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ARTICLE INFO ABSTRACT

Keywords: Breast and ovarian cancers are the leading and fifth reason for tumor death among females, respectively.
OLE Recently, many studies demonstrated antiproliferative activities of natural aliments in cancer. In this study, we
Mediterranean diet investigated the antitumor potential of Olive Leaf Extract (OLE) in triple-negative breast and ovarian cancer cells.
F(I;I::r(i:an cancer A HPLC/DAD analysis on OLE has been performed to assess the total polyphenolics and other secondary
Mitochondria metabolites content. HCEpiC, MDA-MB-231, and OVCAR-3 cell lines were used. MTS, Cytofluorimetric, Western

ROS Blot analysis were performed to analyze cell viability, cell proliferation, apoptosis, and oxidative stress. Fluo-
rimetric and IncuCyte® analyses were carried out to evaluate apoptosis and mitochondrial function.

We confirmed that OLE, containing a quantity of oleuropein of 87 % of the total extract, shows anti-
proliferative and pro-apoptotic activity on MDA-MB-231 cells. For the first time, our results indicate that OLE
inhibits OVCAR-3 cell viability inducing cell cycle arrest, and it also increases apoptotic cell death up-regulating
the protein level of cleaved-PARP and caspase 9. Moreover, our data show that OLE treatment causes a signif-
icant decrease in mitochondrial functionality, paralleled by a reduction of mitochondrial membrane potential.
Interestingly, OLE increased the level of intracellular and mitochondrial reactive oxygen species (ROS) together
with a decreased activity of ROS scavenging enzymes, confirming oxidative stress in both models. Our data
demonstrate that mitochondrial ROS generation represented the primary mechanism of OLE antitumor activity,
as pretreatment with antioxidant N-acetylcysteine prevented OLE-induced cell cycle arrest and apoptosis.

1. Introduction worldwide (254 % of the total) and the main cause of tumor death
among females (15 %), according to the WHO 2018 cancer statistics.
Breast cancer is the most frequently diagnosed cancer in women Ovarian cancer, instead, is the fifth most common reason for tumor

Abbreviations: DCF, 2/, 7'- dichlorofluorescein; DCFDA, 2',7’- dichlorofluorescein diacetate; DNP, 2, 4-dinitrophenylhydrazone; HCEpiC, Human Corneal Epithelial
Cells; HGSOC, High-Grade Serous Ovarian Carcinoma; NAC, N-acetylcysteine; OLE, Olive leaf extract; PVDF, polyvinylidene difluoride; ROS, reactive oxygen species;
TMRM, tetramethylrhodamine methyl ester perchlorate; TNBC, triple negative breast cancer.
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failure in women and the leading cancer-causing mortality from gyne-
cological malignancy in the developed world [1,2]. Due to their
aggressiveness and difficulty of diagnosis in the early stages, prevention
through a correct lifestyle is considered a concrete strategy. In this
context, diet and nutraceutical supplements become important either as
prevention that favors a prognostic approach or a way to increase the
survival rates as well. Therefore, the identification of new therapeutic
strategies focused on inhibiting cancer cell proliferation and inducing
apoptosis has become, nowadays, a major dare. In the last decades, the
study of the antitumor properties of food components is gaining more
and more attention. Recently, scientists from all around the world are
focusing their attention on the engaging link between the Mediterranean
Diet and its benefits in terms of health, longevity, and quality of life.
Indeed, several pieces of research have already demonstrated the anti-
proliferative and antiangiogenic activities of natural aliments such as
mangosteen, grape, tomato, or chestnut extracts. Modifications in diet
habits and adherence to the Mediterranean diet can importantly in-
crease life expectancy, reduce the risk of developing cancer or chronic
diseases, and improve the overall well-being [3,4]. Hence, any advance
in the comprehension of how dietary-based strategies may affect the
biomolecular pathways activated in cancer is strongly needed. Multiple
lines of evidence suggest the essential and fundamental role of diet in the
prevention and recurrence of the breast [5,6] and ovarian carcinoma
[7-9]. More precisely, antioxidants are recently gaining importance in
the field of cancer, as its assumption has shown a reduced tumor
recurrence and related mortality in breast cancer patients [10]. Histor-
ically, among natural foods, Olea europaea leaf extracts were extensively
used as a cure for fever and other disorders such as malaria [11]. Over
the years, olive phenolic compounds, which are large in number in olive
leaves, have shown great interest and have been studied for their po-
tential health benefits. Olea europaea leaf extracts, hereafter abbreviated
as OLE, have shown a remarkable anti-tumor [12], anti-inflammatory
[13], anti-viral [14], antithrombotic [15], anti-microbial [16], hypo-
cholesterolemic [17], skin photoprotective properties [18],
anti-proliferative and pro-apoptotic effect in several cancer cell lines
such as MDA-MB-231 [19-21], SkBr3 [22], MCF-7 [22,23], JIMT-1
[24], Caco-2 [25], A375 [26] and HeLa cells [27]. Indeed, poly-
phenols have been reported to interfere with the initiation, promotion,
and progression phases of cancer by affecting tumorigenic cell trans-
formation [28,29]. In fact, olive oil-based diets showed a significant
reduction of induced pre-cancerous breast lesions in vivo, and a pro-
tective role against mammary cancer development in perinatal exposed
female offspring [30], interacting with conventional anti-tumor thera-
pies [31,32]. OLE contains higher amounts and variety of polyphenols
than those found in extra virgin oil, and OLE polyphenols present
structural differences that may be responsible for better bioavailability,
as extensively reviewed by Boss and colleagues [33]. In addition, it has
been published that Oleuropein, the main polyphenol of Olea europaea
leaf extract, was more efficient to enhance the cytotoxic activity in
co-administration with conventional chemotherapeutic approaches,
respect to Oleuropein alone [34]. To understand the potential biological
effects of phenolic compounds, several scientists were also concentrated
upon essential characteristics such as bioavailability and metabolism
[35,36]. Polyphenols can act as inhibitors of tumor cell proliferation,
thanks to their capability to control the activity and the expression of
many target genes implicated in tumorigenesis while influencing only
slightly normal cells [37]. Natural polyphenols have been demonstrated
to exert beneficial and protective effects due to their antioxidant ability
as scavengers of free radical produced from many cellular processes and
various other sources into the environment [38]. However, recently
many pieces of evidence suggest a pro-oxidant response exerted by
polyphenols through the modulation of chemical signaling pathways
inducing anti-proliferative and pro-apoptotic responses in pre-tumoral
and tumoral cells [39-41]. The Reactive Oxygen Species (ROS) play a
leading role in tumorigenesis [42], supporting the antitumor activity of
different anti-cancer drugs. In this regard, pro-oxidant compounds could
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have a cytotoxic action, producing increased levels of ROS in cancer
cells, leading to an increased oxidative stress and damaging different
human tissues [43]. There is an increasing interest on investigating the
pathways that regulate ROS production, as well as their effects on
various aspects of mitochondrial biogenesis, fatty acid oxidation and
redox homeostasis, considering that polyphenols-induced ROS increase
could represent an efficient approach to selectively destroy tumoral cells
[43]. Nevertheless, Olive leaves still remain a non-edible source rich in
polyphenols that can perform a very interesting role in cancer,
contributing to block tumor progression as already reported [26].
Several studies have investigated on the bioactive elements present in
OLE and indicated the biophenols oleuropein and hydroxytyrosol as the
main components responsible for the observed effects [44]. Breast and
ovarian cancer continue to be major health threats for women. Breast
cancer is the most frequently occurring cancer in women, and an
increased familial risk of breast cancer is associated with an increased
risk of ovarian cancer [45,46]. In the present study, we analyzed the
antitumoral impact of OLE on human triple negative breast (TNBC) cell
line, MDA-MB-231, and on High-Grade Serous Ovarian Carcinoma
(HGSOC) cell line, OVCAR-3. TNBC constitutes a highly varied and
malignant breast cancer subtype where none of the three receptors are
expressed (estrogen, progesterone, nor HER-2/neu) and, consequently,
impede these patients to respond to any hormonal nor targeted therapy.
Moreover, only standard chemotherapy has been officially approved for
its routine treatment, as the absence of clear tumor drivers hinders the
reaching of better therapeutic achievements. OVCAR-3 is one of the
most extensively cell line used as a HGSOC model for drug resistance in
ovarian cancer, due to its low effectiveness to cyclophosphamide,
cisplatin and doxorubicin. Besides, even if ovarian tumor is significantly
less frequent than breast cancer, it comparatively develops in a much
more aggressive profile. Considering all types of ovarian cancers, the
5-year survivors neither reach 50 % of the total. It means 5% of overall
demises in females, making it the deadliest gynecological cancer, with
only a few effective treatment options available. In this work, we pro-
vided evidence that OLE induced cell cycle arrest, apoptosis and death
through ROS generation. We also proved that OLE specifically operated
as toxic pro-oxidant compound on MDA-MB-231 and OVCAR-3 cell
lines. To the best of our knowledge, this is the first investigation on the
antitumor effect of OLE related to its pro-oxidant activity in
MDA-MB-231 and OVCAR-3 cells, specifically focalizing interest in the
effects exerted in both models on mitochondrial functionality and
cellular redox homeostasis.

