pYCZNy
K\

sy
._\\‘\R T&7
*
TW.TS
3, I. =
D
Lo xw'®

N

D
1950

Uniwersytet Medyczny w Bialymstoku

Dziedzina nauki medyczne i nauki o zdrowiu

Dyscyplina nauki farmaceutyczne

ROZPRAWA DOKTORSKA

Analiza fitochemiczna oraz badanie aktywnos$ci biologicznej nasion
Scorzonera hispanica L. w komoérkach raka piersi

Karolina Lendzion

Promotor: prof. dr hab. Anna Bielawska

Promotor pomocniczy: dr hab. Agnieszka Gornowicz

Zaktad Biotechnologii

Kierownik jednostki: prof. dr hab. Anna Bielawska

Rozprawa doktorska zostala zrealizowana w ramach ksztalcenia w Szkole Doktorskiej UMB

Bialystok, 2022



Pragne ztozy¢ podzigkowania prof. dr hab. Annie Bielawskiej oraz dr hab. Agnieszce
Gornowicz za przekazang wiedze i wyrozumiatosé, a takze wsparcie merytoryczne
W procesie przygotowania niniejszej rozprawy.

Serdecznie dzigkuje rowniez dr. hab. Michatowi Tomczykowi i mgr. Jakubowi
Strawie za mozliwos¢ zdobycia ogromu wiedzy i umiejetnosci, nieoceniong pomoc
| Zyczliwos¢ podczas wspolpracy nawigzanej w zwigzku z tq dysertacjq.

Jako ze badania naukowe nigdy nie sq wystgpem solowym, chciatabym rowniez
podziekowac pracownikom i doktorantom Zaktadu Biotechnologii, Zaktadu
Farmakognozji oraz Zakiadu Syntezy i Technologii Srodkéw Leczniczych za obecnosé,
pomoc, zZywe dyskusje i serdecznosé¢ podczas mojej naukowej podrozy.

Wreszcie, dziekuje Osobom bezsprzecznie najwazniejszym, moim Rodzicom, bez
wsparcia ktorych powstanie niniejszej rozprawy nie bytoby mozliwe. Dzigkuje za wiare
W moje mozliwosci, brak presji i bezwarunkowe wsparcie przy kazdym wzlocie i upadku
przez calq droge do miejsca, w ktorym jestem.



Spis tresci

1. Wykaz publikacji bedacych podstawg rozprawy doktorskiej........ccccevvvviivieiiiiiniiiennnn. 4
2. WPTOWAAZENIE ...tttk bbbttt b et 6
2.1. Cele molekularne w terapii przeCiwnOWOTWOIOWE] .........ceveveeereenierieniesieseeeeseennes 6
2.2. Surowce roslinne jako zrédto zwigzkéw przeciwnowotworowych.........ccccevevveennen. 8
2.3. Aktywno$¢ biologiczna gatunkéw z rodzaju Scorzonera L. ........cccoevvveiiivieiiiieennnnn, 8
3L I PIACY .ttt 11
4. Realizacja celé6w naukowych — materiaty, metody badawcze, wyniki............cccovennne. 12

4.1. Surowiec roslinny, przygotowanie ekstraktow, frakcji i oleju z nasion Scorzonera

0] 7= L] [ SRS 12

4.2. MEtody DAAWCZE .........oouiiiiiie s 12
4.2.1. Analiza fitochemiczna produktow z nasion Scorzonera hispanica..................... 12
4.2.2. Ocena potencjatu przeciwnowotworowego nasion Scorzonera hispanica.......... 13
VLTV o1 PSS 13
4.3.1. Analiza fitochemiczna produktow z nasion Scorzonera hispanica..................... 13
4.3.2. Ocena potencjatu przeciwnowotworowego nasion Scorzonera hispanica.......... 14

B WWNIOSKI .ttt bbb 18
T I 1L - VORI 19
7. Streszczenie w jezyku polskim i angielskim ..........ccocovviiiniiiiiiiee 27

9. Publikacja I: Phytochemical Composition and Biological Activities of Scorzonera

R 0L Tod TSRS 29

10. Publikacja II: LC-PDA-MS and GC-MS Analysis of Scorzonera hispanica Seeds and
Their Effects on Human Breast Cancer Cell LiNes .........ccocevvveveneieiineneniee 72
11. Oswiadczenie autora rozprawy dOKEOTSKIE] .......vvrvveriririeiiiiieesee e 105
12. Oswiadczenia wspotautorow rozprawy doKtorski€j ........cccocvviverviiiiciieiiienneeene 106
13. DOIODEK NAUKOWY ......coviivieieeie ettt ettt te e ste e ens 115
13.1. Wykaz publikacji stanowiacych rozprawe doktorska...........cccooeviniiiiiiiniinnn, 115
13.2. Wykaz doniesien zjaZdOWYCh........cccciiiiiiiiiiiiiee e 115

13.3. Wykaz innych aktywnos$ci naukoOwych..........ccocoviiiiiiiiiiicc e 116



1. Wykaz publikacji bedacych podstawa rozprawy doktorskiej
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International Journal of Molecular Sciences 2022, 23(19), ID: 11584. 29 stron.

DOI: 10.3390/ijms231911584
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Wykaz skrotow

Akt — (ang. protein kinase B) — kinaza biatkowa B

ATG - (ang. Autophagy-related proteins) — biatka powigzane z autofagia

BAK - (ang. BCL-2 homologous antagonist) — homologiczny antagonista BCL-2

Bax — (ang. BCL-2-like protein 4) — biatko z rodziny Bcl-2 4

BCL-2 — (ang. B-cell lymphoma 2) — biatko z rodziny Bcl-2

BCL-xL — (ang. B-cell lymphoma extra-large) — wielkoczasteczkowe biatko z rodziny Bcl-2
cisPt — (ang. cisplatin) — cisplatyna

COVID-19 — (ang. coronavirus disease-2019) — choroba wywotana przez SARS-CoV-2
ERK — (ang. extracellular signal-regulated kinase) — kinaza regulowana sygnalem
zewnatrzkomérkowym

FAK — (ang. focal adhesion kinase) — gtdwna kinaza adhezyjna

GC-MS - (ang. gas chromatography-mass spectrometry) — chromatografia gazowa
sprzezona ze spektrometrem masowym

IL-1p — (ang. Interleukin 15) — interleukina-1p

IL-8 — (ang. Interleukin 8) — interleukina-8

IL-10 — (ang. Interleukin 10) — interleukina-10

LC-PDA-MS — (ang. liquid chromatography-photodiode array-mass spectrometry) —
chromatografia cieczowa sprzgzona z detektorem fotodiodowym i spektrometrem masowym
LC3B — (ang. light chain 3 protein B) — biatko lekkiego tancucha 3 B

MTT - (ang. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) — bromek 3-
(4,5-dimetylotiazol-2-ylo)-2,5-difenylotetrazoliowy

NF-kB — nuclear factor kappa-light-chain-enhancer of activated B cells — kompleks
biatkowy dziatajacy jako czynnik transkrypcyjny

PBMC — (ang. peripheral blood mononuclear cells) — mononuklearne komorki krwi
obwodowej

PI3K — (ang. phosphoinositide 3 kinase) — kinaza 3-fosfatydyloinozytolu

SH1 — ekstrakt metanolowy z nasion Scorzonera hispanica

SH4 — frakcja eterowa ekstraktu z nasion Scorzonera hispanica

SH11 — frakcja chloroformowa ekstraktu z nasion Scorzonera hispanica

TNF-a — (ang. tumor necrosis factor a) — czynnik martwicy nowotworu a



2. Wprowadzenie

Rak piersi jest jedng z najczestszych chordb nowotworowych wystepujacych
U kobiet na catym $wiecie. W 2018 r. raka piersi zdiagnozowano u 2,1 miliona pacjentow,
a627 000 zgonéw bylo spowodowanych tym witasnie rodzajem nowotworu zto§liwego.
Rak piersi jest przyczyna najwigkszej liczby zgondéw spowodowanych nowotworem wsrod
kobiet [1]. Skuteczna terapia tego nowotworu stanowi istotny element zdrowia publicznego
na calym $wiecie. Pandemia COVID-19 znaczaco wptyn¢ta na diagnostyke i leczenie
pacjentow z nowotworami piersi, totez ostatnie raporty statystyczne dotyczace
nowotworow dotyczg roku 2018. Szacuje sig¢, ze w 2022 roku, w samych tylko Stanach
Zjednoczonych diagnozg raka piersi ustyszy przeszto 290 tysigcy pacjentow, a dla niemal
44 tysigcy 0sob bedzie on w tym roku przyczyng $mierci [2].

Obecnie stosowane metody leczenia powoduja szereg powaznych skutkow
ubocznych i mimo poczatkowego sukcesu prowadzonej terapii przeciwnowotworowej,
W znaczacej liczbie przypadkéw nastepuja nawroty choroby. Nierzadko jest to
spowodowane wytworzeniem w komorkach opornosci na stosowane leki [3].
Opracowywanie nowych metod terapeutycznych o zwigkszonej skutecznosci i wysokim
profilu bezpieczenstwa w leczeniu raka piersi wciagz pozostaje wyzwaniem dla badaczy na
calym $wiecie.

2.1. Cele molekularne w terapii przeciwnowotworowej

Jednym z najbardziej pozadanych efektow terapeutycznych nowych substancji
0 aktywnosci przeciwnowotworowej jest ich zdolno$¢ do indukcji apoptozy w komorkach
nowotworowych [4]. Apoptoza jest procesem komorkowym odgrywajacym znaczaca role
na kazdym etapie zycia organizmu. W warunkach fizjologicznych apoptoza odpowiada
m.in. za prawidlowag wymian¢ komoérek nablonka jelita czy inwolucj¢ grasicy po okresie
pokwitania. Nieprawidtowe funkcjonowanie systemu regulujgcego apoptoze prowadzi do
wystgpienia stanéow patologicznych, takich jak: $mier¢ komodrek w chorobach
neurodegeneracyjnych czy w odpowiedzi na promieniowanie [5]. Nieprawidtowa regulacja
procesu apoptozy skutkuje réwniez indukcjg procesu nowotworowego. Komorki
nowotworowe unikajg apoptozy poprzez zaburzenie rownowagi w ekspresji biatek pro-
(np. Bad, Puma, Bax) i przeciwapoptotycznych (BCL-2, BCL-xL), ograniczenie
funkcjonowania kaspaz inicjatorowych (kaspaza-2, -8, -9, -10) oraz wykonawczych
(kaspaza-3, -6, -7), a takze uposledzenie szlakéw sygnatowych receptorow $mierci [6-9].

Ukierunkowanie dziatania nowych substancji aktywnych na mechanizmy oporno$ci na



apoptoz¢ w komorkach nowotworowych moze zwickszy¢ efektywnos$¢ terapii oraz
ograniczy¢ skutki uboczne [5].

Innym mechanizmem programowanej $mierci komorki jest autofagia,
obserwowana we wszystkich komorkach eukariotycznych. Autofagia, uczestniczac
w wewnatrzkomorkowej degradacji zbednych lub uszkodzonych biatek oraz elementéw
cytoplazmy, zapewnia homeostaz¢ 1 zapobiega akumulacji niepozadanych sktadnikoéw we
wnetrzu komorki [10]. Autofagia, w przeciwienstwie do nekrozy i apoptozy, nie zawsze
jest jednoznaczna ze S$miercia komorki. W warunkach hipoksji czy pod wplywem
chemioterapii, inicjacja autofagii moze sta¢ si¢ dla komorki strategig przetrwania [11].
Ze wzgledu na swojg role w zachowaniu homeostazy komorki, autofagia przyczynia sie do
zachowania integralno$ci genomu oraz supresji nowotworéw [12]. Inhibicja procesu
autofagii moze by¢ skutecznym narzedziem do pokonywania opornosci na leki, a takze
utatwia¢ indukcje apoptozy W komorkach nowotworowych [13].

Mimo ze apoptoza i autofagia ulegaja regulacji przez inne mechanizmy, niekiedy
oba te procesy wystepuja w komoérce w odpowiedzi na okreSlone czynniki. Procesy
apoptozy i autofagii moga nastgpowaé po sobie, indukcja jednego moze prowadzi¢ do
aktywacji drugiego, a takze oba te procesy mogg wystgpowac jednoczesnie [14,15]. Do
biatek taczacych apoptoze i autofagi¢ nalezg m.in. biatka z rodziny ATG, BCL-2, oraz
kaspazy [13].

Zwigzek stanu zapalnego z procesem nowotworowym zaobserwowano w wielu
rodzajach raka, rowniez w raku piersi [16]. Mimo ze doktadny mechanizm zainicjowania
procesu nowotworowego pozostaje niejasny, sugeruje si¢, ze stan zapalny moze
przyczynia¢ si¢ zarowno do wywotania, jak iprogresji nowotworu, angiogenezy oraz
powstawania przerzutow w organizmie [17].

Jedna z glownych cytokin wigzacych stan zapalny z nowotworem piesi jest czynnik
martwicy nowotworu o (TNF-a). TNF-o jest prozapalng cytoking obecng
w mikro§rodowisku guza, biorgcg udziat we wszystkich etapach jego rozwoju, od
proliferacji komorek, przez tworzenie przerzutow az do wystgpowania nawrotow.
U pacjentow z rakiem piersi obserwuje si¢ podwyzszone stezenie TNF-o zaréwno
W miejscu guza, jak rowniez w surowicy, a jego zwigkszony poziom koreluje ze zto§liwym
I inwazyjnym fenotypem raka piersi. Mimo ze TNF-a moze wykazywa¢ zardwno pro- jak
| przeciwnowotworowe wlasciwosci, pierwotng odpowiedzig komérkowg na TNF-a jest
inhibicja apoptozy oraz udzial w wywolywaniu nabytej opornosci komoérek na

chemioterapig¢ [18].



Inna prozapalng chemoking zwiazana z rozwojem raka piersi jest interleukina-8
(IL-8), ktorej zwiekszong ekspresje obserwuje si¢ w wielu typach raka piersi. IL-8 rowniez
bierze udzial w angiogenezie i stymuluje proliferacje komoérek nowotworowych [19].
Badania wykazaly, Ze terapia ukierunkowana na inhibicj¢ IL-8 moze uwrazliwia¢ komorki
nowotworowe na chemioterapeutyki [20]. W $wietle dostgpnych doniesien, mozna wysnué
wniosek, ze pozadanym efektem terapii przeciwnowotworowej jest aktywno$¢
przeciwzapalna w komorkach raka piersi, wywolana przez obnizenie st¢zenia cytokin
prozapalnych.

2.2. Surowce roslinne jako zrodlo zwiazkow przeciwnowotworowych

Odkrywanie nowych substancji 0 wiasciwosciach przeciwnowotworowych nie
ogranicza si¢ do konwencjonalnej syntezy organicznej. W latach 1981-2019, sposrod
247 zwiagzkoéw o aktywno$ci przeciwnowotworowej, zatwierdzonych przez agencje lekow
na $wiecie, zaledwie 29 to substancje w calo$ci zsyntetyzowane w laboratoriach. Pozostate
niemal 90% stanowig preparaty naturalne (pochodzenia biologicznego takie jak peptydy
| bialka wyizolowane z organizméw zwierzecych, ale takze rejestrowane w ostatniej
dekadzie preparaty roslinne), lub takie, ktorych synteza laboratoryjna oparta byla na
farmakoforze pochodzenia naturalnego [21]. Pierwsze stosowane klinicznie zwigzki
0 dziataniu przeciwnowotworowym Wwyizolowane zro$lin to alkaloidy winkrystyna
I winblastyna, pozyskane zbarwinka rézowego (Catharanthus roseus G. Don,
Apocynaceae). Zwiazki te poshuzyty pdzniej jako punkt wyjscia do syntezy nowych
pochodnych o dziataniu cytotoksycznym [22].

Rozmaite ro$liny lecznicze sa przedmiotem badan jako zrodlo zwigzkow
biologicznie aktywnych [23]. Ocena potencjatu przeciwnowotworowego roslin znanych
w medycynie ludowej jest przedmiotem zainteresowania naukowcow, zwilaszcza
w aspekcie ich molekularnego mechanizmu dziatania. Aktywnos¢ biologiczna produktow
pochodzenia ro§linnego wobec raka piersi jest badana na catym $wiecie, z uwzglednieniem
ich wplywu na proliferacj¢, apoptozeg, cykl komorkowy, migracje oraz ekspresje bialek
zwigzanych ze szlakami sygnatowymi wewnatrz komorki [24-27].

2.3. Aktywno$¢ biologiczna gatunkow z rodzaju Scorzonera L.

Scorzonera L. (Asteraceae) (pol. wezymord) jest rodzajem obejmujgcym niemal
200 gatunkow [28], wystepujacych na terenie Europy, Azji a takze pétnocnych krancow
Afryki [29]. W rejonach pustynnych, niektore gatunki roslin zrodzaju Scorzonera

wykorzystywane sg jako pasza dla zwierzat hodowlanych [30]. Inne natomiast, jak S. sau-



taghyz Lipsch. & G.G. Bosse, stanowig zroédto wykorzystywanego przemystowo kauczuku
[31].

W medycynie ludowej Eurazji ipotnocnej Afryki rosliny zrodzaju wezymord
odgrywaja szczeg6lng role. W Turcji rozne gatunki, w tym S. laciniata L., S. latifolia
(Fisch i Mey.) DC oraz S.tomentosa L., sg stosowane w terapii ze wzgledu na swoje
przypuszczalne  wiasciwosci  lecznicze, wtym dzialanie przeciwcukrzycowe,
przeciwbolowe, przeciwgoraczkowe, przeciwreumatyczne, obnizajace cisnienie krwi,
atakze hemostatyczne [32-34]. Mongolska oraz chinska medycyna tradycyjna
wykorzystuje gatunki S. divaricata Turcz. and S. pseudodivaricata Lipsch. do leczenia
chorob pasozytniczych, biegunki czy gorgczki wywotanej infekcjami bakteryjnymi
I wirusowymi, a nawet w przypadku guzoéw zotadka [35]. Do innych zastosowan ros$lin
z rodzaju Scorzonera w medycynie ludowej naleza: w Indiach leczenie zoéttaczki [36],
w Libii przeciwdziatanie bolom watroby [37], a nawet stosowanie ich jako antidotum na
jad weza w Algierii [38]. Co warte podkre$lenia, uwaza sie¢, ze nazwa rodzaju pochodzi od
dawnego przypuszczenia, ze gatunki z rodzaju Scorzonera posiadajg zdolno$¢ leczenia
ukaszen wezy (wl. scorzone — waz, zmija) [39].

Rosliny nalezace do rodzaju Scorzonera staty si¢ przedmiotem zainteresowania ze
wzgledu na zawarto$¢ w nich zwigzkow biologicznie czynnych, w tym pochodnych
kwasow fenolowych, terpenoidéw, lignanow, flawonoidoéw 1iinnych [40]. Zaréwno
ekstrakty, jak izwigzki wyizolowane z czeSci nadziemnych i podziemnych gatunkow
z rodzaju wezymord, byty materialem badawczym w licznych analizach ich aktywnosci
biologicznej. W oparciu o przekazy pochodzace z medycyny ludowej, gatunki Scorzonera
sa wspoélczesnie badane pod katem ich wlasciwosci przeciwbolowych [32, 41-43],
przeciwzapalnych [44-46], przeciwdrobnoustrojowych [47-50] czy antyoksydacyjnych
[30, 51-53]. Prowadzone sg rowniez badania wptywu ro$lin rodzaju wezymord na proces
gojenia ran [54-57] oraz ich potencjatu cytotoksycznego wobec komorek nowotworowych
[49, 58-62].

Scorzonera hispanica L. (wezymord czarny korzen, skorzonera) jest wieloletnig
ro$ling uprawng [63]. W tradycyjnej medycynie europejskiej korzenie wezymordu byly
stosowane w leczeniu przezigbien, a takze jako $rodek mukolityczny czy pobudzajacy
apetyt [35, 64]. Obecnie korzenie skorzonery sa cenionym warzywem uprawianym
w Europie. Wczesniejsze badania nad tym gatunkiem wykazaly, ze nadziemne czgséci
ros§liny zawieraja flawonoidy, kwas kawowy oraz jego pochodne [65, 66]. W czgséciach

podziemnych stwierdzono obecnos$¢ lignandéw, seskwiterpenow, kwasu kawowego i jego



pochodnych, a takze inuliny [64, 65, 67]. Korzenie skorzonery rowniez zostaty przebadane
jako potencjalne zrodlo substancji o wiasciwosciach cytotoksycznych wobec komoérek
nowotworowych. W badaniach przeprowadzonych przez Granice iwsp. [65],
wyizolowany z korzenia we¢zymordu lignan (-)-syringarezynol wykazat cytotoksycznosé¢
wobec komorek szpiczaka mnogiego linii NCI-H92 oraz MM.1S, atakze raka jelita
grubego SW480. Zwiagzek ten zostal uprzednio przebadany pod katem aktywnosci
biologicznej wobec linii komorkowych raka piersi, jelita grubego, biataczki oraz szpiczaka,
w ktorych wykazywal dziatanie cytotoksyczne [68, 69]. Co wiecej, dwa seskwiterpenoidy
wyizolowane z korzenia skorzonery (puligluton oraz ester metylowy kwasu 1-oxo-
bisabola-(2,10E)-dieno-12-karboksylowego) wykazywaty dziatanie cytotoksyczne wobec
komorek raka jelita grubego, natomiast nie stwierdzono dziatania toksycznego wobec
prawidtowych komorek krwi obwodowej (PBCM) w badanych stezeniach (do 50 uM).
Inne gatunki we¢zymordu rowniez byty analizowane jako zrodto zwigzkow o potencjale
przeciwnowotworowym. W badaniach przeprowadzonych przez wegierski zesp6t badaczy,
ekstrakt chloroformowy w korzeni gatunku S. austriaca Willd wykazywat silne
wlasciwosci cytotoksyczne wobec komorek raka szyjki macicy (HeLa), raka skory (A431)
oraz raka piersi (MCF-7) [60]. Wyizolowane z korzeni S. austriaca dimeryczne
guaianolidy (biguaianoskorzolidy A i B), atakze laktony seskwiterpenowe, dziataly
cytotoksycznie na komorki biataczki szpikowej linii K562 [61,70]. Znaczacg aktywno$¢
przeciwnowotworowa wykazuje rowniez gatunek Scorzonera divaricata. Triterpeny
i seskwiterpeny, wyizolowane z ekstraktu etanolowego z korzeni rosliny, wykazywaty
aktywno$¢ cytotoksyczng wobec komorek raka szyjki macicy linii HeLa, raka watroby linii
HepG2 i SMMC-7721 oraz biataczki linii HL60 [62]. Cze$ci nadziemne roslin gatunku
S. divaricata rowniez stanowig zrodto zwigzkow chemicznych o znaczagcym potencjale
przeciwnowotworowym. Najwieksza toksycznos¢ zwigzkéw wyizolowanych w badaniu
zaobserwowano wobec komorek HeLa, HepG2 oraz K562 [49].

Rosliny z rodzaju Scorzonera sa rowniez przedmiotem badan w konteks$cie ich
aktywnosci przeciwzapalnej. Liczne gatunki, w tym S. latifolia i S. tomentosa, wykazywaty
dziatanie hamujace ekspresje prozapalnych cytokin TNF-a i IL-1B [45]. Z dzialaniem
przeciwzapalnym wiaze si¢ aktywnos¢ przeciwbolowa. W badaniach na myszach
stwierdzono, ze ekstrakty z czg$ci podziemnych gatunkow S. latifolia i S. tomentosa

wykazujg istotne dziatanie tagodzace bol u badanych zwierzat [42].
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3. Cel pracy

Nieustajacym wyzwaniem dla zespotdéw badawczy na calym §wiecie jest
poszukiwanie nowych substancji o aktywnosci przeciwnowotworowej. Znaczgcego
potencjatu terapeutycznego upatruje si¢ w produktach pochodzacych z roslin. Produkty
metabolizmu licznych gatunkéw roslin wykazuja dziatanie cytotoksyczne wobec komoérek
nowotworowych a takze sg punktem wyjscia w syntezie innych zwigzkéw o duzej
aktywnosci biologiczne;.

W ramach rozprawy doktorskiej przeprowadzono przeglad literatury dotyczacej
rodzaju Scorzonera w kontekscie wystgpowania W medycynie ludowej. Dokonano réwniez
analizy sktadu fitochemicznego oraz oceny aktywnosci biologicznej produktow
otrzymanych z ro$lin rodzaju we¢zymord, z uwzglgdnieniem zrdéznicowanych kierunkow
badan nad potencjalem terapeutycznym — wplywu na proces gojenia ran, aktywnosci
antyoksydacyjnej, atakze wlasciwosci przeciwnowotworowych, przeciwzapalnych,
przeciwbolowych, przeciwdrobnoustrojowych czy hepatoprotekcyjnych (Publikacja I).

Celem rozprawy doktorskiej byto otrzymanie oleju, ekstraktow i frakcji z nasion
Scorzonera hispanica, a takze ocena ich aktywnosci biologicznej wobec komorek raka
piersi: estrogenozalezych komoérek MCF-7 i estrogenoniezaleznych komorek linii
MDA-MB-231. Dokonano analizy jakosciowej i ilosciowej sktadu chemicznego oleju oraz
ekstraktow 1 frakcji z nasion S. hispanica z wykorzystaniem technik GC-MS oraz
LC-PDA-MS. Przeprowadzona zostala réwniez ocena aktywno$ci biologicznej
otrzymanych produktow z nasion skorzonery wobec komorek raka piersi linit MCF-7 oraz
MDA-MB-231, atakze komoérek prawidlowych — fibroblastow skory ludzkie;.
W kolejnym etapie badan wybrano trzy produkty o najbardziej obiecujgcej aktywnosci
cytotoksycznej i dokonano poglebionej analizy ich molekularnego mechanizmu dziatania
w komorkach raka piersi MCF-7. Oceniono ich wptyw na proces biosyntezy DNA, a takze
zdolnos¢ do indukcji procesu apoptozy w komorkach nowotworowych. Nastepnie zbadano
wplyw wybranych ekstraktow i frakcji na ekspresje biatek zwigzanych z apoptoza
i autofagiag (BCL-2, Bax, ATGb5, LC3B) oraz biatka FAK, odpowiedzialnego za adhezje
I migracje komorek. Dokonano oceny wptywu wybranych ekstraktow i frakcji na stezenie
biatek uczestniczagcych w komorkowych szlakach sygnatowych (kinazy Akt i ERK1/2)
oraz stezenie wybranych cytokin prozapalnych (IL-8, TNF-a) i przeciwzapalnych (IL-10)
(Publikacja I1).
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4. Realizacja celow naukowych — materialy, metody badawcze, wyniki

4.1. Surowiec roslinny, przygotowanie ekstraktéw, frakcji i oleju z nasion Scorzonera
hispanica

Nasiona Scorzonera hispanica zostaty zakupione w styczniu 2020 roku od firmy
W. Legutko Przedsigbiorstwo Hodowlano-Nasienne Sp. z 0.0., z siedzibg w Jutrosinie,
woj. wielkopolskie (nr partii 68347).

