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STRESZCZENIE

Rak piersi jest najcze$ciej diagnozowanym nowotworem ztosliwym u kobiet,
w 2020 roku zdiagnozowano go u ponad 2,3 miliona pacjentek na $wiecie 1 szacuje si¢, ze
liczba ta wzrosnie w 2040 roku do ponad 3 miliono6w. Nawet jedna trzecia pacjentek z rakiem
piersi, choruje rowniez na cukrzyce. Cukrzyca i hiperglikemia nie tylko zwigkszaja ryzyko roz-
woju raka piersi, ale takze wigza si¢ z wyzszym o 40% ryzykiem zgonu w poréwnaniu do pa-
cjentek bez cukrzycy. Wedlug Miedzynarodowej Agencji Badan nad Rakiem, dotychczas
uznane czynniki ryzyka zachorowania na raka piersi, m.in. genetyczne, hormonalne, ekspozy-
cja na promieniowanie jonizujace, czy wspomniana juz cukrzyca, odpowiadaja za niecate 37%
przypadkéw nowotwordw piersi, co sktania do dalszych badan nad rolg innych czynnikow,
np. zanieczyszczen srodowiska, czy ksenoestrogendéw w jego patogenezie. Ksenoestrogeny to
substancje egzogenne, ktore moga nasladowac dziatanie estrogenow. W leczeniu hormonoza-
leznego raka piersi, ktory jest najczgséciej diagnozowanym podtypem, podstawa leczenia jest
hormonoterapia majaca na celu wyeliminowanie pobudzajacego dzialania estrogendéw na ko-
morki nowotworowe. Jednocze$nie pacjentki stosujace terapi¢ endokrynng (np. inhibitorami
aromatazy) narazone s3 na wystepujace powszechnie w codziennym srodowisku zycia kseno-
estrogeny, ktorych wplyw na skuteczno$¢ lekéw stosowanych w hormonoterapii w duzej mie-
rze pozostaje nieznany.

Celem niniejszej pracy doktorskiej byta ocena wptywu wybranych ksenoestrogenow —
jonow metali Cr’*i AI**, obecnych m.in. w suplementach diety (chrom), czy antyperspirantach
(glin) na skuteczno$¢ inhibitorow aromatazy (letrozolu i eksemestanu), podstawowej grupy le-
kow stosowanych w hormonoterapii raka piersi u pacjentek po menopauzie. Dodatkowo oce-
niono, czy ewentualna interakcja pomi¢dzy lekami a metaloestrogenami rézni si¢ w zaleznosci
od panujacych w modelu komérkowym warunkow, odzwierciedlajgcych normo- i hiperglike-
mi¢. Poddano rowniez ocenie profil bezpieczenstwa inhibitorow aromatazy, ze szczegdlnym
uwzglednieniem wystgpowania zaburzen gospodarki wgglowodanowej (np. hiperglikemii) oraz
ze strony uktadu sercowo-naczyniowego.

W ramach pracy wykonano badania na modelu komorkowym hormonozaleznego raka
piersi - liniach komorkowych MCF-7 oraz MCF-7/DOX (linia oporna na doksorubicyng),
eksponowanych na wybrane metaloestrogeny, leki oraz ich kombinacje w warunkach normo-
1 hiperglikemii. Skuteczno$¢ inhibitoréw aromatazy stosowanych pojedynczo, badz lacznie
z metaloestrogenami, oceniono wykonujac test zywotnosci komorek, cytometryczng oceng
apoptozy, nekrozy, analiz¢ cyklu komorkowego oraz iloSciowy pomiar stezen biatek

zaangazowanych w proces apoptozy (Bcl-2, BAX) i angiogenezy (VEGF-A). Profil
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bezpieczenstwa inhibitor6w aromatazy oceniono wykonujac przeglad systematyczny

1 metaanaliz¢ dziatan niepozadanych raportowanych w badaniach klinicznych.

Przeprowadzone badania wykazaly, ze w warunkach odzwierciedlajacych
normoglikemi¢, kombinacja inhibitoréw aromatazy z metaloestrogenami, w obu liniach
komorkowych, moze prowadzi¢ do zmniejszenia aktywnos$ci lekow, co obserwowano jako
zwiekszenie zywotnosci komorek nowotworowych, zmniejszenie liczby komorek ulegajacych
apoptozie 1 nekrozie, wzrost stezenia biatka antyapoptotycznego Bcl-2 (co skutkowato
wzrostem wspoétczynnika Bel-2/BAX), a takze wzrost stezenia VEGF-A. Wykazano ponadto,
ze zmniejszenie aktywnosci inhibitorow aromatazy pod wplywem metaloestrogendw, nie byto
zwigzane z ich wptywem na cykl komérkowy. W warunkach hiperglikemii, w obu liniach
komoérkowych, jednoczesna ekspozycja na metaloestrogeny i inhibitory aromatazy nie
zmniejszala istotnie dziatania lekéw (nie zwigkszata zywotno$ci komoérek nowotworowych, nie
zmniejszata odsetka komorek ulegajacych apoptozie/nekrozie, nie zwigkszata wspodtczynnika
Bcl-2/BAX). Jednocze$nie obserwowano znacznie mniejszg aktywno$¢ lekow przy wysokim
stezeniu glukozy panujacym w modelu komérkowym. Bezposrednie porownanie wynikéw
otrzymanych w warunkach normo- i hiperglikemii wskazuje, iz na efektywno$¢ inhibitorow
aromatazy wiekszy wplyw ma wysokie stezenie glukozy obecne w modelu komoérkowym, niz
ich kombinacja z metaloestrogenami. Wyniki wykonanego przegladu systematycznego
1 metaanalizy dostarczyly natomiast dowoddéw na zwigkszone ryzyko wystepowania zdarzen
sercowo-naczyniowych, a takze na mozliwe wystgpowanie zaburzen gospodarki

weglowodanowej (hiperglikemii, cukrzycy) w czasie leczenia inhibitorami aromatazy.

Uzyskane wyniki wskazuja, ze obecne w codziennym $rodowisku zycia cztowieka
metaloestrogeny, mogag w warunkach normoglikemii negatywnie wptywaé¢ na skuteczno$¢
lekéw stosowanych w hormonoterapii. Potrzebne sa dalsze badania, aby w pelni wyjasnic¢
wykazane interakcje i méc im skutecznie zapobiegacé. Otrzymane wyniki wskazujg rOwniez na
kluczowg rol¢ hiperglikemii w obnizaniu efektywnos$ci inhibitoréw aromatazy. Stale rosngca
liczba chorych na cukrzyce, a co za tym idzie takze wzrost liczby pacjentek jednocze$nie
zmagajacych si¢ z cukrzyca i nowotworem piersi sprawia, ze leczenie raka piersi u takich
pacjentek staje si¢ sporym wyzwaniem klinicznym. Bioragc pod uwage fakt, ze gldéwna grupa
pacjentek stosujgca inhibitory aromatazy sa pacjentki po menopauzie oraz uzyskane
w badaniach wyniki, wydaje si¢, Ze systematyczne monitorowanie glikemii w trakcie

hormonoterapii moze by¢ jednym ze sposobéw na kontrolowanie jej skutecznosci.



SUMMARY

Breast cancer is the most common cancer diagnosed among women, in 2020 it was dia-
gnosed in over 2.3 million patients worldwide and it is estimated that this number will increase
to over 3 million in 2040. Up to one-third of breast cancer patients also have diabetes. Diabetes
and hyperglycemia not only increase the risk of developing breast cancer, but are also associa-
ted with a 40% higher risk of death compared to patients without diabetes. According to the
International Agency for Research on Cancer, previously recognized risk factors for breast can-
cer, including genetic, hormonal, exposure to ionizing radiation, or the aforementioned diabe-
tes, are responsible for less than 37% of breast cancer cases, which prompts further research
into the role of other factors, such as environmental pollution or xenoestrogens, in its pathoge-
nesis. Xenoestrogens are exogenous substances that can mimic the action of estrogens. In the
treatment of hormone-dependent breast cancer, which is the most frequently diagnosed subtype
of breast cancer, the basis of treatment is hormone therapy the purpose of which is to eliminate
the stimulating effect of estrogens on cancer cells. At the same time, patients using endocrine
therapy (e.g. aromatase inhibitors) are exposed to xenoestrogens, commonly found in the eve-
ryday environment, whose impact on the effectiveness of drugs used in hormone therapy rema-
ins largely unknown.

The aim of this doctoral dissertation was to assess the impact of selected xenoestrogens
- metal ions Cr3+ and Al3+, present, among others, in dietary supplements (chromium) or an-
tiperspirants (aluminum) on the effectiveness of aromatase inhibitors (letrozole and exeme-
stane), the basic group of drugs used in hormone therapy of breast cancer in postmenopausal
patients. In addition, it was assessed whether the possible interaction between drugs and metal-
loestrogens differs depending on the conditions prevailing in the cell model, reflecting normo-
and hyperglycemia. The safety profile of aromatase inhibitors was also assessed, with particular
emphasis on the occurrence of carbohydrate metabolism disorders (e.g. hyperglycemia) and
cardiovascular system disorders.

Studies were performed on a cellular model of hormone-dependent breast cancer -
MCF-7 and MCF-7/DOX cell lines (doxorubicin-resistant line), exposed to selected metalloes-
trogens, drugs and their combinations in conditions of normo- and hyperglycemia. The effec-
tiveness of aromatase inhibitors used alone or in combination with metalloestrogens was asses-
sed by performing a cell viability test, cytometric assessment of apoptosis, necrosis, cell cycle

analysis and quantitative measurement of the concentration of proteins involved in the process



of apoptosis (Bcl-2, BAX) and angiogenesis (VEGF-A). The safety profile of aromatase inhi-
bitors was assessed by performing a systematic review and meta-analysis of adverse events
reported in clinical trials.

The conducted studies have shown that under conditions reflecting normoglycemia, the
combination of aromatase inhibitors with metalloestrogens in both cell lines may lead to
a decrease in drug activity, which was observed as an increase in the viability of cancer cells,
a decrease in the number of cells undergoing apoptosis and necrosis, an increase in the
concentration of the anti-apoptotic protein Bcl- 2 (resulting in an increase in the Bcl-2/BAX
ratio), as well as an increase in VEGF-A concentration. It was also shown that the decrease in
the activity of aromatase inhibitors under the influence of metalloestrogens was not related to
their effect on the cell cycle. Under hyperglycemic conditions, in both cell lines, simultaneous
exposure to metalloestrogens and aromatase inhibitors did not significantly reduce the effect of
drugs (it did not increase the viability of cancer cells, did not reduce the percentage of cells
undergoing apoptosis/necrosis, did not increase the Bcl-2/BAX ratio). At the same time,
significantly lower drug activity was observed at high glucose concentrations prevailing in the
cellular model. A direct comparison of the results obtained in the conditions of normo- and
hyperglycemia indicates that the effectiveness of aromatase inhibitors is more influenced by the
high concentration of glucose present in the cellular model than their combination with
metalloestrogens. The results of the systematic review and meta-analysis provided evidence of
an increased risk of cardiovascular events, as well as the possible occurrence of carbohydrate

metabolism disorders (hyperglycemia, diabetes) during treatment with aromatase inhibitors.

The obtained results indicate that metalloestrogens present in the everyday environment
of human life may negatively affect the effectiveness of drugs used in hormone therapy in
conditions of normoglycemia. Further research is needed to fully explain the interactions shown
and to be able to effectively prevent them. The obtained results also indicate the crucial role of
hyperglycemia in reducing the effectiveness of aromatase inhibitors. The constantly growing
number of patients with diabetes, and thus also the increase in the number of patients suffering
from diabetes and breast cancer at the same time, makes the treatment of breast cancer in such
patients a clinical challenge. Taking into account the fact that the main group of patients using
aromatase inhibitors are post-menopausal patients and the results obtained in the studies, it
seems that systematic monitoring of glycaemia during hormonal therapy may be one of the

ways to control its effectiveness.
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2. WPROWADZENIE
2.1. Rak piersi — informacje ogolne.

Rak piersi jest najczesciej diagnozowanym nowotworem ztosliwym na §wiecie u kobiet,
w 2020 roku zdiagnozowano go u ponad 2,3 miliona pacjentek i szacuje si¢, ze liczba ta
wzrosnie w 2040 roku do ponad 3 milionow [1]. Wedlug statystyk Amerykanskiego
Towarzystwa Onkologii Klinicznej (ASCO, ang. American Society of Clinical Oncology), 1 na
8 kobiet zachoruje na inwazyjnego raka piersi w swoim zyciu, a dla 1 na 39 z nich, rak piersi
stanie si¢ przyczyng $mierci [2]. W Polsce w 2020 roku odnotowano 17 511 nowych
przypadkdw raka piersi, co stanowito az 23,8% wszystkich zachorowan na nowotwory ztosliwe
u kobiet. Niemal 80% przypadkow (78,6%) dotyczyto kobiet w wieku > 50 lat. Rak piersi, cho¢
rzadko, wystepuje rdwniez u mezczyzn, stanowigc 0,5-1% wszystkich przypadkow [3-5].
W Polsce nowotwory ztosliwe sa u obu pici druga co do czestosci przyczyng Smierci (pierwsza
od wielu lat pozostaja choroby uktadu sercowo-naczyniowego), za$ pod wzgledem
umieralnosci u kobiet rak piersi ustepuje jedynie rakowi pluca, ktory odpowiada za 17,6%

wszystkich zgonéw z powodu nowotwordéw ztosliwych (rak piersi — 15,3%) [3].

W wiekszosci przypadkéw nie udaje si¢ ustali¢ przyczyny zachorowania na raka piersi,
ktorego etiologia najczesciej jest wieloczynnikowa. Do najbardziej istotnych czynnikow ryzyka
naleza czynniki demograficzne - ple¢ oraz wiek, ponadto wymieniane sg czynniki genetyczne
(nosicielstwo mutacji genowej, gldownie BRCAI 1 BRCA2, rodzinne wyst¢gpowanie raka piersi,
zwlaszcza w mtodym wieku), czynniki zwigzane z reprodukcja (wczesna pierwsza miesigczka,
po6zna menopauza, pdézny wiek pierwszego porodu), czynniki hormonalne (np. stosowanie
hormonalnej terapii zastepczej), wystgpowanie tagodnych zmian rozrostowych w piersiach,
ekspozycja na promieniowanie jonizujace, nadwaga i otylo$¢ (zwlaszcza w okresie
pomenopauzalnym), a takze nadmierna konsumpcja alkoholu, palenie tytoniu oraz cukrzyca
[4,6]. Wedlug Miedzynarodowej Agencji Badan nad Rakiem (IARC, ang. International Agency
for Research on Cancer), dotychczas uznane i1 wymienione wyzej czynniki ryzyka
zachorowania na raka piersi, odpowiadaja jedynie za okoto 36,8% przypadkdéw, co sktania do
dalszych badan nad rolag innych czynnikéw, np. zanieczyszczen Srodowiska, czy

ksenoestrogenow w patogenezie nowotworu piersi [7].

Nowotwor piersi nie jest chorobg homogenng. W zaleznosci od ekspresji kluczowych
receptorow na komorkach nowotworowych — receptoréw steroidowych (estrogenowych — ERs,

ang. estrogen receptors 1 progesteronowych — PgRs, ang. progesterone receptors) oraz
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receptora ludzkiego naskérkowego czynnika wzrostu typu 2 - HER2 (ang. human epidermal
growth factor receptor 2), wyrdznia si¢ trzy gtdéwne podtypy raka piersi, ktore r6znig si¢ migdzy
soba nie tylko rodzajem stosowanego leczenia systemowego, ale 1 rokowaniem. Najczesciej
wystepujacym podtypem nowotworu piersi jest rak hormonozalezny (luminalny), ktory
wystepuje u 70% zdiagnozowanych pacjentek. W przypadku kobiet po menopauzie, podtyp ten
wystepuje jeszcze czesciej — nawet w 75% przypadkow. Luminalny rak piersi charakteryzuje
si¢ obecnoscig co najmniej 1% komorek nowotworowych wykazujacych ekspresj¢ receptorow
steroidowych oraz najlepszym rokowaniem — wskaznik przezycia 5-letniego dla wczesnych
stadiow wynosi w USA > 99%, za$ $redni czas przezycia w stadium zaawansowanym to 4-5 lat.
W leczeniu systemowym podtypu hormonozaleznego stosuje si¢ hormonoterapi¢ u wszystkich
pacjentek oraz chemioterapie, ktéra stosowana jest u niektorych chorych, w zaleznosci od
wystepowania innych czynnikéw, zwigkszajacych ryzyko nawrotu, np. stopien zlosliwosci,
wspotczynnik proliferacji komorek nowotworowych (Ki67), zajecie weztow chlonnych.
Kolejnym podtypem jest rak piersi HER2 dodatni, ktory wykrywa si¢ w 15-20% wszystkich
zachorowan. Podtyp ten charakteryzuje si¢ nadmierng ekspresja receptora HER2 na komorkach
nowotworowych oraz nadmierng amplifikacja genu HER2. Uwaza si¢, ze w okoto 50%
przypadkéw nowotworu HER2 dodatniego, rownoczesnie wystepuje ekspresja receptoréow
steroidowych. Przezycie 5-letnie we wczesnym stadium w podtypie HER2 dodatnim szacuje
si¢ na podstawie danych amerykanskich na > 94%, za§ $rednie przezycie w stadium
zaawansowanym — na okolo 5 lat. Terapia systemowa obejmuje chemioterapi¢ skojarzong
z leczeniem celowanym anty-HER2 (przeciwciala monoklonalne — trastuzumab, pertuzumab),
a takze z hormonoterapia w przypadku obecnosci receptorow ERs/PgRs). Najgorzej rokujacym
podtypem raka piersi, ktory diagnozowany jest w okoto 15% przypadkow, jest rak piersi
potréjnie ujemny (ang. triple-negative breast cancer - TNBC), ktory nie wykazuje ekspresji
receptorow steroidowych, ani nadmiernej ekspresji receptora HER2. W leczeniu systemowym
TNBC zastosowanie znajduje chemioterapia. Przezycie 5-letnie we wczesnym stadium wynosi
w USA > 85%, za$ Srednie przezycie w zaawansowanym stadium waha si¢ od 10 do 13 miesi¢cy

[8-11].

Oceng stopnia zaawansowania nowotworu piersi okresla si¢ na podstawie klasyfikacji
TNM (ang. tumor-node-metastasis), biezagco aktualizowanej przez Amerykanski Wspolny
Komitet ds. Raka (AJCC, ang. American Joint Committee on Cancer). Obecnie, od stycznia
2018 roku, obowigzuje jej 6sma edycja. Klasyfikacja TNM opiera si¢ na ocenie guza

pierwotnego (ang. tumor — T), regionalnych weziow chtonnych (ang. node — N) oraz
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przerzutéw odlegltych (ang. metastases — M). Biorac pod uwage poszczeg6élne cechy,
klasyfikacja pozwala na wyrdznienie stopnia zaawansowania od 0 do IV, ktéry determinuje
rokowanie, a takze sposOb postepowania. Stopien 0 oznacza bardzo wczesne stadium
nowotworu, jest to tzw. rak nieinwazyjny. Stadium I oraz Il oznacza inwazyjnego, ale nadal
wczesnego raka piersi, w ktorym wystepowanie komodrek nowotworowych ogranicza si¢ do
piersi lub najblizszych wezidw chionnych. W stopniu III wystepuja przerzuty do regionalnych
weziow chtonnych i/lub okolicznych tkanek, stad stadium to jest okreslane jako miejscowo
zaawansowane. Rak piersi w stopniu IV, nazywany roéwniez nowotworem piersi
uogdlnionym/rozsianym, to najbardziej zaawansowana postac raka piersi, gdzie stwierdza si¢
obecno$¢ przerzutow odlegltych, najczgsciej w kosciach, watrobie, ptucach, modzgu.
Prawdopodobienstwo przezycia 5 lat od chwili diagnozy w zalezno$ci od stadium nowotworu
piersi zmniejsza si¢ wraz ze wzrostem stopnia zaawansowania - od 100% w stadium 0 1 I do

22% w stadium IV [9,12].

2.2. Rak piersi — leczenie ze szczegélnym uwzglednieniem hormonoterapii.

Cele leczenia raka piersi r6znig si¢ w zalezno$ci od stopnia jego zaawansowania.
W przypadku nowotworu w stadium 0, a wigc w raku przedinwazyjnym, u wigkszosci chorych
zalecana jest obserwacja, a gdy wystepuja dodatkowe czynniki ryzyka (np. dodatni wywiad
rodzinny, wystepowanie mutacji BRCA1/2), mozliwa jest profilaktyczna amputacja piersi
z rekonstrukcjg. Celem jest wigc zabezpieczenie pacjentki przed progresja nowotworu do
stadiow inwazyjnych. W stopniach I-III kluczowe jest usunigcie komoérek nowotworowych
guza pierwotnego oraz zajetych wezlow chtonnych, aby zapobiec powstaniu przerzutéw
odlegtych. W tym celu wykorzystuje si¢ zarowno leczenie miejscowe (chirurgia, radioterapia),
jak 1 leczenie systemowe (w zaleznosci od podtypu nowotworu — hormonoterapie,
chemioterapig, leczenie celowane). W leczeniu zaawansowanego raka piersi (stadium V)
stosuje si¢ leczenie paliatywne, ktére ma na celu wydtuzenie czasu przezycia pacjentki oraz

tagodzenie objawdw towarzyszacych chorobie, a nie wyleczenie [9,12].

We wszystkich przypadkach hormonozaleznego raka piersi, niezaleznie od wieku
pacjentki oraz dodatkowych wskazan do zastosowania chemioterapii, w leczeniu systemowym
stosowana jest hormonoterapia. Leczenie hormonalne moze zosta¢ wdrozone zaréwno jako
leczenie przedoperacyjne (neoadjuwantowe), jak i pooperacyjne - jako terapia uzupetniajaca.
W obu przypadkach hormonoterapia ma za zadanie wyeliminowa¢ dzialanie endogennych
estrogendw, pobudzajacych proliferacje komorek nowotworowych [8,9]. W zalezno$ci od stanu

menopauzalnego pacjentki, stosuje si¢ wigc inne podejscie. Zgodnie z obowigzujacymi
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rekomendacjami leczenia hormonozaleznego raka piersi, przedstawionymi przez Europejskie
Towarzystwo Onkologii Klinicznej (ESMO, ang. European Society for Medical Oncology) oraz
Polskie Towarzystwo Onkologii Klinicznej, hormonoterapia stosowana we wczesnym stadium
raka piersi (stadium I-III wg klasyfikacji TNM) u pacjentek przed menopauza obejmuje
stosowanie tamoksyfenu przez 5-10 lat. U chorych, u ktérych w tym czasie doszto do
biochemicznie potwierdzonej menopauzy, mozna zamieni¢ tamoksyfen na inhibitor aromatazy.
U pacjentek przed menopauza, z grupy wysokiego ryzyka nawrotu mozna zastosowac inhibitor
aromatazy zamiast tamoksyfenu, ale jedynie w potaczeniu z farmakologiczng supresja jajnikow
przy uzyciu analogéw gonadoliberyny (aGnRH, ang. gonadotropin-releasing hormone
analogs). U pacjentek po menopauzie w hormonoterapii stosuje si¢ tamoksyfen, inhibitory
aromatazy lub ich sekwencj¢ przez taczny czas 5-10 lat. W leczeniu zaawansowanego raka
piersi (stadium IV wg klasyfikacji TNM), niezaleznie od stanu menopauzalnego pacjentki,
w hormonoterapii zastosowanie znajduje podobny zestaw lekéw, ktory w przypadku kobiet
przed menopauza uzupetiony jest o supresj¢/ablacje jajnikdéw. W pierwszej linii leczenia
stosowane sa:

e tamoksyfen,

e inhibitory aromatazy (Als, ang. aromatase inhibitors),

e fulwestrant w wysokich dawkach (tj. 500 mg i.m.),

e polaczenie inhibitora aromatazy/fulwestrantu z inhibitorem zaleznej od cyklin kinazy 4

1 6 (CDK4/6 inhibitor, ang. cyclin-dependent kinase 4 and 6 inhibitor).

W kolejnych liniach leczenia, w zalezno$ci od wczesniej zastosowanych lekow, stosuje
si¢ fulwestrant lub inhibitor aromatazy w skojarzeniu z inhibitorem CDK4/6, eksemestan
w potaczeniu z ewerolimusem, octan megestrolu, a u chorych z mutacja genu PIK3CA
(najczestsza mutacja w hormonozaleznym raku piersi) — kombinacj¢ inhibitora kinazy
fosfatydyloinozytolu-3 (PI3K) - alpelisibu z fulwestrantem [9,13,14].

Hormonoterapia w raku piersi ma na celu wyeliminowanie stymulacji komorek
nowotworowych przez estrogeny. Efekt taki mozna osiagnaé poprzez:

e hamowanie wytwarzania steroidowych hormonéw plciowych w jajnikach (aGnRH),

e hamowanie obwodowej konwersji androgendéw w estrogeny (inhibitory aromatazy),

e Dblokowanie wigzania si¢ estrogenéw z receptorami estrogenowymi w komorkach
nowotworowych (selektywne modulatory receptora estrogenowego - SERMs,

ang. selective estrogen receptor modulators),
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e czeSciowa degradacje receptoréw estrogenowych w komoérkach nowotworowych
(selektywni antagoni$ci receptora estrogenowego - SERDs, ang. selective estrogen

receptor down-regulators) [4,15].

Lekami najczesciej stosowanymi w leczeniu hormonalnym nowotworu piersi sg
tamoksyfen (grupa SERM) oraz letrozol, anastrozol i eksemestan (inhibitory aromatazy) [15].
Tamoksyfen przez wiele lat uznawany byl za zloty standard hormonoterapii, stosowany
zaré6wno u kobiet przed, jak i po menopauzie. Mechanizm dziatania tamoksyfenu polega na
kompetencyjnym wigzaniu si¢ z receptorami estrogenowymi na komorkach nowotworowych,
dzigki czemu blokowane jest dziatanie estrogendéw, stymulujace ich proliferacj¢. W niektorych
tkankach tamoksyfen wykazuje aktywno$¢ agonistyczna, ktora moze by¢ korzystna (np.
dziatanie agonistyczne w tkance kostnej, dzigki czemu u pacjentek po menopauzie nie dochodzi
do demineralizacji kosci), jak rowniez odpowiada za najistotniejsze klinicznie dziatania
niepozadane tego leku (powiktania zakrzepowo-zatorowe, przerost blony $luzowej macicy,

wzrost ryzyka raka endometrium) [9,15,16].

Inhibitory aromatazy, dzigki swej wysokiej skutecznosci klinicznej, staly sie¢ na
przestrzeni ostatnich lat lekami stosowanymi jako pierwsza linia leczenia u pacjentek po
menopauzie z hormonozaleznym rakiem piersi. U kobiet po menopauzie estrogeny powstaja
w wyniku konwersji androgenow do estrogendw, ktora zachodzi w tkankach obwodowych (np.
w tkance tluszczowej, skorze, migsniach, watrobie). W procesie tym niezbgdna jest aktywnos¢
enzymu — aromatazy, a wi¢c inhibitory aromatazy hamujac jej aktywno$¢, eliminuja
powstawanie estrogenOw w organizmie. Ze wzgledu na budowe chemiczna, wyrdznia si¢
steroidowe (eksemestan) 1 niesteroidowe (letrozol, anastrozol) inhibitory aromatazy. Nalezy
podkresli¢, ze u kobiet przed menopauzg zastosowanie inhibitoroOw aromatazy jest mozliwe
jedynie w potaczeniu z dodatkowa supresja czynno$ci jajnikéw. Mechanizm dziatania
inhibitorow aromatazy skutkuje typowymi dziataniami niepozadanymi, zwigzanymi
z niedoborem estrogendéw. S3 to m.in. bdle stawdéw 1 mig$ni, obnizenie gestosci mineralnej
kosci, zaburzenia gospodarki lipidowej. Niektore badania wskazuja rowniez na zwickszone

ryzyko rozwoju insulinoopornosci oraz cukrzycy [17-22].

2.3. Metaloestrogeny.
Z uwagi na stale utrzymujaca si¢ tendencje wzrostowag zapadalno$ci na raka piersi
w populacji ogoélnej, analiza oddzialywania réznych czynnikéw, w tym $rodowiskowych,

w patogenezie raka piersi jest przedmiotem wielu badan [23,24]. W ostatnich latach sporo
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uwagi poswigca si¢ ksenoestrogenom, zaliczanym do szerokiej grupy zwiazkow endokrynnie
czynnych (EDC, ang. endocrine disrupting compounds), ktore jak wskazuja dane
z piSmiennictwa, mogg oddziatywa¢ z uktadem hormonalnym cztowieka [25]. Liczne
publikacje potwierdzaja, iz ksenoestrogeny moga pobudzaé receptory estrogenowe i1 tym
samym konkurowac¢ lub nasladowa¢ dziatanie endogennych estrogenéw, m.in. wptywaé na
proliferacje komoérek nowotworowych [23,26,27]. Zdecydowanie mniej wiadomo na temat
wpltywu ksenoestrogenow na skuteczno$¢ leczenia najczestszego podtypu raka piersi —
nowotworu hormonozaleznego, w ktérego terapii wykorzystuje si¢ leczenie farmakologiczne

majace na celu eliminacje¢ dzialania endogennych estrogendw.

Metaloestrogeny to istotna ze wzgledoéw toksykologicznych grupa ksenoestrogenow,
ktora stanowig jony metali, np. kadmu, glinu, chromu, miedzi, olowiu, niklu, rteci. Cho¢
wiekszo$¢ z nich jest uwalniana do $rodowiska ze zrédet przemystowych (goérnictwo,
hutnictwo, galwanizacja) i1 dostaja si¢ do organizmu czlowieka w ramach ekspozycji
zawodowej, to cze$¢ z nich jest powszechna w codziennym srodowisku zycia cztowieka i czesto
nie jest kojarzona z negatywnym wptywem na zdrowie. Przyktadem moga by¢ sole glinu,
bedace jednym z gltéwnych skladnikow dezodorantdéw i antyperspirantdow, czy sole chromu
[11T], znajdujace si¢ w suplementach diety witaminowo-mineralnych, ,,na odchudzanie”, a takze

regulujacych stezenie glukozy we krwi [24,28].

Cho¢ czlowiek moze by¢ narazony na zwigzki glinu z wielu réznych zZrédel, w tym
z diety, czy poprzez stosowanie srodkéw zobojetniajacych sok zotadkowy, to uwaza sie, iz to
wlasnie regularne stosowanie dezodorantow 1 antyperspirantow zawierajacych w sktadzie sole
glinu (najczesciej chlorek glinu [II1] Iub chlorowodorek glinu [III]) odpowiada za najwigksza
ekspozycje na jony tego metalu. Produkty te stosuje si¢ bezposrednio w sgsiedztwie piersi, pod
pacha, czesto rowniez na skore podrazniong w wyniku golenia, co dodatkowo zwigksza jego
przenikanie do organizmu [29]. Badania na komoérkach nowotworowych piersi - MCF-7
wykazaty, ze glin dziata estrogenopodobnie - zakldca wigzanie si¢ estradiolu z receptorem
estrogenowym i nasladuje jego dziatanie. Co wiecej, odkryto, ze dtugotrwale narazenie na glin
w stezeniach 10-300 uM (stezenia nizsze niz w kosmetykach) moze prowadzi¢ do nadmiernej
1 nieprawidtowej proliferacji komorek nabtonka gruczolu piersiowego, a takze zwickszac
migracj¢ 1 inwazyjnos¢ komorek raka piersi. Dzialanie to bylo poprzedzone m.in. wzrostem
syntezy DNA oraz podwojnymi pgknigciami nici DNA, co sugeruje, ze glin wykazuje dziatanie
podobne do onkogendw [30,31]. Z kolei chrom w $rodowisku wystepuje na dwoch gtownych

stopniach utlenienia jako chrom sze$ciowarto$ciowy - Cr [VI] oraz trojwartosciowy - Cr [III].
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Chrom heksawalentny zostat uznany przez Migdzynarodowa Agencj¢ Badan nad Rakiem za
zwigzek kancerogenny. Narazenie na chrom sze$ciowarto$ciowy jest zwigzane najczgscie]
z ekspozycja zawodowa 1 dotyczy wielu galezi przemystu, np. farbiarskiego, metalurgicznego,
garbarskiego. Z kolei zrodtem jondéw Cr’' sa najcze$ciej wspomniane juz suplementy diety.
W literaturze dostepne sa sprzeczne dane dotyczace cytotoksyczno$ci oraz genotoksycznosci
chromu triwalentnego. Niektore wskazuja na to, Ze sole 1 zwigzki chromu triwalentnego moga
indukowa¢ uszkodzenia DNA, wymian¢ chromatyd siostrzanych, stres oksydacyjny oraz
prowadzi¢ do powstania adduktow Cr-DNA. Ponadto w badaniach in vitro, podobnie jak
w przypadku glinu, wykazano, ze jony Cr** wykazuja aktywno$¢ estrogenopodobng [28,32,33].
Pomimo powszechnej ekspozycji na wyzej opisane metaloestrogeny, nie ma w dostgpnym
pi$miennictwie danych dotyczacych wplywu tych zwigzkéw na skutecznos$¢ lekow
stosowanych w hormonoterapii raka piersi. Dodatkowo, jak wcze$niej wspomniano, nie sg one
zazwyczaj kojarzone z negatywnym oddziatywaniem na organizm cztowieka, co sprawito, ze

sposrod metaloestrogendw wybrano jony Cr* i AI** do dalszych badan.

2.4. Hiperglikemia a rak piersi.

Szacuje si¢, ze nawet jedna trzecia pacjentek z rakiem piersi, choruje réwniez na
cukrzyce [34]. Cukrzyca nazywana jest czegsto epidemig XXI wieku, w 2021 roku na cukrzyce
chorowato 537 milionow ludzi. Bioragc pod uwage szacunki Miedzynarodowej Federacji
Diabetologicznej (IDF, ang. International Diabetes Federation) prognozujace staty wzrost
zachorowan na cukrzyce¢ — do 643 milionéw do 2030 roku oraz do 783 milionow do 2045 roku,
trudno nie zgodzi¢ si¢ z tym okresleniem [35]. Cukrzyca jest przewlekta chorobg metaboliczna,
charakteryzujaca si¢ hiperglikemia, wynikajaca z zaburzenia wydzielania i/lub dziatania
insuliny na komorki 1 tkanki. Utrzymujaca si¢ hiperglikemia moze prowadzi¢ do uszkodzenia
wielu narzadow, zwlaszcza nerek, serca, naczyn krwiono$nych, czy nerwéw [36]. Procz tego,
pacjenci z cukrzyca maja zwigkszone ryzyko zachorowania na wiele typéw nowotworow,

w tym nowotwor piersi [37-41].