2. Materials and methods
2.1. Reagents and cells

Olive leaf extract (OLE) was provided and characterized (Supple-
mentary File 1) by Oleafit S.R.L. (Isola del Gran Sasso D’Italia, TE, Italy),
and OLE working solution was prepared fresh at a final concentration of
200 pg/mL for HCEpiC, MDA-MB-231, MDA-MB-468, OVCAR-3, and
OVCAR-8 cells, by suspending the powder extract in the appropriate
volume of complete cell culture media. Human corneal epithelial pri-
mary cells HCEpiC were isolated from the healthy human cornea and
were provided by Innoprot (P10871; RRID: CVCL_1272; Innoprot, Biz-
kaia, Spain). HCEpiC cells were used as a model of healthy normal
epithelial cells as an internal control. MDA-MB-231 (ECACC 92,020,424,
RRID: CVCL_0062) and OVCAR-3 (ATCC® HTB-161™; RRID:
CVCL_0465) were purchased from ECACC® (Porton Down, England)
and ATCC® (Manassas, VA, USA), respectively. MDA-MB-468 cells
(ATCC® HTB-132; RRID: CVCL_0419) represent an additional TNBC
cancer cell model of in vitro studies. OVCAR-8 cells, one of the most
resistant ovarian cancer lines to cisplatin chemotherapy, were originally
acquired from ATCC (RRID: CVCL_1629). Experiments were carried out
at passage numbers 5-8 for HCEpiC, at 52-54 for MDA-MB-231 cells,
and between 7-12 for OVCAR-3, OVCAR-8, and MDA-MB-468 cells. For
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all the experiments, HCEpiC cells were grown in complete IM-Corneal
Epithelial Cell Medium (CEpiCM) (P60131; Innoprot, Bizkaia, Spain),
MDA-MB-231 were cultured in Dulbecco’s modified Eagle’s medium-
high glucose (DMEM), while MDA-MB-468 cells were maintained in
DMEM/DMEM F12 (1:1). RPMI 1640 was the culture medium employed
for OVCAR-3 and OVCAR-8 cells, with 10 % Heat-inactivated fetal
bovine serum, 1% Penicillin-Streptomycin and 1% r-Glutamine (all of
them from Corning Life Sciences, Corning, NY, USA) and 0.01 mg/mL
Bovine Insulin was also supplemented for OVCAR-3 medium (Sigma-
Aldrich, St. Louis, MO, USA). Cells were detached once they reached
70-80 % of confluence by using 0.25 % Trypsin-EDTA (25—-052-CI,
Corning Life Sciences, NY, USA) and seeded onto a culture dish, flask, or
96-Multiwell plate at 10,000 cells/cm? (HCEpiC and MDA-MB-231) or
25,000 cells/cm? (OVCAR-3). Cells were maintained in a 5% CO, hu-
midified atmosphere at 37 °C.

2.2. MTS cell viability colorimetric assay

For testing the effect of OLE and oleuropein on cell viability, cells
were plated into 96-well microplates at a density of 5000 cells/cm? for
MDA-MB-468, 10,000 cells/cm? for HCEpiC and MDA-MB-231 or
25,000 cells/cm? for OVCAR-3 and OVCAR-8. The day after, cells were
treated for 24 and 72 h with the indicated concentrations of OLE and
oleuropein spanning a range to 0—400 pg/mL for OLE, to 0—400 pM for
oleuropein. MTS Cell Proliferation analysis, CellTiter® AQueous One
Solution Cell Proliferation Assay (Promega Corporation Madison, WI,
USA) was used, in accordance with the supplier’s guidelines. The indi-
cation of viability, determined by the amount of formazan produced,
was analyzed by an ELISA Infinite F200 plate reader (Tecan, Swiss). The
analysis was carried out at least in triplicates. The results were read as
absorbance at 492 nm. The same procedure was used to evaluate the
effect of NAC on cell viability in cells treated with OLE, with or without
5mM NAC pretreatment.

2.3. Clonogenic assay

For colony formation assay, 500 cells/well were seeded into 6-well
plates and allowed to attach overnight. The day after, the culture me-
dium was replaced with a fresh one, containing serial dilutions of OLE
for 24 h at the three following concentrations: 25 pg/mL, 50 pg/mL, and
100 pg/mL or culture medium, used as a control. Once the 24h of
treatment were completed, the respective medium containing OLE was
changed to avoid excessive cell death in the very sparse cell cultures,
which were incubated until colonies were formed. Approximately 7-10
days after, colonies were subsequently washed with PBS, fixed with
methanol, and stained at room temperature for 30 min with crystal vi-
olet solution (Cat. no. HT90132; Sigma Aldrich, Saint Louis, MO, USA)
and additionally washed with PBS.

2.4. Cell cycle profile analysis by flow cytometer

The cell cycle profile experiment was analyzed by propidium iodide
(PI) cell DNA staining. MDA-MB-231, MDA-MB-468, OVCAR-3, and
OVCAR-8 cells, untreated and treated with OLE at 200 pg/mL for 24 h,
were subjected to enzyme separation by using Accutase™ solution
(37 °C, 10 min) from PAA-GE Healthcare Life Sciences (GE Healthcare
Bio-Sciences AB, SE-751 84 Uppsala Sweden) and next centrifuged
(1.200 rpm, 10min, 4°C). The obtained pellets were ice-cold PBS
washed and fixed in 70 % ice-cold ethanol (4 °C, 30 min). The fixed cells
were placed into plastic BD tubes (Becton Dickinson, San José, CA,
USA), washed two times with ice-cold PBS, and dyed with a combination
of PI (50 pg/mL), Nonidet-P40 (0.1 % v/v), and RNase A (6 pg/ 10° cells)
solution (Sigma-Aldrich, Saint Louis, MO, USA) for 1h at 4°C in the
dark. The subdivision of cell cycle phases was investigated by using a
flow cytometer. Data from 10,000 events per sample were collected and
analyzed using FACSCalibur Flow Cytometry System (RRID:
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SCR_000401; Beckton Dickinson, San Jose, CA, USA) instrument
equipped with cell cycle analysis software (Modfit LT for Mac V3.0).

2.5. Western blotting analysis

Both treated and untreated cells were scratched and lysed as previ-
ously described, and the total concentration of protein was assessed [47,
48]. Control and treated cell resulting lysates (20—50pug of pro-
teins/sample) were loaded on 8-13 % polyacrylamide SDS denaturing
gels (BIO-RAD, CA, USA). The lysates were separated and then trans-
ferred to polyvinylidene difluoride (PVDF) membranes, as previously
described [47,48]. Unspecific binding sites were blocked with 5% (w/v)
non-fat dry milk (Bio-Rad Laboratories, Hercules, CA) dissolved in
Tris-buffer saline containing 0.1 % (v/v) Tween20 (TBS-T). Membranes
were maintained at 4 °C overnight with the following primary anti-
bodies diluted in blocking solution: Cyclin B2/CCNB2 1:200 (Abcam,
Cat# ab18250; RRID: AB_444357), anti-Cyclin D1 1:10000 (Abcam
Cat# ab134175, RRID:AB_2750906), anti-cleaved Caspase-9 1:1000
(Cell Signaling Technology Cat# 9509, RRID:AB_2073476);
anti-caspase-8 p18 1:200 (Santa Cruz Biotechnology Cat# sc-7890,
RRID:AB_2068330); anti-cleaved PARP 1:1000 (Thermo Fisher Scienti-
fic Cat# 44—698 G, RRID:AB_2533726), anti-Catalase 1:200 (Rockland
Cat# 200-4151, RRID:AB_2071858), and anti-Mn SOD 2 1:2000 (Enzo
Life Sciences Cat# SOD-111D, RRID:AB_2302158) and B-Actin
(8H10D10, RRID:AB_10694076) Mouse mAb (HRP Conjugate) (Cell
Signaling Technology Cat#12,262). Subsequently, membranes were
three times-washed with TBS-T and following incubated with the sec-
ondary HRP conjugated anti-mouse or anti-rabbit IgG antibody, diluted
1:30,000 in blocking solution for 1h at Room Temperature with soft
agitation. After washing the membranes four times with TBS-T, immu-
noreactive bands were observed by ECL, by following the supplier’s
guidelines. Alliance 4.7 UVITEC (Cambridge, UK) was employed to
obtain the individual bands from whole cell lysate, which were later
analyzed by ImageJ software and normalized to p-actin. Values were
expressed as relative units (R.U.).

