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2. STRESZCZENIE

Rak piersi jest najczesciej diagnozowanym nowotworem u kobiet. W Polsce rocznie
notuje si¢ okoto 19 tysiecy nowych przypadkow zachorowan na ten typ nowotworu.
Leczenie polega glownie na chirurgicznym usunig¢ciu tkanki zmienionej nowotworowo,
a nastepnie miejscowym zastosowaniu radioterapii. W wielu przypadkach np. gdy nowotwor
jest w zbyt zaawansowanym stadium, badz stan ogdélny pacjenta nie pozwala na wdrozenie
innego leczenia, radioterapia jest jedyng mozliwa do zastosowania metoda. Jednak
radioterapia nie zawsze jest wystarczajgco efektywna. Wynika to gtdéwnie z wrodzonej badz
nabytej radiooporno$¢ komorek nowotworowych. Dlatego poszukuje si¢ sposobow, ktore
zwigkszatyby wrazliwos¢ komorek nowotworowych na dziatanie promieniowania
jonizujacego, a jednoczes$nie chronityby komorki prawidtowe przed jego szkodliwym
dziataniem. W tym aspekcie duzym zainteresowaniem cieszg si¢ niskoczasteczkowe zwiagzki
pochodzenia naturalnego. Dane literaturowe wskazuja, ze niektore zwiazki z grupy
polifenoli mogg zwigksza¢ efekty cytotoksycznego dzialania promieniowania jonizujacego
na szereg rodzajow komorek nowotworowych. Stad tez celem badawczym pracy byta ocena
| porownanie dziatania 3 zwigzkow, pochodnych stilbenowych, w kombinacji

z promieniowaniem jonizujagcym na komorki raka piersi.

Badania wykonano na komorkach dwoch linii raka piersi: estrogenozaleznej linii
MCF-7 oraz hormononiezaleznej liniit HCC38. Badanymi zwigzkami byty resweratrol i dwa

jego analogi: piceatannol oraz piceidu.

W  pracy oceniono cytotoksyczne wiasciwosci pochodnych stilbenowych
W polaczeniu z promieniowaniem jonizujacym na wybrane komorki raka piersi.
Oszacowano stopien zaawansowania apoptozy oraz wskazano szlaki, ktdre uczestnicza
w jej indukcji. Sprawdzono takze czy dochodzi do uruchomienia mechanizmow
antyoksydacyjnej odpowiedzi komoérek na dziatanie reaktywnych form tlenu generowanych
radiacyjnie. Ponadto na podstawie poziomu ekspresji biatka Rad51 1 H2AX ustalono czy

dochodzi do indukcji napraw uszkodzonego DNA.

W pracy doktorskiej wykazano, ze pochodne stilbenowe stosowane w niskich
stezeniach (2,5 — 5 uM) nie wykazuja cytotoksycznego dzialania na komoérki obu badanych
linii. Dziatanie cytotoksyczne obserwowano przy wyzszych stezeniach badanych zwigzkow.

Komorki linii MCF- 7 byty bardziej wrazliwe w poréwnaniu do komdrek HCC38 zaréwno



na dziatanie samych zwigzkow jak i w polaczeniu z promieniowaniem jonizujacym.
Zwiazane jest to ze slabsza aktywacja mechanizmu antyoksydacyjnej odpowiedzi oraz
indukcja naprawy radiacyjnie uszkodzonego DNA w komorek MCF-7 niz w komoérkach

HCC38.

Proces apoptozy zarowno w komoérkach MCF-7 jaki w komérkach HCC38 aktywowany jest
z udzialem szlaku zewnetrznego jaki 1 szlaku wewnetrznego. Ponadto uzyskane wyniki
wskazuja, ze w przypadku linii MCF-7 aktywacja programowanej $mierci zachodzi

niezaleznie od biatka p53.

Uzyskane w pracy wyniki pozwalaja jednoznacznie stwierdzi¢, ze sposrdd badanych
pochodnych stilbenowych najwigksze radiouczulajgce whasciwosci wykazuje resweratrol,

nieco mniejsze piceatannol, natomiast najmniejsza skutecznoscig charakteryzuje si¢ piceid.

Uzyskane w niniejszej pracy doktorskiej wyniki uzupelniaja 1 poszerzaja
dotychczasowy stan wiedzy dotyczacy potencjalnego zastosowania pochodnych

stilbenowych w charakterze radiouczulaczy w leczeniu raka piersi.



3. ABSTRACT

Breast cancer is the most frequently diagnosed cancer in women. In Poland, there are
about 19,000 new cases of this type of cancer annually. Treatment consists mainly of surgical
removal of the tumor tissue followed by local radiotherapy. In many cases, e.g. when the
cancer is too advanced or the patient's general condition does not allow for the
implementation of other treatment, the only possible method is radiotherapy. However,
radiation therapy is not always effective enough, mainly due to the inherent or acquired
radioresistance of the cancer cells. Therefore, new methods for increasing the sensitivity of
cancer cells to ionizing radiation and, at the same time, protecting normal cells against its
harmful effects are needed. In this aspect, low-molecular compounds of natural origin are of
great interest. Literature data indicate that some compounds from the group of polyphenols
may enhance the cytotoxic effect of ionizing radiation on several types of cancer cells.
Therefore, the study aimed to evaluate and compare the effect of 3 compounds, stilbene

derivatives, in combination with ionizing radiation on breast cancer cells.

The research was conducted on two breast cancer cell lines: the estrogen-dependent
MCEF-7 and the hormone-independent HCC38 lines. The tested compounds were resveratrol

and two of its analogs: piceatannol and piceid.

This study evaluated the cytotoxic properties of stilbene derivatives in combination
with ionizing radiation on selected breast cancer cells. The stage of apoptosis was assessed,
and the pathways involved in its induction were indicated. It was also checked whether the
mechanisms of the antioxidant defense of cells are activated by reactive oxygen species
generated by radiation. In addition, based on expression levels of Rad51 and H2AX, the

induction of repair of damaged DNA was determined.

Obtained results showed that stilbene derivatives used in low concentrations (2.5 -5
uM) did not exhibit cytotoxic effects against both of the tested cell lines. The cytotoxic effect
was observed at higher concentrations of the tested compounds. MCF-7 cells were more
sensitive than HCC38 to the compounds used alone or combined with ionizing radiation due
to the weaker activation of the antioxidant defense mechanism and induction of repair of
damaged DNA.



The process of apoptosis, both in MCF-7 cells and in HCC38 cells, was activated by
extrinsic and intrinsic pathways. In addition, the obtained results indicate that in the case of
the MCF-7 cell line, the activation of programmed death occurs independently of the p53

protein.

The results obtained in the study clearly state that among the tested stilbene
derivatives, resveratrol has the highest radiosensitizing properties, slightly weaker was

piceatannol, while piceid possessed the lowest effectiveness.

The results obtained in the doctoral dissertation supplement and broaden the current
knowledge on the potential use of stilbene derivatives as radiosensitizers in breast cancer

treatment.
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4. WYKAZ STOSOWANYCH SKROTOW

ATCC

Bax

BC
Bcl-2

BRCA1

BRCAZ2

CAT
DMEM
DMSO
DNA
ER
ERBB?2

GPx
GSH
H2AX
HCC38
HER?2

IR
MCF-7

amerykanska organizacja non-profit, ktdra zbiera, przechowuje
i dystrybuuje mikroorganizmy i linie komérkowe oraz biopreparaty do
badan naukowych (ang. American Type Culture Collection)

biatko proapoptotyczne nalezace do rodziny biatek Bcl-2 (ang. Bcl-2-
associated X protein)

rak piersi (ang. Breast Cancer)

produkt protoonkogenu Bcl-2, wykryty w biataczkach i chtoniakach
wywodzacych si¢ z limfocytow B; rodzina bialek Bcl-2 (ang. B-Cell
Leukemia/lymphoma-2)

gen podatno$ci na raka piersi 1 (ang. breast cancer susceptibility gene 1;
breast cancer 1, early onset)

gen podatnos$ci na raka piersi 2 (ang. breast cancer susceptibility gene 2;
breast cancer 2, early onset)

katalaza (ang. Catalase)

medium wzrostowe (ang. Dulbecco's Modified Eagle Medium
dimetylosulfotlenek (ang. dimethylsulfoxide)

kwas deoksyrybonukleinowy (ang. deoxyrybonuculeic acid)

receptor estrogenowy (ang. estrogen receptor)

receptor ludzkiego naskérkowego czynnika wzrostu (ang. Human
epidermal growth factor receptor 2)

peroksydaza glutationowa (ang. glutathione peroxidase)

glutation (ang. Glutathione Sulfhydryl)

histon H2AX

hormononiezalezna linia raka piersi

receptor ludzkiego naskorkowego czynnika wzrostu (ang. Human
epidermal growth factor receptor 2) — skrot uzywany wezesniej, aktualnie
uzywa si¢ skrotu ERBB2

promieniowanie jonizujgce (ang. ionizing radiation)

linla ~ komodrkowa  estrogenozaleznego  gruczolakoraka  piersi

(ang. adenocarcinoma estrogen-responsive)
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MTT

NF-xB

Nrf2

p53
PBS
PR

RFT
RG
RNA
ROH
RPMI

RT
SOD
TNFa

bromek 3-(4,5-dimetylotriazo-2-yl)-2,5-difenylotetrazolu
(ang. methylthiazolyldiphenyl-tetrazolium bromide)

czynnik  transkrypcyjny  zidentyfikowany w limfocytach B,
zaangazowany w  ekspresje  tancucha lekkiego typy kappa
immunoglobulin  (ang.nuclear factor kappa-light-chain-enhancer of
activated B cells)

jadrowy czynnik transkrypcyjny pochodzenia erytroidalnego typu 2 (ang.
nuclear factor erythroid 2-related factor 2)

biatko kodowane przez gen supresorowy TP53 (ang. tumor protein p53)
zbuforowany roztwor soli fizjologicznej (ang. Phosphate Buffered Saline)
receptor progesteronowy (ang. progesterone receptor)

resweratrol

reaktywne formy tleny

piceid

kwas rybunukleinowy (ang. RiboNucleic Acid)

piceatannol

medium wzrostowe do hodowli komorkowych (ang. Roswell Park
Memorial Institute medium)

radioterapia

dysmutaza ponadtlenkowa (ang. Superoxide Dismutase)

czynnik martwicy nowotworu alfa (ang. tumor necrosis factor o)

12



5. WPROWADZENIE

Rak piersi (BC, ang. breast cancer) jest drugg, zaraz po chorobach uktadu
Sercowo-naczyniowego, przyczyng zgonow na §wiecie. Gtownym czynnikiem ryzyka
zachorowania na nowotwor piersi jest wiek oraz ple¢. Analizujac dane statystyczne,
uwaza si¢, ze nowotwor piersi najczesciej dotyka kobiety w przedziale wiekowym 50-69
lat. Nie oznacza to jednak, Ze nie pojawia si¢ on U mlodszych kobiet. Szacuje sig, ze okoto
0,65% przypadkow zachorowan dotyczy pacjentek ponizej 30 roku zycia (Kaminska i in.,
2015). Na raka piersi, pomimo iz zdarza si¢ to bardzo rzadko, bo tylko u okoto 1%
pacjentow, zachorowa¢ moga takze mezczyzni (Ahmad, 2019). Pomimo znacznego
postepu  medycznego, rozwoju nowatorskich metod diagnostycznych oraz
terapeutycznych, wieloletnich badan zaréwno laboratoryjnych jak i klinicznych,
zachorowalno$¢ na raka piersi ma tendencj¢ wzrostowa. Spowodowane jest to coraz
wickszym odsetkiem ludzi starszych, co wynika ze wzrostu $redniej dtugosci zycia,
a takze postgpujacym zanieczyszczeniem srodowiska, brakiem aktywnosci fizycznej oraz
nieodpowiednig dietg, ktora czgsto prowadzi do duzej otylosci, a w konsekwencji do
indukcji proceséw kancerogenezy (Siegel i in., 2015). W Polsce rak piersi stanowi okoto
23% wszystkich zachorowan na nowotwory, co oznacza, ze kazdego roku wykrywa si¢
19 tysiecy nowych przypadkow (Ciechanowska i in., 2018). W skali §wiatowej
zapadalno$¢ na nowotwor piersi wynosi 1,7 miliona z czego kazdego roku umiera ponad
500 tysiecy pacjentek (Tao i in., 2015). Najwigcej zdiagnozowanych nowotwordéw piersi
odnotowuje si¢ w krajach wysoko rozwinigtych tj. w Ameryce Polnocnej, Australii czy
tez w poinocno-zachodniej czesci Europy. Mniejsza zachorowalno$¢é na nowotwor piersi
odnotowuje si¢ we wschodniej i s$rodkowej czes¢ Europy, natomiast najmniej
przypadkéw tego nowotworu wystepuje w Afryce, a takze w potudniowo-wschodniej
cze$ci Azji. Tak znaczace roznice w diagnozowaniu nowotwordw piersi, ale takze innych
nowotworow, wynikaja z réznej dostgpnosci do nowoczesnej diagnostyki medyczne;.
Paradoksalnie kraje o najmniejszej zachorowalno$ci na nowotwory piersi przoduja pod
wzgledem umieralno$ci (Shah i in., 2019).

Wsrod innych czynnikéw odpowiadajacych za zwigkszone ryzyko zachorowania na

nowotwor piersi sg predyspozycje rodzinne. W przypadku kobiet, u ktorych wsrod zenskich
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krewnych pierwszego stopnia (mama, siostra, corka) wystepowal nowotwor,
prawdopodobienstwo zachorowania wzrasta 1,5-2 razy, natomiast w przypadku kiedy
nowotwor wystepowal u co najmniej dwoch krewnych prawdopodobienstwo znacznie
wzrasta nawet dziewigciokrotnie (Bargiet, 2020).

Na zwiekszone ryzyko zachorowalno$ci wplywaja takze mutacje w genach BRCAL (ang.
breast cancer susceptibility gene 1; breast cancer 1, early onset ) oraz BRCAZ2 (ang. breast
cancer susceptibility gene 2; breast cancer 2, early onset). W przypadku mutacji w genie
BRCAL ryzyko raka piersi wzrasta o okoto 65-80%, natomiast mutacje w genie BRCA2
zwigkszaja ryzyko 0 okoto 45-85%. Pomimo tego, mutacje te odpowiadaja jedynie za okoto

5 do 10 % wszystkich zachorowan na nowotwor piersi (Sun i in., 2017).

Zwigkszone ryzyko nowotwordw piersi wystgpuje takze u kobiet pdzno rodzacych
(po 30 roku zycia) oraz niekarmigcych piersig. Czynnikiem zwigkszajacym zachorowalnos¢
na raka piersi jest takze dlugotrwate przyjmowanie doustnej antykoncepcji. Branie takich

srodkow przez okres powyzej 5 lat, zwicksza ryzyko nawet o 25% (Ullah, 2019).

5.1. RAK PIERSI: DEFINICJA I PODZIAL

Rak piersi powstaje na skutek niekontrolowanego namnazania si¢ nieprawidtowych
komorek nabtonkowych gruczotu piersiowego, ktore w pierwszej fazie rozwoju formuja
guzek. Tkanki takie zmieniaja si¢ zarowno pod wzgledem czynnoSciowym jak
I morfologicznym. W okoto 55% przypadkow pierwotne zmiany nowotworowe pojawia si¢
w goérnym, bocznym kwadrancie piersi, ktora znajdujacej sie najblizej okolicy dotu

pachowego (Hurko i in., 2020).

Nowotwory piersi dzieli si¢ na tagodne 1 ztosliwe. Zmiany tagodne utworzone sg
z tkanek juz zréznicowanych i dojrzatych dzigki, ktorych morfologia nie odbiega znaczaco
od tkanek prawidtowych. Komorki tego nowotworu otoczone sg torebka, ktdra oddziela guz
od komorek prawidtowych. Nowotwory tagodne rosng miejscowo, rozpr¢zajaco i nie dajg
zadnych przerzutow. Ponadto po usunigciu takiej zmiany nie dochodzi do remisji, dzigki
czemu nowotwory tagodne sg catkowicie wyleczalne. Inaczej sprawa wyglada w przypadku
nowotworow ztosliwych. Powstaja one z komorek niedojrzatych, ktorych budowa znacznie
odbiegaja od komorek prawidlowych zaréwno pod wzgledem morfologicznym
i funkcjonalnym. Nowotwory ztosliwe proliferuja bardzo szybko, charakteryzuja sig

zdolnoscig do naciekania na inne tkanki znajdujgce si¢ w poblizu, dzigki czemu mogg dawac
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przerzuty zaréwno do naczyn krwiono$nych badz limfatycznych jak i do innych narzadow
(Sinha, 2018).
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Rys.1. Schemat przedstawiajacy budowe¢ nowotworow tagodnych i zto§liwych [zrédlo:

https://zdrowy.wroclaw.pl/czynniki-rozwoju-nowotworow, dostep 25.05.2023].

Raka piersi dzieli si¢ na 3 podtypy. Podzial ten uzalezniony jest od statusu
receptordbw progesteronowych oraz estrogenowych, a takze receptora ludzkiego
naskorkowego czynnika wzrostu 2 (kiedy$ okreslanego jako HER2, obecnie stosuje si¢
skrotu ERBB2). Najcze$cie] wystepujacym podtypem nowotworu, az u 70% pacjentek, jest
podtyp dodatni pod wzgledem statusu receptoréw progesteronowego i estrogenowego oraz
ujemny pod wzgledem statusu receptora ERBB2. Drugi co do czestosci wystepowania,
diagnozowany u 15-20% pacjentek, jest podtyp potréjnie dodatni. Natomiast najrzadziej
wystepujacym podtypem nowotworu piersi jest nowotwor nie posiadajacy zadnego z trzech
receptorow (Waks i Winer, 2019).

Nowotwory piersi zakwalifikowa¢ mozna takze pod wzgledem zaawansowania
klinicznego. Shuzy do tego tzw. klasyfikacja TNM, w ktorej bierze si¢ pod uwage 3
parametry. Pierwszy, oznaczony literg T, méwi o obecnosci guza oraz o jego wielkosci,
drugi, ktory oznaczony jest jako N, informuje o obecnosci przerzutow w regionalnych
weztach chlonnych, natomiast ostatni, oznaczony litera M, to informacja dotyczaca
obecnosci przerzutéw odlegtych. Zebranie wiadomosci dotyczacych wyzej wymienionych
parametrow pozwala zakwalifikowa¢ pacjentke w skali 0-1V, dzigki czemu mozliwe jest
dobranie odpowiedniej, indywidualnej dla kazdej pacjentki metody leczenia (Hurko i in.,
2020).
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Tabela 1. Stadia rozwoju nowotworu piersi [Na podstawie Hurko i in., 2020].

Obecnos¢ przerzutéow do wezlow Obecnoélc’
Stopien Wielkos¢ (T) chlonnych (N) przerzutow
odleglych (M)
Rak
0 Przedinwazyjny Brak Brak
Maksymalna
I wielko$¢ guza 2 Brak Brak
cm
Maksymalna Obecne przerzuty w pachowym
I wielkos$¢ guza 5 uktadzie limfatycznym, wezly Brak
cm powigkszone, ruchome
Wielkosé guza Obecng pr.zerzuty w pachowym
Il .. uktadzie limfatycznym, obecne Brak
powyZej 5 cm przerzuty do okolicznych tkanek
Obecne przerzuty w pachowym Przerzuty do
v Kazda ukladzie limfatycznym, obecne narzadow
przerzuty do okolicznych tkanek odlegtych

Wybdr metody leczenia w przypadku osob cierpigcych na nowotwor piersi nie jest
prosty izalezy od wielu czynnikow. Do najistotniejszych zaliczy¢é mozemy stopien
ztos§liwosci, obecno$¢ przerzutow do wezlow chlonnych oraz innych narzadow, a takze
stopien zaawansowania klinicznego nowotworu. Konwencjonalne leczenie w zalezno$ci od
rodzaju nowotworu opiera si¢ na chirurgicznym usunigciu guza, ktére potaczone jest

radioterapig, chemioterapig badz hormonoterapig (Waks & Winer, 2019).

5.2. RADIOTERAPIA

Jednym z najbardziej rozpowszechnionych 1 najcze$ciej wykorzystywanych
sposobow leczenia chorych na nowotwory jest radioterapia (RT). Szacuje si¢, ze okoto 70%
pacjentow tzw. onkologicznych wymaga zastosowania radioterapii. Co wiecej, w niektérych
przypadkach radioterapia jest jedyng metoda mozliwa do zastosowania w leczeniu
nowotworow. W odréznieniu od chemioterapii, gdzie na toksyczne chemioterapeutyki
narazony jest caly organizm, nowoczesna radioterapia ma na celu skierowanie
wysokoenergetycznej wiagzki promieniowania jonizujacego (IR, ang. ionizing radiation)
bezposrednio w miejsce zmienione nowotworowo, ograniczajagc do minimum szkodliwe
dziatanie IR w stosunku do komoérek prawidtowych, znajdujacych sie¢ w sgsiedztwie guza

(Calvaruso i in., 2019).
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W leczeniu chorych na nowotwory piersi zwykle stosuje si¢ leczenie skojarzeniowe
czyli chirurgicznego usunig¢cia guza w potaczenie z radioterapiag i hormonoterapia, rzadziej
chemioterapig. Niestety nie zawsze radioterapia jest wystraczajaco efektywna (Gong i in.,

2021). Gtowne czynniki odpowiedzialne za radiooporno$¢ komoérek nowotworowych to:

v' skuteczna naprawa uszkodzen DNA wywotanych dzialaniem reaktywnych
form tlenu (RFT) generowanych radiacyjnie;

v obecno$¢ komoérek macierzystych raka w guzach, odpowiedzialnych za
przerzuty, nawroty, niepowodzenie RT i zte rokowanie u pacjentow;

v’ nieprawidtowa ekspresja bialek zwigzanych z regulacjg punktow
kontrolnych cyklu komoérkowego;

v" zdolno$¢ aktywacji procesu przejscia epitelialno-mezenchymalnego, ktéry
zwigksza potencjat migracyjny i inwazyjny komoérek nowotworowych;

v" hipoksja, czyli stan niedotlenienia $rodowiska guza.

Jak opisano powyzej, radioodpornos¢ komorek nowotworowych jest procesem bardzo
ztozonym (Kabakov i Yakimova, 2021; Y. P. Liu i in., 2021; Lonati i in., 2021; Olivares-
Urbano i in., 2020; J. Yang i in., 2020). Doktadne ustalenie mechanizméw zwigzanych
Z radioopornos$cia jest niezbedne do zidentyfikowania nowych celow terapeutycznych,
ktorych hamowanie/aktywacja beda zwigksza¢ wrazliwos¢ komorek na promieniowanie,

a w konsekwencji poprawig skutecznos¢ leczenia.

5.3. RADIOUCZULACZE

Radiouczulacze sa zwiagzkami chemicznymi, ktoérych zadaniem jest zwigkszenie
wrazliwo$ci komoérek nowotworowych na dzialanie promieniowania jonizujacego.
Postulowane mechanizmy dziatania radiouczulaczy zmieniaja si¢ wraz z rozwojem badan,
ktére pozwalajag na wprowadzanie nowych materiatow i lekoéw wzmacniajacych efekty
radioterapii (Adams, 1973; Fowler i in., 1976; Gong i in., 2021).

Obecnie przyjmuje si¢, ze mechanizm dziatania radiouczulaczy zwigzany jest z:
v hamowaniem naprawy uszkodzen DNA, ktore powstajg na skutek dziatania
promieniowania jonizujacego;
v’ zakloceniem cyklu komoérkowego oraz funkcji dziatania organelli

komorkowych, dzigki czemu dochodzi do zwigkszenia cytotoksycznosci;
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v hamowaniem ekspresji genow tzw. odporno$ci na promieniowanie jonizujgce
(np. NF-xB, NRF2) lub aktywacja ekspresji gendéw zwigkszajacych
wrazliwo$¢ na promieniowanie (np. geny zwigzane z indukcja procesu
apoptozy) (Gong i in., 2021).

Wedlug najnowszych badan radiouczulacze ze wzglgdu na struktur¢ mozna podzieli¢
na 3 kategorie: niskoczasteczkowe zwigzki (tlen i mimetyki tlenu jak mitroimidazole,
misonidazole, zwigzki pochodzenia roslinnego, cytotoksyny selektywnie uwrazliwiajace
komorki w stanie hipoksji np. tyrapazamina, ewofosfamid), makroczasteczki (biatka
I peptydy, mikroRNA, siRNA, oligonukleotydy) oraz nanomaterialy (nanoczastki metali
szlachetnych, nanoczastki metali cigzkich, nanoczastki na bazie ferrytow, nanomateriaty
potprzewodnikowe) (Gong i in., 2021).

W  ostatnich latach coraz wigkszym zainteresowaniem, ze wzgledu na
radiouczulajace dziatanie, ciesza si¢ niskoczasteczkowe zwiazki pochodzenia roslinnego
m.in. te nalezace do grupy polifenoli. Niektore z tych zwigzkoéw np. kurkumina, papaweryna

sg obecnie badane klinicznie.

5.4. STILBENY

Stilbeny, zwane réwniez stilbenoidami, nalezg do grupy naturalnie wystepujacych
polifenoli. Powstajg na drodze szlaku fenylopropanoidowego. Ich szkielet zbudowany jest
z pierScieni fenolowych pomigdzy ktorymi wystepuje podwdjne wigzanie styrenowe. Sa
zwigzkami aromatycznymi, niskoczasteczkowymi o masie w zakresie 210-270 g/mol. Moga
wystepowaé w dwoch formach stereoizomerycznych: trans- i Cis-, co uzaleznione jest od
pozycji przylaczenia grup funkcyjnych, ich wzajemnego utozenia wzgledem wigzania
podwdjnego, a takze wzgledem siebie. Dane literaturowe wskazuja, ze izomery trans- sa

biologicznie bardziej aktywne niz izomer Cis- (Strumitto i in., 2015).

Najbardziej znanym zwigzkiem z grupy stilbenéw jest resweratrol (3,4,5-trans-
trihydroksystilben, w skrocie R). Po raz pierwszy zostal wyizolowany z ciemigzycy
(Veratrum grandiflorum), w 1940 roku (Takaoka, 1940). W najwigkszych ilosciach
wystepuje w rdescie japonskim (Reynoutria japonica), orzeszkach ziemnych (Arachis
hypogaea) i winogronach (Vitis vinifera). Wiele dotychczas przeprowadzonych badan
potwierdza liczne wlasciwosci  biologiczne resweratrolu, m.in.: wlasciwos$ci
przeciwutleniajace, neuroprotekcyjne, przeciwzapalne, a takze przeciwnowotworowe

(Gerszon i in., 2014; Komorowska i in., 2022; Ren i in., 2021). Jednakze najwicksza
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przeszkoda stojaca na drodze do wykorzystania resweratrolu w leczeniu jest jego staba
biodostepnos¢. Jest wchlaniany przez przewdd pokarmowy, a nastgpnie szybko
metabolizowany i wydalany z moczem (Vesely i in., 2021). Dlatego niezwykle wazne jest
pokonanie jego niskiej biodostepnosci m.in. przy uzyciu réznych rodzajéw nanonos$nikow.
Innym rozwigzaniem jest stosowanie analogdw resweratrolu, ktére miatyby podobne
wlasciwosci biologiczne i jednocze$nie lepsze parametry farmakokinetyczne (Chen i in.,
2021).