Komorki nowotworowe zuzywaja znacznie wigcej glukozy niz komorki prawidtowe.
Ten wzmozony metabolizm glukozy okreslany jest jako efekt Warburga i polega na
pozyskiwaniu energii na drodze glikolizy z wytworzeniem mleczanu, pomimo dostepnosci
tlenu. Takie przetgczenie metaboliczne ma za zadanie zaspokoi¢ zwigkszone zapotrzebowanie
energetyczne komorek nowotworowych [42,43]. Hiperglikemia dziala w inny sposéb na
komorki prawidlowe i nowotworowe — w prawidlowych indukuje apoptoze, za$

w nowotworowych chroni przed apoptoza i dodatkowo nasila ich migracje, co sprawia, ze
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u pacjentdéw nowotworowych z hiperglikemia czg¢sciej dochodzi do powstawania przerzutow

[44].

Cukrzyca 1 hiperglikemia nie tylko zwigkszaja ryzyko rozwoju raka piersi, ale takze
wiaza si¢ z 40% wyzszym ryzykiem zgonu w poréwnaniu do pacjentek bez cukrzycy [34].
Jednym z mozliwych wyjasnien zwigkszonej $miertelno$ci z powodu tego nowotworu
u pacjentek z cukrzycg jest mniejsza skuteczno$¢ stosowanych lekéw w warunkach
hiperglikemii. W przegladzie systematycznym, do ktorego wiaczono badania przedkliniczne,
Gerards 1 wsp. [44] analizowali wptyw hiperglikemii na skuteczno$¢ chemioterapii.
W wigkszosci badan panujaca w modelu badawczym hiperglikemia, skutkowata ostabieniem
skutecznos$ci chemioterapii, co obserwowano jako zmniejszenie aktywnosci antyproliferacyjnej
i/lub zakldcenie sygnalizacji apoptotycznej [44]. Hiperglikemia indukuje w komorkach stres
oksydacyjny 1 generuje powstanie reaktywnych form tlenu (ROS, ang. reactive oxygen species).
Nadmierne wytwarzanie ROS aktywuje jadrowy czynnik transkrypcyjny NF kappa B (NF- kB,
ang. nuclear factor kappa B), ktory odgrywa kluczowa role w procesie onkogenezy i progresji
nowotworu. Dane z piSmiennictwa wskazujg, ze nadmierna ekspresja NF- kB moze zwigkszac
proliferacj¢ komorek nowotworowych, nasila¢ angiogeneze, hamowaé apoptoze, a takze

przyczyniac si¢ do wystapienia opornosci na terapi¢ endokrynng [45-47].
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3. CELE PRACY

Celem niniejszej rozprawy doktorskiej byt:

1. Przeglad, analiza i podsumowanie aktualnego stanu wiedzy na temat wpltywu
ksenoestrogenow na skutecznos¢ lekéw stosowanych w terapii hormonozaleznego raka

piersi.

2. Ocena profilu bezpieczenstwa inhibitorow aromatazy, stosowanych w leczeniu
hormonozaleznego raka piersi u pacjentek po menopauzie, ze szczegdlnym

uwzglednieniem zaburzen gospodarki weglowodanowej (np. hiperglikemii).

3. Ocena wptywu wybranych ksenoestrogendéw — jonow metali Cr’*i A" na efektywnos¢
steroidowego (eksemestan) i niesteroidowego (letrozol) inhibitora aromatazy w modelu

komoérkowym hormonozaleznego raka piersi.

4. Ocena, czy interakcja pomiedzy metaloestrogenami — jonami metali Cr’* i AP
a inhibitorami aromatazy r6zni si¢ w zaleznosci od panujacych w modelu komérkowym

warunkow, odzwierciedlajacych warunki normo- i hiperglikemii.

Wzajemne interakcje metaloestrogendw, inhibitorow aromatazy oraz hiperglikemii nie
byty dotychczas badane i analizowane, co sprawia, iz zagadnienia te maja znaczacy aspekt
poznawczy. Zidentyfikowanie mozliwych interakcji pomigdzy Als a obecnymi w $rodowisku
metaloestrogenami, moze wptynaé pozytywnie na skuteczno$¢ i1 bezpieczenstwo terapii

hormonozaleznego raka piersi, dzigki wdrozeniu odpowiednich dziatan prewencyjnych.
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4. MATERIAL I METODY
Metody stosowane w trakcie badan zostaly szczegdlowo opisane w artykutach
oryginalnych wchodzacych w sktad cyklu publikacji, stanowigcych podstawe niniejszej

rozprawy doktorskiej. Ponizej znajduje si¢ ogdlny opis zastosowanych metod badawczych.

4.1. Przeglad systematyczny i metaanaliza (publikacja 2).

Przeglad systematyczny oraz metaanalize wykonano zgodnie z zaleceniami PRISMA
(ang. Preferred reporting items for systematic reviews and meta-analyses) [48], a protokot
przegladu systematycznego zarejestrowano w Miedzynarodowym Prospektywnym Rejestrze
Przegladow Systematycznych — PROSPERO. Przeszukano bazy PubMed (Medline), EMBASE
oraz Cochrane Central Register of Controlled Trials, bez stosowania kryteriéw jezykowych,

zgodnie z postawionym pytaniem klinicznym w modelu PICO(S):
e P —ang. patient, pacjent — pacjentki po menopauzie z hormonozaleznym rakiem piersi,

e I — ang. intervention, interwencja, grupa badana — inhibitory aromatazy III generacji
(anastrozol, eksemestan, letrozol), stosowane w terapii neoadjuwantowe;j,

adjuwantowej lub przedtuzonej terapii adjuwantowej,

e C — ang. comparison, pordwnanie, grupa kontrolna — tamoksyfen, placebo lub brak

leczenia,

e O —ang. outcome, punkt koncowy — czestos¢ wystepowania dziatan niepozadanych ze
strony uktadu sercowo-naczyniowego (nadci$nienie t¢tnicze, zdarzenia sercowo-
naczyniowe, takie jak zaburzenia rytmu serca, choroba niedokrwienna serca, zawat
miegs$nia sercowego, niewydolnos¢ serca, migotanie przedsionkéw) 1 metabolicznych

(hiperglikemia, zwigkszenie masy ciata, dyslipidemia),

e S — ang. study design, typ badan - kontrolowane, randomizowane badania kliniczne

z udziatem ludzi (faza II 1 III).

Selekcja badan wiaczonych do przegladu systematycznego i metaanalizy byla
prowadzona niezaleznie przez dwoch autorow, za§ wszelkie rozbieznos$ci w interpretacji byly
omawiane 1 wyjasniane z udzialem wszystkich autoréw. Ostatecznie do przegladu
systematycznego zakwalifikowano 21 publikacji, za§ do metaanalizy 18 publikacji. Kazda
z publikacji zostala poddana ocenie jako$ci przy pomocy narzgdzia Cochrane Collaboration
[49]. Wykonano 4 oddzielne metaanalizy (metaanaliza przy uzyciu modelu losowego)

w zaleznosci od projektu badan klinicznych. Ilorazy szans (OR) oraz 95% przedziaty ufnosci
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(95% CI) obliczono i zilustrowano za pomoca wykresOw typu forest plot. Niejednorodno$¢
wynikow badan (ang. heterogeneity of results) oszacowano przy pomocy testu statystycznego
2. Wszystkie analizy wykonano przy uzyciu pakietu R-,meta” wersja 4.19.0, a wartosci

p < 0,05 uznano za istotne statystycznie.

4.2. Metody eksperymentalne.

4.2.1. Hodowla komorkowa.

W badaniach wykorzystano lini¢ komoérkowa estrogenozaleznego raka piersi — MCF-7,
ktora zakupiono w CLS Cell Lines Service GmbH (Eppelheim, Niemcy) i nast¢pnie hodowano
w kompletnym medium wzrostowym DMEM (ang. Dulbecco s modified eagle’s medium). Aby
zasymulowa¢ warunki normoglikemii i1 hiperglikemii, hodowl¢ prowadzono w dwoch
wariantach, wykorzystujac w tym celu media hodowlane z réznym st¢zeniem glukozy —
DMEM high-glucose o st¢zeniu glukozy 25 mM (warunki hiperglikemii) oraz DMEM low-
glucose o stezeniu glukozy 5,5 mM (warunki normoglikemii) (Biological Industries, Izrael).
Jest to metoda dobrze opisana w istniejgcej literaturze naukowej [50-53]. Medium wzrostowe
wzbogacano bydleca surowica ptodowa (Biological Industries, Izrael) — 10% v/v, dodatkiem
antybiotykéw (streptomycyna 10,000 U/mL, penicylina 10 mg/mL, Biological Industries,
Izrael), 2 mM L-glutaminy (Gibco, USA) oraz 10°M testosteronu (Sigma Aldrich, USA).
Druga badang lini¢ komorkowa — MCF-7/DOX (linia oporna na doksorubicyne, z nadekspresja
P-gp - glikoproteiny P) otrzymano z linii MCF-7 poprzez trzymiesi¢czng hodowle w obecnos$ci
niskich st¢zen doksorubicyny, ktora nastgpnie hodowano analogicznie do linii MCF-7.
Hodowla komoérkowa prowadzona byta w warunkach jatowych, w sterylnych, jednorazowych
naczyniach hodowlanych, w warunkach standardowych, tzn. w inkubatorze w 5% CO: 1

temperaturze 37°C.

W czasie badan prowadzonych w ramach niniejszej pracy doktorskiej, linie komérkowe
byly eksponowane na dziatanie inhibitorow aromatazy (letrozolu lub eksemestanu) oraz

metaloestrogenéw (jony metali Cr** lub AI*") lub ich kombinacje.

4.2.2. Roztwory podstawowe i testowe Als oraz metaloestrogendow.
Przed przystagpieniem do eksperymentoéw sporzadzono roztwory podstawowe

inhibitoréw aromatazy oraz metaloestrogenow:
e 100 mM roztwér letrozolu [C17H11Ns] w DMSO,

e 100 mM roztwor eksemestanu [C20H2402] w DMSO,
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e 1 mM roztwor chlorku glinu [AICI3] w wodzie dejonizowanej,

e 1 mM roztwédr heksahydratu chlorku chromu (III) [CrCl; x 6H.O] w wodzie

dejonizowane;.

Wszystkie odczynniki pochodzity z firmy Sigma Aldrich, USA. Roztwory podstawowe
przechowywane byly w temperaturze -20°C. Roztwory robocze przygotowywane byly
bezposrednio przed kazdym eksperymentem poprzez rozcienczenie w odpowiedniej iloSci
medium hodowlanego. Stezenia roztwordw roboczych zostaly dobrane w oparciu o dane

dostgpne w pismiennictwie oraz wstepne badania wlasne (dane niepublikowane).

4.2.3. Test zywotnosci komorek — XTT.

Do wykonania testu zywotno$ci komodrek uzyto 96-dotkowych plytek, na ktore
osadzano 1x10* komérek na dotek. Nastepnie komorki inkubowano z odpowiednimi stezeniami
badanych zwigzkéw przez 72 godziny. Po tym czasie wykonywano test XTT (Roche
Diagnostics, Niemcy) zgodnie =z instrukcja producenta. Test XTT jest testem
kolorymetrycznym, bazujacym na reakcji redukcji soli tetrazolowej (XTT, s6l sodowa 2,3-
bis[2-metoksy-4-nitro-5-sulfofenylo]-2H-tetrazolio-5-karboksyanilid) do formazanu. Reakcja
ta zachodzi przy udziale enzymo6w mitochondrialnych, absorbancja jest wiec proporcjonalna do
ilosci zywych, aktywnych metabolicznie komoérek. Absorbancje mierzono w aparacie Synergy
HTX Multi-Mode Microplate Reader (BioTek, USA) przy dlugosci fali A=450 nm i przy

dtugosci fali referencyjnej A=650 nm.

4.2.4. Analizy z wykorzystaniem cytometru przeplywowego.

Badania  przeprowadzono z  wykorzystaniem cytometru  przeptywowego
CyFlow®SPACE (Sysmex, Japonia), za$ ich wyniki analizowano przy uzyciu oprogramowania
FCS Express 7 Cytometry (De Novo Software, USA). Do pomiaru fluorescencji aneksyny V
skoniugowanej z tioizocyjanianem fluoresceiny (Annexin V-FITC) zastosowano wzbudzenie
laserowe 488 nm (50 mW) i filtr 536/40 (BP). Fluorescencj¢ jodku propidyny (PI) mierzono za
pomoca wzbudzenia laserowego 488 nm (50 mW) i filtra 675/20 (BP).

4.2.4.1. Ocena apoptozy i nekrozy przy pomocy cytometrii przeplywowe;j.

Do oceny liczby komorek ulegajacych apoptozie oraz nekrozie po 72-godzinnej
ekspozycji na badane zwiazki i ich kombinacje, wykorzystano zestaw Annexin V-FITC
Apoptosis Kit (Invitrogen, USA), ktéry zawiera Annexin V-FITC oraz PI. Annexin V-FITC
wigze si¢ specyficznie z fosfatydyloseryna (przemieszczanie si¢ fosfofadyloseryny na

zewngtrzng stron¢ btony komorkowej jest jednym z pierwszych etapow programowanej $§mierci
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komorkowej), za$ jodek propidyny wnika do wnetrza komoérki i1 wigze si¢ z kwasami
nukleinowymi. Na podstawie tego testu mozliwe jest zréznicowanie populacji komoérek na
cztery grupy: komorki zywe, nie barwigce si¢ zadnym odczynnikiem [Annexin V-FITC-, PI-],
komorki apoptotyczne we wezesnym stadium apoptozy [Annexin V-FITC+, PI-], komorki
w poznym stadium apoptozy i/lub nekrozy [Annexin V-FITC+, PI+] oraz komorki nekrotyczne
[Annexin V-FITC-, PI+]. Szczegdtowa procedura testu zostata opisana w zataczonej publikacji

3 oraz 4.

4.2.4.2. Analiza cyklu komorkowego.

Wykorzystujac jodek propidyny, ktory wiaze si¢ stechiometrycznie do DNA komorki,
mozliwe jest réwniez okreSlenie zawartosci DNA w komorkach (ilos¢ PI zwigzanego
z komorka jest proporcjonalna do ilosci DNA). Ilos¢ DNA w komorce zalezna jest od fazy
cyklu zyciowego, w ktorej znajduje si¢ komoérka, tak wigc analiza cyklu komoérkowego
dostarcza informacji na temat rozktadu procentowego komoérek w poszczegdlnych jego fazach
—fazie GO/G1, fazie S oraz fazie G2/M. W badaniach uzyto komercyjnego roztworu barwigcego
— FxCycle™PI/RNase Staining Solution (Invitrogen, USA). Szczegdétowa procedura testu

zostata opisana w zataczonej publikacji 3.

4.2.5. Testy immunoenzymatyczne ELISA.

Testy immunoenzymatyczne ELISA wykorzystano do oceny ilosciowej st¢zenia biatek
zaangazowanych w proces apoptozy — Bcl-2 (biatko antyapoptotyczne), BAX (biatko
proapoptotyczne), oraz biatkka VEGF-A (ang. Vascular Endothelial Growth Factor).
Oznaczenia byly wykonywane w lizatach komodrkowych, ktore uzyskiwano z komoérek
poddanych 48-godzinnej inkubacji z badanymi zwigzkami lub ich kombinacjami. Przed
wykonaniem testow ELISA, w lizatach komdrkowych oznaczano catkowite st¢zenie biatka
przy pomocy testu Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, USA). Testy
ELISA - Nori Human Apoptosis Regulator BAX ELISA Kit, Nori Human Bcl-2 ELISA Kit
oraz Nori Human VEGF-A ELISA Kit (Genorise Scientific, USA), zostaty wykonane zgodnie
z instrukcja producenta. Absorbancje przy dlugosci fali A=570 nm zmierzono przy pomocy
Synergy HTX Multi-Mode Microplate Reader (BioTek, USA). Do obliczenia stezen Bcl-2,
BAX oraz VEGF-A uzyto 4-parametrowej krzywej logistycznej (4PL, ang. four parameter
logistic  curve), wygenerowanej ze strony internetowej Arigo Biolaboratories
(https://www.arigobio.com/elisa-analysis). St¢zenia biatek przeliczono na 100 pl biatka
catkowitego w probce. Obliczono réwniez wspolczynnik Bcel-2/BAX (Bcl-2/BAX ratio).

Wszystkie powyzsze procedury opisano szczegdtowo w publikacji 3 oraz 4.
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4.2.6. Analiza statystyczna.

Analize statystyczng uzyskanych wynikdbw wykonano za pomocg programu
GraphPadPrism 9 (GraphPad Software, USA). Kazdy eksperyment zostat powtdrzony
trzykrotnie, a wynik zostal przedstawiony jako $rednia arytmetyczna oraz odchylenie
standardowe SD (ang. standard deviation). Normalno$¢ rozktadu sprawdzono testem Shapiro-
Wilka. Do analizy danych uzyskanych w eksperymentach prowadzonych w warunkach normo-
1 hiperglikemii zastosowano jednoczynnikowg analiz¢ wariancji (ang. one-way ANOVA) oraz
testy porownan wielokrotnych (test Tukeya, a w przypadku testu zywotnosci komoérek dla
pojedynczych zwigzkéw — test Dunnetta). Poréwnujac wyniki uzyskane w warunkach
normoglikemii vs. hiperglikemii, zastosowano dwuczynnikowa analiz¢ wariancji (ang. two-
way ANOVA) oraz testy poréwnan wielokrotnych (test Tukeya). We wszystkich analizach za
wartos$¢ istotng statystycznie przyjeto p<0,05.
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5. OMOWIENIE PUBLIKACJI WCHODZACYCH W SKLAD ROZPRAWY

5.1. Publikacja 1.

Pierwsza publikacja pt.: The impact of xenoestrogens on effectiveness of treatment for
hormone-dependent breast cancer - current state of knowledge and perspectives for research
jest praca przegladowa, opublikowang w 2020 roku w czasopi$mie Annals of Agricultural and
Environmental Medicine. Miala ona na celu przeglad, analiz¢ i podsumowanie aktualnego stanu
wiedzy na temat interakcji ksenoestrogenow =z lekami stosowanymi w terapii

hormonozaleznego raka piersi oraz wskazanie obszarow wymagajacych dalszych badan.

Ksenoestrogeny to substancje egzogenne, zakldcajace funkcjonowanie uktadu
hormonalnego. Poprzez oddziatywanie z receptorami estrogenowymi, ksenoestrogeny moga
dziata¢ jako ich antagonisci lub agoni$ci. Moga réwniez zaburza¢ syntez¢ i metabolizm
endogennych estrogendw, jak i1 wplywaé na ekspresje receptorow estrogenowych [54].
Wyréznia si¢ kilka najwazniejszych klas ksenoestrogenow — fitoestrogeny (np. genisteina,
apigenina), mykoestrogeny (np. zearalenon), metaloestrogeny (jony metali np. kadmu, glinu,
chromu), pestycydy (np. dichlorodifenylotrichloroetan - DDT) oraz chemikalia przemystowe

(np. bisfenole, parabeny) [55].

Przeglad dostepnej literatury wykazal, ze fitoestrogeny, w szczeg6élnosci flawonoid
genisteina, s3 najlepiej zbadang grupa ksenoestrogenéw pod katem interakcji z lekami
stosowanymi w terapii hormonozaleznego raka piersi. Ich Zrédlem moga by¢ zaré6wno leki oraz
suplementy diety przeznaczone do tagodzenia objawoéw menopauzy (wiekszos$¢ z nich zawiera
kilka fitoestrogenow w sktadzie), jak 1 pozywienie (m.in. soja, siemi¢ Iniane, koniczyna).
W badaniach in vitro oraz in vivo wykazano, ze genisteina moze zmniejsza¢ skutecznosé
dziatania tamoksyfenu, inhibitora aromatazy - letrozolu, a takze kombinacji lekow
letrozol + palbocyklib (Al + inhibitor CDK4/6) [56-59]. Przeanalizowano réwniez prace,
w ktorej badano wptyw czterech, dostepnych na rynku wielosktadnikowych suplementow diety
na skuteczno$¢ lekow stosowanych w hormonoterapii raka piersi. Wykazano, ze wszystkie
testowane suplementy aktywuja zalezny od receptora estrogenowego wzrost proliferacji
komorek MCF-7, ktory nie zostat zahamowany ani przez 4-hydroksytamoksyfen (4-OH-TAM,
aktywny metabolit tamoksyfenu), ani przez letrozol [60]. Sposréd pozostatych
ksenoestrogenow, nie bedacych pochodzenia naturalnego, odnaleziono doniesienia jedynie dla
bisfenolu A (BPA) oraz metylparabenu. Badania in vitro wskazuja, Zze jednoczesna ekspozycja

na 4-OH-TAM i bisfenol A zmniejsza efekt terapeutyczny leku, a efekt ten jest tym stabszy im
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wyzsze jest stezenie BPA [61]. Z kolei metylparaben moze przyczynia¢ si¢ do wystapienia

chemoopornosci na leki stosowane w leczeniu raka piersi (tamoksyfen, fulwestrant) [62].

Na podstawie wykonanego przegladu pismiennictwa, zostala postawiona teza, i1z
obszarem wymagajacym dalszych badan jest analiza oddzialywania ksenoestrogenéw innych
niz fitoestrogeny, np. metaloestrogendéw, na skuteczno$¢ lekéw stosowanych w leczeniu
hormonozaleznego raka piersi. W dostepnej literaturze brakuje tego typu doniesien. Biorgc pod
uwage, ze ekspozycja na metaloestrogeny jest powszechna, a w przypadku wielu z nich,

13+

np. jonéw AI*" oraz Cr** czesto nie jest kojarzona z negatywnym wpltywem na zdrowie, stato

si¢ to inspiracjg do dalszych badan realizowanych w ramach niniejszej rozprawy doktorskie;.
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5.2. Publikacja 2.

Druga wchodzaca w sktad cyklu publikacji praca pt.: Aromatase Inhibitors and Risk of
Metabolic and Cardiovascular Adverse Effects in Breast Cancer Patients-A Systematic Review
and Meta-Analysis zostata opublikowana w 2022 roku w czasopi§mie Journal of Clinical
Medicine. Jest to przeglad systematyczny oraz metaanaliza, ktore przez sporg czes$¢
wysokopunktowanych czasopism naukowych klasyfikowane sg jako prace oryginalne [63].
Metaanaliza wykorzystuje metody statystyczne do ilosciowej syntezy danych z wielu badan
klinicznych. W hierarchii danych naukowych, zgodnie z zasadami EBM (ang. evidence based

medicine), przeglady systematyczne i metaanalizy znajduja si¢ na jej szczycie [64].

Celem niniejszej publikacji byta ocena profilu bezpieczenstwa inhibitorow aromatazy,
stosowanych w leczeniu hormonozaleznego raka piersi u pacjentek po menopauzie, ze
szczegblnym uwzglednieniem dziatan niepozadanych ze strony uktadu sercowo-naczyniowego

oraz metabolicznych, takich jak hiperglikemia, zwigkszenie masy ciata, czy dyslipidemia.

Inhibitory aromatazy to obecnie najczesciej stosowana grupa lekow w hormonoterapii
raka piersi. W zalezno$ci od sytuacji klinicznej, terapia inhibitorami aromatazy trwa od 2
(leczenie sekwencyjne z tamoksyfenem) do 10 lat (przedluzona hormonoterapia), co sprawia iz
dziatania niepozadane zwigzane z ich stosowaniem, mogg mie¢ istotny wplyw na przebieg
leczenia i dobrostan pacjentek [65,66]. Najczestszymi dzialaniami niepozgdanymi zgtaszanymi
podczas terapii inhibitorami aromatazy sa bole migsni i stawow, obnizenie ggstosci mineralne;j
kosci oraz inne dolegliwosci zwigzane ze spadkiem stgzenia estrogendéw w organizmie
(np. suchos$¢ pochwy, uderzenia goraca, nocne poty). Pacjentki leczone tg grupa lekow sa
roOwniez bardziej podatne na rozwoj hiperlipidemii, hipercholesterolemii i nadcis$nienia
tetniczego, ktore sa uznanymi czynnikami ryzyka rozwoju choréb sercowo-naczyniowych [19].
Niektore badania wskazuja rowniez na zwigkszone ryzyko rozwoju insulinoopornosci oraz
cukrzycy u takich osob [21,22,67]. Bioragc pod uwage fakt, ze inhibitory aromatazy sa
stosowane gtownie u kobiet po menopauzie, a okres pomenopauzalny sam w sobie zwigzany
jest ze zwigkszonym ryzykiem wystapienia zdarzen sercowo-naczyniowych, zaburzen
gospodarki lipidowej 1 weglowodanowej, ocena czy ryzyko rozwoju tych zaburzen dodatkowo

zwigksza si¢ przy stosowaniu farmakoterapii Al jest istotnym problemem badawczym [68].
Model badawczy.

Przeglad systematyczny oraz metaanalize wykonano zgodnie z zaleceniami PRISMA

(ang. Preferred reporting items for systematic reviews and meta-analyses) [48], a protokot
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przegladu systematycznego zarejestrowano w Miedzynarodowym Prospektywnym Rejestrze
Przegladow Systematycznych — PROSPERO. Sformutowanie pytania klinicznego w modelu
PICO(S) pozwolito na zawgzenie poszukiwan badan pierwotnych, co ostatecznie zaowocowato
wlaczeniem 21 publikacji do przegladu systematycznego oraz 18 z nich do metaanalizy. Ze
wzgledu na zréznicowane schematy terapeutyczne stosowane w analizowanych badaniach
klinicznych, zdecydowano si¢ wykona¢ cztery oddzielne analizy w zaleznosci od stosowanego

w grupie badanej 1 kontrolnej leczenia:
1. pacjentki stosujagce w monoterapii inhibitor aromatazy vs. tamoksyfen,

2. pacjentki stosujagce monoterapi¢ inhibitorem aromatazy lub terapi¢ sekwencyjna

tamoksyfen = inhibitor aromatazy vs. tamoksyfen,

3. pacjentki stosujagce w monoterapii inhibitor aromatazy vs. pacjentki stosujgce monoterapi¢

tamoksyfenem lub terapie sekwencyjng tamoksyfen = inhibitor aromatazy,
4. pacjentki stosujace monoterapi¢ inhibitorem aromatazy vs. pacjentki otrzymujace placebo.
Najistotniejsze wyniki i ich omowienie.

Dostepne w badaniach pierwotnych dane pozwolity na wykonanie metaanalizy dla
czterech punktow koncowych — zdarzenia sercowo-naczyniowe (definiowane jako choroba
wiencowa serca, zawal serca, niewydolno$¢ serca, migotanie przedsionkow, arytmia),
nadci$nienie tetnicze, przyrost masy ciata oraz dyslipidemia (definiowana jako wszelkie
zaburzenia lipidowe, np. hiperlipidemia, hipercholesterolemia, hipertriglicerydemia).
Wykazano, ze stosowanie inhibitorow aromatazy w monoterapii lub w terapii sekwencyjnej
z tamoksyfenem zwigzane jest z 16% wzrostem ryzyka wystgpienia zdarzen sercowo-
naczyniowych w poréwnaniu do stosowania tamoksyfenu w monoterapii (OR = 1.16; 95% CI
1.04-1.30) oraz z 24% wzrostem ryzyka, gdy poréwnywano grupe otrzymujaca Al
W monoterapii vs. grupa otrzymujgca tamoksyfen w monoterapii lub w sekwencji z Al (OR =
1.24; 95% CI 1.11-1.38). Brak istotnosci statystycznej przy poroéwnaniu grup stosujacych Al
vs. placebo (OR = 1.08; 95% CI 0.88-1.33), moze wskazywac, ze wzrost ryzyka zdarzen
sercowo-naczyniowych jest zwigzane raczej z kardioprotekcyjnym dzialaniem tamoksyfenu,
anizeli kardiotoksyczno$cig Al. Niezaleznie od konstrukcji analizy, nie wykazano statystycznie
istotnego wzrostu ryzyka wystapienia nadcis$nienia tgtniczego, przyrostu masy ciala oraz

dyslipidemii u pacjentek stosujacych Al. Warto jednak zaznaczy¢, ze w przypadku nadci$nienia
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tetniczego oraz dyslipidemii badania wykazywaly znaczng niejednorodno$¢ wynikow, co

utrudnia jednoznaczng interpretacje.

Dane w badaniach pierwotnych dotyczace zwigzanej ze stosowaniem Al hiperglikemii
byly niewystarczajace, aby wykona¢ metaanaliz¢. Hiperglikemia raportowana byta jedynie
w 5 badaniach klinicznych o rdéznej konstrukcji, za§ zgodnie z przyjetymi zatozeniami,
wykonanie metaanalizy byto mozliwe przy wystgpowaniu danego dziatania niepozadanego co
najmniej w 3 badaniach o takiej samej konstrukcji. Mimo to wydaje si¢, ze wystgpowanie
zaburzen gospodarki weglowodanowej u pacjentek leczonych Al jest klinicznie istotne.
W badaniu Iwata i wsp. [69], w ktorym poréwnywano skuteczno$¢ i bezpieczenstwo dwoch Al
— anastrozolu 1 eksemestanu w pierwszej linii leczenia zaawansowanego raka piersi,
hiperglikemia raportowana byla odpowiednio u 47,7% 1 51,4% pacjentek. Inni autorzy
wskazuja, ze leczenie Al moze wigza¢ si¢ z rozwojem insulinooporno$ci oraz cukrzycy.
Badania przeprowadzone z udzialem pacjentek, ktore zakonczyty leczenie raka piersi,
wykazaty, ze stosowanie hormonoterapii wigzato si¢ z ryzykiem rozwoju cukrzycy i bylo
znaczaco wyzsze dla Al (HR=4.27; 95% CI 1.42-12.84; p=0.010) niz dla tamoksyfenu
(HR=2.25; 95% CI 1.19-4.26; p=0.013) [21,22].

Podsumowujac, wykonany przeglad systematyczny i1 metaanaliza stanowig cenne
uzupelnienie wiedzy na temat dziatan niepozadanych inhibitoréw aromatazy, ktore sg mniej
kojarzone z ta grupa lekéw. Wyniki wskazuja na zwickszone ryzyko wystepowania zdarzen
sercowo-naczyniowych w czasie stosowania Al zamiast tamoksyfenu, jest to jednak
spowodowane w wigksze] mierze kardioprotekcyjnym dziataniem tamoksyfenu niz
kardiotoksycznos$cig Al. Biorac pod uwage fakt, ze gldéwna grupa pacjentek stosujaca Al sg
pacjentki po menopauzie, warto rowniez monitorowa¢ bezpieczenstwo farmakoterapii pod

katem jej wplywu na gospodarke weglowodanowa oraz lipidowa.
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5.3. Publikacja 3.

Trzecia publikacja pt.: The Effect of Metalloestrogens on the Effectiveness of Aromatase
Inhibitors in a Hormone-Dependent Breast Cancer Cell Model, to publikacja oryginalna,
opublikowana w 2023 roku w czasopismie Cancers. Opisane w niej badania miaty na celu oceng
wptywu wybranych metaloestrogenéw - jonéw metali Cr>* i AI** na efektywnos¢ steroidowego
(eksemestan) i niesteroidowego (letrozol) inhibitora aromatazy w modelu komorkowym

hormonozaleznego raka piersi w warunkach normoglikemii.
Model badawczy.

Badania eksperymentalne, ktorych wyniki znajdujg si¢ w publikacji 3 oraz 4, zostaty
wykonane na dwdch liniach komorkowych estrogenozaleznego raka piersi — liniit MCF-7 oraz
MCF-7/DOX (linii opornej na doksorubicyng, z nadekspresja P-gp). Linia MCF-7/DOX zostata
wlaczona do badan, poniewaz cze$¢ pacjentek z hormonozaleznym rakiem piersi, u ktorych
wystepuja dodatkowe czynniki ryzyka nawrotu (np. masywne zaj¢cie weztow chtonnych >4,
rozmiar guza >5 cm, wysokie ryzyko na podstawie profilu molekularnego), otrzymuje przed-
lub pooperacyjna chemioterapi¢, polegajaca na sekwencyjnym stosowaniu wielolekowych
schematow opartych gléwnie na antracyklinach (np. doksorubicyna) 1 taksoidach
(np. docetaksel, paklitaksel) [9]. Moze to prowadzi¢ do selekcji komorek opornych na
doksorubicyne - pod wptywem prowadzonej chemioterapii, w komorkach nowotworowych
piersi moze rozwina¢ si¢ wtorna opornos¢ wielolekowa (MDR, ang. multidrug resistance),
wynikajaca m.in. z nadmiernej ekspresji biatka transportowego P-gp, nalezacego do rodziny
biatek ABC, odpowiedzialnego za wyrzut chemioterapeutykow 2z komorki. Dane
z piSmiennictwa wskazuja, ze nadmierna ekspresja P-gp wystepuje u 15,5% pacjentek
z inwazyjnym rakiem piersi z przerzutami do weziow chionnych [70-73]. Obie linie
komorkowe byly eksponowane na dziatanie pojedynczych zwigzkéw (inhibitorow aromatazy

— letrozolu lub eksemestanu, metaloestrogendw — jonéw AI** lub Cr**) oraz ich kombinacji.
Najistotniejsze wyniki i ich omowienie.

Przeprowadzone badania potwierdzity, zgodnie z wcze$niejszymi przypuszczeniami, ze
linie komérkowe MCF-7 oraz MCF-7/DOX reaguja inaczej na badane leki i metaloestrogeny.
Komorki MCF-7/DOX byly mniej wrazliwe na cytotoksyczne dziatanie obu inhibitorow
aromatazy oraz na apoptoze. Towarzyszylo temu, m.in. nizsze, wykrywane w lizatach
komorkowych, stezenie biatka BAX (biatko o aktywnos$ci proapoptotycznej) oraz wyzszy

wspotczynnik Bel-2/BAX, ktory wskazuje na zmniejszong wrazliwo$¢ na apoptoze komorek
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MCEF-7/DOX [74]. Jednocze$nie komorki MCF-7/DOX bytly mniej wrazliwe na stymulujace
proliferacj¢ dziatanie metaloestrogenow. Warto podkresli¢ slabsze dziatanie letrozolu
w porownaniu do eksemestanu w obu liniach komorkowych, we wszystkich badanych
uktadach, ktore manifestowalo si¢ mniej nasilonym dziataniem cytotoksycznym

1 proapoptotycznym.

