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Streszczenie w jezyku polskim

Endometrioza jest definiowana jako obecno$¢ i rozrost tkanki endometrialnej poza jej
fizjologicznym usytuowaniem, gtdéwnie w obrebie jajnikoOw 1 otrzewnej, ale rowniez w odlegltych
narzadach. Chorobie towarzyszy przewlekly stan zapalny, liczne dolegliwosci bolowe oraz
zaburzenia funkcji rozrodczych wynikajace z mechanizméw zaangazowanych w jej rozwdj.
Etiologia endometriozy nie zostata dotychczas w peini poznania, jednak podkresla si¢ istotng role
czynnikow hormonalnych, zapalnych, genetycznych i srodowiskowych. Obecnie standardowym
postepowaniem terapeutycznym jest leczenie objawowe — przeciwbdlowe i hormonalne — ktore
czesto wigze si¢ z wystepowaniem dzialan niepozadanych. W obregbie zmian endometrialnych
dochodzi do deregulacji wielu procesow komodrkowych i szlakéw sygnalizacji molekularnej
odpowiedzialnych za proliferacje, apoptoze, adhezje, przebudowe macierzy zewnatrzkomorkowej
(ECM) oraz angiogenezg, co czyni je potencjalnym celem dzialania naturalnych zwigzkéw
bioaktywnych.

Celem glownym przedstawionej pracy byto okreslenie potencjatu biologicznego resweratrolu
1 jego naturalnych pochodnych (pterostilbenu, piceatannolu i polidatyny) w prewencji i terapii
endometriozy. W badaniach wykorzystano modele komoérkowe in vitro do oceny dzialania
antyproliferacyjnego 1 proapoptotycznego na komorki endometriotyczne linii 127, aktywnosci
antyoksydacyjnej i przeciwzapalnej w modelu ko-hodowli komérek 127 i makrofagow, a takze
zdolnosci badanych zwigzkoéw do hamowania adhezji, migracji i inwazji komorek 12Z. Resweratrol
1 jego pochodne wykazaly selektywne dziatanie antyproliferacyjne i proapoptotyczne wobec
komorek 12Z, przy jednoczesnie nizszej cytotoksycznosci wzgledem komorek endometrialnych
linii T HESC. Najsilniejszy efekt obserwowano dla pterostilbenu i resweratrolu, ktére skutecznie
indukowaty apoptoze, czego potwierdzeniem byla aktywacja kaspaz efektorowych, wzrost
ekspresji bialek proapoptotycznych oraz nasilenie fragmentacji DNA. Dominujace i szerokie
dzialanie przeciwzapalne resweratrolu wynikato z obnizenia ekspresji i wydzielania kluczowych
mediatoréw stanu zapalnego. Z kolei aktywno$¢ pterostilbenu byta zwigzana przede wszystkim ze
stymulacja mechanizmoéw obrony antyoksydacyjnej, czego efektem bylo istotne ograniczenie
populacji makrofagéow akumulujagcych ROS. Wszystkie badane zwigzki skutecznie hamowaty
migracj¢ 1 inwazj¢ komoérek 127, glownie poprzez ograniczenie degradacji ECM, zwigzane
z modulacja ekspresji metaloproteinazy MMP-2 1 jej tkankowego inhibitora TIMP-2. Pterostilben
niemal calkowicie znosit zdolno$¢ komérek 12Z do inwazji w modelu Matrigel™. Uzyskane
wyniki wskazujg na szereg bioaktywnych, dotychczas nieopisanych wlasciwosci stilbenow wobec
endometriozy, ktore moga stanowi¢ podstawe do dalszych zaawansowanych badan
przedklinicznych oraz rozwoju strategii dietoterapeutycznych wspomagajacych jej leczenie.

Stowa kluczowe: modele endometriozy in vitro, stilbeny, apoptoza, stan zapalny, inwazja



Streszczenie w jezyku angielskim

Endometriosis is defined as the presence and growth of endometrial tissue in areas outside its
physiological location, primarily within the ovaries and peritoneum, but also in distant organs. The
disease is accompanied by chronic inflammation, numerous pain symptoms, and reproductive
dysfunction resulting from the mechanisms involved in its development. The etiology of
endometriosis is not fully understood, but the significant role of hormonal, inflammatory, genetic,
and environmental factors is emphasized. Currently, the standard therapeutic approach is
symptomatic treatment — analgesics and hormonal care — which are often associated with adverse
reactions. Within endometriotic lesions, numerous cellular processes and molecular signaling
pathways responsible for proliferation, apoptosis, adhesion, extracellular matrix (ECM)
remodeling, and angiogenesis are dysregulated, making these processes potential targets for natural
bioactive compounds.

The main aim of this study was to determine the biological potential of resveratrol and its
natural derivatives (pterostilbene, piceatannol, and polydatin) in the prevention and treatment of
endometriosis. /n vitro cell models were used to assess the antiproliferative and proapoptotic effects
on 127 endometriotic cells, antioxidant, and anti-inflammatory activity in a co-culture model of
127 cells and macrophages, and the potential of the investigated compounds to inhibit adhesion,
migration, and invasion of 12Z cells. Resveratrol and its derivatives demonstrated selective
antiproliferative and proapoptotic effects on 12Z cells, while exerting lower cytotoxicity towards
the endometrial T HESC cell line. The strongest effects were observed with pterostilbene and
resveratrol, which effectively induced apoptosis, as demonstrated by the activation of effector
caspases, increased expression of proapoptotic proteins, and increased DNA fragmentation. The
broad, dominant anti-inflammatory effects of resveratrol were mediated by reduced expression and
secretion of key inflammatory mediators. Pterostilbene's activity, in turn, was especially associated
with stimulation of antioxidant defense mechanisms, resulting in a significant reduction in the
population of ROS-accumulating macrophages. All tested agents effectively inhibited 127 cell
migration and invasion, mainly by limiting ECM degradation, which was associated with
modulation of MMP-2 and its tissue inhibitor TIMP-2 expression. Pterostilbene almost completely
abolished 12Z cells' ability to invade the Matrige]™ model. The results indicate a series of
bioactive, previously undescribed properties of stilbenes against endometriosis, which may lay the
foundation for further advanced preclinical studies and the development of dietary therapeutic
strategies to support its treatment.

Keywords: in vitro models of endometriosis, stilbenes, apoptosis, inflammation, invasion



1. Wstep

1.1 Endometrioza jako problem medyczny, spoleczny i ekonomiczny

Endometrioza jest chorobg ginekologiczng charakteryzujaca si¢ szerokim spektrum
objawéw klinicznych oraz zroznicowaniem podtypow. W 2021 roku opracowano jej
ujednolicong definicj¢ oraz zestaw powigzanych terminéw, co miato na celu standaryzacje
klasyfikacji i badan nad choroba. Zgodnie z przyjeta definicja, endometrioza polega na
obecnosci tkanek przypominajacych endometrium poza jego fizjologiczng lokalizacja, zwykle
z towarzyszacym stanem zapalnym (Tomassetti 1 in., 2021). Ogniska choroby wystepuja
najczesciej w obrgbie miednicy mniejszej 1 dzielg si¢ na trzy gltowne typy: zmiany
powierzchowne, torbiele endometrialne jajnika oraz endometrioze gleboko naciekajaca, cho¢
moga takze pojawia¢ si¢ w narzadach odleglych (Kedzia i in., 2024). Klasyfikacja
Amerykanskiego Towarzystwa Medycyny Reprodukcyjnej uwzglednia charakter i1 rozlegtos¢
zmian w skali [-1V, jednak stabo koreluje z nasileniem objawow (Griffiths 1 in., 2024).

Zmiany endometrialne wykazuja wrazliwo$¢ na dzialanie hormonéw piciowych, co
prowadzi do cyklicznych krwawien, rozwoju stanu zapalnego oraz dolegliwosci bolowych
(Ferrero 1 in., 2015). Do najczgstszych objawdw klinicznych naleza bolesne miesigczki,
dyspareunia, bol podczas oddawania moczu lub defekacji oraz przewlekly bol miednicy.
Ponadto pacjentki moga doswiadcza¢ wzde¢, zaburzen jelitowych, przewlektego zmeczenia
czy nudnosci (Gete i in., 2023; Kedzia i in., 2024). Choroba moze prowadzi¢ do nieptodnosci
poprzez zaburzenia procesow rozrodczych (Elizur i in., 2025), a takze negatywnie wptywac na
jakos¢ zycia, funkcjonowanie spoteczne i zdrowie psychiczne, zwigkszajac ryzyko wystgpienia
depresji 1 zaburzen lgkowych (Gete i in., 2023; van Barneveld i in., 2022). Nalezy jednak
podkresli¢, ze endometrioza moze przebiega¢ bezobjawowo nawet u 25% pacjentek (Moradi
iin., 2021).

ZYozonos$¢ 1 niespecyficzno$¢ objawow endometriozy prowadza do istotnych op6znien
diagnostycznych siegajacych $rednio 7 lat. Wynikaja one z niespecyficzno$ci symptomow,
braku swoistych biomarkerow, niskiej $wiadomosci spotecznej oraz niedostatecznej oceny
objawéw przez personel medyczny (Zondervan i in., 2020). Szacuje si¢, ze endometrioza
dotyczy 6-13% kobiet na $wiecie, przy czym czesciej wystepuje u kobiet nieptodnych oraz
przewleklym bolem miednicy (Zondervan i in., 2020; Rahmioglu i Zondervan, 2024; Li i in.,
2025). Choroba najczesciej dotyczy kobiet w wieku rozrodczym, pomiedzy 25. a 45. rokiem
zycia (Smolarz 1 in., 2021), 1 wigze si¢ z istotnym obcigzeniem ekonomicznym,
poréwnywalnym z innymi chorobami przewlektymi (Ellis 1 in., 2022). Wspotczesnie
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endometrioza postrzegana jest jako choroba wielouktadowa o ztozonej etiologii, zaleznej od
czynnikdw hormonalnych, zapalnych, genetycznych i $rodowiskowych, co czyni ja
przedmiotem wielu intensywnych badan multidyscyplinarnych (Giudice i in., 2023; Griffiths
iin., 2024).

1.2 Mechanizmy patogenezy endometriozy oraz czynniki ryzyka rozwoju

choroby

Komorki, wedtug ewolucyjnej zasady organizacji tkanek, sa zdolne do naprawy DNA,
dzielg si¢ po otrzymaniu odpowiednich sygnaléw od komorek sasiednich oraz pozostaja
w swojej fizjologicznie wyznaczonej lokalizacji. W przypadku endometriozy ektopowo
zlokalizowana (z gr. ect — poza, topos — miejsce) tkanka endometrialna nie speinia trzeciej
reguly, co stanowi jedng z najbardziej niewyjasnionych cech tej choroby. Istnieje kilka teorii
wyjasniajacych pochodzenie endometriozy oraz mechanizmy rozprzestrzeniania si¢ tkanki
endometrialnej, jednak najbardziej akceptowang pozostaje teoria wstecznej menstruacji
zaproponowana przez. Sampsona w 1927 roku. Nastgpne badania wykazaty, ze r6znica miedzy
czgstoScia wystepowania refluksu menstruacyjnego a rzeczywista zapadalno$cia na
endometrioze wynika z udzialu dodatkowych mechanizméw warunkujacych rozwoj choroby,
obejmujgcych m.in. czynniki immunologiczne, genetyczne i epigenetyczne (Laganaiin., 2019;
Y. Wang i in., 2020). Do klinicznie istotnych czynnikow ryzyka endometriozy zalicza si¢ m.in.
czynniki demograficzne, takie jak wyzsza czesto$¢ wystepowania choroby w populacji kobiet
pochodzenia azjatyckiego (Williams 1 in., 2019); czynniki zwigzane z cyklem menstruacyjnym,
W tym wczesna pierwsza miesigczka 1 krotkie cykle menstruacyjne oraz brak przebytych
porodow (Missmer 1 in., 2004); czynniki genetyczne 1 konstytucjonalne, takie jak rodzinne
wystepowanie endometriozy oraz zwigkszona zgodno$¢ zachorowan u blizniat jednojajowych
(Kim 1 in., 2021), a takze niski lub prawidlowy wskaznik masy ciala. Wéréd czynnikow
srodowiskowych zwigzanych ze stylem Zzycia wymienia si¢ codzienne spozywanie alkoholu
(Missmer 1 in., 2004) oraz ekspozycje na substancje chemiczne zaburzajace gospodarke

hormonalng, w tym polichlorowane bifenyle i dioksyny (Shafrir i in., 2018).
1.3 Zaburzenia komorkowe i molekularne w endometriozie

Rozw@j endometriozy jest wynikiem licznych zaburzen komorkowych i nieprawidtowe;j
sygnalizacji molekularnej. Kluczowa rol¢ w progresji choroby odgrywaja zaburzenia
hormonalne, immunologiczne oraz nieprawidlowa regulacja proceséw proliferacji, apoptozy,

adhezji komorkowej, przebudowy macierzy zewnatrzkomoérkowej (ECM, extracellular matrix)
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1 angiogenezy. Endometrioza rozwija si¢ w warunkach zwigkszonego poziomu estrogenéw
wynikajacego z nadmiernej aktywnos$ci aromatazy cytochromu P450 oraz zmniejszenia
aktywnos$ci dehydrogenazy 17f-hydroksysteroidowej typu 2 (178-HSD2, 17p-hydroxysteroid
dehydrogenase type 2) (Smolarz i in., 2020). Odpowiedz komorek na estrogen jest zwigkszona
wskutek dominacji receptora estrogenowego B (ER-B) przy jednoczesnym obnizeniu ekspresji
receptora ER-a, co zwigzane jest z nieprawidlowa metylacja promotorow genow kodujacych te
receptory. Jednoczes$nie obserwuje si¢ zjawisko opornosci na progesteron, wynikajace ze
zmniejszenia liczby receptorow progesteronowych (PR), szczegdlnie izoformy PR-B, co
prowadzi do utraty hamujgcego wplywu progesteronu na proliferacje komorek i stan zapalny.
Mechanizmy te tworza petle dodatniego sprz¢zenia zwrotnego — obnizony PR zmniejsza
aktywno$¢ 17B-HSD2, prowadzac do zwigkszenia st¢zenia estradiolu (E2) i wzmocnienia
sygnalizacji zaleznej od ER-fB, ktory ostatecznie obniza ekspresje¢ PR poprzez wigzanie si¢
z promotorem jego genu. U pacjentek z endometriozg obserwuje si¢ rowniez zaburzenia
stezenia gonadotropin oraz deregulacj¢ osi podwzgorze-przysadka-nadnercza (Bulun i in.,
2010; Qiiin., 2025; Y. Wang i in., 2020).

Zmiany endometriotyczne, plyn otrzewnowy oraz eutopowe endometrium kobiet
z endometriozg charakteryzuja si¢ nadmierng produkcjg mediatoréw stanu zapalnego, w tym
cyklooksygenazy-2 (COX-2, cyclooxygenase-2), interleukin IL-1p, IL-6, IL-8, czynnika
martwicy nowotworéw (TNF-a, tumor necrosis factor alpha), prostaglandny E2 (PGE2)
1 biatka chemotaktycznego monocytow 1 (MCP-1, monocyte chemoattractant protein-1)
(Lousse 1 in., 2012; Smolarz i in., 2021). Do ognisk endometriozy rekrutowane sg liczne
komorki uktadu odpornosciowego, w tym makrofagi, limfocyty B i T, komorki dendrytyczne
CDla+, komorki NK (natural killer), neurofile oraz mieloidalne komorki supresorowe (T.
Zhang, He, i in., 2023; Qi i in., 2025). Obecnos$¢ zwickszonej liczby aktywowanych
makrofagdw o obnizonej zdolnos$ci fagocytarnej sprzyja utrzymywaniu przewlektego stanu
zapalnego. Kwestia polaryzacji makrofagéw w kierunku fenotypu M1/M2 w przebiegu
endometriozy pozostaje przedmiotem dyskusji, jednak ich istotna rola w progresji choroby oraz
bolu neuropatycznym zostala jednoznacznie potwierdzona (Ding i1 in., 2021). Komorki
endometriotyczne, podobnie jak komorki nowotworowe, wykazujg zwiekszong zdolnos¢ do
proliferacji oraz oporno$¢ na apoptoz¢. Komorki obecne w zmianach endometrialnych
charakteryzuja si¢ podwyzszonym poziomem cyklin stymulujacych proliferacj¢ (A2, B1, B2
1 D1) oraz obnizong ekspresja inhibitorow cyklu komoérkowego (p21, p27, pl6, pl8 i pl9)
(Szymanski i in., 2024). Proliferacji sprzyjaja réwniez wysokie stg¢zenie E2 1 obnizona

aktywnos$¢ czynnikéw regulowanych przez progesteron (np. FOXOI1, forkhead box protein
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01), a takze nadekspresja biatek zwigzanych z proliferacja, takich jak marker proliferacji Ki-
67, kinaza tymidynowa 1 oraz cyklina E1 (P. Zhang i Wang, 2023). Na uposledzenie szlaku
apoptozy wptywa rowniez obnizona ekspresja receptora Fas (F'S-7-associated surface antigen)
(Sbracia 1 in., 2016), podwyzszone stezenie ligandu FasLL w plynie otrzewnowym (Garcia-
Velasco 1 in., 2002), zwigckszona ekspresja bialek anty-apoptotycznych BCL-2 (B cell
lymphoma gene-2) i BCL-XL (B-cell lymphoma-extra large), obnizona ekspresja biatka BAX
(BCL2-associated X protein) (Agic i in., 2009) oraz zredukowana aktywnos$¢ kaspaz-3
(Delbandi i in., 2020), -8 1 -9 (Cho i in., 2018). Duze znaczenie w promowaniu adhezji komorek
endometrialnych w miejscach ektopowych ma zaburzona ekspresja integryn i glikoprotein
transbtonowych zaangazowanych w przyleganie komorek do ECM oraz zdolno$ci migracyjne
komorek i ich inwazyjno$¢ (Lessey 1 Kim, 2017; J. Zhang i in., 2022). Wykazano, Ze zmiany
endometrialne posiadaja cechy przejscia epitelialno-mezenchymalnego (EMT, epithelial
mesenchymal transition), na co wskazuje wzrost ekspresji markeréw mezenchymalnych, przy
jednoczesnym obnizeniu poziomu nablonkowego markera E-kadheryny (Jin i in., 2025).
Odkrycie produktéw degradacji ECM w ptynie otrzewnowym pacjentek z endometriozg
zwrocito uwage na znaczenie przebudowy ECM w patogenezie choroby (Spuijbroek i in.,
1992). Kluczowg role w tym procesie odgrywa podwyzszona aktywnos$¢ licznych
metaloproteinaz macierzy (MMP, matrix metalloproteinases), w tym MMP-1, -2, -3, -7,-9, 10,
-11, -12, -23, -26, obserwowana w tkankach, surowicy i ptynie otrzewnowym pacjentek
z endometrioza, przy jednoczesnym obnizeniu poziomu ich tkankowych inhibitorow —
TIMP-1 1 TIMP-2 (tissue inhibitors of metalloproteinases) (Ke 1 in., 2021; Madjid i in., 2020).
W zmianach endometrialnych dochodzi do miejscowej neoangiogenezy, ktora jest wzmacniana
przez czynniki wzrostu, czynniki proangiogenne, hormony steroidowe i cytokiny zapalne
obecne w ptynie otrzewnowym (Rocha 1 in., 2013). Podwyzszona ekspresja oraz st¢zenie
czynnikéw indukowanych hipoksja HIF-1a/2a (hypoxia-inducible factors 1o/2a), a takze
czynnikdw wzrostu $rodbtonka naczyniowego VEGF-A 1 VEGF-C (vascular endothelial
growth factors) oraz zwigkszona aktywnos$¢ ich receptorow, prowadza do aktywacji MMPs, co
w konsekwencji umozliwia efektywna degradacje ECM 1 rozrost naczyn krwionosnych
w obrebie tkanki (Bo 1 Wang, 2024; Chung i Han, 2022). W badaniach in vitro oraz probach
klinicznych wykazano réwniez zaburzenia stezen bialek regulujacych integralnosé
i dojrzewanie naczyn, takich jak angiopoetyny ANGI i ANG2 oraz receptor kinazy
tyrozynowej TIE-2 (Sabolova i in., 2024; Malik i in., 2025). Pomimo ostatniego post¢pu badan
naukowych, wiele fundamentalnych kwestii zwigzanych z zaburzeniami wystepujacymi

w zmianach endometrialnych na poziomie komorkowym i1 molekularnym nadal pozostaje
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niewyjasnionych. Jednym z kluczowych kierunkow badan moze by¢ identyfikacja
nieopisanych dotad komorek progenitorowych lub macierzystych obecnych we krwi, ktore
moga odpowiada¢ za regeneracj¢ komoérek w ogniskach endometriozy (Filby i in., 2020).
Ponadto badania genetyczne stanowig obecnie wazny element wyjasniania patogenezy choroby
1 obejmujg m.in. analizy genow kandydujacych, badania sprz¢zen i powigzan genetycznych
oraz badania asocjacyjne catego genomu. Coraz czesciej podkresla si¢ réwniez znaczenie
mechanizmoéw epigenetycznych, w tym regulacji zaleznej od mikroRNA, ktére wplywaja na

przebieg proceséw komodrkowych oraz ekspresje genow w endometriozie (Lagana i in., 2019).
1.4 Modele eksperymentalne endometriozy

Opracowanie modeli in vitro 1 in vivo odzwierciedlajacych gtowne cechy endometriozy
stanowi duze wyzwanie badawcze, poniewaz wymaga uwzglednienia wieloczynnikowej
etiologii choroby, licznych proceséw patofizjologicznych, a takze jej heterogennosci
i ztozonego charakteru. W publikacji wchodzacej w sklad niniejszej rozprawy doktorskiej
(publikacja 2) przedstawiono najnowsze osiagniecia z zakresu modelowania endometriozy
w warunkach in  vitro. PodkreSlono zlozong strukture mikrosrodowiska zmian
endometrialnych, obejmujagca  komodrki  nabtonkowe, zrgbowe, immunologiczne
1 srédbtonkowe, a takze liczne czynniki zapalne, hormonalne i angiogenne wplywajace na
fenotypowe i czynnosciowe przeprogramowanie komponentu komérkowego. Artykut stanowi
syntetyczne opracowanie aktualnego stanu wiedzy dotyczacego modeli komorkowych
1 tkankowych nasladujacych endometrioze, wskazujac jednoczesnie istniejace luki badawcze
1 aspekty modelowania wymagajace dalszego doskonalenia. Zwrocono uwage na konieczno$¢
doktadnej charakterystyki materiatu biologicznego izolowanego od pacjentek, rozwijania
standardowych modeli komorkowych 2D opartych na pierwotnych 1 unie$miertelnionych
liniach komorkowych, stosowania ko-hodowli komorek endometriotycznych z innymi typami
komorek oraz wykorzystywania trojwymiarowych systemoéw hodowli. W artykule
scharakteryzowano dostgpne komercyjnie linie komoérkowe, wskazujac ich specyficzne
markery, obszary zastosowan oraz kluczowe cechy funkcjonalne. Pomimo ich przydatnosci
istotnym ograniczeniem endometrialnych i endometriotycznych linii komdérkowych pozostaje
brak specyficznej organizacji tkankowej, co utrudnia odwzorowanie sygnalizacji
mie¢dzykomodrkowej oraz interakcji komorek ze sktadnikami ECM. W pracy oméwiono rowniez
badania wykorzystujace ko-hodowle komoérek endometriozy z makrofagami, komorkami
mezotelium otrzewne] oraz komorkami srodbtonka naczyn. W publikacji 2 przedstawiono

réwniez najnowsze technologie umozliwiajace zwigkszenie fizjologicznej relewancji modeli in
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vitro, w tym tréjwymiarowe organoidy, sferoidy, modele bioprintingowe oraz
mikroprzeplywowe systemy typu ,,organ-on-a-chip”. Dostgpne dane literaturowe wskazuja, ze
innowacyjne rozwigzania technologiczne pozwalaja na wierniejsze odwzorowanie wlasciwosci
ECM, przestrzennej komunikacji komoérkowej, fizykochemicznego mikrosrodowiska zmian
endometrialnych oraz gradientow biochemicznych. Podkresla si¢, ze dalszy rozwoj inzynierii
tkankowej oraz zaawansowanych mikroprzeptywowych modeli 3D moze w przysztosci
umozliwi¢ doktadniejsza identyfikacje celéw terapeutycznych, opracowywanie biomarkerow
diagnostycznych oraz bardziej precyzyjne testowanie nowych substancji leczniczych (Gotabek-
Grenda 1 Olejnik, 2022).

Obok modeli komorkowych i tkankowych duze znaczenie poznawcze maja modele
gryzoni, ktore dostarczyty istotnych informacji na temat modulacji stanu zapalnego, stresu
oksydacyjnego oraz ptodnosci w patofizjologii endometriozy. Modele te maja jednak powazne
ograniczenia wynikajagce z braku naturalnego wystepowania cyklu menstruacyjnego
1 koniecznosci chirurgicznego przeszczepienia tkanki macicy w celu indukcji choroby
(Edwards i in., 2013). W ostatnich latach podjeto rowniez proby opracowania modelu mysiego
modyfikowanego genetycznie do modelowania endometriozy de novo bez interwencji
chirurgicznej (Burns i in., 2022). W wielu badaniach nad endometriozg wykorzystano ssaki
z rz¢du Primates, gldwnie makaki rezus i pawiany, ze wzgledu na zblizong fizjologi¢ rozrodu
1 spontaniczng endometrioze. Wigkszo§¢ badan na naczelnych innych niz czlowiek,
koncentrowata si¢ na testowaniu lekow 1 potwierdzeniu skutecznosci ich dziatania, na przyktad
inhibitorow aromatazy oraz antagonistow progesteronu (Malvezzi i in., 2020). Prowadzenie
eksperymentéw interwencyjnych na duzych zwierzetach wigze si¢ z wysokimi kosztami,
a takze jest ograniczone wzgledami etycznymi oraz rosngcym sprzeciwem opinii publicznej,
dlatego rekomendacje dotyczace badan z wykorzystaniem naczelnych stajg si¢ coraz bardziej
rygorystyczne (Malvezzi i in., 2020). Alternatywy dla badan in vivo pozostaja przedmiotem
intensywnej dyskusji w spotecznos$ci naukowej, przemysle oraz wsrdd agencji regulacyjnych,
szczegblnie od momentu wdrozenia do prawa europejskiego Dyrektywy 2010/63/UE w sprawie
ochrony zwierzat wykorzystywanych do celow naukowych oraz odpowiadajacej jej polskiej
Ustawy z dnia 15 stycznia 2015 r. o ochronie zwierzat wykorzystywanych do celow naukowych
lub edukacyjnych. Regulacje te podkreslity znaczenie badan naukowych prowadzonych
z wykorzystaniem metod alternatywnych, umozliwiajacych ograniczenie zakresu badan na
zwierzgtach oraz ich realizacje zgodnie z koncepcja etyczng 3R (Replacement, Reduction,
Refinement). Ponadto w 2020 roku amerykanska Agencja Zywnoséci i Lekéw (FDA) uznata

wartos¢ modeli 3D in vitro w ocenie lekéw, promujac ich stosowanie w badaniach
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przedklinicznych (H. Wang 1 in., 2021). W ostatnich latach osiggni¢to znaczacy postep
w rozwoju technologii modelowania in vitro, ktore stanowig obiecujaca platforme do
poznawania patofizjologii chorob, takich jak endometrioza. Nalezy jednak podkresli¢, ze nawet
najbardziej zaawansowane modele in vitro wymagaja dalszego doskonalenia oraz
intensywnych prac nad optymalizacja i planowaniem doswiadczen, a takze nad wtasciwa

interpretacja 1 ekstrapolacja uzyskiwanych danych.
1.5 Strategie leczenia i dost¢pne terapie endometriozy

Do chwili obecnej nie opracowano terapii umozliwiajacej catkowite wyeliminowanie
wszystkich objawow endometriozy. Zgodnie z wytycznymi Europejskiego Towarzystwa
Rozrodu Cztowieka 1 Embriologii z 2022 roku, cele leczenia obejmuja redukcje bolu, poprawe
jakosci zycia, zachowanie plodnos$ci oraz ograniczenie nawrotow choroby. Zalecane
postepowanie powinno mie¢ charakter zindywidualizowany i uwzglednia¢ obraz kliniczny,
choroby wspolistniejace oraz plany prokreacyjne pacjentki (Becker i in., 2022).
W farmakoterapii rekomenduje si¢ stosowanie niesteroidowych lekoéw przeciwzapalnych
(NLPZ) oraz terapii hormonalnej. NLPZ, w tym inhibitory cyklooksygenazy COX-2, hamuja
produkcje prostaglandyn, natomiast dwusktadnikowe hormonalne $rodki antykoncepcyjne oraz
progestageny blokuja owulacj¢, obnizaja poziom estrogendéw i ograniczajg proliferacj¢ ognisk
endometriozy, sprzyjajac ich regresji (Kedzia i in., 2024; Zondervan i in., 2020). Do najczesciej
obserwowanych dzialan niepozadanych terapii naleza zaburzenia ze strony przewodu
pokarmowego 1 ukladu nerwowego, a takze nieregularne krwawienia, wahania nastroju
1 przyrost masy ciata (J. Brown i in., 2017; Mitchell i in., 2022). Leki drugiego rzutu, w tym
agonisci 1 antagoni$ci gonadoliberyny (GnRH, gonadotropin-releasing hormone) oraz
inhibitory aromatazy, umozliwiaja indukcje¢ kontrolowanego hipoestrogenizmu przy
zmniejszonym ryzyku dziatan ubocznych (Bulun i in., 2019; Zondervan i in., 2020). Testowane
obecnie syntetyczne modulatory receptora progesteronowego wykazuja zdolno$¢ do
selektywnego hamowania proliferacji endometrium bez wywotywania istotnego niedoboru
estrogenow (Reis 1 in., 2020). Leczenie chirurgiczne, zwykle laparoskopowe, zaleca si¢
w przypadkach nieskutecznos$ci, zlej tolerancji lub przeciwwskazan do farmakoterapii,
szczegolnie u kobiet planujacych cigze. Pomimo calkowitego wusunigcia zmian
endometrialnych, nawroty choroby wystepuja dos¢ czesto i dotycza okoto 22% pacjentek po
2 latach 1 40-50% po 5 latach od zabiegu, co podkres$la istotng role pooperacyjnego leczenia
hormonalnego (Allaire 1 in., 2023). Ostatnie rekomendacje Polskiego Towarzystwa

Ginekologéw 1 Potoznikow wskazuja rowniez na znaczenie terapii wspomagajacych,
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obejmujacych dietoterapie, fizjoterapi¢ oraz opieke psychologiczng, ktére moga wzmacniaé
efekty farmakoterapii i stanowi¢ wazny element przygotowania pacjentki do leczenia

operacyjnego (Kedzia i in., 2024).
1.6 Czynniki zywieniowe w profilaktyce i leczeniu endometriozy

W ostatnich latach odnotowano wzrost liczby badan obserwacyjnych, randomizowanych
badan kontrolowanych oraz systematycznych przegladow literatury dotyczacych zaleznosci
miedzy sposobem zywienia a ryzykiem rozwoju endometriozy oraz skuteczno$cig terapii
dietetycznych. Zmiany w diecie uzyskaly wysokie oceny w badaniach opartych na samoocenie
kobiet dotknietych choroba pod wzgledem zdolnosci do zmniejszenia bdlu miednicy oraz
fagodzenia objawow zotadkowo-jelitowych (Abulughod i in., 2024). W prospektywnym
badaniu obejmujacym lata 1991-2015 wykazano, ze wzorzec zywienia zgodny z AHEI-2010
(Alternate Healthy Eating Index 2010), bogaty w owoce i warzywa, a ubogi w czerwone mig¢so
1 thuszcze trans, wigzat si¢ z nizszym o 13% ryzykiem rozpoznania endometriozy (Dougan i in.,
2024). Najnowsze badania wskazuja, ze sktadniki diety moga modulowa¢ stan zapalny, stres
oksydacyjny oraz metabolizm estrogenéw, wptywajagc tym samym na przebieg i objawy
choroby (L. Zhou, Liu, i in., 2025).

Na podstawie dostepnych danych wyrézniono kilka modeli zywieniowych, ktore moga
mie¢ wplyw na przebieg endometriozy. Nalezag do nich: dieta $réodziemnomorska,
przyczyniajaca si¢ do zmniejszenia wskaznikow zapalnych oraz tagodzenia objawdw bolowych
(Cirillo 1 1n., 2023); dieta bogata w blonnik, ktéra poprzez obnizenie poziomu estrogenow,
poprawe mikrobiomu i redukcj¢ stresu oksydacyjnego moze ogranicza¢ ryzyko endometriozy
(Parazzini i in., 2004; Harris i in., 2018); dieta bezglutenowa, w przypadku ktorej u okoto 75%
pacjentek odnotowano istotne zmniejszenie dolegliwosci bolowych (Marziali 1 in., 2012); dieta
FODMAP, redukujaca objawy zoladkowo-jelitowe u pacjentek z zespotem jelita drazliwego
wspotistniejacym z endometrioza (Moore i in., 2017; van Haaps i1 in., 2023); dieta
niskoniklowa, ktéra w 3-miesigcznym badaniu pilotazowym zmniejszyta objawy zotadkowo-
jelitowe, ginekologiczne 1 ogdlnoustrojowe (Borghini i in., 2020), a takze dieta przeciwzapalna,
ktorej skuteczno$¢ oceniano na podstawie biomarkerow zapalnych, takich jak IL-6, biatko
C-reaktywne (CRP) i TNF-a (P. Liu i in., 2023). W duzym badaniu prospektywnym wykazano,
ze spozywanie tluszczow trans oraz produktow migsnych wigzato si¢ ze zwigkszonym o 48%
ryzykiem rozpoznania endometriozy (Missmer 1 in., 2010). Stwierdzono réwniez, ze
spozywanie czerwonego mig¢sa moze sprzyja¢ zwigkszonej produkcji estradiolu oraz nasila¢

ekspresje markerow stanu zapalnego $ci§le zwigzanych z progresja choroby (Papier i in., 2021;

17



L. Zhou, Liu, 1 in., 2025). Z kolei badania zywieniowe wskazuja na potencjalnie korzystny
wplyw produktéw mlecznych, prawdopodobnie zwigzany z zawarto§cig wapnia i witaminy D
(Nodler i in., 2020). Pomimo identyfikacji schematow zywieniowych potencjalnie korzystnych
w profilaktyce endometriozy oraz tagodzeniu jej objawdw, molekularne mechanizmy dziatania
poszczegbdlnych skladnikow odzywczych nadal pozostajg nie w peilni poznane. Wyniki
interwencji zywieniowych s3 czesto niejednoznaczne ze wzgledu na brak jednorodnosci
metodologicznej, obejmujacej m.in. zréznicowane schematy i protokoty badan, niewielkie
grupy uczestniczek oraz odmiennie punkty koncowe analiz. Opracowanie precyzyjnych
zalecen zywieniowych wymaga zatem doktadniejszego poznania wplywu diety na poziom
estrogendéw, sklad mikrobiomu jelitowego oraz procesy zapalne zwigzane z patofizjologia

choroby.
1.7 Potencjal naturalnych zwigzkow bioaktywnych w terapii endometriozy

Bioaktywne dzialanie naturalnych zwiazkéw zawartych w zywnosci oraz ich znaczenie
w terapii endometriozy stanowig obecnie obszar intensywnych badan naukowych. Coraz wigcej
dowodow wskazuje, ze zywno$¢, zwlaszcza pochodzenia roslinnego, jest cennym zrddtem
zwigzkow o wysokim potencjale prewencyjnym 1 terapeutycznym w odniesieniu do
endometriozy. Sktadniki odzywcze oraz zwigzki bioaktywne, poprzez tagodzenie stanu
zapalnego 1 stresu oksydacyjnego, moga przyczynia¢ si¢ do zapobiegania rozwojowi
endometriozy oraz modyfikowania jej przebiegu. Do grupy zwigzkéw o istotnym potencjale
prozdrowotnym w endometriozie zaliczono witaminy C i E, ktore dzigki wysokiej aktywnos$¢
przeciwutleniajacej przyczyniaja si¢ do obnizenia stresu oksydacyjnego oraz zmniejszenia
dolegliwos$ci bolowych u pacjentek (Amini i in., 2021). Wykazano réwniez, ze suplementacja
witaminy D prowadzi do znacznej poprawy w zakresie bolu miednicy, obnizenia stezenia biatka
CRP oraz zwigkszenia catkowitej zdolnosci antyoksydacyjnej organizmu (Mehdizadehkashi
iin., 2021). N-acetylocysteina (NAC), bedaca prekursorem glutationu, wykazuje dzialanie
przeciwutleniajace poprzez aktywacje licznych mechanizméw obrony antyoksydacyjnej; jej
stosowanie wigzalo si¢ ze zmniejszeniem wielko$¢ torbieli endometrialnych jajnika oraz
ograniczeniem dolegliwosci bolowych, w tym bolesnych miesigczek, dyspareunii
i przewleklego boélu miednicy (Porpora i in., 2013). Wysokie spozycie dhugotancuchowych
kwasow thuszczowych omega-3, zwlaszcza kwasu eikozapentaecnowego (EPA), wigzalo si¢
z obnizeniem ryzyka rozwoju endometriozy (Hopeman i in., 2015), a takze ze zmniejszeniem
objaw6w boélowych oraz obnizeniem poziomu markerow zapalnych, takich jak PGE2 1 CA-125

(Signorile 1 in., 2018). EPA hamuje przeksztatcanie kwasu arachidonowego w prozapalne
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molekuty, takie jak PGE2 1 leukotrien B4, ktére odgrywaja kluczowa role w generowaniu bolu
w endometriozie (Sienko i in., 2024).

Wazng grupe zwigzkdéw bioaktywnych w dietoterapii endometriozy stanowig polifenole,
ktorych potencjal przedstawiono w artykule przegladowym (publikacja 1), wchodzacym
w sklad niniejszej rozprawy doktorskiej. W artykule szczegdtowo omdwiono zwigzki nalezace
do grupy flawonoli, flawonow, izoflawonoidéw, flawanonéw, chalkonow i flawanoli.
Szczegdlng uwage poswiecono aktywnosci biologicznej resweratrolu, udokumentowanej
w licznych badaniach in vitro 1 in vivo oraz w probach klinicznych, ktore wskazuja na jego
zdolnos¢ do modulowania kluczowych szlakéw patofizjologii endometriozy. Dotychczasowe
badania eksperymentalne i analizy kliniczne jednoznacznie pokazuja, ze zwiazki takie jak
resweratrol, galusan epigallokatechiny, kwercetyna czy apigenina moga zmniejsza¢ rozmiar
ognisk endometrialnych, hamowac ich wzrost poprzez indukcje apoptozy i inhibicje proliferac;ji
oraz ogranicza¢ angiogeneze¢. Polifenole wykazujg dzialanie wielokierunkowe, modulujac
kluczowe markery oraz $ciezki sygnalowe w réznych modelach biologicznych choroby.
Pomimo obiecujacych wynikow badan przedklinicznych, wdrozenie polifenoli do praktyki
klinicznej wymaga jednak przeprowadzenia dalszych, dobrze zaprojektowanych badan
klinicznych, ktére pozwolg okresli¢ optymalne dawki oraz warunki bezpiecznej i skutecznej
terapii, szczegélnie w kontek$cie leczenia dlugoterminowego. Biorac pod uwage
udokumentowany w badaniach naukowych potencjat biologiczny naturalnych zwiazkow
polifenolowych, mozna przypuszczac, ze moga one stanowi¢ warto§ciowe wsparcie terapii

endometriozy 1 przyczyniac si¢ do tagodzenia objawdw tej choroby (Gotabek i in., 2021).

1.8 Resweratrol i jego pochodne jako zwigzki aktywne biologicznie

w endometriozie

Resweratrol, przedstawiciel stilbenéw nalezacych do polifenoli, zbudowany jest z 14-
weglowego szkieletu 1 dwoch pierscieni fenylowych potaczonych podwdjnym wigzaniem
etylenowym; jego masa czasteczkowa wynosi 228,247 g/mol. Obecnos¢ podwojnego wigzania
umozliwia wystgpowanie w dwoch formach stereoizomerycznych — cis- i trans-, z ktérych
forma trans dominuje pod wzgledem aktywno$ci biologicznej i zastosowan farmaceutycznych
(Sallaiin., 2024). Stilbeny powstajg w roslinach w procesie biosyntezy fitoaleksyn, zwigzkéw
chronigcych je przed stresem, takim jak infekcje grzybicze, promieniowanie UV, uszkodzenia
mechaniczne (Teka i in., 2022).

Resweratrol zostat po raz pierwszy wyizolowany w 1940 roku z korzenia ciemi¢zycy

wielokwiatowej (Veratum gradiflorum), a nastgpnie z korzenia rdestowca ostrokonczystego

19



(Polygonum cuspidatum), ktéry nalezy do najbogatszych naturalnych zrodet tego zwigzku
(296377 pg/g) (Khattar i in., 2022). Od lat 90., kiedy zidentyfikowano go jako sktadnik
czerwonego wina, resweratrol stat si¢ przedmiotem intensywnych badan naukowych (Nunes
11n., 2018). Wystepuje gtownie w skorkach winogron (50—100 pg/g owocdéw), natomiast jego
stezenie w winie miesci si¢ w zakresie 0,352—-1,990 pg/mL (Khattar i in., 2022). Obecno$¢
resweratrolu w winie powiagzano z tzw. ,,paradoksem francuskim”, czyli niska czgstoscig
choréb wiencowych w populacji stosujacej diete wysokotluszczowa spozywajaca znaczne
ilosci czerwonego wina (Renaud 1 de Lorgeril, 1992). Zwigzek ten wystepuje rowniez
w nizszych stezeniach w korzeniach, todygach, liciach, kwiatach, owocach i1 nasionach wielu
gatunkow rosélin, m.in. sosny, orzeszkdw ziemnych, borowki 1 zurawiny, morwy, eukaliptusa,
chlebowcow, gniotowcodw oraz lilii (Tian i Liu, 2020; Khattar i in., 2022), a takze w ziotach,
takich jak melisa lekarska, migta pieprzowa, rumianek pospolity, dziurawiec zwyczajny czy
bazylia stodka (Mekini¢ i in., 2016).

Wiasciwosci przeciwnowotworowe resweratrolu zostaly po raz pierwszy opisane w 1997
roku przez zespot Janga, ktory wykazal, ze zwigzek ten moze oddziatywaé na kazdy etap
rozwoju nowotworu — od inicjacji, przez promocj¢, az po progresj¢ (Jang i in., 1997). Szacuje
sie, ze od czasu przetomowe] publikacji Janga ukazato si¢ ponad 13 000 prac naukowych
zawierajacych resweratrol w tytule. Resweratrol byt badany w kontekscie szerokiego spektrum
potencjalnych  korzysci  zdrowotnych, obejmujacych dziatanie kardioprotekcyjne,
neuroprotekcyjne, przeciwnowotworowe, przeciwcukrzycowe, przeciwbakteryjne oraz
przeciwstarzeniowe. Wiele z tych efektéw wynika ze zdolnos$ci resweratrolu do modulowania
stresu oksydacyjnego, $mierci apoptotycznej komorek, procesoOw zapalnych, metabolizmu
glukozy oraz przemian estrogenu. Mimo obiecujacych wynikow potwierdzajacych potencjat
przeciwnowotworowy resweratrolu uzyskanych w badaniach przedklinicznych, badan
klinicznych w tym obszarze jest stosunkowo niewiele, co moze wynika¢ m.in. z braku
odpowiednich biomarkerow do monitorowania skutecznos$ci leczenia. Natomiast, liczba badan
klinicznych oceniajagcych wptyw resweratrolu na plodno$¢, endometriozg, zespot
policystycznych jajnikéw oraz inne schorzenia ginekologiczne znacznie przewyzsza odsetek
badan dotyczacych jego dziatania przeciwnowotworowego (K. Brown i in., 2024).
Mechanizmy regulowane przez resweratrol odgrywaja kluczowa role w progresji
endometriozy, co wskazuje na jego potencjalne wlasciwosci ochronne w prewencji i przebiegu
tej choroby.

Resweratrol indukuje apoptoze zarowno poprzez tzw. szlak zewne¢trzny zalezny od

receptorow smierci, jak 1 wewnetrzng (mitochondrialng) $ciezke sygnalizacyjng. W komorkach
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raka jelita grubego HT29 po ekspozycji na resweratrol wykazano redystrybucje receptorow
smierci (CD95, DR4, DRS), biatka adaptorowego FADD (Fas-associated protein with death
domain) oraz prokaspazy-8, co prowadzilo do aktywacji kompleksu DISC inicjujacego
apoptoze (Delmas 1 in., 2004). Wykazano réwniez, ze resweratrol hamuje anty-apoptotyczne
biatka rodziny BCL-2 oraz aktywuje bialka pro-apoptotyczne, takie jak BAD, BAK 1 BAX
(Aziz 1 in., 2006; Bhardwaj i in., 2007). Istotng rol¢ odgrywa takze regulacja osi bialka
supresorowego nowotwordéw i deacetylazy sirtuiowej 1 (p53/SIRT1) oraz hamowanie szlaku
kinazy 3-fosfatydyloinozytolu/kinazy biatkowej B/mechanistycznego celu rapamycyny
(PI3K/Akt/mTOR), co potwierdzono w komorkach raka jelita grubego, jajnika, piersi, macicy,
prostaty i szpiczaka mnogiego (Brockmueller i in., 2023; J.-H. Ko 1 in., 2017). Resweratrol
wywoluje apoptoze komoérek nowotworowych réwniez poprzez modulacje elementéw szlaku
kinaz biatkowych aktywowanych mitogenami (MAPK) tj., obejmujacego kinazy regulowane
sygnatem pozakomoérkowym (ERK1/2, ERK3/4, ERKS, ERK7/8), kinazy N-koncowej Jun
(JNK1/2/3) oraz biatko p38 (Hankittichai i in., 2023). Wedlug innych danych zwiazek ten
moduluje sygnalizacje sfingolipidow, zwigkszajac poziom ceramidow i zmniejszajac poziom
sfingozyno-1-fosforanu, co sprzyja apoptozie i1 ograniczeniu proliferacji komorek raka jelita
grubego, piersi 1 prostaty (Gaggini i in., 2023). Ponadto, resweratrol wplywa na cykl
komorkowy poprzez regulacje cyklin oraz kinaz zaleznych od cyklin (Gatouillat i in., 2010).
Nowsze badania dotyczace jego dziatania proapoptotycznego 1 antyproliferacyjnego
koncentrujg si¢ rowniez na regulacji miRNA oraz IncRNA (long non-coding RNA) (H. Zhang,
Liu, 1 1in., 2023; H. Zhang, Wang, i in., 2023).

Przewlekty stan zapalny i stres oksydacyjny stanowig kluczowe elementy patofizjologii
endometriozy. Resweratrol wykazywat dzialanie przeciwzapalne w r6znych modelach choréb
poprzez hamowanie aktywnosci czynnikéw transkrypcyjnych AP-1 1 NF-xB, co prowadzito do
zmniejszenia transkrypcji genow enzymow syntetyzujacych eikozanoidy (np. COX-2) oraz
obnizenia produkcji PGE2 (Das i Das, 2007). W makrofagach resweratrol dziatat poprzez szlaki
TLR4/NF-xB/MAPK, hamujac fosforylacj¢ kaskady biatek sygnatowych (IkBa, p38, JNK,
ERK1/2) 1 ograniczajac ekspresj¢ markeréw zapalnych, takich jak TNF-a, IL-6 1 IL-8 (Tong
11n., 2020; Monmai i Baek, 2024). Aktywujac SIRT1, ktoéra deacetyluje podjednostke p65 NF-
kB, resweratrol zmniejszat jego aktywnos¢ transkrypcyjna i odpowiedz zapalng (Sun 1 in.,
2024). Dowiedziono rowniez, ze resweratrol dziala jako silny antyoksydant — neutralizuje
reaktywne formy tlenu (ROS, reactive oxigen species), chroni DNA i lipidy przed peroksydacja
oraz zwicksza aktywno$¢ enzymoéw antyoksydacyjnych. Poprzez aktywacje jadrowego

czynnika 2 zwigzanego z czynnikiem erytroidowym 2 (Nrf2, nuclear factor erythroid 2-related
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factor 2) indukuje ekspresj¢ enzymow fazy Il detoksykacji, takich jak NQO w komorkach
biataczki (Hsieh i in., 2006) oraz QR w komorkach raka piersi (Bianco i in., 2005). W modelach
in vitro 1 in vivo raka jajnika wykazano wzrost aktywno$ci enzyméw dysmutazy
ponadtlenkowej (SOD, superoxide dismutase), peroksydazy glutationowej (GPx, glutathione
peroxidase) 1 katalazy (CAT, catalase) oraz obnizenie markerow stresu oksydacyjnego
(Ibrahim i in., 2021; J. Wang i in., 2022).

Nowsze kierunki badan dotycza wplywu resweratrolu na mikrosrodowisko
immunologiczne, w tym przeprogramowanie makrofagow i limfocytow T CD8+ (W. Zhang
1in., 2022) oraz na wykorzystaniu biomarkeréw (profile miRNA, metabolomika) do
monitorowania efektow terapii (Y. Lee i Im, 2021; Z.-D. Zhang, Tao, i in., 2023). Ze wzgledu
na strukturalne podobienstwo do 17-estradiolu resweratrol moze wigzac si¢ z receptorami ER,
wykazujagc zardwno dziatanie estrogenowe, jak 1 antyestrogenowe, Analizy dynamiki
molekularnej sugeruja, ze resweratrol preferencyjnie indukuje antagonistyczng konformacje
ER-a, wptywa na procesy genomowe i niegenomowe zalezne od ER oraz na ekspresj¢
i degradacj¢ proteasomalng ER. Dziata rowniez posrednio, modulujac poziomy estrogenow
1 steroidow w organizmie (Qasem, 2020). Badania przedkliniczne dotyczace estrogenowego
dziatania resweratrolu obejmowaty gtownie linie komoérkowe raka piersi (Pozo-Guisado 1 in.,
2005), jajnika (Bowers i in., 2000) oraz endometrium (Bhat i Pezzuto, 2001), a takze modele
uterotropowe in vivo (Freyberger i in., 2001). W badaniach klinicznych wptyw resweratrolu na
sygnalizacje estrogenowg oceniano w przypadku m.in. zespotu policystycznych jajnikéw
PCOS (Banaszewska i in., 2016), otylosci (Chow 1 in., 2014) oraz endometriozie (Maia i in.,
2012).

Wielokierunkowe dziatanie resweratrolu, ograniczajace poszczegodlne etapy progresji
nowotworzenia, a majace znaczenie rowniez w endometriozie, obejmuje przede wszystkim
hamowanie ekspresji MMPs, inaktywacje przejscia EMT, redukcje wtoknienia poprzez blokade
szlaku sygnatowego transformujacego czynnika wzrostu f/biatek Smad (TGF-B/Smad) oraz
blokowanie angiogenezy zaleznej od VEGF (J.-H. Ko i in., 2017). Hamowanie ekspresji
MMPs, zwtaszcza MMP-9, przekladato si¢ na zmniejszenie zdolno$ci migracyjnych
1 inwazyjnych komorek, co potwierdzono m.in. w komorkach raka piersi MDA-MB231 (M.-F.
Lee 1 in., 2011) oraz raka jajnika (Kadry, 2024). Wykazano réwniez, ze resweratrol obniza
ekspresje MMP-2 i MMP-9 w tkance i ptynie endometrium oraz surowicy (Kodarahmian i in.,
2019). W tej samej grupie badanych zaobserwowano spadek ekspresji markeréw angiogenezy

1 stanu zapalnego (VEGF 1 TNF-a) w endometrium (Khodarahmian i in., 2021). Resweratrol
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hamowat rowniez EMT indukowane przez TGF-f w wielu modelach nowotworowych (J.-H.
Koiin., 2017).

Zwiagzek ten moze takze przeciwdziala¢ wldknieniu, co ma znaczenie zaréwno
w kontek$cie nowotworowym, jak i w powstawaniu zrostow w endometriozie. Wykazano, ze
resweratrol inaktywuje o§ TGF-B/Smad oraz obniza ekspresje a-SMA (alpha-smooth muscle
actin) 1 kolagenu w modelach uszkodzenia nerek 1 serca oraz w fibroblastach zwigzanych
z nowotworem (Dana iin., 2022; J. Wangiin., 2018; Y. Zhang i in., 2018). Ponadto resweratrol
ogranicza angiogeneze¢ — kluczowy proces rowniez dla unaczynienia zmian endometrialnych —
m.in. poprzez blokadg¢ szlaku STAT3/HIF-10/VEGF, co prowadzito do zmniejszenia ekspresji
VEGF oraz markeréw unaczynienia, takich jak CD31, w modelach in vitro i in vivo (Savio i in.,
2022; H. Wang i in., 2020).

Resweratrol moze wplywaé rowniez na redukcje markerow neurozapalnych
1 dolegliwos$ci bolowych, co ma istotne znaczenie w endometriozie, gdzie przewlekty bol wigze
si¢ z rozbudowa unerwienia zmian i post¢pujacym neurozapaleniem. W modelu zwierzecym
bolu neuropatycznego resweratrol hamowat ekspresje cytokin prozapalnych (TNF-a, IL-1f, IL-
6), zwigkszat poziom przeciwzapalnej IL-10, obnizat markery pobudzenia neuronow (CGRP,
c-Fos) oraz ograniczatl aktywnos$¢ astrocytow 1 mikrogleju — komorek kluczowych dla regulacji
neurozapalenia (Y. Yang i in., 2016). Obiecujagcym kierunkiem dziatania resweratrolu
w konteks$cie leczenia bolu neuropatycznego oraz nadmiernego unerwienia tkanek
w endometriozie jest jego zdolnos¢ do aktywacji semaforyny 3A (Sema3A), biatka petnigcego
funkcje¢ inhibitora wzrostu wtokien nerwowych (Tsuji i in., 2024). Ma to szczegdlne znaczenie
w $wietle najnowszych doniesien dotyczacych roli hipoks;ji i sygnalizacji HIF-1a w modulacji
ekspresji Sema3A w endometriozie (R. Yang i in., 2024).

Resweratrol, mimo licznych doniesien o jego wilasciwosciach prozdrowotnych, ma
ograniczone zastosowanie kliniczne, co wynika gtownie z jego szybkiego metabolizmu oraz
niskiej biodostgpnosci. Brak wystarczajacych 1 jednoznacznych danych klinicznych
dotyczacych bezpieczenstwa oraz biodostepnosci sprawia, ze zwigzek ten nie spelnia
rygorystycznych wymagan agencji regulacyjnych, takich jak FDA, co utrudnia jego rejestracje
jako produktu leczniczego (Salla i in., 2024). Resweratrol wyrdznia si¢ sposrod polifenoli
stosunkowo wysokim stopniem wchtaniania w przewodzie pokarmowym po podaniu
doustnym, siegajacym okoto 70-75%. Transport resweratrolu zachodzi na drodze biernej
dyfuzji przez nabtonek lub poprzez tworzenie kompleksoéw z transporterami blonowymi, takimi
jak integryny czy transportery ABC (4TP-binding cassette). W enterocytach jelita cienkiego

oraz hepatocytach watroby resweratrol ulega szybkiej biotransformacji do rozpuszczalnych
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w wodzie metabolitow glukuronidowych 1 siarczanowych, co obniza poziom wolnej formy
resweratrolu we krwi 1 ulatwia jego wydalanie z moczem. Intensywne reakcje sprzggania
powoduja, ze biodostgpnos¢ niezmienionej czasteczki w krazeniu ogdlnym jest bardzo niska
1 wynosi ponizej 1% (Smoliga 1 Blanchard, 2014; Walle 1 in., 2004). Ograniczona dostgpnos¢
resweratrolu do wchtaniania w przewodzie pokarmowym wynika takze z jego niskiej
rozpuszczalnosci w wodzie. Istotng role w dystrybucji tkankowej resweratrolu odgrywa
wigzanie jego wolnej formy z albuming i lipoproteinami, co umozliwia dysocjacj¢ w blonach
komorek posiadajacych receptory dla albuminy i lipoprotein o niskiej gestosci (Gambini i in.,
2015). Dodatkowym czynnikiem wptywajacym na jego przemiany jest metabolizm przez
mikrobiote jelitowa. Dihydroresweratrol syntetyzowany przez bakterie jelitowe oraz wolny
resweratrol wykrywano w tkankach gtownie po dlugotrwatym podawaniu, natomiast po
jednorazowej dawce dominujg metabolity glukuronidowe i siarczanowe. Biodostepnosc
resweratrolu 1 jego metabolitow zalezy zatem zaro6wno od czasu, jak 1 dawki podawania
(Chaplin i1 in., 2018). Zaobserwowano réwniez znaczng zmienno$¢ mig¢dzyosobniczg
w biodostepnosci resweratrolu, co moze prowadzi¢ do réznic w odpowiedzi fizjologicznej
organizmu (Smoliga i Blanchard, 2014).

Dotychczas analizowano wiele strategii majacych na celu poprawe biodostepnosci
resweratrolu, w tym jego podawanie z rdéznymi produktami spozywczymi, stosowanie
proszkobw  mikronizowanych, taczenie =z innymi substancjami fitochemicznymi
(np. kwercytyng) lub standardowymi chemioterapeutykami, a takze wykorzystanie systemoéw
kontrolowanego uwalniania i nanoformulacji (Robertson 1 in., 2022; Smoliga i Blanchard,
2014). Innym podej$ciem jest zastosowanie pochodnych resweratrolu otrzymywanych poprzez
m.in. hydroksylacje, aminacj¢, amidacje, imidacje, metoksylacj¢, prenylacje, halogenacje,
glikozylacje oraz oligomeryzacje. Ze wzgledu na liczbe jednostek 1,2-difenyloetylenowych
stilbeny dzieli si¢ na dwa gléwne typy: monomeryczne i oligomeryczne. Monomery rdznig si¢
rodzajem podstawnikéw chemicznych, natomiast oligomery moga wystepowac jako dimery,
trimery, tetramery lub wyzsze oligomery. Modyfikacje strukturalne wptywaja na
rozpuszczalno$¢, absorpcje, biodostepnosé, stabilno$¢ metaboliczng oraz aktywnosé
biologiczng tych zwigzkéw (Mendongca 1 in., 2024; L. Zhou, Cai, i in., 2025).

Przyktadem metylowanej pochodnej resweratrolu jest pterostilben (3,5-dimetoksy-4'-
hydroksystilben), w ktorym dwie grupy —OH podstawione sg grupami —OCHs. Pterostilben
wystepuje naturalnie w owocach jadalnych, takich jak boréwki, winogrona, zurawina czy
orzeszki ziemne, gdzie powstaje w wyniku O-metylacji resweratrolu (Nagarajan i in., 2022;

Valletta i in., 2021). Silne dzialanie przeciwutleniajace 1 przeciwzapalne pterostilbenu stanowi
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podstawe szerokiego spektrum wilasciwosci biologicznych, obejmujgcych m.in. efekty
hipoglikemiczne, hipolipemizujace, przeciwgrzybicze, przeciwwirusowe oraz
neuroprotekcyjne (Y. Liu i in., 2020; Mendonga i in., 2024). W badaniach in vitro pterostilben
skutecznie hamowat proliferacje wielu typow komorek nowotworowych, m.in. raka zotadka,
phuca, watroby, jamy ustnej, trzustki, uktadu limfatycznego, jelita grubego, prostaty, piersi,
czerniaka, biataczki i szpiczaka mnogiego. W modelach in vivo ograniczal rozwdj guzéow oraz
procesy powstawania przerzutow. Jego dziatanie przeciwnowotworowe jest zwigzane
z hamowaniem proliferacji poprzez regulacje szlakow AKT/mTOR, ERK1/2, JAK/STATS3,
indukcja apoptozy poprzez AKT/mTOR/p70S6K 1 ERS, blokowaniem inwazji
1 przerzutowania poprzez modulacj¢ szlakow Src/FAK oraz Racl/WAVE/Arp2/3, a takze
ograniczaniem populacji nowotworowych komorek macierzystych poprzez szlak GRP78
(Mendonga 1 in., 2024). Lipofilowy charakter pterostilbenu utatwia jego przenikanie przez
barier¢ krew-mozg, co moze przynosi¢ korzysci dla osrodkowego uktadu nerwowego (P. Liu
iin., 2024). Pterostilben charakteryzuje si¢ réwniez wyzsza biodostgpnoscia po podaniu
doustnym (80-95%), co przypisuje si¢ zwickszonej lipofilowosci (obecno$¢ dwoch grup
metoksylowych) oraz stabilno$ci metabolicznej (jedna grupa hydroksylowa), skutkujacej
wolniejszg glukuronidacjg 1 dtuzszym okresem pottrwania w porownaniu z resweratrolem (Bras
11in., 2025). Pterostilben charakteryzuje si¢ korzystnym profilem bezpieczenstwa, co wykazano
zardwno w badaniach przedklinicznych, jak i klinicznych. W modelach zwierzecych byt dobrze
tolerowany nawet przy bardzo wysokich dawkach si¢gajacych 3000 mg/kg mc./dobe.
Natomiast badania kliniczne wskazujg na dobrg tolerancje u ludzi w dawkach terapeutycznych
wynoszacych do 250 mg/dobe. Niestety wcigz brakuje danych potwierdzajacych
bezpieczenstwo dlugoterminowego przyjmowania pterostilbenu, co jest istotne w S$wietle
doniesien sygnalizujacych potencjalng hepatotoksyczno§¢ w przypadku zastosowania
wysokich dawek. Autorzy prac podkreslaja konieczno$¢ prowadzenia dalszych badan nad
optymalnym dawkowaniem i bezpieczenstwem w przypadku chronicznego narazenia (Lin i in.,
2020; P. Liu i in., 2024).

Do naturalnych, najczesciej wystepujacych hydroksylowanych pochodnych resweratrolu
nalezg m.in. oksyresweratrol, piceatannol, dihydroksystilbeny oraz heksahydroksystilbeny.
Piceatannol (3,5,3',4'-tetrahydroksy-trans-stilben), ktory byl przedmiotem badan w niniejsze;j
pracy doktorskiej, jest najlepiej zbadang hydroksylowang pochodng resweratrolu zawierajaca
dodatkowa grupe¢ hydroksylowa w pozycji 3’ drugiego pier§cienia aromatycznego. Piceatannol
wystepuje naturalnie w boréwkach, granacie, pestkach marakui, biatych 1 czerwonych

winogronach, orzeszkach ziemnych, rdescie ostrokonczystym, biatej herbacie i roslinach
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strgczkowych. Moze by¢ syntetyzowany z pochodnych estru CoA lub powstawa¢ w wyniku
metabolicznej hydroksylacji resweratrolu. Zwiazek ten wykazuje szerokie spektrum
wlasciwosci  biologicznych, obejmujacych dziatanie antyoksydacyjne, przeciwzapalne,
przeciwnowotworowe, antyproliferacyjne, neuroprotekcyjne, a takze korzystne efekty
metaboliczne, przeciwmiazdzycowe, kardioprotekcyjne oraz aktywno$¢ przeciwbakteryjna
1 przeciwwirusowg (Piotrowska 1 in., 2012; Al-Jaber 1 in., 2024). Jego wtasciwosci
cytotoksyczne oceniono wobec wielu linii komérkowych, w tym raka jelita grubego, r6znych
typow biataczek, czerniaka, raka watroby oraz raka jajnika. (Rajan i in., 2024). Do kluczowych
mechanizméw molekularnych regulowanych przez piceatannol nalezy selektywna inhibicja
kinaz tyrozynowych, istotnych w regulacji odpowiedzi immunologicznej oraz procesOw
zwigzanych kancerogeneza (Kwon i in., 2012; Piotrowska i in., 2012). Efekty antyoksydacyjne
1 cytoprotekcyjne wywotane przez piceatannol moga by¢ zwigzane z regulacjg szlakow
sygnatowych kontrolowanych przez Nrf2 (Mendonga 1 in., 2024). Ponadto liczne dane
wskazuja na hamujacy wplyw piceatannolu na NF-kB oraz szlaki JAK2/STATS3,
PI3K/Akt/mTOR, EGFR i inne $ciezki sygnatowe zwigzane ze stanem zapalnym i proliferacja
(Al-Jaber 1 in., 2024). Obecno$¢ dwoch grup hydroksylowych w pozycjach 3' i 4’ (uktad
katecholowy w pierScieniu B) ma kluczowe znaczenie dla zdolnosci piceatannolu do
neutralizowania wolnych rodnikéw 1 wychwytywania niesparowanych elektronéw, co
prowadzi do powstania stabilnego rodnika semichinonowego i skuteczniejszej ochrony
antyoksydacyjnej w porownaniu z resweratrolem. Podobnie jak zwiazek macierzysty,
piceatannol charakteryzuje si¢ ograniczong biodostepnoscia, a jego metabolizm w watrobie
zachodzi gtéwnie przez glukuronidacje, sulfatacje i metylacj¢. Najnowsze analizy in silico
wykazaly, ze obecno$¢ uktadu katecholowego zwigksza jednak stabilno$¢ metaboliczng
zwiazku, a powstajgce metabolity cechujg si¢ niskg cytotoksycznoscia i dobrg przenikalno$cig
przez tkanki przewodu pokarmowego (Rajan i in., 2024).

Kolejna pochodng resweratrolu, ktora byla przedmiotem badan realizowanych
w niniejszej pracy doktorskiej, byta polidatyna (piceid) — 3,4’,5-trihydroksystilbeno-3-O-B-D-
glukopiranozyd. Rosliny szczegdlnie bogate w polidatyne to rdestowiec japonski, w korzeniach
ktorego stwierdza si¢ okolo 16 mg polidatyny i 1,8 mg resweratrolu na gram suchej masy,
a takze rozne gatunki winoro$li, pistacje i chmiel. W roslinach polidatyna petni funkcje
magazynowej, lepiej rozpuszczalnej formy resweratrolu (Kozlowska i Czekata, 2017). Jej
biosynteza  zachodzi z udziatem  urydynodifosfo-(UDP)-glukoronylotransferaz,
wykorzystujgcych UDP-glukozg jako donor reszty cukrowej (T. Liu i in., 2021). Polidatyna

wykazuje w badaniach in vitro 1 in vivo wielotorowe dziatanie biologiczne, obejmujace
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modulacje szlakow oksydacyjno-zapalnych, poprawe profilu lipidowego oraz regulacje
metabolizmu energetycznego. Jej potencjal przeciwnowotworowy oceniono w modelach raka
krtani, nosogardla, jajnika, ptuc, szyjki macicy, glejaka wielopostaciowego, szpiczaka
mnogiego 1 kostniakomigsaka. Dzialanie polidatyny bylo zwigzane z hamowaniem proliferacji
komorek 1 indukcjg apoptozy poprzez modulacje szlaku PI3K/Akt/mTOR, aktywacj¢ kaspaz,
obnizenie stosunku BCL-2/BAX oraz ograniczanie migracji i inwazji (|MMP-2, |MMP-9).
W modelach metabolicznych polidatyna wykazywala dziatanie przeciwcukrzycowe poprzez
aktywacje AMPK 1 regulacje szlaku IRS-1/PI3K/AKT, a takze zmniejszata niealkoholowe
stluszczenie watroby. Jej dziatanie kardioprotekcyjne polegato na aktywacji eNOS/NO 1 osi
PI3K/AKT, czego efektem byla ochrona antyoksydacyjna i przeciwzapalna (Karami i in., 2022;
Luo 1 in., 2022). Potencjal terapeutyczny polidatyny w endometriozie oceniano w badaniach
przedklinicznych 1 probach klinicznych, ktore wykazaty, ze zwigzek ten w potaczeniu
z palmitoiloetanoloamida (PEA) zmniejsza stan zapalny i liczb¢ komorek tucznych, ogranicza
rozmiar 1 rozw¢] zmian endometrialnych oraz tagodzi objawy bolowe, poprawiajac
jednoczesnie jako$¢ zycia i stan psychiczny pacjentek (Di Paola i in., 2016; Stochino Loi i in.,
2019). Polidatyna jest wchianiana w zotadku 1 jelitach zaréwno przez dyfuzje bierng, jak
1 transport aktywny z udzialem zaleznego od sodu transportera glukozy SGLTI1 (Luo 1 in.,
2022). Niektore dane wskazuja, ze transport przeznablonkowy polidatyny przebiega szybciej
niz w przypadku formy aglikonowej resweratrolu. Polidatyna ulega jednak hydrolizie przez -
glikozydazy wytwarzane przez mikrobiote jelitowa, co sprzyja wchlanianiu aglikonu
iprowadzi do powstania metabolitow koniugowanych podobnych jak w przypadku
resweratrolu (Nunes i in., 2018). Metabolizm polidatyny zalezny od mikrobioty jelitowej
i biokonwersja przez bakteryjne B-glukozydazy sa dobrze udokumentowane i wskazuja na
indywidualng farmakokinetyke tej pochodnej (Zhao 1 in., 2022).

Nowe strategie poprawy wilasciwosci farmakokinetycznych i dostarczania pochodnych
resweratrolu obejmuja przede wszystkim rozw6j zaawansowanych systemoéw dostarczania
lekow, takich jak stale nanoczasteczeki lipidowe funkcjonalizowane bioaktywnymi ligandami,
w tym np. laktoferryng i1 siarczanem chondroityny (Aly i in., 2023), liposomy, micele,
nanokapsutki polimerowe, kropki kwantowe 1 polimerowe nanokapsuitki (Karami i in., 2022),
uktady samoemulgujace (Bachmaier i in., 2022), biomimetyczne systemy dostarczania
nanoczastek (M. Zhou, Niu, i in., 2025), amorficzne dyspersje state (Rosiak i in., 2023) oraz
kokrysztaly (Bofill i in., 2021). Formulacje te poprawiaja rozpuszczalno$¢, stabilnosé
1 biodostepno$¢ zwigzkéw, a takze umozliwiajg selektywne ich dostarczanie do tkanek

docelowych, w tym przenikanie przez barier¢ krew—mozg. Resweratrol 1 jego naturalne
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pochodne s3g zwigzkami wykazujagcymi wielokierunkowe dziatanie biologiczne, obejmujace
wplyw na procesy komoérkowe i molekularne, kluczowe dla patogenezy endometriozy.
Udokumentowane w licznych badaniach ich silne wlasciwosci przeciwzapalne oraz zdolno$¢
do neutralizacji ROS moga mie¢ szczegolne znaczenie w endometriozie, w ktorej przewlekty
stan zapalny 1 stres oksydacyjny stanowig gléwne czynniki promujace rozwdj zmian
ektopowych. Ponadto inne dobrze poznane efekty biologiczne resweratrolu, takie jak zdolno$¢
do hamowania proliferacji komorek, indukcji apoptozy oraz ograniczania angiogenezy,
migracji 1 przerzutowania, a takze witoknienia, przemawiaja za wyborem tego zwigzku jako
potencjalnego czynnika terapeutycznego w endometriozie.

Wilaczenie do badan, prowadzonych w ramach pracy doktorskiej, r6znych pochodnych
resweratrolu bylo zwigzane z ich korzystniejszym profilem farmakokinetycznym oraz
potencjalnie wyzsza aktywnoscig biologiczng po podaniu doustnym. Modyfikacje strukturalne
stilbenow wptywaja bowiem na ich stabilno$¢ metaboliczng, lipofilowos$¢, biodostepnos¢ oraz
zdolno$¢ przenikania do komoérek. Potencjat antyendometriotyczny wybranych stilbenéw byt
analizowany z zastosowaniem modeli in vitro endometriozy, ktoére stanowig cenne narzedzie
badawcze umozliwiajagce precyzyjng analize¢ dynamiki proceséw  komoérkowych
1 molekularnych w ocenie terapeutycznego dziatania zwigzkow bioaktywnych. Badania
wykorzystujace rdozne komérkowe uklady modelowe imitujace in vitro zjawiska istotne dla
patogenezy endometriozy moga dostarczy¢ nowych danych na temat potencjalnej aktywnosci
resweratrolu oraz jego analogdéw, ktére moga by¢ podstawa rekomendacji tych zwigzkéw do

dalszych, szeroko zakrojonych badan przedklinicznych i klinicznych.
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2. Hipotezy badawcze i cel pracy

Analiza danych literaturowych oraz przyjeta koncepcja badawcza stanowilty podstawe do

sformutowania nast¢pujacych hipotez badawczych:

H1. Resweratrol i jego naturalne pochodne wykazuja selektywne dziatanie ukierunkowane na

komorki endometriozy.

H2. Analizowane stilbeny hamuja proliferacj¢ 1 indukujg apoptoze w komorkach

endometriotycznych.

H3. Resweratrol i jego naturalne pochodne dzialaja antyoksydacyjnie i przeciwzapalnie
w mikro$rodowisku zmian endometriotycznych poprzez hamowanie ekspresji i produkcji

kluczowych mediatoréow stanu zapalnego.

H4. Analizowane stilbeny ograniczaja adhezj¢ komorek endometriotycznych do sktadnikéw

ECM oraz zmniejszajg ich migracje i inwazjg.

W celu weryfikacji postawionych hipotez badawczych zastosowano uktady
doswiadczalne umozliwiajace ocen¢ aktywnosci biologicznej resweratrolu 1 jego naturalnych
pochodnych w zakresie dziatania antyproliferacyjnego i proapoptotycznego na komorki
endometriotyczne, aktywno$ci antyoksydacyjnej i przeciwzapalnej w mikrosrodowisku
endometriozy oraz zdolnosci do hamowania adhezji, migracji 1 inwazji komorek

endometriotycznych.

Cel gléwny, ktorym byta analiza potencjalu antyendometriotycznego resweratrolu
i jego pochodnych — pterostilbenu, piceatannolu i polidatyny — z wykorzystaniem modeli
komorkowych odzwierciedlajacych kluczowe procesy zaangazowane Ww rozwaj

endometriozy, realizowano w oparciu o nastgpujace cele szczegotowe:

C1: Ocena cytotoksycznego dzialania resweratrolu i jego pochodnych wobec komorek

endometrialnych i endometriotycznych.

C2: Analiza antyproliferacyjnych i proapoptotycznych mechanizméw dzialtania resweratrolu

1 jego pochodnych w komérkowym modelu endometriozy in vitro.