Ekstrakty przygotowano w dwodch oddzielnych procedurach. Pierwsza procedura
polegata na ekstrakcji surowca wspomaganej ultradzwickami. Kazdy z ekstraktow
przygotowano poprzez pigciokrotne wytrawianie 15 g surowca 100 ml ekstrahentu
(metanolu, 50% metanolu, wody oraz 70% acetonu) w 40 °C. Po odparowaniu
rozpuszczalnika, uzyskano nastgpujace ekstrakty: metanolowy (SH1; wydajnos¢ 9,1%),
50% metanolowy (SH2; wydajnos$¢ 10,5%), wodny (SH3; wydajnos¢ 21,3%) oraz 70%
acetonowy (v/v) (SH8; wydajnos¢ 27,9%). Druga procedura ekstrakcyjna polegata na
wykorzystaniu aparatu Soxhleta. Rozdrobniony surowiec (90 g) poddano ekstrakcji ciaglej
benzyng (SH9; 3 | x 25 h, wydajno$¢ 15,1%), nastgpnie chloroformem (SH10; 3,51 x 25 h,
wydajno$¢ 3,2%). Po ekstrakcji surowiec wysuszono i ekstrahowano pod chtodnicg
zwrotng kolejno metanolem (26 x 1,5 1) i 50% metanolem (5 x 1,51) kazdorazowo przez
1 godzing. Potaczone ekstrakty odparowano i zawieszono w wodzie. Nastepnie, dokonano
wyczerpujacej  ekstrakcji  ciecz-ciecz  rozpuszczalnikami 0 rosngcej  polarnosci:
chloroformem (SH11; 40 x 150 ml, wydajnos¢ 0,43%), eterem dietylowym (SH4;
59 x 50 ml, wydajnos¢ 0,37%), octanem etylu (SH5; 60 x 150 ml, wydajnos¢ 0,63%)
i n-butanolem (SH6; 34 x 150 ml, wydajnos¢ 1,28%). Pozostalos¢ wodng po
frakcjonowaniu przefiltrowano i potraktowano jako dodatkowg frakcje SH7 (wydajnosé
1,58%). Otrzymane ekstrakty i frakcje poddano liofilizacji.

W celu uzyskania oleju z nasion S. hispanica, dokonano trzykrotnego tloczenia na
zimno porcji nasion (150 g, 35 °C). Nastepnie produkt odwirowano i oddzielono od osadu.
Uzyskany w ten sposob olej oznaczono jako SH12 (wydajnos¢ 3,2%).

4.2. Metody badawcze

4.2.1. Analiza fitochemiczna produktow z nasion Scorzonera hispanica

Analizy sktadu chemicznego ekstraktow, frakcji ioleju z nasion Scorzonera
hispanica dokonano metodami chromatograficznymi. Do analizy fitochemicznej
ekstraktow i frakcji SH1-SH8 uzyto techniki LC-PDA-MS. Technika GC-MS zostata
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wykorzystana do oceny sktadu lipofilnych produktow pozyskanych z surowca
(SH1, SH9-SH12).
4.2.2. Ocena potencjalu przeciwnowotworowego nasion Scorzonera hispanica

Do wstgpnego skriningu aktywnosci przeciwnowotworowej produktow z nasion
S. hispanica SH1-SH12 wobec komorek raka piersi MCF-7 oraz MDA-MB-231
wykorzystano metod¢ Carmichaela z uzyciem soli tetrazolowej MTT oraz oceniono wptyw
badanych ekstraktow, frakcji oraz oleju na proces biosyntezy DNA poprzez pomiar
[*H]-tymidyny wbudowanej do DNA komorek. Na podstawie uzyskanych wynikow, do
dalszych badan wybrano 3 najbardziej aktywne produkty (SH1, SH4, SH11) w stezeniach
odpowiadajacych wartosciom ICas oraz 1Cso uzyskanych w tescie MTT. Cisplatyna (cisPt)
zostata uzyta jako zwigzek referencyjny W stezeniach 50 i 100 uM.

Dokonano oceny wptywu badanego ekstraktu i frakcji (SH1, SH4, SH11) na proces
indukcji apoptozy w komorkach raka piersi MCF-7 wykorzystujac technike cytometrii
przeptywowej zuzyciem zestawu Annexin V Binding Apoptosis Detection Kit Il
(ThermoFisher, USA).

Dokonano oceny ekspresji wybranych biatek zwigzanych z procesem apoptozy
(Bax, BCL-2) iautofagii (LC3B, ATG5), atakze bioracej udzial w migracji, adhezji
I apoptozie komorek kinazy FAK, metoda Western blot.

Zbadano wptyw ekstraktu SH1 ifrakcji SH4 iSH11 na stezenie biatek
uczestniczacych w szlakach sygnatowych komorki — kinazy biatkowej B (Akt) i kinazy
regulowanej sygnatem zewnatrzkomorkowej ERK1/2, atakze wybranych cytokin
prozapalnych: czynnika martwicy nowotworow o (TNF-a) i interleukiny-8 (IL-8), oraz
przeciwzapalnej interleukiny-10 (IL-10). Powyzsze badania wykonano technika

immunoenzymatyczng ELISA.
4.3. Wyniki

4.3.1. Analiza fitochemiczna produktow z nasion Scorzonera hispanica

Analizy sktadu chemicznego ekstraktow i frakcji SH1-SH8 dokonano przy uzyciu
techniki LC-PDA-MS. Potwierdzono obecnos¢ w ekstraktach i frakcjach kwasow
fenolowych, kwasu p-kumarowego, a takze flawonoidow (luteoliny i apigeniny) zard6wno
w wolnej, jak i zwigzanej formie. Analiza iloSciowa wykazata, ze frakcja eterowa SH4
charakteryzuje si¢ najbardziej bogatym we flawonoidy i pochodne kawoilochinowe

skladem.
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Do oceny lipofilnych produktow otrzymanych z nasion Scorzonera hispanica
(SH1, SH9-SH12) wykorzystano technike GC-MS. Wykazano, ze gtownymi sktadnikami
oleju SH12 sg kwasy tluszczowe (linolenowy, palmitynowy, oleinowy) oraz B-sitosterol.
Ekstrakt metanolowy SH1 charakteryzowat si¢ znaczng ilo$cig D-chiro-inozytolu oraz
kwasu kawowego. Najbardziej znaczacg cze¢$¢ sktadu produktu otrzymanego poprzez
ekstrakcje benzyng SH9 stanowit kwas linolenowy. Gtownym zwigzkiem wchodzacym
w sktad ekstraktu chloroformowego SH10 byly kwas linolenowy oraz glicerol.
Dominujacym sktadnikiem frakcji chloroformowej ekstraktu metanolowego SH11 byt
3,4-dimetoksycynamonian metylu. We frakcji tej stwierdzono rowniez znaczgce ilo$ci

kwasu ferulowego i linolenowego.

4.3.2. Ocena potencjalu przeciwnowotworowego nasion Scorzonera hispanica

Aktywnos¢ cytotoksyczng produktéw pozyskanych z nasion Scorzonera hispanica
(SH1-SH12) wobec komorek raka piersi MCF-7 i MDA-MB-231, a takze prawidtowych
komorek fibroblastow skory ludzkiej, oznaczono za pomocg testu MTT. Zaobserwowano,
iz frakcja chloroformowa SH11 wykazywata najsilniejsze dziatanie cytotoksyczne wobec
komorek nowotworowych. Wartosci ICso zaobserwowane dla SH11 wynosity
399,18 pg/ml i 781,26 ug/ml odpowiednio dla komoérek linii MCF-7 i MDA-MB-231.
Ekstrakt metanolowy SH1 i frakcja eterowa SH4 wykazywaly aktywnos$¢ jedynie wobec
komorek MCF-7 — warto$ci ICso dla SH1 i SH4 wyniosty odpowiednio 847,72 ug/ml
1626,01 pg/ml. Pozostate produkty (SH2-SH3, SH5-SH10, SH12) nie wykazaty
aktywnosci cytotoksycznej wobec komorek raka piersi, ani komoérek prawidtowych
w stezeniach 0,01-1 mg/ml.

W nastgpnym etapie dokonano oceny wplywu ekstraktu SH1 i frakcji SH4 i SH11
na proces biosyntezy DNA poprzez pomiar ilosci radioaktywnej [*H]-tymidyny
wbudowywanej do DNA komorek linii MCF-7 i MDA-MB-231. Wykazano, ze inhibicja
procesu biosyntezy DNA w komorkach odbywa si¢ W sposob proporcjonalny do Stezenia
ekstraktu czy frakcji. Najwicksza aktywno$¢ antyproliferacyjng zaobserwowano dla frakcji
chloroformowej SH11 (wartosci 1Cso: 293,64 pg/ml i 265,05 pg/ml odpowiednio dla
komorek linii MCF-7 i MDA-MB-231). Pozostate produkty, SH1 i SH4 réwniez wykazaly
zblizong aktywnos¢ antyproliferacyjng dla komorek obu linii. W przypadku SH1, wartos¢
ICso w komoérkach MCF-7 i MDA-MB-231 wyniosta odpowiednio 943,23 pg/ml
1 863,21 ug/ml. Dla frakcji eterowej SH4 wartosci ICso zaobserwowane w teécie wyniosty:
dla MCF-7 — 630,52 pg/ml i MDA-MB-231 — 648,61 ug/ml.

14



Molekularny mechanizm dziatania produktow SH1, SH4 i SH11 w komorkach
raka piersi moze by¢ zwigzany zich zdolnoscig do indukcji procesu apoptozy
w komorkach. W celu potwierdzenia tej hipotezy, potencjalne dzialanie proapoptotyczne
produktow z nasion S. hispanica wobec komorek estrogenozaleznego raka piersi MCF-7
zostalo zbadane technikg cytometrii przeptywowej, z wykorzystaniem aneksyny V. Po 24 h
inkubacji z ekstraktem SH1 i frakcjami SH4 i SH11, a takze cisplatyng jako zwigzkiem
referencyjnym, we wszystkich badanych probach zaobserwowano zalezny od stgzenia
wzrost liczby komorek wezesno- 1 pdoznoapoptotycznych. Najbardziej wyrazny efekt zostat
zaobserwowany dla frakcji chloroformowej SH11 po 24-godzinnej inkubacji w stezeniu
200 pg/ml. Srednio 32,5% komoérek znalazto si¢ we wczesnej lub péznej fazie apoptozy,
w stezeniu wyzszym (400 pg/ml) odsetek ten wzrést do 53,4%. 24-godzinna inkubacja
z frakcja SH4 w stezeniach 600 pg/ml 1800 ug/ml skutkowata indukcjg apoptozy
w odpowiednio 39,9% i 49,6% komorek MCF-7. W przypadku ekstraktu metanolowego
SH1, efekt proapoptotyczny byt mniej wyrazny — po inkubacji z ekstraktem metanolowym
w stezeniach 600 i 800 pug/ml indukcja apoptozy zostata zaobserwowana w 11,5% i 13,4%
komorek. Inkubacja z cisplatyng skutkowala wzrostem udzialu komorek ulegajacych
apoptozie do 19,7% (stezenie 50 pM) i26,6% (stezenie 100 pM). W zadnej
z analizowanych probek, odsetek komorek nekrotycznych nie przekroczyt 2%, co sugeruje,
ze to apoptoza, nie nekroza jest dominujagcym mechanizmem cytotoksycznos$ci badanych
produktoéw z nasion S. hispanica.

Aby sprawdzi¢, czy indukcja apoptozy przebiega wewnetrznym szklakiem
mitochondrialnym, dokonano oceny ekspresji biatek BCL-2 i Bax pod wptywem ekstraktu
i frakcji SH1, SH4 i SH11 metoda Western blot. Bax jest biatkiem przyspieszajacym
apoptoze, ktorego ekspresje reguluje biatko p53. Niezablokowany przez BCL-2 Bax
powoduje obnizenie potencjatu blonowego mitochondrium, co prowadzi do powstania na
jego blonie poroéw, przez ktore uwalniany jest cytochrom c, inicjujacy kaskade kaspaz,
doprowadzajgc do $mierci komoérki [71]. BCL-2 natomiast petni podwojng funkcje: hamuje
aktywnosc nie tylko proapoptotycznych biatek Bax i BAK, ale takze kluczowej dla procesu
autofagii Bekliny 1 [72]. Wykazano, ze wszystkie badane produkty (SH1, SH4 i SH11)
wywotuja obnizenie ekspresji BCL-2 i wzrost ekspresji biatka Bax. Najwigksza inhibicj¢
ekspresji BCL-2 zaobserwowano dla ekstraktu metanolowego SH1, natomiast
w przypadku biatka Bax, inkubacja z frakcja chloroformowa SH11 skutkowata

najwigkszym wzrostem jego ekspresji.
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Obnizenie ekspresji BCL-2 moze sugerowaé, ze produkty SH1, SH4 i SH11
wplywajg réwniez na indukcje autofagii w komorkach. W celu oceny tego zjawiska,
zbadano ekspresj¢ dwoch kluczowych w tym procesie biatek: uczestniczacego w procesie
formowania pre-autofagosomu biatka ATGS oraz uznawanego za sztandarowy marker
autofagii biatka LC3B. Metoda Western blot wykazano zwigkszenie ekspresji ATGS
i LC3B w komorkach raka piersi MCF-7. Sposrod badanych produktéw z nasion
S. hispanica, najbardziej wyrazny wzrost ekspresji bialek zaangazowanych w proces
autofagii ATG5 i LC3B zaobserwowano dla frakcji SH11.

Zbadano rowniez wpltyw ekstraktu i frakcji SH1, SH4 i SH11 na istotne biatka
odpowiedzialne za proliferacje iprzezycie komorek, takie jak kinazy Akt i ERK1/2.
Metoda Western blot oceniono ekspresje biatka FAK, ktérego aktywacja wptywa zaréwno
na szlak sygnatowy PI3K/Akt, jak rowniez ERK1/2. Kinaza FAK ulega nadekspresji
w wielu typach raka piersi [73]. Dodatkowo, technikag ELISA oznaczono stezenie
fosforylowanego biatka Akt (p-Akt) i ERK1/2 (p-ERK1/2) w lizatach komérkowych linii
MCF-7. Akt hamuje apoptoze przez m.in. inaktywacj¢ biatek FOX i Bad oraz inaktywacje
NF-kB [74]. Szacuje si¢, ze $rednio 30% ludzkich typow raka piersi charakteryzuje si¢
deregulacja szlaku sygnatlowego ERK1/2 [75]. Zahamowanie fosforylacji zaréwno Akt jak
i ERK1/2 prowadzi do indukcji apoptozy w komoérkach, w tym w komorkach raka piersi
MCF-7 [76,77]. W analizie Western blot wykazano, ze produkty SH1, SH4 iSH11
obnizaja ekspresje kinazy FAK. W ocenie wptywu ekstraktu i frakcji z nasion S. hispanica
na stezenie p-Akt ip-ERKI1/2 wykorzystano technik¢ ELISA. Zaobserwowano, ze
wszystkie badane produkty obnizaja stezenie zarowno p-Akt, jak i p-ERK1/2 w sposob
zalezny od stezenia. Najwiekszg zdolno$¢ do hamowania stgzenia wspomnianych biatek
odnotowano dla frakcji chloroformowej SH11 — w stezeniu 400 pg/ml spadek byt kilku-
a nawet Kkilkunastokrotny w stosunku do kontroli (dla p-Akt: z 2,43 U/ml w kontroli do
0,09 U/ml w przypadku SH11; dla p-ERK1/2: z 150,33 pg/ml w kontroli do 38,67 pg/ml
dla SH11) Uzyskane wyniki potwierdzaja zdolnos¢ ekstraktu SH1 i frakcji SH4 i SH11 do
indukcji procesu apoptozy na szlaku mitochondrialnym w komorkach raka piersi MCF-7.

Na przestrzeni ostatnich lat, proces progresji nowotwordw coraz czgséciej kojarzony
jest z procesem zapalnym, w tym z aktywnoscig cytokin prozapalnych i przeciwzapalnych.
W zwiazku z tym dokonano oceny wptywu ekstraktu i frakcji SH1, SH4 i SH11 na stezenie
wybranych cytokin prozapalnych (TNF-a, IL-8) i cytokiny przeciwzapalnej IL-10. IL-8
jest chemoking prozapalna, ktora odgrywa istotng role w szlakach sygnalowych, w tym

zaangazowanych W angiogenezg, proliferacj¢ i przerzuty w nowotworach. Dziatanie
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hamujace IL-8 na szlaki sygnalizacyjne jest pozadanym efektem dzialania $rodkow
terapeutycznych  wleczeniu nowotworéw [78]. TNF-o, ktory jest obecny
w mikrosrodowisku guza, bierze udzial w rozwoju i przerzutowaniu raka piersi. TNF-o
odgrywa podwdjna rolg W raku piersi —moze sprzyjaé zarbwno apoptozie, jak i proliferacji
komorek roznych linii in vitro. Jednakze, pierwotng odpowiedzig komérkowa na TNF-a
jest zwiekszona proliferacja itworzenie przerzutow. Dlatego tez, w oparciu o dane
przedkliniczne przypuszcza si¢, ze antagonisci TNF-o mogg hamowa¢ metastaze raka
piersi [18]. Interleukina-10, podobnie jak TNF-a moze wykazywac dziatanie zarowno pro-
jak i przeciwnowotworowe. Z jednej strony, duze st¢zenie IL-10 jest postrzegane jako
dobra prognoza w przypadku pacjentow we wczesnych stadiach inwazyjnego raka piersi,
z drugiej natomiast, obecno$¢ IL-10 iBCL-2 w mikrosrodowisku guza moze
odzwierciedla¢ jego zwigkszong agresywnos¢ [79,80]. Wykazano, ze wszystkie trzy
badane produkty znasion S. hispanica (SH1, SH4 iSH11) wykazuja dziatanie
przeciwzapalne w komorkach raka piersi MCF-7. Najbardziej wyrazna aktywnos¢
badanych produktéw zaobserwowano wobec IL-8. Jej stezenie W lizatach komorek linii
MCF-7 po inkubacji z produktami SH1, SH4 iSH11 uleglo zaleznemu od stezenia
obnizeniu z 32,58 pg/ml w komodrkach kontrolnych do 4,00-5,69 pg/ml w badanych
probach. Ekstrakt i frakcje z nasion S. hispanica wywotaty rowniez nieznaczne obnizenie
stezenia TNF-a, jednak tylko po 24-godzinnej inkubacji z SH4 w stezeniu 800 pg/ml
zaobserwowano istotng statystycznie roznicg z wartosciami kontrolnymi. Odnotowano
istotny statystycznie, zalezny od dawki, wzrost stezenia IL-10 w lizatach komorkowych
linii MCF-7. Najwigkszy wptyw na stezenie IL-10 w poréwnaniu z kontrola (71,84 pg/ml)
zaobserwowano dla SH4, gdzie stezenie IL-10 osiagneto wartosci 92,55 pg/ml (600 pg/ml)
1 111,10 pg/ml (800 pg/ml).

Na podstawie wynikéw uzyskanych w trakcie badan zawartych w niniejszej
rozprawie doktorskiej, mozna stwierdzi¢, ze nasiona Scorzonera hispanica sa obiecujacym
surowcem roslinnym o szerokim spektrum potencjalnych zastosowan, jako zar6wno nowe
zrodlo oleju, jak i substancji biologicznie czynnych o charakterze przeciwnowotworowym,
ktoére moga w przysztosci znalez¢ zastosowanie W terapii wspomagajacej leczenie raka
piersi. Niemniej jednak, dalsze poglebione badania, zwlaszcza nad metabolizmem
I bezpieczenstwem sktadnikéw aktywnych otrzymanych produktow, sg konieczne, aby

moc w petni ocenic¢ ich potencjat biologiczny.
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. WhiosKi

. Jako$ciowa I ilosciowa analiza LC-PDA-MS ekstraktow i frakcji otrzymanych z nasion
Scorzonera hispanica wykazata obecnos¢ aktywnych biologicznie zwigzkow z grupy
flawonoidow (w tym luteoliny i apigeniny) oraz szeregu pochodnych kwasu chinowego
(w tym kwasy kawoilochinowe, dikawoilochinowe i trikawoilochinowe).

. Analiza GC-MS ekstraktow i frakcji z nasion S. hispanica wykazata wysokg zawarto$¢
kwasow thuszczowych (linolenowego i palmitynowego), a takze
3,4-dimetoksycynamonianu metylu, D-chiro-inozytolu i kwasu kawowego.

. Olej znasion S. hispanica charakteryzuje si¢ wysoka zawarto$cig nienasyconych
kwasow ttuszczowych oraz fitosteroli, w tym B-sitosterolu, i nie wykazuje wlasciwosci
cytotoksycznych w stezeniach do 1 mg/ml.

. Ekstrakt metanolowy SH1 oraz frakcje: eterowa SH4 i chloroformowa SH11 wykazuja
zdolno$¢ do indukcji mitochondrialnego szlaku apoptozy, wptywaja na ekspresje biatek
zwigzanych z procesem apoptozy (BCL-2, Bax) iautofagii (ATG5, LC3B) oraz
wykazujg dziatanie hamujace na ekspresje kinazy Akt oraz ERK1/2 w komorkach raka
piersi MCF-7.

. Ekstrakt SH1 i frakcje SH4 iSH11 wykazuja dzialanie przeciwzapalne poprzez
inhibicj¢ cytokin prozapalnych IL-8 1 TNF-a izwigkszanie stgzenia cytokiny
przeciwzapalnej IL-10 w komorkach raka piersi linii MCF-7.

. Nasiona S. hispanica sa obiecujacym zrodlem zwigzkoéw bioaktywnych, ktore

potencjalnie mogg znalez¢ zastosowanie W terapii raka piersi.
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7. Streszczenie w jezyku polskim i angielskim

Streszczenie

Wezymord czarny korzen (Scorzonera hispanica L.) (Asteraceae) jest wicloletnig
ro$ling uprawng, hodowang w Europie i poludniowej Syberii. W medycynie ludowej
Europy skorzonera stosowana byta w leczeniu przezigbienia oraz jako srodek pobudzajacy
apetyt czy mukolityk przy chorobach ptuc. Analizy czesci nadziemnych i podziemnych
ro$liny wykazaly obecno$¢ licznych substancji o potencjale biologicznym, w tym
zwiazkow 0 wlasciwosciach cytotoksycznych wobec komorek nowotworowych.

Celem niniejszej rozprawy doktorskiej byta analiza jakosciowa i ilosciowa oleju
oraz ekstraktow i frakcji z S. hispanica (SH1-SH12) z wykorzystaniem technik GC-MS
oraz LC-PDA-MS. Dokonano oceny aktywnosci biologicznej otrzymanych produktow
Z nasion skorzonery wobec komorek raka piersi liniit MCF-7 oraz MDA-MB-231, a takze
komorek prawidtowych — fibroblastow skory ludzkiej. Nastgpnie dokonano analizy
molekularnego mechanizmu dziatania trzech najbardziej aktywnych produktow (ekstraktu
metanolowego SH1 oraz frakcji eterowej SH4 i chloroformowej SH11) w komorkach raka
piersi. Oceniono ich wptyw na proces biosyntezy DNA, a takze zdolno$¢ do indukcji
procesu apoptozy w komorkach. Dokonano oceny wybranych produktow na ekspresje
bialek zwigzanych zapoptoza i autofagia. Nastgpnie, zbadano wptyw wybranych
ekstraktow i frakcji na stezenie bialek uczestniczacych w komorkowych szlakach
sygnatowych oraz stezenie wybranych cytokin pro- i przeciwzapalnych.

Analizy LC-PDA-MS i GC-MS wykazaly obecno$¢ aktywnych biologicznie
zwiazkow z grupy flawonoidow oraz szereg pochodnych kwasu chinowego, a takze
wysoka zawarto$¢ kwasow tluszczowych (linolenowego i palmitynowego) oraz 3,4-
dimetoksycynamonianu metylu, D-chiro-inozytolu i kwasu kawowego. Uzyskane w toku
pracy wyniki wykazaty, ze SH1, SH4 i SH11 posiadaja zdolnos¢ do indukcji apoptozy
I autofagii w komorkach raka piersi linii MCF-7. Otrzymane produkty powodowaty
obnizenie stezenia kinazy Akt oraz ERK1/2 w komoérkach. Dodatkowo, wykazano ich
przeciwzapalne dziatanie na komorki nowotworowe.

Uzyskane wyniki moga sugerowac, ze nasiona S. hispanica sa obiecujacym zroédtem
zwiazkow 0 potencjalnym zastosowaniu w terapii raka piersi. Niemniej jednak, konieczne
sg dalsze poglebione badania, zwlaszcza nad aktywnos$cig skladnikéw najbardziej

aktywnych ekstraktow i frakcji, a takze ich metabolizmem i bezpieczenstwem.
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Summary

Black salsify (Scorzonera hispanica L.) (Asteraceae) is a perennial cultivated plant,
grown in Europe and southern Siberia. In European folk medicine, black salsify was used
to treat colds, as an appetite stimulant or for lung diseases. Today, its roots are a valued
vegetable. Analyses of the aerial and subaerial parts of the plant have revealed the presence
of numerous substances with biological potential, including compounds with cytotoxic
properties against cancer cells.

The aim of this dissertation was to qualitatively and quantitatively evaluate the
composition of oil and extracts and fractions from S. hispanica (SH1-SH12) using GC-MS
and LC-PDA-MS techniques. Biological activity of the products obtained Scorzonera seeds
against breast cancer cells of the MCF-7 and MDA-MB-231 lines, as well as normal cells
— human skin fibroblasts was evaluated. Subsequently, the molecular mechanism of action
of the three most active products — methanolic extract (SH1) and ether (SH4) and
chloroform (SH11) fractions — in breast cancer cells was evaluated. The effects on DNA
biosynthesis were assessed, as well as the ability to induce the apoptosis in MCF-7 cells.
Then, the influence of SH1, SH4, and SH11 on the expression of proteins related to
apoptosis and autophagy was examined. In the next step, the effects of selected extracts
and fractions on the concentration of proteins involved in cellular signaling pathways and
the concentration of selected pro- and anti-inflammatory cytokines were evaluated.