Obok resweratrolu najlepiej poznang pochodng stilbenowg jest piceatannol (3,3', 4,5'
- tetrahydroksystilben, w skrocie ROH). Pierwsze doniesienia dotyczace piceatannolu
pojawity sie w 1984 roku. Zostal on po raz pierwszy wyizolowany z wilczomleczu
(Euphorbia lagascea). Piceatannol mozna znalez¢é glownie w trzcinie cukrowej, biatej
herbacie, czerwonym winie, orzeszkach ziemnych i marakui. Jest jednym z gléwnych
metabolitow resweratrolu i powstaje przy udziale enzymu CYP1BI1 nalezacego do rodziny
enzymow Cytochromu P450. Rézni si¢ od resweratrolu obecnoscia dodatkowej grupy
hydroksylowej w pozycji 3', co wiagze si¢ m.in. z wigkszg zdolnoscia do zmiatania
reaktywnych form tlenu. Dotychczas przeprowadzone badania potwierdzily jego lepsze
parametry farmakokinetyczne niz w przypadku resweratrolu (Hu i in., 2020). Co wigcej,
wykazuje on podobne, a wielu aspektach nawet lepsze wlasciwosci biologicznych jak
resweratrol (Banik i in., 2020).

Innym zwiazkiem z grupy stilbenow bgdacym prekursorem resweratrolu jest piceid,
zwany réwniez polidatinem (3-O-Glukuronid trans-resweratrolu, w skrocie RG). Jest
glikozydowa pochodng resweratrolu. Wczesniejsze badania wykazaly, ze piceid ma
podobne biologiczne wtasciwosci jak resweratrol, ale jest mniej podatny na enzymatyczne
utlenianie. Ponadto piceid jest znacznie lepiej rozpuszczalny w wodzie w pordéwnaniu

z resweratrolem (Su i in., 2013; Tang, 2020).
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Rys.2. Wzory strukturalne badanych zwigzkow a) resweratrolu, b) piceidu, c) piceatannolu
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6. CEL PRACY

Rak piersi jest najczesciej wystepujacym nowotworem ztosliwym u kobiet. Jak dotad
najbardziej skuteczna metodg leczenia jest chirurgiczne usunigcie guza Oraz miejscowe
zastosowanie radioterapii. Radioterapie stosuje si¢ takze wtedy, gdy stopien zaawansowania
nowotworu lub stan ogoélny pacjenta nie pozwala na przeprowadzenie innego leczenia.
Jednak pomimo rozwoju nowoczesnych technik radioterapii, metoda ta nie zawsze
gwarantuje sukces w leczeniu. Gtéwna przyczyna jest wrodzona lub nabyta radiooporno$¢
komdrek nowotworowych. Stad tez prowadzone sg badania majace na celu zwigkszenie
wrazliwosci tkanki nowotworowej na dzialanie promieniowania jonizujacego przy
jednoczesnym ograniczeniu toksycznosci dla tkanek prawidtowych. Jednym ze sposobow
jest stosowanie zwigzkOw chemicznych tzw. radiouczulaczy, ktére selektywnie

zwigkszatyby wrazliwo$¢ komorek nowotworowych na dziatanie radioterapii.

Celem badawczym pracy byta ocena i porownanie dziatania trzech pochodnych
stilbenowych: resweratrolu, piceatannolu i piceidu, w kombinacji z promieniowaniem

jonizujacym na komoérki nowotworowe piersi.
Cele szczegdtowe przeprowadzonych badan obejmowaty:

1. Oceng wlasciwosci cytotoksycznych analizowanych pochodnych stilbenowych
| promieniowania jonizujacego z zastosowaniem testu MTT;

2. Okreslenie poziomu apoptozy za pomocg cytometrii przeplywowej;

3. Okreslenie wptywu pochodnych stilbenowych i promieniowania jonizujacego na
poziom ekspresji genow (Bcl-2, Bax, p53, kaspaza 3, kaspaza 8) i poziom biatek
zaangazowanych w proces apoptozy (Bcl-2, p53, kaspaza 3, kaspaza 8);

4. Ocene poziomu enzymow antyoksydacyjnych: dysmutazy ponadtlenkowej 1 i 2,
peroksydaz glutationowych oraz katalazy, a takze Nrf2, kluczowego biatka
w mechanizmie antyoksydacyjnej odpowiedzi obronnej komorki;

5. Ocene poziomu dwoch biatek zwigzanych z naprawg DNA: Rad51 oraz histonu
H2AX.

Zalozono, ze przeprowadzone badania pozwola wskaza¢ t¢ pochodng stilbenowa,

ktéra sposrod badanych zwigzkéw bedzie najefektywniej wzmagala dzialanie/efekt
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promieniowania jonizujacego na wybrane komorki nowotworowe. Ponadto mozliwe bedzie
zaproponowanie molekularnych mechanizméw, ktore wskazywalyby na to, ze badane
zwiazki indukujg $mier¢ komoérek nowotworowych piersi 1 przyczyniajag si¢ do

uwrazliwienia komorek na dziatanie promieniowania jonizujacego.
Hipoteza badawcza

Pochodne stilbenowe uwrazliwiaja komorki raka piersi liniit MCF-7 oraz HCC38 na

dziatanie promieniowania jonizujacego.
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7. MATERIALY

Wszystkie odczynniki, ktére uzyto podczas wykonywania badan, posiadaly
najwyzszy z mozliwych do wuzyskania stopien czystosci. Przygotowane roztwory
powstawaly z uzyciem wody dejonizowanej oczyszczanej w aparacie (Elix3/Mili-Q firmy
Millipore), gdzie wykorzystuje si¢ uktad odwroconej osmozy. Przewodno$¢ wynosi okoto
0,06 uS/cm.

7.1. ODCZYNNIKI DO HODOWLI

- Medium wzrostowe RPMI (ang. Roswell Park Memorial Institute medium)

- Medium wzrostowe DMEM (ang. Dulbecco's Modified Eagle Medium)

- Roztwor trypsyny — 0,25% trypsyna, 1 mM EDTA

- Mieszanina antybiotykow penicylina i streptomycyna — 10 000 jednostek/ml
penicyliny oraz 10 000 pg/ml streptomycyny

- Bydlgca surowica ptodowa

- S0l fizjologiczna buforowana fosforanem DPBS (ang. Dulbecco's phosphate-
buffered saline)

Wszystkie odczynniki wykorzystywane do hodowli zakupiono w firmie Merck Millipore
dawniej Sigma Aldrich (St. Louis, MO, USA).

7.2. BADANE ZWIAZKI

W eksperymencie zastosowano trzy pochodne stilbenowe: resweratrol (Sigma-—
Aldrich (St. Louis, MO, USA)), piceatannol (Cayman Chemical (Ann Arbor, MI, USA))
oraz piceid (Sigma—Aldrich (St. Louis, MO, USA)).

Wszystkie zwigzki stilbenowe rozpuszczano w alkoholu etylowym do okre§lonego
stezenia wyjSciowego. Stezenie okre§lano spektrofotometrycznie przy dlugosciach fali 304
nm w przypadku resweratrolu i piceidu oraz 326 nm w przypadku piceatannolu. Stezenia
zwiagzkow wyliczano na podstawie molowych wspotczynnikow absorpcji: dla resweratrolu

i piceidu przyjmowano warto$¢ 30335 MZ*cm™ (Camont i in., 2009), natomiast dla
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piceatannolu 33100 MZ*cm™ (Rhayem i in., 2008). W zaleznosci od typu eksperymentu

zwigzki rozcienczano do okreslonego st¢zenia i dodawano do pozywki z komérkami.

7.3. WYZNACZANIE DAWKI PROMIENIOWANIA JONIZUJACEGO

Dawke promieniowania jonizujacego regularnie kontrolowano przed przystgpieniem
do badan wymagajacych stosowania promieniowania jonizujgcego. Dawke wyznaczano

uzywajac dozymetru Frickiego, ktorego sktad przedstawiono w tabeli 2:

Tabela 2. Sktad dozymetru Frickiego

Wzor zwigzku Stezenie
Fe(NHa)2Fe(SO4) 6H.0 10 mol dm
NaCl 107 mol dm’®
H2S04 5:102 mol dm™

Napromieniowanie dozymetru Frickiego prowadzi do utlenienia jonéw Fe?* do
jonow Fe** w wodnym roztworze H,SOa. Ilos¢ powstatych jonéw Fe3* oznaczano
spektrofotometrycznie stosujac dlugos¢ fali rowng 305 nm. Jako wspdlczynnik molowy
absorpcji dla siarczanu zelazowo-amonowego (Fe3") przyjeto 2209 dm®mol-2cm™. Dawke
promieniowania jonizujgcego wyliczono z zaleznosci przedstawionej ponizej:

D[Gy] = =22710 X4 5 966 102 % A
G(Fe™ Y« gxd

gdzie:

G (Fe®") — to wydajno$¢ radiacyjna tworzenia si¢ Fe®*, ktéra wynosi 14,7

d — to gesto$é roztworu, wynoszaca 1,002 g cm

AA —to przyrost absorbancji dozymetru mierzony przy dtugosci fali rownej 305 nm
Przyktadowa zalezno$¢ na podstawie, ktorej ustalano moc dawki promieniowania

jonizujacego zamieszczono ponizej (Rysunek 3).
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Rys.3. Zalezno$¢ dawki od czasu ekspozycji na promieniowanie jonizujace.

Ustawienia aparatu rentgenowskiego byly zawsze optymalizowane tak, aby moc dawki

wynosita 2Gy/min.

7.4. LINIE KOMORKOWE

Badania aktywno$ci biologicznej pochodnych stilbenowych w kombinacji
Z promieniowaniem jonizujacym przeprowadzono na komorkach dwdch linii raka piersi:

estrogenozaleznej liniit MCF-7 oraz hormononiezaleznej linii HCC38.

7.4.1. CHARAKTERYSTYKA LINII MCF-7

MCF-7 jest ludzka linia komorkowa raka sutka (ATCC, Manassas, VA, USA).
Komorki tej linii po raz pierwszy wyizolowane zostalty w 1970 roku od kobiety rasy
kaukaskiej. Kobieta ta miata 69 lat oraz grupg krwi 0 Rh+. Komorki wyprowadzone zostaty
z metastazy nabtonka gruczaloraka gruczotu piersiowego. Nazwa MCF-7 pochodzi od
Michigan Cancer Foundation-7, Detroit, USA. Komorki tej linii majg zdolnos¢ do

przetwarzania estradiolu poprzez cytoplazmatyczne receptory estrogenowe. Dzieki
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obecnosci tych receptorow, komorki linii  MCF-7 wykazuja wrazliwo$¢ na
chemioterapeutyki. MCF-7 s3a komérkami adherentnymi, ktore maja zdolno§¢ do wzrostu
w monowarstwie. Czynnik martwicy nowotworu alfa (TNFa, ang. tumor necrosis factor o)

jest inhibitorem wzrostu komérek tej linii.

ATCC Number: HTB-22
Designation:  MCF-7

B ak g
Scale Bar = 100pm

Scale Bar = 100um

Low Density High Density

Rys. 4. Zdjecie linii komérkowej MCF-7

[zrodto:  https://www.lgcstandardsatcc.org/~/media/Attachments/Micrographs/Cel/HTB-
22.ashx; dostep 8.05.2023]

7.4.2. CHARAKTERYSTYKA LINII HCC38

HCC38 to linia komorkowa, ktéra wyizolowana zostata z gruczotlu sutkowego. Po
raz pierwszy wyprowadzona zostala od 50 letniej kobiety, rasy biatej, z wcze$niejsza historig
migsaka gtadkokomoérkowego, ktorej matka zmarla na raka piersi. Komorki liniit HCC38 sg
komdrkami, ktére nie wykazujg ekspresji receptorow progesteronowych (PR, ang.
progesterone receptor) i estrogenowych (ER, ang. estrogen receptor) jak i receptora
ludzkiego naskorkowego czynnika wzrostu 2 (HERZ2, ang. human epidermal growth factor
receptor 2) Nowotwory nie wykazujace ekspresji tych trzech receptoréw okresla sie jako
potrojnie ujemne. Komorki linii HCC38 s3 komoérkami adherentnymi, rosngcymi

W monowarstwie.
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ATCC Number: CRL-2314
Designation: ~ HCC-38

\ = § 1 ; g ETR
Low Density Scale Bar = 100pum High Density Scale Bar = 100pm

Rys. 5. Zdjecie komorek linii HCC38.

[zrodlo:  https:/../www.lgcstandardsatcc.org/~/media/Attachments/Micrographs/Cell/CRL-
2314.ashx; dostep 8.05.2023]

7.5. METODY

7.5.1. HODOWLA KOMORKOWA

Hodowle komérkows prowadzono w warunkach sterylnych, z wykorzystaniem
zarowno jalowych naczyn i sprzetu laboratoryjnego. Komorki hodowane byty w medium
hodowlanym DMEM w przypadku komérek MCF-7 oraz medium RPMI w przypadku
komérek HCC-38. Media komoérkowe zostaly wzbogacone w 10% bydleca surowice
ptodowa (FBS ang. Fetal Bovine Serum) oraz dodatek antybiotykow penicyliny (10 000
jednostek/ml) i streptomycyny (10 000 pg/ml). Komorki hodowano w inkubatorze COo,
warunkach standardowych: (37°C, wilgotnosci 95%, w atmosferze wzbogaconej w 5%
CO2). Wszystkie eksperymenty przeprowadzano w fazie logarytmicznego wzrostu
komérek, przez pasazowanie do nowych naczyn hodowlanych po osiggnieciu przez hodowle

komorkowg konfluencji ok. 75-80%.
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7.5.2. INKUBACJA KOMOREK Z BADANYMI ZWIAZKAMI

Komorki linii HCC38 i MCF-7 wysiewano na 96-dotkowe lub 6-dotkowe ptytki,
badz na szalki w zaleznos$ci od rodzaju wykonywanego eksperymentu. Po uptywie 24
godzinnej inkubacji, komorki badanych linii traktowano zwigzkami stilbenowymi
(resweratrol, piceatannol badz piceid) w st¢zeniach ustalonych na podstawie krzywych
przezywalnosci (5 lub 25 pM w przypadku linit MCF-7 albo 5 lub 50 pM w przypadku linii
HCC38). Nastepnie komorki preinkubowano 3 godzinny, a po uplywie tego czasu,
poddawano je dziataniu promieniowania jonizujacego w dawce 2 lub 6 Gy. Nastepnie

komorki inkubowano 24 h badz 48 h, po czym wykonywano stosowne oznaczenia.

7.5.3. OCENA ZYWOTNOSCI KOMOREK RAKA PIERSI

Komorki w zaleznosci od wykonywanego eksperymentu wysiewano na sterylne
szalki (@ 40 mm) badz 96-dotkowe ptytki. Liczby wysiewanych komorek na szalke oraz
ptytke w zaleznosci od stosowanej linii komoérkowej oraz czasu inkubacji przedstawiono
w Tabeli 3. Liczba wysiewanych komorek zostata ustalona na podstawie krzywych

standaryzacji.

Tabela 3. Liczba komoérek wysiewanych na ptytki/szalki

MCF-7 HCC38
kom/dotek  kom/szalk¢ | kom/dotek kom/szalke
24 h 10000 100 000 5000 50 000
48 h 7500 75 000 4000 40 000

W pierwszym etapie eksperymentu komorki wysiewano na 96-dotkowe ptytki
i inkubowano w inkubatorze CO> przez 24 h. Po uptywie tego czasu komorki traktowano
resweratrolem, piceatannolem Ilub piceidem w stezeniach 2,5-100 pM. Komdrki

inkubowano z zwigzkami stilbenowymi przez 24 h lub 48 h.

W drugim etapie eksperymentu, komorki wysiewano na 40 mm szalki. Po 24 h do
szalek z komorkami dodawano badane zwigzki w stezeniu 5 lub 25 uM w przypadku
komorek linii MCF-7 oraz 5 lub 50 uM w przypadku komdrek linii HCC38). Po 3 godzinnej

preinkubacji, komorki poddawano dziataniu promieniowania jonizujacego w dawkach 2 1 6
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Gy. W eksperymentach zastosowano dawki 2 i 6 Gy ze wzgledu na to, ze sg to poziomy
referencyjne dawek promieniowania rentgenowskiego uzywane w radioterapii. Komorki
nastepnie inkubowano przez 24 lub 48 godzin. Po uptywie odpowiedniego czasu inkubacji
do komdrek zaréwno z pierwszego jak i drugiego etapu eksperymentu dodawano soli
tetrazolowej (5 mg/ml) odpowiednio 20 pl na dotek ptytki hodowlanej lub 200 pl na szalke
hodowlang. Po 2 godzinnej inkubacji z dotkéw ptytek/szalek hodowlanych usuwano
medium, a nastepnie dodawano (100 pl na dotek badz 1000 pul na szalke)
dimetylosulfotlenku (DMSO, ang. dimethyl sulfoxide) w celu rozpuszczenia powstatych
krysztatkow formazanu. Absorbancje¢ roztworu formazanu odczytywano spektrometrycznie
przy dlugosci fali A = 580 nm i dtugosci fali referencyjnej A = 720 nm. Procent zywych
komorek wyliczano porownujac warto$¢ absorbancji prob badanych z wartoscig absorbancji
kontroli (komorki nietraktowane zwigzkami). Przyjeto, ze absorbancja komorek kontrolnych
wynosi 100%.

7.5.4. OKRESLANIE ZMIAN APOPTOTYCZNYCH I NEKROTYCZNYCH
METODA CYTOMETRII PRZEPLY WOWEJ

Komorki wysiewano na sterylne szalki (@ 40 mm) w ilo$ci 1 000 000 w przypadku
komérek linii MCF-7 oraz 500 000 w przypadku komorek linii HCC38, a nastepnie
inkubowano 24 h. Po uptywie tego czasu komorki preinkubowano z resweratrolem badz
jego pochodnymi (piceatannol lub piceid) w stezeniu 25 uM (linia MCF-7) lub 50 uM (linia
HCC38) przez 3 godziny w 37°C, a nastepnie poddawano dziataniu promieniowania
jonizujacego w dawce 6 Gy. Komoérki inkubowano przez 24 h, a nastgpnie trypsynizowano,
przemywano DPBS i zawieszano w 1 x Binding Buffer do ktérego dodawano 5 pl aneksyny
FITC i 5 pl jodku propidyny. Komorki inkubowano przez 15 minut w ciemnosci, a nast¢pnie
W przeciggu godziny mierzono fluorescencje. Wszystkie pomiary fluorescencji wykonano
w cytometrze Becton Dickinson LSR II. Komoérki emitujace stabg zielong fluorescencje
(FITC-ancksyna) i1 stabg czerwonag fluorescencje (jodek propidyny) zliczono jako

apoptotyczne.
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7.5.5. WESTERN BLOTTING

755.1. OTRZYMYWANIE LIZATU KOMORKOWEGO

Preparaty komodrkowe lizowano w buforze RIPA (Sigma—Aldrich (St. Louis, MO,
USA)) z dodatkiem koktajlu inhibitorow proteaz AEBSF, aprotyning, bestatyng, E-64,
leupeptyne i pepstatyng A (Thermo Scientific 100 x Halt Protease Inhibitor Koktajl).
Nastepnie poddawano 30 minutowej inkubacji na lodzie. Po inkubacji na lodzie, probki

wirowano przy 5000 obr/min przez 5 minut w temperaturze 4°C.

7.5.5.2.  OZNACZENIE STEZENIA BIALKA METODA LOWRY’EGO

Stezenie biatka w preparatach komorkowych okreslano metoda Lowry’ego. Do 5 pl
lizatu komdrek dodano kolejno 33 pl 2% roztworu Na;COs i 2 ul 2% dodecylosiarczanu
sodu. Nast¢pnie dodano 200 pul roztworu w ktorego sktad wchodzity: 2% winian sodowo-
potasowy, 1% roztwér CuSOs oraz 2% roztworu Na,COsz w stosunku 1:1:100. Po 10
minutowej inkubacji do kazdej probki dodano 20 pl odczynnika Folina-Ciocalteu’a, ktory
rozcienczono z wodg w stosunku 1:1, energicznie wymieszano i inkubowano 30 minut
w temperaturze pokojowej. Po uptywie czasu inkubacji, zmierzono spektrofotometrycznie
absorbancje probek przy dtugosci fali 750 nm. Pomiary standaryzowano wzgledem kontroli

na odczynniki.
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Rys. 6. Krzywa wzorcowa do oznaczania biatka metodg Lowry’ego.
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7.55.3. ELEKTROFOREZA

Lizaty komdrkowe mieszano z Laemmli Sample Buffer (Serva, Germany)
w stosunku 2:1. Przed dodaniem do lizatow komdrkowych, Laemmli Sample Buffer
mieszano z 2-merkaptoetanolem w stosunku 0,9 : 0,1. Tak przygotowane probki
elektroforetyczne nanoszono na zel w objetosci 30 pl.

Rozdziat elektroforetyczny probek przeprowadzono metodg Laemmliego (1970)
w 12,5% zelu poliakrylamidowym (375 mM Tris-HCI o pH 8,8 oraz 20% SDS). Probki
zatgzono w 3% zelu zatgezajagcym (125 mM Tris-HClI pH 6,8 oraz 20% SDS).
Elektroforetyczny rozdzial probek zostat przeprowadzono w uktadzie: 192 mM glicyna,
0,1% SDS, 25 mM Tris (pH 8,3). Rozdziat elektroforetyczny w Zelu zatgzajacym przebiegat
przy natezeniu pradu 100 V na pytke. Po wejsciu biatek w zel rozdzielajacy zwigkszono
nat¢zenie pradu do 120 V na plytke. Czas rozdziatu elektroforetycznego trwat okoto
2 godzin.

7.5.5.4. TRANSFER BIALEK NA MEMBRANE IMMOBILONU P

Biatka, ktore ulegly rozdzieleniu w zelu poliakrylamidowym zgodnie z metoda
Towbina przenoszono elektroforetycznie na membrang Immobilonu-P (o $rednicy poréw
0,45 pum). Elektrotransfer przeprowadzono w buforze o skladzie 192 mM glicyna, 20%
metanol, 25 mMTris (pH 8,3) w warunkach 4 °C przy statym napigciu 60 V przez okoto 16

godzin.

W celu sprawdzenia jakosci elektrotransferu membrany Immobilonu-P barwiono
w 0,2% roztworze Ponceau S w 3% kwasie octowym w temperaturze pokojowej przez 5
minut. Pasma biatek odbarwiono w roztworze TBST 0,05 M Tris HCI — 0,15 M NaCl —
0,01% Tween 20, pH 7,5 (TBS-0,01% Tween 20).

7.5.5.5. IMMUNODETEKCJA BIALEK

Biatka, ktore unieruchomione zostalty na membranie Immobilonu-P poddane zostaty

immunodetekcji. Metoda ta przebiegata w nast¢pujacych etapach:
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Godzinna inkubacja w roztworze TBS — 0,05% Tween 20 (0,05 M Tris HCI — 0,15
M NaCl - 0,05% Tween 20, pH 7,5) w celu ograniczenia niespecyficznego wigzania

przeciwciat do membrany.

. Dwugodzinna inkubacja z rozcienczonymi roztworem TBS - 0,01%-Tween 20

przeciwciatami [-rzgdowymi. Charakterystyka przeciwciat znajduje si¢ w Tabeli 4.

. 3-krotne przeptukanie membrany za pomoca roztworu TBS — 0,01% Tween 20,

W celu usunigcia nadmiaru niezwigzanych z antygenem przeciwciat. Kazde z ptukan

trwato 10 minut.

. Inkubacja z przeciwciatami II-rzgdowymi skompleksowanymi z peroksydaza

chrzanu w 0,01% roztworze TBS. Czas inkubacji: 1 godzina.

. Odptukanie nadmiaru nie zwigzanych z membrang przeciwciat przy uzyciu buforu

TBS-0,01% Tween 20. Przeciwciata odptukiwano 6-krotnie, a czas kazdego ptukania

wynosit 5 minut.

. Identyfikacja  powstatego = kompleksu  (antygen-przeciwciato), = metoda

chemiluminescencji przy uzyciu zestawu SuperSignal™ West Pico PLUS

Chemiluminescent Substrate (Thermofisher ScientificTM, Litwa).

. Analiza powstalego kompleksu za pomocg wysokowydajnego systemu Western blot

— Azure Imaging Systems (Syngen, Wroctaw, Polska).

Tabela 4. Charakterystyka przeciwciat wykorzystanych do immunodetekcji.

Przeciwciala I-rzedowe

Anti-Bcl-2 (sc-7382) Anti-caspase-3 (sc-7272)
Mysie przeciwciata monoklonalne klasy Mysie przeciwciala monoklonalne klasy
IgG skierowane przeciwko biatku Bel-2 19G skierowane przeciwko biatku Kaspazie
Firma: Santa Cruz Biotechnology® 3
1:1000 Firma: Santa Cruz Biotechnology®
1:1000
Anti-caspase-8 (sc-56070) Anti-GPx1/2 (sc-133160)

Mysie przeciwciata monoklonalne klasy Mysie przeciwciala monoklonalne klasy

lgG skierowane przeciwko biatku Kaspazie 19G skierowane przeciwko biatku GPx1/2

8 Firma: Santa Cruz Biotechnology®
Firma: Santa Cruz Biotechnology® 1:1000
1:1000
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Anti-SOD1 (sc-17767)

Mysie przeciwciata monoklonalne klasy
IgG skierowane przeciwko biatku SOD1
Firma: Santa Cruz Biotechnology®
1:1000

Anti-catalase (sc-271803)
Mysie przeciwciata monoklonalne klasy
IgG skierowane przeciwko katalazie
Firma: Santa Cruz Biotechnology®
1:1000

Anti-Nrf2 (sc-365949)

Mysie przeciwciala monoklonalne klasy
IgG skierowane przeciwko biatku Nrf2
Firma: Santa Cruz Biotechnology®
1:1000

Anti-H2A.X (sc-517336)
Mysie przeciwciala monoklonalne klasy
IgG skierowane przeciwko biatku H2A.X
Firma: Santa Cruz Biotechnology®
1:1000

Anti-SOD?2 (sc-133134)
Mysie przeciwciata monoklonalne klasy
I9G skierowane przeciwko biatku SOD2
Firma: Santa Cruz Biotechnology®
1:1000

Anti-p53 (sc-393031)

Mysie przeciwciala monoklonalne klasy
I9G skierowane przeciwko biatku p53
Firma: Santa Cruz Biotechnology®
1:1000

Anti-Rad51 (sc-56212)
Mysie przeciwciala monoklonalne klasy
lgG skierowane przeciwko biatku Rad51
Firma: Santa Cruz Biotechnology®
1:1000

Anti-p-actin (sc-517336)
Mysie przeciwciala monoklonalne klasy
IgG skierowane przeciwko biatku B-aktynie
Firma: Santa Cruz Biotechnology®
1:1000

Przeciwciala |1-rzedowe

m-IgGk BP (sc-516102)

Mysie biatko wigzace tancuch lekki IgGk (m-IgGx BP sprzezone z peroksydazg chrzanu)

Firma: Santa Cruz Biotechnology®
1:5000

7.5.5.6.