C3: Ocena aktywnosci antyoksydacyjnej i przeciwzapalnej analizowanych stilbenow w modelu

stanu zapalnego endometriozy.
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C4: Ocena potencjatu resweratrolu 1 jego pochodnych do hamowania proceséw adhez;ji,

migracji i inwazji komorek endometriozy in vitro.

Prace badawcze prowadzono zgodnie ze schematem badan przedstawionym na Rycinie 1.

"°0H H,co - ,.o: ”:ﬁ“ B

trans-resweratrol trans-pterostilben trans-piceatannol trans-polidatyna
& J
Modele endometriozy in vitro w badaniach
. N ( - aYa -
Mono-hodowle komoérek Ko-hodowle komoérek Mono-hodowle komérek
endometriotycznych (122) endometriotycznych (12Z) endometriotycznych (122)
i endometrialnych (T HESC) i makrofagéw zapalnych (THP-1) o
N\
— | — &=
" ) Plytki oplaszczone fibrone
$ kK I?J%hkolagnem typu | Kiva
)
Hodowle na membranach
- System hodowli Transwell niepowlekanych
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s )L z rzepuszczalnqmembranq) L lub pokrytych Matrigel
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Ocena antyproliferacyjnego Ocena przeciwzapalnego Ocena dziatania na adhezje,
i proapoptotycznego dziatania |i antyoksydacyjnego dziatania migracje i inwazje komorek

Proliferacja i zywotno$¢ Ekspresja genéw mediatorow Ekspresja i sekrecja

Morfologia komérek zapalnych: CCL2, CXCL10, IL1B, metaloproteinazy MMP-2 i

Eksternalizacja fosfatydyloseryny | /L6: /L8, NFKB1, PTGS2i inhibiora TIMP-2

Fragmentacja DNA enzymow antyoksydacyjnych Adhezja komorek do fibronektyny

Przebieg cyklu komorkowego SOD1i GPX1 lub kolagentu typu |

Ekspresja: BAX, BCL2, BCL2L1, Produkcja mediatoréw zapalnych: Migracja komérek w kierunku

FAS, CASPS8, CASP3i CASP9 IL-6, IL-8, MCP-1, TNF-a, PGE2 chemoatraktanta

Aktywnos¢ kaspaz 3/7 Wewnatrzkomorkowy poziom ROS | Inwazja komorek przez membrane

optaszczong Matrigel™

Rycina 1. Schemat badan. Rycing przygotowano w programie https://BioRender.com.
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3. Materialy i metody badan

3.1 Analizowane zwigzki

W pracy analizowano aktywno$¢ biologiczng trans-resweratrolu, trans-pterotilbenu,
trans-piceatannolu i trans-polidatyny, ktore pozyskano z firmy Merck KGaA (Darmstadt,
Niemcy). Zwigzki rozpuszczano w 96% alkoholu etylowym i dodawano do pozywki

hodowlanej zachowujac koncowe stezenie alkoholu na poziomie 0,5%.
3.2 Linie komorkowe

W badaniach zastosowano nastgpujace linie komorkowe:
e Ludzkie komorki endometriotycze linii 127 (T0764) pozyskane z kolekcji Applied
Biological Materials, Inc. (Richmond, British Columbia, Kanada).
e Ludzkie komorki podscieliska endometrium linii T HESC (CRL-4003™),
e Ludzkie komorki ostrej biataczki monocytowej linii THP-1 (TIB-202™).
Linie komérkowe T HESC i THP-1 pozyskano z kolekcji ATCC (American Type Culture
Collection, Manassas, VA, USA).

3.3 Warunki hodowli komorek

Hodowle komoérek prowadzono zgodnie z procedurami rekomendowanymi przez
kolekcje, z ktérych zostaly pozyskane. Komoérki endometriotyczne linii 12Z hodowano
w pozywce DMEM/F12 (Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12) (Sigma-
Aldrich Co., St. Louis, MO, USA/Merck Group, Darmstadt, Niemcy) z dodatkiem 10%
surowicy bydlecej (FBS, fetal bovine serum) (Gibco, Grand Island, NY, USA). Hodowle
komorek zrgbu endometrium linii T HESC prowadzono z uzyciem pozywki DMEM/F12 bez
czerwieni fenolowej (Sigma-Aldrich), suplementowanej 10% FBS filtrowang weglem
aktywnym (Sigma-Aldrich), 1% mieszaning insuliny, transferryny i selenu (roztwor ITS+1)
(Sigma-Aldrich). Do hodowli monocytow linii THP-1 stosowano pozywke RPMI 1640 (Sigma-
Aldrich) z dodatkiem 10% FBS oraz 0,05 mM 2-merkaptoetanolu (Sigma-Aldrich). Do
standardowych hodowli komorkowych dodawano gentamycyne (Sigma-Aldrich) w stezeniu
50 mg/l.

Wszystkie komoérki hodowano w temperaturze 37°C, w atmosferze gazowej zawierajacej
95% powietrza i 5% COz. Do pasazowania adherentnych komoérek linii 12Z 1 T HESC

stosowano roztwor trypsyno-wersenu (Sigma-Aldrich), ktory po uwolnieniu komorek od
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powierzchni byl inaktywowany pozywka z dodatkiem FBS. Podczas prowadzenia hodowli

rutynowo wykonywano testy na obecno$¢ mykoplazm w celu wykluczenia infekcji.
3.4 Modele komorkowe

3.4.1 Modele komodrek endometriotycznych i endometrialnych zastosowane w badaniach

nad antyproliferacyjnym i proapoptotycznym potencjalem stilbenow

W testach cytotoksycznosci  zastosowano 24-godzinne hodowle komorek
endometriotycznych linii 12Z 1 komoérek endometrialnych linii T HESC, ktore zaktadano przy
poczatkowej ilosci komoérek wynoszacej 0,15 x 10°/cm?. Komoérki eksponowano na
analizowane stilbeny w stezeniach 6,25; 12,5; 25; 50; 100; 200; 300; 400 uM przez 48 godzin.
Kazda seria do$wiadczalna obejmowata rowniez hodowle kontrolne, w ktoérych komorki
poddawano dziataniu alkoholu etylowego w stezeniu 0,5%, stosowanego do rozpuszczenia
zwigzkow. Stezenie alkoholu w hodowlach kontrolnych odpowiadato jego zawarto$ci
w hodowlach z dodatkiem analizowanego zwiazku.

W badaniach nad aktywno$cig antyproliferacyjng i proapoptotyczng resweratrolu i jego
pochodnych zastosowano 24-godzinne hodowle komoérek endometriotycznych linii 127, ktore
przygotowywano przy poczatkowej iloéci komoérek wynoszacej 0,15 x 10%/cm?. Komorki
traktowano resweratrolem (10, 50, 100 uM), pterostilbenem (10, 50, 100 uM), piceatannolem
(50, 100, 200 uM) i polidatyna (50, 100, 200 uM) przez 48 godzin w standardowych warunkach
hodowli. Jako zwigzek referencyjny indukujacy apoptoze zastosowano kamptotecyne

w stezeniach 5 uM 1 50 uM.

3.4.2 Model komorkowy stanu zapalnego w endometriozie zastosowany w badaniach nad

przeciwzapalnym potencjalem stilbenow

Do badan nad aktywnoscig przeciwzapalng i antyoksydacyjng resweratrolu 1 jego
pochodnych w odniesieniu do mikro§rodowiska endometriozy opracowano model komérkowy
obejmujacy ko-hodowle komorek endometriotycznych 127 na ptlytkach 6-dotkowych
1 makrofagdéw typu M1 uzyskanych poprzez rdéznicowanie ludzkich monocytow linii THP-1
rosngcych na potprzepuszczalnych membranach. Monocyty THP-1 wysiewano na membrany
w ilosci 2 x 10%/cm? i traktowano octanem mirystynianu forbolu (PMA, 10 ng/ml) przez 24
godziny w celu indukcji ich réznicowania do makrofagéw. Nastepnie przy uzyciu pozywki
indukujacej — RPMI 1640 z 10% FBS z dodatkiem 50 ng/ml IFN-y i 10 pg/ml
lipopoliacharydow (LPS) z E. coli — przeprowadzano 24-godzinng polaryzacj¢ makrofagéw do
prozapalnego fenotypu M 1. Réwnolegle w ptytce 6-dotkowej zaktadano hodowle komorek 127
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przy inokulum 0,3 x 10%/cm? w pozywce DMEM/F12 z 10% dodatkiem FBS. Po 24 godzinach
wymieniano pozywke na RPMI 1640 z 2% dodatkiem FBS. W celu uzyskania komérkowego
uktadu doswiadczalnego tworzono ko-hodowlg makrofagow M1 i komoérek 12Z utrzymywang
w pozywce RPMI 1640 z 2% dodatkiem FBS. Ko-hodowle traktowano resweratrolem 1 jego
pochodnymi przez 24 godziny.

Procedury réznicowania i polaryzacji komorek opracowano poprzez dobdr odpowiednich
warunkéw eksperymentalnych. Optymalizacji poddawano poczatkowa liczbe monocytow
THP-1, czas ekspozycji na czynniki réznicujace 1 polaryzujace oraz stezenia induktorow,
korzystajac z wczesniej opublikowanych danych (Genin i in., 2015; Smith 1 in., 2015). Analizy
cytotoksycznosci badanych zwigzkéw przeprowadzono w mono-hodowlach makrofagéw
THP-1 i komoérek 12Z. Komorki 12Z i komérki THP-1 po 24-godzinnej stymulacji PMA
traktowano przez 24 godziny stilbenami (I uM-50 uM) rozpuszczonymi w podtozu RPMI
1640 z 2% dodatkiem FBS.

3.4.3 Model komorkowy zastosowany w badaniach nad wplywem stilbenow na adhezje,

migracje¢ i inwazj¢ komorek endometriozy

W badaniach nad wptywem stilbenéw na procesy adhezji, migracji i inwazji komorek
endometriozy zastosowano mono-hodowle komoérek endometriotycznych linii 12Z, ktorg
prowadzono na powierzchni optaszczonej fibronektyng lub kolagenem typu I (Millicoat™
Human Fibronectin/Collagen Type I Coated Strips, Millipore #ECM101,104) oraz na
potprzepuszczalnych membranach (BD Falcon FluoroBlok Insert System i BD Biocoat
FluoroBlok Invasion System, BD Bioscience, Bedford, MA, USA). Przed analizami
przeprowadzono testy cytotoksycznosci badanych zwigzkow. Hodowle zaktadano na ptytkach
pokrytych kolagenem typu I (5 pg/cm?) przy poczatkowej ilosci komérek 2,5 x 10* /cm?
1 inkubowano przez 24 godziny. Nastepnie komoérki poddano dziataniu stilbenow (5, 10, 25,

50 uM) przez kolejne 24 godziny w standardowych warunkach hodowli.
3.5 Metody analityczne

3.5.1 Testy cytotoksycznosci

Analize cytotoksyczno$ci resweratrolu 1 jego pochodnych przeprowadzono przy pomocy
dwoch testow: MTT oraz Alamar blue.

Test MTT opiera si¢ na przeksztatceniu zoltej rozpuszczalnej w wodzie soli tetrazolowe;j
(bromek  3-(4,5-dimetylotiazol-2yl)-2,5-difenylotetrazolowy) do zredukowanej formy

nierozpuszczalnego w wodzie formazanu o barwie fioletowej. Formazan powstajacy w wyniku
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aktywnosci dehydrogenaz mitochondrialnych, gromadzi si¢ w postaci krysztaléw w komorkach
aktywnych metabolicznie. Po ekspozycji komorek na badane zwigzki do hodowli dodano
roztwér MTT (0,5 mg/ml) i prowadzono inkubacje w temperaturze 37°C przez 3 godziny.
Powstaty formazan ekstrahowano z komorek przy uzyciu izopropanolu; ekstrakcje prowadzono
w temperaturze pokojowej na wytrzgsarce przez 20 minut. Absorbancj¢ mierzono przy dlugosci
fali A = 570 nm (pomiar wlasciwy) i A = 690 nm (pomiar referencyjny) z wykorzystaniem
czytnika mikroptytek Tecan Infinite M200 (Tecan Group Ltd., Ménnedorf, Szwajcaria).

Do oceny cytotoksycznosci badanych zwigzkow wykorzystano odczynnik alamarBlue™
Cell Viability Reagent (Invitrogen, Carlsbad, CA, USA). Test Alamar Blue opiera si¢ na
konwersji niebieskiego, niefluorescencyjnego barwnika — resazuryny, przenikajacego przez
btony komodrkowe — do silnie fluorescencyjnej, rézowej rezorufiny. Przeksztatcenie resazuryny
w rezorufing zachodzi wylacznie w komorkach zywych, aktywnie metabolicznych. Po
4 godzinach inkubacji z odczynnikiem alamarBlue™ mierzono fluorescencje przy uzyciu
czytnika mikroptytek TECAN Infinite M200, przy dlugosci fali wzbudzenia A = 560 nm i emisji
A =600 nm.

Na podstawie wynikéw testow MTT 1 Alamar Blue wyznaczono warto$ci stgzen
cytotoksycznych IC (inhibitory concentration), w tym: IC10 1 IC50, odpowiadajace stezeniom
stilbendow powodujacym odpowiednio 10% 1 50% zmniejszenie zywotnosci 1 aktywnosci

metabolicznej komorek.
3.5.2 Mikroskopowa ocena morfologii komoérek

Morfologie komoérek endometriotycznych 12Z oraz komorek linii THP-1 poddanych
réznicowaniu i polaryzacji oceniano z uzyciem odwréconego mikroskopu $wietlnego Axiovert
40C z kontrastem fazowym (Carl Zeiss AG, Oberkochen, Niemcy).

Za pomocg mikroskopu fluorescencyjnego Zeiss Axiovert 200 (Carl Zeiss AG,
Oberkochen, Niemcy) obserwowano i identyfikowano morfologiczne symptomy $mierci
apoptotycznej w komoérkach 12Z poddanych dziataniu resweratrolu i jego pochodnych.
Komorki hodowano na szkietkach Millicell® EZ Slide (Merck KGaA Darmstadt, Niemcy)
1 traktowano badanymi zwigzkami zgodnie ze standardowym protokotem. Po ekspozycji
komoérki 12Z utrwalano 4% paraformaldehydem, przemywano PBS, a nastepnie
permeabilizowano btony komorkowe za pomoca 0,1% Tritonu X-100 1 barwiono 1 pg/ml
DAPIL. W preparatach obserwowano morfologiczne cechy apoptozy, takie jak zmniejszenie
objetosci komorki, fragmentacja komorki, powstawanie ciatek apoptotycznych, kondensacja

chromatyny.
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3.5.3 Oznaczenie adhezji komorek 12Z do skladnikow ECM

Do analizy adhezji komoérek 127 zastosowano naczynia hodowlane powlekane ludzka
fibronektyng lub kolagenem typu I (Millicoat™ Human Fibronectin/Collagen Type I Coated
Strips, Millipore, Merck KGaA). Test adhezji przeprowadzano zgodnie z protokolem
zalecanym przez producenta. Komoérki 12Z wysiewano w ilosci 2,5 x 10%cm? i traktowano
stilbenami w st¢zeniach 5, 10, 25 1 50 uM. Nastepnie komorki delikatnie odklejano od podtoza
z uzyciem roztworu Non-Enzymatic Cell Dissociation Solution i przemywano buforem PBS.
Uwolnione komorki wysiewano ponownie w zoptymalizowanej gestosci 2,9 x 10%/cm?
1 inkubowano przez 1 godzing w celu umozliwienia ich adhezji do powierzchni pokrytych
fibronektyng i1 kolagenem typu I. Po inkubacji komodrki przemywano buforem PBS
zawierajacym Ca?"Mg?", a nastgpnie barwiono 0,2% roztworem fioletu krystalicznego przez
5 minut. Po usunigciu barwnika komorki trzykrotnie przemywano buforem PBS. Zwigzany
z komorkami barwnik rozpuszczano w roztworze do ekstrakcji, ktory stanowita mieszanina
(1:1) ztozona z 0,1 M NaH>PO4 (pH 4,5) 1 50% etanolu. Hodowle inkubowano z delikatnym
mieszaniem przez 5 minut w temperaturze pokojowej. Po ekstrakcji barwnika mierzono
absorbancje¢ przy dlugosci fali A = 540 nm za pomocg czytnika mikroptytek Tecan Infinite
M200. Dotki pokryte albuming surowicy bydlgcej wykorzystano jako kontrole negatywna. Po
barwieniu wyniki wizualizowano rowniez przy uzyciu odwrdéconego mikroskopu swietlnego

z kontrastem fazowym (Zeiss Axiovert 40C).
3.5.4 Oznaczenie migracji i inwazji komorek 127

Do oceny migracji i inwazji komorek 12Z poddanych dziataniu stilbenow wykorzystano
systemy Corning® FluoroBlok™ Inserts (Corining, Inc., Corning, NY, USA) oraz BD
Biocoat™ FluoroBlok Invasion System (BD Bioscience, Bedford, MA, USA). Uktad sktadat
si¢ z dwoch kompartmentow; w czgsci gornej ukladu umieszczono wktad z membrang PET
FluoroBlok™ o porowatosci 8§ pm. Membrany pokryte matrycag BD Matrigel™ stosowano
w testach inwazji, natomiast w testach migracji wykorzystano membrany nieoptaszczone.
Wktady z membranami umieszczano w dotkach ptytek 24-dotkowych.

Komoérki 12Z wysiewano na membrany w optymalnej gestoéci 2 x 10* komérek
iinkubowano w pozywce hodowlanej w obecnosci analizowanych zwigzkéw. W celu
wywotania procesu migracji 1 inwazji do dolnych kompartmentéw dodawano pozywke
DMEM/F12 zawierajaca 10% FBS, pelnigca role chemoatraktanta. Hodowle inkubowano
w standardowych warunkach przez 22 godziny. Po inkubacji usuwano pozywke znad komorek,

a nastgpnie wklady z membranami przenoszono do nowych ptytek 24-dotkowych
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zawierajacych barwnik — acetoksymetylowy ester kalceiny (4 pg/ml) w buforowanym
roztworze soli Hanksa. Hodowle inkubowano przez 60 minut. Migracj¢ i inwazj¢ komorek 127
oznaczano za pomocg czytnika mikroplytek Tecan Infinite M200, mierzac fluorescencj¢ przy
dtugosci fali wzbudzenia A = 485 nm 1 emisji A = 530 nm. Potencjal migracyjny i inwazyjny
okreslano jako wartosci wzgledne w odniesieniu do kontroli.

Indeks inwazji obliczano wedtug wzoru:

wzgledna inwazja komorek (%)

indeks ™ wzgledna migracja komorek (%)

Wyniki testow migracji 1 inwazji potwierdzano dodatkowo obserwacjami mikroskopowymi

z wykorzystaniem mikroskopu fluorescencyjnego Zeiss Axiovert 200.
3.5.5 Analiza procesu apoptozy w komoérkach endometriotycznych

3.5.5.1 Oznaczenie eksternalizacji fosfatydyloseryny

Eksternalizacja btonowego fosfolipidu — fosfatydyloseryny — z wewnetrznej do
zewngtrznej warstwy blony komorkowej, stanowigca wczesny marker apoptozy, byla
oznaczana za pomocg barwienia dwoma barwnikami: (1) biatkowa aneksyng V, zalezng od
jonéw wapnia, skoniugowang z izotiocyjanianem fluoresceiny (FITC), wykazujaca wysokie
powinowactwo do fosfatydyloseryny zlokalizowanej na powierzchni komorek apoptotycznych,
oraz (2) jodkiem propidyny (PI), ktory wigze si¢ z DNA w komodrkach o zaburzonej
integralnos$ci blony komoérkowe;j, charakterystycznej dla pdzniej fazy apoptozy. Komorki 127
po ekspozycji na analizowane zwiazki uwalniano z powierzchni ptytek wielodotkowych,
a nastgpnie zawieszano w buforze do uzyskania stezenia 1 x 10%ml i barwiono przy uzyciu
zestawu BD Pharmingen™ FITC Annexin V Apoptosis Detection Kit (BD Biosciences,
Franklin Lakes, NJ, USA). Komorki analizowano na cytometrze przeptywowym
z bioobrazowaniem Amnis™ FlowSight™ (Luminex Corp., Austin, TX, USA). Do
opracowania uzyskanych danych zastosowano oprogramowanie IDEAS® (wersja 6.2.187,
Luminex Corp.). Na postawie analizy wyr6zniano cztery subpopulacje komorek: (1) komorki
zywe (aneksyna V/PI), (2) komorki wezesnoapoptotyczne (aneksyna V'/PI), (3) komorki
poznoapoptotyczne (aneksyna V*/PI") oraz (4) komorki nekrotycznne (aneksyna V7/PI").
3.5.5.2 Detekcja fragmentacji DNA

Oceng fragmentacji DNA w komorkach linii 127 przeprowadzono przy uzyciu testu

TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling), z zastosowaniem
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zestawu In Situ Cell Death Detection Kit (Roche Diagnostics International Ltd., Rotkreuz,
Szwajcaria). Metoda ta umozliwia detekcj¢ peknig¢ nici DNA poprzez przylaczenie
fluorescencyjnie znakowanych nukleotydéw dUTP katalizowanych przez terminalng
deoksynukleotydylotransferaze (TdT).

Komorki 127 eksponowane na resweratrol 1 jego pochodne utrwalano w 4%
paraformaldehydzie, a nastgpnie permeabilizowano btony komérkowe roztworem 0,1% Triton
X-100 w 0,1% cytrynianie sodu. Po przemyciu buforem PBS komorki inkubowano
z mieszaning reakcyjng zawierajaca dUTPs znakowane fluoresceing oraz enzym TdT.
Akwizycje danych wykonano przy uzyciu cytometru przeptywowego z funkcja obrazowania

Amnis™ FlowSight™,

3.5.5.3 Oznaczenie aktywnoSci kaspaz-3/7

Do oznaczenia aktywno$ci enzymow charakterystycznych dla wykonawczej fazy
apoptozy wykorzystano zestaw Apo-ONE® Homogeneous Caspase-3/7 Assay (Promega,
Corp., Madison, WI, USA). Zasada dziatania testu opiera si¢ na sekwencyjnym
proteolitycznym rozszczepieniu profluorescencyjnego substratu bisamidowego Z-DEVD-R110
do peptydow DEVD (Asp—Glu—Val-Asp), co prowadzi do uwolnienia rodaminy 110 emitujace;j
silne $wiatto fluorescencji. W celu wykonania oznaczenia aktywnosci kaspaz-3/7 hodowle
komorek 12Z prowadzono na bialych ptytkach 96-dotkowych z transparentnym dnem.
Hodowle komorkowe przygotowywano analogicznie jak w analizach pozostatych wskaznikow
apoptozy, uwzgledniajac poczatkows ilos¢ komorek, dawki zwigzkoéw i czas ekspozycji. Jako
kontrole pozytywna zastosowano hodowle komorek traktowane kamptotecyng w stezeniach
5uM i 50 uM. Analize przeprowadzono zgodnie z instrukcjg producenta. Fluorescencje
mierzono przy uzyciu czytnika mikroptytek Tecan Infinite M200, przy dlugosci fali
wzbudzenia A = 499 nm i emisji A = 521 nm. Uzyskane wyniki znormalizowano wzgledem
zawarto$ci biatka komorkowego.

Wplyw stilbendow na ekspresje kaspaz analizowano réwniez na poziomie molekularnym

z zastosowaniem metody Real-Time PCR, ktorg opisano w rozdziale 3.5.11.
3.5.6 Analiza cyklu komorkowego

Analiza cyklu komérkowego z wykorzystaniem barwienia PI umozliwia ilosciowg oceng
zawartosci DNA. Uzyskane dane pozwalaja na okreslenie odsetka komorek znajdujacych si¢
w poszczegbdlnych fazach cyklu, tj. w fazach G0/G1, S oraz G2/M. Metoda ta umozliwia
rowniez detekcje populacji komorek o obnizonej zawartosci DNA, charakterystycznej m.in. dla

komorek apoptotycznych, ktéra na histogramach pojawia si¢ jako populacja sub-GO0/Gl
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(Darzynkiewicz i in., 2001). Komoérki endometriotyczne linii 12Z po ekspozycji na badane
zwigzki uwalniano od powierzchni hodowlanej, przemywano PBS, utrwalano w 70% etanolu
1 inkubowano w temperaturze 4°C przez 30 min w celu zwigkszenia przepuszczalno$ci blon
komoérkowych. Po przeplukaniu komorek w PBS osad komoérkowy zawieszano w PBS
zawierajacym 50 pg/ml P11 100 pg/ml rybonukleazy A. Po 30-minutowej inkubacji w 37°C
komorki analizowano na cytometrze przeptywowym FACSCanto (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA). Analize danych przeprowadzano przy uzyciu

oprogramowania FACS Diva (Becton, Dickinson and Company).
3.5.7 Oznaczenie wewngtrzkomorkowych reaktywnych form tlenu

Oznaczenia ROS produkowanych przez makrofagi hodowane w ko-hodowli
z komorkami 12Z po ekspozycji na stilbeny przeprowadzono z wykorzystaniem zestawu
CellROX™ Deep Red Flow Cytometry Assay Kit (Life Technologies, Carlsbad, CA, USA).
Odczynnik CellROX™ Deep Red Reagent w formie zredukowanej nie emituje fluorescencji
1 tatwo przenika do wnetrza komorek. Po utlenieniu generuje silny sygnat fluorescencji, ktérego
intensywno$¢ jest proporcjonalna do poziomu ROS w zywych komoérkach. W analizie
uwzgledniono réwniez identyfikacje komoérek martwych z zastosowaniem barwnika Sytox™
Green Dead Cell Stain (Life Technologies, Carlsbad, CA, USA). Makrofagi po ekspozycji na
stilbeny w uktadzie ko-hodowli z komérkami endometriotycznymi uwalniano od powierzchni
hodowlanej i zawieszano w pozywce RPMI 1640 bez czerwieni fenolowej. Do zawiesiny
komorek dodawano odczynnik CellROX™ Deep Red do stezenia koncowego 500 nM, po czym
prowadzono inkubacj¢ przez 60 minut w temperaturze 37°C w ciemnosci. Podczas ostatnich
15 minut barwienia wprowadzano odczynnik Sytox™ Green Dead Cell Stain w st¢zeniu
45 nM. Pomiar fluorescencji oraz obrazowanie komorek przeprowadzono z wykorzystaniem
cytometru przeptywowego Amnis™ FlowSight™. Na podstawie réznic w intensywnos$ci
sygnatu fluorescencji wyodrebniano trzy subpopulacje komorek: (1) komorki zywe
z nadprodukcja ROS, (2) komorki zywe niewykazujace oznak stresu oksydacyjnego oraz (3)

komorki martwe ze szczatkowym sygnatem ROS.

3.5.8 Ilosciowe oznaczenie cytokin z zastosowaniem cytometrycznych macierzy

kulkowych

Do oznaczen wykorzystano pozywke z ko-hodowli makrofagow i komorek 127, pobrang
po 24-godzinnej ekspozycji na stilbeny. Przed analiza pozywke wirowano w celu usunigcia

zanieczyszczen komorkowych. Oznaczenia cytokin wykonano przy uzyciu zestawu Human
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Inflammatory Cytokine Cytometric Bead Array (CBA) (BD Biosciences, Franklin Lakes, NJ,
USA), zgodnie z protokolem producenta. W pierwszym etapie do analizowanych probek
dodawano polimerowe kulki optaszczone odpowiednimi przeciwciatami i prowadzono
inkubacj¢ przez 1 godzing w temperaturze pokojowej, w ciemnosci. Nastgpnie do mieszaniny
reakcyjnej dodawano przeciwciata sprzezone z barwnikiem — fikoerytryng. Po 2 godzinach
inkubacji 1 przeptukaniu osad zawieszano w buforze analitycznym. Cytokiny oznaczano na
cytometrze przeptywowym FACSAriall (BD Biosciences) z zastosowaniem oprogramowania
FACSDiva v6.1.2 (BD Biosciences), a uzyskane wyniki analizowano przy uzyciu programu
FCAP Array™ Software (BD Biosciences). Dla kazdej oznaczanej cytokiny sporzadzono
krzywa kalibracyjna obejmujacg zakres wykrywalnosci od 1,0 do 5000 pg/ml.

3.5.9 Oznaczenie biatka komorkowego

Po ekspozycji komoérek na analizowane zwigzki, komorki endometriotyczne 127
1 makrofagi THP-1 dwukrotnie ptukano zimnym buforem PBS, a nastepnie zawieszano
w buforze ekstrakcyjnym RIPA zawierajagcym inhibitory proteaz i inkubowano na lodzie przez
5 minut. Nastgpnie proby wirowano (14 000 rpm, 5 min, 4°C) w celu oddzielenia pozostatosci
komoérkowych. Supernatant zawierajacy biatka komérkowe przechowywano w temperaturze —
80°C do momentu analizy. Zawarto$¢ catkowitego biatka komorkowego oznaczono
z wykorzystaniem zestawu Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific,

Waltham, MA, USA) wedtug protokotu producenta.

3.5.10 Oznaczenie stezenia czynnikow prozapalnych i metaloproteinazy MMP-2 metoda

ELISA

Oznaczenia czynnikéw prozapalnych (MCP-1, TNF-a i PGE2) w pozywce z ko-hodowli
komorek endometriotycznych i makrofagéw oraz metaloproteinazy MMP-2 w pozywce
z hodowli komorek 12Z eksponowanych na analizowane stilbeny wykonano z zastosowaniem
zestawOow do analizy immunoenzymatycznej (ELISA), produkowanych przez firmy R&D
Systems, Inc. (Minneapolis, MIN, USA) oraz Cayman Chemical (Ann Arbor, MI, USA).
Oznaczenia przeprowadzano zgodnie z protokotami zalecanymi przez producentéw. Stezenia

analizowanych wskaznikoéw okres§lano na podstawie krzywych kalibracyjnych.
3.5.11 Analiza ekspresji genéw metodq Real-Time PCR

Komoérki 127 1 makrofagi THP-1 poddawano dziataniu odczynnika TRI-Reagent (Sigma-
Aldrich) w celu izolacji catkowitego RNA komorkowego. Stezenie i czystos¢ wyizolowanego

RNA oznaczano za pomocg spektrofotometru Nano Drop-1000 (Thermo Fisher Scientific,
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Waltham, MA, USA). Synteze komplementarnego DNA (¢cDNA) na matrycy 1 pg catkowitego
RNA prowadzono z wykorzystaniem zestawu Transcriptor First Strand cDNA Synthesis Kit
(Roche Diagnostics International Ltd., Rotkreuz, Szwajcaria), zgodnie z instrukcja producenta.
Otrzymane cDNA wykorzystano jako matryce w reakcji tancuchowej polimerazy z analizg
w czasie rzeczywistym (Real-Time PCR), prowadzonej w termocyklerze Applied Biosystems
7500 (Life Technologies, Carlsbad, CA, USA). Reakcje przygotowywano z uzyciem zestawu
SYBR™Select Master Mix (Life Technologies, Carlsbad, CA, USA), zgodnie z instrukcja
producenta. Zastosowane startery, ktérych sekwencje przedstawiono w tabeli 2 (publikacja 2)
itabeli 1 (publikacja 4) zaprojektowano przy uzyciu narzgdzia BLAST (Basic Local Alignment
Search Tool). Mieszanina reakcyjna o objetosci koncowej 25 pl zawierata: 1 ul matrycy cDNA,
startery specyficzne forward i reverse (1 pM), 12,5 ul SYBR™ Select Master Mix oraz wode
do uzupetnienia objg¢tosci koncowej 25 ul. Program reakcji PCR obejmowal wstepng
denaturacj¢ w temperaturze 94°C przez 10 minut, a nastgpnie 40 cykli PCR: denaturacje
w 95°C przez 40 s, przytaczanie starteréw w 59°C przez 30 s i elongacje w 72°C przez 30 s. Po
zakonczeniu reakcji przeprowadzono analiz¢ krzywej topnienia w celu potwierdzenia
specyficznosci amplifikacji. Poziomy transkryptéw normalizowano wzgledem ekspresji genow
referencyjnych: B-aktyny w komoérkach endometriotycznych 12Z oraz dehydrogenazy
aldehydu 3-fosfoglicerynowego (GAPDH, glyceraldehyde 3-phosphate dehydrogenase)
w makrofagach THP-1. Zmiany poziomu ekspresji gendw wyrazono jako krotno$¢ wzglgdem
komorek kontrolnych nieeksponowanych na analizowane zwigzki. Wzgledng ekspresje genow

obliczano metoda 224! (Livak i Schmittgen, 2001).
3.6 Analiza statystyczna

Wszystkie eksperymenty biologiczne oraz analizy przeprowadzono w co najmniej dwoch
powtorzeniach. Dane przedstawiono jako Srednie arytmetyczne + odchylenie standardowe
(SD). Normalno$¢ rozktadu danych weryfikowano testem Shapiro-Wilka, a jednorodno$c¢
wariancji testem Levene’a. Do pordwnania dwoch grup zastosowano test t-Studenta.
W przypadku poroéwnania trzech lub wigkszej liczby grup przeprowadzano jednokierunkowsg
analize¢ wariancji (ANOVA), a nast¢pnie test post hoc Tukeya. Za istotne statystycznie
uznawano wartos$ci p < 0,05. Analizy statystyczne wykonano przy uzyciu oprogramowania

STATISTICA w wersji 13.3 (Statsoft, Inc., Tulsa, OK, USA).
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4. Wyniki

4.1 Ocena antyproliferacyjnego i proapoptotycznego dzialania resweratrolu

i jego pochodnych w komorkach endometriotycznych (publikacja 3)

W ramach pracy doktorskiej analizowano potencjal proapoptotyczny resweratrolu i jego
naturalnych analogéw wobec nabtonkowych komorek endometriotycznych. Oceniono wptyw
tych zwigzkéw na zywotno$¢ 1 morfologie komodrek, markery biochemiczne apoptozy,
fragmentacje DNA, regulacje ekspresji genéw pro- i antyapoptotycznych oraz aktywnos$¢
kaspaz. Porownano rowniez odpowiedz komoérek endometriotycznych linii 12Z i komorek
endometrialnych linii T HESC na dziatanie analizowanych stilbenow. Wyniki badan
przestawiono w publikacji pt. ,,Natural resveratrol analogs differentially target endometriotic

cells into apoptosis pathways” (publikacja 3) (Golabek-Grenda i in., 2023).

4.1.1 Wplyw resweratrolu i jego pochodnych na zywotno$s¢ komorek endometrialnych

i endometriotycznych

Ocen¢ zywotnosci 1 aktywno$ci metabolicznej komoérek poddanych dziataniu
resweratrolu 1 jego pochodnych przeprowadzono z uzyciem testow MTT i1 Alamar Blue.
Wykazano, ze komorki endometrialne linii T HESC i endometriotyczne linii 12Z r6znig si¢
wrazliwosciag na testowane stilbeny, na co wskazuja wartosci dawek ICio 1 ICso wyznaczone
w oparciu o wyniki uzyskane w tescie MTT, ktore zostaly przedstawione w Tabeli 1. Analiza
wartosci ICso wykazata, ze cytotoksyczno$¢ resweratrolu i1 pterostilbenu jest odpowiednio
5- i2-krotnie nizsza wobec prawidlowych komodrek endometrium niz wobec komorek
endometriotycznych. Podobnie, piceatannol i polidatyna wywotaty znacznie stabsze efekty
cytotoksyczne w hodowli prawidtowych komoérek T HESC (Tabela 1). Wyniki uzyskane
w tescie Alamar Blue potwierdzily charakter dziatania badanych zwigzkow na komorki 127
1 THESC (Rycina 2). Resweratrol i pterostilben wprowadzone do hodowli komorek 12Z
indukowaty najsilniejsze efekty cytotoksyczne, natomiast pozostale dwie pochodne —
piceatannol 1 polidatyna — wykazywatly istotnie stabsze dziatanie ograniczajace wzrost komorek
127 w poréwnaniu ze zwigzkiem macierzystym. Polidatyna charakteryzowata si¢ najnizsza
cytotoksycznoscig sposrod badanych zwigzkéw; w komorkach T HESC nie indukowata
efektow cytotoksycznych w stezeniach <400 pM, natomiast w komorkach 12Z pierwsze efekty

cytotoksyczne obserwowano przy dawce 86,76 pM.
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Tabela 1. Dawki cytotoksyczne ICio i ICso resweratrolu, pterostilbenu, piceatannolu i polidatyny
wyznaczone w hodowli komorek endometriotycznych (12Z7) i endometrialnych (T HESC) za pomoca
testu MTT. Dane stanowia $rednie uzyskane z trzech niezaleznych eksperymentow (n=3) + SD.
(Golgbek-Grenda i in., 2023)

Analizowane komorki 127 komorki T HESC
zwiazki IC1o ICso IC1wo ICso
Resweratrol (uM) 8.99 +4.29 4932+ 11.4 160.35 + 7.05™ 250.99 + 1.58""
Pterostilben (LM) 29.34 +4.46 73.88 + 6.0 113.79 + 5.11% ™ 145.12 + 7.71%* "

Piceatannol (uM) 167.50 £ 11.36%*  223.76 £ 6.47** 222 68 + 14.49%* 7  363.72 + 16.98%* 7

Polidatyna (uM) 86.76 £ 10.01**  242.85+22.51** > 400 > 400

*p <0,05, **p < 0,001 poziom istotnosci réznic pomigdzy analogami resweratrolu a resweratrolem.

#p < 0,05, ##p <0,001 poziom istotnosci réznic pomigdzy dzialaniem analizowanych stilbenow na
komorki 12Z 1 T HESC.

A B
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Rycina 2. Wplyw resweratrolu (A), pterostilbenu (B), piceatannolu (C) i polidatyny (D) na zywotnos¢
komorek endometriotycznych 12Z i endometrialnych T HESC, oznaczong za pomoca testu Alamar blue.
Dane przedstawiono jako Srednie arytmetyczne £ SD z trzech niezaleznych eksperymentéw (n = 3).

Istotnos¢ statystyczng oceniono z wykorzystaniem analizy wariancji (ANOVA) (p, F).
(Golgbek-Grenda i in., 2023)
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4.1.2 Zmiany morfologiczne komorek endometriotycznych po ekspozycji na resweratrol

i jego pochodne

Na podstawie mikroskopowej analizy komorek endometriotycznych eksponowanych na
stilbeny stwierdzono zalezne od dawki hamowanie wzrostu komorek, naruszenie integralnosci
monowarstwy komoérkowej oraz utrate kontaktu pomiedzy sasiadujgcymi komorkami.
Obserwowano obkurczenie komorek, zmiany ich ksztattu 1 wielkosci, zageszczenie
cytoplazmy, tworzenie pgcherzykowatych uwypuklen blony komoérkowej oraz formowanie
kolczastych wypustek cytoplazmatycznych (Rycina 3A). Zmiany morfologiczne komorek
endometriotycznych obserwowane po ekspozycji na analizowane zwigzki uznano za
charakterystyczne dla procesu apoptozy. W mikroskopowej ocenie procesu apoptozy
zastosowano metod¢ barwienia fluorescencyjnego z wykorzystaniem DAPI, ktory wigze sie
z chromatyng jadrowa. Analiza obrazéw mikroskopowych komorek traktowanych stilbenami
wykazata obecno$¢ zmian typowych dla $mierci apoptotycznej, takich jak zwickszona
kondensacja chromatyny jadrowej oraz tworzenie ciatek apoptotycznych (Rycina 3B). Efekty
wywolywane przez stilbeny poréwnywano z dzialaniem kamptotecyny (5 uM i 50 pM),
zastosowanej jako zwigzek referencyjny.

A

0 uM

Kamptotecyna

10 pM

Resweratrol

Pterostilben
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50 uM 100 pM _ 200 pM

Piceatannol

Polidatyna

Resweratrol 100 nM Pterostilben 100 pM

o

0 nM Kamptotecyna 50 pM Resweratrol 100 pM

3/

Polidatyna 100 pM
3

N

Pterostilben 100 pM Piceatannol 100 pM

p

N

Rycina 3. Morfologiczne cechy apoptozy komorek 12Z po traktowaniu resweratrolem i jego analogami
widoczne pod mikroskopem $wietlnym odwroéconym z kontrastem fazowym, zaokraglenie komorek (1),
pecherzykowate uwypuklenia btony komoérkowej (2) oraz kolczaste wypustki cytoplazmatyczne (3)
panel A; oraz pod mikroskopem fluorescencyjnym po barwieniu komoérek DAPI, kondensacja
chromatyny (1), fragmentacja jadra komorkowego (2) oraz obecno$¢ ciatek apoptotycznych (3) panel
B. (Gotgbek-Grenda i in., 2023)
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4.1.3 Cytometryczna analiza proapoptotycznego dzialania stilbenow w komoérkach

endometriotycznych

Jednym z objawow pojawiajacych si¢ we wczesnej fazie apoptozy jest eksternalizacja
fosfatydyloseryny na zewnetrzng powierzchni¢ btony komorkowej. Zaburzenia asymetrii blony
plazmatycznej komoérek 12Z eksponowanych na stilbeny analizowano metoda podwdjnego
barwienia aneksyng V 1 Pl przy zastosowaniu cytometrii przeptywowej potaczonej
z bioobrazowaniem. Z analizowanej populacji komorek eksponowanych na stilbeny
wyodrebniono cztery subpopulacje: komorki zywe (Aneksyna V/PI"), komorki we wczesnej
fazie apoptozy (Aneksyna V*/PI"), komorki w poznej fazie apoptozy (Aneksyna V*/PI*) oraz
komorki nekrotyczne (Aneksyna V-/ PI"). Wymienione subpopulacje przedstawiono na
przyktadowych grafikach uzyskanych metodg bioobrazowania pojedynczych komorek (Rycina
4A) oraz na wykresach kropkowych opracowanych na podstawie pomiaru intensywnosci
fluorescencji Aneksyny V 1 PI (Rycina 4B).

Na podstawie wynikow analizy cytometrycznej stwierdzono, ze resweratrol i jego
pochodne, w sposob zalezny od zastosowanej dawki, zmniejszaja subpopulacje komorek
zywych, jednoczes$nie zwigkszajac subpopulacje komorek we wezesnej 1 pdznej fazie apoptozy,
przy stosunkowo niewielkiej subpopulacji komoérek nekrotycznych (Rycina 4C). W komorkach
12Z traktowanych resweratrolem, pterostilbenem i piceatannolem w stezeniach 50, 100 i 200
uM odnotowano zalezne od dawki zwigkszenie liczby komdrek w pdznej fazie apoptozy.
Wykazano, ze najsilniejszym induktorem apoptozy jest pterostilben; po ekspozycji komorek na
ten zwigzek w stezeniu 200 uM az 94% komorek wykazywato cechy charakterystyczne dla
apoptozy. W przeciwienstwie do pterostilbenu, polidatyna powodowata gtownie wzrost odsetka

komorek znajdujacych si¢ we wczesnej fazie apoptozy (Rycina 4C).

A komorki komorki komorki komorki
wczesnej apoptozy poznej apoptozy nekrotyczne
Annexin V Pl BF  Annexin V Pl Annexin V Pl BF  Annexin V
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Rycina 4. Analiza cytometryczna komorek endometriotycznych 12Z eksponowanych przez 48 godzin
na resweratrol, pterostilben, piceatannol i polidatyn¢ oraz barwionych aneksyng V-FITC i jodkiem
propidyny (PI). Przykladowe obrazy komorek, obejmujace obraz w jasnym polu (BF - brightfield) oraz
obraz po wybarwieniu aneksyng V-FITC i PI (n = 4; podziatka = 20 um) przedstawiono w panelu A.
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Panel B przedstawia przyktadowe wykresy punktowe ilustrujgce podziat analizowanych komorek na
cztery subpopulacje. W panelu C zaprezentowano udzial komorek zywych, wczesnoapoptotycznych
1 poznoapoptotycznych oraz komorek nekrotycznych w populacji komorek 12Z. Kontrole negatywna
(0) stanowit 0,5% etanol zastosowany jako rozpuszczalnik stilbenow, natomiast kontrol¢ pozytywna
stanowita kamptotecyna. Dane przedstawiono jako $rednie arytmetyczne + SD z trzech niezaleznych
eksperymentow (n = 3). *p < 0,05; **p < 0,01; ***p < 0,001 w odniesieniu do komorek kontrolnych.
(Golgbek-Grenda i in., 2023)

Kolejnym wskaznikiem procesu apoptozy analizowanym w badaniach byta degradacja
nici DNA, oceniana z wykorzystaniem testu TUNEL. Najbardziej nasilona fragmentacja DNA
wystepowata w komorkach 12Z poddanych dziataniu resweratrolu (42,8%) i piceatannolu
(49,6%) w stezeniu 100 pM oraz pterostilbenu w stezeniu 200 uM (62,6%). W przypadku
ekspozycji komorek endometriotycznych na polidatyng nie stwierdzono istotnej degradacji
DNA (1,08%). Kamptotecyna zastosowana jako kontrola pozytywna, w st¢zeniu 50 uM,
indukowata uszkodzenia DNA w 32,5% populacji komorek linii 12Z (Rycina 5).
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Rycina 5. Fragmentacja DNA w komorkach 127 po ekspozycji na resweratrol i jego analogi, oznaczona
metodg TUNEL. Kontrole negatywna (0) stanowit 0,5% etanol zastosowany jako rozpuszczalnik
stilbenow, natomiast kontrolg pozytywna stanowita kamptotecyna (5 i 50 uM). Dane przedstawiono
jako $rednie arytmetyczne + SD z trzech niezaleznych eksperymentoéw (n = 3). *p < 0,05; **p < 0,01;
**%p < 0,001 w odniesieniu do nietraktowanych komérek kontrolnych. (Gotabek-Grenda i in., 2023)

W ramach pracy analizowano réwniez wplyw resweratrolu i jego pochodnych na
przebieg cyklu komoérkowego w komorkach endometriotycznych. Analiza cytometryczna
komorek barwionych PI umozliwita okreslenie rozmieszczenia komoérek w poszczegolnych
fazach cyklu komorkowego. Otrzymane wyniki wykazaly, Ze resweratrol, pterostilben

1 piceatannol istotnie zwigkszaty udziat subpopulacji komorek apoptotycznych o obnizonej
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zawartosci DNA, jednoczes$nie zmniejszajac udziat subpopulacji komorek znajdujacych sig
w fazie G1/GO (Rycina 6). Najwyzszy odsetek komodrek apoptotycznych obserwowano po
zastosowaniu resweratrolu (31,2 + 8,0%) i pterostilbenu (33,1 £ 9,7%) w stezeniu 100 uM oraz
piceatannolu w stezeniu 200 uM (45,1 + 5,6%). Efekty proapoptotycznego dziatania badanych
zwigzkow byly poréwnywalne lub silniejsze niz dziatanie kamptotecyny zastosowanej

w stezeniu 50 uM (Rycina 6).

mmm apoptoza = Gy/Gy mm S — G,/M

w fazach cyklu (%)

Rozmieszczenie komoérek

0 5 50 10 50 100 10 50 100 50 100 200 50 100 200
Stezenie (UM)
Kamptotecyna Resweratrol  Pterostilben Piceatannol  Polidatyna

Rycina 6. Wplyw resweratrolu i jego analogdw na przebieg cyklu komorkowego w komorkach
endometriotycznych linii 12Z. Kamptotecyn¢ zastosowano jako kontrole pozytywng. Dane
przedstawiono jako Srednie arytmetyczne + SD z trzech niezaleznych eksperymentow (n = 3). *p <0,05;
**p <0,01; ***p < 0,001 w odniesieniu do nietraktowanych komorek kontrolnych.

(Gotlabek-Grenda i in., 2023)

4.1.4 Wplyw resweratrolu i jego pochodnych na ekspresje genow regulujacych przebieg
apoptozy

Proapoptotyczne dziatanie stilbenéw na komorki endometriotyczne 12Z oceniano
roéwniez na poziomie molekularnym poprzez analize ekspresji gendw kodujacych biatka
regulujace zewngtrzny, receptorowy szlak apoptozy zwigzany z blong komoérkowa oraz
wewnetrzny, mitochondrialny szlak apoptozy. Analiza molekularna wykazata, ze resweratrol
1jego analogi wptywaja na ekspresje wybranych gendw pro-apoptotycznych oraz genow
kodujacych bialka anty-apoptotyczne (Rycina 7).

Badania z uzyciem resweratrolu (50 uM 1 100 puM), pterostilbenu (50 uM i 100 pM)
1 piceatannolu (50 uM, 100 uM 1 200 uM) dowiodly, ze zwiazki te zwigkszaja poziom
transkryptow mRNA genu BAX, kodujacego wielodomenowe biatko pro-apoptotyczne
odpowiedzialne za uwalnianie cytochromu ¢ wskutek zwigkszenia przepuszczalno$ci btony

mitochondrialnej. Istotny wzrost ekspresji genu BAX zaobserwowano w komorkach 12Z
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traktowanych resweratrolem w dawce 50 uM (7-krotny wzrost) 1 pterostilbenu w stezeniu 100
UM (16-krotny wzrost) (Rycina 7).

Resweratrol, pterostilben i piceatannol, w przeciwienstwie do kamptotecyny, wptywaty
rowniez na ekspresje genow antyapoptotycznych BCL2 1 BCL2L 1, ktorych produkty stabilizujg
bton¢ mitochondrialng i zapobiegajg propagacji sygnatu proapoptotycznego. Uzyskane wyniki
wskazuja, ze analizowane zwigzki mogg inicjowaé apoptoz¢ poprzez modulacje réwnowagi
pomigdzy czasteczkami pro- i anty-apoptotycznymi. Wszystkie badane stilbeny, zwlaszcza
w wyzszych dawkach, powodowaly ok. 10-krotny wzrost ekspresji mRNA genu FAS
kodujacego receptor S$mierci nalezacy do nadrodziny receptorow czynnika martwicy
nowotworow TNF, inicjujacy zewngtrzny szlak apoptozy (Rycina 7).

Wykazano réwniez statystycznie istotny wplyw

resweratrolu, pterostilbenu

1 piceatannolu na wzrost ekspresji szlaku

genow kodujacych kaspazy inicjatorowe
receptorowego 1 mitochondrialnego — CASPS 1 CASP9 — oraz kaspaz¢ wykonawczg CASP3.
Natomiast polidatyna nie powodowata istotnych zmian w profilu ekspresji analizowanych

genow, z wyjatkiem genu FAS (Rycina 7).
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Rycina 7. Wplyw resweratrolu i jego analogéw na ekspresj¢ mRNA gendow BAX, BCL2, BCL2L1, FAS,
CASPS8, CASP3 1 CASP9 w komorkach endometriotycznych 12Z. Ekspresje genow analizowano metoda
gRT-PCR, a uzyskane dane znormalizowano wzgledem ekspresji genu B-aktyny i wyrazono jako
wzgledny poziom ekspresji mRNA w odniesieniu do kontroli. Kamptotecyng¢ zastosowano jako kontrolg
pozytywna. Dane przedstawiono jako Srednie arytmetyczne + SD z trzech niezaleznych eksperymentow

(n=3). *p <0,05; **p <0,01; ***p < 0,001 w odniesieniu do nietraktowanych komorek kontrolnych.
(Golgbek-Grenda i in., 2023)

4.1.5 Wplyw resweratrolu i jego pochodnych na aktywnos¢ kaspazy 3 i 7

Promocje¢ apoptozy w komorkach endometriotycznych przez stilbeny analizowano
rowniez poprzez oznaczenie aktywnosci efektorowych kaspaz 3 i 7 (Rycina 8). Wykazano
istotny, zalezny od dawki wzrost aktywno$ci kaspazy 3/7 pod wplywem resweratrolu
(F=2467;, p<0,001), osiagajac najwyzszy, ponad 10-krotny wzrost przy stezeniu 100 uM, co
pozostawalo zgodne ze zwickszong ekspresja genu CASP3 (Rycina 7).

Pterostilben w stezeniu 100 uM powodowal umiarkowang aktywacje kaspaz 3/7 (1,4-
krotny wzrost aktywnosci), natomiast w stezeniu 200 uM prowadzit do zahamowania ich
aktywnosci. Piceatannol zastosowany w stezeniu 200 uM zwigkszal aktywno$¢ kaspazy 3/7

2,8-krotnie, co korelowato ze wzrostem ekspresji genu CASP3. Nie zaobserwowano natomiast
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zwigkszenia aktywno$ci badanych enzymow po ekspozycji komorek 12Z na polidatyng,

niezaleznie od zastosowanego stezenia (Rycina 8).
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Rycina 8. Wplyw resweratrolu i jego analogow na aktywno$¢ kaspaz 3/7 w komorkach
endometriotycznych linii 12Z. Kamptotecyn¢ zastosowano jako kontrole pozytywng. Dane
przedstawiono jako Srednie arytmetyczne + SD z trzech niezaleznych eksperymentow (n = 3). *p <0,05;
**p <0,01; ***p < 0,001 w odniesieniu do nietraktowanych komorek kontrolnych.

(Golgbek-Grenda i in., 2023)

4.2 Ocena aktywnosci przeciwzapalnej resweratrolu i jego pochodnych

w mikrosrodowisku endometriozy (publikacja 4)

W ramach pracy doktorskiej analizowano wptyw resweratrolu i jego pochodnych na
zaburzenia immunologiczne oraz stres oksydacyjny wystepujace w mikrosrodowisku
endometriozy. W badaniach zastosowano model endometriozy z indukowanym stanem
zapalnym, oparty na ko-hodowli makrofagéw prozapalnych typu M1 z komodrkami
endometriotycznymi linii 12Z. W opracowanym uktadzie modelowym oceniano wptyw
stilbenéw na ekspresj¢ mediatorow zapalnych oraz produkcje ROS. Wyniki badan
przedstawiono w publikacji pt. ,,Resveratrol and Its Natural Analogs Mitigate Immune
Dysregulation and Oxidative Imbalance in the Endometriosis Niche Simulated in a Co-Culture

System of Endometriotic Cells and Macrophages” (publikacja 4) (Golagbek-Grenda i in., 2024).

4.2.1 Opracowanie modelu komorkowego imitujgcego stan zapalny w mikrosrodowisku

endometriozy

W pierwszym etapie prac nad modelowaniem ukladu doswiadczalnego opracowano
model ludzkich makrofagow o fenotypie M1. W badaniach wykorzystano ludzkie monocyty
linii THP-1, ktére w warunkach standardowej hodowli wzrastaja w zawiesinie i charakteryzuja
si¢ kulista morfologia (Rycina 9A). W celu uzyskania makrofagéw typu MO monocyty THP-1

réznicowano za pomocg PMA. W wyniku ro6znicowania obserwowano przyleganie komorek do
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powierzchni, zmiany ich morfologii 1 wielkosci (Rycina 9B), a takze zwigkszenie ekspresji
mRNA genu CD68, stanowigcego glowny marker makrofagéw (Rycina 9D).

Dalsza polaryzacj¢ makrofagéw indukowano za pomoca LPS i IFN-y. Makrofagi
stymulowane LPS i IFN-y charakteryzowaty si¢ sptaszczong i rozgateziong morfologig (Rycina
9C) oraz zwigkszong ekspresja genow TNF, IL6, ILIB, kodujacych kluczowe biatka
prozapalne. Uzyskane komorki wykazywaty cechy typowe dla makrofagéw stanu zapalnego
typu M1 (Rycina 9E).
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Rycina 9. Morfologia komorek THP-1 przed indukcjg réznicowania w kierunku makrofagdéw (A), po
stymulacji PMA (B) oraz po polaryzacji z uzyciem LPS i IFN-y (C). Zdjecia wykonano przy
powickszeniu 100%. Ekspresj¢ markera CD68 w makrofagach THP1 MO po indukcji PMA
przedstawiono na wykresie D. Wykres E przedstawia ekspresje genéw prozapalnych w makrofagach
spolaryzowanych do fenotypu MI1. Dane znormalizowano wzglgdem ekspresji genu GAPDH
i wyrazono jako wzgledny poziom ekspresji mRNA (krotnos¢ kontroli). Dane przedstawiono jako
srednie arytmetyczne + SD z trzech niezaleznych eksperymentow (n = 3). *p <0,05, **p < 0,01,
***p < 0,001 w odniesieniu do kontroli negatywnej. (Gotgbek-Grenda i in., 2024)

W badaniach wstepnych oceniono poziom cytotoksycznos$ci analizowanych stilbenow
w hodowli komorek 127 i makrofagdéw uzyskanych z monocytow THP-1. Wyniki wykazaly,

ze resweratrol 1 jego pochodne charakteryzujg si¢ zblizong cytotoksycznoscig wobec komoérek
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endometriotycznych 127 1 makrofagow THP-1 w modelowych warunkach stanu zapalnego
endometriozy. Szczegotowe dane dotyczace wptywu resweratrolu na hodowle komorek 127
1 makrofagdbw THP-1 przedstawiono w publikacji 4 na rycinie 4. Resweratrol i jego analogi
w stezeniach <25 uM nie powodowaty obnizenia zywotnosci komoérek 127 1 THP-1. Natomiast
po zastosowaniu zwigzkow w dawce 50 uM obserwowano istotne zmniejszenie zywotnosci
komorek endometriotycznych. Z tego wzgledu badania w uktadzie ko-hodowli komorek 127
1 makrofagobw THP-1 prowadzono z wykorzystaniem niecytotoksycznych stgzen stilbendéw

wynoszacych 5, 10125 uM.

4.2.2 Wplyw resweratrolu i jego pochodnych na ekspresje mediatorow zapalnych

w makrofagach hodowanych z komorkami endometriotycznymi

Poziom ekspresji genéw kodujacych czynniki zaangazowane w proces zapalny (CCL2,
CXCLI10, ILIB, IL6, ILS, NFKBI i PTGS?2) oraz endogenne enzymy antyoksydacyjne (SODI
1 GPXI) w makrofagach hodowanych wspdlnie z komoérkami 12Z przedstawiono na Rycinie
10. W uktadzie ko-hodowli eksponowanym na resweratrol zaobserwowano obnizenie ekspres;ji
mRNA genow kodujacych mediatory stanu zapalnego, takich jak IL6, ILS, ILIB, TNF, CCL2,
CXCLI10 i PTGS2, przy czym najsilniejsze efekty odnotowano po zastosowaniu resweratrolu
w stezeniach 10 uM 1 25 uM. Najwigkszy spadek ekspresji mRNA dotyczyt genéw CCL2
(3,5-krotny) 1 IL1B (5-krotny) w komodrkach eksponowanych na resweratrol w dawce 25 uM.
Pterostilben 1 piceatannol rowniez obnizaly ekspresje markeréw prozapalnych, takich jak /L6,
IL8, ILIB 1 CCL2. Pterostilben istotnie redukowat takze ekspresje genu CXCLI0; po
zastosowaniu najwyzszego stezenia (25 uM) poziom ekspresji tego genu byt 7,7-krotnie nizszy
niz w hodowli kontrolnej. W przypadku polidatyny hamowanie ekspresji wiekszosci
analizowanych markerow zapalnych nie bylo istotne statystycznie. Dziatanie supresyjne tego
zwigzku dotyczylo jedynie ekspresji genéw IL6 i PTGS2 1 obserwowano je wylacznie po

zastosowaniu najwyzszej dawki (Rycina 10).
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Rycina 10. Wplyw resweratrolu i jego analogéw na ekspresje mRNA gendéw L6, IL8, TNF, CCL2,
ILIB, CXCL10, NFKBI, PTGS2, GPXI i SODI w makrofagach hodowanych wspdlnie z komorkami
endometriotycznymi. Analizy przeprowadzono metodg qRT-PCR, a uzyskane wyniki znormalizowano
wzgledem ekspresji genu GAPDH 1 wyrazono jako wzgledny poziom ekspresji mRNA (krotnosé
kontroli). Dane przedstawiono jako $rednie arytmetyczne + SD z trzech niezaleznych eksperymentow
(n = 3). *p < 0,05, **p < 0,01, ***p < 0,001 w odniesieniu do nietraktowanych komérek uktadu
kontrolnego. (Gotabek-Grenda i in., 2024)

W ramach pracy wykonano roéwniez ilosciowe oznaczenia cytokin i chemokin
wydzielanych w modelu stanu zapalnego endometriozy po ekspozycji na resweratrol i jego
pochodne. Analizy przeprowadzono z wykorzystaniem testow CBA 1 ELISA, a uzyskane
wyniki przedstawiono na Rycinie 11. Na podstawie otrzymanych danych stwierdzono, ze
resweratrol 1 jego analogi w zréznicowany sposdb wptywaja na produkcje mediatoréw stanu

zapalnego. Resweratrol stosowany w dawkach 10 pM i 25 uM istotnie obnizat nadprodukcje
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IL-6, IL-8, TNF-a 1 PGE2 przez makrofagi. Piceatannol i polidatyna wyraznie hamowaty
wydzielanie IL-6 1 MCP-1. Polidatyna i pterostilben wykazywaty dziatanie ograniczajace
syntez¢ PGE2. Pterostilben, w przeciwienstwie do pozostatych stilbenow, wykazywat
odmienng aktywno$¢, powodujac zwiekszenie produkeji IL-6, MCP-1 1 TNF-a (Rycina 11).
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Rycina 11. Wptyw resweratrolu i jego analogéw na uwalnianie cytokin/chemokin w modelu ko-hodowli
makrofagdw i komoérek endometriozy. Oznaczenia ilosciowe wykonano za pomoca testow CBA
i ELISA. Dane podano w przeliczeniu na zawarto$¢ biatka komérkowego w analizowanej probie. Dane
przedstawiono jako srednie arytmetyczne + SD z trzech niezaleznych eksperymentow (n =3). *p < 0,05,
**p < 0,01, **p < 0,001 w odniesieniu do komorek hodowanych w uktadzie kontrolnym
nietraktowanym stilbenami. (Gotgbek-Grenda i in., 2024)
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4.2.3 Wplyw resweratrolu i jego pochodnych na poziom reaktywnych form tlenu

w makrofagach hodowanych z komorkami endometriotycznymi

Wewnatrzkomorkowa produkcje ROS w makrofagach hodowanych wspolnie
z komorkami endometriozy oznaczano metoda podwdjnego barwienia z wykorzystaniem
odczynnikow Sytox® Green Dead Stain oraz CellROX® Deep Red. Znakowane komorki
analizowano za pomoca cytometrii przeptywowej w celu okreslenia dwoch parametrow:
poziomu stresu oksydacyjnego oraz zywotnosci komorek. ROS identyfikowano w makrofagach
na wewnetrzne] powierzchni btony komorkowej oraz w cytozolu. Przyktadowe obrazy
komorek przedstawiono na Rycinie 12A.

Zastosowanie multipleksowej metody barwienia umozliwito rozrdéznienie zywych
komoérek z podwyzszonym poziomem ROS od komoérek martwych, co pozwolilo na
wyodrebnienie trzech subpopulacji: (1) zywych komorek bez oznak stresu oksydacyjnego, (2)
zywych komorek z nadprodukcja ROS oraz (3) komoérek martwych wykazujacych szczatkowy
sygnat ROS. Przyktadowe wykresy kropkowe przedstawiono na Rycinie 12B. Dane pokazane
na Rycinie 12C wskazuja, Ze resweratrol i jego analogi, w sposob zalezny od dawki, zwigkszaja
udziat populacji zywych komoérek bez nadprodukcji ROS oraz zmniejszaty subpopulacje
makrofagdbw akumulujagcych ROS. Efekty antyoksydacyjne obserwowano juz przy
zastosowaniu stilbendéw w najnizszym stezeniu wynoszacym 5 uM. Najsilniejsze dzialanie
wykazywat pterostilben, ktory najefektywniej redukowat odsetek komorek ROS-dodatnich.
Zaobserwowany efekt zwigzany z ograniczeniem wewnatrzkomoérkowej akumulacji ROS
potwierdzono réwniez w ilosciowej analizie sygnatu fluorescencji barwnika CellROX® Deep
Red przedstawionej na Rycinie 12D. Pterostilben i piceatannol, stosowane w najwigkszych
dawkach (25 uM), okazaty si¢ najskuteczniejsze w ograniczaniu nadprodukcji ROS
w makrofagach.

W ramach pracy analizowano réwniez wplyw stilbendw na ekspresj¢ mRNA genow
SODI 1 GPXI kodujacych enzymy antyoksydacyjne. Wyniki badan wykazaty, ze resweratrol,
pterostilben i piceatannol, stosowane w najwigkszej dawce 25 uM, wzmacniajg ekspresje genu
SOD1, natomiast nie wptywaja istotnie na poziom mRNA GPXI. Wzrost ilosci transkryptu
mRNA genu GPX! obserwowano jedynie po zastosowaniu polidatyny, ktéra we wszystkich

badanych st¢zeniach powodowata istotng stymulacje ekspresji tego genu (Rycina 10).
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Rycina 12. Wplyw resweratrolu i jego analogéw na status oksydacyjny makrofagéw hodowanych
z komorkami endometriotycznymi 12Z. Przyktadowe obrazy komorek, w tym obraz w jasnym polu (BF;
brightfield) oraz obrazy po wybarwieniu CellROX® Deep Red i Sytox® Green Dead Stain
przedstawiono w panelu A (n = 4; podziatka = 20 um). Panel B przedstawia przykladowe wykresy
punktowe ilustrujace podzial analizowanych komodrek na trzy subpopulacje. Na wykresie
C zaprezentowano procentowy rozktad subpopulacji zywych makrofagéw ROS-pozytywnych i ROS-
negatywnych barwionych odczynnikami CellROX® Deep Red i Sytox® Green Dead, analizowanych
metodg cytometrii przeptywowej. Wykres D przedstawia ilosciowa analize intensywnosci fluorescencji
odczynnika CellROX® Deep Red. Dane przedstawiono jako $rednie arytmetyczne = SD z trzech
niezaleznych eksperymentow (n = 3). *p < 0,05, **p<0,01, ***p <0,001 w odniesieniu do makrofagow
kontrolnych nietraktowanych stilbenami. (Gotabek-Grenda i in., 2024)
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4.3 Ocena wplywu resweratrolu i jego pochodnych na adhezj¢, migracje

i inwazje komorek endometriotycznych (publikacja 5)

W ramach pracy doktorskiej analizowano potencjalng aktywnos$¢ terapeutyczng
resweratrolu i jego pochodnych w kontek$cie hamowania migracji i inwazji komorek
endometriotycznych oraz ograniczania ich adhezji do sktadnikow ECM. Oceniano rowniez
wpltyw analizowanych zwigzkéw na ekspresje 1 sekrecje kluczowych mediatorow proteolizy
ECM, takich jak MMP-2 i TIMP-2. Wyniki badan przestawiono w publikacji pt. ,,Stilbene-
based strategies for the management of endometriosis: targeting cell adhesion, migration, and

ECM-driven invasion” (publikacja 5) (Golgbek-Grenda i1 Olejnik, 2026).

4.3.1 Wplyw resweratrolu i jego pochodnych na ekspresje¢ i sekrecje MMP-2 i TIMP2

w komorkach endometriotycznych

Wplyw resweratrolu i jego analogdéw na ekspresje kluczowych enzymoéw uczestniczacych
w proteolizie ECM w komorkach endometriotycznych 12Z przedstawiono na Rycinie 13.
Uzyskane wyniki wskazujg na istotne zmniejszenie liczby kopii transkryptu MMP2
w komorkach eksponowanych na resweratrol (| 64%), pterostilben (|46%) i polidatyne ({55%)
zastosowane w najwyzszej testowanej dawce 50 pM. Efekt hamowania ekspresji mRNA genu
MMP?2 obserwowano réwniez po zastosowaniu resweratrolu w nizszym stezeniu wynoszacym
25 uM (146%) (Rycina 13A). Resweratrol 1 jego pochodne, w sposob zalezny od dawki,
obnizaty takze sekrecj¢ MMP-2 przez komoérki endometriotyczne 127, zardowno w formie
aktywnej jak i nieaktywnej (pro-MMP). Najsilniejszy efekt inhibicyjny obserwowano po
zastosowaniu stilbenéw w dawce 50 uM, ktore powodowaty ok. 2,0-2,8-krotne zmniejszenie
stezenia MMP-2 (Rycina 13C). Efektem dziatania stilbenow na komorki 12Z bylo istotne
wzmocnienie ekspresji inhibitora MMP-2 — TIMP2. Najwyzszy poziom ekspresji obserwowano
po zastosowaniu resweratrolu i pterostilbenu w st¢zeniu 25 pM, ktore zwigkszaty liczbe kopii
transkryptu 7/IMP2 odpowiednio 3,3- i 2,8-krotnie. Piceatannol i polidatyna, stosowane
w najwyzszym stezeniu 50 uM, wykazywaty podobne dziatanie stymulujace ekspresje TIMP2
(Rycina 13B).
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Rycina 13. Wplyw resweratrolu i jego analogdw na ekspresj¢ mRNA genéw MMP2 (A) i TIMP2 (B),
analizowang metodg qRT-PCR, oraz na wydzielanie MMP-2 (C), oznaczane metodg ELISA. Uzyskane
dane znormalizowano wzgledem ekspresji genu GAPDH i wyrazono jako wzgledny poziom ekspresji
mRNA (krotno$¢ kontroli). Stezenie MMP-2 przeliczono wzgledem zawartos$ci biatka catkowitego
w analizowanej probie. Dane przedstawiono jako $rednie arytmetyczne + SD z trzech niezaleznych
eksperymentow (n = 3). *p < 0,05, **p < 0,01, ***p < 0,001 w odniesieniu do komorek hodowanych
w uktadzie kontrolnym nietraktowanym stilbenami. (Gotabek-Grenda i Olejnik, 2026)

4.3.2 Wplyw resweratrolu i jego pochodnych na adhezj¢ komorek endometriotycznych do
skladnikow ECM

Wptyw stilbenow na adhezje komorek endometriotycznych do skladnikow ECM
analizowano po naniesieniu komoérek 127 na powierzchnie pokryte kolagenem typu I lub
fibronektyna, a nastgpnie po ich wybarwieniu fioletem krystalicznym. Uzyskane wyniki
przedstawiono na Rycinie 14A 1 14B.

Na podstawie przeprowadzonych analiz stwierdzono, ze wszystkie badane stilbeny
ostabialy adhezje komorek do sktadnikéw ECM. Resweratrol w dawkach >10 uM ograniczat
przyczepnos¢ komoérek 12Z zardwno do kolagenu typu I, jak i fibronektyny. Pterostilben,
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stosowany w stezeniach 25-50 uM, rowniez silnie hamowat adhezje komoérek. W najwigkszej
dawce redukowat liczbe komorek adherujacych do kolagenu 0 99,2%, a do fibronektyny o 97%,
wykazujac najsilniejsze dziatanie sposréd analizowanych zwigzkéw. Zmniejszenie adhezji
komorek 127 obserwowano rowniez po ekspozycji na piceatannol, ktéry wykazywat
aktywno$¢ we wszystkich stosowanych stezeniach; w dawce 50 uM ograniczat adhezj¢ do
kolagenu o 43%, a do fibronektyny o 88%. Poréwnywalne efekty uzyskano rowniez po
zastosowaniu polidatyny, ktéra silne dzialanie hamujace adhezj¢ komoérek do fibronektyny
wykazywata juz w dawce 5 puM. Wyniki badan potwierdzono analiza mikroskopowa,
a reprezentatywne obrazy komorek barwionych fioletem krystalicznym przedstawiono na

Rycinie 14C.
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Rycina 14. Wplyw resweratrolu i jego analogdw na adhezj¢ komorek endometriotycznych linii 12Z.
Komorki wybarwiano fioletem krystalicznym. Wyniki przedstawiono jako wzgledng adhezj¢ komorek
12Z do kolagenu typu I (A) i fibronektyny (B). W panelu C pokazano przyktadowe obrazy komorek
traktowanych pterostilbenem, wybarwionych po adhezji do kolagenu typu I lub fibronektyny. Dane
przedstawiono jako srednie arytmetyczne + SD z trzech niezaleznych eksperymentow (n =3). *p < 0,05,
**p < 0,01, **p < 0,001 w odniesieniu do komorek hodowanych w uktadzie kontrolnym
nietraktowanym stilbenami. (Gotgbek-Grenda i Olejnik, 2026)

4.3.3 Wplyw resweratrolu i jego pochodnych na migracje i inwazje komoérek

endometriotycznych

Wplyw stilbendéw na procesy umozliwiajagce rozprzestrzenianie si¢ komorek
endometriotycznych  analizowano w  ukladach  dwukomorowych  rozdzielonych
potprzepuszczalng membrang. Uktady zawierajace niepowlekane membrany zastosowano do
oceny migracji komorek, natomiast do analizy inwazji wykorzystano membrany pokryte
substancja BD Matrigel™ imitujaca ECM. Wyniki badan przedstawiono na Rycinie 15A 1 15B.