LC-PDA-MS and GC-MS analyses revealed the presence of biologically active
compounds, including flavonoids and quinic acid derivatives, as well as a high content of
fatty acids (linolenic and palmitic acids) Notable amounts of methyl 3,4-
dimethoxycinnamate, D-chiro-inositol and caffeic acid were reported as well. The results
obtained in the course of the work showed that SH1, SH4, and SH11 exhibit the ability to
induce apoptosis and autophagy in breast cancer cells. The obtained products also caused
a decrease in Akt and ERK1/2 concentrations in MCF-7 cells. In addition, their anti-
inflammatory effect on cancer cells in vitro was demonstrated.

The results may suggest that S. hispanica seeds are a promising source of
compounds with potential applications in breast cancer therapy. Nevertheless, further in-
depth studies are needed, especially on the activity of the phytocomponents of extracts and

fractions, as well as their metabolism and safety.
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9. Publikacja I: Phytochemical Composition and Biological Activities of

Scorzonera Species
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Abstract: The genus Scorzonera comprises nearly 200 species, naturally occurring in Europe, Asia,
and northern parts of Africa. Plants belonging to the Scorzonera genus have been a significant part of
folk medicine in Asia, especially China, Mongolia, and Turkey for centuries. Therefore, they have
become the subject of research regarding their phytochemical composition and biclogical activity. The
aim of this review is to present and assess the phytochemical composition, and bioactive potential of
species within the genus Scorzonera. Studies have shown the presence of many bioactive compounds
like triterpenoids, sesquiterpenoids, flavonoids, or caffeic acid and quinic acid derivatives in extracts
obtained from aerial and subaerial parts of the plants. The antioxidant and cytotoxic properties have
been evaluated, together with the mechanism of anti-inflammatory, analgesic, and hepatoprotective
activity. Scorzonera species have also been investigated for their activity against several bacteria and
fungi strains. Despite mild cytotoxicity against cancer cell lines in vitro, the bioactive properties
in wound healing therapy and the treatment of microbial infections might, in perspective, be the
starting point for the research on Scorzonera species as active agents in medical products designed for
miscellaneous skin conditions.

Keywords: Scorzonera; biological activity; herbal medicine; phytochemical composition; Asteraceae

1. Introduction

Scorzonera L. is a genus in the Cichorieae tribe of the Asteraceae family. It is spread
mostly in central and southern parts of Europe, Eurasia, and Africa in arid areas [1,2].
Numerous species are endemic to Anatolia (Turkey) [1,3-11], Mongolia [12-15], and
China [16-18] The genus comprises approximately 180-190 species [19], including S. his-
panica, whose roots are a valued vegetable, with the taste similar to asparagus [20], and
S. tau-saghyz (a species of interest in terms of obtaining natural rubber) [21]. Several
Scorzonera species are a source of feed for farming animals in arid regions [15]. Typi-
cally, plants within the Scorzonera genus are perennial herbs characterized by the pres-
ence of a caudex or tuber. Biennial plants or dwarf subshrubs are rare [19]. Plants
within the genus Scorzonera are reported to contain flavonoids [12,13,22-24], phenolic
acid derivatives [8,13,25,26], triterpenoids [18,23,27-31], sesquiterpenoids [14,17,20,32-34],
dihydroisocoumarins [7,35-37], and other bioactive compounds. Scorzonera species have
been commonly used as medicinal plants in European and Asian herbal therapy for ages. In
Turkey, they are known as hemostatic agents, as well as, when used externally, as plasters
in the process of wound healing [38]. The plants are also present in folk medicine as a
remedy for hypertension, atherosclerosis, or kidney dysfunction [39].

This review aims to present the phytochemical composition of Scorzonera species,
including the compounds characteristic for the genus, as well as novel compounds, which
have not been previously isolated from Asteraceae. Extraction methods have been briefly
summarized as well. A summary of available data regarding the use of Scorzonera in folk
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medicine has also been included. Phytochemical composition and ethnopharmacological
reports lead to the third part of this paper, the assessment of biological activities of natural
products (extracts, fractions, and pure compounds) obtained from species within the genus
Scorzonera. To our best knowledge, this is the first comprehensive review of the current
findings in the field of phytochemistry and bioactivity of Scorzonera species. The assessment
of biological activity in vitro and in vivo is the first step in the development of new plant-
derived products and those play a substantial role in healthcare [40]. Some novel natural
medicines are under clinical trials [41], others have been approved in therapy [42,43]. In
this paper, a summary of the results of in vitro and in vivo studies has been made, as well
as an attempt to evaluate their significance and therapeutic potential.

The search strategy for this review involved browsing results for terms ‘Scorzonera’
and ‘biological activity” or ‘bioactive’, ‘Scorzonera” and ‘phytochemistry” ‘phytochemical
composition” in the following databases: Reaxys, PubMed, and ScienceDirect. The search
was limited to the years 2000-2021, with three studies published before the year 2000
included in this review [44—46].

2. Scorzonera in Traditional Medicine

Genera within the family Asteraceae have been present in folk medicine across Europe,
Asia, and northern Africa. That includes species within the Scorzonera genus, which are a
significant part of Turkish traditional medicine in the therapy of arteriosclerosis, kidney
disorders, wounds, rheumatism, but also as antidiabetic, antihypertensive, and antinoci-
ceptive medications [5]. The leaves of S. latifolia (Fisch and Mey.) DC., applied topically, act
as plaster and prevent nausea. Turkish folk medicine uses latex obtained from S. latifolia
to treat infertility and as an anthelmintic and pain-relieving medication [3,6,38,47]. Roots
of S. tomentosa L. are believed to have hemostatic properties when ingested [38]. Aerial
parts of S. laciniata L. are known as antipyretic, antipyogenic, antiatherosclerotic, antidi-
abetic, antirheumatic, and blood pressure-lowering agents in folk therapy [39]. Turkish
folk medicine uses S. phaeopappa Boiss., S. sosnowskyii Lipsch., and S. mirabilis Lipsch. for
headaches. S. mollis Biela is used as a diuretic and against kidney stones [48]. In Algerian
traditional medicine, S. undulata ssp. deliciosa is a part of the treatment of snake bites [49].
Mongolian folk remedies for various ailments include Scorzonera species as well. There
are reports for the use of S. pseudodivaricata Lipsch. as antipyretic in viral and bacterial
infections, anti-diarrheal and diuretic agents, as well as for the treatment of lung edema
and diseases caused by parasite infections. Aerial and subaerial parts of S. divaricata Turcz.
are used to treat ulcers and stomach tumors. [14]. Leaves and shoots of S. divaricata are also
present in the folk medicine of India in the therapy of jaundice [50]. Traditional Chinese
medicine uses S. mongolica Maxim. root to reduce fever and treat carbuncle mastitis, as
well as an antineoplastic agent [31]. Roots of Scorzonera hispanica L., currently cultivated
and eaten as a vegetable, were formerly used in European folk medicine as a mucolytic
agent in pulmonary diseases, appetite stimulator, and to defeat a cold. [14,32]. Tibetan folk
medicine has used S. austriaca Willd. for the treatment of carbuncle, inflammation, and
fever [17,28]. Scorzonera radiata Fisch. is a Mongolian traditional remedy for bacterial and
viral infection-induced fever, poisonous ulcers, and as a lactation-inducing and diuretic
agent [15]. In Libya, Scorzonera resedifolia L. is known as a folk medication for liver pain [51].

3. Phytochemical Composition of Scorzonera Species

Species within the Scorzonera genus are a source of flavonoid aglycones and glycosides,
phenolic acids and their derivatives, lignans, triterpenoids, sesquiterpenoids, dihydroiso-
coumarins, bibenzyl derivatives, as well other compounds [4,10,14,27,35,36,52-55].

3.1. Scorzonera acuminata Boiss.

The samples of Scorzonera acuminata aerial parts and roots were collected in the northern
part of Anatolia, Turkey. In the study by Stintar et al. [9], plant samples were extracted with
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20% aqueous methanol. The study by Bahadir-Acikara et al. [27] includes a phytochemical
analysis of n-hexane extracts of S. acuminata aerial parts and roots.

A 20% aqueous methanol extract of the aerial parts of S. acuminata was reported to
contain chlorogenic acid, rutin, and cyranoside [9]. Another study reports the presence of
a-amyrin, lupeol, and lupeol acetate in the n-hexane extract [27].

In the aqueous methanol extract from the roots, chlorogenic acid and trace amounts of
rutin were found [9]. An n-hexane extract contained lupeol, lupeol acetate, and a-amyrin [27].

3.2. Scorzonera aristata Rameond ex DC.

Samples of S. aristata were collected in Northern Italy [26,55,56]. The leaves from the
specimen in the study by Jehle et al. [56] were extracted with methanol and subsequently
with a mixture of methanol, acetone and water (3/1/1, v/v/v), the roots were first treated
with the mixture of methanol, acetone, and water (3/1/1, v/v/v), then were extracted with
methanol. The subaerial parts of the samples in the study by Zidorn et al. [55] were mixed
with a stock solution and sonicated with methanol, then HPLC was performed. A study
by Granica and colleagues [26] involved extraction of aerial parts of the species with 50%
aqueous methanol and the HPLC analysis of obtained extracts.

From the aerial part extracts of the plant, flavonoids (rutin, isoorientin, and quercetin
3-O-glucoside) and caffeic acid derivatives (chlorogenic acid, 3,5-dicaffeoylquinic acid,
4,5-dicaffeoylquinic acid) were isolated [56]. In the 50% aqueous methanol extract, the
presence of chlorogenic acid, 4-O-caffeoylquinic acid, 1,5-O-dicaffeoylquinic acid, and rutin,
as well as apigenin derivative and luteolin derivative [26].

From subaerial parts, 3,5-dicaffeoylquinic acid and caffeic acid methyl ester were
isolated, along with the following triterpenes: lupeol, magnificol, and 3x-hydroxyolean-5-
ene [56]. The presence of chlorogenic acid and 3,5-dicaffeoylquinic acid was previously
reported in the study by Zidorn et al. [55].

3.3. Scorzonera aucheriana DC.

Samples of S. aucheriana were collected in central Turkey and aerial parts were ex-
tracted with methanol at room temperature [7,29].

Investigation on aerial parts of the plant led to the isolation of dihydroisocoumarins
and dihydroisocoumarin derivatives (scorzopygmaecoside, scorzocreticoside II, iso-
scorzopygmaecoside, scorzoaucherioside I and II), quinic acid derivatives (3,5-O-dicaffeoyl-
epi-quinic acid and 3,5-O-dicaffeoylquinic acid), and 3,4-dihydroxyphenyl caffeate [7]. In
another study, chlorogenic acid derivatives (methyl 1-(2-methylcyclopropyl-1-carbonyloxy)
chlorogenate and 3,4-bis[(3/,4-dioxo-1’,3',5' 6'-tetrahydrospiro[cyclohexa-2,5-diene-1,4'-
cyclopenta[c]-furan]-1’-yl)chlorogenic acid), triterpenoids (taraxasterol, taraxasterol ac-
etate, taraxasterol oleate, lupeol, lupeol acetate and ptiloepoxide) and -sitosterol were
isolated from the methanol extract of S. aucheriana aerial parts [29].

3.4. Scorzonera austriaca Willd.

Samples of S. austriaca were collected in the northeast [24] and central [17,33] parts
of China.

Herbs of S. austriaca were extracted with 70% aqueous ethanol. The extract was reported
to contain the following flavonoid glycosides and flavonoid glycoside derivatives: 5,74'-
trihydroxyflavone 6-C-(2”-O-f-D-glucopyranosyl p-D-glucopyranoside), 5,7,3' ,4’-tetrahydro-
xyflavone 6-C-(2"-O-B-D-glucopyranosyl p-D-glucopyranoside), quercetin 3-O-rutinoside,
5,7 4'-trihydroxyflavone 6-C-B-D-glucopyranoside, 3'-methoxy-5,7 4'-trihydroxyflavone 6-C-
p-D-glucopyranoside, 5,7 4'-trihydroxyflavone 8-C-(6"-O-trans-caffeoyl p-D-glucopyranoside
and 5,7,3' 4'-tetrahydroxyflavone 8-C-(6"-O-trans-caffeoyl B-D-glucopyranoside [24].

Roots of the plant samples collected in central China were extracted with acetone and
guaianolides (biguaiascorzolide A and biguaiascorzolide B) were isolated [17]. Before that
discovery, in 2004, Li et al. [16] isolated a sesquiterpene lactone (33,11 x-dihydroxy-43-methyl-
guaia-10 (14)-en-12, 6x-olide) from the acetone extract of S. austriaca roots. Other identified
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in the root acetone extract sesquiterpenoids were: scorzoaustriacoside, scorzoaustriacin,
scorzoaustriacin 3-O-f3-D-glucoside, 4-epi-dihydroestafiatol, 14-isovaleroxyscorzoaustricin,
14-isovaleroxyscorzoaustricin sulfate, zaluzanin C, glucozaluzanic C, dehydrocostus lactone,
11B,13-dihydrozaluzanin and diacetoxyisolippidiol [33]. In the study by Wu et al. from
2011 [28], the following compounds were isolated from the acetone root extract: oleanane-type
triterpenes (3B-acetoxyglutin-5(10)-en-6-oxo, glutinol, p-amyrin-3-(3'-methylbutanonate),
B-amyrin 3-acetyl, 33-acetyl-11«,12x-oxidotaraxerol), ursane-type triterpenes (o-amyrin 3-
acetyl, c-amyrin 3-acetyl-11-oxo, D-friedours-14-en-33-acetyl-11x,12x-epoxy, taraxasterol,
and 1-taraxasteryl 3(3'-methyl-butanonate)), lupeol, (23Z)-cycloart-23-ene-33, 25-dihydroxy,
9B,19-cyclolanostane-24-en-3-oxo, and steroids (}3-sitosterol, B-stigmasterol, stigmast-4-en-3-
one, stigmast-33,5a,63-trihydroxy, and f3-sitosterol 3-3-D-glucoside).

3.5. Scorzonera baetica (Boiss.) Boiss.

Aerial parts of plant samples, collected in Spain, were extracted with 50% aqueous
methanol at room temperature and the extracts were analyzed using HPLC.

The aerial part 50% methanol extract was reported to contain caffeoylquinic acid deriva-
tives (3-O-caffeoylquinic acid, 4-O-caffeoylquinic acid, chlorogenic acid, 1,5-O-dicaffeoylquinic
acid, 3,5-O-dicaffeoylquinic acid, 4,5-O-dicaffeoylquinic acid), flavonoid glycosides (orientin,
isoorientin, vitexin, isovitexin, cyranoside), and flavonoid diglycosides [26].

3.6. Scorzonera cana (C.A. Meyer) Hoffm. var. alpina (Boiss.) Chamb.

Plant samples were collected in the north-central part of Turkey and extracted with
20% aqueous methanol at room temperature.

In the extract of the aerial parts, rutin and notable amounts of chlorogenic acid were
reported present.

The presence of chlorogenic acid was detected in the root extract [9].

3.7. Scorzonera cana (C.A. Meyer) Hoffm. var. jacquiniana (W. Koch) Chamb.

Plant samples were collected in central Turkey [9,27]. Aerial and subaerial parts were
separated and extracted with n-hexane [27] and 20% aqueous methanol [9].

Triterpenoids present in the n-hexane extract of the aerial parts were taraxasteryl
acetate, lupeol, lupeol acetate, and «-amyrin [27]. Compounds present in the aqueous
methanol extract were: chlorogenic acid, rutin, hyperoside, luteolin 7-glucoside, and trace
amounts of apigenin [9].

In the root aqueous methanol extracts, chlorogenic acid was found. [9]. There were
also reports on the presence of x-amyrin. taraxasteryl acetate, lupeol, and lupeol acetate in
the n-hexane extract [27].

3.8. Scorzonera cinerea Boiss.

Samples of S. cinerea collected in central Turkey were extracted with n-hexane at
room temperature.

In the extract of the aerial parts of S. cinerea, the following triterpenoids were detected:
lupeol, lupeol acetate, taraxasteryl acetate, 33-hydroxy-fern-7-en-6-one-acetate, x-amyrin,
and olean-12-en-11-one-3-acetyl.

In the root extract of the plant, taraxasteryl acetate, lupeol, lupeol acetate, and «-
amyrin were detected [27].

3.9. Scorzonera cretica Willd.

Samples of S. cretica were collected on Crete, Greece. The whole plant was subjected
to extraction with dichloromethane and subsequently with methanol.

From the dichloromethane extract, dihydroisocoumarin (scorzocreticin), dihydroiso-
coumarins glycosides (scorzocreticoside I, scorzocreticoside II), and 3-O-3-D-glucopyranosyls-
itosterol were isolated. Triterpenoids (lupeol, lupeol acetate, lupenone, germanicol, german-
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icol acetate, germanicone, taraxasterol, taraxasterol acetate, oleanol, oleanol acetate) were
isolated from the methanol extract of the plant [37].

3.10. Scorzonera crispatula Boiss.

Plant samples (aerial parts) were collected in England [44] and Spain. Samples from
Spain were extracted at room temperature with a mixture of methanol and water (1:1, v/v)
and subjected to HPLC [26]. Samples collected in England were extracted with ethanol [44].

In the S. crispatula aerial part hydromethanolic extract, the presence of caffeic acid
derivatives (3-O-caffeoylquinic acid, 4-O-caffeoylquinic acid, chlorogenic acid, 1,5-O-dicaffe-
oylquinic acid. 3,5-O-dicaffeoylquinic acid and 4,5-O-dicaffeoylquinic acid), flavonoid
aglycones (quercetin and luteolin) flavonoid C-glycosides (isoorientin and isovitexin), and
several flavonoid diglycosides was reported [26]. In the ethanol extract of S. crispatula,
luteolin and quercetin were detected.

3.11. Scorzonera divaricata Turcz.

Samples of S. divaricata were collected in Mongolia [14] and central China [34,57-59].
Aerial parts were extracted with methanol at room temperature [14,34], then with methanol
at 65 °C [34]. Subaerial parts were subjected to extraction with 95% aqueous ethanol [57-59].

From the aerial part methanol extract, feruloylpodospermic acid A and feruloylpodosper-
mic acid B were isolated and the presence of known compounds (scopoletin, chlorogenic
acid, isovitexin 4'-O-glucoside, isovitexin 2’-O-xyloside, kaempferol 3-O-rutinoside, apigenin)
was detected [14]. The aerial part methanol extract was used to isolate the novel compounds
sulfoscorzonin D and sulfoscorzonin E. Apart from sulfoscorzonins, the following compounds
were isolated: benzoic acid derivatives (methyl-3,4-dihydroxybenzoate, m-hydroxybenzoic
acid), coumarin derivatives (scopoletin, 7-hydroxycoumarin), flavonoid aglycones (diosmetin,
luteolin, tricin, 7,3’ 4'-trihydroxyflavonol, 5,7-dihydroxy-8-methoxyflavone, 5,7-dihydroxy-6-
methoxyflavone), phenolic acid derivatives (trans-caffeic acid, trans-p-hydroxycoumaric acid,
4-hydroxy-3-methoxyphenyl ferulate), sesquiterpenoids (glucozaluzanin C, 1p,4c-dihydroxy-
5x,6B,7x,11 H-eudermn-12,6-olide), steroids ((22E)-5,8 x-epidioxyergosta-6,22-dien-33-ol,
ergosta-33,5x,6-trialcohol, stigma-5-en-3-O-B-glucoside), triterpenoids (oleanolic acid and
lup-20(29)-ene-33,28-diol), sacrolide A, and vomifoliol [34].

From the subaerial part ethanolic extract, the following compounds were isolated:
phenolic acids and their derivatives ((-)-1,4-di-O-feruloyl-3-O-dihydrocaffeoylquinic acid,
(-)-1-O-feruloyl-4-O-dihydrocaffeoylquinic acid (-)-3,5-di-O-feruloylquinic acid, (-)-1-O-
feruloyl-3-O-dihydrocaffeoylquinic acid, (-)-1-O-feruloyl-5-O-dihydrocaffeoylquinic acid,
3-O-feruloylquinate, butyl 3-O-feruloylquinate, caffeic acid, dihydrocaffeic acid and its
methyl, ethyl and n-butyl esters), triterpenoids (scorzodivaricin A, scorzodivaricin B and
scorzodivaricin C, scorzodivaricin D, 23(Z)-33-acetoxy-25-hydroxy-tirucalla-7,23-diene,
23(Z)-3p,25-dihydroxy-tirucalla-7,23-diene, 23(Z2)-33,25-dihydroxy-tirucalla-7,23-diene,
20(R)-3B-acetoxy21-hydroxy-24(31)-methylene-dammarane and oleanolic acid), sesquiter-
penoids (sulfoscorzonin A, sulfoscorzonin B, sulfoscorzonin C, and 10(Z)-1-oxo-bisabola-
2,10-dien-13-al), steroids (5&,8x-epidioxy-(22E,24R)-ergosta-6,22-dien-33-ol, stigmast-4-
en-6[3-ol-3-one 63-hydroxystigmastan-4-en-3-one, 33-hydroxystigmast-5-en-7-one, 5,6x-
epoxy-5a-stigmastan-33-ol, 73-hydroxysitosterol, 7«-hydroxysitosterol, p-sitosterol, and
B-daucosterol), benzene derivatives (vanillin, vanillic acid 4-O-p-D-glucoside, vanillic acid
1-O-p-D-glucopyranosyl ester, tachioside, syringic acid ethyl ester, and 3,4-dimenthoxy-
3'-hydroxy propiophenone), fatty acids (pinellic acid, linoleic acid, and palmitic acid),
coumarin derivatives (scopolin and scopoletin), and a lignan (pinoresinol) [57-59].

3.12. Scorzonera eriophora DC.

Samples of S. eriophora aerial and subaerial parts were collected in Turkey and extracted
at room temperature with 20% aqueous methanol [9] and n-hexane [27].

Chlorogenic acid was detected in aqueous methanol extracts of both aerial parts
and roots. The aerial part extract was also reported to contain luteolin and luteolin 7-
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glycoside [9]. The n-hexane extracts of aerial and subaerial parts both contained taraxas-
teryl acetate, lupeol, lupeol acetate Additionally, 33-hydroxy-fern-7-en-6-one-acetate was
reported to be present in the n-hexane root extract [27].

3.13. Scorzonera graminifolia L.

Aerial parts of the plant, collected in England, were extracted with ethanol and
reported to contain quercetin and luteolin [44].

3.14. Scorzonera hieraciifolin Hayek

Samples of the plant were collected in central Turkey. Aerial and subaerial parts were
separated, and aerial parts were extracted with ethanol at room temperature and fractioned.
Then isolation of compounds was performed.

From the subaerial part ethanol extract, the following compounds were isolated:
quinic acid derivatives (5-O-feruloyl quinic acid methyl ester, 1,5-di-O-feruloylquinic acid,
chlorogenic acid methyl ester, 3-O-caffeoylquinic acid methyl ester, 1,3-di-O-caffeoylquinic
acid methyl ester, 3,5-di-O-caffeoylquinic acid methyl ester, and 4,5-di-O-caffeoylquinic
acid methyl ester), caffeic acid, and 3-(4'-hydroxyphenyl)-2-propenoic acid (4'-carboxyl)-
phenyl ester [8].

3.15. Scorzonera hirsuta L.

Samples of S. hirsuta aerial parts, collected from the University of Reading (Read-
ing, UK), were extracted with alcohol and the extract was reported to contain flavonoid
aglycones: kaempferol, luteolin, and quercetin [44].

3.16. Scorzonera hispanica L.

In the studies by Granica et al. [20,26], plant samples were collected in Germany,
subaerial parts for the quantitative analyses were purchased in Austria and Warsaw. In
the study by Zidorn et al. [32], plant samples from Belgium were used. In the study by
Petkova [60], the plant was harvested in Bulgaria.

For the isolation and identification of major constituents of S. hispanica subaerial parts,
maceration with ethyl acetate was carried out. The phenolic compounds in aerial and sub-
aerial parts were quantified using a modification of a method described by Zidorn et al. [61]
with a mixture of methanol/acetone/water (3:1:1) [20]. For the elucidation of inulin content,
the roots were extracted with water via microwave-assisted extraction [60].

In the aerial part aqueous methanol extract, the following compounds were detected:
flavonoid glycosides (isoorientin, hyperoside, isoquercitrin, miquelianin), luteolin di-C-
glycoside (C-hexoside, C-pentoside), quercetin, caffeic acid, and caffeic acid derivatives
(chlorogenic acid, 4-O-caffeoylquinic acid 1,5-O-dicaffeoylquinic acid, 3,5-O-dicaffeoylquinic
acid, 4,5-O-dicaffeoylquinic acid, 3-O-caffeoylquinic acid, 4-O-caffeoylquinic acid, 1,5-O-
dicaffeoylquinic acid, 3,5-O-dicafeoylquinic acid, 4,5-O-dicaffeoylquinic acid) [20,26].

From the methanol extract of S. hispanica subaerial parts, plugitone, ixerioside D, and
3-O-angeloyl-11f3,13-dihydrodesacylcynaropicrin-83-D-glucoside were isolated [32].

Subaerial part ethyl acetate extract was reported to contain a lignan ((-)-syringaresinol),
octadecadienoic acids (linoleic acid, 9-hydroxyocta-(10E,12E)-decadienoic acid, 8-13-oxo-
(9Z,11E)-octadecadienoic acid, 9-0x0-(10E,12Z)-octadecadienoic acid, 13-ox0-(9E,11E)-octadec-
adienoic acid, and 9-0x0-(10E,12E)-octadecadienoic acid), and sesquiterpenoids (1-oxo-bisabola-
(2,10E)-diene-12-carboxylic acid, 1-oxo-bisabola-(2,10E)-diene-12-ol, plitostemonol, puliglu-
tone, 1-oxo-bisabola~(2,10E)-diene-12-carboxylic acid methyl ester, 2,9-epoxycurcumen-12-al,
and ixerisoside D) [20].

Caffeic acid and caffeic acid derivatives (chlorogenic acid, 4-O-caffeoylquinic acid,
1,5-O-dicaffeoylquinic acid, 3,5-O-dicaffeoylquinic acid, and 4,5-O-dicaffeoylquinic acid)
were identified in subaerial part samples as well [20]. Notable amounts of inulin (over 20%
of dry plant material) were identified in the roots of S. hispanica [60].
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3.17. Scorzonera humilis L.

Samples of S. humilis were collected in Austria and subaerial parts of the plant were
extracted with methanol [53-55].

