char-
acterized by the highest amounts of iron within each fraction. In turn,
skins and flesh of ‘Golden Rain’, as well as endocarp and seeds of ‘Bot-
aniczeskaja-Ljubitelskaja’ were considered the best sources of copper.

Iron dominated as a microelement, constituting from 36 % (for
endocarp) to 55 % of total microelements (for seeds). In anatomical
parts of berries, the lowest percentage of microelements was copper,
while in branches and leaves it was zinc.

Gutzeit et al. (2008) observed a reduction in the amount of iron
during sea buckthorn juice processing by up to 45 %. This study clearly



K. Tkacz et al. Journal of Food Composition and Analysis 103 (2021) 104107

Table 4
Quantification of minerals (mg/100 g dm) in anatomical parts of sea buckthorn berries, branches and leaves by FAAS.

Minerals (mg/100 g dm)

Fractions and

No. R Macroelements Microelements
cultivars
Na K Ca Mg Fe Cu Zn Mn
Skins
1 Bot.-Ljubitel. 13.64 + 0.15 779.79 + 46.4 28.23+1.27jn  38.00 £0.90jk  2.83+0.02L 0.66 £+0.010 1.20+0.011 1.25+0.03rs
ef be
2 Golden Rain 15.87 + 0.48 542.66 + 50.2 19.69 £0.031-n  22.26 +0.62q- 1.91+0.04m- 1.45+0.02] 1.25+0.011 1.01 +0.02
cd jk s o uv
3 Luczistaja 4.85+0.13 m- 375.50 + 33.8 23.89 + 1.00 k- 26.70 £ 0.74 m- 1.92+0.02 m- 0.29 £ 0.01 1.27 £0.011 1.01 £ 0.01
p qr n q o uv uv
4 Maryja 4.46 +0.07n- 573.68 +£63.7ij 1891 +0.521-n 25.08 £0.840- 2.42+0.05Im  0.24 £ 0.01 0.98+0.010 1.22+0.01 st
p r vw
5 Podarok Sadu 5.69 +0.811-n 374.84 + 63.8 25.01 + 2.87 k- 28.02+1.16 m- 2.53 £0.041Im 1.18 £ 0.01 k 1.41 £0.021 1.28 £0.03 qr
qr n q
6 Prozrocznaja 5.62+0.571-n  871.92 +£57.0 25.86 + 1.93 k- 29.48+£0.51m- 2.22+0.02l'n  0.72+0.01n 1.37+0.01j 1.18 +0.03st
be n p
7 Tatiana 6.08 + 0.01 k-  443.22 + 63.6 23.54 + 0.13 k- 32.70 £+ 0.50 k-  4.52 +0.03j 043+0.01r 1.21+0.011 1.34+0.02
n Im n m pPq
Flesh
1 Bot.-Ljubitel. 7.86 £0.17i-k  624.93 + 73.6 11.25+0.55m  30.83+0.831p 1.27 +0.030 045+0.01r 1.27+0.011 1.06+0.01u
gh
2 Golden Rain 19.92+0.06b  653.64 + 86.6 10.10 £ 0.19 m 18.64 + 0.94 s 1.38 +£ 0.03 0 0.80 + 0.01 1.24+0.011 0.83+0.04w
fg m
3 Luczistaja 574 +0.01 L-  436.81 +77.9 16.06 + 0.12m  22.64 +1.07q- 1.33+0.030 0.21 + 0.01 1.15 £+ 0.01 0.88 + 0.01
n In H WX m vw
4 Maryja 5.73 £ 0.41 L- 747.53 £ 65.1 14.71 £ 0.79 m 35.90 + 1.75j-1 1.60 + 0.04 no 0.17 £ 0.01 x 0.66 +£0.01s 1.22 + 0.04 st
n cd
5 Podarok Sadu 7.06 £0.13j1  873.60 +92.3 12.00 £ 0.57m  36.69 £0.99j1 1.48+0.02no  0.58 + 0.01 0.92 + 0.01 1.20 £ 0.02 st
be Pq p
6 Prozrocznaja 7.96 + 0.01 ij 913.39 + 90.1 14.68 + 0.12 m 32.13 +£ 0.13 k- 1.54 £ 0.01 no 0.55 + 0.02 1.29 + 0.01 1.11 £0.02 tu
be n Pq kl
7 Tatiana 10.99 + 0.84 1310.80 + 63.5 1421 +1.17m  57.51 £0.171i 3.71 £ 0.10 k 0.36 +£0.01 t 1.14 + 0.01 1.58 + 0.04
gh a m no
Endocarp
1 Bot.-Ljubitel. 17.10 £ 0.12¢  684.25 + 57.3 57.14 £0.84h- 31.04+1.75l0 2.74+0.01L 1.67 £0.02g 1.59+0.01g 1.75+0.03
ef k Im
2 Golden Rain 16.97 £ 0.14c  542.52 +43.1 52.41 £1.40h-1 26.30 £0.58n- 2.45+0.01lm 1.60+0.02h  1.54 + 0.01 1.42 £ 0.01
jk q h op
3 Luczistaja 15.02 + 0.10 638.16 + 60.1 56.04 + 1.72 h- 19.01 £1.23rs  2.63+0.01lm 0.93+0.01L 1.52+0.01 1.39 + 0.02 p
de fg k h
4 Maryja 15.54 + 0.23 894.14 £ 57.3 42.63 +1.03 i- 28.22+1.43m- 257+0.01lm 1.59+0.02h 1.38+0.01j 1.69 + 0.01
cd be m q mn
5 Podarok Sadu 15.74 £+ 0.04 791.10 + 34.5 58.99 + 1.70 h- 26.84 +£1.03 m- 2.56 +0.01 Im 1.50 £ 0.02 i 1.50 + 0.01 1.68 + 0.02
cd be k q h mn
6 Prozrocznaja 16.23 + 0.24 803.65 + 69.4 58.15+1.75h-  24.65+1.54p- 2.42+0.01lm  1.58 £ 0.02 1.67 £0.02f 1.70 £ 0.02
cd be k s hi mn
7 Tatiana 15.80 + 0.15 863.02 £+ 74.5 55.73 £ 1.45 h- 29.14 £ 0.93m- 2.71 £0.011 0.96 + 0.011 1.60+0.01g 1.80 + 0.02 kl
cd be k P
Seeds
1 Bot.-Ljubitel. 3.63 £ 0.09 o- 488.20 £+ 64.0 1.51 £ 0.18n 108.81 +1.19¢ 5.63 £ 0.01 e- 0.84 £ 0.01 2.68+0.01a 1.27 £0.04 qr
r kl g m
2 Golden Rain 10.75 + 0.86 358.85 + 31.7 0.86 + 0.05n 97.25 +£1.67d 4.78+0.01hj 0.80 £ 0.01 2.09+0.01c  0.86 +0.01
gh qr m vw
3 Luczistaja 1.89 +£0.47 r 407.19 + 48.8 1.24 +£0.24n 81.93 +2.12ef 437+001jk 045+001r 243+0.01b 0.74+0.02w
op
4 Maryja 7.11 £ 0.12j-1 772.59 £+ 60.5 0.95 £ 0.01 n 100.86 +£1.13d 4.69 + 0.03 ij 0.38 + 0.01 st 2.53+0.01b 0.81 £0.02w
be
5 Podarok Sadu 2.58 +0.17qr  575.72+68.8ij 2.07 +0.28 n 98.93 £0.99d 4.78+0.01hj  0.60 + 0.01 2.52+0.01b 1.17+0.01tu
op
6 Prozrocznaja 3.36 £ 0.21 0-  610.70 £ 69.2 5.45+0.37n 88.20 £ 1.98 e 4.90+0.03gj 0.72+0.01n 2.38+0.01 1.08 + 0.01 u
r g-i be
7 Tatiana 3.07 £ 0.04 p-  660.59 + 80.3 3.00 £0.20 n 101.39+0.65d 4.31 +£0.12jk  0.37+0.01st  2.30 + 0.01 0.88 + 0.05
r fg be vw
Branches
1 Bot.-Ljubitel. 12.02 + 0.46 518.07 £ 56.5 220.06 +9.88g 100.49+0.84d 530+0.06fi 1.68+0.03g 1.34+0.01k 3.57+0.08¢g
fg jk
2 Golden Rain 10.66 + 1.07 476.33 £ 20.5 61.97 £6.26h-j 7812+ 3.06fg 599 +£0.08ef 4.46+0.02c 1.39+0.01j 1.99+0.01j
gh kl
3 Luczistaja 4.78£0.03m-  769.35 + 65.2 69.23 £1.16 hi 8573 +0.53 e 4.69 + 0.03 ij 0.52+0.01q 1.76+0.0le 1.92+0.01jk
P cd
4 Maryja 441 +0.31n- 62546 + 21.3 66.59 £3.90hi 6590 £+4.41h 5.51+0.02fh  0.20 + 0.01 1.90 + 0.01 1.89 £ 0.01 jk
q gh WX d
5 Podarok Sadu 6.53 £+ 0.10 j- 415.84 4+ 29.2 84.60 + 4.66 h 7256 £1.71¢g 6.32 £ 0.04 e 4.73 £0.01 b 1.42 £0.04 1 2.62 £ 0.031
m lo

(continued on next page)
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Minerals (mg/100 g dm)

Fractions and

No. . Macroelements Microelements
cultivars
Na K Ca Mg Fe Cu Zn Mn
6 Prozrocznaja 10.45 + 0.07 543.26 + 27.5 233.67 +£12.41 73.00 £1.00 g 5.01+0.04g-j 250+0.01f 1.37+0.04j 297+0.05h
gh jk g
7 Tatiana 5.05+0.33m-  702.05 + 14.9 67.86 £ 6.93hi  65.30 = 0.53 h 11.70 £0.10c  0.33 £ 0.01 1.13 + 0.01 1.78 + 0.01
o de tu m Im
Leaves
1 Bot.-Ljubitel. 16.12 + 0.59 832.19 £ 32.9 1141.93 + 14.9 127.26 £2.24b  1556+0.19b 2.66 +£0.01e 1.23+0.011 12.00 + 0.04
cd be b a
2 Golden Rain 36.62+1.06a 296.55+15.5r  1100.98 + 2.08 148.05+0.19a 8.43+0.80d 411+0.05d 0.83+0.01r 10.25+ 0.09
c e
3 Luczistaja 7.79+0.40i-k  631.64 + 40.4 652.43 £169f 40.72+1.21j 4.98+0.58g-j 0.35+0.01t 1.04 £+ 0.01 9.80 £ 0.13 f
gh n
4 Maryja 8.26 + 0.43 ij 702.52 + 37.2 841.45+23.3d 60.53+1.43hi 599+047ef 0.16+0.01x 1.16 +0.01 11.72 £+ 0.09
de m b
5 Podarok Sadu 9.57 4+ 0.87 hi 892.77 +£ 41.7 742.23 + 56.4 e 29.32 £+ 3.80 m- 19.78 £ 0.63 a 5.19 + 0.06 a 1.33+0.01k 11.53 £+ 0.16
be p c
6 Prozrocznaja 12.89 £ 0.04f 968.39+89.9b  1074.79 + 13.8 10.52 +1.37 t 8.47 £0.65d 250+0.02f 1.21+0.011 1211+0.15
c a
7 Tatiana 9.30 £ 0.02hi  619.04 + 27.4 1200.96 + 5.58 85.90 + 4.07 e 11.50 £0.33¢c  0.21 £ 0.01 0.85+0.01r 10.61 + 0.10
gh a WX d
Tukey’s multiple comparison
Skins 8.03 CD 565.94 C 23.59D 28.89 D 2.62D 0.71C 1.24 BC 1.18 D
Flesh 9.32C 794.39 A 13.29 E 33.48 CD 1.76 E 0.45F 1.10C 1.12D
Endocarp 16.06 A 745.26 AB 54.44 C 26.46 D 2.58 D 1.40D 1.54B 1.63C
Seeds 4.63E 553.41 C 2.16 F 96.77 A 4.78 C 0.59 E 242 A 0.97 D
Branches 7.70 D 578.62 C 114.85B 77.30 B 6.36 B 2.06 B 1.47 B 2.39B
Leaves 14.36 B 706.16 B 964.97 A 71.76 B 10.67 A 217 A 1.09 C 11.14 A

Bot.-Ljubitel. — Botaniczeskaja-Ljubitelskaja; dm — dry matter; nd — not detectable.

values with different letters differ significantly (Tukey’s HSD test, p < 0.05).

showed 2.5 times higher iron concentration in seeds and 1.5 times
higher amounts in skins and endocarp than in flesh. Therefore, purees
and smoothies without clarification and with an increased proportion of
skins and endocarp will provide much more iron than juices. Sea
buckthorn has a high vitamin C concentration, which increases the ab-
sorption of this element; hence the consumption of products from this
plant can support both the proper functioning of the immune system and
metabolism energy transformations (electron or oxygen transports, ox-
ygen activation) (Gutzeit et al., 2008; Tkacz et al., 2019).

Characteristic of leaves was the average iron to manganese ratio of 1
to 1, indicating an exceptionally high manganese content, four to 11
times higher than in branches and seeds, respectively. Compared to all
other cultivars, ‘Tatiana’ contained the most manganese in skins, flesh
and endocarp, while ‘Botaniczeskaja-Ljubitelskaja’ and ‘Prozrocznaja’
contained the most in branches and leaves.

Seeds, despite the lowest amount of manganese, contained 1.5 to two
times more zinc than other sea buckthorn fractions. No significant dif-
ferences in the zinc content were found for other berry parts, branches
and leaves. Consequently, leaves and seeds may have nutritional value
due to the manganese and zinc concentrations, which affect the meta-
bolism of carbohydrates, amino acids and cholesterol, strengthen the
osteoarticular system and sexual performance (manganese), and the
proper functioning of the immune system and effective action of insulin
(zinc), and both protect against oxidative stress (Gutzeit et al., 2008;
Stobdan et al., 2010).

Previous studies have found a higher content of calcium, iron, so-
dium, zinc and manganese in sea buckthorn than in apricot, peach,
banana, mango, and orange (Stobdan et al., 2010). 100 g of the leaf
powder of the studied sea buckthorn cultivars covers the recommended
daily allowances (RDAs) of calcium (1000 mg), iron (8 mg men and 18
mg women), copper (0.9 mg) and manganese (2.3 mg men, 1.8 mg
women). Likewise, endocarp, seeds, and branches provide a favorable
unconventional source of iron, copper, and manganese, close to meeting
nutrient requirements.

Data are shown as mean (n = 3) =+ standard deviation (SD); for each parameter tested
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3.3.3. Total mineral content

The total content of macro- and microelements in the sea buckthorn
fractions was from 430.94 mg to 2117.51 mg/100 g dm and from 3.57
mg to 37.83 mg/100 g dm, respectively (Fig. 1). Leaves of all cultivars
and flesh of ‘Tatiana’ contained over 1 g of macroelements per 100 g dm,
while flesh, branches, skins and seeds of some cultivars did not differ
significantly (p > 0.05). Moreover, leaves were 2-10 times more
abundant in microelements than flesh (average 4.43 mg/100 g dm), and
the other fractions can be ranked as follow: shoots > seeds > endocarp >
skins (average 12.29, 8.76, 7.17 and 5.76 mg/100 g dm). Skins and flesh
of ‘Tatiana’, endocarp and seeds of ‘Botaniczeskaja-Ljubitelskaja’ as well
as leaves and branches of ‘Podarok Sadu’ contained the highest amounts
of microelements within individual fractions.

For skins, flesh and seeds, the ratio of macro- to microelements above
100 was tested, and for other fractions it ranged from 63 (branches) to
75 (seeds). Macro- to microelements strongly correlated (r = 0.79), but
only a few relationships were found within the fractions. The macro-
element contents strongly correlated between skins and leaves, flesh and
seeds, flesh and endocarp, and also seeds and endocarp (r > 0.60). In the
case of microelements, positive correlations of leaves with all plant
fractions, except flesh, were significant.

Differences in the elemental composition of sea buckthorn lie in the
selective and sensitive FAAS technique used compared to older mea-
surement methods hampered by the interference of other ions in ana-
lytes. On the other hand, the plant material was collected from cultivars
coming from the same area; hence the soil type and growth environ-
ment, reported as the most common factor differentiating minerals in
plants, can be omitted from this inference (Ercisli et al., 2007; Zeb and
Malook, 2009). For example, the potassium content in sea buckthorn
leaves may be higher with the use of natural mulch and higher soil
moisture (Boivin et al., 2007), there is a strong correlation between the
calcium and magnesium content in soil and leaves (Nowakowska et al.,
2017), and their concentrations are higher in berries at full maturity
(Arif et al., 2010). The present study revealed, however, an important
and variable varietal effect and the fraction type not analyzed so far,
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Fig. 1. Total contents of macroelements (sodium, potassium, calcium and magnesium) and microelements (iron, copper, zinc and manganese) (mg/100 g dm) in
anatomical parts of sea buckthorn berries, branches and leaves. Numbers of cultivars: 1 — Botaniczeskaja-Ljubitelskaja; 2 — Golden Rain; 3 — Luczistaja; 4 — Maryja; 5 —

Podarok Sadu; 6 — Prozrocznaja; 7 — Tatiana.

taking into account berry parts, leaves and branches, as factors strongly
differentiating the qualitative and quantitative mineral profile.

3.4. Classification of sea buckthorn fractions with principal component
analysis (PCA)

To better understand the relationships between sea buckthorn frac-
tions and chemical components, principal component analysis (PCA)
was applied (Fig. 2). The close location of the variable points distin-
guished six clusters:

e group 1 - skins characterized by significant amounts of iso-
rhamnetin, quercetin and kaempferol derivatives, phenolic acids,
betulin, oleanolic and ursolic acids;

e group 2 — flesh rich in pomolic and maslinic acids, and potassium;

e group 3 - endocarp with high concentrations of potassium and
sodium;

e group 4 - seeds that accumulated polymeric procyanidins, betulinic
acid, magnesium, and zinc;

e group 5 — branches rich in polymeric procyanidins, flavan-3-ols,
corosolic and betulinic acids;

e group 6 — leaves as the most extensive cluster representing particu-
larly high abundance in quercetin, kaempferol and isorhamnetin
derivatives, calcium, potassium, sodium, iron, copper, manganese,
and ursolic acid as the only triterpenoid.

Based on the vector lengths, the influence of phenolic compounds,
pomolic, malinic, betulinic and corosolic acids, calcium, iron and
manganese on the principal components was the strongest. Small angles
between vectors of flavan-3-ols, betulin acid and zinc, between quer-
cetin derivatives, ursolic acid, manganese and calcium, as well as be-
tween isorhamnetin derivatives and betulin, indicated strong positive
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correlations of these variables.
4. Conclusions

This study highlights the diversity of the anatomical berry parts
(skins, flesh, endocarp, seed), branches and leaves of sea buckthorn with
regard to triterpenoids, phenolic compounds, and macro- and microel-
ements. Skins and flesh are a valuable source of triterpenoids, unlike
leaves, which in turn accumulate significant concentrations of minerals,
and quercetin and isorhamnetin derivatives. Branches and seeds with
endocarp, despite the low amounts of flavonols and the lack of phenolic
acids, can provide extreme doses of flavan-3-ols and polymeric pro-
cyanidins. Moreover, sea buckthorn fractions are favorable unconven-
tional sources of potassium, and in the case of the leaves also calcium.
Vegetative parts and seeds with endocarp are close to meeting the iron,
copper and manganese needs.

Morphological parts of sea buckthorn have the potential to produce
food rich in high-antioxidant and anti-inflammatory components, such
as phenolic compounds and triterpenes, and for ion replenishment and
proper balance. The results provide important information to guide
current technological processes to achieve the desired phytochemical
profiles and to further design and implement nutraceutical-rich appli-
cations and food with high pharmacological potential, while supporting
the use of the entire plant in non-waste production. In the future, it will
be beneficial to analyze lipophilic components and formulations based
on the sea buckthorn fraction in in vivo studies.

Ethic statement

Research did not include any human subjects and animal
experiments.
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Fig. 2. Principal component analysis (PCA) biplot of anatomical parts of sea buckthorn berries, branches and leaves and phenolic compounds, triterpenoids and

minerals.

The biplot shows the PC scores of chemical components (black vectors) and anatomical fractions of each of the seven sea buckthorn cultivars (colored marks)
clustered (colored circles) based on the two main principal components (PC 1 and PC 2) explained 78.44 % of total variance.

Sk1-Sk7 - skins; F1-F7 — flesh; E1-E7 — endocarp; S1-S7 — seeds; B1-B7 - branches; L1-L7 — leaves; PP — polymeric procyanidins; numbers of cultivars: 1 —
Botaniczeskaja-Ljubitelskaja; 2 — Golden Rain; 3 — Luczistaja; 4 — Maryja; 5 — Podarok Sadu; 6 — Prozrocznaja; 7 — Tatiana.
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Abstract

BACKGROUND: Juices are currently a fast-growing segment in the fruit and vegetable industry sector. However, there are still
no reports on the diversity of the phytochemical profile and health-promoting properties of commercial sea buckthorn (Hippo-
phaé rhamnoides) juices. This study aimed to identify and quantify phytoprostanes, phytofurans by ultra high-performance lig-
uid chromatography coupled with triple quadrupole mass spectrometry (UHPLC-QqQ-MS/MS), tocopherols, tocotrienols by
ultra-performance liquid chromatography coupled with a fluorescence detector (UPLC-FL), carotenoids, and free amino acids
by ultra-performance liquid chromatography coupled with a photodiode detector-quadrupole and tandem time-of-flight mass
spectrometry (UPLC-PDA-Q/TOF-MS), and assess their anti-cholinergic, anti-diabetic, anti-obesity, anti-inflammatory, and anti-
oxidant potential by in vitro assays of commercial sea buckthorn juices.