Najsilniejszy wpltyw na migracj¢ komorek 12Z przez niepowlekang membrang
w kierunku FBS, stosowanej jako chemoatraktant, wykazywat pterostilben (25 uM i 50 uM),
ktory w dawce 50 uM niemal catkowicie hamowat przemieszczanie komorek przez membrang
(199%). Pterostilben w stgzeniu 50 puM silnie ograniczat rowniez inwazje komorek 127
(191%). Procesy migracji i inwazji byty takze zaburzane przez piceatannol, ktérego dziatanie
mialo charakter zalezny od dawki. Ekspozycja komorek na ten zwigzek w najmniejszym
badanym st¢zeniu 5 uM powodowata redukcje liczby komoérek inwazyjnych o 60%. Polidatyna
nie wplywala istotnie na zdolnos¢ migracji komorek endometriozy, natomiast wykazywata
umiarkowane dzialanie antyinwazyjne. Podobnie resweratrol, w sposéb zalezny od dawki,
ograniczal inwazje komorek 127, podczas gdy jego aktywno$¢ antymigracyjna byta widoczna
jedynie po zastosowaniu najwyzszego stezenia 50 uM (Rycina 15A). Obrazy komorek
endometriotycznych po migracji 1 inwazji przedstawiono na Rycinie 15B. Dziatanie
prowadzace do ograniczenia inwazyjnosci komorek, ktore bylo obserwowane gtéwnie po
zastosowaniu resweratrolu i polidatyny, zostaly potwierdzone przez wartosci wskaznika
inwazyjnosci, ktore okreslaja zalezno$¢ pomigdzy potencjalem migracyjnym i1 inwazyjnym
komorek endometriozy. Wartosci wskaznika inwazyjnosci dla komoérek 12Z eksponowanych
na pterostilben i piceatannol byty istotnie nizsze niz wartos$ci uzyskane w hodowli kontrolne;j.
Natomiast po zastosowaniu pterostibenu i piceatannolu w wysokiej dawce 50 uM odnotowano

wyrazny wzrost wskaznika inwazyjnosci (Rycina 15C i1 15E).
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Rycina 15. Wpltyw resweratrolu i jego analogdw na migracj¢ i inwazj¢ komorek endometriotycznych
linii 12Z. Komoérki wysiewano na membrany pokryte Matrigel™ w celu oznaczenia inwazji oraz na
membrany niepowlekane w celu oceny migracji, a nast¢pnie poddawano dzialaniu resweratrolu i jego
analogéw przez 24 godziny. Komorki, ktore ulegly migracji lub inwazji wybarwiano barwnikiem
fluorescencyjnym kalceing AM. Wyniki przedstawiono jako wzgledng migracje (A) i inwazje (C)
komorek 127 po ekspozycji na analizowane stilbeny. W panelach B i D przedstawiono przyktadowe
obrazy komorek migrujacych przez membrang niepowlekang (B) lub membrane pokryta Matrigel™
(D). Wykres E przedstawia wartosci wskaznika inwazyjnosci. Dane przedstawiono jako srednie
arytmetyczne = SD z trzech niezaleznych eksperymentow (n = 3). *p < 0,05, **p < 0,01, ***p < 0,001
w odniesieniu do komoérek hodowanych w uktadzie kontrolnym nietraktowanym stilbenami.
(Gotabek-Grenda i Olejnik, 2026)
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5. Dyskusja

W pierwszej pracy eksperymentalnej (publikacja 3), otwierajacej cykl badan nad
potencjalem terapeutycznym resweratrolu i jego pochodnych w leczeniu endometriozy,
przedstawiono wyniki dotyczace wptywu analizowanych zwigzkow na szlaki przezycia
komorek endometriotycznych oraz regulacj¢ ich §mierci, w tym sygnalizacj¢ apoptozy. Istotng
przestanka do opracowania nowych strategii terapeutycznych endometriozy, opartych na
modulowaniu programowanej $mierci komoérek poprzez mobilizacj¢ stymulatoréw apoptozy,
sg doniesienia wskazujace na obnizong podatnos$¢ eutopowego i ektopowego endometrium na
apoptoze u pacjentek z endometriozg w poréwnaniu z endometrium kobiet bez tej choroby
(Delbandi 1 in., 2020). We wstepnych eksperymentach oceniajacych cytotoksycznos¢
analizowanych stilbenéw zastosowano ludzkie komorki endometriozy linii 12Z oraz kontrolne,
nieendometriotyczne komorki T HESC pochodzace z podscieliska endometrium. Umozliwito
to wykazanie ro6znic w odpowiedzi komorkowej pomiedzy tkanka endometrialng
a endometriotyczng, co moze miec istotne znaczenie w ocenie aktywnos$ci potencjalnych
czynnikdow terapeutycznych. Dowiedziono, ze komodrki endometrium T HESC sag bardziej
oporne na cytotoksyczne dziatanie stilbenéw niz komorki endometriozy 12Z. Na podstawie
wartosci ICso stwierdzono, ze cytotoksyczno$¢ resweratrolu wobec komorek endometriozy 127
jest okoto 5-krotnie wyzsza niz wobec komoérek endometrium T HESC. Analogi resweratrolu
wykazywaty zroéznicowang aktywno$¢ cytotoksyczng zarowno w odniesieniu do komorek
pochodzacych z endometrium, jak i zmian endometrialnych.

Pterostilben, dimetylowy analog resweratrolu charakteryzujacy si¢ lepszym
wchtanianiem jelitowym oraz wigkszg stabilno$cig metaboliczng w watrobie (McCormack
1 McFadden, 2013), nie byt dotychczas badany jako potencjalny czynnik terapeutyczny
w endometriozie. Jego dziatanie cytotoksyczne na komorki endometriozy 12Z byto stabsze niz
dziatanie resweratrolu, natomiast hamowanie proliferacji komoérek endometrium T HESC byto
silniejsze niz w przypadku zwigzku macierzystego. W literaturze pterostilben opisywany jest
jako jeden z najsilniej cytotoksycznych stilbenow, co wiaze si¢ przede wszystkim z obecno$cia
grup metoksylowych w jego strukturze. W najnowszych przegladach literatury wskazuje sig,
ze pterostilben wywiera efekty cytotoksyczne w roznych modelach komérkowych w zakresie
stezen 25-100 uM (Ma i in., 2019; Medrano-Padial 1 in., 2021).

Pozostale dwie pochodne resweratrolu — piceatannol i1 polidatyna — w znacznie
mniejszym stopniu ograniczaty proliferacj¢ zarowno komorek 127, jak i T HESC, przy czym

najstabsze dziatanie wykazata polidatyna. Chociaz cz¢$¢ doniesien sugeruje, ze hydroksylacja
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resweratrolu w pozycjach 3’ 14’ prowadzi do zwigkszenia cytotoksycznos$ci piceatannolu, inne
badania, zwlaszcza prowadzone na liniach komorek bialaczki i czerniaka, wykazaty brak
istotnego dziatania cytotoksycznego tego zwigzku nawet w wysokich stezeniach 100400 uM
(Medrano-Padial 1 in., 2021). Podobne zaleznosci dotyczace aktywnosci stilbenow
zaobserwowano w badaniach przeprowadzonych na komoérkach raka piersi. Po 48-godzinne;j
ekspozycji komorek raka piersi linii MCF-7 na stilbeny w zakresie stezen 2,5-100 uM
resweratrol najsilniej hamowat proliferacje komorek, piceatannol wykazywat stabsze dziatanie,
natomiast piceid nie wykazywatl istotnej cytotoksycznosci (Komorowska 1 in., 2021).

Dokonujac oceny podatnosci komorek zrebu endometrium linii T HESC oraz
nabtonkowych komorek endometriozy linii 12Z na cytotoksyczne dziatanie analizowanych
zwiazkoéw, nalezy podkresli¢, ze zastosowane linie komorkowe pochodza z réznych typow
tkanki endometrium, co stanowi istotne ograniczenie w bezposredniej interpretacji
1 porownaniu uzyskanych wynikéw. Wykorzystanie linii podscieliska T HESC wynikato
z braku dostgpnych reprezentatywnych linii komoérek nablonkowych endometrium. Podobny
model komoérkowy zastosowano w pracy Madanes i in. (2022), w ktorej wykazano, ze
resweratrol w dawkach 50 i 100 uM po 48 godzinach ekspozycji zmniejszat zZywotnos¢
1 potencjal proliferacyjny komoérek endometriozy 12Z 1 komorek zrgbu endometrium St-T1b
w poréwnywalnym stopniu. Ponadto zwigzek ten w podobnym zakresie hamowat proliferacje
komorek nabtonkowych izolowanych zarowno od pacjentek z endometrioza, jak i z grupy
kontrolnej. Z kolei inne badania wykazaty, ze resweratrol w stezeniach <100 uM po 48
godzinach ekspozycji nie wplywal istotnie na zywotnos¢ ektopowych komoérek podscieliska
endometrium izolowanych od pacjentek z endometrioza. Dopiero zastosowanie resweratrolu
w stezeniu 200 uM prowadzito do obnizenia zywotno$ci komorek o okoto 50% (Kolahdouz
Mohammadi i in., 2020; Taguchi i in., 2016). W badaniach nad proapoptotycznym potencjatem
resweratrolu 1 jego analogdw zaobserwowano, ze obecnos¢ tych zwigzkéw w hodowli komorek
endometriozy w stezeniu 50 uM zwigksza odsetek komodrek charakteryzujacych sie
eksternalizacja fosfatydyloseryny, stanowigca wczesny marker procesu apoptozy. Nalezy
zauwazy¢, ze pterostilben istotnie zwigkszal populacje komoérek zar6wno we wcezesnej, jak
1 pézniej fazie apoptozy. Podobnie w literaturze opisano silniejsze proapoptotyczne dziatanie
pterostilbenu w pordéwnaniu z resweratrolem, m.in. w komodrkach raka szyjki macicy
(Chatterjee 1 in., 2018; Shin i in., 2020). Jego wyzszy potencjat proapoptotyczny wigzano
z aktywacja szlaku apoptozy zaleznego od p53 oraz modulacja szlaku Nrf-2 poprzez indukcje¢
stresu siateczki §rédplazmatycznej w komorkach raka szyjki macicy (Chatterjee 1 in., 2018; B.

Zhang i 1in., 2014).
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Po ekspozycji komorek endometriozy na wszystkie analizowane stilbeny w stezeniu 50
uM stwierdzono oligonukleosomalng fragmentacj¢ DNA oraz pojawienie si¢ subpopulacji
komorek o zmniejszonej zawartosci DNA, widocznej przed frakcja komorek w fazie Go/Gi na
histogramach obrazujacych przebieg cyklu komorkowego. Peknigcia nici DNA stanowia
charakterystyczng ceche pdznych etapow apoptozy 1 wynikaja z aktywnos$ci endonukleaz,
w tym deoksyrybonukleazy aktywowanej kaspaza (CAD, caspase-activated DNase), ktora
ulega aktywacji po rozszczepieniu inhibitora ICAD przez kaspazg-3 (Schindler i in., 2006).
Analiza aktywnos$ci kaspaz na poziomie molekularnym i komérkowym wykazala, ze
resweratrol istotnie zwigksza ekspresje mRNA kaspazy-3 (ok. 7-krotnie) oraz jej aktywnos¢
proteolityczng (ok. 10-krotnie). Natomiast pterostilben, bedacy najsilniejszym induktorem
peknig¢ DNA, znacznie stabiej aktywowatl kaspaze-3. Dostepne dane literaturowe sugeruja
ponadto, ze apoptoza indukowana przez pterostilben moze przebiega¢ czgsciowo niezaleznie
od kaspaz, w przeciwienstwie do resweratrolu i jego pozostatych analogow (Tolomeo 1 in.,
2005). Sciezki aktywacji $mierci komérki maja ztozony charakter i czesto naktadaja sie na
siebie. Przyktadowo klasyczny szlak apoptozy zalezny od bialek z rodziny BCL i kaspaz moze
uruchamia¢ dodatkowe mechanizmy zwigzane z uwalnianiem z mitochondriéw czynnika
indukujacego apoptoze (AIF, apoptosis inducing factor), ktéry bezposrednio indukuje
fragmentacj¢ jadrowego DNA (Cregan 1 in., 2004). Wykazano, ze uwalnianie AIF moze by¢
inicjowane przez nadekspresj¢ BAX w komodrkach HeLa i 293T (Arnoult i in., 2003), co
koresponduje z podwyzszong ekspresja BAX wywolang przez pterostilben w komodrkach
endometriozy, obserwowang w badaniach przedstawionych w pracy doktorskiej. Zr6znicowany
potencjat apoptotyczny resweratrolu i pterostilbenu wynika prawdopodobnie z zalezno$ci
pomigdzy strukturg chemiczng a aktywno$cig biologiczng zwigzku. W badaniach innych
autorow stwierdzono, ze obecno$¢ motywu 3,5-dimetoksylowego sprzyja dziataniu
proapoptotycznemu, nawet w komoérkach wykazujacych fenotyp opornosci wielolekowej lub
ekspresje onkogenu antyapoptotycznego (Tolomeo i in., 2005).

W przeprowadzonych eksperymentach zaobserwowano rowniez hamujacy wplyw
piceatannolu na komorki endometriozy. Wykazano, ze indukcja apoptozy przez piceatannol
moze by¢ zwigzana z rozlegla fragmentacjg jadrowego DNA w komoérkach 12Z, pomimo
stosunkowo niskiej cytotoksyczno$ci tego zwigzku, okreslonej wartoscig ICso wynoszaca
223,76 uM, znaczaco wyzsza niz warto$ci wyznaczone dla resweratrolu (49,32 uM)
1 pterostilbenu (73,88 uM). Stwierdzono, Ze piceatannol w st¢zeniu 100 pM powodowat niemal
50% fragmentacj¢ DNA w komorkach 12Z oraz istotny wzrost ekspresji mRNA kaspazy-8, -9

1 -3. Podobne wyniki uzyskano w badaniach prowadzonych na komorkach raka
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watrobowokomorkowego HepG2, w ktérych piceatannol w stgzeniach 100 uM 1200 uM, mimo
niskiej cytotoksyczno$ci, indukowal charakterystyczng dla procesu apoptozy fragmentacje
DNA oznaczong testem TUNEL (Morales i Haza, 2012). Zaskakujacym zjawiskiem
obserwowanym w komorkach endometriozy byto zwickszenie ekspresji genu kodujacego
antyapoptotyczne biatko BCL-2 po ekspozycji na resweratrol, pterostilben i piceatannol
w wyzszych dawkach, przy czym najsilniejszy efekt wzmacniajacy ekspresj¢ mRNA BCL2
wywolywat pterostilben. Bialko BCL-2 uczestniczy w regulacji przepuszczalnosci blony
mitochondrialnej, z ktérej uwalniany jest m.in. cytochrom c, odpowiedzialny za kaskadowg
aktywacje kaspaz (Westphal i in., 2014). Badania innych autoréw wykazaty, ze pterostilben
zwigksza ekspresje BCL2 w ludzkich komorkach nerwowych poprzez aktywacje receptora ER-
a, prowadzaca do genomowej regulacji ekspresji BCL2, dzigki czemu moze wykazywac
dziatanie neuroprotekcyjne (Z. Song i in., 2015). Rozmieszczenie grup hydroksylowych
w pierscieniach aromatycznych stilbenéw sprawia, ze zwigzki te wykazuja podobienstwo
strukturalne do endogennych i1 syntetycznych estrogenéw. Jednym z biologicznych celéw
dziatania resweratrolu jest receptor estrogenowy, ktory reguluje ekspresje genow zwigzanych
z proliferacja 1 przezyciem komorek, takich jak BCL2. Regulacja ta moze przebiega¢ zaréwno
poprzez klasyczny szlak zalezny od wigzania receptora do specyficznych sekwencji DNA
w promotorach genow docelowych, okreslanych jako ERE (estrogen-responsive elements), jak
1 poprzez mechanizmy nieklasyczne, polegajace na posrednim oddziatywaniu receptora z DNA
za posrednictwem roznych czynnikow transkrypcyjnych. Ponadto mozliwa jest rowniez
szybka, niegenomowa aktywacja szlakow sygnalizacyjnych zachodzagca w wyniku
bezposrednich interakcji z receptorami kinaz tyrozynowych lub kinazami biatkowymi (Kawiak
i Kostecka, 2022). Zwiazki estrogenowe, w tym niektore stilbeny, moga dziata¢ jako
selektywne modulatory receptora estrogenowego, wywotujac zréznicowane efekty
agonistyczne lub antagonistyczne, zaleznie od typu komorek i rodzaju genu docelowego (Oseni
i in.,, 2008). Wiadomo réwniez, ze komorki endometriozy 12Z oraz komorki zrebu
endometrium T HESC wykorzystane w pracy doktorskiej sa ER-dodatnie, co stwarza
mozliwos¢ prowadzenia dalszych badan nad modulacjg sygnalizacji ER jako potencjalnym
kierunkiem terapeutycznym w endometriozie (Banu i in., 2008; Logan i in., 2013).
Przedmiotem badan prezentowanych w rozprawie byla rowniez polidatyna, bedaca
naturalnym prekursorem resweratrolu, w ktérym jedna z grup hydroksylowych zostata
zastgpiona resztg glukopiranozydowa. Modyfikacja ta umozliwia przenikanie zwigzku przez
btony komorkowe z wykorzystaniem naturalnych mechanizméw transportu glukozy oraz

specyficznych transporterow blonowych. Dotychczasowe badania eksperymentalne sugeruja,
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ze terapeutyczne dziatanie polidatyny moze by¢ zwigzane z jej aktywnoscig przeciwzapalng
(Lanzilli 1 in., 2012), antyoksydacyjnag (Bréhan i in., 2011) oraz przeciwnowotworowa (Shah
i1in., 2022). Wyniki badan prowadzonych w ramach niniejszej pracy doktorskiej wskazuja, ze
wptyw polidatyny na indukcje apoptozy w komoérkach endometriozy jest ograniczony, a jej
aktywno$¢ biologiczna pozostaje nizsza w pordwnaniu z pozostatymi analizowanymi
stilbenami. Pomimo indukcji wczesnej fazy apoptozy, potwierdzonej eksternalizacja
fosfatydyloseryny, polidatyna nie prowadzita do aktywacji p6znych etapéw tego procesu; nie
obserwowano zwickszenia ekspresji kaspaz ani biatek proapoptotycznych. Na podstawie badan
prowadzonych na komdérkach nowotworowych sugeruje si¢, ze nizsza aktywnos¢ biologiczna
polidatyny w poréwnaniu z resweratrolem moze wynika¢ z ograniczonego wychwytu
komorkowego, zaleznego od specyficznych transporteréw blonowych lub mechanizmow
endocytozy zwigzanych z tratwami lipidowymi (Su i in., 2013).

Podsumowujgc badania nad proapoptotycznym dziataniem resweratrolu 1 jego
naturalnych pochodnych mozna stwierdzi¢, ze analizowane zwiazki, poprzez specyficzng
indukcje apoptozy z udzialem roéznych szlakéw sygnalizacji $mierci komorek, moga mieé
potencjalne znaczenie w profilaktyce i leczeniu endometriozy. Na szczegolng uwage zastuguje
pterostilben, ktéry w poréwnaniu z resweratrolem, wykazywal wyzsza aktywnos$¢
proapoptotyczng. Potencjat biologiczny tego zwigzku wobec komorek endometriozy zostal,
zgodnie z dostepna literatura, przedstawiony po raz pierwszy.

Kolejnym aspektem oceny potencjatu biologicznego stilbendéw, przedstawionym
w publikacji 4, byto ich dzialanie przeciwzapalne w zapalnym mikrosrodowisku endometriozy,
imitowanym w modelowym ukladzie ko-hodowli makrofagow THP-1 z komorkami
endometriozy 12Z. Podej$cie to jest w pelni uzasadnione, poniewaz przewlekty stan zapalny
towarzyszacy endometriozie, podtrzymywany miedzy innymi przez aktywowane makrofagi,
stanowi jeden z glownych czynnikow patogenetycznych choroby. Odtworzenie ztozonosci
reakcji zapalnych oraz interakcji pomiedzy réznymi typami komoérek zaangazowanych
wrozwdj stanu zapalnego towarzyszacego endometriozie jest jednak bardzo trudne,
a w warunkach in vitro praktycznie niemozliwe. Z tego wzgledu w badaniach zastosowano
uproszczony model komérkowy oparty na makrofagach o fenotypie prozapalnym, uzyskanych
w wyniku r6znicowania i1 polaryzacji monocytow THP-1. W uktadzie ko-hodowli makrofagow
THP-1 z komoérkami endometriozy 12Z przeprowadzono badania nad wptywem analizowanych
stilbenow na ekspresje¢ kluczowych markerow stanu zapalnego oraz stresu oksydacyjnego

w aktywowanych makrofagach zwigzanych z endometrioza.
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W celu opracowania odpowiedniego uktadu doswiadczalnego przeprowadzono szereg
prac eksperymentalnych zwigzanych z optymalizacja protokolu réznicowania i polaryzacji
makrofagdéw, z uwzglednieniem zapewnienia odpowiednich warunkéw hodowli zaréwno dla
makrofagdw, jak 1 komorek endometriozy oraz skutecznej indukcji stanu zapalnego.
W procesie optymalizacji modelu uwzgledniono réwniez zalecenia literaturowe dotyczace ko-
hodowli komoérek endometriotycznych z makrofagami pochodzacymi z monocytéw THP-1
(Smith 1 in., 2015). W badaniach wstepnych wykazano, ze indukcja roznicowania monocytow
THP-1 oraz aktywacja stanu zapalnego w makrofagach prowadzita do zwigkszenia ekspresji
genow kodujacych kluczowe markery tych procesow, takich jak CD68, IL6, IL1f oraz TNF.
Dotychczas opracowano jedynie nieliczne modele doswiadczane uwzgledniajace udziat uktadu
odpornosciowego w patogenezie endometriozy. W czesci badan makrofagi zwigzane
z endometriozg uzyskiwano poprzez zastosowanie pozywki kondycjonowanej pochodzacej
z hodowli ludzkich komorek endometriozy (11Z, 12Z, 22B) (Woo i in., 2017). W innych
pracach komorki endometriozy 12Z traktowano medium kondycjonowanym uzyskanym
z hodowli zréznicowanych i spolaryzowanych makrofagoéw M0, M1 i M2 (Sekulovski i in.,
2019). Zaproponowany w niniejszej pracy doktorskiej model ko-hodowli prozapalnych
makrofagdbw 1 komorek endometriotycznych umozliwial ich wzajemne oddzialywania
migdzykomodrkowe za posrednictwem specyficznych czynnikéw wydzielanych do wspdlnego
srodowiska hodowlanego. W konsekwencji uzyskano uktad lepiej odzwierciedlajacy zapalne
mikrosrodowisko endometriozy, co umozliwito uzyskanie danych o wigkszej istotnosci
fizjologiczne;j.

Badania przeprowadzone w komoérkowym modelu stanu zapalnego w endometriozie,
zaprezentowane w publikacji 4, wykazaly, ze resweratrol 1 jego analogi hamuja ekspresje
transkryptow kluczowych mediatorow prozapalnych. Nalezy jednak podkresli¢, ze
analizowane stilbeny rdéznity si¢ profilem dziatania oraz regulacja ekspresji poszczegolnych
gendw. Resweratrol, pterostilben i polidatyna w stezeniu 25 uM istotnie obnizaly ekspresj¢ /L6
na poziomie mRNA oraz syntez¢ IL-6 na poziomie biatka. Makrofagi zwigzane z endometrioza
stanowig gltéwne zrodto IL-6, ktora uczestniczy w rekrutacji monocytow do ognisk choroby
oraz stymuluje proliferacje komodrek podscieliska endometrium (Ramirez-Pavez i in., 2021). Po
wprowadzeniu pterostilbenu do ukitadu ko-hodowli zaobserwowano jednak odmienng
odpowiedz, zwigzang ze zwigkszong produkcja IL-6 przez makrofagi. Zjawisko to moze
wynika¢ ze stymulacji komoérek endometriozy 12Z do nasilonego wydzielania czynnikow
indukujacych produkcje tej interleukiny przez makrofagi. Podobng zalezno$¢ opisano rowniez

w modelu opartym na zastosowaniu pozywek kondycjonowanych (Woo i in., 2017).
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Po ekspozycji ko-hodowli na resweratrol odnotowano istotne obnizenie ekspresji mRNA
ILIB w makrofagach. IL-1P odgrywa wielokierunkowg rol¢ w patogenezie endometriozy —
stymuluje makrofagi do syntezy IL-6 i nasila produkcje PGE2 oraz uczestniczy w syntezie
estradiolu poprzez wigzanie czynnika steroidogennego 1 =z promotorami genoéow
steroidogennych 1 aromatazy (Chen i in., 2023). Resweratrol, pterostilben i piceatannol
powodowaly réwniez obnizenie ekspresji transkryptu genu CCL2 kodujacego biatkko MCP-1,
ktore jest dobrze poznang cytoking chemotaktyczng dla monocytow i makrofagdéw, dziatajaca
zaro6wno parakrynnie, jak 1 autokrynnie, ktorej zwigkszone stezenie wykrywane jest w ptynie
otrzewnowym u kobiet z endometriozg (Ramirez-Pavez i in., 2021). Doniesienia literaturowe
wskazuja, ze zrodtem MCP-1 moga by¢ réwniez komoérki nabtonkowe endometriozy, ktore
poprzez wytwarzanie tej cytokiny indukuja kierunkowa migracj¢ makrofagow (Woo 1 in.,
2017).

Badania prowadzone w ramach pracy doktorskiej wykazaly, ze sposrod wszystkich
analizowanych stilbendéw jedynie resweratrol obnizat ekspresj¢ i synteze IL-8, bedacej waznym
chemoatraktantem w endometriozie. Uzyskane wyniki wskazuja na silne dziatanie
przeciwzapalne resweratrolu oraz odmienne wtasciwosci immunomodulujace jego naturalnych
pochodnych. Przeprowadzone badania wykazaly, ze resweratrol, pterostilben i polidatyna
istotnie obnizaja ekspresje mRNA PTGS2 (COX-2) w makrofagach hodowanych z komdérkami
endometriozy, co w konsekwencji prowadzito do ograniczenia syntezy PGE2. COX-2 odgrywa
istotng rolg zarowno w fizjologii, jak i patologii tkanek, uczestniczac w regulacji procesow
zapalnych, proliferacyjnych i angiogennych. Ze wzgledu na liczne dziatania niepozadane
NLPZ, analizowane stilbeny moga stanowi¢ dla nich potencjalng alternatywe terapeutyczng
dzieki ukierunkowanemu dziataniu na COX-2 (Connolly, 2003; Tassinari i in., 2023).

Kolejnym waznym czynnikiem zaangazowanym w rozw¢j stanu zapalnego,
analizowanym w modelu in vitro endometriozy, jest TNF-a. Wedlug dostgpnych danych
poziom TNF-a w ptynie otrzewnowym koreluje ze stopniem zaawansowania endometriozy, co
wskazuje na istotng rol¢ tej cytokiny w modulacji odpowiedzi immunologicznej przez zwiazki
0 dzialaniu przeciwzapalnym (Zigtek i1 in., 2015). Ekspresja TNF-a w aktywowanych
makrofagach pozostajacych w ko-hodowli z komdrkami endometriozy byta modulowana przez
resweratrol 1 pterostilben, jednak ograniczenie produkcji tej cytokiny obserwowano wytacznie
po ekspozycji na resweratrol. Wbrew oczekiwaniom nie zaobserwowano wptywu resweratrolu
1 jego pochodnych na ekspresje czynnika transkrypcyjnego NF-xB, be¢dacego centralnym
regulatorem odpowiedzi komoérkowej na LPS, cytokiny oraz stres w wielu typach komorek,

w tym w makrofagach. LPS jest silnym 1 szybko dziatajgcym induktorem wigzania NF-kB
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z DNA, co stanowi kluczowy element wczesnej odpowiedzi zapalnej makrofagoéw. Badania
przeprowadzone na komoérkach THP-1 wykazaty, Zze po stymulacji LPS wigzanie NF-kB
z DNA utrzymuje si¢ przez okoto 12 godzin, natomiast po 24 godzinach ulega ostabieniu, co
stanowi istotny etap regulacji ekspresji gendw umozliwiajacy wygaszenie odpowiedzi zapalnej
(Sharif1iin., 2007). Z uwagi na dynamiczny charakter aktywacji NF-«B po indukcji LPS, wptyw
analizowanych zwigzkéw prawdopodobnie nie zostal uchwycony w wybranym punkcie
czasowym eksperymentu. Badania in vitro opisywane w literaturze wykazaty, ze resweratrol
1 pterostilben  silnie  moduluja odpowiedz zapalng monocytow 1 makrofagow
w monohodowlach, obnizajac ekspresj¢ oraz wydzielanie kluczowych mediatorow zapalenia,
takich jak PGE2, IL-6, TNF-a.1 PTGS2, przy czym efekty byly czgsto wyrazniejsze na poziomie
transkrypcji niz sekrecji biatek. Dzialanie tych zwigzkéw badano w réznych punktach
czasowych — ekspresj¢ genow w komoérkach THP-1 oznaczano po 4 godzinach aktywacii,
natomiast sekrecje biatek po 24 godzinach hodowli. Dzialanie stilbenéw analizowano
w stezeniach 5-25 uM, zblizonych do stosowanych w ramach niniejszej pracy doktorskiej.
Jednakze, ze wzgledu na odmienne schematy eksperymentalne oraz roéznice w st¢zeniach
induktorow, bezposrednie poréwnanie wynikoOw uzyskanych w réznych badaniach nie jest
mozliwe (Feng 1 in., 2019; Schwager i in., 2017). Analizy wtasciwosci przeciwzapalnych
resweratrolu prowadzono réwniez w monohodowlach komorek endometriozy. Kolahdouz
Mohammadi i in. (2020) jako pierwsi opisali hamujacy wptyw resweratrolu na ekspresje MCP-
1, IL-6, IL-8 1 RANTES w ektopowych komorkach podscieliska endometrium pochodzacych
od kobiet z endometriozg. Podobne badania z wykorzystaniem komorek zregbu endometrium
wykazaly, Ze resweratrol poprzez endogenng aktywacj¢ SIRT1 istotnie ograniczat produkcje
IL-8 indukowang przez TNF-a (Taguchi i1 in., 2016). Zastosowanie komorek
endometriotycznych wraz z makrofagami w ztozonym modelu in vitro umozliwito czesciowe
odtworzenie interakcji migdzykomorkowych w mikrosrodowisku endometriozy. Uzyskane
wyniki stanowig nowo$¢ naukow3 i poszerzaja wiedze¢ na temat dziatania stilbendw na procesy
zapalne towarzyszace endometriozie.

Kluczowym zaburzeniem lezacym u podstaw endometriozy jest stres oksydacyjny oraz
podwyzszony poziom ROS, ktore napedzajg przewlekly stan zapalny. Stan zapalny i produkcja
ROS stanowig wzajemnie nasilajace si¢ mechanizmy — proces zapalny indukuje wytwarzanie
ROS, natomiast stres oksydacyjny wywotany ich nadmierng produkcja podtrzymuje przewlekta
odpowiedZ zapalng. W badaniach klinicznych u pacjentek z endometriozg stwierdzono
zwigkszony poziom ROS oraz obnizong catkowita zdolno$¢ antyoksydacyjng organizmu

(J. Lee 1 in., 2025). Z tego wzgledu redukcja ROS jest obecnie postrzegana jako istotny cel
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terapeutyczny w endometriozie. W badaniach bedacych przedmiotem rozprawy doktorskiej
analizowano wplyw resweratrolu i jego analogdw na poziom ROS w aktywowanych
makrofagach hodowanych z komoérkami endometriozy. Wyniki do$wiadczen wykazaty, ze
analizowane stilbeny wprowadzone do modelu stanu zapalnego w endometriozie istotnie
ograniczaty akumulacje ROS w makrofagach. Ekspozycja na stilbeny juz w niskich stezeniach
(5 uM) prowadzita do zmniejszenia frakcji komorek ROS-dodatnich. Najsilniejsze dziatanie
obserwowano po zastosowaniu pterostilbenu, ktéry redukowat frakcje makrofagow
nadprodukujgcych ROS o okoto 50%. Ograniczenie wewnatrzkomorkowej akumulacji ROS
moglo by¢ zwigzane zaréwno z wysokim potencjalem antyoksydacyjnym analizowanych
stilbendw, jak 1 z ich zdolno$cig do aktywacji komérkowych systeméw antyoksydacyjnych, co
zostato potwierdzone w niniejszej pracy. Analizy na poziomie molekularnym wykazaly, ze
resweratrol 1 jego pochodne powodowaly zwickszenie ekspresji mRNA enzymu
antyoksydacyjnego SOD1 w makrofagach. Stymulujacy wplyw stilbenow na aktywnos¢
endogennych enzymoéw antyoksydacyjnych stanowi istotny aspekt ich dziatania
przeciwoksydacyjnego i przeciwzapalnego w endometriozie, zwtaszcza biorac pod uwage fakt,
ze w plynie otrzewnowym oraz surowicy pacjentek z endometriozg czgsto obserwuje sie
obnizong aktywnos$¢ enzymow obrony antyoksydacyjnej, takich jak SOD, CAT oraz GPx. Dane
literaturowe wskazuja, ze zaburzenia aktywnos$ci endogennych enzymow antyoksydacyjnych,
w tym SOD — stanowigcej pierwszg lini¢ obrony przed ROS — oraz GPx, kluczowego enzymu
odpowiedzialnego za usuwanie nadtlenkéw, moga przyczynia¢ si¢ do rozwoju uszkodzen
oksydacyjnych w endometriozie a jednoczesnie stanowi¢ potencjalne biomarkery tej choroby
(Ekarattanawong i in., 2017; Mulgund i in., 2015).

Zrédtem ROS w endometriozie s3 miedzy innymi makrofagi, erytrocyty i apoptotyczne
komorki endometriozy. ROS 1 czynniki prozapalne pozostaja ze sobg w $cistej zaleznosci,
przyczyniajac si¢ do nasilenia bolu oraz zaburzen detoksykacji produktéw peroksydacji lipidow
w warunkach stresu oksydacyjnego. Cytokiny prozapalne i chemotaktyczne odgrywaja istotng
role w rekrutacji i aktywacji komorek fagocytujacych, bedacych glownymi producentami ROS
(Didziokaite 1 in., 2023). Narastajacy stres oksydacyjny w jamie otrzewnej prowadzi z kolei do
uszkodzen tkanek oraz utrzymywania si¢ przewleklego stanu zapalnego, co sprzyja proliferacji
1 wtoknieniu ektopowych ognisk endometrium (Chen 1 in., 2023). Kumulatywny i1 progresywny
charakter tych procesow podkresla ich istotne znaczenie w progresji endometriozy. Z tego
wzgledu ograniczanie stanu zapalnego i tagodzenie stresu oksydacyjnego stanowig wazny cel

terapeutyczny w endometriozie. Dlatego modele eksperymentalne umozliwiajace oceng
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procesOw zapalnych 1 stresu oksydacyjnego w mikrosrodowisku endometriozy sg istotnym
narz¢dziem w badaniach przedklinicznych.

Analizujac wyniki przeprowadzonych badaf, nalezy uwzgledni¢ pewne ograniczenia
wynikajagce z zastosowanego modelu komorkowego endometriozy. Opracowany ukilad
doswiadczalny obejmowat jedynie dwa typy komorek — komorki nabtonkowe endometriozy
oraz aktywowane makrofagi — co moze by¢ niewystarczajagce w kontekscie zlozonego
1 dynamicznego mikrosrodowiska zmian endometrialnych (Gotabek-Grenda i Olejnik, 2022).
Ponadto w badaniach wykorzystano wylacznie jeden fenotyp makrofagow (M1), co nie
odzwierciedla w pelni ztozonej natury i funkcji tej populacji komoérek w endometriozie,
szczegblnie w $wietle trwajacej dyskusji dotyczacej kryteriow fenotypowej klasyfikacji
makrofagéw M1 1 M2. Niektore doniesienia wskazuja, ze populacja makrofagéw prozapalnych
wystepuje gtownie we wczesnych stadiach choroby, natomiast w bardziej zaawansowanych
etapach dochodzi do polaryzacji w kierunku fenotypu M2, wykazujacego wlasciwosci
przeciwzapalne i1 naprawcze oraz aktywno$¢ profibrotyczng (Kobayashi i Imanaka, 2022;
Lagana i in., 2020).

Kolejne ograniczenie badan zwigzane jest z biodostepnoscig analizowanych stilbenow,
ich przemianami metabolicznymi zachodzacymi podczas trawienia zotadkowo-jelitowego oraz
procesami wchtaniania jelitowego, ktore nie zostaly uwzglednione w planie badawczym pracy
doktorskiej. Aby zniwelowa¢ wplyw metabolizmu 1 biodostepnosci na oceng
biofunkcjonalnosci stilbendow efekty immunomodulujgce 1 antyoksydacyjne analizowano przy
mozliwie niskich, fizjologicznie osiggalnych stezeniach zwigzkoéw. Podejscie to uwzgledniato
doniesienia Feng i in. (2019) oraz T. T. Y. Wang i in. (2008), ktoérzy wykazali w warunkach in
vitro (komérki THP-1) 1 in vivo (model gryzoni), ze resweratrol moduluje odpowiedz
immunologiczng zarowno w dawkach uznawanych za fizjologiczne (5 upM), jak
1 farmakologiczne (>10 uM).

W  kolejnej pracy naukowej, stanowigcej kontynuacj¢ badan nad potencjalem
terapeutycznym resweratrolu i jego analogdw, oceniono wptyw analizowanych stilbenéw na
adhezje komorek endometriotycznych do sktadnikow ECM oraz ich migracje 1 inwazje
(publikacja 5). Odtworzenie podstawowych procesow komorkowych zwigzanych z progresja
endomteriozy w warunkach in vitro wymaga uwzglednienia zaproponowanego wspotczesnie
trojetapowego, sekwencyjnego modelu rozwoju choroby, obejmujacego adhezje komodrek do
mezotelium  jamy otrzewnej, remodelowanie blony podstawnej 1  macierzy
zewnatrzkomorkowej 1 ostateczng implantacje komoérek wraz z neowaskularyzacja w miejscu

ektopowym (H. Liu 1 Lang, 2011; C. Zhang 1 in., 2024). Komoérki endometrialne ulegaja
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implantacji poprzez pokonywanie nienaruszonych barier strukturalnych, ztozonych z komoérek
nabtonkowych, blon podstawnych 1 wtokien kolagenowych, lub poprzez wnikanie do wnetrza
ECM otrzewnej w miejscach wczesniejszego uszkodzenia tkanek, po czym dochodzi do ich
lokalnej ekspansji (Nisolle i in., 2000). Adhezja komoérek endometriotycznych do sktadnikow
ECM, takich jak kolagen, laminina czy fibronektyna, stanowi kluczowy etap inicjacji i rozwoju
ognisk endometriozy. Proces ten umozliwia komorkom pochodzacym z endometrium
przytwierdzenie si¢ do mezotelium jamy otrzewnej oraz innych struktur ektopowych. Adhezja
komorek regulowana jest gldéwnie przez integryny oraz inne czgsteczki adhezyjne, ktorych
ekspresja moze by¢ modulowana przez czynniki zapalne i hormonalne. Zaburzenia regulacji
tych mechanizmoéw sprzyjaja trwatemu zakotwiczeniu komoérek oraz ich przezyciu poza
srodowiskiem macicy (Pollock i in., 2014).

Wyniki analiz przeprowadzonych w ramach pracy doktorskiej jednoznacznie wskazaty
na antyadhezyjny potencjal testowanych stilbenéw. Wykazano, ze analizowane zwigzki
skutecznie ograniczaja adhezje komorek 12Z do skladnikow ECM, przy czym bardziej
preferencyjnie hamuja adhezj¢ komoérek do fibronektyny niz do kolagenu typu 1. Wyzszy
potencjat antyadhezyjny wobec fibronektyny moze wynika¢ ze stabszego wigzania si¢ komorek
127 z tym bialkiem, co obserwowano roéwniez w badaniach prowadzonych przez innych
autorow (Koks i in., 2000). Dziatanie antyadhezyjne resweratrolu udowodniono takze
w modelach in vitro raka jajnika, w ktorych zwigzek ten hamowat przyleganie komorek A2780,
OVCAR-3 1 SKOV3 do mezotelium otrzewnej (Mikuta-Pietrasik 1 in., 2014). Podobnie analogi
resweratrolu, w tym pterostilben, piceatannol i polidatyna, ograniczaty adhezje komoérek do
kolagenu typu I i fibronektyny oraz wykazywaly dziatanie przeciwzwldknieniowe poprzez
redukcj¢ syntezy tych biatek (Lan i in., 2020; Marchisio i in., 2025; Pan i in., 2019).

W endometrium ektopowym i eutopowym identyfikowane sg rozne typy kolagenu,
jednak w obrebie zmian endometrialnych, szczegolnie gieboko naciekajacych, dominujacym
sktadnikiem ECM pozostaje kolagen typu I. Biatko to sprzyja migracji i inwazyjnosci komorek
oraz wspiera procesy witdknienia (Stejskalova i in., 2021; Vissers i in., 2024). Oprocz kolagenu
istotnym sktadnikiem ECM jest rowniez fibronektyna, ktéra pelni wazng funkcje w procesie
adhezji komoérek endometriozy, dla ktorej wykazano korelacje pomiedzy ekspresja genu
fibronektyny (FN1) a umiarkowang i ci¢zka postacig choroby (Sapkota i in., 2017; Singh 1 in.,
2010). W $wietle dostgpnych danych, zwigkszona ekspresja kolagenu typu I, fibronektyny oraz
bialek fibrynotycznych, takich jak a-SMA i CTGF, w tkance ektopowej wskazuje na ich istotne
zaangazowanie w proces inwazji komorek endometriotycznych (Warzechaiin., 2022; Z. Zhang

iin., 2019).
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Po adhezji migracja komorek endometriotycznych stanowi kolejny kluczowy etap
progresji choroby, umozliwiajacy rozprzestrzenianie si¢ ognisk endometrialnych w obrebie
jamy otrzewnej. Proces ten zalezy od reorganizacji cytoszkieletu oraz dynamicznych interakcji
pomiedzy komorka a ECM. Wspotczesne badania wskazujg, ze sktadniki ECM moga
bezposrednio regulowaé¢ migracje komoérek poprzez wplyw na organizacje filamentow
aktynowych oraz aktywacje szlakow sygnalowych zwigzanych z ruchem komorkowym
(C. Zhang i in., 2024). Najbardziej zaawansowanym etapem progresji endometriozy jest
inwazja komorek endometriotycznych oparta na ich zdolnosci do degradacji blony podstawne;j
oraz penetracji otaczajacych tkanek. Mechanizm ten jest Scisle zwigzany z aktywno$ciag MMPs
oraz zaburzeniem rownowagi pomi¢dzy MMPs a ich inhibitorami TIMPs. Najnowsze dane
wskazuja rowniez na istotne znaczenie procesu EMT, ktory zwigksza wlasciwosci migracyjne
1 inwazyjne komodrek endometriotycznych (Wei 1 in., 2025).

Wyniki badan przeprowadzonych w ramach pracy doktorskiej wykazaty, ze analizowane
stilbeny ograniczaty inwazj¢ komorek 12Z przez membrang optaszczong macierzg Matrigel™,
imitujagcg ECM. Uzyskane dane sugeruja, ze dziatanie stilbenéw moze by¢ zwigzane przede
wszystkim z hamowaniem degradacji ECM, a w mniejszym stopniu z regulacja chemotaksji
komorek. Nalezy jednak podkresli¢, ze resweratrol w najwyzszym testowanym stezeniu 50 uM,
wykazujacym dziatanie cytotoksyczne, istotnie ograniczal réwniez przemieszczanie si¢
komorek 12Z w kierunku chemoatraktanta. Wynik ten pozostaje zgodny z doniesieniami
Madanes 1 in. (2022), ktorzy wykazali, ze resweratrol w dawkach 50 uM 1 100 uM hamuje
migracj¢ komorek 127 w tescie gojenia ran. Badania prowadzone przez innych autorow
wykazaty ponadto, ze resweratrol w st¢zeniach 25 pM i 50 uM istotnie hamuje proliferacje,
migracje 1 inwazj¢ ektopowych komorek podscieliska endometrium izolowanych od pacjentek
z endometriozg (Kong i in., 2020).

Na podstawie badan prezentowanych w niniejszej rozprawie stwierdzono, ze silnym
dziataniem hamujacym migracj¢ i1 inwazj¢ komorek endometriozy charakteryzuje si¢
pterostilben, ktory w dawce 50 pM niemal catkowicie eliminowat zdolno§¢ komorek 127 do
inwazji. Przeciwinwazyjne wtasciwosci pterostilbenu zostaty weze$niej wykazane w badaniach
prowadzonych na komorkach raka piersi linit MDA-MB-231 oraz raka szyjki macicy linii HeLa
(H. S. Ko 1 in., 2014; Shin i in., 2020). Kolejng pochodng resweratrolu wykazujaca hamujacy
wplyw na migracje i inwazj¢ komorek endometrizoy byl piceatannol. Jego aktywno$¢
przeciwinwazyjna zostata opisana w odniesieniu do komorek raka prostaty DU145, w ktérych
prowadzil do zmniejszenia aktywnosci MMP-9 1 uPA (urokinase-type plasminogen activator),

ograniczenia wydzielania VEGF oraz obnizenia poziomu IL-6 poprzez modulacje szlaku
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sygnatowego IL-6/STAT3 (Kwon i in., 2012). W badaniach dotyczacych przeciwzapalnej
aktywnosci stilbenow przedstawionych w publikacji 4, zwigzkiem o najwyzszym potencjale
hamujacym produkcje IL-6 w komoérkach 12Z byl wlasnie piceatannol, co moze sugerowaé
mechanizm dziatania zblizony do obserwowanego w komorkach raka prostaty DU145.

Dziatanie analizowanych zwigzkéw prowadzace do ograniczenia inwazji komorek 127
byto prawdopodobnie zwigzane z obnizeniem ekspresji i aktywno$ci enzymu proteolitycznego
MMP-2 oraz zwigkszeniem ekspresji jego inhibitora TIMP-2. Badane stilbeny wywieraty
zalezny od dawki efekt hamujacy zaro6wno na aktywng form¢ MMP-2, jak i jej nieaktywny
prekursor pro-MMP-2. Aktywno$¢ enzymow proteolitycznych wytwarzanych przez komorki
endometrialne stanowi kluczowy element procesu inwazji i rozwoju endometriozy
otrzewnowej. Enzymy proteolityczne umozliwiaja ektopowym komoérkom endometrium
adhezje, przetrwanie oraz penetracje tkanek. Potwierdzaja to miedzy innymi obserwacje
dotyczace podwyzszonego poziomu MMP-2 w plynie otrzewnowym, zwigkszona ekspresja
MMP-2 w tkance endometrialnej oraz korelacje pomi¢dzy wariantami i haplotypami genow
MMP2 1 TIMP2 aryzykiem rozwoju zaawansowanych stadiow choroby (Cho iin., 2013; Huang
1 in., 2004; Jana i in., 2016). Badania prowadzone przez innych autorow wykazaly rowniez
zdolnos¢ resweratrolu stosowanego w stezeniach 50—100 uM do modulowania stosunku MMP-
2/TIMP-1 w komoérkach endometriozy linii 12Z i St-T1b (Madanes i in., 2022). Ponadto,
dziatanie antyinwazyjne resweratrolu obserwowane w rdéznych typach nowotworéw, w tym
raka zoladka, jamy ustnej 1 nerek, wigzano rowniez z hamowaniem ekspresji MMP-2 1 MMP-
9. Doktadne mechanizmy molekularne, za posrednictwem ktorych resweratrol ogranicza proces
przerzutowania nowotworoéw, pozostaja nadal nie w peilni wyjasnione, jednak coraz czesciej
wskazuje si¢ na udzial w modulacji szlaku sygnatowego NF-kB, bgdacego jednym z gtownych
regulatorow unikania programowanej $§mierci komorki (B. Song i in., 2023).

Na podstawie analiz przeprowadzonych w ramach rozprawy doktorskiej stwierdzono, ze
badane stilbeny wywieraly zblizony wplyw na poziom ekspresji metaloproteinaz. Mozna zatem
przypuszczaé, ze potencjalnym celem dziatania tych zwiazkéw moga by¢ réwniez inne
czasteczki zaangazowane w regulacje migracji 1 inwazji komorek endometrialnych,
w szczegolnosci markery nablonkowe 1 mezenchymalne uczestniczace w procesach przejscia
EMT. Projekt eksperymentalny przedstawiony w publikacji 5 nie obejmowal analizy catego
profilu sktadnikow ECM ani wszystkich kluczowych metaloproteinaz 1 receptorow
integrynowych posredniczacych w adhezji komorek do biatek ECM. Sygnalizacja zalezna od
komoérkowych czasteczek adhezyjnych moze stanowi¢ istotny czynnik determinujacy adhezje

komorek endometriotycznych oraz rozprzestrzenianie si¢ zmian chorobowych. Zagadnienie to
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wydaje si¢ szczegdlnie interesujacym kierunkiem dalszych badan nad potencjatem
prewencyjnym i terapeutycznym stilbenow w endometriozie. Wyniki badan dotyczacych
potencjalu antyinwazyjnego stilbendw, zaprezentowane w publikacji 5, pozwalaja
wnioskowac, ze resweratrol 1 jego naturalne analogi obnizajg migracyjny i inwazyjny potencjat
komorek endometriozy poprzez modulacje aktywnosci transkrypcyjnej oraz redukcj¢ poziomu
bialek zaangazowanych w przebudowe ECM, a takze poprzez wpltyw na interakcje pomigdzy
komorka a ECM. Zgromadzone dane wskazujg na istotny antyendometriotyczny potencjal
pterostilbenu 1 piceatannolu, ktore oddzialuja poprzez regulacje proceséw zwigzanych
z ruchliwos$cig komorek oraz degradacjg ECM. Petne wyjasnienie mechanizméw ich dziatania
wymaga jednak dalszych, bardziej szczegdtowych badan. Dodatkowym ograniczeniem
interpretacji uzyskanych wynikow jest niewielka liczba dostepnych doniesien literaturowych
dotyczacych aktywnosci tych zwigzkow w modelach endometriozy.

Niniejsza praca wykazata wptyw badanych stilbenow na kluczowe procesy zwigzane
zrozwojem endometriozy, obejmujace zaburzenia proliferacji i apoptozy, nasilony stres
oksydacyjny oraz przewlekly stan zapalny, a takze adhezj¢, migracj¢ i inwazj¢ komorek
endometriozy oraz przebudowe ECM. Okreslono szereg bioaktywnych wlasciwosci
analizowanych zwigzkéw wobec endometriozy oraz przedstawiono sugerowane mechanizmy
ich dziatania, potwierdzajac tym samym postawione w pracy doktorskiej hipotezy badawcze
oraz realizacje celu gtownego i celow szczegdtowych.

Uzyskane dane, prezentujgce dotychczas nieopisane dziatanie analizowanych stilbenéw,
a takze identyfikacja zwigzkow o najwyzszej aktywnosci biologicznej, moga stanowi¢ dobrg
podstawe do dalszych badan nad ich potencjalnym zastosowaniem we wspomaganiu terapii
endometriozy. Dodatkowo otrzymane wyniki podkreslaja znaczenie zaawansowanych modeli
in vitro w badaniach wlasciwos$ci potencjalnych §rodkéw terapeutycznych, umozliwiajacych
uwzglednienie zlozonosci komorkowych, humoralnych 1 pozakomoérkowych komponentow
mikrosrodowiska choroby. Grafika zamieszczona na Rycinie 16 podsumowuje
wielokierunkowy charakter dzialania resweratrolu i jego naturalnych analogdéw, wskazujac na
ich potencjalne znaczenie w modulacji procesow odpowiedzialnych za rozwdj 1 utrzymywanie

si¢ zmian endometrialnych.
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Rycina 16. Dzialanie resweratrolu i jego naturalnych pochodnych w modelach endometriozy in vitro ze
wskazaniem najwazniejszych aktywnosci zwigzkéw. Rycing przygotowano w programie
https://BioRender.com.
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6. WniosKki

IL.

I11.

IV.

VL

VIL

VIIL

Na podstawie przeprowadzonych badan sformutowano nastepujace wnioski:

Resweratrol 1 jego pochodne wykazuja wyzszy potencjat cytotoksyczny wobec
komorek endometriotycznych linii 12Z niz wobec komoérek endometrialnych linii

T HESC, co wskazuje na ich dziatanie ukierunkowane na komorki patologiczne.

Najsilniejsze dziatanie cytotoksyczne na komodrki 12Z wykazuja resweratrol
i pterostilben, natomiast najstabszy efekt hamowania proliferacji obserwuje si¢

w przypadku polidatyny.

Pterostilben charakteryzuje si¢ wysokim potencjalem proapoptotycznym, powoduje
zwiekszenie populacji komoérek we wczesnej 1 pdznej fazie apoptozy, nasila
fragmentacj¢ DNA oraz wzmacnia ekspresje proapoptotycznego genu BAX, przy

jednocze$nie umiarkowanej aktywacji kaspaz.

Silne dziatanie proapoptotyczne resweratrolu wobec komoérek endometriozy 127 jest
zwigzane gléwnie z aktywacja kaspazo-zaleznego szlaku apoptozy, co potwierdza

istotny wzrost ekspresji i aktywnosci kaspazy-3 oraz nasilona fragmentacja DNA.

Piceatannol indukuje proces apoptozy poprzez zwigkszenie ekspresji kaspazy-8, -9 1 -3,

czemu towarzyszy nasilona fragmentacja DNA w komoérkach endometriotycznych.

Polidatyna wykazuje najstabszy efekt proapoptotyczny, ograniczajac si¢ do indukcji
wczesnych etapow apoptozy zwigzanych z eksternalizacja fosfatydyloseryny, bez

aktywacji pozniejszych cech charakterystycznych dla komorek apoptotycznych.

Resweratrol wykazuje najsilniejsze dziatanie przeciwzapalne w modelu ko-hodowli
komorek 12Z 1 makrofagdéw obnizajac ekspresje kluczowych mediatoréw stanu
zapalnego (IL6, ILS, ILIB, TNF, CCL2, CXCLI10 oraz PTGS) oraz produkcje TNF-a
i IL-8.

Pochodne resweratrolu roéznig si¢  zdolnoscia ~modulowania odpowiedzi

immunologicznej, zwtaszcza w zakresie wptywu na wydzielanie IL-6 1 MCP-1.
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IX.

XL

XII.

Analizowane stilbeny istotnie ograniczajg akumulacje¢ ROS w makrofagach.
Pterostilben najsilniej redukuje frakcje komorek nadprodukujacych ROS, co wiaze si¢
ze zwigkszong ekspresja dysmutazy ponadtlenkowej SODI.

Resweratrol 1 jego pochodne hamujg adhezje komorek endometriotycznych 127,

ograniczajac ich przyleganie do sktadnikow ECM, szczegolnie do fibronektyny.

Badane zwigzki ograniczaja migracj¢ i inwazj¢ komoérek 12Z, gltéwnie poprzez
zmniejszenie degradacji ECM, wynikajacej z modulowania ekspresji i aktywnosci

metaloproteinazy MMP-2 oraz jej inhibitora TIMP-2.

Najwyzszg aktywno$¢ przeciwinwazyjng wykazuje pterostilben, ktory w stezeniu 50

UM niemal catkowicie znosi zdolno$¢ komorek 127 do inwazji w modelu Matrigel™.

82



7. Bibliografia

Abulughod, N., Valakas, S., i El-Assaad, F. (2024). Dietary and Nutritional Interventions for the Management of
Endometriosis. Nutrients, 16(23), 3988. https://doi.org/10.3390/nu16233988

Agic, A., Djalali, S., Diedrich, K., i Hornung, D. (2009). Apoptosis in Endometriosis. Gynecologic and Obstetric
Investigation, 68(4), 4. https://doi.org/10.1159/000235871

Al-Jaber, H. 1., Shakya, A. K., Al-Qudah, M. A., Barhoumi, L. M., Abu-Sal, H. E., Hasan, H. S., Al-Bataineh, N.,
Abu-Orabi, S., i Mubarak, M. S. (2024). Piceatannol, a comprehensive review of health perspectives and
pharmacological aspects. Arabian Journal of Chemistry, 17(9), 105939.
https://doi.org/10.1016/j.arabjc.2024.105939

Allaire, C., Bedaiwy, M. A., i Yong, P. J. (2023). Diagnosis and management of endometriosis. CMAJ : Canadian
Medical Association Journal, 195(10), E363—E371. https://doi.org/10.1503/cmaj.220637

Aly, S., El-Kamel, A. H., Sheta, E., i El-Habashy, S. E. (2023). Chondroitin/Lactoferrin-dual functionalized
pterostilbene-solid lipid nanoparticles as targeted breast cancer therapy. International Journal of
Pharmaceutics, 642, 123163. https://doi.org/10.1016/j.ijpharm.2023.123163

Amini, L., Chekini, R., Nateghi, M. R., Haghani, H., Jamialahmadi, T., Sathyapalan, T., i Sahebkar, A. (2021).
The Effect of Combined Vitamin C and Vitamin E Supplementation on Oxidative Stress Markers in
Women with Endometriosis: A Randomized, Triple-Blind Placebo-Controlled Clinical Trial. Pain
Research & Management, 2021, 5529741. https://doi.org/10.1155/2021/5529741

Arnoult, D., Gaume, B., Karbowski, M., Sharpe, J. C., Cecconi, F., i Youle, R. J. (2003). Mitochondrial release of
AIF and EndoG requires caspase activation downstream of Bax/Bak-mediated permeabilization. The
EMBO Journal, 22(17), 4385-4399. https://doi.org/10.1093/emboj/cdg423

Aziz, M. H., Nihal, M., Fu, V. X, Jarrard, D. F., i Ahmad, N. (2006). Resveratrol-caused apoptosis of human
prostate carcinoma LNCaP cells is mediated via modulation of phosphatidylinositol 3’-kinase/Akt
pathway and Bcl-2 family proteins. Molecular Cancer Therapeutics, 5(5), 1335-1341.
https://doi.org/10.1158/1535-7163.MCT-05-0526

Bachmaier, K., Stuart, A., Singh, A., Mukhopadhyay, A., Chakraborty, S., Hong, Z., Wang, L., Tsukasaki, Y.,
Maienschein-Cline, M., Ganesh, B. B., Kanteti, P., Rehman, J., i Malik, A. B. (2022). Albumin
Nanoparticle Endocytosing Subset of Neutrophils for Precision Therapeutic Targeting of Inflammatory
Tissue Injury. ACS Nano, 16(3), 4084—4101. https://doi.org/10.1021/acsnano.1c09762

Banaszewska, B., Wrotynska-Barczynska, J., Spaczynski, R. Z., Pawelczyk, L., i Duleba, A. J. (2016). Effects of
Resveratrol on Polycystic Ovary Syndrome: A Double-blind, Randomized, Placebo-controlled Trial. The
Journal of Clinical Endocrinology and Metabolism, 101(11), 4322-4328.
https://doi.org/10.1210/jc.2016-1858

Banu, S. K., Lee, J., Starzinski-Powitz, A., i Arosh, J. A. (2008). Gene expression profiles and functional
characterization of human immortalized endometriotic epithelial and stromal cells. Fertility and Sterility,
90(4), 972-987. https://doi.org/10.1016/j.fertnstert.2007.07.1358

Becker, C. M., Bokor, A., Heikinheimo, O., Horne, A., Jansen, F., Kiesel, L., King, K., Kvaskoff, M., Nap, A.,
Petersen, K., Saridogan, E., Tomassetti, C., van Hanegem, N., Vulliemoz, N., Vermeulen, N., i ESHRE
Endometriosis Guideline Group. (2022). ESHRE guideline: Endometriosis. Human Reproduction Open,
2022(2), hoac009. https://doi.org/10.1093/hropen/hoac009

Bhardwaj, A., Sethi, G., Vadhan-Raj, S., Bueso-Ramos, C., Takada, Y., Gaur, U., Nair, A. S., Shishodia, S.,
i Aggarwal, B. B. (2007). Resveratrol inhibits proliferation, induces apoptosis, and overcomes
chemoresistance through down-regulation of STAT3 and nuclear factor-kappaB-regulated antiapoptotic
and cell survival gene products in human multiple myeloma cells. Blood, 109(6), 2293-2302.
https://doi.org/10.1182/blood-2006-02-003988

Bhat, K. P., i Pezzuto, J. M. (2001). Resveratrol exhibits cytostatic and antiestrogenic properties with human
endometrial adenocarcinoma (Ishikawa) cells. Cancer Research, 61(16), 6137-6144.

Bianco, N. R., Chaplin, L. J., i Montano, M. M. (2005). Differential induction of quinone reductase by
phytoestrogens and protection against oestrogen-induced DNA damage. Biochemical Journal, 385(Pt 1),
279-287. https://doi.org/10.1042/BJ20040959

Bo, C.,1 Wang, Y. (2024). Angiogenesis signaling in endometriosis: Molecules, diagnosis and treatment (Review).
Molecular Medicine Reports, 29(3), 1-14. https://doi.org/10.3892/mmr.2024.13167

Bofill, L., Barbas, R., de Sande, D., Font-Bardia, M., Rafols, C., Alberti, J., i Prohens, R. (2021). A Novel,
Extremely Bioavailable Cocrystal of Pterostilbene. Crystal Growth & Design, 21(4), 2315-2323.
https://doi.org/10.1021/acs.cgd.0c01716

Borghini, R., Porpora, M. G., Casale, R., Marino, M., Palmieri, E., Greco, N., Donato, G., i Picarelli, A. (2020).
Irritable Bowel Syndrome-Like Disorders in Endometriosis: Prevalence of Nickel Sensitivity and Effects

83



of a Low-Nickel Diet. An Open-Label Pilot Study. Nutrients, 12(2), 341.
https://doi.org/10.3390/nu12020341

Bowers, J. L., Tyulmenkov, V. V., Jernigan, S. C., i Klinge, C. M. (2000). Resveratrol Acts as a Mixed
Agonist/Antagonist for Estrogen Receptors o and f. Endocrinology, 141(10), 3657-3667.
https://doi.org/10.1210/endo.141.10.7721

Bras, L. P., Luis, A., Chatel, G., Socorro, S., i Duarte, A. P. (2025). Stilbenes from Vine Extracts: Therapeutic
Potential and Mechanisms. [International Journal of Molecular Sciences, 26(17), 82609.
https://doi.org/10.3390/ijms26178269

Brockmueller, A., Buhrmann, C., Shayan, P., i Shakibaei, M. (2023). Resveratrol induces apoptosis by modulating
the reciprocal crosstalk between p53 and Sirt-1 in the CRC tumor microenvironment. Frontiers in
Immunology, 14. https://doi.org/10.3389/fimmu.2023.1225530

Brohan, M., Jerkovic, V., i Collin, S. (2011). Potentiality of Red Sorghum for Producing Stilbenoid-Enriched
Beers with High Antioxidant Activity. Journal of Agricultural and Food Chemistry, 59(8), 4088—4094.
https://doi.org/10.1021/j£1047755

Brown, J., Crawford, T. J., Allen, C., Hopewell, S., i Prentice, A. (2017). Nonsteroidal anti-inflammatory drugs
for pain in women with endometriosis. The Cochrane Database of Systematic Reviews, 2017(1),
CD004753. https://doi.org/10.1002/14651858.CD004753.pub4

Brown, K., Theofanous, D., Britton, R. G., Aburido, G., Pepper, C., Sri Undru, S., i Howells, L. (2024). Resveratrol
for the Management of Human Health: How Far Have We Come? A Systematic Review of Resveratrol
Clinical Trials to Highlight Gaps and Opportunities. International Journal of Molecular Sciences, 25(2),
747. https://doi.org/10.3390/ijms25020747

Bulun, S. E., Cheng, Y.-H., Pavone, M. E., Xue, Q., Attar, E., Trukhacheva, E., Tokunaga, H., Utsunomiya, H.,
Yin, P., Luo, X., Lin, Z., Imir, G., Thung, S., Su, E. J., 1 Kim, J. J. (2010). Estrogen receptor-beta, estrogen
receptor-alpha, and progesterone resistance in endometriosis. Seminars in Reproductive Medicine, 28(1),
36-43. https://doi.org/10.1055/s-0029-1242991

Bulun, S. E., Yilmaz, B. D., Sison, C., Miyazaki, K., Bernardi, L., Liu, S., Kohlmeier, A., Yin, P., Milad, M.,
i Wei, J. (2019). Endometriosis. Endocrine Reviews, 40(4), 1048—1079. https://doi.org/10.1210/er.2018-
00242

Burns, K. A., Pearson, A. M., Slack, J. L., Por, E. D., Scribner, A. N., Eti, N. A., i Burney, R. O. (2022).
Endometriosis in the Mouse: Challenges and Progress Toward a ‘Best Fit” Murine Model. Frontiers in
Physiology, 12. https://doi.org/10.3389/fphys.2021.806574

Chaplin, A., Carpéné, C., i Mercader, J. (2018). Resveratrol, Metabolic Syndrome, and Gut Microbiota. Nutrients,
10(11), 1651. https://doi.org/10.3390/nu10111651

Chatterjee, K., AlSharif, D., Mazza, C., Syar, P., Al Sharif, M., i Fata, J. E. (2018). Resveratrol and Pterostilbene
Exhibit Anticancer Properties Involving the Downregulation of HPV Oncoprotein E6 in Cervical Cancer
Cells. Nutrients, 10(2), 243. https://doi.org/10.3390/nu10020243

Chen, S., Liu, Y., Zhong, Z., Wei, C., Liu, Y., i Zhu, X. (2023). Peritoneal immune microenvironment of
endometriosis: Role and therapeutic perspectives. Frontiers in Immunology, 14, 1134663.
https://doi.org/10.3389/fimmu.2023.1134663

Cho, Y. J., Kim, N. H,, Jeong, K.-A., Lee, J. Y., Moon, H.-S., Kim, H.-L., i Chung, H. W. (2013). Association
between MMP-2 and TIMP-2 gene polymorphisms and advanced-stage endometriosis in Korean women.
American Journal of Reproductive Immunology, 69(1), 73—84. https://doi.org/10.1111/aji.12020

Cho, Y. J,, Lee, S. H,, Park, J. W., Han, M., Park, M. J., i Han, S. J. (2018). Dysfunctional signaling underlying
endometriosis: Current state of knowledge. Journal of molecular endocrinology, 60(3), R97-R113.
https://doi.org/10.1530/JIME-17-0227

Chow, H.-H. S., Garland, L. L., Heckman-Stoddard, B. M., Hsu, C.-H., Butler, V. D., Cordova, C. A., Chew, W.
M., i Cornelison, T. L. (2014). A pilot clinical study of resveratrol in postmenopausal women with high
body mass index: Effects on systemic sex steroid hormones. Journal of Translational Medicine, 12, 223.
https://doi.org/10.1186/s12967-014-0223-0

Chung, M. S., i Han, S. J. (2022). Endometriosis-Associated Angiogenesis and Anti-angiogenic Therapy for
Endometriosis. Frontiers in Global Women'’s Health, 3, 856316.
https://doi.org/10.3389/fgwh.2022.856316

Cirillo, M., Argento, F. R., Becatti, M., Fiorillo, C., Coccia, M. E., i Fatini, C. (2023). Mediterranean Diet and
Oxidative Stress: A Relationship with Pain Perception in Endometriosis. International Journal of
Molecular Sciences, 24(19), 14601. https://doi.org/10.3390/ijms241914601

Connolly, T. P. (2003). Cyclooxygenase-2 Inhibitors in Gynecologic Practice. Clinical Medicine and Research,
1(2), 105-110. https://doi.org/10.3121/cmr.1.2.105

Cregan, S. P., Dawson, V. L., i Slack, R. S. (2004). Role of AIF in caspase-dependent and caspase-independent
cell death. Oncogene, 23(16), 2785-2796. https://doi.org/10.1038/sj.onc.1207517

84



Dana, P., Thumrongsiri, N., Tanyapanyachon, P., Chonniyom, W., Punnakitikashem, P., i Saengkrit, N. (2022).
Resveratrol Loaded Liposomes Disrupt Cancer Associated Fibroblast Communications within the Tumor
Microenvironment to Inhibit Colorectal Cancer Aggressiveness. Nanomaterials, 13(1), 107.
https://doi.org/10.3390/nan013010107

Darzynkiewicz, Z., Juan, G., i Bedner, E. (2001). Determining cell cycle stages by flow cytometry. Current
Protocols in Cell Biology, Chapter 8, Unit 8.4. https://doi.org/10.1002/0471143030.cb0804s01

Das, S., i Das, D. K. (2007). Anti-inflammatory responses of resveratrol. Inflammation & Allergy Drug Targets,
6(3), 168—173. https://doi.org/10.2174/187152807781696464

Delbandi, A.-A., Mahmoudi, M., Shervin, A., Heidari, S., Kolahdouz-Mohammadi, R., i Zarnani, A.-H. (2020).
Evaluation of apoptosis and angiogenesis in ectopic and eutopic stromal cells of patients with
endometriosis compared to non-endometriotic controls. BMC Women’s Health, 20(1), 3.
https://doi.org/10.1186/s12905-019-0865-4

Delmas, D., Rébé, C., Micheau, O., Athias, A., Gambert, P., Grazide, S., Laurent, G., Latruffe, N., i Solary, E.
(2004). Redistribution of CD95, DR4 and DRS in rafts accounts for the synergistic toxicity of resveratrol
and death receptor ligands in colon carcinoma cells. Oncogene, 23(55), 8979-8986.
https://doi.org/10.1038/sj.onc.1208086

Di Paola, R., Fusco, R., Gugliandolo, E., Crupi, R., Evangelista, M., Granese, R., i Cuzzocrea, S. (2016). Co-
micronized Palmitoylethanolamide/Polydatin Treatment Causes Endometriotic Lesion Regression in a
Rodent Model of Surgically Induced Endometriosis. Frontiers in Pharmacology, 7, 382.
https://doi.org/10.3389/fphar.2016.00382

Didziokaite, G., Biliute, G., Gudaite, J., i Kvedariene, V. (2023). Oxidative Stress as a Potential Underlying Cause
of Minimal and Mild Endometriosis-Related Infertility. International Journal of Molecular Sciences,
24(4), 3809. https://doi.org/10.3390/ijms24043809

Ding, S., Guo, X., Zhu, L., Wang, J., Li, T., Yu, Q., i Zhang, X. (2021). Macrophage-derived netrin-1 contributes
to  endometriosis-associated  pain.  Annals  of  Tramslational  Medicine,  9(1), 29.
https://doi.org/10.21037/atm-20-2161

Dougan, M. M, Fest, S., Cushing-Haugen, K., Farland, L. V., Chavarro, J., Harris, H. R., i Missmer, S. A. (2024).
A prospective study of dietary patterns and the incidence of endometriosis diagnosis. American Journal
of Obstetrics and Gynecology, 231(4), 443.e1-443.¢10. https://doi.org/10.1016/j.ajog.2024.04.030

Edwards, A. K., Nakamura, D. S., Virani, S., Wessels, J. M., i Tayade, C. (2013). Animal models for anti-
angiogenic therapy in endometriosis. Journal of Reproductive Immunology, 97(1), 85-94.
https://doi.org/10.1016/j.jri.2012.10.012

Ekarattanawong, S., Tanprasertkul, C., Somprasit, C., Chamod, P., Tiengtip, R., Bhamarapravatana, K.,
i Suwannarurk, K. (2017). Possibility of using superoxide dismutase and glutathione peroxidase as
endometriosis ~ biomarkers.  Infernational  Journal of Women’s Health, 9, 711-716.
https://doi.org/10.2147/IIWH.S141021

Elizur, S. E., Mostafa, J., Berkowitz, E., i Orvieto, R. (2025). Endometriosis and infertility: Pathophysiology,
treatment strategies, and reproductive outcomes. Archives of Gynecology and Obstetrics.
https://doi.org/10.1007/s00404-025-08124-1

Ellis, K., Munro, D., i Clarke, J. (2022). Endometriosis Is Undervalued: A Call to Action. Frontiers in Global
Women’s Health, 3, 902371. https://doi.org/10.3389/fgwh.2022.902371

Feng, L., Yasmeen, R., Schoene, N. W., Lei, K. Y., 1 Wang, T. T. Y. (2019). Resveratrol differentially modulates
immune responses in human THP-1 monocytes and macrophages. Nutrition Research, 72, 57-69.
https://doi.org/10.1016/j.nutres.2019.10.003

Ferrero, S., Alessandri, F., Racca, A., i Maggiore, U. L. R. (2015). Treatment of pain associated with deep
endometriosis:  Alternatives and  evidence.  Fertility and  Sterility, 104(4), 771-792.
https://doi.org/10.1016/j.fertnstert.2015.08.031

Filby, C. E., Rombauts, L., Montgomery, G. W., Giudice, L. C., i Gargett, C. E. (2020). Cellular Origins of
Endometriosis: Towards Novel Diagnostics and Therapeutics. Seminars in Reproductive Medicine, 38(2—
03), 201-215. https://doi.org/10.1055/s-0040-1713429

Freyberger, A., Hartmann, E., Hildebrand, H., i Krétlinger, F. (2001). Differential response of immature rat uterine
tissue to ethinylestradiol and the red wine constituent resveratrol. Archives of Toxicology, 74(11), 709—
715. https://doi.org/10.1007/s002040000186

Gaggini, M., Fenizia, S., i Vassalle, C. (2023). Sphingolipid Levels and Signaling via Resveratrol and Antioxidant
Actions in Cardiometabolic Risk and Disease. Antioxidants, 12(5), 1102.
https://doi.org/10.3390/antiox 12051102

Gambini, J., Inglés, M., Olaso, G., Lopez-Grueso, R., Bonet-Costa, V., Gimeno-Mallench, L., Mas-Bargues, C.,
Abdelaziz, K. M., Gomez-Cabrera, M. C., Vina, J., i Borras, C. (2015). Properties of Resveratrol: In Vitro
and In Vivo Studies about Metabolism, Bioavailability, and Biological Effects in Animal Models and

85



Humans. Oxidative Medicine and Cellular Longevity, 2015, 837042.
https://doi.org/10.1155/2015/837042

Garcia-Velasco, J. A., Mulayim, N., Kayisli, U. A., 1 Arici, A. (2002). Elevated soluble Fas ligand levels may
suggest a role for apoptosis in women with endometriosis. Fertility and Sterility, 78(4), 855-859.
https://doi.org/10.1016/s0015-0282(02)03320-4

Gatouillat, G., Balasse, E., Joseph-Pietras, D., Morjani, H., i Madoulet, C. (2010). Resveratrol induces cell-cycle
disruption and apoptosis in chemoresistant B16 melanoma. Journal of Cellular Biochemistry, 110(4),
893-902. https://doi.org/10.1002/jcb.22601

Genin, M., Clement, F., Fattaccioli, A., Raes, M., i Michiels, C. (2015). M1 and M2 macrophages derived from
THP-1 cells differentially modulate the response of cancer cells to etoposide. BMC Cancer, 15, 577.
https://doi.org/10.1186/s12885-015-1546-9

Gete, D. G., Doust, J., Mortlock, S., Montgomery, G., i Mishra, G. D. (2023). Associations between endometriosis
and common symptoms: Findings from the Australian Longitudinal Study on Women’s Health. American
Journal of Obstetrics and Gynecology, 229(5), 536.e1-536.¢20.
https://doi.org/10.1016/j.aj0g.2023.07.033

Giudice, L. C., Horne, A. W., i Missmer, S. A. (2023). Time for global health policy and research leaders to
prioritize endometriosis. Nature Communications, 14(1), 8028. https://doi.org/10.1038/s41467-023-
43913-9

Gotabek, A., Kowalska, K., i Olejnik, A. (2021). Polyphenols as a Diet Therapy Concept for Endometriosis—
Current Opinion and Future Perspectives. Nutrients, 13(4), 1347. https://doi.org/10.3390/nu13041347

Golabek-Grenda, A., Juzwa, W., Kaczmarek, M., i Olejnik, A. (2024). Resveratrol and Its Natural Analogs
Mitigate Immune Dysregulation and Oxidative Imbalance in the Endometriosis Niche Simulated in a Co-
Culture System of Endometriotic Cells and Macrophages. Nutrients, 16(20), 3483.
https://doi.org/10.3390/nu16203483

Gotabek-Grenda, A., Kaczmarek, M., Juzwa, W., i Olejnik, A. (2023). Natural resveratrol analogs differentially
target endometriotic cells into apoptosis pathways. Scientific Reports, 13(1), 11468.
https://doi.org/10.1038/s41598-023-38692-8

Golabek-Grenda, A., i Olejnik, A. (2022). In vitro modeling of endometriosis and endometriotic
microenvironment—Challenges and recent advances. Cellular  Signalling, 97, 110375.
https://doi.org/10.1016/j.cellsig.2022.110375

Golabek-Grenda, A., i Olejnik, A. (2026). Stilbene-based strategies for the management of endometriosis:
Targeting cell adhesion, migration, and ECM-driven invasion. Journal of Functional Foods, 140, 107277.
https://doi.org/10.1016/j.j££.2026.107277

Griffiths, M. J., Horne, A. W., Gibson, D. A., Roberts, N., i Saunders, P. T. K. (2024). Endometriosis: Recent
advances that could accelerate diagnosis and improve care. Trends in Molecular Medicine, 30(9), 875—
889. https://doi.org/10.1016/j.molmed.2024.06.008

Hankittichai, P., Thaklaewphan, P., Wikan, N., Ruttanapattanakul, J., Potikanond, S., Smith, D. R., i Nimlamool,
W. (2023). Resveratrol Enhances Cytotoxic Effects of Cisplatin by Inducing Cell Cycle Arrest and
Apoptosis in Ovarian Adenocarcinoma SKOV-3 Cells through Activating the p38 MAPK and
Suppressing AKT. Pharmaceuticals, 16(5), 755. https://doi.org/10.3390/ph16050755

Harris, H. R., Eke, A. C., Chavarro, J. E., i Missmer, S. A. (2018). Fruit and vegetable consumption and risk of
endometriosis. Human Reproduction (Oxford, England), 33(4), 715-7217.
https://doi.org/10.1093/humrep/dey014

Hopeman, M. M., Riley, J. K., Frolova, A. 1., Jiang, H., i Jungheim, E. S. (2015). Serum Polyunsaturated Fatty
Acids and Endometriosis. Reproductive Sciences, 22(9), 1083-1087.
https://doi.org/10.1177/1933719114565030

Hsieh, T., Lu, X., Wang, Z., i Wu, J. M. (2006). Induction of quinone reductase NQO1 by resveratrol in human
K562 cells involves the antioxidant response element ARE and is accompanied by nuclear translocation
of transcription factor Nrf2. Medicinal Chemistry, 2(3), 275-285.
https://doi.org/10.2174/157340606776930709

Huang, H.-F., Hong, L.-H., Tan, Y., i Sheng, J.-Z. (2004). Matrix metalloproteinase 2 is associated with changes
in steroid hormones in the sera and peritoneal fluid of patients with endometriosis. Fertility and Sterility,
81(5), 1235-1239. https://doi.org/10.1016/].fertnstert.2003.10.027

Ibrahim, M. A., Albahlol, I. A., Wani, F. A., Abd-Eltawab Tammam, A., Kelleni, M. T., Sayeed, M. U., Abd EI-
Fadeal, N. M., i Mohamed, A. A. (2021). Resveratrol protects against cisplatin-induced ovarian and
uterine toxicity in female rats by attenuating oxidative stress, inflammation and apoptosis. Chemico-
Biological Interactions, 338, 109402. https://doi.org/10.1016/j.cbi.2021.109402

Jana, S., Chatterjee, K., Ray, A. K., DasMahapatra, P., i Swarnakar, S. (2016). Regulation of Matrix
Metalloproteinase-2 Activity by COX-2-PGE2-pAKT Axis Promotes Angiogenesis in Endometriosis.
PLOS ONE, 11(10), e0163540. https://doi.org/10.1371/journal.pone.0163540

86



Jang, M., Cai, L., Udeani, G. O., Slowing, K. V., Thomas, C. F., Beecher, C. W., Fong, H. H., Farnsworth, N. R.,
Kinghorn, A. D., Mehta, R. G., Moon, R. C., i Pezzuto, J. M. (1997). Cancer chemopreventive activity
of resveratrol, a natural product derived from grapes. Science, 275(5297), 218-220.
https://doi.org/10.1126/science.275.5297.218

Jin, P., Cai, J., Chen, N., Liu, Y., Zhao, H., Wang, Y., Chen, J., Li, M., Xiao, T., Shan, C., Yu, M., i Zhang, J. V.
(2025). TGF-B/snail-mediated epithelial-to-mesenchymal transition disrupts estradiol metabolism
through suppressing the HSD17B2 expression in endometriotic epithelial cells. Biochemical and
Biophysical Research Communications, 771, 151964. https://doi.org/10.1016/j.bbrc.2025.151964

Kadry, M. O. (2024). Resveratrol-based nano-formulations as an emerging therapeutic strategy for ovarian
carcinoma: Autophagy stimulation and SIRT-1/Beclin/MMP-9/P53/AKT signaling. Cancer
Nanotechnology, 15(1), 36. https://doi.org/10.1186/s12645-024-00274-2

Karami, A., Fakhri, S., Kooshki, L., i Khan, H. (2022). Polydatin: Pharmacological Mechanisms, Therapeutic
Targets, Biological  Activities, and  Health  Benefits. = Molecules, 27(19), 6474.
https://doi.org/10.3390/molecules27196474

Kawiak, A., i Kostecka, A. (2022). Regulation of Bcl-2 Family Proteins in Estrogen Receptor-Positive Breast
Cancer and  Their Implications in  Endocrine  Therapy.  Cancers, 14(2), 279.
https://doi.org/10.3390/cancers14020279

Ke,J.,Ye,J.,Li,M.,iZhu, Z. (2021). The Role of Matrix Metalloproteinases in Endometriosis: A Potential Target.
Biomolecules, 11(11), 1739. https://doi.org/10.3390/biom11111739

Kedzia, M., Basta, P., Czajkowski, K., Gogacz, M., Spaczynski, R., Mroczkowska, B., Stojko, R., Szaflik, T.,
Szubert, M., Szylo, K., Zaborowski, M., i Sieroszewski, P. (2024). Rekomendacje Polskiego
Towarzystwa Ginekologdéw i Potoznikow dotyczace postepowania u kobiet z endometrioza. Ginekologia
i Perinatologia Praktyczna, 9(2), 89—123.