W badaniu obserwowano statystycznie istotne zmniejszenie aktywnos$ci inhibitorow
aromatazy w kombinacji z metaloestrogenami w obu badanych liniach komoérkowych. W linii
MCF-7 kombinacja eksemestanu w nizszym stezeniu (100 pM) z AI** lub Cr** zwigkszata
zywotnos¢ komodrek nowotworowych, a wigc zmniejszata cytotoksyczne dziatanie leku.
Kombinacja z metaloestrogenami zmniejszala réwniez skuteczno$¢ letrozolu (w stezeniu
100 uM), co podobnie, bylo obserwowane jako zwigkszenie zywotnosci komorek
nowotworowych. Te same zalezno$ci wykazano w linii MCF-7/DOX, ale przy kombinacji

metaloestrogendw z wyzszym stezeniem eksemestanu (200 M) i obu stezen letrozolu.

Apoptoza, czyli programowana $mier¢ komorki, zachodzi w odpowiedzi na rozne
bodzce i moze by¢ indukowana przez wewnetrzny (mitochondrialny) i zewnetrzny szlak
apoptozy. Szlak mitochondrialny jest regulowany przez rodzing biatek Bcl-2 — réwnowage
pomigdzy biatkami proapoptotycznymi, np. BAX, a antyapoptotycznymi, np. Bcl-2 [75].
Dzialanie inhibitorow aromatazy, tak jak wielu innych lekéw stosowanych w leczeniu
nowotworow, prowadzi do $mierci komorek poprzez inicjacj¢ apoptozy lub dysregulacje cyklu
komorkowego. Letrozol (niesteroidowy AI) hamuje proliferacj¢ komoérek nowotworowych
poprzez zatrzymanie cyklu komoérkowego (w fazie GO/G1) oraz aktywacj¢ mitochondrialnego
szlaku apoptozy. Eksemestan (steroidowy Al) zmniejsza proliferacje komorek MCF-7 poprzez
zatrzymanie cyklu komorkowego w fazie GO/G1 oraz G2/M, podobnie jak letrozol aktywuje
apoptoze poprzez szlak wewnetrzny oraz dodatkowo nasila autofagie [76-79]. W wykonanych
badaniach zaobserwowano, Ze polaczenie eksemestanu (w stezeniu 100 pM) z AI** lub Cr**
prowadzi do istotnej statystycznie redukcji liczby komorek MCF-7 oraz MCF-7/DOX
ulegajacych apoptozie, co wspodtistnieje ze wzrostem wspotczynnika Bel-2/BAX. W przypadku
letrozolu istotng statystycznie redukcje odsetka komodrek ulegajacych apoptozie
zaobserwowano jedynie w komorkach MCF-7 przy kombinacji wyzszego st¢zenia letrozolu
(100 uM) z metaloestrogenami. Nie towarzyszyta temu jednak istotna statystycznie zmiana

wspotczynnika Bel-2/BAX.
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Wykazano ponadto, ze zmniejszenie aktywnosci inhibitor6w aromatazy pod wplywem
metaloestrogendw, nie jest zwigzane z wptywem na cykl komorkowy. Estrogeny zwigkszaja
proliferacje komodrek m.in. poprzez stymulacje przejscia przez faze¢ GO/G1 cyklu
komoérkowego. Als, zarowno steroidowe, jak 1 niesteroidowe, blokujac dzialanie estrogenow,
zatrzymujg cykl komoérkowy w fazie GO/G1 (eksemestan rowniez w fazie G2/M), co
potwierdziliSmy w naszych badaniach [77,79]. Jednoczesna ekspozycja komdérek MCF-7 oraz
MCF-7/DOX na Als oraz metaloestrogeny nie skutkowata statystycznie istotng zmiang

dystrybucji komorek w poszczegolnych fazach cyklu komérkowego.

Podsumowujac, publikacja 3 dowodzi, ze badane metaloestrogeny — jony Cr** i AI**
moga w warunkach normoglikemii zmniejsza¢ efektywnos$¢ inhibitorow aromatazy. Obnizenie
skutecznosci dziatania lekow byto obserwowane jako zwigkszenie zywotnosci komorek
nowotworowych oraz zmniejszenie ich wrazliwo$ci na apoptozg. Ze wzgledu na powszechne
narazenie na badane metaloestrogeny, potrzebne sg dalsze badania, ktore w pelni wyjasnig
wykazane interakcje, aby moc skutecznie im przeciwdziala¢ w trakcie terapii pacjentek

z hormonozaleznym rakiem piersi.
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5.4. Publikacja 4.

Czwarta w cyklu publikacja pt.: High glucose reduces anti-tumor activity of aromatase
inhibitors in a hormone-dependent breast cancer cell model, jest kolejng publikacja oryginalna,
ktora zostata przyjeta do publikacji 14.06.2023 przez czasopismo Acta Poloniae Pharmaceutica
- Drug Research (w chwili wydruku rozprawy doktorskiej — manuskrypt, po otrzymaniu
pozytywnych recenzji, zostal przyjety do publikacji; decyzja czasopisma zostata zamieszczona
w zalaczniku 4). Celem pracy byla ocena, czy metaloestrogeny — jony metali Cr** i A"
zmniejszaja skuteczno$¢ inhibitorow aromatazy w modelu hormonozaleznego raka piersi

w warunkach hiperglikemii.
Model badawczy.

Badania wykonano w tym samym modelu badawczym, podobnie jak w publikacji 3, na
dwoch liniach komorkowych — MCF-7 oraz MCF-7/DOX. Rdznicg byto zastosowanie medium
hodowlanego z wysokim stezeniem glukozy — 25 mM, ktore odzwierciedla warunki
hiperglikemii (DMEM high-glucose, Biological Industries, Izrael) [50-53]. Model uwzglednia
wigc dodatkowy czynnik — hiperglikemi¢, co ma swoje uzasadnienie merytoryczne. Dane
z piSmiennictwa wskazujg, iz hiperglikemia moze nasila¢ proliferacjc komorek
nowotworowych, hamowac ich apoptoze¢ oraz indukowa¢ powstawania oporno$ci na stosowane
leczenie [45-47]. Biorac pod uwage powyzsze, a takze wczesniej przedstawione informacje
(publikacja 2), dotyczace zwigkszonego ryzyka wystepowania insulinoopornosci oraz cukrzycy
u pacjentek stosujacych hormonoterapig, a takze fakt, ze gtdéwna grupg pacjentek stosujacych
Als sg pacjentki po menopauzie, u ktérych sam stan menopauzalny sprzyja wystepowaniu
zaburzen gospodarki weglowodanowej, uznano, ze uwzglednienie w badaniach dodatkowego
czynnika — hiperglikemii, moze dostarczy¢ cennych informacji odno$nie potencjalnych
interakcji Als z metaloestrogenami. Wzajemne interakcje ksenoestrogenow, inhibitorow
aromatazy oraz hiperglikemii nie byly dotychczas analizowane i1 brakuje takich danych
w piSmiennictwie, co sprawia, ze wyniki zaprezentowane w publikacji 4 majg duza wartos¢

poznawczag.
Najistotniejsze wyniki i ich omowienie.

W publikacji 4 zawarto wyniki eksperymentow wykonanych w warunkach
hiperglikemii oraz w przypadku oznaczenia st¢zenia biatka VEGF-A poroéwnanie wynikow
uzyskanych w warunkach normoglikemii vs. hiperglikemii, gdyz wyniki oznaczenia VEGF-A

nie byly wczes$niej publikowane. Dane z pis$miennictwa wskazuja, ze wysokie stezenia glukozy,
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odzwierciedlajace hiperglikemi¢, moga nie tylko zwigksza¢ proliferacje komorek
nowotworowych, ale réwniez hamowac ich apoptoz¢ (m.in. poprzez 1 Bcl-2) oraz nasila¢
angiogeneze (poprzez T VEGF) [45-47], co potwierdzono w wykonanych badaniach. Co warte
podkreslenia, poziom ekspresji VEGF-A moze korelowa¢ z wysokim ryzykiem nawrotu
choroby, a takze odpowiada¢ za niepowodzenie stosowanych terapii przeciwnowotworowych

[80,81].

W warunkach hiperglikemii, w obu liniach komorkowych jednoczesna ekspozycja na
metaloestrogeny i inhibitory aromatazy nie zmniejszala istotnie dziatania lekow (nie zwickszata
zywotno$ci komorek nowotworowych, nie zmniejszata odsetka komorek ulegajacych
apoptozie/nekrozie, nie zwigkszata wspdtczynnika Bcl-2/BAX). Jednocze$nie obserwowano
znacznie mniejsza aktywnos$¢ lekéw przy wysokim stezeniu glukozy panujacym w modelu
komoérkowym niz w warunkach normoglikemii (mniejsza cytotoksyczno$é, mniejszy odsetek
komorek ulegajacych apoptozie/nekrozie). Podobnie jak w publikacji 3, komoérki linii MCF-
7/DOX byty mniej wrazliwe na dzialanie lekéw, a letrozol wykazywal stabszg aktywnos$¢ niz
eksemestan. W warunkach hiperglikemii, w linii MCF-7/DOX aktywnos$¢ cytotoksyczna
letrozolu byta zblizona do kontroli, niezaleznie od kombinacji z metaloestrogenem, co

wskazuje na znaczace obnizenie skutecznosci dziatania leku przez wysokie st¢zenie glukozy.

Wykazano ponadto, ze w obu liniach komérkowych w warunkach hiperglikemii
stezenia VEGF-A byly wyzsze, a dodatkowo linia MCF-7/DOX (niezaleznie od stezenia
glukozy) charakteryzowata si¢ wyzszymi stezeniami VEGF-A. Zaobserwowano rowniez, ze
stezenie VEGF-A obnizylo si¢ pod wptywem obu inhibitor6w aromatazy w obu liniach
komoérkowych, przy czym spadek stezenia byt wiekszy w warunkach normoglikemicznych.
W warunkach normoglikemii obserwowano rowniez interakcje migdzy inhibitorami aromatazy
a metaloestrogenami, ktérych efektem byl statystycznie istotny wzrost stezenia VEGF-A po
dodaniu metaloestrogenu do inhibitora aromatazy w srodowisku hodowli (np. w linii MCF-7 —
eksemestan 100 pM VEGF-A = 148.5 pg/ml vs. eksemestan 100 pM + AI** VEGF-A = 331.5
pg/mL; p<0.0001/ vs. eksemestan 100 uM + Cr** VEGF-A = 245.5 pg /mL; p<0.0001), czego
nie obserwowano w warunkach hiperglikemii, gdzie stezenie VEGF-A bylo na podobnym

poziomie niezaleznie od obecnosci metaloestrogendw.

Podsumowujac, moje wczes$niejsze badania (w warunkach normoglikemii) wykazaty,
ze skuteczno$¢ inhibitoréw aromatazy moze zosta¢ zmniejszona w wyniku interakcji

z metaloestrogenami, czego nie zaobserwowano w warunkach hiperglikemii. Warto podkreslic,
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ze aktywno$¢ inhibitorow aromatazy w obecnosci wysokich stezen glukozy byta znacznie
nizsza, niezaleznie od kombinacji z metaloestrogenami, co wskazuje na kluczowa role¢
hiperglikemii w ostabianiu ich aktywnosci. Stale rosngca liczba chorych na cukrzyce, a co za
tym idzie takze wzrost liczby pacjentdow jednoczesnie zmagajacych sie z cukrzyca
1 nowotworem piersi sprawia, ze leczenie raka piersi u takich pacjentek staje si¢ sporym
wyzwaniem klinicznym. Systematyczne kontrolowanie glikemii moze mie¢ istotne implikacje

terapeutyczne.
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6. POROWNANIE WYNIKOW UZYSKANYCH W WARUNKACH NORMO-

I HIPERGLIKEMII

Eksperymenty w warunkach normo- i hiperglikemii byty prowadzone w tym samym
czasie, z wykorzystaniem tych samych linii komorkowych oraz metod, co pozwala na ich
poréwnanie. Opublikowane prace zawieraly zestawienie wynikow otrzymanych w okreslonych
warunkach — normo- lub hiperglikemii (z wyjatkiem oznaczenia st¢zenia VEGF-A w publikacji
4), dlatego ponizej zostalo zamieszczone dodatkowe, bezposrednie porownanie pozostatych
wynikoéw. Aby utatwi¢ interpretacje wynikow, postuzono si¢ nastgpujacymi skrotami: NG —
warunki normoglikemii; HG — warunki hiperglikemii; EXE1 =100 uM; EXE2 =200 uM; LET1
=10 uM; LET2 = 100 uM; AL = 100 puM; CR = 100 uM; EXE1AL = kombinacja 100 pM
eksemestanu z 100 uM glinem etc. Porownujac wyniki uzyskane w warunkach normoglikemii
vs. hiperglikemii, zastosowano dwuczynnikowg analize wariancji (ang. two-way ANOVA) oraz
testy porownan wielokrotnych (test Tukeya). We wszystkich analizach za warto$¢ istotng

statystycznie przyjeto p<0,05.

Wyniki poréwnania poszczeg6élnych eksperymentdéw, prowadzonych w warunkach

normo- 1 hiperglikemii zamieszczono ponizej na rycinach S1-S6 (S, ang. supplementary).
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6.1. Test zywotnoSci komorek (ang. cell viability).
Linia MCF-7.

Wyniki dla linii komoérkowej MCF-7 przedstawiono na rycinie S1. W warunkach
hiperglikemii eksemestan w obu st¢zeniach wykazywat nizszg cytotoksycznos$¢ (EXE1 NG —
65% vs. EXE1 HG — 89%, p<0,0001; EXE2 NG — 18% vs. EXE2 HG — 39%, p<0,0001).

Kombinacja eksemestanu (100 pM) i Cr**

zwigkszala zywotno$¢ komorek MCF-7
w warunkach normoglikemii, czego nie obserwowano w hiperglikemii. Letrozol, niezaleznie
od warunkow glikemii, wykazywat stabsze dzialanie cytotoksyczne niz eksemestan. Podobnie
jak eksemestan, w warunkach hiperglikemii letrozol charakteryzowat si¢ stabszym dziataniem,
ale dopiero w wyzszym stezeniu (100 uM) roznica ta jest istotna statystycznie (LET2 NG -
67% vs. LET2 HG - 83%, p=0,0014). W warunkach normoglikemii potaczenie letrozolu
w wyzszych stezeniach (100 pM) z Cr*" i A" zwigkszato zywotno$é komérek (LET2 — 67%;
LET2CR - odpowiednio 85%; LET2AL — 70%; réznica pomigedzy LET2 a LET2CR byta
istotna statystycznie p = 0,0028) i podobnie jak w przypadku eksemestanu interakcja ta nie byta

obserwowana w warunkach hiperglikemii.
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Rycina S1. Wplyw metaloestrogendw, inhibitorow aromatazy i ich kombinacji na zywotno§¢ komoérek linii
komorkowej MCF-7 w warunkach normoglikemii (NG) i hiperglikemii (HG). Zywotno$¢ komoérek MCF-7
eksponowanych na eksemestan (A) i letrozol (B), pojedynczo lub w kombinacji z Cr** lub AI**. EXE1 = 100 puM;
EXE2 =200 pM; LET1 = 10 uM; LET2 = 100 uM; Cr¥*/A** = 100 uM. Wyniki przedstawiono jako $rednig +
SD, n=3; p<0,05; *p=0,0332; **p=0,0021; ***p=0,0002; ****p<0,0001. Na wykresie zaznaczono jedynie roznice
istotne statystycznie.

Linia MCF-7/DOX.

Wyniki dla linii komérkowej MCF-7/DOX przedstawiono na rycinie S2. Oba inhibitory
aromatazy byly mniej cytotoksyczne dla komorek MCF-7/DOX niz dla komoérek MCF-7.
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Eksemestan w obu stezeniach charakteryzowat si¢ stabsza cytotoksycznoscig wobec komorek
MCF-7/DOX w warunkach hiperglikemii w poréwnaniu do normoglikemii (EXE1 NG — 77%
vs. EXE1l HG — 94%, p=0,0351; EXE2 NG - 36% vs. EXE2 HG — 81%, p < 0,0001).
W warunkach prawidlowej glikemii polaczenie eksemestanu (200 uM) z Cr** lub AI** znacznie
zmniejszalo skuteczno$¢ leku, ale takiej interakcji nie obserwowano w warunkach
hiperglikemii. Inkubacja komoérek 2z kombinacjg letrozolu (w obu stezeniach) i
metaloestrogenow w warunkach normoglikemicznych zmniejszata jego skuteczno$¢, czego
efektem byto zwigkszenie zywotnosci komorek MCF-7/DOX. W warunkach wysokiego
stezenia glukozy wykazano statystycznie istotne zmniejszenie skuteczno$ci letrozolu
(skuteczno$¢ nie roznita si¢ znaczaco od kontroli), niezaleznie od kombinacji
z metaloestrogenami (LET1 NG — 91% vs. LET1 HG — 100%, p=0,0017; LET2 NG — 73% vs.
LET2 HG - 98 %, p<0,0001).
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Rycina S2. Wplyw metaloestrogendw, inhibitorow aromatazy i ich kombinacji na zywotno§¢ komoérek linii
komorkowej MCF-7/DOX w warunkach normoglikemii (NG) i hiperglikemii (HG). Zywotno$¢ komérek MCF-
7/DOX eksponowanych na eksemestan (A) i letrozol (B), pojedynczo lub w kombinacji z Cr** lub AI**. EXEI =
100 uM; EXE2 = 200 uM; LET1 = 10 uM; LET2 = 100 uM; Cr**/AI** = 100 uM. Wyniki przedstawiono jako
Srednig = SD, n=3; p<0,05; *p=0,0332; **p=0,0021; ***p=0,0002; ****p<0,0001. Na wykresie zaznaczono
jedynie roznice istotne statystycznie.

6.2. Ocena apoptozy i nekrozy.
Linia MCF-7.

Wyniki dla linii komoérkowej MCF-7 przedstawiono na rycinie S3. Aktywno$¢
inhibitorow aromatazy w warunkach hiperglikemii byta zdecydowanie nizsza niz w warunkach

normoglikemii, na co wskazuje mniejszy odsetek komorek MCF-7 ulegajacych apoptozie oraz
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nekrozie. Réznice byly istotne statystycznie we wszystkich badanych probkach (oprocz
kontroli, gdzie odsetek wynosit dla NG — 0,14% i HG — 0,04%), za$ dla préb badanych: EXE1
NG - 80% vs. EXE1 HG - 50%, p<0,0001; EXE2 NG - 95% vs. EXE2 HG - 57%, p<0,0001;
LET1 NG - 73% vs. LET1 HG — 16%, p<0,0001; LET2 NG - 67% vs. LET2 HG - 16%,
p<0,0001. W warunkach normoglikemii, kombinacja eksemestanu (100 uM) lub letrozolu
(100 uM) z metaloestrogenami skutkowata statystycznie istotnym zmniejszeniem ich
skutecznosci, podczas gdy w warunkach hiperglikemii aktywno$¢ inhibitorow aromatazy byta

istotnie mniejsza, niezaleznie od kombinacji z metaloestrogenami.
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Rycina S3. Wplyw metaloestrogenow, inhibitor6w aromatazy i ich kombinacji na odsetek komoérek MCF-7
ulegajacych apoptozie i nekrozie w warunkach normoglikemii (NG) i hiperglikemii (HG). Odsetek komorek
apoptotycznych (wczesna i pézna apoptoza) i nekrotycznych po ekspozycji na eksemestan (A) i letrozol (B),
pojedynczo lub w kombinacji z Cr** lub AI**. EXE1 = 100 uM; EXE2 = 200 uM; LET1 = 10 uM; LET2 = 100
uM; Cr¥*/AP" = 100 uM. Wyniki przedstawiono jako $rednig = SD, n=3; p<0,05; *p=0,0332; **p=0,0021;
*#%p=0,0002; ****p<0,0001. Na wykresie zaznaczono jedynie roznice istotne statystycznie.

Linia MCF-7/DOX.

Wyniki dla linii komoérkowe; MCF-7/DOX przedstawiono na rycinie S4. W linii
komoérkowej MCF-7/DOX istotne roznice w aktywnos$ci inhibitoréw aromatazy w zaleznosci
od stezenia glukozy w modelu komoérkowym zaobserwowano dla eksemestanu - EXE1 NG -
53% vs. EXE1 HG - 19%, p<0,0001; EXE2 NG —93% vs. EXE2 HG — 18%, p<0,0001 (wyniki
uzyskane dla letrozolu nie r6znity si¢ istotnie statystycznie). Potgczenie eksemestanu (100 pM)
1 metaloestrogenéw w warunkach normoglikemii skutkowalo zmniejszeniem skutecznos$ci

leku, czego nie obserwowano w warunkach hiperglikemii, gdzie aktywnos$¢ leku byta niska
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niezaleznie od inkubacji komoérek w kombinacji z metaloestrogenem (mniej niz 20% komorek

ulegto apoptozie i nekrozie).
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Rycina S4. Wplyw metaloestrogenow, inhibitorow aromatazy i ich kombinacji na odsetek komorek MCF-7/DOX
ulegajacych apoptozie i nekrozie w warunkach normoglikemii (NG) i hiperglikemii (HG). Odsetek komorek
apoptotycznych (wczesna i pdzna apoptoza) i nekrotycznych po ekspozycji na eksemestan (A) i letrozol (B),
pojedynczo lub w kombinacji z Cr** lub AI**. EXE1 = 100 uM; EXE2 = 200 uM; LET1 = 10 uM; LET2 = 100
uM; Cr¥*/AP" = 100 uM. Wyniki przedstawiono jako $rednig = SD, n=3; p<0,05; *p=0,0332; **p=0,0021;
*#%p=0,0002; ****p<0,0001. Na wykresie zaznaczono jedynie roznice istotne statystycznie.

6.3. Wspoélczynnik Bcel-2/BAX.
Linia MCF-7.

Wyniki dla linii komoérkowej MCF-7 przedstawiono na rycinie S5. W warunkach
hiperglikemii zaobserwowano wzrost stezenia Bcl-2 (biatka antyapoptotycznego), co
skutkowalo wyzszymi stosunkami Bcl-2/BAX 1 wigkszg oporno$cig na apoptoze. W warunkach
normoglikemii obserwowano statystycznie istotny wzrost stosunku Bcl-2/BAX po dodaniu
metaloestrogenow do s$rodowiska hodowli zawierajagcego eksemestan (100 uM), co
wskazywalo na zmniejszenie proapoptotycznego dziatania leku. W warunkach hiperglikemii,
kombinacja z metaloestrogenami nie miata istotnego wplywu na wartosci wspotczynnika Bcel-
2/BAX: EXE1 HG Bcl-2/BAX 20,89 vs. EXE1IAL HG 24,21; p=0,1673; EXE1 HG Bcl-2/BAX
20,89 vs. EXE1CR HG 23,58; p=0,4433. W przypadku letrozolu nie zaobserwowano interakcji
z metaloestrogenami, charakteryzujacej si¢ zwigkszaniem wspotczynnika Bcel-2/BAX

niezaleznie od warunkow glikemii, w jakich prowadzono doswiadczenie.
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Rycina S5. Wptyw metaloestrogenow, inhibitorow aromatazy i ich kombinacji na wspofczynnik Bcel-2/BAX w
linii komérkowej MCF-7 w warunkach normoglikemii (NG) i hiperglikemii (HG). EXE1 = 100 uM; EXE2 =200
uM; LET1 = 10 uM; LET2 = 100 pM; Cr**/AI** = 100 uM. Wyniki przedstawiono jako $rednig + SD, n=3; p<0,05;
*p=0,0332; **p=0,0021; ***p=0,0002; ****p<0,0001. Na wykresie zaznaczono jedynie roznice istotne
statystycznie.

Linia MCF-7/DOX.

Wyniki dla linii komérkowej MCF-7/DOX przedstawiono na rycinie S6. W komoérkach
MCF-7/DOX wystepuja mniejsze roznice w wielkosci stosunku Bcel-2/BAX w zaleznos$ci od
warunkow glikemii panujacych w eksperymencie. Co ciekawe, w badanych kombinacjach
zaobserwowano wyzsze wartos$ci stosunku Bcl-2/BAX w warunkach odzwierciedlajacych
normoglikemi¢, co wskazuje, ze w linii komoérkowej MCF-7/DOX, biatka Bcl-2 i BAX
w mniejszym stopniu niz w MCF-7 zaangazowane s3 w mechanizm $mierci komorkowe;.
Jednak podobnie jak w przypadku linii komérkowej MCF-7, obserwowanych interakcji
pomigdzy inhibitorem aromatazy a metaloestrogenem w warunkach normoglikemii, nie

obserwuje si¢ przy wysokich stezeniach glukozy.
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Rycina S6. Wptyw metaloestrogenow, inhibitorow aromatazy i ich kombinacji na wspofczynnik Bel-2/BAX w
linii komérkowej MCF-7/DOX w warunkach normoglikemii (NG) i hiperglikemii (HG). EXE1 = 100 uM; EXE2
=200 uM; LET1 = 10 uM; LET2 = 100 uM; Cr**/AP* = 100 pM. Wyniki przedstawiono jako $rednig + SD, n=3;
p<0,05; *p=0,0332; **p=0,0021; ***p=0,0002; ****p<0,0001. Na wykresie zaznaczono jedynie réznice istotne
statystycznie.

Podsumowujac, porownanie wynikdw otrzymanych w warunkach normo-
1 hiperglikemii wskazuje, iz na efektywnos$¢ inhibitoréw aromatazy wigkszy wplyw ma st¢zenie
glukozy, odzwierciedlajace warunki hiperglikemii, obecne w modelu komoérkowym, niz ich
kombinacja z metaloestrogenami. W warunkach hiperglikemii inhibitory aromatazy,
niezaleznie od potgczenia z metaloestrogenem, dziatajg mniej skutecznie, co obserwowano jako
zwigkszenie zywotnosci komorek nowotworowych, a takze mniejszy odsetek komorek
ulegajacych apoptozie 1 nekrozie. Otrzymane wyniki wskazuja wigc na kluczowa role
hiperglikemii w obnizaniu efektywnos$ci inhibitorow aromatazy, co zwraca uwag¢ na

konieczno$¢ monitorowania glikemii w trakcie hormonoterapii.
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PODSUMOWANIE I WNIOSKI

Artykut przegladowy dostarczyl informacji na temat negatywnego wplywu
ksenoestrogenow (gtownie fitoestrogenow) na skuteczno$¢ lekow stosowanych
w terapii endokrynnej raka piersi. Analiza pi§miennictwa wykazata, ze obszarem
wymagajacym dalszych badan jest analiza interakcji szeroko rozpowszechnionych
w Srodowisku zycia czlowieka ksenoestrogendw nalezacych do pozostatych grup,
np. metaloestrogenow, z lekami najczgsciej stosowanymi w hormonoterapii raka piersi
(inhibitorami aromatazy), czego dotyczyly badania wykonane w ramach niniejszej

pracy doktorskie;.

Wybrane do badan eksperymentalnych metaloestrogeny - jony Cr’* i AI** moga
w warunkach normoglikemii znaczaco zmniejsza¢ efektywnos$¢ inhibitorow aromatazy
(steroidowego Al — eksemestanu oraz niesteroidowego Al — letrozolu) w modelu
komoérkowym hormonozaleznego raka piersi. Obnizenie skutecznos$ci dziatania lekow
bylo obserwowane jako zwigkszenie zywotnosci komorek nowotworowych oraz
zmniejszenie ich wrazliwos$ci na apoptoze 1 nekroze. Potrzebne sg dalsze badania, ktore
w pelni wyjasnig zaobserwowane interakcje, aby moc skutecznie im przeciwdziataé

w trakcie terapii pacjentek z hormonozaleznym rakiem piersi.

W warunkach hiperglikemii nie wykazano ostabienia dziatania inhibitorow aromatazy
pod wplywem metaloestrogendéw. Natomiast hiperglikemia, niezaleznie od obecnosci
metaloestrogendw, statystycznie istotnie (w poréwnaniu do wynikéw uzyskanych
w warunkach normoglikemii) zmniejszata skuteczno$¢ inhibitorow aromatazy

w modelu komorkowym hormonozaleznego raka piersi.

Stosowanie inhibitorow aromatazy, procz charakterystycznych dla tej grupy lekow
dziatan niepozadanych, takich jak boéle migsni 1 stawdw, obnizenie gestosci mineralnej
kosci, moze rowniez zwigkszac¢ ryzyko wystepowania zdarzen sercowo-naczyniowych,

insulinoopornos$ci oraz cukrzycy.

Ze wzgledu na stosowanie inhibitorow aromatazy gidwnie u kobiet po menopauzie,
u ktorych  wystepuje zwigkszone ryzyko wystapienia zaburzen gospodarki
weglowodanowej, a takze w oparciu o uzyskane wyniki badan eksperymentalnych
wskazujacych na kluczowa role hiperglikemii w zmniejszaniu efektywnosci
hormonoterapii, waznym wydaje si¢ regularne monitorowanie glikemii u pacjentek

w trakcie leczenia inhibitorami aromatazy.
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10. WYKAZ STOSOWANYCH SKROTOW

4PL - ang. four parameter logistic curve - 4-parametrowa krzywa logistyczna

aGnRH - ang. gonadotropin-releasing hormone analogs - analogi gonadoliberyny

Als - ang. aromatase inhibitors - inhibitory aromatazy

AJCC - ang. American Joint Committee on Cancer - Amerykanski Wspdolny Komitet ds. Raka

ASCO - ang. American Society of Clinical Oncology - Amerykanskie Towarzystwo Onkologii

Klinicznej
BAX - ang. Bcl-2-associated X protein - biatko proapoptotyczne
Bcl-2 — ang. B-cell lymphoma 2 protein - biatko antyapoptotyczne

CDK4/6 inhibitor - ang. cyclin-dependent kinase 4 and 6 inhibitor - inhibitorem zaleznej od
cyklin kinazy 4 1 6

EBM - ang. evidence based medicine — medycyna oparta na dowodach
EDC:s - ang. endocrine disrupting compounds - zwiazki endokrynnie czynne
ERs - ang. estrogen receptors — receptory estrogenowe

ESMO - ang. European Society for Medical Oncology - Europejskie Towarzystwo Onkologii

Klinicznej

HER? - ang. human epidermal growth factor receptor 2 - receptor ludzkiego naskorkowego

czynnika wzrostu typu 2
IDF - ang. International Diabetes Federation — Migdzynarodowa Federacja Diabetologiczna

TARC - ang. International Agency for Research on Cancer - Migdzynarodowa Agencja Badan

nad Rakiem

MDR - ang. multidrug resistance - opornos$¢ wielolekowa

NF- kB - ang. nuclear factor kappa B - jadrowy czynnik transkrypcyjny NF kappa B
PgRs - ang. progesterone receptors — receptory progesteronowe

PRISMA - ang. Preferred reporting items for systematic reviews and meta-analyses -

Preferowane pozycje sprawozdawcze dla przegladow systematycznych i metaanaliz
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ROS - ang. reactive oxygen species — reaktywne formy tlenu
SD - ang. standard deviation - odchylenie standardowe

SERDs - ang. selective estrogen receptor down-regulators - selektywni antagonisci receptora

estrogenowego

SERMSs - ang. selective estrogen receptor modulators - selektywne modulatory receptora

estrogenowego
TNBC - ang. triple-negative breast cancer - rak piersi potrdjnie ujemny

TNM - ang. tumor-node-metastasis — klasyfikacja stopnia zaawansowania nowotworu,
polegajagca na ocenie guza pierwotnego, regionalnych weztow chtonnych oraz przerzutow

odlegtych

VEGF-A - ang. Vascular Endothelial Growth Factor — czynnik wzrostu S$rodbtonka

naczyniowego A
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I Abstract
Introduction. Breast cancer is the most common cancer occurring in women and causing the highest number of deaths
among them. The role of xenoestrogens has been the subject of many studies in the pathogenesis of breast cancer. Less is
known about the impact of xenoestrogens on the effectiveness of hormone therapy used to treat breast cancer, and thus
possible drug-xenostrogen interactions.
Objective. The aim of this review is to summarize the current state of knowledge and present perspectives for further
research on the impact of xenoestrogens on the effectiveness of drugs used in the treatment of hormone-dependent breast
cancer.
Current state of knowledge. Phytoestrogens, in particular flavonoid genistein, are the best studied group of xenoestrogens
in terms of interaction with drugs used in the treatment of breast cancer, due to their frequent use, including their use in
alleviating the adverse effects of hormone therapy. Analyzing the current state of knowledge, it seems that phytoestrogens
intake should be avoided during conventional anti-cancer treatment. Of the other xenoestrogens, bisphenol A (BPA) is one
of the best-tested compounds for interactions with drugs used to treat breast cancer. It has been shown that bisphenol A
could reduced therapeutic effect of active tamoxifen metabolite and cytostatics used in breast cancer treatment.
Conclusion. Confirmation in clinical trials of the results obtained in vitro and in vivo tests, would enable the creation of
specific recommendations for patients undergoing breast cancer treatment, especially hormone therapy. An area requiring
further research is the analysis of the effects of xenoestrogens other than phytoestrogens, e.g. metalloestrogens, on the

effects of drugs used in the treatment of breast cancer.

1 Key words

breast cancer, estrogens, xenoestrogens, drug-xenoestrogen interaction

INTRODUCTION

Breast cancer is the most common cancer among women,
affecting 2.1 million women annually, worldwide, and
causing the highest number of cancer-related deaths among
women [1]. In the USA in 2019, almost 267 thousand new
cases of breast cancer were diagnosed, which accounted for
30% of all cancers among women [2]. In Poland in 2016,
breast cancer was diagnosed in almost 19 thousand women,
which constituted 23% of all diagnosed cancers in women
[3]. The etiopathogenesis of breast cancer is complex and
multifactorial, depending on genetic, environmental and
hormonal conditions. The most frequently mentioned
risk factors for breast cancer are age, obesity, genetic
predisposition, previous breast cancer or non-cancerous
diseases, and the activities of endogenous and exogenous
estrogens, e.g. xenoestrogens found in the environment
or food, which may interfere with the functioning of the
endocrine system [4, 5]. It is estimated that nearly 70%
of malign tumours are caused by environmental factors,
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whereas in breast cancer this percentage reaches 90-95% [6].
In addition, differences in the incidence of breast cancer are
observed depending on the place of residence - women living
in the countryside are about 1.5 times less often diagnosed
with breast cancer than women living in cities [4]. It is also
indicated that the higher breast cancer incidence in urban
areas could be due to higher exposure to carcinogens, and
may also be due to changes in lifestyle factors, including
sedentary lifestyle. Thus, higher socio-economic status is
associated with a higher incidence of breast cancer [7].
Estrogens (estradiol, estrone and estriol) play a key role in
maintaining the hormonal homeostasis of the body through
proper tissue development and the regulation of many
physiological functions, including the menstrual cycle and
reproduction in women [8]. In addition to their regulatory
action, it is indicated that endogenous estrogens may play
a role in the pathogenesis of breast cancer. Estrogens can
induce the growth of cancer cells via estrogen receptors
(ERs), as well as increase the rate of cell mutation (genotoxic
effect) [8, 9]. Data from the literature indicate that the altered
expression and function of estrogen receptors is crucial
for the process of initiation and progression of hormone-
dependent cancers such as breast cancer [10]. There are two
types of estrogen receptors — estrogen receptor alpha (ERa,
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estrogen receptor alpha) and estrogen receptor beta (ERp,
estrogen receptor beta), both of which belong to the group of
intracellular nuclear receptors and act as ligand-activated
transcription factors. ERa and ERP receptors may exert
an opposite effect on the proliferation of mammary gland
cells - ERP receptors are indicated as proapoptotic agents,
and ERa receptors as those with procancerogenic effects.
According to existing knowledge, ERa plays a major role in
the pathogenesis of breast cancer, while the role of ERp in
carcinogenesis is not yet fully explained [11, 12].