ANALIZA DENSYTOMETRYCZNA

Uzyskane wyniki z poziomu badanych biatek analizowano densytometrycznie
w programie Image J. Wyniki przedstawiono jako wartosci srednie zintegrowanej gestosci
optycznej (IOD, ang. Integrated Optical Density). Wartos$ci gestosci optycznych uzyskanych
dla pasm odpowiadajgcych poszczegdlnym biatkom dzielono przez warto$¢ gestosci
optycznej uzyskanej dla pasma B-aktyny.
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7.5.6. REAKCJA LANCUCHOWEJ POLIMERAZY Z ANALIZA
PRZYROSTU PRODUKTU W CZASIE RZECZYWISTYM (RT-PCR)

Calkowite RNA zostalo wyekstrahowane przy uzyciu zestawu Extractme Total RNA
zgodnie z zaleceniami producenta. Stezenie wyizolowanego RNA oznaczano za pomocg
spektrofotometru NanoDrop. Wszystkie uzyskane probki RNA byty przechowywane do
dalszych analiz w temperaturze -80°C. Okoto 1 pg wyekstrahowanego RNA poddano
odwrotnej transkrypcji do cDNA za pomocg zestawu do odwrotnej transkrypcji (RevertAid
First Strand cDNA Synthesis Kit), zgodnie z protokotem zamieszczonym przez producenta.

Probke cDNA trzymano w temperaturze -20°C az do uzycia.

Ekspresj¢ genow p53 Bcl-2, Bax, kaspazy 3 i kaspazy 8 oceniono za pomocg sondy
Eva Green (Solis Biodyne, Tartu, Estonia). Gen HPRT zastosowano jako gen referencyjny.
W Tabeli 5 przedstawione zostaly sekwencje starterow stosowanych podczas reakcji RT-
PCR (ang. Real Time PCR). Reakcje tancuchowej polimerazy w czasie rzeczywistym
przeprowadzono przy uzyciu termocyklera Eco 48 Real time PCR. Mieszanina reakcyjna
sktadata si¢ z: 2 ul EvaGreen Supermix, 1 ul cDNA i 0,2 ul kazdego zestawu starterow, 6,6
ul H2O. Wszystkie prébki amplifikowano w trzech powtdrzeniach. Profil termiczny
obejmowat: 12 s w 95°C i 40 cykli w 95°C przez 15 s i 60°C przez 20 s.

Tabela 5. Nazwy badanych genéw wraz z sekwencjami odpowiednio zaprojektowanych

starterow
Nazwa genu  Sekwencja starterow F Sekwencja starterow R
HPRT ATGGACAGGACTGAACGTCTT TCCAGCAGGTCAGCAAAGAA
p53 TAACAGTTCCTGCATGGGCGGC AGGACAGGCACAAACACGCACC
Bcl-2 TTGTGGCCTTCTTTGAGTTCGGTG  GGTGCCGGTTCAGGTACTCAGTCA
Bax CCTGTGCACCAAGGTGCCGGAACT CCACCCTGGTCTTGGATCCAGCCC
Caspase 3 TGGACTGTGGCATTGAGAC CAAAGCGACTGGATGAACC

Caspase 8 CTGGATGATGACATGAACCTGCTG GCTCTTGTTGATTTGGGCACAGAC
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7.5.7. TEST AKTYWNOSCI ENZYMOW PRZECIWUTLENIAJACYCH

75.7.1. PRZYGOTOWANIE LIZATOW KOMORKOWYCH

W celu okreslenia aktywno$ci enzyméw przeciwutleniajacych komorki wysiano na
sterylne szalki (@ 40 mm) do hodowli tkankowych. Gesto$¢ wysianych komorek wynosita
500 000 komorek na szalke. Komorki hodowano przez 24 godziny, a nastepnie wstepnie
inkubowano z resweratrolem i jego pochodnymi (piceatannol lub piceid) w stgzeniach (25
uM w przypadku komorek linii MCF-7 badz 50 uM w przypadku komorek linii HCC38)
przez 3 godziny w 37 ° C i eksponowano na IR (2 lub 6 Gy). Komérki inkubowano przez 24
i 48 godzin. Nastepnie komorki zebrano i przemyto dwukrotnie zimnym DPBS. Supernatant
usunigto, @ komorki ponownie zawieszono w 100 pl koktajlu inhibitora proteazy, ktory
zawieral sze$¢ inhibitordw proteazy o szerokim spektrum dziatania: AEBSF, aprotynine,
bestatyne, E-64, leupeptyne i pepstatyne A (Thermo Scientific 100 x Halt Protease Inhibitor

Koktajl). Probki zamrozono w temperaturze -20°C.

75.7.2. AKTYWNOSC KATALAZY

Aktywnos¢ CAT (ang. catalase) oznaczano monitorujgc szybko$¢ zanikania H2O» przy 240
nm (Aebi, 1984). Jedna jednostkg CAT jest aktywnos¢ katalazy, ktora katalizuje konwersje¢

1 pmola nadtlenku wodoru na minute.

75.7.3. AKTYWNOSC PERKOSYDAZY GLUTATIONOWE]J

Aktywnos¢ GPx (ang. glutathione peroxidase) okreslono spektrofotometrycznie przy
340 nm, mierzac szybkos¢ utleniania glutationu (GSH, ang. glutathione gulfhydryl) przez
wodoronadtlenek t-butylu (tBOOH), zgodnie z metoda Rice-Evans i in. (1991) (Rice-Evans
iin., 1991).

75.7.4. AKTYWNOSC DYSMUTAZY PONADTLENKOWEJ

Aktywnos¢ SOD (ang. superoxide dismutase ) opierata si¢ na zdolnosci SOD do
hamowania autoutleniania epinefryny w zasadowym pH. Utlenianie epinefryny $ledzono
pod katem wytwarzania adrenochromu, ktory wykazuje maksimum absorpcji przy 480 nm

(Misra i Fridovich, 1972). Jedna jednostka SOD jest opisana jako ilo§¢ enzymu wymagana
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do spowodowania 50% zahamowania autoutleniania epinefryny na 300 pl mieszaniny

testowe;j.

Wszystkie aktywnosci enzyméw (CAT, GPx 1 SOD) wyrazono jako wartosci
wzgledne, normalizowane wzglgdem kontroli. Stezenie biatka okreslono metoda Bradforda.
Absorbancje probek mierzono przy 595 nm, a jako wzorzec stosowano albuming surowicy

bydlece;.

7.5.8. ANALIZA STATYSTYCZNA

Wyniki badan przedstawiono w postaci sredniej + odchylenie standardowe. W celu
poréwnania préb badawczych wykorzystano dwukierunkows analiz¢ wariancji (ANOVA)
z testem post-hoc Tukeya. Analize wynikéw przeprowadzono za pomocg programu
STATISTICA 13.3. Dla otrzymanych wynikéw przyjeto poziom istotnoéci p<0,05. Srednia

roéznic¢ pordwnano z kontrolg (*), a takze z promieniowaniem jonizujacym (#).
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8. WYNIKI

Praca doktorska sktada si¢ z dwoch czgsécei. Pierwsza czes$é stanowig dwie publikacie,
z ktoérych jedna jest praca przegladowa (I), a druga praca oryginalng (II). Artykuty
opublikowano w czasopismach o miedzynarodowym zasiggu, znajdujacych si¢ w bazie
Journal Citation Reports. Druga czg$¢ pracy zawiera nieopublikowane wyniki badan

uzyskane dla linii HCC38 oraz uzupetnienie badan dotyczacych linii MCF-7.

8.1. OMOWIENIE PRAC WCHODZACYCH W SKLAD ROZPRAWY
DOKTORSKIEJ

Praca przegladowa “Natural Radiosensitizers in Radiotherapy: Cancer Treatment by
Combining lonizing Radiation with Resveratrol” stanowi obszerne wprowadzenie do
tematyKki niniejszej pracy doktorskiej. Zawarto w niej opis mechanizmoéw odpowiedzialnych
za radiooporno$¢ komorek nowotworowych oraz przedstawiono zatozenia i cele
radioterapii. Ponadto zdefiniowano poj¢cie radiouczulacze i wskazano molekularne
mechanizmy, w ktorych uczestniczg. Opisano réwniez naturalnie wystepujace zwiazki,
ktore mogg petni¢ role radiouczulaczy i obecnie sg w fazie badan klinicznych (kurkumina,
genisteina, papaweryna). Ze wzgledu na tematyke pracy doktorskiej najwigcej uwagi
poswiecono resweratrolowi. Jest to pochodna stilbenowa bardzo szeroko badana ze wzgledu
na wielokierunkowg aktywnos¢ biomedyczng. Duza liczba danych literaturowych pozwolita
zawrze¢ w pracy rezultaty badan klinicznych dotyczacych zastosowania resweratrolu np.
u chorych na réznego typu nowotwory, w leczeniu cukrzycy, choréb sercowo-naczyniowych
oraz neurodegeneracyjnych. Jeden z rozdzialow zawiera opis badan, gtownie in vitro,

w ktorych resweratrol stosowano w charakterze radiouczulacza.

Praca oryginalna “Comparison of the Effects of Resveratrol and Its Derivatives on
the Radiation Response of MCF-7 Breast Cancer Cells”, zawiera opis przeprowadzonych
badan, ktore pozwolity wskaza¢ pochodng stilbenowa, ktora najefektywniej uwrazliwia
komorki raka piersi linii MCF-7 na dziatanie promieniowania jonizujacego. W pracy badano
3 pochodne stilbenowe (resweratrol, piceatnnol oraz piceid), ktoére stosowano w stezeniach

5 lub 25 uM. Przeprowadzone badania miaty na celu ocen¢ wlasciwosci cytotoksycznych
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stosowanych zwigzkow stilbenowych w potaczeniu z promieniowaniem jonizujacym, ocene
poziomu apoptozy, a takze ekspresji genow apoptotycznych oraz poziomu enzymow
antyoksydacyjnych. Uzyskane wyniki wykazaly, ze sposrod badanych zwigzkow
resweratrol najbardziej nasilal dziatanie promieniowania jonizujagcego w badanych
uktadach. Efekt ten wynikal m.in. ze znacznego spadku aktywno$ci enzymow
antyoksydacyjnych. Ponadto dziatanie resweratrolu w kombinacji z promieniowaniem
zwigkszato ekspresje gendw apoptotycznych takich jak: bax, p53 i kaspazy 8, prowadzac do
apoptozy.

8.2. UZUPELNIENIE | DYSKUSJA WYNIKOW DLA LINII KOMORKOWEJ
MCF-7

Wyniki opublikowane w oryginalnej publikacji wchodzacej w sktad pracy
doktorskiej zostaty uzupetnione o dodatkowe oznaczenia. Dzigki temu mozna byto
skorygowac 1 uzupetni¢ wezesniej zaproponowany mechanizm dziatania resweratrolu i jego

pochodnych w kombinacji z promieniowaniem jonizujacym w komérkach MCF-7.

Dodatkowe badania przeprowadzono metoda immunodetekcji biatek technika
Western blot. Oznaczono poziom biatek: (a) zaangazowanych w proces apoptozy (Bcl-2,
p53, kaspazy 3 i kaspazy 8), (b) zwigzanych z antyoksydacyjng odpowiedzig obronng
komorki tj. poziom enzymow antyoksydacyjnych: SOD1, SOD2 GPx1/2, katalazy oraz
czynnika Nrf2, kluczowego bialka kontrolujacego ekspresje wielu gendéw dzialajacych

cytoprotekcyjnie, (c) biatek zwigzanych z naprawg DNA tj. Rad51 oraz histonu H2AX.

W komdrkach MCF-7 poziom ekspresji antyapoptotycznego biatka Bcl-2 ro§nie we
wszystkich badanych uktadach z wyjatkiem komorek traktowanych piceidem, a nastgpnie
naswietlanych. Zaobserwowano jednak, ze wzrost poziomu Bcl-2 w komorkach
jednoczes$nie poddawanych dziataniu badanych zwigzkow 1 promieniowania jonizujgcego
jest nizszy niz w komorkach traktowanych samym promieniowaniem. We wcze$niejszych
badaniach umieszczonych w pracy oryginalnej (I11) oznaczono poziom ekspresja genu Bcl-2
metodg RT-PCR. Wykazano tam odwrotng tendencje¢ tzn. wyzsza ekspresj¢ w komorkach
traktowanych badanymi zwigzkami w polaczeniu z promieniowaniem jonizujacym
w poréwnaniu z poziomem ekspresji Bcl-2 w komérkach poddanych dziataniu samego

promieniowania lub samych zwigzkow. Nie zawsze jednak wzrost ekspresji genu przektada
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si¢ na wzrost poziomu biatka. Badania innych autorow wykazujg, ze w komorce synteza
bialek wymaga duzego naktadu energii, nawet do 40% calkowitego zapotrzebowania
energetycznego komorki. Stad tez w komorkach uszkodzonych np. na skutek dziatania RFT
poziom biatka moze by¢ nizszy niz poziom ekspresji genow (Braunstein i in., 2009;
Buttgereit & Brandt, 1995; L i in., 2006).

Przeprowadzone badania wykazaly znaczacy wzrosty poziomu kaspazy 8 zaréwno
w komorkach MCF-7 traktowanych samym promieniowaniem, samymi zwigzkami oraz
resweratrolem lub piceatannolem w polaczeniu z IR. Brak zmian poziomu biatka
obserwowano tylko w komorkach traktowanych piceidem i nastgpnie naswietlanych,
w porownaniu do komorek kontrolnych. Uzyskane wyniki jednoznacznie potwierdzaja, ze
w badanej linii komérkowej wzrost poziomu kaspazy 8 zachodzi nie tylko na poziomie
MRNA, co wykazano w publikacji (II), ale takze na poziomie biatka. Tym samym
potwierdzono, ze w komorkach MCF-7 apoptoza zachodzi z udziatem zewngtrznego szlaku

apoptotycznego.

W komoérkach MCF-7, w zadnym z badanych uktadow nie wykazano wzrostu
poziomu biatka p53 w poréwnaniu do kontroli, pomimo iz wcze$niej obserwowano wzrost
poziomu mRNA dla p53 (Komorowska i in., 2021). Oznacza to, ze w komorkach linii MCF-
7 apoptoza aktywowana jest niezaleznie od biatka p53. Podobny mechanizm indukcji
apoptozy w MCF-7 poddanych dzialaniu promieniowania jonizujgcego, niezalezny od

biatka p53, obserwowany byt rowniez przez innych autorow (Essmann i in., 2004).

W pracy podjeto réwniez probe oceny poziomu kaspazy 3, jednakze zgodnie
z oczekiwaniami nie wykryto tego biatka w komorkach MCF-7 (Komorowska i in., 2021).
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Rys.7. Wynik analizy poziomu biatek zwigzanych z procesem apoptozy (Bcl-2, kaspazy 3,
kaspazy 8, p53) oznaczony metoda Western Blot po traktowaniu komorek linii MCF-7
zwigzkami stilbenowymi (resweratrol, piceatanol, piceid) oraz po zastosowaniu
promieniowania i kombinacji promieniowania z badanymi zwigzkami. Zastosowana dawka
promieniowania 6 Gy. Istotnosci statystyczne w poréwnaniu do kontroli przedstawiono
w postaci *p<0,05. Istotnosci statystyczne w porownaniu do zastosowanej dawki

promieniowania przedstawiono w postaci *p<0,05. Wyniki stanowia $rednig z trzech

powtoérzen.

W kolejnym etapie oceniono poziomu ekspresji enzymow antyoksydacyjnych oraz
biatka Nrf2. Pierwszymi z badanymi enzymow byty dysmutazy ponadtlenkowe:
cytoplazmatyczna (SOD1) oraz mitochondrialna (SOD2). We wszystkich badanych
uktadach obserwowano znaczacy statystycznie, okoto dwukrotny wzrost poziomu SOD1.
Nie odnotowano natomiast zmian poziomu SOD2 w stosunku do kontroli, z wyjatkiem
komorek traktowanych piceidem i naswietlanych, w ktorych wzrost poziomu biatka wynosit
ok. 30%. Poziom biatek SOD1 i SOD2 nie we wszystkich przypadkach koreluje z oznaczong
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calkowitg aktywnoscia enzymatyczng dysmutazy zamieszczona w publikacji (II). Roznice
te wynika¢ mogg z ro6znych czasow inkubacji, ktérym poddano komorki przed wykonaniem
oznaczenia. Poziom biatka metodg Western Blot wykonywano po 24 h, natomiast poziom
aktywnos$ci po 48 h od naswictlania. Dodatkowo zastosowana w pracy metoda pozwolita
oznaczy¢ catkowita aktywnos¢ w komorkach, a nie tylko aktywnos¢ izoenzymow SOD1
i SOD2.

Poziom katalazy w MCF-7 wzrasta we wszystkich uktadach za wyjatkiem komorek
preinkubowanych z piceidem, a nastepnie naswietlanych. Najwigkszy, okoto dwukrotny
wzrost obserwowano w komdrkach poddanych dziataniu samego promieniowania
jonizujagcego oraz samego resweratrolu. Khan i wsp. w swoich badaniach rowniez
zaobserwowali wzrost poziomu katalazy w komorkach traktowanych resweratrolem (Khan
I in., 2013). W pozostatych przypadkach wzrost poziomi katalazy jest znacznie nizszy.
Istotny w kontekscie radioterapii jest znaczacy spadek poziomu katalazy w komorkach
preinkubowanych z badanymi stilbenami i naswietlanych w poréwnaniu do komorek
poddawanych dziataniu samego promieniowania. Szczegdlnie w uktadzie, w ktorym
komérki traktowano resweratrolem i jednocze$nie promieniowaniem [(MCF-7 +
resweratrol)+IR] spadek poziomu katalazy koreluje ze znacznym spadkiem jej aktywnosci
enzymatycznej. Zwigkszony poziom nadtlenku wodoru w komdrce moze prowadzi¢ m.in.

do wzmozonej indukcji procesu apoptozy, co obserwowano w tym uktadzie.

Ostatnimi enzymami, dla ktérych podjeto probe oznaczenia poziomu w komérkach
MCF-7 byty dwa izoenzymy peroksydazy glutationowe 1 i 2. Jednak zastosowang metoda
nie wykryto ich. Wynika to prawdopodobnie z ich braku badZ niskiego poziomu
w komorkach tej linii, co wczesniej odnotowali inni Autorzy. Kulak i wsp. obserwowali
niski poziom mRNA dla GPx1, jednak nie wykazali obecnosci biatka metoda Western Blot
(Kulak i in., 2013). Z kolei Chu i wsp., pomimo iz odnotowali aktywno$¢ GPx2 to wykazali
bardzo niski poziom biatka w komodrkach Chu i in., 1999). W badaniach wchodzacych
w sktad niniejszej rozprawy oznaczono takze catkowita aktywno$s¢ GPx w komorkach.
Wyniki zamieszczono w pracy oryginalnej (Il). Wykazano wzrost aktywnosci
peroksydazowej w komoérkach poddanych dziataniu promieniowania jonizujacego, zarowno

w obecnosci jak i1 pod nieobecno$¢ pochodnych stilbenowych.
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Za aktywacje¢ szlakow odpowiedzi antyoksydacyjnej w komorce odpowiedzialny jest
m.in. czynnik transkrypcyjny Nrf2. Nie wykazano jednak zmian poziomu tego biatka

w stosunku do kontroli w MCF-7 w zadnym z badanych uktadow.
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Rys. 8. Wynik analizy poziomu enzymow antyoksydacyjnych (SOD1, SOD2, GPx1/2,
katalazy) oraz poziomu biatka Nrf2 oznaczony metoda Western Blot po traktowaniu
komérek linii MCF-7 zwigzkami stilbenowymi (resweratrol, piceatanol, piceid) oraz po
zastosowaniu promieniowania i kombinacji promieniowania z badanymi zwigzkami.
Zastosowana dawka promieniowania 6Gy. Istotno$ci statystyczne w poréwnaniu do kontroli
przedstawiono w postaci *p<0,05. Istotno$ci statystyczne w poréwnaniu do zastosowanej
dawki promieniowania przedstawiono w postaci *p<0,05. Wyniki stanowig $rednia z trzech

powtorzen.
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Radiowrazliwo$¢ komorek nowotworowych w duzej mierze zalezy od skutecznosci
naprawy uszkodzonego DNA. W zwiagzku z tym w pracy 0znaczono poziomu ekspresji
dwoch bialek zaangazowanych w procesy naprawy DNA — biatka Rad51 oraz histonu
H2AX. Uzyskane wyniki wskazujg, ze badane pochodne stilbenowe nie wzmagaja,
aw niektorych przypadkach nawet obnizaja poziom ekspresji biatka Rad51 i H2AX
w komérkach poddanych dziataniu RFT generowanych radiacyjnie. Jedynym przypadkiem
w ktorym obserwujemy wzrost poziomu biatka Rad51, w stosunku do kontroli, sg komorki

traktowane samym piceatannolem.
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Rys. 9. Wynik analizy poziomu biatek zwigzanych z naprawg i uszkodzeniami DNA
(Rad51, H2AX) oznaczony metoda Western Blot po traktowaniu komorek linii MCF-7
zwigzkami stilbenowymi (resweratrol, piceatanol, piceid) oraz po zastosowaniu
promieniowania 1 kombinacji promieniowania z badanymi zwigzkami. Zastosowana dawka
promieniowania 6 Gy. Istotnosci statystyczne w porownaniu do kontroli przedstawiono
w postaci *p<0,05. Istotnosci statystyczne w porownaniu do zastosowanej dawki

promieniowania przedstawiono w postaci #p<0,05. Wyniki stanowig $rednig z trzech

powtaérzen.
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8.3. OMOWIENIE | DYSKUSJA WYNIKOW DLA LINII KOMORKOWEJ
HCC38

W tej czesci pracy do badan wybrano komorki linit HCC38, ktére wywodza si¢
Z potrojnie ujemnego raka piersi. Komorki te nie wykazujg ekspresji receptorow
hormonalnych (estrogenowych i progesteronowych) oraz nie posiadaja nadekspresji
receptora HER2. Potrojnie ujemny rak piersi jest jednym z agresywniejszych podtypow tego

nowotworu.

Wyniki eksperymentalne uzyskane dla linii HCC38 pozwalajg poréwnaé
skuteczno$¢ radiouczulajacego dziatania resweratrolu i1 jego dwodch pochodnych:

piceatannolu i piceidu.

W pierwsze] czgsci pracy sprawdzono jakie stezenia wybranych do badan
pochodnych stilbenowych sa cytotoksyczne w stosunku do komoérek HCC38. Komorki
traktowano zwigzkami w zakresie stgzen 2,5-100 uM przez 48 godzin. Cytotoksycznos¢
okreslano za pomoca testu MTT. Na podstawie przeprowadzonych oznaczen stwierdzono,
ze zwiazki zastosowane w najnizszych stezeniach tj. 2,5 - 10 uM nie wptywaly znaczaco lub
zwigkszaty zywotno$¢ metaboliczng komorek. Dziatanie cytotoksyczne obserwowano: dla
resweratrolu gdy stezenie byto wyzsze niz 10 uM, natomiast dla piceatannolu i piceidu, gdy
stezenie bylo wyzsze niz 25 uM. Inni autorzy réwniez wykazali, ze resweratrol 1 piceatannol,
a takze inne niskoczasteczkowe zwigzki roslinne, stosowane w niskich stg¢zeniach dziataja
stymulujaco zwiekszajac np. zywotno$¢ komoérek nowotworowych, podczas gdy wyzsze
stezenia zwigzkow dziatajg cytotoksycznie (Tan i in., 2017; X. Wang i in., 2016; Xiong i in.,
2016).
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Rys. 10. Krzywa przezywalnos$¢ komorek linii HCC38

Do oceny cytotoksycznego dzialania wybranych pochodnych stilbenowych
W kombinacji z promieniowaniem jonizujacym zastosowano dwa stezenia zwigzkow: 5 uM
1 50 uM oraz dawke¢ promieniowania jonizujagcego rowng 2 1 6 Gy. Test MTT
przeprowadzono po 48 h od napromieniowania komorek, ktore wczesniej poddano dziataniu
wybranymi zwigzkami. Ustalono, ze samo promieniowania jonizujacego spowodowato
spadek zywotno$ci komorek o ok. 10% 1 20% odpowiednio po dawce 2 1 6 Gy. Zastosowanie
resweratrolu, piceatannolu badz piceidu w niskich stezeniach (5 uM) w potaczeniu
Z promieniowaniem jonizujacym zwigksza przezywalnos¢ komorek w pordéwnaniu
z komorkami poddanymi dziataniu jedynie samego promieniowania. Efekt dziatania
zwiazkow w stezeniu 10-krotnie wyzszym (50 uM) w potaczeniu z IR uzalezniony byl od
rodzaju stosowanego zwigzku. Piceatannol lub piceid w potaczeniu z promieniowaniem
obnizyl aktywno$¢ metaboliczng maksymalnie o ok. 7% w poréwnaniu do komorek
traktowanych samym promieniowaniem. W przypadku skojarzonego dziatania resweratrolu
z promieniowaniem spadek aktywnos$ci metabolicznej wynosit okoto 50% 1 30%
W poréwnaniu z komorkami poddanymi dzialaniu promieniowania, odpowiednio przy
dawce 2 Gy i 6 Gy. Zgodnie z danymi literaturowymi wyniki testu MTT nie s3 w pelni
wiarygodne, jesli w badaniach stosowano promieniowanie jonizujace. Test MTT mierzy
tempo metabolizmu mitochondriéw 1 posrednio odzwierciedla liczbe zywych komorek. Rai
1 in., potwierdzili w badaniach na komorkach wywodzacych si¢ z rdéznych linii

nowotworowych, w tym na komorkach raka piersi, ze promieniowanie jonizujace zmniejsza
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liczbe zywych komoérek w wigkszym stopniu niz wskazujg wyniki z testu MTT. Autorzy
wykazali, ze promieniowanie indukuje biogenez¢ i hiperaktywacje mitochondriow

prowadzac do zwiekszonej zywotnosci metabolicznej i redukcji MTT (Rai i in., 2018).
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Rys. 11. Przezywalno$¢ komorek linii HCC38 po zastosowaniu zwigzkéw w stezeniu a) 5
uM oraz b) 50 uM samych badz w kombinacji z promieniowaniem jonizujacym w dawce 2
lub 6 Gy. Istotnosci statystyczne w poréwnaniu do kontroli przedstawiono w postaci
*p<0,05. Istotno$ci statystyczne w poroéwnaniu do zastosowanej dawki promieniowania

przedstawiono w postaci #p<0,05.