Khattar, S., Khan, S. A., Zaidi, S. A. A., Darvishikolour, M., Farooq, U., Naseef, P. P., Kurunian, M. S., Khan, M.
Z., Shamim, A., Khan, M. M. U,, Igbal, Z., i Mirza, Mohd. A. (2022). Resveratrol from Dietary
Supplement to a Drug Candidate: An Assessment of Potential. Pharmaceuticals, 15(8), 957.
https://doi.org/10.3390/ph15080957

Khodarahmian, M., Amidji, F., Moini, A., Kashani, L., Salahi, E., Danaii-Mehrabad, S., Nashtaei, M. S., Mojtahedji,
M. F., Esfandyari, S., i Sobhani, A. (2021). A randomized exploratory trial to assess the effects of
resveratrol on VEGF and TNF-a 2 expression in endometriosis women. Journal of Reproductive
Immunology, 143, 103248. https://doi.org/10.1016/].jri.2020.103248

Kim, H. J., Lee, H.-S., Kazmi, S. Z., Hann, H. J., Kang, T., Cha, J., Choi, S., Swan, H., Kim, H., Lee, Y. S., i Ahn,
H. S. (2021). Familial risk for endometriosis and its interaction with smoking, age at menarche and body
mass index: A population-based cohort study among siblings. BJOG: An International Journal of
Obstetrics and Gynaecology, 128(12), 1938—1948. https://doi.org/10.1111/1471-0528.16769

Ko, H. S., Kim, J. S., Cho, S. M., Lee, H.-J., Ahn, K. S., Kim, S.-H., i Lee, E.-O. (2014). Urokinase-type
plasminogen activator expression and Racl/WAVE-2/Arp2/3 pathway are blocked by pterostilbene to
suppress cell migration and invasion in MDA-MB-231 cells. Bioorganic & Medicinal Chemistry Letters,
24(4), 1176-1179. https://doi.org/10.1016/j.bmcl.2013.12.115

Ko, J.-H., Sethi, G., Um, J.-Y., Shanmugam, M. K., Arfuso, F., Kumar, A. P., Bishayee, A., i Ahn, K. S. (2017).
The Role of Resveratrol in Cancer Therapy. International Journal of Molecular Sciences, 18(12), 2589.
https://doi.org/10.3390/ijms18122589

Kobayashi, H., i Imanaka, S. (2022). Understanding the molecular mechanisms of macrophage polarization and
metabolic reprogramming in endometriosis: A narrative review. Reproductive Medicine and Biology,
21(1), e12488. https://doi.org/10.1002/rmb2.12488

Kodarahmian, M., Amidi, F., Moini, A., Kashani, L., Shabani Nashtaei, M., Pazhohan, A., Bahramrezai, M.,
Berenjian, S., i Sobhani, A. (2019). The modulating effects of Resveratrol on the expression of MMP-2
and MMP-9 in endometriosis women: A randomized exploratory trial. Gynecological
Endocrinology,35(8), 719-726. https://doi.org/10.1080/09513590.2019.1576612

Koks, C. A., Groothuis, P. G., Dunselman, G. A., de Goeij, A. F., i Evers, J. L. (2000). Adhesion of menstrual
endometrium to extracellular matrix: The possible role of integrin alpha(6)beta(l) and laminin
interaction. Molecular Human Reproduction, 6(2), 170—177. https://doi.org/10.1093/molehr/6.2.170

Kolahdouz Mohammadi, R., Delbandi, A.-A., Khodaverdi, S., Arefi, S., Arablou, T., i Shidfar, F. (2020). The
Effects of Resveratrol Treatment on Bcl-2 and Bax Gene Expression in Endometriotic Compared with
Non-Endometriotic Stromal Cells. [ranian Journal of Public Health, 49(8), 1546—-1554.
https://doi.org/10.18502/ijph.v49i8.3900

Komorowska, D., Gajewska, A., Hikisz, P., Bartosz, G., i Rodacka, A. (2021). Comparison of the Effects of
Resveratrol and Its Derivatives on the Radiation Response of MCF-7 Breast Cancer Cells. International
Journal of Molecular Sciences, 22(17), 9511. https://doi.org/10.3390/ijms22179511

87



Kong, X., Xu, X., Zhou, L., Zhu, M., Yao, S., Ding, Y., Liu, T., Wang, Y., Zhang, Y., Li, R., Tang, X., Ling, J.,
Wu, J., Zhu, X., Gu, Y., i Zhou, H. (2020). MTAI1, a Target of Resveratrol, Promotes Epithelial-
Mesenchymal Transition of Endometriosis via ZEB2. Molecular Therapy Methods & Clinical
Development, 19, 295-306. https://doi.org/10.1016/j.omtm.2020.09.013

Koztowska, M., i Czekata, L. (2017). Stilbenes and their role in disease resistance. Progress in Plant Protection,
57(1), 27-35. https://doi.org/10.14199/ppp-2017-004

Kwon, J. Y., Seo, S. G., Heo, Y.-S., Yue, S., Cheng, J.-X., Lee, K. W., i Kim, K.-H. (2012). Piceatannol, Natural
Polyphenolic Stilbene, Inhibits Adipogenesis via Modulation of Mitotic Clonal Expansion and Insulin
Receptor-dependent Insulin Signaling in Early Phase of Differentiation *. Journal of Biological
Chemistry, 287(14), 11566—11578. https://doi.org/10.1074/jbc.M111.259721

Lagana, A. S., Garzon, S., Gotte, M., Vigano, P., Franchi, M., Ghezzi, F., i Martin, D. C. (2019). The Pathogenesis
of Endometriosis: Molecular and Cell Biology Insights. International Journal of Molecular Sciences,
20(22), 5615. https://doi.org/10.3390/ijms20225615

Lagana, A. S., Salmeri, F. M., Ban Frangez, H., Ghezzi, F., Vrtaénik-Bokal, E., i Granese, R. (2020). Evaluation
of M1 and M2 macrophages in ovarian endometriomas from women affected by endometriosis at
different  stages of the disease.  Gymecological  Endocrinology,  36(5), 441-444.
https://doi.org/10.1080/09513590.2019.1683821

Lan, T., Zhuang, L., Li, S., Yang, G., Xuan, Y., i Guo, J. (2020). Polydatin attenuates hepatic stellate cell
proliferation and liver fibrosis by suppressing sphingosine kinase 1. Biomedicine & Pharmacotherapy,
130, 110586. https://doi.org/10.1016/j.biopha.2020.110586

Lanzilli, G., Cottarelli, A., Nicotera, G., Guida, S., Ravagnan, G., i Fuggetta, M. P. (2012). Anti-inflammatory
Effect of Resveratrol and Polydatin by In Vitro IL-17 Modulation. Inflammation, 35(1), 240-248.
https://doi.org/10.1007/s10753-011-9310-z

Lee,J., Yeo, S. G, Lee, J. M., Kim, S. S., Lee, J.-W., Chung, N., i Park, D. C. (2025). Expression of Free Radicals
and Reactive Oxygen Species in Endometriosis: Current Knowledge and Its Implications. Antioxidants,
14(7), 877. https://doi.org/10.3390/antiox 14070877

Lee, M.-F., Pan, M.-H., Chiou, Y.-S., Cheng, A.-C., i Huang, H. (2011). Resveratrol modulates MED28
(Magicin/EG-1) expression and inhibits epidermal growth factor (EGF)-induced migration in MDA-MB-
231 human breast cancer cells. Journal of Agricultural and Food Chemistry, 59(21), 11853-11861.
https://doi.org/10.1021/j£202426k

Lee, Y., i Im, E. (2021). Regulation of miRNAs by Natural Antioxidants in Cardiovascular Diseases: Focus on
SIRT1 and eNOS. Antioxidants, 10(3), 377. https://doi.org/10.3390/antiox 10030377

Lessey, B. A.,1Kim, J. J. (2017). Endometrial Receptivity in Eutopic Endometrium of Women with Endometriosis
It is affected, let me show you why. Fertility and sterility, 108(1), 19-27.
https://doi.org/10.1016/j.fertnstert.2017.05.031

Li, R., Zhang, L., i Liu, Y. (2025). Global and regional trends in the burden of surgically confirmed endometriosis
from 1990 to 2021. Reproductive Biology and Endocrinology, 23(1), 88. https://doi.org/10.1186/s12958-
025-01421-z

Lin, W.-S,, Leland, J. V., Ho, C.-T., i Pan, M.-H. (2020). Occurrence, Bioavailability, Anti-inflammatory, and
Anticancer Effects of Pterostilbene. Journal of Agricultural and Food Chemistry, 68(46), 12788-12799.
https://doi.org/10.1021/acs.jafc.9b07860

Liu, H., i Lang, J. H. (2011). Is abnormal eutopic endometrium the cause of endometriosis? The role of eutopic
endometrium in pathogenesis of endometriosis. Medical Science Monitor, 17(4), RA92-RA99.
https://doi.org/10.12659/MSM.881707

Liu, P., Maharjan, R., Wang, Y., Zhang, Y., Zhang, Y., Xu, C., Geng, Y., i Miao, J. (2023). Association between
dietary inflammatory index and risk of endometriosis: A population-based analysis. Frontiers in
Nutrition, 10, 1077915. https://doi.org/10.3389/fnut.2023.1077915

Liu, P., Tang, W., Xiang, K., i Li, G. (2024). Pterostilbene in the treatment of inflammatory and oncological
diseases. Frontiers in Pharmacology, 14, 1323377. https://doi.org/10.3389/fphar.2023.1323377

Liu, T., Liu, Y., Li, L., Liu, X., Guo, Z., Cheng, J., Zhu, X., Lu, L., Zhang, J., Fan, G., Xie, N., Lu, J., i Jiang, H.
(2021). De Novo Biosynthesis of Polydatin in Saccharomyces cerevisiae. Journal of Agricultural and
Food Chemistry, 69(21), 5917-5925. https://doi.org/10.1021/acs.jafc.1c01557

Liu, Y., You, Y., Lu, J, Chen, X., i Yang, Z. (2020). Recent Advances in Synthesis, Bioactivity, and
Pharmacokinetics of Pterostilbene, an Important Analog of Resveratrol. Molecules, 25(21), 5166.
https://doi.org/10.3390/molecules25215166

Livak, K. J., 1 Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods, 25(4), 402—408. https://doi.org/10.1006/meth.2001.1262

Logan, P. C., Ponnampalam, A. P., Steiner, M., i Mitchell, M. D. (2013). Effect of cyclic AMP and
estrogen/progesterone on the transcription of DNA methyltransferases during the decidualization of

88



human endometrial stromal cells. Molecular Human  Reproduction, 19(5), 302-312.
https://doi.org/10.1093/molehr/gas062

Lousse, J.-C., Van Langendonckt, A., Defrere, S., Ramos, R. G., Colette, S., i Donnez, J. (2012). Peritoneal
endometriosis is an inflammatory disease. Frontiers in Bioscience, 4, 23—40. https://doi.org/10.2741/358

Luo, J., Chen, S., Wang, L., Zhao, X., i Piao, C. (2022). Pharmacological effects of polydatin in the treatment of
metabolic diseases: A review. Phytomedicine, 102, 154161.
https://doi.org/10.1016/j.phymed.2022.154161

Ma, Z., Zhang, X., Xu, L., Liu, D., Di, S., Li, W., Zhang, J., Zhang, H., Li, X., Han, J., i Yan, X. (2019).
Pterostilbene: Mechanisms of its action as oncostatic agent in cell models and in vivo studies.
Pharmacological Research, 145, 104265. https://doi.org/10.1016/j.phrs.2019.104265

Madanes, D., Meresman, G., Valla, S. A., Hassan, N., Kiesel, L., Greve, B., Barafiao, R. 1., Gotte, M., & Ricci, A.
G. (2022). Resveratrol impairs cellular mechanisms associated with the pathogenesis of
endometriosis. Reproductive biomedicine online, 44(6), 976-990.
https://doi.org/10.1016/j.rbmo.2022.02.008

Madjid, T. H., Ardiansyah, D. F., Permadi, W., i Hernowo, B. (2020). Expression of Matrix Metalloproteinase-9
and Tissue Inhibitor of Metalloproteinase-1 in Endometriosis Menstrual Blood. Diagnostics, 10(6), 364.
https://doi.org/10.3390/diagnostics 10060364

Maia, H., Haddad, C., Pinheiro, N., i Casoy, J. (2012). Advantages of the association of resveratrol with oral
contraceptives for management of endometriosis-related pain. International Journal of Women'’s Health,
4, 543-549. https://doi.org/10.2147/ITWH.S36825

Malik, H., Zamouri, S., Akkawi, S., Mehra, S., Mouaki, R., Sathyapalan, T., Nandakumar, M., Butler, A. E.,
i Atkin, S. L. (2025). Endothelial Protein Changes Indicative of Endometriosis in Unexplained Infertility,
an Exploratory Study. [International Journal of Molecular Sciences, 26(13), 6485.
https://doi.org/10.3390/ijms26136485

Malvezzi, H., Marengo, E. B., Podgaec, S., i Piccinato, C. de A. (2020). Endometriosis: Current challenges in
modeling a multifactorial disease of unknown etiology. Journal of Translational Medicine, 18(1), 311.
https://doi.org/10.1186/s12967-020-02471-0

Marchisio, L., Gaudillat, Q., Muller, J., Zedet, A., Tissot, M., Harakat, D., Sénéjoux, F., Rolin, G., Cardey, B.,
Girard, C., i Pudlo, M. (2025). Synthesis and evaluation of piceatannol derivatives as novel arginase
inhibitors with radical scavenging activity and their potential for collagen reduction in dermal fibroblasts.
European Journal of Medicinal Chemistry, 287, 117376. https://doi.org/10.1016/j.ejmech.2025.117376

Marziali, M., Venza, M., Lazzaro, S., Lazzaro, A., Micossi, C., i Stolfi, V. M. (2012). Gluten-free diet: A new
strategy for management of painful endometriosis related symptoms? Minerva Chirurgica, 67(6), 499—
504.

McCormack, D., i McFadden, D. (2013). A review of pterostilbene antioxidant activity and disease modification.
Oxidative Medicine and Cellular Longevity, 2013, 575482. https://doi.org/10.1155/2013/575482

Medrano-Padial, C., Prieto, A. 1., Puerto, M., i Pichardo, S. (2021). Toxicological Evaluation of Piceatannol,
Pterostilbene, and e-Viniferin for Their Potential Use in the Food Industry: A Review. Foods, 10(3), 592.
https://doi.org/10.3390/foods 10030592

Mehdizadehkashi, A., Rokhgireh, S., Tahermanesh, K., Eslahi, N., Minaeian, S., i Samimi, M. (2021). The effect
of vitamin D supplementation on clinical symptoms and metabolic profiles in patients with endometriosis.
Gynecological Endocrinology, 37(7), 640—645. https://doi.org/10.1080/09513590.2021.1878138

Mekini¢, I. G., Skroza, D., Ljubenkov, 1., i Katalini¢, V. (2016). Insight into the Presence of Stilbenes in Medicinal
Plants Traditionally Used in Croatian Folk Medicine. Natural Product Communications, 11(6), 833—835.

Mendonga, E. L. S. S., Xavier, J. A., Fragoso, M. B. T., Silva, M. O., Escodro, P. B., Oliveira, A. C. M., Tucci,
P., Saso, L., i Goulart, M. O. F. (2024). E-Stilbenes: General Chemical and Biological Aspects, Potential
Pharmacological Activity Based on the Nrf2 Pathway. Pharmaceuticals, 17(2), 232.
https://doi.org/10.3390/ph17020232

Mikuta-Pietrasik, J., Sosinska, P., i Ksigzek, K. (2014). Resveratrol inhibits ovarian cancer cell adhesion to
peritoneal mesothelium in vitro by modulating the production of a5B1 integrins and hyaluronic acid.
Gynecologic Oncology, 134(3), 624-630. https://doi.org/10.1016/j.ygyno.2014.06.022

Missmer, S. A., Chavarro, J. E., Malspeis, S., Bertone-Johnson, E. R., Hornstein, M. D., Spiegelman, D., Barbieri,
R. L., Willett, W. C., i Hankinson, S. E. (2010). A prospective study of dietary fat consumption and
endometriosis risk. Human Reproduction, 25(6), 1528—1535. https://doi.org/10.1093/humrep/deq044

Missmer, S. A., Hankinson, S. E., Spiegelman, D., Barbieri, R. L., Malspeis, S., Willett, W. C., i Hunter, D. J.
(2004). Reproductive history and endometriosis among premenopausal women. Obstetrics and
Gynecology, 104(5 Pt 1), 965-974. https://doi.org/10.1097/01.A0G.0000142714.54857.18

Missmer, S. A., Hankinson, S. E., Spiegelman, D., Barbieri, R. L., Marshall, L. M., i Hunter, D. J. (2004).
Incidence of laparoscopically confirmed endometriosis by demographic, anthropometric, and lifestyle
factors. American Journal of Epidemiology, 160(8), 784—796. https://doi.org/10.1093/aje/kwh275

&9



Mitchell, J.-B., Chetty, S., i Kathrada, F. (2022). Progestins in the symptomatic management of endometriosis: A
meta-analysis on their effectiveness and safety. BMC Women’s Health, 22, 526.
https://doi.org/10.1186/s12905-022-02122-0

Monmai, C., i Baek, S.-H. (2024). Anti-Inflammatory Effects of the Combined Treatment of Resveratrol- and
Protopanaxadiol-Enriched Rice Seed Extract on Lipopolysaccharide-Stimulated RAW264.7 Cells.
Molecules, 29(18), 4343. https://doi.org/10.3390/molecules29184343

Moore, J. S., Gibson, P. R., Perry, R. E., i Burgell, R. E. (2017). Endometriosis in patients with irritable bowel
syndrome: Specific symptomatic and demographic profile, and response to the low FODMAP diet. The
Australian & New Zealand Journal of Obstetrics & Gynaecology, 57(2), 201-205.
https://doi.org/10.1111/ajo.12594

Moradi, Y., Shams-Beyranvand, M., Khateri, S., Gharahjeh, S., Tehrani, S., Varse, F., Tiyuri, A., i Najmi, Z.
(2021). A systematic review on the prevalence of endometriosis in women. The Indian Journal of Medical
Research, 154(3), 446—454. https://doi.org/10.4103/ijmr.IJMR_817 18

Morales, P., i Haza, A. 1. (2012). Selective apoptotic effects of piceatannol and myricetin in human cancer cells.
Journal of Applied Toxicology: JAT, 32(12), 986—993. https://doi.org/10.1002/jat.1725

Mulgund, A., Doshi, S., 1 Agarwal, A. (2015). Chapter 25—The Role of Oxidative Stress in Endometriosis. W R.
R. Watson (Red.), Handbook of Fertility (s. 273-281). Academic Press. https://doi.org/10.1016/B978-0-
12-800872-0.00025-1

Nagarajan, S., Mohandas, S., Ganesan, K., Xu, B., i Ramkumar, K. M. (2022). New Insights into Dietary
Pterostilbene: Sources, Metabolism, and Health Promotion Effects. Molecules, 27(19), 6316.
https://doi.org/10.3390/molecules27196316

Nisolle, M., Casanas-Roux, F., i Donnez, J. (2000). Early-stage endometriosis: Adhesion and growth of human
menstrual  endometrium  in  nude mice. Fertility and  Sterility, 74(2), 306-312.
https://doi.org/10.1016/s0015-0282(00)00601-4

Nodler, J. L., Harris, H. R., Chavarro, J. E., Frazier, A. L., i Missmer, S. A. (2020). Dairy consumption during
adolescence and endometriosis risk. American journal of obstetrics and gynecology, 222(3), 257.el-
257.e16. https://doi.org/10.1016/j.2j0g.2019.09.010

Nunes, S., Danesi, F., Rio, D. D., i Silva, P. (2018). Resveratrol and inflammatory bowel disease: The evidence so
far. Nutrition Research Reviews, 31(1), 85-97. https://doi.org/10.1017/S095442241700021X

Oseni, T., Patel, R., Pyle, J., i Jordan, V. C. (2008). Selective Estrogen Receptor Modulators and Phytoestrogens.
Planta medica, 74(13), 1656-1665. https://doi.org/10.1055/s-0028-1088304

Pan, J., Shi, M., Li, L., Liu, J., Guo, F., Feng, Y., Ma, L., i Fu, P. (2019). Pterostilbene, a bioactive component of
blueberries, alleviates renal fibrosis in a severe mouse model of hyperuricemic nephropathy. Biomedicine
& Pharmacotherapy, 109, 1802—1808. https://doi.org/10.1016/j.biopha.2018.11.022

Papier, K., Hartman, L., Tong, T. Y. N., Key, T. J., i Knuppel, A. (2021). Higher Meat Intake Is Associated with
Higher Inflammatory Markers, Mostly Due to Adiposity: Results from UK Biobank. The Journal of
Nutrition, 152(1), 183—189. https://doi.org/10.1093/jn/nxab3 14

Parazzini, F., Chiaffarino, F., Surace, M., Chatenoud, L., Cipriani, S., Chiantera, V., Benzi, G., i Fedele, L. (2004).
Selected food intake and risk of endometriosis. Human Reproduction, 19(8), 1755-1759.
https://doi.org/10.1093/humrep/deh395

Piotrowska, H., Kucinska, M., i Murias, M. (2012). Biological activity of piceatannol: Leaving the shadow of
resveratrol. Mutation Research, 750(1), 60—82. https://doi.org/10.1016/j.mrrev.2011.11.001

Pollock, K., Jaraczewski, T. J., Carroll, M. J., Lebovic, D. 1., i Kreeger, P. K. (2014). Endometriotic Epithelial
Cell Response to Macrophage-Secreted Factors is Dependent on Extracellular Matrix Context. Cellular
and molecular bioengineering, 7(3), 409-420. https://doi.org/10.1007/s12195-014-0339-6

Porpora, M. G., Brunelli, R., Costa, G., Imperiale, L., Krasnowska, E. K., Lundeberg, T., Nofroni, 1., Piccioni, M.
G., Pittaluga, E., Ticino, A., i Parasassi, T. (2013). A Promise in the Treatment of Endometriosis: An
Observational Cohort Study on Ovarian Endometrioma Reduction by N-Acetylcysteine. Evidence-based
Complementary and Alternative Medicine : eCAM, 2013, 240702. https://doi.org/10.1155/2013/240702

Pozo-Guisado, E., Merino, J. M., Mulero-Navarro, S., Lorenzo-Benayas, M. J., Centeno, F., Alvarez-Barrientos,
A., i Fernandez-Salguero, P. M. (2005). Resveratrol-induced apoptosis in MCF-7 human breast cancer
cells involves a caspase-independent mechanism with downregulation of Bcl-2 and NF-kappaB.
International Journal of Cancer, 115(1), 74—84. https://doi.org/10.1002/ijc.20856

Qasem, R. J. (2020). The estrogenic activity of resveratrol: A comprehensive review of in vitro and in vivo
evidence and the potential for endocrine disruption. Critical Reviews in Toxicology, 50(5), 439-462.
https://doi.org/10.1080/10408444.2020.1762538

Qi, Q., Li, Y., Chen, Z., Luo, Z., Zhou, T., Zhou, J., Zhang, Y., Chen, S., i Wang, L. (2025). Update on the
pathogenesis of endometriosis-related infertility based on contemporary evidence. Frontiers in
Endocrinology, 16, 1558271. https://doi.org/10.3389/fend0.2025.1558271

90



Rahmioglu, N., i Zondervan, K. T. (2024). Endometriosis: Disease mechanisms and health disparities. Bulletin of
the World Health Organization, 102(12), 919-921. https://doi.org/10.2471/BLT.24.292660

Rajan, R. K., Engels, M., i Ramanathan, M. (2024). Predicting phase-I metabolism of piceatannol: An in silico
study. /n Silico Pharmacology, 12(1), 52. https://doi.org/10.1007/s40203-024-00228-x

Ramirez-Pavez, T. N., Martinez-Esparza, M., Ruiz-Alcaraz, A. J., Marin-Sanchez, P., Machado-Linde, F.,
i Garcia-Pefarrubia, P. (2021). The Role of Peritoneal Macrophages in Endometriosis. International
Journal of Molecular Sciences, 22(19), 10792. https://doi.org/10.3390/ijms221910792

Reis, F. M., Coutinho, L. M., Vannuccini, S., Batteux, F., Chapron, C., i Petraglia, F. (2020). Progesterone receptor
ligands for the treatment of endometriosis: The mechanisms behind therapeutic success and failure.
Human Reproduction Update, 26(4), 565-585. https://doi.org/10.1093/humupd/dmaa009

Renaud, S., i de Lorgeril, M. (1992). Wine, alcohol, platelets, and the French paradox for coronary heart disease.
Lancet, 339(8808), 1523—1526. https://doi.org/10.1016/0140-6736(92)91277-f

Robertson, 1., Wai Hau, T., Sami, F., Sajid Ali, M., Badgujar, V., Murtuja, S., Saquib Hasnain, M., Khan, A.,
Majeed, S., i Tahir Ansari, M. (2022). The science of resveratrol, formulation, pharmacokinetic barriers
and its chemotherapeutic potential. International Journal of Pharmaceutics, 618, 121605.
https://doi.org/10.1016/j.ijpharm.2022.121605

Rocha, A. L. L., Reis, F. M., i Taylor, R. N. (2013). Angiogenesis and Endometriosis. Obstetrics and Gynecology
International, 2013, 859619. https://doi.org/10.1155/2013/859619

Rosiak, N., Tykarska, E., i Cielecka-Piontek, J. (2023). Amorphous Pterostilbene Delivery Systems Preparation—
Innovative ~ Approach  to  Preparation  Optimization.  Pharmaceutics, 15(4), 1231.
https://doi.org/10.3390/pharmaceutics15041231

Sabolova, G., gpakové, 1., Artimovi¢, P., Bohus, P., Rabajdova, M., i Marekova, M. (2024). The Pivotal Role of
the Key Angiogenic Factors in the Development of Endometrioid Pathologies of the Uterus and Ovary.
Cancers, 16(16), 2772. https://doi.org/10.3390/cancers16162772

Salla, M., Karaki, N., El Kaderi, B., Ayoub, A. J., Younes, S., Abou Chahla, M. N., Baksh, S., i El Khatib, S.
(2024). Enhancing the Bioavailability of Resveratrol: Combine It, Derivatize It, or Encapsulate It?
Pharmaceutics, 16(4), 569. https://doi.org/10.3390/pharmaceutics 16040569

Sapkota, Y., Steinthorsdottir, V., Morris, A. P., Fassbender, A., Rahmioglu, N., De Vivo, 1., Buring, J. E., Zhang,
F., Edwards, T. L., Jones, S., O, D., Peterse, D., Rexrode, K. M., Ridker, P. M., Schork, A. J., MacGregor,
S., Martin, N. G., Becker, C. M., Adachi, S., ... Nyholt, D. R. (2017). Meta-analysis identifies five novel
loci associated with endometriosis highlighting key genes involved in hormone metabolism. Nature
Communications, 8, 15539. https://doi.org/10.1038/ncomms 15539

Savio, M., Ferraresi, A., Corpina, C., Vandenberghe, S., Scarlata, C., Sottile, V., Morini, L., Garavaglia, B.,
Isidoro, C., i Stivala, L. A. (2022). Resveratrol and Its Analogue 4,4'-Dihydroxy-trans-stilbene Inhibit
Lewis Lung Carcinoma Growth In Vivo through Apoptosis, Autophagy and Modulation of the Tumour
Microenvironment in a Murine Model. Biomedicines, 10(8), 1784.
https://doi.org/10.3390/biomedicines10081784

Sbracia, M., Valeri, C., Antonini, G., Biagiotti, G., Pacchiarotti, A., i Pacchiarotti, A. (2016). Fas and Fas-Ligand
in Eutopic and Ectopic Endometrium of Women With Endometriosis: The Possible Immune Privilege of
Ectopic Endometrium. Reproductive Sciences, 23(1), 81-86. https://doi.org/10.1177/1933719115594019

Schindler, C. K., Pearson, E. G., Bonner, H. P., So, N. K., Simon, R. P., Prehn, J. H., i Henshall, D. C. (2006).
Caspase-3 Cleavage and Nuclear Localization of Caspase-Activated DNase in Human Temporal Lobe
Epilepsy.  Journal of  Cerebral Blood Flow &  Metabolism, 26(4), 583-589.
https://doi.org/10.1038/sj.jcbfm.9600219

Schwager, J., Richard, N., Widmer, F., i Raederstorff, D. (2017). Resveratrol distinctively modulates the
inflammatory profiles of immune and endothelial cells. BMC Complementary and Alternative Medicine,
17, 309. https://doi.org/10.1186/s12906-017-1823-z

Sekulovski, N., Whorton, A. E., Shi, M., MacLean, J. A., i Hayashi, K. (2019). Endometriotic inflammatory
microenvironment induced by macrophages can be targeted by niclosamidet. Biology of Reproduction,
100(2), 398—408. https://doi.org/10.1093/biolre/ioy222

Shafrir, A. L., Farland, L. V., Shah, D. K., Harris, H. R., Kvaskoff, M., Zondervan, K., i Missmer, S. A. (2018).
Risk for and consequences of endometriosis: A critical epidemiologic review. Best Practice & Research.
Clinical Obstetrics & Gynaecology, 51, 1-15. https://doi.org/10.1016/j.bpobgyn.2018.06.001

Shah, M. A., Hamid, A., Faheem, H. I., Rasul, A., Baokbah, T. A. S., Haris, M., Yousaf, R., Saleem, U., Igbal, S.,
Alves, M. S., Khan, Z., Hussain, G., Alsharfi, I., Khan, H., i Jeandet, P. (2022). Uncovering the
Anticancer Potential of Polydatin: A Mechanistic Insight. Molecules, 27(21), 7175.
https://doi.org/10.3390/molecules27217175

Sharif, O., Bolshakov, V. N., Raines, S., Newham, P., i Perkins, N.D.(2007). Transcriptional profiling of the LPS
induced NF-«B response in macrophages.BMC Immunology, 8,1. https://doi.org/10.1186/1471-2172-8-1

91



Shin, H. J., Han, J. M., Choi, Y. S., i Jung, H. J. (2020). Pterostilbene Suppresses both Cancer Cells and Cancer
Stem-Like Cells in Cervical Cancer with Superior Bioavailability to Resveratrol. Molecules, 25(1), 228.
https://doi.org/10.3390/molecules25010228

Sienko, A., Cichosz, A., Urban, A., Smolarczyk, R., Czajkowski, K., i Sienko, J. (2024). The effect of two anti-
inflammatory dietary components, omega-3 and resveratrol, on endometriosis. Ginekologia Polska,
95(7), 573-583. https://doi.org/10.5603/gpl.97573

Signorile, P. G., Viceconte, R., i Baldi, A. (2018). Novel dietary supplement association reduces symptoms in
endometriosis patients. Journal of  Cellular Physiology, 233(8), 5920-5925.
https://doi.org/10.1002/jcp.26401

Singh, P., Carraher, C., i Schwarzbauer, J. E. (2010). Assembly of fibronectin extracellular matrix. Annual Review
of Cell and Developmental Biology, 26, 397-419. https://doi.org/10.1146/annurev-cellbio-100109-
104020

Smith, M. P., Young, H., Hurlstone, A., i Wellbrock, C. (2015). Differentiation of THP1 Cells into Macrophages
for Transwell Co-culture Assay with Melanoma Cells. Bio-protocol, 5(21), ¢1638.
https://doi.org/10.21769/bioprotoc.1638

Smolarz, B., Szytto, K., i Romanowicz, H. (2020). The Genetic Background of Endometriosis: Can ESR2 and
CYP19A1 Genes Be a Potential Risk Factor for Its Development? International Journal of Molecular
Sciences, 21(21). https://doi.org/10.3390/ijms21218235

Smolarz, B., Szytto, K., i Romanowicz, H. (2021). Endometriosis: Epidemiology, Classification, Pathogenesis,
Treatment and Genetics (Review of Literature). International Journal of Molecular Sciences, 22(19),
10554. https://doi.org/10.3390/ijms221910554

Smoliga, J. M., i Blanchard, O. (2014). Enhancing the Delivery of Resveratrol in Humans: If Low Bioavailability
is the Problem, What is the Solution?  Molecules, 19(11), 17154-17172.
https://doi.org/10.3390/molecules191117154

Song, B., Wang, W., Tang, X., Goh, R. M. W.-J., Thuya, W. L., Ho, P. C. L., Chen, L., i Wang, L. (2023).
Inhibitory Potential of Resveratrol in Cancer Metastasis: From Biology to Therapy. Cancers, 15(10),
2758. https://doi.org/10.3390/cancers15102758

Song, Z., Han, S., Pan, X., Gong, Y., 1 Wang, M. (2015). Pterostilbene mediates neuroprotection against oxidative
toxicity via oestrogen receptor a signalling pathways. The Journal of Pharmacy and Pharmacology,
67(5), 720-730. https://doi.org/10.1111/jphp.12360

Spuijbroek, M. D., Dunselman, G. A., Menheere, P. P., i Evers, J. L. (1992). Early endometriosis invades the
extracellular matrix. Fertility and Sterility, 58(5), 929-933. https://doi.org/10.1016/s0015-
0282(16)55437-5

Stejskalova, A., Fincke, V., Nowak, M., Schmidt, Y., Borrmann, K., von Wahlde, M.-K., Schéfer, S. D., Kiesel,
L., Greve, B., i Gotte, M. (2021). Collagen I triggers directional migration, invasion and matrix
remodeling of stroma cells in a 3D spheroid model of endometriosis. Scientific Reports, 11(1), 4115.
https://doi.org/10.1038/s41598-021-83645-8

Stochino Loi, E., Pontis, A., Cofelice, V., Pirarba, S., Fais, M. F., Daniilidis, A., Melis, 1., Paoletti, A. M.,
i Angioni, S. (2019). Effect of ultramicronized-palmitoylethanolamide and co-micronized
palmitoylethanolamide/polydatin on chronic pelvic pain and quality of life in endometriosis patients: An
open-label  pilot study. [International Journal of Women’s Health, 11, 443-449.
https://doi.org/10.2147/IJWH.S204275

Su, D., Cheng, Y., Liu, M., Liu, D., Cui, H., Zhang, B., Zhou, S., Yang, T., i Mei, Q. (2013). Comparision of
Piceid and Resveratrol in Antioxidation and Antiproliferation Activities In Vitro. PLOS ONE, 8(1),
€54505. https://doi.org/10.1371/journal.pone.0054505

Sun, H., Li, D., Wei, C., Liu, L., Xin, Z., Gao, H., i Gao, R. (2024). The relationship between SIRT1 and
inflammation: A systematic review and meta-analysis. Frontiers in Immunology, 15, 1465849.
https://doi.org/10.3389/fimmu.2024.1465849

Szymanski, M., Bonowicz, K., Antosik, P., Jerka, D., Glowacka, M., Soroka, M., Steinbrink, K., Kleszczynski,
K., 1 Gagat, M. (2024). Role of Cyclins and Cytoskeletal Proteins in Endometriosis: Insights into
Pathophysiology. Cancers, 16(4), 836. https://doi.org/10.3390/cancers16040836

Taguchi, A., Koga, K., Kawana, K., Makabe, T., Sue, F., Miyashita, M., Yoshida, M., Urata, Y., Izumi, G.,
Tkamura, M., Harada, M., Hirata, T., Hirota, Y., Wada-Hiraike, O., Fujii, T., i Osuga, Y. (2016).
Resveratrol Enhances Apoptosis in Endometriotic Stromal Cells. American Journal of Reproductive
Immunology, 75(4), 486—492. https://doi.org/10.1111/aji.12489

Tassinari, V., Smeriglio, A., Stillittano, V., Trombetta, D., Zilli, R., Tassinari, R., Maranghi, F., Frank, G,
Marcoccia, D., i Di Renzo, L. (2023). Endometriosis Treatment: Role of Natural Polyphenols as Anti-
Inflammatory Agents. Nutrients, 15(13), 2967. https://doi.org/10.3390/nul15132967

92



Teka, T., Zhang, L., Ge, X., Li, Y., Han, L., i Yan, X. (2022). Stilbenes: Source plants, chemistry, biosynthesis,
pharmacology, application and problems related to their clinical Application-A comprehensive review.
Phytochemistry, 197, 113128. https://doi.org/10.1016/j.phytochem.2022.113128

Tian, B., i Liu, J. (2020). Resveratrol: A review of plant sources, synthesis, stability, modification and food
application. Journal of the Science of Food and Agriculture, 100(4), 1392-1404.
https://doi.org/10.1002/jsfa.10152

Tolomeo, M., Grimaudo, S., Cristina, A. D., Roberti, M., Pizzirani, D., Meli, M., Dusonchet, L., Gebbia, N.,
Abbadessa, V., Crosta, L., Barucchello, R., Grisolia, G., Invidiata, F., i Simoni, D. (2005). Pterostilbene
and 3'-hydroxypterostilbene are effective apoptosis-inducing agents in MDR and BCR-ABL-expressing
leukemia cells. The International Journal of Biochemistry & Cell Biology, 37(8), 1709-1726.
https://doi.org/10.1016/j.biocel.2005.03.004

Tomassetti, C., Johnson, N. P., Petrozza, J., Abrao, M. S., Einarsson, J. I., Horne, A. W., Lee, T. T. M., Missmer,
S., Vermeulen, N., Zondervan, K. T., Grimbizis, G., i De Wilde, R. L. (2021). An international
terminology for endometriosis, 20217,f. Human Reproduction Open, 2021(4), hoab029.
https://doi.org/10.1093/hropen/hoab029

Tong, W., Chen, X., Song, X., Chen, Y., Jia, R., Zou, Y., Li, L., Yin, L., He, C., Liang, X., Ye, G., Lv, C., Lin, J.,
i Yin, Z. (2020). Resveratrol inhibits LPS-induced inflammation through suppressing the signaling
cascades of TLR4-NF-«B/MAPKS/IRF3. Experimental and Therapeutic Medicine, 19(3), 1824—1834.
https://doi.org/10.3892/etm.2019.8396

Tsuji, G., Yumine, A., Kawamura, K., Takemura, M., i Nakahara, T. (2024). Induction of Semaphorin 3A by
Resveratrol and Pinostilbene via Activation of the AHR-NRF2 Axis in Human Keratinocytes.
Antioxidants, 13(6), 732. https://doi.org/10.3390/antiox 13060732

Valletta, A., lozia, L. M., i Leonelli, F. (2021). Impact of Environmental Factors on Stilbene Biosynthesis. Plants,
10(1), 90. https://doi.org/10.3390/plants 10010090

van Barneveld, E., Manders, J., van Osch, F. H. M., van Poll, M., Visser, L., van Hanegem, N., Lim, A. C.,
Bongers, M. Y., i Leue, C. (2022). Depression, Anxiety, and Correlating Factors in Endometriosis: A
Systematic Review and Meta-Analysis. Journal of Women’s Health, 31(2), 219-230.
https://doi.org/10.1089/jwh.2021.0021

van Haaps, A. P., Wijbers, J. V., Schreurs, A. M. F., VIek, S., Tuynman, J., De Bie, B., de Vogel, A. L., van Wely,
M., i Mijatovic, V. (2023). The effect of dietary interventions on pain and quality of life in women
diagnosed with endometriosis: A prospective study with control group. Human Reproduction, 38(12),
2433-2446. https://doi.org/10.1093/humrep/dead214

Vissers, G., Giacomozzi, M., Verdurmen, W., Peek, R., i Nap, A. (2024). The role of fibrosis in endometriosis: A
systematic review. Human Reproduction Update, 30(6), 706-750.
https://doi.org/10.1093/humupd/dmae023

Walle, T., Hsich, F., DeLegge, M. H., Oatis, J. E., i Walle, U. K. (2004). High absorption but very low
bioavailability of oral resveratrol in humans. Drug Metabolism and Disposition: The Biological Fate of
Chemicals, 32(12), 1377-1382. https://doi.org/10.1124/dmd.104.000885

Wang, H., Brown, P. C., Chow, E. C. Y., Ewart, L., Ferguson, S. S., Fitzpatrick, S., Freedman, B. S., Guo, G. L.,
Hedrich, W., Heyward, S., Hickman, J., Isoherranen, N., Li, A. P., Liu, Q., Mumenthaler, S. M., Polli, J.,
Proctor, W. R., Ribeiro, A., Wang, J., ... Huang, S. (2021). 3D cell culture models: Drug
pharmacokinetics, safety assessment, and regulatory consideration. Clinical and Translational Science,
14(5), 1659—-1680. https://doi.org/10.1111/cts.13066

Wang, H., Jia, R., Lv, T., Wang, M., He, S., i Zhang, X. (2020). Resveratrol Suppresses Tumor Progression via
Inhibiting STAT3/HIF-10/VEGF Pathway in an Orthotopic Rat Model of Non-Small-Cell Lung Cancer
(NSCLC). OncoTargets and therapy, 13, 7057-7063. https://doi.org/10.2147/0OTT.S259016

Wang, J., He, F., Chen, L., Li, Q., Jin, S., Zheng, H., Lin, J., Zhang, H., Ma, S., Mei, J., 1 Yu, J. (2018). Resveratrol
inhibits pulmonary fibrosis by regulating miR-21 through MAPK/AP-1 pathways. Biomedicine &
Pharmacotherapy, 105, 37-44. https://doi.org/10.1016/j.biopha.2018.05.104

Wang, J., Jia, R., Celi, P., Zhuo, Y., Ding, X., Zeng, Q., Bai, S., Xu, S., Yin, H., Lv, L., i Zhang, K. (2022).
Resveratrol Alleviating the Ovarian Function Under Oxidative Stress by Alternating Microbiota Related
Tryptophan-Kynurenine Pathway. Frontiers in Immunology, 13.
https://doi.org/10.3389/fimmu.2022.911381

Wang, T. T. Y., Hudson, T. S., Wang, T.-C., Remsberg, C. M., Davies, N. M., Takahashi, Y., Kim, Y. S., Seifried,
H., Vinyard, B. T., Perkins, S. N., i Hursting, S. D. (2008). Differential effects of resveratrol on androgen-
responsive LNCaP human prostate cancer cells in vitro and in vivo. Carcinogenesis, 29(10), 2001-2010.
https://doi.org/10.1093/carcin/bgn131

Wang, Y., Nicholes, K., i Shih, I.-M. (2020). The Origin and Pathogenesis of Endometriosis. Annual Review of
Pathology, 15, 71-95. https://doi.org/10.1146/annurev-pathmechdis-012419-032654

93



Warzecha, D., Zalecka, J., Manka, G., Kiecka, M., Lipa, M., Spaczynski, R., Pickarski, P., Banaszewska, B.,
Jakimiuk, A., Issat, T., Rokita, W., Mtodawski, J., Szubert, M., Sieroszewski, P., Raba, G., Szczupak, K.,
Kluz, T., Kluza, M., Wielgos, M., ... Laudanski, P. (2022). Plasma and Peritoneal Fluid Fibronectin and
Collagen IV Levels as Potential Biomarkers of Endometriosis. International Journal of Molecular
Sciences, 23(24), 15669. https://doi.org/10.3390/ijms232415669

Wei, N., Guan, H., Zhang, Y., Shi, J., Ma, J., Shi, R., Qi, X., Dong, Z., i Zhao, R. (2025). Molecular mechanisms
underlying the inhibition of cell migration and invasion in endometriosis: Advances in pharmacological
research (Review). Biomedical Reports, 23(3), 152. https://doi.org/10.3892/br.2025.2030

Westphal, D., Dewson, G., Menard, M., Frederick, P., Iyer, S., Bartolo, R., Gibson, L., Czabotar, P. E., Smith, B.
J., Adams, J. M., i Kluck, R. M. (2014). Apoptotic pore formation is associated with in-plane insertion of
Bak or Bax central helices into the mitochondrial outer membrane. Proceedings of the National Academy
of Sciences, 111(39), E4076-E4085. https://doi.org/10.1073/pnas. 1415142111

Williams, C., Long, A. J., Noga, H., Allaire, C., Bedaiwy, M. A., Lisonkova, S., i Yong, P. J. (2019). East and
South East Asian Ethnicity and Moderate-to-Severe Endometriosis. Journal of Minimally Invasive
Gynecology, 26(3), 507-515. https://doi.org/10.1016/j.jmig.2018.06.009

Woo, J.-H., Yang, Y.-1., Ahn, J.-H., Choi, Y. S., i Choi, J.-H. (2017). Interleukin 6 secretion from alternatively
activated macrophages promotes the migration of endometriotic epithelial cells. Biology of Reproduction,
97(5), 660—670. https://doi.org/10.1093/biolre/iox118

Yang, R., Yang, F., Wei, Y., Huang, B., Cao, T., Tan, H., Liu, D., Zou, Q., Wen, J., Wen, L., Lu, X., Yu, C., Cai,
H., Xie, X., Jiang, S., Yao, S., i Liang, Y. (2024). Hypoxia-induced Semaphorin 3A promotes the
development of endometriosis through regulating macrophage polarization. International
Immunopharmacology, 138, 112559. https://doi.org/10.1016/j.intimp.2024.112559

Yang, Y., Hu, L., Xia, Y., Jiang, C., Miao, C., Yang, C., Yuan, M., i Wang, L. (2016). Resveratrol suppresses glial
activation and alleviates trigeminal neuralgia via activation of AMPK. Journal of Neuroinflammation,
13(1), 84. https://doi.org/10.1186/s12974-016-0550-6

Zhang, B., Wang, X.-Q., Chen, H.-Y., i Liu, B.-H. (2014). Involvement of the Nrf2 pathway in the regulation of
pterostilbene-induced apoptosis in HeLa cells via ER stress. Journal of Pharmacological Sciences,
126(3), 216-229. https://doi.org/10.1254/jphs.14028fp

Zhang, C., Cheng, H., Ye, X., Cui, H., Li, Y., Zhu, H., i Chang, X. (2024). ECM1 promotes migration and invasion
in endometriosis. Reproductive Biology, 24(1), 100826. https://doi.org/10.1016/j.repbio.2023.100826

Zhang, H., Liu, Y., Han, Z., Xu, Q., Zhang, N., Wang, J., Zheng, X., Ding, Y., Yin, Z., i Zhang, X. (2023).
Integrated analysis of IncRNA and mRNA for the apoptosis of porcine ovarian granulosa cells after
polyphenol  resveratrol  treatment.  Frontiers in  Veterinary  Science, 9, 1065001.
https://doi.org/10.3389/fvets.2022.1065001

Zhang, H., Wang, J., Xie, F., Liu, Y., Qiu, M., Han, Z., Ding, Y., Zheng, X., Yin, Z., i Zhang, X. (2023).
Identification of microRNAs implicated in modulating resveratrol-induced apoptosis in porcine granulosa
cells. Frontiers in Cell and Developmental Biology, 11, 1169745.
https://doi.org/10.3389/fcell.2023.1169745

Zhang, J., Wang, L., Li, C., Zhang, H., Li, R., i Li, M. (2022). Letrozole promotes the expression of integrin avp3
and HOXA10 in endometrium of endometriosis. Systems Biology in Reproductive Medicine, 68(2), 121—
128. https://doi.org/10.1080/19396368.2021.2013577

Zhang, P., i Wang, G. (2023). Progesterone Resistance in Endometriosis: Current Evidence and Putative
Mechanisms. International Journal of Molecular Sciences, 24(8), 6992.
https://doi.org/10.3390/ijms24086992

Zhang, T., He, Y., Man, G. C. W, Ding, Y., Wang, C. C., i Chung, J. P. W. (2023). Myeloid-derived suppressor
cells: A new emerging player in endometriosis. /nternational Review of Cell and Molecular Biology, 375,
191-220. https://doi.org/10.1016/bs.ircmb.2022.11.004

Zhang, W., Zhang, R., Chang, Z., i Wang, X. (2022). Resveratrol activates CD8+ T cells through IL-18 bystander
activation in lung adenocarcinoma. Frontiers in Pharmacology, 13.
https://doi.org/10.3389/fphar.2022.1031438

Zhang, Y., Lu, Y., Ong’achwa, M. J., Ge, L., Qian, Y., Chen, L., Hu, X., Li, F., Wei, H., Zhang, C., Li, C., i Wang,
Z. (2018). Resveratrol Inhibits the TGF-B1-Induced Proliferation of Cardiac Fibroblasts and Collagen
Secretion by Downregulating miR-17 in Rat. BioMed Research International, 2018, 8730593.
https://doi.org/10.1155/2018/8730593

Zhang, Z., Suo, L., Chen, Y., Zhu, L., Wan, G., i Han, X. (2019). Endometriotic Peritoneal Fluid Promotes
Myofibroblast Differentiation of Endometrial Mesenchymal Stem Cells. Stem Cells International, 2019,
6183796. https://doi.org/10.1155/2019/6183796

Zhang, Z.-D., Tao, Q., Bai, L.-X., Qin, Z., Liu, X.-W., Li, S.-H., Yang, Y.-J., Ge, W.-B., i Li, J.-Y. (2023). The
Transport and Uptake of Resveratrol Mediated via Glucose Transporter 1 and Its Antioxidant Effect in
Caco-2 Cells. Molecules, 28(12), 4569. https://doi.org/10.3390/molecules28124569

94



Zhao, G., Yang, L., Zhong, W., Hu, Y., Tan, Y., Ren, Z., Ban, Q., Yang, C. S., Wang, Y., i Wang, Z. (2022).
Polydatin, A Glycoside of Resveratrol, Is Better Than Resveratrol in Alleviating Non-alcoholic Fatty
Liver Disease in Mice Fed a High-Fructose Diet. Frontiers in  Nutrition, 9.
https://doi.org/10.3389/fhut.2022.857879

Zhou, L., Cai, X., Wang, Y., Yang, J., Wang, Y., Deng, J., Ye, D., Zhang, L., Liu, Y., i Ma, S. (2025). Chemistry
and biology of natural stilbenes: An wupdate. Natural Product Reports, 42(2), 359-405.
https://doi.org/10.1039/D4NP0O0033 A

Zhou, L., Liu, B., Jian, X, Jiang, L., i Liu, K. (2025). Effect of dietary patterns and nutritional supplementation in
the management of endometriosis: A review. Frontiers in Nutrition, 12, 1539665.
https://doi.org/10.3389/fhut.2025.1539665

Zhou, M., Niu, H., Huang, G., Zhou, M., Cui, D., Li, H., Wen, H., Zhang, H., Liang, F., i Chen, R. (2025).
Biomimetic Nano-delivery of Small-Molecule Piceatannol Modulates Tumor Stemness and Suppresses
Colorectal Cancer Metastasis via Hippo/YAP1/SOX9 Signaling. Small (Weinheim an Der Bergstrasse,
Germany), 21(2), 2407191. https://doi.org/10.1002/smll.202407191

Zigtek, A., Futyma, K., Nowakowski, L., Gogacz, M., i Rechberger, T. (2015). Progress on macrophage’s
proinflammatory products as markers of acute endometriosis. Journal of Acute Disease, 4(3), 169—172.
https://doi.org/10.1016/j.joad.2015.04.001

Zondervan, K. T., Becker, C. M., i Missmer, S. A. (2020). Endometriosis. The New England Journal of Medicine,
382(13), 1244-1256. https://doi.org/10.1056/NEJMral810764

95



Spis rycin

Rycina 1. Schemat DAdan...........c.oocieiierieiiiciecieeteeesee ettt s e s e esaessaessaessnesnseenns 30
Rycina 2. Wplyw resweratrolu, pterostilbenu, piceatannolu i polidatyny na Zzywotno$¢ komorek
endometriotycznych 127 i endometrialnych T HESC ........ccccovviiiiiiiiiieieceee e 42
Rycina 3. Morfologiczne cechy apoptozy komorek 12Z po traktowaniu resweratrolem i jego analogami
............................................................................................................................................................... 44
Rycina 4. Analiza cytometryczna komorek endometriotycznych 12Z eksponowanych przez 48 godzin
na resweratrol, pterostilben, piceatannol i PoOlidatyne ..........cceecvvevuieriierierieniecie e 46
Rycina 5. Fragmentacja DNA w komorkach 12Z po ekspozycji na resweratrol i jego analogi........... 47

Rycina 6. Wplyw resweratrolu i jego analogdw na przebieg cyklu komorkowego w komorkach
endometriotyCznyCh lNii 127, .....ccvvoiiiiiiiiiieiie ettt ettt ste e te e steeeabeeabeeabeebaesssesenesenas 48
Rycina 7. Wplyw resweratrolu i jego analogéw na ekspresj¢ mRNA gendow BAX, BCL2, BCL2L1, FAS,
CASPS8, CASP3 1 CASP9 w komorkach endometriotycznych 12Z. .........ccoveevieiieciieniieiieiiecrecreeiens 50
Rycina 8. Wplyw resweratrolu i jego analogow na aktywno$¢ kaspaz 3/7 w komoérkach
endometriotyCZnyCh HNIi 127 ......cviiiiiiiiiiiiieiie ettt ettt ettt teeste e ste e etaeeaveeabeeabeebaasssesenesenas 51
Rycina 9. Morfologia komoérek THP-1 przed indukcja roéznicowania w kierunku makrofagdéw, po
stymulacji PMA oraz po polaryzacji z uzyciem LPS 1 IFN-Y ....cocciiiiiiiiieie e 52
Rycina 10. Wplyw resweratrolu i jego analogéw na ekspresje mRNA gendéw L6, IL8, TNF, CCL2,
ILIB, CXCL10, NFKBI, PTGS2, GPXI i SODI w makrofagach hodowanych wspdlnie z komérkami
TG o) 101518 (01767411 111 EU USSP 54
Rycina 11. Wptyw resweratrolu i jego analogdéw na uwalnianie cytokin/chemokin w modelu ko-hodowli
makrofagdw 1 komoOrek eNdOMELIIOZY. ......cc.eveviriieirieriieriie e sie ettt ettt e e b e e esseeseessaessnesrnesnseenns 55
Rycina 12. Wptyw resweratrolu i jego analogéw na status oksydacyjny makrofagéw hodowanych
z komorkami endometriotyCZNYMI 127, .......cccvivieeiiieriieriieiieeeeeie e et eieesaesbeeereesseeseessaessaesssesnsennns 58
Rycina 13. Wplyw resweratrolu i jego analogéw na ekspresj¢ mRNA genéw MMP2 i TIMP2 oraz na
WYAZICLANIE IMIMP-2 ...ttt ettt et e te e tt e st e e st e esse e s e essa e saessnesssesnseassaeseesseenns 60

Rycina 14. Wpltyw resweratrolu i jego analogow na adhezje komorek endometriotycznych linii 12Z..

Rycina 15. Wplyw resweratrolu i jego analogdw na migracj¢ i inwazje komorek endometriotycznych
TINET 127, ettt ettt et e e et e et et e sa e e s e e seent e s e e st en s e st en e e seene et e st entenseeseenteneeneensenne 65
Rycina 16. Dziatanie resweratrolu i jego naturalnych pochodnych w modelach endometriozy in vitro ze

wskazaniem najwazniejszych aktyWnosSci ZWIgZKOW..........covevuiiiiieiiiiiiciieieeeieecee et 80

96



Opublikowane artykuly naukowe wchodzace w sklad rozprawy doktorskiej

97



.@
L8 23
¥

N

nutrients

Review

Polyphenols as a Diet Therapy Concept for
Endometriosis—Current Opinion and Future Perspectives

Agata Golabek, Katarzyna Kowalska

check for

updates
Citation: Gotabek, A.; Kowalska, K.;
Olejnik, A. Polyphenols as a Diet
Therapy Concept for Endometriosis—
Current Opinion and Future
Perspectives. Nutrients 2021, 13, 1347.
https:/ /doi.org/10.3390/nu13041347

Academic Editor: Susan S. Percival

Received: 1 April 2021
Accepted: 16 April 2021
Published: 18 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Anna Olejnik *

Department of Biotechnology and Food Microbiology, Poznan University of Life Sciences, 48 Wojska Polskiego
St., 60-627 Poznan, Poland; agata.golabek@up.poznan.pl (A.G.); katarzyna.kowalska@up.poznan.pl (K.K.)
* Correspondence: anna.olejnik@up.poznan.pl

Abstract: Endometriosis represents an often painful, estrogen-dependent gynecological disorder,
defined by the existence of endometrial glands and stroma exterior to the uterine cavity. The disease
provides a wide range of symptoms and affects women'’s quality of life and reproductive functions.
Despite research efforts and extensive investigations, this disease’s pathogenesis and molecular
basis remain unclear. Conventional endometriosis treatment implies surgical resection, hormonal
therapies, and treatment with nonsteroidal anti-inflammatory drugs, but their efficacy is currently
limited due to many side effects. Therefore, exploring complementary and alternative therapy
strategies, minimizing the current treatments’ adverse effects, is needed. Plants are sources of
bioactive compounds that demonstrate broad-spectrum health-promoting effects and interact with
molecular targets associated with endometriosis, such as cell proliferation, apoptosis, invasiveness,
inflammation, oxidative stress, and angiogenesis. Anti-endometriotic properties are exhibited mainly
by polyphenols, which can exert a potent phytoestrogen effect, modulating estrogen activity. The
available evidence derived from preclinical research and several clinical studies indicates that natural
biologically active compounds represent promising candidates for developing novel strategies in
endometriosis management. The purpose of this review is to provide a comprehensive overview of
polyphenols and their properties valuable for natural treatment strategy by interacting with different
cellular and molecular targets involved in endometriosis progression.

Keywords: endometriosis; diet therapy; polyphenols; molecular targets; apoptosis; invasion; angio-
genesis; inflammation; oxidative stress

1. Introduction

Endometriosis is a chronic gynecological disorder, defined by the implantation of
endometrial glands and stroma outside the uterine cavity, mainly in the pelvic peritoneum
and ovaries. It affects approximately 10-15% of women of reproductive age, which extrap-
olates to around 190 million women worldwide [1,2]. Most affected patients often suffer
from chronic pelvic pain, dyspareunia, dysmenorrhea, abnormal uterine bleeding, and
infertility [3,4]. All these symptoms provide an impact on a patient’s quality of life, result-
ing in depression, anxiety, and impaired social function caused by the severity of pain [5].
The successful diagnosis of endometriosis requires surgical exploration or laparoscopy
with histological confirmation [6]; therefore, the prevalence of the disease, its symptoms,
associated disorders, and risk factors are limited data, only to the group of patients with
definitive diagnosis [7].

Various hypotheses have been proposed to explain endometriosis pathology and
tissue scattering throughout the abdominal cavity [8]. Distinct biological and clinical fea-
tures indicate different types of endometriosis. Endometriosis can occur in several forms,
according to histopathology and its anatomical localization in the pelvis: as the ovarian
endometriotic cysts, deep infiltrating endometriosis, and superficial peritoneal lesions of
varying colors [9]. Although scientists devoted significant effort to explain pathogenesis
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and endometriosis-associated pain, the basics of many biological processes remain enig-
matic. Despite multiple theories explaining endometriosis pathogenesis, every concept
suggests that endometriosis is a complex multifactorial and heterogeneous disease of uncer-
tain etiology; its development and progression are influenced by genetic, immunological,
hormonal, and environmental factors [10]. Recently, Lagana et al. (2019) summarized exist-
ing theories and divided them into two main categories: the transplantation and in situ [8].
Transplantation theory assumes that endometriosis develops due to eutopic endometrium
metastasis to distinct sites by the hematogenous or lymphatic spread [8,11]. In contrast, in
situ theory refers to endometriosis tissue existence caused by coelomic metaplasia, peri-
toneal mesothelium transformation into glandular endometrium or embryologic origin [8].
A separate theory does not explain the different clinical presentations and pathological
forms in endometriosis. The formation and persistence of endometriotic tissues at ectopic
sites essentially depend on the fundamental biological process as adhesion, proliferation,
cell invasion, local inflammation, immune dysregulation, and neoangiogenesis [2]. Another
increasingly reported important hallmark in endometriosis’s pathogenesis is the growth
of new nerve fibers in endometriotic lesions, stimulated by inflammatory mediators and
responsible for endometriosis-associated chronic pain conditions [12].

2. Current Treatment

Endometriosis therapy depends on the patient’s predominant symptoms, such as
age, side-effect profile, the extent and location of endometriotic lesions, and previous
treatment [13]. The main therapeutic approach includes surgery, pharmacotherapy, and
long-term comprehensive individual treatment [14,15]. Surgical intervention represents
a primary treatment aimed at destroying or removing ectopic endometriotic lesions. In-
deed, surgery generally increases pain relief in some but not all women. Although the
surgical resection option completely removes all visible ectopic endometriotic lesions, high
recurrence rates of up to 50% within five years of surgery are reported [16].

The most common pharmacological approach for endometriosis therapy is nons-
teroidal anti-inflammatory drugs for managing pain symptoms, combined with oral contra-
ceptives [17,18]. Hormone therapy aims to induce hypoestrogenemia, inhibition of tissue
proliferation, and inflammation [19]. Second-line treatments that suppress systemic estro-
gen levels include progestin monotherapy and gonadotrophin-releasing hormone agonists
(GnRH) [20]. The efficacy of conventional medical treatments is limited or intermittent
in most patients. It brings a plethora of side effects like perimenopausal stage symptoms,
osteoporosis, breakthrough bleeding, lipid profile changes, and liver dysfunction, resulting
from the hypo-estrogenic state induced by this medical approach [21,22]. Consequently,
exploring additional and alternative options is needed to improve treatment outcomes
for patients with endometriosis. Strategies complement conventional drug therapy may
include non-pharmaceutical options: acupuncture, diet changes, supplementations, and
phytotherapy [23-25]. Natural therapies constitute an option of paramount importance that
can accelerate the healing process and help minimize the current treatment’s adverse effects.
The search for new alternative therapies should start with demonstrating their benefits and
safety, evidence-based core outcomes obtained using endometriotic models [26].

3. Nutritional and Dietary Aspects of Endometriosis

Because of the unsuccessful treatment and chronic character of endometriosis, many
women affected by endometriosis use additional management strategies to control this
disease themselves [27]. According to the last Australian national online survey, as many as
76% of endometriosis women use non-pharmacological practices and lifestyle choices like
relaxation techniques, movement, and nutrition. Almost half the women managed dietary
supporting, and the diet’s effectiveness had high self-reported improvement scores [28].
In recent years, an increasing number of endometriosis patients have focused on health-
promoting and therapy-supporting dietary factors [29].
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Plants are promising sources of bioactive compounds, potentially improving thera-
peutic strategies [30]. Different pathways involved in the physiological and pathological
processes associated with endometriosis, including altered inflammatory microenviron-
ment, the attachment and invasion mechanisms, angiogenesis, estrogen activity, menstrual
cyclicity, organochlorine burden, and prostaglandin metabolism, can be a target of food
bioactive compounds [15,29,31]. Dietary treatment of endometriosis may be based on the
estrogen dependency of endometriosis, and estrogen-lowering diet components may be
used to treat or regress endometriosis [29,32]. Changing dietary patterns for endometriosis
may help reduce inflammatory markers, shown to be increased in endometriosis [33].
The diet to treat endometriosis can moderate prostaglandins’ effects responsible for the
pain during endometriosis progression [34]. Different active compounds offering vari-
ous therapeutic properties such as antiproliferative, anti-inflammatory, antioxidant, and
analgesic properties are considered a complex group of molecular compounds effective in
endometriosis [35].

There are many scientific studies on the effects of nutrition on endometriosis. Most
papers have reported case-control studies evaluating the role of diet on endometriosis risk,
while the diet effectiveness and diet compound potential in endometriosis treatment have
investigated less frequently. In our opinion, a scientific basis for the action of bioactive
compounds in the management of endometriosis should be considered, and their possible
curative effect described to explain their contribution to the healing process and impact on
the control of severe endometriotic symptoms.

4. Molecular Targets in Endometriosis Dietary Management

Plants are sources of natural bioactive compounds that demonstrate broad-spectrum
health-promoting effects and interact with molecular targets associated with endometrio-
sis, such as cell proliferation and apoptosis, cell adhesion, invasiveness, inflammation,
oxidative stress, and angiogenesis. The anti-endometriotic potential of nutraceuticals can
also concern a potent phytoestrogenic effect modulating estrogen activity. Dysregulated
physiological processes related to endometriosis, contributing potential molecular targets
for bioactive polyphenol compounds, are schematically presented in Figure 1.

4.1. Cell Survival and Apoptosis

The proliferation of endometrial cells is primarily controlled by interactions between
sex steroids and their corresponding receptors. Endometriotic tissue’s proliferative po-
tential is significantly higher in the eutopic endometrium of women with endometriosis
than in the endometrium of disease-free patients [36]. The complex microenvironment con-
sists of proinflammatory and endocrine mediators in surrounding endometriotic lesions,
promoting endometriotic cells” proliferation [37]. Ectopic endometriotic tissues are charac-
terized by reported markedly higher levels of estrogen receptor beta (ERf3) compared with
eutopic endometrial tissues and cells. ER( plays a critical role in anti-apoptosis signaling
and is responsible for a mechanism of evasion from endogenous immune surveillance for
cell survival through inactivation of TNFa-induced apoptosis complex I and II and the
apoptosome. ERf also activates the cytoplasmic inflammasome components, resulting in
increasing interleukin 1f3 (IL-1f3), enhancing adhesion and proliferation of endometrial
cells. [38]. Furthermore, proliferation is enhanced by high levels of estrogen in the microen-
vironment of endometriotic lesions provided by locally increased expression of aromatase
and decreased 17p3-hydroxysteroid dehydrogenase (173-HSD) type 2 in endometriotic
implants [9].

Nuclear factor kappa B (NF-«B), a pleiotropic transcription factor, also plays a crit-
ical role in developing endometriosis by protecting cells from apoptosis via activating
anti-apoptotic genes and inducing the proliferation of the endometriotic cells [39]. Under
normal conditions, endometrial cells from healthy women during menstruation do not
survive in ectopic location because cell turnover is regulated by apoptosis, avoiding cell
dissemination and attachment. Endometrial tissue’s impaired susceptibility to apoptosis
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leads to increased invasiveness and the abnormal survival of endometrial cells in the
peritoneum [40]. Different studies suggest that dysregulated expression of specific proteins
associated with apoptosis, including B-cell lymphoma 2 (BCL-2) protein family, B-cell
lymphoma-extra large (BCL-XL) protein, BCL-2 associated X (BAX) protein, FAS/FASL
system, cysteine-aspartic proteases (caspases), and survivin represent possible factors in-
volving in apoptosis resistance in endometriotic cells [41-43]. Some studies have evaluated
the effect of different bioactive food compounds on mechanisms regulating endometriotic
cells proliferation and apoptosis, suggesting their therapeutic potential.
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Figure 1. Schematic representation of dysregulated physiological processes in the endometriotic
lesion. Endometriotic lesions consist of epithelial and stromal endometrial cells originating form
retrograde menstruation. The endometrial cells subsequently attach to the underlying peritoneal
mesothelium, proliferate, and initiate pro-endometriotic microenvironment formation. Cell prolifera-
tion and resistance to apoptosis, cell adhesion, inflammation, oxidative stress, and hormone signaling
are augmented by the interactions of multiple cells and secretion of cytokines, chemokines, and
hormones, which facilitate endometriotic lesion progression. This figure was made using graphic
components obtained from the website: www.servier.com/powerpoint-imagebank (15 March 2021).
Abbreviations used in graphics: 173-HSD type 2, 173-hydroxysteroid dehydrogenase type 2; BAX,
BCL-2 associated X protein; BCL-XL, B-cell lymphoma-extra large; BCL-2, B-cell lymphoma 2; COX-
2, cyclooxygenase-2; eNOS, endothelial nitric oxide synthase; ER«, estrogen receptor alpha; ERj,
estrogen receptor beta; E2, estradiol; FAS, tumor necrosis factor receptor superfamily member 6;
FASL tumor necrosis factor ligand superfamily member; FGFs, fibroblast growth factors; GPX,
glutathione peroxidase; HGF, hepatocyte growth factor; HIF-1a, hypoxia-inducible-factor 1-alpha;
IL-1B, interleukin 1, IL-6, interleukin 6; IL-8, interleukin 8; iNOS, inducible nitric oxide synthase;
MCP-1, monocyte chemoattractant protein 1; NF-kB, nuclear factor kappa B; NO, nitric oxide; PGE,,
prostaglandin E;; PR-B, progesterone receptor isoform B; P4, progesterone; ROS, reactive oxygen
species; RNS, reactive nitrogen species; SDF-1, stromal-cell-derived-factor 1; StAR, steroidogenic
acute regulatory protein; SOD, superoxide dismutase; TGF-«, transforming growth factor alpha;
TGF-$, transforming growth factor beta; TIMP-1, tissue inhibitor of metalloproteinase-1; VEGEF,
vascular endothelial growth factor.
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4.2. Cell Attachment and Invasion

The initial attachment of refluxed endometrial tissue fragments to the pelvic peri-
toneum is the principal of Sampson’s retrograde theory of endometriosis origin [44]. Sub-
peritoneal endometriotic lesions” establishment requires remodeling of the extracellular
matrix of peritoneal mesothelium and invasion in their surrounding environment [45]. Men-
strual effluent and morphological alterations can easily damage the intact mesothelium—a
protective barrier against the implantation; the own adhesion site can also be created to
implant regurgitated endometrial cells [46-48]. The adhesion of endometrium fragments
to the peritoneum in women with endometriosis is enhanced by the overproduction of
cellular adhesion molecules that facilitate intercellular binding and cellular attachments
with the extracellular matrix; including CD44 transmembrane glycoprotein, cell adhesion
molecules (CAM) such as integrins, cadherins, selectins, the immunoglobulin superfamily
(Ig-CAM), and transmembrane-anchored proteoglycans like syndecans [49,50].