RESULTS: Phytoprostanes (PhytoPs) and phytofurans (PhytoFs) in sea buckthorn juices were identified for the first time. Juices
contained eight F,-, D;-, B;- and L,-phytoprostanes and one phytofuran (32.31-1523.51 ng and up to 101.47 pg/100 g dry
weight (DW)), four tocopherol congeners (22.23-94.08 mg 100 g—' DW) and three tocotrienols (5.93-25.34 mg 100 g~' DW).
Eighteen carotenoids were identified, including ten xanthophylls, seven carotenes and phytofluene, at a concentration of
133.65 to 839.89 mg 100 g~' DW. Among the 20 amino acids (175.92-1822.60 mg 100 g ' DW), asparagine was dominant,
and essential and conditionally essential amino acids constituted 11 to 41% of the total. The anti-enzyme and antioxidant
potential of juices correlated selectively with the composition.

CONCLUSION: Sea buckthorn juice can be a valuable dietary source of vitamins E and A, oxylipins and amino acids, used in the
prevention of metabolic syndrome, inflammation, and neurodegenerative processes. The differentiation of the composition
and the bioactive potential of commercial juices indicate that, for the consumer, it should be important to choose juices from
the declared berry cultivars and crops.

© 2021 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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cancer, anti-stress, anti-diabetic, anti-atherosclerotic, antimicro-
bial, hepatoprotective, cardioprotective, neuroprotective, cyto-
protective, radioprotective, and immunomodulating
properties.’ The wide occurrence of sea buckthorn, undemand-
ing growing conditions, rich composition, and health-promoting
effects are not reflected in the global consumption of sea buck-
thorn and food production from it due to the difficult harvest,
technological processing, and sensory values.>* The plant is a
valuable raw material in the cosmetics and pharmaceutical indus-
tries but has strong untapped potential as a food ingredient.

The most common form of commercial and processed sea
buckthorn is juices, followed by beverages, preserves, jams,
jellies, powders, syrups, teas, beers, wines, and essential oils,
but such products are more often produced and available on
local markets than globally.>® Previous research on
H. rhamnoides focused mainly on the assessment of the chemical
composition of its berries, seeds, leaves, roots, and oils, and the
study of the biosynthetic pathways of their metabolites, the
impact of composition variability depending on cultivars, grow-
ing conditions, harvest dates, and maturation over the years for
different geographic areas.””® In the literature there are several
reports of sea buckthorn juices. Moller et al® (2011) found that
sea buckthorn juice is significantly richer in carotenoids and vita-
min E than carrot, tomato and orange juices. Several reports indi-
cate a high concentration of vitamin C, selected mineral
elements, amino acids, and organic acids in juices from cultivars
of various origins.'®'" Résh et al. (2003)'? identified flavonols as
the main phenolic compounds of sea buckthorn juices, and phe-
nolic acids and catechins represented minor components.
Ascorbic acid contributes to approximately 75% of the total anti-
oxidant activity of juices. Research on production methods of
sea buckthorn juices has proven that the vitamin C contained
in them is very stable, and that briefly heating fruits before press-
ing gives a higher recovery of carotenoids.'® In turn, Eccleston
et al.'* characterized the antioxidant profile of sea buckthorn
juice and assessed its positive effect on the regulation of risk fac-
tors for coronary heart disease in humans.

Juices are currently a fastest growing segment in the fruit and
vegetable industry sector. By 2023, EU fruit juice and nectar con-
sumption is forecast to stand at around 8.2 billion liters.”> The
main factors are the growing appreciation of Eastern European
consumers (in countries such as Poland, Hungary, and the Czech
Republic) for the wellness and health benefits of fruit juice and
an increase in their living standards. The growing interest in the
health risks associated with inadequate nutrition increases pres-
sure to seek authenticity, transparency, and ‘all-natural’ claims
for foods, shifting the focus to innovation and product develop-
ment with natural ingredients.'® However, there are still no
reports on the diversity of the phytochemical profile and health-
promoting properties of commercial sea buckthorn juices.

The role of vitamin E as the main antioxidant in human plasma
against oxidative stress is well established and the current
recommended dietary allowance (RDA) by Food and Nutrition
Board of the Institute of Medicine (in the US) for adults is
15 mg. Similarly, carotenoids, including f-carotene - the major
precursor of vitamin A and a significant dietary source of it —
are potent antioxidants with proven effects on redox modula-
tion, inflammation, and prevention of cardiometabolic diseases.
The results of epidemiological studies have shown that the pre-
ventive health potential of carotenoids can be achieved with a
daily intake of 2 to 4 mg of f-carotene.'” Nevertheless, the role
of amino acids in nutrition has been ignored until recently, but

nowadays the suggested daily intake of essential amino acids
is estimated at 184 mg kg™ body weight. Amino acids are essen-
tial precursors for the synthesis of a wide range of nitrogenous
substances of biological importance, including neurotransmit-
ters and hormones, and are also key regulators of metabolic
pathways that are significant in growth, development, immu-
nity, and health.'®"'® Moreover, sea buckthorn berries are among
the few fruits containing saturated, monounsaturated, and poly-
unsaturated fatty acids, in an approximate ratio of 2:2:1, with an
average a-linolenic acid (C18:3 n-3) content of 3.60%.> Phyto-
prostanes (PhytoPs) and phytofurans (PhytoFs), which are prod-
ucts of nonenzymatic oxidation of alanine (ALA) triggered by
reactive oxygen species (ROS), therefore seem to be an impor-
tant fraction of sea buckthorn berry juices. Data from the litera-
ture do not provide unequivocal evidence of a correlation
between PhytoPs and ALA?® but indicate moderate linear corre-
lations with fatty acids.2' Currently, the importance of PhytoPs
and PhytoFs is based not only on their use as biomarkers of oxi-
dative degradation of plant-derived foods but also on proven
biological effects despite the reduction of ALA. Previous studies
suggest the regulation of immune functions, anti-inflammatory,
and apoptosis-inducing activity, and a potential for action in the
pathophysiology of metabolic, respiratory, and cardiovascular
diseases.” To the best of our knowledge, there are no previous
investigations of PhytoPs and PhytoFs in species belonging to
the genus Hippophaé and the family Elaeagnaceae.

Hence, the aim of this study was to perform the qualitative and
quantitative determination of phytoprostanes and phytofurans by
ultra high-performance liquid chromatography coupled with triple
quadrupole mass spectrometry (UHPLC-QqQ-MS/MS), tocopherols
and tocotrienols by ultra-performance liquid chromatography
coupled with a fluorescence detector (UPLC-FL), carotenoids, and
free amino acids by ultra-performance liquid chromatography
coupled with a photodiode detector-quadrupole and tandem
time-of-flight mass spectrometry (UPLC-PDA-Q/TOF-MS) and
assessment of the anti-cholinergic, anti-diabetic, anti-obesity, anti-
inflammatory, and antioxidant potential by in vitro assays in com-
mercially available sea buckthorn juices. The report is a valuable
comparison of commercial juices with juice from berries of the Pol-
ish cv. ‘Jézef. For the first time, plant oxylipins, and inhibitory
potential against key enzymes linked to metabolic syndrome,
inflammation, and neurodegenerative processes in sea buckthorn
juices were determined.

MATERIALS AND METHODS

Materials

The samples were sea buckthorn (Hippophaé rhamnoides) juices
generally available on the Polish retail market. All five commercial
juices were pasteurized, unfiltered, and not from concentrate.
Laboratory samples constituted three equal parts of fresh juices
of the same type (primary samples) and were labeled from J1 to
J5. The average energy value was 154 kJ 37 kcal per 100 mL™" of
juice, with the following composition: fat — 1.1 g, including satu-
rated fatty acids — 0.4 g, carbohydrates — 5.6 g, including sugars
-1 g, dietary fiber - 0.9 g, protein - 0.6 g, salt - 0 g. The dry weight
of the juices was on average 7.30 g 100 g~' and the soluble solids
content was 5.5 °Brix (determined according to European Stan-
dards PN-EN). J6 was the juice from berries of the ‘Jézef' cultivar
collected in August 2018 from the Experimental Orchard in Dab-
rowice of the Research Institute of Horticulture in Skierniewice
(Poland). Berries (0.60 kg) were harvested from three bushes,
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0.20 kg each batch. Sea buckthorn juice cv. ‘Jozef' was squeezed
from selected berries using a laboratory hydraulic press (SRSE,
Warsaw, Poland), and then pure juice was heated to 100 °C for
4 min, hot-filled into a 900 mL glass bottle, kept for 10 min at
95 °C, and finally cooled to 4 °C. The pasteurization parameters
used for the juice, with a low pH of 2.9, ensured the destruction
of pathogenic microorganisms and the extension of the shelf life
due to the almost complete neutralization of vegetative forms,
which was similar to the commercial juices. The products were
stored in refrigerated conditions without access to light, and after
opening they were sent for analysis.

Analysis of phytoprostanes and phytofurans by UHPLC-
ESI-QqQ-MS/MS

The extraction combined with a dispersive liquid-liquid extrac-
tion and solid-phase extraction (SPE), and liquid chromatography
coupled to mass spectrometry (LC-MS) conditions were
described by Collado-Gonzélez et al,”® with modifications. The
lyophilized juice sample was sonicated with methanol with 0.1%
butylhydroxyanisole (BHA), centrifuged, and the supernatant
mixed with hexane:methanol:Bis-Tris (5:1:1). Solid-phase extrac-
tion was performed using Strata™ x-Aw columns (weak anion
mixed mode phase). The process included conditioning with hex-
ane, methanol, and water (1:1:1), loading the sample, removing
undesirable compounds using hexane, water, 50% methanol,
and acetonitrile (1:1:1:1), and finally eluting PhytoPs and PhytoFs
with methanol. Compounds were dried using a SpeedVac™ vac-
uum concentrator (Savant™ SPD121P, Thermo Scientific, Wal-
tham, MA, USA), dissolved in 50% methanol and filtered using
MF-Millipore membrane filters (0.45 pm, Merck, Darmstadt, Ger-
many). The identification and quantification of PhytoFs and Phy-
toPs were performed using ultra-high performance liquid
chromatography (UHPLC) coupled to a 6460 triple quadrupole-
MS/MS (Agilent Technologies, Waldbronn, Germany), with a Ethyl-
ene Bridged Hybrid (BEH) C18 column (1.7 pm, 2.1 X 50 mm)
(Waters Corp., Milford, MA, USA), and gradient flow of water and
methanol (each with 0.01% acetic acid). Analysis was carried out
by multiple reaction monitoring (MRM) in the negative mode.
Results were expressed as ng PhytoP or pg PhytoF per 100 g of
DW (dry weight).

Analysis of tocotrienols and tocopherols by UPLC-FL

The extraction procedure and conditions for the ultra-
performance liquid chromatography (UPLC) analysis of tocotrie-
nols and tocopherols were previously described by Tkacz et al3
Briefly, the juice sample was homogenized with ethanol with
0.05% BHT, saponified with 60% KOH at 50 °C for 2 h, then 1%
NaCl was added. The ice-cooled mixture was stirred with hexane:
ethyl acetate (9:1) with 0.05% BHT, then saturated NaCl solution
was added and the top layer of juice extracted was collected for
evaporation. The evaporation residue was dissolved in methanol
with 0.05% BHT and filtered before injection using polytetrafluor-
oethylene (PTFE) Millex Samplicity™ Filters (25 mm, 0.20 pm,
Merck, Darmstadt, Germany). Analysis of tocotrienols and tocoph-
erols was performed using UPLC (Acquity UPLC System) with a
binary solvent manager and a fluorescence (FL) detector (Waters
Corp., Milford, MA, USA). The separation was performed on an
Acquity UPLC BEH RP C18 column (1.7 pm, 2.1 mm X 100 mm,
Waters Corp., Milford, MA, USA) using isocratic flow of
methanol: water (88:12). The compounds were identified and
quantified with reference standards of a-, f-, y-, A-tocotrienols
and -tocopherols (Extrasynthese, Lyon, France; Sigma-Aldrich,

Steinheim, Germany) and their calibration curves (R* = 0.998).
Results were expressed as mg per 100 g of DW.

Analysis of carotenoids by UPLC-PDA-Q/TOF-MS

The extraction procedure and conditions for the LC-MS analysis
of carotenoids were described previously by Tkacz et al.® Briefly,
the lyophilized juice sample was shaken five times for 30 min with
methanol:acetonethexane (1:1:2), 1% BHT and 4MgCOs; X Mg
(OH), x 5H,0. The decanted portions were centrifuged, the com-
bined supernatants evaporated and the residue was dissolved in
methanol. Samples were filtered before injection using hydro-
philic polypropylene membrane (GHP) Minispike syringe filters
(13 mm, 0.45 pm, Acrodisc®, Waters Corp., Milford, MA, USA),
and all analysis was carried out in the absence of light. Analysis
of carotenoids was performed using ultra performance liquid
chromatography (Acquity UPLC System) with a binary solvent
manager and a photodiode array (PDA) detector (Waters Corp.,
Milford, MA, USA). The separation was performed on an Acquity
UPLC BEH reversed-phase (RP) C18 column using a gradient flow
of acetonitrile:methanol (70:30) and 0.1% formic acid. The qualita-
tive determination of carotenoids was carried out using a mass
detector-quadrupole and tandem time-of-flight (Q/TOF) micro-
mass spectrometer (Waters, Manchester, UK) equipped with an
electrospray ionization (ESI) source operating in positive modes,
as given by Tkacz et al.** Compounds were quantified according
with calibration curves (R? = 0.998) of reference standards of
lutein, zeaxanthin, p-cryptoxanthin, a-, f-, y-, A-, e, {-carotene,
and phytofluene (Extrasynthese, Lyon, France; CaroteNature
GmbH, Miinsingen, Switzerland). Results were expressed as mg
per 100 g of DW.

Analysis of amino acids by UPLC-PDA-Q/TOF-MS

Analysis of free amino acids was determined as described previ-
ously by Collado-Gonzalez et al.> with modifications. Double
extraction of the lyophilized sample (~20 mg) was carried out
using 50% methanol. Extracts centrifuged at 19000xg for 7 min
at 4 °C (MPW M-Universal, MPW MED. Instruments; Warsaw,
Poland) were directly intended for derivatization. Derivatization
consisted of mixing of derivatization buffer (0.2 mol L™ boric acid
with 5 mmol L' ethylenediaminetetraacetic acid (EDTA) calcium
disodium salt; pH 8.8 established with NaOH), supernatant and
AQC solution (10 mmol L™' 6-aminoquinolyl-N-hydroxysuccinimidyl
carbamate in acetonitrile), in a proportion of 7:1:2 (v/v/v),
respectively. This solution was vortexed for 1 min and then
placed in a heating block (Eppendorf ThermoMixer® C, Eppen-
dorf AG, Hamburg, Germany) for 10 min at 55 °C. The samples
prepared were immediately used for directed to UPLC-PDA-
Q/TOF-MS analysis.

Qualitative (LC/MS Q-TOF) and quantitative (UPLC-PDA) estima-
tion of free amino acids was carried out using an Acquity UPLC
system equipped with a PDA detector with a binary solvent man-
ager (Waters Corp., Milford, MA, USA) series with a mass detector
G2 Q/TOF micro-mass spectrometer (Waters, Manchester, UK)
equipped with an ESI source operating in positive modes. The
separation of individual amino acids was carried out using a AccQ
Tag Ultra BEH column (2.1 X 100 mm, 1.7 um) (Waters Corp., Mili-
ford, MA, USA). The column was kept at 50 °C, the samples at
20 °C, the injection volume was 3 pL, with a flow rate of
0.50 mL min~". The mobile phase consisted of solvent A (50 mL
of solution: acetonitrile, formic acid, and 5 mmol L™ ammonium
acetate in water (10:6:84, v/v/v) and 950 mL water) and solvent
B (acetonitrile and formic acid; 99.9:0.1, v/v). The optimized MS
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parameters were as follows: source temperature of 100 °C, deso-
Ivation temperature of 350 °C, cone gas flow 40 L h™', desolvation
gas flow 535 L h™', capillary voltage of 2500 V, and cone voltage
of 30 V. Quantification was based on reference standards, reten-
tion times, and spectra. Results were expressed as mg per
100 g of DW.

Determination of enzyme inhibitory and antioxidant
potential by in vitro tests

Bioassays for the inhibition of enzymes and oxidants were per-
formed using spectrophotometric and spectrofluorometric
methods. Anti-cholinesterase activity was tested for acetylcholin-
esterase (AChE) and butylcholinesterase (BuChE) inhibition as
reported previously by Tkacz et al.>* The anti-diabetic potential
was examined as the ability to inhibit a-amylase, a-glucosidase,
the anti-obesity effect for pancreatic lipase inhibition, and the
anti-inflammatory effect for 15-lipoxygenase (15-LOX) inhibition.
The anti-cholinesterase and anti-diabetic effects were expressed
as ICso (the half maximal inhibitory concentration; mg of sam-
ple/mL). The anti-15-LOX activity was given as percentage inhibi-
tion (%) at the concentration of 30 mg mL™". The antioxidant
capacity was tested as oxygen radical absorbance capacity
(ORAQ), ferric reducing ability (FRAP), and free radical-scavenging
activity (ABTS), and the results were expressed as mmol TE
(Trolox) 100 g FW™". These activities were determined based on
the protocol previously described by Tkacz et al® All tests were
performed using a hybrid multi-mode microplate reader Syn-
ergy™ H1 (BioTek, Winooski, VT, USA).

Statistical analysis

Data were analyzed using the Kruskal-Wallis test, and then the
post hoc Dunn's multiple comparison test. Statistical differences
at P < 0.05 were marked with consecutive lowercase letters. All
results were means of three measurements + standard deviation
(SD). Pearson's correlations coefficients (r) was determined
between chemical composition and biological potential of sam-
ples. XLSTAT Statistical Software version 2016.4 (Addinsoft Inc,
New York, NY, USA) integrated with Microsoft Excel 2017
(Microsoft Corp., Redmond, WA, USA) was used.

RESULTS AND DISCUSSION

Phytoprostanes and phytofurans of sea buckthorn juices
Ultra-high performance liquid chromatography coupled to a tri-
ple quadrupole (UHPLC-QqQ-MS/MS) analysis allowed the identi-
fication and quantification of eight F;-, D;-, B;- and L;-PhytoPs
and their respective enantiomers and one phytofuran (Table 1).
The most intense MRM transitions were characteristic of pairs of
PhytoP diastereoisomers. The F;-PhytoP isomers corresponded
to two typical transition 327.2 > 251.2 (Ent-16-epi-16-F-PhytoP
and Ent-16-F,+-PhytoP, rt 1.81 min) and 327.2 > 171.1 for 9-F;
PhytoP and 9-epi-9-F,-PhytoP (rt 1.91 min and 2.13 min). In turn,
a pair of D;-PhytoP isomers, that is 9-epi-9-D,-PhytoP and 9-D,-
PhytoP (rt 2.14 min and 2.49 min), were identified for the transi-
tion 325.2 - 307.2. One B;- and L;-isomer each was detected
for the transitions 307.2 = 235.2 (16-B;-PhytoP, rt 3.23 min) and
307.2 > 185.2 (9-L,-PhytoP, 3.51 min), respectively, as described
by Collado-Gonzélez et al.?®

The total content of PhytoPs ranged from 3231 (J1) to
1523.51 ng 100 g~' DW in the juice of berries of cv. ‘Jozef' (J6),
in which all eight PhytoPs were determined (Table 1). The domi-
nant PhytoP class was F;-PhytoP (from 66 to 100% of the sum of

PhytoPs), followed by D;-PhytoP (up to 28% of the sum of Phy-
toPs). The Fi-isomers were the only PhytoPs determined in J2, J4
and J5 juices. In this case, the sums of Ent-16-epi-16-F,-PhytoP
and Ent-16-F,-PhytoP were given together as they were indistin-
guishable by retention times. In turn, for J1,J3, and J6 juices, 9-epi-
9-F+-PhytoP represented 50% and more of the sum of these
oxylipins. Due to the growing importance of PhytoPs in human
metabolism, bioavailability, and biological implications (antiviral,
anti-inflammatory, immunomodulatory,  cytotoxic  and
cytoprotective),®? a 20- to almost 50-fold higher sum of PhytoPs
in J1, J3 and J6 compared with the rest of the juices can be consid-
ered potentially beneficial.

As a result of this first analysis, statistically significantly different
amounts of these compounds were obtained in sea buckthorn
juices, and the concentration of PhytoPs correlated moderately
with the PhytoFs (r = 0.56). It is notable that the PhytoP concentra-
tions in the juices were comparable with those in plants and foods
considered rich in these compounds, for example passion fruit
(130 ng to 2166.0 pg 100 g~' DW), almonds, and nuts (500 ng to
23.8 ug 100 g~' DW), and various anatomical parts of plants with
medicinal potential (450 ng to 3244 pg 100 g~' DW).*

Lastly, among the PhytoFs, only Ent-9-(RS)-12-epi-ST-A'°-
13-PhytoF (rt 1.65 min) with MRM transition 344.0 - 300.0 was
determined. Three juices contained this compound (J1, J4 and
J6) at a concentration of 34.19 (J1) to 101.47 pg 100 g~' DW (J6).
PhytoFs are less common oxylipins in plant matrices but can be
synthesized preferentially at higher partial pressure of oxygen,
that is above 21%.2® Previous liquid chromatography-tandem
mass spectrometry reports provided data for the presence of Phy-
toFs in rice, nuts and seeds, vegetable oils, and brown and red
macroalgae.?® Ent-9-(RS)-12-epi-ST-A'%-13-PhytoF determined in
the juices was a characteristic PhytoF for pea®® and some cacao
beans,?’ up to 50 pg and 0.30 pg 100 g~' DW, respectively.

The berry cultivars and agronomical conditions related to the
rate of oxidative stress, and then the production process and stor-
age of juices could significantly modulate the content of PhytoPs
and PhytoFs, due to the potential increase in ALA oxidation by the
heat treatment, which was previously investigated in vegetable
oils.® Ledn-Perez et al?' additionally reported the influence of
chemical composition on the PhytoP profile in relation to oleic,
linoleic, and a-linolenic acids, other lipids, and tocopherols. This
research, however, showed a negligible Pearson's correlation
between PhytoP and PhytoF levels and tocopherol and tocotrie-
nol content (r close to zero). On the other hand, data in the litera-
ture provide information on the profile of PhytoPs and PhytoFs
based on such analytical methods as nuclear magnetic resonance
(NMR) spectroscopy, enzyme-linked immunosorbent assays
(ELISA), gas chromatography coupled to mass spectrometry
(GC-MS), high-performance liquid chromatography (HPLC), and
LC-MS. The latter method, used in this study, allows the separa-
tion and identification of isomers and is the most specific and
sensitive,” which may also explain the quantitative variation
between juices as well as the results of other research teams.