W celu weryfikacji wyzej opisanych wynikow i ustalenia mechanizmu dziatania
pochodnych stilbenowych w kombinacji z promieniowaniem jonizujagcym sprawdzono
w jakim stopniu dochodzi do $mierci komoérek w badanych uktadach. Oceneg tg
przeprowadzono metoda cytofluorymetryczng z zastosowaniem zestawu Annexin V-FITC
Apoptosis Kit. Dalsze badania wykonano stosujac 50 uM stezenie badanych zwigzkoéw oraz

dawke promieniowania rowna 6 Gy.
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W komorkach poddanych dziataniu samego promieniowania jonizujacego, badz tez
samych zwigzkow, zaobserwowano pordwnywalny poziom apoptozy, ktory wynosit ok 12%
w komdrkach napromieniowanych oraz 15%, 10% i 11% w komorkach traktowanych
kolejno resweratrolem, piceatannolem oraz piceidem. Zastosowanie obu czynnikow tj.
preinkubacja ze zwigzkami, a nastgpnie naswietlanie znaczaco wzmagato apoptoze w
komorkach traktowanych resweratrolem i piceatannolem. Mozna zatem stwierdzi¢, ze
zarOwno resweratrol jak i piceatannol uwrazliwiat komorki linii HCC38 na dziatanie
promieniowania jonizujagcego. Podobne efekty dziatania resweratrolu obserwowano dla
innych komorek nowotworowych np. komoérek nowotworowych gtowy i szyi (Baek i in.,
2016), komorek raka prostaty (Fang i in., 2012), jak rowniez dla komorek nowotworu piersi
(komérki MCF-7) (da Costa Araldi i in., 2018; Komorowska i in., 2021). Brakuje natomiast
danych literaturowych dotyczacych dziatania analogow resweratrolu np. piceatannolu czy
piceidu na komorki nowotworowe. Niniejsze badania dowodza, ze nawet niewielkie réznice

strukturalne powoduja, ze zwigzki w r6zny sposdb dziatajg na procesy komorkowe.
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Rys. 12. Wyniki analizy poziomu apoptozy lub nekrozy w komdrkach linii HCC38
traktowanych badanymi zwigzkami w stezeniu 50 uM samymi badz w skojarzeniu
Z promieniowaniem jonizujacym w dawce 6 Gy. Istotnosci statystyczne w poréwnaniu do
kontroli przedstawiono w postaci *p<0,05;. Istotnosci statystyczne w poroéwnaniu do

zastosowanej dawki promieniowania przedstawiono w postaci *p<0,05.
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Nastepnym etapem badan byto sprawdzenie ekspresji genow, ktére biorg udziat
w procesie apoptozy: kaspazy 3, kaspazy 8, Bax i Bcl-2, a takze sprawdzenie poziomu
ekspresji biatek: kaspaz 3 i 8, p53 oraz Bcl-2. Podjeto rowniez probe oceny ekspresji biatka
Bax, jednakze w zadnej z badanych linii nie uzyskano wynikéw, co najprawdopodobniej

wynikalo ze ztej jakosci zakupionych przeciwciat.

Wykazano, ze poziom mRNA dla antyapoptotycznego biatka Bcl-2 byt obnizony
zarbwno w komorkach traktowanych samymi zwigzkami jak i w tych traktowanych
zwigzkami i promieniowaniem. Poziom biatka Bcl-2, oceniony metodg Western Blot,
wzrasta w niewielkim stopniu w komorkach traktowanych piceatannolem lub piceidem oraz
piceidem w kombinacji z IR. W pozostatych uktadach jego poziom jest zblizony do wartosci
kontrolnych (komorki nie traktowane zadnym z badanych czynnikéw). Z kolei poziom
mRNA dla proapoptotycznego biatka Bax, byl znaczaco podwyzszony w przypadku
komorek traktowanych resweratrolem lub piceatannolem, a takze w przypadku komorek

traktowanych badanymi zwigzkami w kombinacji z promieniowaniem jonizujacym.

W dalszych badaniach oceniono poziom ekspresji kaspazy 3 i kaspazy 8 zaréwno na
poziomie biatka jak 1 na poziomie mRNA. Zaobserwowano istotny wzrost ekspresji mRNA
kaspazy 3 i kaspazy 8 w komoérkach poddanych dziataniu promieniowania, a takze
w komérkach traktowanych samym resweratrolem badZ piceatannolem lub w potaczeniu
zIR. Poziomy mRNA w znaczacej wiekszosci skorelowane sa z poziomami biatek
ocenionymi metodg Western Blot. Wyjatek stanowig komorki traktowane piceidem
W potgczeniu z IR, gdzie poziom mRNA dla kaspazy 3 jest zblizony do poziomu
obserwowanego w kontroli, podczas gdy poziom biatka jest o okolo potowe nizszy niz
w kontroli. W pracy oceniono takze poziom biatka p53, ktére kontroluje wiele procesow
komorkowych, w tym uczestniczy w indukcji apoptozy. Najwyzszy jego wzrost
obserwowano w komorkach traktowanych resweratrolem lub piceatannolem oraz
w komorkach traktowanych resweratrolem w kombinacji z promieniowaniem jonizujgcym.
Prezentowane rezultaty sg zgodne z badaniami wielu autorow, ktorzy potwierdzaja, ze
resweratrol i piceatannol moga indukowac proces apoptozy zalezny od biatka p53 w réznych
komarkach nowotworowych (Farrand i in., 2013; Hsieh i in., 2011; Huang i in., 1999;
Komorowska i in., 2022; She i in., 2001).
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Rys. 13. Wynik analizy aktywnosci gendw apoptotycznych (Bcl-2, kaspazy 3, kaspazy 8,
p53) oznaczony metodg RT-PCR po traktowaniu komorek linii HCC38 zwigzkami
stilbenowymi (resweratrol, piceatanol, piceid) oraz po zastosowaniu promieniowania
| kombinacji promieniowania z badanymi zwigzkami. Zastosowana dawka promieniowania
6Gy. Istotnos$ci statystyczne w porownaniu do kontroli przedstawiono w postaci *p<0,05.
Istotno$ci statystyczne w poréwnaniu do zastosowanej dawki promieniowania

przedstawiono w postaci *p<0,05. Wyniki stanowig $rednia z trzech powtérzen.

Podsumowujac te czes¢ badan mozna stwierdzi¢, ze w komorkach traktowanych
resweratrolem, piceatannolem réwniez w kombinacji z promieniowaniem jonizujgcym
indukcja apoptozy zachodzi na drodze szlaku zewngtrznego (aktywacja kaspazy 8), oraz

szlaku wewngtrznego, w ktorym posrednicza mitochondria (aktywacja kaspazy 3, aktywacja
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ekspresji Bax) (Ola i in., 2011). Najskuteczniej proces programowanej $Smierci komorki

aktywowany byl przez resweratrol i piceatannol w kombinacji z promieniowaniem

jonizujacym.
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Rys. 14. Wynik analizy poziomu biatek apoptotycznych oznaczony metoda Western Blot

po traktowaniu komorek linii HCC38 zwigzkami stilbenowymi (resweratrol, piceatanol,

piceid) oraz po zastosowaniu promieniowania i kombinacji promieniowania z badanymi

zwigzkami.

Zastosowana dawka promieniowania 6 Gy.

Istotnosci  statystyczne

w porownaniu do kontroli przedstawiono w postaci *p<0,05. Istotno$ci statystyczne

w poréwnaniu do zastosowanej dawki promieniowania przedstawiono w postaci *p<0,05.

Wyniki stanowia srednig z trzech powtorzen.
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Podczas radioterapii w wyniku radiolizy wody w komorce generowane sg reaktywne
formy tlenu takie jak: rodniki hydroksylowe (*OH), anionorodniki ponadtlenkowy (O2™)
I nadtlenek wodoru (H202). Ponadto promieniowanie jonizujagce moze stymulowaé takze
endogenng produkcje RFT w mitochondriach (Kim i in., 2015; Leach i in., 2001). Zwykle
jednak komorki nowotworowe charakteryzujg si¢ zwickszong aktywnos$cia enzymow
antyoksydacyjnych, ktorg nabywaja w procesie adaptacji na zwigkszony stres oksydacyjny
(Jiang i in., 2018). Dlatego w dalszej czesci pracy metodg Western Blot zbadano jak zwigzki
stilbenowe stosowane same, bagdz w kombinacji z promieniowaniem jonizujagcym wptywaja
na poziom enzymow antyoksydacyjnych, takich jak: katalaza, dysmutazy ponadtlenkowe
i peroksydazy glutationowe. Ponadto oceniono takze calkowita ich aktywno$¢

enzymatycznag.

Pierwszym badanym w pracy enzymem byta katalaza. O tym, jak istotna jest jej rola
w komorkach poddawanych dziataniu promieniowania jonizujacego $wiadcza wyniki
uzyskane przez Zhao i wsp. Autorzy w badaniach na komoérkach wywodzacych si¢
Z r6znych linii nowotworowych (linie komorkowe HepG2, Hela, A549) wykazali, ze
aktywnos$¢ katalazy, a nie jak sadzono poziom zredukowanego glutationu, odgrywa
kluczowg rolg¢ w oporno$ci komoérek na dziatanie RFT (Zhao i in., 2019). W prezentowanej
pracy, we wszystkich testowanych uktadach, tj. komorkach poddanych dziataniu
promieniowania jonizujacego, komorkach traktowanych samymi zwigzkami oraz
komorkach traktowanych zwigzkami, a nastgpnie naswietlanych, zaobserwowano wzrost
poziomu katalazy. Najwyzszy poziom enzymOw w poréwnaniu do kontroli obserwowano
w komérkach traktowanych resweratrolem (ok. 7-krotny wzrost) lub piceatannolem (ok. 8-
krotny wzrost) w polaczeniu z IR, natomiast najnizszy wzrost zaobserwowano w komorkach
traktowanych piceidem, a nast¢gpnie poddawanych dzialaniu promieniowania jonizujacego
(ok. 2-krotny wzrost). Podobng tendencj¢ zmian odnotowano w przypadku aktywnosci
enzymatycznej katalazy. Uzyskane rezultaty dotyczace resweratrolu sg zgodne z badaniami
innych autorow (Khan i in., 2013). Skuteczne usuwanie nadtlenku wodoru w komorkach
nowotworowych poddanych dzialaniu IR chroni je przed indukcja procesow
apoptotycznych, gdyz H20: jest nie tylko ,,reaktywna forma tlenu” inicjujaca oksydacyjne
uszkodzenia, ale jest takze bezposrednim i silnym induktorem procesu apoptozy (Giorgio
i in., 2007; Kowaltowski i in., 2001).
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Kolejnymi enzymami, ktérych poziom sprawdzono metoda Western Blot byly
dysmutazy ponadtlenkowe: cytoplazmatyczna (SOD1) i mitochondrialna (SOD2). Poziom
SOD1 spada (HCC38+R/ROH, HCC38+RG+IR) badz pozostaje na poziomie kontroli
(HCC38+IR, HCC38+RG, HCC38+R+IR) w wigkszosci badanych uktadéw. Znaczacy
wzrost obserwowano jedynie w komorkach traktowanych piceatannolem w potaczeniu
Z promieniowaniem jonizujagcym. Dysmutaza ponadtlenkowa wystepujaca w cytoplazmie
jest glowng izoformg odpowiedzialng za utrzymanie niskiego poziomu anionorodnika
ponadtlenkowego w komdrce (Xu i in., 2022), dlatego brak istotnego wzrostu poziomu tego
enzymu w napromieniowanych komérkach nowotworowych jest bardzo korzystny z punktu

widzenia uwrazliwienia komorek na radioterapie.

W przypadku SOD2, wzrost poziomu izoenzymu odnotowano w komdrkach
traktowanych resweratrolem lub piceatannolem, rowniez w kombinacji z promieniowaniem
jonizujacym. Ponadto dziatanie resweratrolu bylo znacznie silniejsze niz dziatanie
piceatannolu. Poréwnujac poziom omawianego izoenzymu w komorkach poddanych
dziataniu samych pochodnych, z poziomem odnotowanym w komodrkach traktowanych
zwigzkami facznie z promieniowaniem jonizujgcym mozna wnioskowaé, ze samo
promieniowanie nie indukuje wzrostu ekspresji SOD2. Podobne dziatanie resweratrolu tzn.
indukowanie zardbwno wzrostu ekspresji jaki i aktywnosci SOD2, obserwowano w innych
komorkach nowotworowych takich jak: PC-3, HepG2 i MCF-7 (Khan i in., 2013).

Rola mitochondrialnej dysmutazy ponadtlenkowej w komorkach jest znacznie
wieksza niz tylko usuwanie anionorodnika ponadtlenkowego. Wykazano, ze geny SOD2
posiadaja dzialanie supresorowe. Ich aktywacja przyczynia si¢ m.in. do zmniejszenia
zdolnosci  przerzutowania komorek nowotworowych, wydluzenia czasu podziatu
komorkowego oraz hamowania powstawania guza (Janicka i in., 2013). Dane literaturowe
wskazujg takze, ze indukcja ekspresji SOD2 prowadzi do silnego hamowania proliferacji
roéznych typow komorek, w tym komorek glejaka, raka trzustki i piersi (Weydert i in., 2006).
W innych badaniach poroéwnano poziom ekspresji SOD2 w komdrkach nowotworowych
piersi liniit MDA-MB-435 i UACC-893 oraz w nienowotworowych komodrkach nabtonka
gruczotu piersiowego MCF-10A (Hecht i in., 2016). W przypadku tych pierwszych
wykazano 2-3 krotnie nizsza ekspresja w porownaniu do komorek linii nienowotworowych.
Nizsza aktywno$¢ SOD2 moze skutkowa¢ nadmiernym uszkodzeniem mitochondrialnego
DNA na skutek ekspozycji na zwigkszonym poziomem RFT, co w konsekwencji prowadzi

do progresji i przerzutéw raka piersi (Hecht i in., 2016; Weydert i in., 2006).
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W  pracy oznaczono takze catkowita aktywno$¢ enzymatyczng dysmutaz
ponadtlenkowych. Zwigkszong aktywnos$¢ zaobserwowano w komorkach traktowanych
samym resweratrolem oraz w komorkach preinkubowanych z resweratrolem lub
piceatannolem w potaczeniu z promieniowaniem jonizujacym. Najmniejsza aktywnos$¢

obserwowana byla w komorkach traktowanych piceidem w potaczeniu z IR.

Ostatnim enzymem oznaczanym w pracy byla peroksydaza glutationowa.
Sprawdzono poziom ekspresji izoenzymow 1/2. Ponadto oceniono catkowitg aktywnos$¢
enzymatyczng w lizatach komodrkowych. Uzyskane wyniki wskazuja, ze samo
napromieniowanie komoérek HCC38 skutkowato zardéwno zwigkszong ekspresjg GPX1/2 jak
i zwigkszong aktywnoscig enzymu. Przeciwny efekt obserwowano w komorkach
preinkubowanych ze zwigzkami, a nastgpnie napromieniowanych. W tych uktadach
obserwowano znaczny spadek poziomu enzymow oraz spadek ich aktywno$ci, a najwicksza
skuteczno$¢ w tym procesie wykazywal resweratrol. Spadek poziomu GPX1/2 podczas
radioterapii moze skutkowa¢ pozadanym wzrostem akumulacji RFT. Vibet
| wspotpracownicy sugeruja, ze hamowanie aktywnosci GPxl moze byé glownym
mechanizmem uczulenia guza na antracykliny. W rzeczywistoSci regresja guza po
chemioterapii koreluje z niskg aktywnoscig GPx1 (Vibet i in., 2008), a wzrostem poziomu

GPX1 prowadzi do radioopornosci komorek macierzystych glejaka (Yang i in., 2015).
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Rys. 15. Analiza wptywu resweratrolu (R), piceatannolu (ROH), piceidu (RG),
promieniowania jonizujacego i ich kombinacji na aktywnos$¢ katalazy (CAT) dysmutazy
(SOD) oraz peroksydazy (GPx) komorek HCC38. Aktywno$¢ enzymoé6w mierzono po
inkubacji komorek przez 24 godzin. Komorki traktowano pochodnymi stilbenu w st¢zeniach
50 uM. Istotnosci statystyczne w pordwnaniu do kontroli przedstawiono w postaci *p<0,05.
Istotnosci statystyczne w porownaniu do zastosowanej dawki promieniowania

przedstawiono w postaci #p<0,05.

Oprécz enzymOw antyoksydacyjnyjnych w tej cze$ci pracy sprawdzono takze

poziom biatka Nrf2, ktore jest kluczowym czynnikiem aktywujacym mechanizm
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antyoksydacyjnej odpowiedzi obronnej komodrki. W odpowiedzi na stres oksydacyjny okoto
200 gendw cytoprotekcyjnych jest regulowanych przez to biatko (Pouremamali i in., 2022).
Badania innych autorow dowiodly, ze zablokowanie aktywno$ci Nrf2 czyni komorki
nowotworowe podatnymi na apoptoze i zwigksza skuteczno$¢ radioterapii/chemioterapii
(Matsuoka i in., 2022; McDonald i in., 2010; Pouremamali i in., 2022). W prezentowanych
badaniach zaobserwowano, ze promieniowanie jonizujace nie wptywato na poziom ekspresji
Nrf2, podczas gdy same pochodne stilbenu zwickszyty ekspresje srednio okoto 1,5 razy
w komorkach HCC38. Zastosowanie resweratrolu lub piceatannolu w potaczeniu
Z promieniowaniem jonizujagcym rowniez skutkowato wzrostem czynnika NRF2 jednak

W nieco mniejszym stopniu w poréwnaniu do dziatania samych zwigzkow.
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Rys.16. Wynik analizy poziomu enzymow antyoksydacyjnych (SOD1, SOD2, Gpx1/2,
katalazy) oraz poziomu biatka Nrf2 oznaczony metoda Western Blot po traktowaniu
komorek linii HCC38 zwigzkami stilbenowymi (resweratrol, piceatanol, piceid) oraz po
zastosowaniu promieniowania i kombinacji promieniowania z badanymi zwiazkami.
Zastosowana dawka promieniowania 6 Gy. Istotnosci statystyczne w poréwnaniu do
kontroli przedstawiono w postaci *p<0,05. Istotnosci statystyczne w porownaniu do
zastosowanej dawki promieniowania przedstawiono w postaci #p<0,05. Wyniki stanowig

srednig z trzech powtérzen.
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Ostatnim etapem pracy byto sprawdzenie poziomu ekspresji dwdch biatek: Rad51
oraz histonu H2AX zwigzanych z indukcjg napraw uszkodzonego DNA. RADSI jest
rekombinaza, ktéra posredniczy w naprawie dwuniciowych pgknig¢ DNA przez
rekombinacj¢ homologiczng (HR) (Liao 1 in., 2022). Wykazano, ze w lekoopornych
komorkach nowotworowych podwyzszony poziom HR, koreluje ze wzrostem ekspresji
Rad51 (Leon- Galicia i in., 2018; Liao i in., 2022; Z. Wang i in., 2001). Ponadto obnizenie
ekspresji  rekombinazy przez niektére leki przeciwnowotworowe przywraca
radiowrazliwo$¢ 1 chemiowrazliwo$¢ komoérek nowotworowych, co powigzano
z uposledzeniem naprawy HR (Choudhury i in., 2009; Leon- Galicia i in., 2018; Liao i in.,
2022; Tsai i in., 2010).

W niniejszych badaniach, we wszystkich stosowanych kombinacjach wykazano
wzrost poziomow Rad51. W komdérkach HCC38 traktowanych samym resweratrolem
wzrost poziomu biatka byl stosunkowo niewielki 1 wynosil okoto 20%. Znaczaco
zwigkszajac sie o ok. 80%, gdy komorki dodatkowo traktowano promieniowaniem.
Odwrotne tendencje zaobserwowano w komorkach traktowanych piceatannolem i piceidem,
tj. same zwiazki istotnie zwigkszaly ekspresje biatka, podczas gdy w potaczeniu
z promieniowaniem poziom Rad51 znaczaco spadal. W literaturze tematu nie ma
wystarczajgco duzo danych dotyczacych dzialania pochodnych stilbenowych
w dyskutowanych procesach. Jedyne wyniki, do ktorych mozemy si¢ odnie$¢, dotycza
dziatania resweratrolu stosowanego w potaczeniu z cisplatyng (Leon- Galicia i in., 2018)
oraz oksyresweratrolu (Radapong i in., 2021). W przypadku resweratrolu zastosowanego
w stezeniu 100 uM, réwniez w potaczeniu z cislatyng, zaobserwowano spadek poziomu
Rad51 w komorkach MCF7 (Leon- Galicia i in., 2018). Podobnie w badaniach, w ktorych
stosowano oksyresweratrol, odnotowano istotny spadek poziomu Rad51 takze w komorkach
MCEF-7.
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Drugim biatkiem odpowiedzialnym za naprawy uszkodzen DNA badanym w pracy
byt histon H2AX. Katsuta 1 in. dowiedli, Ze poziom ekspresji H2ZAX jest rownie dobrym
parametrem $wiadczacym o indukcji procesu naprawy DNA, agresywnosci nowotworu,
oceny rokowania chorych na nowotwory piersi, jak najczesciej prezentowany w badaniach
poziom fosforylacji histonu (y-H2AX) (Katsuta i in., 2022). Wysoka ekspresja H2AX jest
zwigzana z Kkrotszym przezyciem pacjentow onkologicznych (Y. Liu i in., 2022).
W niniejszej pracy we wszystkich badanych uktadach obserwowano wzrost ekspresji
H2AX. Charakter obserwowanych zmian byt podobny jak w przypadku biatka Rad51, ale

poziom ekspresji H2AX byt znacznie nizszy.
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Rys. 17. Wynik analizy poziomu biatek zwigzanych z naprawa i uszkodzeniami DNA
(Rad51, H2AX) oznaczony metoda Western Blot po traktowaniu komorek linii HCC38
zwigzkami stilbenowymi (resweratrol, piceatanol, piceid) oraz po zastosowaniu
promieniowania i kombinacji promieniowania z badanymi zwigzkami. Zastosowana dawka
promieniowania 6 Gy. Istotnos$ci statystyczne w poréwnaniu do kontroli przedstawiono
W postaci  *p<0,05. Istotno$ci statystyczne w pordéwnaniu do zastosowanej dawki
promieniowania przedstawiono w postaci #p<0,05. Wyniki stanowig $rednig z trzech

powtorzen.
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9. PODSUMOWANIE

Wykorzystanie zwigzkow roslinnych do zwigkszania wrazliwosci komorek
nowotworowych na promieniowanie jonizujace jest jednym z kierunkéw badan majacych
na celu zwigkszenie skuteczno$ci radioterapii. Wiele danych literaturowych potwierdza, ze
jednym z takich zwiazkéw naturalnych jest resweratrol. Szczegdétowa analize danych
literaturowych na ten temat zawarto w pracy przegladowej wchodzacej w sktad niniejszej
pracy doktorskiej (Komorowska i in., 2022). Glownym problemem zwigzanym
z zastosowaniem resweratrolu jako czynnika radiouczulajacego jest jego niska
biodostgpnos¢ i1 szybki metabolizm. Dlatego podejmuje si¢ badania innych zwigzkow
strukturalnie podobnych do resweratrolu, ktére charakteryzuja si¢ wieksza biodostgpnoscia

i lepszymi parametrami farmakokinetycznymi.

W pracy poréwnano radiouczulajgce wilasciwosci resweratrolu i jego dwoch
pochodnych: piceatannolu i piceidu. Wybor monohydroksylowanej i glukozylowanej
pochodnej resweratrolu podyktowany byl wigksza ich biodostgpno$cia w pordwnaniu
z resweratrolem (Avila-Galvez i in., 2021; Gonzalez-Sarrias i in., 2010). Ponadto wynikat
zbraku danych literaturowych dotyczacych ich zastosowania, w kombinacji

Z promieniowaniem jonizujgcym, na komorki nowotworowe.

Cze$¢ eksperymentalng wykonano na komdrkach wywodzacych si¢ z dwdch linii
wyprowadzonych z nowotwordw piersi. Wybrane komdrki, MCF-7 oraz HCC38, rdznig si¢
obecnoscig receptorow hormonalnych: estrogenowego (ER) 1 progesteronowego (PR) oraz
wystgpowaniem receptora HER2 na powierzchni komorki. Komarki MCF-7 posiadajg oba
receptory hormonalne natomiast nie posiadaja receptora HER2. Z kolei komorki HCC38 nie
posiadajg zadnego z wyzej wymienionych receptorow, dlatego sg potrdjnie negatywne.
Wyhbor linii komorkowych dokonano po analizie danych statystycznych, z ktorych wynika,
Ze najczestszym typem wystepujacym u chorych jest rak hormonzalezny HER2-ujemny (ok.
70% zdiagnozowanych przypadkdw), a najbardziej agresywny i trudniejszy w leczeniu jest

potrdjnie negatywny rak piersi (okoto 10-20% przypadkow).

W pierwszej czgsci pracy przeprowadzono wstgpne oznaczenia, ktore pozwolily
wybrac stezenia badanych zwigzkéw do dalszych badan. W tym celu zastosowano test MTT.

Na podstawie uzyskanych wynikow ustalono, ze badane zwigzki wykazuja skuteczniejsze
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dziatanie cytotoksyczne na komorki MCF7-7 niz na komorki HCC38. W zwigzku z tym do
wigkszosci badan dotyczacych komorek linii MCF-7 stosowano resweratrol i jego analogi
w stezeniu 25 uM, natomiast w badaniach z komorkami HCC38 uzyto stezenie dwukrotnie
wyzsze tj. 50 uM. Dodatkowo wykazano, ze dla obu linii najbardziej cytotoksyczny jest

resweratrol, nastgpnie piceatannol, a najmniej piceid.

W pracy przeprowadzono rOwniez oznaczenie cytotoksycznego dziatania wybranych
zwigzké6w w kombinacji z promieniowaniem jonizujgcym z zastosowaniem testu MTT.
Jednak jak opisano we wcze$niejszej dyskusji, metody z uzyciem barwnika tetrazolowego
nie powinno si¢ stosowac do badan, w ktorych wykorzystuje si¢ promieniowanie jonizujace
(Rai i in., 2018). W zwiazku z tym aby wiarygodnie oceni¢ efekty dziatania pochodnych
stilbenu w kombinacji z promieniowaniem jonizujacym metoda cytometryczng, przy
zastosowaniu barwienia jodkiem propidyny (PI) i aneksyna V sprz¢zong z izotiocyjanianem
fluoresceiny oszacowano odsetek komorek zywych, apoptotycznych oraz nekrotycznych.
W przypadku obu badanych linii komdérkowych najwyzszy poziom apoptozy obserwowano
w uktadzie gdzie, komorki preinkubowano z resweratrolem, a nast¢pnie poddawano
napromieniowaniu. W komorkach HCC38 roéwnie wysoki poziom apoptozy odnotowano w
analogicznym uktadzie zawierajacym piceatannol. Zastosowanie w pracy techniki RT-PCR
oraz immunodetekcji bialek metoda Western blot pozwolito wnioskowac, ze apoptoza w obu
rodzajach komorek (MCF-7 i HCC38) indukowana jest zarbwno z udziatem szlaku
wewnetrznego jak i zewnetrznego. Istniejg jednak roznice w molekularnym mechanizmie
przebiegu procesu. W komorkach HCC38 indukcja apoptozy zachodzi z udziatem biatka
p53, a w procesie uczestniczy kaspaza 3 i 8. Dodatkowo o aktywacji szlaku wewnetrznego
Swiadczy wzrostu stosunku poziomow ekspresji genéw proapoptotycznego biatka Bax, do
antyapoptotycznego biatka Bcl-2 (Bax/Bcl-2). Proces apoptozy w komérkach MCF-7
zachodzi bez udziatu biatka p53 oraz pod nieobecnos¢ w komorkach kaspazy 3 (Essmann i
in., 2004). Aktywowany jest receptorowy (zewnetrzny) szlak apoptotyczny (wzrost poziomu
kaspazy 8). Obserwowano rowniez wzrost stosunku poziomow ekspresji genéw Bax/Bcl-2.
Jednak wskazanie doktadniejszej $ciezki na ktorej zachodzi apoptoza w komoérkach MCF-7
wymaga dalszej, doktadnej analizy. Glebsza dyskusje na ten temat zawarto w pracy

oryginalnej wchodzacej w sktad rozprawy doktorskie;.