The progression of the invasion of adjacent tissues requires extracellular matrix degra-
dation. The breakdown and remodeling of extracellular matrix thought to be mainly
modulated by matrix metalloproteinases (MMP), especially MMP-1, 2, 3, 9, and 11 and
their inhibitors (tissue inhibitors of metalloproteinases, TIMP) [51]. MMPs are the initial me-
diators of maintenance and survival of endometriotic lesions, mainly that their expression
enhances significantly in endometriotic implants [52]. Different hormones, inflammatory
cytokines, including IL-6, IL-1, and growth factors, regulate MMPs. The primary inhibitor
is progesterone, which might indirectly regulate MMP expression through the plasminogen
activator pathway, increasing the levels of plasminogen activator inhibitor 1 (PAI-1) and
reducing the activation of latent MMP-proenzyme by plasmin [53].

4.3. Angiogenesis

The formation of new blood vessels is fundamental to creating and maintaining
endometriotic lesions, especially in the peritoneal microenvironment, indicating the impor-
tance of new blood supply in endometriosis development. The local neovascularization
is augmented by the complex mixture of growth factors, proangiogenic factors, steroid
hormones, inflammatory cytokines present in peritoneal fluid [54]. Many pro-angiogenic
factors, including fibroblast growth factors (FGF), platelet-derived endothelial cell growth
factor (PDGF), transforming growth factor alpha and beta (TGF-oc and TGF-(3), hepatocyte
growth factor (HGF), erythropoietin, angiogenin, tumor necrosis factor alpha (TNF-o),
and IL-8 have been detected at increased concentrations in peritoneal fluid of women
with endometriosis [54]. Vascular endothelial growth factor (VEGF), produced in high
amounts by activated peritoneal macrophages, neutrophils, lymphocytes, and endome-
trial stromal cells, is considered the most crucial angiogenic agent to induce proliferation
and migration of endothelial cells, that can also increase vascular permeability [55,56].
VEGEF is exerted in response to physiological activators, such as inflammation and hypoxia.
Bone-marrow-derived endothelial progenitor cells detected in early-stage of endometriotic
lesions are recruited by hypoxia-inducible-factorl-alpha (HIF-1«) and stromal-cell-derived-
factor 1 (SDF-1) [57,58]. New agents, like antiangiogenic factors, could constitute a new
and promising approach to treating this disease [59].

4.4. Immune Dysregulation

Inflammation has a vital role in the progression of endometriosis and is associated with
altering immune cell profile in the peritoneal cavity [33]. The endometrial tissue is a signifi-
cant source of inflammatory mediators like cytokines, chemokines, and prostaglandins,
which attract macrophages, neutrophils, monocytes, eosinophils, and T cells, that can
affect processes in the abdominal cavity [60]. The peritoneal fluid of endometriosis is
characterized by the enhanced concentration of inflammatory mediators like IL-1, IL-6,
IL-8, TGF-3, TNF-«, VEGE, cyclooxygenase-2 (COX-2), and monocyte chemoattractant
protein 1 (MCP-1) [61,62]. Changes in inflammatory mediators result from the aberrant
function of almost all types of immune cells in women with endometriosis.
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Peritoneal macrophages are the most prevalent immune cells, found in the highest
quantity in the peritoneal fluids. The peritoneal environment is regulated by the activated
macrophages, which can scavenge cellular debris, and remove red blood cells and damaged
tissue fragments. Lesion resident macrophages can induce tissue repair, inflammation, and
angiogenesis through the secretion of soluble mediators like cytokines, prostaglandins, and
enzymes. However, in the peritoneum of endometriosis-affected women, macrophages
have a decreased phagocytic activity, and the amount of regurgitated endometrial cells
in the peritoneal cavity may be higher. The imbalance in M1 and M2 macrophages was
reported in endometriosis with an upregulation of the M2 type. M2 macrophages are
supposed to have a crucial role in endometriosis development by modulating adaptive
immune response and, consequently, promoting the implantation and proliferation of
endometrial cells [33]. Macrophage-derived factors such as prostaglandins and cytokines
produced in the peritoneal cavity, may also modulate natural killer cells activity [63]. The
cytotoxic function of NK cells against endometrial cells reaching the peritoneal cavity is
decreased and is inversely related to the advanced stages of the disease [64]. Moreover,
reduced T cells’ cytotoxic activity, modulation of pro-inflammatory cytokine secretion and
altering Th1 cytokine profile prevalent in the early stages of the disease, to a Th2 cytokine
profile in late stages and autoantibody production by B lymphocytes were observed [8,65].
The presence of this altered inflammatory niche could favor the implantation and devel-
opment of endometriotic lesions from refluxed endometrial tissue. There is substantial
evidence that the immune system plays a crucial role in this disease. Novel treatment
strategies targeting immune pathways are urgently needed [13].

4.5. Oxidative Stress

Oxidative stress occurs due to an imbalance between reactive oxygen/nitrogen species
(ROS/RNS) production and the organism'’s ability to scavenge and detoxify ROS/RNS
harmful effects [66]. Essential molecules in the body, such as membrane lipids, nucleic
acids and proteins, are ROS targets. Oxidative stress is involved in the pathogenesis of
many chronic diseases, such as cancer, neurodegenerative and cardiovascular diseases, and
ageing [67]. Endometriosis may involve ROS production because macrophages, erythro-
cytes, and apoptotic endometrial tissue, transplanted into the peritoneal cavity through
retrograde menstruation, are found to be inducers of oxidative stress. The accumulation
of iron in the different components of the peritoneal cavity of endometriosis patients has
reported. Peritoneal iron overload may be a consequence of hemoglobin breakdown or
bleeding of peritoneal lesions. The macrophages and lymphocytes are recruited and acti-
vated by releasing the proinflammatory heme products and the oxidative stress signals.
Enhanced activity of peritoneal macrophages and lymphocytes, in turn, strengthen the
oxidation stress in the endometriotic peritoneum [68]. Moreover, ROS activates NF-«B,
which leads to the expression of multiple genes engaged in cell growth, angiogenesis, and
inflammation mechanisms regulation in the endometriosis [69]. A subclass of nitrogen-
containing compounds can play detrimental effects in endometriosis pathology. In women
with endometriosis, the increased concentration of endothelial and inducible forms of
nitric oxide synthase (eNOS and iNOS), the enzymes that ultimately produce nitric oxide
(NO), has been found in the peritoneal fluid. In endometriosis condition, the elevated
levels of NOS and NO are correlated with impaired reproductive biological processes,
e.g., ovulation, fertilization, implantation, and embryonic development. Moreover, the
increased endometriosis-related eNOS activity has shown a positive correlation between
estrogen and progesterone levels [70]. Additionally, aberrant change in the potential of
endogenous antioxidant enzymes like superoxide dismutase (SOD) and glutathione per-
oxidase (GPX) can contribute to the oxidative damage that occurs in endometriosis [70].
Estrogen participates in the SOD induction to overcome the excessive oxidative stress;
however, overexpression of this antioxidant enzyme has adverse effects and contributes to
promoting endometriotic cell survival and protecting them from apoptosis. Superoxide
anion produced in large amounts mediates several signaling pathways and contributes
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to endometriosis-related pain through activation of nociceptive neurons [71]. Oxidative
stress has been suggested as an etiological factor of chronic pelvic pain, and antioxidant
supplementation has a proven impact on reducing pain in endometriosis patients [72].
These findings highlight the importance of developing therapeutic approaches targeting ox-
idative imbalance: reducing the oxidative stress status may exert protective effects against
endometriosis.

4.6. Hormonal Imbalance

Hormonal imbalance in endometriosis is the master regulator of the alternations of
multiple cellular functions, such as proliferation, invasion, angiogenesis, inflammation,
and neurogenesis and pain generation [55]. Endometrial tissues are controlled by steroid
hormones like 17(3-estradiol and progesterone, which change the expression of hundreds
of genes during different phases of the menstrual cycle. Eutopic endometrial tissues and
endometriotic tissues in ectopic locations contain the immunoreactive estrogen receptors
and progesterone receptors (PR); therefore, they respond to 173-estradiol and progesterone
with apparently similar histological changes [73]. Local estrogen production in both the
ectopic and eutopic endometrium is considered to stimulate tissue’s growth and play a
crucial role in regulating the immunological mechanisms responsible for controlling the
development of endometriosis. The enzyme aromatase, a member of the cytochrome
P450 superfamily, is responsible for the last step in the synthesis of estradiol through the
aromatization of androgens (androstenedione and testosterone) into estrogens (estrone
and estradiol, respectively) [74]. In premenopausal women with endometriosis, estradiol
arises from three major tissue sites that express aromatase. These are ovaries, which
primarily convert cholesterol to estradiol and secrete it periodically into the circulation,
peripheral tissues such as the adipose tissue and skin, that convert androstenedione to
estrone in relatively small quantities, and endometriotic tissue, synthesizing de novo high
amounts of estradiol from cholesterol via aromatase and steroidogenic acute regulatory
protein (StAR) [73]. Contrary to endometriotic lesions, normal endometrium cannot
synthesize estrogen due to these enzymes” absence [75]. In endometriosis, local estradiol
levels increase due to upregulation of estradiol-producing aromatase expression and
reduction in 173-HSD type 2 activity, implicated in the inactivation of estradiol through
the oxidation to less active estrone [76]. In normal conditions, the expression of 173-HSD
type 2 in epithelial cells is activated by paracrine signaling triggering by the progesterone
via PRs on stromal cells. There are two isoforms of PRs: PR-A and PR-B; PR-B likely
plays a more crucial biological function in the endometrium. Progesterone resistance in
endometriotic tissue is due to the total reduction in PRs and a drastic downregulation of
PR-B in endometriotic stromal cells [77]. In the case of estrogen receptors (ER), a significant
reduction in isotype ERoc and an increase in ER(3 is observed. The elevated expression of
ERp is associated with its promoter hypomethylation, while the decrease in ER« is due to
its promoter hypermethylation and direct inhibition by ER{ [78]. Increasing the E2/ERf3
ratio is considered to enhance lesion survival and inflammation. It is linked with the
positive feedback loop by stimulation of COX-2 activation, which is involved in producing
hormones, such as prostaglandin E, (PGE,), with significance in inflammation and pain. In
turn, PGE, influences steroidogenic genes, mainly overexpressing aromatase, and supports
the sustained production of estradiol [78,79]. Novel alternative treatment to regulate
estradiol biosynthesis and modulate its coactivators without suppressing ovulation, instead
of conventional pharmacotherapy, could be designed to more beneficially control this
disorder. The substances that bind competitively to ERs, such as phytoestrogens, are
recommended for future research assessment to demonstrate their effect on the levels of
hormones and inflammatory markers in endometriosis.

5. Potential of Polyphenol Compounds in Endometriosis Management

There are increasing investigations about the beneficial effect of bioactive compounds
in preventing chronic non-communicable diseases, including cardiovascular diseases and
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cancers. Several studies have evaluated the relationship between polyphenols’ admin-
istration, such as flavonoids and phytoestrogens, and female cancer risk. Grosso et al.
(2016) observed that regular consumption of diets rich in flavonoids is associated with
decreased breast and ovarian cancer risk [80]. In the meta-analysis, Micek et al. (2020)
have found that higher dietary intake of phytoestrogens (i.e., isoflavones) is inversely
correlated with the risk of breast cancer mortality and recurrence [81]. Endometriosis and
breast cancer are estrogen-dependent conditions and share similar cellular processes like
proliferation, invasion, neo-angiogenesis, metastases, and reproduction-associated risk
factors. Significant similarities between endometriosis and cancer encourage investigating
the protective effect of natural bioactive molecules against this disease [82].

Moreover, endometriosis has been linked to chronic systemic inflammation, oxidative
stress, and an atherogenic lipid profile, leading to initiating and maintaining cardiovas-
cular diseases [83]. The meta-analysis showed the linear relationship between increased
dietary intake of total flavonoids and lower risk of cardiovascular disease [84]. Similar
dietary patterns rich in bioactive food compounds may exert beneficial effects toward
endometriosis.

Specific plant-derived bioactive compounds, exhibiting anti-proliferative, anti-oxidant,
anti-inflammatory, anti-angiogenic, pro-apoptotic, immunomodulatory, and estrogen mod-
ulating activities, can affect different pathways involved in endometriosis’s etiopatho-
genesis and provide new strategies for treating or regressing endometriosis [85,86]. Nu-
merous preclinical research and clinical trials in endometriosis studies have attributed to
phytochemicals a broad range of beneficial biological activities and described molecular
mechanisms and pathways through which they may effectively influence disease progres-
sion [68,87]. The studies on potential therapeutic phytochemicals had mostly focused on
polyphenolic compounds.

Polyphenols comprise a large group of bioactive compounds synthesized by plants
that are an integral part of the human diet, widely recognized for their multiple functional
health-promoting benefits, mainly anti-oxidant and anti-inflammatory properties, with
importance in endometriosis [88]. Phenol-Explorer, the first comprehensive database on
polyphenol content in foods (http://phenol-explorer.eu/) (accessed on 12 April 2021), clas-
sifies polyphenols into six primary groups: flavonoids, lignans, non-phenolic metabolites,
other polyphenols, phenolic acids, and stilbenes. Flavonoids constituting the largest group
of dietary polyphenols have been divided into nine subgroups, including anthocyanins,
chalcones, dihydrochalcones, dihydroflavonols, flavanols, flavanones, flavones, flavonols,
and isoflavonoids (http:/ /phenol-explorer.eu/) (accessed on 12 April 2021). The above
classification has been applied to organize structurally different polyphenol compounds
as promising candidates for developing novel strategies in treating endometriosis. This
article describes polyphenols’ molecular action profiles, which target fundamental disease
processes’ complex pathophysiology. Table 1 summarizes polyphenols” mechanisms of
action and molecular targets in endometriosis management.
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Table 1. Natural polyphenol compounds and their mechanisms of action and molecular targets analyzed in endometriosis preclinical and clinical studies.

Mechanisms of Action Molecular Targets Disease Model Ref.

Quercetin

JCell prol}ferahon JMitochondrial rr.lembrane potential, |ERK1/2, |p38 MAPK, |AKT, Endometriosis cell lines 9]

TApoptosis DNA fragmentation

1 Cell proliferation JCCND1, |Cyclin D1 Murine endometriosis model [89]

1 Cell proliferation, TAutophagy JSerum E2, |Serum TNF-«

JEndometriotic lesion size TNQOT1 enzyme activity, mTOR inhibition Rat endometriosis model [90]

JOxidative stress 1 NRF2, 1BECN1, tATG5

iInﬂammat.lor.l . +5erum PGE, 30 patients with IV endometriosis stage

JEndometriosis-related pain JSerum CA-125 . . [91]
L Lo treated for 3 months with 200 mg quercetin

JEndometriotic lesion size

Apigenin

JCell proliferation ERK1/2 and JNK inhibition, TBAX, 1Cyt- ¢, TROS, 1ER stress,

TApoptosis TCalcium ions in cytosol Endometriosis cell lines [92]

I{Mitochondrial membrane potential

JCell proliferation JCOX-2, |PGE,, |IL-8 Primary endometriotic stromal cells from [93]

JInflammation NF-kB inhibition ovarian endometrioma

JAngiogenesis, |Inflammation JPeritoneal VEGF, | Peritoneal TNF-« ..

JEndometriotic implant volume JPeritoneal IL-6 Rat endometriosis model [94]

Baicalein

Cell cycle arrest, | Cell viability NF-kB inhibition, TCells in the G1 phase Endometrial stromal cells from patients with [95]

TApoptosis JCells in the S and G2/M phases, |BCL-2 ovarian endometriosis

1 Cell invasiveness JMMP-9, IMMP-2, |MT1-MMP, | TGFB1, |FURIN Ectopic endometrial stromal cells [96]

JCell invasiveness E . L.

{Endometriotic lesion growth JMT1-MMP, |FURIN, | TGFB1 Murine endometriosis model [96]

Wogonin

1 Cell proliferation . Endometrial stromal T-HESC cells Primary

Cell cycle arrest TCells in the G2/M phase, | ERox endometriotic stromal cells 571

JEndometriotic implant size | Proliferating cells . .

| Cell proliferation, T Apoptosis TApoptotic cells Murine endometriosis model 71
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Mechanisms of Action Molecular Targets Disease Model Ref.
Rosmarinic acid

. . L Cell cycle arrest in the G2/M phase Endometrial stromal T-HESC cell line
+Cell proliferation, JOxidation JROS Primary endometriotic stromal cells 71
JEndometriotic tissue volume JPCNA positive cells, TApoptotic cells in lesions Murine endometriosis model [97]
Genistein and daidzein
1 Cell proliferation NF-«B inhibition, |IL6, |IL8, |COX2, |PGE,
JInflammation Higher affinity toward ER(3 than ER«x Primary endometriotic stromal cells from 98]
JEstrogen biosynthesis JCYP19A1 | Aromatase activity ovarian endometrioma

1 Glucocorticoid-regulated kinase in serum

JEndometriotic lesions growth JKi-67-positive cells Murine endometriosis model [98]
Genistein
JEndometriotic implant size Antagonistic estrogen activity Rat endometriosis model [99]
Puerarin
JCell invasion JMMP-9 1 TIMP-1 Primary endometriotic stromal cells [100]
JAngiogenesis JICAM-1 [VEGF Chick chorioallantoic membrane model

. . JCCND1, |Cyclin D1, |[CDC25A, |Cdc25A
*iiltlissﬁ gffgzggvit 1TERa corepressors (SMRT, NCoR) Endometriotic stromal cells [101]

& y JER« coactivators (SRC-1, SRC-3)

. . . JCYP19A1, |aromatase activity, |[HSD17B1, tHSD17B2, |COX-2, .

TAntiestrogen activity COX2, |PGE,, |ERB, |E2 Rat endometriotic model [102]
Naringenin
1 Cell proliferation PI3K and MAPK pathway activation o .
TApoptosis JMitochondrial membrane potential, JROS Endometriosis cell lines [103]
JEndometriotic lesions growth JMMP-2, IMMP-9, | TNF-«, |NO, TROS
JAngiogenesis, |Inflammation JMitochondrial membrane potential, | VEGF Rat endometriosis model [104]

TApoptosis

JEndometriosis prognostic markers

JBCL-2, |[PCNA, tCaspase-3, TCyt-C
INrf2/HO1/NQOI1 signaling, | TAK1, |PAK1
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Mechanisms of Action Molecular Targets Disease Model Ref.
Xanthohumol
iEnd(.)metnoFlc lesions growth JPI3K |Microvessel density Murine endometriosis model [105]
JAngiogenesis
Epigallocatechin gallate
1 Cell proliferation, | Cell migration JMAPK signaling, |Smad signaling Endometriotic and endometrial stromal cells [106]
1 Cell invasion, |Fibrogenesis JaSMA, [Col-1, |CTGF, |FN from patients
JEndometriotic implant size JMicrovessel number and size . ..
JAngiogenesis JVEGFC/VEGFR?2 expression and signalling Murine endometriosis model [107]
JEndometriotic lesions growth JLesion size and weight, |Serum VEGF . L
TApoptosis, | Angiogenesis TApoptotic cells in lesions, JaSMA, |CD31 Murine endometriosis model [108]
Curcumin
1Cell adhesion JICAM1, [ICAM-1, [VCAM1, |VCAM-1 . ..
JInflammation JIL-6, |IL-8, |MCP-1, NF-B inhibition Primary endometriofic stromal cells [109]
JCell proliferation JE2 production Primary endometriotic stromal cells [110]
Cell cycle arrest 1Cells in the G1 phase, | Cells in the S phase Primary endometriotic and endometrial [111]
TApoptosis JVEGF stromal cells
JInflammation ) . : ) : Primary endometriotic stromal cells derived
JAngiogenesis IL-6, [IL-8, [IP-10, JG-CSF, MCP-1 |[RANTES from eutopic endometrium [112]
+Apoptosis Cytochrome c-mediated mitochondrial pathway modulation,

Pop . . p53-dependent and -independent pathway modulation, NF-«xB Murine endometriosis model [113]
JEndometriotic lesions growth o

inhibition, |MMP-3

JInflammation, [Oxidation JMMP-9, | TNF-«, |Lipid and protein oxidation Murine endometriosis model [114]
JEndometriotic tissues weight and volume JVEGF Rat endometriosis model [115]
+Angiogenesis IMicrovessel density Rat endometriosis model [116]

JEndometriotic lesions growth
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Mechanisms of Action Molecular Targets Disease Model Ref.
Resveratrol
JCell invasion JCell invasion in Matrigel Primary endometriotic stromal cells [117]
Estrogenic activity Dose-dependent agonistic and antagonistic activity Endometrial Ishikawa cell line [118]
1 Cell proliferation, TApoptosis 1 Cell number, DNA fragmentation Primary endometrial epithelial cells [119]
iEnFlome.trlotlc lesion number and volume, |Cell |PCNA, |CD34, | Peritoneal VEGF . o
proliferation . . Murine endometriosis model [119]
. . . 1 Vascular density area, DNA fragmentation
TApoptosis, | Angiogenesis
1 Cell proliferation, TApoptosis JMKI67, TPCNA, DNA fragmentation Murine endometriosis model [117]
. . . Immunocompromised mouse endometriosis
1 Cell proliferation JERe, [Ki-67 model (RAG-2 knockout) [118]
|Cell proliferation |IGF-1, |HGF, |HGF Primary eutopic and ectopic endometrial [120]
p ’ ! stromal cells from endometriosis patients
JCell .prohfer.ahon, TApoptosis P53, 1BAX, 1CASP3, 1SIRT1, |NO 3D primary endometriotic and endometrial [121]
JAngiogenesis cell cultures
JInflammation JMCP1, |IL6, |IL8, |MCP-1, |IL-6, |IL-8, |RANTES Primary ectopic endometrial stromal cells [122]
JEndometriotic lesion size LVEGEF in peritoneal fluid, plasma and tissue ..
JAngiogenesis, |Inflammation JMCP-1 in peritoneal fluid and plasma Rat endometriosis model [123]
J,Endgmetrlo’gc lesion size . J,VITZGF in per‘ltoneal fluid and endometriotic tissue. |MCP-1 in Rat endometriosis model [124]
JAngiogenesis, |Inflammation peritoneal fluid
JEndometriotic lesion size 150D activity in serum and tissue ..
JOxidation TGPX activity in serum and tissue Rat endometriosis model [125]
1 Cell proliferation, | Cell migration EMT process suppression Primary endometrial stromal cells [126]
JCell invasion JMTA1, |ZEB2 Murine endometriosis model
. . . Patients treated for 2 months with 30 mg
JEndometriosis-related pain laromatase activity, | COX-2 resveratrol to the hormone therapy [127]
34 patients with endometriotic infertility
JCell invasion IMMP2, | MMP3, {MMP-2, | MMP-9 treated with 400 mg resveratrol twice daily for [128]

in endometrial tissue, fluid and serum

12-14 weeks with contraceptives
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Table 1. Cont.

Mechanisms of Action Molecular Targets Disease Model Ref.

34 patients with endometriosis within the
implantation window treated with 400 mg [129]
resveratrol for 12-14 weeks

|VEGF, | TNF, | VEGEF, | TNF-«

Angi is, |Infl ti ; . 1
+ Angiogenesis, |Inflammation in the eutopic endometrial tissue

T Increase; | Decrease; the gene name is italicized, protein name is not italicized. Abbreviations used in Table 1: HSD17B1, HSD17B2, 173-hydroxysteroid dehydrogenase type 1 and 2; AKT, protein kinase
B (PKB); ATGS, autophagy protein 5; BAX, BCL-2 associated X protein; BCL-2, B-cell lymphoma 2; BECN1, Beclin 1; CA-125, mucin-16; CASP-3, caspase-3; CCND1, G1/S-specific cyclin-D1; CD31, platelet
endothelial cell adhesion molecule; CDC25A, M-phase inducer phosphatase 1; Col- I, collagen typel; COX-2, cyclooxygenase-2; CTGEF, connective tissue growth factor; CYP19A1, aromatase gene; Cyt-C,
cytochrome c; E2, estradiol; ER stress, endoplasmic reticulum stress; ERK1/2, extracellular signal-regulated kinase 1/2; ER«, estrogen receptor alpha; ER, estrogen receptor beta; FN, fibronectin; FURIN, oaired
basic amino acid cleaving enzyme (proprotein convertase of MMPs); G-CSF, granulocyte colony-stimulating factor; GPX, glutathione peroxidase; HGE, hepatocyte growth factor; HO1, heme oxygenase; ICAM-1,
intercellular adhesion molecule 1; IGF-1, insulin-like growth factor-1; IL-6, interleukin 6; IL-8, interleukin 8; IP-10, interferon gamma-induced protein 10; JNK, c-Jun N-terminal kinases; MAPK, mitogen-activated
protein kinase; MCP-1, monocyte chemoattractant protein 1; MKI67, marker of proliferation Ki-67; MMP-2, matrix metalloproteinase 2; MMP-9, matrix metalloproteinase 9; MTA1, metastasis-associated protein 1;
mTOR, mammalian target of rapamycin; MT1-MMP, membrane type 1-matrix metalloproteinase; NCoR, nuclear receptor corepressor 1; NF-kB, nuclear factor kappa B; NO, nitric oxide; NQO1, NAD(P)H
quinone oxidoreductase 1; NRF2, nuclear factor erythroid 2-related factor 2; P53, cellular tumor antigen p53; PAK1, p21-activated kinase 1, PCNA, proliferating cell nuclear antigen; PGE;,, prostaglandin E;; PI3K,
phosphatidylinositol-4,5-bisphosphate 3-kinase; RANTES, regulated on activation, normal T cell expressed and secreted; ROS, reactive oxygen species; SIRT1, sirtuin 1, SMRT, silencing mediator of retinoic acid
and thyroid hormone receptor; SOD, superoxide dismutase; SRC-1, steroid receptor coactivator 1; SRC-3, steroid receptor coactivator 3; TAKI, transforming growth factor beta-activated kinase 1; TGFB1,
transforming growth factor beta-1 proprotein; TIMP-1, tissue inhibitor of metalloproteinase 1; TNF-«, tumor necrosis factor alpha; VCAM-1, vascular cell adhesion protein 1; VEGF, vascular endothelial growth
factor; VEGFC, vascular endothelial growth factor C; VEGFR?2, vascular endothelial growth factor receptor 2; ZEB2, zinc finger E-box-binding homeobox 2; xSMA, a-Smooth muscle actin.
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5.1. Flavonoids
5.1.1. Flavonols
Quercetin

Quercetin is a naturally occurring flavonol found in various fruits and vegetables
such as onions, cauliflower, apples, berries, and chili peppers [89]. Quercetin exerts the
anticancer effects by reducing cancer cell viability and enhancing apoptosis and autophagy
through the modulation of Akt, mammalian target of rapamycin (mTOR), and HIF-1x
signaling pathways [130]. An in vitro study demonstrated that quercetin inhibits cell pro-
liferation and induces cell cycle arrest and apoptosis in endocervical cell lines VK2 /E6E7
and End1/E6E7. Cell apoptosis symptoms included DNA fragmentation, loss of mito-
chondrial membrane potential and downregulation of extracellular signal-regulated kinase
1/2 (ERK1/2), p38 mitogen-activated protein kinase (p38 MAPK), and AKT signaling
molecules [89].

Antiproliferative and anti-inflammatory effects of intraperitoneally injected quercetin
were observed in an auto-implanted mouse model of endometriosis. A decrease in cy-
clin D1 expression in the luminal and glandular epithelium was observed in response to
quercetin injection [89]. In rats with induced endometriosis, quercetin administration sig-
nificantly decreased endometrial implants’ size and serum E2 and TNF-« level compared
to the related control group. The results indicated that quercetin treatment significantly
increased antioxidant NAD(P)H enzyme quinone oxidoreductase 1 (NQO1) activity and
its major transcription factor nuclear factor erythroid 2-related factor 2 (N1f2) expression.
The study depicted that quercetin, unlike conventional treatments of endometriosis, does
not undesirably affect estrogen and progesterone production, emphasizing an advantage
of this compound over the currently used medications. Furthermore, regression of en-
dometrial lesions was found as an effect of enhanced autophagy through mTOR inhibition
and overexpression autophagy-related markers, including Beclin-1 and Atg5, after the
combined treatment with quercetin and metformin [90].

Favorable effects of natural active ingredients affecting main pathophysiological path-
ways of endometriosis demonstrated in preclinical models require proof in clinical trials.
Signorile et al. (2018) investigated 30 patients defined as stage IV of endometriosis treated
for three months with a dietary supplement containing, e.g., 200 mg quercetin. Clini-
cians assessed the reduction in the inflammatory response and endometriosis’s symptoms
and its harmful effects on affected organs in patients with endometriosis. Experimental
data obtained proved a significant effect in reducing the pain and other disabling disease
symptoms in the patients treated with a dietary supplement. The substantial decrease
in serum PGE; levels observed after treatment indicated supplement anti-inflammatory
potential. Moreover, in treated patients, the endometriosis foci” size was reduced due to
the decreased serum CA-125 concentration, as the authors believe. The authors suggest
that further studies of dietary supplement combined with standard therapies are necessary
to establish potentially practical new endometriosis treatment strategies [91].

5.1.2. Flavones
Apigenin

Scientists suggest that apigenin (4',5,6-trihydroxyflavone), present in significant
amounts in various fruits (apples, grapes, oranges) and vegetables (onion, parsley, celery),
is suitable for the prevention and treatment of diverse diseases such as diabetes, metabolic
disorders, cardiovascular and neuronal diseases, and cancers [131]. Apigenin prevents or
inhibits disease progression by the involvement in cell cycle arrest, apoptosis induction,
anti-inflammatory, and free radical scavenging mechanisms; thus, it is also proposed as a
potential therapeutic agent in reproductive disorders [92]. In this context, apigenin reduced
the proliferation of two human endometriotic cell lines in a dose-dependent manner and
induced apoptosis by inhibition of phosphorylation of ERK1/2 and c-Jun N-terminal kinase
(JNK) proteins and increasing pro-apoptotic proteins, including BAX and cytochrome c.
Additionally, apigenin treated cells accumulated excessive ROS, experienced lipid peroxi-
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dation and endoplasmic reticulum stress and lost mitochondrial membrane potential with
an increase in calcium ions in the cytosol [92]. In another study, apigenin reduced mito-
genic activity, inflammatory response, and attenuated TNF-a—induced cell proliferation
and COX-2/PGE, synthesis via the inactivation of the NF-kB pathway in endometriotic
stromal cells [93]. The biological potential of apigenin derivatives-rich extracts obtained
from A. austriaca flowers has been shown in a rat endometriosis model. The most active
apigenin-rich fraction remarkably decreased adhesion and endometriotic implant volumes
and TNF-«, VEGE, and IL-6 levels [94]. Consistent with apigenin’s biological activity
results, this flavone is suggested as a potential novel therapeutic agent to overcome current
limitations in preventing or treating endometriosis. However, further preclinical basic
research and clinical trials, in particular, are strongly required.

Baicalein

Baicalein (5,6,7-trihydroxyflavone) is a flavonoid derived from Scutellaria baicalensis
Georgi’s root, a traditional herb in Chinese herbal medicine [132]. Baicalein’s pharmaco-
logical properties, such as anti-tumor, anti-bacterial, anti-viral, anti-allergic, anti-oxidant,
and cytoprotective effects, have been reviewed recently [95]. Anti-cancer effects, target
mechanisms and signaling pathways of baicalein are of increasing interest from scientists.
Baicalein has been studied in many types of malignancy, including bladder, melanoma,
prostate, and breast cancer, as well as in gynecologic tumors such as cervical and ovar-
ian cancer [133]. Baicalein strongly inhibited the proliferation of breast cancer MCE-7
cells and induced apoptosis via suppressing 173-estradiol-induced transactivation [134].
Other in vivo studies revealed the inhibitory effect of baicalein against cervical cancer [135].
Molecular mechanisms described so far include regulation of cell cycle by inhibition several
cyclins or cyclin-dependent kinases (CDK), cell proliferation arresting through the Wnt/ 3-
catenin signaling pathway, suppression of PD-L1 expression to promote anti-tumor immu-
nity, as well as induction of apoptosis and autophagy via the ERK/phosphatidylinositol-
4,5-bisphosphate 3-kinase (PI3K)/ Akt pathway and caspase activation [136-138]. Due to
the reported anti-tumor properties, Jin et al. (2017) and Ke et al. (2021) evaluated baicalein
anti-endometriotic potential using human endometrial stromal cells in vitro. The results
indicated that baicalein reduces ectopic endometrial stromal cell viability and induces
apoptosis through the NF-«B signaling pathway. Following baicalein treatment, the level
of anti-apoptotic protein BCL-2 decreased significantly. The number of cells in the G1
phase increased with a simultaneous decline in the number of cells in the S and G2/M
phases compared with non-treated control cells [95]. More recent findings indicate that
baicalein reduces ectopic endometrial stromal cell invasiveness, as demonstrated by analy-
sis of invasion-related proteins, including MMP-9, MMP-2 and membrane type 1-matrix
metalloproteinase (MT1-MMP) [96]. In a mouse model of endometriosis, intraperitoneal
administration of baicalein inhibited ectopic lesions’ growth, reduced MT1-MMP, propro-
tein convertase of MMPs (FURIN) and TGFB1 expression. Thus, baicalein with a potent
pro-apoptotic and anti-invasive activity may provide a novel treatment strategy for en-
dometriosis, as the authors suggested [96]. Promising preclinical research results indicate
that undertaking clinical studies on endometriosis treatment with baicalein is warranted
and recommended to obtain strong evidence for therapeutic baicalein potential.

Wogonin

Wogonin (O-methylated flavone), another flavonoid compound found in Scutellaria
baicalensis Georgi root extract, has been reported in preclinical studies as an anti-tumor
agent [97]. An anti-proliferative effect of wogonin has been analyzed in human endometrial
stromal T-HESC cell line and primary stromal cell cultures established from endometrial
biopsies from women with endometriosis. In these in vitro models, wogonin significantly
inhibited primary and T-HESC cell proliferation causing cell cycle arrest at the G2/M phase
and attenuated the ERx expression. In a murine model of endometriosis, wogonin reduced
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lesion size and decreased the number of cells in the proliferation state, simultaneously
increasing the number of apoptotic cells [97].

5.1.3. Isoflavonoids

Daidzein and Genistein

Isoflavones, a subgroup of the flavonoids found in soybeans, share a similar structure
with estradiol but reportedly display antagonistic estrogen properties [22]. Structural
similarities due to their heterocyclic phenolic structure facilitate isoflavones bind to estrogen
receptors ERax and ER(3 and mimic estrogenic actions [139]. Soy isoflavones are found
mainly as glycosides with daidzein and genistein are the major representative isoflavone
aglycones abundant in soybeans, which are converted by (3-glycosidase derived from
bacteria that colonize the small and large intestine [140,141].

A few in vitro and in vivo studies have investigated the effect of isoflavones on en-
dometriosis. Daidzein-rich isoflavone aglycones (DRIA) inhibited cell proliferation of the
endometriotic stromal cells at clinically relevant concentrations. DRIAs led to reduced
expression of IL-6, IL-8, COX-2, and limited aromatase activity, as well as decreased levels
of glucocorticoid-regulated kinase and PGE; in serum. DRIAs also reduced the num-
ber, weight and Ki-67 proliferative activity of endometriosis-like lesions in the murine
endometriotic model [142]. Another study showed that genistein causes regression of an
endometriotic implant in a rat model. In the presence of estrogen, genistein has demon-
strated antagonistic estrogen activity on endometriotic implants [98]. The results from
animal studies indicate DRIAs as a potential therapeutic agent for improving treatment
strategies in endometriosis.

Clinical research showed the reduced risk of endometriosis development following
soy isoflavones’ ingestion. A significant correlation between higher urinary isoflavone
levels (genistein and daidzein) and decreased risk of advanced endometriosis (stage III and
IV), but not early endometriosis (stage I and II) occurrence, was observed within a case-
control study involving Japanese women [99]. Future clinical studies and meta-analyses
focusing on the benefits of phytoestrogen-rich product consumption by endometriosis
patients are strongly required.

Puerarin

Puerarin is the primary bioactive ingredient isolated from the root of the Pueraria lobata.
It has proven potential in managing cardiovascular diseases, cerebrovascular disorders,
cancer, Parkinson’s disease, Alzheimer’s disease, diabetes, and diabetic complications [143].
Puerarin exerted a vasodilatory effect by activating large conductance voltage and calcium-
activated potassium channels in rat models. Puerarin could significantly inhibit diabetic
vascular complications by decreasing P-selectin, low-density lipoproteins, and choles-
terol in the blood and downregulating mRNA expression of aorta vascular cell adhesion
molecule in diabetic rats. The preventive activity of puerarin against oxidative stress-
induced neurodegeneration has been attributed to blocking ROS overproduction and lipid
peroxidation, inducing nuclear Nrf2 protein expression, and activating catalase and GSH
peroxidase and the transcription and translation levels of heme oxygenase 1 [143].

Puerarin is commonly regarded as a phytoestrogen because it binds to estrogen
receptors and competes with estradiol to exhibit an anti-estrogenic effect [144]. Its role in
treating endometriosis, an estrogen-dependent disorder, has been well elucidated in several
studies. Puerarin suppressed invasion and vascularization of endometriosis tissue activated
by E2 through reducing the accumulation of MMP-9, ICAM-1, and VEGF and increasing the
level of tissue inhibitor of metalloproteinase 1 (TIMP-1) in primary endometriotic stromal
cells and in chick chorioallantoic membrane in vivo model [100]. Puerarin can suppress
estrogen-stimulated proliferation of endometriotic stromal cells and downregulate the
transcription and protein level of cyclin D1 and cdc25A by promoting ERo corepressors’
recruitment and limiting the recruitment of coactivators. The investigation suggests that a
puerarin-dependent interaction between ERo and corepressor complexes may be pivotal
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for puerarin’s anti-estrogenic effect, indicating that this isoflavone could be a potential
therapeutic compound for endometriosis treatment [101]. In vivo investigations showed
that puerarin inhibits aromatase and COX-2 in ectopic endometrium, thereby reducing
E2 and PGE, and consequently prevents the growth of ectopic endometriotic cells [102].
Clinical studies on the potential of puerarin in the treatment of endometriosis have not
been conducted to date.

5.1.4. Flavanones
Naringenin

Naringenin, mainly found in citrus fruits, is known for having anti-oxidant, anti-
proliferative, anti-inflammatory, and anti-angiogenic properties in chronic and metabolic
diseases [145,146]. In cancers, as preclinical studies reported, naringenin induced ROS-
mediated cell death and inhibited cell migration and invasion [146,147]. Naringenin being
a phytoestrogen, impairs ER« signaling by interfering with MAPK, PI3K, and ERK1/2
signaling pathways [148]. Considering the biological potential, scientists undertook inves-
tigations to evaluate the ameliorative role of naringenin in endometriosis.

In vitro studies showed that naringenin suppresses proliferation and induces apop-
tosis in endometriosis cells by decreasing mitochondrial membrane potential and ROS
generation. The apoptotic effect of naringenin involved activation of PI3K and MAPK
cell signaling pathways [103]. An animal study revealed naringenin potential against
endometriosis by reducing expression of various endometriosis prognostic markers (TAK1,
PAK1, VEGF, PCNA, MMP2, and MMP-9) in endometriotic lesions developed in rats.
Naringenin prevented endometriosis propagation via anti-inflammatory mechanisms by
modulating the serum TNF-«, NO level, and proapoptotic effects as ROS overproduction
and the loss of mitochondrial membrane potential. Further, naringenin provoked deple-
tion of Nrf2, a transcriptional factor controlling transcription of endogenous antioxidant
enzymes, which protect cells against oxidative damage and consequent down-regulation
of cytoprotective genes, thereby inhibiting endometriotic cell proliferation [104]. The main
direction for future studies indicated by scientists concerns the continuation of research on
naringenin potential in endometriosis treatment by applying endometrium samples from a
larger population of endometriotic patients [104].

5.1.5. Chalcones
Xanthohumol

Xanthohumol, a prenylated flavonoid, originates from naringenin chalcone and found
in hop’s female inflorescences (Humulus lupulus L.) [149]. Numerous studies have demon-
strated its pleiotropic chemopreventive activity for cancer due to anti-proliferative, anti-
inflammatory, and anti-angiogenic properties [149]. Xanthohumol effectively inhibited
endometriotic lesions” development and reduced the level of PI3K protein in a BALB/c
mouse model of endometriosis. Moreover, xanthohumol decreased the microvessels’ den-
sity and did not adversely affect the reproductive tract organs, suggesting its potential for
the selective treatment of endometriosis [105].

5.1.6. Flavanols
Epigallocatechin Gallate

Epigallocatechin gallate (EGCG) is the main flavanol found in black and white tea,
especially in green tea [150]. This compound has received enormous pharmacological
attention because of its putative beneficial health effects for treating different cancer types,
based on its anti-oxidant, anti-angiogenic, and anti-proliferative properties [151,152].

Ex vivo studies showed that EGCG suppressed cell proliferation and induced cell
death in endometrial epithelial cells from human biopsies [119]. Interestingly, EGCG more
effectively inhibited cell proliferation of endometriotic stromal cells than their normal
counterparts, such as endometrial stromal cells [152]. Studies performed by Matsuzaki
and Darcha (2014) revealed that treatment with EGCG significantly inhibited proliferation,
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migration, and invasion of endometrial and endometriotic stromal cells via inhibition
of MAPK and Smad signaling pathways. EGCG also attenuated cell-mediated collagen
gel contraction according to both endometriotic and endometrial cells. EGCG treatment
substantially decreased the expression of markers «SMA, collagen-I, fibronectin (FN),
and connective tissue growth factor (CTGF) known to be involved in fibrogenesis in
endometriotic stromal cells [106]. Another study demonstrated that treatment with EGCG
for two weeks reduced endometriotic lesions by downregulating angiogenic VEGFA mRNA
expression and upregulating NF-«kB and MAPK 1 mRNA expression [153]. The subsequent
experiments showed that EGCG exerted an inhibitory effect on endometriosis-associated
angiogenesis by decreasing the number and size of microvessels and VEGF-C/VEGF
receptor 2 (VEGFR-2) expression and signaling [107]. A pro-drug of EGCG (pro-EGCG,
EGCG octaacetate) with improved stability and bioavailability exhibited higher antioxidant,
antiangiogenic, and inhibitory activity than EGCG in the mice model. Treatment with
the pro-EGCG resulted in poor lesion neovascularization and decreased plasma VEGF
concentration [108]. EGCG, which exerts potent anticancer effects, could represent an
anti-angiogenic agent for endometriosis.

Currently, the Chinese University of Hong Kong has started a clinical trial to evaluate
green tea’s efficacy and safety in endometriosis. In the study, 185 patients with endometri-
oma will randomize into either experimental group, which will receive high-purity EGCG
(400 mg of SUNPHENON EGCG) twice per day or a placebo group. Supplement adminis-
tration will take three months before a planned surgery. Change in endometriotic lesion
size will be a primary measured outcome of the study. Further, monitoring pain, quality
of life, endometriotic lesions collected as biopsies, the number and density of neovascula-
ture and severe adverse events and side effects are scheduled as the secondary outcomes
(Clinical Trials.gov ID: NCT02832271).

5.2. Other Polyphenols
Curcumin

Curcumin is a polyphenolic monomer extracted from turmeric of Curcuma longa L.
Scientific research suggests that curcumin represents some potential therapeutic roles as
an anti-inflammatory, anti-cancer, and anti-aging agent [154]. Several in vitro and in vivo
studies have proved its pharmacological activities in endometriosis management.

In human endometriotic stromal cells, curcumin attenuated TNF-x-stimulated expres-
sion of ICAM-1, VCAM-1, and secretion of IL-6, IL-8, and MCP-1 by inhibiting activation
of the transcription factor NF-«B [109]. Additionally, curcumin reduced endometrial cell
proliferation by decreasing estrogen level [110]. Moreover, treatment with curcumin al-
tered human endometriotic and endometrial stromal cell morphology, and interfered with
cell proliferation and cell division. Curcumin arrested the cell cycle in the G1 phase and
induced apoptosis via downregulation of VEGF expression in human endometriotic and en-
dometrial stromal cells [111]. A recent study has shown that curcumin is a potent inhibitor
of secretion of pro-inflammatory and pro-angiogenic chemokines and cytokines by stromal
cells derived from eutopic endometrium in endometriosis and by normal endometrial
stromal cells [112].

In the murine model, curcumin administration was associated with the reduction in
endometriosis progression and apoptosis activation. Curcumin caused the regression of
endometriosis predominantly via the cytochrome c-mediated mitochondrial pathway of
apoptosis, and apoptotic responses include both p53-dependent and independent path.
Curcumin acted as an inhibitor of NF-kB translocation and downregulated MMP-3, thus
mediating endometriosis regression [113]. Besides, curcumin therapy in endometriosis
mice demonstrated a protective role against lipid peroxidation and protein oxidation [114].
In experimental rat models, curcumin decreased the weight and volume of endometriotic
tissues in a dose-dependent manner via downregulating VEGF expression [115]. Curcumin
inhibited endometriotic foci development by interfering with microvessels’ density, show-
ing potent antiangiogenic activity [116]. In summary, curcumin targets multiple molecular
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and cellular mechanisms in the pathogenesis of endometriosis, such as inflammation,
attachment and angiogenesis, that might considerably improve and relieve endometriosis
management.

Interestingly, the Medical University of Vienna recruited endometriosis patients for
a randomized interventional clinical trial of a curcumin dietary supplement called Flex-
ofytol, administered in two capsules containing 42 mg of curcumin twice a day for four
months. Clinicians assumed that the average pain score from baseline to four months after
treatment begins would be a primary outcome measured. As the secondary outcomes, they
defined a decrease in the number of days with pain, alleviation of dyspareunia, dysuria,
dyschezia, and the change in the quality of life and sexual function (Clinical Trials.gov ID:
NCT04150406).

5.3. Phenolic Acids
Rosmarinic Acid

Rosmarinic acid, found in several plants such as Rosmarinus officinalis, Salvia officinalis,
and Thymus sp., is a phenolic compound with various health-promoting and therapeutic
properties [155,156]. Its antioxidant, anti-inflammatory, anti-tumor, and anti-angiogenic
functions may be relevant for endometriosis treatment. Ferella’s team (2018) assessed the
anti-endometriosis potential of rosmarinic acid and carnosic acid (phenolic diterpene),
which occur together in rosemary (Rosmarinus officinalis) and common sage (Salvia officinalis).
They applied human endometrial stromal cell culture and a BALB/c model with induced
endometriotic-like lesions. In the study, both compounds suppressed cell proliferation and
reduced the size of endometriotic lesions in mice. Furthermore, rosmarinic acid promoted
apoptosis in endometriotic tissue and reduced intracellular ROS accumulation in human
endometrial stromal cells [97].

5.4. Stilbenes
Resveratrol

Resveratrol is a phytoalexin polyphenol, which various plants naturally produce in
response to ultraviolet radiation and fungal infections [157]. Resveratrol naturally occurs in
many plant species, including peanuts, berries, legumes, and grasses; however, resveratrol’s
richest sources are grapes and red wine. The first scientific reports about the resveratrol
phenomenon presented in 1992 indicated resveratrol as a cardioprotective agent addressed
to the French paradox and initiated extensive research activity on this compound [158].
Besides its cardioprotective effects, resveratrol has become well known due to its anti-
cancer potential, first demonstrated a few years later, as appeared by its ability to suppress
all carcinogenesis stages [159]. Ever since, numerous studies suggest that resveratrol has
various health beneficial properties, including anti-cancer, anti-inflammatory, anti-oxidant,
anti-microbial, and anti-angiogenic functions [160]. It can also protect against many age-
related diseases, such as cardiovascular disease, diabetes, arthritis, and neurodegenerative
disorders [161].

Several possible molecular targets for the protective effects of resveratrol have been
proposed. COX-2, a key regulator of tumorigenesis development and circulatory home-
ostasis, has been inhibited by resveratrol in the in vitro and in vivo models of cancers.
Cardiovascular benefits of resveratrol refer to its property to facilitate endothelial NO pro-
duction, preventing thrombogenic and atherogenic processes by relaxing vascular smooth
muscle cells and upregulating blood flow [161]. Resveratrol’s capacity to extend lifes-
pan underlies activation of silent mating type information regulation homolog 1 (SIRT1),
a class III histone deacetylase responsible for controlling gene expression, DNA repair,
metabolism, response to oxidative stress, mitochondrial function, and biogenesis. SIRT1
protects cells from oncogenic transformation and acts on specific targets in defined cellular
signaling pathways in tumors. Resveratrol has been reported to possess neuroprotective,
anti-tumorigenic functions via SIRT1 activation [162].
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Resveratrol is widely considered an innovative natural agent in the alternative and
complementary therapy of severe conditions by affecting multiple pivotal transduction
pathways involved in disease progression. Resveratrol anti-inflammatory potential, in-
cluding prostaglandin synthesis inhibition, has been suggested to probably contribute to
the prevention and treatment of endometriosis [163]. The therapeutic effect of resveratrol
on endometriosis was first evaluated by Bruner-Tran et al. (2011). They reported that
resveratrol could reduce the number and size of endometriotic lesions in a nude mouse
model. The resveratrol effect correlated with decreased endometrial cell proliferation
and increased apoptotic cell death in lesions. In an in vitro study, resveratrol induced a
concentration-dependent reduction in endometrial stromal cell invasiveness [117]. Since
that report, interest in resveratrol has grown significantly, including resveratrol’s protective
mechanisms in endometriosis.

In the next research, resveratrol reduced human endometrial epithelial cell prolifera-
tion and increased apoptosis in primary cultures [119]. Compared to estrogen, resveratrol
acted as both an agonist at low concentrations, whereas it played an antagonistic role at
high concentrations. In the immunocompromised mouse model of endometriosis, reduced
cell proliferation in the lesion has been observed with concomitantly decreasing epithelial
ERax level [118]. Moreover, a recent study revealed that resveratrol treatment reduced
expression of IGF-1 and HGF, pivotal molecules in endometriotic lesion growth and an-
giogenesis, in eutopic and ectopic endometrial stromal cells derived from endometriosis
patients [120]. Another recent study looked at the effect of resveratrol at different concentra-
tions on tissue growth, angiogenesis and NO secretion, and expression of apoptosis-related
genes in human endometriotic and endometrial tissue in 3D culture. The mean growth of
endometriotic and endometrial tissue showed significant dose-dependent inhibition dur-
ing the treatment with resveratrol. Furthermore, resveratrol dose- and time-dependently
reduced NO concentration in endometriotic and endometrial tissues. Experimental data
also demonstrated that the expression of proapoptotic genes P53, BAX, CASP3, and SIRT1
increased significantly in the endometriotic and endometrial tissues after treatment with
various resveratrol doses [121]. In vitro study showed the anti-inflammatory effect of
resveratrol reflected in the suppression of MCP-1, IL-6, IL-8, and RANTES in ectopic
endometrial stromal cells of endometriotic women [122].

Several promising consistent in vivo studies reported the beneficial effects of resver-
atrol on endometriotic lesions in animal models. Namely, resveratrol attenuated the
inflammatory response in the peritoneal environment and decreased endometriosis de-
velopment through its anti-angiogenic and anti-inflammatory properties. Resveratrol
inhibitory effect was evaluated using an experimentally induced endometriosis rat model.
Results showed a significant reduction in the implant size, a decrease in VEGF and MCP-1
in the peritoneal fluid and VEGF in plasma, and highly suppressed of VEGF expression
in the endometriotic tissue within considerable histological changes in the endometriotic
foci following 14-day treatment with resveratrol at a dose of 10 mg/kg [123]. In a similar
rat model with induced endometriosis, resveratrol’s effectiveness was evaluated based
on its ability to inhibit angiogenesis and inflammation. After a 21-day administration,
resveratrol in a 60 mg/kg dose reduced the implants’ areas and lowered VEGF and MCP-1
levels. Interestingly, resveratrol’s therapeutic potential was comparable with leuprolide
acetate, used as a drug in conventional endometriosis treatment [124]. In another study
in the rat endometriosis model, resveratrol showed ameliorative effects on endometriotic
implants due to its potent antioxidant properties. After treatment, scientists observed a
dose-dependent reduction in endometriotic implant volumes and increased SOD and GPX
activities in rats’ sera and tissues [125]. In a more recent study, Kong et al. (2020) pre-
sented the role of epithelial-mesenchymal transition in endometriosis’s pathogenesis and
resveratrol suppressive potential within metastasis-associated pathways in endometriosis.
Resveratrol inhibited the proliferation, migration, and invasion of endometrial stromal cells
in in vitro cultures, and suppressed ectopic endometrium growth in the mouse endometrio-
sis model. Kong’s team observed that resveratrol suppressed the epithelial-mesenchymal
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transition process in endometriosis mice and endometrial cells. In these experimental mod-
els, resveratrol downregulated the expression of metastasis-associated protein 1 (MTA1)
and transcription factor zinc finger E-box-binding homeobox 2 (ZEB2), essential compo-
nents that contribute to metastasis by promoting the transformation of epithelial cells into
mesenchymal cells [126].

Clinicians also investigated the therapeutic potential of resveratrol in endometriosis
in several clinical trials. Most clinical studies generally presupposed resveratrol’s capacity
to potentiate the actions of oral contraceptives in the treatment of endometriosis through
its hypo-estrogenic action [164]. Maia et al. (2012) assessed the advantages of the associa-
tion of resveratrol with oral contraceptives for the management of endometriosis-related
pain. They monitored the resveratrol effect in 12 patients who failed to obtain pain relief
after treatment with an oral contraceptive containing drospirenone with ethinylestradiol.
After two months of using 30 mg of resveratrol to the standard hormone therapy, 82% of
patients reported complete resolution of dysmenorrhea and a significant reduction in pain
occurrence. In a separate experiment, the same authors investigated resveratrol’s potential
for regulating COX-2 and aromatase expression, as reducing these enzymes is significant in
overcoming chronic pelvic pain. Clinicians analyzed the aromatase and COX-2 expression
in the endometrial tissue of 42 patients, of which 26 patients administered the combination
of resveratrol with an oral contraceptive. The results showed that the combined therapy
successfully reduces the aromatase and COX-2 expression compared with hormone therapy
alone [127].

Another clinical trial investigating the use of resveratrol as an adjuvant treatment of
pain assumed a randomized, double-blind, controlled comparison of resveratrol versus
placebo to treat endometriosis-related pain. The study involved 44 eligible women with a
laparoscopic diagnosis of endometriosis. It investigated whether 40 mg/day of resveratrol
with a monophasic contraceptive pill could attenuate pain scores after 42 days of adminis-
tration. The result presented no difference between treatments when comparing pain scores
between groups after treatment with resveratrol plus contraceptive and contraceptive with
placebo. The secondary outcomes of this research measured the CA-125 and prolactin level.
The obtained data documented the reduction in CA-125 plasma level in both the placebo
and resveratrol groups but did not find changes in prolactin level [165].

More recently, researchers at the Tehran University of Medical Sciences carried out an
exploratory clinical trial, which included 34 patients with endometriosis-associated infer-
tility. Participants of the study, randomly and equally divided into control and treatment
groups, took 400 mg resveratrol twice daily for 12-14 weeks along with oral contraceptives
in the last three weeks. The clinical trial showed that resveratrol could modify the inflam-
mation process in the endometrium of women with endometriosis. The results obtained
revealed downregulation of the mRNA and protein expression of MMP-2 and MMP-9 in
endometrium tissue, endometrium fluid, and serum following resveratrol treatment. In
conclusion, the authors emphasized the need for further research on the effect of resveratrol
on MMP-2 and MMP-9 expression in women with endometriosis [128].

The same group of scientists examined the effect of resveratrol on VEGF and TNF-o
expression in the eutopic endometrium of infertile patients with endometriosis within the
implantation window in a randomized exploratory trial. As previously, the study involved
34 patients, divided into a placebo-controlled group and treatment group of 17 patients
administrated 400 mg of resveratrol for 12 to 14 weeks. The obtained results indicated that
resveratrol decreased VEGF and TNF-« expression as markers of angiogenesis and inflam-
mation. According to the authors, further clinical trials are necessary to reveal resveratrol
involvement in different pathways like angiogenesis, inflammation, and oxidative stress to
confirm resveratrol potential as a therapeutic approach in endometriosis treatment [129].

6. Conclusions and Future Perspectives

The pathophysiologic mechanisms involved in developing an extremely heteroge-
neous disease, like endometriosis, have not yet been fully elucidated, and available treat-
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ment interventions are currently limited. The discovery of new therapeutic agents and
improvements in existing treatment strategies seems to be necessary. Natural polyphenols
exhibit a pleiotropic action profile and could exert anti-endometriotic effects via compre-
hensive interactions with multiple molecular targets associated with endometriosis, such as
cell proliferation, apoptosis, inflammation, oxidative stress, angiogenesis, and invasiveness.
Moreover, some of these phytochemicals can exert a potent phytoestrogenic effect modulat-
ing the estrogen networks without inducing severe side effects contrary to the conventional
anti-estrogenic therapy against endometriosis. The available results of some studies re-
veal that natural bioactive compounds do not affect fertility, reproductive organs, and the
development of offspring [105,108]. Additionally, an alternative endometriosis therapy
approach with therapeutic potential similar to conventional management is inexpensive
and suitable for long-term and safe endometriosis patients’ treatment.

However, existing evidence suggesting an attractiveness of naturally occurring sub-
stances for treating endometriosis has been provided mainly by pre-clinical in vitro research
and animal studies. Despite several clinical trials performed, there is still insufficient proofs
to recommend implementing natural treatment strategies in daily clinical applications. Be-
sides, detailed pharmacokinetic and pharmacodynamic data on the administration of many
polyphenols are still unavailable; thus, further clinical studies are necessary to confirm
the efficacy of these compounds in the treatment of endometriosis. Another significant
limitation is the lack of physiological relevance of high polyphenol doses not achievable
at routine food consumption, usually applied in the experimental endometriosis in vitro
models. Moreover, most in vitro studies showed the therapeutic potential of naturally
occurring polyphenols without considering their gastrointestinal digestion and metabolism
by gut microorganisms. The extensive gastrointestinal metabolism of polyphenol com-
pounds influences their bioavailability and intestinal absorption and, consequently, their
therapeutic efficacy in tissues and organs. Furthermore, in combining natural agents
with conventional pharmacotherapy, studies on bioactive compound-drug interactions are
mandatory. Knowledge of the precise mechanisms of action of the natural compounds in
the endometriosis’s network of several cell signaling pathways is required, and further
studies on this topic are needed.

It is worth emphasizing that polyphenols’ overconsumption, especially as highly
concentrated supplements isolated from the food matrix, may cause harmful health ef-
fects [166]. Reduced thiamin and folic acid transport have been reported due to polyphe-
nols’ pre-absorptive interactions during digestion in the gastrointestinal tract. Similarly;,
significant changes in some drugs’ bioavailability can be observed due to polyphenols’
interaction with drug transporters or digestive enzymes [167]. Besides, polyphenols can ex-
ert an iron-chelating effect and reduce iron absorption, which leads to deterioration of iron
status. Previously published research hypothesized that soy-derived isoflavones adversely
affect patients with endometriosis and estrogen-sensitive breast and endometrial cancer
due to estrogen-like biologic activities and hormone-interfering properties [168,169]. How-
ever, most recent clinical trials have not confirmed the adverse effects of isoflavones and
other phytoestrogens on women with risk and active estrogen-dependent cancers [170,171].
According to the latest reports, isoflavone-rich food and supplements are safe dietary
factors for peri- and post-menopausal women and endometriosis patients [99,172].

In our opinion, natural-based endometriosis therapies are unlikely to serve as an
exclusive therapy strategy and exert a potent curative effect, but they can overcome
endometriosis-related symptoms. Combined with precision medical methods individually
tailored to adjust patients’ needs, the natural compounds can constitute an integral part
and a central direction of developing future endometriosis therapeutic concepts.
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ARTICLE INFO ABSTRACT
Keywords: Endometriosis is a chronic condition with high prevalence in reproductive age women, defined as the growth of
endometriotic niche endometrial tissue outside the uterine cavity, most commonly on the pelvic peritoneum. The ectopic endometrial

2D and 3D endometriosis models
spheroids

organoids

microfluidics

bioprinting

lesions exist in a unique microenvironment created by the interaction of epithelial, stromal, endothelial, glan-
dular, and immune cell components, dominated by inflammatory, angiogenic, and endocrine signals. Current
research is directed at understanding the complex microenvironment of the lesions and its relationship with
different endometriosis stages, phenotypes, and disease symptoms and at the development of novel diagnostic
and therapeutic concepts that minimalize the undesirable side effects of current medical management. Recre-
ating pathophysiological cellular and molecular mechanisms and identifying clinically relevant metrics to assess
drug efficacy is a great challenge for the experimental disease models.

This review summarizes the complete range of available in vitro experimental systems used in endometriotic
studies, which reflect the multifactorial nature of the endometriotic lesion. The article discusses the simplistic in
vitro models such as primary endometrial cells and endometriotic cell lines to heterogeneous 2D co-cultures, and
recently more common, 3D systems based on self-organization and controlled assembly, both in microfluidic or
bioprinting methodologies.

Basic research models allow studying fundamental pathological mechanisms by which menstrual endome-
trium adheres, invades, and establishes lesions in ectopic sites. The advanced endometriosis experimental models
address the critical challenges and unsolved problems and provide an approach to drug screening and medicine
discovery by mimicking the complicated behaviors of the endometriotic lesion.

1. Introduction the appearance of ectopic endometrium-like tissue outside the uterine
cavity [1]. The endometrial deposits appear as implants on the surface of

Studies during the last decades have revealed that endometriosis is a the peritoneum and pelvic organs. To establish an endometriotic lesion,
prevalent estrogen-dependent gynecological disease characterized by endometrial stromal and epithelial cells must initially attach to pelvic

Abbreviations: AKT, protein kinase B; CAM, chorioallantoic membrane; CA-125, cancer antigen 125; CCL25, thymus-expressed chemokine; CCR9, chemokine C
receptor 9; CDH1, cadherin-1; CK7, cytokeratin-7; CK107a, cell surface marker for cytotoxicity; COX-2, cyclooxygenase-2; CYP19A1, cytochrome P450 family 19
subfamily A member 1; DJ-1, Parkinson disease protein 7; ECM, extracellular matrix; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; EMT,
epithelial-mesenchymal transition; E2, estradiol; ERa, estrogen receptor alpha; ERp, estrogen receptor beta; ESC, endometrial stromal cells; FOXO1, FOXO03,
forkhead box protein O1, -O3; Frag-1, fibroblast growth factor activating gene 1; HGF, hepatocyte growth factor; HOX, homeobox genes; HSD17f2, 17p-hydrox-
ysteroid dehydrogenase 2; hTERT, human telomerase reverse transcriptase; IGFBP-1, insulin-like growth factor-binding protein 1; KIT, receptor protein-tyrosine
kinase; LGR6, leucine rich repeat containing G protein-coupled receptor 6; MCP-1/CCL2, monocyte chemoattractant protein-1; mIL-6R, membrane-bound IL-6 re-
ceptor; MR, mannose receptor; NF-kB, nuclear factor-kB; NKG2A, natural killer cell protein group 2-A; NKp46, natural killer cell p46-related protein; NOTCH-1,
neurogenic locus notch homolog protein 1; NRP, neuropilin-1; PAX2, paired box protein; PCNA, proliferating cell nuclear antigen; PGE2, prostaglandin E2 — catalytic
o polypeptide; PPAR-y, proliferator activator receptor-gamma; PR, progesterone receptor; PRL, prolactin; p120ctn, catenin delta-1; RA, retinoic acid; RAC1, Ras-
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and intra-abdominal surfaces and then invade the extracellular matrix of
the mesothelial cell layer. The breaks in the mesothelium facilitate the
implantation and proliferation of endometrial tissue fragments and may
be essential for forming peritoneal endometriosis, the most common
type of endometriosis [2]. The endometriotic lesions can also occur in
the ovaries developing ovary cysts or in adjacent organs (deep infil-
trating endometriosis) and into the tissue between the vagina and
rectum (rectovaginal endometriosis) [3]. Ectopic endometrial implants
impair the reproductive system and cause condition-defining symptoms.
The extensive lesions and their adhesions can cause the emergence of
fibrotic tissue, leading to distortion of the pelvic organs, which may
contribute to fertility problems and chronic debilitating pelvic pain [4].

Current treatment choices contain analgesics, hormonal intervention
and surgical management and focus on treating each patient’s symptoms
rather than curing the disease completely. All therapeutic concepts are
usually aimed at pain control, regulating the menstrual cycle and
achieving pregnancy [5]. There is a substantial need to unravel the
complex pathophysiology of the condition as a basis for identifying new
methods of diagnosis and treatment. Several theories on the origin of
endometriosis have been offered, like Sampson’s retrograde menstrua-
tion theory, coelomic metaplasia and lymphovascular metastasis con-
cepts. Endometriosis pathophysiology is also strongly influenced by
genetic predisposition, immune response and environmental agents
[1,6]. Research from the last decade suggests that endometriosis is due
to immunological surveillance disturbances based on multiple lines of
defective immune responses [7]. Understanding the causation and
consequences of local immune dysregulation at ectopic sides is funda-
mental to developing new treatment options for this disease, as
inflammation and subsequent fibrosis account for the major clinical
symptoms, including severe pelvic pain, urinary problems, and infer-
tility. Inflammation is probably exerted by hemorrhage and tissue injury
due to blood accumulation within endometriotic lesions. Then, reactive
oxygen species (ROS) initiate cell death, elicit inflammatory response
and facilitate the implantation and survival of endometriotic lesions on
the peritoneum surface. The presence of hemosiderin-laden macro-
phages at the location of the endometriotic lesion confirms the described
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process. The inflammatory response is sustained due to the effort of
eliminate the abnormal tissue at the aberrant site. Both immune and
endometrial cells secrete cytokines and growth factors, which prime the
endometriotic lesion progression [8,9]. Hence, it is highly challenging to
construct clinically relevant models to identify fundamental mecha-
nisms of menstrual endometrium adhesion, invasion, and establishment
in ectopic sites and to develop new therapeutical approaches. This re-
view reports experimental tools for endometriosis research and de-
scribes how they mimic cellular and molecular mechanisms involved in
endometriosis pathogenesis and development.

2. Endometriotic niche

Endometriotic lesions exist in a complex and dynamic environment
created by interactions of multiple cells and inflammatory, angiogenic,
and endocrine signals. The epithelial, stromal, immune, endothelial, and
glandular cell populations are heterogenous in the endometriotic lesions
and represent inflammation-associated alternations. Endometrial im-
plants refluxed into the peritoneal cavity create a feed-forward loop and
stimulate the infiltration of immune cells, which generate an immuno-
logical imbalance. It is also worth emphasizing that the endometrial
implants possess an immune microenvironment comparable to a tumor-
like inflammatory system [10]. Investigating the main pathways
involved in the pathogenesis of endometriosis requires detailed insight
into the endometriotic's lesion cellular and non-cellular composition and
its relationship with different types of disease, stages, and symptoms.
Fig. 1 presents the endometriotic lesion microenvironment and the
factors expressed by the cells that can contribute to the development and
progression of peritoneal endometriosis.

2.1. Endometriotic epithelial and stromal cells

The endometrium undergoes monthly cycles of proliferation, dif-
ferentiation, breakdown, shedding, and regeneration under the influ-
ence of circulating ovarian steroids: estrogen and progesterone [11].
The endometrial layer comprises luminal and glandular epithelia that
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Fig. 1. Schematic presentation of endometriotic lesion microenvironment and factors expressed by neighboring cells contributing to peritoneal endometriosis

development and progression.

Abbreviations: DC, dendritic cells; GM-CSF, granulocyte-macrophage colony-stimulating factor; MR, mannose receptor;Sema3A, semaphorin 3A; TSLP, thymic
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invaginate into the stroma after birth through tubulogenesis [12].
Endometrial epithelial cells are characterized by columnar morphology,
apical-basal polarity, and lateral junctions that tightly connect the cells
and are the first uterine point of contact for blastocysts. The glandular
epithelium secretes mucins, nourishes, protects the uterus from infec-
tion, and increases receptivity for embryo apposition and implantation
[12,13]. Stromal cells differentiate into larger, rounder decidual cells
and undergo a mesenchymal-epithelial transition (MET) under the in-
fluence of ovarian-derived progesterone during the secretory phase of
each menstrual cycle to prepare for pregnancy [14]. Decidual cells
regulate trophoblast invasion, induce the spiral-artery network remod-
eling, assist the maternal immunotolerance and protect conceptus
against allorecognition. In the absence of a pregnancy, the corpus
luteum demises, circulating progesterone concentrations fall, and
endometrial stromal cells (ESC) upregulate intracellular inflammatory
signaling, which contributes to menstrual cascade propagation and tis-
sue breakdown [15]. Although endometrial stromal and epithelial cells
have separate important roles in the endometrium, cell-cell communi-
cation between them is crucial for normal endometrial function and
maintenance of pregnancy [16]. Sampson’s theory defining endome-
triosis posits that menstrual tissues fragments reflux through the fallo-
pian tubes into the peritoneal cavity [17]. Most women experience
retrograde menstruation, but only 10%-20% of them develop endome-
triosis; thus, in the function of tissue fragments and/or immune dysre-
gulation, molecular alterations must be involved in the implantation and
survival of the displaced endometrial cells [17].

Epithelial and stromal cells are the two major structural cell types in
endometriotic implants. Most endometriotic lesions consist primarily of
stromal cells and fewer epithelial components with morphological var-
iations distinguishing from typical glands observed in the eutopic
endometrium [18,19]. The endometriotic stromal cells express ste-
roidogenic genes and enzymes, including steroidogenic acute regulatory
protein (StAR) and aromatase, which are involved in the local estradiol
synthesis from cholesterol. In contrast to endometriotic lesions, normal
endometrial cells cannot synthesize estrogen due to the lack of these
enzymes [20]. StAR initializes the first step of estrogenic formation by
facilitating the transport of cytosolic cholesterol into the mitochondrion.
Aromatase is responsible for the final stage of E2 formation, the
aromatization of androstenedione and testosterone (androgens), origi-
nated primarily from adrenal and/or ovary, respectively, to estrone and
E2 (estrogens) [21]. E2 directly induces cyclooxygenase-2 (COX-2) to
form prostaglandin E2 (PGE2), responsible for evoking severe menstrual
cramps and chronic pelvic pain. PGE2, in turn, is the most potent known
stimulator of StAR and aromatase in endometriotic stromal cells [22].

Among estrogen receptors in endometriotic stromal cells, estrogen
receptor beta (ERp) level is abnormally higher, and estrogen receptor
alpha (ERa) level is lower than in normal endometrium because of
altered DNA methylation. The high ratio of ERp/ERa in endometriotic
stromal cells leads to increased ERp binding to the progesterone receptor
(PR) promoter, which may be the reason for observed low PR expression
in endometriosis [23]. Production locally large amounts of progesterone
by endometriotic stromal cells and PR deficiency confer a progesterone
resistance, linked with their reduced capacity for decidualization [24].
In the healthy endometrium, progesterone exerts an antiestrogenic ef-
fect by inducing 17p-hydroxysteroid dehydrogenase 2 (HSD17(2),
catalyzing the conversion of biologically active estradiol to less estro-
genic estrone. Progesterone acts by PR and increases the formation of
retinoic acid (RA) in ESC, which in turn induces HSD172 expression in
neighboring endometrial epithelial cells by paracrine signaling. In
contrast, endometriotic stromal cells are failed to respond to proges-
terone and do not produce RA. Lack of RA leads to a deficiency of
HSD17p2 in epithelial cells, thus giving rise to E2. Estradiol production
owing to aberrant aromatase enzymatic activity combined with
HSD17p2 deficiency as a consequence of progesterone resistance
contribute to the unnormal high levels of estradiol in endometriotic
tissue [25,26].
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Endometriotic stromal cells also secrete large amounts of immune
mediators such as IL-1f, IL-6, TNF-a, RANTES (regulated upon activa-
tion, normal T cell expressed and secreted), and MCP-1 (monocyte
chemoattractant protein-1) [1]. Thus, autoregulatory positive-feedback
mechanisms between inflammation and estrogen production ensure
chronic overexpression of genes encoding the aromatase and COX-2
enzymes and sustained formation of their products, estradiol and
PGE2, in endometriotic lesions [1,27]. Proliferation and invasiveness of
endometriotic stromal cells are supported by different chemokines
produced in the endometriotic microenvironment: RANTES, also called
CCL5, CCL2, CXCL8, and thymus-expressed chemokine, known as
CCL25. The elevated level of CCL25 and its receptor chemokine C re-
ceptor 9 (CCR9) in peritoneal fluid of endometriosis patients indicates
its role in the pathophysiology. Activation of CCL25/CCR9 signaling
mediates the invasiveness of stromal cells. Treatment of the stromal cells
with 17p-estradiol (E2) and 2,3,7,8- tetrachlorodibenzo-p-dioxin resul-
ted in higher expression of CCR9 and invasiveness initiation by
expression of MMP-2 and MMP-9 [28]. Further studies indicate that
CCL25 secreted by endometriotic stromal cells and macrophages facili-
tate Tregs differentiation, the IL-10 and TGF-p production, and secretion
by native T cells by activating the AKT/signal transducer and activator
of transcription 3 (STAT3) signaling pathway. CCL25 upregulation in-
hibits Treg apoptosis, which stimulates stromal cell growth and invasion
through IL-10, TGF-p and CD73 functional molecules, leading to an in-
crease in MMP2 and COX-2 expression in stromal cells [29].