Tocotrienols and tocopherols of sea buckthorn juices

A UPLC-FL analysis of the vitamin E-related compounds revealed
four tocopherol congeners: alpha (a-T), beta (§-T), gamma (y-T)
and delta (A-T), and three tocotrienol congeners: alpha (a-T3),
gamma (y-T3) and delta (A-T3) in sea buckthorn juices (Fig. 1).
The concentrations of tocopherols and tocotrienols strongly cor-
related (r = 0.82), but the sum of tocopherols was 3.6 to 6.7 times
higher than that of tocotrienols. The content of tocopherols
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UHPLC-QgqQ-MS/MS identification and quantification of phytoprostanes (PhytoPs) and phytofurans (PhytoFs) in sea buckthorn juices

Table 1.

Sea buckthorn juices

Product ions

MS [M-H]I™

Peak
no.

13 J4 J5 "Jozef juice

J2

(m/z)

(m/2)

Rt (min)

Compounds

Phytoprostanes (ng/100 g DW)

8738 +1.20a 3231+ 075c¢ 2361 +030e 40.80 +0.81b 3450 +0.34c¢ 2631 +092d

251.2

327.2

1.81

Ent-16-epi-16-F;-PhytoP +

Ent-16-F,-PhytoP
9-F;-PhytoP
9-epi-9-F,-PhytoP
9-epi-9-D;-PhytoP

22375+ 2.58a
75317 +3.73 a
11319+ 121b
7289+ 186b

Traces Traces

11691 +145b
71597 +3.04 b

7278 + 1.23 ¢ Traces
199.95 + 1.98 a

1711

327.2

1.91
2.

Traces

Traces

Traces

31376 + 2.38 ¢
7887 + 167 c

1711

3272

13

Traces Traces

159.80 + 1.57 a

Traces

307.2

325.2

2.14
249
3.23
3.51

Traces + Traces Traces
57.02 + 054 b

7233 +180b

307.2

325.2

9-D;-PhytoP
16-B;-PhytoP
9-L,-PhytoP

15487 £ 1.24a
17932 + 1.46

Traces

Traces

Traces Traces

235.2

307.2

152351 + 3.84a

Traces
3450+ 0.34e

Traces Traces
40.80 + 0.81d
Phytofurans (11g/100 g DW)

1273.26 +3.12b

185.2 Traces Traces
62512 +243c 3231+0.75e

Total PhytoPs

307.2

10147 £1.19a

3419+ 083 ¢ Traces Traces 3863 +0.79b Traces

300.0

344.0

1.65

Ent-9-(RS)-12-epi-ST-A"°-

13-PhytoF

3); values followed by the same letter, within the row, were significantly different (P < 0.05); PhytoP, phytoprostane; PhyoF, phytofuran; J1-J5, Juices 1-5; DW, dry

The data shown are mean values + SD (n

weight.

ranged from 22.23 (J1) to 94.08 mg 100 g~' DW (J4), and tocotrie-
nols from 5.93 (J1) to 25.34 mg 100 g~' DW (J4). Thus, the total
amount of all vitamers in the juices was between 28.17 and
119.42 mg 100 g~' DW, and tocopherols averaged 82% of the
total.

The dominant tocotrienol was y-T3 (42 to 49% of the total), then
a- and A-T3 were roughly equal to the rest of tocotrienols. These
trends were in line with research on juices rich in lipophilic frac-
tions, including sea buckthorn, carrot, tomato and orange juices.’
In the case of tocopherols, a-T accounted for between 71 and
79%, while the y- and A-T, being the precursors of the a- and
p-forms, represented 1.3 and 0.5% of the total tocopherols,
respectively. Previous studies also did not identify g-T3 in sea
buckthorn berries; however, contrary to the results of Andersson
et al.,” significant amounts of -T (23% of the total tocopherols)
were found in the juices. The dominance of a-T (on average
40 to 85% of tocopherols and tocotrienols) was also found in
whole sea buckthorn berries,”?” pulp oil and seed oils,>?® seeds
and leaves, except for peels.?? The high concentration of a-T in
sea buckthorn juices (mainly J3, J4 and J6) is especially valuable
as it is the only vitamer recognized to meet human vitamin E
requirements.

The content of tocopherols and tocotrienols in sea buckthorn
may be differentiated by cultivars, climate and growth condi-
tions, yearly variations, and the degree of berry ripeness;’ these
factors should therefore be taken into account in the production
of juices. The most extreme differences in the amount of tocoph-
erols between juices were found for a- and A-T, which could
result from the strong influence of berry varieties on the profile
of these forms. The low content of A-T (0.14 to 0.53 mg 100 g~
DW) in all juices could indicate the use of fruits in the early stage
of maturity, because this homologue increases with the ripening
period. In turn, average fourfold differences in the content of y-T,
a-T3 and A-T3 can be explained by the correlation with matura-
tion conditions (temperature and irradiation), as proved by
research investigating the composition of sea buckthorn culti-
vars over the years.” Sea buckthorn seeds also have a higher pro-
portion of y-T (20-40%) than the soft parts of berry,>” and A-Tiis
dominant in peels.?? Therefore, the pre-treatment of the raw
material could modulate the final content of these forms in
juices, especially in the "Jézef’ juice with the highest concentra-
tions of y- and A-T.

The content of tocopherols and tocotrienols in the juice
obtained in the laboratory were similar to the average concentra-
tions for commercial juices (J1-J5). However, different results
were obtained by Gérnas et al3° in their research on juices and
nectars available in Baltic countries. They explained the lower con-
centrations of these compounds in commercial sea buckthorn
products by the potential addition of cheaper substitutes or
removing the lipid fraction, different berry varieties and species,
and storage time and conditions.

Carotenoids of sea buckthorn juices

Eighteen carotenoids were identified in sea buckthorn
juices using UPLC-PDA-Q/TOF-MS analysis, including 10 xantho-
phylls, 7 carotenes, and phytofluene (Table 2). Among the
xanthophylls, all-trans-lutein (rt 5.04 min) and its three isomers,
all-trans-zeaxanthin (rt 5.11 min) and its four isomers, and all-
trans-p-cryptoxanthin were determined with protonated mole-
cules at m/z 553.32 and MS/MS fragment ions at m/z 535.20 and
497.10. Lutein and zeaxanthin, characterized by the same frag-
mentations, were identified based on the lower signal intensity
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Figure 1. Tocotrienol and tocopherol content (A) and UPLC-FL chromatograph of a-, -, y-, and A-isomers in sea buckthorn juices (B). J1-J5, Juices 1-5;
Peaks: A-T3 (A-tocotrienol); y-T3 (y-tocotrienol); a-T3 (a-tocotrienol); A-T (A-tocopherol); y-T (y-tocopherol); p-T (p-tocopherol); a-T (a-tocopherol).

of parental ions (m/z 569.40) than fragment ions (m/z 551.11 and
476.03) characteristic for lutein, and also different absorption
bands, as given in Table 2. Of the carotenes, A-, y-, a-, and e-caro-
tene, all-trans-B-carotene, and cis-8-carotene (rt 7.53 to 8.77 min)
showed MS/MS fragmentation with toluene loss [M + H-92]*
yielding ions at m/z 444.01. Protonated ions at m/z 541.41 and
fragment ions at m/z 404.00 corresponded to (-carotene
(rt 8.39 min), while phytofluene (rt 9.84 min) was identified at m/
Z 549.39 - 449.02, for the specific absorption band 323, 349,
and 367 nm, according to Pop et al.3' and Tkacz et al.**

The sum of xanthophylls ranged from 133.65 (J3) to
552.37 mg 100 g~' DW (J1), and the dominant one was all-
trans-zeaxanthin, constituting 45 to 83% of total xanthophylls
forJ2 and J5 juices, respectively. Interestingly, lutein and its iso-
mers were not determined in J3 and J5 juices, but this com-
pound is characteristic only for some sea buckthorn

cultivars.?*3" The content of these compounds decreases with
the maturation process and may depend on interaction of har-
vest date, year and cultivar.3? In turn, all-trans-p-cryptoxanthin,
one of the dominant compounds for sea buckthorn, was not
detected in J3 and J4 juices, which also did not contain caro-
tenes. The low amounts of these secondary metabolites can
be explained by the elimination of the fat phase from the juices
or by the processing technology with only cold pre-treatment
of the raw material. Seglina et al.’® found that heating sea buck-
thorn berries (5 min, 98 °C) immediately before juice pressing
significantly increased the carotenoid amounts (up to 56%)
due to their release from a particularly abundant skin. In turn,
Andersson et al.>* explained the low amounts of zeaxanthin
and p-cryptoxanthin by their presence in esterified caroten-
oids. However, this study did not investigate esters, even
though zeaxanthin dipalmitate was previously investigated
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Table 2. LC/MS-QTOF data of carotenoid identification and their UPLC-PDA quantification in sea buckthorn juices
" . Carotenoid content (mg/100 g DW)
MS [M + HI"  MS/MS [M + H]
Peak no. Compounds Rt (Min) A max (NM) (m/2) (m/2) N J2 J3 J4 J5 "Jozef' juice

1 Lutein isomer | 4,60 447/476 569.40 476.03 7.18+082a 514 £ 050 b nd nd nd nd

2 All-trans-lutein 5.04 447/476 569.40 551.11/476.03 7.09+039a 485+ 065b nd 3.05+0.16 ¢ nd nd

3 All-trans-zeaxanthin 5.1 453/481 569.40 551.11/476.03 367.36 + 524a 180.87 +3.11b 106.59 +3.47e 113.82+4.04d 126.17 +3.78 c 12866 + 4.03 ¢
4 Zeaxanthin isomer | 5.21 453/481 569.40 551.11/476.03 17.09 + 1.54a 1252+ 1.18b nd nd nd nd

5 Zeaxanthin isomer Il 5.55 453/481 569.40 551.11/476.03 2822 +1.17a 1243 +144Db nd nd 3.83+194d 1024 +1.73 ¢
6 Zeaxanthin isomer Il 5.80 453/481 569.40 551.11/476.03 3805 +235b 4135+187a 2706+130c 3599+107b 1456+137d 2665+ 138c
7 Zeaxanthin isomer IV 6.27 453/481 569.40 551.11/476.03 3773 +248b 68.10 +274a nd nd nd 27.07 + 246 ¢
8 Lutein isomer Il 6.32 447/476 569.40 476.03 3065+ 1.05b 49.85+1.90a nd nd nd 1525+ 1.70c
9 Lutein isomer Il 6.43 447/476 569.40 476.03 8.04 +144b 1587 +0.72a nd nd nd 268 +0.15¢

10 All-trans-B-cryptoxanthin 7.38 453/478 553.32 535.20/497.10 1096 + 1.20 a 11.04+137a nd nd 6.66 + 0.88 b 717 +£037b

1 A-Carotene 7.53 432/457/489 537.38 44401 Nd nd nd nd 0.66 + 0.13 nd

12 y-Carotene 8.10  436/461/492 537.38 444.01 nd nd nd nd 8.20 + 0.96 nd

13 a-Carotene 8.13  422/445/472 537.38 44401 nd nd nd nd 1582+ 184 a 196 +0.10 b

14 {-Carotene 839  380/401/426 541.41 404.00 nd nd nd nd 5.04 + 042 nd

15 e-Carotene 849  417/441/470 537.38 44401 nd nd nd nd 9.34 + 0.66 nd

16 All-trans-B-carotene 8.70 425/453/480 537.38 44401 183.78 +337b 17919+ 395b nd nd 40990 + 6.15a 149.99 +4.64 c
17 Cis--carotene 8.77 363/450/482 537.38 44401 4479 +163¢c 4364 +235c nd nd 23855 +353a 8672+136b
18 Phytofluene 9.84  323/349/367 543.39 449.02 035+031b nd nd nd 116 +0.29 a nd

Total carotenoids

78127 £530b

624.85 +4.02¢c 133.65 +3.51f

15286 +4.77e 83989 +6.23a 45639+4.72d

The data shown are mean values + SD (n = 3); values followed by the same letter, within the row, were significantly different (P < 0.05); J1-J5, Juices 1-5; DW, dry weight; nd, not detectable.
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Table 3. LC/MS-QTOF data of free amino acid identification and their UPLC-PDA quantification in sea buckthorn juices
. . Free amino acid content (mg/100 g DW)

Parent ion Daughter ion
Peakno. Aminoacid Rt(min) Amax(m) [M+HI"(m/Z) [M+H]"(m/%2) J1 J2 J3 J4 J5 "Jozef' juice
Essential amino acids
1 His 332 259 326.21 171.11 972+ 032a 9.55+ 054 a 8.15+031c¢ 559+ 040e 8.68 +0.19b 7.03+027d
2 Thr 6.15 259 290.20 171.11 6.35+ 044 b 432+040c 215+ 026d 6.92 + 0.31 ab 7.14 + 0.63 ab 744 +082a
3 Lys 7.27 259 487.35/244.18 171.11 5559 +240a 1046 + 1.62 e 853 +1.53f 3426+ 1.15¢ 2754 +1.85d 4191 +£200b
4 Val 8.48 260 288.22 171.11 799 +155b 6.83 +1.45c 345 +1.54d 8.87 + 1.99 ab 9.11+140a 837 +1.06b
5 lle 9.78 260 302.24 171.11 238+ 038a 148 +0.88 b 094 +0.25¢ 2.06 + 0.38 ab 192 +0.62b 289 +0.29a
6 Leu 9.84 260 302.24 171.11 0.78 +0.03d 147 +0.13 ¢ 110+ 040 c 255+ 045b 221 +056b 388+ 096 a
7 Phe 9.38 260 336.24 171.11 3481 +1.59c 20.18 +1.36d 1670 £ 1.11 e 40.75 + 2.06 b 2247 +1.26d 48.16 + 2.13 a
8 Trp 10.04 260 375.25 171.11 8.60 + 093 c 10.18 £ 0.99 b 1644 + 142 a 12.67 + 164 b 15.14 + 1.00 a 10.54 + 0.88 b
Conditionally essential amino acids
9 Arg 412 259 345.24 171.11 6.71 + 0.66 b 172+ 028 e 2.85+050d 649 +033b 7.69 +£0.28 a 6.07 £ 091 ¢
10 GIn 4.50 259 317.21 171.11 2391+ 1.16 b 633 +1.25d 6.95 +1.08d 41.05+210a 4048 + 1.57 a 1781 +1.12c¢
11 Gly 4.83 259 246.16 171.11 483 +0.18 ¢ 433 +0.76¢C 229 +023d 6.82 +038b 474 +£ 064 c 784 +053a
12 Pro 744 259 286.20 171.11 473 £062d 10.18 £ 0.81 b 139+ 027e 2189+ 1.11a 8.42 + 0.71 bc 738 +0.80c
13 Tyr 8.12 260 352.23 171.11 371 +048a 0.60 +0.10 ¢ 185+ 021b 3.66 +031a 393+025a 353+028a
Non-essential amino acids
14 Asn 3.74 259 303.02 171.11 81870 + 5.05b 18585 +4.10e 53.04 +2.20f 146797 +7.63a 709.04 + 593 ¢ 563.96 +4.49d
15 Ser 448 259 276.18 171.11 1899 + 0.72 ¢ 2441 £ 067 b 8.74 +0.32d 19.61 + 0.85 ¢ 8.81 +0.94d 3421+ 141a
16 Asp 5.39 259 304.17 171.11 20.27 + 0.60 a 7.08 +0.74 c 3.82+047d 2396 + 1.09 a 19.16 + 0.88 a 1495 +0.55b
17 Glu 5.79 259 318.19 171.11 33.05+1.72a 28.26 + 0.83 b 882 +0.73¢ 26.18 + 0.55 b 3144 + 101 a 3119+ 1.26a
18 Ala 6.70 259 260.16 171.11 3522 +137d 31.10+ 1.00 e 1634 + 1.04 f 5295+ 1.86a 4843 +1.80 b 3934 +1.25c¢
19 GABA 6.83 259 274.22 171.11 2283 +1.02b 1623 +1.25¢ 6.60 + 0.46 d 3092+ 154a 3169+ 159a 3025+ 177 a
20 Hcys 7.76 259 306.01 171.11 547 + 0.60 c 720 +052b 577 £ 0.66 ¢ 7.52 + 0.74 ab 8.17 £ 046 a 520+ 094 c
Total essential amino acids 12622 + 242 a 6447 +1.65d 5746 +1.58d 113.68 + 2.09 b 9421 +1.88 ¢ 13023 + 2.16 a
Total conditionally essential amino acids 4390 +1.20 ¢ 2317 +£1.27d 1533+ 1.11e 7991 £ 2.14a 6526 + 160 b 4263 +1.16 ¢

Total non-essential amino acids
Total amino acids

954.53 +5.09b

112466 + 511 b

300.14 +4.14 e
387.77 +4.15e

103.13 +2.23f
17592 + 221 f

1629.10 + 7.68 a
1822.69 + 7.66 a

856.75 +5.95 ¢

1016.22 + 5.96 ¢

719.11 £ 453d
891.98 +451d

His, histidine; Thr, threonine; Lys, lysine; Val, valine; lle, isoleucine; Leu, leucine; Phe, phenylalanine; Trp, tryptophan; Arg, arginine; Gln, glutamine; Gly, glycine; Pro, proline; Tyr, tyrosine; Asn, asparagine;
Ser, serine; Asp, aspartic acid; Glu, glutamic acid; Ala, alanine; GABA, y-amino-n-butyric acid; HCys, homocysteine.
The data shown are mean values + SD (n = 3); values followed by the same letter, within the row, were significantly different (P < 0.05); J1-J5, Juices 1-5; DW, dry weight.
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using the LC-MS method in berries of some sea buckthorn cul-
tivars grown in Poland.?*

The concentration of carotenes in juices J1 and J2 and the juice
obtained on a laboratory scale were statistically similar (mean
230.02 mg 100 g~' DW), whereas J5 juice contained all of the car-
otenes identified in the total amount of 687.51 mg 100 g™
DW. All-trans-B-carotene in these juices constituted from 60 to
80% of the total carotenes. This was in line with previous studies
that also found zeaxanthin and 8-carotene to be the predominant
carotenoids in H. rhamnoides fruits.>*'*? Lycopene was not
detected in the juices, despite being present in a considerable
amount in previously tested berries of sea buckthorn varieties
(up to 8%)*" and commercially available sea buckthorn
juice (13%).°

It is known that the influence of cultivar on the carotenoid con-
tent is the strongest but in the case of carotenes, the year could
have had a greater influence than harvest date, and conversely
for xanthophylls. High variability could result from subspecies,
sea buckthorn origin, and growth conditions (temperature, insola-
tion, rainfall) during the vegetation period.>'? Nevertheless, the
presence of carotenoids determines the yellow to almost red
color of sea buckthorn products and thus their attractiveness. Car-
otenes dominated in J5 juice (82 and 52% of total carotenoids), for
J6 juice the carotene: xanthophyll ratio was almost 1:1, and for the
rest of the juices xanthophylls were dominant (64 to 100% of total
carotenoids). Thus, no correlation was found between these two
carotenoid groups (r = 0.01), but carotenes strongly correlated
with phytofluene (r = 0.91). Its presence in J1 and J5 juices corre-
sponded to no more than 0.2% of the total carotenoids. Phyto-
fluene is a colorless acyclic intermediate in carotenoid
biosynthesis, so it could be concluded that its presence in juices
is caused by impurity of unripe berries. However, no chlorophylls
were detected in the juices, which indicates fully maturated
berries.3? On the other hand, Trebolazabala et al.>* observed an
increase in phytofluene in the middle stage of tomato ripening,
which could be due to the activation of the carotenoid biosynthe-
sis pathway before reaching full maturity. The presence of phyto-
fluene in sea buckthorn berries or juices has not been reported so
far, but significant amounts have been found in carrots, tomatoes,
peppers, watermelon, red grapefruits, and apricot. Its final

content in food has not been studied fully and probably does
not correlate with cultivar and growing conditions.>*

Free amino acids of sea buckthorn juices

The amino acids analyzed by the UPLC-PDA-Q/TOF-MS method,
along with their corresponding retention times, maximum
absorption wavelengths, and specific parent and daughter ions
(IM + HI* m/2), are presented in Table 3. In the sea buckthorn
juices, 20 free amino acids were identified and quantified, includ-
ing eight essential (EAAs) and five conditionally essential amino
acids (CEAAs) for the human body.

The total sum of amino acids ranged from 175.92 (J3) to
1822.60 mg 100 g'1 DW (J4), including EAAs and CEAAs between
72.79 (J3) and 193.59mg 100 g~' DW (J4). The correlation
between these two groups of amino acids was moderate
(r=0.60). The results obtained were in line with the data included
in the reviews by Bekker and Glushenkova®® and Zeb'' concern-
ing the composition of H. rhamnoides. These authors presented
18 free amino acids in sea buckthorn juices with a total content
0f 94.5-188.3 mg 100 mL™" and 51.57 mg 100 g~' of juice, respec-
tively, which in terms of the average dry weight of sea buckthorn
juices is about 706 to 2580 mg 100 g~' DW. The juices tested
showed a rich profile of EAAs and CEAAs but their content was
moderate, from 11 (J4) to 41% of the total amino acid pool (J3).
Only selected juices can therefore be an interesting source of
amino acids and protein with nutritional importance. The
research of Zenkova and Pinchykova®® demonstrated that EAAs
in sea buckthorn berries were differentiated by cultivar (38 to
59% of total amino acids). Juice J3, with the lowest amino acid
content, was characterized by the highest percentage of EAAs
and CEAAs, 33 and 9% of total amino acids, respectively, similar
to the previously studied sea buckthorn juices (23 to 50% of
EAAs).3® The ratio of EAAs to CEAAs ranged from 1.4 (J4 and J5)
to 3.7 (J3). In the juice obtained on a laboratory scale, the contents
of EAAs and CEAAs were similar to those in J1 juice, followed by J4
and J5.