Mechanizm dziatania radioterapii polega na wytwarzaniu nadmiernych ilosci
reaktywnych form tlenu, ktére uszkadzajagc komorki nowotworowe przyczyniaja si¢ do ich

eliminacji. Jednak komorki nowotworowe moga posiada¢ lub naby¢, w procesie adaptacji
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na stres oksydacyjny, zwigkszong odpornos¢ na dzialanie RFT m.in. na skutek wzmozonej
ekspresji enzymoéw antyoksydacyjnych. Stad w pracy sprawdzono poziom ekspresji
podstawowych enzymow antyoksydacyjnych oraz oceniono ich aktywno$¢ enzymatyczng
w komorkach HCC38 oraz MCF-7 poddanych dziataniu promieniowania jonizujgcego,

wybranych pochodnych stilbenu oraz obu czynnikéw zastosowanych rownoczesnie.

Przeprowadzone badania wykazaty, ze stosowane w pracy komorki, istotnie rdznig
si¢ odpowiedzig antyoksydacyjng na dziatanie stosowanych czynnikéw. Poziom ekspresji
katalazy w obu rodzajach komorek wzrasta we wszystkich badanych uktadach za wyjatkiem
komérek MCF-7, ktére preinkubowano z piceidem, a nastgpnie napromieniowywano.
Jednak poziom enzymu w HCC38 jest duzo wyzszy niz w MCF-7. Dodatkowo
obserwowano odwrotng tendencje w komdrkach MCF-7 traktowanych pochodnymi stilbenu
w kombinacji z IR, poziom katalazy spada w poréwnaniu do komoérek poddanych dziataniu
samego promieniowania podczas gdy w komdrkach HCC38 preinkubowanych
Z resweratrolem lub piceatannolem, a nast¢gpnie naswietlanych poziom katalazy znaczaco
ro$nie. Mozna zatem wnioskowa¢, ze w komorkach MCF-7 pochodne stilbenowe poprzez
obnizenie ekspresji katalazy zwigkszaja skuteczno$§¢ dzialania promieniowania

jonizujacego.

Nie we wszystkich badanych uktadach aktywno$§¢ enzymatyczna katalazy koreluje
z jej poziomem oszacowanym metoda Western Blot. Jednak zastosowana metoda pomiaru
aktywnosci jest malo specyficzna 1 na uzyskany wynik mogly takze mie¢ wptyw inne

enzymy np. GPx.

Istotne roznice miedzy komoérkami mozna wskazaé takze w ekspresji dysmutazy
ponadtlenkowej: SOD1 i SOD2. Poziom SOD1 w komérkach MCF-7 wzrasta we
wszystkich badanych uktadach, podczas gdy poziom SOD2 w wigkszo$ci uktadow pozostaje
niezmienny. Wzrasta jedynie o ok. 20% w komorkach traktowanych jednoczesnie piceidem
1 promieniowaniem jonizujagcym. Odwrotnie w komoérkach HCC38, poziom SOD1
w wigkszosci uktadow jest nizszy badz zblizony do wartosci kontrolnych. Wzrasta o ok.
30% tylko w komdrkach traktowanych piceatannolem w kombinacji z promieniowaniem
jonizujacym. Inaczej niz w MCF-7, wzrost ekspresji SOD2 w komoérkach HCC38 stymuluje

zarowno resweratrol jak i piceatannol.

Catkowita aktywno$¢ dysmutazy ponadtlenkowej w lizatach uzyskanych z komérek

MCEF-7 preinkubowanych z polifenolami, a nast¢pnie napromieniowanych jest znaczaco
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nizsza, szczegoélnie w przypadku resweratrolu, w porownaniu do komorek traktowanych
samym promieniowaniem. Oznacza to ze badane zwiazki obnizajg skuteczno$¢ usuwania
anionorodnikow ponadtlenkowych generowanych radiacyjnie. Inaczej w komorkach

HCC38, w tym przypadku resweratrol i piceatannol zwickszajg skuteczno$¢ usuwania O™

Ostatnim enzymem, badanym w pracy byly peroksydazy glutationowe (GPx).
W pracy oznaczono catkowitg aktywnos$¢ peroksydazowa w komoérkach oraz sumarycznie,
metoda Western Blot, oszacowano poziom izoenzymow GPx1/2. W komoérkach HCC38
wszystkie wybrane zwigzki zastosowane razem z promieniowaniem jonizujagcym znaczgco
obnizaty ekspresj¢ GPx1/2. Wigzato si¢ to rowniez ze spadkiem aktywnos$ci enzymatycznej
w tych komorkach. Nie wykazano natomiast obecno$ci izoenzymow GPx1 1 GPx2
w komérkach MCF-7, a zmierzona aktywno$¢ peroksydazowa w tych komorkach
prawdopodobnie wynikata z aktywnos$ci pozostaltych izoenzyméw. Szczegdlnie wysoka
aktywno$¢ obserwowano w komorkach traktowanych piceatannolem, a nastepnie

naswietlanych.

Antyoksydacyjng odpowiedz komodrek nowotworowych na dziatanie pochodnych
stilbenu w potgczeniu z promieniowaniem jonizujagcym oceniono takze na podstawie zmian
poziomu ekspresji czynnika transkrypcyjnego Nrf2, ktéry jest kluczowy w aktywacji m.in.
wielu enzymow antyoksydacyjnych (Pouremamali i in., 2022). Wykazano iz w komodrkach
MCF-7 jego poziom nie zmienia si¢ w zadnym z badanych uktadéw, natomiast w komoérkach
HCC38 jego wzrost stymuluja stosowane w pracy polifenole. Uzyskane rezultaty pozwalaja
stwierdzi¢, ze resweratrol 1 jego pochodne skuteczniej aktywujg antyoksydacyjng odpowiedz

w komorkach HCC38& niz w komorkach MCF-7.

Ostatnim zagadnieniem analizowanym w pracy byla ocena skuteczno$ci naprawy
DNA w komorkach obu linii poddanych napromieniowaniu w obecnosci i pod nieobecno$¢
polifenoli. W tym celu sprawdzono poziom biatka Rad51 i histonu H2AX, ktorych wzrost,
zgodnie z danymi literaturowymi, §wiadczy o aktywacji proceséw naprawy uszkodzonego

DNA (Katsuta i in., 2022; Liao i in., 2022).

W komorkach HCC38 wykazano istotny statystycznie wzrost poziom ekspresji obu
bialek w wiekszosci badanych uktadow. Przeciwnie, w komodrkach MCF-7 w wigkszosci
przypadkéw poziom zaréwno Rad51 jak i H2AX jest porownywalny do warto$ci
kontrolnych badz nizszy. Mozna zatem wnioskowac¢, ze naprawy radiacyjnie uszkodzonego

DNA zachodzg skuteczniej w komorkach HCC38 niz w MCF-7.
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Uzyskane w pracy rezultaty pozwalajg stwierdzi¢, ze komorki linii MCF-7 sa
bardziej wrazliwe na radiacyjne uszkodzenia indukowane pochodnymi stilbenu,
W szczegdlnosci resweratrolem, w porownaniu do komarek linii HCC38. Na podstawie
danych literaturowych mozna tlumaczy¢ to silniejszym biologicznym dziataniem
resweratrolu poprzez wigzanie si¢ z receptorami estrogenowymi wystepujagcymi na
komérkach MCF-7, w poréwnaniu do komdrek HCC38, ktdre pozbawione sg tychze
receptorow (Hu i in., 2020).

W pracy doktorskiej wykazano, ze najwickszy radiouczulajacy potencjat w odniesieniu
do komdrek obu linii posiada resweratrol. Nieco nizszg skuteczno$¢ wykazuje piceatannol,

natomiast najmniejszg aktywnoS$cia biologiczna charakteryzuje si¢ piceid.

Sposrdod badanych pochodnych stilbenowych resweratrol charakteryzuje si¢ najstabsza
biodostgpnosciag w organizmie cztowieka, jednak wykazuje najsilniejsze radiouczulajace
dziatanie na komorki raka piersi. W zwigzku z tym nalezy kontynuowac badania, min.
z wykorzystaniem nanotechnologii, ktore pozwolityby dostarcza¢ resweratrol w wigkszych

stezeniach do komorek.
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10.WNIOSKI

1. Sposrod badanych pochodnych stilbenowych w polaczeniu z promieniowaniem
jonizujacym najskuteczniej dziala resweratrol, nieco mniejsza aktywnos¢ biologiczna

wykazuje piceatannol, natomiast najmniejsza skutecznos$cig charakteryzuje si¢ piceid.

2. Resweratrol i piceatannol aktywuja proces apoptozy zarowno z udziatem szlaku

wewngetrznego jak 1 zewnetrznego.
3. Aktywacja apoptozy w komérkach MCF-7 jest niezalezna od biatka p53.

4. Wigksza wrazliwo$¢ komorek MCF-7 w poréwnaniu do komoérek HCC38 na dzialanie
promieniowania jonizujacego w obecnos$ci resweratrolu zwigzana jest ze slabsza
antyoksydacyjna odpowiedzia komorek oraz obnizong intensywnoscia naprawy

uszkodzonego DNA.

5. Naprawy radiacyjnie uszkodzonego DNA zachodza skuteczniej w komérkach HCC38 niz
w MCF-7
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Abstract: Conventional cancer treatment is mainly based on the surgical removal of the tumor fol-
lowed by radiotherapy and/or chemotherapy. When surgical removal is not possible, radiotherapy
and, less often, chemotherapy is the only way to treat patients. However, despite significant progress
in understanding the molecular mechanisms of carcinogenesis and developments in modern radio-
therapy techniques, radiotherapy (alone or in combination) does not always guarantee treatment
success. One of the main causes is the radioresistance of cancer cells. Increasing the radiosensitivity of
cancer cells improves the processes leading to their elimination during radiotherapy and prolonging
the survival of cancer patients. In order to enhance the effect of radiotherapy in the treatment of
radioresistant neoplasms, radiosensitizers are used. In clinical practice, synthetic radiosensitizers
are commonly applied, but scientists have recently focused on using natural products (phytocom-
pounds) as adjuvants in radiotherapy. In this review article, we only discuss naturally occurring
radiosensitizers currently in clinical trials (paclitaxel, curcumin, genistein, and papaverine) and those
whose radiation sensitizing effects, such as resveratrol, have been repeatedly confirmed by many
independent studies.

Keywords: radiotherapy; radiosensitizer; ionizing radiation; free radicals; DNA damage; resveratrol;
paclitaxel; curcumin; genistein; papaverine

1. Introduction

The increase in life expectancy, development of industry, environmental pollution,
and growing obesity rates contribute to increased incidences of cancer. In more developed
countries, cancer incidence is higher than in less developed countries; however, due
to less diagnosis and treatment, less developed countries lead in terms of mortality [1].
Conventional cancer treatment is mainly based on surgical removal of the tumor followed
by radiotherapy (RT) and/or chemotherapy. When surgical removal of the tumor is not
possible, radiotherapy, and less often chemotherapy, is the only way to treat patients.
Although radiotherapy and chemotherapy have the same goals, there are key differences
between the two types of therapy. The major difference is the way they are delivered.
During chemotherapy, drugs are taken by mouth or injection and usually expose the whole
body to cancer-fighting drugs, radiotherapy is usually a local treatment. This means that RT
is usually targeted and only affects the part of the body that needs treatment. Radiotherapy
is scheduled to damage cancer cells with as little damage as possible to nearby healthy
cells. Chemotherapy and radiotherapy are sometimes used together to treat certain types
of cancer. This treatment is called combination therapy and may be recommended if
cancer cells cannot be surgically removed, are likely to spread to other areas of the body,
or if the cancer is not responding to one particular type of treatment. However, despite
significant progress in understanding the molecular mechanisms of carcinogenesis and the
development of modern radiotherapy techniques, radiotherapy (alone or in combination)
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does not always guarantee treatment success. One of the main causes is the radioresistance
of cancer cells.

One of the processes responsible for the radioresistance of cancer cells is the effective-
ness of DNA damage repair after exposure to radiation. According to the basic assumption
of radiobiology, cells with a strong ability to activate DNA repair processes are more resistant
to radiation compared to cells with a weaker repair capacity. The degree of radiation-induced
DNA damage activates various signaling pathways that promote the apoptosis or survival
of cancer cells. Studies have shown that the Wnt/3-catenin pathway, NF-«B pathway,
Akt/cyclin D1/CDK4 survival signaling pathway, and autophagy are associated with
radiological resistance in cancer [2].

Another process that influences the radioresistance of neoplastic cells is the activation
of cell checkpoint pathways. Cells are often blocked in the G1/S or G2/M phase, which
allows time for DNA repair. Following radiation exposure, cell cycle arrest mainly occurs in
the G2/M phase, which may be followed by Gl-phase arrest. It is known that cells in the S
phase show generally greater radioresistance than cells in G1 and G2, and cells in M are very
radiosensitive. Quiescent cells in a GO state are also radioresistant [3]. One of the hallmarks
of cancer cells is the activation of the epithelial-mesenchymal transition process (EMT)
by which epithelial cells transform into mesenchymal cells and acquire migratory and
invasive abilities. ETM is associated with enhancement resistance to radiotherapy and poor
prognosis in multiple types of malignant tumors [4]. For many types of cancer, the main
factor related to radioresistance is the presence of cancer stem cells (CSC) inside tumors,
which are responsible for metastases, relapses, RT failure, and poor prognosis in cancer
patients [5]. Changes in the tumor microenvironment may also influence the development
of radioresistance cancer cells. Many studies have shown that hypoxic environments pro-
mote the transformation of tumor cell metabolism from oxidative metabolism to anaerobic
glycolysis, which induces the development of radioresistance in tumor cells [6,7]. The role
of hypoxia in enhancing radioresistance has been fully described by Kabakov and Yaki-
mov [8]. The authors conclude that chronic or prolonged hypoxia is a complex process
that includes alterations in gene expression, signaling pathways, epigenetic regulation, the
work of chaperones, autophagy, secretory activity, and other stress-sensitive mechanisms
of the involved cancer cells. Many of those alterations are cancer cell-adapting mechanisms
that contribute to the enhanced radioresistance of hypoxic tumors [8].

As described above, the radioresistance of cancer cells is a complex process. Under-
standing these mechanisms is essential to identify novel therapeutic targets and signaling
pathways whose inhibition/activation will increase radiosensitivity and improve cancer
treatment. Some researchers believe that the sensitivity of the cancer cell itself is a major
factor in determining the tumor’s response to radiation [9].

In order to increase the effect of radiotherapy in treating radioresistant neoplasms,
radiosensitizers are used. In clinical practice, synthetic radiosensitizers are commonly
applied, but scientists have recently focused on using natural products (phytocompounds)
as adjuvants in radiotherapy [10-15]. The mechanisms of the radiosensitizer’s action are
described in a separate chapter. The enormous potential of substances found in plants
has been known for centuries [16,17]. It is estimated that 60-80% of antibiotics and cancer
drugs derive directly from naturally occurring species [18,19]. Substances with potential
medicinal use are still waiting to be discovered in hundreds of thousands of plants, fungi,
and animals [20]. Owing to scientific research, some compounds of natural origin used in
treatments may apply to new therapies [21]. One of many examples is papaverine, which
until now has been used as a smooth muscle relaxant and is currently being investigated as
a radiosensitizer in treating non-small cell lung cancer (NSCLC) or lung metastases [13].
Several compounds with plant origins are currently included in clinical trials as radiosen-
sitizers (Table 1). In addition to the aforementioned papaverine, there is also curcumin,
paclitaxel, and genistein. Resveratrol (RSV) is another compound that may improve the
treatment of many cancer types by enhancing radiotherapy. Despite numerous in vitro
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studies, as well as several in vivo studies confirming the radiosensitizing properties of
resveratrol, there are still no clinical studies in this aspect.

Table 1. Registered Current Clinical Trials of small plant-derived molecules radiosensitizers (https:
//Clinicaltrials.gov/, accessed on 4 August 2022).

e No. of Phase of Drug Used in Combination with
Identifier Natural Compound Tumor Type Patients Clinical Trials Radiotherapy
Non-Small Cell Lung
NCT03824327 Papaverine Cancer or Lung 24 Phase ] Papaverine
Metastases
. Locally Advanced . .
NCT05136846 Papaverineand (01 ‘giall Cell Lung 28 Phase I Carboplatin + Paclitaxel +
Paclitaxel Cancer Durvalumab and Papaverine

Group 1: Paclitaxel + Cisplatin

NCT02459457 Paclitaxel EEC?CﬁLAe(iaYEiCrl;r?i:r 321 Phase I1I Group 2: Paclitaxel + Fluorouracil

phag Group 3: Paclitaxel + Carboplatin
Locally Advanced . . .

NCT01591135 Paclitaxel Esophageal 436 Phase ITI Group 1: Paclitaxel + 5-fluorouracil

Carci Group 2: Cisplatin + 5-fluorouracil
arcinoma

NCT02280252 Paclitaxel Breast Cancer 69 Phase II Paclitaxel

NCT00238420 Paclitaxel Bladder Cancer 70 Phase I/11 Paclitaxel + Trastuzumab

NCT00231868 Paclitaxel Uterine Cancer 81 Phase II Carboplatin + Paclitaxel

NCT00003591 Paclitaxel Pancreatic Cancer 122 Phase II Paclitaxel

NCTO02724618 Curcumin Prostate Cancer 64 Phase IT Nanocurcumin

NCT01917890 Curcumin Prostate Cancer 40 Completed Curcumin

NCT00745134 Curcumin Rectal Cancer 45 Phase I Capecitabine + Curcumin

NCT04294836 Curcumin Cervical Cancer 240 Phase II Cisplatin + Curcumin

Advanced Squamous
NCT02075112 Genistein Cell Carcinoma of the 24 Phase I Soy isoflavone + Cisplatin
Head and Neck
NCT00769990 Genistein Bone Metastases 0 Phase I/11 Genistein

The purpose of this review is to present clinical trials using compounds of plant
origin as a radiosensitizer. In addition, we review the literature on the radiosensitizing
effects of resveratrol for many types of cancer cells. In addition, we reviewed data from
clinical trials assessing the effects of resveratrol in the treatment of cancer and selected
age-related diseases.

2. Radiotherapy

Cancer continues to be one of the greatest challenges for healthcare. According to a
report prepared by the International Agency for Research on Cancer (IARC), the number
of deaths is expected to exceed 13 million by 2030, and confirmed cases would oscillate
around 22 million patients. In order to reduce the number of deaths due to cancer, various
methods of treatment have been developed, including radiotherapy, chemotherapy, surgery,
and immunotherapy [10]. Nevertheless, radiotherapy is still one of the most prevalent cancer
treatment methods worldwide. Approximately 60% of patients receive curative radiotherapy
in the USA, despite advances in other treatments in the 127 years since its invention [22]. This
finding shows that RT has proved to be an invaluable method in oncological treatment.

RT is expected to eliminate a specific tumor and directly hit cancer cells with an emitted
ionizing radiation (IR). The latter process damages the cell nucleus, leading to the death of
cancer cells and thus eliminating the tumor. Compared to conventional pharmacological
treatment, where administered cytostatics have a detrimental effect on healthy tissues
throughout the body, modern/state-of-the-art radiotherapy focuses on directing a high-
energy beam of photons to a specific location to kill cancer cells, leading to a reduced
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tumor mass and thus minimizing the dose and toxicity to neighboring normal tissue [12].
It should also be emphasized that radiotherapy combined with surgery or chemotherapy
significantly increases the effectiveness of oncological treatment.

Ionizing radiation may act directly or indirectly on cancer cell death mechanisms
depending on where the IR energy is absorbed (Figure 1). When energy is deposited in a
macromolecule associated with observable biological effects such as DNA and proteins,
it is called a direct effect of radiation. It is the dominant process in the interaction of high
linear energy transfer (LET) particles with biological materials. Alternatively, energy may
be absorbed in an organism’s water because water molecules are the predominant molecule
in living organisms (about 80% of the mass of a living cell is water). Practically a major
proportion of radiation energy is absorbed by cellular water. Several complex chemical
transformations occur in water under the influence of ionizing radiation. This process is
called water radiolysis. About two-thirds of the biological damage by low LET radiation or
sparse IR such as X-rays or electrons is due to indirect action. Evidence indicates that the
biological effects of radiotherapy mainly derive from damage to DNA, a critical target of
ionizing radiation in the human body. Cancer cells whose DNA is irreparably damaged
stop dividing or die. When damaged cells die, they are broken down and eliminated by the
body’s natural processes [23].
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Figure 1. Direct and indirect action of ionizing radiation. In direct action—radiation directly interacts
with DNA, causing DNA damage. In indirect action—radiation interacts with other molecules in
cells, especially water molecules, producing reactive oxygen species (ROS), which induces DNA
damage. DNA damage leads to cell death if not properly repaired.

Unfortunately, despite innovative solutions in radiotherapy, which improve the thera-
peutic effect in patients, there are still complications that hinder oncological treatment, such
as cancer stem cells (CSC), tumor heterogeneity, tumor recurrence, low cell radiosensitivity,
or damage due to IR of healthy tissues [10]. Tumor heterogeneity influences the response
variability of the tumor subpopulation to radiation, which reduces the effectiveness of the
therapy. The main factor responsible for the radioresistance of neoplastic cells is neoplastic
stem cells. RT resistance is associated with radiotherapy treatment failure, metastases, and
relapses [5]. Today, treatment plans remain the same for each class of cancer. The molecular
profile characteristic of each type of cancer is not considered, which would otherwise help
increase the treatment’s effectiveness [12].

Clinical studies show that approximately 70% of patients require radiotherapy in
oncological therapy. Moreover, in some cases, only radiation therapy remains the only
form of treatment. There is a great need for research and development of various methods
to improve the radiation sensitivity used in radiotherapy. Currently, research is being
conducted on radiation-sensitizing compounds that can increase the sensitivity of cancerous
tissue to radiation while reducing toxicity for healthy tissues. This development could
improve the effectiveness of radiotherapy and extend the life of cancer patients [10].

3. Radiosensitizers

Radiosensitizers are chemical compounds designed to increase the sensitivity of tu-
mors to ionizing radiation and promote tumor inactivation more than using only one
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of the factors. The postulated mechanisms of action for radiosensitizers have changed
along with the development of research and continuous technological innovations that
allow the introduction of new materials and drugs to enhance the effects of radiother-
apy [10,24,25]. The main mechanisms of action for these compounds are now assumed to
be: (I) Inhibiting radiation-induced repair of DNA damage, increasing the degree of DNA
damage; (II) disturbing the cell cycle and organelle function to improve cytotoxicity; and
(III) inhibiting the expression of radiation resistance genes, or promoting the expression of
radiation-sensitive genes (Figure 2) [10]. Recent research has divided radiosensitizers into
three categories based on their structures: small particles (oxygen and oxygen mimetics,
small plant-derived molecules, hypoxia-specific cytotoxins), macromolecules (proteins
and short peptides, miRNAs, siRNAs, oligonucleotides), and nano-materials (metallic
and nonmetallic nano-materials) [10]. The effective action of radiosensitizers has so far
been well confirmed in animal models. Many studies have shown that the increase of
radiosensitivity of cancer cells under the influence of, inter alia, plant compounds, and
hypoxia inhibitors, improves the effectiveness of radiotherapy and prolongs the life span of
animals [26-33]. Unfortunately, there are still no results of clinical trials that would allow
the clinical use of some radiosensitizers.

( lonizing radiation)
Radiosensitizer
» Small particles (e.g. small
Radioresistant cell Radioresistant cell 4 plant-derived molecules)

+ Macromolecules (e.g.
proteins and short peptides)
Nano-materials

' N\ N
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Figure 2. Molecular mechanisms involved in cancer cells’ radioresistance and the mechanism of
radiosensitizer action.

In recent years, more researchers have reported that small plant-derived molecules,
often called “active compounds from Chinese herbs”, may enhance the sensitivity of cancer
cells to radiotherapy [34]. In this review article, we only discuss some of the naturally occur-
ring radiosensitizers currently in clinical trials (paclitaxel, curcumin, genistein, papaverine)
(Table 1) and resveratrol, the sensitizing effect of which has been repeatedly confirmed in
many independent studies. The molecular structures of all compounds discussed in this
paper are shown in Figure 3.
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Figure 3. Molecular structures of small plant-derived molecules radiosensitizers discussed in this
review: (a) papaverine, (b) paclitaxel, (c) carboplatin, (d) cisplatin, (e) 5-fluorouracil, (f) curcumin,
(g) genistein and (h) resveratrol.

Papaverine is an FDA-approved opium non-narcotic alkaloid used as a smooth muscle
relaxant for treating vasospasm and erectile dysfunction. Its vascular activity is due to its
role as a phosphodiesterase 10A inhibitor [35]. Benej et al. found that papaverine is a dual-
activity drug that reversibly inhibits mitochondrial complex I [13]. In vivo, papaverine
increases model tumor oxygenation at FDA-approved doses within 30 min. A single
dose of the drug prior to radiotherapy alleviates hypoxia and significantly enhances the
RT response. Most importantly, papaverine only requires a single dose 45 min prior
to irradiation for radiosensitization. The drug is rapidly eliminated, so dosing can be
repeated daily during hypofractionated radiotherapy [36]. Papaverine, as a radiosensitizer,
combined with Stereotactic Body Radiotherapy (SBRT), is being evaluated in a Phase I
clinical trial (NCT03824327) for the treatment of non-small cell lung cancer (NSCLC) or lung
metastases. Another clinical study (NCT05136846) in which papaverine in combination
with radiotherapy, chemotherapy, and immunotherapy is used in patients with unresectable
locally advanced NSCLC was started in late 2021. In both cases, these are new studies,
hence the lack of results.

Paclitaxel is an organic chemical compound belonging to the group of taxanes. For
the first time, it was isolated from the bark of short-leaved yew (Taxus brevifolia). Paclitaxel
is a cancer medicine used in chemotherapy. For treatment, it was introduced in 1992 as
a preparation called Taxol [37]. Paclitaxel leads to the inhibition of cell division. It can
bind to proteins involved in the formation of microtubules, favoring their formation,
and then stabilizes them so that the breakdown of microtubules is inhibited. The action
blocks the mitosis process in the G2/M phase and stops the proliferation of cancer cells,
sensitizing them to the effects of ionizing radiation [38]. Paclitaxel and its modifications,
e.g., nab-paclitaxel (albumin-bound paclitaxel), are widely used clinically for the treatment
of many types of cancer. Many clinical trials concern the use of these compounds with
other chemotherapeutic agents (e.g., carboplatin, cisplatin, gemcitabine), radiotherapy,
immunotherapy (e.g., trastuzumab, pertuzumab), or a combination of several therapies as
reported on ClinicalTrials.gov. Currently, about 200 clinical trials are registered in which
paclitaxel is used in combination with radiotherapy (in many cases additionally with
immunotherapy and with other drugs used in chemotherapy). In this review, we only
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cite a few examples of studies where paclitaxel was used only with radiotherapy (e.g.,
NCT02280252), with radiotherapy and immunotherapy (NCT00238420), as well as with
radiotherapy and other chemotherapeutic agents (e.g., NCT01591135).

One of the clinical trials in which paclitaxel is used concomitantly with radiotherapy
includes patients with locally advanced breast cancer (NCT02280252), as well as patients
with stage II and III breast cancer (NCT00006256). These studies are currently in Phase II
and the results have not been published so far.