From the methanol extract, tyrolobibenzyls were isolated via column chromatogra-
phy [53-55]. Tyrolobibenzyls A, B, and C were isolated and identified in the study from
2000, together with a lignin—pinoresinol-1-yl 3-D-glucopyranoside [54]. In the study from
2002, the structure of tyrolobibenzyl D was elucidated [53]. A year later, the structure of
two novel tyrolobibenzyls (E and F) was identified and the presence of chlorogenic acid
and 3,5-dicaffeoylquinic acid was detected [55].

3.18. Scorzonera incisa DC.

Samples of the plant were collected in Turkey and aerial and subaerial parts were ex-
tracted separately at room temperature with 20% aqueous methanol [5] and n-hexane [27].

The aerial part n-hexane extract was reported to contain triterpenes: lupeol, lupeol
acetate, x-amyrin, and taraxasteryl acetate [27]. Additionally, the presence of rutin, cyra-
noside, and chlorogenic acid was detected in the aqueous methanol extract [5].

In the root extracts, the presence of chlorogenic acid was detected in the aqueous
methanol extract [5]. Triterpenoids (lupeol and lupeol acetate, taraxasteryl acetate, and
olean-12-en-11-one-3-acetyl) were reported present in the n-hexane root extract [5,27].

3.19. Scorzonera judaica Eig.

The roots of the plant were collected in Jordan and subsequently extracted with n-
hexane, chloroform, a mixture of chloroform and methanol (9:1), and methanol. Then, the
isolation of compounds was carried out.

From the chloroform root extract, 4x-hydroxypinoresinol, hydrangenol, and scorzoto-
mentosin were isolated.

The CHCI3:MeOH (9:1) extract was reported to contain 3S-hydrangenol 4'-O--L-
rhamnopyranosyl-(1—3)-B-D-glucopyranoside, hydrangenol 4'-O-B-D-apiofuranosyl-(1—6)-
B-D-glucopyranoside, 2-hydroxy-6-[2-(4-hydroxyphenyl)-2-oxo-ethyl]benzoic acid, E-3-(3,4-
dihydroxybenzylidene)-5-(3,4-dihydroxyphenyl)dihydrofuran-2-one, Z-3-(3,4-dihydroxybe-
nzylidene)-5-(3,4-dihydroxyphenyl)-2(3H)-furanone,  4-[3-D-glucopyranosyl)hydroxy]-
pinoresinol, hydrangenol 8-O-B-D-glucopyranoside, hydramacrophyllol A, hydramacro-
phyllol B, 4x-hydroxypinoresinol, hydrangenol 4'-O-p-D-glucopyranoside, thunberginol F,
and hydrangenol.

From the methanol extract, the following compounds were isolated: 3S-hydrangenol 4'-
O-a-L-thamnopyranosyl-(1—3)-B-D-glucopyranoside, hydrangenol 4'-O-p-D-apiofuranosyl-
(1—6)-p-D-glucopyranoside, thunberginol F 7-O-{3-D-glucopyranoside, 2-hydroxy-6-[2-(4-
hydroxyphenyl)-2-oxo-ethyl[benzoic acid, 2-hydroxy-6-[2-(3,4-dihydroxyphenyl)-2-oxo-ethyl]
benzoic acid, 2-hydroxy-6-[2-(3,4-dihydroxyphenyl-5-methoxy)-2-oxoethyl]benzoic acid, hy-
drangeic acid 4'-O-B-D-glucopyranoside, 4-[ B-D-glucopyranosyl)hydroxy]-pinoresinol, hy-
drangenol 8-O- B-D-glucopyranoside, and hydrangenol 4’-O-B-D-glucopyranoside [25].

3.20. Scorzonera laciniata L. ssp. laciniata

Plant samples were collected in the north-western [9,27] and eastern parts of Turkey. [22].
Aerial and subaerial parts were separated and extracted with 20% aqueous methanol [9]
and n-hexane [27]. In the study by Erden et al. [22], the extraction was carried out using
methanol, a mixture of hexane and isopropyl alcohol (3:2, v/v), water, and a mixture of
HNO3:H,S04:H,O5 (10:1:1, v/v /).

In the aerial part 20% aqueous methanol extract, chlorogenic acid and luteolin 7-
glucoside, as well as trace amounts of rutin were reported [9]. Myricetin, kaempferol, and
trace amounts of morin and quercetin were present in the methanol extract. Phytosterols
(ergosterol, stigmasterol, and (-sitosterol) and vitamins D and K were identified in the
hexane /isopropyl alcohol (3:2, v/v) extract and notable amounts of potassium were identi-
fied in the extract obtained with the mixture of HNO3:H,504:H,0; [22]. The presence of

36



Int. J. Mol. Sci. 2021, 22,5128

8 of 42

lupeol, lupeol acetate, taraxasteryl acetate, and x-amyrin in the n-hexane aerial part extract
has been reported as well [27].

Root aqueous methanol extract contains chlorogenic acid [9]. In the n-hexane extract
of the roots, triterpenoids (taraxasteryl acetate, lupeol, lupeol acetate, and x-amyrin) were
detected [27].

3.21. Scorzonera latifolia (Fisch. and Mey.) DC.

Samples of S. latifolia were collected in eastern [5,27] and central-eastern Turkey [10,22].
Aerial and subaerial parts were separated and extracted with 20% aqueous methanol [5],
and n-hexane [27]. The study by Erden et al. [22] reports extraction with methanol, a mix-
ture of hexane and isopropyl alcohol (3:2, v/v), water, and a mixture of HNO3:H,504:H,0;
(10:1:1, v/v/v).

Aerial part methanol extract of S. latifolia was reported to contain flavonoid aglycones:
myricetin, quercetin, kaempferol, and morin. Ergosterol, stigmasterol, and (3-sitosterol
were also reported present in the hexane:isopropyl alcohol (3:2, v/v) extract from the
aerial parts of the plant, together with retinol and vitamins D, E, and K [22]. Triterpenoids
identified in aerial part n-hexane extract were: taraxasteryl acetate, 3-hydroxy-fern-7-en-
6-one-acetate, lupeol, lupeol acetate, and a-amyrin [27]. The aqueous methanol extract
from the aerial parts was reported to contain chlorogenic acid, hyperoside, and luteolin
7-glucoside [5].

In the roots, the following triterpenoids are reported to be present in the n-hexane
extract: taraxasteryl acetate, lupeol, lupeol acetate, 3-hydroxy-fern-7-en-6-one-acetate,
and olean-12-en-11-one-3-acetyl [27]. Moreover, chlorogenic acid was detected in the 20%
aqueous methanol extract [5].

3.22. Scorzonera mirabilis Lipsch.

Samples of the plant were collected in the city of Van, eastern Turkey, aerial parts and
roots were separated in extracted at room temperature with n-hexane.

Both aerial and subaerial part n-hexane extracts of S. mirabilis contain taraxasteryl
acetate, lupeol, and lupeol acetate [27].

3.23. Scorzonera mollis Bieb. ssp. szowitsii (DC.) Chamb.

Plants samples were collected in north-central Turkey [5,27]. Aerial and subaerial
parts were separated and extracted at room temperature using n-hexane [27] and 20%
aqueous methanol [5].

In the aqueous methanol extract of aerial parts, chlorogenic acid, rutin, hyperoside,
and cyranoside were detected [5]. The presence of taraxasteryl acetate, lupeol, lupeol
acetate, and a-amyrin was reported in n-hexane extracts from both aerial and subaerial
parts of the plant [27].

Aqueous methanol root extract was reported to contain chlorogenic acid [5].

3.24. Scorzonera papposa DC.

Samples were collected in Jordan. Aerial parts and roots were separated, dried, and
sequentially macerated with n-hexane, chloroform, a mixture of chloroform and methanol
(9:1), and methanol.

From the aerial part methanol extract, the following compounds were isolated: (6-
trans-p-coumaroyl)-3-O-3-D-glucopyranosyl-2-deoxy-D-riburonic acid, a mixture of (6-cis-p-
coumaroyl)-3-O-B-D-glucopyranosyl-2-deoxy-D-riburonic acid and (6-cis-p-coumaroyl)-3-O-
B-D-glucopyranosyl-2-deoxy-D-ribono-c-lactone, (6-trans-p-coumaroyl)-3-O-B-D-glucopyr-
anosyl-2-deoxy-D-riburonic acid methyl ester, (6-trans-p-coumaroyl)-3-O-f3-D-glucopyrano-
syl-(5-acetyl)-2-deoxy-D-riburonic acid, isoorientin, orientin, isoschaftoside, and swertia-
japonin. From the CHCl3:MeOH extract, (6-trans-p-coumaroyl)-3-O-p-D-glucopyranosyl-2-
deoxy-D-riburonic acid, a mixture of (6-cis-p-coumaroyl)-3-O-B-D-glucopyranosyl-2-deoxy-
D-riburonic acid and (6-cis-p-coumaroyl)-3-O-3-D-glucopyranosyl-2-deoxy-D-ribono-c-lac-
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tone, and (6-trans-p-coumaroyl)-3-O-3-D-glucopyranosyl-(5-acetyl)-2-deoxy-D-riburonic
acid were isolated.
The root methanol extract was reported to contain thunberginol G [62].

3.25. Scorzonera parviflora Jacq.

Aerial and subaerial parts of the plant, collected in central Turkey, were separated and
extracted at room temperature using n-hexane [27] and 20% aqueous methanol [5].

Aerial part n-hexane extract of S. parviflora was reported to contain the following
triterpenoids: taraxasteryl acetate, lupeol, and lupeol acetate [27]. The aqueous methanol
extract contained chlorogenic acid, hyperoside, and cynaroside [5].

In the roots, chlorogenic acid was detected in the aqueous methanol extract [5]. Tarax-
asteryl acetate, lupeol, and lupeol acetate were the main components of the n-hexane
extract [27].

3.26. Scorzonera pseudodivaricata Lipsch.

Samples for the analysis were collected in Mongolia. Aerial and subaerial parts of the
plant were separated, then aerial parts were macerated with methanol at room temperature.

Aerial part extract of the plant is reported to contain isochlorogenic acid A, cynaroside,
isovitexin 2”-O-xyloside, luteolin, luteolin 5-O-glucoside, platyphylloside, scopoletin,
scorzoneric acid and scorzonerin [14].

3.27. Scorzonera pusilla Pall.

In the aerial parts, collected in Reading (England), the presence of quercetin and
luteolin was reported [44].

3.28. Scorzonera pygmaea Sibth. and Sm.

Plant samples (subaerial parts) were collected in Turkey. The dried and powdered
subaerial parts were macerated in ethanol.

From the subaerial part methanol extract, the following compounds were isolated:
3,5-dicaffeoylquinic acid, chlorogenic acid, chlorogenic acid methyl ester, cudrabibenzyl
A, scorzocreticoside I scorzocreticoside II, scorzonerol, scorzopygmaecoside, and thun-
berginol C [35].

3.29. Scorzonera radiata Fisch.

Samples of S. radiata aerial parts were collected in Mongolia and macerated with
methanol at room temperature [12,13,15].

From the aerial part methanol extract of S. radiata, scorzodihydrostibenes A-E were iso-
lated [15]. Apart from that, the presence of 3,5-dicaffeoyl-epi-quinic acid, 3,5-dicaffeoylquinic
acid, 4,5-dicaffeoylquinic acid, 5-p-coumaroylquinic acid (cis and trans), chlorogenic acid,
isoorientin, kaempferol 3-O-rutinoside, macroantoin F, macroantoin G, quinic acid, rutin,
and violanthin was detected [12], Moreover, scorzonerin A, scorzonerin B, and 4,5-dicaffeoyl-
epi-quinic acid were isolated [13].

3.30. Scorzonera suberosa C. Koch ssp. suberosa

Samples of the plant were collected in the central part of Turkey. Aerial and subaerial
parts were separated and extracted with n-hexane at room temperature [27]. In the study by
Erden et al. [22], the solvents used for extraction were methanol, a mixture of hexane and
isopropyl alcohol (3:2, v/v), water, and a mixture of HNO3:H>50,4:H>0; (10:1:1, v/v/7v).

Aerial parts and roots are reported to contain taraxasteryl acetate, lupeol, and lupeol
acetate [27]. Myricetin, morin, and quercetin were found in the methanol extract, vitamins
D, E, and K, retinol, and phytosterols: [3-sitosterol, ergosterol, and stigmasterol were de-
tected in the hexane/isopropyl alcohol extract. Sodium and potassium were also reported
present (extraction using the mixture of HNO3:H,;SO4:H,0;) [22].
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3.31. Scorzonera sublanata Lipsch.

Samples of S. sublanata were collected in Turkey and aerial parts and roots were
separated [9,27]. The extraction was carried out using n-hexane [27] and 20% aqueous
methanol [9].

Aerial part aqueous methanol extract contains chlorogenic acid and hyperoside [9]. In
the n-hexane extract, the presence of lupeol, lupeol acetate, and taraxasteryl acetate was
reported [27].

Root aqueous methanol extract was reported to contain chlorogenic acid [9]. The
n-hexane extract is reported to contain taraxasteryl acetate, 3p-hydroxy-fern-7-en-6-one-
acetate, lupeol, and lupeol acetate [27].

3.32. Scorzonera tomentosa L.

Samples of S. tomentosa were collected in Turkey [5,27,36]. Aerial parts and roots were
separated and extracted using n-hexane [27], and 20% aqueous methanol [5]. Subaerial
parts were extracted with methanol at room temperature [36].

Aerial part n-hexane extract is reported to contain lupeol, lupeol acetate, and tarax-
asteryl acetate [27]. In the aqueous ethanol extract, chlorogenic acid, hyperoside, and
cyranoside were detected [5].

In the roots, the presence of taraxasteryl acetate, 3 3-hydroxy-fern-7-en-6-one-acetate,
olean-12-en-11-one-3-acetyl, lupeol, lupeol acetate, and a-amyrin was detected in the
n-hexane extract [27]. The aqueous methanol extract was also reported to contain chloro-
genic acid [5], (&)-scorzotomentosin, (-)-,scorzotomentosin, (-)-scorzotomentosin 4'-O-f3-
glucoside, (£)-scorzophtalide, scorzoerzincanin, (+)-hydrangenol, (-)-hydrangenol 4’-O-
glucoside, (£)-hydramacrophyllol A, and (+)-hydramacrophyllol B [36].

3.33. Scorzonera trachysperma Guss.

Aerial parts of S. trachysperma samples, collected in Italy, were extracted with 50%
aqueous methanol and subjected to HPLC.

The analysis revealed that the aerial part methanol:water extract contains chlorogenic
acid, cis-chlorogenic acid, cryptochlorogenic acid, isochlorogenic acid A, isochlorogenic
acid C, 3,5-dicaffeoylquinic acid, isoorientin, luteolin, and apigenin diglycosides, and
luteolin [26].

3.34. Scorzonera undulata ssp. alexandrina Boiss.

Samples of the plant were collected in Algeria and the whole plant was macerated
with petroleum ether.

Lupeol, 24-methylenecycloartanol, 3-O-(6-O-acetyl-pB-D-glucopyranosyl)-p-sitosterol,
daucosterol, and apigenin were isolated from S. undulata ssp. alexandrina whole plant
petroleum ether extract [23].

3.35. Scorzonera undulata ssp. deliciosa (Guss.) Marie

Plant samples were collected in Algeria and subaerial parts were macerated in
dichloromethane, then the isolation of compounds was performed.

From the roots of the plant, the following compounds were isolated: verbascoside,
galangustin [49], cichoriin, 3-amyrin acetate, B-sitosterol, stigmasterol methyl oleanate,
ethyl ursolate [63].

3.36. Scorzonera veratrifolia Fenzl.

The samples used for the studies on S. veratrifolia were collected in eastern Turkey.
The subaerial parts were separated from the aerial parts and extracted with methanol at
room temperature [30,64].

Subaerial parts of S. veratrifolia contain the following triterpenes: a-amyrin acetate,
x-amyrinone, 3-amyrin acetate, 3-amyrinone, -amyrin, \p-taraxasterol, -taraxasterol
acetate, fern-7-en-3-one, germanicol, germanicol acetate, germanicone, lupenone, lupeol, lu-
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peol acetate, taraxasterol, and taraxasterol acetate, as well as -sitosterol [30]. The presence
of chlorogenic acid, chlorogenic acid methyl ester, isochlorogenic acid A, cryptochlorogenic
acid, 4,5-dicaffeoylquinic acid, together with scorzoveratrin and scorzoveratrozit has also
been reported [64].

3.37. Scorzonera villosa Scop. ssp. villosa

Samples of S. villosa were collected in Slovenia. Aerial parts were extracted with 50%
aqueous methanol at room temperature and HPLC analysis was performed.

The extract of aerial parts was reported to contain 1,5-O-dicaffeoylquinic acid, 3,5-O-
dicafeoylquinic acid, 5-O-caffeoylquinic acid, chlorogenic acid, cryptochlorogenic acid, api-
genin 7-O-glucuronide, apigenin di-C-glycoside, apigetrin, cyranoside, hyperoside, isochloro-
genic acid C, isoorientin, isoquercitrin, luteolin, luteolin 7-O-glucuronide, and vitexin [26].

Compounds present in aerial parts of species within the genus Scorzonera, together
with the concentration in the dry plant matter and the solvent used in the process of
extraction (if available in the literature) are listed in Table 1. The phytochemical composition
of subaerial parts of species belonging to the genus, with concentrations and solvents
used, is presented in Table 2. Compounds isolated from the whole plants are presented
in Table 3. As was presented in Tables 1 and 2, subaerial parts of the species within the
genus Scorzonera are reported to contain a greater diversity of triterpenoid ad phenolic
acid derivatives. This could be explained by the fact that a larger range of solvents was
used for the extraction of phytochemicals from subaerial parts. The aerial parts; however,
are reported to contain notably more different flavonoids. This is an anticipated outcome
because, as flavonoid compounds are involved in biochemical processes within the whole
plant, they are significant for the activities related to exposure to external factors (e.g.,
UV radiation or attracting pollinators) [65,66]. Another reason is the fact that only aerial
parts of Scorzonera species were thoroughly assessed for flavonoid content in a study by
Granica et al. [26]. Based on the research included in this review, the steroid, coumarin, and
dihydroisocoumarin content seems similar in both aerial and subaerial parts. The species
that are most investigated in the greatest number of papers are S. divaricata [14,34,57-59],
S. hispanica [20,26,32,45,46,60], S. latifolia [3-6,27,47,67-71], and S. radiata [12,13,15].
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4. Biological Activity

The biological activity of species within the Scorzonera genus is the subject of research
due to their presence in folk medicine in Eurasia and northern Africa. In Mongolia, S. divar-
icata and S. pseudodivaricata play a significant role in herbal therapy. S. divaricata is used to
treat fever and poisonous ulcers or even malignant stomach neoplasia. S. pseudodivaricata
is a folk remedy for digestive problems, parasites, or lung edema [14].

Species that belong to the Scorzonera genus are reported to be the source of numerous
bioactive compounds. Researchers evaluate their potential as antioxidant [58,59,62,74],
anti-inflammatory [27,68,75], and pain-relieving agents [6,70], as well as their cytotoxicity
against cancer cell lines [20,28,59] and wound healing properties [4,5]. Biological activities
of Scorzonera species in vitro are summarized in Figure 1.

: N 7 : N . ™
o S. austriaca *S. austriaca o S. divaricata
¢ S. divaricata ¢S, radiata

¢ S. suberosa
¢S, laciniata
*S. latifolia
oS. undulata

o S. heriaciifolia

*S. hispanica

*S. humilis
5. mongolica

Antioxidant
capacity

Hepatoprotective

activity Cytotoxicactivity

N [ N

*S. cana var. jacquiniana
*S. latifolia
*S. tomentosa

*S. cana var. jacquiniana *S. aucheriana

®S. cinerea

*S. divaricata

*S. papposa

*S. undulata

*S. undulata ssp. deliciosa

*S. eriophora

*S. incisa

*S. latifolia

*S. mollis ssp. szowitsii
*S. parviflora

*S. tomentosa

Antimicrobial
activity

Wound healing

activity

Figure 1. Biological activity of species within the genus Scorzonera evaluated in vitro. Species were
assigned to sections according to their activity investigated in in vitro tests, described in Sections 4.1-4.7.

4.1. Cytotoxic Activity

Cytotoxicity is the primary characteristic of compounds and substances in terms of
their qualification as therapeutic agents and is the toxicity that a certain factor causes in
live cells [76]. High cytotoxicity against rapidly dividing cancer cells in vitro is the basis for
further research on their bioactivity (e.g., necrosis, autophagy, or apoptosis induction), low
cytotoxicity on the other hand is desired in the development of drugs that are not intended
to induce death in cells. In this review, the cytotoxicity of extracts and compounds obtained
and isolated from Scorzonera species against cancer cell lines was presented.

The first reported attempt to evaluate the antineoplastic activity of Scorzonera species
in vitro was made in 2000 by Zidorn and colleagues [54]. The biological activity of com-
pounds isolated from a methanol extract from S. humilis subaerial parts (together with
newly isolated tyrolobibenzyls) was assessed and none influenced the DNA biosynthesis
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in the GTB and HL60 human leukemia cell lines at the concentration range of 0.25-4.00 uM.
In their further research, tyrolobibenzyls D was isolated from the extract. It was assayed
for cytotoxicity against the P388 (mouse leukemia) cell line along with previously obtained
tyrolobibenzyls A-C and their peracetyl derivatives. In the assay, only Tylorobibenzyl
D exhibited low cytotoxic activity with ICsj (half-maximal inhibitory concentration) of
25 ug/mL. The cytotoxicity of crude extracts was assayed as well and no activity was
observed up to the point where the concentration reached 0.5 mg/mL. The EtOAc fraction
of the crude extract exhibited cytotoxic properties with ICsp value at the concentration of
95 pg/mL. In the research, the antimicrobial activity of tyrolobibenzyls and their deriva-
tives was evaluated but none was active against neither bacteria nor fungi. The DPPH assay
did not reveal any significant radical scavenging properties of tyrolobibenzyls and the
compounds were able to inhibit the activity of COX-1 (cyclooxygenase 1) to an insignificant
degree [53].

In the study from 2009, Wang and colleagues [31] obtained two triterpene fatty es-
ters: erythrodiol and 3p-tetradecanoyl erythrodiol from a methanol extract of Scorzonera
mongolica whole plants. The isolated compounds were then assayed for their cytotoxicity
towards 3 cancer cell lines (P388 mouse leukemia cell line, A549 human lung cancer cell
line, and Bel-7402 human hepatocellular carcinoma cell line) and both esters exhibited
cytotoxic activity against A549 lung cancer cells (in the concentration of 50 pg/mL, the
compounds induced the cell growth inhibition by 66.8% and 69.8%).

Two out of five congeners (Scorzodihydrostilbenes A and B) isolated from the methanol
extract from the aerial parts of Scorzonera radiata Fisch. were tested in the MTT cytotoxicity
assay but at a concentration of 10 pg/mL, neither displayed cytotoxic activity toward
mouse lymphoma cell line (L5175Y) [15]. The concentration (10 ug/mL) converted to
uM is 21.53 uM for Scorzodihydrostilbene A and 20.90 uM for Scorzodihydrostilbene
B. When compared to a study from 2007, dihydrostilbenes isolated from a Bulbophyllum
odoratissimum Lindl., low toxicity of Scorzonera radiata Fisch. is even more notable, com-
pounds in the mentioned study were toxic towards SGC-7901 (human gastric cancer), KB
(nasopharyngeal carcinoma), and HT-1080 (fibrosarcoma) cell lines with ICzp values of
5.50-9.20 uM for SGC-7901 and KB lines and 25.50-40 uM for HT-1080 line [77].

A screening study on cytotoxic activity of several species of Asteraceae genus present
in Hungary, including Scorzonera austriaca Willd, was carried out in 2009. In a cytotoxicity
assay, the most active against human cell lines: A431 (skin epidermoid carcinoma), HeLa
(cervix adenocarcinoma), and MCF-7 (breast adenocarcinoma) was a chloroform root
extract of S. austrinca ICsp values of the extract were: 4.71 ug/mL for A431 line, 6.42 ug/mL
for HeLa line and 5.52 pg/mL for MCF-7 line. It was more active than the extracts obtained
using other solvents, as well as leaf extracts from the same plant—at a concentration
of 10 pg/mL the antiproliferative activity of S. austriaca root chloroform was at 86.32%
for A431 cell line, 77.27% for HeLa cell line, and 83.79% for MCF-7 cell line. Other S.
austriaca extracts obtained in the study did not influence the proliferation of those cell lines
by more than 48.11% [78]. Those results can be compared to a 2018 research, in which
leaf chloroform extract from another species within the Asteraceae family, Anvillea garcinii
(Burm.f.) DC., exhibited antiproliferative properties against MCF-7 and HeLa cell lines with
IC5p of 24.50 pg/mL for MCF-7 and 12 pg/mL for HeLa [79]. Another Asteraceae family
member, Pulicaria undulata (Forssk.) Oliver., was evaluated as a potential source of cytotoxic
agents. Whole plant chloroform extract turned out to have cytotoxic properties with the
ICsp value of 16.4 ug/mL for MCF-7 cell line, 3.01 ug/mL for HepG2, and 7.4 ug/mL for
HCT-116 cell lines. Those values were compared to cisplatin used as a positive control in
the study (ICsg of cisplatin was 3.68—4.51 pug/mL) [80]. However, in the study from 2011,
Bader et al. isolated nine new phenolic compounds and nine known phenolic derivatives
from Scorzonera judaica root extracts. The newly obtained compounds were assayed for
their cytotoxic activity toward human lymphocyte T cells, as well as MCF-7 and HeLa cell
lines. Compounds did not exhibit cytotoxic activity in concentrations below 100 uM [25].
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Zhu and colleagues [17] discovered that two new dimeric guaianolides (biguaias-
corzolides A and B) are present in an acetone extract from Scorzonera austriaca roots. In
the study, biguaianoscorzolide A was acetylated and the derivative’s cytotoxicity against
adriamycin-resistant myelogenous leukemia (K562/ ADM) cell line and gastric carcinoma
(BGC-823) cell line was measured. The compound’s activity towards K562/ADM cells
(ICsp = 39.8 uM) was more significant than towards the MGC-803 cell line (ICsp > 100 uM),
which suggests that the compound’s cytotoxic activity might depend on the type of tumor
cells. In a continuation of the study, Zhu and colleagues [33] elucidated the presence
of six sesquiterpene lactones in acetone and ethanol S. austriaca root extracts (scorzoaus-
triacoside, scorzoaustriacin, scorzoaustriacin 3-O--D-glucoside, 4-epi-dihydroestafiatol,
14-isovaleroxyscorzoaustricin, and 14-isovaleroxyscorzoaustricin sulfate). The cytotoxic
activity against four cancer cell lines (K562, K562/ ADM, BGC-823, and Hep-G2) of scor-
zoaustriacin, scorzoaustriacin 3-O-f-D-glucoside, 14-isovaleroxyscorzoaustricin, and 14-
isovaleroxyscorzoaustricin sulfate was assayed and only scorzoaustriacin was reported
cytotoxic towards K562 (human myelogenous leukemia) cell line (ICsq = 11.3 uM).