According to the expression of estrogen and progesterone
receptors (PR, progesterone receptor), as well as the receptor
for human epidermal growth factor type 2 (ERBB2, erb-b2
receptor tyrosine kinase 2; formerly HER2, human epidermal
growth factor receptor 2), three main subtypes of breast
cancer may be distinguished: ER/PR+/ERBB2-, occurring
most frequently, in about 70% of cancer cases, ER/PR+ or
ER/PR-/ERBB2+ (15-20% of cancers) and triple-negative
cancer, without expression of the above receptors, which
accounts for about 15% of cases [13].

In most patients with breast cancer, one of the basic
elements of systemic treatment is preoperative or
postoperative chemotherapy based on the sequential use of
multi-drug regimens based on cytostatics — anthracyclines
(e.g. doxorubicin, epirubicin) and taxoids (e.g. docetaxel,
paclitaxel). Chemotherapy is used in patients with breast
cancer — with or without steroid receptor expression. In the
treatment of breast tumours with steroid receptor expression
(hormone-dependent breast cancer), the basis of treatment
is hormone therapy, eliminating the stimulatory effect of
estrogens on the proliferation of cancer cells [14].

The role of xenoestrogens, which can mimic the action
of endogenous estrogens, has been the subject of many
studies in the pathogenesis of breast cancer. Definitely
less is known about the impact of xenoestrogens on the
effectiveness of hormone therapy used to treat breast cancer,
and thus possible drug-xenostrogen interactions. It seems
that these interactions may have a significant impact on the
effectiveness of the therapies. Due to the widespread nature of
exposure to xenoestrogens, thisis a clinically important issue.

OBJECTIVE

The aim of this literature review is to summarize the current
state of knowledge and present perspectives for further research
on the impact of xenoestrogens on the effectiveness of drugs
used in the treatment of hormone-dependent breast cancer.

MATERIALS AND METHOD

The presented review is based on a literature research
performedin January 2020, using electronic medical databases
PubMed, Embase and Scopus to identify studies relating to
xenoestrogens in the context of interactions with drugs used
in breast cancer hormone therapy. Search terms comprised
of the following words: breast cancer, xenoestrogens,
phytoestrogen, interaction, tamoxifen, aromatase inhibitor
and their combination. Seventeen original research articles
on animal and cell models published between 2002-2019,
which seemed to be the most fitting in relation to this issue,
were selected for review.

Drugs used in the treatment of hormone-dependent breast
cancer. The main aim of hormone therapy used in patients
with hormone-dependent breast cancer is to eliminate the
stimulating effect of estrogens on cancer cells [13]. This
effect can be achieved by using several groups of drugs:
selective estrogen receptor modulators (SERMs, selective
estrogen receptor modulators), selective estrogen receptor
antagonists (SERDs, selective estrogen receptor down-
regulators), aromatase inhibitors (Als, aromatase inhibitors),
or gonadoliberin analogues (aGnRH, gonadotropin-releasing
hormone analogues).

For many years, tamoxifen has been considered the gold
standard in the treatment of hormone-dependent breast
cancer in both pre- and postmenopausal women. This is a
selective estrogen receptor modulator which, by binding to
estrogen ER on cancer cells, blocks the possibility of their
stimulation by estrogens and inhibits their proliferation
[15, 16]. Tamoxifen in some tissues, e.g. in the skeleton, by
binding to estrogen receptors, has an agonist effect that
mimics the effect of estrogens [16]. Another mechanism of
action is characterized by fulvestrant, a selective estrogen
receptor antagonist which, unlike tamoxifen, does not show
any agonist effect. Fulvestrant leads to degradation of the
estrogen receptor and enables the complete elimination of
the effect of estrogens on the cell [17].

Reducing the effect of estrogens on cancer cells can also be
achieved by using drugs that suppress estrogen production in
the body. Gonadoliberin analogues are used in premenopausal
patients whose estrogens are mainly produced in the
ovaries. They block the pituitary gonadotropin secretion
and inhibiting estrogen production in the ovaries [18]. In
postmenopausal women, in whom peripheral tissues (adipose
tissue, liver, skin) become the main source of estrogens,
aromatase inhibitors — both steroidal (exemestane) and
non-steroidal (letrozole, anastrozole), block the activity
of aromatase and inhibit the conversion of androgens to
estrogens [15].

In accordance with the recommendations of the Polish
Society of Clinical Oncology and the recommendations of
an international group of experts participating in the St.
Gallen conference in 2019, the pharmacological treatment of
hormone-dependent early breast cancer (stages I-IIl according
to TNM classification [tumour, node, metastasis]), in pre-
menopausal patients mainly includes the use of tamoxifen
(routinely used at a dose of 20 mg/day) for 5-10 years. In
postmenopausal women, tamoxifen, aromatase inhibitors
or their sequences are used, also for a total of 5-10 years.
In the case of advanced breast cancer (stage IV according
to TNM classification), tamoxifen, high dose fulvestrant
(500 mg i.m.) or combination therapy — aromatase inhibitor
or fulvestrant + cyclin-dependent kinase inhibitor CDK4/6
(cyclin-dependent kinase), e.g. palbocyclib, are used [14, 19].

The schematic mechanism of the action of drugs used in
the treatment of breast cancer is presented in Figure 1.

Xenoestrogens. Xenoestrogens are exogenous substances
that interfere with the functioning of the endocrine system.
As defined by the European Commission, ‘it is an exogenous
substance or mixture that changes the functions of the
endocrine system and consequently causes adverse effects in
an intact organism, or its progeny, or (sub)populations’ [20].
By interacting with estrogen receptors, xenoestrogens can act
as their antagonists or agonists. They can also interfere with
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Figure 1. Mechanism of the action of drugs used in hormone therapy for breast cancer. Aromatase inhibitors and gonadoliberin analogues
inhibit estrogen production in the body. SERD causes estrogen receptor degradation, while SERM in breast tissue antagonizes endogenous

estrogens [13-16].

ER - estrogen receptor; FSH —follicle stimulating hormone; LH - luteinizing hormone; ACTH - adrenocorticotropic hormone; aGnRH - Gonadoliberin
analogues; SERM - selective estrogen receptor modulator; SERD - a selective estrogen receptor antagonist

the synthesis and metabolism of endogenous estrogens, as
well as affect the synthesis of ER. Such numerous and diverse
mechanisms of xenoestrogen action are the result of the
diversity of substances belonging to this group.

There are several major classes of xenoestrogens, which are
show in Figure 2. This classification is based on elements of
the chemical structure, which are characteristic for a group
[21]. Among them, the best known group of xenoestrogens
are phytoestrogens, which are a heterogeneous group of
chemical compounds, currently including over 100 different
substances. Based on their chemical structure, phytoestrogens
are divided into isoflavones, coumestans or lignans. Their
source is most often food (e.g. soy-rich foods) and dietary
supplements, or over-the-counter medications used to relieve
menopausal symptoms. Another group of xenoestrogens are
mycoestrogens, produced by some yeasts and fungi, which
are impurities in cereal products. Xenoestrogens also include
metalloestrogens, including some metals — cadmium (Cd),
mercury (Hg), copper (Cu), aluminum (Al), cobalt (Co), nickel
(N1i), chromium (Cr) or lead (Pb). Most of them are released
into the environment from industrial sources (mining,
metallurgy, electroplating). Significant amounts of some
metals, however, are also found in everyday life, e.g. cadmium
is found in tobacco smoke, aluminum in deodorants and
antiperspirants, and chromium (III) in dietary supplements
used to lower blood glucose. Xenoestrogens also include

.\ /.

Figure 2. Classes of xenoestrogens [based on 19]

pesticides, pharmaceuticals and industrial chemicals,
synthetic compounds and detergents [20, 21].

The source of xenoestrogens are various types of
chemicals from industry, agriculture and technological
processes, and therefore exposure to xenoestrogens may
vary significantly depending on the living environment or
the nature of the work performed. For example, the DDT
pesticide (dichlorodiphenyltrichloroethane), commonly
used in agriculture and forestry, despite being banned in
the 1970s, still circulates in food chains in areas where it
was previously used [22]. Exposure to pesticides occurs
especially in agriculture and the chemical industry, although
all persons working or living on farms may also be exposed.
Occupational exposure to xenoestrogens occurs primarily
in people working in the production of plastics (bisphenol
A, phthalates), epoxy resins, or in the metallurgy and metal
processing sectors, and industries that require welding and
soldering (especially metalloestrogens - cadmium, mercury,
arsenic, iron) [23].

Increasing evidence from epidemiological studies, as well
as an increasingly better understanding of the mechanisms
that connect toxic substances with the development of
breast cancer, indicate that exposure to some environmental
xenobiotics, many of which are common, in everyday
products as well as their degradation products, can lead to
increased risk of developing breast cancer. It is indicated
that exposure to chemical compounds and radiation in
the environment, both in single and combined actions or
in interactions, contribute to the increasing incidence of
breast cancer [24]. To better understand these relationship,
in 2003 there began the BCERP (Breast Cancer and the
Environment Research Programme) - a transdisciplinary
study of the effects of environmental exposures on mammary
development and breast cancer risk development, not only
in adults, but also during the other periods of susceptibility,
such as puberty [25].

The role of xenoestrogens in the pathogenesis of breast
cancer has been the subject of many studies. Numerous
publications confirm that many compounds commonly
found in the environment can bind to estrogen receptors
and thus compete or mimic the action of endogenous
estrogens (e.g. stimulate the proliferation of cancer cells).
This has been confirmed in in vitro and in vivo tests for
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bisphenol A [26, 27, 28, 29], phthalates [30], parabens [31] and
metalloestrogens [32, 33, 34], as well as mycoestrogens [35,
36]. Data on phytoestrogens, often used as a prophylaxis for
breast cancer, are inconclusive [37]. In the case of isoflavone-
genistein, attention is paid to its differentiated effects on
MCE-7 breast cancer cells depending on the concentration
used - low concentrations of genistein (10nM - 1uM)
stimulate cell proliferation, while higher concentrations
(>10puM) have antiproliferative eftects, which makes it
difficult to unequivocally assess the appropriateness of its
use in women [38].

DESCRIPTION OF THE STATE OF KNOWLEDGE

Phytoestrogens and mycoestrogens. Treatment with
tamoxifen or aromatase inhibitors, due to a significant
decrease in estrogen levels in the body, are often associated
with uncomfortable menopause symptoms in patients, such
as hot flashes, mood disorders or weight gain. One of the
most common ways to deal with these symptoms is the use
of dietary supplements containing plant extracts, which
are a rich source of phytoestrogens, e.g. from red clover,
black bedbug, hops or soybeans. Due to their vegetable,
natural origin and availability without a prescription, these
preparations are widely considered safe, which may result in
their use by a patient without the knowledge and control of
a doctor [39, 40, 41]. Phytoestrogens, in particular flavonoid
genistein, are the best studied group of xenoestrogens in
terms of interaction with drugs used in the treatment of
hormone-dependent breast cancer. Their source can be
both the above-mentioned drugs and dietary supplements
intended to alleviate menopausal symptoms, as well as
food (including soy, linseed, sesame, oats, clover, coftee)
[42]. There are also several reports about the mycoestrogen
zearalenone, which is a mycotoxin, produced by fungi of the
genus Fusarium and occurring as a contaminant in bread and
various types of cereals — corn, barley, wheat and rice [42].
One of the first reports describing the interaction between
flavonoid-genistein and tamoxifen was the study by Jones
et al. [43] performed on a postmenopausal breast cancer
model using the T47D human breast cancer cell line. The
addition of tamoxifen to a culture medium was shown to
inhibit the proliferation of T47D breast cancer cells and
stop the cell cycle in the G1 phase, which confirms the
antitumour efficacy of the drug. The addition of low levels
of genistein (<10 mM) reversed the therapeutic effect of
tamoxifen [43]. Similar results were obtained by Ju et al.
[44] conducting a study on ovariectomized mice implanted
with estrogen-dependent breast cancer cells (MCEF-7). The
main parameter studied was the tumour surface at week 32
of the experiment. The mice were assigned to one of 6 groups
depending on the substances used or their combination:
1) control; 2) 0.25 mg estradiol; 3) 0.25 mg estradiol + 2.5 mg
tamoxifen; 4) 0.25 mg estradiol + 5 mg tamoxifen; 5) 0.25 mg
estradiol + 2.5 mg tamoxifen + 1,000 ppm genistein; and
6) 0.25 mg estradiol + 5 mg tamoxifen + 1,000 ppm genistein.
Estradiol and tamoxifen were administered as subcutaneous
implants, while genistein (1,000 ppm per day) was added to
food. It was shown that the use of tamoxifen at both doses
inhibited estradiol stimulated tumour growth in mice, while
this effect was inhibited in the presence of phytoestrogen,
which indicates that genistein antagonizes the effect of

tamoxifen [44]. Similar observations were made by Du et al.
[45] examining the effect of 3 doses of genistein (250 ppm,
500 ppm and 1,000 ppm of genistein) on the effectiveness of
tamoxifen in ovariectomized mice implanted with MCF-7
cells. It was shown that low doses of genistein (250 ppm and
500 ppm) significantly reduced the effect of tamoxifen, while
higher doses (1,000 ppm genistein) did not affect the activity
of the drug [45].

Liu et al. [46], in a mouse model, studied the effect of a
diet containing high and low doses of isoflavones (genistein
and daidzein) on the effectiveness of tamoxifen used in the
prevention of breast cancer. The researchers showed that
mice receiving a diet containing low doses of isoflavones
(~211 pg/g) and tamoxifen (5 mgas a subcutaneous implant)
had a significantly faster tumour growth. In addition, in
vitro studies performed on MCEF-7 cells confirmed that low
doses of phytoestrogen administered together with tamoxifen
promote cell proliferation. In turn, enriching the diet of mice
with high doses of isoflavones (~500 ug/g), as well as adding
them to the culture medium in in vitro tests, inhibits tumour
growth in mice and MCF-7 cells in culture. The authors
emphasize that the demonstrated interaction between low
doses of genistein and tamoxifen may be important for
patients using this drug in the treatment or prevention of
breast cancer [46].

Literature data indicate that the ability of genistein to
promote the proliferation of breast cancer cells is associated
with its high affinity for the ERa. Seo et al. [47] evaluated
the effect of genistein and apigenin (also a phytoestrogen
from the flavonoid group) on breast cancer cell lines with
steroid receptor expression - MCF-7 and T47D and without
expression - MDA-MB-435. Both phytoestrogens have been
shown to stimulate the proliferation of cells expressing
estrogen receptors, which was not seen with the MDA-
MB-435 cell line. Various concentrations of phytoestrogens
were tested in the range from 10 nM - 10 mM, both in
the presence and absence of 0.1 mM 4-hydroxy tamoxifen
(4-OH-Tam, 4-hydroxytamoxifen), the active metabolite
of tamoxifen. Genistein, in addition to stimulating cell
proliferation of the MCF-7 and T47D lines, additionally
inhibited the antiproliferative effect of 0.1 uM 4-OH-Tam (ata
concentration of 10 uM in MCF-7 cells and at concentrations
from 10 nM - 10 uM in T47D cells). Apigenin only slightly
inhibited 4-OH-Tam, which is probably due to its lower
affinity for ERa than genistein. The authors of the study point
out that the concentration of phytoestrogens achieved in the
human body (from diet and/or additional supplementation)
are usually in the range of 1 - 18.5 uM. Thus, these are the
concentrations that can stimulate the growth of ER-positive
breast cancer cells, as well as block the effects of tamoxifen.
Therefore, phytoestrogens, and in particular genistein, used
in the form of dietary supplements, among others for fighting
hot flashes in women using tamoxifen, may be unfavourable
for them, as they may reduce the effectiveness of hormone
therapy [47].

Important information about the interaction of tamoxifen
and phytoestrogens has been provided by a study conducted
by Constantinou et al. [48] on female Sprague-Dawley rats,
whose diet, depending on the study group, was enriched
with tamoxifen (0.125 mg/kg diet), genistein (140 mg/
kg diet), daidzein (105 mg/kg diet) or a combination of
tamoxifen with each of the phytoestrogens at the afore-
mentioned doses. Observations were made with respect to
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the group in which no additional dietary modifications were
introduced. After a week of using the above-mentioned diet
modifications, all animals initiated a tumour process with
dimethylbenzanthracene (DMBA). It was shown that in
the group of females fed with tamoxifen and daidzein, the
smallest incidence of cancer occurred, whereas in the group
receiving tamoxifen and genistein, the incidence of cancer was
higher than in the group receiving only tamoxifen (60% TAM
+ DAI group vs 95% control group DMBA vs 79% group TAM
+ GEN vs 73% group TAM; data represent the percentage
of animals in which a tumour developed). It is therefore
clear that some phytoestrogens, in this case genistein, can
negatively affect the action of tamoxifen, while others, such
as daidzein, have a synergistic effect [48]. Emodine, which is
an anthraquinone classified as a phytoestrogen, also inhibits
tamoxifen. In a study conducted on MCF-7 and ZR 75-1
(ER-positive and HER2 positive breast cancer cell line),
the simultaneous use of emodine and endoxifen (the active
metabolite of tamoxifen) weakened its therapeutic effect by
increasing the expression of cyclin D1, which is a key protein
that stimulates the growth of cancer tissue [49].

Considering that most of the supplements used to relieve
menopausal symptoms are multi-component preparations
containing a combination of several phytoestrogens, the effect
of which may accumulate, van Duursen et al. [39] studied the
effects of both genistein and 8-prenylnarygenin alone and
4 multi-component dietary supplements on the effectiveness
of 4-hydroxy tamoxifen and letrozole. Studies have been
conducted on the coculture of the MCF-7 and H295R
(human adrenal cortex cell line) cell lines assessing tumour
cell proliferation, aromatase activity and steroidogenesis,
and on the BG1Luc4E2 line (estrogen-responsive recombinant
human ovarian) to assess ERa activation. Genistein,
8-prenylnarygenin, as well as all the tested supplements
containing various combinations of phytoestrogens, have
been shown to activate an estrogen-dependent increase in
MCE-7 cell proliferation that was not inhibited by either
4-hydroxy tamoxifen (co-administered with genistein or
8-prenylnarygenin) or by letrozole (in each combination
tested — with genistein, 8-prenylnarygenin, and with each of
the 4 others commercially available). It was also shown that
all tested supplements and genistein increased aromatase
activity, while 8-prenylnarygenin strongly inhibited
its activity. Based on the results obtained, the authors
recommend the avoidance of the use of dietary supplements
containing phytoestrogens by patients undergoing breast
cancer treatment [39].

Similarly to the studies with tamoxifen, Ju et al. [50]
assessed the effect of genistein on aromatase inhibitor therapy
—letrozole. In this study, ovariectomized mice were implanted
with estrogen-dependent breast cancer cells (MCF-7) and
randomly assigned to one of 10 groups depending on the
compounds given to the mice or a combination thereof:
1) control; 2) 250 ppm genistein; 3) 500 ppm of genistein;
4) 1,000 ppm genistein; 5) 5 mg androstenedione (aromatase
substrate); 6) 1 mg letrozole; 7) 5 mg androstenedione + 1 mg
letrozole; 8) 5 mg androstenedione + 1 mg letrozole + 250
ppm genistein; 9) 5 mg androstenedione + 1 mg letrozole +
500 ppm genistein; 10) 5 mg androstenedione + 1 mgletrozole
+ 1,000 ppm genistein. Androstenedione and tamoxifen were
administered as subcutaneous implants, while genistein was
added to food at appropriate daily doses. The main parameter
studied was the tumour area, evaluated in the 19th week

of the experiment. Letrozole was shown to be effective in
inhibiting tumour growth in mice; however, this effect was
inhibited by the presence of genistein (at each concentration
tested). Concentration dependence, however, was observed:
the higher the dose of genistein used, the greater the tumour
growth [50].

Different results, i.e. lack of interaction between formestane,
a second generation steroid aromatase inhibitor (currently
no longer used in the treatment of breast cancer) and
phytoestrogens derived from the root bug extract, were shown
in the animal model by Nifilein et al. [51]. The experiment
was conducted on female Sprague-Dawley rats in which the
tumour process was initiated by administration of DMBA.
The rats were then assigned to one of 4 groups receiving:
1) 3.5 mg of formestane + black cohosh root extract; 2) 5 mg of
formestane + black cohosh root extract; 3) 5 mg formestane;
4) control group not receiving additional compounds. It
was shown that the use of formestane in each group was
associated with significant inhibition of tumour growth,
and the use of phytoestrogen did not affect its activity [51].

In 2015, the American Food and Drug Administration
(FDA) approved the use of combined therapy with letrozole
+ palbociclib in the treatment of advanced breast cancer
in postmenopausal women. The results of the PALOMA-1
clinical trial conducted in 2009-2012 on 165 patients,
indicated that the use of combination therapy compared to
the use of standard therapy with letrozole alone, improves
progression-free survival rates by 10 months (group using
combination therapy — average survival without disease
progression - 20.2 months; letrozole treatment - 10.2
months). This was a significant advance in the treatment of
advanced breast cancer in postmenopausal women. Warth
etal. [52] examined the effect of xenoestrogens present in the
diet (genistein - phytoestrogen, zearalenone — mycoestrogen)
on the effectiveness of letrozole and palbociclib treatment. An
in vitro study using the MCF-7 and T47D breast cancer cell
lines showed that the combination of letrozole and palbociclib
effectively inhibited tumour cell proliferation, while the
addition of both genistein (1 uM) and zearalenone (100 nM)
counteracted this effect. At the same time, using the Western-
blot method, the combination of letrozole and palbociclib
has been shown to inhibit the activity of the intracellular
mTOR kinase pathway (responsible, among others, for the
occurrence of treatment resistance), which is also reversed
when genistein or zearalenone are added. The results
obtained show how significant an effect the xenoestrogens
have on the effectiveness of breast cancer treatment. The
authors indicate that confirmation of the results obtained in
an animal model, as well as in clinical trials, will enable the
creation of specific nutritional recommendations for patients
who undergo breast cancer hormone therapy [52].

Galloetal. [53] studied the effect of soy extract, standardized
on the content of genistein and daidzein, on the action of
fulvestrant, which inhibited the formation of breast cancer in
ovariectomized mice. Low doses of phytoestrogens - 50 mg
soy extract/kg bw/day, have been shown to slightly increase the
inhibitory effect of fulvestrant, while higher doses - 100 mg
soy extract/kg bw/day significantly reduced the antitumour
activity of the drug [53]. In contrast, the lack of interaction
between fulvestrant and genistein was indicated by the results
of experiments by Dess et al. [54], who showed that low
doses of genistein (1uM) and zearalenone (InM), similar
to the pesticide DDT (dichlorodiphenyltrichloroethane
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known for breast cancer proliferation promoting properties),
increase the activity of cyclin-dependent kinase 2 (Cdk2),
synthesis of cyclin D1 and hyperphosphorylation of pRbl05
(retinoblastoma protein) in MCF-7 cells. This indicates that
both genistein and zearalenone stimulate proliferation,
stimulating MCF-7 breast cancer cells to enter the cell cycle.
The use of the anti-estrogen - fulvestrant (at a concentration
of 100 nM), inhibiting the activation of Cdk2, enabled a
complete reversal of this effect [54].

Multidrug resistance (MDR) is one of the main reasons for
the failure of systemic cancer therapy. Various mechanisms
attributed to MDR includes increased expression of drug
efflux transporters, changes in tumour microenvironment
and cancer stem cell regulation, increased epigenetic
microRNA regulations, drug target modification, altered
apoptotic signalling pathway and increased DNA repair
mechanism [55]. One of the mechanisms responsible for
MDR in the aspects of breast cancer development is the over-
expression of proteins from the ABC (ATP-binding cassette)
family of membrane transporters, which limits intracellular
accumulation of cytostatic drugs and their effectiveness.
ABC over-expression can be intrinsic or acquired through
induction for example, by exposure to therapeutic drugs,
environmental toxicants and micronutrients present in the
diet. If such an induction occurs during chemotherapy,
lower therapeutic response and a worse disease outcome
are expected [56].

The most important transporters in breast cancer therapy
are P-glycoprotein (P-gp/ABCB1), multi-drug resistance
protein (MRP1/ABCC1) and breast cancer resistance protein
(BCRP/ABCG2), which are involved in the transport of,
e.g. doxorubicin, epirubicin or paclitaxel. Clinical evidence
points to an association between transporter expression and
cancer disease prognosis. It is indicated that expression levels
of BCRP predict survival after neoadjuvant chemotherapy
for breast cancer, while Pgp and MRPlexpression have little
predictive value [57]. Rigalli et al. [58] studied the effect
of genistein (at 3 concentrations — 0.1 uM, 1 pM and 10
puM) on the expression and function of ABC proteins on
MCEF-7 and MDA-MB-231 cell lines. Increased expression
of ABCC1 (+ 121%) and ABCG2 (+ 281%) proteins in MCE-7
cells was demonstrated in the presence of 10 uM genistein,
while no increase in their expression was observed at lower
concentrations. In addition, in MCF-7 cells in the presence of
10 pM genistein, an increased efflux of doxorubicin (+ 55%)
and mitoxantrone (+ 136%) was observed, which is associated
with an increase in resistance to cytostatistics. Genistein had
no effect on increasing ABCBI protein expression, increasing
the efflux of doxorubicin and mitoxantrone in MDA-MB-231
cells, whileat 0.1 uM and 1 pM, it increased ABCCI protein
expression by 70% and 74%, respectively. The results indicate
a risk of interaction between genistein and cytostatics used
in the treatment of breast cancer, which could significantly
reduce the effectiveness of chemotherapy. If genistein exerted
asimilar activity in vivo, a detrimental effect on both efficacy
of chemotherapeutic drugs and on disease prognosis could
be expected. These data reinforce the necessity of avoiding
genistein consumption during treatment [58].

Other xenoestrogens. Of the other xenoestrogens which are
not of natural origin, bisphenol A (BPA) is one of the best-
tested compounds for interactions with drugs used to treat
breast cancer. Bisphenol A is a synthetic diphenyl compound,

with a structural similarity to a strong estrogen receptor
agonist — diethylstilbestrol, which may mimic the effects of
estrogen in the body. BPA is a compound widely distributed
in the environment as it is a chemical raw material used in the
production of plastics and epoxy resins [59]. Hence, the main
source of BPA exposure are plastic containers for food and
drinks, dental materials, protective coatings, and thermal
paper. BPA is a compound with the ability to accumulate in
tissues, and its presence has been detected in healthy people,
including in urine and blood serum samples [59].

Goodson et al. [60] showed that the exposure of mammary
epithelial cells (HRBEC - high-risk donor breast epithelial
cell) obtained from donors (at high risk of developing breast
cancer) to detectable levels of bisphenol A in human blood
100 pM - 100 nM BPA), results in a change in the expression
of genes associated with the activation of the mTOR pathway,
which increases the survival of cancer cells [60]. Another
issue explored by this group of researchers was the effect of
bisphenol A on the therapeutic effectiveness of one of the
main active tamoxifen metabolites — 4-hydroxy tamoxifen.
It was shown that with the simultaneous use of 4-hydroxy
tamoxifen (10 uM) and bisphenol A (100 nM), the therapeutic
effect of 4-hydroxy tamoxifen is reduced, measured as the
percentage of cells undergoing apoptosis — both breast cancer
cell lines (T47D, SKBR3) and HRBEC. This effect was even
greater the higher the BPA concentration — only 50% of the
cells underwent apoptosis at a BPA concentration of 100
nM [61].

LaPensee et al. [62] assessed whether bisphenol A affects
the action of commonly used cytostatics - doxorubicin,
cisplatin and vinblastine, and the mechanism of possible
interactions. To this end, in vitro tests were performed
on both estrogen-sensitive breast cancer cells (T47D) and
estrogen-insensitive breast cancer cells (MDA-MB-468).
Cytotoxicity of 3 different concentrations of doxorubicin
(5 ng/mL, 25 ng/mL, 124 ng/mL), cisplatin (100 ng mL, 200
ng/mL, 400 ng/mL) and vinblastine (1 ng/mL, 5 ng/mL,
25 ng/mL) were assessed in the absence and presence of
bisphenol A (at 1 nM). All cytostatics at each concentration
were shown to be cytotoxic in the absence of BPA on both
cancer cell lines. The addition of BPA antagonized this effect.
It was also shown that this effect is not associated with BPA
via estrogen receptors, but is the result of the increased
expression of antiapoptotic proteins (Bcl-2 and Bcl-xL). Thus,
the authors confirmed that bisphenol A at nanomolar doses
occurring in humans as a result of environmental exposure,
may reduce the effectiveness of chemotherapy, which should
be taken into account when using anti-cancer therapy [62].

Research by Osunaetal. [63] published in 2017, suggests that
another synthetic xenoestrogen — methylparaben, contributes
to the occurrence of chemo-resistance to drugs used in the
treatment of breast cancer (tamoxifen, fulvestrant). This may
be due to the direct stimulating effect of methylparaben on
tumour-initiating cells (TICs), as well as by modulating the
activity of stem cells that remain resistant to antiestrogens,
by increasing the expression of the NANOG protein, which
promotes stem cell differentiation. In a study performed on
the MCF-7 cell line, it was shown that neither tamoxifen nor
fulvestrant block the effects of methylparaben [63].

Table 1 summarizes the interaction studies of xenoestrogens
with substances used in the treatment of hormone-dependent
breast cancers in in vivo and in vitro tests.
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Table 1. Summary of interaction studies of xenoestrogens with substances used in the treatment of hormone-dependent breast cancer in in vivo
and in vitro tests

Author/ Lear Cell line/Animal Xenoestrogen Drug Results

SERM - tamoxifen or active metabolite of tamoxifen (4-hydroxytamoxifen or endoxifen).

Jones et al., 2002 147D GEN <10uM TAM GEN' reversed the inhibitory effects of tamoxifen on both
[37] proliferation and G1 arrest.

MCF-7 implanted in GEN negated the inhibitory effect of TAM; increased

Juetal, 2002 [38] ovariectomized athymic mice GEN 1,000 ppm TAM explressmn of estrogen-responsive genes (e.g. pS2, PR and
cyclin D1).
MCF-7: mouse mammar diet with low doses of isoflavones Low doses of GEN, co-administered with TAM, promote cell
Liu et al.,, 2005 [40] ! : y (~211 pg/g); diet with high doses TAM proliferation; in contrast TAM with high doses of GEN that
tumour cell line . -
of isoflavones (~ 500 pg/g) are growth inhibitory.
Constantinou Sorague-Dawley rats iven GEN (140 mg/kg diet), DAI GEN and TAM combination had increased tumour
prag 4 g (105 mg/kg diet) as a diet TAM multiplicity, compared with TAM alone; DAl with TAM had
etal., 2005 [42] DMBA o
component reduced tumour multiplicity.

) . GEN antagonizes the anti-proliferative effect of 4-OH-TAM;
seoetal, 2006 MCF-7, T47D, MDA-MB-435 GEN, APlin concentration 10nM 4-OH-TAM APl even at 10uM appeared to only have a moderate effect
[41] -10pM :

on blocking TAM effect.

HRBECs pretreated with BPA, or mePB surmounted
Goodson et al., BPA (100pM to 100nM), mePB K R X .
2011 [51] HRBEC, MCF-7, T47D, SKBR3 (10nM to 1uM) 4-OH-TAM antiestrogenic effects of tamoxifen showing dose:

dependent apoptosis evasion and induction of cell cycling.

Inhibitory effect of TAM was significantly negated by
GEN 250 ppm, 500 ppm, 1000 ppm TAM the low doses of GEN (250 and 500 ppm), whereas
the 1,000 ppm. GEN did not have the same effect.

MCF-7 implanted in

Duetal., 2012 [39] . . L
ovariectomized athymic mice

Combination emodin and endoxifen attenuated treatment
Endoxifen effect via cyclin D1 and pERK up-regulation in ER(+) breast
cancer cell lines.

Kim et al., 2019 MCF-7, T47D, Emodin 15, 30,
[43] ZR-75-1, BT474 60 uM

Aromatase inhibitors - steroidal (formestane) and non-steroidal (letrozole). Combination Al with CDK4/6 inhibitor — palbociclib.

NiBlein etal.,, 2007 Sprague-Dawley rats given iCR - 60 mg herbal substances per iCR did not antagonize or diminish the antitumoural effects
. Formestane
[45] DMBA kg body weight of formestane

MCF-7 implanted in
ovariectomized athymic mice

GEN reversed the inhibitory effect of LET in a dose-

Juetal, 2008 [44] dependent manner.

GEN 250 ppm, 500 ppm, 1000 ppm LET

GEN, 8PN and 4 supplements all induced ER-dependent
4-OH-TAM, LET  tumour cell proliferation, which could not be prevented by
LET and 40H-TAM

van Duursen et al., MCF-7/H295R, BG1LUCAE2 GEN, 8PN, 4 commercially available
2013 [33] menopausal suplements

Warth et al., 2018
[46]

GEN and ZEA reversed the inhibitory effect of PAL+LET

MCF-7, T47D GEN 1pM, ZEA 100 nM PAL+LET - . A
combination on cancer cells proliferation.

SERD - fulvestrant

Dees et al., 1997 FUL suppressed dietary estrogen-mediated activation of

48] MCF-7 GEN 0,1uM, ZEA 10 nM FUL (IC1 182 780) cdka.