2.6. Annexin V apoptosis assay by IncuCyte® S3 live-cell analysis system

IncuCyte® S3 Live-Cell Analysis System (Sartorius, Michigan, MI,
USA) was employed to assess the apoptotic effect of OLE on HCEpiC,
MDA-MB-231, and OVCAR-3 cells. This analytical instrument enables an
automatic in-incubator way to monitor live cells. Briefly, cells were
plated in a 96-multiwell culture plate at 10,000 cells/cm? (HCEpiC,
MDA-MB-231) and 25,000 cells/cm? (OVCAR-3), and maintained for
24h at 37 °C before applying the OLE treatment at a concentration of
200 pg/mL. Early apoptotic cells were observed by IncuCyte® Annexin
V Green Reagent staining, which was diluted in complete medium to
yield a final dilution of 1:200. Cell nuclei were detected by IncuCyte®
NucLight Red reagent without affecting cell growth or morphology, at a
final dilution of 1:2000. Cell images were captured using phase contrast,
green (300 ms exposure), and red (400 ms exposure) channels in the
IncuCyte ZOOM™ platform (Essen BioScience, Inc.), which is positioned
into a cell incubator at 37 °C and 5% CO5. An amount of four picture sets
was taken from several points of the well, using a 10x dry objective lens
every 4 h for a total timeline of 72h, and all the treatment conditions
were run in quadruplicates. Automated real-time evaluation using live-
cell analysis (Essen Bioscience) was carried out by assessing as green
area for all cells stained with Annexin V Reagent, and normalizing them
to the red area, established for all cells stained red with NucLight Re-
agent. Graphics were made using the basic software graph tools (Essen
Bioscience).

2.7. OxyBlot™ analysis

OxyBlot analysis was carried out by following strictly the protocol’s
instructions provided by the manufacturer (Millipore, Billerica, MA) to
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characterize the carbonyl groups inserted in the amino acid side chain,
following the change in the oxidative state of proteins. The grade of
protein oxidation was identified by an Oxidized Protein Detection Kit
(OxyBlot, Chemicon Cat# S7150-Kit). This kit generates 2, 4-dinitrophe-
nylhydrazone (DNP) moiety from carbonyl groups. The DNP moiety can
be later individuated with anti-DNP antibodies, a technique to test for
one form of oxidative damage to a protein. The proteins were derivat-
ized following the protocol’s instructions. The protein lysates were
isolated on 10 % SDS-PAGE gels and electroblotted onto PVDF mem-
branes. Consequently, membranes were blocked by using 5% milk (in
Tris Buffered Saline [TBS] with 0.2 % Tween-20) (1 h, room tempera-
ture). The PVDF membranes were incubated with a primary rabbit anti-
DNPH protein antibody from Chemicon Oxyblot (working dilution,
1:150) overnight at 4 °C, and to a secondary antibody afterward [Goat
Anti-Rabbit IgG (HRP conjugated)] (working solution, 1:300; 1 h, room
temperature). Next, washing buffer TBS with 0.2 % Tween-20 was used
to perform three washes of the membranes. The protein bands were then
observed with ECL (Amersham Biosciences), while band signal intensity
was analyzed by means of a flatbed scanner (Epson Perfection 3200
PHOTO) and imaging software (Image J).

2.8. Oxidative stress and reactive oxygen species by fluorimetric assay

To study whether OLE was able to induce oxidative stress, ROS
production was investigated in MDA-MB-231 and OVCAR-3 cells by
using DCFDA Cellular ROS Detection Kit (Abcam). The assay is per-
formed using the fluorogenic agent 2',7'- dichlorofluorescein diacetate
(DCFDA), which is able to diffuse into the cells and be deacetylated by
cellular esterases to a nonfluorescent compound, following later oxi-
dization by ROS to 2/, 7'- dichlorofluorescein (DCF). For this purpose,
both MDA-MB-231 and OVCAR-3 cells were plated into 96-multiwell
plates at cell densities of 25,000 cells/well. Twenty-four hours later,
the cells were washed with PBS and incubated with 10 pM DCFDA
diluted in phenol red—free medium (DMEM F12, Corning) for 40 min at
37°C in the dark, according to the provider’s instructions. After an
additional wash with PBS, cells were then incubated with or without
200 pg/mL OLE using their specific medium. After 24 h, fluorescence
was evaluated at excitation of 495 nm and emission of 529 nm using a
Victor3 microplate reader (PerkinElmer, Waltham, MA, USA). For data
analysis, blank readings were subtracted to every single measurement in
order to determine the fold change from assay (control and treated), and
data were normalized to t =0.

2.9. Determination of N-acetyl cysteine effects on OLE-induced cell
viability, apoptosis, and mitochondrial impairment

Treatment with N-acetyl cysteine (NAC) has been used because of its
specific activity as a ROS scavenger. HCEpiC, a model of healthy normal
epithelial cells used as internal control, MDA-MB-231, and OVCAR-3
tumor cells, were seeded at their specific cell densities. After 24 h,
cells were subjected to pretreatment with 5mM NAC for 1h. Subse-
quently, they were incubated with 200 pg/mL OLE for 24 h, and cell
viability, apoptosis, and mitochondrial ROS measurement were deter-
mined as described.

2.10. Analysis of mitochondrial function by fluorimetric assay and
mitochondrial membrane potential by fluorimetric assay and by IncuCyte®
S3 live-cell analysis system

For elucidating the presence of alterations in mitochondrial func-
tions, fluorescence analysis was carried out with MitoTracker® Green
FM probe (Invitrogen). MDA-MB-231 and OVCAR-3 cells, after treat-
ment with 200 pg/mL OLE for 24 h, were incubated for 30 min at 37 °C
with 200 nM MitoTracker® Green FM probe. Culture media were then
replaced with PBS in order to avoid phenol red interferences. Fluores-
cence was immediately measured using a Victor3 microplate reader

Biomedicine & Pharmacotherapy 134 (2021) 111139

(PerkinElmer, Waltham, MA, USA).

Changes in mitochondrial membrane potential (A¥m) were recorded
with tetramethylrhodamine methyl ester perchlorate (Image-iT™
TMRM, Invitrogen). TMRM is a red-fluorescing, cationic and cell-
permeant dye, confined by active mitochondria, indicating mitochon-
drial polarization. MDA-MB-231 and OVCAR-3 cells were loaded with
100 nM TMRM for 30 min at RT. Culture media were then replaced with
PBS in order to avoid phenol red interferences, and fluorescence was
immediately measured in a Victor3 microplate reader (PerkinElmer,
Waltham, MA, USA). In order to corroborate previous results, additional
fluorescent analysis with TMRM was carried out in a 96-multiwell plate
(Corning Life Sciences, NY, USA) by using IncuCyte® S3 Live-Cell
Analysis System (Essen BioScience, Inc.). After washing with complete
fresh media, fluorescence was measured on the IncuCyte® S3 Live-Cell
Analysis System (Essen BioScience, Inc.). Images were taken using
phase contrast with the red channel (exposure: 400 ms) by the IncuCyte
ZOOM™ platform (Essen BioScience, Inc.). From different regions, four
image sets per well were taken, using a 10x dry objective lens, every 4 h
for a total of 72 h, running each condition in quadruplicates. The live-
cell analysis of the automated real-time experiment was evaluated as a
red area for cells stained with TMRM normalized on the contrast phase
area. The basic graph software was used to create final graphics (Essen
Bioscience).