The contents of individual amino acids in the juices varied sig-
nificantly, but the dominant one — asparagine (Asn) - represented
from 30 (J3) to 81% (J4) of the total amino acids. In all juices, glu-
tamine (GIn), glutamic acid (Glu), alanine (Ala), y-amino-n-butyric

dant capacity of sea buckthorn juices

Table 4. Inhibitory activity against acetyl- and butylcholinesterase, a-amylase, a-glucosidase, pancreatic lipase and 15-lipoxygenase and antioxi-

Sea buckthorn juices

Biological potential 1 J2 J3 J4 J5 "Jozef' juice
Enzyme inhibitory activity

AChE (ICs) 11043 £242b 23995 +456f 12899 +260c 13754 +2.05d 1865+277e 8722+ 144a
BuChE (ICsp) 17410 +456f 13019 +£3.53d  140.56 +3.56e 80.93 +2.04b 10128 +£292c 56.15+1.13a
a-Amylase (ICsp) 80.25 +340c 7555 +243b 81.17 £ 262 c 68.94 + 1.98 a 7452 +243b 7241 +£230b
a-Glucosidase (ICsg) 3794 + 1.24d 89.17 + 3.54f 3335+ 145c 2945 +1.28b 4410+ 159e 2397 +1.14a
Pancreatic lipase (ICs) 054 +0.14 b 0.05+0.01a 0.05+0.03a 339+ 053e 1.35+031d 112 £0.52¢
15-Lipoxygenase (% of inhibition) 1521 £ 1.07 e 46.71 +2.26 56.29 + 265 b 41.02 +£217d 47.01 +£295c¢ 61.01 +3.61a
Antioxidant capacity (mmol Trolox/100 g FW)

ORAC 9.27 + 034 c 9.79 + 054 c 947 +0.62 c 13.55+0.24 a 1345+ 081a 1278 £ 0.35b
FRAP 0.24 +0.05c¢ 0.25 +£0.04 c 045 +0.07b 047 +0.08 b 0.68 +0.10a 045 +0.06 b
ABTS 0.16 £ 0.02 e 0.18 £+ 0.03 e 0.36 + 0.04 c 0.62 +0.04a 0.29 +0.02d 0.55+0.04b

The data shown are mean values + SD (n = 3); values followed by the same letter, within the row, were significantly different (P < 0.05); AChE, ace-
tylcholinesterase; BUChE, butylcholinesterase; ICsy, the half maximal inhibitory concentration (mg of sample/mL); J1-J5, Juices 1-5; FW, fresh weight.
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acid (GABA), lysine (Lys), and phenylalanine (Phe) were also
detected in significant amounts, and histidine (His), serine (Ser),
and tryptophan (Trp) were detected in J2 and J4 juices. According
to Bekker and Glushenkova (2001)*> and Zeb (2004),"" in juices
and berries, proline (Pro), aspartic acid (Asp) and threonine (Thr)
were also dominant in addition to Asn, Ser, Lys, and Phe,
highlighted in this study. However, the amino acid profile of the
juices studied was more similar to the recent report by Constantin
et al.’ according to which the predominant amino acids in sea
buckthorn berries were Asn, GIn, Ala, and Asp (Table 3).

The relatively high and diverse content of Asn, Asp, and Ala in
the juices tested should be considered in the context of the risk
of Maillard reactions causing formation of potentially toxic com-
pounds with negative health effects (acrylamide, hydroxymethyl-
furfural, heterocyclic amines, furans).®?> On the other hand,
Constantin et al® identified the optimal temperature and time
sequence to reduce ACR and 5-HMF formation during thermal
treatment of sea buckthorn purée, that is 134.87 °C for 14.82 min.

Sea buckthorn seeds are particularly rich in Asp, Glu, and Arg;*’
hence the high content of these amino acids in juices could be
determined by the pressing process and potential crumbling of
seed coats. In turn, Prandi et al.3® found that, of the fruit waste,
sea buckthorn spent pulp contained significant amounts of EAAs
(35%), including high levels of Lys and Leu. Therefore, when asses-
sing the concentrations of these two amino acids in sea buck-
thorn juices (especially the high content of Lys in J1, J4, J5 and
J6), the pressing efficiency and composition of pomace should
be taken into account. In addition to the aforementioned factors,
amino acids could be determined by growing conditions (soil,
habitat and climatic conditions, irrigation) and extraction
conditions.5*

In all juices tested, 18 proteinogenic amino acids were identi-
fied, without cysteine and methionine, contrary to the previous
reports on H. rhamnoides.®'"*® However, according to the investi-
gation by Zenkova and Pinchykova®® cysteine was characteristic
only for some sea buckthorn cultivars. Importantly, among the
non-proteinogenic amino acids, GABA constituted from 1.7
(J4) to 4.5% (J2), and the sulfur-containing amino acid homocyste-
ine (HCys) from 0.4 (J4) to 3.3% of total amino acids (J3) were
determined. Although these amino acids are not incorporated
into proteins, their presence in sea buckthorn juices may be
health related as they act as principal neurotransmitters at inhib-
itory synapses and a potent antioxidant.'®%> Bekker and Glushen-
kova®” reported the presence of only the S-methylated derivative
of cysteine in sea buckthorn berries, determined by an automated
amino acid analyzer. However, to the best of our knowledge, there
is no amino acid analysis using LC-MS for sea buckthorn juices,
and this study is the first to identify and quantify HCys and GABA
for H. rhamnoides.

Enzyme inhibitory activity of sea buckthorn juices

In vitro anti-cholinesterase effect

In the therapy of neurodegenerative diseases, an important role is
played by cholinesterase inhibitors that inhibit the development
of lesions with relatively low side effects, although they do not
eliminate their causes. The activity of sea buckthorn juices against
acetyl- and butylcholinesterase as a potential way to inhibit
degenerative changes by increasing transmission in the choliner-
gic system was investigated (Table 4). ICsy values ranged from
87.22 (J6) to 239.95 mg mL™' (J2) for AChE and between 56.15
(J6) and 174.10 mg mL™" (J1) for inhibition of BUChE. In the case
of juices J2, J4, J5 and J6, the activity towards BuChE was stronger

than for AChE, which was in line with previous results for sea buck-
thorn cultivars.2* The juices tested were significantly less active
than berries, but juice obtained on a laboratory scale had the
highest anti-aging potential.

PhytoPs, PhytoF and selected amino acids (Lys, Tyr, lle, Phe) cor-
related strongly with anti-AChE activity (r = 0.52), and the correla-
tion with HCys was strongly negative (r = —0.73) (supplementary
material Table S1). In the case of anti-BuChE activity, a strong cor-
relation with tocopherols and tocotrienols (r = 0.63), selected
PhytoPs, PhytoF and amino acids (His, Gly, Thr, Ala, GABA, Pro,
Leu, Phe), and strong negative correlations with lutein, zeaxan-
thin, and some of their isomers were found. Previous reports indi-
cate the potential of vitamin E in slowing the progression of
dementia, modulating signaling and gene regulation.
a-Tocopherol was able to modulate pathways that are altered in
Alzheimer's disease (AD). Vitamin E supplementation normalized
behavioral and cognitive functions, was able to counteract oxida-
tive stress and f-amyloid toxicity, and exerted beneficial effects in
AD animal models.>® Furthermore, recent reports suggest that
some isoprostanes (IsoPs), isofurans (IsoFs), and neurofurans
(NeuroFs), for example F,-IsoPs, 15-F,-IsoP and F4-NeuroPs, may
be potential oxidative stress biomarkers of neuronal diseases,
including Alzheimer's and Parkinson's.*® However, the role of
plant oxylipins including PhytoPs and PhytoFs in the regulation
of neurodegenerative disorders has not been elucidated, and this
is the first report of their anticholinergic potential. Abnormal
amino acid levels may indicate a pathogenesis associated with
mild cognitive impairment and preclinical dementia. For instance,
a prospective cohort study indicated that the essential branched-
chain amino acids (Val, lle, and Leu) are associated with lower
dementia risk and Alzheimer's disease.*' In this research, these
amino acids correlated more strongly with the anti-BuChE effect
(r=0.45 for Val, lle; r = 0.97 for Leu). The high content of PhytoPs,
PhytoFs, tocopherols, tocotrienols, and amino acids, in selective
correlation with anti-AChE and/or anti-BuChE activity, under-
scores the importance of sea buckthorn juices in the diet used
in the treatment of neurodegenerative diseases.

In vitro anti-diabetic and anti-obesity effects

The hypoglycemic effect of sea buckthorn juices was analyzed for
inhibition of a-amylase and a-glucosidase (ICsp). The inhibitory
potential against a-glucosidase (68.92 to 81.17 mgmL™") was
stronger than for a-amylase (23.97 to 89.17 mg mL™"), except for
J2 juice. The juice from the berries of cv. ‘Jézef was similarly active
to the J2 and J5 juices, and only the J4 juice was more active than
them. In the case of anti-glucosidase activity, laboratory juice was
the strongest, and J2 juice showed 2 to 3.7 times weaker potential
than the others.

Surprisingly, the anti-amylase and anti-glucosidase activities did
not correlate (r = 0.13), which could indicate a different effect of
bioactive compounds contained in H. rhamnoides on these activ-
ities. Correlations between anti-amylase and the sum of tocotrie-
nols, tocopherols, and most amino acids (Asn, GIn, Gly, Asp, Thr,
Ala, GABA, Pro, Val, Leu, Phe) were strong (r = 0.50). However, in
contrast to vitamin E, amino acids were less closely correlated
with anti-glucosidase activity. Only Leu was able to positively
inhibit glucosidase (r = 0.65).

The analysis of the correlation for carotenoids and anti-
hyperglycemic activity of juices showed differences with regard
to the well-documented activities of some carotenoids, including
p-carotene and f-cryptoxanthin, against type 2 diabetes.*?
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However, in assessing the potential of sea buckthorn juices, the
potential isomerization of naturally occurring (all-E)-carotenoid
configuration to (Z)-isomers as a result of heat treatment and
exposure to light and acids, resulting in loss of provitamin A activ-
ity and changes in bioavailability, should be considered.® On the
other hand, biological activity may result from synergistic or
antagonistic effects of compounds in juices, including those not
determined in this study, such as polyphenols, triterpenes, fruit
acids, and sugars contained in H. rhamnoides.

All juices showed high pancreatic lipase inhibitory activity, with
the highest levels of J2 and J3 juices (0.05 mg mL™"). Type 2 diabe-
tes is known to correlate strongly with adipose tissue gain and the
degree of obesity. Hence inhibition of pancreatic lipase (a key
enzyme in lipid digestion and absorption) may have implications
for the treatment of both diabetes and obesity.** Studies on the
risk factors of coronary heart disease in humans indicated that
supplementation with sea buckthorn juice caused a moderate
decrease in the susceptibility of low-density lipoproteins (LDL)
to oxidation and an increase in the concentration of high density
lipoprotein cholesterol (HDL—C) and triacylglycerol (TAG) in
plasma.'® The Pearson correlation study revealed xanthophylls
(cryptoxanthin, lutein, zeaxanthin, and their isomers) and some
PhytoPs contained in juices as potent pancreatic lipase inhibitors
(r = 0.50). Recent cell and animal tests have associated caroten-
oids and their derivatives with reducing obesity and influencing
key aspects of adipose tissue, while human epidemiological stud-
ies have shown that higher dietary intake of carotenoids and their
serum levels are associated with decreased adiposity.44 However,
to the best of our knowledge, this research is the first to show Phy-
toPs' ability to inhibit pancreatic lipase.

In vitro anti-inflammatory effect
The anti-inflammatory potential of sea buckthorn juices as a per-
centage of inhibition of 15-lipoxygenase activity at a concentra-
tion of 30 mg mL™" was analyzed (Table 4). The inhibition results
were between 15.21 and 61.01%, and the juices in terms of activ-
ity can be ranked as follows: J6 > J3 > J2 = J5 > J4 > J1. Phyto-
prostanes and PhytoFs (r = 0.95 and 0.50) correlated most
strongly with anti-15-LOX activity, except for Ent-16-epi-16-F -
PhytoP and Ent-16-F,-PhytoP (r = —0.19), which were most com-
mon in sea buckthorn juices. The F;-PhytoP isomers seemed to
have the strongest effect against 15-LOX (r = 0.94). The results
are in line with previous studies suggesting the anti-inflammatory
activity of PhytoPs and their ability to modulate the cellular mech-
anisms involved in the adaptive immune response. The biological
effects are explained by the strong structural analogy between
PhytoPs and endogenous prostaglandins, with regard to the
cyclopentenone ring and electrophilic character. Karg et al.*°
reported that the cyclopentenone A;-PhytoPs and deoxy-J;-
PhytoPs exhibit potent anti-inflammatory and apoptosis-inducing
effects similar to A;- and deoxy-J,-prostaglandins. Immunomodu-
latory activity is also associated with the analogy between
E,-prostaglandin and 16-E;-PhytoP, while the ability to hinder sig-
naling mediated by nuclear factor kappa B (NF-xB) suggests multi-
directional potential in immune and inflammatory processes,
oncogenesis, and tumor progression.”%*>

For tocopherols and tocotrienols and carotenoids, the correla-
tion with anti-15-LOX activity was negligible (r = —0.22 and
— 0.07), but the effect of amino acids was varied. Most of them,
but not Asn, GIn, Ala, Pro and HCys, correlated weakly with activity
against 15-LOX (r between —0.46 and 0.31). Previous studies have
identified amino acids as anti-inflammatory, immunomodulatory,

and cytoprotective agents, as their role is related to the synthesis
of cytokines and antibodies, as well as the regulation of metabolic
pathways of the immune response to infectious pathogens. For
instance, Trp and Tyr are associated with inhibition of the produc-
tion of inflammatory cytokines and superoxide, GABA administra-
tion may inhibit development of a pro-inflammatory T-cell
response in mice, and Gly, in turn, reduced inflammatory
responses and improved the survival rate in pathogen-infected
animals.*®

Antioxidant capacity of sea buckthorn juices

The antioxidant capacity of sea buckthorn juices was assessed as
oxygen radical absorbance capacity (ORAC), ferric reducing ability
(FRAP), and free radical-scavenging activity (ABTS) (Table 4). Activ-
ity in the ORAC test was the highest, between 9.27 (J1) and
13.55 mmol TE/100 g FW (J4), while the activities in the other
two tests were similar and ranged from 0.16 (J1) to 0.68 mmol
TE/100 g FW (J5). The activity of sea buckthorn juices varied
depending on the type of assay, similar to the studies by Mbller
et al,’ who observed the highest activity for sea buckthorn juice
(0.74 mmol @-TE/100 g) in the luminol-chemiluminescence based
peroxyl radical scavenging capacity (LPSC) test based on peroxyl
radical scavenging capacity. Despite the differentiation, the
results of antioxidant activity strongly correlated (r = 0.71 for
ORAC-FRAP; r = 0.83 for ORAC-ABTS; r = 0.88 for ABTS-FRAP).
Thus, the J4 and J5 juices were 1.5 to 3.8 times more active
towards oxidants than the J1 and J2 juices. The activity of the juice
obtained on a laboratory scale was also close to the average anti-
oxidant activity of commercial juices.

No strong correlations were found between the antioxidant
activity of the juices and PhytoPs and PhytoF (supplementary
material Table S1). Currently, the influence of PhytoPs on human
physiological mechanisms is associated with metabolic processes.
These oxylipins can activate the transcription factor Nrf2, which
regulates the resistance of cells to oxidants, and controls and
induces the expression of the antioxidant response. For sea buck-
thorn juices, the interactions of PhytoPs, carotenoids, polyphe-
nols, diterpenes, and triterpenes present in H. rhamnoides
berries may be particularly important in the context of these bio-
logical activities.?"*’

Tocopherols and tocotrienols are known to have antioxidant
properties, it has been suggested that they prevent lipid peroxida-
tion in plant membranes, and the ability of their antioxidant system
depends on the stress level.” The total content of tocopherols and
tocotrienols in sea buckthorn juices moderately correlated with
their antioxidant activity (r = 0.38 to 0.54), and tocopherols were
more active than tocotrienols according to ABTS and FRAP tests.
a-Tocopherol was the most effective antioxidant of the tocochro-
manols tested (r = 0.48 to 0.55). This is agreement with antioxidant
activity of g, y and A forms from which represented 10 to 50% of
a-T activity.? In research on antioxidant activity assays,” the lipo-
philic extract of sea buckthorn juice was found to be more active
towards oxidants than tomato and carrot juice extracts, rich in
carotenoids and tocopherols, and showed 20 times higher activity
than orange juice. In this study, the antioxidant activity of sea buck-
thorn juices was more strongly related to the carotene content
(r=0.24 to 0.81) than to xanthophylls, which negatively correlated
with the ORAC, FRAP, and ABTS effects (r = —0.33 to —0.91).

The results should be considered with regard to mechanisms of
antioxidant action and test conditions. Previous analyses of the a-
and p-carotene standards indicated their higher antioxidant activ-
ity than lutein and zeaxanthin in the a-tocopherol equivalent
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antioxidant capacity (a-TEAC test), in contrast with the FRAP test,
and significantly similar activities in the LPSC assay.” However, in
sea buckthorn juices, a diverse effect of carotene forms on the
activity was found. So A-, y-, a-, {- and e-carotene correlated more
strongly with antioxidant activity than B-carotene. The antioxi-
dant activity of carotenoids depends on their structural features,
including the number of double bonds, functional groups on
rings and type of ring, while the degree and pattern of methyla-
tion affect the potential of tocopherols and derivatives.?” The
accumulation of these metabolites during the ripening of sea
buckthorn berries corresponds to the increase in antioxidant
capacity of lipophilic extracts.”” However, the bioassays in this
study were carried out on water-methanol extracts, which may
explain the differences.

Antioxidant activity correlated positively with amino acids, and
especially strongly for the ORAC effect (r = 0.65). According to the
three measurements, Arg and GIn followed by Thr, Ala, GABA, Tyr,
Leu, and Trp had the strongest antioxidant effect (r above 0.50 for
at least two tests). Improving the oxidative defense of Arg, Gin,
Tyr, and Trp (along with Ser, Gly, Glu, Pro) has also been empha-
sized in previous reports.'®*® For example, supplementation with
GIn increased intestinal expression of genes necessary for cell
growth and removal of oxidants, and decreased expression of
genes promoting oxidative stress and immune activation.'® Litera-
ture data provide several mechanisms explaining the antioxidant
properties of amino acids, including quenching singlet oxygen,
chelating prooxidative metals, synergistic reactions with tocoph-
erols and other primary antioxidants, and the activity caused by
secondary compounds of the reactions between amino acids and
oxidized lipids. Moreover, the antioxidant activity of Arg, Lys, HCys,
and Trp in sea buckthorn juices could be due to the presence of
thiol or an additional amino group in these amino acids.*®

CONCLUSIONS

Phytoprostanes and PhytoFs in sea buckthorn juices were identified
for the first time and their concentrations strongly correlated with
the inflammation alleviation potential investigated as 15-LOX inhibi-
tion. Sea buckthorn juices can be an interesting anti-diabetic and
anti-obesity food due to the content of potential inhibitors of a-amy-
lase, a-glucosidase (tocopherols, tocotrienols, selected amino acids)
and pancreatic lipase (PhytoPs, xanthophylls). The presence of Phy-
toPs, PhytoF, tocopherols, tocotrienols, and amino acids increases
the functionality of juices in reducing neurodegenerative changes,
which makes them potential anti-aging agents in the prevention of
the most common dementia type — Alzheimer's disease. Sea buck-
thorn juices may play an important role in the body's defense mech-
anism against pathologies related to free radical attack.

The commercialization and globalization of sea buckthorn
berries and a wide range of products from them, including juices,
would undoubtedly be an achievement. The differentiation of the
composition and the bioactive potential of commercial juices
indicates that it is important for the consumer to choose
juices from the declared berry cultivars and crops. The results of
the study may direct in vivo analyses of the pro-health potential
of juices, and in the future it will be valuable to supplement the
research with the profiles of other biologically active compounds.
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Sea buckthorn (Hippophaé rhamnoides L.) berries have high biological value as a rich source of phenolic com-
pounds, fatty acids and vitamins A, C, E. Due to the high organic acid content and sour taste, the fruits are rarely
used in juice production. Therefore, the study aimed to determine the metabolic activity of Lactobacillus plan-
tarum, Lactobacillus plantarum subsp. argentoratensis and Oenococcus oeni strains along with the dynamics of
changes in organic acids, sugars, phenolic compounds, and antioxidant activity during 72-h fermentation of
100% sea buckthorn and mixed with apple (1:1) juices. The strongest malolactic conversion was in mixed juices
(to 75.0%). The most efficient strains were L. plantarum DSM 10492, 20174 and 6872. L. plantarum strains

caused an increase in flavonols and antioxidant activity of sea buckthorn-apple juices. The results can be used to
select conditions and strains in industrial-scale fermentation, to produce novel sea buckthorn products and

increase their consumption.

1. Introduction

Sea buckthorn (Hippophaé rhamnoides L.) is a shrub whose fruit can
be used as a remedy supporting treatment and prevention of gastro-
intestinal disorders, hyperlipidemia, hyperglycemia, hyperinsulinemia,
and nervous system and cardiovascular diseases (Bal, Meda, Naik, &
Satya, 2011). The positive effects of the plant on the functioning of
eyesight, hair and skin have been proven, and antiproliferative effects
have been investigated for colon, liver and breast cancer cells and
leukemia cells (Grey, Widén, Adlercreutz, Rumpunen, & Duan, 2010;
Bal et al., 2011; Guo, Guo, Li, Fu, & Liu, 2017). Previous studies have
shown that sea buckthorn berries are notably rich in flavonols, xan-
thophylls, carotenes, tocopherols and tocotrienols, vitamin C, and n-3,
n-6, n-7, and n-9 fatty acids (Tkacz, Wojdyto, Turkiewicz, Bobak, &
Nowicka, 2019). Hence, the use of the berries is mainly based on the
production of dietary supplements and cosmetics, while in food in-
dustry, fruit is only a component in products with added value and high
pro-health properties. The berries can also be used for production of

* Corresponding author.

jams and jellies, oils, soft drinks, alcoholic beverages and dairy products
(Rafalska, Abramowicz, & Krauze, 2017).