. . - Concomitant administration of 50 mg/kg per day SSE
Galloetal, 2007  MCF-7 implanted in SSE containing GEN, DAl at 50 or ) ) s L .
47] ovariectomized athymic mice 100 mg/kg per day FUL (IC1 182 780) slightly potentiated the inhibitory activity of FUL, while at

100 mg/kg per day, SSE partially negated FUL activity.

mePB increases breast cancer tumour proliferation through

o] tal, 2017 MCF-7, . )
sunaeta mePB 10 nM TAM, FUL enhanced TIC activity and regulates stem cell genes (inc.

[>4] MDA-MB-231 NANOG); TAM and FUL do not block these effects.
Cytostatic agents e.g. doxorubicin, cisplatin
BPA antagonizes the cytotoxicity of chemotherapeutic
LaPensee et al., T47D, . o )
2009 [53] MDA-MB-468 BPA 1nM DOX, CIS, VIN (ci;ﬁgs in both ER-positive and ER-negative breast cancer
Rigallietal, 2016  MCF-7, In MCF-7 cells, GNT (10 uM, increased DOX efflux (+55%)
49] MDA-MB-231 GENOTuM, TuM, 10uM DOX,MXR  and MXR efflux (+136%).

T47D, MCF-7 - ER-positive breast cancer cell lines; MDA-MB-435 - ER-negative breast cancer cell lines; H295R - human adrenal cortex cell line; BG1Luc4E2 - estrogen-responsive recombinant
human ovarian cell line; HRBEC - high-risk donor breast epithelial cells; DMBA - dimethylbenzanthracene; pERK - phosphorylated extracellular signal-regulated kinase; TIC - tumour initiating cells;
GEN - genistein; APl - apigenin; ZEA - zearalenone; DAI - daidzein; 8-PN - 8-prenylnaringenin; iCR - isopropanolic extract of black cohosh; SSE - standarized soy extract; mePB — methylparaben;
BPA - bisphenol A; TAM - tamoxifen; 4-OH-TAM - 4-hydroxytamoxifen; LET - letrozole; PAL - palbociclib; FUL - fulvestrant; endoxifen — active metabolite of TAM; DOX - doxorubicin, MXR —
mitoxantrone, CIS - cisplatin, VIN - vinblastine
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CONCLUSIONS

Given our widespread exposure to xenoestrogens, as well as the
steady increase in the incidence of breast cancer, examination
of the impact of these endocrine active compounds found in
the human environment on the effectiveness of therapies used
to treat hormone-dependent breast cancer is becoming an
important clinical and social issue. As shown in this literature
review, most research has focused on phytoestrogens, due to
their frequent use, including their use in alleviating the adverse
effects of hormone therapy. Analyzing the current state of
knowledge, it seems that their intake should be avoided during
conventional anti-cancer treatment, due to the possibility of
reducing the effectiveness of therapy and thus increasing the
risk of disease progression. Confirmation in clinical trials of
the results obtained in vitro and in vivo tests, would enable
the creation of specific nutritional recommendations for
patients undergoing breast cancer hormone therapy, which
may improve the effectiveness of treatment.

An area requiring further research is analysis of the
effects of xenoestrogens other than phytoestrogens, e.g.
metalloestrogens, on the effects of drugs used in the
treatment of breast cancer. Exposure to metalloestrogens
is common (e.g. cadmium - smoking, chromium (III) -
dietary supplements, or aluminum - the use of deodorants
and antiperspirants), and their carcinogenic potential has
been proven in many in vitro tests, which suggests that,
like phytoestrogens, they may affect the effectiveness of
the therapies used in the treatment of hormone-dependent
breast cancer.

Another interesting and important aspect for conducting
further research is to examine the potential relationship
between the exposure to environmental xenoestrogens with
confirmed carcinogenic potential, e.g. pesticides, industrial
chemicals or metalloestrogens, and the effectiveness of
treatment of hormone-dependent breast cancer. Due to
the differences in the incidence of breast cancer depending
on the place of residence, as well as the varied exposure
to environmental xenoestrogens depending on the living
environment, this seems to be a clinically relevant issue.
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Abstract: Aromatase inhibitors (Als) have been considered first-line therapy for patients with
hormone-dependent breast cancer due to their high efficacy and good tolerability. However, Als are
not free of adverse events, and studies show that therapy with Als is associated with an increased
risk of cardiovascular events and the development of insulin resistance and diabetes. We searched
the Cochrane Central Register of Controlled Trials, PubMed and EMBASE up to 27 October 2020
for the prevalence of cardiovascular and/or metabolic adverse effects during treatment with Als in
postmenopausal women with breast cancer. A meta-analysis was performed using a random effects
model. Odds ratios and 95% confidence intervals were calculated and illustrated using forest plot
charts. We performed separate analyses depending on trial design. Twenty two studies met the
inclusion criteria. Als were associated with a higher risk of cardiovascular events, especially when
we compared study arms in which Als were used (alone or in sequence with TAM) with the arms in
which TAM was used alone (OR = 1.16; 95%CI 1.04-1.30) or when comparing patients taking Als
alone to patients taking TAM alone or in sequence with Als (OR = 1.24; 95%CI 1.11-1.38). A pooled
analysis of five trials comparing adjuvant Als to TAM showed the odds for arterial hypertension
being 1.31 times higher for patients taking Als; however, this did not reach statistical significance
(OR = 1.31; 95%CI 0.47-3.65). We have not shown an increased risk of dyslipidemia or weight gain
with the use of Als. Our results suggest that postmenopausal women with breast cancer treated with
Als have an increased risk of cardiovascular events in comparison with TAM, potentially due more to
a cardioprotective effect of the latter than the cardiotoxicity of Als. We were unable to prove a similar
association for hypertension, dyslipidemia, hyperglycemia or weight gain. Further high-quality RCTs
and post-marketing safety observational studies are needed to definitively evaluate the impact of Als
on metabolic disorders in breast cancer patients.

Keywords: breast cancer; aromatase inhibitors; adverse effects

1. Introduction

Breast cancer is the most common cancer in women, affecting 2.1 million women
worldwide each year and causing the largest number of cancer-related deaths in women [1].
According to the data providing by American Cancer Society, 13% of women will develop
breast cancer in their lifetime, and 3% of them will die from it [2]. Breast cancer is a
heterogeneous disease; the most common subtype of breast cancer, occurring in about
70% of cancer cases (75% in postmenopausal patients), is hormone-dependent breast
cancer [3]. The pharmacological treatment of hormone-dependent early breast cancer
in pre-menopausal patients mainly includes the use of tamoxifen for 5-10 years or Als
combined with ovarian suppression. In postmenopausal women, tamoxifen, aromatase
inhibitors or their sequences are used, also for a total of 5-10 years. In the case of advanced
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breast cancer, a combination therapy—aromatase inhibitor or fulvestrant + cyclin-dependent
kinase inhibitor CDK4/6, e.g., palbocyclib or tamoxifen/aromatase inhibitor/high dose
fulvestrant, is used. In premenopausal women, simultaneous ovarian suppression is
necessary [3,4]. Over the past decade, aromatase inhibitors (Als) became a first-line therapy
for patients with hormone-dependent breast cancer because of their greater clinical efficacy
and prolonged disease-free survival compared to tamoxifen (TAM) [3]. Als inhibit the
action of the enzyme aromatase. Aromatase (estrogen synthetase) is a member of the
cytochrome P450 superfamily of monooxygenases and catalyzes the demethylation of
androgens’ carbon 19, producing phenolic 18-carbon estrogens [5]. In postmenopausal
women, the major source of estrogen is the conversion of androgens to estrogens in skin,
muscle and adipose tissue. Aromatase inhibitors block this pathway, reducing estrogen-
mediated cancer cell proliferation in hormone receptor-positive breast cancer [5]. Based
on their chemical structure, there are steroidal (exemestane) and non-steroidal (letrozole,
anastrozole) aromatase inhibitors [3].

Although Als have a more favorable risk-benefit profile compared to tamoxifen, such
as lower incidence of life-threatening adverse events, for instance thromboembolic episodes
and the occurrence of endometrial cancer, they are not free of side effects [5,6]. The most
common adverse events during Als therapy are menopausal symptoms, musculoskeletal
events, sexual disorders, impaired cognitive function and bone mineral density (BMD)
decline [6]. Moreover, some studies have shown that therapy with aromatase inhibitors
is also associated with an increased risk of cardiovascular events and the development
of insulin resistance and diabetes [7-9]. Patients treated with aromatase inhibitors are
more likely to develop hyperlipidemia, hypercholesterolemia and hypertension, which
are known risk factors for cardiovascular disease, compared to patients receiving tamox-
ifen [10]. Some studies showed that treatment with Als (compared with tamoxifen) was
associated with an increased risk of heart failure and cardiovascular mortality [11]. The
increase in the incidence of cardiovascular events in patients taking Als is probably related
to the cardioprotective effect of tamoxifen [7]. Nevertheless, the risk of cardiovascular
events, dyslipidemia, insulin resistance or diabetes mellitus is increased in postmenopausal
women [12]. Epidemiological data show that in the world, 69.1% of all breast cancer
cases concern postmenopausal women (data for Western Europe indicate an even higher
percentage of 81.4%). At the same time, it is postmenopausal patients who most often
die from breast cancer—in the world, as much as 78.8% of all deaths from breast cancer
concern postmenopausal patients, while in Western Europe this percentage is as high
as 92.9% [13]. Thus, the assessment of whether the risk of developing these disorders
additionally increases as a result of therapy with Als therapy is a significant health concern.

We therefore performed a systematic review and meta-analysis of randomized control
trials (RCTs) to determine whether Als are associated with an increased risk of both
cardiovascular and metabolic adverse effects, such as hyperglycemia, dyslipidemia and
body weight gain.

2. Materials and Methods

This review was conducted in accordance with PRISMA guidelines. Details of the
protocol for this systematic review have been registered on PROSPERO and are avail-
able at: https:/ /www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021270743
(accessed on 31 March 2022).

2.1. Data Sources and Literature Search

We searched the Cochrane Central Register of Controlled Trials, PubMed (Med-
line) and EMBASE up to 27 October 2020. The following search terms were used: #1
“breast tumor”, #2 “aromatase inhibitor” OR “anastrozole” “arimidex” OR “letrozole” OR
“femara” OR “exemestane” OR “aromasin”, #3 “cardiovascular disease” OR “ischemic
heart disease” OR “heart infarction” OR “cerebrovascular accident” OR “body weight”
OR “obesity” OR “diabetes mellitus” OR “dyslipidemia” OR “glucose intolerance” OR
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“insulin resistance” OR “hyperglycemia” OR “hypercholesterolemia” OR “hypertriglyc-
eridemia” OR “metabolic syndrome X", #4 #1 AND #2 AND #3. No language limitations
were applied. Search results in each query were included in supplementary materials
(Supplementary Table S1). Reference lists of all included articles were searched to identify
potentially relevant articles.

2.2. Study Selection and Data Collection Process

Two authors independently (KB and PP) conducted a review of abstracts and titles
to remove duplicates and eliminate studies that did not meet the criteria for inclusion in
the meta-analysis. Relevant articles were selected by reading the full texts. Disagreements
were resolved by discussion among all authors. Inclusion criteria for this meta-analysis
were: human, controlled randomized (phase II and III) clinical trials; studies reported on
the prevalence of cardiovascular and/or metabolic adverse effects during treatment with
third-generation aromatase inhibitor in postmenopausal women with hormone-dependent
breast cancer. The comparators could be tamoxifen, placebo or no treatment. The exclusion
criteria were: studies reporting on premenopausal women, estrogen or progesterone
receptor-negative breast cancer, first/second generation aromatase inhibitors using in the
study, reviews, expert opinions, guidelines and case studies. When multiple follow-up
periods were reported for a given RCT, we selected the trial with the most comprehensive
reporting of cardiovascular or metabolic events and/or the longest follow-up reported. The
following data were extracted from included studies with the use of a prespecified data
collection form: trial design, trial arm (n included in safety analysis), duration of treatment,
characteristics of patients (age, disease stage, primary treatment) and reported adverse
effects. In this systemic review, we focused in particular on the frequency of cardiovascular
(arterial hypertension, cardiovascular events such as cardiac arrhythmia, ischemic heart
disease, myocardial infraction, heart failure, atrial fibrillation) and metabolic adverse effects
(hyperglycemia, body weight gain, dyslipidemia). Data were collected by two authors
independently (KB and PP) and then compared. Disagreements was resolved by discussion
among all authors.

2.3. Quality Assessment

The quality assessment was performed with the use of Cochrane Collaboration’s
tool [14]. Each RCT was evaluated for selection bias (random sequence generation, allo-
cation concealment), performance bias (blinding of participants), detection bias (blinding
of outcome), reporting bias (selective outcome) and other possible bias. Each domain was
assigned a “high”, “low” or “unclear” risk of bias independently by two reviewers (KB and
PP), with disagreements resolved by discussion among all authors.

2.4. Statistical Analysis

A meta-analysis was performed using a random effects model. Odds ratios and 95%
confidence intervals (95% CI) were calculated and illustrated using forest plot charts. All
analyses were stratified by RCT design. In such a manner, we performed separate analyses
depending on the treatment used. In the first analysis, we compared patients treated with
aromatase inhibitors only vs. those treated with tamoxifen only (1). In the second analysis,
we considered a group of patients who had been treated with aromatase inhibitors as
monotherapy or in sequence with tamoxifen and compared them with a group of patients
who had only used tamoxifen for treatment (2). The third analysis compared patients
treated with aromatase inhibitors monotherapy with those treated with tamoxifen alone or
in sequence with aromatase inhibitors (3). The fourth analysis compared patients treated
with aromatase inhibitors with those treated with a placebo (4). The principle of selecting
studies for each of the analyses is presented in Figure 1.
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Figure 1. Visualization of groups in analyses. (1) Patients who were only using aromatase inhibitors
or tamoxifen for treatment. (2) Group of patients who had been treated with aromatase inhibitors
as monotherapy or in sequence with tamoxifen vs. group of patients who had only used tamoxifen
for treatment. (3) Patients treated with aromatase inhibitors monotherapy vs. patents treated with
tamoxifen alone or in sequence with aromatase inhibitors. (4) Patients treated with aromatase
inhibitors vs. those treated with placebo.

The following outcomes, cardiovascular events, arterial hypertension, body weight
gain and dyslipidemia, were assessed, provided they were reported in at least three studies.
Statistical heterogeneity across the RCTs was estimated using the I? statistic. All analyses
were made using the R-“meta” package version 4.19.0, and all tested p values < 0.05 were
considered statistically significant.

3. Results

Details of the study selection are presented in Figure 2. In total, 614 articles were
found. A primary screen of the titles and abstracts resulted in the exclusion of 556 records.
A further 39 articles were excluded based on the full-text review. The most common reason
for exclusion was inadequate outcomes. This selection produced 21 studies that met the
inclusion criteria [15-35].

The study design and patient characteristics of included RCTs can be found in Table 1.

All of the patients were postmenopausal women undergoing treatment for hormone-
dependent breast cancer. Most of the research concerned the treatment of early stages of
breast cancer (71%). In 13 studies (62%), Als were used as adjuvant therapy, in 3 studies
extended adjuvant therapy, and in the remaining 5 studies first-line treatment for advanced
breast cancer. Included studies had a different design; therefore, we decided to analyze the
outcomes separately depending on the treatment used: (1) Als (monotherapy) vs. TAM
(monotherapy); (2) Als (monotherapy) or Als + TAM (sequence) vs. TAM (monotherapy);
(3) Als (monotherapy) vs. TAM (monotherapy) or Als + TAM (sequence); and (4) Als
(monotherapy) vs. placebo. Among the studies included, there were three studies that
compared the efficacy and safety of two aromatase inhibitors: FACE (letrozole vs. anastro-
zole), Iwata et al. (exemestane vs. anastrozole) and MA.27 (exemestane vs. anastrozole).
However, these studies were not included in the quantitative analysis due to insufficient
data to compare the side effect profile for individual aromatase inhibitors.



J. Clin. Med. 2022, 11, 3133

)
=
S Records identified through Additional records identified
§ database searching through other sources
B (n=629 ) (n=0)
=
]
=
A4 A4
PR Records after duplicates removed
(n=614)
o
L
-
o
&
& Records screened Records excluded
(n=614 ) i (n=556)
N
P
Full-text articles assessed Full-text articles excluded,
£ for eligibility with reasons
;3 (n=58) \ (total n = 39; outcomes n
%‘ =28 ; type of publication n
=11)
) Studies included in
qualitative synthesis
(n=21)
T
3
< Studies included in
£ quantitative synthesis
(meta-analysis)
(n=18)
—

Figure 2. Details of the study selection—PRISMA flow chart of literature search.

3.1. Quality Assessment

A quality assessment of the included studies using of Cochrane Collaboration’s tool is
presented in Supplementary Table S2. The majority of RCTs were of a low risk of bias in
different domains of Cochrane Collaboration’s tool. The main limitations regarding the
methodological quality were a lack of the blinding of participants and outcome.

3.2. Cardiovascular Events

Cardiovascular events included all reported events of ischemic heart disease, myocar-
dial infarction, heart failure, atrial fibrillation or cardiac arrhythmia. Pooled analysis-of-
odds ratios for cardiovascular events are presented in Figure 3 (Figure 3a—d). Thirteen
studies reported adverse effects classified as cardiovascular events. A pooled analysis of
five trials comparing Als to tamoxifen showed the odds for cardiovascular events being
1.21 times higher for patients taking aromatase inhibitor, however not statistically signifi-
cantly (OR = 1.21; 95% CI 0.99-1.48). The heterogeneity across studies was low, with I? = 7%
(p = 0.37) (Figure 3a). In the ATAC trial, there were three arms—patients receiving aromatase
inhibitor (anastrozole), patients receiving tamoxifen, or patients taking both anastrozole
and tamoxifen. ATACI relates to the situation when aromatase inhibitor alone was com-
pared with tamoxifen alone, ATAC?2 relates to the situation when aromatase inhibitor used
in combination with tamoxifen was compared with tamoxifen alone, and ATACS3 relates
to the situation when aromatase inhibitor alone was compared with the combination of
aromatase inhibitor and tamoxifen.
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Table 1. Description of included studies. Legend: TAM—tamoxifen, EXE—exemestane, LET—letrozole, ANA—anastrozole, PBO—placebo, comb—combination,
observ—observation, ND—no data.

TRIAL ARM (1 Included i PRIMARY TREATMENT
TRIAL Safety ;:"a{';si';) ecm TREATMENT TRIAL DESIGN AGE (Mean) CANCER STAGE
Surgery (%) Radiotherapy (%) Systemic Therapy (%)
switch group ilggﬁupf“’“‘ 100% 1247 (67%) 712 (39%)
group = upfront strategy vs. switch strategy; six treatment groups: ANA 1
FATA-GIM3 [15] upfront group = 1766 adjuvant mg, EXE 25 mg, LET 2,5 mg for 5 years; TAM 20 mg for 2 years 64 early 100% 1253 (68%) 703 (38%)
followed by administration ANA or EXE or LET for 3 years
ANA =1175 100% 801 (65%) 469 (39%)
EXE =1177 100% 854 (69%) 474 (38%)
LET = 1175 100% 845 (69%) 472 (39%)
SUCCESS C[16] EXE =54 adjuvant 5 years EXE vs. 2 years TAM + 3 years EXE EXE-63 early ND ND 100%
TAM-EXE = 54 TAM-EXE -60.5 ND ND 100%
FACE[17] LET = 2049 adjuvant LET (2.5 mg) vs. ANA (1 mg) for 5 years 62 early ND 652 (31.6%) 1294 (62.7%)
ANA = 2062 ND 621 (29.9%) 1267 (61.1%)
Iwata et al, 2013 [18] EXE =149 first-line EXE 25 mg vs. ANA 1 mg continued until disease progression, EXE-63.4 advanced ND 35 (23.5%) 103 (69.1%)
intolerable adverse event or death
ANA =149 ANA-64 ND 28 (18.8%) 100 (67.1%)
MA.27[19] EXE = 3761 adjuvant EXE 25 mg vs. ANA 1 mg for 5 years EXE-63.9 carly 3789 (100%) ND 1163 (31%)
ANA = 3759 ANA-64.3 3787 (100%) ND 1164 (31%)
ANA =48 L . pre-operative (3 months) and post-operative (5 years or until ANA-61.5 48 (100%) 18 (41.9%) 10 (23.3%)
PROACT [20] neoadjuvant and adjuvant recurrence, withdrawal) treatment TAM (20 mg) vs. ANA (1 mg) locally advanced
TAM = 48 TAM-61.6 49 (100%) 17 (39.5%) 20 (46.5%)
- X 9 o, o
EXE =55 . EXE for 5 years vs. 2.5-3 years TAM followed by EXE to a total of EXE-63.2 15 (27.3%) 35 (636%) 21 (382%)
N-SAS BC04 [21] adjuvant 5 ANA for 5 early
TAM = 56 years vs. or o years TAM-63.0 18 (32.1%) 36 (64.3%) 23 (41.1%)
ANA =55 ANA-62.9 18 (32.7%) 34 (61.8%) 21 (38.2%)
TEAM [22] TAM = 4814 adjuvant 25 mg EXE vs. TAM (20 m}%e);; %)ii‘/lf)or 5 years (EXE after 2.5-3 TAM > 50-97% carly 4868 (100%) 3320 (68%) 1740 (36%)
EXE = 4852 EXE > 50-97% 4898 (100%) 3377 (69%) 1773 (36%)
N-SAS BC03 [23] TAM = 349 adjuvant TAM for 5 years vs. TAM (20 mg) for 1-4 years —> ANA (1 mg) to TAM-60.2 early 349 (100%) ND 186 (53.3%)
complete 5 years of hormone therapy 7
ANA =347 ANA-59.5 347 (100%) ND 187 (53.9%)
EXE =182 N TAM 20 mg vs. EXE 25 mg until disease progression or EXE-63 et ND 75 (41.2%) 76 (41.7%)
EORTC phase III, 2008 [24] first-line unacceptable toxicity occurred metastatic
TAM = 189 TAM-62 ND 79 (41.8%) 79 (41.8%)
ARNO-95 [25] ANA = 445 adjuvant TAM for 5 years vs. TAM for 2 years > ANA for 3 years ANA-60.9 early 489 (100%) 326 (66.7%) ND
TAM = 452 TAM-60.5 490 (100%) 332 (67.8%) ND
766 (32.4%) chemoth.; 567
EXE = 2320 . TAM 20 mg for 5 years vs. TAM 20 mg for 2 or 3 years, then EXE-64.3 2349 (99.9%) ND
IES [20] adjuvant switch to EXE 25 mg to complete a total of five years of adjuvant early (24.0%) hormone-th.
endocrine treatment = =
_ o 765 (32.1%) chemoth.; 557
TAM = 2338 TAM-64.2 2365 (99.7%) ND (23.4%) hormone-th.
- TAM = 225 S TAM 20 mg (2-3 years) —> ANA 1 mg to complete 5-years 225 (100%) 110 (49%) 150 (67%)
ITA [27] adjuvant treatment vs. TAM 20 mg for 5 years 03 early
ANA =223 223 (100%) 120 (54%) 149 (67%)
LET (LET for 5 years; LET —> LET 2. TAM (21 LET (2 years) —> TAM N o o o
BIG-98 [25] TAM) = 3975 adjuvant (2.5mg) vs. (20 mg) vs. (2 years) —> (3 years) 6 carly 4003 (100%) 2867 (71.6%) 1012 (25.3%)

vs. TAM (2 years) —> LET (3 years) for 5 years (this analysis
TAM (TAM for §  TAM — compares the two groups assigned to receive LET initially with
¢ LE;)r - g;;;s > the two groups assigned to receive TAM initially) 4007 (100%) 2870 (71.6%) 1012 (25.3%)
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Table 1. Cont.

TRIAL TRIAI;;?SI;,A A:":I"; sli';;kd mn TREATMENT TRIAL DESIGN AGE (Mean) CANCER STAGE PRIMARY TREATMENT
Surgery (%) Radiotherapy (%) Systemic Therapy (%)

= - %, %, %,
MA.17 [29] LET = 2572 extended adjuvant LET (2.5 mg) vs. placebo for 5 years LET-62.0 carly 1286 (50%) 1550 (60%) 1175 (46%)
PBO = 2577 PBO-62.0 1301 (50%) 1528 (59%) 1177 (46%)

. EXE =61 . . TAM 20 mg vs. EXE 25 mg; treatment was continued until EXE-62 . ND 59% 42%

EORTC phase II trial [30] first-line progression of disease, unacceptable toxity, patient refusal or start metastatic

TAM =59 of any new anti-cancer therapy TAM-63 ND 59% 43%

ANA = 3092 . ANA 1 mg + TAM placebo vs. ANA placebo + TAM 20 mg vs. ANA-64.1 1494 (47.8%) 1978 (63.3%) 698 (22.3%)
ATAC [31] adjuvant ANA 1 TAM 20 for5 . early
TAM = 3094 mg+ mg for > years TAM-64.1 1474 (47.3%) 1946 (62.5%) 647 (20.8%)
comb = 3097 comb-64.3 1502 (48.1%) 1936 (62.0%) 651 (20.8%)
TARGET [32] ANA =336 first-line ANA 1 mg vs. TAM Zgiv\g;‘trial treafn.lent was continued until ANA-67 advanced ND ND 105 (30.8%)
sease progression
TAM = 329 TAM-66 ND ND 97 (29.6%)
- s i ras ; ; " o
Nabholtz et al, 2000 [33] ANA =170 firetdine ANA 1 mg vs. TAM ngwg,‘tnal treatment was continued unil ANA-68 advanced ND ND 68 (39.8%)
isease progression
TAM =182 TAM-67 ND ND 70 (38.4%)
- o

NRG 0““’1"[%{;“5“” B-42 PBO = 1933 extended adjuvant LET 2.5 mg vs. placebo for 5 years ND early 775 (39:-1%) ND ND

) LET = 1941 ND 782 (39.4%) ND ND
ANZ 0501 LATER [35] observ =181 extended adjuvant LET 2.5 mg for 5 years vs. observation observ-64 early 67 (37.4%) 126 (70.4%) 86 (48.0%)

LET =176 LET- 65 64 (35.4%) 130 (71.8%) 75 (41.4%)
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Figure 3. Forest plot of odds ratios for cardiovascular events with Als by trial design (a-d). E
(experimental group); C (control group). (a) E: Als vs. C: tamoxifen (monotherapy); (b) E: Als
(monotherapy) or Als + tamoxifen (sequence) vs. C: tamoxifen (monotherapy); (c) E: Als (monother-
apy) vs. C: Als + tamoxifen (sequence) or tamoxifen (monotherapy); (d) E: Als (monotherapy) vs.
C: placebo/no treatment.

Comparing study arms in which aromatase inhibitors were used (alone or in sequence
with tamoxifen) with the arms in which tamoxifen was used alone (1 = 9) allowed for finding
a statistically higher risk of cardiovascular events for Als (OR = 1.16; 95% CI 1.04-1.30). The
heterogeneity across studies was low: I? = 0% (p = 0.71) (Figure 3b). Similar results were
observed when comparing patients taking aromatase inhibitors alone to patients taking
tamoxifen alone or in sequence with aromatase inhibitor (OR = 1.24; 95% CI 1.11-1.38)
(Figure 3c). Two studies that compared patients taking aromatase inhibitor as an extended
adjuvant therapy with those on placebo showed no difference in relation to the occurrence
of cardiovascular events (OR = 1.08; 95% CI 0.88-1.33) (Figure 3d).

3.3. Arterial Hypertension

Ten studies reported arterial hypertension as an adverse effect. Pooled analyses of
odds ratios for arterial hypertension are presented in Figure 4 (Figure 4a—d). An analysis of
five trials comparing adjuvant Als to tamoxifen showed the odds for arterial hypertension
being 1.31 times higher for patients taking aromatase inhibitor; however, this did not reach
statistical significance (OR = 1.31; 95% CI 0.47-3.65). The studies showed high heterogeneity,
with I2 = 70% (p = 0.04) (Figure 4a).

There was no difference when comparing patients taking aromatase inhibitors alone or
sequentially with tamoxifen to patients taking tamoxifen alone (OR = 1.15; 95% CI 0.72-1.83)
(Figure 4b); patients taking aromatase inhibitors alone to patients taking tamoxifen alone
or sequential with aromatase inhibitor (OR = 1.06; 95% CI 0.74-1.53) (Figure 4c); and,
similarly, patients on aromatase inhibitor as extended adjuvant therapy to those on placebo
(OR =0.93; 95% CI 0.75-1.16) (Figure 4d). The highest OR for arterial hypertension of 1.40
(95% CI 1.17-1.67) was reported in the TEAM study.
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Figure 4. Forest plot of odds ratios for arterial hypertension with Als by trial design (a—d). E
(experimental group); C (control group). (a) E: Als vs. C: tamoxifen (monotherapy); (b) E: Als
(monotherapy) or Als + tamoxifen (sequence) vs. C: tamoxifen (monotherapy); (c) E: Als (monother-
apy) vs. C: Als + tamoxifen (sequence) or tamoxifen (monotherapy); (d) E: Als (monotherapy) vs.
C: placebo/no treatment.
3.4. Body Weight Gain
Body weight gain as an adverse effect was reported in six studies. Pooled analyses
of odds ratios for body weight gain are presented in Figure 5 (Figure 5a,b). The results
were not statistically significant: OR = 1.30; 95% CI 0.85-3.33 when compared patients
taking aromatase inhibitor to patients taking tamoxifen, and OR = 0.92; 95% CI 0.73-1.14
when compared patients taking aromatase inhibitor to patients taking tamoxifen alone or
sequentially with aromatase inhibitor (Figure 5a,b).
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Figure 5. Forest plot of odds ratios for body weight gain with Als by trial design (a,b). E (experimental
group); C (control group). (a) E: Als vs. C: tamoxifen (in monotherapy); (b) E: Als (monotherapy) vs.
C: Als + tamoxifen (sequence) or tamoxifen (monotherapy).

3.5. Dyslipidemia

In our study we defined dyslipidemia as all lipid disorders, such as hyperlipidemia,
hypercholesterolemia or hypertriglyceridemia. Dyslipidemia as an adverse effect was
reported in six studies. Pooled analyses of odds ratios for dyslipidemia are presented in
Figure 6 (Figure 6a,b). When data were pooled across trials, no evidence of difference
was observed. However, these analyses were inconclusive due to wide 95% Cls (aro-
matase inhibitor alone or sequentially with tamoxifen vs. tamoxifen: OR = 2.24; 95% CI
0.99-5.06; aromatase inhibitor alone vs. tamoxifen alone or sequentially with aromatase
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inhibitor: OR = 1.72; 95% CI 0.97-3.03) and high heterogeneity across studies with 12 = 97%
(Figure 6a,b). The highest OR for dyslipidemia of 3.25 (95% CI 2.94-3.60) was reported in
the BIG-98 study.
Experimental Control Odds Ratio 0Odds Ratio Experimental Control 0dds Ratio Odds Ratio
Study Events Total Events Total Weight MH, Random, 95% CI MH, Random, 95% CI Study Events Total Events Total Weight MH, Random, 95% CI MH, Random, 95% CI
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Figure 6. Forest plot of odds ratios for dyslipidemia with Als by trial design (a,b). E (experi-
mental group); C (control group). (a) E: Als (monotherapy) or Als + tamoxifen (sequence) vs.
C: tamoxifen (monotherapy); (b) E: Als (monotherapy) vs. C: Als + tamoxifen (sequence) or
tamoxifen (monotherapy).

4. Discussion

The aim of this study was to determine whether treatment using Als is associated with
an increased risk of both cardiovascular and metabolic adverse effects, such as body weight
gain, dyslipidemia, hyperglycemia or insulin resistance. Due to the fact that treatment
with Als is mainly used in postmenopausal women and given that these patients, due to
their post-menopausal status, are more likely to suffer from cardiovascular events, lipid
metabolism disorders or diabetes mellitus [12], this is a significant health concern.

To our knowledge, this is the most recent study to assess the cardiovascular and
metabolic risk of Als treatment in breast cancer patients. We found that treatment with
Als (alone or in sequence with tamoxifen) increases the risk for cardiovascular events
(OR =1.16; 95% CI 1.04-1.30) comparing with tamoxifen alone. Similar results were ob-
served when patients taking aromatase inhibitors alone were compared to those taking
tamoxifen alone or in sequence with aromatase inhibitor (OR = 1.24; 95% CI 1.11-1.38).
Our findings are consistent with the results of the study by Khosrow-Khavar et al., who
showed that the use of Als compared to tamoxifen was associated with a 19% increase
in the risk of cardiovascular adverse events (RR = 1.19, 95% CI 1.07-1.34) [7]. In contrast,
we separately analyzed the studies depending on the treatment regimens of tamoxifen
alone vs. Al alone (no relationship; OR = 1.21; 95% CI 0.99-1.48), Al alone vs. tamoxifen
alone or sequentially with Al (e.g., the TEAM study), and Al alone or sequentially with
tamoxifen vs. tamoxifen alone (e.g., the IES study). The lack of statistical significance in the
comparison of tamoxifen alone vs. aromatase inhibitor alone could be explained by the
small number of studies with this kind of design. Khosrow-Khavar et al. hypothesized
that the increase in the incidence of cardiovascular events in patients treated with Als is
probably related to the cardioprotective effect of tamoxifen, which seems also be the case in
our findings as there was no difference when the aromatase inhibitor treatment group was
compared to the placebo treatment group.

The occurrence of cardiovascular events may also depend on the duration of therapy
and the type of Al Results from a population-based cohort study conducted by Sund et al.
indicated an increased risk for arrhythmia and acute ischemic heart disease in patients
treated for more than four years with Als [36]. In turn, a network meta-analysis performed
by Zhao et al. showed the total and severe cardiovascular events’ risk ranking for letrozole,
exemestane and anastrozole in descending order [37]. Different results were presented by
He et al. [38], who suggested that patients treated with Als do not have a significant risk of
developing cardiovascular events in comparison with tamoxifen treatment (OR = 0.9940,
95% CI 0.8545-1.1562). However, in the same study it was found that almost all of the
high-grade cardiovascular events occurred in patients treated with Als [38].
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Regardless of the treatment regimen, we did not show a significantly increased risk
for arterial hypertension to be associated with Als. Nevertheless, such a risk was re-
ported in the TEAM study with an OR of 1.40 (95% CI 1.17-1.67) [22]. Blaes et al., ex-
amining vascular function in breast cancer patients, showed that compared to healthy
post-menopausal women, women on Al had a higher mean systolic blood pressure
(128.6 mmHg vs. 116.2 mmHg; p = 0.004) [39].