In the study by Granica et al. [20], (-)-syringaresinol was isolated from the ethyl acetate
extract of Scorzonera hispanica subaerial parts. It was then reported that (-)-syringaresinol
was cytotoxic towards NCI and MMS-1 myeloma cell lines and exhibited moderate activity
against SW-480 colon cancer cells. Moreover, the compound’s cytotoxicity was reported
in peripheral blood mononuclear cells. In the previous research on (-)-syringaresinol, it
was reported to exhibit the ability to induce apoptosis and arrest the G; phase in the HL-60
human leukemia cell line [81]. Jeong et al. [82] found out that (—)-syringaresinol inhibits
P-glycoprotein in MCF-7/ADR human breast cancer cell line and enhances the cytotoxic
activity of daunomyecin.

In a phytochemical study on Scorzonera divaricata root ethanol extract, one of the
isolated compounds, a tirucallane terpene ((35,5R,10R,13S,145,17R,20S,24R)-3-acetoxy-24-
hydroxyl-tirucalla-7,25-dienem, named scorzodivaricin B), exhibited a cytotoxic activity
towards HeLa, HepG2, HL60 and SMMC-7721 (human cervical cancer, human liver cancer
human leukemia cancer and hepatocellular carcinoma, accordingly) cell lines with ICsq
values between 24.4 + 3.6 uM and 66.7 £ 5.2 uM. Cisplatin used as a positive control in the
study exhibited higher activity with ICsy within the range of 7.45 £ 0.9-12.8 4= 2.4 uM [59].

Wu and colleagues [34] evaluated five compounds isolated from Scorzonera divaricata
aerial parts for their potential activity against cancer cell lines (HepG2, HeLa, and K562).
Sulfoscorzonin E exhibited cytotoxicity similar to 5-FU. ICs values of sulfoscorzonin E
were 4.21 pg/mL (10.59 uM) for HepG2, 8.15 ug/mL (20.5 pM) for HeLa, and 6.53 pg/mL
(16.43 uM) for K562 cell line. Sacrolide A was active against HeLa and HepG2 cells
(ICsp = 6.28 pg/mL = 20.16 uM for HeLa and 3.56 pg/mL = 11.43 uM for HepG2 lines).
In the study, sulfoscorzonin D, glucozaluzanin C, and 1p,4a-dihydroxy-5«,68,7«,113H-
eudermn-12,6-olide did not exhibit any significant cytotoxic activity at the concentration
below 80 pg/mL (141.92-298.32 uM).

4.2. Anti-Inflammatory Activity

For centuries, suppression of inflammatory response has been an observed effect of
various medicinal plants. Ethnopharmacological reports give examples of plants extracts
able to combat the process of inflammation in human bodies and; therefore, novel plant-
derived products are investigated for their anti-inflammatory activity [83].

A study carried out by Bahadir-Acikara et al. in 2018 [27] revealed that n-hexane
extracts from roots and aerial parts of eleven Scorzonera species (S. acuminata, S. cinerea,
S. eriophora, S. incisa, S. latifolia, S. mirabilis, S. mollis ssp. szowitsii, S. parviflora, S. suberosa
ssp. suberosa and S. tomentosa) contained significant amounts of triterpenes, including
taraxasteryl acetate, lupeol, and lupeol acetate. In general, root extracts were notably richer
in analyzed triterpenes, except for lupeol, whose concentration in aerial parts of S. incisa, S.
latifolia, S. mirabilis, S. parviflora, and S. suberosa was approximately three to seven times
higher than in root extracts (approximately 0.9-1.5 mg/g) The results from the study
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correlate with previously observed anti-inflammatory and pain-relieving properties of
lupeol [84,85].

The evaluation of the anti-inflammatory properties of Scorzonera pygmaea subaerial
parts was conducted in 2018 by measuring COX (cyclooxygenase) inhibition. The inhibitory
activity of ethanol extract and its fractions against COX-1 and COX-2 (cyclooxygenase
2) was low [35]. That is on the contrary to the study of Bahadir Acikara et al. from
2015 [10], where it has been observed that extracts from other Scorzonera species (S. cana
var. jacquiniana, S. cinerea, S. eriophora, S. incisa, S. latifolia, S. mollis ssp. szowitsii, S.
parviflora, and S. tomentosa) have an inhibitory effect on pro-inflammatory cytokines (TNF-
o (tumor necrosis factor «) and IL-1 (interleukin 1f)) production and NF-«B (nuclear
factor kappa B) nuclear translocation in macrophages. However, it might suggest that the
anti-inflammatory activity of S. pygmaea could be evaluated by the measurement of the
inhibitory activity against pro-inflammatory cytokines, as they induce COX production [35].

4.3. Analgesic Activity

Pain is an experience known to nearly every animal. There are cases where pain
requires medical intervention. Although pain may indicate injury of organs, nervous system-
derived pain should be relieved beforehand to prevent the deterioration of the quality of
the patient’s life. Morphine, a well-known analgesic, was isolated from opium 200 years
ago [86]. Nowadays other natural products are assayed for their pain-relieving activity.

Scorzonera latifolia is a plant endemic to Turkey, whose roots are used as a pain-reducing
and anthelmintic agent in Turkish folk medicine [4]. An in vivo study on the properties of
a methanol extract from S. Iatifolia roots showed that n-hexane, chloroform, ethyl acetate,
n-butanol, and water fractions indeed exhibit analgesic activity on mice in the dose of
50 mg/kg in the tail-flick test. Taraxasteryl mirystate and taraxasteryl acetate present in
one of the extracts were active in the dose of 10 mg/kg in both writhing test and flick-tail
test. The general antinociceptive properties of S. latifolia are reported to be significant. Such
outcome of the study can be a result of the synergy of the extract’s components [6]. The
study was extended to four Scorzonera species in 2012. It was then reported that S. tomentosa,
S. latifolia, and S. mollis ssp. szowitsii all possess analgesic properties in the writhing test
and tail-flick test (the dose was 100 mg/kg) [70].

4.4. Hepatoprotective Activity

The liver plays a significant role in the metabolism and detoxication of the human body.
Because of its importance, liver diseases are one of the greatest threats to people’s lives.
Herbal medicine has used plants as preventive agents for hepatic problems for ages [87].
Based on that knowledge, in vitro and in vivo investigations are conducted to assess the
hepatoprotective potential of plants, including the ones with the Scorzonera genus.

4.4.1. In Vitro Assays

A study from 2016 investigated the hepatoprotective properties of Scorzonera austriaca.
The plant is used in folk medicine to treat hepatitis B in China. Xie et al. [24] isolated
flavonoid glycosides and their derivatives from Scorzonera austriaca herb ethanolic extract.
Having measured the concentration of ALT (alanine aminotransferase) in CCly-treated rat
hepatocytes, it was reported that two flavonoid glycoside derivatives, 5,7 41-trihydroxyflavone
8-C~(6""-O-trans-caffeoyl B-D-glucopyranoside) and 5,7,31,41-tetrahydroxyflavone 8-C-(6"-O-
trans-caffeoyl B-D-glucopyranoside), present in herbs of S. austriaca have hepatoprotective
properties. That conclusion confirmed the validity of the use of the plant in the treatment of
hepatitis B in the traditional medicine of China.

4.4.2. In Vivo Assays

The in vivo assays of a Scorzonera alexandrina hydroethanolic extract from aerial and
subaerial parts revealed that the extract caused a reduction in glucose concentration in
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rat’s blood, as well as the ALT, and total protein levels in doses of 200 and 400 mg/kg. The
extract also exhibited hepatoprotective, and anti-ulcerogenic effects in rats [75].
Hepatoprotective activities of the roots of several Scorzonera species (S. cana var.
jacquiniana, S. latifolin, S. mollis ssp. szowitsii, S. parviflora, S. tomentosa), together with
compounds isolated from the S. latifolia root extract (chlorogenic acid, hydrangenol-8-O-3-
glucoside, and scorzotomentosin-4'-0-p-glucoside) were evaluated in a preclinical in vivo
study from 2017. The tests were aiming to elucidate the extract’s influence on counteracting
CCly-induced liver damage in rats. Although the influence of the extract and compounds
on the ALT and AST (aspartate transaminase) levels was insignificant, the histological
condition of animal livers was notably better in most samples (except for hydrangenol-8-O-
p-glucoside and scorzotomentosin-4’-0-f-glucoside—treated groups). What is interesting
in terms of future clinical research is the fact that chlorogenic acid was the most active
compound in the treatment of acute carbon tetrachloride-induced liver toxicity [73].

4.5. Antimicrobial Activity

Folk medicine has been treating microbial infections for centuries. Along with the
decrease in bacteria’s susceptibility to antibiotics, the need for novel antimicrobial drugs
is increasing. Plants have been a source of folk medications in the treatment of infectious
diseases before the concept of infectious agents emerged [88]. The activity against microbes
could also be used to substitute synthetic additives in food to prevent foodborne diseases
induced by pathogenic bacteria [89] Several species within the genus Scorzonera have been
investigated as a source of products with antimicrobial potential.

Volatile oil distilled from aerial parts of Scorzonera undulata ssp. deliciosa was assessed
as an antibacterial agent against Gram-positive (Staphylococcus aureus, Staphylococcus epider-
midis, and Micrococcus luteus) and Gram-negative (Salmonella typhimurium, Escherichia coli,
and Pseudomonas aeruginosa) bacteria strains and it was reported more active towards Gram-
positive strains with MIC (minimal inhibitory concentration) values of 0.5 mg/mL for S.
aureus and M. luteus and 0.8 mg/mL for S. epidermidis, S. typhimurium, and E. coli. MBC
(minimal bactericidal concentration) was not determined for any Gram-negative strain. The
authors suggest that greater activity against Gram-positive bacteria strains could be caused
by easier penetration through the lipophilic cell membranes by hydrophobic ingredients of
the oil. Unfortunately, no reference compound was assessed together with the oil, thus it is
difficult to compare those results with any known antibacterial substances [90].

Antibacterial properties of S. undulata were assayed in 2010 by Abdelkader and
colleagues [91]. The study showed that ethyl acetate fraction of the aerial part methanol
extract exhibited antibacterial properties against P. aeruginosa, S. aureus, E. faecalis, C.
freundei, and P. mirabilis with MIC exceeding 1 mg/mL. The petroleum ether fraction;
however, was active against P. aeruginosa, S. aureus, and C. freundei. Fractions obtained from
the roots had a narrower spectrum of activity, but the petroleum ether fraction exhibited a
stronger antimicrobial potential against S. aureus with a MIC of 500 ng/mL.

Bactericidal properties of compounds isolated from a Scorzonera divaricata aerial parts
petroleum ether/diethyl ether/methanol extract were evaluated in a study by Wu and
colleagues in 2018 [34]. Sulfoscorzonin D, a new, rare pyrrolidine salt alkaloid obtained
in the study, exhibited more potent activity against Clostridium perfingens than ampicillin,
its activity was similar to the activity of erythromycin and streptomycin. Sacrolide A
was more effective against Newman WT than streptomycin (12.5 to 25 pg/mL) and sim-
ilarly effective to levofloxacin (12.5 pg/mL). Other compounds which were reported to
possess antibacterial properties (B. megaterum, C. perfingens, Newman WT, and E. coli)
were oleanolic acid, lup-20(29)-ene3f3,28-diol, (22E)-5x,8x-epidioxyergosta-6,22-dien-3(3-ol,
ergosta-33,5x,63-trialcohol, and diosmetin (MIC values were 12.5-100 pg/mL).

A comprehensive study on endemic to Lebanon species Scorzonera mackmeliana in
terms of the plant’s antibacterial and antibiofilm properties was carried out by Sweidan
and colleagues in 2020 [92]. The authors conducted a phytoanalysis of the constituents
of water and ethanol extracts of the whole plant as well as its particular parts (flowers,
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stems, leaves, roots) and determined their activity against Gram-positive (Staphylocaccus
epidermidis, Staphylococcus aureus, Enterococcus faecalis) and Gram-negative (Escherichia coli,
Pseudomonas aeruginosa) bacterial strains. The highest activities in inhibition of the bacteria
strains were observed in two water extracts: the ones obtained from the stems and the
whole plant. For the stem water extract, the inhibitory effect was observed in four out of five
tested strains, the lowest MIC values were reported in P. aeruginosa (48.98 mg/mL), S. aureus
(48.98 mg/mL), and S. epidermidis (48.98 mg/mL). For the water extract from the whole
plant, it was proven active against S. epidermidis, P. aeruginosa, and E. coli in the concentration
of 122.25 mg/mL for each strain. MBC was determined for only two extracts and those were
root ethanol extract (for S. epidermidis MBC = 284.35 mg/mL) and water flower extract (for
P. aeruginosa, MBC = 160.85 mg/mL). Those values; however, are notably high, compared to
the literature data available for other plant water and ethanol extracts. MIC and MBC values
for Cinnamomum impressicostatum stem bark extract against MRSA strain were 19.53 and
39.06 pug/mL, respectively. For Cinnamomum porrectum stem bark extract, it was 2.5 (MIC)
and 5 mg/mL (MBC) [93]. In the Asteraceae family, water extracts from Sornchus erzincanicus
aerial parts exhibit antibacterial properties against Staphylococcus aureus, Escherichia coli,
and Proteus mirabilis with the MIC value of 1.25 mg/mL [94]. In the mentioned study on S.
mackmeliana; however, an interesting pattern of the activity against biofilm formation was
observed—with the concentration decrease, greater destruction of the biofilm occurred.
It was also observed that flower and stem water extracts and ethanol leaf, flower, and
whole plant extracts exhibited the most potent activity in eradicating bacterial biofilm,
with MBEC (minimal biofilm eradication concentration) values of 0.1-2.2 mg/mL, causing
84-98% biofilm eradication. For water extracts, the presence of coumarin was suspected
to be the active factor and in ethanol extracts, terpenoids were major constituents and;
therefore, they are thought to be responsible for the antibiofilm effect [92].

The antibacterial and antifungal activity of the aerial parts and root extracts from S.
papposa was investigated in a recent study by Mohammed and colleagues [95]. The extracts
were toxic for bacteria at the concentrations of 50-800 pg/mL and their antifungal effec-
tiveness was observed at 50-100 ug/mL. The reference compounds (ampicillin, amikacin,
ciprofloxacin, fluconazole, and amphotericin B) on the other hand were active at notably
lower concentrations (1.56-3.12 pg/mL). In general, samples collected in Turkey were
slightly more effective against both bacteria and fungi (50 pug/mL against Pseudononas
aeruginosa), although all tested extracts can potentially be used as mild nature-derived
antimicrobial agents.

In a study on antimicrobial activities of compounds isolated from aerial parts of
Scorzonera aucheriana it was observed that scorzoaucherioside II, iso-scorzopygmaecoside,
and 3,4-dihydroxyphenyl caffeate possess strong anti-tuberculosis activity with MIC of
21.2 ug/mL, 25.6 pg/mL, and 145 ug/mL, respectively. 3,4-Dihydroxyphenyl caffeate
and scorzoaucherioside I were reported active against Gram-negative bacteria strain Pseu-
domonas aeruginosa (MIC = 290 and 377.5 pg/mlL, respectively). Enterococcus faecalis, a
Gram-positive strain, was reported sensitive to scorzopygmaecoside and scorzocreticoside
II, where MIC values were 135 and 200 pg/mL, respectively [7].

4.6. Wound Healing Activity

Wounds defined as a disruption of tissue do not pose a threat unless the blood
loss is significant. They can; however, be a gateway for pathogenic infections which
is much more dangerous for the patient. The acceleration of wound recovery includes
infection prevention and the promotion of the natural healing process. Medicinal plants
are suspected to possess both those qualities and are considered potentially effective in the
therapy of wound healing [96].

4.6.1. In Vitro Assays

A study carried out by Kiipeli Akkol and colleagues in 2019 [4] reports that ethyl
acetate and chloroform fractions of a methanol extract from aerial parts of S. latifolia have
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wound healing properties in vitro, which are a result of the inhibitory effect on collagenase
and elastase enzymes activity. None of the fractions influenced the activity of hyaluronidase
to any considerable degree.

In a study on the extract from S. cana var. jacquiniana aerial parts (stems, leaves, and
flowers), their activity against matrix metalloproteinases (collagenase, hyaluronidase, and
elastase) was evaluated. A methanol extract was partitioned into chloroform, petroleum
ether, ethyl acetate, and water fraction. From the ethyl acetate fraction, eleven com-
pounds were isolated (3,5-dicaffeoylquinic acid methyl ester, 4-hydroxy-benzoic acid
4-(6-O-a-rthamnopyranosyl-B-glucopyranosyl) benzyl ester, 6'-O-caffeoylarbutin, apigenin
7-O-p-glucoside, apigenin 7-O-p-rutinoside, arbutin, cichoriin, isoorientin, luteolin 7-O-
B-glucoside, orientin, protocatechuic acid, and vitexin) and all obtained samples were
tested for their enzyme-inhibitory properties. In the hyaluronidase inhibition assay, the
extracts, fractions, and isolated compounds exhibited only a mild inhibitory effect at the
concentration of 100 ug/mL (not exceeding 30% for luteolin 7-O-p-glucoside), compared
to the positive control—Tannic acid—Which inhibited the hyaluronidase activity by ap-
proximately 75%. The methanol extract was observed to possess a potent inhibitory effect
on both elastase and collagenase activity (51.7% inhibition for elastase and 35.7% for
collagenase, in the concentration of 100 pg/mL). Moreover, several compounds isolated
from the extract were significantly active against collagenase (apigenin 7-O-f-glucoside,
apigenin 7-O-B-rutinoside, and isoorientin) and elastase (apigenin 7-O-B-glucoside, lu-
teolin 7-O-B-glucoside, and apigenin 7-O-f3-rutinoside) as well. In light of those results,
the authors suggested that flavonoids present in methanol extract were the main wound-
healing agents and that the synergy between components of the extract contributes to the
inhibitory effect [72].

4.6.2. In Vivo Assays

In 2011, a study by Kiipeli Akkol et al. [5] on the promotion of the process of wound
healing in mice took place. Researchers obtained hydroethanolic extracts from the aerial
parts and roots of several Scorzonera species (S. cinerea, S. latifolia, S. incisa, S. mobilis, S. mollis
ssp. szowitsii, S. tomentosa). Most promising results in the assays carried out with wound
models were observed with ointments made with the extracts obtained from S. latifolia,
S. mollis ssp. Szowitsii, and S. tomentosa aerial parts. Those three extracts were the most
active in the hydroxyproline level enhancement as wells as in terms of skin remodeling,.
Moreover, the S. latifolia aerial part extracts were reported to have anti-inflammatory
properties in vivo, with an inhibitory value of 23.5% at the dose of 100 mg/kg.

A study from 2012, carried out on mice, reports wound healing properties of several
Scorzonera species. Aqueous methanolic extracts from the aerial parts of S. cana var. jacquini-
ana, S. eriophora, and S. acuminata caused the contraction of wound area by up to 46.27%
on day 12 in the circular excision wound model. Ointments containing extracts of S. cana
(C.A. Mey.) Hoffm. var. jacquiniana (W. Koch) Chamb. and S. eriophora DC. aerial parts,
when applied topically on the linear incision wound models, caused an increase in the
activity of anti-hyaluronidase and significant enhancement of hydroxyproline level in the
regenerated tissue [9].

Figure 2 summarizes literature data regarding the biological activity of Scorzonera
species in vivo.

4.7. Antioxidant Capacity

Exposure to reactive species in the environment may have a negative impact on
humans and animals. The balance between oxidants and antioxidants is becoming more
difficult to maintain [97].; therefore, the need for antioxidant agents is growing and, because
of the potentially harmful effect of synthetic antioxidants, the attention seems to be currently
directed towards naturally occurring antioxidants found in plants [98]. The products from
species belonging to the genus Scorzonera have been assayed as antioxidant agents as well.
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Figure 2. Biological activity of species within the genus Scorzonera evaluated in vivo. HypT: Increase in the hydroxyproline
level; Glucose|: Decrease in the glucose level; ALT}: Decrease in the alanine transaminase level; Liver conditiont:
Improvement in the liver condition.

In the DPPH radical scavenging assay compounds isolated from the ethyl acetate
fraction of the methanol extract from Scorzonera divaricata and Scorzonera pseudodivaricata
aerial parts (ferulopodospermic acid A and B) did exhibit a strong antioxidant activity, more
potent than chlorogenic acid used as a reference compound in the study. The ICsy values
ferulopodospermic acid A and B were 36.36 and 34.24 umol/mL, respectively, compared to
the ICsq of chlorogenic acid, which was 67.92 pmol/mL [14]. The study was continued with
five compounds obtained from a Scorzonera radiata aerial part MeOH extract were tested
for their radical-scavenging activity in the DPPH assay. Scorzodihydrostilbenes A and E
exhibited a higher activity level than resveratrol, well-known for its antioxidant activity,
used as a reference in the study. The IC5 values were 105.51 uM for scorzodihydrostilbene
A, 102.60 uM for scorzodihydrostilbene B, and 149.52 uM for resveratrol [15]. Although
the difference in the scale of IC5) values might seem interesting, as ICsg in S. divaricata and
S. pseudodivaricata was given in pmol/mL, whereas for S. radiata it was presented in pM
(umol/L), more informative is how those results correspond to reference compounds used
in both studies.

In the assessment of antioxidant activity, acteoside isolated from a methanolic extract
from Scorzonera undulata ssp. deliciosa roots was reported to possess similar antiradical power
to Trolox used as a standard in the DPPH test (ICsy values were 0.16 & 0.02 mg/mg DPPH
for acteoside and 0.2 + 0.01 mg/mg DPPH for Trolox). The Trolox Equivalent Antioxidant
Capacity (TEAC) value of acteoside in the DPPH assay was 1.25. In the CUPRAC (cupric
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reducing antioxidant capacity) assay acteoside was slightly less active than the reference
compound, rutin (TEAC = 3.16 for rutin compared to TEAC = 2.4 for acteoside) [49].

Nasseri et al. [52] evaluated the chemical composition and the radical scavenging
activity of Scorzonera paradoxa root and leaf ethanol/water extracts. Leaf extracts turned
out to be a more potent antioxidant with an ICsy value of 18.81 mg/mL, compared to
the roots (ICsp = 88.9 mg/mL). This may be due to higher levels of phenolic compounds,
flavonoids and tannins reported in the study. The authors also made an assessment of the
fatty acids composition of the plant samples and based on the data obtained in the study of
chemical composition and antioxidant properties, it was suggested that S. paradoxa might
be successful as an antidiabetic agent. Those results and ICsj values correspond with a
study from 2013, when Erden and colleagues [22] investigated the antioxidant properties
of methanol extracts obtained from the leaves of three Scorzonera species (S. suberosa, S.
laciniata, and S. Iatifolia). Those properties were examined in the DPPH assay and exhibited
a concentration-dependent antioxidant activity with ICsp values of 29.36 mg/mL for S.
latifolia, 42.33 mg/mL for S. suberosa, and 77.07 mg/mL for S. laciniata.

In 2013 Milella et al. [62] measured the antioxidant properties of pure compounds
isolated from methanol extracts from aerial parts and roots of Scorzonera papposa. The
authors assessed the antioxidant activity of the compounds obtained from S. judaica in
Bader’s previous study from 2011 [25] as well. Four out of nine compounds isolated from
S. papposa extracts were previously unknown. In the study, the antioxidant activity was
measured in four different assays: the DPPH assay, the FRAP (ferric reducing antioxidant
power) assay, the BCB (3-Carotene bleaching) assay, and the TPC (total phenolic content)
assay. It has been observed that the antioxidant capacity of particular compounds depends
on the method. The authors suggested that the antioxidant activity of the compounds
found in the extract is a result of the synergistic effect of their combination. In the study, a
new concept for presenting the antioxidant capacity of compounds—Relative Antioxidant
Capacity Index (RACI)—Was applied [62]. Briefly, the parameter is used to integrate
the data from several methods for the assessment of the antioxidant activity, where each
method is assigned equal weight. RACI can take positive or negative values [99].

Yang and colleagues [59] assessed the antioxidant properties of several compounds
isolated from an ethanol Scorzonera divaricata root extract. In the ABTS antioxidant ca-
pacity assay, two compounds obtained in the study—(1R,55,6S,7R,85)-8-sulfoxyguaia-
4(15),10(14),11(13)-trine-6,12-olide (sulfoscorzonin A) and (1R,5S,65,7R,85,135)-8-sulfoxy-
13-L-prolineyl-guaia-4(15),10(14)-dien-6a,12-olide (sulfoscorzonin C)—Were reported to be
moderately active in radical scavenging. The SCsy (half-maximal scavenging concentration)
values were equal to 32.88 uM for sulfoscorzonin A and 24.86 uM for sulfoscorzonin C.

A recent study on Scorzonera papposa was a comparison of the antioxidant and antimi-
crobial activity of ethanol extracts from aerial parts and roots of S. papposa from Iraq and
Turkey. It has been observed that samples from Iraq exhibited a higher level of TAS (Total
Antioxidant Status) and a lower level of TOS (Total Oxidant Status) than samples collected
in Turkey. Therefore, the OSI (Oxidative Stress Index—The TAS/TOS ratio) parameter
in the samples from Iraq was lower than in the samples from Turkey. Compared to the
reported TAS and TOS values of other plant species (i.e., Calendula officinalis L., Rhus coriaria
L. var. zebaria, Shahbaz and Mentha longifolia L.), the extracts from the aerial parts of S.
papposa obtained in the study exhibited a notable antioxidant activity [95].