Nevertheless, the taste of sea buckthorn fruit is unattractive and
described as sour, astringent and with low sweetness. This correlates
with the high amount of organic acids (up to 5.4%), including dominant
malic acid, low pH 2.9 and sugar:organic acid ratio of 1.2 on average
(Tiitinen, Hakala, & Kallio, 2005; Tkacz et al., 2019). In order to in-
crease the consumption and application in the food industry, the so-
lution may be to correct the sour taste of sea buckthorn berries through
malolactic fermentation (MLF). This process involves decarboxylation
of malic acid to lactic acid and carbon dioxide. MLF is widely used to
reduce acidity, increase microbiological stability and modify the aroma,
flavor and texture of red wines and some white wines. Among lactic
acid bacteria, genus Oenococcus, followed by Lactobacillus and Pedio-
coccus, shows high efficiency and adaptation to unfavorable conditions
(du Toit, Engelbrecht, Lerm, & Krieger-Weber, 2011; Bartowsky,
Costello, & Chambers, 2015; Wojdylo, Samoticha, & Chmielewska,
2020).
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The potential use of MLF has also been studied in fruit and vegetable
juices and pulps. The results suggested that fermentation with L. plan-
tarum may have a beneficial effect on the physico-chemical properties,
content and profile of bioactive compounds, antioxidant potential and/
or sensory evaluation of, among others, olives (Kachouri et al., 2015),
kiwifruit pulp (Zhou et al., 2020), pomegranate (Mousavi et al., 2013),
mulberry (Kwaw et al., 2018), and Momordica charantia juices (Gao
et al., 2019). Fermentation with L. plantarum and L. brevis enhanced the
antioxidant and immune modulation features of cactus cladode pulp
(Filannino et al., 2016). In addition, L. plantarum is commercially re-
levant as a starter culture for food fermentation, and as a probiotic
culture (Zheng et al., 2020). Hence, there is a growing interest in in-
novative fermented products based on vegetables and fruits as a good
source of probiotic bacteria (Di Cagno, Coda, De Angelis, & Gobbetti,
2013).

Reduction of acidity and astringency and the increase of fruity and
fermented taste were studied in fermented sea buckthorn juices by
Tiitinen, Vahvaselkd, Laakso, and Kallio (2007). However, the process
was carried out with unadapted O. oeni, the fermentation reaction
differed between berry cultivars, and the reaction size was not pro-
portional to the initial malic acid amount and pH in juices. On the other
hand, Markkinen, Laaksonen, Nahku, Kuldjérv, and Yang (2019)
showed that certain L. plantarum strains can perform MLF in sea
buckthorn juices without additional adaptation and nutrients.

There is still a lack of detailed and complete literature data on the
impact of fermentation using different strains on the chemical compo-
sition and antioxidant activity of sea buckthorn juice, including a new
cultivar grown in Poland. Therefore, this study aimed to determine the
metabolic activity of L. plantarum, L. plantarum subsp. argentoratensis
and O. oeni strains along with the dynamics of changes in the content of
organic acids, sugars, phenolic compounds, and antioxidant activity
during 72-h MLF of sea buckthorn and sea buckthorn-apple juices. It is
known that MLF in wine depends on pH and lasts longer than in fruit
juices. Cinquata, De Stefano, Formato, Niro and Panfili (2018) reported
that O. oeni and L. plantarum metabolized malic acid in white wines
with pH 3.2 for 35 and 56 d, respectively, but no conversion took place
in wines with a lower pH 3.2. The addition of apple juice will not only
increase the pH of sea buckthorn juice, but will also be a good medium
for O. oeni (Viljakainen & Laakso, 2002). Apples, in addition to lower
acidity, will provide sugars, amino acids and vitamins necessary for
bacterial activity, and their selection is economically and sensorially
attractive. This paper presents for the first time the appropriate con-
ditions and strains of malolactic fermentation in sea buckthorn and sea
buckthorn-apple juices to achieve maximum reduction of malic acid
while increasing the health-promoting potential by the rise in phenolic
compounds and antioxidant activity.

2. Materials and methods
2.1. Plant materials

Sea buckthorn berries of the cultivar ‘J6zef’ were collected from the
Research Institute of Horticulture in Skierniewice (Poland). Apples of
the cultivar ‘Champion’ were purchased on the retail market. The
choice of apple variety was dictated by the lack of tendency to enzy-
matic darkening. Sea buckthorn and apple juices were squeezed using a
hydraulic press (SRSE, Warsaw, Poland) and slow juicer (Hurom HG
2G, Puregreen S.C., Stawno, Poland), respectively. The juices were
pasteurized and immediately cooled. 100% sea buckthorn juice and sea
buckthorn juice mixed with apple juice (in the ratio 1:1) were intended
for inoculation.

2.2. Malolactic fermentation

The process of biological deacidification was carried out using
malolactic fermentation. Freeze-dried cultures of strains of Lactobacillus
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plantarum (DSM 100813, DSM 13273, DSM 20174, DSM 10492, and
DSM 6872), Lactobacillus plantarum subsp. argentoratensis (DSM 16365)
and Oenococcus oeni (DSM 20255; Leibniz Institute DSMZ-German
Collection of Microorganisms and Cell Cultures GmbH, Braunschweig,
Germany) were used for this purpose.

The rehydration of L. plantarum and L. plantarum subsp. argentor-
atensis was performed in MRS broth (casein peptone, tryptic digest,
meat extract, yeast extract, glucose, Tween 80, K,HPO,, Na-acetate,
(NH4); citrate, MgSO47H,0, MnSO4H,O in distilled water; pH
6.2-6.5), and O. oeni in medium from casein peptone, tryptic digest,
yeast extract, glucose, fructose, Tween 80, (NH,4); citrate, MgSO47H>0,
MnSO4H,0, tomato juice, cysteine-HCI'H,O in distilled water (pH 4.8)
for up to 30 min. Then bacterial cells were cultured as recommended
for 24 h in 10 mL of sterile (autoclaved at 121 °C for 20 min) liquid
media (as above), transferred into 100 mL of dedicated media and in-
cubated at 30 °C (L. plantarum DMS 6872, DMS 10492 and DMS 20174,
L. plantarum subsp. argentoratensis DMS 16365 and O. oeni DMS 20255)
or 37 °C (L. plantarum DMS 100813 and DMS 13273) for 48 h. All
biomass was centrifuged at 5500 rpm for 10 min using an MPW-351R
centrifuge (MPW Med. Instruments, Warsaw, Poland). The supernatant
was decanted and the remaining biomass was suspended in 5 mL of
sterile 0.9% NaCl solution. The sea buckthorn and sea buckthorn-apple
juices were inoculated with a 1% (vol.) cell suspension. Fermentation
was carried out in sealed glass flasks for 72 h at 30 °C in the absence of
lights, in a laboratory incubator (ST2, POL-EKO-APARATURA,
Wodzistaw Slaski, Poland). Samples were mixed regularly.

The above described steps were performed under sterile conditions.
Fermentation was carried out in duplicate. Three samples were taken
from the fermentation vessels. An additional vessel was a sample, from
which no juices were taken during the process, only at the beginning
and after 72 h. During the process, access to oxygen was inhibited, and
during sampling minimized. Samples of juices were taken for analyses
every 12 h and immediately placed at —80 °C before the next step of
analysis.

2.3. Microscopy

Microscopic images were obtained using a Zeiss Axio Imager M2
microscope (Carl Zeiss Meditec France S.A.S., Le Pecq, France) with a
100 X objective lens. Immersion was used. AxioVision 4.8 Software
(Carl Zeiss Meditec France S.A.S., Le Pecq, France) was used for image
acquisition. Pictures were taken just before inoculation of juices and are
shown in Fig. 1.

2.4. Optical density

Cell growth was examined by optical density (ODsgo) of bacterial
suspensions measured spectrophotometrically at 560 nm using a UV-
2401 PC spectrophotometer (Shimadzu Corp., Kyoto, Japan). The
measurement was made for bacterial suspensions just before inocula-
tion of the juices. The blank were pure bacterial media diluted as sus-
pensions of bacteria. All measurements were taken three times and the
results were expressed as mean with standard deviation.

2.5. Measurement of pH and soluble solids

PH of juices was determined using an automatic pH titrator system
TitroLine 5000 (Xylem Analytics GmbH, Weilheim in Oberbayern,
Germany). The soluble solids content ("Bx) was measured with a digital
refractometer (Atago RX-5000, Atago Co. Ltd., Saitama, Japan). All
measurements were taken three times and the results were expressed as
mean with standard deviation.

2.6. Determination of organic acids and sugars

Organic acids were studied using ultra performance liquid
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Fig. 1. Microscopic images of Lactobacillus plantarum (DSM 100813, DSM 13273, DSM 20174, DSM 10492, DSM 6872), Lactobacillus plantarum subsp. argentoratensis

(DMS 16365) and Oenococcus oeni (DSM 20255) under 100x magnification.

chromatography with photodiode array detector (UPLC-PDA, Acquity
UPLC System, Waters Corp., Milford, MA, US). Sugars were analyzed by
high pressure liquid chromatography (HPLC-ELSD, Merck-Hitachi L-
7455, Merck KGaA, Darmstadt, Germany) equipped with an evapora-
tive light scattering detector (ELSD, PL-ELS 1000, Polymers Labs Inc.,
Ambherst, MA, US). The analyzes were carried out exactly as reported
previously by Wojdylo, Nowicka, and Babelewski (2018). Identification
of organic acids (malic acid, lactic acid, oxalic acid, citric acid, isocitric
acid, quinic acid) and sugars (thamnose, fructose, glucose, sucrose) was
based on reference standards (Merck KGaA, Darmstadt, Germany). All
measurements were taken three times and the results were expressed in

g/100 mL as mean with standard deviation.

2.7. Determination of phenolic compounds

Phenolic compounds were analyzed using an ultra performance li-
quid chromatography with photodiode array detector (UPLC-PDA,
Acquity UPLC System; Waters, MA, USA) and the UPLC BEH C18
column (2.1 X 100 mm, 1.7 um) (Waters Corp., Milford, MA, USA).
Before injection, the juice samples were centrifuged at 15,000 rpm for
7 min at 4 °C using MPW-150R centrifuge (MPW Med. Instruments,
Warsaw, Poland). The supernatants were then filtered through 0.20 um
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Table 1
PH, soluble solids, content of organic acids, sugars and phenolic compounds, sugar:organic acid ratio and antioxidant activity of sea buckthorn juices fermented with different lactic acid bacteria strains.
Properties Uninoculated juice L. plantarum
DSM 100813 DSM 13273 DSM 20174
0Oh 24h 48h 72 h 24 h 48h 72 h 24 h 48 h 72 h 24h 48h 72 h
pPH 3.012 = 0.01b 3.012 * 0.0b 3.013 + 0.01b 3.012 = 0.01b - - 3.019 = 0.01b - - 3.021 + 0.01b - - 3.108 = 0.0-
la
Soluble solids 7.1 = 0.1a 7.3 = 0.1a 7.0 £ 0.0a 7.1 = 0.1a 7.4 *= 0.0a 6.9 = 0.1b 6.3 = 0.1c 7.0 £ 0.1a 6.7 = 0.1b 6.5 = 0.1bc 7.4 = 0.1a 6.8 = 0.1b 6.0 = 0.1c
(°Bx)
Organic acids (g/100 mL)
Malic acid 6.06 + 0.11a 6.06 = 0.15a 6.09 = 0.14a 6.08 = 0.15a 5.83 * 0.1la 5.74 * 0.10ab 5.32 = 0.11c 5.98 = 0.12b 5.94 * 0.10a 5.85 * 0.10a 5.60 = 0.10b 5.13 = 0.10d 4.80 % 0.10e
Lactic acid nd nd nd nd 0.48 + 0.04d 0.49 * 0.06d 0.57 + 0.02d 0.42 = 0.03d 0.43 = 0.05d 0.51 * 0.05d 0.89 * 0.08c 1.45 + 0.10b 1.82 = 0.13a
Oxalic acid 0.10 = 0.0la 0.10 = 0.04a 0.09 = 0.02a 0.10 = 0.02a 0.10 = 0.03a 0.11 = 0.03a 0.11 = 0.03a 0.10 = 0.02a 0.10 = 0.02a 0.09 *= 0.0la 0.08 = 0.02a 0.10 = 0.03a 0.08 * 0.02a
Citric acid 0.26 = 0.0l1a 0.26 * 0.05a 0.26 * 0.05a 0.25 = 0.07a 0.25 * 0.06a 0.23 * 0.04a 0.23 * 0.03a 0.24 = 0.05a 0.21 * 0.03a 0.21 * 0.05a 0.24 *= 0.05a 0.25 = 0.04a 0.25 * 0.03a
Isocitric acid 0.18 = 0.04a 0.19 = 0.05a 0.20 = 0.04a 0.20 = 0.04a 0.20 = 0.03a 0.20 = 0.05a 0.22 = 0.05a 0.17 = 0.03a 0.20 = 0.05a 0.18 *= 0.06a 0.19 *= 0.05a 0.20 * 0.05a 0.23 * 0.0la
Quinic acid 0.64 = 0.06a 0.63 = 0.10a 0.63 = 0.09a 0.63 = 0.09a 0.62 = 0.08a 0.62 = 0.10a 0.61 = 0.07a 0.59 = 0.05a 0.61 = 0.06a 0.61 = 0.09a 0.62 = 0.09a 0.59 * 0.05a 0.61 * 0.04a
Total organic 7.24 * 0.10b 7.24 = 0.09b 7.27 = 0.08b 7.26 * 0.10b 7.50 * 0.07a 7.39 = 0.09b 7.06 = 0.09c 7.50 = 0.10a 7.49 * 0.08a 7.45 + 0.08a 7.62 = 0.09a 7.15 = 0.08c 7.79 * 0.09a
acids
Sugars (g/100 mL)
Rhamnose 0.14 = 0.0la 0.14 += 0.0la 0.14 = 0.02a 0.15 = 0.0la 0.16 = 0.02a 0.14 = 0.0la 0.15 = 0.0la 0.17 = 0.02a 0.13 = 0.02a 0.15 * 0.0la 0.14 = 0.0la 0.15 * 0.03a 0.16 * 0.01la
Fructose 0.10 = 0.02a 0.10 = 0.0la 0.11 = 0.0la 0.12 = 0.02a 0.11 = 0.0la 0.11 = 0.02a 0.10 = 0.02a 0.09 = 0.0la 0.11 = 0.02a 0.10 = 0.0la 0.09 = 0.0la 0.10 * 0.0la 0.12 * 0.03a
Sorbitol 0.23 + 0.04a 0.22 + 0.03a 0.22 = 0.04a 0.22 = 0.04a 0.22 = 0.03a 0.22 = 0.03a 0.21 = 0.04a 0.23 = 0.02a 0.23 = 0.02a 0.22 * 0.02a 0.20 = 0.03a 0.22 * 0.03a 0.21 * 0.03a
Glucose 3.15 = 0.12a 3.12 * 0.17a 3.25 * 0.10a 3.28 = 0.21a 3.11 * 0.11a 3.18 * 0.22a 3.20 * 0.25a 3.20 = 0.13a 3.20 * 0.20a 3.25 * 0.09a 3.18 *= 0.17a 3.24 = 0.24a 3.29 * 0.30a
Total sugars 3.62 = 0.11a 3.58 + 0.18a 3.72 = 0.11a 3.77 = 0.21a 3.60 = 0.12a 3.65 * 0.23a 3.66 = 0.26a 3.69 *= 0.14a 3.67 *= 0.21a 3.72 *= 0.09a 3.61 *= 0.18a 3.71 * 0.25a 3.78 * 0.30a
Sugar:organic 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
acid
Phenolic compounds (mg/100 mL)
Phenolic acids 0.63 = 0.02a 0.63 = 0.0la 0.62 = 0.02a 0.60 = 0.0la 0.59 = 0.04a 0.62 = 0.0la 0.64 = 0.02a 0.62 *= 0.0la 0.63 = 0.0la 0.62 *= 0.0la 0.63 *= 0.02a 0.63 * 0.02a 0.63 * 0.04a
Flavonols 45.40 = 1.00b 41.52 = 0.65c 44.38 + 0.94b 44.59 = 0.99b 41.50 + 1.31c 41.52 *= 0.80c 40.88 = 1.03c 41.54 * 0.53c 44.25 = 0.43b 44.36 = 0.88b 45.62 + 1.17b 46.13 += 0.70b 49.26 = 0.5-
7a
Total phenolic 46.03 = 0.98b 42.15 = 0.66c 45.00 + 0.86b 45.19 = 0.94b 42.09 + 1.27c 42.14 = 0.79c 41.52 = 0.10c 42.16 * 0.52c 44.88 = 0.43b 44.98 = 0.87b 46.25 + 1.15b 46.76 + 0.68b 49.89 = 0.5-
compounds 3a
Antioxidant 7.42 = 1.00b 7.98 = 0.94b 7.03 = 0.82b 7.05 * 0.78b 6.77 = 1.21bc 6.90 = 1.63c 5.32 = 0.58c 7.11 * 1.01b 7.24 * 1.25b 7.94 +* 099 7.32 = 0.69b 8.60 = 1.48a 9.40 * 1.22a
activity
(mmol TE/
100 mL)
Properties L. plantarum L. plantarum subsp. argentoratensis O. oeni
DSM 10492 DSM 6872 DSM 16365 DSM 20255
24h 48h 72h 24h 48h 72h 24h 48h 72h 24h 48h 72h
pH - - 3.029 = 0.01b - - 3.020 = 0.01b - - 3.015 = 0.01b - - 3.014 = 0.01b
7.1 = 0.1a 6.6 = 0.1b 6.3 = 0.1c 6.7 = 0.1b 6.6 + 0.1b 6.2 = 0.1c 7.0 = 0.1a 6.8 = 0.1b 6.6 = 0.1b 7.0 = 0.1a 6.7 = 0.1b 6.5 + 0.1bc

(continued on next page)
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Properties L. plantarum L. plantarum subsp. argentoratensis O. oeni
DSM 10492 DSM 6872 DSM 16365 DSM 20255
24h 48h 72h 24h 48h 72h 24h 48h 72h 24h 48h 72h

Soluble solids

(Bx)
Organic acids (g/100 mL)
Malic acid 574 + 0.11ab 5.45 = 0.10bc 5.28 * 0.10c 596 + 0.10a 5.94 = 0.10a 5.21 = 0.10d 5.89 * 0.10a 567 * 0.10b 555 * 0.10b 6.01 = 0.10a 5.65 = 0.10b 5.43 = 0.10bc
Lactic acid 0.69 = 0.03d 0.92 = 0.05c 1.02 = 0.10c 0.38 = 0.08d 0.43 * 0.09d 0.47 + 0.04d 0.48 = 0.06d 0.56 = 0.09d 0.64 = 0.05d 0.38 * 0.9d 0.39 * 0.05d 0.39 + 0.04d
Oxalic acid 0.10 = 0.02a 0.09 = 0.03a 0.12 = 0.03a 0.11 = 0.0la 0.11 = 0.02a 0.08 = 0.0la 0.11 * 0.0la 0.10 = 0.02a 0.10 = 0.03a 0.08 = 0.05a 0.10 * 0.03a 0.11 * 0.03a
Citric acid 0.24 * 0.03a 0.25 = 0.04a 0.22 = 0.02a 0.25 = 0.06a 0.25 * 0.05a 0.23 + 0.0la 0.24 + 0.04a 0.21 = 0.04a 0.23 = 0.05a 0.27 * 0.03a 0.24 * 0.03a 0.23 + 0.04a
Isocitric acid 0.21 * 0.0la 0.21 = 0.03a 0.23 = 0.04a 0.19 = 0.03a 0.20 * 0.0la 0.22 * 0.05a 0.20 + 0.05a 0.20 = 0.05a 0.21 * 0.04a 0.19 * 0.05a 0.21 * 0.03a 0.23 + 0.05a
Quinic acid 0.62 * 0.07a 0.62 = 0.09a 0.62 *+ 0.08a 0.62 = 0.10a 0.63 = 0.11a 0.62 = 0.08a 0.59 = 0.08a 0.60 = 0.11a 0.60 *= 0.05a 0.59 = 0.07a 0.61 = 0.05a 0.61 = 0.07a
Total organic 7.60 * 0.09a 7.54 = 0.08a 7.49 = 0.10a 751 = 0.09a 7.56 = 0.10a 6.83 = 0.09d 751 = 0.09a 7.34 = 0.10b 7.33 = 0.07b 7.52 = 0.08a 7.20 = 0.06c 7.00 = 0.09¢c
acids
Sugars (g/100 mL)
Rhamnose 0.13 * 0.02a 0.13 = 0.0l1a 0.15 = 0.02a 0.15 = 0.0la 0.17 = 0.02a 0.16 = 0.0la 0.17 = 0.0la 0.15 = 0.02a 0.14 + 0.03a 0.15 = 0.0la 0.15 * 0.02a 0.15 * 0.0la
Fructose 0.08 = 0.02a 0.09 = 0.02a 0.08 = 0.02a 0.11 * 0.02a 0.11 * 0.0la 0.10 * 0.0la 0.12 + 0.0la 0.12 = 0.0la 0.13 = 0.02a 0.09 * 0.0la 0.09 * 0.02a 0.10 + 0.0la
Sorbitol 0.20 = 0.04a 0.19 = 0.03a 0.21 *= 0.03a 0.19 = 0.01a 0.21 *= 0.01a 0.20 = 0.02a 0.19 = 0.06a 0.21 = 0.02a 0.22 *= 0.07a 0.21 * 0.05a 0.22 *= 0.05a 0.23 = 0.07a
Glucose 322 = 0.16a 3.25 * 0.15a 3.29 * 0.19a 3.21 * 0.1la 3.24 * 0.20a 3.24 * 0.18a 3.21 * 0.2la 3.28 * 0.14a 3.28 * 0.17a 3.21 * 0.28a 3.21 * 0.16a 3.30 * 0.15a
Total sugars 3.63 + 0.17a 3.66 = 0.16a 3.73 * 0.20a 3.66 * 0.12a 3.73 = 0.2la 3.70 = 0.19a 3.69 = 0.2la 3.76 * 0.15a 3.77 * 0.18a 3.66 + 0.29a 3.67 + 0.17a 3.78 = 0.16a
Sugar:organic 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
acid
Phenolic compounds (mg/100 mL)
Phenolic acids 0.61 + 0.0la 0.62 = 0.0la 0.64 += 0.02a 0.60 = 0.03a 0.59 = 0.03a 0.59 = 0.02a 0.63 = 0.02a 0.64 = 0.03a 0.63 *= 0.0la 0.60 * 0.0la 0.63 *= 0.02a 0.61 += 0.02a
Flavonols 41.75 = 1.38¢c 46.23 *+ 0.35b 40.01 = 1.22¢ 45.72 += 1.02b 45.12 + 0.82b 44.33 = 1.04b 46.06 * 0.92b 46.10 = 0.83b 44.20 = 0.53b 40.04 + 0.29c 44.87 = 1.11b 45.94 + 0.10b
Total phenolic 42.36 = 1.37c 46.85 + 0.34b 40.65 + 1.18c 46.32 + 0.98b 4571 + 0.66b 44.92 + 1.06b 46.69 + 1.02b 46.74 + 0.86b 44.83 + 0.52b 40.64 + 0.28c 45.50 +* 1.09b 46.55 + 0.09b
compounds
Antioxidant 6.64 + 1.05bc 5.88 + 1.31c 5.02 = 1.14c 7.14 = 1.22b 7.24 = 1.09b 7.99 = 1.32b 7.54 + 1.54b 7.84 + 1.24b 7.43 + 1.46b 7.27 + 0.94b 7.00 = 0.73b 7.07 += 1.41b
activity
(mmol TE/
100 mL)

Data are shown as mean (n = 3) * standard deviation; for each parameter tested, values with different letters, within the row, differ significantly (Tukey’s test, p < 0.05); h-hours.
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PTFE hydrophilic membranes. Chromatographic analysis conditions
were the same as described by Tkacz et al. (2020), including injection
volume — 5 pL, flow rate — 0.420 mL/min, run time — 30 min, and
column temperature 30 °C. Solvent A (2.0% formic acid) and solvent B
(100% acetonitrile) were used in the following gradients: elution start
with 98.0% A; next solvent A reduction to 65% (to 32 min), and to 0%
(to 33 min); 98% A from 33.5 to 35 min to re-equilibrate the column.
The PDA spectra were measured over the wavelength range
200-800 nm, every 2 nm. The runs for phenolic acids and flavonols
were monitored at 320 and 360 nm, respectively. Quantitative de-
termination was based on injections of the phenolic calibration stan-
dards at concentrations ranging 0.05 to 5 mg/mL (RZ = 0.9998). The
sums of phenolic acids and flavonols were calculated as p-coumaric acid
and isorhamnetin-3-O-rutinoside, respectively. These compounds were
the dominant phenolic compounds, as confirmed by reference standards
(Extrasynthése S.A., Genay, France; Merck KGaA, Darmstadt, Ger-
many). Empower 3 software (Waters Corp., Milford, MA, US) was used
to develop data. All measurements were taken three times and the re-
sults were expressed in mg/100 mL as mean with standard deviation.