As with arterial hypertension, we did not show an increased risk for body weight
gain in the Al-treated groups. Sestak et al. analyzed, for weight change, three large clinical
trials (ATAC, IBIS-I, IBIS-II) and they reported that weight gain did not differ between Als,
tamoxifen and placebo [40], which is consistent with the results of the current meta-analysis.
The body weight was compared at 2 years with that at diagnosis in 625 patients with breast
cancet, and 31% had lost > 2 kg, 34% had a stable weight and 35% had gained >2 kg. Main
factors associated with > 2 kg weight gain were pre-menopausal status and receiving any
chemotherapy [41].

Patients treated with aromatase inhibitor tended to have a higher risk for dyslipidemia
than those treated with tamoxifen, though the difference did not reach statistical signif-
icance. It could have been due to wide 95% Cls and high heterogeneity across studies
(I = 97%). The highest risk was reported in the BIG-98 study (OR = 3.25; 95% CI 2.94-3.60).
A total of 43.6% of patients in the letrozole group and 19.2% of patients in the tamoxifen
group had hypercholesterolemia recorded at least once during treatment [28]. Wang et al.
conducted a prospective single-center cohort study and found that steroidal aromatase
inhibitor (exemestane) had a more favorable effect on lipid profiles than nonsteroidal
aromatase inhibitors (anastrozole, letrozole). The cumulative incidence of lipid events in
the steroidal and nonsteroidal groups at 24 months was 25.3% and 37.0%, respectively [42].
These findings are consistent with the results obtained in the BIG-98 study [28].

Data to assess the odds for Al-associated hyperglycemia was insufficient to perform
a meta-analysis. Hyperglycemia was reported as an adverse event only in five studies
having a different drug regimen. In the ITA study, hyperglycemia was observed in 1.3% of
patients receiving tamoxifen therapy for 5 years and 4.5% of patients receiving tamoxifen
and anastrozole sequentially [27]. In contrast, in the SUCCESS C study, hyperglycemia
was significantly more frequent in patients receiving sequential therapy with tamoxifen
and Al than in patients receiving therapy with exemestane alone (28% vs. 22%) [16]. In the
study by Iwata et al., comparing exemestane and anastrozole in the first-line treatment of
advanced breast cancer, the proportion of patients with hyperglycemia was significantly
higher in the exemestane group, at 51.4% and 47.7%, respectively [18]. Despite the lack of
data from large clinical trials on carbohydrate disturbances in patients using aromatase
inhibitors, this seems to be an important issue. Gibb et al., in a case-control study, compared
women with breast cancer diagnoses and receiving aromatase inhibitor therapy with
age-matched healthy control subjects. They found that aromatase inhibitor therapy was
associated with significantly lower insulin sensitivity, higher peak insulin concentration
after oral glucose tolerance test, greater percentage of body fat and higher plasma leptin
concentration [8]. In turn, Hamood et al. investigated the association between hormone
therapy and diabetes risk in breast cancer survivors. Of 2246 breast cancer survivors,
324 developed diabetes over a mean follow-up of 5.9 years. They found the hazard for
aromatase inhibitor use (HR = 4.27; 95% CI 1.42-12.84; p = 0.010) being higher than for the
use of tamoxifen (HR = 2.25; 95% CI 1.19-4.26; p = 0.013) [9]. Different results come from
the meta-analysis by Feng et al. exploring the association of hormone therapy (HT) and
secondary diabetes in breast cancer patients. They showed that HT significantly increased
the risk of developing diabetes mellitus. However, when analyzing specific HT medications,
TAM use significantly enhanced the incidence of secondary diabetes mellitus, while Als
use did not have an influence [43].

Our study is not without limitations. First, the meta-analysis was based on the
results of primary studies, not on individual patient data. We included studies with
postmenopausal women with breast cancer of any stage—early, metastatic or advanced.
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Patients with metastatic or advanced BC may have been exposed to a greater number of
prior treatments, e.g., chemotherapy, which could also cause cardiotoxicity. To minimize the
impact of this factor, we performed an additional analysis of early vs. advanced /metastatic
breast cancer. The results of this analysis can be found in Supplementary Material S1.
Then, there was a heterogeneity in reporting adverse effects between studies. The results
of the sensitivity analysis can be found in Supplementary Material S2. There was also
a heterogeneity across RCTs concerning the duration of follow-up and the trial design.
However, to minimize the impact of the treatment regimen, we decided to conduct separate
analyses in this respect. In addition, we did not have enough information characterizing
patients at baseline in terms of the presence of cardiovascular or metabolic disorders. All of
this may jeopardize our results to a certain extent.

5. Conclusions

In conclusion, our results suggest that postmenopausal women with breast cancer
treated with Als have an increased risk of cardiovascular events in comparison to those
treated with tamoxifen, which is largely due to the cardioprotective effect of the latter
compared to the cardiotoxicity of Als. We were unable to find a similar association for
hypertension, dyslipidemia, hyperglycemia, insulin resistance or weight gain. Further
large, high-quality RCTs and post-marketing safety observational studies are still needed
to definitively evaluate the impact of Als on cardiovascular events and metabolic disorders
in breast cancer patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm11113133/s1, Supplementary Table S1: Search results; Sup-
plementary Table S2: Quality assessment of included studies. Supplementary Material S1: sensitivity
analysis. Supplementary Material S2: additional analysis early vs. advanced /metastatic breast cancer.
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Supplementary Material S1: additional analysis early vs. advanced/metastatic breast cancer.

An additional analysis was performed only when the qualified studies included studies involving patients with early and

advanced breast cancer.

1. Cardiovascular events:
A. Als vs. tamoxifen monotherapy.
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B. Als (monotherapy) or Alst+tamoxifen (sequence) vs. tamoxifen (monotherapy).
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C. Als (monotherapy) vs. Alsttamoxifen (sequence) or tamoxifen (monotherapy).
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2. Arterial hypertension:
A. Als vs. tamoxifen monotherapy.
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B. Als (monotherapy) or Alsttamoxifen (sequence) vs. tamoxifen (monotherapy).
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TARGET 18 336 27 329 51.8% 0.63[0.34;1.17]
Total (95% CI) 518 518 100.0% 1.13[0.35;3.68]

Heterogeneity: Tau” = 0.6004; Chi° = 5.81, df = 1 (P = 0.02); I = 83%

ADVANCED/METASTATIC BREAST CANCER

Odds Ratlo
MH, Random, 95% CI
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3. Body weight gain:
A. Als (monotherapy) vs. Als+tamoxifen (sequence) or tamoxifen (monotherapy)

Study
FATA-GIM3
TEAM

Total (95% CI)

Experimental

Events Total Events Total Weight MH, Random, 95% CI

78 1766
350 4852

6618

Control

90 1761 184%
422 4814 816%

6575 100.0%

Heterogeneity: Tau’ = 0; Chi = 0.1, df = 1 (P = 0.74); I’ = 0%

EARLY BREAST CANCER

Odds Ratio

0.860.63;1.17)
0.81[0.70;0.94]

0.82[0.72; 0.93]

Odds Ratio
MH, Random, 95% Cl

‘
—

0.75

1

1 15
Favours control

Experimental Control Odds Ratlo Odds Ratlo
Study Events Total Events Total Weight MH, Random, 95% CI MH, Random, 95% CI
EORTC phase Il 34 182 24 189 56.6% 1.58(0.90; 2.79) = N
TARGET 6 336 6 329 14.0% 0.98(0.31: 3.07) —_—
Nabholtz 2000 5 170 2 182 6.7% 273[0.52:14.25) ————
EORTC phase Il 1 61 13 59 227% 0.78(0.32; 1.91) |
Total (95% CI) 749 759 100.0%  1.30 [0.85; 2.00) -
Prediction interval [0.51; 3.33) —_——
Heterogeneity: Tau® = 0; Chi* = 2.72, df = 3 (P = 0.44); I = 0%

0.1 05 1 2 10
X Favours control

ADVANCED/METASTATIC BREAST CANCER



Supplementary Material S2: sensitivity analysis.

In the sensitivity analysis, were made the assumptions that studies with incidence rate of events < 0,01 (1%) will be exluded,

therefore it only applies to cardiovascular events.

Cardiovascular events:

1. Als vs. tamoxifen (monotherapy) — all (left) vs. without low incidence (right)

Experimental Control Odds Ratlo
Study Events Total Events Total Weight MH, Random, 95% CI
EORTC phase Il 22 182 12 189 72% 2.03[0.97:4.23)
BIG-98 181 3975 161 3988 61.0% 1.13[0.91:1.41)
ATAC 76 3092 59 3094 29.4% 1.30 [0.92:1.83)
TARGET 3 336 3 329 1.5% 0.98 [0.20;4.89]
Nabholtz 2000 1 170 4 182 08% 026(0.03:2.38)
Total (95% CI) 7755 7782 100.0% 1.21 [0.99; 1.48)
Prediction Interval (0.82; 1.80)

Heterogeneity: Tau” « 0.0049; CH « 4.30, 0 « 4 (P = 0.37): F « 7%

Odds Ratlo
MH, Random, 95% CI

-
—_
0.1 051 2 10
X t Favours control

Experimental Control Odds Ratio
Study Events Total Events Total Weight MH, Random, 95% CI
EORTC phase Ill 22 182 12 189 79% 203[0.97:4.23)
BIG-98 181 3975 161 3988 61.1%  1.13[0.91:1.41]
ATAC 76 3092 59 3094 31.0% 1.30[0.92;1.83)
Total (95% CI) 7249 7271 100.0%  1.24[1.00; 1.53)
Prediction interval [0.22;6.97)

Heterogenety: Tau® = 0.0068; Chi¥ = 2.39, df = 2 (P = 0.30); I = 16%

Odds Ratio
MH, Random, 95% CI
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-
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2. Als (monotherapy) or Als+tamoxifen (sequence) vs. tamoxifen (monotherapy) - all (left) vs. without low incidence (right)

Experimental Control Odds Ratio
Study Events Total Events Total Weight MH, Random, 95% CI
EORTC phase Ill 22 182 12 189 22% 2.03[0.97:4.23]
BIG-98 181 3975 161 3988 255% 1.13[0.91:1.41]
ATAC1 76 3092 59 3094 102% 1.30[0.92:1.83]
ATAC2 68 3097 59 3094 97% 1.15[0.81:1.64]
TARGET 3 336 3 329 05% 0.98[0.20:4.89]
Nabholtz 2000 1 170 4 182 02% 0.26([0.03:238]
N-SAS BC03 2 347 3 349 04% 0.67[0.11:4.03]
ARNO-95 9 445 4 452 09% 2.31[0.71:7.56)
IES 382 2320 350 2338 482%  1.12[0.96:1.31]
ImA 17 223 14 225 22% 1.24[0.60:259]
Total (95% CI) 14187 14240 100.0%  1.16 [1.04;1.30)
Prediction interval [1.02;1.32)

Heterogeneity: Tau’ = 0; Chi¥ = 6.34, df =9 (P = 0.71); = 0%

Odds Ratio
MH, Random, 95% CI

|
e
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Favours control

Experimental Control

Study Events Total Events

EORTC phase Ill 22 182 12 189 22%
BIG-98 181 3975 161 3988 25.8%
ATAC1 76 3092 59 3094 10.3%
ATAC2 68 3097 59 3094 9.8%
ARNO-95 9 445 4 452 09%
IES 382 2320 350 2338 48.7%
ImA 17 223 14 225 23%
Total (95% CI) 13334 13380 100.0%
Prediction interval

Heterogeneity: Tau = 0; Chi’ = 4.17, df = 6 (P = 0.65); I = 0%

Odds Ratio

Total Weight MH, Random, 95% CI

2.03[0.97:4.23)
1.13[0.91:1.41)
1.30 [0.92; 1.83]
1.15[0.81:1.64]
2.31(0.71:7.56)
1.12[0.96;1.31)
1.24 [0.60; 2.59]

1.17 [1.05; 1.31]
[1.01;1.35)

Odds Ratio
MH, Random, 95% CI
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3. Als (monotherapy) vs. Als+tamoxifen (sequence) or tamoxifen (monotherapy) - all (left) vs. without low incidence (right)

Experimental

Study Events
EORTC phase lll 22
BIG-98 181
ATAC1 76
ATAC2 76
TARGET 3
Nabholtz 2000 1
FATA-GIM3 97
TEAM 314
Total (95% CI)

Prediction interval

17454 100.0%

Heterogenetty: Tau’ = 0; Chi’ = 6.21, df = 7 (P = 0.52); F = 0%

Control Odds Ratio
Total Weight MH, Random, 95% CI
189 22%  2.03[0.97;4.23]
3988 249% 1.13[0.91:1.41]
3094 99%  1.30[0.92;1.83]
3097 10.7%  1.12[0.81:1.56]
329 05% 0.98[0.20;4.89]
182  02%  0.26(0.03;2.38]
1761 132%  1.13(0.84;153]
4814 385%  1.36(1.14:1.62)

1.24[1.11;1.38)
[1.08;1.42)

re

Odds Ratio
MH, Random, 95% CI

B

051 2 10

Favours control

Experimental Control
Study Events Total Events Total
EORTC phase Il 22 182 12 189
BIG-98 181 3975 161 3988
ATAC1 76 3092 59 3094
ATAC2 76 3092 68 3097
FATA-GIM3 97 1766 86 1761
TEAM 314 4852 233 4814
Total (95% CI) 16959 16943

Prediction interval

Heterogeneity: Tau® = 0; Chi® = 4.22, df = 5 (P = 0.52); I = 0%

Odds Ratio

Welight MH, Random, 95% CI

2.03[0.97;4.23]
1.13[0.91;1.41]
1.30[0.92; 1.83]
1.12[0.81;1.56]
1.13[0.84;1.53]
1.36[1.14;1.62]

1.25[1.12;1.39)
[1.07; 1.45)

JI -~ +

Odds Ratio
MH, Random_, 95% CI

2
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Supplementary Table S1. Search results in each query - cardiovascular and metabolic adverse events
in postmenopausal women with breast cancer receiving aromatase inhibitors (on 27 Oct 2020)

Embase
+
Medline
1 'breast tumor":ab,ti OR 'breast tumor'/exp OR ‘breast tumor’ 24 363
2 'aromatase inhibitor":ab,ti OR 'aromatase inhibitor'/exp OR 3008
‘anastrozole'/exp OR 'arimidex'/exp OR 'letrozole'/exp OR
'femara'/exp OR 'exemestane'/exp OR 'aromasin'/exp
3 ‘cardiovascular disease'/exp OR 'ischemic heart disease'/exp 264 359

OR 'heart infarction'/exp OR 'cerebrovascular accident'/exp
OR 'body weight'/exp OR 'obesity'/exp OR 'diabetes
mellitus'/exp OR 'dyslipidemia'/exp OR 'glucose
intolerance'/exp OR 'insulin resistance'/exp OR
'hyperglycemia'/exp OR 'hypercholesterolemia'/exp OR
'hypertriglyceridemia'/exp OR 'metabolic syndrome X'/exp

5 #1 AND #2 AND #3 629




Trial Selection bias Performanc | Detectio | Attrition | Reporting | Othe
e bias n bias bias bias r bias
Random Allocation Blinding of Blinding | Incomplet Selective
Sequence | Concealment | participants of e Outcome | outcome
Generation outcome
FATA-GIM3 - + + + - - ?
[13]
SUCCESS C ? ? + + ? ? -
[14]
FACE [15] - + + + - - -
Iwata et al, - ? - - - - ?
2013 [16]

MA.27 [17] - + + + - - -
PROACT [18] - ? - ? - - -
N-SAS BC04 ? ? + + - - -

[19]

TEAM [20] - - + - - -

N-SAS BC03 ? ? + - - -
[21]
EORTC, - + + + - - -

phase III [22]

ARNO-95 [23] - - + + - - -
IES [24] - - - - - - -
ITA [25] ? ? ? ? - - -

BIG-98 [26] - - - - - - -

MA.17 [27] ? ? - - - - -

EORTC, - + + + - - -
phase 11 [28]

ATAC [29] - - - - - - -
TARGET [30] - ? - - - - -
Nabholtz et al, - - - - ? ? _

2000 [31]
NRG - - - ? ? - -

Oncology/NS

ABP B-42 [32]

ANZ 0501 - + + + - - -

LATER [33]

Supplementary Table S2. Quality assessment of included studies. Legend: low risk of bias (-), high risk of bias (+),
unclear risk of bias (?)
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Simple Summary: Progressive industrialization, urbanization, and consumerism lead to increased
contamination of the environment with endocrine-disrupting compounds (EDCs) which play an
important role in the increased incidence of hormone-dependent cancers, e.g., breast cancer. EDCs
include, among others, xenoestrogens—exogenous compounds that can bind to estrogen receptors
and thus compete with, or mimic the action of endogenous estrogens (e.g., promote the proliferation
of cancer cells). The aim of the study was to answer the question whether exposure to selected
xenoestrogens, widespread in everyday life (aluminum in antiperspirants and deodorants; chromium
(III) in dietary supplements and drugs) affects the effectiveness of drugs used in hormone therapy in
breast cancer. We performed in vitro tests on a breast cancer cell model—MCF-7 and MCF-7/DOX
cell lines exposed to selected xenoestrogens, drugs, and their combinations. Our results confirm that
such exposure may negatively affect the effectiveness of breast cancer hormone therapy.

Abstract: Endocrine-disrupting compounds (EDC) play an important role in the increased incidence
of breast cancer (BC). There are some 160 xenoestrogens that may be involved in the development of
BC. Much less is known about the influence of xenoestrogens on the effectiveness of the treatment
of BC. The aim of this study was to analyze the interaction of metalloestrogens (aluminum and
chromium (III)) and drugs used in the treatment of hormone-dependent BC—aromatase inhibitors
(AI)—letrozole and exemestane. A cell viability assay, a flow cytometer analysis of apoptosis and cell
cycle phases, and protein activity of BAX and Bcl-2 were performed on two human breast cancer cell
lines—MCF-7 and MCE-7/DOX. In MCF-7 cells, the lower concentration of exemestane and higher
of letrozole, in combination with metalloestrogens, results in a decrease in the effectiveness of drugs.
Additionally, in the MCF-7/DOX cell line, we observed that the combination of metalloestrogens and
Al leads to a decrease in the drug’s effectiveness due to an increase in the viability of breast cancer
cells (both concentrations of letrozole and higher concentration of exemestane). In both cell lines,
the reduction in the effectiveness of Al, in combination with metalloestrogens, is not related to the
influence on the cell cycle. Our results confirm that exposure to metalloestrogens may negatively
affect the effectiveness of hormone therapy with Al Further studies are needed to fully explain the
mechanism of these interactions.

Keywords: breast cancer; xenoestrogens; aromatase inhibitors; metalloestrogens; chromium (III);
aluminum; interaction

1. Introduction

In 2020, breast cancer (BC) was diagnosed in 2.3 million women worldwide, and
according to the latest prognosis of the American Cancer Society, in 2022 breast cancer
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will continue to be the most common cancer among women [1,2]. Breast cancer is not a
homogeneous disease depending on the expression of key receptors. Several subtypes
are distinguished, which differ in the treatment method and prognosis [3]. One of the
more common subtypes is steroid receptor-expressing hormone-dependent breast can-
cer, which is diagnosed in up to 70% of breast cancer patients [4]. In the treatment of
hormone-dependent breast cancer, apart from surgery, radiotherapy, and chemotherapy,
long-term use of hormone therapy is crucial to eliminate the proliferation-inducing ef-
fects of estrogens [3]. In early breast cancer, tamoxifen for 5-10 years is predominantly
used in premenopausal women, and tamoxifen, aromatase inhibitors, or their sequence in
postmenopausal women. Aromatase inhibitors or fulvestrant in combination with a cyclin-
dependent kinase inhibitor CDK4/6, e.g., palbocyclib or alone—tamoxifen, aromatase
inhibitors, or high doses (500 mg i.m.) of fulvestrant are used for hormonal treatment
in patients with advanced breast cancer [5-7]. In recent years, treatment with aromatase
inhibitors has become more and more popular due to their higher efficacy and a good
tolerance profile compared to the current gold standard—tamoxifen. The mechanism of
action of aromatase inhibitors is based on the inhibition of the activity of the aromatase
enzyme, which is involved in the conversion of androgens to estrogens. The effect of their
action is the elimination of estrogens stimulating the proliferation of cancer cells [5,8].

Xenoestrogens, also called endocrine-disrupting compounds (EDCs), are exogenous
substances that disrupt the functioning of the endocrine system and exhibit estrogen-like
effects, interacting with estrogen receptors (they act as their antagonists or agonists), interfering
with the synthesis and metabolism of endogenous estrogens, and influencing the synthesis of
estrogen receptors [9-11]. There are several major classes of xenoestrogens—phytoestrogens
(e.g., genistein), mycoestrogens (e.g., zearalenone), pesticides, pharmaceuticals, and industrial
chemicals (e.g., dichlorodiphenyltrichloroethane—DDT, diethylstilbestrol—DES), synthetic
compounds and detergents (e.g., bisphenol A—BPA), and metalloestrogens (e.g., cadmium,
chromium, and aluminum) [12]. The Endocrine Society highlights the link between different
pathologies, including hormone-dependent cancers in women, and different EDCs, including
BPA and dioxins [13-17]. Much less is known about the influence of xenoestrogens on the
effectiveness of breast cancer treatment. Several studies have shown that genistein can reverse
the therapeutic effect of tamoxifen and its active metabolite—4-hydroxytamoxifen [18-24].
Genistein and zearalenone reversed the inhibitory effect of palbociclib + letrozole combination
on cancer cell proliferation, and BPA antagonizes the cytotoxicity of chemotherapeutic drugs
(doxorubicin, cisplatin, and vinblastine) in both ER-positive and ER-negative breast cancer
cells [25,26].

Despite the common use of metalloestrogens in everyday life, e.g., aluminum and
chromium (III), there is no research on how these metalloestrogens affect the effectiveness
of breast cancer hormone therapy [11]. Although the human population may be exposed to
aluminum from a range of sources, including diet, antacids, and vaccine adjuvants, frequent
application of antiperspirants with aluminum salts to the under-arm region adds a relatively
high additional exposure directly to the local area of the human breast. Coincidentally, this
is also the region of the human breast where there is a disproportionately high incidence
of both breast cysts and breast cancer. Aluminum-based antiperspirants (mainly with
aluminum chloride or aluminum chlorohydrate) are applied regularly, often to skin irritated
by shaving, which further increases exposure to this metalloestrogen [27]. In addition,
Darbre and her colleagues have shown that long-term exposure to aluminum (10~* M
aluminum chloride or aluminum chlorohydrate) can increase migratory and invasive
properties of MCF-7 human breast cancer cells [28]. Of the two environmentally available
forms of chromium, hexavalent and trivalent, the hexavalent form has been classified
by IARC (the International Agency for Research on Cancer) as a human carcinogen and
mutagen. There are conflicting results in the literature concerning the cytotoxicity and
genotoxicity of chromium (III). Chromium (III) salts and chromium (III) compounds have
been shown to induce DNA damage, sister chromatid exchange, centromere positive and
negative micronuclei, oxidative damage, and Cr-DNA adducts [29]. Moreover, some
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in vitro studies show that chromium chloride has estrogenic activity. Estrogenicity is
defined as the property of producing biological responses qualitatively similar to those
produced by the endogenous hormone, 173-estradiol [16]. The effect of chromium as an
endocrine disruptor is becoming increasingly important due to the popularity of trivalent
chromium taken in the form of dietary supplements or over-the-counter medications. They
are used to regulate glucose levels or to reduce weight; although the available data are
inconclusive [30].

The purpose of this study was to analyze the interaction of selected metalloestrogens,
aluminum and chromium (III), and drugs used in the treatment of hormone-dependent breast
cancer—aromatase inhibitors (Al): non-steroidal Al—letrozole and steroidal Al—exemestane.
Our research was conducted on the two estrogen-dependent breast adenocarcinoma cell lines:
MCE-7 and MCF-7/DOX (doxorubicin-resistant cell lines). Due to widespread exposure to
metalloestrogens, as well as a steady increase in the incidence of BC, examining their impact
on the effectiveness of therapies used in the treatment of hormone-dependent BC is becoming
a clinically important issue.

2. Materials and Methods
2.1. Materials

DMEM, low-glucose (Dulbecco’s modified eagle’s medium), FBS (fetal bovine serum),
penicillin-streptomycin (10x) solution, and PBS (phosphate-buffered saline) were pur-
chased from Biological Industries, Haemek, Israel. Aluminum chloride hydrate, chromium
(III) chloride hexahydrate, letrozole, exemestane, testosterone, DMSO (dimethyl sulfoxide),
deionized water, and ethanol were obtained from Sigma Aldrich, Burlington, MA, USA.
TrprETM Express and GlutaMAX™ were from Gibco, Waltham, MA, USA. Annexin
V-FITC Apoptosis Kit and FxCycle™ PI/RNase Staining Solution were purchased from
Invitrogen, Waltham, MA, USA. Cell Proliferation Kit II (XTT) was from Roche Diagnostics,
Mannheim, Germany. The Halt™ Protease Inhibitor Coctail (100x) and Pierce™ BCA
Protein Assay Kit were obtained from Thermo Fisher Scientific, Waltham, MA, USA. The
lysis buffer for ELISA, Nori Human Apoptosis Regulator BAX ELISA Kit, and Nori Human
Bcl-2 ELISA Kit were purchased from Genorise Scientific, Glen Mills, PA, USA. Accutase™
Cell Detachment was obtained from BD Biosciences, San Jose, CA, USA.

2.2. Methods
2.2.1. Cell Culture

Estrogen-dependent breast adenoma cell line, MCF-7, was purchased in CLS Cell
Lines Service GmbH, Eppelheim, Germany. The MCF-7/DOX (an MCF-7 cell line with
P-gp overexpressing; a doxorubicin-resistant cell line) was derived from an MCE-7 cell
line by 3-month cultivation in the presence of a low doxorubicin concentration. Cells
were cultured in complete DMEM growth medium (DMEM, low-glucose with glucose
concentration 5.5 (5) mM), supplemented with fetal bovine serum (FBS)—10% v/v, 2 mM
L-glutamine, anti-biotics streptomycin (10,000 U/mL), penicillin (10 mg/mL), and 10~° M
testosterone, at 37 °C in a humidified atmosphere with 5% CO,. The cells were subcultured
twice a week using TrypLE™ Express.

2.2.2. Drugs and Metalloestrogens Solutions

Letrozole (LET) and exemestane (EXE) were dissolved in DMSO as 100 mM stock
solution (LET: 285 mg in 10 mL DMSO and EXE: 296 mg in 10 mL DMSO) and stored
at —20 °C. Aluminum chloride hydrate (AL) and chromium (III) chloride hexahydrate
(CR) were dissolved in deionized water as 1 mM stock solution and stored at —20 °C.
The working solutions were freshly prepared before each experiment by dilution of stock
solution in a culture medium. To prepare the highest concentration of EXE (200 uM) and
LET (100 uM), we used 10 pL of stock solution of EXE and 5 pL of stock solution of LET,
respectively, so the final DMSO concentration was less than 0.2% in EXE and less than 0.1%
in LET at the highest aromatase inhibitor concentration tested.
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2.2.3. Cell Viability Assay

The cytotoxic effect of letrozole, exemestane, chromium (III) salt, aluminum (III)
salt, and their combinations on MCF-7 and MCF-7/DOX cells was determined using the
XTT assay. The XTT assay is based on the cleavage of the yellow tetrazolinum salt XTT
(sodium 3'-[1-(phenylaminocarbonyl)-3,4-tetrazolinum]-bis (4-methoxy-6-nitro) benzene
sulfonic acid hydrate) to form an orange formazan dye by metabolic active cells. Briefly,
1 x 10* cells were seeded in a 96-well plate and treated in triplicates with various concentra-
tions of letrozole (10 nM-100 uM), exemestane (12.5-200 uM), and chromium (III) /aluminum
(III) salt (5-250 uM) for 72 h. To determine the cytotoxicity of the drug—metalloestrogen
combination, we treated cells with the drugs (in two different doses) and metalloestrogen
(EXE1 = 100 uM; EXE2 = 200 uM; LET1 = 10 uM; LET2 = 100 uM) + 100 uM CR/AL for
72 h. Untreated control cells were also included. Cells supplemented with 0.2% DMSO
were considered as a control. After incubation, the XTT assay was performed according
to the manufacturer’s instructions. Absorbance was determined at A = 450 nm, with a
reference wavelength at 650 nm using Synergy HTX Multi-Mode Microplate Reader, BioTek,
Winooski, VA, USA. The untreated control served as the 100% reference.

2.2.4. Apoptosis and Necrosis Assay

Apoptosis and necrosis were detected with flow cytometry. Cells were stained with an
Annexin V-FITC Apoptosis Kit, which contains annexin V conjugated to fluorescein (FITC,
annexin V) and propidium iodide (PI). The staining allows for the distinguishing of living
cells, early and late apoptotic cells, and necrotic cells. Briefly, 1 x 10° cells were seeded in
a 6-well plate and treated with letrozole (LET 1 = 10 uM; LET 2 = 100 uM), exemestane
(EXE1 = 100 uM; EXE2 = 200 uM), Cr(IIT)/ AI(III) salt (100 uM) and their combination
for 72 h. The untreated control was also prepared and cells supplemented with 0.2%
DMSO were considered as a control. Following incubation, the cells were detached with
Accutase™ Cell Detachment and washed in cold PBS. The cells were resuspended in 100 uL
1 x annexin-binding buffer and stained with 5 pL of FITC annexin V and 1 pL of PI. After
the incubation period (15 min in the dark at room temperature) 400 uL 1 x annexin-binding
buffer was added and samples were immediately analyzed in the flow cytometer (CyFlow®
SPACE flow cytometer, Sysmex, Kobe, Japan).

2.2.5. Cell Cycle Analysis

To study the anti-proliferative effects induced by the Als, metalloestrogens, and their
combinations, cell cycle analysis was performed with flow cytometry. Cells were stained
with FxCycle™ PI/RNase Staining Solution, which allows for the measurement of DNA
content and cell distribution among three major phases of the cell cycle: G0/G1, S, and
G2 /M. The number of cells, the concentrations used, and the incubation time was the same
as for the apoptosis and necrosis assay (Section 2.2.4). After incubation, the cells were
detached with TrypLE™ Express solution and washed with cold PBS. The cells were then
fixed with ice-cold 70% ethanol and kept on ice for 1 h. After two washing steps with
cold PBS, the cells were resuspended in 500 pL of PI solution and incubated for 30 min,
protected from light. Following incubation, samples were analyzed in the flow cytometer
(CyFlow® SPACE flow cytometer, Sysmex, Kobe, Japan).

2.2.6. Flow Cytometric Analysis

All cytometric analyzes were performed on CyFlow® SPACE flow cytometer (Sysmex,
Japan). The laser excitation 488 nm (50 mW) and the filter 536/40 (BP) were used for
fluorescence measurement of FITC. Propidium iodide fluorescence was measured using
laser excitation 488 nm (50 mW) and the filter 675/20 (BP). The MultiCycleTM DNA analysis
model was used for cell cycle analysis. All results were analyzed using FCS Express
7 Cytometry software (De Novo Software, Pasadena, CA, USA).
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2.2.7. Preparation of Cell Lysates

Briefly, 1 x 10° cells per T-25 flask were seeded and treated with letrozole (LET
1=10 uM; LET 2 = 100 uM), exemestane (EXE1 = 100 uM; EXE2 = 200 uM), CR/AL
(100 uM), and their combination for 48 h. The untreated cell control was also prepared and
cells supplemented with 0.2% DMSO were considered as a control. Following incubation,
the cells were detached with TrypLE™ Express solution, washed with cold PBS, and
transferred to a microfuge tube. The cells were centrifuged to pellet the cells and then
any remaining buffer was removed. A 0.5 mL lysis buffer, supplemented with a protease
inhibitor cocktail, was added to the cell pellet, vortexed, and incubated for 30 min on ice.
Then, samples were centrifuged at 10,000 x g for 10 min. The supernatants were transferred
to a clean tube and stored at —80 °C for further analysis.

2.2.8. Determination of Total Protein Concentration in Cell Lysates

Total protein concentration was determined using the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA). The assay was performed according to the
manufacturer’s instructions. Absorbance was determined at A = 562 nm using a Synergy
HTX Multi-Mode Microplate Reader, BioTek, USA.

2.2.9. ELISA Assays for Bcl-2 and BAX Proteins Detection

ELISA was used to detect and quantify from cell lysates (details in Section 2.2.7) Bcl-2
and BAX apoptotic proteins involved in the cell death pathway. A Nori Human Apoptosis
Regulator BAX ELISA Kit and a Nori Human Bcl-2 ELISA Kit (Genorise Scientific, Glen
Mills, PA, USA) were performed, according to the manufacturer’s instructions. Each
sample was assayed in duplicate and expressed relative to the total protein concentration
in the same sample. Absorbance was determined at A = 570 nm using a Synergy HTX
Multi-Mode Microplate Reader, BioTek, USA. The four-parameter logistic fitted standard
curves for calculating the concentration of Bcl-2 and BAX protein were generated from
the Arigo Biolaboratories website (https://www.arigobio.com/elisa-analysis, accessed on
15 September 2022). Bcl-2 and BAX concentrations were calculated per 100 pL of total
protein in the sample, and the Bcl-2/BAX ratio was then calculated.

2.2.10. Statistical Analysis

Results were analyzed using GraphPad Prism 9 (GraphPad Software, Boston, MA,
USA) using one-way ANOVA, followed post hoc by Tukey’s (or Dunnett’s tests in case
of cell viability assay for alone compounds) multiple comparisons tests. The results were
expressed as the mean and standard deviation of the mean (SD). Each experiment was
repeated three times. Significant differences among means were estimated at p < 0.05.

3. Results
3.1. Effect of Metalloestrogens, Aromatase Inhibitors, and Their Combination on Cell Viability
3.1.1. Metalloestrogens and Aromatase Inhibitors Alone

Results obtained for individual compounds—exemestane (12.5-200 pM), letrozole
(10 nM-100 uM), chromium (III), and aluminum (5-250 uM), are in the Supplementary
Materials (Figures S1 and S2). Exemestane and letrozole were more cytotoxic to MCF-7 cells
than to MCF-7/DOX cells, with exemestane being more potent in both cell lines. Aluminum

and chromium (III) had no cytotoxic effect; they stimulated cell proliferation and there
were more MCEF-7 cells than MCF-7/DOX cells.