5. Conclusions

Aerial and subaerial parts of species within the Scorzonera genus have been the subject
of research regarding their phytochemical composition as well as their therapeutic potential.
In many European and Asian cultures, Scorzonera species are commonly used in folk
medicine,; therefore, modern phytoanalyses and biological studies have been carried out
to verify the bioactive activities of the plants. Due to the presence of numerous bioactive
compounds, including flavonoid aglycones and glycosides, triterpenoids, sesquiterpenoids,
quinic acid, and caffeic acid derivatives, in the studied plant material, Scorzonera species
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are considered a potential source of antioxidant agents. Although the reported cytotoxicity
of Scorzonera extract against cancer cell lines so far was insignificant, they exhibit other
bioactive properties, potentially applicable not only in the therapy of pain, inflammation,
and microbial infections, but also as an enhancement of the effectiveness of the wound
healing process. It should be pointed out that a promising direction of further research
on the genus Scorzonera is the investigation of their activity towards normal cell lines,
especially skin cells, to assess their potential as wound-healing and skincare active agents.
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Abbreviations

ALT alanine transaminase
AST aspartate transaminase
BCB beta-carotene bleaching
CCly carbon tetrachloride

CHClj3 chloroform

COX-1 cyclooxygenase 1

COX-2 cyclooxygenase 2

CUPRAC  cupric reducing antioxidant capacity
FRAP ferric reducing antioxidant activity
H,0, hydrogen peroxide

H,50, sulfuric acid

HNO; nitric acid

Hyp hydroxyproline

(@ half-maximal inhibitory concentration
IL-1B interleukin 1

MBC minimal bactericidal concentration
MIC minimal inhibitory concentration
NF-«B nuclear factor kappa B

OSI oxidative stress index

RACI relative antioxidant capacity index
SCsp half-maximal scavenging concentration
TAS total antioxidant status

TEAC Trolox equivalent antioxidant capacity
TNF-« tumor necrosis factor o

TOS total oxidant status

TPC total phenolic content
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Abstract: Scorzonera hispanica is an herbaceous perennial cultivated in Central and Southern Europe.
This study aimed to qualitatively and quantitatively evaluate the composition of oil, extracts, and
fractions (SH1-SH12) obtained from S. hispanica seeds. Furthermore, an evaluation of biological
activities in breast cancer cell lines was also performed. GC-MS analysis revealed that the primary
components of the seed oil (SH12) were fatty acids and p-sitosterol. In the evaluation of extracts (SH1-
SH3, SH8-SH10) and fractions (SH4-SH7, SH11) composition, the presence of apigenin, derivatives
of p-coumaric and caffeic acids, was reported. In the biological assays, methanolic extract (SH1),
diethyl ether (SH4), and chloroform (SH11) fractions exhibited cytotoxicity toward cells. The highest
activity was observed for fatty acids- and 3,4-dimethoxycinnamate-rich SH11 (ICsy: 399.18 ng/mL for
MCEF-7, 781.26 ug/mL for MDA-MB-231). SH11 was also observed to induce apoptosis in MCF-7 cells
(52.4%). SH1, SH4, and SH11 attenuate signaling pathways and affect the expression of apoptosis-,
autophagy-, and inflammation-related proteins. SH12 was non-toxic toward either cancer or normal
cell lines in concentrations up to 1 mg/mL. The results suggest that S. hispanica seeds exhibit a wide
range of potential uses as a source of oil and bioactive compounds for complementary therapy of
breast cancer.

Keywords: Scorzonera; seeds; polyphenols; LC-PDA-MS; GC-MS; breast cancer; biological activity

1. Introduction

Scorzonera L. (Asteraceae) is a genus comprising approximately 200 plants, growing
across Europe, Asia, and northern Africa [1,2]. In desert regions, some Scorzonera species
are used as forage [3]. An species endemic to Central Asia, S. tau-saghyz Lipsch. and
Bosse, is cultivated as a rubber-bearing plant [4]. In traditional medicine, plants of the
genus Scorzonera play a particular role, including their antidiabetic, analgesic, or antipyretic
activities [5-8]. Scorzonera species have also been a subject of interest in terms of their
content of bioactive compounds [9]. The cytotoxic [10,11], anti-inflammatory [12-14], and
wound healing [15,16] activities of extracts from Scorzonera species, in addition to isolated
compounds, were evaluated in multiple in vitro and in vivo studies.

Scorzonera hispanica L. (black salsify) syn.: Pseudopodospermum hispanicum (L.) Zaika,
Sukhor. and N. Kilian (Asteraceae) is a perennial plant, spread across Europe and southern
Siberia [17]. In the traditional medicine of Europe, S. hispanica roots were used to treat colds,
stimulate appetite, and as a mucolytic agent in lung diseases [8,18]. In modern times, black
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salsify root is a valued vegetable. Previous studies on the species have indicated that aerial
parts of the plant contain flavonoids, in addition to caffeic acid and its derivatives [17,19].
In the aerial parts, the presence of lignans, sesquiterpenoids, caffeic acid derivatives,
and inulin was reported [17,18,20]. (—)-Syringaresinol, isolated from the roots of black
salsify [17], was previously observed to exhibit cytotoxicity to several carcinoma cell lines,
including breast cancer [21,22]. No previous reports on the composition or biological
activity of the seeds of S. hispanica are available in the literature. To our best knowledge,
this is the first attempt to evaluate the phytochemical profile and bioactivity of these
products obtained from S. hispanica seeds.

The aim of this study was to obtain and elucidate the components of oil, extracts, and
fractions obtained from the seeds of S. hispanica and their activities against two human
mammary carcinoma cell lines in addition to normal cells (human skin fibroblasts). The
GC-MS analysis and cytotoxicity assessment of the oil were aimed to evaluate the seeds as a
novel plant oil source. Six extracts and five fractions using various methods were obtained
and their phytochemical profiles using LC-PDA-MS and GC-MS techniques, in addition to
their influence on viability and DNA biosynthesis in the mentioned cell lines, were evalu-
ated. The effect of the three most promising products on apoptosis induction in the MCF-7
cell line was assessed. Then, the expression of apoptosis- and autophagy-related proteins
using the Western blot technique was investigated. The influence of selected extracts
on the concentration of proteins participating in cell signaling pathways and their anti-
inflammatory potential was also assessed. As the anticancer activity of S. hispanica seeds is
yet to be elucidated, we investigated their effect on the concentration of phosphorylated
extracellular signal-regulated kinases 1 and 2 (ERK 1/2), in addition to phosphorylated
protein kinase B (p-Akt), as previous clinical studies have indicated a correlation between
the expression of those two proteins in breast cancer patients. Coexpression of p-Akt and
p-Erk 1/2 was reported as a potential predictor of a reduced disease-free survival time for
patients diagnosed in the early stage of breast cancer [23]. Therefore, inhibition of those
two proteins involved in cell signaling pathways leads to cell death and is the desired effect
of anticancer agents. As focal adhesion kinase (FAK) is involved in cell migration, adhesion,
and apoptosis, and regulates PI3K/Akt cell signaling pathway [24,25], we assessed the
influence of SH1, SH4, and SH11 on the expression of phosphorylated FAK (p-FAK) in
MCEF-7 breast cancer cells. Finally, ERK 1/2 and Akt both lead to the inhibition of the
expression of pro-apoptotic Bad protein which inhibits the activity of anti-apoptotic BCL-2.
BCL-2 in turn blocks the expression of Bax [26]. Additionally, BCL-2 prevents Beclin-1
from initiating the process of autophagy [27]. Apoptosis and autophagy often occur si-
multaneously in the cell [28]. Hence, to investigate the influence of the assessed extract
and fractions on autophagy in breast cancer cells, we evaluated the expression of ATG5
and LC3B proteins. In addition to the apoptosis-autophagy investigation, we assessed
the influence of SH1, SH4, and SH11 on pro- (IL-8, TNF-«) and anti-inflammatory (IL-10)
cytokines. As IL-8 and TNF-o are associated with cancer progression and metastasis [29,30],
the inhibitory effect of the extracts on those cytokines was anticipated. Interleukin-10,
which is generally considered to possess anti-inflammatory properties, plays a dual role in
breast cancer. It can exert both pro-tumor and anti-tumor activity [31,32]. Therefore, we
investigated how SH1, SH4, and SH11 affect the concentration of IL-10 in MCF-7 cells.

2. Results
2.1. GC-MS Analysis of SH1, SH9-SH12

The GC-MS analysis of SH1, SH9-SH11 revealed that the dominating groups of
compounds for SH1 were carbohydrates (54.6% relative content; with sucrose as the main
constituent) and organic polyols (15.8%; main constituent: D-chiro-inositol). Another
interesting group present in SH1 was phenolic compounds, with caffeic acid as the primary
phenolic acid detected in the sample. The presence of quinic acid was also reported in SH1.
For SH9 and SH12, 41.7% and 62.2% of the relative composition were fatty acids, with
most being linoleic acid. Fatty acid esters, with butyl 9,12-octadecadienoate and conjugated
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linoleic acid esters, were 18.8% of relative extract SH9 composition. Noteworthily, SH9
and SH12 were observed to contain a notable amount of phytosterols like B-sitosterol,
Sa-stigmast-7-en-3p3-ol, and stigmasterol. SH10 relatively consisted of 44.2% fatty acids,
with linoleic acid (LA), oleic acid (OA), and palmitic acid (PA) as the primary fatty acids.
Glycerol was 15.7% of the total phytochemicals detected in SH10. SH11 relatively consisted
of 33% fatty acids (linoleic acid, conjugated linoleic acid, oleic, and palmitic acids) and
21.16% methyl 3,4-dimethoxycinnamate. The primary components of SH12 were fatty
acids (61.8%; including 27.2% linoleic acid) and phytosterols (31.4%; main constituent:
[-sitosterol—21.9%). Notable amounts of x-tocopherol and x-amyrin were also observed.
Campesterol, 2,3-butanediol, and 3-hexanol were detected only in SH12. Noteworthily, the
ratio of fatty acids (LA:OA:PA) in SH1 and SH10-SH12 remained similar (approximately
2.5:1.1:1), with a prevailing share of linoleic acid. The greatest similarities in the LA:OA:PA
ratio were observed between SH1 and SH10 and between SH11 and SH12. All compounds
identified in SH1, SH9-SH12 are listed in Table 1.
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2.2. LC-PDA-MS Characterization of SH1-SHS
2.2.1. Qualitative Analysis

Qualitative evaluation of the extracts and fractions confirmed free phenolic acids in
the composition (7), (2, 4-5, 10, 13-14, 16, 18, and 20), and p-coumaric acid (3, 12). The
flavonoids were represented in free (22, 24) and bound form (15, 19). All 24 compounds
listed in Table 2 were present in the extracts and fractions, displaying selectivity to the
corresponding solvent, as indicated in Figures S1 and S2 (Supplementary Materials).

Table 2. LC-PDA-TOF/MS qualitative analysis of extracts and fractions of S. hispanica seeds.

No Betent19n UV A max [nm] [M-H]-[m/z] Compound Name
Time [min]

1 13.46 290 sh, 325 250, 300, 310 unknown

2 18.23 290 sh, 326 353 5-CQas

3 19.16 290 sh, 340 339 3-p-CoumQa

4 21.61 250, 290 sh, 325 191, 353, 705 3-CQa

5 22.45 290 sh, 325 353 4-CQa®

6 23.06 295 sh, 325 292 unknown

7 23.27 295 sh, 326 179 CAS

8 2391 325 306 unknown

9 24.89 325 530 unknown

10 28.65 310 367 methylated 4-CQa
11 31.83 295 sh, 325 435 unknown

12 45.38 300 sh, 325 133, 161, 387, 549 p-CoumQA derivatives
13 48.73 295 sh, 325 147, 353, 515 3,5-dCQa S

14 50.26 295 sh, 325 353, 515 cis-3,5-dCQa

15 52.39 265, 338 269, 445 apigenin 7-O-glucuronide S
16 53.47 295 sh, 325 353, 515 4,5-dCQa S

17 57.16 295 sh, 325 507 unknown

18 57.47 295 sh, 320 529 methylated-diCQa
19 58.42 265 sh, 338 268, 459 luteolin 7-O-glucuronide
20 58.76 295 sh, 320 339, 529 methylated-diCQa
21 59.26 295 sh, 328 437 unknown

22 59.58 265 sh, 338 285 luteolin $

23 60.26 295 sh, 325 353, 515, 677 triCQa

24 63.17 265, 340 151, 269 apigenin (A) s

S—cornparisons with chemical standards were made, sh—value on the deflection of the UV spectrum, bold—most

abundant ion.
2.2.2. Quantitative Analysis

The quantitative assessment of apigenin and caffeoylquinic derivatives in SH1-SHS is
presented in Table 3.

Table 3. Assessment of apigenin and caffeoylquinic derivatives content in extracts (SH1-SH3, SHS8)
and fractions (SH4-SH?7) of S. hispanica seeds.

Content mg Per g of Extract/Fraction *

No. SH1 SH2 SH3 SH4 SH5 SHeé SH7 SH8
2 nd blgq nd nd nd blq blq blq
4 3.80 + 0.03 12.37 + 0.18 blq blg nd 54.34 + 0.13 6.23 + 0.06 13.39 £ 0.18
5 nd nd nd nd 290+ 0.10 225+ 0.03 blq nd
7 nd nd 1.16 £ 0.03 20.97 + 0.07 nd nd nd nd
10 nd nd nd 4.87 + 0.07 nd nd nd nd
14 7.75 + 0.04 13.57 + 0.19 blq 36.54 +0.2 242.00 + 0.20 13.54 + 0.13 nd 20.54 + 0.33
15 nd nd nd 555+ 0.7 nd nd nd nd
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Table 3. Cont.

Content mg Per g of Extract/Fraction *

No.
° SH1 SH2 SH3 SH4 SH5 SHe6 SH7 SHS8

16 3.96 +£0.17 8.48 £ 0.09 nd nd nd 48.18 £+ 0.41 nd 10.36 £ 0.12
17 blq blg nd 16.82 £ 0.49 55.6 £ 0.20 10.31 £ 0.13 nd blq

19 nd nd nd 1.60 + 0.04 nd nd nd nd

21 nd nd nd blgq nd nd nd nd

24 blq blq nd 13.98 4+ 0.37 6.00 = 0.10 nd nd 0.80 £ 0.29
25 1.98 + 0.09 110 +£ 0.15 blq 590 + 0.11 nd nd nd blq
’E‘gaal 11.55 25.95 1.16 100.33 306.5 80.44 6.23 34.73

HOY " "on
H

D-chiro-Inositol

2—content expressed as mean with standard deviation; blq—below the limit of quantification; nd—not detected.

The chemical structures of the main components of SH1-SH12 detected and identified
in GC-MS and LC-PDA-MS analyses are presented in Figure 1.

(o]
/\/\/WW/\)J\OH
Linoleie acid o)
OH
Palmitic acid
o

W\/WVV\)l\OH

Oleic acid

B-Sitosterol

o OH
OH
o o
o o
o) HO
~ X o x OH HO . OH
:@A/‘L x oW o) #

o HO OH

HO OH

Methyl 3 4-dimethoxycinnamate

Caffeic acid
cis-3.5-dicaffeoylquinic acid

Figure 1. Structures of major compounds (D-chiro-inositol, [-sitosterol, methyl

3,4-dimethoxycinnamate, caffeic acid, cis-3,5-dicaffeoylquinic acid, linoleic acid, palmitic acid, oleic

acid) identified in SH1-SH12.

2.3. Cell Viability Assay

A preliminary cell viability test indicated that three (SH1, SH4, and SH11) out of the
eleven obtained extracts and fractions from S. hispanica seeds displayed cytotoxicity against
MCEF-7 and MDA-MB-231 human mammary carcinoma cell lines. The remaining extracts
and fractions (SH2-3, SH5-SH10) and SH12 did not exhibit any cytotoxicity toward either
breast cancer cell lines or normal skin fibroblast cells at concentrations up to 1000 pug/mL.

Figure 2A presents the cytotoxic activity of SH1, SH4, and SH11 against MCF-7
cells. Figure 2B portrays the cytotoxicity of the extracts in MDA-MB-231 cells. The great-
est cytotoxic activity was observed for SH11. ICsp values for the tested cell lines were
399.18 £ 54.15 pg/mL for MCF-7 and 781.26 + 21.43 pug/mL for MDA-MB-231. SH1
and SH4 was active only in MCF-7 cells with ICsy values of 847.72 + 69.25 ug/mL,
626.01 &+ 5.07 ng/mL, respectively. Data obtained from the phytochemical analysis in-
dicate that SH1, SH4, and SH11 were characterized by the greatest content of potentially
bioactive compounds and therefore their influence on the process of cell proliferation was
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evaluated. In a previous study by the research team, cisPt—a reference compound in this
study—inhibited the growth of 50% of breast cancer cells at concentrations of 93 + 2 uM
for MCF-7 and 82 + 2 uM for MDA-MB-231 [33].

A MCF-7 B MDA-MB-231
1004 1004————__ s
§ R~ E o by
3 50 S T — j\—? 501 \'\\
kS . g 3
e
0 T T 0 T o
0 500 1000 0 500 1000
Concentration [ug/mL] Concentration [ug/mL]
—— 8H1 —« SH4 -« SHCII —— SH1 —+— SH4 —e— SH11
Figure 2. The influence of SH1, SH4, and SH11 on the viability of MCF-7 (A) and MDA-MB-
231 (B) cell lines after 24 h of incubation with increasing concentrations of the given extract and
fractions (300-1000 pug/mL). Values are presented as mean =+ SD from three independent experiments
performed in duplicate.
2.4. DNA Biosynthesis Assay
To confirm the results obtained in the preliminary cytotoxicity assay, the effect of SH1,
SH4, and SH11 on [3H]—thymidine incorporation in breast cancer cells was evaluated. The
results are presented in Figure 3.
A MCF-7 B MDA-MB-231
£ . 52 N
E € \ _ . £ < N, Ee K
IR F I N
ER - ES
= Te < .
T T .
2 e . -
0 : : o - ,
0 500 1000 0 500 1000

Concentration [ug/mL]

4 SH4 e SH11

Concentration [pug/mL]

* SH1 x SH1 & SH4 e SH!1

Figure 3. The effect of SH1, SH4, and SH11 on the process of DNA biosynthesis in MCF-7 (A)
and MDA-MB-231 (B) cell lines after 24 h of incubation with increasing concentrations of the given
extract and fractions (300-1000 pg/mL). Values are presented as mean + SD from three independent
experiments performed in duplicate.

The results obtained in the DNA biosynthesis assay indicate that SH11 was similarly
effective as a proliferation inhibitor in both cell lines, with IC5y of 293.64 4 16.61 pg/mL
(MCF-7) and 265.05 £ 25.44 pg/mL (MDA-MB-231). The reference compound cisPt was
previously reported to reduce the incorporation of [*H]-thymidine by 50% at 98 + 2 and
86 £ 2 uM for MCF-7 and MDA-MB-231 cells, respectively [33]. Table 4 summarizes all
ICsp values obtained in the assay.
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Table 4. The influence of SH1, SH4, and SH11 on the DNA biosynthesis in MCF-7 and MDA-MB-231
cell lines.

ICsy for MDA-MB-231

Sample Name ICsp for MCF-7 [ug/mL] [ug/mL]
SH1 943.23 £+ 55.5 863.21 £ 35.81
SH4 630.52 + 64.96 648.61 £ 182.62
SH11 293.64 + 16.61 265.05 + 25.44

Results are presented as mean ICsy values + SD from three independent experiments performed in duplicate.

2.5. Annexin V/PI Binding Assay

To examine whether the molecular mechanism of cytotoxicity of SH1, SH4, and SH11
in MCEF-7 cells was associated with their ability to induce apoptosis, an analysis of Annexin
V /PI binding was performed.

All extracts, in addition to cisPt used as a reference, were applied at concentrations that
are approximately ICy5 and IC5( values evaluated in the preliminary cytotoxicity assays.
The results obtained in the performed assay reveal that SH1, SH4, and SH11 induce the
apoptosis process in MCF-7 cells in a concentration-dependent manner. Figure 4 indicates
that the greatest pro-apoptotic activity was exhibited by SH11; 24 h incubation with the
extract at a concentration of 200 pg/mL resulted in the detection of 32.5% of early and late
apoptotic cells. At a higher concentration (400 pg/mL), the total percentage of apoptotic
cells increased to 53.4%. For SH4, 39.9% of apoptotic cells were detected after incubation
with 600 pg/mL, and 49.6% for 800 ng/mL. SH1 did not exhibit a similarly strong pro-
apoptotic effect. Incubation for 24 h with the extract resulted in the detection of 11.5%
and 13.4% of apoptotic cells for concentrations of 600 and 800 pg/mL, respectively. For
cisPt, 19.7% of total apoptotic cells after incubation with 50 uM and 26.6% of early and late
apoptotic cells for a 100 uM concentration of the compound were detected. The number of
necrotic cells did not exceed 2% in the analyzed samples, which suggests that apoptosis,
not necrosis, is the dominant mechanism of cytotoxicity for SH1, SH4, and SH11.

84



Int. . Mol. Sci. 2022, 23, 11584

13 of 29

Propidium iodide

Control

+ 0.5% 7.3%

¥

SH1 600 pg/mL
+11.4% 11.5%

-

SH1 800 pg/mL
-0.7% | 13.4%

% of late and early apoptotic cells

% of necrotic cells
necrotic cells

late apoptotic cells
early apoptotic cells

viable cells
~ SH4 600 pg/mL SH11 200 pg/mL cisPt 50 uM
-“50.5% 39.9% . 50.5% 32.5% --;0.6% 19.7%

SH4 800 pg/mL
-/0.8% 49.6%

SH11 400 pg/mL
J1.4% 53.4%

~ cisPt 100 uM
J1.7% 26.6%

FITC-Annexin V

Figure 4. Apoptosis induction in MCF-7 breast cancer cells after 24-h incubation with SH1, SH4,
SH11, and cisPt as a reference. The tested concentrations were 600 and 800 ng/mL for SH1 and
SH4, 200 and 400 pg/mL for SH11, and 50 and 100 uM for cisPt. The number of total early and
late apoptotic cells, in addition to the number of necrotic cells, are the mean percentage from three
experiments performed in duplicate.

2.6. Western Blot Evaluation of the Expression of Apoptosis- and Autophagy-Related Protein

A deeper investigation of the pro-apoptotic and pro-autophagic effects of SH1, SH4,
and SH11 in MCF-7 cells was performed. To assess how the extract and fractions affect
the expression of proteins involved in the processes of apoptosis and autophagy (BCL-2,
Bax, ATG5, and LC3B), in addition to phosphorylated focal adhesion kinase (p-FAK), the
Western blot technique was used.

In the Western blot analyses, extracts and cisPt were applied to MCF-7 cells at concen-
trations that corresponded to the approximate ICsj values determined in the viability and
DNA biosynthesis assays—for SH1 and SH4: 800 ug/mL; SH11: 400 ug/mL. CisPt used
as reference was applied at 100 uM. Results of the Western blot analyses are presented in
Figure 5. SH1, SH4, and SH11, in addition to cisPt, were observed to exhibit the ability
to inhibit the expression of pro-survival protein BCL-2 and increased the expression of
apoptosis-accelerating protein Bax. For BCL-2, the greatest inhibition was observed for SHI1.
After 24 h of incubation with SH4 and SH11, the attenuative activity on BCL-2 expression
was observed as well. CisPt decreased the concentration of BCL-2 to a degree comparable
to SH11. For the apoptosis regulator Bax, enhanced expression was observed in all the
examined samples. The most potent activity was observed for SH11—the intensity of the
band increased the most compared with the untreated control cells. The reference drug
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cisPt caused a similar effect on Bax expression. SH1 and SH4 enhanced Bax expression;
SH1, SH4, SH11, and cisPt all increased the concentration of autophagy-related proteins
ATG5 and LC3B. Enhancement of ATGb expression was significant. The intensity of the
SH11 band was doubled in comparison with the control band. SH1 and SH4 increased the
expression of ATG5 to a notable degree as well. For cisPt, the greatest enhancement in band
density was observed. The expression of autophagy marker LC3B was intensified in all the
analyzed samples. SH1, SH4, and SH11 all increased the expression of LC3B compared
with the untreated control cells. The reference drug cisPt increased the expression of the
protein to the greatest degree, by approximately 50%. Significant inhibition of p-FAK
expression was observed in all assessed extracts, in addition to cisPt. The most significant
inhibitory effect was observed for cisPt and SH11—the relative intensity of the bands was
below 50% compared with the control band for both samples.

BCL-2 ATGS p-FAK
Control SH1 SH4 SH11 CisPt Control SH1 SH4 SH11 CisPt Control SH1 SH4 SH11 CisPt
T e

3,'5- U 15
] s &2
E 104 é o [ | E
2 ko © U
i a 2
£osq e | © '§
b} t = $ o
kS = | 3 3

L il = &

00

Control SH1 SH4 SHI1 cisPt ° X 00
Control SH1 SH4 SH11 cisPt Control SH1 SH4 SH11 CisPt

Bax LC3B
Control SH1 SH4 SH11 CisPt Control SH1 SH4 SH11 CisPt

. AN A el e

»

o
N
s

o

Relative band density
& &

Relative band density
°
=

~1 Ll
Control SH1 SH4 SH11 cisPt

4
°

Control SH1 SH4 SH11 cisPt

Figure 5. Western blot analyses of BCL-2, Bax, ATG5, LC3B, and p-FAK expression in MCF-7 cells
after 24-h incubation with SH1, SH4, SH11, and cisPt. The tested concentrations were 800 pg/mL
for SH1 and SH4, 400 ng/mL for SH11, and 100 uM for cisPt. Results are presented as mean optical
density £ SD from three measurements. Statistical significance was calculated using one-way ANOVA
with Bonferroni multiple comparison test. Differences were considered statistically significant at
*(p £0.05), * (p < 0.005),** (p < 0.0005), and **** (p < 0.0001).

2.7. Influence of SH1, SH4, and SH11 on the Expression of Proteins Related to Cell Survival
and Proliferation

An inhibitory effect on phosphorylated Akt (p-Akt) was observed in all the exam-
ined samples. As demonstrated in Figure 6, the most significant decrease was observed
for SH11—from 2.43 U/mL in untreated control cells to 0.25 U/mL for 200 pg/mL and
0.9 U/mL for 400 pug/mL. After incubation with SH4 at 600 and 800 ug/mL, the concen-
tration of p-Akt was lowered to 0.43 and 0.32 U/mL, respectively. SH1 caused a decline
in p-Akt concentration to 0.94 and 0.81 U/mL, respectively. Incubation of cells with cisPt
used as reference resulted in the detection of 1.63 and 0.34 U p-Akt/mL for 50 and 100 M,
respectively.
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Figure 6. Concentrations of Akt [pS473] in MCF-7 human breast cancer cells after 24-h incubation with
SH1 and SH4 at concentrations of 600 pg/mL and 800 ug/mL, SH11 at 200 pug/mL and 400 pg/mL,
and cisPt at 50 uM and 100 uM. Results are presented as mean = SD from three experiments performed
in duplicate. Statistical significance was calculated using one-way ANOVA with Bonferroni multiple
comparison test. Differences were considered statistically significant at *** (p < 0.0001).