2.8. Determination of antioxidant activity

Antioxidant activity was tested as oxygen radical absorbance ca-
pacity (ORAC) and the analysis was conducted as previously described
by Ou, Huang, Hampsch-Woodill, Flanagan, and Deemer (2002).
Spectrofluorometric measurement of fluorescence decrease caused by
fluorescent substance oxidation by free radicals with the antioxidants
presence was measured using a microplate reader Synergy™ H1
(BioTek, Winooski, VT, US). Before analysis, the juice samples were
centrifuged the same as in subsection 2.7. Samples containing juice
supernatant, phosphate buffer, and fluorescein were incubated at 37 °C
until the end of the analysis. 2,2’-Azobis(2-amidinopropane)dihy-
drochloride was inserted and the spectrofluorometric measurement was
performed every 5 min at excitation and emission wavelengths of 493
and 515 nm, respectively. The phosphate buffer was blank. The anti-
oxidant activity was calculated by comparing the surface under the
fluorescence decrease curves over time with the surface for pure Trolox
solutions at 12.5, 25.0, 50.0, and 75.0 pM. All measurements were
taken three times and the results were expressed in mmol TE (Trolox)/
100 mL as mean with standard deviation.

2.9. Statistical analysis

Analysis of variance (ANOVA, p < 0.05), Tukey’s HSD test and
Pearson’s correlation coefficient (r) were done using a Statistica 13.1
software (StatSoft, Cracow, Poland) and XLSTAT for Microsoft Excel
2019 (Microsoft Corp., Redmond, WA, US). Data are shown as mean
(n = 3) * standard deviation (SD). For each parameter tested, values
with different letters differ statistically significantly.

3. Results and discussion
3.1. Optical density

Optical density (ODsgp) was measured to compare bacterial growth
in suspension intended for inoculated juices. ODsg values of the bac-
terial suspension were 2.1 *+ 0.1 to 2.3 = 0.1 for L. plantarum strains,
2.0 = 0.1 for the L. plantarum subsp. argentoratensis strain, and
1.9 = 0.2 for the O. oeni strain. No significant differences (p > 0.05)
were found between these results. Measurement of optical density takes
into account inactive cells with preserved integrity of cytoplasmic
membranes; therefore the ODsgo value does not fully reflect the phy-
siological state of the culture and its potential. No correlation was
found between the optical density and the malic acid conversion and
the phenolic content for both types of juice tested.
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3.2. pH and soluble solids

Previous studies on the fermentation of fruit and vegetable juices
indicated that a higher pH promotes the metabolic capacity of bacterial
strains (Gao, Vasantha Rupasinghe, & Pitts, 2013; Filannino et al.,
2014; Wei et al., 2018). The pH values of uninoculated sea buckthorn
and sea buckthorn-apple juices were constant during 72-h incubation
and were 3.012 and 3.238. The changes in pH (Table 1) of sea buck-
thorn juices inoculated with bacteria were not significant (p > 0.05),
except for L. plantarum DSM 20174 strain with increase by 0.1 units.
Mixed juices inoculated with L. plantarum had the highest final pH,
from 3.299 to 3.324, respectively, for DSM 13273 and DSM 20174
strains. Inoculation of mixed juice with O. oeni did not change the pH
significantly compared (p > 0.05) to uninoculated juice.

In applying analogous L. plantarum strains, a rise in pH to 0.1 and
0.26 units was achieved for chokeberry and sea buckthorn juices, re-
spectively (Markkinen et al., 2019). Tiitinen et al. (2007) studied the
pH change in sea buckthorn juices treated with O. oeni, and the max-
imum increase was 0.2 units for Oranzhevaya and Avgustinka berry
juices. A similar change in pH, by 0.1-0.2 units, was found after mal-
olactic fermentation of white and black currant, apple, and bilberry
juices using O. oeni (Viljakainen & Laakso, 2002). In contrast, pH
changes during MLF were not significant (p > 0.05) for apple juices
(Gao, Vasantha Rupasinghe, & Pitts, 2013), lingonberry material
(Viljanen, Heinio, Juvonen, Ko6sso, & Puupponen-Pimid, 2014), and bog
bilberry juice (Wei et al., 2018).

The soluble solids content, one of the quality indicator, was 7.1 and
10.6 °*Bx for uninoculated sea buckthorn and sea buckthorn-apple
juices, respectively (Tables 1-2). The fermentation process resulted in a
decrease in value by a maximum of 1.0 in the case of sea buckthorn
juice with DSM 20174 strain and by 1.2 for sea buckthorn-apple juice
with DSM 16365 strain. Changes in the soluble solids content were
strongly correlated with malic acid (r = 0.92) and lactic acid (r = -0.78
and —0.85 for sea buckthorn and sea buckthorn-apple juices, respec-
tively) (Table 3). In turn, the correlation with sugars, the major soluble
solids in juices, was low due to their constant concentration during
MLF. Codex General Standard for Fruit Juices and Nectars (Codex STAN
247-2005) defines the minimum °Bx level for sea buckthorn juices
equal 6.0, and for apple juice 10.0, which may naturally differ for
countries. Hence, both types of deacidified juices contain soluble solids
in accordance with applicable industry regulation.

3.3. Organic acids

3.3.1. Fermentation of sea buckthorn juices

An indicator of the fermentation process was the reduction of malic
acid, which is converted to lactic acid. For L. plantarum strains, the
largest reduction in malic acid content was observed between 48 and
72 h of incubation. The reduction of malic acid involving L. plantarum
subsp. argentoratensis (DSM 16365) and O. oeni (DSM 20255) was
stronger between 24 and 48 h, but the final acid reduction was rela-
tively small (below 10.5%) (Table 1). For the O. oeni strain, lactic acid
concentration was constant despite a slight reduction of malic acid. This
may indicate the course of other metabolic pathways using malic acid
as a carbon source through O. oeni or potentially yeast with the affinity
of malic enzyme to its substrate, through malate dehydrogenase activity
or during the tricarboxylic acid cycle (Subden, Krizus, Osothsilp,
Viljoen, & Van Vuuren, 1998; Volschenk, Van Vuuren, & Viljoen-Bloom,
2006).

Incubation had no effect on the content of organic acids, and the
malic acid amount in uninoculated sea buckthorn juice was on average
6.07 g/100 mL. Moderate malic acid conversion was found in sea
buckthorn juices and ranged from 3.5% to 20.9% (for inoculated juices
with DSM 13273 and DSM 20174 strains, respectively). The DSM 20174
and DMS 10492 strains showed the highest metabolic activity in black
chokeberry juice and sea buckthorn juice, respectively, with complete
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reduction of malic acid (Markkinen et al., 2019). In the future, an at-
tempt to deacidify the juice using recombinant L. plantarum cells that
increase fermentation efficiency may be valuable (Schiimann et al.,
2012).

In all inoculated sea buckthorn juices, during the process there were
observed increasing amounts of lactic acid, ranging from 0.38 to
0.89 g/100 mL after 24 h, from 0.39 to 1.45 g/100 mL after 48 h, and
from 0.39 to 1.82 g/100 mL after 72 h of incubation. However, only in
the case of juices with DSM 20174 and DSM 10492 strains were these
changes significant, and the highest content of lactic acid, in proportion
to the strongest reduction of malic acid, was found in sea buckthorn
juice inoculated with the first strain. In the research of Markkinen et al.
(2019) analogous strains of L. plantarum — DSM 100813, DSM 20174,
DSM 10492, and DSM 16365 — were able to metabolize malic acid in
black chokeberry and sea buckthorn (except DSM 16365) juices, but not
in lingonberry juice rich in citric acid.

It was found that the type of strain determined the amount of lactic
acid formed. For example, approximately twice as much lactic acid as in
juices with DSM 100813 and DSM 6872 strains was determined in juice
with the DSM 10492 strain, despite similar malic acid reduction (13.2%
on average).

The sum of organic acids of sea buckthorn juices inoculated with
DSM 13273, DSM 20174 and DSM10492 strains increased compared to
the initial value (average 7.27 g/100 mL) due to the accumulation of
lactic acid. Additional organic acids in decreasing quantities were also
detected in sea buckthorn-apple juices — quinic > citric > isocitric >

oxalic acids (Table 2) — but their content did not change significantly
(p > 0.05) during juice fermentation. Quinic acid has a bitter and
astringent taste, which is relevant in terms of sensory quality of juices.
Fermentation of papaya juice by L. acidophilus and L. plantarum also did
not change the oxalic acid concentration (Chen, Chen, Chen, Zhang, &
Chen, 2018). Similarly, the metabolic activity of O. oeni did not affect
the quinic acid content of sea buckthorn juice in research of Tiitinen
et al. (2007). The reduction of quinic acid along with the shikimic acid
formation by L. plantarum was found in bog bilberry juice with pH 3.50
(Wei et al., 2018), and sea buckthorn juices inoculated with DSM 10492
and DSM 100813 strains after combination with enzymatic treatment
(Markkinen et al., 2019).

3.3.2. Fermentation of sea buckthorn-apple juices (1:1)

The kinetics of changes (every 12 h) in malic and lactic acid content
are shown in Fig. 2 comparing the dynamics of change in analyzed
juices during incubation with L. plantarum DSM 10492 strain (A), L.
plantarum subsp. argentoratensis DSM13635 (B), O. oeni DSM 20255 (C).
The reduction in malic acid was stronger for mixed juices (1:1) and was
up to 75.0% for juice inoculated with the DSM 10492 strain, following
by 63.8% for juice with the DSM 20174 strain (Table 2). Identification
and changes in organic acids after 12 and 72 h of MLF with DMS 10492
strain for sea buckhorn-apple juice are also shown in the UPLC-PDA
chromatograms (Fig. 3). Reduction of malic acid in juices with other
bacterial strains ranged from 55.6 to 60.9%, with a final acid content on
average 1.44 g/100 mL. The exception was juice inoculated with O.
oeni, in which there was no significant change (p > 0.05) in malic acid
content after 72-h incubation compared to uninoculated juice (3.40 g/
100 mL).

The largest reduction in malic acid occurred during the first 24 h of
incubation with L. plantarum strains, except for juice treated with L.
plantarum subsp. argentoratensis. Therefore, based on the slight differ-
ences in malic acid concentration between 48 and 72 h, the optimal
fermentation time for DSM 6872, DSM 100813, and DSM 20174 strains
can be determined as 48 h. In the research of Mousavi et al. (2013) the
same strain DSM 20174 was used for fermentation of pomegranate juice
at pH 3.1 at 30 °C. Weak metabolism of organic acids for the first 24 h
due to the lag phase and a significant increase in lactic acid in the
logarithmic growth stage between 24 and 48 h were found. In com-
parison, Markkinen et al. (2019) investigated the termination of
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fermentation with the DSM 20174 strain after 30 h in black chokeberry
juice, but for sea buckthorn juices the optimal malolactic conversion
time was 72 h. The consumption of half malic acid content in apple
juice treated with O. oeni occurred within 2 d of the fermentation, then
during the next 14 d the conversion was slow and incomplete
(Viljakainen & Laakso, 2002).

Lactic acid concentration increased with fermentation time to
9.21 g/100 mL for sea buckthorn-apple juice inoculated with DSM
13273 and DSM 100813 strains. However, the application of DSM
20174, DSM 6872, and DSM 16365 strains was not conducive to such a
strong lactic acid increase (up to 5.68 g/100 mL).

In the case of O. oeni, lactic acid formation was weaker in sea
buckthorn-apple juice than in 100% sea buckthorn juice. A small in-
crease in lactic acid, with no significant changes in the reduction of
sugars and acids, was also found in black chokeberry juice treated with
O. oeni (Markkinen et al., 2019). Conversely, an over 90% reduction in
malic acid was achieved using this species for sea buckthorn juice of the
Oranzhevaya cultivar (Tiitinen et al., 2007). O. oeni completely de-
graded malic acid in white and black currant juices, incompletely in
bilberry juice, and was not able to ferment lingonberry juices
(Viljakainen & Laakso, 2002). Low O. oeni activity may result from
lowering of its cell content below the minimum value necessary to
maintain malolactic fermentation (10® CFU mL™!; Maicas, Natividad,
Ferrer, & Pardo, 2000; Viljakainen & Laakso, 2002), especially since a
decrease in O. oeni growth in the first stage of bog berry juice fer-
mentation has been proven (Chen et al., 2019). The causes may also be
associated with too low pH of juice and the presence of natural anti-
microbial compounds of fruits, including benzoic acid (Viljakainen &
Laakso, 2002; Gao et al., 2013), although UPLC-PDA analysis did not
show even trace amounts of this acid in the juices studied. Literature
data emphasize the dominance of O. oeni in MLF and their good
adaptation to difficult wine-making conditions. The optimum pH for
growth is from 4.3 to 4.8, but bacteria can also grow at pH 3.2
(Cinquanta, De Stefano, Formato, Niro, & Panfili, 2018). However, sea
buckthorn juice had higher acidity, lower pH and different chemical
compositions than wine. It should be noted that only one strain of O.
oeni was tested, therefore further research using many strains available
for industrial deacidification and modified will be desirable.

Sea buckthorn-apple juice also contained other organic acids in
decreasing contents: quinic > citric and isocitric > oxalic acids
(Table 2). Concentrations of these organic acids did not change sig-
nificantly (p > 0.05), similarly as during sea buckthorn juices’ fer-
mentation. Only in sea buckthorn-apple juices fermented with the most
efficient DSM 10492 and DSM 20174 strains, were trace amounts of
acetic acid, below 0.04 g/100 mlL, detected (results not shown). L.
plantarum is one of the facultatively heterofermentative bacteria (het-
erolactic metabolism), which means that they are capable of forming
lactic acid and other compounds, including acetic acid, depending on
the conditions (Gerardi et al., 2019). Stronger acetic acid production
was observed in Prunus mahaleb fruits fermented by a mixed starter of L.
plantarum and S. cerevisiae (Gerardi et al., 2019), stored pomegranate
juice (Mantzourani et al., 2019), papaya juices (Chen et al., 2018), and
tomato, pineapple, cherry, and carrot juices as a result of activation of
the acetate kinase route of the phosphogluconate pathway by L. plan-
tarum strains (Filannino et al., 2014). In turn, the DSM 20174 strain
produced a considerable quantity of propionic acid rather than acetic
acid (Mousavi et al., 2013).

3.4. Sugars and sugar:organic acid ratio

Non-fermented sea buckthorn and sea buckthorn-apple juices con-
tained 3.62 and 8.11 g sugars/100 mL, respectively, and glucose was
dominant (Tables 1-2). Other sugars were identified in decreasing
concentrations in sea buckthorn juice (sorbitol > rhamnose >