Recently, the contribution of endometriotic epithelial cells to the
development of the inflammatory environment surrounding the lesions
has been reported [30]. Epithelium in endometriosis and adenomyosis
up-regulates stimulator of interferon gene (STING), which is involved in
the enrichment of host’s innate immunity by inducing type I interferon
in response to cyclic dinucleotides [31]. There are several potential
activators of the STING pathway in endometriosis, like immune factors
resulting from the autoinflammatory nature of the disease, epithelial cell
injuries or rapid cell proliferation associated with cancer-driver gene
mutations. STING expression in the glandular epithelial cells from
endometriosis correlates with the density of inflammatory cell infiltra-
tion within the epithelium in both lesions and eutopic endometrium
[30]. Following retrograde menstruation theory, immune dysfunction
has been hypothesized to facilitate successful lesion development after
displacement of refluxed endometrial debris into pelvic locations. Dys-
regulated innate and adaptive immune systems cannot initiate the
mechanisms responsible for menstrual debris cleavage, immune cell
infiltration, and tissue repair [32].

2.2. Macrophages

Many studies have demonstrated the abnormal distribution of mac-
rophages in patients with endometriosis, with an increased macrophage
population in the peritoneal cavity and eutopic endometrium [10].
Peritoneal macrophages in endometriosis women display enhanced
activation of the proinflammatory cytokine transcription factor — nu-
clear factor-kB (NF-kB), along with high secretion levels of the proin-
flammatory cytokines such as TNF-a, IL-6, and IL-1p [33]. Furthermore,
macrophages have been found to down-regulate the expression of IL-24
and its receptor in endometriotic stromal cells. The suppression of IL-24
leads to increased viability and invasiveness of endometriotic stromal
cells by enhancing the expression of relative proliferation gene Ki-67,
proliferating cell nuclear antigen (PCNA), and COX-2, and by
decreasing the CD82 level. Additionally, abnormally low levels of IL-24
may contribute to macrophages’ recruitment through CD82/CCL2
signaling and the impaired phagocytosis of macrophages by the COX-2/
PGE2 axis, finally improving survival, growth, and implantation of
ectopic endometrium [34].

The M1 and M2 dichotomy of macrophage phenotype in endome-
triosis has been broadly described. The elucidation of the mechanism of
the macrophage recruitment into the endometriotic lesion can provide a
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better comprehension of the physiopathology of this disease. Recent
findings have indicated that abnormal endometriotic cells can induce
anti-inflammatory M2 polarization of macrophages located in the peri-
toneal fluid. Macrophages can be educated by chemokines produced in
the endometriotic milieu. Numerous molecules with aberrant expression
in the endometriotic lesion have been identified as responsible for the
recruitment of macrophages. MCP-1 seems to activate macrophages via
paracrine and autocrine signals, as reported by Mei et al. (2019), where
MCP-1 and IL-22 derived from primary endometriotic stromal cells
stimulated by natural killers contributed to the recruitment of macro-
phages [35]. A high level of RANTES from the endometriotic cells may
also attract macrophages and induce macrophage tolerance [36]. Other
chemokines like IL-8, which is involved in macrophages recruitment in
cancer, are also engaged in creating the inflammatory and immuno-
suppressed environment. Fractalkine, a specific factor that chemo-
attracts and activates monocytes and macrophages, derived from
endometriotic stromal cells, recruits more macrophages into the ectopic
foci and induces M2 polarization of macrophages [37]. Data on the
phenotypic profile of macrophages present in the peritoneal cavity of
women with endometriosis indicates a decrease in the percentage of M1
(CD86+) and an increase in the ratio of CD163+/CD86+ M2 macro-
phages [38]. Peritoneal macrophages in endometriosis cannot eliminate
the endometrial tissues due to defective phagocytic capacity, resulting
from up-regulation of signal regulatory protein-a (SIRP-a) and its re-
ceptor CD47, while decreasing the corresponding expression of the
CD36 scavenger receptor. The expression of CD200 receptor (CD200R)
and CD200 (CD200R ligand) was increased in the ectopic endometrial
tissues. It is an estrogen-induced molecule that attenuates macrophage
phagocytosis and may contribute to the immune escape of endometriotic
cells [39]. The presence of nerve fibers is associated with the induction
of pain in endometriosis patients. Recent observations suggest that
macrophages and nerve fibers attract directly, reinforced by colony-
stimulating factor 1 (CSF-1) and CCL-2 secreted from nerves.

Semaphorin 3A (Sema3A), a member of the semaphoring family, is a
neuronal chemorepellent acting as a crucial axonal guidance molecule
and transducing signal through binding to its specific receptors neuro-
pilin (NRP) and PlexinAl, which are located on the surface of target
neurons. Expression of Sema3A and its receptors have been identified on
monocyte-derived macrophages. Sema3A/NRP-1 signaling guides mac-
rophages to the hypoxic microenvironment, accompanied by reprog-
ramming of macrophages toward the M2 phenotype [40]. Sema3A and
its receptors mediate the tumor cell migration by activating the vascular
endothelial growth factor receptor (VEGFR) and similar signaling is
probably involved in the macrophages’ reprogramming [41]. In endo-
metriosis controlled by estradiol, macrophage-nerve cross-talk has been
reported [42].

CD68+ macrophages were reported to co-localize with nerve fibers
within peritoneal endometriotic implants. Further analysis distin-
guished at least two subsets by assessing the expression of canonical
markers. Therefore, the frequency of CD14Mgh of peritoneal macro-
phages did not significantly correlate with pain scores, while CD14°%
showed a significant positive relationship with pain scores in endome-
triosis patients [43].

Elevated levels of several cytokines in the peritoneal cavity can
enhance the dysregulated state of macrophages and other immune cells.
Immune cells, after infiltration of endometrial ectopic sites, secrete
many cytokines, including IL-6, the most studied pro-inflammatory
cytokine in endometriosis [44]. IL-6 is a multifunctional cytokine
secreted mainly by activated macrophages and exerts multiple activities
via its receptor (IL-6R), which exists in two forms: membrane-binding
receptor (mIL-6R) and soluble receptor (SIL-6R). A recent study
revealed that activated macrophages and mIL-6R were consistently
increased in peritoneal fluid in endometriosis patients. It was found that
endometriotic macrophages are both significant producers of IL-6 and
the main target cells of IL-6 [45].

IL-6 was also reported as inducer of NOTCH-1 expression by
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mediating the function of E-proteins. The NOTCH family trans-
membrane receptors are responsible for transduction of extracellular
signals and controlling various cellular processes such as proliferation,
survival, and immune modulation. The aberrant expression of NOTCH-1
was reported in ectopic endometrial tissue. In turn, IL-6, after binding
with its receptor, stimulates p38MAPK phosphorylation and stabilizes E-
proteins, encoding a class of basic helix-loop-helix transcription factors
that regulate NOTCH-1 expression.

IL-6 induces NOTCH-1 expression in human endometriotic epithelial
12Z cells and increases the number of endometriotic lesions in the
mouse model of endometriosis. Hence, increased NOTCH-1 through IL-6
activation in the epithelium of endometriotic lesions could enhance
glandular cell proliferation and further accelerate lesion development
[46]. In this sense, endometriosis in the initial phase leads to macro-
phage polarization towards a phenotype similar to M2 and M1 in
advanced stages, demonstrating impaired phagocytic and antigen-
presenting abilities. Elevated levels of various cytokines in the perito-
neal cavity maintain a chronic inflammatory environment by promoting
a dysregulated state of macrophages and other immune cells.

2.3. Neutrophils

In the context of endometriosis, an increased number of neutrophils
in the peritoneal fluid is observed, especially in the advanced stages. The
neutrophil infiltration is likely a consequence of the elevated plasma and
peritoneal fluid concentration of potent neutrophil chemoattractants
such as IL-8, growth-regulated gene o, neutrophil-activating peptide 78,
and human neutrophil peptides 1, 2, and 3 [47,48].

Neutrophils produce and accumulate pro-inflammatory cytokines,
such as vascular endothelial growth factor (VEGF), IL-8, IL-12, IL-17A,
CXCL10, which support disease progression and induce chronic
inflammation characteristic of endometriosis [48]. Some studies pro-
pose that the neutrophil-to-lymphocyte ratio is indicative of disease
progression and valuable as a diagnostic tool, but further studies are
warranted to clarify the neutrophils’ involvement in endometriosis
pathogenesis [49].

2.4. Natural killer cells

NK cells in the peritoneal fluid of endometriosis women have
reduced cytotoxicity due to decreased natural cytotoxicity receptor
(NKp46) and a cell surface marker for cytotoxicity (CK107a) and the
increased inhibitory receptor CD94/NKG2A [32]. Consequently, NK
cells lose the function of apoptosis stimulation, which contributes to the
immune escape of endometrial fragments in the peritoneal cavity. IL-6,
IL-15, and TGF-p released by endometriotic cells down-regulate the
killing activity of NK cells, which subsequently promotes the survival of
endometrial tissue for advanced implantation [48].

2.5. Dendritic cells

Dendritic cells are heterogeneous monocyte lineage specialized in
antigen presentation, determining immune activation or anergy by high
expression of co-stimulatory or co-inhibitory mediators [50]. In terms of
the frequency of dendritic cells in the lesion or peritoneal cavity, sig-
nificant reduction of dendritic cells is consistent with larger
endometriosis-like lesions and markedly reduced activation of T lym-
phocytes [51]. Clinicians recently documented that endometriosis pa-
tient peritoneal fluids contain a high proportion of mannose receptor
(MR) positive BDCA1+ dendritic cells. Mannose receptors are respon-
sible for recognizing antigens derived from dead endometrial cells and
their phagocytosis [51]. Further, MR+ dendritic cells can contribute
distinctly to the escape of immune surveillance through secretion of IL-6
and IL-1p.
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2.6. T and B lymphocytes

T lymphocytes are one of the crucial components of the adaptive
immune system implicated in the pathogenesis of endometriosis. It is
assumed that the balance of Th1l and Th2 helper cells shifted towards
Th2 causes disease progression [52]. Indeed, studies of cytokines in
peritoneal fluid demonstrated the increased levels of anti-inflammatory
Th2 cytokines, such as IL-4, IL-10, and thymic stromal lymphopoietin
(TSLP) and reduced levels of IFN-y [53,54].

The higher frequency of the immunosuppressive Th17 subset in the
peritoneal fluid is associated with the increased severity of the disease.
The Th17-derived proinflammatory cytokines, such as IL-17A, IFN-y,
and IL-1p, are abundant in the peritoneal cavity [55]. IL-17A, the pri-
mary cytokine product of Th17, stimulates endometriosis stromal cell
proliferation, IL-8 and COX-2 expression; therefore, the Th17 pathway
contributes an attractive therapeutic target as in similar chronic in-
flammatory conditions [56,57].

Treg is another subset of helper T cells with specialized anti-
inflammatory activity, thereby maintaining the immune system toler-
ance to self-antigens. Extensive studies have reported many suppressive
Treg cells in the peritoneal fluid of women with endometriosis, sug-
gesting a decreased elimination of ectopic endometrial tissue fragments
[58]. CCL25 produced by endometriotic stromal cells and macrophages
can initiate local immune tolerance by up-regulating the quantity and
functionality of Treg cells. In turn, Tregs can also enhance ESC prolif-
eration and invasion through the production of IL-10 and TGF-$ [29].

In the pathogenesis of endometriosis, B lymphocytes have been
suggested to play a role by secreting autoantibodies [59]. Anti-
endometrial antibodies bounded to the glandular component of
ectopic and eutopic endometrium were detected with increased immu-
noreactivity within the progress of endometriosis. The presence of au-
toantibodies should be considered with others coexisting with
endometriosis immunological and autoimmune-mediated diseases. The
anti-endometrial antibodies might also bind embryos and sperms, thus,
in turn, contributing to endometriosis-related infertility [52].

An additional function of B lymphocytes is the production of cyto-
kines such as IL-6, granulocyte-macrophage colony-stimulating factor,
and IL-17, which have been shown to modulate the activity of immune
cells such as CD4+ T cells and exacerbate the inflammatory microen-
vironment [60]. The synergistic effect of many cell types, including
macrophages, endometrial cells, lymphocytes, and Tregs and soluble
mediators such as cytokines and chemokines, facilitates this invasive,
pro-angiogenic, proliferative endometriotic niche, allowing survival and
implantation of shed endometrial cells. Further studies are therefore
warranted to fully understand the interaction of immune cells within the
endometriotic lesion microenvironment.

2.7. Mesothelial cells

The peritoneal mesothelium is an epithelial-like monolayer that
covers the surface of the peritoneal membrane and maintains serosal
homeostasis. The mesothelial lining is continuous with cells joined
tightly by junctions and acts as a semipermeable membrane regulating
the transport of ions, water, and other solutes, involved in the activation
of peritoneal inflammation and the recruitment of neutrophils and
macrophages [61]. The basement membrane and connective tissue
constitute the peritoneal membrane's extracellular matrix (ECM),
composed mainly of mesothelial-originated adhesive molecules such as
type I and IV collagen, laminin and fibronectin [62].

The adhesion mechanism of the primary endometrial cells to the
peritoneal surface remains unresolved. Potentially, the intact mesothe-
lium prevents adhesion and invasion of shed endometrial tissue, which
binds preferably to the ECM components [63]. However, more common
observations suggest that menstrual effluent can adhere directly to the
peritoneal mesothelium and create its invasion site by damaging the
mesothelium, thus exposing the ECM. The spread and invasion of
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endometrial epithelial and stromal cells may be facilitated by loss of
mesothelial cell adhesion and increased expression of matrix metal-
loproteases (MMPs), both in the peritoneal cells of the lesion and ectopic
endometrial cells [64,65].

Another important contributor to the formation of the lesions is the
change of mesothelial cell morphology from cuboidal to columnar cell
types under the influence of inflammatory stimulus [63]. Human peri-
toneal mesothelial cells have been found to undergo an epi-
thelial-mesenchymal transition (EMT) in response to menstrual effluent
[66]. EMT is a process of losing epithelial cell morphology by decreasing
E-cadherin expression, disintegrating tight junctions and cytoskeleton
reorganization, and gaining mesenchymal cell characteristics by
expressing N-cadherin, vimentin, smooth muscle actin, and acquiring
migration and invasion of mesenchymal cells [67]. Metaplastic change
cells of the visceral and parietal peritoneum into endometriotic lesions
support Meyer's theory that postulates coelomic metaplasia as an
endometriosis origin [68]. These changes constitute prerequisites for
establishing endometriotic lesions because both in peritoneal and
ovarian endometriotic lesions, the mesenchymal markers are up-
regulated, while epithelial markers are downregulated [69]. Many au-
thors concluded that the peritoneum of women with endometriosis is
biologically changed due to up-regulation of cytokines and growth
factors like TNF-a, HGF, TGF-f, IL-1B, IL-6, IL-8, and MCP-1. These
immune mediators are produced in response to adjacent endometrial
epithelial cells and may contribute to altered peritoneal immune state
and enhanced invasion of ectopic cells [70,71]. A powerful preclinical
study recently showed that pelvic peritoneal mesothelial cells of women
with endometriosis exhibit a switch from normal mitochondrial respi-
ration to a glycolytic phenotype. In the tumor microenvironment, lactate
facilitates metastasis, angiogenesis, and immune suppression, while the
same processes are involved in the formation and survival of endo-
metriotic lesions. This finding provides new insight into the therapeutic
concept by targeting metabolic processes with a non-contraceptive
treatment for women with endometriosis [72].

2.8. Stem cells

Endometrial stem cells' ability to regenerate the entire endometrium
makes them ideal suspects in endometriosis. The endometrium is a
remarkable tissue with vast regenerative capacity composed of two main
zones: the outer functional layer - dense glandular tissue and a loose
connective stroma and the inner basal layer, which primarily contains
the stroma, basal gland region, and supporting leukocytes and vascular
system [73]. The functional layer and a small portion of the basal layer
are shed during each menstrual cycle. Therefore every cyclic regenera-
tion requires replenishment of all cellular compartments repeatedly,
which is ensured by the resident stem/progenitor cell population [68].

Endometrial stem/progenitor cells are clonogenic, heterogeneous,
and include all cell lineages of the endometrium. It has been suggested
that endometrial stem/progenitor cells are transported in retrograde
menstrual efflux, which, through retrograde menstruation, gain access
to the peritoneal cavity, where they start the lesion development via
their clonogenic activity [74,75]. Endometrial stem/progenitor cell
population is generally categorized into: endometrial mesenchymal
progenitor/stem cells (eMSCs), endometrial epithelial stem/progenitor
cells, side population cells (SPs). CD140b+ CD146+ eMSCs are located
perivascularly in both the functional and basal compartment. The sec-
ond population of eMSCs is represented by the sushi domain containing-
2 (SUSD2+) perivascular cells. Epithelial progenitor cells are a subset of
stage-specific embryonic antigen-1 (SSEA-1+) cells located at the basal
glandular epithelium and may form individual colonies. Clonogenic
epithelial cells are enriched for N-cadherin, enhancing self-renewal by
serial cloning. An epithelial cell hierarchy in the human endometrium
based on the N-cadherin and SSEA-1 has been proposed. N-cadherin+
epithelial cells is the most primitive population observed in endometrial
gland bases in the basalis, followed by SSEA-1+ cells and dual-negative
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cells in the functionalis glands and some of the luminal epithelium [76].
Endometrial SPs are considered heterogeneous populations containing
endothelial cell markers (CD31), hematopoietic cell markers (CD34 and
CD45), the epithelial cell marker EMA, and mesenchymal stem cell
markers (CD90, CD105, and CD146). eMSC in ectopic lesions have a
higher proliferative potential and migration and angiogenesis capacity
than eutopic eMSCs from healthy controls. Moreover, the expression of
SSEA-1 in ectopic epithelial cells is similar to that in eutopic basalis
epithelium, which supports the theory of a stem cell origin of endome-
triosis [77]. N-cadherin+ epithelial cells were observed in 50% of
peritoneal and deep infiltrating lesions. Under the peritoneal microen-
vironment, endogenous stem/progenitor cells have altered molecular
properties. On the other hand, the estrogenic environment in the
endometriotic implant probably may not be directly involved in the
regulation of stem/progenitor cells due to the lack of ERa in the
SUSD2+, eMSCs, and SPs [76]. The expression of other adult stem cell
markers like Musashi-1, OCT4, SOX15, SOX2, KIT, NOTCH-1, Numb,
and the corneal epithelial progenitor cell marker importin 13 was also
reported in the endometriotic milieu. An elevated level of cytokine
avidin A in peritoneal fluid increased the expression of connective tissue
growth factor (CTGF) in SUSD2+ eMSCs, which may induce myofibro-
blast differentiation in SUSD2+ eMSCs through Smad2/3 activity [78].
Moreover, the endometrial stem cell abnormal expression profiles of
stemness- and cancer-associated genes, such as KIT, HIF2a, and E-cad-
herin, were demonstrated in endometriosis patients [79].

Alternatively, stem cells contributing to endometriotic lesions may
arise from a different extrauterine source. This hypothesis is appealing
as bone marrow-derived cells (BMDSCs) can seed the endometrium and
differentiate into mature endometrial cell types [80]. The chemo-
attraction of BMDSCs was linked with high E2 and chemokine CXCL12
secretion in the endometriotic tissue. After delivery of circulating
BMDSCs, they exhibit properties of stromal and epithelial cells. Cytokine
secretion by the implanted BMDSCs promotes the proliferation of
ectopic endometrial cells [81].

Endometrial stem cells likely play an important role in the pathology
of the reproductive tract, such as endometriosis. Future research can use
stem cell systems to characterize better the molecular pathways regu-
lating endometrial stem/progenitor cells in this gynecological disorder.
There is a growing body of evidence that endometrial stem/progenitor
cells are a promising therapeutic target for endometriosis but require a
cautious therapeutic approach to target endometriotic lesion establish-
ment without altering the normal endometrium.

3. In vitro modeling of endometriosis

Developing in vitro models that resemble the main characteristics of
endometriosis is a challenging task for several reasons, ranging from not
fully elucidated causes of how the disease begins and persists. Multiple
theories of disease origin (i.e. retrograde menstruation, lymphovascular
metastasis, metaplasia) have been proposed along with various factors
contributing to pathogenesis and progression. Further, endometriosis
manifests as diverse disease forms such as superficial peritoneal lesions,
endometrioma, and deeply infiltrating lesions. Currently, the main
challenge to designing the experimental models of endometriosis goes
beyond reconstructing factors affecting this disease and identifying po-
tential therapeutic targets. Tools for endometriosis research should also
incorporate relevant disease characteristics, follow the cellular and
molecular mediators’ network and mimic clinical behavior observed in
patients. Although in vitro models cannot fully contemplate all
endometriosis-related biological mechanisms, they enable the determi-
nation of critical cellular and molecular parameters in disease and the
screening of therapeutic compounds, with easier access to research
material, lower ethical issues, and costs. To make important insights into
endometriosis pathophysiology, scientists construct experimental
models based on the patient-derived tissues, fluids and cells, primary
cell cultures, and cell lines, combining them in two-dimensional (2D) co-
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cultures or three-dimensional (3D) models utilized in the research more
recently.

3.1. Patient-derived tissue, fluids, and cells

Many centers worldwide collect tissue samples of ectopic and eutopic
endometrium and fluids from women with and without endometriosis
undergoing laparoscopy for various research purposes. However, pro-
tocols variability used for collecting, processing, and storing specimens
probably limits the compilation and reproducibility of data obtained in
different research laboratories and practical worldwide cooperation.
The World Endometriosis Research Foundation (WERF) Endometriosis
Phenome and Biobanking Harmonization Project (EPHect) focused on
overcoming limitations through the adoption of well-described standard
operating procedures (SOPs) about gathering samples and standardiza-
tion of surgical patients data [82].

Biopsies can be isolated from the peritoneal lining, ovarian cysts, or
deep infiltrating nodules. Lesion biopsies may be contaminated with
surrounding peritoneal tissue; therefore, including peritoneum and
endometrium control tissues is recommended in the examination. The
menstruation cycle phase and intake of exogenous hormones should also
be considered as these factors can modulate the composition and con-
centration of peritoneal fluid [83]. Healthy patients generally do not
undergo laparoscopy and endometrium biopsy; thus, access to control
samples is significantly limited.

Identification of potential diagnostic biomarkers and novel drug
targets for the disease is possible through molecular profile analysis
based on changes in DNA, RNA, protein, and metabolite levels detected
in various bodily fluids. The collection of blood, urine, saliva, endo-
metrial fluid, peritoneal fluid, and menstrual effluent in endometriosis
research according to the SOPs envisaged by the WERF EPHect allows
for significant advances to be made in the detection of endometriosis
biomarker relationships through multi-center collaborative studies.

3.2. Human primary endometrial epithelial and stromal cells

Primary endometriosis cell cultures are generally prepared from
surgical biopsies from various lesions, including ovarian cysts, perito-
neal implants, and deep infiltrating endometriosis, with cell isolation
performed according to standardized protocols [84,85]. Briefly, tissue
fragments are rinsed, minced, and digested with collagenase at standard
culture conditions. Epithelial glands are separated from stromal cells,
blood cells, and debris by serial filtration using narrow gage sieves and
cultured in Dulbecco’s modified Eagle medium supplemented with 10%
fetal calf serum and antibiotics. Separately, stromal cells derived from
collagenase digestion of endometriotic tissues are plated to the culture
flasks and maintained under the same culture conditions [86].

Endometrial epithelial and stromal cells isolated directly from
endometrial biopsies and ectopic endometriotic tissues exhibit the in-
dividual in vivo phenotypic and functional markers [87]. Two types of
cells could be distinguished: one displaying stromal cell features (cyto-
keratin/E-cadherin-negative), the other epithelial-like (cytokeratin-
positive/E-cadherin-negative). However, analysis of the cellular
composition of endometriotic lesions revealed two types of cytokeratin-
expressing epithelial cells. E-cadherin-negative epithelial cells less
frequent in the peritoneal endometriosis biopsies were invasive in vitro,
whereas noninvasive endometrial epithelial cells were E-cadherin pos-
itive. The invasive phenotype of endometriotic cells is reminiscent of
carcinoma cells and might play an important role in developing and
invading endometriosis [88,89]. Despite the successful separation of the
stromal and epithelial cells derived from endometriotic samples, cul-
tures of stromal-like cells displayed variability in morphology indistin-
guishable from the endometrial stroma [90]. The degree of similarity
between the two tissues is of particular interest because endometrial
tissue is regarded as a likely precursor tissue for endometriosis. Primary
endometrial cells isolated from the eutopic endometrium have
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significant application in endometriosis research. Recently, a quality
control pipeline to assure sufficient quality of in vitro research in the field
of endometriosis was proposed. The construction of primary cell cul-
tures from ectopic tissues should confirm the absence of mesothelial,
endothelial, immune, and vascular cells and subsequently detect endo-
metrial specific markers such as paired box 2 (PAX2), expressed highly
in both ectopic and eutopic stromal and epithelial cells, with further
characterization regarding the expression of steroid hormone receptors
and epithelial and stromal markers [91].

Epithelial progenitor and mesenchymal stem cells derived from the
basal layer of the human endometrium are likely responsible for its
immense regenerative capacity; they may also be implicated in the
development of endometriosis due to their occurrence together with
menstrual debris in the peritoneum [92]. The importance of endometrial
stem cells in the establishment and progression of endometriotic lesions
have been identified using endometrial stem cells isolated from the
ectopic lesions of endometriosis patients and eutopic endometrium of
the control group [93].

Primary cells can better shed light on the onset of endometriosis;
however, in in vitro conditions, they have a limited life span. Never-
theless, establishing endometriosis cell lines requires the prerequisite
isolation and culture of primary cells.

3.3. Endometrial and endometriotic cell lines

As culture time and passaging of primary endometrial cells are
limited in standard culture conditions, it is necessary to establish
immortalized endometrial cell lines as suitable to the construction of
experimental in vitro models. Cell lines are obtained from primary cells
isolated from the endometrium or endometriotic lesions, which survive
in culture following the first passage. Established immortalized cell lines
have the ability to unlimited proliferation; they can be repeatedly
passaged and reliably recovered from biobank after cryopreservation.
Continuous cell lines constitute a viable tool for functional studies on
endometriosis. Their main characteristics are summarized in Table 1 and
described in the following chapters.

3.3.1. Endometrial stromal cell lines

3.3.1.1. St-T1b cell line. Samalecos's group established an endometrial
stromal St-T1b cell line from primary cells derived from proliferative
endometrium of patients with tubal disease awaiting in vitro fertilization
treatment [94]. St-T1b cell line can be maintained in continuous culture
owing to immortalization by introducing the human telomerase reverse
transcriptase (hTERT) into primary cells. Cells display typical
morphology of proliferative endometrial fibroblasts and express
appropriate markers like vimentin and CD90, with lack an epithelioid
marker cytokeratin-7 (CK7) expression. The expression of progesterone
receptor (PR) and ERa is detectable in St-T1b cells, whereas ERf tran-
scripts are below the detection limit. Despite PR transcripts expression,
the combination of progestin with E2 fails to induce decidualization-
related morphologic changes in St-T1b cells. On the other hand, upon
cAMP stimulation, St-T1b cells respond to progestin and express typical
marker genes of decidualization, namely those coding for decidual PRL
(dPRL), IGFBP-1 and FOXO1. cAMP admittedly acts as a decidualization
stimulus but is insufficient to sustain the decidual phenotype over an
extended period. Interestingly, long-term maintenance of decidualiza-
tion can be achieved by adding P4. It has been found that St-T1b cells
can constitute a valid substitute for primary endometrial cells, mainly in
the studies on the mechanisms of decidualization [94].

The St-T1b cell line has been utilized in invasion studies, which have
shown that down-regulation of miR200b in the eutopic endometrium
can promote cell release from the surrounding tissue and facilitate
invasive growth at ectopic sites [95]. In such research, normal ESC may
constitute a reference control for endometriotic cells to evaluate the
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invasive process involved in endometriosis and reveal the mechanisms
modulating the stromal cell invasiveness [96].

3.3.1.2. SHT290 cell line. Cell line SHT290 was obtained by intro-
ducing the hTERT into human normal ESC [97]. SHT290 cells exhibit
uniform bipolar fibroblast-like morphology and weak cytokeratin 18
and 13 expression. They strongly express vimentin, typical of differen-
tiated stromal cells of mesenchymal origin, and decidualization markers
prolactin and plasminogen inhibitor type-1. Also, they have progester-
one receptor and estrogen receptors functional in the decidualization
response. Endometrial stromal SHT290 cells may differentiate and
regulate the growth of epithelial cells in response to ovarian steroid
hormones, which expand their application in the studies on paracrine
factors and the reciprocal stromal-epithelial interactions in the endo-
metrium [97]. Rai and Shivaji (2011) applied the SHT290 cell line to
investigate the role of human protein deglycase (DJ-1) in the patho-
genesis of endometriosis [98]. Table 1 presents this research briefly.

3.3.1.3. T-HESC cell line. T-HESC line (telomerase-transformed human
endometrial stromal cells) display morphological changes and
biochemical endpoints of decidualization after exposure to a progesta-
tional milieu [99]. This cell line, karyotypically and phenotypically
similar to the primary parent cells, responding to hormone stimulation
as cultured primary stromal cells, has become a widely used invaluable
tool for studying physiological functions of uterine endometrium and its
pathological changes.

The T-HESC line has been applied to study TGF-f signaling pathways
in endometrial and endometriotic cells [100] identify the role of chronic
NOTCH-1 signaling activation underlying progesterone resistance in
endometriosis [101]. Recently, Holdsworth-Carson and co-workers
found that manipulating the long intergenic non-coding RNA 339
(LINC00339) expression in HESC cells impacts immune defense path-
ways, which are fundamental biological pathways that stimulate endo-
metriosis development [102].

3.3.1.4. KC02-44D cell line. The KC02-44D cell line is a human endo-
metrial stromal cell line established by infection with lentivirus pLenti6-
hTERT vector to study endometrial function and decidualization
mechanisms induced in vitro [103]. This cell line responds to IL-1p
through inducing COX-2 expression and PGE2 production, similarly to
primary cells. KC02-44D decidualization is caused by progestin and
cAMP and the regulation of PR expression by E2. Cells exposed to
ovarian steroids show stromal cell biochemical properties and markers
such as vimentin, CD10, or CD13, but they do not display cytokeratin, a
marker of epithelial cells. The KC02-44D cell line has been considered a
representative cell line and a valuable tool for studying normal and
pathological processes in human endometrium [103].

3.3.2. Endometrial epithelial cell lines

3.3.2.1. Ishikawa cells. Ishikawa cells were isolated from a well-
differentiated human endometrial epithelial adenocarcinoma [104].
The cells maintain functional steroid receptors: estrogen and proges-
terone receptors (ER and PR). Although this cell line does not represent
endometrial or endometriotic tissue, it retains characteristics of endo-
metrial glandular epithelium. According to scientists, the Ishikawa cell
line is a valuable model for studying normal endometrium function
[105]. The PR in these cells is immunologically and biochemically
similar to PR in normal endometrium,; it is induced by estrogen and
suppressed by progesterone [106]. Moreover, Ishikawa cells express
many structural proteins and enzymes specific to normal endometrium
[107,108]; therefore, they have been used in several studies on endo-
metriosis as a representative cell line for human endometrium (Table 1).
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Table 1
Cell lines, their characteristics and applications in endometriosis research.

Cell line (origin) Immortality ~ Specific markers Cell culture Research area Main findings References

system

Endometrial stromal cells (ESCs)

St-T1b (endometrium) Yes ERa (+), ER (), Monoculture Endometrium Reduction of decidualization markers (dPRL, [94]

PR (4), Vim (+), decidualization IGFBP-1, FOXO1) upon progestin treatment.
CD90 (+), CK7 (-) Monoculture Migration, invasion Increase in miR-200b, decrease in EMT and [95]
invasiveness.
Spheroids (ESCs, Migration, invasion Model of collapsed endometrium placed on a [96]
127 cells) Matrigel or type I collagen. Directional
migration followed by matrix remodeling was
observed due to increased MMP2 and MMP14.
SHT290 Yes ERa (+), ERp (), Co-culture (ESCs, Paracrine interactions, The inhibited proliferation of Ishikawa cells [971
(endometrium) PR (+), Vim (+), Ishikawa cells) hormone response treated with estrogen or progesterone.
prolactin (+), PAI-1 Monoculture DJ-1 effect on cell Enhanced DJ-1 expression, increased cell [98]
+) proliferation, migration, invasion.
invasion
T-HESC Yes Vim (+) Monoculture Endometrium Increased decidualization markers (IGFBP-1, [94]
(endometrium) decidualization FN, dPRL, TF, PAI-1, FasL) after treatment with
E2/MPA.
TGF-p signalling, cell Increased TGF-P1 secretion and PAI-1 [100]
adhesion expression, decreased cell adhesion.
Progesterone resistance, in progestogenic environment: [101]
NOTCH-1 regulation | NOTCH-1: reduced cell number, 1 PGR
expression; 1 NOTCH-1: increased cell number,
| PGR expression.
Non-coding RNA 339 in LINCO00339 impacts immune defence pathways [102]
endometriosis in T-HESC cells.

KC02-44D Yes Vim (+), CD10 (4), Monoculture Endometrium Increased decidualization by progestin and [103]

(endometrium) CD13 (4), CK (-) decidualization cAMP. Induced PR by E2. Decreased
decidualization by IL-1f.

Ishikawa cells Yes ERa (4), ERp (4), Monoculture Cell line establishment Estrogen independency. [104]
(endometrial PR () Effects of hormone Enhanced proliferation by 4-OH tamoxifen [105]
adenocarcinoma) treatment on cell growth  (anti-oestrogen), decreased proliferation by 4-

and PR expression OH tamoxifen + ICI 164,384 (anti-oestrogen)
1 PR after treatment with 4-OH tamoxifen,
|PR after treatment with 4-OH tamoxifen + ICI
164,384
Migration miRNA (let-7f) modulation by aromatase [121]
inhibitor, decreased cell migration
Monoculture, Migration, EMT process Impaired claudins localization, EMT observed in ~ [122]
low-invasive endometriotic cells.
control

Endometriotic stromal cells

Hs 832(C).T (ovarian Yes Vim (+), CK (-), E- Monoculture Cell line establishment Characteristic of cell line (ultrastructural [109]
endometriosis) cad () features, chromosome number, doubling time).

Apoptosis induction by t FOXO01, 1 FOX03, 1 Bim, 1 pro-caspase-3, 1 [111]
propofol active caspase-3, 1 p53, 1 p21 expression.
Migration t E-cadherin, 1 Claudin-1, 1 Claudin-3 [112]
|Vimentin, | SNAIL, | TWIST1, | ZEB1
expression under LINC00261 (IncRNA)
regulation.
Invasion Inhibited autophagy, | exogenous fascin-1 [113]
expression, enhanced endometriotic cell
invasiveness.

22B (peritoneal Yes Vim (+), CK (), E- Monoculture Proliferation, apoptosis, t EGF, t EGFR1, t EGFR2, t EGFR3 [89,117]
endometriosis) cad (—), ERa, B (+), invasion, angiogenesis, t MMP2, + MMP9,

PR (&), P450 (+) inflammation 1 VEGF, 1 VEGFR-1, -2, -3
1 IL-1pB, t TNF-a expression.

Endometriotic epithelial cells

EEC145T (peritoneal No Vim (+), CK (+), E- Monoculture Invasion Increased invasion by peritoneal fluid CA-125. [115]
endometriosis) cad (—), ERa, B (+), Adhesion Decreased adhesion by CA-125. [116]

PR (+)

10Z (peritoneal Yes Vim (+), CK (+), E- Monoculture Invasion The 10Z cell line in non-invasive. [89]
endometriosis) cad (-), ERa, B (+),

127 (peritoneal Yes (+), PR (+), P450 Monoculture Proliferation, apoptosis, 1 EGF, t EGFR1, t EGFR2, t EGFR3 [89,117]
endometriosis) (+) invasion, angiogenesis, 1t MMP2, + MMP9

11Z, 49Z, 108Z No inflammation 1 VEGF, t VEGFR-1, -2, -3
(peritoneal t TNF-a expression.
endometriosis)

12Z (peritoneal Yes Monoculture Proliferation Reduced proliferation under treatment with [123]
endometriosis) GHRH antagonist.

Inflammation | CXCR4 expression. [124]

(continued on next page)



A. Golgbek-Grenda and A. Olejnik
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Cell line (origin) Immortality ~ Specific markers Cell culture Research area Main findings References
system
NOTCH signalling 1 NOTCH-1 expression under IL-6 regulation. [46]
Association between PR EMT induction, | PR expression. [125]
and EMT process t mesenchymal marker (CDH2) expression.
EEC16-TERT (ovarian Yes Vim (+), CK (), E-  Monoculture Cell line establishment, Cell phenotype transformation is lower for [118]
endometriosis) cad (-), ERa (-), PR transcriptome analysis EEC16-TERT cells than for 12Z cells.
) Increased cell migration and invasiveness.
1 HAS1, KRT19, CDH20, ALDH1A2 and |
HOXC11, HOXC12, SOD3, CALCR expression
compared to normal ovarian epithelial cells.
monoculture Neoplastic Activation of Src and Wnt signalling. [119]
3D spheroid transformation

1 Increase; | Decrease. Abbreviations used in Table 1: ALDH1A2, aldehyde dehydrogenase 1 family member A2; BIM, Bcl2-interacting mediator of cell death; CALCR,
calcitonin receptor; CDH2, cadherin 2; CDH20, cadherin 20; CD90, cluster of differentiation 90; CK, cytokeratin; CXCR4, C-X-C chemokine receptor type 4; E-cad, E-
cadherin; FasL, Fas Ligand; FN, fibronectin; GHRH, growth hormone-releasing hormone; HAS1, hyaluronan synthase 1; HOXC11, homeobox C11; HOXC12, homeobox
C12; ICI 164,384, antiestrogen — undecanamide; KRT19, keratin 19; LINC00261, long intergenic non-protein coding RNA 261; LINC00339, intergenic non-protein
coding RNA 339; MPA, medroxyprogesterone acetate; NOTCH-1, neurogenic locus notch homolog protein 1; PAI1, plasminogen activator inhibitor-1; p21, cyclin-
dependent kinase inhibitor 1A; P450, cytochrome P450 aromatase; p53, tumor protein 53; SNAIL, snail 1 zinc finger protein; SOD3, superoxide dismutase 3; TF,
tissue factor; TWIST1, twist-related protein 1; VEGFR, vascular endothelial growth factor receptor; ZEB1, zinc finger E-box-binding homeobox 1.

3.3.3. Endometriotic cell lines

3.3.3.1. Hs 832(C).T cell line. Endometriotic stromal The Hs 832(C).T
cell line was isolated from the inner and outer surfaces of the benign
ovarian cyst from an endometriosis patient [109]. The cells have been
partially characterized as stromal (vimentin-positive, cytokeratin-
negative, E-cadherin-negative) but not well described for molecular
markers for endometrial epithelium and stroma, despite being authen-
ticated by short tandem repeat profiling [110]. This cell line was widely
used as a representative of stromal ectopic endometriotic fraction in
studies on endometriosis development in terms of cell proliferation and
apoptosis [111], migration [112] and invasion [113]. Nevertheless, the
commercial availability of this cell line was discontinued due to its slow
growth rate [110].

3.3.3.2. 10Z, 11Z, 12Z, 49Z, 108Z, EEC145T, 22B cell lines. Zeitvogel
et al. (2001) established a set of endometriotic cell lines derived from
peritoneal endometriotic biopsies [89]. Scientists immortalized two cell
types representing stromal (cytokeratin-negative, vimentin-positive)
and epithelial (cytokeratin-positive, vimentin-positive) cell features
with SV40 T-antigen. Both cell types were E-cadherin-negative. They
obtained 11 cytokeratin-positive epithelial-like cell lines and 13
cytokeratin-negative fibroblastoid cell lines with spindle-shaped
morphology. Although these established cell lines are not neoplastic,
they share some features with carcinoma cells, like invasive capacity. N-
cadherin-dependent motility has been identified in the endometriotic
cell lines, which may be relevant for their invasiveness and migration
similar to cancerous cells. Furthermore, endometriotic cells expressed
catenins like p-catenin and p120ctn in the cell membrane, which are
implicated in the transformed phenotype [89]. Only 10Z and 12Z cell
lines became immortal; other cell lines had a limited life span or died.
EEC145T cell line retained its initial characteristic until 25 passages and
then began to lose the cytokeratin expression, invasive capacity and
expression of fibroblast growth factor activating gene 1 (Frag-1), but
maintained its proliferative potential [114]. The EEC145T cell line was
used to study the effect of CA-125 on cell invasiveness and adhesion
[115,116]. Almost all established endometriotic cell lines expressed
aromatase cytochrome P-450, responsible for the local production of
estradiol in the endometriotic lesions. In contrast, they showed low
expression of steroids markers like ERa, ERB, and PR [89]. Further,
many genes and proteins expression patterns, identified in women with
endometriosis, have been detected in established human endometrial
epithelial cells (12Z, 49Z, 108Z, and 11Z) and stromal cells (22B) [117].
The cell cycle regulation and cell survival gene profiles reveal mitogenic
and survival characteristics of endometriotic cell lines.

Established human endometriotic epithelial (12Z, 49Z, 108Z, and
11Z) and stromal (22B) cell lines have become valuable tools to inves-
tigate the mechanisms of action behind endometriosis due to repre-
senting genes expression patterns observed in women with
endometriosis. Currently, they constitute a stable, available material in
preclinical laboratory practice. 12Z cell line has been widely employed
as a research tool to construct endometriosis in vitro models. In the last 5
years, more than 50 studies utilized this endometriotic epithelial cell
line together with endometriotic stromal cell line or normal endometrial
cells as a research model to explore endometriosis development and
treatment. Table 1 presents the most relevant studies using endometri-
otic stromal and epithelial cell lines, which provided important infor-
mation on the pathological mechanisms in endometriosis and unraveled
novel biomarkers and therapeutic approaches.

3.3.3.3. EEC16 cell line. EEC16 cell line was established from a super-
ficial endometriosis lesion on the ovary. Cells exhibit an epithelial
morphology with mesenchymal markers like cytokeratin and vimentin
and do not express ERq, P- and N-Cadherin [118]. The phenotype of the
EEC16 cells was compared with normal ovarian surface epithelial cells
(OSECs) and 12Z cells. Results showed that EEC16 cells represent a less
transformed phenotype than 12Z cells but have more migratory and
invasive capacity than normal OSECs. Comparative transcriptome
analysis of primary EEC16 and OSEC lines indicated that 1780 genes are
expressed significantly differentially, especially genes associated with
adhesion, vasculature development, migration and cell contractility,
inflammatory responses, and responses to hypoxia [118].

The limited lifespan of EEC16 cells was increased following trans-
duction with lentiviral-TERT (EEC16-TERT-L) or retroviral-TERT
(EEC16-TERT-R) human telomerase [119]. TERT-transduced -cells
were continuously passaged for over 200 days, in contrast to the non-
transduced cells that underwent replicative senescence after 60-70
days. TERT expressing cells retained the normal karyotype of the pri-
mary cells; there is no evidence of their tumorigenicity after injection to
mice. Although the primary EEC16 and TERT-expressing EEC16 cells
share similar morphologies, they differentially express epithelial and
mesenchymal markers. Primary cells represent epithelial features with
cytokeratin and mesenchymal features with vimentin and without E-
cadherin expression, whereas EEC16-TERT cells are cytokeratin-
negative but maintain vimentin expression, which strongly suggests
the involvement of EMT through immortalization. In previous experi-
ments, the TERT-immortalized OSECs did not undergo EMT; thus,
mechanisms facilitating the EMT process during immortalization are
dedicated to endometriotic cell lines [120]. Furthermore, a reduction in
expression of key tumor suppressor genes predisposing the occurrence of
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endometriosis-associated ovarian cancers in EEC16-TERT lines was
observed in comparison with primary EEC16 cells.

Neoplastic transformation of EEC16-TERT was dependent on active
Src and Wnt signaling. Src activation may promote the survival of
ectopic endometrial cells in the peritoneal cavity. Src activation in
endometrial tissues of women may therefore predispose to endometri-
osis and have potential clinical relevance in the diagnosis of endome-
triosis in the endometrial biopsy specimens. If, in turn, activated Src
signaling commonly occurs in cancer, it may raise the intriguing hy-
pothesis that Src activation can constitute a prerequisite of
endometriosis-associated ovarian cancer. There are possibilities to
detect the Src signature noninvasively in eutopic endometrium of
women at the highest risk of developing endometriosis-associated
ovarian cancer [119]. The established TERT-immortalized models of
ovarian endometriosis may have diverse applications for profoundly
understanding the biology of endometriosis and the neoplastic trans-
formation of endometriosis into ovarian cancer, therefore identifying
novel therapeutic targets for the disease.

Much of the preclinical research in endometriosis was conducted
with the in vitro tools, namely primary cell cultures and cell lines. Pri-
mary endometriotic cells isolated directly from fresh tissues of donor
patients have been poorly investigated, mainly due to the limited
endometriotic tissue availability and the small number of cells. The
primary cell cultures obtained from the peritoneal lesion and chocolate
cyst wall consist of mostly heterogeneous cell populations variable in
size and morphology. Primary cell cultures provide more physiologically
relevant data than those generated using cell lines; therefore, they are
often combined with advanced technologies such as 3D cell culture
models. However, cell lines isolated from primary cultures that acquired
the ability to unlimited proliferation ensure the stability and reproduc-
ibility of the experiments. Cell lines provide pure homogeneous pop-
ulations of cells cultured in precisely controlled culture conditions.
Characteristics of cell lines should be closely monitored due to possible
loss of tissue-specific cell properties and genetic instability during
multiple serial passages and long-term cultivation. The major limitation
of the cell line is that it relies on the cell population, which has been
transformed and represents only a limited subset of disease phenotypes,
usually exhibiting features of undifferentiated cells, and does not
accurately reflect the in vivo environment. 2D cell cultures are usually
applied to preliminary analyses of cellular structures, biochemical
pathways, cell metabolism, and gene and protein expression in
controlled culture environments. They have severe limitations,
including the lack of specific cell-to-cell and cell-to-ECM signaling due to
the isolation of cells from the 3D tissue geometry.

4. Heterogeneous cell culture models of endometriosis
4.1. Co-cultures of endometriotic cells with macrophages

Endometriotic cells’ communication with macrophages is still poorly
understood. The mechanisms of macrophage actions and reciprocal in-
teractions with endometriotic cells may be imitated in the heteroge-
neous cell cultures utilizing conditioned media and various cell types
grown in the co-cultures. Woo et al. (2017) suggested that human
endometriotic epithelial cells can increase macrophage migration by
locally producing chemotactic MCP-1. They performed a transwell cell
migration assay with human endometriotic epithelial 11Z and 12Z cells
that significantly increased THP-1 macrophage migration compared to
endometrial epithelial cells. In contrast, human endometriotic stromal
22B cells did not mediate the macrophage migration. Macrophages
stimulated by IL-13 and IL-4 secreted by endometriotic epithelial cells
underwent M2 polarization, promoting migration of endometriotic cells
through IL-6 overproduction [126]. A similar study indicated that 12Z
cells secrete cytokines and chemokines upon stimulation by factors
derived from THP-1 macrophages. In the 12Z/THP-1 co-culture model,
niclosamide - a well-known essential drug, was found to strongly
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suppress the production of most cytokines and chemokines secreted by
127 cells [127]. Also, macrophages derived from healthy women were
incubated in the contact co-culture with ESC of eutopic endometrium
from endometriosis women. This cell culture system was utilized to
clarify the role of IL-24 and its receptors in the regulation of endometrial
stromal cell proliferation and invasiveness during endometriosis [34]. In
another study, human monocyte U937 cell line, human peritoneal
mesothelial HMrSV5 cell line, and eutopic ESC isolated from patients
with endometriosis were applied for constructing the combined, contact
and transwell co-culture models. Scientists proved that secretion of
signaling molecules with significant importance for endometriosis pro-
gression and endometriotic foci development is possible to induce at the
higher level in the co-culture model consisting of three cell types. They
confirmed that cross-talk between the different cells in the inflamed
peritoneum might play a crucial role in the pathogenesis of endome-
triosis [128]. Table 2 and Fig. 2 show endometriosis experiments in the
described co-culture system.

4.2. Co-cultures of endometriotic cells with peritoneal cells

Once placed in the peritoneal cavity, endometrial cells create their
invasion site by directly damaging the mesothelium (Fig. 1); thus, it is
justified to include mesothelial cells in modeling endometriosis. Human
peritoneal cells were used to establish co-culture with endometrial or
endometriotic cells. The human pleural cavity mesothelial MeT-5A cell
line was co-cultured with T-HESC, Ishikawa, and 127 cell lines to study
the effect of endometriosis-related cytokines on endometrial cell adhe-
sion. The study demonstrated the sialylation effect on endometrial cells'
adhesion and the impact of TGF-p1 on the endometrium attachment to
the peritoneum [129].

The attachment of endometrial epithelial and stromal cells to the
peritoneal mesothelium has been investigated in several studies using
the LP9 mesothelial cell line. Studies performed by Lucidi et al. (2005)
showed similar endometrial cell binding to LP9 cells as to mesothelial
cells obtained from parietal peritoneum and normal ovarian surface
epithelium. The results suggest that the LP9 cell line is an appropriate in
vitro surrogate for patient-derived peritoneal mesothelial cells. ESCs
labelled with the calcein-AM were plated over the confluent peritoneal
mesothelial cells (PMCs) from different sources and co-cultured simul-
taneously to perform an attachment assay [130].

Adhesion experiments were also performed using the co-culture of
endometrial epithelioid cell line (EM42) and LP9 cells. Moreover, in the
invasion assay, LP9 cells and PMCs were grown to confluence on
Matrigel™ coated chambers and the labelled EM42 cells were placed
over LP9 covered membranes. The study provided evidence of the po-
tential suppression of the endometriosis lesion arrangement among
peritoneal mesothelium by proliferator activator receptor-gamma
(PPAR-y) agonist treatment [131].

In a similar study, peritoneal mesothelial cells increased invasion of
ESC and EM42 cells through invasion chambers coated with Matrigel;
this culture system served as a modelled peritoneum. Other noteworthy
research indicated that co-culture of endometrial cells and peritoneal
mesothelial cells increases transcription of genes implicated in invasion
and metastasis and persistence of endometriosis [2].

Human peritoneal mesothelial cells (HPMCs) and immortalized
human endometrial stromal cells (SHT290) were co-cultured in the
transwell system to treat of HPMCs exhibiting glycolytic metabolic
phenotype with a non-hormonal compound dichloroacetate (DCA).
SHT290 was plated in the upper compartment of cell culture inserts,
while HPMCs treated with DCA were incubated in basal chamber. DCA
diminished the glycolytic phenotype of HPMCs and decreased stromal
cell proliferation [72]. The abnormal metabolic reprogramming was
corrected by treating with DCA. The findings are now translating to
women, by using DCA in an exploratory-phase clinical trial (ClinicalT
rials.gov identifier NCT04046081) [132].

Research findings obtained in co-culture models of endometriotic
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Table 2
Cell co-culture systems in endometriosis research.
Co-culture model Cell types Cell culture system Research area Main findings Reference
Endometriotic cells 11Z or 12Z cells, Transwell co-culture Migration Increased macrophage migration by MCP-1 [126]
and macrophages ~ THP-1 macrophages produced by endometriotic cells. Macrophage
M2 polarization stimulated with IL-13 and IL-4
secreted by endometriotic epithelial cells.
Enhanced endometriotic cell migration by IL-6
secreted by THP-1 cells.
22B cells, Transwell co-culture Migration 22B cells do not mediate macrophage [126]
THP-1 macrophages migration.
127 cells, 12Z cells cultured in conditioned Inflammation THP-1 macrophages stimulated CCL5, CXCL12, [127]
THP-1 macrophages media from THP-1 cells MDK production in 12Z cells. Niclosamide
suppressed cytokine and chemokine production
in 12Z cells.
Macrophages from healthy Contact co-culture Viability, 1 IL-24, IL-20R1, IL-20R2 expression in [34]
women, ESCs of eutopic and proliferation, endometrial cells. | IL-24, IL-20R1 in ESCs
ectopic endometrium from invasion under co-culture with macrophages.
endometriosis women Macrophages reduced the inhibitory effect of
IL-24 on viability, invasion, expression of Ki-67,
PCNA and COX-2 genes, and the stimulatory
effect on the tumor metastasis suppressor gene
CD82 in ESCs.
U937 monocytes, HMrSV5 Contact and transwell co-cultures Inflammation 1 RANTES and MIP-1a expression in the co- [128]
peritoneal mesothelial cells, culture of U937 and HMrSV5 cells. The highest
eutopic ESCs from endometriosis RANTES and MIP-1a secretion in the co-culture
patients of three cell types. Increase in MMP-9 and
MMP-2 activity in co-culture after E2 and
dioxin treatment.
Endometriotic cells T-HESCs or Ishikawa or 127 Contact co-culture Adhesion TGF-p1 increased endometrial cell adhesion to [129]
and peritoneal cells, peritoneal mesothelium. 1 ST6Gall and
cells MeT-5A human pleural cavity ST6Gal2 expression in T-HESCs, Ishikawa and
mesothelial cells 12Z cells treated with TGF-p1.
Activation of TGF-pRI/SMAD2/3 signaling in
endometrial cells. Terminal sialic acid glycan
epitopes of endometrial cells interact with
receptors in Met-5A cells.
Primary ESCs of healthy Contact co-culture Adhesion Endometrial cells bound to LP9 cells as to [130]
endometrium, PMCs from the mesothelial cells from parietal peritoneum and
anterior abdominal wall ovarian surface epithelium.
and normal ovarian epithelium, Cells derived from the endometrium, rather
LP9 mesothelial cells than peritoneal mesothelium, has the highest
effect on ESC binding to PMCs.
EM42 endometrial epithelioid Contact co-culture Adhesion, Reduced binding of EM42 cells to LP9 cells by [131]
cells, LP9 mesothelial cells invasion CTZ treatment.
Primary ESCs of healthy Contact co-culture Invasion, Increased invasion of ESCs and EM42 cells. [2]
endometrium, metastasis 1 CD44, ERK, CSF-1, c-fms, c-Met expression in
EM42 endometrial epithelioid ESCs, EM42, and LP9 cells.
cells, LP9 mesothelial cells
Primary HPMCs of Transwell co-culture, HPMCs HPMCs DCA decreased basal and TGF-f1-stimulated [72]
endometriotic pelvic incubated with DCA, TGF-f1, or glycolysis, HPMCs lactate secretion and proliferation of
peritoneum, human endometrial ~ DCA+TGF-p1 SHT290 SHT290 cells.
stromal SHT290 cell line proliferation
Endometriotic cells Ad-MSC, ESCendo, ESCcyst, Transwell co-culture, HUVECs Angiogenesis Increased tube formation by HUVECs under [135]
and endothelial HUVECs cultured in conditioned media conditioned media from Ad-MSC/ESCendo and
cells from the Ad-MSC /ESCendo and Ad-MSC/ESCcyst co-cultures.
Ad-MSC/ESCcyst co-cultures
E-MSCs from eutopic and ectopic ~ Direct and transwell co-cultures Angiogenesis 1 CD31 expression in E-MSCs and acquired [136]

endometrium of ovarian
endometriosis, HUVECs

endothelial phenotype. E-MSCs integrated into
tube-like structures in contact with HUVECs.

1 Increase; | Decrease; Abbreviations used in Table 2: ESCs, endometrial stromal cells; PMCs, peritoneal mesothelial cells; Ad-MSC, mesenchymal stromal cells from
allogeneic adipose tissue; ESCendo, stromal cells from endometrium; ESCcyst, endometriotic ovarian cysts; HPMCs, human primary peritoneal mesothelial cells;
HUVECGs, human umbilical vein endothelial cells; E-MSCs, endometrial mesenchymal stromal cells; CD31, platelet endothelial cell adhesion molecule; CD44, cluster of
differentiation 44; CD82, cluster of differentiation 82; c-fms, macrophage colony stimulating factor receptor 1; c-Met, receptor for hepatocyte growth factor; CSF-1,
colony stimulating factor 1; ERK, extracellular signal-regulated kinase; MDK, midkine; SMAD2, mothers against decapentaplegic homolog 2; ST6GAL1, beta-
galactoside alpha-2,6-sialyltransferase 1; ST6Gal2, beta-galactoside alpha-2,6-sialyltransferase 2; TGF-BRI, TGF-f receptor inhibitor; DCA, dichloroacetate.

cells with peritoneal cells summarizes Table 2.

4.3. Co-culture of endometriotic cells with endothelial cells and/or

mesenchymal stromal cells

Endometriotic lesions are characterized by intense vascularization
with the significantly enhanced secretion of VEGF in peritoneal fluids

mechanisms contribute to the vascularization of endometriotic lesions.
Altered autologous mesenchymal cells in ectopic lesions are likely
involved in several cellular mechanisms contributing to the engraftment

of endometriotic lesions. The effects of mesenchymal stromal cells from

allogeneic adipose tissue (Ad-MSC) on stromal cells from endometrium
(ESCendo) and endometriotic ovarian cysts (ESCcyst) were analyzed

[133,134]. An increasing number of studies suggests that multiple
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using tube formation assay (in vitro angiogenesis assay). Different co-
culture systems were employed in this study to explore the potential
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Homogeneous cell cultures represent endometriosis-related processes.

Cell cultures are reproducible without significant cell genotypic
and phenotypic alterations, except primary cultures.

The lack of biomarkers specific for endometriotic cells often occurs in 2D
cultures. Absence of endometriotic lesion cellular heterogeneity.

2D cultures do not create heterogeneous connective fiber networks due
to the low expression of ECM molecules. Poor cell-ECM interactions.

Epithelial and stromal cells show lower expression of endometriosis-related
genes in 2D cultures than in physiological conditions.

No natural permeation barriers for various substances are formed,
including nutrients, oxygen or drugs.

conditioned media contact co-culture
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Multiple endometriotic cell types may be maintained in one culture by their
direct combination or semipermeable membrane separation.

Paracrine signals, cell-cell, and cell-ECM interactions can be observed.

In the culture, each cell has the same access to nutrients and oxygen;
as a result, cells develop equally, maintaining the same metabolic activity,
which is not typical for cells in endometriosis lesions.

Cultures do not form typical endometriotic glandular structures
and morphology reproducibly.

Endometriotic cells are cultured in the static condition; no typical
architecture of endometriotic lesion.

Cell labelling is required for individual cell monitoring in a direct cell
co-culture system.

Short experimental period due to the growth of endometriotic cells
in monolayer system.

Transwell models are suitable for cell attachment and invasion studies and
inflammatory and angiogenesis experiments due to the reproduction
of inflammation, angiogenesis, adhesion, migration and invasion molecules
critical for endometriosis establishment and development.

3D cultures

organoids

culture in Matrigel

endometrial  grop1ets and WNT ep'i;:l ealiaml)-ll‘i’ke
biopsy  gignals amplifiers and 9
growth factors
spheroids
epithelial spheroid  stromal spheroid h ypic spheroid
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Organoids

Endometriotic cells may coexist and directly interact with immune cells,
fibroblasts, and endothelial cells. Co-cultured cells in a heterogeneous
connective fiber network as ECM mimic the dynamic microenvironment.

3D organoids and spheroid contain glandular structures with an apical
polarization in a biologically meaningful way.
Organoid banking and resuscitation and long-term experiments is possible.

Artificial Matrigel in both organoids and spheroids does not precisely
imitate the biochemical complexity of natural endometrial ECM.

Biopsy-derived organoids predominantly include the epithelial cells without
stromal components.

Spheroids

Heterogeneous cell arrangement comprising epithelial and stromal cells and
chemotactic gradient resembles drug penetration system.

Spheroids have a layer structure, with the gradient of oxygen, nutrients,
cell density, etc., and hypoxia and necrosis occurring in the spheroid core.

Culture monitoring and analysis are hampered; they require a high-
throughput image analysis of spheroids.

Bioprintig models

Cells are deposited in ECM networks secreted on their own that mimic
natural tissue architecture.

3D Bioprinting requires careful optimization of the bioprinting method
to maintain cell viability, tissue structure and functionality.

Organ-on-a-chip

The organ-on-a-chip system can model interactions between different cell
types and mimic details of organ physiology.

This dynamic culture system allows a better understanding of underlying
mechanisms of response to drugs and new therapies.

Fig. 2. A spectrum of experimental models mimicking the endometriosis microenvironment.
The figure shows the advantages and limitations associated with each model category.
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effect everted by mesenchymal stromal cells. ESCendo and ESCcyst cells
were cultured alone as negative controls or with Ad-MSC using inserts in
a transwell system. ESCendo and ESCcyst cells were cultured in the
conditioned media derived from Ad-MSC and directly in the co-culture
with Ad-MSC and ESCendo or ESCcyst. The conditioned medium
collected from the Ad-MSC/ESCendo and Ad-MSC/ESCcyst co-cultures
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on human umbilical vein endothelial cells (HUVEC) tube formation was
investigated. In this study, all conditioned media from co-cultures
increased tube formation of HUVEC on Matrigel, showing support ac-
tivity of mesenchymal stromal cells in the tube formation in endome-
triosis [135].

In the studies on the angiogenic potential of endometrial

Table 3
3D models in endometriosis research.
3D model Cell types Research area Main findings Reference
Organoids Epithelial-like cells from endometrium Reproduction of tissue Glandular-type organization and expression of specific [13,138]
biopsies epithelium, hormonal markers.
response Respond to the core regulatory hormones, estrogen and
progesterone. Mucus production.
Epithelial-like cells from superficial Inflammation Altered signaling of integrin, PI3K—AKT and Wnt pathways [139]
endometriosis, deep peritoneal lesions and Invasion (organoids from endometriosis). 1 IL-1f and IL-8 expression
eutopic endometrium of endometriosis (ectopic organoids from I-II stages of endometriosis).
patient 1 SOX9, LGR6, MMP2 expression (ectopic organoids from II-
IV stages of endometriosis).
Epithelial cells from endometriosis, Epigenetic mechanisms Disturbances in methylation patterns for the HOX genes and  [140]

endometrium and ovarian endometriosis
primary endometrial epithelial and SCs from  Proliferation
healthy patients

their cofactors.

Increased proliferation under elevated androgen levels [141]
characteristic of PCOS. Identification of disease markers in
neoplasms of the endometrium and urogenital tract in

organoids cultured in excess of testosterone.

Primary endometriotic tissues from biopsies Drug screening Inhibition of endometriosis organoid outgrowth by natural [142]
(metabolites of ellagic compounds. Sensitivity of all organoids lines resulting in
acid) decreasing cell viability.
Chicken Endometrial tissues from biopsies Invasion Increased invasion of endometrial glands and stromal cells [147]
chorioallantoic into the CAM mesenchymal layer.
membranes (cams) Endometrial and endometriotic tissues from Invasion 1 MMPs expression in the endometriotic and endometrial [144,148]
biopsies fragments on CAMs.
Endometrial tissue from biopsies Angiogenesis Reduced vascular development and impaired endometriotic-  [149]
like lesions formations on CAMs under treatment with
angiostatic agents.
Human endometriosis cyst Aromatase signaling Decreased endometriotic lesion size under treatment with [150]
aromatase inhibitors.

Amniotic membrane Endometrial tissue from biopsies Adhesion Increased attachment of endometrial fragments to damaged [152]
amnionic tissue. | B1 integrin expression; | E- and P-cadherin
expression in endometrial cells treated with collagenase.

Spheroids EEC16 cells, 127 cells Inflammation, Higher IL-6, IL-8, CXCR1, CXCL12, CXCR4, PTGS2, [118]
modulation, hormonal CYP19A1, HGF, MMP2 expression in 3D spheroid than in 2D
signaling culture.

Primary endometriotic SCs from ovarian Drug screening High level of aromatase, COX-2, NF-kB p50, ERa, ERB, PR [157]
endometriosis (dienogest) expression.
St-T1b cells, primary endometriotic SCs, 12Z Invasion | RAC1, 1 MMP2 and MMP14, 1 CDH1 expression of St-T1b [96]
cells, St-T1b/12Z co-culture Migration cells. Higher directional migration with significant collagen I

remodeling of St-T1b cells in 3D compared to 2D condition.

No directional migration following matrix remodeling of 12Z

cells. Increased migration of 12Z cells on Matrigel under

treatment with miR-145 and decreased migration under

treatment with miR-200b.

No directional migration following matrix remodeling in St-

T1b/12Z co-culture. The increased spheroid area.
Primary stromal cells and 12Z cells co- Drug screening Decreased spheroid area and affected spheroid integrity after ~ [142]
culture (metabolites of ellagic the treatment.

acid)
Toprinting models 127 spheroids, HEYA8 spheroids, Inflammation, 1 MCP-1 expression in 12Z spheroids under TNF-a [161]

T-HESC spheroids estrogen signaling stimulation

Higher CYP19A1, HSD17p1, ESR1 expression in 12Z

spheroids than in monolayer. Core (T-HESC) and shell (12Z)

pattern of the larger construct.

Organ-on-a-chip Primary endometrial and endometriotic SCs Invasion Reduced resistance of human PMCs from endometriotic [167]

and human PMCs (from endometriosis and lesions to endometrial and endometriotic SCs invasion
healthy patients) compared to normal PMCs.
Mouse ovaries and follicles tissue, human Female reproductive tract ~ Ovarian steroid hormone production by follicles. Follicle [166]
fallopian tube, uterine endometrium and simulation maturation and differentiation. Ectocervix tissues maintained
ectocervical tissues fully differentiated squamous architecture. Liver microtissues

bound steroid hormones produced during microfluidic

cultures.
Primary endometrial SCs from healthy Decidualization Differentiation of stroma into functional decidual cells. [168]
patients, HUVECs vascularization Development of cytoskeleton alignment and tight junction

formation by endothelial cells. Sensitivity of the model to
steroids.

1 Increase; | Decrease; Abbreviations used in Table 3: HUVECs, human umbilical vein endothelial cells; HSD17p1, 17p-hydroxysteroid dehydrogenase 1; PCOS,
polycystic ovary syndrome; PMCs, peritoneal mesothelial cells; SCs, stromal cells.
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mesenchymal stromal cells (E-MSCs), direct and transwell co-culture
models were constructed with HUVECs and mesenchymal stromal cells
isolated from eutopic and ectopic tissues of patients affected by ovarian
endometriosis. In the tubulogenic assay, eutopic and ectopic E-MSCs
were plated with HUVEC on growth factor-reduced Matrigel dedicated
to form capillary-like structures in vitro. In this study, E-MSCs acquired
an endothelial phenotype. They participated in vessel organization
together with HUVECs, which appeared probably as a consequence of
cell-to-cell interactions involving adhesion-related mechanisms. These
data reveal that a fraction of E-MSCs in the endometriotic lesion
microenvironment takes part in the formation of endothelium not only
by the capacity of recruitment of perivascular cells but also by the
acquirement of the endothelial phenotype and differentiate into endo-
thelial cells [136].

5. Endometriosis 3D models

The limitation of existing in vitro models of endometriosis is culturing
the endometrial stromal and epithelial cells as monolayers in 2D con-
ditions. In the in vivo endometriotic lesions, endometriotic cells coexist
and interact with immune cells, fibroblasts, and endothelial cells and
create a dynamic 3D microenvironment in the heterogeneous connective
fiber network as ECM. Several studies have reported improved in vitro
models of endometriosis at which target cells are maintained in the 3D
arrangements that mimic endometriotic foci more closely than the same
cells cultured in 2D conditions (Fig. 2). Table 3 presents the most rele-
vant conclusions concerning the constructed 3D in vitro models of
endometriosis.

5.1. Organoids

Organoids are genetically stable and self-organizing 3D systems
containing progenitor/stem and differentiated cells that resemble the
functionality and biology of the original tissue [137]. Turco et al. (2017)
and Boretto et al. (2017) created the first highly expandable 3D orga-
noids from the human endometrium. These organoids were built from
endometrium biopsies dissociated and embedded in Matrigel under
Whnt-activating conditions to form organoid structures. The culture
conditions ensured the reproduction of tissue epithelium physiology and
allowed long-term expansion with the maintenance of genetic and
phenotypic stability [13]. Genomic analysis with RNA sequencing
showed that endometrial organoids reveal more closely the epithelium
of the tissue than stroma, including glandular-type organization and
expression of specific markers. Moreover, the organoids respond to the
core regulatory hormones, estrogen and progesterone, and reproduce
functional behavior such as mucus production [138].

Boretto et al. (2019) conducted further research on the characteris-
tics of organoids to mimic many endometrial diseases. They created
endometriotic organoids from various endometriosis types (including
superficial and deep peritoneal lesions) at different clinical stages
together with eutopic-endometrium organoids from endometriosis pa-
tients. Culture media require active WNT and EGF to grow organoids
from these lesions efficiently. Organoids embedded in the Matrigel
imitating a basement membrane organize into structures with an apical
polarization that contain microvilli and ciliated and non-ciliated secre-
tory cells with secretory vacuoles facing the lumen. Organoids from
endometriosis exhibit disease-associated traits with altered signaling
pathways such as integrin, PI3K—AKT, and Wnt compared to healthy
endometrium-derived organoids [139]. In organoids from ectopic sites
of endometriosis, upregulated inflammatory cytokines IL-1f and IL-8
were observed, predominantly in the I-II stages. Whilst endometrium
stem cell markers (SOX9, LGR6) and metalloproteinase (MMP2) were
significantly increased in stages II and IV in line with luminal invasion,
as found commonly in the endometriosis [139].

In a novel study, Esfandiari et al. (2021) investigated epigenetic
mechanisms that underlie endometriosis in epithelial organoids from
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the endometrium and cystic ovarian endometriosis. The results
confirmed the differences in the expression of four human homeobox
(HOX) gene clusters and their regulator proteins or cofactors in the
endometrium of women with endometriosis, concluding that endome-
triosis organoids maintain epigenetic changes [140].

Recently, Wiwatpanit et al. (2020) has generated a heterogenous
organoid with both epithelial and stromal cells of the endometrium. The
structure of the new multicellular, scaffold-free endometrial organoid
system had the self-organization ability of epithelial cells on the outer
surface and center stromal compartment. Authors hypothesized that the
stromal population would provide the supportive layer for the epithelial
lining, resembling the native tissue. Organoids were treated with
physiologic levels of hormones to mimic a normal follicular phase or
PCOS hormone profiles. Organoids were treated with physiologic levels
of hormones to mimic a normal follicular phase or PCOS hormone
profiles. They can be applied to study other endometrial processes and
diseases, where epithelial and stromal cells interactions play a signifi-
cant role [141].

The organoids developed by Boretto et al. (2019), constructed using
tissues from endometriotic biopsies, were utilized to screen ellagic acid
metabolites urolithin A and B activity. Natural antioxidants significantly
inhibited organoid outgrowth and decreased cell viability. The ICso dose
of each compound was in concordance with that determined in the 2D
monoculture of St-T1b and 12Z cells [142].

Endometriosis organoids provide unique human-derived experi-
mental models from different clinical stages, including paired organoids
from ectopic and eutopic endometrium, recapitulate endometriosis
heterogeneity, summarize critical features of the primary tissue, and
faithfully reproduce the disease genotype. The organoids exhibit robust
expandability in vitro; thus, the number of primary biopsies is not limited
[139]. Nevertheless, the specific origin of endometriotic organoids
shows only the patient-specific and type lesion-specific features. A sig-
nificant limitation of the organoids comes from the reduced nutrient
exchange during in vitro culture; therefore, maintaining cultures in
spinning bioreactors or co-culturing with endothelial cells may improve
the perfusion [143]. Tissue-derived organoids predominantly include
the epithelial compartment without stromal and immune components;
thus, they do not fully reflect the cellular complexity of the native
endometriotic lesion. This inconvenience partly reduces the potential
application of this model in clinical medicine [139].

5.2. Chicken chorioallantoic membranes (CAMs) and amniotic
membranes cultures

To analyze the processes of adhesion, invasion, and angiogenesis in
the peritoneum, biological membranes, such as the chicken chorioal-
lantoic membrane (CAM) of fertilized chicken eggs, can be cultured with
endometrial cells in laboratory culture conditions [144]. This extraem-
bryonic membrane serves as a gas exchange surface. Its function is
supported by a dense capillary network created after fusing adjacent
mesodermal layers of the chorion and the allantois at day 3 of incubation
and grows until day 10 [145]. The CAM assay has been commonly used
to perform angiogenesis, tumor cell invasion and metastasis studies
through multi-species transplantation without risk of rejection because
the early chicken embryo lacks a complete immune system [146].
Human endometrial fragments create endometriosis-like lesions with
endometrial glands and stromal cells, which invade into the mesen-
chymal layer of the CAM [147]. The host’s immature immune system
allows endometrial fragments of all cycle stages to invade the CAM’s
epithelium [144]. After induction of endometriotic lesions on CAMs,
expression of MMPs is upregulated in the endometriotic and endome-
trial fragments, which probably have a significant role in the develop-
ment of the early endometriosis [144,148].

CAM model has been widely applied to investigate angiogenesis
mechanisms involved in endometriosis establishment. The decreased
vascular development and impaired endometriotic-like lesion formation
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were observed after treatment of endometrium transplanted onto CAMs
with angiostatic agents [149]. A significant decrease in endometriotic
lesion size derived from the human endometriosis cyst biopsies was
observed after treatment with aromatase inhibitors. However, inhibition
of aromatization was blunted by CAM embryo gender and local estrogen
production [150].