Other clinical studies on paclitaxel have included a three-arm randomized Phase III
trial (NCT02459457) conducted on a group of people with inoperable advanced esophageal
squamous cell carcinoma (ESCC), in which the effects of three paclitaxel combinations were
compared: paclitaxel—cisplatin, paclitaxel—carboplatin and paclitaxel—5-fluorouracil
with radiotherapy and a study of paclitaxel with 5-fluorouracil in locally treating advanced
esophageal cancer (NCT01591135) in Phase III. In the first of these studies (NCT02459457),
none of the combinations of paclitaxel, i.e., with fluorouracil, cisplatin, or carboplatin,
showed a significantly better overall survival in ESCC patients. In addition, studies have
shown higher rates of hematological and gastrointestinal toxicity in the cisplatin group com-
pared to the fluorouracil or carboplatin group [39]. The second clinical trial (NCT01591135)
assessed the efficacy and safety of the paclitaxel plus fluorouracil regimen compared to the
cisplatin plus fluorouracil regimen in combination with radiotherapy. The results obtained
indicate that the paclitaxel plus fluorouracil regimen did not significantly extend the overall
survival compared to the standard cisplatin plus fluorouracil regimen [40]. Other clinical
trials with paclitaxel and carboplatin in combination with radiotherapy were performed
in patients with serous papillary uterine carcinoma (an aggressive variant of endometrial
cancer) (NCT00231868). Research has shown that radiotherapy “sandwiched” between
paclitaxel/carboplatin chemotherapy is highly effective in women with completely re-
sected papillary uterine cancer [41]. The research is currently in Phase II, as reported on
ClinicalTrials.gov.

Paclitaxel in combination with radiotherapy and the monoclonal antibody (trastuzumab)
has also been used in patients who underwent surgery for bladder cancer (NCT00238420).
Clinical trials will evaluate whether administering paclitaxel together with radiation ther-
apy and trastuzumab can kill more cancer cells. The studies are in phase I/1I.

Radiotherapy and paclitaxel were also used in treating patients with nonmetastatic,
unresectable pancreatic cancer (NCT00003591) [42]. The obtained data form the basis of
new clinical trials that investigate paclitaxel and radiation in combination with a second
radiosensitizer, gemcitabine (e.g., NCT02481635).

Curcumin is a natural polyphenolic compound that derives from the turmeric rhi-
zome, also known as turmeric, which belongs to the ginger family. Initially, this plant
was cultivated in Asia. Due to its wide range of biological activity, anti-inflammatory,
and antioxidant properties, curcumin has been used as a natural medicine in traditional
Chinese medicine for centuries. It can inhibit the transcription factor NF«B, which plays an
important role in tumor formation and the resistance of tumor cells to IR [43]. Chendil et al.
showed that the survival of PC-3 prostate adenoma cells treated simultaneously with
ionizing radiation and curcumin decreased threefold, and the mechanism was related to
NF«kB [44]. Sandur et al. also demonstrated similar curcumin effects and radiation on
HT29 and HCT116 human colon cancer cells. In addition to increased cell sensitivity to
radiation due to the inhibition of the NF«B factor, NFkB-dependent antipoptotic (IAP2,
Bcl-2, Bel-XL), proliferative (cyclin D1), inflammatory (COX-2), and angiogenic (VEGF)
genes target the expression of NFkB target genes [45]. Qian et al. examined the U87 human
glioma cell line and proved that cell viability reduces due to curcumin and radiation. The
cell cycle is stopped in the G2/M phase, causing this reduction. Moreover, the regulators
of tumor progression: JNK and ERK map kinases, are inhibited [46]. In their studies on
the normal MCF10A breast epithelial line and the MCF7 and MDA-MB-231, Minafra et al.
treated breast tumor lines by combining radiation and curcumin. Their results showed that
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curcumin protects against IR in normal cells and reduces the survival rate of cancer cells
that affect stimulation autophagy [47].

Many studies confirming the radiosensitizing properties of curcumin contributed to
the fact that its activity has been assessed in clinical trials, including prostate cancer treat-
ment [48]. Prostate cancer is the second most common cancer among the male population
worldwide. Radiotherapy along with surgery is the basic method of treating patients with
this type of cancer. Unfortunately, prostate cancer cells are only modestly responsive or
even unresponsive to the cytotoxic effects of radiotherapy. The effect of curcumin as a
potential radiosensitizer has been tested in patients with prostate cancer in clinical trials
NCT01917890. It was shown that curcumin intake significantly increased total antioxidant
capacity, with a reduction in SOD activity. Prostate-specific antigen (PSA) level was lowered
in both the groups (curcumin or placebo group), but there was no significant difference in
treatment outcomes between the groups [49].

A factor that has still limited the clinical value of curcumin is its low bioavailability.
However, modern strategies have been developed that aim to increase the bioavailability
of curcumin (e.g., nanocurcumin, liposomal form) [48]. The effect of nanocurcumin as a po-
tential radiosensitizer has also been tested in patients with prostate cancer (NCT02724618).
This was the first clinical experience of the use of nanocurcumin in prostate cancer patients.
Saadipoor et al. showed that this randomized, controlled study did not demonstrate the
efficacy of nanocurcumin for concurrent therapy in prostate cancer patients undergoing
radiotherapy [50].

Curcumin has also been used in clinical trials before surgery in treating patients with
rectal cancer (NCT00745134). The purpose of these tests is to find out whether giving
chemotherapy (capecitabine) with radiation before surgery can shrink the tumor and
reduce the amount of normal tissue that needs to be removed. The study will also evaluate
whether chemotherapy and radiation therapy are more effective with or without curcu-min
when given before surgery in patients with rectal cancer. The research is in phase II. The
estimated date of completion of the study is March 2023.

Another clinical trial (NCT04294836) with curcumin is treating patients with advanced
cervical cancer. In studies, curcumin is administered orally and chemotherapy (cisplatin)
plus simultaneous radiotherapy (teletherapy + high- or low-frequency brachytherapy) is
used. This research is currently in phase II. The estimated date of completion of the study
is December 2023.

Genistein is a natural compound from the group of isoflavones, first isolated from
the gorse. Genistein has anti-angiogenic and anti-tumor effects. In an in vitro study,
Shi combined genistein treatment with irradiation of cervical cancer cells (Hela). His
studies showed increased cell sensitivity to radiation by lowering survivin, which inhibited
caspase 9, leading to apoptosis blockade [51]. Liu et al. conducted research on MCF7
and MDA-MB-231 breast cancer cells. The cells were treated with genistein and ionizing
radiation. Scientists have shown an increase in DNA damage, cell cycle arrest (G2/M), and
the enhancement of radiosensitivity through the apoptotic pathway [52]. The combined
effects of ionizing radiation and genistein on A549 non-small cell lung cancer cells were
investigated by Liu et al. Scientists have shown that combination therapy has led to an
increase in the level of apoptosis and A549 cells” increased sensitivity to radiation [53].
Genistein has been used in clinical trials in locally advanced squamous cell carcinoma of
the head and neck patients to sensitize cancer cells and decrease side effects caused by
radiotherapy and cisplatin (NCT02075112). Clinical research is in Phase I and there is no
data on the results obtained. The effect of genistein as a potential radiosensitizer has also
been tested in patients with bone metastases (NCT00769990). These studies are currently in
Phase I or II and there is also a lack of research results.

4. Resveratrol

Resveratrol (3,4’ ,5-trihydroxystilbene, Figure 3h) is the best known and best-characterized
derivative of stilbene due to its diverse potent biological activities and medicinal proper-
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ties. Several excellent review articles provide a wealth of knowledge on the antioxidant,
anti-inflammatory, cardioprotective, neuroprotective, and antitumor actions of resvera-
trol [54-58]. It is present in several dietary sources, including grapes (Vitis vinifera), soy-
beans, blueberries, pomegranates, and peanuts. Despite the significant biological potential
of resveratrol, its use in medical therapies is still limited due to its low bioavailability.
When ingested orally, stilbene derivatives are highly absorbed by the gastrointestinal tract,
quickly and extensively metabolized in the liver, and then excreted through urine. Only a
minor fraction of the absorbed compound will eventually reach the internal organs. There-
fore, RSV’s low bioavailability must be overcome to be considered a therapeutic agent for
enhancing the effects of radiotherapy. In this aspect, there is high hope for nanotechnology-
based carriers. Nanoparticles have improved RSV solubility, stability, pharmacokinetics,
and biodistribution in cancer tissues [59-62].

4.1. Resveratrol in Longevity and Cancer Therapy in Animal Model Studies

The health-promoting properties of resveratrol contributed to its recognition as a
potential longevity drug. One of the main factors accelerating the aging process is excessive
oxidative stress. Resveratrol improves the cells” ability to maintain the ROS antioxidant bal-
ance. First, it has ROS scavenging properties [63]. Second, resveratrol enhances/maintains
a high level of GSH and the activity of glutathione peroxidase (GPx), GSH transferase,
superoxide dismutase (SOD), and catalase (CAT) [64,65]. The increased antioxidant enzyme
activity may be stimulated by the influence of resveratrol on nuclear factor-erythroid-2
related factor 2 (Nrf2) [66]. The anti-aging effect of resveratrol is also related to its ability
to improve mitochondrial function [67]. Wang and colleagues showed that RSV pro-
moted mitochondrial function, up-regulating AMPK/SIRT1/Pgcl«, and down-regulated
Akt/mTOR pathway activity in the zebrafish model [68]. Growing evidence confirms that
low-grade chronic inflammation plays an important role in the progression of aging and
age-related diseases [69]. Resveratrol also has a beneficial effect on these processes [54,55].
Based on mouse models studies, it was found that RSV promotes an increased activity of
nuclear factor kappa B (NF-kB) and SIRT1, which results in the reduction of inflammatory
markers such as interleukin-1p (IL-13), tumor necrosis factor o« (INF-«) and monocyte
chemoattractant protein-1 (MCP-1) [70,71]. Health and longevity are related to the effective
maintenance of physiological, biochemical, and immune functions. To do this, the body
creates new cells to replace old or damaged cells (e.g., cancer cells). Apoptosis is involved
in this process. However, if apoptosis is dysregulated, age-related pathologies are likely to
emerge. For example, excessive apoptosis of neurons promoted the development of neu-
rodegenerative diseases [72,73]. Studies have shown that resveratrol treatment improved
cognitive dysfunction by reducing neuronal apoptosis [74-76]. Molecular analysis showed
that resveratrol increased the expression of SIRT1 and Bcl2, and decreased the expression
of RhoA and cleaved caspase-3 [74,75].

Resveratrol, in addition to its well-documented properties in the prevention of age-
related diseases and aging, has been extensively studied in terms of radiotherapy. However,
in this case, resveratrol has a double face. On one hand, it can increase the radioresistance
of cells, which is very beneficial in protecting healthy tissues during radiotherapy. On the
other hand, many studies show that it can increase the sensitivity of cancer cells to radiation
(literature review in a separate chapter below). The effectiveness of resveratrol in both
processes depends on many factors, such as dose, tumor pattern, and animal species, as
well as on other variables such as the sex and strain of the animals, method, and time of
administration. A detailed review of the literature and a discussion of the topic can be
found in several works [77-81]

Due to its strong anti-inflammatory and antioxidant properties, resveratrol is an
effective radioprotector. The studies carried out so far allow us to identify pathways, the
activation/inhibition of which increases the resistance of cells to IR. In vivo experiments
showed that the radioprotective effects of resveratrol were associated with the amelioration
of DNA damage [82,83]. A few studies indicated that it was a consequence of an increase
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in SIRT1 expression [84-86]. SIRT1 by stimulating p53 activity, overexpression of SOD2,
and glutathione peroxidase 1 (GPX1) led to a reduction of apoptosis and amelioration
of DNA damage [84,85]. The radioprotective effect of resveratrol was also confirmed by
Said et al. [87] and Radwan et al. [88]. In this case, the action of resveratrol was associated
with a reduction in the contents of inflammatory cytokines; TNF-«, nuclear factor-kappa
(NF-kB), and interleukin 13 (IL-13). Western blotting analysis revealed that resveratrol
down-regulated the proteins expression of phosphoinositide 3-kinases (PI3K), protein
kinase B (Akt) as well as the mammalian target of rapamycin (mTOR) [88].

In addition to the radioprotective effect of resveratrol, a synergistic effect in combi-
nation with ionizing radiation has been observed in many studies. The radiosensitizing
effects of resveratrol are well documented in in vitro studies as discussed in detail in a
separate section of this review. However, in just a few in vivo studies, the authors have
confirmed that resveratrol can enhance radiotherapy. In one study, the radiosensitizing
mechanism of resveratrol’s action is associated with increased autophagy and apopto-
sis [89]. Mikami et al. also showed that resveratrol can increase the efficacy of irradiation
through the regenerating gene (REG) III expression pathway [90]. In other studies, the
authors suggest that resveratrol in combination with ionizing radiation delayed repair of
radiation-induced DNA double-strand break (DSB) and prolonged G2/M arrest, which
induced apoptosis [91].

4.2. Clinical Trials of Resveratrol in the Treatment of Cancer and Selected Age-Related Diseases

Extensive research on resveratrol began when Renaud and de Logeril described an
epidemiological study of the association between coronary heart disease and high red
wine consumption in France. This phenomenon has been called the French Paradox [92].
A significant number of studies, including in vitro and preclinical studies, have shown that
resveratrol is potent against chronic inflammatory diseases such as cancer and age-related
diseases [93-96].

The effects of resveratrol in treating patients with various types of cancer (multiple
myeloma, breast cancer, follicular lymphoma, and neuroendocrine tumors) have been
investigated in several clinical trials. However, the majority of clinical trials are focused
on evaluating the effects of resveratrol in colorectal cancer development. This is due to
direct contact and prolonged exposure to colonic tissue. Moreover, the intestinal epithelium
seems to be better adapted to the absorption of active molecules compared to other tissues.
The oldest clinical study registered in the Clinic.trials.gov database dates back to 2005
(NCTO00256334). The aim of the study was to determine the effect of freeze-dried grape
powder (GP) on the Wnt signaling pathway in patients with colorectal cancer. Studies
have shown that low doses of resveratrol in combination with other bioactive ingredients
decreased the expression of the Wnt gene within the normal mucosa, but had no effect on
the cancerous mucosa. This indicates that GP may play a beneficial role in the prevention
of colon cancer, and not in the treatment of diagnosed colon cancer [97]. Other studies
focusing on the same type of cancer, were carried out by Patel et al. [98]. They showed
that administering resveratrol to patients with histologically confirmed colorectal cancer
for 8 days at a dose of 0.5 or 1 g per day reduced the proliferation of cancer cells by 5%.
The results suggest that a daily oral dose of 0.5 or 1.0 g of resveratrol is sufficient to induce
anti-carcinogenic effects. The low systemic availability of resveratrol due to its rapid
and intensive metabolism significantly limits its usefulness in the treatment of neoplasms
located in organs distant from the absorption site. Howells and colleagues used micronized
resveratrol (SRT501) in patients with colorectal cancer and liver metastases scheduled for
hepatectomy (NCT00920803). They found that SRT501 was better tolerated by patients
(3.6 times higher level compared to non-micronized resveratrol) and all side effects were
considered mild compared to non-micronized resveratrol. A significant increase in the
marker of apoptosis (cleaved caspase-3) was observed in tumor tissue compared to the
tissue from patients receiving a placebo [99]. The results of clinical trials conducted in
colorectal cancer patients indicate that resveratrol exhibits some pharmacological activity,
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it is unclear whether this effect is significant enough to be a useful therapeutic agent in the
treatment of this type of cancer.SRT501 alone or in combination with bortezomib has been
used in patients with relapsed and/or refractory multiple myeloma (NCT00920556). In this
study, researchers noted adverse events such as nausea, diarrhea, vomiting, fatigue, anemia,
infections, and most specifically renal failure. The main finding of the study was unexpected
renal toxicity that led to the early termination of the study [100]. Despite the very promising
in vitro studies described by Bhardwaj et al., [101], in which the combination of resveratrol
and bortezomib achieved synergistic cytotoxicity in multiple myeloma cells, clinical studies
do not support such an effect in humans.

Kjaer and colleagues conducted a randomized placebo-controlled clinical study using
two doses of resveratrol (150 mg or 1000 mg resveratrol daily) for 4 months in 66 middle-
aged men suffering from metabolic syndrome. The highest dose of resveratrol significantly
lowered the serum levels of the androgen precursors androstenedione, dehydroepiandros-
terone, and dehydroepiandrosterone sulfate. However, the prostate size and circulating levels
of PSA, testosterone, free testosterone, and dihydrotestosterone were unchanged [102]. The
authors do not support the use of resveratrol in the treatment of benign prostatic hyperplasia.
In subsequent clinical trials the efficacy of a commercial preparation of powdered skin
from muscadine grapes (containing ellagic acid, quercetin, and resveratrol) in patients with
nonmetastatic biochemically recurrent prostate cancer has been evaluated (NCT01317199).
In the first phase of the research, it was shown that the preparation, even at a high dose,
4000 mg/day, was safe for patients [103]. Then Paller and colleagues conducted a random-
ized, multicentre, placebo-controlled phase II clinical study [104]. A study carried out on
125 patients provided evidence that the polyphenol-rich muscadin grape skin extract did
not benefit the overall prostate cancer patient population. Based on these studies, it seems
unlikely that resveratrol will be an effective treatment for prostate cancer, but more clinical
trials need to be conducted to confirm this.

Alternatively, in the case of breast cancer, one clinical trial has indicated that resveratrol
may be a promising therapeutic agent for such diseases [105]. The results showed that total
trans-resveratrol and glucuronide metabolite serum levels increased over time. In addition,
the authors demonstrated the dose-dependent effects of resveratrol on methylation of
RASSF-1a, a gene associated with breast cancer. RASSF-1x methylation decreased with
increasing levels of trans-resveratrol and resveratrol-glucuronide in the circulation, and
with decreasing breast-specific prostaglandin (PG)E2 expression in the breast. These results
suggest that resveratrol may influence the epigenetics of the genes associated with breast
cancer, which should be confirmed in future clinical trials. Other studies focusing on the
same type of cancer are still ongoing with no results so far. One of the trials (NCT04266353)
investigates the inhibitory effect of resveratrol on insulin-like growth factor II (IGF-II)
expression in African American women with breast cancer. The purpose of the second
study (NCT05306002) is to assess whether DNA damage in patients with breast and ovarian
cancer syndrome decreases with dietary components, including resveratrol. Based on the
presented clinical trials, it is difficult to definitively conclude about the therapeutic effec-
tiveness of resveratrol, taking into account the small number of clinical trials conducted.

Numerous in vitro and in vivo studies have confirmed the beneficial effects of resvera-
trol in age-related diseases, e.g., such as neurodegenerative disease, diabetes, and atheroscle-
rosis. The ClinicalTrials.gov database has registered 5 clinical studies on the effects of
resveratrol on Alzheimer’s disease (AD), of which the results of 2 tests have been published
(NCT00678431, NCT01504854). Both studies showed that RSV is safe and well tolerated
in patients with mild to moderate AD [106-108]. Resveratrol and its major metabolites
penetrated the blood-brain barrier and affected the cerebrospinal fluid. Compared with
placebo-treated patients, patients treated with resveratrol had a slower decrease in beta-
amyloid 42 (Ap42) and A340 in the cerebrospinal fluid, indicating less accumulation of A3
in the brain. It was also observed that the levels of tau and phospho-tau in the cerebrospinal
fluid remained unchanged. The authors concluded that targeting the molecular pathways
of aging could lead to new therapies that will delay or prevent aging-related diseases,
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including AD. Both clinical studies presented results consistent with those obtained in
in vitro and in vivo studies and provided evidence that resveratrol may be a safe and
effective treatment for AD [109].

Diabetes mellitus (DM) is another common, chronic, and serious disease in which
resveratrol may be effective. In clinical trials, Brasnyo et al. investigated whether resveratrol
improves insulin sensitivity in patients with type 2 diabetes mellitus (T2DM). The levels of
glucose-dependent insulinotropic polypeptides (GIP) and glucagon-like peptide 1 (GLP-1)
(hormones affecting postprandial hyperglycemia) and the ratio of phosphorylated protein
kinase B (pAkt) to protein kinase B (Akt) were also tested. In diabetic patients, resveratrol
did not alter GLP-1 or GIP levels, but significantly reduced insulin resistance and blood glu-
cose levels, and delayed postprandial glucose peaks. The authors suggested that resveratrol
improved insulin sensitivity in humans by reducing oxidative stress which leads to more
efficient insulin signaling through the Akt pathway [110]. Similarly, promising results in
clinical trials (CTRI/2011/05/001731) were obtained by Bhat et al. [111]. A study revealed
that daily resveratrol treatment for 3 months decreased glycated hemoglobin (HbA1lc)
levels, systolic blood pressure, total cholesterol, and total protein, improving glycemic con-
trol. The authors concluded that oral supplementation of resveratrol could be a potential
adjuvant for the treatment of diabetes [111]. Thazath et al. drew the opposite conclu-
sions about the use of resveratrol to improve glycemic control [ACTRN12613000717752].
The authors found that in T2DM patients, resveratrol had no effect on GLP-1 secretion,
glycemic control, gastric emptying, body weight, or energy intake [112]. Subsequent clinical
trials (NCT02565979, NCT02129595) by Ligt and colleagues also found that resveratrol
supplementation did not increase insulin sensitivity [113,114].

Resveratrol is one of the most active polyphenols that stimulate SIRT-1 activity [115].
The activity of this protein is decreased in T2DM [116]. The clinical trials (NCT02244879)
evaluated whether an increase in SIRT-1 expression/activation affected the acetylation
of histone 3 at the 56th lysine residue (H3K56ac) in T2DM patients who were receiving
either resveratrol or placebo for 6 months. Unexpectedly, it was found that not all patients
receiving resveratrol displayed increased SIRT-1 expression/activation. Nevertheless, the
increase in SIRT-1 expression was associated with significant H3K56ac content reduction
and increased serum antioxidant activity in diabetes patients [117]. The same clinical studies
demonstrated that 6-month supplementations with 500 or 40 mg/day of resveratrol in-
creased pentraxin 3 (anti-inflammatory protein produced in response to inflammation [118])
level and total antioxidant status in type 2 diabetic patients [119]. Increased expression
of SIRT1 and AMPK in skeletal muscle was confirmed in other clinical trials in diabetic
patients supplemented with resveratrol (NCT01677611). These results indicated that resver-
atrol may have beneficial exercise-mimetic effects in type 2 diabetes patients [120]. Analysis
of data from registered controlled trials by Fraiz et al. showed that RSV supplementation
can stimulate SIRT-1 in humans and thus contribute to the treatment of overweight and
its comorbidities. However, more research is needed as this effect has not been really
confirmed [121].

A critical review of clinical trials evaluating the efficacy and safety of resveratrol
preparations for adults with type 2 diabetes was conducted by a team of scientists from the
University of Manitoba [122]. The authors conclude that the current studies are insufficient
to assess the safety and efficacy of resveratrol supplementation in the treatment of adults
with type 2 diabetes. The limited available studies do not provide sufficient evidence to
support any beneficial or unfavorable effect of four to five weeks of resveratrol at a dose of
10 mg to 1000 mg in adults with type 2 diabetes [121].

Atherosclerosis is considered the major cause of cardiovascular diseases (CVD). It is
characterized by the deposition of extracellular lipids, the proliferation and migration of
local smooth muscle cells, and chronic inflammation. It leads to luminal narrowing and/or
thrombus formation, resulting in clinical events such as coronary artery disease, peripheral
arterial disease, or stroke [123,124]. Contrary to the promising results of animal studies,
clinical trials evaluating the effect of resveratrol on the plasma lipid profile in humans have
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not been conclusive. For example, in clinical trials conducted in healthy obese men and
healthy adult smokers treated for 30 days with resveratrol 150 mg/day and 500 mg/day;,
respectively, significant reductions in plasma triglycerides were found [125,126]. Another
study in patients with type 2 diabetes revealed that supplementation of resveratrol for
3 months significantly improves total cholesterol. No significant changes in body weight
and high-density lipoprotein and low-density lipoprotein cholesterols were observed [111].
Tome-Carneiro and colleagues showed that in statin-treated patients with high CVD risk,
a daily intake of 350 mg of resveratrol-enriched grape extract containing 8 mg of resver-
atrol resulted in a 20% reduction in oxidized LDL cholesterol and a 4.5% reduction in
LDL cholesterol [127]. However, many clinical studies have not confirmed the effect of
resvertrol on the lipid profile in non-obese women with normal glucose tolerance [128],
clinical trials NCT00823381), obese men (NCT01150955) [129], mildly hypertensive adults,
overweight/obese adults [130] and in patients with the metabolic syndrome [131]. Simi-
lar conclusions from systematic review and meta-analysis on randomized clinical trials
were made by Haghighatdoost and Hariri [132]. The results indicated that resveratrol
supplementation did not change circulating low-density lipoprotein, total cholesterol, and
high-density lipoprotein, while triacylglycerol showed significant increases after taking
resveratrol supplements. The authors conclude that resveratrol does not change lipid
profile concentration [132].

A clinical trial has also been conducted on the effects of resveratrol on the primary
prevention of atherosclerosis (NCT01244360). The clinical trial focused primarily on en-
dothelial responses and plasma biomarkers in healthy subjects. Changes in the expression
of genes associated with inflammation and atherosclerosis were assessed, including inter-
leukins (IL), interferon-gamma (IFN-y), TNF-«, a vascular cell adhesion molecule (VCAM),
and an intercellular adhesion molecule (ICAM). Treatment with resveratrol has been shown
to reduce the expression of intercellular adhesion molecules (ICAM), vascular cell adhesion
molecules (VCAM), and interleukin-8 molecules that contribute to the development of
atherosclerosis by promoting lipid deposition and exacerbating inflammation [133]. Over-
all, more clinical data is needed to fully understand the therapeutic potential of resveratrol.
Until then, resveratrol will continue to be promising, but not yet proven.

4.3. Resveratrol as a Radiosensitizer

In light of mechanisms favoring and limiting the effectiveness of radiotherapy, resver-
atrol action may appear contrary to the desired properties of substances by increasing the
sensitivity of cells to ionizing radiation. However, the effect of resveratrol on cells follows
the classic concept of hormesis, i.e., the theory that the dose of a given factor determines
whether it will have a beneficial or harmful effect on the organism. All the aforementioned
effects related to resveratrol consumption through food products mainly result from its
consumption in relatively small amounts. With an appropriately high dose, resveratrol
can act in a manner opposite to the standard antioxidant effects of polyphenols. This is
especially important in the context of sensitization of neoplastic cells to ionizing radiation,
which, depending on the type of neoplasm, exhibit a number of mechanisms that make
them more resistant to radiation.

One such mechanism is the increased expression of STAT (signal-transducer-and-
activator-of-transcription) transcription factors, which are overexpressed in the head and
neck squamous cell carcinoma (HNSCC). This condition promotes the growth and survival
of cancer cells. The phosphorylated form of STAT3 reduced the level of the p53 tumor
suppressor, increased the activity of anti-apoptotic proteins, and increased the tumor’s
resistance to chemotherapeutic agents and ionizing radiation. These processes are triggered
by the stimulation of vascular endothelial growth factor (VEGF), matrix metalloproteinases-
2 and -9 (MMP-2 and MMP-9), and inhibitors of apoptosis protein-1 (IAP-1) [134,135].
In FaDu cells, resveratrol could significantly lower the level of STAT3 phosphorylation
by activating the suppressor of cytokine signaling 1 (SOCS-1), an inhibitor of STAT3.
As a result, cell proliferation was inhibited, apoptosis induced, and the use of 100 tM
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resveratrol increased cell sensitivity to radiation at a dose of 10 Gy [136]. Yang et al. [137]
had similar observations on radioresistant glioblastoma multiforme tumor-initiating cells
(GBM-TIC). In their study, cells were irradiated with doses of radiation at varying intensities,
which increased STAT3 phosphorylation, and GBM-CD133*TIC cells were characterized
by high tumorigenic capacity and radiochemical resistance. The use of 100 uM resveratrol
increased the cell sensitivity to radiation and induced apoptosis by inhibiting STAT3
signaling. Apart from the induction of apoptosis, resveratrol may also induce cell cycle
inhibition, autophagy and reduce the response of cells to DNA damage, leading to further
radiosensitization [90,138].