2.11. Mitochondrial superoxide assay by IncuCyte® S3 live-cell analysis
system

Superoxide produced by mitochondria was evaluated by staining the
cells with the Mitochondrial Superoxide Indicator MitoSOX™ Red, used
for experiments in live-cell imaging. The MitoSOX™ Red reagent fluo-
rogenic probe selectively binds the mitochondria in live cells. The
Oxidation process of MitoSOX™ Red reagent generates red fluorescence.
MitoSOX™ Red reagent spread throughout live cells, specifically tar-
geting mitochondria. It is then oxidized quickly by superoxide, and the
oxidized compound is highly fluorescent upon binding to the nucleic
acid. In order to perform this analysis, HCEpiC, MDA-MB-231, and
OVCAR-3 cells were plated into 96-multiwell plates at their cell den-
sities. After 24 h, cells were treated with or without 200 pg/mL of OLE in
their specific media. Twenty-four hours later, cells were incubated with
5 pM MitoSOX™ Red diluted in Hank’s Balanced Salt Solution/Ca/Mg
(HBSS, Thermo Fisher Scientific. Grand Island, N.Y., USA) for 30 min at
37 °C, following a PBS washing and then imaged immediately. The level
of mitochondria-specific reactive oxygen species (ROS) was monitored
up to 6 h and quantified with the oxygen radical-sensitive probe-Mito-
SOX, by using the IncuCyte live-cell Imaging System. Four images were
taken per well, and the mean intensity of fluorescence of MitoSOX™ Red
was evaluated for every single image utilizing IncuCyte ZOOM software
and then mediated for each well.

2.12. Statistical analysis

The results are presented as mean 4+ SEM of triplicate observations
from one representative of at least three experiments with similar re-
sults. Data were mediated, and statistical analyses were carried out.
Samples’ statistical analyses were evaluated by Graph Pad Prism 8
software (RRID: SCR_002798) by applying the unpaired Student’s t-test,
and the significance of differences between groups was determined by
two-way analysis of variance (ANOVA) followed by Tukey post hoc tests
for multiple comparisons. Every single experiment was replicated at
least thrice (n = 3). Statistically significance was settled at *, p < 0.05;
** p <0.005; ***, p<0.0001. Data were presented as mean + SEM of
three single experiments (n = 3).

3. Theory

Breast and ovarian cancer are two of the most common and
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Fig. 1. OLE inhibits specifically MDA-MB-231
and OVCAR-3 cell viability, without affecting
non-tumoral cells. Short-term effect of OLE on
HCEpiC (a), MDA-MB-231 (b), and OVCAR-3
(c) cell viability. HCEpiC, MDA-MB-231, and
OVCAR-3 cells were maintained for 24h in
supplemented or not (control) medium with
OLE at the concentrations indicated in the
figure. Then, cell viability was evaluated by
MTS experiment and presented as a percent of
non-treated cells. Long-term Colony formation
assay in MDA-MB-231 (d-e) and OVCAR-3 (f-g)
cells. (d,f) Representative images of colony
formation assay in MDA-MB-231 (d) and in
OVCAR-3 (f) cells. (e,g) Graphical representa-
tion of the number of treated colonies (red bars)
relative to colony count of untreated cells
(black bars) in MDA-MB-231 (d) and OVCAR-3
(f) plates. Statistical analysis was carried out by
applying the unpaired Student’s t-test and the
one-way analysis of variance (ANOVA) fol-
lowed by Tukey post hoc tests for multiple
comparisons. Statistically significance was
settled at * p<0.05, ** p<0.005 vs 0; ++
p < 0.005, +++ p < 0.0001 vs 100; # p < 0.05,
##+# p <0.0001 vs 200; § p < 0.05 vs 300. Data
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aggressive cancers among women. Nowadays, it is well-known the ad-
vantageous effect that the Mediterranean diet generates in human health
at different levels. Recently, Olea europaea leaves have attracted
increasing interest in the scientific society. Precisely, olive leaves
constitute a discarded part of the plant, still remaining a non-edible
product with a high nutritional and functional value that can be
included as a co-adjuvant in antitumor therapy. On this basis, we studied
OLE as a potential novel natural compound for the specific targeting of
breast and ovarian cancer cells. So, in the interest of focusing on cancers
of the female reproductive system, our findings confirm OLE ability to
affect cell proliferation and apoptosis in breast cancer cells and provide,
for the first time, strong experimental pieces of evidence on OLE selec-
tive ability to inhibit cell proliferation and to promote pro-apoptotic
activity in ovarian cancer cells, through the production of intracellular
and mitochondrial ROS and mitochondrial impairment, in agreement
with recent findings indicating a pro-oxidant activity of polyphenols in
cancer. Therefore, OLE might represent an attractive candidate for a
positive lifestyle strategy for tumor prevention and drug development,
sounding like a promising combined therapeutic strategy.

are presented as mean + SEM of three different
experiments; (n = 3). (For interpretation of the
references to colour in the Figure, the reader is
referred to the web version of this article).

OVCAR-3

4. Results

4.1. OLE specifically inhibits the viability of MDA-MB-231 triple-negative
breast and OVCAR-3 ovarian cancer cells

Firstly, a both qualitative and quantitative HPLC/DAD analysis on
OLE have been performed to assess the total content of polyphenolics
and other secondary metabolites. The main component of the extract
was found to be oleuropein, and its quantity together with its de-
rivatives, was assessed by means of the oleuropein calibration curve at
280 nm and it was found to be 87 % of the total components of the
extract (Supplementary File 1). For assaying the antitumor effect of OLE,
its influence on cell viability was evaluated in normal human corneal
epithelial HCEpiC cells as well as in a panel of human breast (MDA-MB-
231, MDA-MB-468) and ovarian cancer cell lines (OVCAR-3 and
OVCAR-8). Cells were treated with increasing OLE concentrations from
100 to 400 pg/mL for 24 (Fig. 1) and 72h (Supplementary Fig. 2), and
ICso values for all the tested cell lines were calculated. HCEpiC cells
resulted only slightly affected, since around 90 % cell viability was still
noticeable after 24 h at 400 pg/mL OLE concentration (Fig. 1a), while
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Fig. 2. OLE induces cell cycle arrest and promotes apoptosis in MDA-MB-231 cells. MDA-MB-231 cells were exposed to OLE at 200 pg/mL (b) or not (a) for 24 h, (a)
and (b) are representative graphs of the experiment. The distribution of the cell cycle (c) was assessed by flow cytometry. For each sample, at least 2 x 10° events
were analyzed (*, p < 0.05 versus control). (d) The levels of cell cycle regulatory proteins and relative densitometric analysis (e) (f) in MDA-MB-231 cells treated
with OLE at 200 pg/mL for 24 h were assessed by western blotting. f-actin was employed as a house-keeping for the equivalent loading of protein in the lanes; (g)
IncuCyte quantification of MDA-MB-231 untreated cells (MDA-MB-231 CTRL, black line) and cells treated with OLE at 200 pg/mL (MDA-MB-231 OLE, red line); (h)
(i) Representative images of IncuCyte quantification in MDA-MB-231 untreated (h) and OLE treated (i) cells (in red, cells labeled with the IncuCyte® NucLight Rapid
Red Reagent; in green, cells labeled with the IncuCyte® Annexin V Reagent); (1) MDA-MB-231 cells were incubated with OLE at 200 pg/mL for 24 h. Cell lysates were
obtained and then assayed by western blotting to evaluate the levels of apoptosis-related proteins. (m, n, 0) The graphs show the relative densitometric analysis. The
house-keeping protein f-actin has been employed as the loading control. For (c), (e), (f), (m), (n) and (o), statistical analysis was carried out by applying the
unpaired Student’s t-test. * p < 0.05; ** p < 0.005; *** p < 0.0001 vs CTRL. For (g), statistical analysis was carried out by applying the two-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparisons test. Statistically significance was settled at ** p < 0.005, *** p < 0.0001 vs CTRL. Data are presented as
mean + SEM of three different experiments; (n = 3). (For interpretation of the references to colour in the Figure, the reader is referred to the web version of

this article).