Human amniotic membranes have been used in endometrial tissue
adhesion studies. Endometrial fragments did not adhere to the integral
side of epithelium, but they attached to the damaged epithelium or
stromal side of the amnionic tissue. Therefore, the amniotic membrane
has been found to represent a suitable tool to study the interactions
between endometrial tissue and ECM [151]. The pivotal role of adhesion
molecules in endometrial-ECM interactions was confirmed in studies
showing that collagenase-digested endometrial cells cannot adhere to
stripped amniotic membranes and lost expression of 1 integrins and E-
and P-cadherin [152]. Grafting endometriotic tissues into CAMs may be
an appropriate assay to study angiogenesis and invasion of endometri-
otic implants. However, this model is not suitable for analyzing every
aspect of endometriotic lesion development due to the undefined
expression of adhesion molecules, limited time for experiments, and
different growth factor profiles resulting from the embryological origin
of the tissue. Furthermore, the detailed quantification of the vasculari-
zation process is limited to high-resolution epi-illumination microscopy
[145]. The amniotic membrane consists of principal ECM components,
like fibronectin, collagen type IV, laminin, and heparan sulfate proteo-
glycan, and can serve to study the interaction between endometrial
tissue and ECM. However, the use of native material poses significant
challenges due to reported low biomechanical consistency and rapid
biodegradation and requires careful storage methods. The main draw-
backs are the inconvenient forms and differences in the content of
growth factors and regulators responsible for ECM modulation [153].

5.3. Spheroids

Different types of cells can spontaneously assemble into spheroids
under culture in vitro conditions, at which cell-cell and cell-ECM in-
teractions over standard cell-substrate interactions are facilitated [154].
The predominantly hemophilic cadherin-cadherin binding between
neighboring cells results in forming a compacted 3D structure that
closely reproduces the native organization of studied tissues [155].
Spheroids exhibit spherical geometry with a layered structure of
proliferating cells in the external zone, quiescent in the middle area and
necrotic cells inhabiting the spheroid centre. The formation of hetero-
geneous cell arrangements attributes to the limited nutrient diffusion
and oxygen transport through cellular barriers in the spheroid [156].

Brueggmann et al. (2014) developed a spheroid model of endome-
triosis composed of ovarian endometriosis epithelial EEC16 cells and
peritoneal endometriosis epithelial 127 cells. EEC cells grown in 3D
cultures histologically resembled in vivo endometriosis lesions more
closely than 2D cultures. After 7 days of culture, EEC16 and 12Z cells
formed dense, smooth, and symmetrical spheroids, and their histology
was comparable to endometriotic lesions in the uterosacral ligament and
peritoneum. Analysis of the expression of endometriosis relevant genes
in EEC16 cell cultures indicated the upregulation of several chemokines,
interleukins and their receptors under 3D compared to 2D conditions.
Higher expression of genes involved in specific endometriosis-related
pathways like an immune response (IL-6, IL-8, PTGS2, CXCR1,
CXCL12, CXCR4), microenvironmental modulation (HGF, MMP2) and
hormonal signaling (CYP19A1) was observed in the 3D cultures. Sci-
entists, therefore, concluded that the constructed endometriosis 3D
models are more representative of human endometriotic lesions than 2D
cultures and may enhance the identification of novel targeted thera-
peutic strategies of the disease [118]. Spheroid cultures were also con-
structed using primary ESCs isolated from ovarian endometrioma
specimens. ESCs in spheroids highly expressed proinflammatory genes,
proteolytic enzymes, and growth factors, including aromatase, COX-2,
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NF-kB p50 nuclear localization, and steroid receptors [157].

Spheroids of endometrial stromal St-T1b cells, primary endometri-
otic stromal cells, epithelial endometriotic 127 cells and cell co-culture
(St-T1b and12Z cells) were constructed using the hanging drop method.
The cell type influenced the size of the spheroid. It was found that
epithelial 12Z cells and their co-culture with stromal St-T1b cells
generate a larger spheroid area than stromal cells alone. Further, a
subset of genes related to the endometriotic cell invasion was altered in
3D spheroid culture compared to 2D monoculture. St-T1b spheroids
exhibited downregulation of Ras-related C3 botulinum toxin substrate 1
(RAC1) expression and expression upregulation of proteolytic genes
(MMP2 and MMP14) and epithelial marker cadherin-1 (CDH1). In
contrast, none of these markers was significantly altered in 12Z spher-
oids compared to 2D monoculture. The invasive behavior of constructed
spheroids was assessed using two ECM-derived hydrogels: Matrigel and
type I collagen. Generally, a higher spheroid area occurred on collagen
than on Matrigel due to MMPs proteolytic activity. Still, no directional
migration followed by matrix remodeling was observed in the co-culture
or monoculture of 12Z cells. Additionally, the impact of microRNA
signaling on the endometrial phenotype has been evaluated. Treatment
with miR-145 reduced the migrated area of 12Z spheroids on collagen
type I compared to controls, whilst microRNA miR-200b reduced 12Z
cell sprouting on Matrigel [96].

Recently, the patient's primary ectopic endometriotic stromal cells
and the immortalized 12Z cells were co-cultured in the 3D spheroid.
Spheroids constructed with the same ratio of 12Z and primary endo-
metriotic stroma were generated using the hanging drop method
described by Stejskalova et al. (2021). The effects of urolithin A and B
were verified by assessing several different morphological characteris-
tics of spheroids. The treatment with antioxidant compounds affected
the spheroid circularity and integrity and significantly decreased cell
viability within the spheroids [142].

Endometrial spheroids resemble the endometrial tissue structure
offering a multicellular 3D in vitro system that can capture in vivo
endometriotic lesion heterogeneity. Several studies indicated that
spheroids could be organized using co-culture of endometrial/endo-
metriotic stromal and epithelial cells with specific endometriotic lesion's
core and shell pattern. Moreover, the self-organization and growth of
cells in the 3D spheroid conditions allow de novo secretion of ECM. Using
the endometriotic cell lines in the construction of spheroids provides
easy access and ensures the stability of biological material and the
reproducibility of experiments. Facilitated genetic modifications of
cells, for example, to express fluorescent proteins, enable efficient sep-
aration of co-cultured cells and the detection of their reciprocal in-
teractions. A 3D spheroid cell culture allows following various aspects of
endometriosis cell biology like hormone signaling, cell-cell adhesion,
growth factors' and neovascularization signaling. Spheroids generally
exhibit a drug resistance profile congenial to that found in solid tumors.
They represent structurally similar conditions to the in vivo environ-
ment, including changes in oxygen and growth factor gradients, cell-cell
and cell-ECM interactions, and dense cellular structure limiting drug
diffusion. Thus they are more clinically relevant than 2D cell cultures
and could meet a critical clinical need to determine novel treatments
targeting endometriosis [158]. A significant disadvantage of spheroid
culture as a disease model is that the cell lines represent only a limited
subset of disease phenotypes [96]. Furthermore, the cellular phenotype
may be influenced by the 3D structure and geometry and cell-cell and
cell-ECM interactions, and comparing the effect with 2D culture is
hampered [118]. Monitoring the 3D spheroid culture requires advanced
microscopy imaging with the appropriate histological characterization
of cells located inside and on the outside lining of the spheroid. Overall,
3D spheroids of endometriosis are superior to existing monolayer cul-
tures and constitute a powerful in vitro platform for identifying and
translating novel targeted therapeutic strategies for endometriosis.
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5.4. Bioprinting models

The bioprinting method involves printing and patterning the cells on
a substrate or tissue using an automated dispensing system [159].
Generally, bioprinting techniques can be divided into scaffold-based or
scaffold-free methods. The 3D construct resembles the native ECM
environment in a hydrogel, nanofibers, or films facilitating cell growth
and proliferation. Scaffold-free bioprinting involves the embedding of
cell or tissue aggregates in the form of a spheroid, honeycomb, cylinder
into the confined space of the 3D print mould. In such a system, cells can
secrete the ECM on their own and, most importantly, reflect actual tissue
functionality when the 3D supported material is removed [160].

The Kenzan biofabrication method was recently used to produce 12Z
cell spheroids, epithelial ovarian cancer HEYAS8 cell spheroids, and
heterotypic spheroids with T-HESC cells. In this bioprinting method, a
metal microneedle array holds cell spheroids. The Kenzan biofabricated
spheroids were fused into a larger tissue construct; after that, the Kenzan
mould was removed, leaving scaffold-free construct of spheroids, which
secreted ECM themselves. The performed experiments confirmed that
127 cell spheroids might be a good recapitulation of disease-associated
dysregulations by increased releasing of inflammatory factors and
elevated expression of estrogen-related genes compared to monolayer.
The Kenzan method of biofabrication was applied to improve both the
size and complexity of endometriotic models in vitro. Furthermore, the
mixture of T-HESC and 12Z cell heterotypic spheroids were bio-
fabricated into larger constructs. T-HESC cells are condensed in the
center and surrounded by a 127 cell layer in the spheroids. After bio-
fabrication into larger constructs, 12Z cells maintained the same growth
pattern [161]. Scientists found biofabricated constructs containing
heterotypic spheroids to represent innovative and valuable tissue-like
scaffold-free 3D models of endometriosis for creating a disease micro-
environment in vitro.

Bioprinting of in vitro models enables shape and size modification
and mimics the microenvironment and cellular interactions. The
scaffold-free model developed by Wendel et al. (2020) was a larger
construct using spheroids as building blocks, generated for a short time
(72 h) with maintaining characteristic core and shell patterns of com-
mon stromal and epithelial cell co-culture. Additionally, spheroids were
biofabricated into multiple shapes and sizes, including cubes and hollow
tubes. However, biofabrication of the endometriosis model met several
limitations, i.e., destructive pressure during bioprinting; thus, optimi-
zation to minimize the cellular damage was necessary [161]. Although
3D bioprinitig made significant progress by summarizing tissue
complexity, it is noteworthy that they are usually labor- and time-
consuming in the optimization process. Numerous experimental as-
pects need to be considered to design effective models, including
applying an appropriate printing technique and biomaterial, cell popu-
lation, bio-microenvironment, microarchitecture, and tissue
functionality.

5.5. Organ-on-a-chip

A micro-nano technology enables in vitro modeling of cell-cell in-
teractions in dynamic microenvironments [162]. Organ-on-a-chip
models have been applied in the studies of specific functions of the fe-
male reproductive tract such as the placenta [163], uterus [164] and
ovary [165], which are composed of several multi-tissues inter-
connected through complex endocrine pathways and communication
mechanisms. Recently developed microfluidic systems simulate the fe-
male reproductive tract and endocrine loops between modules imitating
the ovary, fallopian tube, uterus, cervix, and liver, with a continuous
flow between tissues. A microfluidic platform with the reproductive
tract tissues and peripheral organs has been reported as a powerful tool
that mimics the menstrual cycle and pregnancy-like endocrine loops
with great potential for drug discovery, toxicology studies, and probably
endometriosis research [166].
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Chen et al. (2012) developed a microfluidic system with ESC and
peritoneal mesothelial cells obtained from endometriotic patients and
healthy control individuals. First, the cells were patterned in separate
areas to stimulate their growth in vitro and then co-cultured in the same
compartment to enhance their mutual interactions. Observation of
direct interactions revealed that endometriotic peritoneal mesothelial
cells lost contact between cells and was invaded by the surrounding
endometriotic ESC. Findings obtained in this microfluidic system indi-
cated the pivotal role of peritoneal physiology in endometriosis devel-
opment [167]. In newer models, endometriotic organoids with lesion-
derived stromal cells and immune and fibromuscular cells integrated
into microfluidic platforms can imitate a microvascularized and inner-
vated environment resembling endometriotic lesions [168,169].

The organ-on-a-chip concept is the close resemblance of the tissue
microenvironment that replicates with predictable fluid dynamics. The
advantages of microfluidics include low cost due to small sample vol-
ume, high resolution, sensitivity, and short analysis [170]. Reproductive
organ-on-a-chip models may capture the tissue complexity and measure,
characterize, and validate the secretome quantitatively, which may
enable the identification of novel biomarkers associated with repro-
ductive disease for clinical and pharmaceutical applications. Since the
dimensions of the fluids are small, the device surface area of the device
plays a significant role, and cell growth should be closely monitored.
Outcomes repetitiveness requires precise parameters of the experiment
and a qualified researcher.

6. Conclusions and future perspectives

Endometriosis is considered a complex multifactorial and heteroge-
neous disease of unknown etiology that is difficult in diagnosis, moni-
toring, and therapeutic approaches. Basic research into a variety of
signaling pathways crucial for implantation, proliferation, invasion, and
angiogenesis is important in understanding the mechanisms leading to
the initiation, progression and establishment of endometriosis [171]. A
substantial need to unravel molecular and cellular mechanisms under-
lying endometriosis is constantly pointed out as a basis for developing
novel diagnostic and therapeutic methods.

In recent years, scientists developed various in vitro models of
varying complexity that constitute valuable tools to elucidate mecha-
nisms and pathways involved in the pathogenesis of endometriosis and
endometriosis-related symptoms. Most cell culture systems are main-
tained in 2D conditions; however, more advanced 3D models are
increasingly being applied to mimic better the unique endometriosis
microenvironment and endometriotic lesions. 3D models may imitate
cell-to-cell and cell-to-ECM interactions, cellular physicochemical
microenvironment, and tissue-specific architecture. They offer the op-
portunity to study endometriotic cell communication with neighboring
cells and analyze specific paracrine cross-talks between cells [172].
Various 3D geometry cell culture models have been developed in two
decades. Noteworthy to mention endometriotic organoids and spheroids
that differ in structures, cellular elements, properties, and applications
in endometriosis research. However, the most promising 3D systems
appear to be the microfabrication technologies that enable reconstitu-
tion of the organ architecture on a chip. The microfluidic system can
individually compartmentalize each cell type in independent chambers
and reproduce cellular functions essential to test therapeutic effects and
toxicity [173]. Microfluidic platforms with integrated endometriotic
organoids, endometriosis lesion-derived stromal cells and immune and
fibromuscular cells have been recently developed to reconstitute a
microvascularized and innervated environment resembling endometri-
otic lesions [168,169]. It is believed that the endometriosis models
formed by the combination of patient-derived endometriotic cells, tissue
engineering, and innovative microfluidic 3D models will be a powerful
tool for therapeutic target identification, development of diagnostic
biomarkers and screening of novel drugs. However, scientists should be
deeply aware that even the best in vitro systems are only simplified
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research models, and pharmacological in vivo studies are necessary to
confirm in vitro evidence and translate promising data to clinical ap-
plications [174].

3D in vitro endometriosis models exhibit numerous merits and po-
tential applications in preclinical studies. However, most of them cannot
mimic the whole complexity of the endometriosis microenvironment
with all cell types, mediators, pathologies, and systemic stimuli from the
nervous, endocrine, or blood systems involved in endometriosis devel-
opment constituting potential targets in endometriosis management.
Therefore, in advanced in vitro research, more than one endometriosis
model should be applied to reflect the endometriosis niche better and
monitor significant endometriosis-related signaling pathways at cellular
and molecular levels.

Advances in modeling in vitro technologies could potentially revo-
lutionize the understanding of endometriosis pathophysiology and allow
the identification of new targets to develop practical therapeutic ap-
proaches. The desired goal of modeling endometriosis is obtaining
reproducible and robust research data, which provide evidence for
alternative diagnostic and therapeutic strategies. To compare and
evaluate the suitability of in vitro models developed for endometriosis
studies, they should be validated using reference drugs with an appro-
priate selection system depending on the target and biological mecha-
nism of interest. The scientific community recognizes the need for
extensive endometriosis research starting from preclinical studies based
on in vitro models - suffering-free systems that represent a serious
alternative to animal testing.
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Natural resveratrol analogs
differentially target endometriotic
cells into apoptosis pathways

Agata Gotabek-Grenda?, Mariusz Kaczmarek?3, Wojciech Juzwa' & Anna Olejnik**

The specific characteristics of endometriotic cells are their ability to evade the apoptotic machinery
and abnormal response to apoptotic stimuli. Natural-originated compounds may constitute a
beneficial strategy in apoptosis modulation in endometriosis. We investigated and compared the
potency of natural resveratrol analogs, including piceatannol, polydatin, and pterostilbene, in
targeting cell death pathways, including apoptosis-related morphologic and biochemical processes,
alongside the modulation of the critical genes expression. Upon resveratrol and pterostilbene
treatment, a significant reduction of endometriotic cell viability and an increased apoptotic proportion
of cells were noted. The lower antiproliferative potential was found for piceatannol and polydatin.
Endometrial stromal T HESC cells were significantly more resistant than endometriotic epithelial 12Z
cells to the cytotoxic activity of all analyzed compounds. They differentially affected endometriotic
cell viability, cell cycle, anti- and proapoptotic genes regulation, caspases expression and enzymatic
activity, and DNA fragmentation. Pterostilbene-mediated endometriotic cell apoptosis modulation
was confirmed to be most effective but without evident caspase 3 upregulation. Our study provides
valuable insight into the apoptogenic activity of resveratrol and its natural analogs in endometriotic
cells. Data obtained revealed the highest therapeutic potential of pterostilbene by effectively
targeting cell death determinants in endometriosis, strengthening its optimization in further
extensive research.

Abbreviations

ATF Apoptosis-inducing factor

BAX BCL2 associated X protein

BCL-2 B-cell lymphoma 2

BCL2L1 BCL-2-like protein 1

BID BH3-interacting domain death agonist

BOK BCL-2-related ovarian killer protein

CAD Caspase-activated DNase

CASP Caspase

CDKs Cyclin-dependent kinases

CYB1B1 Cytochrome P450 family 1 subfamily B member 1
ER Estrogen receptor

ERE Estrogen response elements

E2 17pB-Estradiol

FAS Tumor necrosis factor receptor superfamily member 6
FASL FAS ligand

MAPK/ERK Mitogen activated protein kinase extracellular-signal-regulated kinase
PI3K/AKT  Phosphatidylinositol 3-kinase/protein kinase

Nrf-2 Nuclear erythroid 2-related factor 2
TNF-a Tumor necrosis factor a
TRAIL TNF-related apoptosis-inducing ligand
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Endometriosis is an idiopathic condition characterized by ectopic growth and function of endometrial tissue
outside the uterine cavity in line with a recent the International Statistical Classification of Diseases and Related
Health Problems definition published latterly by WHO!. According to Sampson’s concept, menstrual effluents,
refluxed into the peritoneal cavity, contain viable endometrial cells that can implant and initiate the formation
of endometriotic lesions®. The retrograde dissemination of the endometrial cells is a common phenomenon and
appears in all women of reproductive age, regardless of whether endometriosis is present’. In healthy women,
the misplaced endometrial cells are eliminated by the programmed cell death required to maintain cellular
homeostasis effectively. The reduced endometrial tissue sensitivity to apoptosis probably causes active ectopic
endometriotic lesions development?*.

Novel therapies focus on various molecular targets, and apoptosis-inducing agents may be a promising
therapeutic strategy for endometriosis. Natural plant-derived compounds, including resveratrol is emerging as
a promising anticancer agent due to apoptosis induction and cell cycle arrest in various cancer cell types>®. This
compound was reported to trigger the molecular proapoptotic cancer-related mechanisms via the mitochondrial-
apoptosome-mediated intrinsic pathway and the death receptor-induced extrinsic pathway in different cancers’.
Anticancer and apoptogenic mechanisms of resveratrol were widely investigated in many in vitro and in vivo
studies, which were discussed in several review articles®®. Although the abnormal tissue that grows from
endometriosis is not cancerous, it shares several characteristics in terms of the metastasis-like behavior of cells,
attachment to other tissues, and invasion of distant body sites'. The evidence of shared similar pathogenetic
mechanisms of endometriosis and cancers in women may be an avenue for identifying potential targets for future
disease management and treatment.

Recently, more attention has been paid to increasing resveratrol bioavailability. The metabolized fraction of
resveratrol that reaches the bloodstream and is distributed into the target tissues to exert biological activity is
low for its rapid and extensive phase II metabolism by glucuronidation and sulfation on the hydroxyl groups'*.
Scientific interest is emerging in some methoxylated and hydroxylated derivatives of resveratrol to enhance its
therapeutic versatility. Due to additional methoxy groups, pterostilbene, a dimethylether analog of resveratrol
(3,5-dimethoxy-4'-hydroxystilbene), enhances structural stability and ensures better lipophilicity, absorption,
cellular uptake, and bioavailability compared with the maternal compound!?. Moreover, several studies have
focused on the activity of piceatannol (3,3',4,5'-tetrahydroxystilbene) with higher stability than resveratrol during
metabolism'’. Also, piceatannol has been reported to reduce the high incidence of cardiovascular diseases,
exert therapeutic effects in different cancers, and prevent arrhythmia, hypercholesterolemia, angiogenesis,
and atherosclerosis'*". Polydatin (3,4,5-trihydroxystilbene-3-B-D-glucoside), known as piceid, is occupied
by a glucopyranoside ring in the C-3 hydroxyl moiety. Glycosylated forms of resveratrol presented greater
bioavailability and displayed potent anti-inflammatory and antioxidative activities'®!’.

In our opinion, extensive studies on the modulation of endometriotic and endometrial cell apoptosis are
needed to assess molecular mechanisms underlying the antiproliferative effect and regulation of cell cycle
arrest by the natural compound in endometriosis. To our knowledge, we present the first study evaluating
the therapeutic potential of natural resveratrol derivatives in endometriosis. We aimed to examine resveratrol,
pterostilbene, piceatannol, and polydatin effects on proliferation, cell cycle distribution, and symptomatic
apoptosis in the endometriotic 12Z cell line. We also investigated the potential of resveratrol and its derivatives
to regulate the gene expression of proapoptotic and antiapoptotic molecules.

Results

Effect of resveratrol and its derivatives on endometriotic and endometrial cell viability. The
effect of resveratrol and its natural analogs on the viability of endometriotic epithelial 12Z cells and endometrial
stromal T HESC cells was assessed using the MTT assay. Table 1 presents the IC,, and ICs, values (the inhibitor
concentration required for 10% and 50% reduction in enzyme activity) obtained after 48-h incubation with the
tested compounds. In 12Z cell culture, the IC,, and ICs, values of piceatannol and polydatin were significantly
higher than those of resveratrol. The cytotoxicity of resveratrol and pterostilbene to 12Z cells was not markedly
different. T HESC and 12Z cells varied in susceptibility to the treatment with stilbenes tested, as evidenced by
the cytotoxic doses shown in Table 1. Pterostilbene revealed the highest cytotoxic potential for T HESC cells,
significantly higher than the parent compound. However, comparing ICs, values, pterostilbene cytotoxicity in T
HESC cell culture was almost twofold lower than in 12Z cell culture. Similarly, resveratrol evoked much weaker
cytotoxic effects in T HESC cells than in 12Z cells. Polydatin at concentrations up to 400 pM was not cytotoxic

Endometriotic cells—12Z Endometrial cells—T HESC
Tested compounds | IC,, (uM) 1Cs4 (UM) IC,, (uM) 1Cs4 (uM)
Resveratrol 8.99+4.29 49.32+11.4 160.35+7.05" 250.99 +1.58"
Pterostilbene 29.34+4.46 73.88+6.0 113.79+5.11%, % 145.12+7.71%%, %
Piceatannol 167.50+11.36** | 223.76+£6.47** 222.68+14.49%%,% | 363.72+£16.98**,
Polydatin 86.76£10.01** | 242.85+22.51** | >400 >400

Table 1. Effect of resveratrol, pterostilbene, piceatannol, and polydatin on endometriotic epithelial (12Z) and
endometrial stromal (T HESC) cell viability, determined by the MTT reduction assay. *p <0.05, **p <0.001
significance of differences between cell treatment with resveratrol analogs compared to resveratrol. *p <0.05,
#p <0.001 significance of differences between cytotoxic doses of stilbenes to 12Z and T HESC cells.
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to the T HESC cells, while at a dose of 86.76 pM, it induced the first cytotoxic symptoms in 12Z cells. It is worth
noting the Alamar Blue assay proved a similar cytotoxic effect of analyzed compounds in 12Z and T HESC
cells, although it was less sensitive than the MTT assay. The increased susceptibility of endometriotic 12Z cells
than endometrial T HESC cells to resveratrol and its natural analogs was consistent in both assays (Fig. 1). To
summarize, resveratrol, pterostilbene, and piceatannol had a more apparent toxic effect on endometriotic cells
than endometrial cells.

Effects of resveratrol and its analogs on the endometriotic cell monolayer morphology.  After
the treatment of resveratrol and its analogs, morphological changes in the endometriotic cell monolayer were
observed under the inverted phase contrast microscope (Fig. 2). As the concentration of the analyzed compound
increased, the cell culture became sparsely populated and defective. The most significant disturbances in the
development of the endometriotic cell monolayer were detected following treatment with resveratrol and
pterostilbene. Inhibition of adherent cell growth, losing contact with adjacent cells, and typical apoptotic
features, such as rounding and membrane blebbing, were recorded dependently on the dose of stilbene tested.
The arrested proliferation and echinoid spikes on the apoptotic cell surface and rampant death of endometriotic
cells were observed, especially after exposition to high resveratrol and pterostilbene dosage. However, the first
disturbances in 12Z cell monolayer development were noted after cell treatment with cytotoxic doses as low as
10 uM (Fig. 2).

Microscopic detection of endometriotic cell apoptosis. The apoptogenic properties of the tested
compounds were monitored using fluorescence microscopy analysis of treated endometriotic 12Z cells after
staining with DAPI (Fig. 3). The cells displayed common characteristics typical for apoptosis, such as chromatin
condensation and cleavage, formation of pyknotic bodies of condensed chromatin, and cell disintegration into
apoptotic bodies and microvesicles. The results indicated evident changes typical for apoptotic cells, such as
increased nuclear condensation, formation of apoptotic bodies, and fragmentation in multiple segregated body
features.

Effect of resveratrol and natural analogs on endometriotic cell death induction.  After treating
endometriotic 12Z cells with stilbenes, the phosphatidylserine externalization was measured by Annexin V and
PI double staining (Fig. 4A). Examples of the single-cell images from sub-populations: live cells (Annexin V/
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Figure 1. Effect of resveratrol (A), pterostilbene (B), piceatannol (C), and polydatin (D) on endometriotic
epithelial (12Z) and endometrial stromal (T HESC) cell viability, determined by Alamar Blue reduction assay.
The values represent the means (n=3)+ SD. The significance of the main effects was determined by ANOVA (p,
F).
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Figure 2. Endometriotic 12Z cell monolayer morphology after 48-h treatment with resveratrol and its analogs.
Disturbances in 12Z cell culture developed under treatment with stilbenes were compared with 12Z cell cultures
non-treated (negative control) and treated with camptothecin as a reference compound (positive control).
Photos were taken at a magnification of 100 x . Arrows indicate cell rounding (1), membrane blebbing (2), and
echinoid spikes (3) in endometriotic cell culture under treatment with 100 uM of resveratrol and pterostilbene.
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Figure 3. Morphological apoptosis of 12Z cells after treatment with resveratrol and its analogs and staining
with DAPI. Control cells have intact nuclei, whereas treated cells depict pyknosis-condensed chromatin (1),
nucleus fragmentation (2), and apoptotic bodies (3). White arrows indicate typical features of apoptosis. Photos
were taken at a magnification of 400 x.

PI-double negative), early apoptotic cells (Annexin V-positive/PI-negative), late apoptotic cells (Annexin V/
PI-double positive), necrotic cells (Annexin V-negative/PI-positive) are presented in Fig. 4B.

Flow cytometry analysis of the stained cells can distinguish apoptotic cells from necrotic cells. The results
in Fig. 4C show that resveratrol and its derivatives dose-dependently decreased the population of live cells
and simultaneously increased the population of early and late apoptotic cells with the limited population of
mechanical necrotic cells. Under treatment with resveratrol, pterostilbene, and piceatannol at concentrations
of 50 uM, 100 pM, and 200 uM, a significant dose-dependent increase in the population of late apoptotic cells
was observed in treated 12Z cell cultures. Pterostilbene was the most efficient apoptosis inducer based on the
overall apoptotic rate parameter. In the 12Z cell culture exposed to pterostilbene at a dose of 200 uM for 48 h,
approximately 94% of treated cells were classified as apoptotic cells. In contrast, 12Z cells treated with polydatin
underwent apoptosis with an increased population of early apoptosis cells without induction of late apoptosis
(Fig. 4C).

Effect of resveratrol and natural analogs on DNA fragmentation. Cell death via apoptosis in 12Z
cells after exposure to resveratrol and its natural derivatives was determined by detecting DNA fragmentation
(Fig. 5). DNA degradation was correlated in a dose-dependent manner. TUNEL assay showed increased DNA
fragmentation in endometriotic 12Z cells treated for 48 h with resveratrol, pterostilbene, and piceatannol.
The most significant DNA strand breaks were observed in the cells exposed to resveratrol and piceatannol at
the concentration of 100 pM (42.8% and 49.6%, respectively) and 200 uM pterostilbene (62.6%). In contrast,
polydatin did not induce DNA damage in treated 12Z cells (1.08%). Tunel-positive cell population in the 12Z
cell culture treated with camptothecin was estimated at 32.5%, compared to 0.6% in the vehicle-treated control
culture.

Effect of resveratrol and its analogs on cell cycle progression. To investigate whether resveratrol
and its analogs have interfered with cell cycle progression in endometriotic 12Z cells, we analyzed the cell cycle
distribution by flow cytometry. The obtained data showed that treatment with resveratrol and its analogs caused
a significant increase in an apoptotic cell population with lower DNA content and simultaneously a decrease in
cell population in G,/G, cycle phase depending on the compound concentration, except for polydatin, which
did not increase the number of apoptotic cells in a dose-dependent manner (Fig. 6). The largest subpopulation
of apoptotic cells was found in the cell cultures treated with resveratrol and pterostilbene at the concentration of
100 uM (31.2+8.0% and 33.1+9.7%, respectively) and piceatannol at a concentration of 200 uM (45.1£5. 6%).

Effect of resveratrol and its analogs on the expression of genes involved in apoptosis. The
effect of resveratrol and its natural analogs on the expression of pro- or antiapoptotic regulators, was examined
by real-time PCR. The analysis of mRNA expression showed that the analyzed compounds affect the expression
of several proapoptotic genes and genes of two pro-survival proteins. The enhanced expression of pro-survival
B-cell lymphoma 2 (BCL-2) and BCL2-like 1 (BCL2L1) genes was observed in 12Z cells treated with resveratrol
(50 uM and 100 puM), pterostilbene (50 uM and 100 pM), and piceatannol (50 uM, 100 puM, and 200 uM)
(Fig. 7). On the other hand, these stilbenes significantly increased the mRNA expression of the BAX gene, which
promotes apoptosis. The highest BAX mRNA expression was observed in 12Z cells treated with pterostilbene at
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Figure 4. Flow cytometry analysis of endometriotic 12Z cells stained with PI and FITC-Annexin V. Cells
were treated with resveratrol, pterostilbene, piceatannol, polydatin and their vehicle (0.5% ethanol) for 48 h.
Camptothecin was used as a positive control. (A) Representative images of each distinct cellular subset. n=4;
scale bars =20 um. (B) Representative flow cytometry dot plots. (C) Summary of FITC-Annexin V and PI
stained populations in 12Z cell cultures. Data show the percentage distribution of four fractions: PI-negative/
FITC-Annexin V-negative, PI-positive/FITC-Annexin V-negative, PI-negative/FITC-Annexin V-positive, and
PI-positive/FITC-Annexin V-positive. The results are presented as means = SD. *p <0.05, **p <0.01, ***p <0.001

compared to vehicle

control.
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Figure 5. DNA fragmentation in 12Z cells after treatment with resveratrol and its analogs determined using
TUNEL flow cytometry analysis. Results of experiments performed in triplicates are presented as means+ SD.
*p<0.05, ¥p<0.01, **p<0.001 compared to vehicle control.
a concentration of 100 pM; in this treatment, the BAX expression level increased approximately 16-fold. BAX
overexpression was also documented in 127 cells exposed to resveratrol. This compound at a dose of 50 M
revealed a similar capacity to enhance BAX mRNA expression, increasing BAX transcripts by approximately
sevenfold. The results indicate that the analyzed compounds can initiate cell death by varying the balance
between BAX and BCL-2.
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Figure 6. Effect of resveratrol and its analogs on cell cycle progression in endometriotic 12Z cells.
Camptothecin was used as a reference apoptosis inducer. The values represent the means (n=3) +SD. Significant
differences *p <0.05, **p <0.01, ***p <0.001 compared to vehicle control.

Moreover, after 12Z cell treatments with resveratrol and pterostilbene (50 uM and 100 uM) and piceatannol
(200 pM), the mRNA expression of death receptor FAS was significantly increased. The FAS overexpression
depended on the concentration of stilbenes, reaching a relative expression up to tenfold higher in treated
endometriotic cells. The role of proteases in resveratrol-, pterostilbene-, and piceatannol-induced apoptosis
was also indicated by the upregulation of well-known initiator caspases of the mitochondrial and death receptor
apoptotic pathways such as caspases 8, 9 and executioner caspase 3 (Fig. 7). Polydatin did not significantly
increase mRNA transcripts of the analyzed BAX, FAS, CASP3, CASP8, and CASP9 genes.

Effect of resveratrol and its analogs on the activity of caspases-3/7. The effect of resveratrol and its
analogs on the effector caspases-3/7 activity in endometriotic cells is shown in Fig. 8. Resveratrol evoked a dose-
dependent caspase-3/7 activation in 12Z cells (F=2467.29, p <0.0001). The most potent up-regulating effect was
observed under treatment with resveratrol at a concentration of 100 pM, which caused a 10.3-fold increase in
caspase-3/7 activity. It was consistent with the results of CASP3 gene expression activation. As shown in Fig. 8,
pterostilbene at a concentration of 100 uM modestly activated caspases 3/7, although it inhibited their activity
at 200 uM. There was a 2.8-fold activation of caspase 3/7 enzymes following treatment with piceatannol at a
200 uM dose, which complies with the CASP3 mRNA expression level. Caspase 3/7 activity was not significantly
changed in the 12Z cells by their exposure to polydatin.

Discussion

An important clue for developing new therapeutic strategies in endometriosis is that the eutopic and ectopic
endometrium of endometriotic patients shows less susceptibility to apoptosis than the endometrium of non-
endometriotic patients'®. For this reason, manipulating programmed cell death processes by enhancing apoptotic
stimulants of endometriotic cells could be a promising approach to treating endometriosis. This study was
designed to evaluate the effects of natural analogs of resveratrol on the inhibition of endometriotic cell survival
pathways and upregulation of cell death pathways, including apoptosis signaling.

The present study determined the cytotoxic effect of the analyzed stilbenes on human endometrial stromal
cells (T HESC) and human endometriotic epithelial cells (12Z). The 12Z cell line retains characteristics of the
active phase of endometriosis and is considered suitable for studying the cellular and molecular context of
endometriosis'. In contrast, the T HESC line represents a distinct stromal compartment of the endometrium
and resembles typical endometrial features; therefore, it has been widely applied in endometriosis studies®*?!.
However, endometriotic stromal cells were not employed in the experiments due to the lack of an established
immortalized stromal cell line. Recently, the 22B cell line derived from the stromal compartment of endometriotic
tissue was no longer available for current research because of the cessation of cell growth during culture?. A
more recent study by Madanes et al. described the effect of resveratrol on human endometrial stromal St-T1b
and epithelial 12Z cells®. Resveratrol at a concentration of 100 uM after 48-h treatment was found to reduce
cell viability by 45.4% and 49.2% in 12Z and St-T1b cell cultures, respectively. The effects of resveratrol were
analyzed on primary cultures of human endometrial epithelial cells obtained from eutopic endometrial biopsies
of patients with endometriosis. After exposure to 50 pM and 100 pM resveratrol, cells from control women and
endometriosis patients showed a significantly lower proliferative potential®*. In other studies, resveratrol at
concentrations up to 100 uM did not influence the viability of endometrial stromal cells derived from patients
with endometriosis after 48-h treatment. Increasing the dose of resveratrol to 200 uM reduced endometriotic
stromal cell viability to approximately 50%>>%°. Resveratrol by itself did not induce apoptosis in the ectopic
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Figure 7. Effect of resveratrol and its analogs on the mRNA expression of BCL2, BCL2L1, BAX, FAS, CASP3,
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CASPS8, and CASP9 genes in endometriotic 127 cells, assessed by real-time PCR. Data were normalized

against B-actin and expressed as relative mRNA expression (-fold of control). The values represent the means

(n=3) % SD. Significant differences *p <0.05; **p <0.01; ***p <0.001 compared to vehicle control.
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stromal cells; however, it enhanced the effect of TNF-a-related-apoptosis-inducing ligand (TRAIL) and
acted by silencing survivin expression®. The control non-endometriotic T HESC cells derived from human
endometrium were also applied in our cytotoxicity experiments since the distinction in the cellular response
between endometrial and endometriotic tissue is an important issue in evaluating the activity of the therapeutic
agent. Endometrial T HESC cells were more resistant to their cytotoxic activity than endometriotic 12Z cells.
Based on the IC;, values, the cytotoxicity of resveratrol was fivefold higher for the endometriotic 12Z cells than
for the endometrial T HESC cells. Resveratrol treatment seems to have a different effect on endometrial and
endometriotic cells, with a harmful impact directed to endometriotic cells. Nonetheless, diverse cell population
compartment representativeness must be accentuated in assessing the susceptibility of endometriotic and
endometrial cells.

The results presented in this work indicated that natural resveratrol analogs are cytotoxic to cells derived
from the endometrium and endometriotic lesions with different degrees of potency. Pterostilbene, a dimethyl
ether analog of resveratrol with better intestinal absorption and elevated hepatic stability, has been reported to
regulate pathogenic pathways associated with carcinogenesis, hematologic diseases, neurological, and age-related
disorders?. Pterostilbene inhibited the growth of highly malignant melanoma cells at a bioavailable concentration
by interfering with the molecular signaling during cell division. Moreover, pterostilbene demonstrated
activity in lymphoma cell lines with a mutation of the Fas gene, resistant to apoptosis induced by resveratrol
and piceatannol®®. Compared to resveratrol, fewer hydroxyl groups result in less susceptibility to conjugation
metabolism; therefore, a longer half-life is predicted for pterostilbene?”. However, until now, pterostilbene has
not been investigated as an anti-endometriotic agent. Its cytotoxic effect on endometriotic 127 cells was lower
than resveratrol. On the other hand, pterostilbene inhibited the proliferation of endometrial T HESC cells more
potently than the parent compound.

Plant-derived piceatannol has been identified as an antileukemic compound and a potent inhibitor of the
proliferation and migration of vascular endothelial cells. As a result, piceatannol can limit the development
of tumors by inhibiting neovascularization. Polydatin, the glycosylated form of resveratrol, can increase the
quantity of trans-resveratrol due to the hydrolysis by -glucosidase secreted by bacteria in the colon. In recent
years, several studies have suggested that polydatin possesses a higher capacity than resveratrol to alleviate
oxidative stress and has a more potent anti-inflammatory effect®. It was hypothesized that the additional
hydroxyl group enhances the piceatannol reactivity and makes it a more potent free radical scavenger than
resveratrol*®. However, interference in various cellular targets and proven antitumorigenic effects'*?!, piceatannol
and polydatin biological activity are not yet determined in endometriosis. The potentially bioactive nature of
the resveratrol analogs strongly justifies the research undertaking on their preventive and therapeutic effects
on endometriosis. However, comprehensive and extensive research is needed to clarify molecular and cellular
regulations of endometriotic cell growth and expansion treated with the proposed new alternative compounds.

We observed that under treatment with resveratrol and its analogs, the percentage of positive cells for Annexin
V, an early sign of apoptosis, was increased significantly. Still, the most efficient increase in the population of
apoptotic cells was caused by pterostilbene. Cumulative evidence has pointed out that pterostilbene shows
stronger antiproliferative and apoptotic effects than resveratrol in human cervical cancer cells****. The
experiments with pterostilbene ascertain it acts as a robust agent capable of regulating the p53-dependent
apoptotic pathway and targeting the Nrf-2 pathway by developing endoplasmic reticulum-mediated stress in
cervical cancer cells***%. The superior inhibitory effects of pterostilbene compared to resveratrol were associated
with the induction of p53 and p21, which contribute to cell cycle arrest at S and G,/M phases and subsequent
reduction of cyclin E1 and cyclin B1%.

Our findings indicate that the first signs of an increase in the incidence of apoptosis were observed at 50 uM
concentration of all analyzed compounds, identified by oligonucleosomal DNA fragmentation and accumulation
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on the histogram as subG1 apoptosis fraction. The DNA strand breaks represent a hallmark of the later stages
of apoptosis, which are mediated by several endonucleases. Caspase-activated DNase (CAD) is expressed as
a heterodimer with its inhibitor ICAD, cleaved by caspase-3 leading to CAD activation, degrades the nuclear
material®.

We analyzed the activation of caspases at the molecular and cellular levels. Resveratrol upregulated
caspase-3 mRNA expression and proteolytic activity by 7.3- and 10.3-fold, respectively. Caspase 3 expression
in pterostilbene-induced apoptosis in endometriotic cells was much weaker, even though this compound
generated the most significant number of DNA strand breaks. Data on the apoptotic activity of resveratrol and
its natural analogs for human T lymphoma cells revealed that the pan-caspase-inhibitor Z-VAD-fmk could inhibit
apoptosis induced by trans-resveratrol, piceatannol, and 3'-hydroxypterostilbene but not apoptosis induced by
pterostilbene, suggesting that it could activate apoptosis through a caspase-independent mechanism?. It has now
been recognized that in response to apoptotic stimuli, mitochondria can also release caspase-independent cell
death effectors such as apoptosis-inducing factor (AIF) and endonuclease G. Following release and translocation
to the nucleus, AIF becomes an active executioner of the cell death by the initiation of large-scale DNA
fragmentation®. It is essential to realize that apoptosis evolved complex death pathways, which overlap with each
other. The traditional pathway involving BCL family proteins and caspases may recruit an additional response
mechanism, such as caspase-independent AIF release, to facilitate the completion of apoptosis®’. Overexpression
of BAX was shown to trigger the release of AIF in 293 T and HeLa cells, suggesting that it can participate in
multiple death paradigms®. According to this statement, in our study, pterostilbene was found to enhance BAX
expression significantly. Different proapoptotic potentials between resveratrol and pterostilbene presented in
this work are probably due to the structure-activity relationships. It has been found that the 3,5-dimethoxy motif
facilitated the apoptogenic activity of the compound, even in cells expressing the multidrug-resistant phenotype
or the antiapoptotic oncogene?®.

An interesting inhibitory effect of piceatannol on the endometriotic cells was observed in our study. The
experimental data suggest that apoptosis induction by piceatannol could be related to the extensive fragmentation
of nuclear DNA in the treated 12Z cells, despite a relatively high ICs, value (223.76 uM) indicating lower cytotoxic
potency than resveratrol and pterostilbene. The only difference between the resveratrol and piceatannol is the
presence of an additional hydroxy group in one of the piceatannol’s aromatic rings. Piceatannol was found
to exhibit potent tyrosine kinase inhibitory activity and inhibit a variety of tyrosine kinases involved in cell
proliferation and overexpressed in different cancer cells*”. Data obtained show that piceatannol at 100 uM led
to almost 50% internucleosomal DNA fragmentation in 127 cells with a significant increase in caspase-8, -9,
and -3 mRNA expression. Similar observations concerning a minor piceatannol cytotoxic effect were made
in hepatoma HepG2 cells at piceatannol doses ranging from 0 to 200 uM after 24, 48, and 72 h of treatment.
Likewise, a significant percentage of apoptotic cells was detected in HepG2 cells treated with piceatannol
at 100 uM and 200 pM, which also confirmed the TUNEL assay®’. Our findings indicate that resveratrol,
pterostilbene, and piceatannol at higher concentrations up-regulated the expression of the antiapoptotic BCL2
gene, and pterostilbene evoked the most substantial effect. Protein BCL-2 resides in the outer mitochondrial
wall and inhibits cytochrome ¢ release*!. Pterostilbene was previously found to increase the expression of
antiapoptotic BCL-2 and activate MAPK/ERK and PI3K/AKT signal pathways in human neuronal SH-SY5Y
cells in neuroprotective experiments. Pterostilbene, which exhibits estrogenic activity, mediated neuroprotective
potential via mainly ER-a receptor, which activated the BCL-2 expression presumably through genomic estrogen
signaling®. The distribution of hydroxyl groups in aromatic rings in the stilbenes makes them similar in chemical
structure to endogenous and synthetic estrogens such as 17B-estradiol (E2) or diethylstilbestrol**. One early
identified biological target of resveratrol was the estrogen receptor (ER), and the compound was classified as
a phytoestrogen. After dimerization of ER receptors and translocation to the nucleus, they bind to estrogen
response elements (ERE) within target genes. The transcription of genes by ER can also be mediated through
the non-classical genomic pathway by its direct binding to DNA with different transcription factors (e.g., AP-1,
SP-1, or NF-kB) without binding to ERE. Genes involved in proliferation and survival or apoptosis, such as cyclin
D1 and BCL2, are regulated by ER binding to the SP-1*%. Many estrogenic compounds display varying degrees
of agonism/antagonism depending on the cell type and target gene, and they are referred to as selective estrogen
receptor modulators (SERMs). Resveratrol was thought to affect breast cancer cells through ER-dependent
signaling pathways, some studies demonstrated that resveratrol analogs decreased triple-negative breast
cancer cell viability in a dose-dependent manner, indicating the existence of an alternative, ER-independent
mechanism*. The well-characterized endometriotic epithelial 12Z cells used in our experiments are ER-positive
(ER-a, ER-B)*. Endometrial stromal T HESC cells were also found to express ER and were applied in analyzing
the regulation of steroid receptors upon treatment with their antagonists and induction of decidualization*”*.
Affecting mediators down-regulating ER signaling constitutes an essential direction for therapeutic purposes
because estradiol at strikingly high quantities is the master regulator of endometriotic tissue pathology®.

Polydatin represents a natural precursor of resveratrol, in which the hydroxyl is replaced and occupied by a
glucopyranoside ring, enabling much better bioavailability than resveratrol, benefiting from the way entering
cells via glucose carriers®. A number of studies have suggested that polydatin therapeutic effect originates from
its anti-inflammatory®', antioxidant™, and anticancer™ activities. It remains unclear whether polydatin, like
resveratrol, has antioxidation and antitumor properties or constitutes a clinically advantageous approach. In our
studies, the effect of polydatin on endometriotic cell apoptosis was relatively minor. All analyzed compounds
showed higher inhibition capacity in cell viability than polydatin did. Even though polydatin induced the early
apoptosis stage under all measured concentrations (50 uM, 100 uM, 200 uM), cells did not go into the late
apoptotic phase as under treatment with other stilbenes. Dose-independently, polydatin unaffected neither
caspase activation nor expression of proapoptotic proteins. The reason that polydatin shows lower biological
activity than resveratrol at the same concentration was investigated in the different tumor cells. The results
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indicated that polydatin was harder uptaken by the cells than resveratrol, and probably specific transporters in
cells or lipid rafts endocytosis may determine its bioactivity>*.

Active compounds from natural products hold, in general, multiple molecular targets and can affect different
signaling pathways involved in proliferation, apoptosis, invasion, migration, inflammation, reactive oxidative
stress, and angiogenesis in the complex disease such as endometriosis®. New developed therapeutics for
endometriosis will be based on the prevention of off-target toxicities like side effects on the eutopic endometrium
or function of the reproductive tract. Therefore, the long-term safety of natural products, target pathway
selectivity, and prevent recurrence will be assessed in future studies. Moreover, challenges should be addressed to
improve bioavailability by implementing prodrugs, solid dispersions, and lipid-based formulation technologies®.
Recently, some locally administered platforms were proposed to deliver drugs for endometriosis treatment,
utilizing delivery technologies already explored in cancers. A polymeric drug delivery system to control the
prolonged release of curcumin from nanofibers in the peritoneum and pelvic cavity was developed in a mouse
model of endometriosis. Besides, in the rat endometriosis model, polymer/nucleic acid conjugates reduced the
ectopic endometrial lesions in ectopic locations. The small-molecule drugs or siRNA can be targeted to the
ectopic endometriotic tissue by the micelle systems and polymeric or peptide conjugates. Different nanoparticle
structures (metal-oxide nanoparticles, silver nanoparticles) can be designed to recognize specific receptors in the
lesions’ microenvironment and target drug delivery*®. Endometriosis drug delivery technologies are a relatively
new approach but are essential for clinically translatable therapeutics for women’s health applications.

As discussed above, the study results indicate that resveratrol and its natural analogs may offer substantial
preventive and therapeutic potential for treating endometriosis by specific induction of apoptosis via death-
signaling pathways. It is worth emphasizing that non-endometriotic T HESC cells were significantly less affected
by resveratrol and its key phytoestrogenic analogs. The significant effects of pterostilbene on the proapoptotic
events contributed to considerable inhibition of endometriotic cell proliferation, which was more preferential
than resveratrol. The anti-endometriotic potency of pterostilbene has been unveiled and described for the first
time in the presented work. Given the previous reports and our insights, we assumed more attention should
be paid to the estrogenic activity caused by natural phytoestrogens in evaluating their bioactivity. We conclude
that the properties of resveratrol and pterostilbene, involving the selective suppression of endometriotic cell
proliferation and induction of apoptosis, support their preventive and therapeutic activity against endometriosis.

Materials and methods
Unless specified otherwise, all chemicals were purchased from Merck KGaA (Darmstadt, Germany).

Endometriotic and endometrial cell cultures and treatment. The immortalized human
endometriotic epithelial cells (12Z), derived from peritoneal endometriosis lesions, were obtained from Applied
Biological Materials Inc. (Richmond, Canada). The 12Z cells were cultured in Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM/F12), containing 10% fetal bovine serum (FBS) and 50 mg/L gentamycin.
American Type Culture Collection (ATCC, Manassas, VA, USA) was the source for human endometrial stromal
cells immortalized by telomerase (T HESC, CRL-4003). The cells were maintained routinely in phenol red-free
DMEM/F12 supplemented with 10% charcoal/dextran treated FBS, 1% ITS+1, and 50 mg/L gentamycin, at
37 °C and 5% CO,. Both cell lines were negative for mycoplasma contamination; mycoplasma-free cells were
confirmed repeatedly during the study.

Cells were seeded at a density of 0.15 x 10° cells/cm? in 6-well plates. The 24-h cell cultures were treated
with resveratrol and its derivatives for 48 h under standard culture conditions. Camptothecin was applied as a
reference apoptosis inducers; its final concentrations were set to 5 uM and 50 uM.

Cell viability assay. Cell viability and metabolic activity were determined using the MTT colorimetric
assay, according to the protocol described in previous studies®”. Based on the obtained data, the dose-response
curves were plotted, and inhibitory concentrations (IC) were calculated. In addition, cell proliferation was
measured using the alamarBlue™ Cell Viability Reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Fluorescence was measured using a Tecan M200 Infinite microplate reader (Tecan
Group Ltd., Médnnedorf, Switzerland).

Microscopic detection of cell apoptosis. After treatment, cell monolayer morphology was assessed
under an inverted phase contrast microscope Axiovert 40C (Zeiss, Germany). Moreover, 12Z cells cultured on
Millicell EZ SLIDE glass (Millipore, Merck KGaA) were subjected to the standard treatment protocol. Following
exposure, cells were fixed with 4% paraformaldehyde, washed with PBS, permeabilized with 0.1% Triton
X-100, and stained with 1 pg/ml DAPI. The cell nuclear morphology was assessed by fluorescence microscopic
inspection (Axiovert 200, Zeiss, Germany).

Annexin-V/PI staining assay. Apoptosis was determined by Annexin V and propidium iodide (PI)
double staining with the FITC Annexin V Apoptosis Detection kit (BD Pharmingen, Heidelberg, Germany)
by flow cytometry according to the manufacturer’s instructions. Briefly, cells were harvested and washed with
PBS; then, they were suspended in the binding buffer to obtain 1x10° cells/ml concentration and stained
with FITC Annexin V and PI. The cells were analyzed with an Amnis™ FlowSight™ flow cytometer (Luminex
Corporation, TX, USA). Cell populations were categorized into four subpopulations: live cells (Annexin V/
PI-double negative), early apoptotic cells (Annexin V-positive/PI-negative), late apoptotic cells (Annexin V/
PI-double positive), necrotic cells (Annexin V-negative/PI-positive).
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Gene Accession No. Sequence (5'-3") Amplicon (bp)
HSBCLZ | NMAOOOSII3 | [ GOCAGG AGA AAT CAA ACA GAG GC | 177
HeBCLLL | NM-1385783 | 0 0AG Coa TG AdG CaTTecT | 1]
o | | I SATCCTIEACERENG |y,
Hs FAS NM-152872.4 F: GGA CCCA GAA TAC CAA GTG CAG 125

R: GTT GCT GGT GAG TGT GCATTCC

F: GGA AGC GAA TCA ATG GAC TCT GG
Hs CASP3 | NM-0043464 | 1. Gea TCG ACA TCT GTA CCA GACC | 140

] F: AGA AGA GGG TCA TCC TGG GAG A
Hs CASPS | NM-00137205L.1 | 3.1 A GGA CTT CCT TCA AGG CTGC | 142
F: GTT TGA GGA CCT TCG ACC AGC T
R: CAA CGT ACC AGG AGC CAC TCT T

Hs CASP9 NM-001278054.2 129

Table 2. The primers sequence used for real-time PCR.

TUNEL assay. The detection of DNA fragmentation in 12Z cells was performed using the terminal
deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) assay with In Situ Cell Death
Detection Kit (Roche Diagnostics, Indianapolis, IN, USA). The test detects DNA breakage that is identified by
terminal deoxynucleotidyl transferase. After treatment, the harvested cells were fixed in 4% paraformaldehyde
and permeabilized in 0.1% Triton X-100. After washing in PBS, cells were subjected to TUNEL labeling with
fluorescein-labeled dUTP and terminal deoxynucleotidyl transferase mixture. Cells were analyzed by flow
cytometry using an Amnis™ FlowSight™ flow cytometer.

Cellcycleanalysis.  Cell cycle progression was analyzed by flow cytometry using PI staining. After treatment,
127 cells were collected, washed with PBS, and fixed in 70% ethanol. The cells were then washed, resuspended
in PBS, and stained with 50 ug/ml PI in the presence of 100 pg/ml RNase A. Cell cycle distribution was analyzed
using a FACSCanto flow cytometer (Becton Dickinson, San Jose, CA, USA). Data analysis was performed with
the FACS Diva software (Becton Dickinson).

Caspase-3/7 activity. To quantitate the proteolytic activity of caspase 3 and 7, we performed an assay
based on the proteolytic cleavage of the C-terminal side of the aspartate residue in the DEVD peptide substrate
by caspase 3/7 and into the fluorescent rhodamine 110. Caspase 3/7 activity was determined using the APO-
One Homogenous Caspase-3/7 Assay (Promega Corporation, Wisconsin, USA) following the manufacturer’s
instructions. The obtained data were normalized to cellular protein content. The total protein was quantified
by BCA assay (Pierce® BCA Protein Assay Kit, Thermo Scientific Inc., USA) according to the manufacturer’s
protocol.

RNA extraction and real-time PCR.  Gene expression analysis was carried out according to the previously
described protocol®®. TRI reagent was applied for total RNA isolation, synthesis cDNA Transcriptor First-Strand
kit (Roche Diagnostics GmbH, Mannheim, Germany) for first-strand cDNA synthesis, and SYBR® Select Master
Mix (Life Technologies, Carlsbad, CA, USA) for real-time PCR. The primers used for the amplification of
cDNAs are listed in Table 2. The levels of transcripts were normalized using -actin as an internal control, which
was previously applied in 12Z cells®. Relative mRNA expression was shown as fold change calculated using the
2785% method compared with control cells.

Statistical analysis. All data are presented as means+SD from three independent replications. Statistical
analysis was performed using STATISTICA version 13.3 software (Statsoft, Inc., Tulsa, OK, USA). The Shapiro-
Wilk test was used to assess distributional assumptions, and the equality of variances hypothesis was verified
with Levene’s test. A Student’s t-test was used to compare two groups of data. One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test was performed to determine the differences between the mean
values of multiple groups. p <0.05 was the cut-off point for a significant difference.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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Abstract: Background: Inflammation and immune cell dysfunction are critical facilitators of en-
dometriosis pathophysiology. Macrophages are renowned for stimulating lesion growth, vascular-
ization, innervation, and pain generation. By combining macrophages and endometriotic cells, we
determined if resveratrol and its natural analogs can target the immune dysregulation and oxidative
imbalance in endometriosis. Methods: After treatment with compounds (5, 10, 25 uM), we evaluated
the expression of key inflammatory and oxidative stress markers, cytokines release, and ROS produc-
tion by applying q-PCR, ELISA, Cytometric Beads Array, and multiplexed fluorogenic staining and
flow cytometry analysis with bioimaging. Results: The results showed that endometriosis-related
macrophages treated with stilbenes have impaired expression of pro-inflammatory markers (IL6,
IL8, IL1B, TNF, CCL2, CXCL10, PTGS2). The effect of resveratrol, pterostilbene, and piceatannol was
observed, especially in reducing IL1B, CCL2, and CXCL10 genes up to 3.5-, 5-, and 7.7-fold at 25 uM,
respectively. Also, with piceatannol or polydatin exposure, the IL-6 decrease was noticeable. This
study reported an antioxidant effect by reducing ROS-positive cells from 96% to 48% by pterostilbene.
Results from flow cytometry correlated with the transcript activation of detoxification enzymes (SOD,
GPX). Conclusions: Prospects for potential therapy based on regulating the immune microenviron-
ment and reducing the accumulation of free radicals with stilbenes application were described in
the article.

Keywords: endometriosis; inflammation; macrophages; co-culture; transwell system; oxidative
stress; resveratrol

1. Introduction

Endometrial macrophages play key roles in mediating the menstrual cycle through
the initiation of the breakdown of endometrium during menstruation [1] or contribution
to tissue remodeling during the establishment of pregnancy [2]. Macrophages exhibit
extensive plasticity, and their phenotype and function are highly specific to the local
tissue milieu. Dysregulation of their activity occurs in abnormalities and pathologies
of the uterus, including endometriosis. It is evident that macrophages are abundant in
endometrial lesions and are critical for their establishment and growth. Their enhanced
ability to produce pro-inflammatory cytokines contributes to a microenvironment that
favors pelvic inflammation and promotes other immune cells’ recruitment, endometriotic
cells’ proliferation, angiogenesis, and innervation, as well as leads to the generation of
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endometriosis-associated pain [3,4]. Therefore, the reciprocal communication between
macrophages and endometriotic cells appears, and their intercellular dialogue sustains
the formation of endometriosis lesions. As macrophages are the predominant cellular
component in endometriotic tissue, the targeting of macrophage alternation could be
critical in developing potential therapeutic candidates.

Resveratrol is a phenomenal natural compound commonly occurring in many plant
species, including coarse cereals, potatoes, beans, fruits, and nuts [5]. It became well
known due to its anti-cancer potential and promising anti-inflammatory, anti-oxidant, and
anti-microbial properties investigated in extensive research [6]. Recently, it was reported
that grapes do not serve as the richest source of resveratrol, but rather that the richest
sources are tangerine, peach, walnut, and sweet potato. Obtaining resveratrol in the
daily diet from everyday food items is worth encouraging, as red wine should not be the
primary source of resveratrol due to the harmful impact of alcohol on human health. Recent
studies have indicated that the current daily resveratrol intake, estimated at 0.7 mg/day, is
insufficient to achieve the health-beneficial effects [5]. Therefore, there is a definite need to
increase resveratrol intake to 30-150 mg/day and improve its bioavailability through the
development of breeding techniques, consuming foods enriched in resveratrol as well as
improvement of extraction methods, and utilization of innovative drug-delivery methods
in nanoparticle structures [5].

In searching for potential health-beneficial agents with increased bioavailability, it
is necessary to investigate the biological mechanisms for which resveratrol analogs and
metabolites can reach the target tissues and exert biological activity. Experiments utilizing
analogs demonstrated that resveratrol hydroxylation to piceatannol (3,5,3',4’-tetrahydroxy-
trans-stilbene) attributed the compound’s antioxidant activity and growth-inhibitory ef-
fects [7]. This plant-derived stilbene is found in peanuts, teas, berries, and passion fruit.
Passion fruit is a rich piceatannol source in its seed, detected at a 4.8 mg/g concentration.
Although the benefits of piceatannol have not been studied as extensively as resveratrol,
studies have shown a range of health-promoting biological properties with an emphasis
on antileukemic, antiangiogenic, and cardioprotective potential, as well as promoting fat
metabolism [8]. A recent randomized, double-blind, placebo-controlled crossover com-
parison study found that consuming 10 mg of piceatannol daily from passion fruit seeds
for 7 days increases fat burning in healthy subjects [9]. Pterostilbene (3,5-dimethoxy-4'-
hydroxystilbene), with two extra methoxy groups in its structure, shows greater lipophilic-
ity than the parent compound and is, therefore, characterized by higher intestinal perme-
ability, cellular absorption, and increased stability [10]. Pterostilbene is mainly found in
blueberries and Vaccinium berries up to 500 ng/g. The amount of pterostilbene in dietary
sources appears insufficient to exert health benefits. Therefore, formulating pure compound
supplements or employing strategies like transgenic alteration or metabolic engineering
offers a method to provide nutritional levels. Currently, several clinical trials for pterostil-
bene are being undertaken, e.g., in treating acute kidney injury and improving vascular
endothelial functions and cardiovascular health. In clinical studies, dietary blueberry
supplements or combining pterostilbene with other drugs, mainly at 25-125 mg doses,
are applied [11]. Polydatin (3,4’,5-trihydroxystilbene-3-3-D-glucoside), in its glycoside
resveratrol form, possesses different biological characteristics, such as greater bioavailabil-
ity [12,13]. The reported therapeutic targets of polydatin include many that have beneficial
biological activities against cancers, infections, cardiovascular diseases, diabetes, and gas-
tric and hepatic failure [14]. Grapes, mulberries, cocoa products, peanuts, and hop flowers
(Humulus lupulus) are prominent dietary sources of polydatin. However, polydatin was
primarily isolated from the rhizome Polygonum cuspidatum at amounts of up to 14.43 mg/g.
Polydatin has been evaluated in different clinical trials involving women’s diseases and
gastrointestinal and liver diseases. The effectiveness was achieved in a 40-600 mg dose
range per day [14,15]. A combination of polydatin and palmitoylethanolamide impaired
inflammatory factors and exhibited analgesic effects on endometriosis in several in vivo
and clinical studies [14].



Nutrients 2024, 16, 3483

3o0f21

Natural bioactive compounds can target pathological processes involved in endometrio-
sis, like altered inflammatory microenvironment and oxidative stress [6]. Numerous studies
suggest that resveratrol demonstrated an immunomodulatory role in immunologic disor-
ders, like cancers, autoimmune, neurodegenerative, metabolic, cardiovascular, and infec-
tious diseases [16,17]. Regarding immune cells, it has been found that resveratrol affects the
anti-inflammatory profile in macrophages, exhibits inhibitory function on T cells, reduces
CD4+CD25+ regulatory T cells’” suppressive function, and stimulates the killing activity
of NK cells. Studies on macrophages revealed that resveratrol regulates TLR-mediated
inflammatory responses, nuclear factor kappa B (NF-kB) activation, and cyclooxygenase-2
(COX-2) expression. It attenuated TLR4-TRAF6, mitogen-activated protein kinase (MAPK),
and AKT pathways in lipopolysaccharide (LPS)-stimulated macrophages. Resveratrol
reduced granulocyte-macrophage colony-stimulating factor (GM-CSF) production, de-
creased oxidative LPS effect, and modulated immune response linked to prostaglandin
E2 (PGE2) and Sirtuin 1 (SIRT1) level [16,18]. Since endometriosis is an inflammatory
pathology, this study aims to investigate the comparative anti-inflammatory effects of
resveratrol, pterostilbene, piceatannol, and polydatin on endometriosis. It is suggested
that macrophage influence on endometriotic cells may be fundamentally important for
endometriosis development; however, the cell interactions have not been fully under-
stood. Therefore, this study investigated the effect of stilbenes in the co-culture model of
macrophages and endometriotic cells. We analyzed the expression of key inflammatory and
oxidative stress markers, production of cytokines, and radical scavenging activity in the
activated endometriosis-related macrophages. We also discussed whether the co-culture
system could imitate the inflammatory niche in endometriosis.

2. Materials and Methods
2.1. Chemicals

Unless stated otherwise, all chemicals were purchased from Merck KGaA (Darmstadt,
Germany). Resveratrol and its analogs were also supplied by Merck KGaA as a solid
form and with a high purity (resveratrol > 99%; pterostilbene > 97%; piceatannol > 98%;
polydatin > 98.0%). Trans isomers of compounds were used in this study (Figure 1). The
stock solution of resveratrol, pterostilbene, piceatannol (80 mM), and polydatin (40 mM)
was prepared by dissolving in 96% alcohol and stored at —80 °C. Working solutions (5 mM,
2 mM, 1 mM) were prepared immediately before experiments by diluting the stock solution
in 96% alcohol. Then, they were added to the cell culture medium, maintaining 0.5%
alcohol concentration in each culture.

HO O
= O OH H3CO O N

OH OCHgs
Resveratrol Pterostilbene
OH
T 68 U
HO/, .\‘\O \
HO N - 4 O
(0]
H O 2
5 OH
OH H O/
Piceatannol Polydatin

Figure 1. Chemical structures of resveratrol, pterostilbene, piceatannol, and polydatin.
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2.2. Cell Cultures

Immortalized human endometriotic epithelial cells (12Z) were obtained from Applied
Biological Materials Inc. (Richmond, BC, Canada). They were cultured in Dulbecco’s Modi-
fied Eagle Medium combined with Nutrient Mixture F-12 (DMEM/F12) supplemented with
fetal bovine serum (FBS, 10%) and gentamycin (50 mg/L). Human monocyte THP-1 cells
(ATCC TIB-202) were purchased from American Type Culture Collection (ATCC, Manassas,
VA, USA) and cultured in RPMI 1640 (Invitrogen, Waltham, MA, USA) containing FBS
(10%), gentamycin (50 mg/L), and 2-mercaptoethanol (0.05 mM). THP-1 cells were main-
tained at a minimum density of 2 x 10° cells/mL and subcultured when their concentration
reached 8 x 10° cells/mL. They were passaged every 48 h by adding a fresh medium or
complete medium replacement until the culture reached appropriate cell density. Both
cell lines were grown at 37 °C under an air (95%)/CO; (5%) atmosphere. During the
experiments, they were regularly tested regularly for mycoplasma contamination.

2.3. Macrophages Differentiation and Co-Culture Setup

Monocytes were stimulated with 10 ng/mL PMA (phorbol-12 myristate 13-acetate)
for 24 h, followed by washing with RPMI 1640 to eliminate the effect of PMA, as described
by Smith et al. [19]. Morphological changes in cell size, pseudopodia formation, and cell
adhesion were observed to assess the acquisition of a macrophage-like phenotype. The
co-culture system was prepared in 6-well hanging cell culture inserts (0.4 um pore size;
Merck KGaA, Darmstadt, Germany). THP-1 monocytes were seeded (2 x 10° cells/cm?)
into the upper compartment of the transwell system in 2 mL of RPMI 1640 medium
supplemented with 10% FBS and placed into a 6-well plate containing 3 mL of medium.
After seeding, THP-1 cells were treated immediately with PMA (10 ng/mL) for 24 h
to stimulate differentiation. A new 6-well plate was prepared the same day with 12Z
cells, seeded at 0.3 x 10° cells/cm? in DMEM/F12 with 10% FBS. PMA-activated THP-
1 cells (in the insert) and 12Z cells (in the 6-well plate) were incubated separately for
24 h for their attachment. The next day, the differentiated THP-1 cells were washed with
the medium. Macrophages were polarized to M1 macrophages with 50 ng/mL IFN-y
(PeproTech, Cranbury, NJ, USA) and 10 pg/mL LPS (PeproTech, Cranbury, NJ, USA) in
RPMI 1640 medium supplemented with 10% FBS according to the method described by
Smith et al. and Genin et al. [19,20]. Simultaneously, the medium in the 6-well plate with
12Z cells was changed to RPMI 1640 with 2% FBS. After 24 h, the chambers containing
THP-1-derived macrophages were hung on the 6-well plates with the 12Z cells to obtain a
co-culture cell system. Macrophages and 127 cells were co-cultured in RPMI 1640 medium
with 2% FBS and treated with resveratrol and its derivatives for 24 h. Figure 2 presents
a schematic experimental design that includes macrophage differentiation, macrophage
polarization, a co-culture setup, treatment with analyzed compounds, and further analysis.

2.4. Cytotoxicity Assay

THP-1 cells were cultured in 24-well plates at an initial density of 1 x 10°/cm? and
stimulated by 24 h incubation with 10 ng/mL PMA. The cultures were then treated with
resveratrol at 1 uM to 50 uM and incubated for 24 h under standard culture conditions
in RPMI 1640 medium and 2% FBS. The 12Z cells were grown in 24-well plates at an
initial density of 0.25 x 10°/cm? and treated with resveratrol at the same concentration
range and under the same culture conditions. Cell viability and metabolic potential in
both cultures were determined using the colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay following the method described previously [21].
Absorbance was measured with a Tecan M200 Infinite microplate reader (Tecan Group Ltd.,
Minnedorf, Switzerland).
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Figure 2. Schematic representation of research design workflow.

2.5. RNA Extraction and Real-Time PCR

Total RNA from THP-1-derived macrophages co-cultured with 12Z cells was extracted
using Trizol reagent (Invitrogen, Waltham, MA, USA) according to the previously described
protocol [22]. Complementary deoxyribonucleic acids (cDNAs) were synthesized using
the cDNA Transcriptor First-Strand kit (Roche Diagnostics GmbH, Penzberg, Germany).
Quantitative real-time polymerase chain reaction (GQRT-PCR) was performed using SYBR®
Select Master Mix (Life Technologies, Carlsbad, CA, USA). The PCR reaction included 1 pL
c¢DNA, 1 uL of specific forward and reverse primers (5 uM), 12.5 uL. SYBR® Select Master
Mix, and nuclease-free water in the amount to a final volume of 25 pL.. The PCR reaction
mixture was denatured at 94 °C for 10 min, followed by 40 cycles of 95 °C for 40 s, 59 °C
for 30 s, and 72 °C for 30 s. The relative mRNA expression was calculated using the 244t
method, where Ct represents the threshold cycle. GAPDH was used as the internal control.
The primers applied for cDNA amplification are shown in Table 1.

Table 1. Primer sequences used in real-time PCR.

Gene Accession No. Sequence (5'-3') Amplicon (bp)

F: AGAATCACCAGCAGCAAGTGTCC

CCL2 NM_002982.4 R: TCCTGAACCCACTTCTGCTTGG %
F: GAACTGTACGCTGTACCTGCA

CXCL10 NM_001565-4 R: TTGATGGCCTTCGATTCTGGA 172
F: GTCTCCTCTGACTTCAACAGCG

CAPDH — NM_O0020467 R ACCACCCTGTTGCTGTAGCCAA 12!

GPX1 NM_000581.4 F: GTGCTCGGCTTCCCGTGCAAC 123

R: CTCGAAGAGCATGAAGTTGGGC

F: CCACAGACCTTCCAGGAGAATG
IL1B NM_000576.3 R: GTGCAGTTCAGTGATCGTACAGG ~ ©oF

F: AGACAGCCACTCACCTCTTCAG
IL6 NM_000600.5 R: TTCTGCCAGTGCCTCTTTGCTG 132

F: GAGAGTGATTGAGAGTGGACCAC
I8 NM_001354840.3 R: CACAACCCTCTGCACCCAGTTT 112

NM_003998.4 F: GCAGCACTACTTCTTGACCACC 130

NEKBI R: TCTGCTCCTGAGCATTGACGTC
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Table 1. Cont.
Gene Accession No. Sequence (5'-3') Amplicon (bp)
PTGS? NM. 000963.4 F: CGGTGAAACTCTGGCTAGACAG 156

R: GCAAACCGTAGATGCTCAGGGA

F: CTCACTCTCAGGAGACCATTGC
50D1 NM_000454.5 R: CCACAAGCCAAACGACTTCCAG 127

F: CTCTTCTGCCTGCTGCACTTTG
TNF NM_000594.4 R: ATGGGCTACAGGCTTGTCACTC 12

2.6. Quantitation of Cytokines by Cytometric Bead Array

The conditioned media from macrophages and 12Z cells co-culture were collected 24 h
after treatment with compounds, centrifuged to remove cellular debris, and applied for
subsequent experiments or stored at —80 °C until use. The concentrations of Interleukin-
6 (IL-6) and Interleukin 8 (IL-8) in the conditioned media were determined with the
Human Inflammatory Cytokine Cytometric Bead Array (CBA) (BD Biosciences, Franklin
Lakes, NJ, USA), as previously described [23]. For each kit, a standard calibration curve
with maximum and minimum detection limits (1.0-5000 pg/mL) was plotted. Samples
were analyzed using a FACSAriall flow cytometer (BD Biosciences) and FACSDiva v6.1.2
software (BD Biosciences).

2.7. Quantitation of Cytokines by ELISA

The monocyte chemoattractant protein-1 (MCP-1) (Biorbyt, Cambridge, UK; sensi-
tivity: 1 pg/mL; specificity: natural and recombinant human CCL2) and tumor necrosis
factor-alpha (TNF-o) (R&D Systems, Minneapolis, MN, USA; sensitivity: 0.5-5.5 pg/mL;
specificity: natural and recombinant human TNF-«) levels were determined using enzyme-
linked immunosorbent assay (ELISA) according to the suppliers’ standard protocols. The
prostaglandin E2 (PGE2) concentration was measured using respective ELISA kits (Cayman
Chemical, Ann Arbor, MI, USA; sensitivity: 40 pg/mL; specificity: natural PGE2) following
the manufacturer’s instructions. The absorbance of reaction mixtures was measured using
a Tecan M200 Infnite microplate reader. Results are expressed in pg of cytokine normalized
per pg of proteins quantified using Pierce® BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA).

2.8. Assessment of Intracellular ROS by Flow Cytometry

Reactive oxygen species (ROS) generation was determined using a CellROX® Deep
Red Flow Cytometry Assay Kit (Life Technologies, Carlsbad, CA, USA). In a reduced state,
the cell-permeable non-fluorescent CellROX Deep Reagent exhibits a strong fluorogenic
signal upon oxidation. The fluorescence intensity of CellROX® Deep Red reflects the ROS
levels in live cells. Dead cells were measured using the Sytox® Green Dead Cell Stain (Life
Technologies, Carlsbad, CA, USA).