Figure 7 presents a dose-dependent, inhibitory effect of all the analyzed S. hispanica
extracts and fractions on the concentration of phosphorylated ERK 1/2 (p-ERK 1/2) in MCF-
7 cells. In the untreated control cells, the concentration of p-ERK 1/2 was 150.33 pg/mL. The
most significant decrease in p-ERK 1/2 expression was observed in SH11—84.33 pg/mL
at 200 pg/mL and 38.67 pg/mL at 400 pg/mL. 24 h incubation with SH4 resulted in the
reduction of p-ERK 1/2 concentration to 93 pg/mL at 600 ng/mL, and 80.67 pg/mL at
800 ng/mL SH4. For SH1, the concentration of p-ERK 1/2 declined to 128 pg/mL and
126.33 pg/mL for the lower and the higher concentrations, respectively. The reference
drug cisPt inhibited p-ERK 1/2 expression to 122.67 pg/mL at 50 uM and 81.33 pg/mL at
100 uM cisPt.
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Figure 7. Concentrations of ERK 1/2 [pT202/Y204] in MCF-7 cells after 24-h incubation with SH1,
SH4, SH11, and cisPt. The tested concentrations were 600 pug/mL and 800 pg/mL for SH1 and SH4,
200 pg/mL and 400 pg/mL for SH11, and 50 pM and 100 uM for cisPt. Results are presented as
mean + SD from three independent experiments performed in duplicate. Statistical significance
was calculated using one-way ANOVA with Bonferroni multiple comparison test. Differences were
considered statistically significant at * (p < 0.05), ** (p < 0.005), and **** (p < 0.0001).
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2.8. Influence of SH1, SH4, and SH11 on the Concentration of TNF-u, Interleukin-8, and
Interleukin-10

The effect of SH1, SH4, and SH11 on the concentrations of pro-inflammatory cytokines
tumor necrosis factor o (TNF-x) and interleukin-8 (IL-8), in addition to anti-inflammatory
interleukin-10 (IL-10), in MCF-7 cells was investigated.

As demonstrated in Figure 8A, the inhibitory activity towards TNF-a was observed for
all three extracts. For SH1, the concentration of this cytokine was reduced from 36.72 pg /mL
in the control cells to 34.82 pg/mL and 32.99 pg/mL at the concentrations of 600 ng/mL
and 800 pg/mL, respectively. At 600 and 800 pg/mL concentrations of SH4, the TNF-x
concentration decreased to 34.46 and 31.10 pg/mL, respectively. For SH11, the observed
concentrations of TNF-ot were 35.66 pg/mL for 200 pg/mL and 33.93 pg/mL for 400 pg/mL
SH4. As it is portrayed in Figure 8B, all three extracts caused a notable inhibition of IL-8
concentration. The inhibitory activity of SH1, SH4, and SH11 was more significant in
comparison with the control than for TNF-c. The 24-h incubation with SH1 at 600 and
800 pg/mL resulted in a decrease in IL-8 concentration from 32.58 pg/mL in the control
cells to 5.69 and 4.87 pg/mL, respectively. The analysis indicated that SH4 decreased
the concentration of IL-8 to a more notable degree with 4.48 pg/mL for 600 pg/mL and
4.00 pg/mL for 800 pg/mL. Incubation with SH11 led to a decline in IL-8 concentration to
5.16 pg/mL for 200 pg/mL and 4.21 pg/mL for 400 png/mL. Figure 8C illustrates that the
enhancement of IL-10 concentration was observed for SH1, SH4, and SH11. In comparison
with control cells (71.84 pg/mL), the greatest increase in the concentration of IL-10 was
detected for SH4 (92.55 pg/mL and 111.10 pg/mL for 600 and 800 ng/mL, respectively).
SH1 and SH11 caused a similar enhancement of IL-10 concentration. 24 h incubation with
600 pug/mL SH1 resulted in the detection of IL-10 in the concentration of 84.31 pg/mL For
800 ug/mL, the concentration of IL-10 was 89.93 pg/mL. For SH11 at 200 and 400 pg/mL,
the concentration of the cytokine went up to 84.63 and 87.26 pg/mL, respectively.
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Figure 8. Concentrations of pro-inflammatory cytokines TNF-ox (A) and IL-8 (B), and anti-
inflammatory cytokine IL-10 (C) in MCF-7 human breast cancer cells after 24-h incubation with SH1
and SH4 at concentrations of 600 ug/mL and 800 pg/mL and SH11 at concentrations of 200 pg/mL
and 400 pg/mL. Results are presented as mean & SD from three experiments performed in duplicate.
Statistical significance was calculated using one-way ANOVA with Bonferroni multiple compari-
son test. Differences were considered statistically significant at **** (p < 0.0001), *** (p < 0.0005),
** (p < 0.005), and * (p < 0.05).
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3. Discussion

Plant-based medicinal products can have varied effects on cancer patients, including
influence on the activity of hormones and enzymes, stimulation of immune cells, or alleviat-
ing the side effects of treatment [34]. In Europe, breast cancer patients are frequent users of
phytotherapy as complementary medicine along with their standard therapy [35,36]. Plant
products are reported to be applied to bring physical and emotional comfort, relieve the
side effects of therapy, avert tumor relapse, and improve the patient’s immune system [37].
Anti-breast cancer activity of various medicinal plants, in addition to phytochemicals iso-
lated from them, was reported in multiple studies. The activity of some of them was not
only proven in in vitro studies but also clinical trials regarding their anticancer properties
were designed and conducted [38].

The chemical composition of the seeds of S. hispanica has not been previously reported
in the literature. However, there are reports on the evaluation of the phytochemical
composition of aerial and subaerial parts of the plant. While the dominant groups of
compounds in the aerial part extracts are flavonoids and phenolic acids, the subaerial parts
contain mostly phenolic acids, steroids, terpenoids, and fatty acids [9]. Linoleic acid (LA)
was the primary fatty acid of SH1 and SH9-SH12. The presence of LA was also reported
in S. hispanica subaerial part ethyl acetate extract [18]. The presence of caffeoylquinic acid
derivatives, including CA, 3-CQa, 4-CQa, 4,5-dCQa, and 3,5-dCQa was reported in the
subaerial parts as well [17]. Those compounds have been reported in SH1-SHS as well,
particularly in SH4.

A significant amount of B-sitosterol in the oil obtained from the S. hispanica seeds
(SH12) indicated that the oil might possess health-promoting properties, as S-sitosterol
is known to lower cholesterol levels, increase the activity of vitamin D, or even possess
anti-breast cancer properties [39,40]. The notable amount of unsaturated fatty acids (44.8%
of all constituents, 72.5% of all fatty acids) in SH12 suggests that it can be utilized in the
food industry. Unsaturated fatty acids must be delivered with food, as humans are not able
to synthesize those compounds [41].

Although the yield of oil pressing was not as efficient as other oilseeds, such as
lemon (Citrus limon L., Rutaceae) or pumpkin (Cucurbita pepo L., Cucurbitaceae) (approx.
33-37%), [42,43], SH12 is an interesting product in other aspects, including attractive
composition and lack of cytotoxicity at high concentrations. In the wild, S. hispanica
grows in a warm steppe environment but is easy to cultivate in temperate climates. When
cultivated, the plant is characterized by a high tolerance for low temperatures and requires
extensive exposure to sunlight. Additionally, the oil pressure procedure is uncomplicated,
and the yield might be improved by optimization of the process conditions in the future.

Out of 12 products obtained in this study, 3 were cytotoxic toward breast cancer
cells—methanolic extract SH1, and fractions of methanolic extracts diethyl ether (SH4) and
chloroform (SH11). Phytochemical analysis of SH1 revealed that the primary constituents
of the extract are carbohydrates. Although little is understood about the anticancer activity
of sucrose (which was the primary carbohydrate in the extract), the pro-apoptotic activity
might be a result of interactions between the remaining components, including inositol, CA,
and QA. Phosphorylated inositol—inositol hexaphosphate—was cytotoxic toward mam-
mary carcinoma cells and its synergy with doxorubicin and tamoxifen was observed [44].
The attenuative activity of CA on multi-drug resistance in cancer cells, including breast
cancer cells, was reported as well. CA was observed to modify the estrogen receptors of
MCEF-7 cells [45,46]. This might suggest that the CA present in SH1 sensitizes the cells to
other extract components, and therefore enhances its activity in MCF-7 cells.

The major phytocomponents of SH4 were phenolic acids, including CA, 4,5-dCQa,
and a flavonoid apigenin (A). Phenolic acids have been reported in several papers as anti-
breast cancer agents in vitro [47,48]. Apigenin, which was the major flavonoid in SH4, was
reported to be selectively cytotoxic toward MCF-7 cells [49]. A combination of apigenin,
CA, and 4,5-dCQa present in SH4 might be responsible for its selective cytotoxicity in
MCF-7 observed in this study.
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The greatest inhibitory activity on the growth of breast cancer cells was observed for
SH11. This fraction contained notable amounts of LA, conjugated linoleic acid (CLA), and
cinnamic acid derivatives. All those compounds were previously observed to decrease the
viability of breast cancer cells [50-52].

Based on preliminary viability tests and phytochemical composition, a series of assays
was performed to investigate the molecular mechanism of the activity of those three
products from S. hispanica seeds in breast cancer cells in vitro.

To assess the influence of SH1, SH4, and SH11 on the cellular signaling pathways, the
concentrations of proteins crucial in the pathways associated with cell survival: phospho-
rylated Akt and ERK 1/2, in addition to the expression of phosphorylated focal adhesion
kinase (p-FAK), were evaluated in MCF-7 cells. The PI3K/Akt- and ERK 1/2-mediated
pathways are essential for cell survival and proliferation. Phosphorylated Akt inhibits
apoptosis by, among others, the inactivation of FOX proteins or BAD and the upregulation
of NF-«B activation [53]. Inhibition of PI3K/ Akt signaling via a decrease of phosphorylated
Akt activates BAX and therefore promotes apoptosis in cells, including MCF-7 cells [54].
Approximately three out of ten human breast cancers are reported to be characterized by
dysregulations in the ERK 1/2 cell signaling pathway [51]. Attenuation of ERK 1/2 phos-
phorylation leads to the initiation of apoptosis via the mitochondrial pathway [55]. FAK
is a kinase whose expression promotes both PI3K/Akt and ERK 1/2 signaling pathways.
Additionally, FAK is considered a crucial mediator, overexpressed in many breast cancer
types. FAK promotes tumorigenesis and progression of breast cancer [56]. Disruption of
Akt and ERK 1/2 phosphorylation caused by fruit-derived polyphenols was suggested
to be related to apoptosis induction in breast carcinoma cells [57]. In this study, it was
indicated that the phytochemicals present in S. hispanica seeds, particularly in SH11, inhibit
the concentrations of phosphorylated Akt, FAK, and ERK 1/2 and therefore suppress their
pro-survival activity in breast cancer cells. This correlated with the observations from the
Annexin V binding assay, where 24-h incubation with SH11 induced apoptosis in over
50% of cells. This may be due to the high content of LA, CLA, and dimethyl cinnamate.
A Cinnamomum cassia (L.) ]. Presl (Lauraceae) ethanolic extract, where major components
were cinnamic acid and derivatives, decreased the viability, and promoted apoptosis in
carcinoma cells [58]. In the literature, plant extracts rich in cinnamic acid derivatives was ob-
served to activate apoptotic pathways in MCF-7 cells [50]. Additionally, LA was previously
reported as pro-apoptotic for breast cancer cells via the ERK 1/2-mediated pathway [51].
CLA exhibits pro-apoptotic activity on MCF-7 cells via the intrinsic pathway [52]. However,
the oil obtained from the seeds in this study did not exhibit any toxicity towards the cells,
even at the highest concentration (1 mg/mL), although over 27% of its relative composition
was LA. This might suggest that the cytotoxicity of SH11 was caused by compounds other
than LA or that the activity against cancer cells was an effect of synergy between the
constituents of SH11.

To confirm the ability of SH1, SH4, and SH11 to induce apoptosis on the mitochon-
drial pathway, their influence on the expression of proteins involved in the process of
apoptosis, BCL-2 and Bax, was assessed. BCL-2 is a regulatory protein involved in the
mitochondrial pathway of apoptosis, characterized by inhibitory activity on pro-apoptotic
proteins—Bax and BAK [59]. Inhibition of BCL-2 expression leads to an increase in Bax and
BAK concentrations, which consequently initiates apoptosis on the intrinsic pathway [60].
Previously, downregulation of BCL-2 and upregulation of Bax concentrations in MCF-7
cells were observed for extracts of Cassia fistula Linn. (Fabaceae) In the phytochemical
analysis, the authors demonstrated that in #-butanol extract, the primary component was
inositol [61]. In this study, the greatest inhibitory activity on BCL-2 was exhibited by
SH1, which contains notable amounts of inositol. However, the greatest expression of Bax
was observed in SH11, in which dimethyl cinnamate was one of the major constituents.
Cinnamic acid derivatives were reported to possess cytotoxic and pro-apoptotic activity in
cancer cells [62].
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Along with apoptosis, the pro-autophagic activity of SH1, SH4, and SH11 in MCF-7
cells was assessed by analyzing ATG5 and LC3B expression after exposure to the assessed
products. Autophagy is a process of degradation of redundant or faulty cytoplasm compo-
nents, in response to, among others, a deficiency in nutrients or chemotherapy. Autophagy
can promote either cell survival or death. Autophagy and apoptosis may be induced in the
cell simultaneously. In this case, the activation of both pathways leads to cell death [28]. In
this study, it was demonstrated that SH1, SH4, and SH11 affected the expression of pro-
teins involved in autophagy—ATGS and LC3B. Interactions between ATG5 and BCL-Xp, in
an autophagic cell indirectly promote apoptosis [63]. LC3B, involved in the formation of au-
tophagosomes, is considered one of the most used autophagy markers [64]. Previously, the
pro-autophagic activity of plant-derived products in breast cancer cells was reported [65].
Additionally, extract from the roots of Bryonia multiflora L. (Cucurbitaceae) enhanced the
expression of LC3B in breast cancer cell lines. Interestingly, the major components of the
extract were phenolic acids, including cynarine (1,5-di-caffeoylquinic acid), p-coumaric
acid, and trans-ferulic acid [66]. Those and the derived compounds were present in SH1,
SH4, and SH11, investigated in this study.

Progression of cancers, including breast cancers, involves pro-inflammatory cytokines
as well [67]. Therefore, the effect of SH1, SH4, and SH11 on the expression of IL-8 and
TNF-o was assessed. IL-8 is a proinflammatory chemokine that is a significant factor
in signaling pathways, including the ones involved in angiogenesis, proliferation, and
metastasis in tumors. Inhibitory activity on IL-8 signaling is a desired effect of therapeutic
agents in cancer treatment [29]. In the literature, inhibition of IL-8 concentration in breast
cancer cells after exposure to plant-derived products was reported in several papers [68,69].
In the present study, all three examined S. hispanica seed extracts and fractions lowered the
concentration of IL-8 in MCF-7 cell lysates to a significant degree (by approximately 90%).
No previous studies on the anti-inflammatory activities of S. hispanica have been reported
in the literature.

Independently, the influence of SH1, SH4, and SH11 on another pro-inflammatory
cytokine, TNF-x, was assessed. Present in the microenvironment of the tumor, it takes
part in the development and metastasis of breast cancer, in addition to its relapse. TNF-«
plays a dual role in breast cancer—it can promote apoptosis and proliferation in different
breast cancer cell lines, however, the original cellular response to TNF-« is increased
proliferation and induction of breast cancer metastasis. Therefore, TNF-a antagonists are
suspected to suppress metastasis based on the results of preclinical research [30]. The
in vitro investigation of the anti-inflammatory properties of several Scorzonera species
present in Turkey revealed that aqueous methanolic extracts from the aerial parts of the
plants can inhibit TNF-o production in LPS-treated leukemia cells [70]. Costantini and
colleagues [71] reported that a hydrophilic fraction of the oil from pomegranate [(Punica
granatum L. (Lythraceae)] seeds caused a decrease in viability and TNF-x concentration
in breast cancer cell lines, but no significant impact on apoptosis was discovered. This
study demonstrated that the extract and fractions from S. hispanica seeds inhibit TNF-o
production in the cells, but only SH4 at the higher concentration exhibits a statistically
significant inhibitory activity. Contrary to the study, all the assessed products (SH1, SH4,
SH11) exhibited pro-apoptotic properties.

Scorzonera hispanica seeds yielded biologically active products, particularly SH11.
According to the chemical characterization and biological studies performed for the purpose
of this study, the seeds from S. hispanica can be a material of wide interest, with potential
applicability in the field the breast cancer treatment.

4. Materials and Methods
4.1. Chemicals and Equipment

Hexane, BSTFA:TMCS (99:1) (N,O-Bis(trimethylsilyDtrifluoroacetamide with 1%
trimethylsilyl chloride), a C7-C40 n-alkanes calibration standard, DMSO (dimethyl sulfox-
ide), MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide)), TRIS (2-amino-
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2-(hydroxymethyl)-1,3-propanediol), and SDS (sodium dodecyl sulfate) were purchased
from Sigma-Aldrich (St Louis, MO, USA). For LC-MS analysis, acetonitrile Optima (ACN)
(Fisher Chemical, Loughborough, UK) and ultrapure water, freshly prepared using the sys-
tem POLWATER DL3-100 system (Krakéw, Poland), were used. The phase modifier formic
acid (FA) was ordered from Merck. The standards apigenin (A) and 3-caffeoylquinic acid
(3-CQa), 4-caffeoylquinic acid (4-CQa), 5-caffeoylquinic acid (5-CQa), 3,5-di-caffeoylquinic
acid (3,5-dCQa), and 4,5-di-caffeoylquinic acid (4,5-dCQa) used for the LC-MS analysis
were purchased from BIOKOM (Janki, Poland). Caffeic acid (CA) was purchased from Carl
Roth (Karlsruhe, Germany), while apigenin 7-O-glucuronide and luteolin (purity > 98%)
were previously isolated in the Department of Pharmacognosy of the Medical University
of Bialystok, Poland [72,73]. Extraction of the analyzed plant material was assisted by
ultrasound generated by an ultrasonic bath (Sonic-5, Polsonic, Warsaw, Poland). Extracts
and fractions were filtered and concentrated to dryness under vacuum (BUCHI system
(Flawil, Switzerland)) at a controlled temperature (40 & 2°C) and subjected to lyophilization
using Lymph-Lock 1.0 (LABCONCO, Kansas City, MO, USA) vacuum concentrator until
a constant weight was obtained. The seed oil was pressed using a Wartmann oil press
(Ronic, Lodz, Poland). All samples were centrifuged in an MPW-380R centrifuge (MPW
Med Instruments, Warsaw, Poland). Analysis of the chemical composition of the samples
was performed using an Agilent Infinity 1260 liquid chromatography system coupled
with a 6230 MS/TOF mass spectrometer (Agilent, Santa Clara, CA, USA). Separation was
performed on Kinetex XB-C18 column (150 x 2.1 mm, 1.7 pum) (Phenomenex, Torrance, CA,
USA). The 7890A GC System coupled with a Q mass spectrometer (5975C VL MSD) (Agilent
Technologies, Palo Alto, CA, USA) was used for the GC-MS analysis of samples. Cell lines
(MCF-7, MDA-MB-231, and human skin fibroblasts) were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). Dulbecco’s modification of eagle medium
(DMEM), 1% streptomycin/penicillin mixture, phosphate-buffered saline (PBS) without cal-
cium and magnesium, and 0.05% trypsin with 0.02% EDTA were purchased from Corning
(Kennebunk, ME, USA), 10% FBS (fetal bovine serum) was purchased from Eurx (Gdansk,
Poland). Hydrogen chloride (HCl) and sodium chloride (NaCl) were purchased from
POCH (Gliwice, Poland). Sodium hydroxide (NaOH) and trichloroacetic acid (TCA) were
purchased from Stanlab (Lublin, Poland). [3H]-thymidine (7 Ci/mmol) was purchased from
Moravek Biochemicals (Brea, CA, USA). Tween 20 and non-fat dairy milk were purchased
from BIO-RAD (Warsaw, Poland). Primary and secondary antibodies for Western blot anal-
yses were purchased from Cell Signaling Technology (Davers, MA, USA). Round 100 mm
plates and 6-well plates for adherent cell culture were purchased from Sarstedt (Niimbrecht,
Germany). UV-VIS Helios Gamma Spectrophotometer (Unicam /ThermoFisher Scientific
Inc., Waltham, MA, USA) was used to measure the absorbance in the cell viability assay.
Radioactivity in the DNA biosynthesis assay was measured in TRI-CARB 1900TR Liquid
Scintillation Counter (Packard, Perkin Elmer, Inc., San Jose, CA, USA). BD Annexin V:
FITC Apoptosis Detection Kit II, (ThermoFisher Scientific Inc., Waltham, MA, USA). The
analysis of Annexin V: FITC was performed with a BD FACSCanto II flow cytometer (BD
Biosciences Systems, San Jose, CA, USA) using FACSDiva software (version 6.1.3, BD
Biosciences Systems, San Jose, CA, USA). LKB 2117 Multiphor II Electrophoresis Unit (LKB,
Stockholm, Sweden) was used to perform electrophoresis. Images of the nitrocellulose
membranes were captured using Bioanalytical Imaging System Azure 280 (Azure Biosys-
tems Inc., Dublin, CA, USA). Analysis of the images was performed with Image] (version
1.53, National Institute of Health, Bethesda, MD, USA). High sensitivity ELISA kit for
the analysis of Akt [pS473] concentration was purchased from Invitrogen (ThermoFisher
Scientific, Waltham, MA, USA). ELISA kits for the quantification of ERK 1/2 [pT202/Y204],
IL-8, IL-10, and TNF-g, in addition to Sigmafast NBT/BCIP solution, were purchased from
Abcam (Cambridge, UK).
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4.2. Plant Material, Preparation of Extracts, Fractions, and Oil

S. hispanica seeds were purchased from W. Legutko (batch number 68347; Jutrosin,
Poland). For the preparation of the extracts and fractions, S. hispanica seeds were broken into
pieces using an electric mill. Powdered seeds (15 g, each) were then treated with ultrasound-
enhanced extraction for 5 x 15 min. at 40 °C using 100 mL of solvent for each time. Finally,
elimination of the solvent yielded the extracts: SH1 (methanol) (9.1%), SH2 (50% methanol)
(10.5%), SH3 (water) (21.3%), and SH8 (70% acetone (v/v)) (27.9%). In addition, the
fractured seeds (90 g) were continuously extracted with petrol (SH9; 3 L x 25 h) (15.1%),
then chloroform (SH10; 3.5 L x 25 h) (3.2%) using the Soxhlet apparatus. Then, the cleaned
source was etched with methanol (1.5 L x 26) and 50% methanol (v/v, 1.5 L x 5) for 1 h each
time. The combined alcoholic extracts were suspended in water and subjected to fractioning
with solvents of increasing polarity: chloroform (SH11; 40 x 150 mL) (0.43%), diethyl ether
(SH4; 59 x 150 mL) (0.37%), ethyl acetate (SH5; 60 x 150 mL) (0.63%), and n-butanol (SH6;
34 x 150 mL) (1.28%). Water residue was filtered and treated as an additional fraction
named SH7 (1.58%). Fractions SH1-SH8 were freeze-dried. Cold pressing the seeds (150 g,
triplicate, at 35 °C) provided the oil (SH12). The crude oil was then centrifuged (2000 rpm,
10 min, at 25 °C) and then separated from the precipitate. The pressing procedure yielded
4.8 mL of the oil (3.2%).

4.3. GC-MS Analysis of SH1, SH9-SH12

For GC-MS analysis, 15 mg of SH9 was diluted three times with hexane. However, to
prepare the SH1, SH10-SH12 samples, derivatization to trimethylsilyl (TMS) derivatives
was performed. For this purpose, 200 uL of BSTFA:TMCS (99:1) was mixed with 15 mg of
the dry residue of the samples. The reaction mixture was then sealed and heated at 80 °C
for 30 min. The SH9 and TMS derivatives of SH1, SH10, and SH11 were analyzed on a GC
System coupled with a Q mass spectrometer with a source of electron ionization (EI) (the
energy of ionization was 70 eV). Chromatographic separation was performed on an HP-5ms
capillary column (internal diameter: 0.25 mm, film thickness: 0.25 pm, length: 30 m, Agilent
Technologies), equipped with electronic pressure control and a split/splitless injector. The
helium flow rate through the column was 1 mL min~! in constant flow mode. The injector
(300 °C) worked in split mode (split ratio 1:10). The injection volume was 1 pL. The initial
temperature of the column was 40 °C, increased by 3 °C/min until 300 °C was reached,
and maintained at 300 °C for 15 min. The MSD detector acquisition parameters were
as follows: transfer line temperature—300 °C; and the MS source temperature—230 °C.
Detection was performed in full scan mode from 40 to 850 amu [74]. Subsequently to
integration, the calculation of the fraction of separated components in the total ion current
(TIC) was performed.

4.4. Identification of the Chemical Composition of SH1, SH9-SH12

Both mass spectral data and the calculated retention indices (RI) were utilized in the
identification of the compounds. The calculation of linear-temperature-programmed RI
was done from the equation:

tR(x) = tR(n)

RIx =100n 4100
Frin+1) T ER(n)

where fr(,) is the retention time of the analyzed compound (x) and t,,) and tg(, 1 are
retention times of #-alkanes leaving the chromatographic column before and after the under
consideration.

Therefore, the dichloromethane solution of Cy-Cyp n-alkanes was previously sep-
arated under the above-mentioned conditions. The MS libraries used were Wiley and
NIST [75]. The MS library was searched using a probability-based matching algorithm.
Other literature was used to identify individuals [76-80]. The percentage of individual
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component relative number was presented as percent peak area relative to total peak area
(%) (semiquantitative analysis).

4.5. LC-PDA-MS Conditions

Separation and qualitative evaluation of the extracts were performed on a C18 column
using a liquid chromatograph. The qualitative and quantitative assessments were done
under the following conditions: eluent A and B: UPW and ACN with 0.1% FA, respectively,
flow rate: 300 pL/min; thermostat temperature 25 £ 0.8 °C; chromatogram wavelength 325
and 340 nm, UV-Vis spectrum at range 190-500 nm, injection: 1 pL. The gradient starts from
5 min of the 5% B starting condition and forms two isocrats—18% B between 1540 min and
65% between 72-80 min with corresponding increments. Equilibration was 10 min. The
MS/TOF conditions were as follows: the flow of dying and shielding—12 L/min at 350 °C.
The nebulizer pressure was set at 45 psi, the capillary voltage at 2500 V with nozzle voltage
1000 V for negative ion mode. The acquisition was set at 120-1700 m/z controlled by Mass
Hunter Data Acquisition 10.1. Data analysis was performed in Mass Hunter Qualitative
b10.0 with a ChemStation integrator.