MTS assay indicated an ICsg value very close to 200 pg/mL after 24 h of
treatment for MDA-MB-231 (Fig. 1b), MDA-MB-468 (Supplementary
Fig. 2c), OVCAR-3 (Fig. 1c) and OVCAR-8 (Supplementary Fig. 2g),
suggesting that OLE selectively targeted cancer cells. On this basis, the
200 pg/mL concentration of OLE was chosen as the working concen-
tration to be used for all the following experiments in both models.
Additionally, OLE effectiveness was assessed by performing clonogenic
assays to verify whether the compound was also able to exert a long-
term cell growth inhibition. Data exhibited that OLE dramatically
repressed the number of colonies formed in MDA-MB-231 (Fig. 1d,e),
OVCAR-3 (Fig. 1f,g), MDA-MB-468 (Supplementary Fig. 2e,f) and
OVCAR-8 cells (Supplementary Fig. 2i,1) after seven-ten days of treat-
ment with three different concentration of OLE (100-50—25 pg/mL).
These results confirmed the dose-response antiproliferative effect of the
extract, verifying the ability of OLE to inhibit cell growth upon several
breast and ovarian cancer models. In order to evaluate which compo-
nent of the olive leaf extract could be responsible for the cytotoxic effect
on cancer cell lines, the influence of the main bioactive component of
the leaf extract, oleuropein, was assayed on MDA-MB-231 and OVCAR-3
cell viability. In agreement with recent findings demonstrating that
oleuropein and hydroxytyrosol selectively reduce proliferation and
induce apoptosis in pancreatic cancer cells [44], we confirmed that
oleuropein was able to induce a cytotoxic effect on MDA-MB-231 and
OVCAR-3 cells (Supplementary Fig. 3).

4.2. OLE promotes cell cycle arrest in MDA-MB-231 and OVCAR-3 cells

For studying OLE-mediated growth inhibition, since OLE did not
affect HCEpiC cell viability, cell cycle through flow cytometric analysis
was performed only in MDA-MB-231, OVCAR-3, MDA-MB-468 and
OVCAR-8 cells exposed to 200 pg/mL OLE for 24 h. As represented in
Figs. 2 and 3, OLE induced a significant accumulation of cells in S phase
in MDA-MB-231 (Fig. 2 a—c) and S-G2/M phase in OVCAR-3 (Fig. 3 a—c)
cells. Specifically, the S phase population increased significantly from
36,9%-41,5% in MDA-MB-231 treated cells (Fig. 2c). Treatment of
OVCAR-3 cells with 200 pg/mL of OLE resulted in a significant increase
in the percentage of S phase population from 21,3%-28,6% versus the
untreated cells (Fig. 3c). The percentage of cells in the G2/M phase was
also significantly higher in OVCAR-3 cells after treatment with 200 pg/
mL of OLE, from 12,2%-15% compared to the untreated cells (Fig. 3c).
Preliminary data from experiments carried out in MDA-MB-468 and
OVCAR-8 cells show a cell cycle arrest in S phases in MDA-MB-468 cells
(Supplementary Fig. 4 a,c,d) and in OVCAR-8 cells (Supplementary
Fig. 4b,e,f). Specifically, MDA-MB-468 cells, exposed to OLE, exhibited
an accumulation of cells in the S phase from 14,9% to 29,5% compared
with the control (Supplementary Fig. 4a), whereas OVCAR-8 cells
showed an increment of cells in the S phase from 33,2% to 44,1%
(Supplementary Fig. 4b). These preliminary data lead us to suppose an
important block in S phases for MDA-MB-468 and OVCAR-8 cells. To
further validate the results obtained by cytofluorimetry, by which OLE
promotes cell cycle block at S and G2/M phases, the levels of two cell
cycle essential regulatory proteins were analyzed by western blotting.

Fig. 2 d—f shows a significant decrease of cyclins D1 and B2 in OLE-
treated MDA-MB-231 cells compared to untreated cells, while Fig. 3
d-f shows a significant reduction of cyclin B2. Still, no significant dif-
ferences were detected for cyclin D1 in OVCAR-3 cells compared to
control cells.

4.3. OLE promotes apoptosis in MDA-MB-231 and OVCAR-3 cells

To elucidate whether the cell cycle arrest upon OLE treatment was
correlated to the induction of apoptosis, MDA-MB-231, and OVCAR-3
cells were treated with 200 pg/mL OLE for 24h, and the apoptotic
progression was evaluated by performing an IncuCyte S3 live-cell Im-
aging System Analysis. OLE increased significantly apoptotic cells with
respect to control cells, both in MDA-MB-231 and in OVCAR-3 cells, as
shown in Fig. 2 g-i and Fig. 3 g-i. Also, our results also indicated
apparent morphological changes associated with the apoptotic process
in both models (Fig. 2 h,i; Fig. 3 h,i). For assaying the pathways involved
in apoptosis-mediated cell death in our cancer models, the protein levels
of cleaved caspase 9, cleaved PARP, pro-, and cleaved caspase 8 were
investigated. Fig. 2 I-n and Fig. 3 1-n show that OLE promoted a notable
increase in the expression of the initiator of the mitochondrial pathway
caspase 9 and cleaved PARP, both in MDA-MB-231 (Fig. 2 1-n) and in
OVCAR-3 (Fig. 3 -n) cells. On the other hand, the protein levels of the
initiator pro-caspase 8 remained unvaried. Additionally, it was not
observed any activation of the p18 subunit, related to the cleaved form
of the caspase 8, presuming that the membrane receptor-mediated
extrinsic apoptotic pathway was not activated, because of the OLE
treatment, within these cell tumor models (Fig. 21,0 and Fig. 3L,0). On
the light of these results, our data pointed that OLE is able to strongly
promote apoptosis in MDA-MB-231 and OVCAR-3 cells, probably
exclusively throughout the activation of the intrinsic apoptotic pathway,
as the initiator pro-caspase 8 did not show any type of regulation and
any activation of its cleaved form upon the OLE treatment.

4.4. OLE affects apoptosis, selectively increasing ROS production and
altering the protein levels of oxidative stress pathway-related proteins

It is well-known that high levels of ROS cause harmful oxidation in
cells and control many cellular mechanisms, including apoptosis and cell
cycle arrest, among others (47). Therefore, the DCFDA Cellular ROS
Detection Assay Kit, monitoring intracellular ROS production by fluo-
rescence detected by a microplate reader, was used in MDA-MB-231 and
OVCAR-3 cells. The results showed that OLE treatment at 200 pg/mL for
24 h significantly increased the intracellular ROS levels either in MDA-
MB-231 (Fig. 4a) and in OVCAR-3 (Fig. 4b) cells. For counteracting
ROS damaging effects, cells use antioxidant defense systems such as
catalase and superoxide dismutase (SOD2). For this reason, the protein
levels of these two crucial ROS scavengers were investigated. MDA-MB-
231 (Fig. 4 ¢, e, f) and OVCAR-3 (Fig. 4 d, g, h) cells treated with OLE at
200 pg/mL for 24 h show significant downregulation of protein expres-
sion level of SOD2 and catalase when compared to control cells.
Furthermore, oxidative stress was significantly increased, as supported
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Fig. 3. OLE induces cell cycle arrest and promotes apoptosis in OVCAR-3 cells. OVCAR-3 cells were exposed to OLE at 200 pg/mL (b) or not (a) for 24 h; (a) and (b)
are representative graphs of the experiment. The distribution of the cell cycle (c) was assessed by flow cytometry. For each sample, at least 2 x 10> events were
analyzed (*, p < 0.05 versus control). (d) The levels of cell cycle regulatory proteins and relative densitometric analysis (e) (f) in OVCAR-3 cells treated with OLE at
200 pg/mL for 24h were assessed by western blotting. p-actin was employed as housekeeping for the equivalent loading of proteins in the lanes; (g) IncuCyte
quantification of OVCAR-3 untreated cells (OVCAR-3 CTRL, black line) and cells treated with OLE at 200 pg/mL (OVCAR-3 OLE, red line); (h, i) Representative
images of IncuCyte quantification in OVCAR-3 untreated (h) and OLE treated (i) cells (in red, cells labeled with the IncuCyte® NucLight Rapid Red Reagent, that
specifically stains nuclei in live cells and is ideally suited to the real-time quantification of cell counting; in green, cells labeled with the IncuCyte® Annexin V
Reagent, thoroughly-specific phosphatidylserine (PS) cyanine fluorescent probe that is ideally designed for real-time apoptosis evaluation in living cultures); (1)
OVCAR-3 cells were incubated with OLE at 200 pg/mL for 24 h. Cell lysates were obtained and then assayed by western blotting to evaluate the levels of apoptosis-
related proteins. (m, n, o) The graphs show the relative densitometric analysis. The house-keeping protein p-actin has been employed as the loading control. For (c),
(e), (f), (m), (n) and (o), statistical analysis was carried out by applying the unpaired Student’s t-test. * p < 0.05; ** p < 0.005; *** p < 0.0001 vs CTRL. For (g),
statistical analysis was carried out by applying the two-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparisons test. Statistically sig-
nificance was settled at * p < 0.05, *** p < 0.0001 vs CTRL. Data are presented as mean + SEM of three different experiments; (n = 3). (For interpretation of the

references to colour in the Figure, the reader is referred to the web version of this article).