Macrophages were co-cultured with 12Z cells according to standard protocol. After
treatment of the co-cultures with resveratrol or its derivatives, macrophages were gently
detached from the surface of the flask, rinsed, and centrifuged. Cells were resuspended
in RPMI 1640 medium without phenol red, and CellROX® Deep Red reagent was added
to the samples at a final concentration of 500 nM and incubated for 60 min at 37 °C in
the dark. During the final 15 min of staining, Sytox Green Dead Stain was added in an
optimized concentration of 45 nM. Cells were subjected to imaging Amnis™ FlowSight™
flow cytometer (Luminex Corp., Austin, TX, USA) equipped with three lasers for excitation
(405, 488, and 642 nm), five fluorescence channels (acquisition by a multi-channel CCD
camera), and a side scatter detector. Post-acquisition data analysis was performed using
ImageStream Data Exploration and Analysis Software (IDEAS® version 6.2.187, Luminex
Corp., Austin, TX, USA). Approximately 0.5 x 10* cells were analyzed in each sample.
Single-color compensation controls for CellROX® Deep Reagent and Sytox® Green Dead
Stain were also acquired using the integrated software INSPIRE® (version 201.1.0.765;
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Luminex Corp., Austin, Austin, TX, USA) for data acquisition. The analysis detected
oxidatively stressed (live cells), non-stressed cells (live cells), and dead cells representing
distinct subpopulations.

2.9. Statistical Analysis

The obtained results were expressed as means + SD from three independent replica-
tions. The hypothesis of equality of variances was verified with Levene’s test. Student’s
t-test was used to compare two groups of data. One-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was applied to determine the differences between the
mean values of multiple groups. A statistically significant value was considered at p < 0.05;
asterisks indicated the level of significance (* p < 0.05, ** p < 0.01, *** p < 0.001). Statistical
analysis was performed using STATISTICA version 13.3 software (Statsoft, Inc., Tulsa,
OK, USA).

3. Results
3.1. Differentiation, Polarization of Macrophages, and a Co-Culture of Endometriotic 12Z Cells and
M1-Polarized THP-1 Cells

Human THP-1 monocytes were seeded into the upper compartment of the transwell
vessel and subjected to differentiation into macrophages using PMA. As shown in Figure 34,
THP-1 monocytes displayed a suspended culture before induction and were characterized
as small, round, and transparent. THP-1 cells exposed to PMA became adherent and
larger, a characteristic of MO cells (Figure 3B). The increase in recognized macrophage
marker CD68 (cluster of differentiation 68), revealed by the qRT-PCR assay, also illustrated
the macrophage-like THP-1 (MO THP-1) phenotype (Figure 3E). Cells acquired a flatter,
more spread, and branching morphology M1 phenotype after exposure to LPS and IFN- y
(Figure 3C). As expected, the mRNA expression of IL1B, TNF, and IL6 (M1 macrophage
markers) was preferentially upregulated (Figure 3E). These results suggest that THP-1
cells were efficiently polarized into M1-like macrophages after PMA and LPS plus IFN-
v induction.

To explore the effects of resveratrol and its analog on the co-culture of polarized THP-1
macrophages and endometriotic 12Z cells, each population was cultured in indirect contact
using transwell inserts. Monocytes were seeded onto 0.4 pm pore-size membranes in the
inserts, which allowed the exchange of soluble factors and avoided cell transmigration. The
monocyte differentiation and then polarization were launched as optimized for monocul-
ture. Polarized THP-1 macrophages were co-cultured with 12Z endometriotic cells in the
presence of resveratrol and its analog at different concentrations. At the end of incubation,
RNA was extracted from macrophages to measure M1 marker expression, a conditioned
medium was collected to quantify the secreted factors, and cells were harvested to measure
ROS generation. Macrophages after co-culture with 12Z were presented in Figure 3D.

3.2. Effect of Resveratrol and Its Derivatives on 12Z Cell and THP-1-Derived
Macrophage Proliferation

The effect of resveratrol and its natural analogs on the proliferation of endometriotic ep-
ithelial 12Z cells and macrophages differentiated from THP-1 monocytes was assessed using
the MTT assay. Increasing resveratrol concentration in the endometriotic and macrophage
cultures did not cause a suppression of cell proliferation. The compound dosage, respon-
sible for a 20% reduction in viability of 12Z cells, was estimated at 50 uM of compound
(Figure 4). The analyzed resveratrol analogs exhibited cytotoxic effects on 12Z cells and
THP-1 macrophages comparable to the parent compound. Consequently, we have chosen
three dosages: 5, 10, and 25 uM for further studies in the co-culture system.



Nutrients 2024, 16, 3483 8 of 21

(A) (B)

cells before differentiation - THP-1cells +PMA (24h)-MO

© (D)

S THF'"-.'1- cells i s+IFNy(24h) -M1 - THP-1 cells in co-culture with 12Z (24h)

100 pm,
(E)
5 25
c CD68 TNF IL6 IL1B
S s
4 2
o ]
S s
3 3
< <
z z
¢ s
£ £
g 2
& k]
2 &

Figure 3. Morphological comparison of THP-1 cells before (A) and after PMA induction (B) and
after M1 polarization (C) and co-culture with 12Z (D) using a light microscope (magnification x
100). Expression of markers typical for macrophages after differentiation (THP-1 cells + PMA) and
macrophages after polarization to M1 phenotype (E). Data were normalized against GAPDH and
expressed as relative mRNA expression (-fold of control). Statistical analysis assessed differences
between exposed cells and negative control with significant differences *** p < 0.001.
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Figure 4. The effect of resveratrol on endometriotic epithelial cell (12Z) and differentiated macrophage
(THP-1) proliferation analyzed by MTT reduction assay. The values represent the means (1 = 6) £ SD.
The post hoc Tukey test determined the significance of the effects of resveratrol concentration
(*p <0.05; ***p < 0.001).

3.3. Effect of Resveratrol and Its Derivatives on the Expression of Genes Related to the
Inflammatory and Oxidative Profile of Macrophages Co-Cultured with Endometriotic Cells

To examine the effect of resveratrol and its derivatives on the macrophages co-cultured
with endometriotic cells, qRT-PCR assays were used to analyze the RNA levels of proin-
flammatory markers CCL2, CXCL10, IL1B, IL6, IL§, NFKB1, and PTGS2 and endogenous
antioxidant enzymes SOD1 and GPX1 (Figure 5). Compared to the non-treated, inflamed
co-culture model of macrophages and endometriotic cells, in response to resveratrol, we
observed the decreased expression of inflammatory markers, such as IL6, ILS, IL1B, TNF,
CCL2, CXCL10, and PTGS2, mostly at 10 uM and 25 pM concentrations. Especially CCL2
and IL1B showed a significant dose-dependent decrease, reaching 3.5-fold and 5-fold levels
at 25 uM concentration, respectively. Pterostilbene and piceatannol revealed a similar
capacity to modify the expression of pro-inflammatory markers such as IL6, IL8, IL1B, and
CCL2. The expression of CCL2 and IL1B also followed a dose-dependent decrease after
treatment with pterostilbene and piceatannol. The observed effect of pterostilbene on the
down-expression of CXCL10 was notably pronounced, with the maximum dose reaching
7.7-fold. IL8 did not follow the pattern of a concentration-dependent decrease of expression
after treatment with pterostilbene and piceatannol, whereas only resveratrol induced a
significant transcript reduction (up to 3.7-fold). Changes in inflammatory genes related to
the treatment under polydatin were not evident, with a reduction only for IL6 and PTGS2 at
the maximum dose. In the case of the oxidative stress response, the genes encoding SOD1
showed significant up-regulation at the highest dose of resveratrol, pterostilbene, and
piceatannol. The macrophages in the co-culture model treated with the same compounds
showed GPX1 being slightly induced throughout. However, polydatin displayed a high
activation pattern and the highest induction (up to 3.7-fold).

3.4. Effect of Resveratrol and Its Derivatives on the Cytokine/Chemokine Secretion in an Inflamed
Co-Culture Model of Macrophages and Endometriotic Cells

In this experiment, CBA analysis and ELISA assay were used to quantify inflammatory
cytokines and chemokines to verify the effect of resveratrol and its analogs on the inflamed
co-culture model of macrophages and endometriotic cells. The results for soluble factor
quantities calculated per pg of the cell protein are summarized in Figure 6. Compared with
the non-treated co-culture model, resveratrol significantly decreased protein levels of IL-6,
IL-8, TNF-c, and PGE2 at 10 uM and 25 uM. We detected increased released soluble factors
in co-culture supernatants in response to pterostilbene. The increase in IL-6 to 56.8 pg/ug
of cell protein was most striking. Only the generation of PGE2 under pterostilbene was
significantly reduced at all doses. When piceatannol or polydatin was included in the
exposure, the level of IL-6 was markedly decreased. The release of MCP-1 was reduced
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marginally but significantly in response to piceatannol or polydatin. A noticeable elevated
level of PGE2 was detected in the 25 uM piceatannol-exposed co-culture. The exposure
to polydatin induced, in turn, a significant reduction in PGE2 quantity in the co-culture
supernatant at the highest dose.
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Figure 5. Effect of resveratrol and its analogs on the mRNA expression of CCL2, CXCL10, GPX1,
IL1B, IL6, IL§, NFKB1, PTGS2, SOD1, and TNF genes in macrophages co-cultured with endometriotic
cells, assessed by real-time PCR. Data were normalized against GAPDH and expressed as relative
mRNA expression (-fold of control). The means + SD of three independent experiments performed
in triplicates are displayed. Statistical analysis assessed differences between the exposed cells and the
negative control with significant differences * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 6. Effect of resveratrol and its analogs on the cytokine/chemokine release in a co-culture
model of macrophages and endometriotic cells, assessed by Human Inflammatory Cytokine CBA
and ELISA. Data were normalized per ug of proteins in each cell sample. The means + SD of
three independent experiments performed in triplicates are displayed. Statistical analysis assessed
differences between the exposed cells and the negative control with significant differences * p < 0.05;
**p <0.01; ***p <0.001.

3.5. Effect of Resveratrol and Its Derivatives on the Intracellular ROS Generation in an Inflamed
Co-Culture Model of Macrophages and Endometriotic Cells

Intracellular ROS production by macrophages co-cultured with endometriotic cells
was examined using CellROX® Deep Red Reagent, a non-fluorescent dye that becomes
fluorescent upon oxidation by ROS. Cell viability was monitored using Sytox® Green Dead
Stain, which is impermeable to living cells. Double-stained cells were analyzed by flow
cytometry to detect two specified parameters: oxidative stress and cell viability. ROS-
dependent oxidation and viability of cells were followed in real-time during quantifying
by flow cytometry (Figure 7). The CellROX® signal was detected on the internal cell
membrane and in the cytosol. The ROS signal was distributed in clusters across different
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cell parts, eventually merging until the cytosol was fully occupied. Using multiplexed
reagents, we differentiated live stressed cells from dead cells; therefore, three distinct
sub-populations of cells were specified: live non-stressed cells, live oxidatively stressed
cells, and dead cells. Examples of the single-cell images from these sub-populations are
presented in Figure 7A. The results in Figure 7B,C show that resveratrol and its analogs
dose-dependently increased the population of non-stressed live cells and decreased the sub-
population of macrophages producing ROS. Even while exposed to the lowest concentration
(5 uM) of all analyzed compounds, a significant rise in the non-stressed population was
observed. Pterostilbene was the most effective in reducing the ROS-positive fraction of
cells. We assessed ROS levels by determining the fluorescence intensity of CellROX®
Deep Red using flow cytometry to investigate the effect of resveratrol and its analogs
on ROS generation. Using fluorescence intensity as a read-out of radical production, the
highest dose of piceatannol and pterostilbene was found to most effectively prevent ROS
production by macrophages by 6- and 7.6-fold, respectively (Figure 7D). Quantification of
the fluorescence signal confirmed that all analyzed compounds significantly diminished
the accumulation of free radicals.

CellRox SYTOXGreen CellRox SYTOXGreen CellRox SYTOXGreen
157 2813 2813 1040 1040

)

— 20 pm
408

m—20 um

— 20 jm

2989

—— 20 jm
408

——— 20 ym
2313

- 20 pm
3777

—— 20 um

2989

e 20 pm

Live non-stressed

ROS(-) cells

Figure 7. Cont.

m——20 ym
514

20 pm
3621

——— 20 um
2477

Live oxidatively stressed
ROS(+) cells

——— 20 ym
947

Dead cells



Nutrients 2024, 16, 3483

13 of 21

(B)

MC_SYTOXGreen

Intensity

-100 -

MC_SYTOXGreen

Intensity

-100

MC_SYTOXGreen

Intensity

100 -

0puM

1e6 5

1e5 1

184'!

1e3 4

100 =
0-

e T S S AT ot SR
led -100 0 100 1e3 1ed 1e5
Intensity_MC_CellRox

Pterostilbene 25 pM

1a61:

1&51_

led 5

led

100-‘
0-

e T RSN EL L )
le3 -100 0 100 1e3 1ed 1e5
Intensity_MC_CeliRox

Polydatin 25 uM

1e6 5

1es5 4

Ted 5

193-’

100 -
0-

e —
le3 -100 0 100 1e3 led 1e5
Intensity_MC_CellRox

Figure 7. Cont.

Resveratrol 25 uM

1e6 5
1e5 1

1ed 4

MC_SYTOXGreen

1ed 4

Intensity

100 -
0~
-100 -

e
led

— T T
-100 0 100

i, DMLY LA !
1ed 1ed 1es
Intensity_MC_CellRox

Piceatannol 25 uM

1sﬁﬂI

1!5'!

1ed 5

1e3 1

Intensity_MC_SYTOXGreen

100 -
0-

-100 -

e
led

T Ty
-100 0 100 1e3 1ed 1e5

Intensity_MC_CellRox

ROS(#) cell population

ROS(-) cell population



Nutrients 2024, 16, 3483

14 of 21

(@)

Percentage (%)

(D)

CellROX
Fluorescence Intensity

% ROS(+)/ROS(-)

*kk hkk kkk dkdk kkk *kk *kk kkk hkk *kk KRR gexw

=3 % ROS(+) cell fraction
== % ROS(-) cell fraction

0 5 10 25 5 10 25 5 10 25 5 10 25
Concentration (uM)
Resveratrol Pterostilbene Piceatannol Polydatin
10,000 T
8,000
6,000
4,000
>k

2,000 ﬁﬁﬁ it e wen [ e 2w i

o......mmm.llLlll

0 5 10 25 5 10 25 5 10 25 5 10 25

Concentration (uM)

Resveratrol  Pterostilbene Piceatannol  Polydatin

Figure 7. Flow cytometry analysis of macrophages cocultured with 12Z cells stained with CellROX®
Deep Red Reagent and Sytox® Green Dead stain. Cells were treated with resveratrol, pterostilbene,
piceatannol, polydatin, and their vehicle (0.5% ethanol) for 24 h. (A) Representative images of
each distinct cellular subset. n = 4; scale bars = 20 um. (B) Representative flow cytometry dot
plots. (C) Summary of CelROX® Deep Red Reagent and Sytox® Green Dead stained populations in
macrophages. Data show the percentage distribution of two fractions: live non-stressed cells and
live oxidatively stressed cells. (D) Quantitative analysis of fluorescence intensity of CelROX® Deep
Red. Statistical analysis assessed differences between the exposed cells and the vehicle control with
significant differences *** p < 0.001.

4. Discussion

Endometriosis clinical presentation is often identified with chronic inflammation in
the pelvic cavity [24]. Increased monocytes and macrophages in the peritoneal fluid of en-
dometriosis may release a wide range of components, including prostaglandins, cytokines,
growth factors, iron, hormones, and enzymes, which are presumed to be the essence of
disease initiation and progression [25]. Endometriosis and cancer share a common inflam-
matory pathogenesis involving TNF-«, IL-1, IL-6, IL-8, and PGE2. These are related to
macrophage activation, retrograde menstruation, iron overload, and triggering aberrant
inflammatory signaling [26]. In actuality, the dualistic concept of macrophage polariza-
tion has been discussed because it may not reflect the dynamic immune environment
in vivo [27].

In the peritoneum lesions, there are mixtures of recruited resident and differentiated
macrophages; thus, the classification of M1/M2 macrophages may be oversimplified. As it
is challenging to replicate the complexity of macrophages using an in vitro cell-based tool,
the present study applied proinflammatory phenotypes of monocyte-derived macrophages.
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To mimic the condition of the inflamed state, a co-culture of endometriotic 127 cells and
macrophages derived from THP-1 was established.

So far, only several in vitro co-culture models have been developed to imitate en-
dometriosis with the immune system represented. To establish immuno-active co-cultures,
human endometrial epithelial and stromal cells (HES, HESC), human endometriotic ep-
ithelial and stromal cells (12Z, 22B), and THP-1 cells differentiated into macrophages were
used. The endometriosis-associated macrophages were macrophages exposed to the condi-
tioned medium obtained from human endometriotic cell cultures [28]. In the studies on
the interactions between macrophages and endometriotic epithelial cells, THP-1 cells were
differentiated and polarized, and then, 12Z cells were treated with the conditioned media
taken from MO, M1, and M2 macrophage cultures [29]. The experimental protocol based on
the co-culture of proinflammatory macrophages and endometriotic cells, which was used in
this work, allowed for the mutual activation of macrophages and endometriotic cells via sol-
uble factors and enabled the obtaining of more physiologically relevant findings regarding
the response of endometriotic microenvironment to anti-inflammatory substances.

The differentiation and polarization protocol for macrophages was optimized in this
study, and favorable growth conditions were selected to establish their co-culture with
endometriotic cells. The co-culture setup was chosen depending on the doubling rate of the
cell line used and the planned length of the experiment, according to the recommendations
previously reported [19]. As highlighted, several factors can impact the outcomes of
co-cultures with macrophages between research groups, like PMA concentration and
differentiation period, LPS and IFN-y concentration, polarization time, cells” seeding
density, and time of simultaneous co-culture [20,30]. These variabilities might explain
different results in the co-culture establishment and systemic response to the treatment.

Our objective in this study was to assess potential differences between resveratrol and
its analogs regarding the anti-inflammatory curative potential and resolution of oxidative
stress. In studies on tumors, resveratrol has been proven to downregulate the production of
pro-inflammatory cytokines, such as TNF-«, IL-6, and IL-1f3, and mitigating the inflamma-
tory milieu within the tumor microenvironment hinders the development of angiogenesis,
tissue invasion, and metastasis processes [31]. In addition, resveratrol promotes antioxidant
defense pathways in several cancer cell lines by eliminating free radicals, enhancing the
activities of SOD, CAT, and GPX [17]. As endometriosis behaves malignantly, our study
was undertaken to unravel the effect of resveratrol and its analogs in the inflamed model of
this disease. The results shown in this article demonstrate that resveratrol and its analogs
can suppress the expression of transcript copies of key pro-inflammatory regulators. As
already mentioned, not all induced genes followed the same pattern of downregulation
depending on the analyzed compound. However, some genes, such as IL6, IL1B, and
CCL2, displayed particular responsiveness to resveratrol, pterostilbene, and piceatannol.
Resveratrol, pterostilbene, and polydatin, at 25 uM, led to a significant reduction in IL6
expression. Macrophages in endometriosis produce IL-6, which is implicated in mono-
cyte recruitment and, together with its receptor (IL-6R), regulates endometrial stromal
cell growth in vitro [32]. The inhibitory effect on the IL-6 concentration in the co-culture
supernatant was observed in our studies after treatment with resveratrol, piceatannol, and
polydatin. The outstanding result of the IL-6 concentration after treatment with pterostil-
bene may be associated with the stimulation effect of endometriotic cells to produce high
amounts of IL-6 by 12Z-associated macrophages described in the similar model based on
the conditioned media experiments [28]. The immunological role of IL-1f3 is to stimulate
macrophages for the synthesis of IL-6 and activation of COX-2 and enhancement of PGE2
levels, contributing to the synthesis of estradiol by binding of steroidogenic factor 1 (SF-1)
to promoters of steroidogenic and aromatase genes [33]. However, the content of this
cytokine in the peritoneal fluid of women with endometriosis is still under discussion [32].
The exposure of co-culture to the resveratrol has a prominent effect on reducing IL1B
expression. The general response of CCL2 expression remained the same for the resveratrol,
pterostilbene, and piceatannol at 10 pM and 25 uM concentrations. Meanwhile, piceatannol
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and polydatin noticeably reduced their expressions. MCP-1, a well-known chemoattractant
cytokine for monocytes/macrophages, is elevated in the peritoneal fluid in women with
endometriosis and can act in a paracrine and autocrine on macrophages [32]. The increased
level of MCP-1 noted in the co-culture supernatant was probably related to MCP-1 se-
cretion by endometriotic 12Z cells. It was previously reported that MCP-1 secreted from
endometriotic epithelial cells recruits macrophages in endometriotic lesions [28]. Another
key chemoattractant in endometriosis is IL-8; in our study, IL8 gene expression and IL-8
protein secretion into co-culture supernatant were reduced only after incubation with
resveratrol at all analyzed concentrations.

COX-2, a rate-limiting enzyme in PGE2 production, is overexpressed in endometriotic
tissues inducible by inflammation and other pathogenic stimuli. COX-2 is an essential
therapeutic target for anti-inflammatory drugs used in treating endometriosis-affected
women, which evoke severe side effects such as gastrointestinal, renal, disorders, and car-
diovascular toxicity [34]. In light of this, polyphenols may provide alternative nonsteroidal
anti-inflammatory drugs because they often are recognized as COX-2 selective [34,35]. Our
studies demonstrate that resveratrol, pterostilbene, and polydatin notably reduced COX-2
(PTGS2) expression in macrophages co-cultured with endometriotic cells. A qualitatively
similar response was observed for the PGE2 concentration in the co-culture supernatant,
and the highest concentration of polydatin evoked the most substantial effect.

TNF-«, a product of macrophages, was transcriptionally decreased by the treatment
with resveratrol and pterostilbene in our co-culture model. However, the release of this
cytokine into the culture medium was blocked only by a maternity compound —resveratrol.
Even though TNF-« is a physiological cytokine in the proliferative and secretory-phase
endometrium, scientific data indicate a correlation between the concentration of TNF-« in
peritoneal fluid and the stage of endometriosis [36].

Resveratrol is a known regulator of inflammatory mediator production through SIRT1
activation. SIRT1, an anti-inflammatory NAD+-dependent deacetylating enzyme, directly
deacetylates the RelA /p65 of NF-kB on lysine 310, a crucial site for NF-kB transcriptional
activity. Resveratrol potentially enhances the SIRT1 expression and facilitates its attachment
to the RelA /p65 substrate. Another important observation revealed that resveratrol blocked
NF-kB-regulated cIAP-2 transcription and sensitized cells to TNF-x-induced apoptosis [37].
In several studies, resveratrol treatment blocked nuclear translocation of the p65 subunit
of NF-«kB in myeloid U-937 cells [38], in TNF-induced prostate cancer PC-3 cells [39], and
in human CD34+ cells [40]. Moreover, resveratrol targets include AMP-activated protein
kinase (AMPK), whereas AMPK activation increases the NAD+/NADH ratio and triggers
its downstream pathways, such as SIRT1 activity [41]. AMPK, a negative regulator of NF-
kB, has been reported to be implicated in the inflammatory response in macrophages [42].
SIRT1 plays a direct regulatory role in macrophage functions during inflammation, both
in the secretion of cytokines and the expression of cell adhesion molecules as intracellular
cell adhesion molecules 1 ICAM-1) [16]. Several in vitro studies on macrophages have
confirmed that resveratrol and its analogs, e.g., piceatannol, upregulate SIRT1 expression
via nuclear translocation of NF-«B [43,44]. In this study, we observed no effect of resveratrol
and its derivatives on the expression of the NF-«kB transcription factor, a central regulator
of the LPS, cytokine, and stress responses in multiple cell types, including macrophages.
Studies on the THP-1 cell line have indicated that LPS rapidly induces NF-kB DNA-binding,
persists until 12 h of incubation, and is lost entirely after 24 h [45]; therefore, the effect of
analyzed compounds in our experiments was not noticeable. Future studies on the NF-«B
mechanisms in endometriosis-associated macrophages under treatment with resveratrol
and its analogs should clarify the regulation of signaling upstream molecules and their
effect on the particular cytokine pathway. Regarding the limitations of in vitro observations,
different time checkpoints and cell lines can be included to provide essential insights into
the molecular mechanism by which resveratrol suppresses the NF-«kB signaling pathway.

Several previous studies have elucidated the impact of resveratrol on the immune
response of monocytes and macrophages cultured in vitro. Schwager et al. investigated
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the resveratrol effect in peripheral blood leukocytes, human umbilical vein endothelial
cells, and murine RAW 264.7 and human THP-1 macrophages. Their research presented
that resveratrol at a concentration of 25 uM impaired NO production in LPS-activated
RAW 264.7 macrophages and exerted significant inhibitory effects on PGE2. Moreover,
resveratrol at 25-50 uM markedly reduced the production of IL-6, IL-12(p70), TNF-«,
and GM-CSEF. At doses as low as 6.25 uM, the effects evoked by resveratrol were more
pronounced at the transcription level than protein secretion. The consistent regulation of
inflammatory processes was noticed with THP-1 cells, which indicated no species-specific
relationships. At 25 uM, resveratrol almost entirely dampened the PGE2 production in
LPS-activated THP-1 cells. Furthermore, IL-1f3, IL-6, and CXCL10/IP-10 were significantly
reduced. Regarding gene expression regulation, IL1B, IL6, TNF, and chemokines, including
CCL2 and CXCL10, were clearly down-regulated. Interestingly, similarly to our studies, the
expression level of CXCL8 was not decreased by resveratrol treatment. It should be noted
that, in the research reported, RNA was extracted from THP-1 cells after 4 h of activation,
and cell culture supernatants were recovered after 24 h [46]. Likewise, in another study,
resveratrol (5-25 uM) pretreatments markedly reduced IL6 and PTGS2 mRNA levels in
LPS-stimulated cells but did not influence IL1B and CXCLS transcripts. The increased IL-6
protein secretion by LPS-treated differentiated THP-1 cells was also lowered by treatment
with resveratrol at concentrations ranging from 10 to 25 uM. Moreover, the inhibitory effect
of pterostilbene was documented in the differentiated LPS-induced THP-1 macrophages,
in which IL-6 was down-regulated at the mRNA and protein levels [47].

Several promising and consistent in vitro studies have shown that resveratrol has
beneficial effects on the mono-culture of endometriotic cells regarding its anti-inflammatory
properties. Kolahdouz-Mohammadi et al. were the first to describe the inhibitory effect of
resveratrol therapy on MCP-1, IL-6, IL-8, and RANTES expression in ectopic endometrial
stromal cells of endometriotic women [48]. Similar studies with endometriotic stromal
cells demonstrated that resveratrol treatment significantly suppressed TNF-a-induced
IL-8 release through endogenous SIRT1 activation [49]. However, the significant effects
of resveratrol and its analogs on the inflammatory pathology in endometriosis have been
described for the first time in the present work. The use of endometriotic cells together
with macrophages underlined the importance of establishing a complex in vitro model,
which addresses interactions between cells in the endometriotic microenvironment. The
obtained results expand current knowledge about the anti-inflammatory properties of the
stilbenes, examined on the mono-culture of endometriotic cells or immune cells.

Macrophages, erythrocytes, and apoptotic endometriotic cells are found to induce
oxidative stress in endometriosis. ROS and pro-inflammatory factors are connected, con-
tributing to pain and the failure to detoxify lipid peroxidase products under oxidative stress.
Pro-inflammatory and chemotactic cytokines play a significant role in the recruitment and
activation of phagocytic cells, which are the leading producers of ROS [50]. With the deep-
ening of oxidative stress in the pelvic cavity, harmful damage, like tissue injury and chronic
inflammation, is beginning to appear, resulting in the proliferation and fibrosis of ectopic
endometrial lesions [33]. Our findings indicate that all analyzed stilbenes significantly
reduced ROS accumulation in macrophages co-cultured with 12Z cells. A reduced fraction
of ROS-positive cells was detected even with the treatment of the lowest concentration of
the stilbenes (5 uM). It is worth emphasizing that the reduction in cells excessively produc-
ing ROS was observed under pterostilbene treatment by about 50%. These findings are
correlated with the increasing expression of the antioxidant enzyme SOD1 in macrophages.
These results are consistent with evidence suggesting that aberrant changes in endogenous
antioxidant enzymes SOD as the first line of defense against oxygen free radicals and
GPX—a major peroxide-scavenging enzyme—can contribute to the oxidative damage in
endometriosis and be proposed as a biomarker for endometriosis [51,52].

Like other model in vitro experiments, our studies have some limitations that should
be pointed out when discussing the findings. First, in the experimental system, we included
two types of cell lines. However, the endometriosis niche is known to exist in a complex
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environment with a dynamic population of epithelial, stromal, immune, endothelial, and
glandular cells [53]. On the other hand, validating the specific pathology, like altered
inflammatory processes in the disease, mostly requires using cells, which are the most
committed. Secondly, only one phenotype of macrophages was used to form co-culture
with endometriotic cells. To validate the present results more significantly, further stud-
ies involving naive (M0) and alternatively activated (M2) macrophage populations are
needed to represent a more comprehensive immunodeficiency manifestation of the disease.
Additionally, which phenotype of macrophages is responsible for disease progression is
still debated. Some analyses highlight that the pro-inflammatory macrophage population
mainly occurs in the early stages of the disease, whereas the switch to M2-polarization
appears in advanced stages together with pro-fibrotic activity [54,55]. The point that is
often emphasized is that many physiological or pathological macrophages do not show
a clear M1 or M2 phenotype, and using the terms M1 and M2 with a specific phenotypic
scoring criterion is confusing. Moreover, in that type of study, the verification of prop-
erties of natural compounds should be addressed to improve the bioaccessibility of the
drug by considering their gastrointestinal digestion and metabolism by gut microorgan-
isms [6]. Therefore, in our experiments, we investigated the immunomodulatory effects of
resveratrol and its derivatives at low physiologically attainable concentrations, based on
the last work of Feng et al., who observed in vitro and in vivo physiological (5 pM) and
pharmacological (>10 pM) effects of resveratrol on THP-1 cells and rodent model [47,56].

5. Conclusions

Summarizing our findings and considering the conclusions from the reported stud-
ies on inflamed co-culture of pro-inflammatory macrophages and endometriotic cells,
we can state that resveratrol and its analogs can target immune dysregulation and ox-
idative imbalance in endometriosis. Most of the observed changes in gene expression,
cytokine/chemokine concertation, and real-time production of ROS support this hypothe-
sis, with some notable exceptions. Differences in the anti-inflammatory and antioxidant
efficiency of the compounds confirmed that each stilbene can act preferentially on specific
pathways in the cell. Our findings may open the way to evaluating alternative therapy
and dietary support in endometriosis treatment and alleviating endometriosis-related
disorders. Optimally designed functional food products enriched with stilbenes could
be a valuable source of these compounds in the daily diet of women with endometriosis.
However, further extended pre-clinical studies are necessary to provide strong evidence of
resveratrol and its analogs’ therapeutic potential. The research should be programmed to
develop optimal stilbene delivery methods and improve their bioavailability, increasing
effectivity and decreasing efficient administration doses [11,14]. In vitro studies on human
cells provide data on the potential activity and predicted effectivity of natural compounds
that may enhance their relevance and applicability in further extensive research. Despite
promising results indicating that resveratrol and its analogs attenuate immunopathology
and oxidative stress in endometriosis [57], these data cannot be directly translated into clin-
ical effects. In addition, several recent clinical trials revealed the positive use of resveratrol
as an adjuvant treatment against, e.g., endometriotic chronic pelvic pain [58,59]. Therefore,
well-controlled further clinical trials are absolutely required to evaluate the therapeutic
potential of stilbenes administered as functional food products, dietary supplements, or
drug formulations.
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ARTICLE INFO ABSTRACT

Keywords: Endometriosis develops when endometrial fragments implant in the peritoneal cavity, overcome structural
Stilbenes barriers, or enter through existing tissue injury, leading to the formation of ectopic endometrium-like tissue. This
Eezveratrl?l analogs study aimed to investigate the therapeutic potential of resveratrol and its natural analogs in modulating
ndometriosis

migratory, invasive, and adhesive interactions of endometriotic cells. Adhesion to ECM components, such as
collagen I and fibronectin, was assessed by crystal violet staining and showed that stilbenes reduced cell
attachment more pronouncedly on fibronectin-coated surfaces. Migration and invasion through Matrigel-coated
chambers were dose-dependently suppressed by all compounds, with pterostilbene and piceatannol exerting the
most potent inhibitory effects. Expression and secretion of key ECM proteolysis mediators, MMP-2 and TIMP-2,
analyzed by qRT-PCR and ELISA, were modulated by stilbene treatment. These findings highlight the potential of
resveratrol and its analogs as promising agents for preventing local growth, migration, and invasion of endo-

12Z endometriotic cells
ECM proteolysis
Metalloproteinases

metriotic cells.

1. Introduction

The presence and growth of endometrial-like epithelial and stromal
tissue in extrauterine locations, such as the abdominal-pelvic perito-
neum and visceral organs, is termed endometriosis (Mason et al., 2020).
It is prevalent mainly in reproductive-age women; up to 10-15% and
increases dramatically up to 25-50% in women with infertility (Macer &
Taylor, 2012; Malvezzi et al., 2020). Patients with endometriosis can
experience chronic or cyclic pelvic pain, dysmenorrhea, dysuria, dys-
pareunia, symptoms of the digestive tract, and related fertility problems
(Ek et al., 2015; Macer & Taylor, 2012). Endometriotic and normal
eutopic endometrial tissue share some histological features; however,
distinct anomalies have also been reported in cell proliferation, tissue
structure, immune response, vascularization, and cytokine and steroid
production (Sharpe-Timms, 2001). It is emphasized that endometriosis
exhibits several characteristics of malignant neoplasms, including
increased cell survival, cell invasion, migration, inflammation, and
angiogenesis (Dawson et al., 2018).

The typical theory of disease establishment posits that depleted

menstrual endometrial cells translocate through the fallopian tubes and
adhere to sites of ectopic implantation on peritoneal surfaces or other
distant tissues, where they subsequently proliferate and invade (Nisolle
et al., 2000). The specific mechanisms underlying the adhesion and in-
vasion of endometrial cells within the peritoneal lining are still a matter
of debate. Indeed, it remains unresolved whether endometrial stromal or
epithelial cells can attach to the peritoneum, or whether the mesothe-
lium prevents the adhesion of shed endometrial tissue (Griffith et al.,
2010; Wang et al., 2011; Witz et al., 1999). The extracellular matrix
(ECM) of the peritoneum is a highly dynamic network of proteins and
soluble factors as membrane fibrous proteins (collagens I, III, IV, and
elastin), proteoglycans, and adhesive proteins (laminin, fibronectin,
vitronectin, and tenascin) redistributed at different proportions at their
base membrane's surface and deeper dense connective tissue (Adachi
et al., 2011; Klemmt et al., 2007; Witz et al., 2001). ECM degradation,
the initial event in the onset of endometriosis, is primarily facilitated by
zinc-dependent endopeptidases — metalloproteinases (MMPs). Excess
MMPs is found in both eutopic and ectopic endometriotic tissue (Luddi
etal., 2020) as well as in the serum and peritoneal fluid of endometriosis

Abbreviations: a-SMA, alpha-smooth muscle actin; CTGF, connective tissue growth factor; ECM, extracellular matrix; MMPs, metalloproteinases; MTA1, metas-
tasis-associated protein 1; NF-kB, nuclear factor-kB; NuRD, nucleosome remodeling and deacetylase; Racl/WAVE/Arp2/3, Ras-related C3 botulinum toxin substrate
1/WASP-family verprolin-homologous protein/Actin-related protein 2/3 complex pathway; STAT3, signal transducer and activator of transcription 3; TIMPs, tissue
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patients (Huang et al., 2004). There is growing evidence indicating that
elevated levels of specific MMPs (MMP-1; -2; -3; -7; -9; -10; -11; -12; -23;
-26) are responsible for ECM remodeling in the peritoneal environment
of endometriosis, regulating key processes such as invasion, angiogen-
esis, and fibrosis (Ke et al., 2021). The imbalance caused by excessive
MMP activity leads to unregulated matrix degradation, which is exac-
erbated by reduced tissue inhibitors of metalloproteinases (TIMPs),
acting as enzyme inhibitors (Gottschalk et al., 2000).

Since endometrial cell attachment to pelvic intra-abdominal surfaces
and invasion of the mesothelial ECM are crucial steps in the develop-
ment of endometriotic lesions, they represent important targets for
novel therapeutic strategies. Alternative therapeutic approaches
leverage natural, edible bioactive compounds that can improve the
clinical management of patients with endometriosis, especially given
the escalating reports of unacceptable side effects and high recurrence
rates of current medical treatments and interventions (Becker et al.,
2017). In several preclinical and clinical studies, plant compounds
derived from food have emerged as promising candidates for targeting
dysregulated physiological processes, including increased cell prolifer-
ation, enhanced inflammatory response, neovascularization, apoptosis
resistance, and disrupted steroid signaling. Additionally, a growing
number of patients with endometriosis have highlighted the importance
of dietary factors that can promote health and support their therapy
(Gotabek et al., 2021; Meresman et al., 2020; Ricci et al., 2013). The
group of natural polyphenolic compounds confirmed for their bioac-
tivity in endometriosis pre-clinical and clinical studies includes quer-
cetin, apigenin, baicalein, wogonin, rosmarinic acid, genistein, daidzein,
puerarin, naringenin, xanthohumol, epigallocatechin gallate, curcumin,
and resveratrol (Gotabek et al., 2021).

Resveratrol and its naturally occurring analogs have garnered sig-
nificant attention for their potential therapeutic benefits in managing
inflammatory and oncological conditions. However, their effects on
treating endometriosis remain underexplored. The health-promoting
properties of resveratrol are notably limited due to its relatively low
bioavailability and unfavorable pharmacokinetic profile. As a result,
several natural derivatives of resveratrol have been investigated for their
potentially enhanced functional benefits. One such derivative, pter-
ostilbene, is created by replacing two hydroxyl groups with methoxy
groups. This modification increases its lipophilicity and contributes to
its much higher oral bioavailability (80-95%), greater metabolic sta-
bility, slower glucuronidation, and longer half-life compared to resver-
atrol (P. Liu et al., 2024). Pterostilbene, presented in various edible
fruits such as blueberries, grapes, cranberries, peanuts, has shown po-
tential benefits in hindering and treating multiple cancers by controlling
cell proliferation and inducing cell death, and limiting cancerous cells
spread (P. Liu et al., 2024). Polyhydroxylated derivatives of resveratrol,
such as piceatannol, exhibit improved water solubility, which results in
quicker absorption, higher bioavailability, and increased metabolic
stability compared to the parent molecule (Salla et al., 2024). Picea-
tannol is mainly found in blueberries, pomegranates, and passion fruit. It
has garnered attention for its broad antioxidant and anti-inflammatory
properties as well as for some beneficial metabolic, anti-
atherosclerotic, and cardioprotective effects (Al-Jaber et al., 2024).
Glycosylation, plays a crucial role in the accumulation of resveratrol
within plant tissues. By attaching a sugar residue to the stilbene back-
bone, this process enhances the compound's hydrophilicity, bioactivity,
and, most importantly, stability, which is particularly advantageous for
delivering prodrug forms of such compounds from the food sources
(Gachon et al., 2005). Polydatin, a glycosylated derivative of resveratrol
that is abundantly found in Japanese knotweed, has also shown a wide
range of biological activities in both in vitro and in vivo studies. These
properties involve various mechanisms, including modulation of
oxidative and inflammatory pathways, inhibition of apoptosis,
improvement of lipid profiles, and regulation of energy metabolism in
different diseases (Karami et al., 2022).

In previous studies, we examined the bioactivity of resveratrol and
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its natural food-derived analogs in their ability to prevent or reduce the
pathological processes involved in endometriosis development. We
investigated their effects on endometriotic cell proliferation and
observed an increased incidence of apoptosis following treatment
(Gotabek-Grenda et al., 2023). Additionally, we analyzed changes in the
expression of inflammatory mediators and oxidative stress markers,
cytokine secretion, and reactive oxygen species generation in activated
endometriosis-related macrophages after exposure to resveratrol and its
analogs (Golfabek-Grenda et al., 2024). As part of our research on the
anti-endometriotic effects of resveratrol, pterostilbene, piceatannol, and
polydatin, this study aimed to investigate their therapeutic potential to
modulate the migratory, invasive, and adhesive interactions of endo-
metriotic cells with ECM components.

2. Materials and methods
2.1. Chemicals

The high-purity compounds: resveratrol (>99%), pterostilbene
(>97%), piceatannol (>98%), and polydatin (>98%), analyzed in this
study, were supplied by Merck KGaA (Darmstadt, Germany). All other
chemicals used in the experiments, unless stated otherwise, were also
obtained from Merck KGaA.

2.2. Cell culture

Human immortalized endometriotic epithelial cells (12Z cells) were
purchased from Applied Biological Materials Inc. (Richmond, BC, Can-
ada). These cells were cultured in Dulbecco's Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM/F12), supplemented with 10% fetal
bovine serum (FBS) and 50 mg/L gentamycin. The cells were passaged
when the culture reached 80-85% confluency by dissociating the cell
monolayer with 0.05% trypsin-EDTA solution. The cells were grown at
37 °C in an air environment with 5% CO,, and they were regularly
checked for mycoplasma contamination. The 127 cell line is a well-
established model for endometriosis, derived from endometriotic tis-
sue positive for N-Cadherin, a known marker of invasiveness (Zeitvogel
et al., 2001).

2.3. Cytotoxicity assay

127 cells were cultured in 96-well plates coated with rat tail collagen
type I (0.05 mg/mL); the coating was performed according to the
manufacturer's protocol. Briefly, a collagen solution was applied to the
wells (5 pg/cm?), incubated at 37 °C for 2 h, and then rinsed twice with
PBS. Coated tissue culture dishes were used for cell seeding at an initial
density of 2.5 x 10* cells/cm? (8.5 x 10° cells/well). The 24-h cell
cultures were treated with stilbenes at concentrations of 5 pM, 10 pM, 25
pM, and 50 pM and incubated for 24 h under standard culture condi-
tions. Working solutions of analyzed compounds were prepared in 96%
ethanol. We added them to the culture medium, maintaining 0.5%
alcohol concentration. The cytotoxicity of stilbenes was estimated using
the colorimetric MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetra-
zolium bromide) assay according to the previously described protocol
with minor modifications (Gotabek-Grenda et al., 2024; Olejnik et al.,
2016). On the day of analysis, MTT solution (5 mg/mL) was added to the
cell cultures, and they were incubated at 37 °C for 3 h. After incubation,
the MTT-containing medium was removed, and the formed formazan
was solubilized in DMSO for 30 min. The absorbance was measured at
540 nm using a Tecan M200 Infinite microplate reader (Tecan Group
Ltd., Mannedorf, Switzerland). Collagen-coated wells containing me-
dium without cells served as the blank control during the absorbance
readings.
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2.4. Adhesion assay

Millicoat™ Human Fibronectin/Collagen Type I Coated Strips (Mil-
lipore #ECM101104) were used for the adhesion assay, which was
performed according to the manufacturer's protocol, previously used by
other investigators (Hannan & Salamonsen, 2008; Ngambkitidechakul
et al., 2003). Briefly, the strips were rehydrated with PBS for at least 15
min at room temperature (RT). The 12Z cells were seeded at a density of
2.5 x 10* cells/cm? (2.4 x 10° cells/well) and treated with stilbenes at
concentrations of 5, 10, 25, and 50 pM. Then, the cells were gently
detached with Non-enzymatic Cell Dissociation Solution and washed
with PBS. After treatment, cells were plated at an optimal density of 2.9
x 10° cells/ecm? (1 x 10° cells/well) and allowed to attach to fibro-
nectin- and collagen type I-coated wells for 1 h. Following washing with
PBS containing Ca%*/Mg?", the adhesive cells were stained with 0.2%
crystal violet for 5 min at RT. The stain was removed from the wells,
followed by three washes with PBS. To enable visualization, the cell-
bound stain was dissolved using Solubilization Buffer (a 1:1 mixture of
0.1 M NaH,POy, pH 4.5 and 50% ethanol). The wells were then incu-
bated with gentle rotation for 5 min at RT. Dye release was determined
by the colorimetric method; absorbance was measured at 540 nm using a
Tecan M200 Infinite microplate reader. The wells coated with bovine
serum albumin served as negative assay controls for each treatment. The
experiments were repeated three times with three replicates per exper-
iment. After staining, the results were visualized under an inverted
phase-contrast microscope (Axiovert 40C, Zeiss, Oberkochen,
Germany).

2.5. Cell migration and invasion assays

The BD Falcon FluoroBlok Insert System and BD Biocoat FluoroBlok
Invasion System (BD Bioscience, Bedford, MA, USA) were used to assess
the migration and invasion potential of 12Z cells treated with stilbenes,
as described in a previously published procedure (Olejnik et al., 2018;
Partridge & Flaherty, 2009). The insert consists of FluoroBlok™ PET
membranes (8 pm pore size), coated with a uniform layer of BD Matri-
gel™ matrix for invasion testing and uncoated for migration testing.
After rehydration of the invasive chambers, cells were seeded at an
optimal density of 2 x 10%/well into the apical chambers and incubated
in culture medium supplemented with the analyzed compounds at
concentrations of 5 pM, 10 pM, 25 pM, and 50 pM. The serum gradient
(DMEM/F12 medium with 10% FBS) was used to facilitate migration
and invasion into the basal chambers. The plates were incubated at 37 °C
in an air atmosphere with 5% CO, for 22 h.

Following incubation, the medium was removed, and the inserts
were transferred into new 24-well plates containing Calcein AM fluo-
rescent dye (BD Bioscience) at a concentration of 4 pg/mL in Hanks'
buffered salt solution. The plates were then incubated for 1 h under
standard culture conditions. Invasive cells were detected using a Tecan
Infinite microplate reader at wavelengths of 485/530 nm, with data
reported as relative fluorescence units. The migration and invasion po-
tentials of 12Z cells treated with stilbenes were quantified as relative
migration and invasion compared to the untreated vehicle control. The
invasion index was calculated using the formula:

Iindex = A/B (l)
where A denotes the relative cell invasion (%) and B relative cell
migration (%).

All experiments were conducted in triplicate and repeated twice. The

endpoints of cell migration and invasion assays were verified using
fluorescent microscopy (Axiovert 200, Zeiss, Oberkochen, Germany).

2.6. RNA extraction and real-time PCR

Total RNA was extracted from endometriotic cells using Trizol
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reagent (Invitrogen, Waltham, MA, USA) according to the manufac-
turer's instructions and a previously described protocol (Kowalska et al.,
2021). The extracted total RNA was then reverse-transcribed into first-
strand cDNA using the ¢cDNA Transcriptor First-Strand kit (Roche Di-
agnostics GmbH; Penzberg; Germany) according to the supplier's pro-
cedure. A quantitative real-time polymerase chain reaction (QRT-PCR)
was performed using SYBR® Select Master Mix (Life Technologies;
Carlsbad; CA; USA). The following primers were used: p-actin forward
primer: 5-CCTTGCACATGCCG GAG-3'; p-actin reverse primer: 5-GCA-
CAGAGCCTCGCCTT-3; MMP-2 forward primer: 5-AGCGAGTG-
GATGCCGCCTTTAA-3; MMP2 reverse primer: 5-
CATTCCAGGCATCTGCGATGAG-3; TIMP-2 forward primer: 5'-
ACCCTCTGTGACTTCATCGTGC-3; TIMP-2 reverse primer: 5-GGA-
GATGTAGCACGGGATCATG-3'. The mRNA levels of MMP-2 and TIMP-2
were normalized to the control gene p-actin, which is routinely applied
in 12Z cells (Wendel et al., 2020). The relative expression levels of each
gene were calculated using the 2722 method (Livak & Schmittgen,
2001).

2.7. Quantitation of MMP2 by ELISA

The concentration of matrix metalloproteinase 2 (MMP-2) in the cell
culture supernatant was determined using an enzyme-linked immuno-
sorbent assay (ELISA) - Total MMP-2 Quantikine ELISA (#MMP200)
from R&D Systems (Minneapolis, MN, USA), with an assay range of
0.5-32 ng/mL, according to the supplier's standard procedure. The re-
sults were normalized to pg of cellular protein content, which was
quantified using the Pierce® BCA Protein Assay Kit from Thermo Fisher
Scientific (Waltham, MA, USA) according to the manufacturer's
protocol.

2.8. Statistical analysis

The statistical analysis was performed using STATISTICA version
13.3 software (Statsoft, Inc., Tulsa, OK, USA). All data were assessed for
normality and homoscedasticity. A one-way analysis of variance was
conducted, followed by Tukey's post hoc test to examine differences
among multiple groups. P-values <0.05, <0.01, and <0.001 were
considered significant, with asterisks indicating the significance level.
The data are presented as means + standard deviation (SD).

3. Results

3.1. Effect of resveratrol and its analogs on the viability of endometriotic
cells

The effects of resveratrol and its natural analogs on endometriotic
cells viability was assessed using an MTT-based assay. 12Z cells were
cultured for 24 h with either a vehicle or the analyzed compounds at
concentrations of 5 pM, 10 pM, 25 pM, and 50 pM. Treatment with
stilbenes at 5 pM, 10 pM, and 25 pM did not result in significant changes
in cell viability (Fig. 1). However, resveratrol and polydatin at the
highest concentration tested (50 pM) reduced cell viability by 20-30%.

3.2. Effect of resveratrol and its analogs on the MMP-2 and TIMP2
expression in endometriotic cells

The effects of resveratrol and its analogs on MMP-2 mRNA expres-
sion and protein secretion was measured in epithelial endometriotic 127
cell cultures treated with stilbenes for 24 h. Treatment of 12Z cells with
the highest tested dose (50 pM) of resveratrol (164%), pterostilbene
(146%), and polydatin (155%) significantly reduced the number of
MMP-2 transcript copies (Fig. 2A). Additionally, resveratrol at a lower
concentration of 25 pM also inhibited MMP-2 mRNA expression ({46%).
In contrast, when the 12Z cells were treated with the lowest concen-
tration (5 pM) of resveratrol derivatives, a slight increase in MMP-2
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Fig. 1. The effect of resveratrol and its analogs on the viability of human
endometriotic 12Z cells. The 12Z cells were treated for 24 h with either a
vehicle (0.5% ethanol) or stilbenes at concentrations ranging from 5 to 50 pM.
An MTT assay was conducted to determine cell viability. Results were expressed
as relative cell viability, calculated relative to vehicle (control) + SD. The
significance of the effects of different stilbenes was evaluated using the post hoc
Tukey test (* p < 0.05; ** p < 0.01).

mRNA expression was observed (Fig. 2A). Resveratrol and its derivatives
significantly affected MMP-2 secretion, including both active MMPs and
pro-MMPs, in the endometriotic cell cultures (Fig. 2C). After exposing
127 cells to stilbenes, a dose-dependent decrease in MMP-2 concentra-
tion was observed. The most significant reduction in MMP-2 production
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occurred at 50 pM for each of the compounds tested. Notably, the
inhibitory effects of stilbenes on MMP-2 secretion by 12Z cells were
comparable across the different compounds. Compared with untreated
cells, the MMP-2 concentration in cell cultures exposed to the highest
stilbene dose decreased by approximately 2.0-2.8-fold (Fig. 2C).

In the study, the effects of stilbenes on TIMP2 mRNA expression were
examined in 127 cells (Fig. 2B). Treatment with resveratrol and pter-
ostilbene significantly enhanced expression of TIMP2. Specifically,
resveratrol and pterostilbene at 25 pM increased TIMP2 mRNA levels by
3.3- and 2.8-fold, respectively. A similar increase in TIMP2 expression
was observed with piceatannol at 50 pM. However, treatment with
polydatin, except at the highest dosage, showed no significant effect
(Fig. 2B).

3.3. Effect of resveratrol and its analogs on endometriotic cell adhesion to
collagen and fibronectin

To better understand the effects of resveratrol, pterostilbene, and
piceatannol on the cellular events involved in migration and invasion,
we investigated their impact on the endometriotic cell adhesion to ECM
proteins. We incubated cells with varying concentrations of resveratrol
and its analogs, then dissociated them and plated them on collagen- or
fibronectin-coated surfaces. The results showed that all analyzed stil-
benes impaired cellular adhesion to ECM components. Resveratrol
similarly affected cell adhesion to both collagen and fibronectin (Fig. 3A
and B).
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Fig. 2. Effect of resveratrol and its analogs on MMP2 (A) and TIMP2 (B) expression analyzed by qRT-PCR and MMP-2 secretion (C), analyzed by ELISA. The
endometriotic 12Z cells were treated for 24 h with a vehicle or different concentrations of resveratrol and its analogs. (A, B) Data were normalized against p-actin and
expressed as relative mRNA expression (—fold of control). (C) MMP-2 concentration was normalized per pg of proteins in each cell sample. Each bar represents the
mean + SD of three independent triplicated experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to vehicle control.
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The adhesion of cells treated with resveratrol decreased dose-
dependently, starting at 10 pM concentration. At the highest dose of
50 pM, resveratrol reduced adhesion to collagen- and fibronectin-coated
surfaces to 73% and 59%, respectively. Pterostilbene, at both 25 pM and
50 pM, also significantly impacted cell adhesion to collagen and fibro-
nectin. Among all the compounds analyzed, pterostilbene at the highest
dose was the most effective in reducing cell adhesion to ECM proteins,
leading to reductions of up to 0.8% to collagen and 3% to fibronectin.
Piceatannol inhibited endometriotic cell adhesion at all tested concen-
trations, with a more pronounced effect on the fibronectin molecule.
Exposure to 50 pM piceatannol decreased cell adhesion to collagen and
fibronectin, resulting in reductions to 57% and 12%, respectively
(Fig. 3A and B). Similarly, polydatin treatment caused comparable in-
hibition of cell adhesion to collagen. The ability of polydatin to decrease
endometriotic cell adhesion to fibronectin was dose-dependent, with
adhesion reduced to 42% at a concentration of 5 pM. Light microscopy
of representative samples, stained with crystal violet, confirmed these
results (Fig. 3C).
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3.4. Effect of resveratrol and its analogs on endometriotic cell migration
and invasion

To assess the anti-metastatic effects, we examined the motility of
endometriotic cells treated with resveratrol and its analogs in the in-
vasion and migration systems. The migration of 12Z cells through an
uncoated membrane toward FBS, used as a chemoattractant, was not
significantly affected by resveratrol treatment, except at the highest
concentration tested (50 pM) (Fig. 4A). However, in the Matrigel inva-
sion assay, resveratrol inhibited cell invasion in a dose-dependent
manner. Resveratrol at concentrations of 10 pM, 25 puM, and 50 pM
decreased cell invasion to approximately 60%, 34%, and 6%, respec-
tively, compared with the vehicle control (Fig. 4C). Pterostilbene also
inhibited cell migration at concentrations of 25 uM and 50 pM. At the
highest dose, it nearly eliminated cell migration, reducing it to less than
1% (Fig. 4A). We also observed significant effects of pterostilbene on
127 cell invasion, leading to a substantial reduction in invasiveness to
9% at 50 uM (Fig. 4C). Both cell migration and invasion were notably
influenced by piceatannol across all tested concentrations in a dose-
dependent manner (Fig. 4A and C). For example, even the lowest dose
of piceatannol (5 pM) reduced the invading cell population by 60%
(Fig. 4C). In our study, polydatin did not significantly impair migratory
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Fig. 3. Effect of resveratrol and its analogs on adhesion of endometriotic 12Z cells to collagen type I and fibronectin. The cells were pre-treated for 24 h with a
vehicle or resveratrol and its analogs and then seeded on surfaces coated with EMC proteins. The adhered cells were stained with crystal violet. Results were
expressed as relative adhesion of 12Z cells pre-treated with analyzed stilbenes to (A) collagen type I and (B) fibronectin. (C) The representative light microscope
visualization of cells pre-treated with pterostilbene adhered to collagen or fibronectin (scale bar 100 pm). Data represent the mean + SD of three independent
experiments performed in triplicate. Significant differences were indicated at p-values *p < 0.05, **p < 0.01, and ***p < 0.001 compared to vehicle control (ANOVA,
Tukey's post hoc test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (continued).
potential, except at the 5 pM concentration, where relative cell migra- The treatment of 12Z cells with resveratrol and polydatin at con-

tion decreased by 16% (Fig. 4A). Conversely, the anti-invasion effects of centrations of 10 pM, 25 pM, and 50 pM significantly reduced the in-
polydatin were observed at doses of 10 pM (54%), 25 pM (124%), and vasion index, which measures the relationship between the migratory
50 pM (131%) (Fig. 4C). Representative micrographs showing migrating and invasive potentials of endometriotic cells (Fig. 4E). Specifically, the
and invasive cells treated with stilbenes at a concentration of 25 yM are invasion index decreased to 0.16 and 0.25 with the application of 50 pM
presented below (Fig. 4B and D). resveratrol and 25 pM polydatin, respectively. In contrast, the effects of
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Fig. 4. Effect of resveratrol and its analogs on the migration and invasion of endometriotic 12Z cells. The cells were plated on Matrigel™-coated surfaces for the
invasion assay and on uncoated membranes for the migration assay. The cells were then treated for 24 h with a vehicle control or resveratrol and its analogs. The
migrated and invaded cells were stained using Calcein AM fluorescent dye. Data are presented as (A) relative cell migration and (C) invasion of 12Z cells treated with
the analyzed stilbenes, along with representative images of cells migrating through (B) the uncoated membrane and through (D) the Matrigel™ matrix membrane. (E)
The invasive index values were calculated for both non-treated (control) and stilbene-treated cells. Significant differences are indicated with p-values: *p < 0.05, **p
< 0.01, and ***p < 0.001, compared to the vehicle control (ANOVA, Tukey's post hoc test).

pterostilbene and piceatannol on the invasion index were strongly dose- dependent. The invasive index values estimated for 12Z cells treated
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Fig. 4. (continued).

with 10 pM and 25 pM pterostilbene, and 5 pM and 10 pM piceatannol,
were significantly lower than those observed in non-treated cell cul-
tures. However, when cells were exposed to a high dose (50 pM) of these
stilbenes, the invasion index increased markedly (Fig. 4E).

4. Discussion

The dynamic relationship between endometriotic tissue and the
peritoneum is crucial for the progression and development of the dis-
ease. According to the recently proposed 3 A model of events, attach-
ment, aggression, and angiogenesis evolve sequentially to form
endometriotic foci (Liu & Lang, 2011; Zhang et al., 2024). Endometrial
fragments establish implantation by first overcoming either intact
structural barriers composed of epithelial cells, basement membranes,
and collagen, or gaining entry via pre-existing tissue injury, followed by
local expansion (Nisolle et al., 2000). To replicate the fundamental
adhesion and invasion processes associated with endometriosis, several
in vitro models utilizing tissue fragments and isolated cells have been
developed. Cell culture systems that study the migration and invasion of
endometrial and endometriotic cells have employed commercially
available basement membrane matrices, such as Matrigel (Adammek
et al., 2013), fibronectin, and collagen (Fan, 2020; Yotova et al., 2012).
In another approach, endometrial cells were combined with chorioal-
lantoic (Nap et al., 2004) or amniotic membrane (van der Linden et al.,
1996). Some studies emulated the ability of endometrial cells to damage
the peritoneum by constructing co-culture models incorporating peri-
toneal mesothelial cells (Lucidi et al., 2005; Nair et al., 2008). In the
present study, we investigated the inhibitory effect of resveratrol and its
natural analogs on the migration, invasiveness, and adhesive capacities

of endometriotic cells to ECM proteins. We utilized the immortalized
endometriotic cell line 12Z, known for its invasive phenotype and
derived from N-Cadherin—positive endometriotic tissue (Zeitvogel et al.,
2001). Several research groups have reported the motility and inva-
siveness of this cell line (Eggers et al., 2016; Samartzis et al., 2019;
Wilson et al., 2020). However, most published findings refer to endo-
metrial cells in invasion and migration assays (Koks et al., 2000; van der
Linden et al., 1994), therefore, the different characteristics of these cells
should be addressed.

In our study, we analyzed the adhesion of endometriotic cells to
collagen type I and fibronectin, the primary ECM components that play a
critical role in cell adhesion and invasion at endometriotic sites.
Different types of collagen (I, III, and IV) have been identified in both
ectopic and eutopic endometrium, however, collagen type I pre-
dominates in the vicinity of lesions, especially around deep endometrial
implants (Stovall et al., 1992; Vissers et al., 2024). A comprehensive
understanding of the role of collagen in endometriosis, as part of the
fibrosis process, is presented in a recently published systematic review
(Vissers et al., 2024). Collagen type I is a component of the ECM in
endometriotic lesions, and its accumulation in ectopic endometrial im-
plants indicates fibrotic remodeling (Talebloo et al., 2023). Moreover,
collagen type I is believed to facilitate the migratory and invasive
behavior of endometriotic cells, thereby contributing to lesion pro-
gression (Stejskalova et al., 2021). In a recent studies, collagen type I
served as the exposed stroma model to evaluate the invasive behavior of
endometrial stromal and epithelial endometriotic cell lines, as well as
their co-cultures and spheroids (Stejskalova et al., 2021). In addition to
collagen, fibronectin,; another key ECM component contributing
significantly to hemostasis and tissue repair, may serve as a potential
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adhesion target for endometriotic cells (Adachi et al., 2011). Besides
interacting with various biomolecules, fibronectin proteins can poly-
merize into extensive fibrillar networks, that, under mechanical ten-
sion,; modulate both molecular activities and cellular behavior (Singh
et al., 2010). Regarding endometriosis, a comprehensive meta-analysis
integrating data from 11 genome-wide association studies revealed a
correlation between the FN1 gene, which encodes fibronectin, and
moderate-to-severe endometriosis (Sapkota et al., 2017). In the recent
study, collagen type I and fibronectin, along with other fibrotic proteins
such as alpha-smooth muscle actin (a-SMA) and connective tissue
growth factor (CTGF), were markedly increased in ectopic endometrial
tissue compared to both eutopic endometrium from the same endome-
triosis patients and normal endometrial tissue from individuals without
the disease (Zhang et al., 2019). Moreover, one recent study on potential
diagnostic biomarkers for endometriosis demonstrated significantly
elevated fibronectin levels in both peritoneal fluid and plasma of
affected women, whereas collagen type IV levels remained unchanged
compared to controls (Warzecha et al., 2022). In light of these findings,
the involvement of collagen type IV in the invasiveness of endometrial
cells into the peritoneal wall appears to be questionable. Therefore, in
our analysis, we included fibronectin and collagen type I as the domi-
nant parts of the ECM in the endometriotic invasion site.

Our experiments showed that stilbenes can effectively modify
endometriotic cells' anchorage to ECM by reducing attachment to the
collagen type I and fibronectin-coated surfaces. Generally, we observed
that the analyzed compounds more preferentially inhibited cell adhe-
sion to fibronectin than to collagen type I. The inhibitory effect was
more pronounced after treatment with piceatannol and polydatin. Data
reported in the literature indicate that endometrial cells adhere less to
fibronectin than to collagen I and IV (Koks et al., 2000), which may
explain the higher anti-adhesive potential of the analyzed stilbenes to
fibronectin compared to collagen. Inhibitory activity toward both target
proteins was observed with resveratrol at a concentration as low as 10
pM. The promising anti-adhesive potential of this compound was also
shown in in vitro ovarian cancer models. It was found that resveratrol
prevents the attachment of ovarian cancer cells (A2780; OVCAR-3;
SKOV3) to human peritoneal mesothelial cells and impedes the initial
phase of peritoneal cancer spread. In the reported studies, cancer cells
were exposed to resveratrol for a longer time (72 h) and at higher
concentrations (10 pM, 50 pM, 100 pM) compared to our experiments,
however, the resveratrol's inhibitory effect was not associated with
apoptosis or necrosis (Mikuta-Pietrasik et al., 2014). In our previous
research, we demonstrated that 12Z cells are more sensitive to resver-
atrol than analyzed analogs, as indicated by an ICi value of 8.99 pM
after 48 h of exposure (Gotabek-Grenda et al., 2023). Research has
indicated that certain resveratrol analogs can help prevent adhesion to
collagen type I and fibronectin. Similar protective effects have also been
observed for pterostilbene (Pan et al., 2019), piceatannol (Marchisio
et al., 2025), and polydatin (Lan et al., 2020). These compounds have
been shown to alleviate fibrosis by decreasing the production of collagen
and fibronectin in experimental disease models. The obtained results
indicate that all investigated stilbenes effectively reduce the invasive-
ness of 12Z cells in a dose-dependent manner. However, not all exam-
ined compounds, particularly resveratrol and polydatin, had a
significant impact on 12Z cell migration. This suggests that their
mechanism of action is more closely related to ECM degradation rather
than the regulation of cellular motility. The results confirmed the
compounds' preferential effect and were further supported by their
ability to activate ECM proteolysis. However, it is noteworthy that
resveratrol,; at the highest tested concentration of 50 pM with identified
cytotoxicity, significantly reduced cell migration. This aligns with the
findings reported by Madanes et al. (Madanes et al., 2022), which
demonstrated that resveratrol at doses of 50 pM and 100 pM inhibits 12Z
cell migration in a wound healing (scratch) assay. Kong et al. also
observed the effects of resveratrol on ectopic endometrial stromal cells
isolated from patients with endometriosis. In their study, they used
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resveratrol at concentrations of 25 pM and 50 pM in both wound healing
and transwell invasion assays. The results indicated that resveratrol
significantly inhibits the proliferation, migration, and invasion of
endometriotic cells. These findings suggest that the therapeutic effects of
resveratrol are mediated by the modulation of metastasis-associated
protein 1 (MTA1), which is a key component of the nucleosome
remodeling and deacetylase (NuRD) complex (Kong et al., 2020). In our
studies, pterostilbene effectively reduced the migration and invasion of
endometriotic cells, almost completely eliminating their ability to
invade at a 50 pM dose. The anti-invasive mechanisms of pterostilbene
were also revealed in human breast cancer MDA-MB-231 cells. Pter-
ostilbene effectively inhibited serum-induced migration and invasion of
breast cancer cells without affecting their viability, by blocking NF-kB-
mediated uPa (urokinase-type plasminogen activator) expression and
the Racl/WAVE/Arp2/3 (Ras-related C3 botulinum toxin substrate 1/
WASP-family verprolin-homologous protein/Actin-related protein 2/3)
signaling pathway (Ko et al., 2014). The anti-invasive effects of pter-
ostilbene were also demonstrated in the HeLa cervical cancer model,
where it showed a superior migration-inhibitory potential (Shin et al.,
2020). Similar to pterostilbene, piceatannol significantly reduced
endometriotic cell migration in our experiments. This compound was
found to suppress the migration and invasion of androgen-independent
DU145 prostate cancer cells, likely by inhibiting the enzymatic activities
of MMP-9 and uPA,; as well as by reducing VEGF secretion. Additionally,
piceatannol has been shown to decrease cellular IL-6 production, which
in turn enhances uPA and VEGF secretion, promotes STAT3 phosphor-
ylation, and increases the migration of DU145 cells (Kwon et al., 2012).
Interestingly, in our recent study, piceatannol significantly decreased IL-
6 secretion in 12Z cells, making it the most effective among the tested
stilbenes (Golabek-Grenda et al., 2024). The shared epithelial charac-
teristics and metastatic potential of these cells suggest that piceatannol
may exert its effects through a similar mechanism involving IL-6/STAT3
signaling.

Consistent with the results obtained from migration and invasion
assays, resveratrol and its analogs were found to downregulate MMP-2
and upregulate TIMP-2 expression. The data indicate that these com-
pounds exert a dose-dependent inhibitory effect on both active MMP-2
and pro-MMP-2 levels. There is compelling evidence that the proteo-
lytic activity of MMPs plays a significant role in the invasion of the
peritoneum in endometriosis. Specifically, elevated levels of MMP-2
activity have been observed in the peritoneal fluid of women with
endometriosis compared to healthy controls (Huang et al., 2004).
Additionally, increased MMP-2 expression has been detected in endo-
metriotic tissue (Jana et al., 2016), whereas the individual variations
and haplotypes of MMP-2 and MMP-2 forms endogenous inhibitor,
TIMP-2, were found to be correlated with an elevated risk of advanced-
stage of endometriosis (Cho et al., 2013). Comparable studies conducted
by Madanes et al. showed that resveratrol at concentrations of 50 M
and 100 pM significantly reduced the MMP-2/TIMP-1 ratio in endo-
metriotic 12Z cells and the endometrial stromal cell line St-T1b
(Madanes et al., 2022). TIMP-1 demonstrates a stronger affinity for
MMP-9, but it also inhibits the inactive forms of MMP-1, MMP-2, and
MMP-3. It has been found to be decreased in exfoliated endometrial cells
and is associated with an increased risk of endometriosis (Grzechocinska
etal., 2017; Madjid et al., 2020). These findings regarding endometriosis
are similar to observations made in cancer research, particularly con-
cerning the well-documented anti-metastatic effects of resveratrol in
various types of cancer. Researchers noted that resveratrol treatment
significantly inhibited the invasion of gastric, oral, and renal cancer
cells, accompanied by concomitant suppression of MMP-2 and MMP-9
expression. Despite extensive research, the precise molecular mecha-
nisms through which resveratrol inhibits the invasion and migration of
cancer cells remain incompletely understood. Studies indicate that
resveratrol can suppress cancer metastasis by modulating the NF-kB
signaling pathway. NF-kB is a key transcriptional regulator that allows
malignant and premalignant cells to evade the apoptosis-driven
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surveillance mechanisms that typically prevent tumor growth (Song
et al., 2023).

Furthermore, resveratrol has been shown to affect the epi-
thelial-mesenchymal transition (EMT) process by modulating the
expression of key marker proteins such as N-cadherin, E-cadherin,
vimentin, Snail, and Twist (Song et al., 2023). In our research, we found
that the metalloproteinase downregulation did not significantly differ
among the compounds studied. The findings suggest that other mole-
cules; specifically epithelial or mesenchymal markers, may also play a
role in driving the invasion-metastasis cascade and may be influenced
by stilbenes. This area presents a potential direction for future research.
Given the current understanding of resveratrol's molecular effects on
cancer cells, as well as the well-established phenotypic and mechanistic
similarities between endometriotic and neoplastic cells, it seems plau-
sible and scientifically valid to explore the regulatory pathways gov-
erning invasion and migration in response to resveratrol. Although our
study provides interesting new data, it has a significant limitation due to
the use of an endometriotic cell line that represent a narrow spectrum of
disease phenotypes. To gain a deeper understanding of our findings,
future research should utilize a wider variety of cell types, such as
endothelial, mesothelial, or primary cell populations. Moreover, our
experimental design did not incorporate a comprehensive range of ECM
components or matrix metalloproteinases. In addition; we did not
address integrins, which are a widely expressed class of cell adhesion
receptors that play a crucial role in mediating cell attachment to ECM
proteins like collagen, laminin, fibronectin, and vitronectin. When
integrins bind to their ligands, they activate intracellular signaling
pathways that regulate key cellular processes, including differentiation,
motility, adhesion, and intercellular interactions (Adachi et al., 2011).
Given their role in mediating adhesive and migratory behavior, integrin
signaling may be a critical factor in determining the adhesion of endo-
metriotic cells and their contribution to the lesion dissemination. Our
future research will consider these factors to better understand the
impact of stilbenes on the invasive potential of endometriotic cells.

In conclusion, our findings demonstrate that resveratrol and its
naturally occurring analogs suppress the migratory and invasive abilities
of endometriotic cells. They achieve this by modulating the transcrip-
tional activity and protein levels of molecules implicated in ECM
remodeling and by influencing cell-ECM interactions. To gain a deeper
understanding of the basic mechanisms through which these compounds
act, further comprehensive investigations are needed, especially to
clarify the regulatory dynamics of the specific signaling pathways
responsible for the observed therapeutic effects. Both our previous and
current studies have demonstrated the enhanced anti-endometriotic
potential of pterostilbene and piceatannol, although this aspect re-
mains underreported in the existing literature. Based on our current
findings and earlier reports, it can be inferred that these natural com-
pounds may contribute to the management of endometriosis by modu-
lating key pathological processes involved in the formation of
endometriotic lesions. This insight offers potential for the development
of improved supportive treatment regimens.
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Oswiadczenie promotora rozprawy doktorskiej

Oséwiadczam, Ze niniejsza rozprawa doktorska pt.: Bioaktywnos¢ resweratrolu i jego
naturalnych pochodnych w regulacji proceséow zaangazowanych w rozwdj endometriozy —
badania na modelach komérkowych in vitro zostala przygotowana pod moim kierunkiem
i stwierdzam, ze spelnia ona warunki do przedstawienia jej w postgpowaniu o nadanie stopnia

naukowego.
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Oswiadczenie autora rozprawy doktorskiej

Niniejszym o$wiadczam, ze przedlozona rozprawe doktorska pt.: Bioaktywnos$é resweratrolu
i jego naturalnych pochodnych w regulacji proceséw zaangazowanych w rozwéj endometriozy
— badania na modelach komérkowych in vitro zostala napisatem samodzielnie, tj.:

— nie zlecitem opracowania rozprawy lub jej czesci innym osobom,

—nie przepisalem rozprawy lub jej czesci z innych opracowan i prac zwiazanych
tematycznie z mojg praca,

— korzystalem jedynie z niezbednych konsultacji,

— wszystkie elementy rozprawy, ktére zostaly wykorzystane do jej realizacji (cytaty,
ryciny, tabele, programy itp.), a nie bedace mojego autorstwa, zostaly odpowiednio
zaznaczone wraz z podaniem zrodta ich pochodzenia,

— rozprawa nie byla wczesniej przedmiotem procedur zwigzanych z uzyskaniem stopnia
naukowego.

Oswiadczam ponadto, ze niniejsza wersja rozprawy jest identyczna z zalaczong wersjg
elektroniczna.

Mam $wiadomo$¢, ze zlozenie nieprawdziwego o$wiadczenia skutkowaé bedzie
niedopuszczeniem do dalszych czynnosci postgpowania w sprawie nadania stopnia doktora lub
cofnigciem decyzji o nadaniu mi stopnia doktora oraz wszczeciem postgpowania
dyscyplinarnego.
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Olejnik, 2021, Polyphenols as a Diet Therapy Concept for Endometriosis—Current Opinion
and Future Perspectives, Nutrients, 13(4), 1347 méj indywidualny udzial w jej powstaniu

polegat na opracowaniu krytycznego przegladu literatury, napisaniu cze$ci manuskryptu.
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