The group of neoplasms in which radiotherapy is the first-line treatment strategy is
prostate neoplasms. Despite this, prostate cancers (PC) become resistant to this type of
treatment. Among the factors influencing the emergence of tumors, radiation resistance
is the inhibition of DOC-2/DAB2 (DAB2IP) protein activity. This protein participates in
regulating cell proliferation, cell survival, and apoptosis by inactivating the phosphatidyli-
nositol 3-kinase/ Akt signaling pathway. During the study on the human DAB2IP-deficient
prostate cancer cells resistant to IR (LAPC4-KD and PC3-KD cell lines), irradiation with
X-rays in doses of 2-6 Gy was used after prior incubation of cells with 25 or 500 pg/mL of
resveratrol. Resveratrol could enhance the effect of irradiation by inhibiting cell prolifera-
tion, inducing apoptosis, arresting the cell cycle, and delaying and slowing down cellular
responses to radiation-induced DNA damage [91].

Another mechanism that sensitizes prostate cancer cells to ionizing radiation is the
activity of the perforin and granzyme B proteins, which are an important element of the
killer properties of lymphocytes and NK cells. Fang et al. showed that resveratrol up-
regulated the perforin and granzyme B expression in prostate cancer cells (line PC-3 and
DU145). Ionizing radiation alone up-regulated the expression of granzyme B, but not that
of perforin. The combined IR and resveratrol treatment of PC-3 and DU145 cells increased
the expression of both perforin and granzyme B. A significant reduction was observed in
survival and a remarkable increase in apoptosis [139]. The same authors in subsequent
studies confirmed that RSV synergizes with IR to inhibit the proliferation of a PC cell line by
promoting apoptosis and senescence. The antiproliferative effect of RSV /IR correlated with
increased expression of antiproliferative molecules p15, p21, and mutant p53 and decreased
expression of cyclin B, cyclin D, and cell division protein kinase 2 (cdk2). Increases in
apoptosis correlated with the increased expression of pro-apoptotic molecules such as the
Fas receptor and TRAIL receptor 1 (TRAILR1). Similar to apoptosis, cellular senescence
has been shown to function as a potent mechanism to inhibit tumor cell proliferation
and survival; phosphorylation of histon H2A.X has been suggested as a marker for cell
senescence. Fang et al. showed that RSV/IR promoted senescence as evidenced by the
increased expression of H2A. X [140].

Rashid et al. also confirmed resveratrol’s high efficiency in sensitizing prostate can-
cer cells to ionizing radiation [141]. The authors showed that resveratrol concentrations
similar to those achieved in human serum (2.5 and 5 pM) enhanced the cytotoxicity of a
conventional radiation therapy fraction (2 Gy) in PC cells without additional toxicity to
normal epithelial cells. They performed studies proposing resveratrol’s model of action and
ionizing radiation in regulating the cell cycle and survival in PC cells. Accordingly, RSV
enhances the effects of IR on kinase AMPK activation, leading to an early cell cycle arrest,
and inhibits Akt kinase to reduce gene expression, proliferation, and enhance radiation
cytotoxicity [141].

The synergistic effect of resveratrol and radiation on inhibiting the cell survival of
radioresistant PC cells (exactly DU145 cells) was confirmed in another study. Scarlatti et al.
showed that resveratrol potentiates ionizing radiation-induced ceramide accumulation
by promoting its de novo biosynthesis [142]. Ceramide accumulation is an important
pro-apoptotic signal enabled by the activation of sphingomyelinases as a response to
various stress factors (i.e., tumor necrosis factor). Ceramide activates a serine-threonine
protein phosphatase, and in cells, it regulates protein phosphorylation as well as multiple
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downstream targets (such as interleukin converting enzyme (ICE)-like proteases, stress-
activated protein kinases, and the retinoblastoma gene product) that mediate its distinct
cellular effects [143].

Melanomas are the most aggressive skin cancer type, which is also characterized by high
resistance to chemotherapeutic agents. Radiotherapy is used as an adjuvant treatment after
surgery and alongside chemotherapy, mainly to control metastasis. The 50 uM resveratrol
concentration combined with a 5 Gy radiation dose resulted in the reduced survival of SW1
and WM35 melanoma cells [144]. Studies on cultured mouse melanoma B16F10 and mouse
colon carcinoma CT26 cells showed that resveratrol led to the radiosensitization of cancer
cells by increasing apoptotic cell death and loss of mitochondrial membrane potential,
presumably through enhanced ROS generation [145].

The use of resveratrol in the amount of 20 uM also enhances the sensitivity of non-
small cell lung cancer cells at radiation doses from 0 to 8 Gy. This synergistic strategy
induced radiosensitization through apoptosis-independent molecular pathways and in-
creased the production of reactive oxygen species and DNA double-strand breaks, thus
leading to accelerated cell aging and death [146]. Another study on A549 lung cancer cells
proved that resveratrol could potentiate the effects of cell irradiation by limiting the cancer
cell’s ability to regulate intracellular calcium concentration through the store-operated
calcium entry (SOCE) mechanism. This result was achieved by reducing the expression of
the key elements for this mechanism, i.e., the matrix stromal interaction molecule (STIM1)
and a calcium release-activated calcium channel protein (Orail) responsible for detecting
the decrease in the concentration of calcium ions in the endoplasmic reticulum and trig-
gering the influx of calcium ions from the extracellular space. This process can lead to
the autophagy of cells [147]. This mechanism has also been identified earlier in prostate,
colorectal, and melanoma cancer cells [148,149].

Another mechanism that may be influenced by resveratrol is the sirtuin 1protein
(SIRT1). This protein can silence genes related to aging processes, and under normal condi-
tions, it protects healthy cells against ionizing radiation. SIRT1 is apparently bifunctional in
tumors and has both suppressor and oncogenic functions. There are reports that SIRT1 stim-
ulation can induce cell proliferation, angiogenesis, and cancer cell resistance to treatment.
However, these effects may differ in different types of neoplastic cells [150]. It has also been
suggested that stimulating SIRT1 by resveratrol may regulate the amount of cyclin D1, lead-
ing to the inhibition of tumor cell proliferation and survival [151]. Research into this aspect
of the response to resveratrol is fairly limited, and its combination with ionizing radiation
has different ramifications for different cell types. An analysis of resveratrol and IR effects
on A549 and H460 lung cancer cells showed that SIRT1 expression was negatively corre-
lated with radiosensitivity in lung cancer cell lines. Radiation sensitivity was significantly
reduced when SIRT1 was activated by resveratrol. The SIRT1 action was mainly related
to the regulation of DNA damage repair and apoptosis processes (SIRT1/NF-«B/Smac
pathway) [152]. Based on published findings, the SIRT1/NF-kB/Smac pathway may be a
new potential target pathway in therapy for non-small cell lung carcinoma. Resveratrol
combined with ionizing radiation appears to have the opposite effect, i.e., reducing the
radiosensitivity of lung cancer cells.

Radiotherapy is a treatment method commonly used to treat glioblastoma. Standard
treatment strategies include surgery followed by adjuvant radiochemotherapy. In this
respect, resveratrol as a factor sensitizing cancer cells to radiation doses may increase
the effectiveness of treatment [139,140]. Resveratrol was tested on SU-2 cells exposed to
X-ray radiation in single doses from 0 to 6 Gy. The initial application of 75 pM resveratrol
reduced the proliferation of cancer cells compared with radiation-only cells. There was
also an increase in the microtubule-associated protein light chain 3 expression, which
plays a key role in cell autophagy, and a reduction in the amount of anti-apoptotic protein
Bcl-2 [90]. The BAX/Bcl-2 ratio was also reduced in the pituitary cancer model for GH3
and TtT/GF cells. Irradiation of cells after applying 10 uM resveratrol induced cell death,
whereas the irradiation itself only limited their growth [153]. In another glioblastoma
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model, the inhibitory effect of resveratrol on the HIF-1o protein was observed on U87 MG
cells. HIF proteins are elements of the cell’s response to the state of hypoxia. Their activa-
tion is associated with reducing apoptosis, cell differentiation, activation of DNA repair
mechanisms, and stimulation of the formation of new blood vessels. All these effects are
associated with tumor resistance to treatment, and the state of tissue hypoxia alone is a
poor prognosis for the further course of the disease [154-157]. Hypoxic neoplastic cells also
become resistant to ionizing radiation [158,159]. The use of resveratrol at a concentration of
20 uM before the combined action of 1 uM iododeoxyuridine (a substance that causes cell
sensitization to radiation) and irradiation with a dose of 2 Gy reduced the ability of cells to
form colonies. It increased the degree of DNA damage compared with cells treated only
with iododeoxyuridine [160].

Radioresistance is also a hallmark of nasopharyngeal carcinomas (NPCs). Tumors
belonging to this group are more common in the Asian continent and are often diagnosed in
the advanced and metastatic stages. In order to overcome the radiation resistance of human
CNE-1 cells, they were incubated with resveratrol at concentrations ranging from 25 to
150 uM prior to irradiation with X-rays (0-6 Gy). Resveratrol increased the cells’ sensitivity
to radiation but decreased their viability and ability to form dose-dependent colonies. In
this case, RSV’s radiosensitizing activity was based on the phosphorylated form of AKT
inhibitors by reducing the level of transcription factor E2F1. Moreover, administering
resveratrol in the NPC tumor xenograft models at 50 mg/kg/day and 4 Gy/day irradiation
doses for the next 3 days significantly reduced the tumor volume and weight of treated
mice compared with those exposed to radiation only or who were administered resveratrol
alone [161].

The ability to sensitize cells to ionizing radiation was also studied in a breast cancer
cell model. In the MCEF-7 cell line, the combined action of resveratrol at various concen-
trations (0, 10, 30, 100 pM) combined with radiation at doses of 1, 2, and 3 Gy, induced
cytotoxic effects, limited cell proliferation, and inhibited the cell cycle. Interestingly, the
best results were achieved using 30 uM resveratrol combined with 3 Gy of radiation [162].
In subsequent studies conducted on the same cell model (MCF-7), it was shown that out of
the selected stilbene derivatives (resveratrol, piceid, and piceatannol), resveratrol increased
the effect of IR the strongest. Our results showed that RSV combined with IR led to a
decrease in the activity of antioxidant enzymes, resulting in the accumulation of the formed
ROS. RSV combined with IR reduced the activity of antioxidant enzymes, resulting in the
accumulation of nascent ROS. The effects of resveratrol and IR also enhanced the expression
of apoptotic genes, such as Bax, p53, and caspase 8, leading to apoptosis [163]. Amini et al.
showed a similar sensitizing effect of resveratrol combined with radiotherapy in MCF-7
cells [164].

5. Summary

In vitro and in vivo data indicate that plant compounds can be effective in increasing
the radiation sensitivity of cancer cells. Nevertheless, clinical applications of natural
products in radiotherapy are scarce, which may be related to their low bioavailability
in the human body. A growing body of research gives hope that the bioavailability and
efficacy of radiosensitization can be significantly increased by using new drug delivery
systems. However, only the well-documented biological activity of compounds is the basis
for further research into methods to optimize bioavailability in humans.

This review presents clinical trials of natural radiosensitizers and discusses their
mechanisms of action. If the clinical trials have been completed, the article also discusses
their results. In addition, the review summarizes the huge number of preclinical studies
investigating the radiosensitizing effects of resveratrol.
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Abstract: Radiotherapy is among the most important methods for breast cancer treatment. However,
this method’s effectiveness is limited by radioresistance. The aim of this study was to investigate
whether the stilbene derivatives piceid, resveratrol, and piceatannol have a radiosensitising effect
on breast cancer cells (MCF-7). The conducted research enabled us to determine which of the tested
compounds has the greatest potential in sensitising cells to ionising radiation (IR). Among the
stilbene derivatives, resveratrol significantly increased the effect of IR. Resveratrol and IR used in
combination had a higher cytotoxic effect on MCF-7 cells than using piceatannol, piceid, or radiation
alone. This was due to a significant decrease in the activity of antioxidant enzymes, which resulted in
the accumulation of formed reactive oxygen species (ROS). The effect of resveratrol and IR enhanced
the expression of apoptotic genes, such as Bax, p53, and caspase 8, leading to apoptosis.

Keywords: natural polyphenols; stilbene derivative; ionising radiation; MCF-7 cells; breast cancer;
radiotherapy

1. Introduction

Cancer is the second most common cause of death in the world, after cardiovascular
diseases. Each year, there are 18,100,000 new cancer cases in the world. Breast cancer
is the most commonly diagnosed type of cancer and the leading cause of cancer-related
deaths in women, with approximately 1,500,000 new cases and 400,000 deaths each year [1].
Currently, the basic methods of treatment of breast cancer include surgical tumour removal,
chemotherapy, endocrine therapy and radiotherapy. Half of metastatic breast cancers
respond to endocrine therapy. Postoperative adjuvant hormone therapy reduces disease
relapse by approximately 50% [2]. Radiotherapy is aimed at destroying cancerous changes
using ionising radiation (IR); however, in some cases, solid epithelial breast tumours
are observed to be resistant to the apoptosis that is induced by IR. Despite the fact that
radiotherapy has huge potency, it also poses risks for patients since normal cells are also
sensitive to radiation-induced damage. Therefore, a lot of studies are aimed at developing
new drugs that can protect normal cells from radiation-induced apoptosis and increase the
toxic effect of IR in cancer cells [3].

In recent years, compounds of plant origin—called phytochemicals—have been the
subject of many studies and have been identified as potential radiosensitisers that enhance
the sensitivity of cancer cells to IR [4,5]. Many of them are also considered antitumour
drugs [6,7].

The most popular polyphenol and powerful antioxidant is resveratrol (3,4,5-trans-
trihydroxystilbene, abbreviation R) [8-10]. The highest concentrations of this compound
have been observed in grapes, berries, and peanuts.

Int. ]. Mol. Sci. 2021, 22, 9511. https:/ /doi.org/10.3390/ijms22179511

https:/ /www.mdpi.com/journal/ijms


https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-0167-9321
https://doi.org/10.3390/ijms22179511
https://doi.org/10.3390/ijms22179511
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22179511
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22179511?type=check_update&version=1

Int. . Mol. Sci. 2021, 22,9511

20f18

Naturally occurring analogues of resveratrol are piceatannol (3-hydroxyresveratol,
abbreviation ROH) and piceid, also known as polydatin (trans-resveratrol substituted at
position 3 by a beta-D-glucosyl residue, abbreviation RG) (Figure 1). Piceid is a natural
precursor and the glycoside form of resveratrol. In addition, it is the most abundant form
of resveratrol in nature [11]. A number of studies have suggested that piceid may have a
bioactivity that is similar to resveratrol [12,13]. Piceatannol is a resveratrol metabolite found
in red wine, white tea, passion fruit, and Japanese knotweed. Studies have shown that
these compounds possess many different biological properties, such as anti-inflammatory;,
immunoregulatory, antioxidative, and antitumour activities. The antitumour activity of
stilbene derivatives is mediated mainly by the signalling pathways associated with gene
expression and the induction of cell apoptosis [14,15].
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Figure 1. Chemical structure of resveratrol and its derivatives, piceatannol and piceid.

In this study, we aimed to investigate whether resveratrol and its derivatives, piceatan-
nol and piceid, could sensitise breast cancer cells (MCE-7) to ionising irradiation. In all
experiments, cells were pretreated with the stilbene derivative for 3 h (5 or 25 uM) and/or
with IR (doses of 2 or 6 Gy), and then the following series of assays were performed: cell
viability assays (MTT assay), FITC Annexin V staining (for determination of the percentage
of cells that were actively undergoing apoptosis), apoptotic gene expression assays (p53,
Bax, Bcl-2, caspase 3, and caspase 8), Western blotting analyses and antioxidant enzyme
activity assays (catalase [CAT], superoxide dismutase [SOD], and glutathione peroxidase
[GPx] activity).

2. Results
2.1. Cell Viability

In the first stage of our study, we investigated the cytotoxic effect of the studied com-
pounds on MCEF-7 cells incubated for 48 h. These compounds were used at concentrations
of 2.5-100 uM. The control consisted of cells that were not treated with the compounds. Of
the tested compounds, resveratrol was the most cytotoxic. Piceatannol showed a slightly
lower cytotoxicity, whereas piceid did not significantly affect metabolic viability. Incubation
of the cells with resveratrol for 48 h resulted in a statistically significant decrease in viability
above a concentration of 25 pM. Piceatannol caused a statistically significant decrease in
viability above a concentration of 50 uM (Figure 2). Piceid did not alter viability in the
concentration range studied. For further studies, compounds were used at concentrations
of 5 or 25 uM.

Next, we determined the cytotoxicity of the tested compounds in combination with
the action of IR in doses of 2 or 6 Gy. IR alone (at both doses used) caused a decrease in
the metabolic viability of MCF-7 cells after 48 h of incubation (Figure 3a,b). There was no
difference in viability depending on the dose. At doses of both 2 and 6 Gy, the decrease in
viability was about 20% (Figure 3).
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Figure 2. Effect of resveratrol (R), piceatannol (ROH), and piceid (RG) on MCF-7 viability. Cell
viability was estimated with the MTT test and analysed after 48 h of treatment of the MCF-7 cells
with stilbene at concentrations of 0-100 uM. The presented data are the average of five independent
experiments, shown as the mean + SD (* p < 0.05, Student’s -test).
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Figure 3. The MCF-7 cell viability under the effect of 5 (a) or 25 uM (b) of resveratrol (R), piceatannol (ROH), and piceid
(RG) alone and in combination with ionising radiation (IR) (dose of 2 or 6 Gy) was determined using an MTT test after 48 h
of incubation. All results are presented as the mean + SD of three independent repetitions. Treatments were compared by a
two-way analysis of variance (ANOVA) followed by Tukey’s post hoc test (p < 0.05). The mean difference (*) was compared
with the control and (#) with IR.

Forty-eight hours after irradiation, we observed an increase in the viability of cells
incubated with the tested compounds (concentration: 5 pM) compared to the control. Simi-
larly, we observed an increase in cell viability under combination therapy (preincubation
with stilbenes at a concentration of 5 uM and treated with an IR dose of 2 Gy) compared
to cells treated with IR alone (Figure 3a). The use of a higher dose of 6 Gy resulted in a
decrease in viability, similar to that observed for cells exposed to radiation alone. Metabolic
viability significantly decreased in cells preincubated with polyphenols at a concentration
of 25 uM and treated with IR at doses of 2 and 6 Gy.



Int. . Mol. Sci. 2021, 22,9511

40f18

2.2. Apoptosis

Apoptotic and necrotic changes were determined by flow cytometry using an Annexin
V Apoptosis Detection Kit. Figure 4 shows the fraction of live, apoptotic, and dead cells.
The study was performed on cells that were preincubated with the tested compounds at a
concentration of 25 uM and then irradiated with a dose of 6 Gy and incubated for 24 h.
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Figure 4. Apoptosis in MCF-7 cells treated with 25 pM of resveratrol (R), piceatannol (ROH), and
piceid (RG) alone and in combination with IR (dose of 6 Gy). Annexin V and propidium iodide
staining in MCEF-7 cells incubated with stilbene and/or IR for 24 h. Data are shown as the mean + SD
of three independent repetitions. Treatments were compared by a two-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test (p < 0.05). The mean difference (*) was compared with
the control and (#) with IR.

Among the tested compounds, only resveratrol significantly induced apoptosis in
MCE-7 cells (about 20%) compared to the control (cells not treated with the compounds
and not exposed to radiation). In cells preincubated with resveratrol and then exposed
to IR, apoptosis was further induced. Apoptosis increased to about 33% (an increase
of approximately 10% compared to cells treated only with resveratrol, and an increase
of about 15% compared to cells treated with radiation alone). In samples preincubated
with piceatannol or piceid and then subjected to radiation, no significant increase in
the percentage of apoptotic cells was observed compared to the samples subjected to
only radiation.

2.3. Apoptotic Gene Expression

In MCF-7 cells, we determined the expression of the following five genes related to
the cell death process: Bax, Bcl-2, caspase 3, caspase 8, and p53 (Table 1 and Figure 5). Gene
expression was analysed by real-time PCR. Cells were incubated with the compounds at
25 uM and irradiated with a dose of 6 Gy. Changes in the expression of the selected genes
were examined after 24 h of incubation.
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Table 1. Effect of resveratrol (R), piceatannol (ROH), and piceid (RG) at concentrations of 25 uM, IR (dose of 6 Gy), and
their combinations on the transcription of genes involved in the apoptosis of MCF-7 cells. Gene expression was normalised
to the HPRT housekeeping gene. The delta—delta Ct method was used to determine the relative levels of mRNA expression
between the experimental samples and controls. The mean difference (*) was compared with the control and (#) with IR.

Control 6 Gy R R+6Gy ROH ROH + 6 Gy RG RG +6 Gy
p53 1.00 £+ 0.13 156 £0.11* 1.78+0.28*% 1.97 4+ 0.20 *# 1.64 £0.27* 1.74 +£0.15* 127 £0.12* 1.50 +£0.19*
Caspase 3 1.00 £ 0.05 1.24 £0.12* 1.19 £ 0.30 1.25 £ 0.16 1.04 £ 0.16 1.28 4+ 0.03 * 0.87 +0.10 1.26 £ 0.16
Caspase 8 1.00 £+ 0.04 150 £0.31* 141+042* 2.07 £ 0.11 *# 1.13 £ 0.44 212+ 012*  1.73£041* 1944 0.03 *#
Bax 1.00 £ 0.03 273£026* 2364+027* 525+ 0.46*# 217 +£046* 4.05£053*# 148+011*  3.19 £ 042*#
Bcl-2 1.00 £+ 0.05 1.63 +£026* 1.53+£031* 218 £0.39*# 152 +031* 202+036*  125+028* 1.65 £ 0.26 *
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Figure 5. The Bax/Bcl-2 ratio in the MCEF-7 cells treated with 25 uM of resveratrol (R), piceatannol
(ROH), and piceid (RG) alone and in combination with IR (dose of 6 Gy). MCF-7 cells were incubated
with stilbene and/or IR for 24 h. Data are the results of three independent repetitions. Treatments
were compared by a two-way analysis of variance (ANOVA) followed by Tukey’s post hoc test
(p < 0.05). The mean difference (*) was compared with the control and (#) with IR.

A statistically significant overexpression of p53 was observed under all tested models—
i.e., for cells exposed to radiation alone, cells treated with stilbene derivatives alone, and
cells treated with the compounds and radiation. The highest expression was induced by
resveratrol alone and resveratrol used in combination with radiation.

Expression of the proapoptotic Bax gene and the antiapoptotic Bcl-2 gene followed the
expression ratio of Bax/Bcl-2 (Figure 5). We observed an increase in the Bax/Bcl-2 ratio in all
systems tested. The highest increase in Bax expression relative to Bcl-2 was observed for
resveratrol used in combination with IR. The highest level of apoptosis was also observed
in this combination (Figure 4). To determine the apoptotic pathway induced by stilbene
derivatives alone or in combination with IR, the expression of caspase 3 and caspase 8 was
also measured.

In general, the increase in caspase 3 expression in MCF-7 cells was relatively low.
Among the tested derivatives, only resveratrol increased caspase 3 expression. All com-
pounds in combination with radiation increased caspase 3 expression at the level of ex-
pression observed for only irradiated cells. For caspase 8, an increase in expression was
observed in all tested systems—i.e., for cells exposed to radiation alone, cells treated with
stilbene derivatives alone, and cells treated with the compounds and radiation.
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2.4. Western Blot Analysis

Western blot analysis confirmed the increase in caspase 8 expression in MCF-7 cells
treated with the studied stilbene and irradiated together (Figure 6). We did not observe any
caspase 3 expression in MCF-7 cells, which is consistent with the data in the literature [16].
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Figure 6. Protein levels of (3-actin (a) and caspase 8 (b) in MCF-7 cells treated with 25 uM of resveratrol (R), piceatannol
(ROH), and piceid (RG) alone and in combination with IR (dose of 6 Gy). MCF-7 cells were incubated with stilbene and/or
IR for 24 h. The lysates were resolved by SDS-PAGE and analysed via the Western blot technique; primary mouse antibodies
(-actin (1:1000 dilution) and caspase 8 (1:500).

2.5. Antioxidant Enzyme Activities
In this study, the enzymatic activity of three antioxidant enzymes, CAT, SOD, and GPx

was determined (Figures 7-9).
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Figure 7. Effect of resveratrol (R), piceatannol (ROH), piceid (RG), ionising radiation, and their combinations on the catalase
(CAT) activity of MCE-7 cells. CAT activity was measured after incubation of the cells for 48 h. Cells were treated with
stilbene derivatives at concentrations of 5 uM (a) and 25 uM (b). The presented data are the averages of three independent
experiments, shown as the mean + SD. Treatments were compared by a two-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test (p < 0.05). The mean difference (*) was compared with the control and (#) with IR.
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Figure 8. Effect of resveratrol (R), piceatannol (ROH), piceid (RG), ionising radiation, and their combinations on the
superoxide dismutase (SOD) activity of MCF-7 cells. SOD activity was analysed after incubation of the cells for 48 h.
Cells were treated with stilbene derivatives at concentrations of 5 uM (a) and 25 uM (b). All data are the average of three
independent experiments, shown as the mean + SD (two-way analysis of variance (ANOVA) followed by Tukey’s post hoc
test, p < 0.05). The mean difference (*) was compared with the control and (#) with IR.
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Figure 9. Effect of resveratrol (R), piceatannol (ROH), piceid (RG), ionising radiation, and their combinations on the
glutathione peroxidase (GPx) activity of MCEF-7 cells. GPx activity was measured after incubation of the cells for 48 h. Cells
were treated with stilbene derivatives at concentrations of 5 uM (a) and 25 uM (b). The presented data are the average of
three independent experiments, shown as the mean + SD (two-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test, p < 0.05). The mean difference (*) was compared with the control and (#) with IR.

2.5.1. Catalase

Under the influence of radiation alone, after 48 h of incubation, we did not observe

any significant changes in CAT activity (Figure 7).

Incubation of the cells for forty-eight hours with low concentrations of piceid alone
significantly increased CAT activity by approximately 12% compared to the control. At
a concentration of 5 uM, resveratrol and piceatannol did not change the enzyme activity

(Figure 7a).
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At a higher concentration of the tested compounds (25 pM), a significant decrease in
CAT activity was observed for cells preincubated with resveratrol and then irradiated with
doses of 2 and 6 Gy.

2.5.2. Superoxide Dismutase

With an increase in dose radiation, we observed an increase in enzyme activity com-
pared to the control. Resveratrol and piceatannol alone at both applied concentrations
did not statistically change the enzyme activity. Piceid alone at a concentration of 5 uM
produced a statistically significant increase in SOD activity.

We observed a statistically significant decrease in SOD activity in cells treated with
resveratrol or piceid at a concentration of 25 uM and then irradiated, compared to that
in cells treated only with ionising radiation. A significant increase in SOD activity was
observed in cells preincubated with piceid at a concentration of 5 uM and then irradiated
with a dose of 2 Gy. Application of the 6 Gy dose did not significantly affect the activity
of the enzymes in cells preincubated with piceid. However, we observed an increase in
enzyme activity in the cells preincubated with resveratrol or piceatannol. In most cases, the
treatment of cells with 25 pM of polyphenol followed by irradiation significantly reduced
the activity of SOD.