fructose), and in sea buckthorn-apple juice (sucrose > fructose >
rhamnose). No differences in sugar concentration were found between
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Table 2
PH, soluble solids, content of organic acids, sugars and phenolic compounds and sugar:organic acid ratio of sea buckthorn-apple juices fermented with different lactic acid bacteria strains.
Properties Uninoculated juice L. plantarum
DSM 100813 DSM 13273 DSM 20174
0Oh 24h 48h 72 h 24 h 48h 72 h 24 h 48 h 72 h 24h 48h 72 h
pH 3.238 + 0.01c 3.239 + 0.01c 3.238 + 0.0lc 3.238 = 0.0lc - - 3.316 = 0.0la - - 3.299 * 0.01b - - 3.324 + 0.0-
la
Soluble solids 10.6 *= 0O.la 10.6 *= O.1a 10.6 = 0.1a 10.7 *= O.1la 10.3 + 0.1b 9.7 = 0.1c 9.5 * 0.1c 10.4 += 0.1c 9.7 = 0.0c 9.6 = 0.1c 10.3 = 0.0b 9.8 = 0.1c 9.9 + 0.0bc
(Bx)
Organic acids (g/100 mL)
Malic acid 3.40 = 0.20a 3.39 * 0.21a 3.41 = 0.24a 3.40 = 0.22a 2.29 = 0.18b 1.51 #= 0.12d 1.50 = 0.11d 2.48 = 0.19b 1.55 = 0.10d 1.41 *= 0.11d 1.71 #= 0.12d 1.28 + 0.13d 1.23 + 0.12d
Lactic acid nd nd nd nd 247 = 011g 484 = 0.14d 7.36 = 0.18b 198 + 0.09g 6.14 * 0.19c 9.21 + 0.33a 2.85 * 0.18g 4.29 = 0.25d 5.68 = 0.24c
Oxalic acid 0.07 = 0.0la 0.06 * 0.02a 0.07 * 0.0la 0.07 = 0.02a 0.05 = 0.0la 0.05 * 0.0la 0.05 *= 0.0la 0.07 = 0.0la 0.06 * 0.02a 0.07 = 0.0la 0.05 = 0.02a 0.07 = 0.0la 0.07 *= 0.0l1a
Citric acid 0.16 = 0.02a 0.16 = 0.04a 0.15 * 0.05a 0.16 * 0.08a 0.13 = 0.03a 0.11 * 0.05a 0.11 * 0.03a 0.14 * 0.04a 0.12 = 0.07a 0.13 = 0.02a 0.15 * 0.04a 0.14 = 0.06a 0.13 = 0.07a
Isocitric acid 0.16 = 0.05a 0.16 = 0.06a 0.17 = 0.04a 0.16 = 0.07a 0.17 = 0.08a 0.17 = 0.03a 0.18 = 0.08a 0.17 = 0.09a 0.17 = 0.05a 0.16 = 0.06a 0.17 *= 0.04a 0.17 *= 0.04a 0.18 * 0.03a
Quinic acid 0.45 = 0.09a 0.45 += 0.10a 0.45 *= 0.11a 0.43 = 0.15a 0.44 = 0.18a 0.44 += 0.12a 0.45 *= 0.10a 0.42 = 0.11a 0.44 *= 0.10a 0.44 * 0.16a 0.41 = 0.15a 0.43 = 0.14a 0.41 * 0.11a
Total organic 4.24 + 0.20f 4.22 + 0.19f 4.25 = 0.22f 4.22 + 0.19f 5.55 = 0.23e 7.12 = 0.34c 9.65 = 0.51b 526 *= 0.40e 8.48 = 0.55b 11.42 + 0.29a 5.34 = 0.24e 6.35 *= 0.30d 7.70 %= 0.41c
acids
Sugars (g/100 mL)
Rhamnose 0.07 = 0.02a 0.08 * 0.0la 0.06 = 0.02a 0.06 = 0.02a 0.08 = 0.03a 0.08 + 0.02a 0.07 = 0.03a 0.09 = 0.02a 0.07 * 0.03a 0.06 + 0.02a 0.08 = 0.02a 0.08 = 0.02a 0.07 * 0.04a
Fructose 222 = 0.11a 217 * 0.13a 217 = 0.20a 220 = 0.19a 2.20 = 0.18a 2.22 = 0.17a 2.22 = 0.25a 2.18 *= 0.18a 2.19 = 0.15a 2.19 *= 0.16a 2.26 *= 0.17a 2.25 * 0.13a 2.23 * 0.20a
Glucose 3.18 = 0.27a 3.17 * 0.21a 3.20 * 0.25a 3.22 = 0.30a 3.17 *= 0.23a 3.17 * 0.28a 3.16 * 0.33a 3.22 = 0.20a 3.30 * 0.4la 3.16 * 0.34a 3.21 *= 0.21a 3.21 = 0.10a 3.18 * 0.34a
Sucrose 264 = 0.19a 262 *= 0.12a 2.65 * 0.22a 2.65 * 0.32a 257 = 0.32a 2.60 * 0.23a 2.66 * 0.4la 2.64 *= 0.12a 257 = 0.32a 2.70 * 0.1la 2.67 * 0.10a 2.51 *= 0.23a 2.64 = 0.30a
Total sugars 8.11 + 0.28a 8.04 + 0.22a 8.08 * 0.26a 8.13 = 0.31a 8.02 = 0.33a 8.07 = 0.29a 8.11 = 0.34a 8.13 = 0.21a 8.13 *= 0.40a 8.11 *= 0.35a 8.22 *= 0.22a 8.05 * 0.24a 8.12 * 0.35a
Sugar:organic 1.9 1.9 1.9 1.9 1.4 1.1 0.8 1.5 1.0 0.7 1.5 1.3 1.1
acid
Phenolic compounds (mg/100 mL)
Phenolic acids 1.30 = 0.0la 1.22 = 0.01b 1.21 * 0.02b 1.07 = 0.03b 1.24 * 0.01b 1.22 * 0.04b 1.16 * 0.06b 1.24 * 0.03b 1.22 * 0.01b 1.21 * 0.01b 1.19 * 0.02b 1.20 * 0.04b 1.19 = 0.02b
Flavonols 17.57 + 1.35¢ 17.24 + 1.22¢ 17.21 * 1.09¢ 17.09 + 1.42¢ 20.52 + 1.54b 23.19 + 1.06a 23.71 + 1.32a 18.57 + 1.00c 18.78 + 1.03c 20.20 = 1.21b 18.38 + 1.00c 20.62 = 0.99b 22.48 + 1.1-
7ab
Total phenolic 18.87 + 1.34c 18.46 *= 1.21c 18.42 + 1.07c 18.16 + 1.43c 21.76 = 1.53b 24.41 + 1.09a 24.87 + 1.35a 19.81 + 1.03c 20.00 + 1.03c 21.41 = 1.20b 19.57 + 1.0lc 21.82 = 0.96b 23.67 = 1.1-
compounds 8ab
Properties L. plantarum L. plantarum subsp. argentoratensis 0. oeni
DSM 10492 DSM 6872 DSM 16365 DSM 20255
24h 48h 72h 24h 48h 72h 24h 48h 72h 24h 48h 72h
pH - - 3.320 = 0.0la - - 3.305 * 0.01b - - 3.307 = 0.01b - - 3.241 *= 0.01c
Soluble solids 10.3 = 0O.la 9.4 = 0.1c 9.5 = 0.1c 10.2 = 0.la 9.5 = 0.1c 9.5 * 0.1c 10.6 = 0.la 9.4 = 0.1c 9.4 = 0.1c 10.6 = 0.la 10.5 = 0.1a 10.5 = 0.1a
(°Bx)
Organic acids (g/100 mL)
Malic acid 1.47 = 0.10d 1.19 * 0.10de 0.85 = 0.10e 2.02 * 0.10c 1.37 = 0.10d 1.33 = 0.10d 3.35 = 0.10a 155 = 0.10d 1.51 = 0.10d 3.35 += 0.26a 3.17 * 0.25a 3.47 = 0.20a
Lactic acid 3.79 * 0.21f 6.26 = 0.40c 7.44 = 0.39b 257 * 0.13g 3.94 + 0.16ef 4.42 = 0.34e 224 = 0.20g 4.06 = 0.19e 533 = 0.48d 0.24 = 0.10h 0.27 = 0.11h 0.29 = 0.0%h
Oxalic acid 0.06 = 0.0la 0.05 * 0.0la 0.05 = 0.0la 0.06 = 0.0la 0.06 + 0.02a 0.07 = 0.0la 0.06 = 0.0l1a 0.06 = 0.0la 0.07 = 0.0la 0.05 * 0.02a 0.06 + 0.0la 0.06 * 0.0la
Citric acid 0.14 + 0.06a 0.14 = 0.05a 0.14 + 0.05a 0.15 * 0.07a 0.14 + 0.04a 0.14 + 0.07a 0.16 = 0.05a 0.14 +* 0.02a 0.14 + 0.0la 0.17 = 0.04a 0.16 + 0.04a 0.15 * 0.05a
Isocitric acid 0.17 = 0.09a 0.18 = 0.07a 0.16 = 0.07a 0.15 * 0.06a 0.16 + 0.03a 0.17 * 0.04a 0.16 = 0.07a 0.16 * 0.05a 0.16 = 0.04a 0.15 = 0.05a 0.17 = 0.06a 0.18 =+ 0.02a
Quinic acid 0.44 = 0.12a 0.43 * 0.09a 0.44 = 0.15a 0.45 = 0.08a 0.44 = 0.09a 044 = 0.11a 045 = 0.10a 0.45 *= 0.07a 0.46 = 0.14a 043 *= 0.12a 045 = 0.13a 0.42 *= 0.10a
Total organic 6.07 + 0.42de 8.25 *= 0.52b 9.08 = 0.57b 5.40 = 0.47e 6.11 * 0.38d 6.57 * 0.39d 6.42 * 0.32d 6.42 * 0.43d 7.67 * 0.80c 4.39 * 0.36f 4.28 * 0.45f 4.57 = 0.56f
acids

Sugars (g/100
mL)

(continued on next page)
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Table 2 (continued)

O. oeni

L. plantarum subsp. argentoratensis

L. plantarum

Properties

DSM 20255

DSM 16365

DSM 6872

DSM 10492

72h

48h

24h

72h

48h

24h

72h

48h

24h

72h

48h

24h

+ 0.02a

0.07
2.22
3.34
2.61
8.24
1.8

+ 0.03a

0.08
2.19
3.27
2.55
8.09
1.9

+ 0.05a

0.09
217
3.30
2.54
8.10
1.8

+ 0.02a

0.08
2.20
3.23
2.70
8.21
1.1

+ 0.02a

0.10
2.22
3.20
2.64
8.16
1.3

+ 0.04a

0.09
217
3.28
2.64
8.18
1.3

+ 0.03a

0.11
2.25
3.28
2.64
8.28
1.0

+ 0.02a

0.10
2.18
3.30
2.61
8.19
1.3

+ 0.02a

0.08
2.23
3.26
2.54
8.11
1.5

+ 0.02a

0.09
2.21
3.28
271
8.29

0.9

+ 0.05a

0.11
2.23
3.20
2.65
8.19
1.0

+ 0.03a

0.09
2.20
3.16
2.60
8.05
1.3

Rhamnose
Fructose
Glucose

0.27a

*

0.27a

*

0.23a

+

0.28a

*

0.20a

*

0.26a

+

0.28a

+

0.32a

+

0.11a

*

0.33a

*

0.17a

+

0.34a

*

0.19a

+

0.24a

+

0.25a

+

0.31a

+

0.27a

+

0.22a

=+

0.19a

=+

0.28a

+

0.14a

=+

0.29a

+

0.26a

=+

0.19a

+

0.17a

*

0.21a

*

0.20a

*

0.20a

*

0.31a

*

0.18a

*

0.42a

*

0.30a

*

0.22a

+

0.28a

*

0.29a

*

0.30a

*

Sucrose

0.28a

*

0.28a

*

0.26a

+

0.32a

*

0.32a

*

0.27a

+

0.29a

+

0.33a

=+

0.23a

+

0.34a

*

0.30a

+

0.35a

*

Total sugars

Sugar:organic

acid

Phenolic compounds (mg/100 mL)

Phenolic acids

0.06b 1.25 * 0.03b 1.24 + 0.05b 1.24 = 0.02b 1.22 = 0.02b 1.21 = 0.04b 1.21 + 0.05b

+

1.19
1.24b 20.56 *

1.23¢

1.25 = 0.02b

20.43
21.68

1.25 = 0.07b

1.19 = 0.05b 1.20 + 0.03b

+ 0.04b

1.22

1.06bc
1.08bc

=+

19.00

1.6la 18.20 * 1.13c 24.02 * 1.21la
19.42

+

1.60b 23.33
1.63b 24.57

1.22b 21.03
1.23b 2227 *

1.63b 20.53 +
1.67b 21.78 =+

+

1.11bc
1.13c

+ 1.28c 17.36 * 1.52c¢ 18.24 * 1.35c 19.03 =
18.55 19.44 20.28

17.34
18.56

Flavonols

+

1.22a 20.21

*

1.13¢c 25.23

+

1.60a

*

+

21.75

+

*

1.37c

+

1.55¢

+

1.29¢

+

Total phenolic

compounds

3) = standard deviation; for each parameter tested, values with different letters, within the row, differ significantly (Tukey’s test, p < 0.05); h-hours.

Data are shown as mean (n
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juices treated with L. plantarum strains and those with O. oeni. The
sugar content in both juices inoculated with bacterial cells did not
change significantly (p > 0.05) after 72-h incubation. Deacidification
of berry juices from various sea buckthorn cultivars with O. oeni like-
wise did not result in a reduction of sugars, including glucose and
fructose, as demonstrated by Tiitinen et al. (2007). In contrast, the DSM
20174 strain was able to reduce reducing sugars in pomegranate juice
for 72 h after inoculation (Mousavi et al., 2013).

Wei et al. (2018) found that the decrease in reducing sugars during
the fermentation by L. plantarum strains was stronger in bog bilberry
juice with a lower pH (2.65) than in juice with a pH of 3.50. In contrast,
Markkinen et al. (2019) reported that probably due to the low pH of sea
buckthorn juice, L. plantarum revealed a higher preference for acids
than sugars as a carbon source. However, the higher pH of sea buck-
thorn-apple juice (1:1) in our study was not conducive to the use of
sugars by the bacteria used. Malic acid was not completely converted to
lactic acid; hence bacterial degradation of sugars was not necessary,
contrary to the study of Viljakainen and Laakso (2002) on acidity re-
duction in black currant, white currant, bilberry, and lingonberry
juices.

The taste of the berries depends on the sugar:organic acid ratio,
which correlates positively with sweetness and negatively with sour-
ness and astringency (Tiitinen et al., 2005). This ratio for sea buckthorn
juice did not change during fermentation with the tested strains and
was 0.5 (Table 1). In the case of non-fermented sea buckthorn-apple
juice, the ratio was inverse and was 1.9 regardless of the incubation
time (Table 2). Fermentation of these juices resulted in a decrease in
sugar:organic acid ratio over time, except for the process using O. oeni
(DSM 20255 strain). The strongest change in the ratio was noted for sea
buckthorn-apple juices fermented with the DSM 13273 strain (1.5—
0.7), followed by the DSM 100813 strain (1.4—0.8).

3.5. Phenolic compounds

3.5.1. Fermentation of sea buckthorn juices

Previous studies have proven that sea buckthorn berries are a rich
source of phenolic compounds, including flavonols, which account for
over 98% of the total, and the others are hydroxycinnamic acids (Tkacz
et al., 2020). Therefore, in this study, the dynamics of concentration
changes of these compounds during juice fermentation was measured.
Phenolic acids and flavonols in fresh sea buckthorn juice were constant
at 0.63 and 45.40 mg/100 mL, respectively, and their concentrations
did not change after a 72-h incubation period (Table 1).

Inoculation of sea buckthorn juices with lactic acid bacteria did not
cause significant changes (p > 0.05) in phenolic acids content
(Table 1). However, Markkinen et al. (2019) observed a strong reduc-
tion of hydroxycinnamic acids in black chokeberry juice and an in-
crease in protocatechuic acid content in sea buckthorn juice using the
same DSM 10492 strain. The content of p-coumaric and ferulic acids,
which sea buckthorn berries contain (Tkacz et al., 2020), increased in
mulberry juice treated with L. plantarum (Kwaw et al., 2018), but de-
creased in bog bilberry juice inoculated with O. oeni (Chen et al., 2019).
The results can be explained by metabolism of ferulic acid to 4-vinyl
guaiacol and p-coumaric acid to phloretic acid and p-vinylphenol (fer-
mented flavor precursors) by reductases and decarboxylases of certain
L. plantarum strains (Rodriguez, Landete, de las Rivas & Muiioz, 2008;
Filannino, Bai, Di Cagno, Gobbetti, & Génzle, 2015; Kachouri et al.,
2015).

The type of lactic acid bacteria strain determined the differences in
flavonol concentrations. A decrease in flavonol content was observed
after fermentation in juices inoculated with DSM 100813 and DSM
10492 strains, by 8.3 and 10.3%, respectively. In turn, the juice in-
oculated with the DSM 20174 strain had a higher final flavonol con-
centration by 9.5% compared to uninoculated juice. L. plantarum subsp.
argentoratensis and O. oeni did not significantly affect (p > 0.05) the
content of flavonols in sea buckthorn juices. Similar trends in reducing
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Table 3
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Pearson’s correlation matrix of selected chemical composition and antioxidant activity for juices after malolactic fermentation.

pH Soluble solids Malic acid Lactic acid Total organic acids Total sugars  Phenolic acids Flavonols Total phenolic compounds
Sea buckthorn juices
pH -
Soluble solids -0,62 -
Malic acid -0,71 0,92 -
Lactic acid 0,91 -0,78 -0,82 -
Total organic acids 0,71 -0,18 -0,19 0,72 -
Total sugars 0,30 0,30 0,07 0,12 0,42 -
Phenolic acids 0,29 -0,35 -0,33 0,55 0,55 -0,16 -
Flavonols 0,62 -0,13 —0,24 0,36 0,31 0,66 -0,35 -
Total phenolic compounds 0,62 -0,13 —0,24 0,36 0,31 0,66 -0,34 1,00 -
Antioxidant activity 0,56 -0,19 -0,20 0,33 0,29 0,48 -0,41 0,92 0,92
Sea buckthorn-apple juices
pH -
Soluble solids -0,89 -
Malic acid -0,98 0,92 -
Lactic acid 0,85 -0,85 -0,88 -
Total organic acids 0,75 -0,77 -0,78 0,98 -
Total sugars 0,02 -0,18 -0,11 -0,17 -0,28 -
Phenolic acids 0,75 —-0,61 -0,50 0,47 0,43 0,39 -
Flavonols 0,65 -0,62 —0,51 0,48 0,44 -0,31 0,46 -
Total phenolic compounds 0,65 -0,68 —0,51 0,49 0,45 -0,30 0,48 1,00 -
Antioxidant activity 0,58 -0,52 —0,42 0,38 0,33 -0,37 0,33 0,99 0,98

the total flavonol glycoside content were reported for chokeberry juices
inoculated with DSM 10492 and 100813 strains, but not for sea buck-
thorn (Markkinen et al., 2019). Fermentation of bog bilberry juice with
O. oeni promoted phenolic acid reduction (Chen et al., 2019), whilst
treatment of mulberry juice with L. plantarum resulted in an almost two-
fold increase in total flavonols (Kwaw et al., 2018).

The differences in total phenolic compound content in sea buck-
thorn juices after 72-h fermentation amounted to a maximum of 10%,
as did flavonol changes. Potential precipitation, oxidation and combi-
nation of phenolic compounds or their adsorption to solids and poly-
merization could cause a decrease in concentrations of these com-
pounds (Chen et al., 2018).

3.5.2. Fermentation of sea buckthorn-apple juices (1:1)

The phenolic acid content in sea buckthorn-apple juice was
1.30 mg/100 mL and decreased during 72-h incubation by 17.7%
(Table 2). Like in sea buckthorn juices, bacterial strains did not meta-
bolize phenolic acids, whose final content in juices had not changed
significantly (p > 0.05, Table 2).

Incubation of sea buckthorn-apple juice did not change the flavonol
content, equal to 17.57 mg/100 mL in fresh juice. Bacterial inoculation
promoted an increase in flavonol content in all fermented juices, except
for the juice treated with the DSM 10492 strain. Therefore, a strong
correlation was found between the malic acid conversion and the final
flavonol content in juices (r = 0.78). The largest increase after 72 h was
noted in juices inoculated with DSM 16365 and DSM 100813 strains (by
27.9 and 26.7%, respectively). Unlike in the case of L. plantarum, in
juices treated with O. oeni (DSM 20255) the largest amount of flavonols
was observed after 48 h of MLF (a rise of 28.9%); and in the next 24 h a
reduction of 20% relative to the maximum was found. The increase in
content of flavonols, isorhamnetin and kaempferol was studied in fer-
mented cactus cladode pulp by L. plantarum in the research of Filannino
et al. (2016). Glycosylated flavonols may have been hydrolyzed to the
corresponding aglycons due to the action of 3-glycosidase released by L.
plantarum strains (Wei et al., 2018). Differences in concentrations of
phenolic compounds between the strains tested may result from their
individual adaptation. Fermentation induces the structural degradation
of plant cell walls and thus the release of compounds from the plant
matrix. L. plantarum have a special ability to efficiently produce hy-
drolytic enzymes and to deglycosylate phenolic compounds during
fermentation, thereby breaking down them into simpler forms.
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Additionally, phenolic complex conversion into free forms and depo-
lymerization of high molecular weight subunits is possible in pheno-
loxidase-catalyzed reactions (laccase and tyrosinase) present in lactic
acid bacteria (Hur, Lee, Kim, Choi, & Kim, 2014; Kwaw et al., 2018).

The sum of phenolic acids and flavonols of fermented sea buck-
thorn-apple juices was higher (maximal to 24.87 mg/100 mL) in rela-
tion to fresh juice.

3.6. Antioxidant activity

Antioxidant activity of juices was analyzed as the oxygen radical
absorbance capacity (ORAC test). Seventy-two-hour incubation did not
affect the antioxidant activity of sea buckthorn juice, which was
7.35 mmol TE/100 mL on average (Table 1). DSM 100813 and DSM
10492 strains reduced antioxidant activity during the entire fermenta-
tion period, finally resulting in a drop by 24.5 and 28.8%, respectively
(Table 2). In turn, a rise in final antioxidant activity (after 72 h) by
25.0% was noted in sea buckthorn juice treated with the DSM 20174
strain. Fermentation with this bacterial strain also increased the anti-
oxidant activity of pomegranate juice analyzed by the DPPH test
(Mousavi et al., 2013). Finally, it was established that L. plantarum
strains contributed to increasing the availability of compounds with
antioxidant capacity more strongly than juices treated with O. oeni.

The antioxidant activity of fresh sea buckthorn-apple juice (1:1) was
5.54 mmol TE/100 mL and did not change during 72-h incubation. The
dynamics of changes in antioxidant activity during fermentation with
lactic acid bacterial strains are shown in Fig. 4. It was found that the
variations during MLF were dependent on bacteria, and all strains,
except for DSM 10492, significantly increased the antioxidant activity
(p < 0.05) of juices. There was also no significant (p > 0.05) change
in the amount of phenolic compounds in fermented juice with this
strain. Recent studies on the antioxidant capacity of lactobacilli have
shown that some strains can both reduce the risk of accumulation of
reactive oxygen species (ROS) and degrade hydrogen peroxide and
superoxide anion (Liu & Pan, 2010). However, strains differ in their
enzymatic and non-enzymatic antioxidant mechanisms and their ability
to minimize the ROS production. It is confirmed that L. plantarum in-
fluences the conversion or protection of bioactive compounds that po-
sitively participate in the increase of antioxidant activity. The cause
may be by the antioxidant defense ability of bacteria to oxygen radical
generation by oxygen involvement in reductive conversion of phenols.
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Antioxidant compounds released or synthesized during fermentation
can act as singlet oxygen quenchers, metal chelators, hydrogen donors
to radicals and free radical terminators. In fact, many factors affect the
antioxidant effect, including the type of strain and their diversity at the
phenotypic, ecological and genotypic levels, cell concentration, meta-
bolic capacity and ability of genus Lactobacillus to inhibit polyphenol
oxidase activity (Hur et al., 2014; Kachouri et al., 2015; Zheng et al.,
2020). In this research, fermentation promoted the biotransformation
of bioactive components in juices, mainly flavonols, providing stronger
antioxidants. Therefore, the rise in antioxidant activity was strongly
correlated with the flavonol content in sea buckthorn juices (r = 0.92)
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and sea buckthorn-apple juices (r = 0.99) (Table 3).

During the first 24 h, a significant increase (p < 0.05) in activity
was only observed in sea buckthorn-apple juices treated with DSM
16365 and DSM 100813 strains. Between 24 and 36 h of incubation, a
strong rise in activity was also noted in juices treated with DSM 20174
and DSM 6872 strains. It was found that O. oeni (DSM 20255 strain) did
not modulate activity as strongly as most L. plantarum strains. Zhou
et al. (2020) reported that L. plantarum was able to increase the anti-
oxidant activity of kiwifruit pulp just during 28-h fermentation at 37 °C.
In this study, incubation for the last 12 h (after 60 h of the process) did
not significantly change the activity (p > 0.05) in juices fermented
with DSM 6872, DSM 13273, DSM 20255, and DSM 10492 strains.
Finally, a considerable increase in antioxidant activity was recorded in
juices after fermentation with three strains (DSM 100813, DSM 16363
and DSM 20174) and reached a maximum increase of 46.6 to 51.6%
compared to fresh juice.

In vitro measurement of antioxidant activity provides a complete
picture and preliminary indications in one measure, and can be a quick
reference point for in vivo studies. However, it should be emphasized
the possible interference of measurement by factors unrelated to the
antioxidant concentration, it is highly dependent on the extraction
procedure, and different measurement methods provide dissimilar re-
sults (Pellegrini, Vitaglione, Granato, & Fogliano, 2018). Zhao, Zhang,
Zhang, Liu, and Meng (2019) and Di Cagno, Minervini, Rizzello, De
Angelis, and Gobbetti (2011) found significant decreases (p < 0.05) in
antioxidant activity of fermented jujube juice, and red and green
smoothies, respectively. Chen et al. (2018) reported a slight increase in
activity for fermented papaya juice. However, most previous studies, as
well as this, confirmed the positive effect of certain L. plantarum strains
on antioxidant activity, including those on cactus cladodes (Filannino
et al., 2016), mulberry (Kwaw et al., 2018), Momordica charantia (Gao
et al., 2019), kiwifruit (Zhou et al., 2020), and pomegranate juices
(Mantzourani et al., 2019).