<

by the levels of oxidized proteins determined by OxyBlot assay. As
shown in Fig. 4i and 4 L, in the OLE group, an increase in the expression
of the oxidized protein was observed, both in MDA-MB-231 (Fig. 4i) and
in OVCAR-3 (Fig. 4]) cells. These findings suggest that olive leaf extract
acts as a pro-oxidant agent in MDA-MB-231 and OVCAR-3 cells. Given
that OLE treatment in our conditions significantly inhibited cell
viability, induced apoptosis, and increased intracellular ROS production
in both MDA-MB-231 and OVCAR-3 cells, additional experiments were
performed to examine whether OLE-induced cytotoxicity was mediated
by the increase of intracellular ROS generation. To this purpose, cell
viability and apoptosis were also investigated in the presence of NAC.
NAC, an aminothiol that synthesizes the precursor of intracellular
glutathione and cysteine, is considered an excellent antioxidant to pre-
vent the generation of HyO2 [49]. HCEpiC, MDA-MB-231, and OVCAR-3
cells were treated or not with OLE at 200 pg/mL for 24 h, with NAC
alone at 5nM, and in the presence of 1 h pre-treatment with 5 mM NAC
and then OLE. By MTS assay, as shown in Fig. 5, we confirmed that OLE
treatment significantly decreased cell viability both in MDA-MB-231
(Fig. 5b) and in OVCAR-3 (Fig. 5c¢) cells. In the presence of 5mM NAC
treatment, no significant changes occurred in terms of cell viability in
any cancer model when compared to the control values. All pre-
treatments with 5 mM NAC consistently impaired the OLE effects on cell
viability both in MDA-MB-231 (Fig. 5b) and in OVCAR-3 (Fig. 5¢) cells.
In contrast, HCEpiC cells were not affected by OLE treatment, con-
firming again that OLE selectively targets cancer cells (Fig. 5a). Also,
IncuCyte live-cell Imaging System analysis revealed that 5mM NAC
pretreatment completely counteracted the apoptotic effect of OLE, as
detected by Annexin V staining both in MDA-MB-231 (Fig. 6¢,d) and in
OVCAR-3 (Fig. 6e,f) cells. Moreover, Fig. 6a,b shows that neither OLE
nor NAC treatment has any effect on apoptosis in HCEpiC cells, con-
firming the safe ineffectiveness of our compound in non-tumoral cells.
Overall, these evidences indicate that ROS production constitutes the
mechanism underlying the ability of OLE to promote cell cycle arrest,
apoptosis, and mitochondrial impairment in MDA-MB-231 and
OVCAR-3 cells.

4.5. OLE compromises mitochondrial function

Previous investigations have shown that ROS production was strictly
associated with mitochondrial impairment and membrane potential
(A¥m) changes [50,51]. Accordingly, the effect of OLE on the functional
state of mitochondria and mitochondrial membrane potential changes
were measured. Therefore, we performed a Fluorescence assay by using
MitoTracker® Green FM probe after 24 h of OLE treatment. This fluo-
rescent dye accumulates in active mitochondria by passively diffusing
across the plasma membrane due to its low thiol-reactive chloromethyl
moiety that allows mitochondria labeling. As observed in Fig. 7a and f,
OLE caused a significant decrease of the fluorescence, thus suggesting an
impairment of mitochondrial functionality or a reduction of mitochon-
drial number in MDA-MB-231 (Fig. 7a) and in OVCAR-3 (Fig. 7f) cells.
The study was then extended to the evaluation of mitochondrial status

by using tetramethylrhodamine methyl ester (TMRM) to measure the
mitochondrial membrane potential (Aym), a key indicator of mito-
chondrial health and the metabolic state of the cell. As shown in Fig. 7b
and g, OLE treatment significantly resulted in Aym loss in MDA-MB-231
(Fig. 7b) and OVCAR-3 (Fig. 7g) cells after 24 h of incubation. Our data
were further validated by TMRM assay by using IncuCyte® live-cell
imaging. Already at the first hours of treatment, OLE-treated
MDA-MB-231 cells significantly showed a reduced basal Aym
compared to control cells (Fig. 7c-e), more accentuated in the OVCAR-3
model (Fig. 7h-1), suggesting the capacity of OLE in reducing the mito-
chondrial membrane potential, presumably leading to mitochondrial
dysfunction and cell death, in agreement with the observed OLE-induced
apoptosis. It is very well-known that oxidative stress is essentially pro-
duced in mitochondria [51], especially from mitochondrial superoxide.
Therefore, we investigated the total amount of mitochondria-specific
superoxide, measured using an oxygen radical-sensitive probe-Mito-
SOX upon OLE treatment, by using the IncuCyte live-cell Imaging Sys-
tem. MitoSOX analyses showed a significant increase in mitochondrial
superoxide generation after OLE treatment at 200 pg/mL for 24 h, both
in MDA-MB-231 (Fig. 8c,d) and in OVCAR-3 (Fig. 8e,f) cells. Further-
more, OLE-induced MitoSOX generation in MDA-MB-231 and OVCAR-3
cells was suppressed by the treatment with 5mM NAGC; in fact, pre-
treatment with NAC significantly inhibited mitochondrial superoxide
generation both in MDA-MB-231 (Fig. 8c,d) and in OVCAR-3 (Fig. 8e,f)
cells. Fig. 8a,b shows that OLE and NAC treatment, neither alone nor
together, did not produce significative changes in the mitochondrial
superoxide production in HCEpiC cells, suggesting that OLE pro-oxidant
effects are specific for cancer cells.

5. Discussion

Breast cancer is the most common cancer among women, registering
2,1 million women each year, and is also responsible for the greatest
number of cancer-related deaths among women all over the world [1].
Ovarian cancer, instead, represents the most lethal gynecological cancer
in the world. Ovarian tumor is significantly less frequent than breast
cancer but considerably more aggressive. The huge mortality rate is
mostly associated with its unknown progression, resulting in
fast-developed, diffused malignancy involving about 75 % of women at
diagnosis [52]. Many studies have concentrated on the antiproliferative
effect of single drugs or natural compounds by performing detailed
analysis of cell proliferation signaling or metabolic pathways [53]. It is
well-known, nowadays, the beneficial effects that the Mediterranean
diet generates in human health at different levels. In this regard,
immunomodulatory, anti-diabetic, anti-cardiovascular, anti-inflam
matory, or anti-infective and anti-microbial actions have been associ-
ated with correcting dietary habits in individuals who adhere to the
Mediterranean Alimentary culture. Recently, Olea europaea leaves have
attracted increasing interest in the scientific society. Therefore, the in-
dustry put considerable effort into exploiting this agricultural waste
[22]. Precisely, olive leaves constitute a discarded part of the plant that
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Fig. 4. OLE increases ROS accumulation and affects the protein levels of oxidative stress pathway-related proteins in MDA-MB-231 and OVCAR-3 cells. MDA-MB-231
(a) and OVCAR-3 (b) cells were incubated for 24 h with or without OLE at 200 pg/mL, and ROS were detected with DCFDA Cellular ROS detection Assay Kit, and
fluorescence intensity was calculated using a Victor3 microplate reader. (c-h) Western blotting and relative densitometric analysis for the protein levels of oxidative
stress pathway-related proteins in MDA-MB-231 (c, e, f) and OVCAR-3 (d, g, h) cells; (i, 1) Evidence of increased oxidative stress and relative densitometric analysis
in MDA-MB-231 (i) and OVCAR-3 (1) cells treated with OLE at 200 pg/mL for 24 h. OxyBlot Protein Oxidation Detection Kit was employed for detecting the carbonyl
groups introduced by oxidative reactions into the proteins in MDA-MB-231 (i) and OVCAR-3 (1) cells by immunoblotting. Statistical analysis was carried out by
employing the unpaired Student’s t-test. * p < 0.05; ** p < 0.005; *** p < 0.0001 vs CTRL. Data are presented as mean + SEM of three different experiments; (n = 3).