4.6. LC-PDA-MS Optimization and Validation
4.6.1. Preparation of Standard Solutions and Samples

The 5CQa and A were prepared in 50% MeOH, then filtered through a 0.45-pm PVDF
membrane. Final solutions were achieved through the serial dilution of stock solution in
volumetric flasks with the initial phase position. The working concentration range was
0.5-100 pg/mL and 2.5-100 pg/mL for 5CQa and A, respectively. Samples were prepared
by carefully making aliquots, dissolving, centrifuging, and diluting in the initial mixture of
phases to 1 mg/mL.

4.6.2. Chromatographic Optimization

Separation optimization allowed for the separation of substances confirmed using PDA
and MS detectors. The linearity of the detector operation was assessed with a satisfactory
result. Limits of detection (LOD) and quantification (LOQ) were plotted from the value
of dividing the standard error of the response by slope. For LOD, multiplication by 3.3
was assumed, and for LOQ, 10 times this value. The validation process meets the ICH
standards [81] and the parameters are summarized in Table 5.

Table 5. Validation parameters for CQAs and A derivatives analysis by LC-MS.

Parameter 5CQa A
Linear Range [ug/mL] 0.5-100 2.5-100
2 (1 =6) 0.9998 0.9995
Regression Equation ? Yy =19.692x + 10.238 y=11.494x +7.493
LOD [pg/mL] 0.64 0.91
LOQ [pg/mL] 1.92 2.76
Accuracy [%] 101.45 + 4.47 101.77 + 6.59
Intraday precision (%CV) (N = 6) 1.28 0.97
Interday precision (%CV) (N = 9) 1.82 0.87

#—the value for y corresponds to the peak area and x to the concentration, respectively.

4.7. Cell Culture

The cell culture medium was DMEM (10% FBS and a 1% streptomycin/penicillin
mixture were added to the medium). Cell culture was maintained in 100 mm plates and
placed in an incubator in the proper conditions: 37 °C, 5% COs, and 90% humidity. After
the achievement of desired confluence (approximately 85%), the cells were detached from
the plate using PBS and 0.05% trypsin with 0.02% EDTA. Then, the cells, suspended in
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DMEM, were transferred to six-well plates with a density of 5 x 10° cells per well. After
24 h of incubation in six-well plates, the cells were used for the assays presented below.

4.8. Cell Viability Assay

The investigate how SH1-SH12 affect the viability of selected cell lines, the MTT
assay was performed following the modified method introduced by Carmichael et al. [82].
Cells were seeded and cultured in 6-well plates, as described in Section 4.7. Then, the
cells were incubated with increasing concentrations of SH1-SH12 (up to 1000 pg/mL) in
duplicate. After incubation with MTT, the solution was aspirated and DMSQO was added to
dissolve formazan crystals. The absorbance (read at 570 nm) in each well was referred to
the untreated control cells (taken as 100%) and expressed as a percent of the mean control
value, according to the method described in the previous study by the research team [83].

4.9. DNA Biosynthesis Assay

The extract and fractions selected in the preliminary cytotoxicity assay (SH1, SH4,
SH11) were assessed in the DNA biosynthesis assay where the amount of [*H]-thymidine
incorporated into the DNA of cells is measured as described in the previous study [84]. The
mean radioactivity of untreated control wells was considered 100%. Values observed in the
tested wells were expressed as a percent of the mean control value.

4.10. Flow Cytometry Evaluation of Annexin V Binding

To assess the ability of SH1, SH4, SH11, and cisplatin (cisPt) to induce apoptosis in
MCF-7 cells, a flow cytometric assay with Annexin V-FITC Apoptosis Detection Kit Il was
performed, according to the producer’s protocol. In brief, after 24 h of incubation with
various concentrations of the tested extracts and reference drug, the cells were transferred
from 6-well plates to test tubes and suspended in a binding buffer. Annexin V-FITC and
PI (propidium iodide) (5 pL, each) were added to each sample and the mixtures were
subsequently incubated at room temperature for 15 min. The analysis was performed using
a flow cytometer and FACSDiva software.

4.11. Analysis of Protein Expression Using Western Blot Technique

Cell lysate samples (SH1 and SH4: 800 pg/mL, SH11 400 ug/mL, cisPt 100 uM)
containing 30 pg of protein each were subjected to SDS-PAGE. The electrophoresis was run
at 100 V for 1.5 h.

The protein transfer to nitrocellulose membranes was done in the electrophoresis unit
(1 h at 20 mA). After the transfer, nitrocellulose was washed with 5% non-fat dairy milk in
TBS-T (TRIS-buffered saline with Tween 20 (20 mM TRIS-HCI buffer, pH 7.6, with 150 mM
NaCl and 0.05% Tween 20)) for 1 h. Subsequently, overnight incubation of membranes
with monoclonal antibodies against BCL-2, Bax, ATG5, LC3B, and p-FAK in TBS-T took
place. Then, secondary alkaline phosphatase-conjugated antibodies against rabbit im-
munoglobulin (1:1000) diluted in TBS-T were added to each nitrocellulose membrane and
1 h of incubation with gentle shaking took place. After the incubation, the nitrocellulose
membranes were washed with TBS-T four times and exposed to Sigmafast BCIP /NBT
in the darkness. Images of the nitrocellulose membranes were subsequently captured
and analyzed.

4.12. Analysis of Protein Concentration Using ELISA Technique

The evaluation of the protein concentrations (p-Akt, p-ERK 1/2, IL-8, IL-10, TNF-«) in
MCEF-7 cell lysates was done using high-sensitivity assay kits. Cell lysates were obtained
and stored as described previously [85]. Untreated cells acted as the control. All tests were
performed according to the producer’s protocols, on microplates precoated with specific
antibodies, provided with the kits.
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4.13. Statistical Analysis

Data from three replicates are summarized as mean =+ standard deviation (SD). Statisti-
cal analysis was done in GraphPad Prism Version 6.0 (GraphPad Software, Inc., San Diego,
CA, USA). The one-way ANOVA with Bonferroni multiple comparison test was performed
to calculate the differences between the results obtained in the control and tested cells, in
addition to linear regression parameters confirming their statistical significance. Calcula-
tions for regression parameters were made using MS Excel 2019. Statistically significant
differences were defined as p < 0.05.

5. Conclusions

The results obtained throughout this study demonstrate that S. hispanica seeds, particu-
larly the oil, are a source of multiple natural products, including saturated and unsaturated
fatty acids, and phytosterols. SH12 might be a product of special interest in the future. The
procedure of 0il cold pressing is uncomplicated and this product exhibits no cytotoxicity
toward cells in vitro. However, extracts and fractions obtained from S. hispanica seeds
contain multiple bioactive compounds such as polyphenols including quinic and cinnamic
acid derivatives, and apigenin, but also fatty acids and organic polyols. In the biological
assays, SH1, SH4, and SH11 exhibited cytotoxic activity in the MCF-7 human mammary
carcinoma cell line via the inhibition of the PI3K/Akt and ERK 1/2 cell signaling pathways.
SH1, SH4, and SH11 were also observed to alter the expression of proteins related to both
apoptosis and autophagy. Their inhibitory activity on IL-8 expression may lead to the
suppression of angiogenesis and tumor metastasis. Nevertheless, an in-depth investigation
of the activity of the extracts, in addition to their constituents, is required. So far, the
results obtained in this study might suggest that S. hispanica seeds are a promising source
of bioactive compounds that could potentially find use in breast cancer therapy.
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Figure S1. UV-VIS chromatogram of SH1-3 and SH8 extracts obtained by HPLC-PDA-
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11. Oswiadczenie autora rozprawy doktorskiej

Biatystok, 20 pazdziernika 2022 r.

Karolina Lendzion

Imiona i nazwisko autora

Zaklad Biotechnologii

Miejsce pracy/afiliacja
Oswiadczenie autora

Oswiadczam, iz mdj udzial w przygotowaniu publikacji:

1. Lendzion K, Gornowicz A, Bielawski K, Bielawska A.: Phytochemical Composition and
Biological Activities of Scorzonera Species. International Journal of Molecular Sciences
2021, vol. 22(10), ID: 5128, 42 strony. DOI: 10.3390/ijms22105128

wchodzacej w sktad mojej rozprawy doktorskiej polegat na wspéttworzeniu koncepcji pracy,
zebraniu i analizie literatury dotyczacej sktadu chemicznego i aktywnosci biologicznej
gatunkéw z rodzaju Scorzomera, stworzeniu schematu pracy, przygotowaniu tabel, rycin
i manuskryptu, co okreslam jako 85% udzialu w przygotowaniu wyzej wymienionej
publikacji.

2. Lendzion K, Gornowicz A, Strawa JW, Bielawska K, Czarnomysy R, Poplawska B,
Bielawski K, Tomczyk M, Miltyk W, Bielawska A.: LC-PDA-MS and GC-MS Analysis of
Scorzonera hispanica Seeds and Their Effects on Human Breast Cancer Cell Lines.
International Journal of Molecular Sciences 2022, 23(19), ID: 11584. 29 stron.
DOI: 10.3390/ijms231911584

wchodzacej w sktad mojej rozprawy doktorskiej polegal na wspottworzeniu koncepcji pracy
i hipotez badawczych, przeprowadzeniu badan biologicznych na hodowli komoérkowej in
vitro, analizie i interpretacji wynikow uzyskanych w toku pracy, a takze ich analizie
statystycznej, przygotowaniu rycin i dyskusji, wspoéttworzeniu manuskryptu, funkcji autora
korespondencyjnego, co okreslam jako 55% udziatu w przygotowaniu wyzej wymienionej

publikacji.
/gﬂ///ﬁ ; ,,4;4;‘74 ........

Podpis autora rozprawy doktorskiej (czytelny)

(pn‘ﬂw R %‘dﬂﬂbﬂ/ - (gwﬁr’? KL%, /77*'6 szkex,

Podpis promotora (czytelny) odpis promotéra
pomocniczego (czytelny)
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12. Oswiadczenia wspolautorow rozprawy doktorskiej

Biatystok, 20 pazdziernika 2022 r.
Prof. dr hab. Anna Bielawska

Imiona i nazwisko wspotautora

Zaklad Biotechnologii

Miejsce pracy/afiliacja

Os$wiadczenie wspolautora
Oswiadczam, iz moj udzial w przygotowaniu publikacji:

1. Lendzion K, Gornowicz A, Bielawski K, Bielawska A.: Phytochemical Composition and
Biological Activities of Scorzonera Species. International Journal of Molecular Sciences
2021, vol. 22(10), ID: 5128, 42 strony. DOI: 10.3390/ijms22105128

wchodzacej w sklad rozprawy doktorskiej Pani mgr Karoliny Lendzion polegal na
wsp6tudziale w tworzeniu koncepcji pracy oraz nadzorze merytorycznym nad publikacja.

2. Lendzion K, Gornowicz A, Strawa JW, Bielawska K, Czarnomysy R, Poptawska B,
Bielawski K, Tomczyk M, Miltyk W, Bielawska A.: LC-PDA-MS and GC-MS Analysis of
Scorzonera hispanica Seeds and Their Effects on Human Breast Cancer Cell Lines.
International Journal of Molecular Sciences 2022, 23(19), ID: 11584. 29 stron. DOI:
10.3390/ijms231911584

wchodzacej w sklad rozprawy doktorskiej Pani mgr Karoliny Lendzion polegal na
wspéttworzeniu koncepcji pracy, opracowaniu planu badan, pozyskaniu s$rodkéw na
prowadzenie badan oraz ocenie merytorycznej tekstu przygotowanego do druku.

Jednoczesnie wyrazam zgode na przedlozenie wyzej wymienionych prac przez Panig mgr
Karoling Lendzion jako czg$¢ rozprawy doktorskiej w formie spojnego tematycznie cyklu
prac opublikowanych w czasopismach naukowych.

A

Podpis (czytelny)
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Bialystok, 20 pazdziernika 2022 r.

Imiona i nazwisko wspoétautora

Zaklad Biotechnologii

Miejsce pracy/afiliacja

Oswiadczenie wspélautora
Oswiadczam, iz mdj udzial w przygotowaniu publikacji:

1. Lendzion K, Gornowicz A, Bielawski K, Bielawska A.: Phytochemical Composition and
Biological Activities of Scorzonera Species. International Journal of Molecular Sciences
2021, vol. 22(10), ID: 5128, 42 strony. DOI: 10.3390/ijms22105128

wchodzacej w sklad rozprawy doktorskiej Pani mgr Karoliny Lendzion polegal na
wspottworzeniu koncepcji pracy, ocenie i edycji manuskryptu oraz funkcji autora
korespondencyjnego.

2. Lendzion K, Gornowicz A, Strawa JW, Bielawska K, Czarnomysy R, Poptawska B, Bielawski
K, Tomczyk M, Miltyk W, Bielawska A.: LC-PDA-MS and GC-MS Analysis of Scorzonera
hispanica Seeds and Their Effects on Human Breast Cancer Cell Lines. International
Journal of Molecular Sciences 2022, 23(19), ID: 11584. 29 stron. DOI:
10.3390/ijms231911584

wchodzacej w sktad rozprawy doktorskiej Pani mgr Karoliny Lendzion polegal na
wspoltworzeniu koncepcji pracy, udziale w analizie danych z oznaczen technikg ELISA,
pozyskaniu srodkéw na prowadzenie badan oraz ocenie i edycji manuskryptu.

Jednoczesnie wyrazam zgode na przedlozenie wyzej wymienionych prac przez Panig mgr
Karoline Lendzion jako cze$¢ rozprawy doktorskiej w formie spojnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.

Podpis (czytelny)
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Biatystok, 20 pazdziernika 2022 r.

Imiona i nazwisko wspétautora

Zaklad Syntezy i Technologii Srodkéw Leczniczych

Miejsce pracy/afiliacja

Oswiadczenie wspélautora
Oswiadczam, iz moj udzial w przygotowaniu publikacji:

1. Lendzion K, Gornowicz A, Bielawski K, Bielawska A.: Phytochemical Composition and
Biological Activities of Scorzonera Species. International Journal of Molecular Sciences
2021, vol. 22(10), ID: 5128, 42 strony. DOI: 10.3390/ijms22105128

wchodzacej w sklad rozprawy doktorskiej Pani mgr Karoliny Lendzion polegat na wspétudziale
w tworzeniu koncepcji pracy, oraz nadzorze merytorycznym nad tekstem publikacji.

2. Lendzion K, Gornowicz A, Strawa JW, Bielawska K, Czarnomysy R, Poplawska B, Bielawski
K, Tomczyk M, Miltyk W, Bielawska A.: LC-PDA-MS and GC-MS Analysis of Scorzonera
hispanica Seeds and Their Effects on Human Breast Cancer Cell Lines. International
Journal of Molecular Sciences 2022, 23(19), ID: 11584. 29 stron. DOIL:
10.3390/ijms231911584

wchodzacej w sklad rozprawy doktorskiej Pani mgr Karoliny Lendzion polegal na
wspbttworzeniu koncepcji pracy oraz korekcie merytorycznej tekstu przygotowanego do druku.

Jednocze$nie wyrazam zgode na przedlozenie wyzej wymienionych prac przez Panig mgr
Karoline Lendzion jako cze$¢ rozprawy doktorskiej w formie spojnego tematycznie cyklu prac

opublikowanych w czasopismach naukowych.

Podpis (czytelny)
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Biatystok, 20 pazdziernika 2022 r.

Imiona i nazwisko wspdtautora

Zaklad Farmakognozji

Miejsce pracy/afiliacja

Oswiadczenie wspolautora

Oswiadczam, iz moj udziat w przygotowaniu publikacji:

1. Lendzion K, Gornowicz A, Strawa JW, Bielawska K, Czarnomysy R, Poptawska B, Bielawski
K, Tomczyk M, Miltyk W, Bielawska A.. LC-PDA-MS and GC-MS Analysis of Scorzonera
hispanica Seeds and Their Effects on Human Breast Cancer Cell Lines. International
Journal of Molecular Sciences 2022, 23(19), ID: 11584. 29 stron. DOI:
10.3390/ijms231911584

wchodzacej w sklad rozprawy doktorskiej Pani mgr Karoliny Lendzion polegal na
wspottworzeniu koncepcji pracy, nadzorze nad otrzymaniem ekstraktow i frakeji, a takze nad
wykonaniem i interpretacja wynikoéw ich analizy metodg LC-PDA-MS, oraz wspottworzeniu
manuskryptu.

Jednocze$nie wyrazam zgode na przedlozenie wyzej wymienionej pracy przez Paniag mgr
Karoling Lendzion jako cze$¢ rozprawy doktorskiej w formie spojnego tematycznie cyklu prac

opublikowanych w czasopismach naukowych.
fetdal™le
/ Ly LQ{/{ O

Podpis (czytelny)
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Biatystok, 24 pazdziernika 2022 r.
Prof. dr hab. Wojciech Miltyk
Imiona i nazwisko wspétautora

Zaklad Analizy i Bioanalizy Lekéw

Miejsce pracy/afiliacja

Oswiadczenie wspélautora

Oswiadczam, iz moj udziat w przygotowaniu publikacji:

1. Lendzion K, Gornowicz A, Strawa JW, Bielawska K, Czarnomysy R, Poplawska B, Bielawski
K, Tomczyk M, Miltyk W, Bielawska A.: LC-PDA-MS and GC-MS Analysis of Scorzonera
hispanica Seeds and Their Effects on Human Breast Cancer Cell Lines. International
Journal of Molecular Sciences 2022, 23(19), ID: 11584. 29 stron. DOI:
10.3390/ijms231911584

wchodzacej w sklad rozprawy doktorskiej Pani mgr Karoliny Lendzion polegal na ocenie
merytorycznej i edycji manuskryptu.

Jednocze$nie wyrazam zgode¢ na przediozenie wyzej wymienionej pracy przez Panig mgr
Karoling Lendzion jako cze$¢ rozprawy doktorskiej w formie spojnego tematycznie cyklu prac

opublikowanych w czasopismach naukowych.
KIEROWNIK
Zakladu Analizy i Bioanalizy Lekéw

V=

o Javow Wojciech. Miltyk
Podpis (czytelny)
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Biatystok, 20 pazdziernika 2022 r.

Imiona i nazwisko wspotautora

Zaklad Syntezy i Technologii Srodkéw Leczniczych

Miejsce pracy/afiliacja
Oswiadczenie wspolautora
Oswiadczam, iz méj udziat w przygotowaniu publikacji:
1. Lendzion K, Gornowicz A, Strawa JW, Bielawska K, Czarnomysy R, Poplawska B, Bielawski
K, Tomczyk M, Miltyk W, Bielawska A.: LC-PDA-MS and GC-MS Analysis of Scorzonera
hispanica Seeds and Their Effects on Human Breast Cancer Cell Lines. International

Journal of Molecular Sciences 2022, 23(19), ID: 11584. 29 stron. DOI:
10.3390/ijms231911584

wchodzacej w sktad rozprawy doktorskiej Pani mgr Karoliny Lendzion polegat na wykonaniu
oznaczen metodg cytometrii przeptywowe;j.

Jednoczesnie wyrazam zgode na przedlozenie wyzej wymienionej pracy przez Panig mgr
Karoling Lendzion jako cze$¢ rozprawy doktorskiej w formie spdjnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.

Podpi (c@lny)
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Bialystok, 20 pazdziernika 2022 r.
mgr farm. Jakub Wiadyslaw Strawa

Imiona i nazwisko wspodtautora

Zaklad Farmakognozji
Uniwersytet Medyczny w Bialymstoku
Migjsce pracy/afiliacja

Oswiadczenie wspoélautora

Oswiadczam, iz méj udziat w przygotowaniu publikacji:

1. Lendzion K, Gornowicz A, Strawa JW, Bielawska K, Czarnomysy R, Poplawska B, Bielawski
K, Tomczyk M, Miltyk W, Bielawska A.: LC-PDA-MS and GC-MS Analysis of Scorzonera
hispanica Seeds and Their Effects on Human Breast Cancer Cell Lines. International
Journal of Molecular Sciences 2022, 23(19), ID: 11584. 29 stron. DOI:
10.3390/ijms231911584

wchodzacej w sktad rozprawy doktorskiej Pani mgr Karoliny Lendzion polegal na nadzorze
nad otrzymaniem ekstraktéw i frakcji, wykonaniu i interpretacji wynikéw ich analizy metoda
LC-PDA-MS, oraz wspéttworzeniu manuskryptu.

Jednoczesénie wyrazam zgode na przedtozenie wyzej wymienionej pracy przez Pania mgr
Karoling Lendzion jako cze$¢ rozprawy doktorskiej w formie spéjnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.

Podpis (czytelny)

*W przypadku prac dwu- lub wieloautorskich zaleca sig zlozenie oswiadczenia przez wspélautora wskazujgce na

Jjego merytoryczny (a NIE procentowy) wklad w powstanie pracy [np. tworca hipotezy badawczej, pomystodawca
badar, wykonanie specyficznych badarn (np. przeprowadzenie konkretnych doswiadczen, opracowanie i zebranie
danych, wykonanie zestawier statystycznych itp.), wykonanie analizy wynikéw, przygotowanie manuskryptu
artykulu, i inne]. Okreslenie wkladu danego wspélautora powinno byc na tyle precyzyjne, aby umozliwic doktadng
oceng jego udzialu i roli w powstaniu kazdej pracy.
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Biatystok, 24 pazdziernika 2022 r.

Imiona i nazwisko wspdétautora

Zaklad Analizy i Bioanalizy Lekéw

Miejsce pracy/afiliacja

Oswiadczenie wspolautora

Os$wiadczam, iz m6j udziat w przygotowaniu publikacji:

1. Lendzion K, Gornowicz A, Strawa JW, Bielawska K, Czarnomysy R, Poplawska B, Bielawski
K, Tomczyk M, Miltyk W, Bielawska A.: LC-PDA-MS and GC-MS Analysis of Scorzonera
hispanica Seeds and Their Effects on Human Breast Cancer Cell Lines. International
Journal of Molecular Sciences 2022, 23(19), ID: 11584. 29 stron. DOI:
10.3390/ijms231911584

wchodzacej w sktad rozprawy doktorskiej Pani mgr Karoliny Lendzion polegal na wykonaniu
i interpretacji wynikow analizy GC-MS oraz wspéttworzeniu manuskryptu.

Jednoczesnie wyrazam zgode na przedlozenie wyzej wymienionej pracy przez Panig mgr
Karoling Lendzion jako czg$¢ rozprawy doktorskiej w formie spéjnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.

Podpis (czytelny)

113



Biatystok, 20 pazdziernika 2022 r.

Imiona i nazwisko wspotautora

Zaklad Biotechnologii
Uniwersytet Medyczny w Bialymstoku
Miejsce pracy/afiliacja

Os$wiadczenie wspolautora

Os$wiadczam, iz moj udziat w przygotowaniu publikacji:

1. Lendzion K, Gornowicz A, Strawa JW, Bielawska K, Czarnomysy R, Poplawska B, Bielawski
K, Tomczyk M, Miltyk W, Bielawska A.: LC-PDA-MS and GC-MS Analysis of Scorzonera
hispanica Seeds and Their Effects on Human Breast Cancer Cell Lines. International
Journal of Molecular Sciences 2022, 23(19), ID: 11584. 29 stron. DOI:

10.3390/ijms231911584

wchodzacej w sktad rozprawy doktorskiej Pani mgr Karoliny Lendzion polegat na wykonaniu

oznaczen metodg Western blot.

Jednocze$nie wyrazam zgode na przediozenie wyzej wymienionej pracy przez Panig mgr
Karoline Lendzion jako cze$¢ rozprawy doktorskiej w formie spojnego tematycznie cyklu prac

opublikowanych w czasopismach naukowych.
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Podpis (czytelny)
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13. Dorobek naukowy

13.1. Wykaz publikacji stanowiacych rozprawe doktorska

1. Lendzion K, Gornowicz A, Bielawski K, Bielawska A.: Phytochemical Composition
and Biological Activities of Scorzonera Species. International Journal of Molecular
Sciences 2021, vol. 22(10), ID: 5128, 42 strony. DOI: 10.3390/ijms22105128
IF = 6.208, MEIN = 140 pkt.

2. Lendzion K, Gornowicz A, Strawa JW, Bielawska K, Czarnomysy R, Poptawska B,
Bielawski K, Tomczyk M, Miltyk W, Bielawska A.: LC-PDA-MS and GC-MS Analysis
of Scorzonera hispanica Seeds and Their Effects on Human Breast Cancer Cell Lines.
International Journal of Molecular Sciences 2022, 23(19), ID: 11584. 29 stron.
DOI: 10.3390/ijms231911584 IF = 6.208, MEIN = 140 pkt.

13.2. Wykaz doniesien zjazdowych

1. Lendzion Karolina, Gornowicz Agnieszka, Strawa Jakub Wladystaw, Tomczyk
Michal, Bielawski Krzysztof, Bielawska Anna. Evaluation of cytotoxic activity of
Scorzonera hispanica seed extracts against MDA-MB-231 breast cancer cell line. X
Konwersatorium Chemii Medycznej. Lublin, 3-5.09.2021.

2. Lendzion Karolina, Gornowicz Agnieszka, Tomczyk Michal, Strawa Jakub,
Roszczenko Piotr, Bielawska Anna. Assessment of cytotoxic activities of Scorzonera
hispanica seed extracts in MFC-7 breast cancer cell line. 18th Hellenic Symposium on
Medicinal Chemistry, on-line, 25-27.02.2021.

3. Bielawska Anna, Gornowicz Agnieszka, Lendzion Karolina, Poptawska Bozena,
Bielawski Krzysztof. Ocena wplywu komorek macierzystych Citrus aurantium na
proliferacje fibroblastow skory ludzkiej. IV Sympozjum Szkota Chemii Medycznej,
Wroctaw, Poland, 25-27.09.2019.
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13.3. Wykaz innych aktywnosci naukowych
Aktywno$¢ dydaktyczna:

1. Prowadzenie zaj¢¢ dydaktycznych dla studentek II roku kierunku Kosmetologia I1° -
przedmioty: Przemystowa produkcja kosmetykow, Nanotechnologia w kosmetologii,
Biotechnologia kosmetykéw w roku akademickim 2019/2020, 2020/2021, 2021/2022,
2022/2023.

Inne aktywnoSci:

1. Prowadzenie warsztatu pt. Technologia przysztosci w kosmetologii i pielegnacji -
komorki macierzyste w ramach XVIII Podlaskiego Festiwalu Nauki i Sztuki
(11.05.2022).
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