2.5.3. Glutathione Peroxidases

The effect of radiation and polyphenols alone on MCE-7 cells did not significantly
affect the activity of GPx (Figure 9). A significant increase in enzyme activity was also ob-
served in cells preincubated with piceatannol (at both concentrations used) and irradiated
with a dose of 6 Gy.

3. Discussion

Breast cancer is the most frequently detected malignancy in women and a major
cause of cancer death among women worldwide [17]. Radiotherapy is among the most
important methods of cancer treatment. Radiotherapy is not only considered a primary
therapy but is also used alongside chemotherapy, hormone therapy, and surgery [18,19].
Nonetheless, radioresistance and side effects are limiting factors of this method for breast
cancer treatment. Therefore, studying substances that can enhance the radiation effect
and protect normal cells is highly relevant. Many studies have demonstrated that several
bioactive food components, such as polyphenols (curcumin, genistein, and quercetin), can
increase the radiosensitivity of tumour cells [20,21]. The latest studies have shown that
resveratrol intensifies the radiosensitivity of breast cancer cells (MCF-7), prostate cancer
cells (PC3), and nasopharyngeal carcinoma cells (CNE-1) [22-25].

The aim of this study was to investigate whether stilbene derivatives, i.e., piceid,
resveratrol, and piceatannol, can affect the radiosensitising effect on breast cancer cells
(MCF-7). In addition, the conducted research allowed us to determine which of the tested
compounds had the greatest potential in sensitising cells to IR.

The concentrations of the tested compounds used in the present study were 5 and
25 uM. The greatest cytotoxic effect on MCEF-7 cells, assessed using an MTT test, was
observed at a concentration of 25 uM. The most cytotoxic compound was resveratrol
(yielding a decrease in metabolic viability of about 41%), and the least cytotoxic was piceid
(yielding a decrease of about 17%). The use of resveratrol and the other tested compounds
at a concentration of 5 pM did not significantly affect the metabolic viability, apoptosis,
or activity of antioxidant enzymes in the cells treated with the compound alone or in
combination with IR. In many cases, we observed a significant stimulation of MCF-7 cells
(increased viability and activity of antioxidant enzymes). A concentration-dependent
impact of resveratrol, piceatannol, and another small natural compounds on cancer cells
was previously observed by other authors [24,26-28]. Low concentrations promoted the
viability and proliferation of a variety of cancer cell lines (i.e, a procarcinogenic effect),
while higher concentrations had an anticarcinogenic effect [24,26,29].
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Subsequently, we determined which of the studied compounds increased the cytotoxic
effect of ionising radiation on the cells. It was shown that piceid at a concentration of 25 uM
together with IR (6 Gy) can reduce metabolic viability to the greatest extent (a reduction
of around 14% compared to the additive effect of piceid and IR). In the remaining cases,
it was shown that the tested compounds (25 uM) in combination with radiation reduced
the metabolic viability of MCF-7 cells to a lesser extent compared to the sum of the effects
of the studied stilbenes and IR. Resveratrol in combination with radiation decreased
metabolic viability to the same extent as the compound alone, without an additive effect.
Rai et al. showed that radiation induces mitochondrial biogenesis and hyperactivation,
leading to increased metabolic viability and MTT reduction. The extent of the radiation-
induced reduction in cell numbers was found to be larger than the decrease in MTT
reduction in many cell lines tested. The tetrazolium salts used in the MTT assays to
measure the mitochondrial metabolic rate did not correlate with actual percentage of
terminated cells [30].

We then estimated the extent to which the tested compounds, in combination with
radiation, induced cell death. This evaluation was performed using the fluorimetric
method with a high-sensitivity Annexin V-FITC Apoptosis Kit. We also attempted to assess
the rate of apoptosis and necrosis 48 h after irradiation was performed (i.e., incubation
time, after which the viability and activities of the antioxidant enzymes were assessed).
However, the obtained results were unreliable. Apoptosis, which involves the activation
of proteins from the BCI-2 family and depolarisation of the mitochondria, is a relatively
rapid process that occurs within a few hours of the applied stimulus [31,32]. Finally, the
rate of apoptosis was measured 24 h after IR exposure. Our study showed that among
the selected compounds, only resveratrol statistically significantly induced apoptosis in
cells treated with resveratrol alone, as well as in cells exposed to resveratrol and IR. For the
remaining stilbene derivatives (piceatannol and piceid) used alone or in combination with
radiation, we did not observe a statistically significant increase in the level of apoptosis
compared to the control cells or the cells that were irritated only. Our results indicate that
among the studied stilbene derivatives, resveratrol has the greatest ability to strengthen the
effect of IR in the MCF-7 cell line. Recently published studies by Amini et al. also showed
that resveratrol potentiated the effects of radiation on MCEF-7 cells [33].

Research showed that the balance between proapoptotic and antiapoptotic proteins,
mitochondrial dysfunction, caspase activities, and level of reactive oxygen species (ROS)
are the most important factors involved in programmed cell death in tumour cells [32,34,35].
Higher levels of ROS are observed in cancer cells compared to normal cells. Despite this,
cancer cells maintain their redox balance due to their high antioxidant capacity [36]. A high
level of oxidative stress is considered a novel target for anticancer therapy. This can be
achieved by increasing exogenous ROS and/or inhibiting the antioxidant system [37,38].

In this work, we demonstrated that the level of apoptotic changes in MCF-7 cells
treated with the studied stilbenes and IR is related to, among other factors, changes in
the activities of antioxidant enzymes (catalase and superoxide dismutase). Resveratrol in
combination with radiation significantly reduced CAT activity and, to a lesser extent, SOD
activity. The decreased activity of these enzymes led to the accumulation of ROS in the
cells exposed to radiation [37,39].

Excessive amounts of ROS may act as cellular toxicants, which can lead to cancer-cell
growth arrest, apoptosis, and necrosis. It is speculated that malignant cells under increased
levels of oxidative stress are more vulnerable to further ROS attacks [40]. The radiotherapy
strategy is based on IR, which increases ROS generation and induces apoptotic damage in
cancer cells [41].

It was observed that the tested compounds alone did not significantly change the
activity of the antioxidant enzymes in MCF-7 cells. The only exception was piceid, which
at a lower concentration, significantly stimulated the activity of catalase and superoxide
dismutase. Our results confirm earlier reports showing that piceid enhances the endoge-
nous antioxidant defence system, especially increasing superoxide dismutase and catalase
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activities [42—-45]. In this way, piceid effectively protects cells experiencing the induced
overproduction of free radicals [46]. Based on this study, we determined that the antioxi-
dant capacity of piceid is ten times stronger than that of resveratrol [44]. Additionally, in
a study by Su et al. (2013), piceid exhibited higher scavenging activity than resveratrol
against hydroxyl radicals [47].

In cells treated with piceatannol or piceid, the IR activity of the studied enzymes did
not change significantly compared to the control. In some cases, we observed that the
combination treatment of MCEF-7 cells significantly enhanced the activity of the studied
enzymes. For example, piceatannol significantly increased GPx activity under conditions
of enhanced oxidative stress. The stimulating effect of piceatannol on the activity of GPx
was also observed in an earlier work on neuroblastoma cells [48]. The effective action of
antioxidant enzymes in cells protects those cells against the ROS generated by radiation.

In the irradiated cells themselves, we observed a dose-dependent increase in the
activity of the studied enzymes, especially for SOD and GPx. The increased activities of
antioxidant enzymes after ionising irradiation are well known. Our research confirmed that
mammalian cells can generate an SOS-like response, similar to that previously described
by other authors in prokaryotic cells [49,50]. The enhanced antioxidant potential of tumour
cells after irradiation is connected with radioresistance [51,52].

One property of resveratrol is its inhibition of cell survival signalling, which may
directly stimulate the signalling cascade of the apoptotic pathway or block the antiapoptotic
mechanisms in this situation [53]. Resveratrol can sensitise cancer cells and enhance antitu-
mour activities when it is used in combination with another therapy, such as chemotherapy
or radiotherapy [15,22-25]. In our study, we showed that resveratrol alone and, to a greater
extent, resveratrol in combination with IR enhance p53 gene expression.

It has been well studied that in unstressed cells p53 protein levels are very low
because it is targeted for proteasomal degradation. This protein is activated in response to
many stress stimuli, including reactive oxygen species [54,55]. The p53 protein stimulates
a wide network of signals that act through two major apoptotic pathways: extrinsic
pathways and intrinsic pathways [56]. The extrinsic, death receptor pathway induces
the activation of a caspase cascade, and the intrinsic, mitochondrial pathway shifts the
balance in the Bcl-2 family of intracellular proteins towards the pro-apoptotic members [56].
Pro-apoptotic members of the Bcl-2 family (Bax, Bak etc.) induce the release of cytochrome
c and cause mitochondrial dysfunction. In contrast, antiapoptotic members such as Bcl-2
work as protectors of the outer membrane, and preserve its integrity by suppressing the
release of cytochrome c [57]. The balance of anti- (Bcl-2) and proapoptotic (Bax) genes can
determine the fate of cancer cells. We next examined the effects of the stilbenes alone and
in combination with IR on the gene expression of Bax and Bcl-2. The results of our analysis
show that the Bax:Bcl-2 gene expression ratio was significantly higher after treatment with
a combination of resveratrol and ionising radiation compared to that in the groups treated
with resveratrol or ionising radiation alone (Figure 5). Our results suggest that resveratrol
and IR in combination greatly intensify apoptotic signal transmission. A lower rate of
apoptosis in cells treated with resveratrol analogues, i.e., piceatannol or piceid (also in
combination with IR), correlated to a lower expression of p53 and a smaller increase in the
Bax/Bcl-2 ratio (Figure 5 and Table 1). Similar effects of resveratrol on MCF-7 cells were
observed by, among others, Mirzapur et al. [35].

Previous studies showed that resveratrol in MCF-7 cells cannot affect the activities
of caspase 3 and caspase 8 in the apoptosis process [58,59]. In turn, studies by Mirza-
pur showed that resveratrol increases the expression of both caspases 3 and 8 in MCF-7
cells [35]. In addition, some studies have shown that MCF-7 breast cells do not express
caspase 3 [16,60]. Taking into account the discrepancies in the literature data in this study;,
we investigated the expression of two caspases, initiator caspase 8 and executive caspase 3.
In our research, we observed very low expression of the caspase 3 gene only in irradiated
cells in the absence or presence of polyphenols. As expected, the results of our Western
blot analyses directly demonstrated the absence of caspase 3 in MCF-7 cells. The very
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low gene expression of caspase 3 in our research may be partially explained by the use of
inappropriate primers that could amplify non-functional caspase 3 mRNA [61].

We and others have shown that the absence of caspase 3 did not prevent death
in MCF-7 cells [62]. Wang et al. demonstrated that MCF-7 cells underwent cell death,
utilising an atypical apoptosis pathway, at an insignificant, slower rate, compared to that in
caspase 3-expressing MCF-7 cells, and in A431 cells, which underwent typical intracellular
apoptosis [63]. Kagawa et al. evaluated the role of caspase 3 in Bax-induced apoptosis. In
the research they used caspase 3-deficient MCF7 cells and clones stably transfected with
the caspase 3 gene (MCF7/Casp3). The results revealed that caspase 3 is not required for
Bax-mediated cell death itself. They also demonstrated that in MCF-7 cells caspase 6 can be
activated even in the absence of caspase 3 [62]. Our study confirmed that a lack of caspase
3 did not impact Bax-induced apoptosis in MCE-7 cells.

Caspase 3 is crucial for apoptosis induction, as this enzyme is not only activated down-
stream of both the extrinsic and intrinsic death pathway but is also responsible for DNA
fragmentation. Studies by other authors showed that in MCF-7 cells lacking caspase 3,
apoptosis proceeds via the sequential activation of caspases 9,7, and 6 [61,64,65]. On the
basis of the temporal sequence of caspase activation in neocarzinostatin-treated MCF-7
cells, Liang et al. proposed apoptosis cascade in these cells. According to the obtained data,
decreased Bcl-2 and increased Bax levels induce the release of cytochrome c from the mito-
chondria. Cytochrome c activates caspase 9, which in turn activates caspase 7. Activated
caspase 7 activates caspase 6, which induces apoptosis in MCE-7 cells, presumably through
cleavage of nuclear lamins [61].

Our study also showed that all tested stilbenes alone or in combination with IR
increase the expression of caspase 8, which is a characteristic of the receptor pathway for
apoptosis activation. A Western blot analysis of caspase 8 was also performed. Despite
the poor quality of the blot, we decided to include the results to confirm the increase in
caspase 8 expression, especially in systems where cells were exposed to both stilbene and
radiation. We were unable to densitometrically assess and compare the levels of proteins
in the tested systems.

The role of caspase 8 in resveratrol-induced apoptosis in MCE-7 has been confirmed by
other authors [25,35]. Caspase 8 activation can induce death via direct cleavage of caspase 7,
or can cleave the Bcl-2 family protein BID that can activate intrinsic apoptosis [66,67].

Our results suggest that the most likely mechanism of resveratrol- and IR-induced
apoptosis in MCF-7 cells is ROS generation with the involvement of either intrinsic or
extrinsic apoptotic pathways.

In conclusion, among the selected stilbene derivatives, resveratrol most significantly
increased the effect of IR. Resveratrol and IR used in combination had a higher cytotoxic
effect on MCEFE-7 cells than using piceatannol, piceid, or radiation alone. This effect was,
among other factors, due to a significant decrease in the activity of antioxidant enzymes,
resulting in the accumulation of formed ROS. The effects of resveratrol and IR were found
to enhance the expression of apoptotic genes, such as Bax, p53, and caspase 8, leading to
apoptosis (Figure 10).

The presented basic research helps to better understand the mechanism of action
of resveratrol in breast cancer cells under the conditions of increased oxidative stress.
However, these results cannot be directly translated into physiological conditions. The
biological effect of resveratrol in vivo appears to be strongly limited by its low bioavail-
ability, which is a barrier for the development of therapeutic applications. As clinical trial
demonstrated, no free RSV was observed in both malignant and normal breast tissues in
breast cancer patients who consumed a dietary blend of polyphenols, including RSV [68].
Orally administered resveratrol, like other polyphenols, has poor bioavailability and is
converted into a wide variety of metabolites. Growing evidence highlights that mainly
glucuronide and sulfate conjugates metabolites of resveratrol are the molecules that could
reach systemic human tissues [69,70]. Avila-Galvez et al. showed, that in normal and
malignant mammary tissues from breast cancer patients major metabolites of resveratrol
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are resveratrol-3-O-sulfate and dihydro resveratrol-3-O-glucuronide. Among these, the
percentage of sulphated was slightly lower in normal tissues (31%) than in tumour (42%).
In both tissues, resveratrol metabolites showed levels in the range of the low nM [71].
In analogous study performed on rats, the concentration of resveratrol metabolites was
shown to be in the low uM range. In this case higher proportion of RSV sulphates than
glucuronides (opposite to what is observed in humans) was observed [72]. Studies have
shown that conjugated metabolites are less bioactive than their free forms [68]. Despite
this, Giménez-Bastida et al. demonstrated for the first time that physiologically relevant
RSV metabolites can promote a moderate cellular senescence induction in breast cancer
cells. They also demonstrated that these metabolites are not deconjugated to release free
RSV but enter the cells through ABC transporters [68].

IR Resveratrol+IR

Resveratrol

Figure 10. This image shows only the pathways of the resveratrol-induced radiosensitivity mecha-
nism in MCF-7 cells that were investigated in this work (black arrows) or discussed on the basis of
literature data (red arrows). Resveratrol potentiated the radiosensitivity in MCF-7 cells by decreasing
antioxidant enzyme activity (SOD and CAT). Inhibiting SOD and CAT activity would result in
increased ROS, thereby causing damage to cellular macromolecules. DNA damage leads to activation
of the p53 protein. The p53 protein mainly acts as a transcription factor that induces and/or inhibits
the activation of many genes associated with the induction of apoptosis. In the intrinsic pathway
of apoptosis, p53 may directly activate the proapoptotic Bax protein or inhibit the antiapoptotic
bcl-2 protein. The Bax protein causes the opening of mitochondrial channels and the release of
cytochrome c. Cyt ¢, along with other proapoptotic agents, activates caspase 9, which affects the
activation of executive caspases. DNA damage can also induce the extrinsic pathway of apoptosis
associated with the activation of surface death receptors (FAS). The changes in the conformation of
these receptors after attaching to the FADD protein lead to the activation of caspase 8, which can
induce death via direct cleavage of caspase 7, or can activate intrinsic apoptosis. Thus, resveratrol
enhances the process of apoptosis in MCF-7 cells that are exposed to IR.

Studies that show that metabolites of RSV are less bioactive than their free forms
confirm that further studies on the effects of free resveratrol in biological systems are
warranted. The well-documented biological effectiveness of resveratrol is the basis for
further explore methods to optimize bioavailability in humans. Many of the strategies to
increase bioavailability of resveratrol are described in detail by Amri et al. [73] and Smoliga
et al. [74]. High hopes are placed on nanotechnology. Modern and intelligent nanocarriers
are able to combine protection, controlled release and targeting functionalities.
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4. Materials and Methods
4.1. Cell Line

The MCEF-7 (ATCC, Manassas, VA, USA) human breast carcinoma cell line was used.
The cells have the ability to process estradiol via cytoplasmic estrogen receptors. MCF-7
growth was inhibited by tumour necrosis factor alpha (TNFx). MCF-7 were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% foetal bovine
serum and antibiotics (10 U/mL penicillin and 50 pg/mL streptomycin). The cells were
incubated in 5% CO,/95% air at 37 °C. After reaching 80-90% confluence, cells were
carefully removed with trypsin/EDTA and washed with fresh phosphate-buffered saline
(PBS). Cell viability was determined using the trypan blue assay.

4.2. Chemicals and Reagents

Cell culture media, PBS, foetal bovine serum, antibiotics, and MTT were obtained
from Sigma—-Aldrich (St. Louis, MO, USA). The Annexin V-FITC Apoptosis Detection
Kit was obtained from Molecular Probes. The RNA isolation Kit EXTRACTME reagent
was obtained from BLIRT. The RevertAid First Strand cDNA Synthesis Kit was obtained
from Applied Thermo Scientific. 5 HOT FIREPol® EvaGreen® qPCR Supermix was from
Solis Biodyne. Oligonucleotide, p53, Bax, Bcl-2, caspase 3, caspase 8, and hypoxanthine
phosphoribosyltransferase (HPRT) were purchased from Genomed. Antibodies specific
to caspases 3, 8 and [3-actin were obtained from Santa Cruz Biotechnology. Secondary
antibodies were purchased from Sigma—Aldrich.

In the experiments, three chemical compounds from the stilbenes group were used:
resveratrol (3,4’ 5-trans-trihydroxystilbene, R), piceatannol (3,3’ 4,5'-trans-trihydroxystilbene,
ROH)—a naturally occurring hydroxylated analogue of resveratrol—and piceid (3,4',5-
trans-trihydroxystilbene-3-O--mono-D-glucoside, RG)—the glucoside form of resveratrol.
All compounds were purchased from Sigma-Aldrich Corp. or Cayman Chemical. All
stilbenes were dissolved in ethanol, and the working concentrations of the tested com-
pounds were obtained by adding a specified volume of concentrated solution to the
culture medium.

4.3. Cytotoxicity Assays Using the MTT Test

The effect of resveratrol and its derivatives, piceatannol and piceid, on the prolif-
eration of MCF-7 was estimated by the ability of the mitochondrial dehydrogenase of
metabolically viable cells to reduce the tetrazolium salt 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) to form the blue formazan product. For this purpose,
cells were seeded on 96-well plates (5000 or 10,000 cells per well) and cultured for 12-24 h.
After 24 h, resveratrol, piceatannol, or piceid were added at appropriate concentrations
(0-100 uM) and the incubation continued for 48 h.

For the combination of resveratrol or its derivative and IR treatment, cells were seeded
into 40-mm tissue culture dishes (50,000 or 100,000 cells per dish) and cultured for 12-24 h.
After this time, cells were pretreated with the indicated stilbene (at a concentration of 5 or
25 uM) for 3 h prior to exposure to IR. Then, the cells were incubated for 48 h. In our study,
we used the following doses of IR: 2 Gy and 6 Gy. These are the standard clinical X-ray
doses used in radiotherapy.

Afterward, 20 uL of MTT solution (5 mg/mL) was added to each well, or 200 pL
of MTT solution was added per dish, and the plate or dish was incubated for 2 h. After
this time the medium was removed, and the formazan crystals that had formed were
dissolved with 100 L of DMSO per well (or 1000 uL per dish). The absorbance of the plate
was read at 570 nm, with a reference wavelength of 720 nm, using a microplate reader.
The absorbance value was proportional to the number of viable cells in a sample. The
absorbance of the control cells was assumed to be 100%.
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4.4. Detection of Apoptosis and Necrosis by Flow Cytometry

Apoptotic, necrotic, and living cells were quantified by double staining with the
Annexin V Apoptosis Detection Kit II, employing FITC-labelled Annexin V. Annexin V
binds to cells that expose phosphatidylserine at their surface, a feature of cells that are
undergoing apoptosis. Cells were seeded into 40-mm tissue culture dishes (500,000 cells
per dish) and cultured for 12-24 h. The cells were preincubated with resveratrol or its
derivative (at a concentration of 25 pM) for 3 h at 37 °C and then exposed to IR (6 Gy). Cells
were incubated for 24 h. Then the cells were trypsinised and suspended in DMEM. After
incubation of the cells with the compounds, the cells were washed twice with cold PBS
and resuspended in 1 x binding buffer, and 5 pL of FITC-Annexin and 5 pL of propidium
iodide were added. Later, the cells were vortexed gently and incubated (15 min) in the
dark, and their fluorescence was measured within 1 h. All fluorescence measurements were
done in a Becton Dickinson LSR II cytometer. Cells emitting weak green (FITC-Annexin)
and weak red fluorescence (propidium iodide) were counted as apoptotic.

4.5. Antioxidant Enzyme Activity Assay
Preparation of Cell Lysates

For determination of the antioxidant enzyme activity, the cells were seeded into 40-mm
tissue culture dishes at a density of 500,000 cells per dish and cultured for 12-24 h. The cells
were preincubated with resveratrol and its derivatives (5 or 25 uM) for 3 h at 37 °C and
exposed to IR (2 or 6 Gy). The cells were incubated for 48 h. Next, the cells were harvested
and washed twice with cold PBS. The supernatant was discarded, and the cells were
resuspended in 100 pL of protease inhibitor cocktail, which contained six broad-spectrum
protease inhibitors: AEBSEF, aprotinin, bestatin, E-64, leupeptin, and pepstatin A (Thermo
Scientific 100 x Halt Protease Inhibitor Cocktail). The samples were frozen at —20 °C.

The CAT activity was assayed by monitoring the rate of disappearance of H,O, at
240 nm [75]. One unit of CAT is the activity of catalase that catalyses the conversion of
1 pmol of hydrogen peroxide per minute.

The GPx activity was determined spectrophotometrically at 340 nm by measuring
the rate of glutathione (GSH) oxidation by t-butyl hydroperoxide (tBOOH), according to
method by Rice-Evans et al. (1991) [76].

The SOD activity was based on the ability of SOD to inhibit the autoxidation of
epinephrine at alkaline pH. The oxidation of epinephrine was followed in terms of the
production of adenochrome, which exhibits an absorption maximum at 480 nm [77]. One
unit of SOD is described as the amount of enzyme required to cause 50% inhibition of
epinephrine autoxidation per 300 uL of assay mixture.

All enzyme activities (CAT, GPx, and SOD) were expressed as specific activities
(U/mg protein). The concentration of protein was measured according to the Bradford
method. The absorbances of the samples were measured at 595 nm, and bovine serum
albumin was used as a standard.

4.6. Gene Expression Analysis by Real-Time PCR

Total RNA was extracted by the Extractme Total RNA kit according to the manufac-
turer’s instructions. The concentration of extracted RNA was assayed using a NanoDrop
spectrophotometer. All extracted samples were stored at —80 °C for further experiments.
About 1 ug of extracted RNA was reverse transcribed into cDNA with a cDNA synthesis kit
(RevertAid First Strand cDNA Synthesis Kit), according to the manufacturer’s instructions.
The cDNA sample was kept at —20 °C until use.

The gene expressions of p53, Bcl-2, Bax, caspase 3, and caspase 8 were evaluated using
the real-time PCR-based Eva Green assay. The HPRT gene was used as a housekeeping
gene. Table 2 shows the sequences of primers used in the RT-PCR analysis. Real-time
analysis was carried out using Eco 48 Real time PCR machine. Two microlitres of EvaGreen
Supermix, 1 uL of cDNA, and 0.2 uL of each primer set were used for amplification in a
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10 pL reaction mixture. All samples were amplified in triplicates. The cycling conditions
were as follows: 12 s at 95 °C and 40 cycles at 95 °C for 15 s and 60 °C for 20 s.

Table 2. The primer sequences of genes.

Primer

Sense Antisense

HPRT

ATGGACAGGACTGAACGTCIT TCCAGCAGGTCAGCAAAGAA

p53

TAACAGTTCCTGCATGGGCGGC AGGACAGGCACAAACACGCACC

Bcl-2

TTGTGGCCTTCTTTGAGTTCGGTG GGTGCCGGTTCAGGTACTCAGTCA

Bax

CCTGTGCACCAAGGTGCCGGAACT CCACCCTGGTCTTGGATCCAGCCC

Caspase 3

TGGACTGTGGCATTGAGAC CAAAGCGACTGGATGAACC

Caspase 8

CTGGATGATGACATGAACCTGCTG GCTCTTGTTGATTTGGGCACAGAC

References

4.7. Cell Lysate and Immunoblotting

In order to assess the expression of caspases 3, 8, and (-actin in MCF-7, after in-
cubation with resveratrol, piceatannol and piceid cells were lysed (4 °C, 20 min) in a
RIPA buffer containing 50 mmol/L Tris HCl pH 8, 150 mmol/L NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, 1 mmol/L EDTA, and 1 mmol/L PMSF (final con-
centration 10 uM). Protein concentration was determined using Lowry method [78]. After
centrifugation, the supernatants were collected. Protein lysates (30 ng) were loaded to
each lane, and the probes were electrophoretically separated by 8% and 12.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to Im-
mobilon P as described by Towbin et al. (1979). Subsequently, the membranes were
blocked in 5% non-fat dry milk in TBST buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl,
and 0.05% Tween 20) for 1 h at room temperature. After blocking, the membranes were
incubated overnight with antibodies specific to caspases 3 and 8 (1:500 dilution; Santa Cruz
Biotechnology) and 3-actin (1:1000 dilution; Santa Cruz Biotechnology) in TBST buffer in
a cold room. After incubation with the primary antibody, the membranes were washed
with TBST and incubated with appropriate secondary antibodies (1:5000 dilution; Sigma
Aldrich) conjugated with alkaline phosphatase in TBST for 2 h at room temperature. After
incubation, the membranes were then washed several times with TBST, and the proteins
were visualised by incubation with the substrate solution (0.33 mg/mL of nitroblue tetra-
zolium, 0.17 mg/mL of 5-bromo-4-chloro-3-indolyl phosphate in 100 mM Tris-HCI, pH 9.5,
100 mM NaCl, and 5 mM MgCl,).
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