3.1.2. Metalloestrogens and Aromatase Inhibitors in Combination

The results are shown in Figure 1.
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Figure 1. Effect of metalloestrogens and aromatase inhibitors in combination on cell viability. The
viability of MCF-7 cells treated with exemestane (A) and letrozole (B), alone or in combination
with aluminum or chromium (III). The viability of MCF-7/DOX cells treated with exemestane
(C) and letrozole (D), alone or in combination with aluminum or chromium (IIT). EXE1 = 100 uM;
EXE2 = 200 uM; LET1 = 10 uM; LET2 =100 uM; Al/Cr(Ill) = 100 uM. The results are presented as
mean + SD, n = 3; p < 0.05; * statistically significant difference from the control; # statistically significant
difference from the aromatase inhibitor.

e  Effects on MCEF-7 cells.

The combination of exemestane (100 uM) with both aluminum and chromium (III)
increased the viability of MCF-7 cells (EXE1—65%; EXE1AL—71%; and EXE1CR—79%,
respectively). The result for chromium (IIl) is statistically significant (p = 0.0004). The
combination of exemestane at 200 uM with metalloestrogens had no significant effect (EXE2
18% vs. EXE2AL 23%, p = 0.3888; vs. EXE2CR 16%, p = 0.997) on MCEF-7 cells viability.
Letrozole (10 uM) in combination with aluminum or chromium (III) had no statistically
significant effect on MCF-7 cell viability (LET1 82% vs. LET1AL 82%, p > 0.9999; vs. LET1CR
78%, p = 0.9645). However, a combination letrozole at a concentration of 100 uM with
chromium (III) and aluminum increased cell viability (LET2—67%; LET2CR—85%; and
LET2AL—70%, respectively). The difference between LET2 and LET2CR was statistically
significant (p = 0.0028).

e  FEffects on MCF-7/DOX cells.

Aromatase inhibitors were less cytotoxic to MCF-7/DOX cells than MCF-7 cells. The
combination of EXE1 with aluminum or chromium (III) increased cell viability, but the
results were not statistically significant (EXE1 77% vs. EXE1AL 83%, p = 0.9331; vs. EXE1CR
91%, p = 0.3006). The combination of EXE2 with metalloestrogens was statistically sig-
nificant and increased the viability of MCF-7/DOX cells—EXE2 37% vs. EXE2AL 72%,
p = 0.0006; vs. EXE2CR 68%, p = 0.0017. The combination of letrozole (in both concentra-
tions) with metalloestrogens significantly increased the viability of MCF-7/DOX cells: LET1
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91% vs. LET1AL 106%, p = 0.0001; vs. LET1CR 102%, p = 0.0022; LET2 73% vs. LET2AL
99%, p < 0.0001; vs. LET2CR 100%, p < 0.0001.

3.2. The Effect of Metalloestrogens on Proapoptotic and Necrotic Effects of Aromatase Inhibitors

Proapoptotic and necrotic effects of aromatase inhibitors and their combination with
metalloestrogens were studied after 72 h of incubation in MCF-7 and MCF-7/DOX cells using
staining with Annexin V-FITC and PI. Results are presented as a percentage of early apoptotic
(Annexin V-FITC+, PI-), late apoptotic (Annexin V-FITC+, PI+), and necrotic (Annexin V-
FITC—, PI+) cells in Figures 2-5. The gating strategy for flow cytometry analysis of apoptosis
and necrosis assays is in the Supplementary Materials (Figure S3). A representative cytogram
for the controls is in the Supplementary Materials (Figures 54 and S5).

3.2.1. Effects on MCEF-7 Cells

The combination of 100 pM exemestane with metalloestrogens significantly reduced
the percentage of cells undergoing apoptosis and necrosis (EXE1 vs. EXE1AL, p = 0.0152; vs.
EXE1CR, p = 0.0353). For exemestane at the higher concentration (200 uM), no statistically
significant effect of metalloestrogens on the aromatase inhibitor efficacy was observed
(EXE2 vs. EXE2AL, p = 0.9973; vs. EXE2CR, p = 0.9305). The results are shown in Figure 2.

EXE1 EXEIAL EXEICR

Propidium iodide (PI) intensity

B21% ‘ 135% . B25% 107% 85% 124%
10 10

10 10 10 10 10 10 10 10 10 10 10' 10 10 10 10

EXE2 EXE2AL EXE2CR

Annexin V-FITC intensity

apoptotic + necrotic cells (%)

MCF-7

Figure 2. Effect of exemestane alone and in combination with metalloestrogens on MCF-7 cell death.
(A) Representative cytograms of flow cytometric are shown. EXE1 = 100 uM; EXE2 = 200 uM;
Al /Cr(II) = 100 pM. (B) Percentage of both apoptotic (early and late apoptotic) and necrotic cells.
The results are presented as mean + SD, n = 3; p < 0.05; * statistically significant difference from
control; # statistically significant difference from aromatase inhibitor alone.
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The combination of 10 uM of letrozole with metalloestrogens had no effect on the
proapoptotic and necrotic activity of aromatase inhibitor (LET1 vs. LET1AL, p = 0.9540;
vs. LETICR, p = 0.9982). However, the combination of a higher concentration of letrozole
(100 uM) with metalloestrogens significantly reduced the percentage of necrotic and apop-
totic cells, thus reducing the effectiveness of the drug (LET2 vs. LET2AL, p = 0.0224; vs.
LET2CR, p = 0.0125). The results are shown in Figure 3.

A

LETIAL

14.00% 4830% '° pa26% 3224%

Propidium iodide (PI) intensity

Annexin V-FITC intensity
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=
=]
=]

50

apoptotic + necrotic cells (%)

Figure 3. Effect of letrozole alone and in combination with metalloestrogens on MCEF-7 cell death. (A) Rep-
resentative cytograms of flow cytometric are shown. LET1 = 10 uM; LET2 = 100 uM; AL /Cr(III) = 100 uM.
(B) Percentage of both apoptotic (early and late apoptotic) and necrotic cells. The results are presented
as mean =+ SD, n = 3; p < 0.05; * statistically significant difference from control; # statistically significant
difference from aromatase inhibitor alone.

3.2.2. Effects on MCF-7/DOX Cells

The combination of exemestane at 100 uM with metalloestrogens significantly reduced
the number of apoptotic/necrotic MCF-7/DOX cells (EXE1 vs. EXE1AL, p = 0.0152; vs.
EXE1CR, p = 0.0353). No similar relationship is observed when combining a higher concen-
tration of exemestane (200 pM) and metalloestrogens (EXE2 vs. EXE2AL, p = 0.1097; vs.
EXE2CR, p = 0.2246). The results are shown in Figure 4.
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Figure 4. Effect of exemestane alone and in combination with metalloestrogens on MCF-7/DOX cell
death. (A) Representative cytograms of flow cytometric are shown. EXE1 = 100 uM; EXE2 = 200 uM;
Al./Cr(III) = 100 uM. (B) Percentage of both apoptotic (early and late apoptotic) and necrotic cells.
The results are presented as mean + SD, n = 3; p < 0.05; * statistically significant difference from
control; # statistically significant difference from aromatase inhibitor alone.

Letrozole, at both concentrations, in combination with metalloestrogens, did not have
a statistically significant effect on the proapoptotic/necrotic effects of the drug (LET1 vs.
LET1AL, p = 0.9960; vs. LET1CR, p = 0.9992; LET2 vs. LET2AL, p > 0.9999; vs. LET2CR,
p =0.9989). The results are shown in Figure 5.
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Figure 5. Effect of letrozole alone and in combination with metalloestrogens on MCF-7/DOX cell
death. (A) Representative cytograms of flow cytometric are shown. LET1 = 10 uM; LET2 = 100 uM;
Al./Cr(Ill) = 100 uM. (B) Percentage of both apoptotic (early and late apoptotic) and necrotic cells. The
results are presented as mean =+ SD, n = 3; p < 0.05; * statistically significant difference from control.

3.3. The Effect of Aromatase Inhibitors and Their Combination with Metalloestrogens on the
Cell Cycle

To determine whether the combination of aromatase inhibitors and metalloestrogens
may disturb the cell cycle progression, we further evaluated their effects on the cell cycle.
For this purpose, after 72 h of treatment, the cells were stained with PI and the percentage
of cells in the GO/G1, S, and G2M phases were determined using flow cytometry.

3.3.1. Exemestane

Exemestane induces cell cycle arrest in the G0/G1 phase and G2/M phase, and reduces
the number of cells in the S phase. In the MCF-7 cell line, a combination of exemestane
(100 uM) with aluminum results in an increase in the number of cells in the S phase (and
a decrease in the G2/M phase). A combination of metalloestrogens (both aluminum and
chromium (III) with exemestane in higher concentration (200 M) results in an increase
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in the percentage of cells in the G2/M phase (compared to EXE2). In the MCF-7/DOX
cell line, a combination of exemestane (200 uM) with aluminum or chromium (III) results
in an increase in the number of cells in the S phase. However, in both lines, MCF-7 and
MCEF-7/DOX, changes in the distribution of cells in individual phases of the cell cycle are
non-statistically significant. The results are presented in Table 1.

Table 1. Effect of exemestane and its combination with metalloestrogens on cell cycle in MCF-7 and
MCEF-7/DOX cell lines. EXE1 = 100 uM; EXE2 = 200 uM; and Al/Cr(III) = 100 uM. The results are
presented as mean, n = 3.

Sample %G1 (G0/G1) %S %G2 (G2/M)
MCE-7
Control 73.19 24.03 2.78
EXE1l 79.51 0.23 20.26
EXE1AL 81.72 7.95 10.33
EXE1CR 84.78 1.65 13.57
EXE2 82.96 6.09 10.95
EXE2AL 76.18 5.70 18.12
EXE2CR 80.43 5.01 14.56
MCE-7/DOX
Control 63.73 29.22 7.05
EXE1l 75.86 0.07 24.07
EXE1AL 76.81 0.00 23.20
EXE1ICR 76.14 0.00 23.86
EXE2 71.61 0.62 27.77
EXE2AL 71.70 5.94 22.36
EXE2CR 72.07 3.64 24.29

3.3.2. Letrozole

Letrozole also induces cell cycle arrest in the GO/G1 phase. In both cell lines, MCF-
7 and MCF-7/DOX, a combination of letrozole with metalloestrogens results in non-
statistically significant changes in the distribution of cells in phases of the cell cycle. In the
MCEF-7/DOX cell line, the combination of letrozole (10 uM) with aluminum increases the
percentage of cells in the G2/M phase, but the result is not statistically significant. The
results are presented in Table 2.

Table 2. The effect of letrozole and its combination with metalloestrogens on the cell cycle in MCF-7
and MCF-7/DOX cell lines. LET 1 = 10 uM; LET 2 = 100 uM; and Al/Cr(IIT) = 100 uM. The results are
presented as mean, n = 3.

Sample %G1 (G0/G1) %S %G2 (G2/M)
MCE-7
Control 73.19 24.03 2.78
LET1 83.00 12.70 4.30
LET1AL 85.48 13.14 1.38
LET1CR 82.03 13.54 4.43
LET2 81.68 14.02 4.30
LET2AL 82.09 17.46 0.45
LET2CR 86.90 13.10 0.00
MCEF-7/DOX
Control 63.73 29.22 7.05
LET1 77.05 21.54 141
LET1AL 74.72 18.39 6.88
LET1ICR 78.62 20.30 1.08
LET2 73.74 19.79 6.48
LET2AL 77.73 13.93 8.35

LET2CR 80.23 10.47 9.30
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3.4. The Effect of Aromatase Inhibitors and Their Combination with Metalloestrogens on
Bcl-2/BAX Ratio

Bcl-2 and BAX concentrations were calculated per 100 puL of total protein in the sample;
then the Bcl-2/BAX ratio was calculated. In the case of the MCF-7/DOX cell line, lower
concentrations of BAX protein (pro-apoptotic protein) and similar (to MCF-7 cell line)
concentrations of Bcl-2 protein (anti-apoptotic protein) were observed, resulting in higher
Bcl-2/BAX ratios. An increase in the Bcl-2/BAX ratio indicates a reduced susceptibility of
cells to apoptosis, and thus a reduction in the effectiveness of the aromatase inhibitor.

3.4.1. The Effect of the Combination of Exemestane and Metalloestrogens on the
Bcl-2/BAX Ratio

In both lines, the combination of a lower concentration of exemestane (100 uM) with
metalloestrogens resulted in a statistically significant increase in the Bcl-2/BAX ratio. In the
case of a higher concentration of exemestane (200 uM), a statistically significant increase in
the Bcl-2/BAX ratio was observed only in the MCF-7/DOX line. The results are shown in
Figure 6 and Table 3.
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Figure 6. The effect of exemestane and its combination with metalloestrogens in the Bcl-2/BAX ratio.
EXE1 =100 uM; EXE2 = 200 pM; and Al/Cr(IlI) = 100 uM. The results are presented as mean, n = 3;
p < 0.05; * statistically significant difference from control; # statistically significant difference from
aromatase inhibitor alone.

Table 3. Bcl-2/BAX ratio values in MCF-7 and MCF-7/DOX cell lines after exposure to exemestane
alone or in combination with metalloestrogens. The results are presented as mean, n = 3; p < 0.05.

Sample Bcl-2/BAX Ratio P
MCE-7
Control 14.59
EXE1 5.88
EXE1AL 947 0.0084 * 1
EXE1CR 18.44 <0.0001 * 1
EXE2 11.22
EXE2AL 10.46 0.9609 2
EXE2CR 10.99 >0.9999 2
MCE-7/DOX
Control 17.28
EXE1 39.15
EXE1AL 90.72 <0.0001 *1
EXE1CR 90.42 <0.0001 *1
EXE2 16.70
EXE2AL 30.48 <0.0001 *2
EXE2CR 56.90 <0.0001 *2

1 vs. EXE1; 2 vs. EXE2; * statistically significant result.
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3.4.2. The Effect of the Combination of Letrozole and Metalloestrogens on the Bcl-2/BAX
Ratio

Incubation of MCF-7 cells with the combination of letrozole (at both concentrations)
and metalloestrogens did not result in a statistically significant increase in the Bcl-2/BAX
ratio, while in MCF-7/DOX cells, the combination of higher concentrations of letrozole
with metalloestrogens increased it. The results are shown in Figure 7 and Table 4.
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Figure 7. Effect of letrozole and its combination with metalloestrogens in the Bcl-2/BAX ratio.
LET1 =10 uM; LET2 = 100 uM; and Al/Cr(III) = 100 uM. The results are presented as mean, n = 3;
p < 0.05; * statistically significant difference from control; # statistically significant difference from
aromatase inhibitor alone.

Table 4. Bcl-2/BAX ratio values in MCF-7 and MCF-7/DOX cell lines after exposure to letrozole
alone or in combination with metalloestrogens. The results are presented as mean, n = 3; p < 0.05.

Sample Bcl-2/BAX Ratio p
MCF-7
Control 14.59
LET1 9.76
LET1AL 11.58 0.34001
LETICR 11.65 0.30201
LET2 9.09
LET2AL 7.27 0.3400 2
LET2CR 7.44 0.44402
MCF-7/DOX
Control 17.28
LET1 23.71
LET1AL 22.66 0.84741
LETICR 25.59 0.30731
LET2 13.97
LET2AL 20.44 <0.0001 * 2
LET2CR 27.87 <0.0001 *2

1ys. LET1; 2 vs. LET2; * statistically significant result.

4. Discussion

Hormone-dependent breast cancer is the most commonly diagnosed subtype, espe-
cially in postmenopausal women [4]. Most patients with hormone-dependent breast cancer,
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except for hormone therapy, also receive preoperative or postoperative chemotherapy
based on the sequential use of multi-drug regimens based on cytostatics—anthracyclines
(e.g., doxorubicin and epirubicin) and taxoids (e.g., docetaxel and paclitaxel). Doxorubicin
is currently the most effective and popular chemotherapeutic drug used to treat breast
cancer. Unfortunately, resistance to this agent is common, representing a major obstacle
to successful treatment [31]. In our study, we performed tests on two cell lines: MCF-7
and MCEF-7/DOX, lines resistant to doxorubicin, because patients using hormone therapy
often had prior chemotherapy which could lead to the selection of cancer cells resistant to
doxorubicin. Therefore, we want to compare the response of both cell lines to the aromatase
inhibitors, metalloestrogens, and their combinations. Studies by Devajaran et al. Indicate
that MCF-7/DOX cells were exquisitely sensitive to apoptotic stimuli. Thus, treatment
with staurosporine (50 nM for 48 h) consistently exerted higher cytotoxicity against MCF-
7/DOX cells when compared to the MCF-7 cells under similar conditions, indicating a
differentiated response between lines to the same stimuli [32]. We confirmed that the
MCF-7 and MCEF-7/DOX cell lines reacted differently to the same stimuli; however, in
our studies it was the MCEF-7/DOX cells that were less susceptible to the cytotoxic effects
of drugs (as well as their combination with metalloestrogens) and to apoptosis. It was
manifested, among others, by lower concentrations of the BAX protein and an increased
Bcl-2/BAX ratio, which indicates a lower susceptibility to apoptosis [33]. At the same time,
MCE-7/DOX cells were less susceptible to the stimulating effect of metalloestrogens.

In this study, we attempted to assess whether there is an interaction between metalloe-
strogens: aluminum, chromium (III), and aromatase inhibitors (exemestane and letrozole)
that reduces the effectiveness of the drugs. To the best of our knowledge, similar issues
have not been studied so far, so we can only refer to the effects of single substances or their
combinations with other xenoestrogens.

The results of this study showed that a combination of metalloestrogens with exemes-
tane leads to a reduction in its cytotoxicity. In the MCEF-7 cell line, a statistically significant
decrease in the activity of the drug was visible in the combination of chromium (III) with a
lower concentration of exemestane (100 uM), while in the MCF-7/DOX cell line with a the
combination of both chromium (III) and aluminum with a higher concentration of exemes-
tane (200 pM). Letrozole had a lower cytotoxic effect than exemestane, but in the case of
letrozole, we observed a decrease in drug activity after the addition of metalloestrogens.
In the MCEF-7 cell line, a decrease in letrozole activity was observed when combining a
higher concentration with chromium (III); while in the MCF-7/DOX cell line, a decrease
in drug activity was observed in all analyzed combinations. We have identified several
studies that investigated the effects of xenoestrogens (from the phytoestrogen group) on
the effectiveness of aromatase inhibitors. Ju et al. Studied the effect of genistein on therapy
with an aromatase inhibitor, letrozole, as an animal model. While letrozole was effective
in inhibiting tumor growth, adding genistein to the mice’s diet reversed this effect [19].
Van Duursen et al. Studied the effect of genistein and 8-prenylnarigenin alone, as well as
four multicomponent dietary supplements on the effectiveness of letrozole. Genistein and
8-prenylnarigenin, as well as all tested supplements containing various combinations of
phytoestrogens, have been shown to activate an estrogen-dependent increase in MCF-7 cell
proliferation that was not inhibited by letrozole [34]. Warth et al. Studied the influence
of dietary xenoestrogens (zearalenone and genistein) on the effectiveness of treatment
with letrozole and palbociclib. An in vitro study on breast cancer cell lines showed that
the combination of letrozole and palbociclib effectively inhibited tumor cell proliferation,
but the addition of both genistein and zearalenone counteracted this effect [25]. Different
results, i.e., lack of interaction between formestane, a second-generation steroid aromatase
inhibitor (currently no longer used in the treatment of breast cancer), and phytoestrogens
derived from the root bug extract, were shown in the animal model by Nifilein et al. [35].

Apoptosis is the programmed cell death that occurs in response to various environ-
mental stimuli and can be induced through intrinsic and extrinsic pathways. The intrinsic
pathway is regulated by the Bcl-2 family of proteins—a balance between pro-apoptotic
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proteins, such as BAX, and anti-apoptotic proteins, e.g., Bcl-2 is a key apoptosis regulator
in numerous types of cells [36,37]. Previous studies have shown that some xenoestrogens,
such as estrogens, can reduce the rate of apoptosis, e.g., bisphenol A (BPA) via increasing
the Bcl-2/BAX ratio and di(2-ethylhexyl) phthalate (DEHP) via activating the Akt and
NF-«B pathways [14,38,39]. Most drugs used in anticancer therapy, including aromatase
inhibitors, lead to the elimination of cancer cells through apoptosis and cell cycle dys-
regulation [40,41]. Exemestane (a steroidal aromatase inhibitor) decreased MCF-7 cell
proliferation, induced cell cycle arrest at G0/G1 and G2/M, as well as apoptosis through
the mitochondrial pathway and cytoprotective autophagy [42]. Letrozole (a non-steroidal
aromatase inhibitor) also inhibited the growth of breast cancer cells by induced cell cycle
arrest at the GO/G1 phase (but without G2/M arrest) and apoptosis by the intrinsic path-
way, which was associated, among others, with the decreased Bcl-2 protein expression and
the increased BAX protein expression. Non-steroidal aromatase inhibitors (except letrozole
and anastrozole), unlike exemestane, did not induce autophagy [41,43].

Our research showed that exemestane induces apoptosis in a dose-dependent manner
and this effect is more potent in MCF-7 cells than in MCF-7/DOX cells. In MCF-7 cells,
this is associated with a significant decrease in the Bcl-2/BAX ratio. Any agent that
decreased the Bcl-2/BAX ratio may promote apoptosis [44]. In MCE-7 cells, the addition
of both metalloestrogens, aluminum or chromium (III), to exemestane (100 uM) reduces
the percentage of cells undergoing apoptosis. According to our research, responsible
for this effect is an increase in the Bcl-2/BAX ratio, mainly related to a decrease in the
concentration of the pro-apoptotic protein BAX. Similar relationships are not observed
at high concentrations of exemestane (200 uM), whose activity is high regardless of the
combination with metalloestrogens, which also had no effect on lowering the Bcl-2/BAX
ratio. We obtained similar results in the MCF-7/DOX cell line, where a combination of
a lower concentration of exemestane with metalloestrogens resulted in a decrease in the
number of cells undergoing apoptosis, followed by an increased Bcl-2/BAX ratio. In the
case of high concentrations of exemestane, we did not observe such a relationship. The
effect of letrozole, a non-steroidal aromatase inhibitor, also leads to apoptosis of hormone-
dependent breast cancer cells and, as in the case of exemestane, this effect is stronger in
MCEF-7 cells than in MCF-7/DOX, which may be explained by lower concentrations of
the pro-apoptotic protein BAX in the MCF-7/DOX cell line (a higher Bcl-2/BAX ratio).
Interestingly, we observed that the combination of letrozole and metalloestrogens resulted
in a lower negative effect on apoptosis than in exemestane, and a decrease in the number
of apoptotic cells was significant only in the MCF-7 line when letrozole (100 uM) was
combined with aluminum or chromium (IIT).

To study the anti-proliferative effects induced by Ais and their combination with
metalloestrogens, cell cycle progression was evaluated by flow cytometry. Estrogens induce
cell proliferation by stimulating progression through the G0/G1 phase of the cell cycle. We
confirmed that both Ais (steroidal and non-steroidal), by blocking the effects of estrogens
action, arrest the cell cycle in phase G0/G1 (exemestane and in G2/M), which is in line with
what has been previously observed by other authors [41-43]. However, we did not observe
that the simultaneous exposure to metalloestrogens and aromatase inhibitors changed the
distribution of cells in the phases of the cell cycle. This means that the reduction in the
activity of aromatase inhibitors in combination with metalloestrogens is not related to the
influence on the cell cycle.

5. Conclusions

The widespread exposure to xenoestrogens and the constantly increasing number of
cases of BC lead to more and more detailed studies of the influence of EDC, not only on the
carcinogenesis process, but also on the effectiveness of drugs used in the treatment of breast
cancer. In the present study, we aimed to evaluate whether exposure to metalloestrogens
commonly present in everyday human life, aluminum and chromium (III), may reduce the
effectiveness of aromatase inhibitors used in hormone therapy of breast cancer.
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We have shown that the MCF-7 and MCF-7/DOX cell lines reacted differently to the
same stimuli, and the MCF-7/DOX cells were less susceptible to the cytotoxic effects of the
drugs (as well as their combination with metalloestrogens), and to apoptosis. In MCF-7
cells, the lower concentration of exemestane and higher of letrozole, in combination with
metalloestrogens, results in a decrease in the effectiveness of drugs (increases cell viability
and reduces apoptosis). Additionally, in the MCF-7/DOX cell line, we observed that the
combination of metalloestrogens and aromatase inhibitors led to a decrease in the drug’s
effectiveness due to an increase in the viability of breast cancer cells (both concentrations
of letrozole and higher concentrations of exemestane). However, in the case of the MCF-
7/DOX cell line, the regulation of apoptosis was less likely to be responsible for this effect
than in the case of MCF-7 cells. In both cell lines, the reduction in the effectiveness of
aromatase inhibitors, in combination with metalloestrogens, is not related to the influence
on the cell cycle.

Our results indicate that exposure to metalloestrogens may negatively affect the
effectiveness of hormone therapy with aromatase inhibitors. They also show that this is a
complex issue. Therefore, further research is needed to fully explain these interactions and
be able to effectively counteract them in the treatment of patients with hormone-dependent
breast cancer.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cancers15020457/s1, Figure S1: The effect of individual metal-
loestrogens and aromatase inhibitors on MCEF-7 cell viability. Figure S2: The effect of individual
metalloestrogens and aromatase inhibitors on MCF-7/DOX cell viability. Figure S3: Gating strategy
for flow cytometry analysis of apoptosis and necrosis assay. Figure S4: Representative cytogram for
MCEF-7 cell control. Figure S5: Representative cytogram for MCF-7/DOX cell control.
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Figure S1. Effect of individual metalloestrogens and aromatase inhibitors on MCE-7 cells viability. The
viability of MCE-7 exposed for 72 h for: A. exemestane (12.5-200 puM); B. letrozole (10 nM-100 uM); C.
aluminium (5-250 uM) and D. chromium (III) (5-250 uM). The results are presented as mean + SD, n =
3; p<0.05; * statistically significant difference from control.
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Figure S2. Effect of individual metalloestrogens and aromatase inhibitors on MCE-7/DOX cells viability.
The viability of MCF-7/DOX exposed for 72 h for: A. exemestane (12.5-200 uM); B. letrozole (10 nM-100
puM); C. aluminium (5-250 uM) and D. chromium (III) (5-250 pM). The results are presented as mean +
SD, n = 3; p<0.05; * statistically significant difference from control.
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Abstract

One third of breast cancer patients also suffer from diabetes, which is associated with a 40% higher
risk of mortality. Patients undergoing anti-cancer treatment are also exposed to xenoestrogens present
in everyday life, which may affect the effectiveness of the therapies used. The purpose of our study
was to analyzed the effect of metalloestrogens (Al, Cr[lll]) on the effectiveness of aromatase inhibitors
(Als) under high glucose conditions prevailing in the cellular model. On two human breast cancer cell
lines—MCF-7 and MCF-7/DOX—a cell viability assay, a flow cytometer analysis of apoptosis, and
protein activity of BAX, Bcl-2, and VEGF-A by ELISA were carried out. Results were analyzed using
one-way ANOVA, followed post hoc by Tukey’s multiple comparisons tests. High glucose conditions
reduced the effectiveness of Als in both cell lines (decreased cytotoxicity, inhibition of apoptosis,
increase in Bcl-2/BAX ratio and angiogenesis), regardless of the combination with metalloestrogens.
Hyperglycemia may affect the effectiveness of Als to a greater extent than metalloestrogens alone -
the activity of drugs in the presence of high glucose concentrations was significantly lower, regardless
of the combination with metalloestrogens, which indicates the key role of hyperglycemia in attenuating
their activity. Therefore controlling hyperglycemia and individualized treatment regimens in cancer
patients with diabetes may have important therapeutic implications.
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Abstract: One third of breast cancer patients also suffer from diabetes, which is associated
with a 40% higher risk of mortality. Patients undergoing anti-cancer treatment are also
exposed to xenoestrogens present in everyday life, which may affect the effectiveness of the
therapies used. The purpose of our study was to analyzed the effect of metalloestrogens (Al,
Cr[III]) on the effectiveness of aromatase inhibitors (Als) under high glucose conditions
prevailing in the cellular model. On two human breast cancer cell lines—MCF-7 and MCF-
7/DOX—a cell viability assay, a flow cytometer analysis of apoptosis, and protein activity of
BAX, Bcl-2, and VEGF-A by ELISA were carried out. Results were analyzed using one-way
ANOVA, followed post hoc by Tukey’s multiple comparisons tests. High glucose conditions
reduced the effectiveness of Als in both cell lines (decreased cytotoxicity, inhibition of
apoptosis, increase in Bcl-2/BAX ratio and angiogenesis), regardless of the combination with
metalloestrogens. Hyperglycemia may affect the effectiveness of Als to a greater extent than
metalloestrogens alone - the activity of drugs in the presence of high glucose concentrations
was significantly lower, regardless of the combination with metalloestrogens, which indicates
the key role of hyperglycemia in attenuating their activity. Therefore controlling
hyperglycemia and individualized treatment regimens in cancer patients with diabetes may
have important therapeutic implications.

Keywords: breast cancer; diabetes; hyperglycemia; aromatase inhibitors; estrogens;
metalloestrogens

1. Introduction

Breast cancer is still one of the most frequently diagnosed malignancies in women. About 1 in
8 of US women is going to develop invasive breast cancer in the course of their life and about
1 in 39 will die from breast cancer [1]. Most patients with breast cancer require, in addition to
surgical treatment, adjuvant treatment including radiotherapy, chemotherapy or hormonal
therapy. Endocrine therapy is used in the treatment of hormone-dependent breast cancer,
which accounts for approximately 75% of all cases. Of all adjuvant treatment methods,
hormone therapy has been used by patients for the longest time — according to the guidelines
from 5 to 10 years, which makes the safety profile of drugs used in endocrine therapy
extremely important for maintaining adherence and well-being of patients during treatment
[2-4]. The purpose of hormone therapy is to eliminate the stimulating effect of estrogens on
cancer cells, and the most commonly used drugs are aromatase inhibitors (anastrozole,
letrozole, exemestane) and tamoxifen. Aromatase inhibitors work by inhibiting the activity of
the aromatase enzyme, which is responsible for the conversion of androgens to estrogens [5].
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Tamoxifen, a selective estrogen receptor modulator (SERM), selectively binds to estrogen
receptors, producing both estrogenic and anti-estrogen effects depending on the binding site.
In the breast tissue, it antagonistically competes with estrogen for binding sites, which results
in antiestrogenic and antitumor effects [6].

Despite effectiveness of tamoxifen and aromatase inhibitors, it has also been shown that
women using endocrine therapy were significantly more likely to develop among others
cardiovascular diseases, insulin resistance and diabetes [7-11]. Estrogens modulate insulin
resistance and may exert a direct protective effect against various injuries on the pancreatic [3-
cell islets that produce insulin. Both insulin resistance and pancreatic -cell dysfunction are
central disorders in the pathogenesis of diabetes. Endocrine treatment with tamoxifen or
aromatase inhibitors, which block estrogen action or production, can disrupt the estrogen-
insulin interplay and elevate the risk of diabetes [12]. Hamood et al. showed that the use of
hormone therapy is associated with an increased risk of diabetes — of 2246 breast cancer
survivors, 324 developed diabetes over a mean follow-up of 5.9 years - they found the hazard
for aromatase inhibitor use (HR = 4.27; 95% CI 1.42-12.84; p = 0.010) being higher than for
the use of tamoxifen (HR = 2.25; 95% CI 1.19-4.26; p = 0.013) [10]. Ye et al. also showed
that endocrine therapy significantly increased the risk of developing diabetes mellitus [13]. In
clinical trials, hyperglycemia was a frequently reported side effect during endocrine therapy -
in the SUCCESS C study, hyperglycemia occurred in 28% of patients using tamoxifen and
aromatase inhibitor in sequential hormone therapy, and in 22% of patients treated with
exemestane, while in a study conducted by Iwata et al., proportion of patients with
hyperglycemia was 51.4% in the exemestane group and 47.7% in the anastrozole group
[14,15].

It is estimated that up to one third of breast cancer patients also suffer from diabetes [16].
Diabetes is called the epidemic of the 21st century - according to the data of the International
Diabetes Federation, in 2021 approximately 537 million adults lived with diabetes in the
world. This number is projected to increase to 643 million by 2030 and 783 million by 2045
[17]. Diabetes is a chronic metabolic disease characterized by hyperglycemia, which can lead
to serious damage to many organs, especially the kidneys, heart, as well as blood vessels and
nerves [18]. Diabetes has been linked to an increased risk of developing many types of
cancers including breast cancer [19-23]. Hyperglycemia can affect cancer progression in
many ways — metabolic reprogramming and molecular alterations; increasing proliferation
and apoptosis inhibition as well as metastasis. Cancer cells has ability to reprogram
metabolism, including glucose metabolism. They use much more glucose than normal cells -
the enhanced glucose metabolism in cancer cells is referred to as the Warburg effect, which is
defines as an increase in the rate of aerobic glycolysis and preferential production of lactate,
even in the presence of oxygen [24,25]. Data from many studies strongly implicate that
hyperglycemia, as an additional fuel source, leading to enhanced cell proliferation [20]. In
normal cells, high glucose concentrations induced apoptosis; however, in cancer,
hyperglycemia protects cancer cells from apoptosis. In addition, studies shown that
hyperglycemic conditions could enhance the migration of cells, what result that cancer
patients with hyperglycemia have a higher proportion of metastasis [23].

Diabetes and hyperglycemia not only increases the risk of developing breast cancer, but are
also associated with a 40% higher risk of mortality after breast cancer than women without
diabetes [16]. One of the possible explanation for the increased mortality in patients with
diabetes, is that treatment is less effective in a hyperglycemic tumor environment. Gerards et
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al. studied the impact of hyperglycemia on chemotherapy efficacy in systematic review of
preclinical studies. In most studies, hyperglycemia was associated with the attenuation of
chemotherapy efficacy (decreasing the antiproliferative effect, interference with apoptotic
signaling). In breast cancer, hyperglycemia attenuated efficacy of treatment in estrogen
receptor (ER) positive, but not in ER negative breast cancer cells [26].

We recently discovered and published that exposure to metalloestrogens, which are present in
our everyday life (aluminum, chromium [III]), under normoglycemic conditions (NG, glucose
concentration 5.5 mM), can reduce the efficacy of aromatase inhibitor-based hormone therapy
by increasing cell viability and resistance to apoptosis [27]. Data from the literature indicate
that glucose concentration plays an important role in many processes related to the
pathogenesis, course and treatment of breast cancer, so in the same time - we also conduct our
research under conditions reflecting hyperglycemia - HG (glucose concentration 25 mM).
Considering that the majority of patients using hormone therapy with aromatase inhibitors are
postmenopausal patients, and the menopause itself predisposes to a higher incidence of
glycemic disorders, but also that endocrine therapy alone can cause hyperglycemia, it seems
that taking into account the factor related to the glucose conditions in cell lines studies may
provide additional, valuable information. In our experiment we use, except MCF-7 cell lines,
also cell line resistant to doxorubicin — MCF-7/DOX, because patients, before hormonother-
apy, frequently underwent prior chemotherapy, which may have contributed to the selection of
cancer cells resistant to doxorubicin. Our previous research has shown that these cancer cell
lines have distinct responses to apoptotic stimuli [27].