10



R. Benot-Dominguez et al.

a
_ HCEpiC
2 1504
c
o
(%)
£
Q s
3 100+ e
=
3 50+
m
g
>
-l
o O
] CTRL OLE NAC  OLE +NAC
b C
_ MDA-MB-231 _
5 3
£ 150 ++++++ £ 150
8 3 8
- *% . *XX
g g
3 100- 3 1004
) =
= 50 = 50
m 1]
2 <
s s
) CTRL OLE NAC  OLE+NAC ) CTRL

nowadays remains a non-edible product with a high nutritional and
functional value that can be included as a co-adjuvant in antitumor
therapy. Moreover, many pieces of research have underlined the anti-
cancer potential of olive leaf extracts, focusing on the inhibition of cell
proliferation in MDA-MB-231 [19-21], MCF-7 [20-23], SKBR3 [22],
and JIMT-1 [24] breast cancer cell lines. Nevertheless, scientists are now
focusing their studies on the molecular mechanisms and the specific
compound -or mixture of them- responsible for their anti-tumoral
properties. Recently, the request for olive leaf extract has expanded
because of its use in foodstuffs, food additives, and functional food
materials [54]. Polyphenols are present in OLE as a mixture, and much
evidences indicate that OLE polyphenols act synergistically, resulting in
an increased effect with respect to the effect of the single polyphenol
[33,55,56]. For this reason, it appears more appropriated to use the
extract rather than the single components to evaluate the bioactive ef-
fects. Moreover, it appears that OLE polyphenols can discriminate be-
tween normal and the cancer cell, rendering more interesting their use
as co-adjuvant compounds [19,57]. Our study confirmed OLE
anti-proliferative and pro-apoptotic role on human TNBC and, for the
first time, demonstrated that OLE exerted a pro-apoptotic activity on
human ovarian tumor cells, providing exploratory data on the involved
mechanisms. Our results show that OLE causes effectively and selec-
tively a dose-dependent reduction of cell viability in MDA-MB-231 and
OVCAR-3 cells, exerting a pro-oxidant cytotoxic effect on these cell
lines. These results are in agreement with several recent studies
demonstrating that natural compounds including alpinumisoflavone,
laburnetin, amentoflavone [58] or abyssinone IV, atalantoflavone [59],
isoliensinine [60], physagulide [61], Ziyuglycoside [62], Crocin [63]
and annurca apple polyphenol extract [64] are capable of enhancing
ROS production in MDA-MB-231 cells specifically. This pro-oxidant ef-
fect assigned to plant-derived phytochemicals is becoming an innovative
finding closely linked to the antitumor mechanisms exerted by these
compounds, which has additionally be hypothesized to be one of the key
points unleashing the apoptotic process and cell cycle block in cancer
cells [63]. By performing a HPLC/DAD analysis on our extract, the main
component of the extract was found to be oleuropein, with a percentage
of 87 % of the total extract. The used OLE concentration is in agreement
with the literature studies on MDA-MB-231 cells and also with other
studies on different cancer models, such as pancreatic or leukemia [19,
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Fig. 5. OLE affects cell viability through the
activation of ROS in MDA-MB-231 and in
OVCAR-3 cells. To examine whether OLE-
induced cytotoxicity was mediated by the in-
crease of intracellular ROS generation, the ef-
fect of NAC on cell viability has been
investigated. HCEpiC, MDA-MB-231, and
OVCAR-3 cells were treated or not with OLE at
200 pg/mL for 24h, with 5mM NAC, or pre-
treated with 5mM NAC 1h before the treat-
ment with OLE at 200 pg/mL for additional
24 h. The MTS assay was performed in HCEpiC
(a), MDA-MB-231 (b), and in OVCAR-3 (c)
cells. Statistical analysis was carried out by
applying the one-way analysis of variance
(ANOVA) followed by Tukey post hoc tests for
multiple comparisons. Statistically significance
was settled at * p < 0.05, ** p < 0.005, vs CTRL;
+++ p < 0.0001 vs OLE. Data are presented as
mean + SEM of three different experiments;
(n=23).

OVCAR-3

+++
+++

NAC OLE+NAC

21,26,29,44,65,66]. Moreover, it has been previously emphasized that,
even analyzing the same cancer model, the effect of OLE is
lineage-specific [19,65,66]. Also, there are many other pieces of evi-
dence about the capacity of natural compounds such as costunolide [67]
and gallic acid [68] to cause an increment of ROS levels in ovarian
cancer cells too. On this basis, we studied OLE as a potential novel
natural compound for the specific targeting of breast and ovarian cancer
cells. By evaluating the potential role of OLE as a powerful cell death
inducer, we investigated the effect of the extract on cell cycle progres-
sion. Our data revealed that OLE induced a significant accumulation of
cells in S phase in MDA-MB-231 and S and G2/M phases in OVCAR-3
cells. These results were further confirmed by a significant decrease of
cyclins B2 and D1 in MDA-MB-231 cells compared to untreated cells,
and a significant decrease only of cyclin B2 in OVCAR-3 cells compared
to control cells, verifying a significant inhibitory impact on the expres-
sion levels of proteins associated with cell cycle progression and cell
survival. Indeed, Cyclin D1 proto-oncogene is an important regulator of
the G1 to S cell cycle phase checkpoint that has been shown to be
involved in the development of endocrine resistance in breast cancer
cells [69], which downregulation has already been demonstrated in
colon and breast tumors following several drug’s administration,
including plant-derived polyphenols [70]. On the other hand, Cyclin B is
a master regulator of the cell entrance to mitosis, leading the G2 to M
cell cycle progression and so being strongly involved in cell division and
proliferation. It is worth noting that in breast cancer, elevated levels of
cyclin B2 represent a negative prognostic factor [71]. Moreover, by
using different datasets available, through an Oncomine analysis of core
serous epithelial ovarian cancer genes, it has been demonstrated that
cyclin B2 was upregulated in cancer versus normal tissue, suggesting its
role as a potential therapeutic target [72]. In our cancer models, data
revealed that OLE could trigger the mitochondrial-mediated intrinsic
apoptotic pathway, as confirmed by the up-regulation of protein levels
of the examined apoptosis-related markers cleaved caspase 9 and
cleaved PARP, and by IncuCyte cell-live imaging system. The absence of
the modulation of the full-length pro-caspase 8 protein levels and the
lack of the activation of the cleaved form of caspase 8 lead us to suppose
that the olive leaf extract did not exert its main antitumor function
throughout the extrinsic apoptotic pathway. Moreover, we obtained
direct demonstrations that ROS production was the first mechanism of
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OLE antitumoral effects in MDA-MB-231 and OVCAR-3 cells. Pretreat-
ment with NAC, a ROS scavenger, abolished the inhibition of cell pro-
liferation, cell cycle arrest, and apoptosis induced by OLE treatment. We
found that NAC was able to revert the apoptotic effect of OLE, suggesting
that apoptotic pathways are regulated by ROS production. The different
number of apoptotic cells observed between all cell lines arises as a
consequence of the different cell size, seeding density, and proliferation
ratio, influencing the maximum number of cells and the related
apoptotic events per field. Emerging findings demonstrate that poly-
phenols also have pro-oxidant activities, and they may regulate several
signaling pathways responsible for antiproliferative and pro-apoptotic
activity on pre-neoplastic and neoplastic cells [39]. ROS have a crucial
role in carcinogenesis and are responsible for the action of many
chemotherapeutic drugs. On the other hand, pro-oxidant compounds
could exert their cytotoxic effect by enhancing the levels of ROS in tu-
moral cells beyond critical threshold limitation [42]. Cancer cells, in a
condition of increased oxidative stress, are more responsive to ROS
respect to normal cells. Accordingly, the increase of ROS induced by
polyphenols action may be an efficient approach to kill cancer cells [43].
When ROS are present at a very high concentration, they can cause
damage to DNA, lipids, or proteins, contributing to cytotoxicity in cells
[73]. Our study shows that ROS production induced by OLE was
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Fig. 6. OLE promotes apoptosis in MDA-MB-
231 and OVCAR-3 cells. (a-f) HCEpiC, MDA-
MB-231, and OVCAR-3 cells were treated or
not with OLE at 200 pg/mL for 24 h, with 5mM
NAC, and pre-treated with 5mM NAC 1h
before the treatment with OLE at 200 pg/mL for
additional 24h. IncuCyte quantification of
HCEpiC (a, b), MDA-MB-231 (c, d) and
OVCAR-3 (e, f) cells labeled with the Incu-
Cyte® Annexin V Reagent; (b, d, f) Represen-
tative images of IncuCyte quantification in of
HCEpiC (b), MDA-MB-231 (d) and OVCAR-3 (f)
cells labeled with the IncuCyte® Annexin V
Reagent. Statistical analysis was carried out by
applying the two-way analysis of variance
(ANOVA) followed by Tukey post hoc tests for
multiple comparisons. Statistically significance
was settled at * p<0.05, ** p<0.005, ***
p < 0.0001 vs CTRL; + p < 0.05, ++ p < 0.005,
+++ p < 0.0001 vs OLE. Data are presented as
mean + SEM of three different experiments;
(n=23).
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awe-inspiring, overcoming the antioxidant ability of ROS scavenging
enzymes, SOD2, and catalase, which resulted significantly down-
regulated in MDA-MB-231 and OVCAR-3 cells. These findings were
supported by OxyBlot analysis showing that OLE treatment displays
pro-oxidative effects in both cancer models.