4. Conclusions

In this study, biological deacidification of sea buckthorn and sea
buckthorn-apple juices was performed using malolactic fermentation.
The results provided information on the kinetics of changes in the
content of organic acids, sugars, phenolic compounds and antioxidant
activity during 72-h fermentation. The metabolic activity of lactic acid
bacteria can be ranked in the following descending order: L.
plantarum > L. plantarum subsp. argentoratensis > O. oeni. Low pH
inhibited the fermentation capacity of bacterial strains; therefore
stronger malolactic conversion was observed in sea buckthorn-apple
juices (up to 75%) than sea buckthorn juices (up to 21%). Fermentation
of sea buckthorn-apple juice with DSM 10492 and DSM 20174 strains
proved to be the most favorable. In addition, L. plantarum increased the
final flavonol content and antioxidant activity in sea buckthorn-apple
juices more effectively than O. oeni. During malolactic fermentation, no
significant changes in the content of phenolic acids, sugars (glucose,
sorbitol, fructose, rhamnose), or organic acids except for malic and
lactic acids (quinic, citric, isocitric, and oxalic acids) were observed. In
summary, malolactic fermentation can be considered as a promising
method of reducing malic acid in sea buckthorn juices or mixed juices
with high content of sea buckthorn addition. The results obtained will
allow the selection of appropriate conditions and bacterial strains for
industrial-scale deacidification. Reduction of excessive amounts of
malic acid may improve the sensory attractiveness and contribute to the
development of novel value-added fermented sea buckthorn products,
thus increasing its consumption. In the future, it will be valuable to
supplement these studies with the identification of other biologically
active compounds and their metabolic pathways, sensory analysis, in-
cluding volatile compounds, shelf life tests and broad assessment of the
health-promoting effects of fermented sea buckthorn juices.



K. Tkacz, et al.

Food Chemistry 332 (2020) 127382

L ST ST ST ST ST S 1 ST S S T AR 0 A

> A"

TR

T A A A 7 A T A" A A" A" AT\ AT\ AT BT M M T A A M1 A A
Jevy

AR TR S AR AR AR AR T AR AR AR

0001051100 1S 1200

A= M5

TS 1000 s 150b 15sh 1600 1esh 1700 | 17s 1800 1850 1900 1950 2000 2050 2100 3180 3200

N

Bo Sk 6bo 6% 7ho ' 7E ' b0 sk obo . oko ' i0os  ios 110

TSRS

Eo AN

i T M £ M £ T M 17 T B T R T A T A T\ A T\ A T\ R T\ A 1 A
Mndes

P T R T T T R T T I T TS I T T AR T R AR T

BT

BT

T T T T I T T R T T R T T R T T T I T T S T IR T A
nses

Fig. 3. UPLC-PDA chromatograms at 210 nm of organic acid standards (A), sea buckthorn-apple juice after 12 h (B) and after 72 h malolactic fermentation (C).
Changes in malic acid and lactic acid during malolactic fermentation (D). Peak number: 1 — oxalic acid, 2 — citric acid, 3 - isocitric acid, 4 — malic acid, 5 — quinic acid,

6 — lactic acid.

12



K. Tkacz, et al.

Food Chemistry 332 (2020) 127382

12
=y A
o
)
E 10 M
'_
E P
O
z 8 %
o

7

6 + i

] :f‘(‘f *? o ‘% = —g

0 12 24 36 48 60 72

—&—L. plantarum DSM 100813

—a&—L. plantarum DSM 20174

—#—L. plantarum DSM 6872
O. oeni DSM 20255

Fermentation time (hours)

—a—L. plantarum DSM 13272
==L plantarum DSM 10492
—@—L. plantarum subsp. argentoratensis DSM 16365

Fig. 4. Dynamics of changes in oxygen radical absorbance capacity of sea buckthorn-apple juices during fermentation with various bacterial strains. Data are shown

as mean (n = 3) * standard deviation.

Ethical statement

Research did not include any human subjects and animal experi-
ments.

CRediT authorship contribution statement

Karolina Tkacz: Formal analysis, Data curation, Writing - original
draft, Writing - review & editing, Visualization. Joanna Chmielewska:
Formal analysis, Writing - review & editing. Igor Piotr Turkiewicz:
Formal analysis. Paulina Nowicka: Formal analysis. Aneta Wojdyto:
Supervision, Conceptualization, Writing - original draft, Writing - re-
view & editing, Resources, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This work was supported by the Ministry of Science and Higher
Education of Poland, under the Diamond Grant project number DI2017
007047. The publication is the result of the activity of the research
group “Plants4Food”.

References

Bal, L. M., Meda, V., Naik, S., & Satya, S. (2011). Sea buckthorn berries: A potential source
of valuable nutrients for nutraceuticals and cosmoceuticals. Food Research
International, 44(7), 1718-1727. https://doi.org/10.1016/j.foodres.2011.03.002.

Bartowsky, E., Costello, P., & Chambers, P. (2015). Emerging trends in the application of
malolactic fermentation. Australian Journal of Grape and Wine Research, 21, 663-669.
https://doi.org/10.1111/ajgw.12185.

Chen, R., Chen, W., Chen, H., Zhang, G., & Chen, W. (2018). Comparative evaluation of
the antioxidant capacities, organic acids, and volatiles of papaya juices fermented by
Lactobacillus acidophilus and Lactobacillus plantarum. Journal of Food Quality. https://
doi.org/10.1155/2018/9490435.

Chen, Y., Ouyang, X., Laaksonen, O., Liu, X., Shao, Y., Zhao, H., ... Zhu, B. (2019). Effect
of Lactobacillus acidophilus, Oenococcus oeni, and Lactobacillus brevis on composition of
bog bilberry juice. Foods, 8(10), 430. https://doi.org/10.3390/foods8100430.

Cinquanta, L., De Stefano, G., Formato, D., Niro, S., & Panfili, G. (2018). Effect of pH on
malolactic fermentation in southern Italian wines. European Food Research and

13

Technology, 244(7), 1261-1268. https://doi.org/10.1007/s00217-018-3041-4.

Di Cagno, R., Coda, R., De Angelis, M., & Gobbetti, M. (2013). Exploitation of vegetables
and fruits through lactic acid fermentation. Food Microbiology, 33(1), 1-10. https://
doi.org/10.1016/j.fm.2012.09.003.

Di Cagno, R., Minervini, G., Rizzello, C. G., De Angelis, M., & Gobbetti, M. (2011). Effect
of lactic acid fermentation on antioxidant, texture, color and sensory properties of red
and green smoothies. Food Microbiology, 28(5), 1062-1071. https://doi.org/10.1016/
j.fm.2011.02.011.

du Toit, M., Engelbrecht, L., Lerm, E., & Krieger-Weber, S. (2011). Lactobacillus: The next
generation of malolactic fermentation starter cultures—an overview. Food and
Bioprocess Technology, 4(6), 876-906. https://doi.org/10.1007/s11947-010-0448-8.

Filannino, P., Bai, Y., Di Cagno, R., Gobbetti, M., & Génzle, M. G. (2015). Metabolism of
phenolic compounds by Lactobacillus spp. during fermentation of cherry juice and
broccoli puree. Food Microbiology, 46, 272-279.

Filannino, P., Cardinali, G., Rizzello, C. G., Buchin, S., De Angelis, M., Gobbetti, M., & Di
Cagno, R. (2014). Metabolic responses of Lactobacillus plantarum strains during fer-
mentation and storage of vegetable and fruit juices. Applied and Environmental
Microbiology, 80(7), 2206-2215. https://doi.org/10.1128/AEM.03885-13.

Filannino, P., Cavoski, I., Thlien, N., Vincentini, O., De Angelis, M., Silano, M., ... Di
Cagno, R. (2016). Lactic acid fermentation of cactus cladodes (Opuntia ficus-indica L.)
generates flavonoid derivatives with antioxidant and anti-inflammatory properties.
PLoS One, 11(3), https://doi.org/10.1371/journal.pone.0152575.

Gao, H., Wen, J.-J., Hu, J.-L., Nie, Q.-X., Chen, H.-H., Nie, S.-P., ... Xie, M.-Y. (2019).
Momordica charantia juice with Lactobacillus plantarum fermentation: Chemical
composition, antioxidant properties and aroma profile. Food Bioscience, 29, 62-72.
https://doi.org/10.1016/j.fbi0.2019.03.007.

Gao, J., Vasantha Rupasinghe, H., & Pitts, N. L. (2013). Characterisation of malolactic
conversion by Oenococcus oeni to reduce the acidity of apple juice. International
Journal of Food Science and Technology, 48(5), 1018-1027. https://doi.org/10.1111/
ijfs.12056.

Gerardi, C., Tristezza, M., Giordano, L., Rampino, P., Perrotta, C., Baruzzi, F., ... Grieco, F.
(2019). Exploitation of Prunus mahaleb fruit by fermentation with selected strains of
Lactobacillus plantarum and Saccharomyces cerevisiae. Food Microbiology, 84, Article
103262. https://doi.org/10.1016/j.fm.2019.103262.

Grey, C., Widén, C., Adlercreutz, P., Rumpunen, K., & Duan, R.-D. (2010).
Antiproliferative effects of sea buckthorn (Hippophaé rhamnoides L.) extracts on
human colon and liver cancer cell lines. Food Chemistry, 120(4), 1004-1010. https://
doi.org/10.1016/j.foodchem.2009.11.039.

Guo, R., Guo, X., Li, T., Fu, X., & Liu, R. H. (2017). Comparative assessment of phyto-
chemical profiles, antioxidant and antiproliferative activities of Sea buckthorn
(Hippophaé rhamnoides L.) berries. Food Chemistry, 221, 997-1003. https://doi.org/
10.1016/j.foodchem.2016.11.063.

Hur, S. J., Lee, S. Y., Kim, Y. C., Choi, L., & Kim, G. B. (2014). Effect of fermentation on the
antioxidant activity in plant-based foods. Food Chemistry, 160, 346-356. https://doi.
org/10.1016/j.foodchem.2014.03.112.

Kachouri, F., Ksontini, H., Kraiem, M., Setti, K., Mechmeche, M., & Hamdi, M. (2015).
Involvement of antioxidant activity of Lactobacillus plantarum on functional proper-
ties of olive phenolic compounds. Journal of Food Science and Technology, 52(12),
7924-7933. https://doi.org/10.1007/s13197-015-1912-2.

Kwaw, E., Ma, Y., Tchabo, W., Apaliya, M. T., Wu, M., Sackey, A. S., ... Tahir, H. E.
(2018). Effect of Lactobacillus strains on phenolic profile, color attributes and anti-
oxidant activities of lactic-acid-fermented mulberry juice. Food Chemistry, 250,
148-154. https://doi.org/10.1016/j.foodchem.2018.01.009.

Liu, C. F., & Pan, T. M. (2010). In vitro effects of lactic acid bacteria on cancer cell viability


https://doi.org/10.1016/j.foodres.2011.03.002
https://doi.org/10.1111/ajgw.12185
https://doi.org/10.1155/2018/9490435
https://doi.org/10.1155/2018/9490435
https://doi.org/10.3390/foods8100430
https://doi.org/10.1007/s00217-018-3041-4
https://doi.org/10.1016/j.fm.2012.09.003
https://doi.org/10.1016/j.fm.2012.09.003
https://doi.org/10.1016/j.fm.2011.02.011
https://doi.org/10.1016/j.fm.2011.02.011
https://doi.org/10.1007/s11947-010-0448-8
http://refhub.elsevier.com/S0308-8146(20)31244-9/h0045
http://refhub.elsevier.com/S0308-8146(20)31244-9/h0045
http://refhub.elsevier.com/S0308-8146(20)31244-9/h0045
https://doi.org/10.1128/AEM.03885-13
https://doi.org/10.1371/journal.pone.0152575
https://doi.org/10.1016/j.fbio.2019.03.007
https://doi.org/10.1111/ijfs.12056
https://doi.org/10.1111/ijfs.12056
https://doi.org/10.1016/j.fm.2019.103262
https://doi.org/10.1016/j.foodchem.2009.11.039
https://doi.org/10.1016/j.foodchem.2009.11.039
https://doi.org/10.1016/j.foodchem.2016.11.063
https://doi.org/10.1016/j.foodchem.2016.11.063
https://doi.org/10.1016/j.foodchem.2014.03.112
https://doi.org/10.1016/j.foodchem.2014.03.112
https://doi.org/10.1007/s13197-015-1912-2
https://doi.org/10.1016/j.foodchem.2018.01.009
http://refhub.elsevier.com/S0308-8146(20)31244-9/h0100

K. Tkacz, et al.

and antioxidant activity. Journal of Food and Drug Analysis, 18(2), 77-86.

Maicas, S., Natividad, A., Ferrer, S., & Pardo, I. (2000). Malolactic fermentation in wine
with high densities of non-proliferating Oenococcus oeni. World Journal of
Microbiology and Biotechnology, 16(8-9), 805-810. https://doi.org/10.1023/
A:1008953504742.

Mantzourani, I., Kazakos, S., Terpou, A., Alexopoulos, A., Bezirtzoglou, E., Bekatorou, A.,
& Plessas, S. (2019). Potential of the probiotic Lactobacillus plantarum ATCC 14917
strain to produce functional fermented pomegranate juice. Foods, 8(1), 4. https://doi.
0rg/10.3390/foods8010004.

Markkinen, N., Laaksonen, O., Nahku, R., Kuldjarv, R., & Yang, B. (2019). Impact of lactic
acid fermentation on acids, sugars, and phenolic compounds in black chokeberry and
sea buckthorn juices. Food Chemistry, 286, 204-215. https://doi.org/10.1016/j.
foodchem.2019.01.189.

Mousavi, Z. E., Mousavi, S. M., Razavi, S. H., Hadinejad, M., Emam-Djomeh, Z., &
Mirzapour, M. (2013). Effect of fermentation of pomegranate juice by Lactobacillus
plantarum and Lactobacillus acidophilus on the antioxidant activity and metabolism of
sugars, organic acids and phenolic compounds. Food Biotechnology, 27(1), 1-13.
https://doi.org/10.1080/08905436.2012.724037.

Ou, B., Huang, D., Hampsch-Woodill, M., Flanagan, J. A., & Deemer, E. K. (2002).
Analysis of antioxidant activities of common vegetables employing oxygen radical
absorbance capacity (ORAC) and ferric reducing antioxidant power (FRAP) assays: A
comparative study. Journal of Agricultural and Food Chemistry, 50(11), 3122-3128.
https://doi.org/10.1021/jf0116606.

Pellegrini, N., Vitaglione, P., Granato, D., & Fogliano, V. (2018). Twenty-five years of
total antioxidant capacity measurement of foods and biological fluids: Merits and
limitations. Journal of the Science of Food and Agriculture. https://doi.org/10.1002/
jsfa.9550.

Rafalska, A., Abramowicz, K., & Krauze, M. (2017). Sea buckthorn (Hippophaé rhamnoides
L.) as a plant for universal application. World Scientific News, 72, 123-140.

Rodriguez, H., Landete, J. M., de las Rivas, B., & Mufioz, R. (2008). Metabolism of food
phenolic acids by Lactobacillus plantarum CECT 748T. Food Chemistry, 107(4),
1393-1398. https://doi.org/10.1016/j.foodchem.2007.09.067.

Schiimann, C., Michlmayr, H., Eder, R., Del Hierro, A. M., Kulbe, K. D., Mathiesen, G., &
Nguyen, T.-H. (2012). Heterologous expression of Oenococcus oeni malolactic enzyme
in Lactobacillus plantarum for improved malolactic fermentation. AMB Express, 2(1),
19. https://doi.org/10.1186,/2191-0855-2-19.

Subden, R. E., Krizus, A., Osothsilp, C., Viljoen, M., & Van Vuuren, H. J. J. (1998).
Mutational analysis of malate pathways in Schizosaccharomyces pombe. Food Research
International, 31(1), 37-42. https://doi.org/10.1016/50963-9969(98)00056-8.

Tiitinen, K., Vahvaselkd, M., Laakso, S., & Kallio, H. (2007). Malolactic fermentation in
four varieties of sea buckthorn (Hippophaé rhamnoides L.). European Food Research and
Technology, 224(6), 725-732. https://doi.org/10.1007/500217-006-0365-2.

Tiitinen, K. M., Hakala, M. A., & Kallio, H. P. (2005). Quality components of sea buck-
thorn (Hippophaé rhamnoides) varieties. Journal of Agricultural and Food Chemistry,
53(5), 1692-1699. https://doi.org/10.1021/jf0484125.

Tkacz, K., Wojdylo, A., Turkiewicz, 1. P., Bobak, L., & Nowicka, P. (2019). Anti-oxidant

14

Food Chemistry 332 (2020) 127382

and anti-enzymatic activities of sea buckthorn (Hippophaé rhamnoides L.) fruits
modulated by chemical components. Antioxidants, 8(12), 618. https://doi.org/10.
3390/antiox8120618.

Tkacz, K., Wojdylo, A., Turkiewicz, 1. P., Ferreres, F., Moreno, D. A., & Nowicka, P.
(2020). UPLC-PDA-Q/TOF-MS profiling of phenolic and carotenoid compounds and
their influence on anticholinergic potential for AChE and BuChE inhibition and on-
line antioxidant activity of selected Hippophaé rhamnoides L. cultivars. Food Chemistry,
309, Article 125766. https://doi.org/10.1016/j.foodchem.2019.125766.

Viljakainen, S., & Laakso, S. (2002). Acidity reduction in northern region berry juices by
the malolactic bacterium Oenococcus oeni. European Food Research and Technology,
214(5), 412-417. https://doi.org/10.1007/s00217-001-0470-1.

Viljanen, K., Heini6, R.-L., Juvonen, R., K6sso, T., & Puupponen-Pimid, R. (2014).
Relation of sensory perception with chemical composition of bioprocessed lingon-
berry. Food Chemistry, 157, 148-156. https://doi.org/10.1016/j.foodchem.2014.02.
030.

Volschenk, H., Van Vuuren, H. J. J., & Viljoen-Bloom, M. (2006). Malic acid in wine:
Origin, function and metabolism during vinification. South African Journal for Enology
and Viticulture, 27, 2. https://doi.org/10.21548/27-2-1613.

Wei, M., Wang, S., Gu, P., Ouyang, X., Liu, S., Li, Y., ... Zhu, B. (2018). Comparison of
physicochemical indexes, amino acids, phenolic compounds and volatile compounds
in bog bilberry juice fermented by Lactobacillus plantarum under different pH con-
ditions. Journal of Food Science and Technology, 55(6), 2240-2250. https://doi.org/
10.1007/513197-018-3141-y.

Wojdylo, A., Nowicka, P., & Babelewski, P. (2018). Phenolic and carotenoid profile of
new goji cultivars and their anti-hyperglycemic, anti-aging and antioxidant proper-
ties. Journal of Functional Foods, 48, 632-642. https://doi.org/10.1016/j.jff.2018.07.
061.

Wojdyto, A., Samoticha, J., & Chmielewska, J. (2020). The influence of different strains of
Oenococcus oeni malolactic bacteria on profile of organic acids and phenolic com-
pounds of red wine cultivars Rondo and Regent growing in a cold region. Journal of
Food Science. https://doi.org/10.1111/1750-3841.15061.

Zhao, M. N., Zhang, F., Zhang, L., Liu, B. J., & Meng, X. H. (2019). Mixed fermentation of
jujube juice (Ziziphus jujuba Mill.) with L. rhamnosus GG and L. plantarum- 1: Effects
on the quality and stability. International Journal of Food Science & Technology, 54(8),
2624-2631. https://doi.org/10.1111/ijfs.14174.

Zheng, J., Wittouck, S., Salvetti, E., Franz, C. M., Harris, H. M., Mattarelli, P., ... Lebeer, S.
(2020). A taxonomic note on the genus Lactobacillus: Description of 23 novel genera,
emended description of the genus Lactobacillus Beijerinck 1901, and union of
Lactobacillaceae and Leuconostocaceae. International Journal of Systematic and
Evolutionary Microbiology, 70(4), 2782-2858. https://doi.org/10.1099/ijsem.0.
004107.

Zhou, Y., Wang, R., Zhang, Y., Yang, Y., Sun, X., Zhang, Q., & Yang, N. (2020).
Biotransformation of phenolics and metabolites and the change in antioxidant ac-
tivity in kiwifruit induced by Lactobacillus plantarum fermentation. Journal of the
Science of Food and Agriculture. https://doi.org/10.1002/jsfa.10272.


http://refhub.elsevier.com/S0308-8146(20)31244-9/h0100
https://doi.org/10.1023/A:1008953504742
https://doi.org/10.1023/A:1008953504742
https://doi.org/10.3390/foods8010004
https://doi.org/10.3390/foods8010004
https://doi.org/10.1016/j.foodchem.2019.01.189
https://doi.org/10.1016/j.foodchem.2019.01.189
https://doi.org/10.1080/08905436.2012.724037
https://doi.org/10.1021/jf0116606
https://doi.org/10.1002/jsfa.9550
https://doi.org/10.1002/jsfa.9550
http://refhub.elsevier.com/S0308-8146(20)31244-9/h0135
http://refhub.elsevier.com/S0308-8146(20)31244-9/h0135
https://doi.org/10.1016/j.foodchem.2007.09.067
https://doi.org/10.1186/2191-0855-2-19
https://doi.org/10.1016/S0963-9969(98)00056-8
https://doi.org/10.1007/s00217-006-0365-2
https://doi.org/10.1021/jf0484125
https://doi.org/10.3390/antiox8120618
https://doi.org/10.3390/antiox8120618
https://doi.org/10.1016/j.foodchem.2019.125766
https://doi.org/10.1007/s00217-001-0470-1
https://doi.org/10.1016/j.foodchem.2014.02.030
https://doi.org/10.1016/j.foodchem.2014.02.030
https://doi.org/10.21548/27-2-1613
https://doi.org/10.1007/s13197-018-3141-y
https://doi.org/10.1007/s13197-018-3141-y
https://doi.org/10.101<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>