The purpose of this study, which was carried out on two estrogen-dependent breast cancer cell
lines - MCF-7 and MCF-7/DOX (doxorubicin-resistant cell lines), was to analyzed the effect
of metalloestrogens (aluminum, chromium [III]), commonly found in the human environment,
on the effectiveness of aromatase inhibitors (exemestane, letrozole) under high glucose
conditions prevailing in the cellular model. Mutual interactions of metalloestrogens,
aromatase inhibitors and hyperglycemia have not been analyzed so far, which means that the
presented research has an innovative value.

2. Experimental.
2.1. Materials.

DMEM (Dulbecco’s Modified Eagle’s Medium) high-glucose/low-glucose, without phenol
red, FBS (fetal bovine serum), Penicillin-Streptomycin (10x) Solution, PBS (Phosphate-
Buffered Saline) were obtained from Biological Industries, Israel. Exemestane, letrozole,
chromium (III) chloride hexahydrate, aluminum chloride hydrate, testosterone, DMSO
(dimethyl sulfoxide) and deionized water were provided by Sigma Aldrich, USA. Annexin V-
FITC Apoptosis Kit were obtained from Invitrogen, USA. Cell Proliferation Kit II (XTT) was
from Roche Diagnostics, Germany. Halt™ Protease Inhibitor Coctail (100x) and Pierce™
BCA Protein Assay Kit were obtained from Thermo Fisher Scientific, USA. TrypLE™
Express and GlutaMAX™ were from Gibco, USA. Accutase™ Cell Detachment was
purchased from BD Biosciences, USA. Genorise Scientific, USA, provided the ELISA lysis
buffer, Nori Human Apoptosis Regulator BAX ELISA Kit, Nori Human Bcl-2 ELISA Kit and
Nori Human VEGF-A ELISA Kit.

2.2. Methods.
2.2.1. Cell culture.

Editorial
System


https://www.editorialsystem.com/pdf/download/1842006/5bbcbcf4233a5b9c29724321c0d507cb/
https://www.editorialsystem.com/appdr
https://www.editorialsystem.com/

131
132
133
134
135
136
137
138
139
140

141

142
143
144
145
146

147

148
149
150
151
152
153
154
155
156

157

158
159
160
161
162

163

164
165
166
167
168
169
170
171
172
173

Manuscript body
Download source file (23 kB) Drug Research

MCF-7, an estrogen-dependent breast cancer cell line, was obtained from CLS Cell Lines
Service GmbH, Germany (certificate of analysis available upon request, CLS Lot No.
300273-2120). MCF-7/DOX (MCF-7 cell line with P-gp overexpression; doxorubicin
resistant cell line) was derived by cultivating MCF-7 cells for three months in the presence of
a low doxorubicin concentration. Cells were cultured in complete DMEM growth medium
with high glucose concentration (25 mM) and with low glucose concentration (5.5 mM) —
only for VEGF-A ELISA test, without phenol red, supplemented with fetal bovine serum
(FBS) - 10% v/v, 2 mM L-glutamine, antibiotics streptomycin (10,000 U/mL and penicillin
(10 mg/mL) and 10° M testosterone, at 37°C in a humidified atmosphere with 5% CO2.
TrypLE™ Express was used to subculture the cells twice a week.

2.2.2. Stock solutions for drugs and metalloestrogens.

Letrozole (LET) and exemestane (EXE) were dissolved in DMSO and stored at -20°C as a
100 mM stock solution. Aluminum chloride hydrate and chromium [III] chloride hexahydrate
were dissolved in deionized water and stored at -20°C as a 1 mM stock solution. Before each
experiment, the working solutions were freshly prepared by dilution of a stock solution in a
culture medium.

2.2.3. Cell viability assay.

The XTT assay was used to determine the cytotoxicity of LET, EXE, metalloestrogens, and
their combinations on MCF-7 and MCF-7/DOX cells. In a 96-well plate, 1 x 10 cells were
seeded and treated in triplicates for 72 hours with letrozole (LET1 = 10 pM; LET2 = 100
pM), exemestane (EXE1 = 100 pM; EXE2 = 200 pM), metalloestrogens (100 pM Cr[III]/Al
[III] salt) or their combinations. Control cells that had not been treated were also included.
Following incubation, the XTT assay was carried out according to the manufacturer's
instructions. Absorbance was measured at A=450 nm with a reference wavelength at 650 nm
using Synergy HTX Multi-Mode Microplate Reader, BioTek, USA. Untreated control served
as the 100% reference.

2.2.4. Flow cytometric analysis.

The CyFlow® SPACE flow cytometer was used for all cytometric analyses (Sysmex, Japan).
For FITC fluorescence measurement, the laser excitation 488 nm (50mW) and the filter
536/40 (BP) were used. The fluorescence of propidium iodide was measured using a laser
excitation of 488 nm (50mW) and a filter of 675/20 (BP). FCS Express 7 Cytometry software
was used to analyze all of the results (De Novo Software, USA).

2.2.5. Apoptosis and necrosis assay.

Flow cytometry was used to detect apoptosis and necrosis. The Annexin V-FITC Apoptosis
Kit was used to stain the cells, which allows for the differentiation of living cells, early and
late apoptotic cells, and necrotic cells. In a 6-well plate, 1 x 10° cells were seeded and treated
for 72 hours with letrozole (LET1 = 10 pM; LET2 = 100 pM), exemestane (EXE1 = 100 pM;
EXE2 = 200 pM), Cr[III]J/Al [III] salt (100 pM) and their combination. A control group that
had not been treated was also prepared. Following incubation, the cells were detached with
Accutase™ Cell Detachment and washed in cold PBS. The cells were resuspended in 100 pL
1 x annexin-binding buffer before being stained with 5 pL of FITC annexin V and 1 pL of PI.
Following a 15-minute incubation in the dark at room temperature and the addition of 400 pL
1 x annexin-binding buffer, samples were immediately analyzed with a flow cytometer.
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2.2.6. Preparation of cell lysates.

In brief, 1 x 10° cells were seeded per T-25 flask and treated for 48 hours with letrozole
(LET1 = 10 pM; LET2 = 100 pM), exemestane (EXE1 = 100 pM; EXE2 = 100 pM),
Cr[III]/Al [III] salt (100 pM) and their combination. A control group that had not been treated
was also prepared. The cells were detached with TrypLE™ Express solution after incubation,
washed with cold PBS, and transferred to a microfuge tube. The cells were centrifuged to
pellet them, and any remaining buffer was removed. To the cell pellet, 0.5 ml lysis buffer
supplemented with protease inhibitor cocktail was added, vortexed, and incubated for 30
minutes on ice. The samples were then centrifuged for 10 minutes at 10,000 x g. The
supernatants were transferred to clean tubes and kept at -80°C for future use.

2.2.7. Determination of total protein concentration in cell lysates.

The Pierce™ BCA Protein Assay Kit was used to determine total protein concentration
(Thermo Fisher Scientific, USA). The assay was carried out in accordance with the
manufacturer's instructions. The absorbance was measured at A=562 nm using Synergy HTX
Multi-Mode Microplate Reader, BioTek, USA.

2.2.8. ELISA assays for Bcl-2, BAX and VEGF-A detection.

ELISA was used to detect and quantify from cell lysates: Bcl-2 and BAX - apoptotic proteins
involved in the cell death pathway and VEGF-A — vascular endothelial growth factor A,
which is a potent angiogenic factor. Nori Human Apoptosis Regula-tor BAX ELISA Kit, Nori
Human Bcl-2 ELISA Kit and Nori Human VEGF-A ELISA Kit (Genorise Scientific, USA)
were used as directed. Each sample was tested in duplicate and expressed relative to the total
protein concentration in the same sample. The absorbance was measured at A= 570 nm using
Synergy HTX Multi-Mode Microplate Reader, BioTek, USA. The four-parameter logistic
fitted standard curves for calculating Bcl-2, BAX, and VEGF-A concentrations were
generated using the Arigo Biolaboratories website (https://www.arigobio.com/elisa-analysis).
The concentrations of Bcl-2, BAX, and VEGF-A were calculated per 100 pl of total protein in
the sample, and the Bcl-2/BAX ratio was then calculated.

2.2.9. Statistical analysis.

The data was analyzed with GraphPad Prism 9 (GraphPad Software, USA) using one-way
ANOVA, followed by Tukey's multiple comparisons tests post hoc. We also use two-way
ANOVA, followed by Tukey's multiple comparisons tests post hoc for analyzing data from
VEGF-A ELISA test obtained in normoglycemia vs hyperglycemia. The mean and standard
deviation of the mean were used to express the results (SD). Each experiment was carried out
three times. Significant differences among means were estimated at p<0.05.

3. Results

In the results section, we studied the effect of monotherapy, as well as a combination of
aromatase inhibitors (letrozole, exemestane) and metalloestrogens (aluminum, chromium
[II1]) on the studied parameters in two cell lines - MCF-7 and MCF-7/DOX in hyperglycemic
conditions. To simplify the notation of results, we have used abbreviations: EXE1 = 100 uM;
EXE2 =200 pM; LET1 = 10 pM; LET2 = 100 pM; AL = 100 pM; CR = 100 pM; EXE1AL =
combination of 100 pM of exemestane and 100 uM of aluminum etc. Since the experiment
under high glucose conditions was conducted in the same time also in normoglycemic
conditions (results have been published previously [27], except the VEGF-A results), we
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performed an additional comparison of results obtained in normoglycemia vs hyperglycemia
conditions only in case of VEGF-A.

3.1. Under high glucose conditions metalloestrogens do not reduces the cytotoxicity of aro-
matase inhibitors.

3.1.1. MCF-7 cell line.

Results are shown in the Figure 1. Under high glucose conditions, the addition of me-
talloestrogens did not reduce efficacy of exemestane at both concentrations - EXE1 89% vs
EXE1AL 81%, p=0.0712; vs EXEICR 91%, p=0.9985. EXE2 39% vs EXE2AL 38%,
p=0.9997; vs EXE2CR 37%, p=0.9723. Letrozole has a lower effect on MCF-7 cell viability
than exemestane, but we also did not observe a decrease in its activity after the addition of
metalloestrogens — LET1 85% vs LET1AL 88%, p=0.9073; vs LET1CR 93%, p=0.1513 and
LET2 83% vs LET2AL 87%, p=0.8013; vs LET2CR 90%, p=0.2247.

3.1.2. MCF-7/DOX cell line.

Results are shown in the Figure 2. Both aromatase inhibitors were less cytotoxic to
MCF-7/DOX cells than MCF-7 cells, regardless of the metalloestrogen combination, which
showed no negative impact on their efficacy - EXE1 94% vs EXE1AL 90%, p=0.5562; vs
EXEI1CR 95%, p>0.9999. EXE2 81% vs EXE2AL 80%, p=0.9955; vs EXE2CR 81%,
p>0.9999. Activity of letrozol under high glucose conditions was not different from control,
regardless of the metalloestrogen combination.

3.2. High glucose concentration, independently of metalloestrogens, has a negative effect
on the number of cells undergoing apoptosis and necrosis after exposure to an aromatase
inhibi-tor.

The effect of aromatase inhibitors, metalloestrogens and their combination under high glucose
conditions on apoptosis and necrosis was studied after 72 h of incubation in MCF-7 and
MCF-7/DOX cells using Annexin V-FITC and PI staining. The percentages of early apoptotic
(Annexin V-FITC+, PI+), late apoptotic (Annexin V-FITC+, PI+), and necrotic (Annexin
VFITC,PI+) cells are shown.

3.2.1. MCF-7 cell line.

Results are shown in the Figure 3. Combination of metalloestrogens and aromatase inhibitors
under high glucose conditions did not change significantly the activity of drugs —

Exemestane:

. EXE1 49.7% vs EXE1AL 54.3%, p=0.7924; vs EXE1CR 48.3%, p=0.9995

. EXE2 57% vs EXE2AL 53%, p=0.8790; vs EXE2CR 56.3%, p>0.9999.
Letrozole:

. LET1 15.63% vs LET1AL 11.67%, p=0.1384; vs LET1CR 11.33%, p=0.0928
. LET2 15.67% vs LET2AL 14%, p=0.8875; vs LET2CR 16.30%, p=0.9991.
Letrozole has a lower effect on number of cells undergoing apoptosis or necrosis.

3.2.2. MCF-7/DOX cell line.
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Results for MCF-7/DOX cell line are shown in the Figure 4. In MCF-7/DOX cell line, sig-
nificantly fewer cells undergo apoptosis or necrosis under the influence of aromatase
inhibitors. The differences resulting from the addition of a metalloestrogen to an aromatase
inhibitor (both exemestane and letrozole) are not statistically significant, indicating that in
hyperglycemic conditions, the addition of a metalloestrogen does not reduce the activity of
the aromatase inhibitor (EXE1 19.24% vs EXE1AL 22.53%, p=0.9061; vs EXE1CR 24.16%,
p=0.6278; EXE2 17.73% vs EXE2AL 13.81%, p=0.8179; vs EXE2CR 16.35%, p=0.9988 and
LET1 16.38% vs LET1AL 13.20%, p=0.8349; vs LET1CR 13.76%, p=0.9225; LET2 20.95%
vs LET2AL 14.29%, p=0.1551; vs LET2CR 14.14%, p=0.1408).

3.3. Combination of aromatase inhibitors and metalloestrogens under high glucose
conditions did not change the Bcl-2/BAX ratios.

Bcl-2 and BAX concentrations were determined by ELISA after 48 h incubation with
aromatase inhibitors, metalloestrogens or their combination. Concentrations were calculated
per 100 pL of total protein in the sample; then the Bcl-2/BAX ratio was calculated. In the case
of the MCF-7/DOX cell line, we found higher Bcl-2/BAX ratios, which corresponded to a
lower susceptibility to apoptosis.

3.3.1. MCF-7 cell line.

Results for MCF-7 cell line are presented on Figure 5. In conditions of hyperglycemia -
differences in Bcl-2/BAX ratio after adding metalloestrogens were not statistically significant:
EXE1 20.89 vs EXE1AL 24.21, p=0.2193; vs EXE1CR 23.58, p=0.4284; EXE2 20 vs
EXE2AL 18.33, p=0.8521; vs EXE2CR 19.64, p>0.9999 and LET1 16.30 vs LET1AL 15.69,
p=0.9990; vs LET1CR 18.1, p=0.8070; LET2 14.9 vs LET2AL 17, p=0.6855; vs LET2CR
15.75, p=0.9936.

3.3.2. MCF-7/DOX cell line.

As shown in Figure 6, in MCF-7/DOX as in the MCF-7 cell line, we did not observed
statistically significant changes in Bcl-2/BAX ratios after combine aromatase inhibitors with
metalloestrogens (EXE1 36.39 vs EXE1AL 31.92, p=0.1550; vs EXE1CR 34.74, p=0.9423;
EXE2 20.91 vs EXE2AL 23.62, p=0.6419; vs EXE2CR 23.92, p=0.5342 and LET1 16.89 vs
LET1AL 16.87, p>0.9999; vs LET1CR 16.40, p=0.9941; LET2 14.49 vs LET2AL 15.75,
p=0.6623; vs LET2CR 17.10, p=0.0518). In MCF-7/DOX we found higher Bcl-2/BAX ratios,
which corresponded to a lower susceptibility this cell lines to apoptosis.

3.4. High glucose conditions increases VEGF-A concentrations.

We assessed the concentrations of VEGF-A (vascular endothelial growth factor A) - a potent
angiogenic factor, in MCF-7 and MCF-7/DOX cells under normal and high glucose
conditions. We have shown that in both cell lines, under hyperglycemic conditions, VEGF-A
concentrations were higher, and additionally the MCF-7/DOX line (regardless of the
conditions) was characterized by higher VEGF-A levels. Results are shown on Figure 7
(MCF-7 cell line) and 8 (MCF-7/DOX cell line).

3.4.1. MCF-7 cell line.

In the MCF-7 cell line, the concentration of VEGF-A decreased under the influence of both
aromatase inhibitors, and the decrease in concentration was greater in normoglycemic
conditions. Under normal glucose conditions, the combination of exemestane (100 pM) with
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metalloestrogens resulted in a statistically significant increase in VEGF-A concentration
(EXE1 NG 148.5 pg/ml vs EXE1AL NG 331.5 pg/mL; p<0.0001/EXE1CR NG 245.5 pg
/mL; p<0.0001), which was not observed in the conditions of hyperglycemia (EXE1 HG
383.5 pg/mL vs EXE1AL HG 353 pg/mL; p=0.4608/EXE1CR HG 384.5 pg/mL; p>0.9999).
In the case of letrozole, it was similar - the combination of letrozole (100 pM) with
metalloestrogens in normoglycemic conditions led to an increase in VEGF-A concentrations
(LET2 NG 163 pg/mL vs LET2AL NG 237.5 pg/mL; p<0.0001/LET2CR NG 223 pg /mL;
p=0.0006), and under high glucose conditions these difference was not statistically significant
(LET2 HG 395.5 pg/mL vs LET2AL HG 421.5 pg/mL; p=0.2944/LET2CR HG 415 pg/mL;
p=0.6658).

3.4.2. MCF-7/DOX cell line.

In the MCF-7/DOX line, we also observed that the concentration of VEGF-A decreased under
the influence of both aromatase inhibitors. As in the MCF-7 line, under normoglycemic
conditions, we observed interactions between aromatase inhibitors and metalloestrogens,
which resulted in an increase in VEGF-A concentrations after adding a metalloestrogens to
aromatase inhibitor (e.g. EXE1 NG 229.5 pg/mL vs EXEIAL NG 358 pg/mL;
p<0.0001/EXE1CR NG 362.5 pg/mL; p<0.0001), which is not observed in conditions of
hyperglycemia, where the concentration of VEGF-A was at a similar level regardless of the
presence of metalloestrogens (e.g. EXE1 HG 409 pg/mL vs EXE1AL HG 393 pg/mL;
p=0.9949/EXE1CR HG 418.5 pg/mL; p>0.9999).

4. Discussion

Incidence of diabetes continues to increase worldwide, and hyperglycemia (the most
important feature of diabetes, defined as increased glucose level in blood) or diabetes is
associated with an increased risk of developing many types of cancer, including breast cancer
[19-23]. In addition breast cancer mortality is higher in diabetic patients, probably because
hyperglycemia may contribute to cell proliferation, apoptosis, metastasis and chemotherapy
resistance [28]. It is also worth remembering that some anti-cancer therapies can lead to
hyperglycemia or diabetes [10]. Therefore, we believe that glycemic conditions should be
taken into account at every stage of research on the effectiveness of anticancer therapy. In
studies on cell lines, normo- and hyperglycemic conditions can be achieved by culture
medium, e.g. DMEM, containing 5.5 mM (normoglycemic conditions) and 25 mM
(hyperglycemic conditions) respectively, which was also used in our studies [28-31].

Hyperglycemia has been shown in vitro to stimulate cell proliferation in breast cancer cells.
Sun et al. demonstrated that supplementation with 25 mM of glucose significantly promoted
proliferation of both MCF-7 and MDA-MB-231 cells, in comparison with 5.5 mM glucose in
the normal culture medium, which implicated a critical role of high blood glucose in the
tumor biology of breast cancer. Moreover the presence of high glucose concentration in the
medium significantly stimulated cell migration and invasive capacities of both cell lines [32].
Hou et al. obtained similar results - high glucose concentration (25 mM glucose) significantly
increase the proliferation of breast cancer cells (MDAMB231, SKBR3 and MCF-7 cells)
compared to low glucose condition (5 mM glucose) [33]. Kansestani et al. revealed that
hyperglycemia increased cell proliferation, angiogenesis (increase VEGF) and decreased
apoptosis (increase Bcl-2 - anti-apoptotic protein) in MCF-7 cell line. Probable mechanism,
indicated by the authors, is based on increasing reactive oxygen species (ROS) which activate
NF-xB directly. NF-kB, the transcription factor, has a crucial role in cancer metabolism.
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Target genes for this factor are e.g. Bcl-2 (cell apoptosis mediator) and VEGF (vascular
endothelial growth factor) — angiogenesis inducer [34]. Zielinska et al. found, using MCF-7
and T47D cell lines, that hyperglycemia promoted the Warburg effect, among others, by
upregulating glucose uptake and lactate release [35]. On the other hand aerobic glycolysis has
been shown to associate with the resistance to chemotherapeutic agents, e.g. doxorubicin or
tamoxifen in ER-positive breast cancer cells [36]. Woo et al. showed that tamoxifen resistance
may be driven by HIF-1a (hypoxia-inducible factor la), hyperactivation via modulation of
Akt/mTOR and/or AMPK signaling pathways caused by increased aerobic glycolysis [37].

In our recent work we have shown that exposure to metalloestrogens may reduce the efficacy
of aromatase inhibitors under normoglycemic conditions [27]. High glucose concentration
reduces the cytotoxicity of aromatase inhibitors in both cell lines and this results were
statistically significant (except LET1 in MCF-7 cell line). In normoglycemic conditions we
have shown that the addition of a metalloestrogens to aromatase inhibitor reduces the
effectiveness of the drug (e.g. combination EXE1 with chromium [III] in MCF-7 cells or both
concentrations of letrozole with aluminum/chromium [III]) [27], but we did not observe this
relationship in hyperglycemia. Aromatase inhibitors activity under hyperglycemic conditions
was lower regardless of the combination with metalloestrogens. We also showed that,
independently of metalloestrogens, high glucose conditions has a negative impact on the
number of cells undergoing apoptosis and necrosis after exposure to aromatase inhibitor. In
MCF-7 cell line this was accompanied by a statistically significant increase in Bcl-2/BAX ra-
tio (due to increase of anti-apoptotic protein — Bcl-2). Studies by Vaughn et al. suggest that
high glucose concentration protects cytochrome c-mediated apoptosis, however we did not
test the level of cytochrome c in our studies [38].

Our findings are consistent with the observations of Wahdan-Alaswad et al. who studied the
activity of metformin at various concentrations of glucose in breast cancer cell lines. There is
a growing number of research showing that metformin has potent anticancer activity,
particularly against breast cancer. However, Wahdan-Alaswad et al. showed that high-glucose
conditions (10 mmol/L or above) significantly abrogated the effects of metformin — promotes
cell growth and increases the EC50 of metformin, especially in luminal and HER2 breast
cancer cell lines. They also showed that hyperglycemia inhibits metformin-induced apoptosis
and cell cycle arrest [39]. Varghese et al. reported similar findings, demonstrating that high
glucose (25 mM) concentrations, which mimicked diabetes, significantly reduced the effect of
metformin on cell proliferation, cell death, and cell cycle arrest in triple-negative breast
cancer [40]. Ambrossio et al. proved that sensitivity to tamoxifen was reduced by 2-fold by
high glucose conditions compared with low glucose conditions [41].

VEGF is the most effective factor in promoting angiogenesis. Among seven isostructural
forms of VEGF, VEGF-A is the strongest stimulating factor of angiogenesis. Studies shown
that VEGF expression is increasing in tumors and is related to hypoxia, which promotes the
activation of HIF-1q, thereby upregulating VEGF [42,43]. In our research, we confirmed that
in both cell lines, under hyperglycemic conditions, VEGF-A concentrations were higher, and
additionally the MCF-7/DOX line (regardless of the conditions) was characterized by higher
VEGF-A levels. We also showed that the concentration of VEGF-A decreased under the
influence of both aromatase inhibitors in both cell lines, and the decrease in concentration was
greater in normoglycemic conditions. Under normoglycemic conditions, we also observed
interactions between aromatase inhibitors and metalloestrogens, which resulted in an increase
in VEGF-A concentrations after adding a metalloestrogens to aromatase inhibitor, which was
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not observed in conditions of hyperglycemia, where the concentration of VEGF-A was at a
similar level regardless of the presence of metalloestrogens.

Our study is not without limitations. We assessed the effect of metalloestrogens on the activity
of aromatase inhibitors under conditions of hyperglycemia in short-term exposure (72 hours),
while exposure to environmental metalloestrogens and/or high concentrations of glucose is
usually long-term. In addition, in our research we used two-dimensional (2D) in vitro cell
cultures - 2D cultures have many limitations, the most important of which is the disruption of
interactions between the cellular and extracellular environment. All of this may jeopardize our
results to some extent, but it also sets the course for further action. The obtained results may
be the basis for further research - in vivo on an animal model or observational studies,
undertaken in cooperation with a clinical center dealing with the treatment of patients with
hormone-dependent breast cancer.

5. Conclusion

Our research has shown for the first time that the effectiveness of aromatase inhibitors —
letrozole and exemestane, can be reduced under the influence of metalloestrogens [27] or high
concentrations of glucose (decreased cytotoxicity, inhibition of apoptosis, increase in
Bcl-2/BAX ratio and increase angiogenesis). We have also proved that the influence of
hyperglycemia is crucial and may affect the effectiveness of drugs used in the treatment of
hormone-dependent breast cancer to a greater extent than metalloestrogens alone. The
constantly growing number of patients with diabetes, and thus also the increase in patients
with diabetes and breast cancer, makes the treatment of breast cancer with abnormal
metabolism a major clinical challenge. Controlling hyperglycemia and individualized
treatment regimens in these patients may have important therapeutic implications.
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Figure 1. Effect of metalloestrogens, aromatase inhibitors and their combination on cell
viability of MCF-7 cell line under high glucose (HG) conditions. The viability of MCF-7 cells
treated with exemestane (A) and letrozole (B), alone or in combination with aluminum or
chromium [lll]. EXE1 = 100 uM; EXE2 = 200 uM; LET1 = 10 yM; LET2 =100 uM; Al/Cr[lll] =
100 M. The results are presented as mean + SD, n=3; p<0.05. * statistically significant
difference from control.
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Figure 2. Effect of metalloestrogens, aromatase inhibitors and their combination on cell
viability of MCF-7/DOX cell line under high glucose (HG) conditions. The viability of
MCF-7/DOX cells treated with exemestane (A) and letrozole (B), alone or in combination with
aluminum or chromium [lll]. EXE1 = 100 pyM; EXE2 = 200 yM; LET1 = 10 yM; LET2 =100
MM; Al/Cr[lll] = 100 uM. The results are presented as mean + SD, n=3; p<0.05. * statistically
significant difference from control.
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Figure 3. Effect of metalloestrogens, aromatase inhibitors and their combination on MCF-7
cell death under high glucose (HG) conditions. Percentage of both apoptotic (early and late
apoptotic) and necrotic cells treated with exemestane (A) and letrozole (B), alone or in
combination with aluminum or chromium [lll]. EXE1 = 100 pM; EXE2 = 200 uM; LET1 =10
MM; LET2 =100 pM; Al/Cr[lll] = 100 yM. The results are presented as mean £ SD, n=3;
p<0.05. * statistically significant difference from control.
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Figure 4. Effect of metalloestrogens, aromatase inhibitors and their combination on
MCF-7/DOX cell death under high glucose (HG) conditions. Percentage of both apoptotic
(early and late apoptotic) and necrotic cells treated with exemestane (A) and letrozole (B),
alone or in combination with aluminum or chromium [lll]. EXE1 = 100 pM; EXE2 = 200 uM;
LET1 =10 uM; LET2 =100 uM; Al/Cr[lll] = 100 uM. The results are presented as mean + SD,
n=3; p<0.05. * statistically significant difference from control.
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Figure 5. Effect of metalloestrogens, aromatase inhibitors — exemestane (A) or letrozole (B)
and their combination on the Bcl-2/BAX ratio in MCF-7 cell line under high glucose (HG)
conditions. EXE1 = 100 uM; EXE2 = 200 uM; LET1 = 10 uM; LET2 =100 pyM; Al/Cr[lll] = 100
MM. The results are presented as mean £ SD, n=3; p<0.05. * statistically significant
difference from control.
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Figure 6. Effect of metalloestrogens, aromatase inhibitors — exemestane (A) or letrozole (B)
and their combination on the Bcl-2/BAX ratio in MCF-7/DOX cell line under high glucose
(HG) conditions. EXE1 = 100 uM; EXE2 = 200 uM; LET1 = 10 uM; LET2 =100 uM; Al/Cr[ll1]
=100 uM. The results are presented as mean + SD, n=3; p<0.05. * statistically significant
difference from control.
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Figure 7. Effect of metalloestrogens, aromatase inhibitors — exemestane (A) or letrozole (B)
and their combination on the VEGF-A concentration in MCF-7 cell line under normal (NG)
and high glucose (HG) conditions. EXE1 = 100 uM; EXE2 = 200 uM; LET1 = 10 uM; LET2
=100 pM; Al/Cr[lll] = 100 uM. The results are presented as mean = SD, n=3; p<0.05;
*p=0.0332; **p=0.0021; ***p=0.0002; ****p<0.0001. Only statistically significant differences
are marked on the chart.

.Yy Editorial
. System


https://www.editorialsystem.com/pdf/download/1839841/9d46ee7b44091add5127207838ce4399/
https://www.editorialsystem.com/appdr
https://www.editorialsystem.com/

Figure 8
Download source file (82.75 kB)

ke ok ok *
i
e o ok ok o e e *
{ \ —
3 3k ok %k ok k ek ke *okokk % %k %k % %k %
M
dkokokk  kkokk o %k ek o ok ke ok % %k %k ok ek
800+ good | | m NG
— - mm HG
E 6004 E 6004
o {=]
2 2
< 400 < 400-
w w
o 3]
S 200+ £ 2004
0- 0-
N
AR S B A e O N S A L
& F VK S & & N e o
o & & < & < o W A N A
d &F & &F & S & ¢ SR>

MCF-7/DOX (A) MCF-7/DOX (B)

Figure 8. Effect of metalloestrogens, aromatase inhibitors — exemestane (A) or letrozole (B)
and their combination on the VEGF-A concentration in MCF-7/DOX cell line under normal
(NG) and high glucose (HG) conditions. EXE1 = 100 uM; EXE2 = 200 uM; LET1 = 10 uM;
LET2 =100 pM; Al/Cr[lll] = 100 uM. The results are presented as mean + SD, n=3; p<0.05;
*p=0.0332; **p=0.0021; ***p=0.0002; ****p<0.0001. Only statistically significant differences
are marked on the chart.
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Figure 1 - Download source file (43.2 kB)

Figure 1. Effect of metalloestrogens, aromatase inhibitors and their combination on cell
viability of MCF-7 cell line under high glucose (HG) conditions. The viability of MCF-7
cells treated with exemestane (A) and letrozole (B), alone or in combination with
aluminum or chromium [lll]. EXE1 = 100 uM; EXE2 = 200 uM; LET1 =10 yM; LET2 =100
MM; Al/Cr[llI] = 100 yM. The results are presented as mean + SD, n=3; p<0.05. *
statistically significant difference from control.

Figure 2 - Download source file (40.77 kB)

Figure 2. Effect of metalloestrogens, aromatase inhibitors and their combination on cell
viability of MCF-7/DOX cell line under high glucose (HG) conditions. The viability of
MCF-7/DOX cells treated with exemestane (A) and letrozole (B), alone or in combination
with aluminum or chromium [lll]. EXE1 = 100 uM; EXE2 = 200 pM; LET1 = 10 uM; LET2
=100 uM; Al/Cr[lll] = 100 uM. The results are presented as mean + SD, n=3; p<0.05. *
statistically significant difference from control.

Figure 3 - Download source file (52.03 kB)

Figure 3. Effect of metalloestrogens, aromatase inhibitors and their combination on
MCEF-7 cell death under high glucose (HG) conditions. Percentage of both apoptotic (early
and late apoptotic) and necrotic cells treated with exemestane (A) and letrozole (B), alone
or in combination with aluminum or chromium [lll]. EXE1 = 100 pM; EXE2 = 200 uM;
LET1 =10 uM; LET2 =100 uM; Al/Cr[lll] = 100 uM. The results are presented as mean *
SD, n=3; p<0.05. * statistically significant difference from control.

Figure 4 - Download source file (44.24 kB)

Figure 4. Effect of metalloestrogens, aromatase inhibitors and their combination on
MCF-7/DOX cell death under high glucose (HG) conditions. Percentage of both apoptotic
(early and late apoptotic) and necrotic cells treated with exemestane (A) and letrozole (B),
alone or in combination with aluminum or chromium [Ill]. EXE1 = 100 uM; EXE2 = 200
MM; LET1 = 10 uM; LET2 =100 uM; Al/Cr[lll] = 100 uM. The results are presented as
mean + SD, n=3; p<0.05. * statistically significant difference from control.

Figure 5 - Download source file (45.05 kB)

Figure 5. Effect of metalloestrogens, aromatase inhibitors — exemestane (A) or letrozole
(B) and their combination on the Bcl-2/BAX ratio in MCF-7 cell line under high glucose
(HG) conditions. EXE1 =100 uyM; EXE2 = 200 yM; LET1 = 10 uM; LET2 =100 uM;
Al/Cr[lll] = 100 yM. The results are presented as mean + SD, n=3; p<0.05. * statistically
significant difference from control.

Figure 6 - Download source file (55.67 kB)

Figure 6. Effect of metalloestrogens, aromatase inhibitors — exemestane (A) or letrozole
(B) and their combination on the Bcl-2/BAX ratio in MCF-7/DOX cell line under high
glucose (HG) conditions. EXE1 = 100 uyM; EXE2 = 200 pM; LET1 = 10 yM; LET2 =100
MM; Al/Cr[lll] = 100 yM. The results are presented as mean + SD, n=3; p<0.05. *
statistically significant difference from control.

Figure 7 - Download source file (77.42 kB)

Figure 7. Effect of metalloestrogens, aromatase inhibitors — exemestane (A) or letrozole
(B) and their combination on the VEGF-A concentration in MCF-7 cell line under normal
(NG) and high glucose (HG) conditions. EXE1 = 100 uM; EXE2 = 200 uM; LET1 = 10 uM;
LET2 =100 uM; AI/Cr[lll] = 100 uM. The results are presented as mean + SD, n=3;
p<0.05; *p=0.0332; **p=0.0021; ***p=0.0002; ****p<0.0001. Only statistically significant
differences are marked on the chart.

Figure 8 - Download source file (82.75 kB)
Figure 8. Effect of metalloestrogens, aromatase inhibitors — exemestane (A) or letrozole
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