Mitochondria play a pivotal role in cancer metabolic reprogramming
[74,75]. Other than regulating energetics metabolism, mitochondria
represent the central point of control of epigenetics, stemness, and
initiation of apoptosis [76,77]. This aspect allows them to represent a
sensor for endogenous stress contributing to cell adaptation to chal-
lenging microenvironments, giving elevated plasticity to tumor cells for
growth and survival. In any case, there is not a single role for mito-
chondria in tumorigenesis and cancer progression and response to
anti-cancer treatments. Indeed, mitochondrial functions may behave
differently in various cancer on the basis of differences in genetics, mi-
croenvironments, and tumor type. Sometimes also in the same tumor,
different populations of tumor cells may play different mitochondrial
functions enabling tumor adaptation and therapeutic failure. In light of
the central role that mitochondria play in cancer progression, presently,
it has been proposed the term “mitochondrial medicine” [78]. Mito-
chondrial dysfunction in cancer cells may represent a good choice for
specific anti-cancer therapy. In recent years, the term “mitocans” has
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Fig. 7. OLE compromises mitochondrial mass and causes mitochondrial
membrane potential (Aym) loss in MDA-MB-231 and OVCAR-3 cells. (a, f)
Measurement of mitochondrial mass by using MitoTracker® Green FM probe.
MDA-MB-231 and OVCAR-3 cells, after treatment with OLE at 200 pg/mL for
24 h, were incubated for 30 min at 37 °C with 200 nM MitoTracker® Green FM
probe. Fluorescence was immediately measured in MDA-MB-231 (a) and in
OVCAR-3 (f) cells by using a Victor3 microplate reader; (b, g) Changes in
mitochondrial membrane potential (A¥m) were recorded with TMRM. MDA-
MB-231 (b) and OVCAR-3 (g) cells were loaded with 100nM TMRM for
30 min at RT. Fluorescence was immediately measured using a Victor3 micro-
plate reader; (c-e) (h-1) Additional fluorescent analysis with TMRM was carried
out by using IncuCyte® S3 Live-Cell Analysis System. After washing with
complete fresh media, fluorescence was measured in MDA-MB-231 (c¢) and
OVCAR-3 (h) cells on the IncuCyte® S3 Live-Cell Analysis System. Cell images
were taken by using phase contrast and red channel (400 ms exposure) in the
IncuCyte ZOOM™ platform. (d, e) Representative images of MDA-MB-231
untreated (d) and treated with OLE at 200 pg/mL (e) for 24 h, stained with
TMRM by using live cell analysis. Graphics were created with basic software
graph functions (Essen Bioscience); (i, 1) Representative images of OVCAR-3
untreated (i) and treated with OLE at 200 pg/mL (1) for 24h stained with
TMRM by using live cell analysis. Graphics were created with basic software
graph functions (Essen Bioscience). For (a), (b), (f), and (g), statistical analysis
was carried out by applying the unpaired Student’s t-test. * p <0.05; **
p <0.005; *** p<0.0001 vs CTRL. For (c) and (h), statistical analysis was
carried out by applying the two-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparisons test. Statistically significance was settled at
**% p < 0.0001 vs CTRL. Data are presented as mean + SEM of three different
experiments; (n=3). (For interpretation of the references to colour in the
Figure, the reader is referred to the web version of this article).

been proposed for mitochondrial drugs targeting cancer cells, classified
on their action [79]. These drugs may target directly mitochondria or
metabolic pathways or trigger a retrograde signal, as increased ROS
levels, targeting specific molecular alterations resulting from activation
of the retrograde mitochondrial signaling may provide a selective
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therapeutic approach for cancers. The novel finding of this study never
reported previously to our knowledge is that OLE treatment inefficiency
the functional state of mitochondria and mitochondrial membrane po-
tential and significantly increased mitochondrial ROS levels selectively
in MDA-MB-231 and OVCAR-3 cells. While in MDA-MB-231 and
OVCAR-3 cells, OLE led to a significant increment of mitochondrial ROS
levels with respect to untreated control cells, no mitochondrial ROS
increase was observed in HCEpiC cells, indicating that the generation of
ROS was specific for cancer cells. Furthermore, the obtained data
confirmed that MDA-MB-231 and OVCAR-3 cells displayed an evident
basal level of ROS compared with that of HCEpiC cells, reinforcing the
hypothesis that tumor cells have typically greater levels of ROS versus
healthy cells. The other new aspect is that OLE-induced cytotoxicity
appears to involve mitochondrial ROS signaling. With this aim, to
elucidate the underlying cytotoxic mechanisms induced by OLE, we
observed that pretreatment with the antioxidant NAC significantly
decreased OLE-induced mitochondrial superoxide production and
cytotoxicity. Specifically, all NAC pretreatments reduced OLE impact on
cell viability and mitochondrial superoxide production, similarly in both
tumoral cell lines analyzed, without injuring healthy cells, confirming
again the OLE targeted activity on cancer cells. In conclusion, our study
highlights olive leaf extract -OLE- as a functional compound able to
regulate cell growth of triple-negative breast MDA-MB-231 and ovarian
OVCAR-3 cancer cells. It proposes a mechanistic explanation involving
ROS production (mainly mitochondrial superoxide) and mitochondrial
impairment. The novelty of this study relies on two important aspects: 1)
the effects of OLE on ovarian cancer cells has never been previously
studied, and we now add significant results on the effects of OLE on this
cancer; 2) the induction by OLE of mitochondrial dysfunction was never
assessed previously, supporting our finding on the OLE ability to affect
cell proliferation and apoptosis in MDA-MB-231 cells and providing, for
the first time, solid experimental pieces of evidence on the mechanisms
promoting OLE selective ability to inhibit cell proliferation and to pro-
mote pro-apoptotic activity in OVCAR-3 cells. Therefore, the pleiotropic
roles of OLE on tumor cells deserve attention and might represent an
attractive candidate for a positive food habit strategy for tumor pre-
vention and drug development for breast and ovarian cancer. However,
OLE effects on cancer should be strengthened by further preclinical and
clinical studies. Future investigations will involve experimental animal
models to validate these data and to understand the adjuvant efficacy of
OLE in combination with gold standard therapies.
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