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ABSTRACT

The ability of the olive secoiridoid oleuropein and its metabolite hydroxytyrosol to
produce hydrogen peroxide (H.O;) under standard culture conditions has been previously
reported by others [1,2,3]. However, the exact conditions and the mechanism of H,0,
production remain unknown. Specifically, it is not known whether the H,O, production is
strictly dependent on the chemical properties of the compound, the culture media
components, other cell culture conditions, or a combination of these. More importantly, it is
unknown if the cell-killing effects of the olive polyphenol-generated H,O, are limited to
cancer cells, or affect equally normal cells.

The aims of this study were to identify the precise conditions that lead to the H,0O,
production by oleuropein and hydroxytyrosol, to determine if cancer cells are more
susceptible to the deleterious effects of the produced H,O, and elucidate the precise
molecular mechanism of cell death. We have explored the capacity of oleuropein to
produce H,O, in the most commonly used culture media (i.e. DMEM, MEM and
DMEM/F12). We have also evaluated the contribution of the MEM medium components to
the production of H,O,, as well as the contribution of the culture conditions (i.e. pH).
Moreover, the implication of many apoptotic and necrotic proteins were investigated in
order to clarify the exact pathway that leads to cell death.

The precise factors responsible for the H,O, production and the conditions promoting or
retarding it are critical for the interpretation of the in vitro results. In this study, a systematic
evaluation of the components of the most commonly used culture media revealed that
sodium bicarbonate by stabilizing the medium pH at values above 7, is the defining cause
for the production of H,O, by these phenols.

The produced H,O, caused extensive oxidative DNA damage and significant decrease
in cell viability of cancer (MDA-MB-231) and normal (MCF-10A, STO) cells alike. Sodium
pyruvate and the antioxidant N-acetyl cysteine (NAC) reversed these effects. Therefore,
we conclusively identified the culture conditions that promote H,O, production by these
polyphenols, producing artifacts that may be misinterpreted as a specific anticancer
activity. Our findings raise considerable questions regarding the use of culture media with
sodium bicarbonate or sodium pyruvate as components, for the in vitro study of these and
possibly other plant polyphenols.

Furthermore, we have elucidated the exact molecular mechanism of cell death in the
breast cancer cell line MDA-MB-231. Oleuropein was shown to promote the MAPK and
PARP-1 activation, PAR production and necrosis through mitochondrial and lysosomal

membrane destabilization. This mode of cell death is common in cells treated with H,O..



Our data give a complete description of the in vitro behavior of oleuropein with a detail
characterization and explanation of the observed cytotoxicity in the molecular level. These
results may enable cancer researchers to control the levels of H,O, produced during the in

vitro testing of plant polyphenols, and to design more meaningful in vitro and vivo studies.



MNEPIAHWH

H kavotnta Tng mToAu@aivoAng OAEUPOTTIaIVNG TTOU CuvavTaTal 01O OEVTPOo TNG EAIGG
OTTWG Kal Tou PETABOAITN TNG udpofuTupoodAnG va TTapdyouv uTTEPOLEidIo Tou udpoydvou
(H20,) o€ kavovikég ouvBrkeg KaAAIEpyelag £xel NOn KaTadelxBei atrd aAAoug epeuvnTég. Ol
UTTEUBUVEG OUVONRKEG OUWG KOBWGS KI O CUYKEKPIMEVOSG PNXAVIOUOG TNG TTapaywyns HoO,
TTapapévouv ayvwaoTa. Mo cuykekpipéva, givar ayvwaoTto av n mrapaywyn tou H,O, eivai
auoTnpd eCapTwpevn atrd TIG XNMIKEG 1ID16TNTEG TG OAEUpOTTAIVNG, OTTO TG CUCTATIKA TOU
BpeTITIKOU KaANIépyelag, aTrd TIG ouvlrkeg KaAAIEpyeIag A ouvdlaoud auTtwy. Eival etmiong
AyvwaoTo av N KUTTApPOTOEIKA £TTidpacn Tou TTapayouevou HyO, TTepIopieTal OTa KAPKIVIKG
KUTTapa 1 eTTNPeddel e¢icou Kal Ta QUOIOAOYIKA KUTTAPA.

O1 oTtéxol TNG TOPOUCOG €PYOOiag ATAV VO TAUTOTTOINOOUUE TIG OUYKEKPIMEVEG
ouvlnkeg Tou  odnyolv oe Trapaywyrpl H.O, amd Tnv  oAcupoTtrdivn Kol Tnv
udpo&uTUPOCOAN, Va TTPOCBIOPICOUNE AV TA KAPKIVIKA KUTTAPA €ival O €uGAwTa oTnv
1ok} €midpaon Tou H,O, kal va &laca@nVioCoupe Tov aKpPIBr] HOPIOKSO HNXAVICHO
KUTTapIkoU Bavdrtou. AlepuvAcaue TNV IKavoTnTa TNG oAcupoTtraivng va trapayel H,O, ota
MO KOIVWG Xpnoldotroloupeva BpeTTika kaAAigépyeiac (DMEM, MEM kai DMEM/F12).
AloAoynoape €1Tiong Tn ouvelIo@opd Twv cuoTaTtikwy Tou MEM atnv TTapaywyr Tou H,O,,
OTTwG €mmiong kalr Tnv ouvelogopd Twv ouvlnkwv kKaAMiEpyelag (pH). EmmAéov,
Olepeuvhoaue  BloXNUIKG Kol QOIVOTUTTIKA  XOPAKTNPEIOTIKG TwV ETTWACHEVWY  ME
OAEUPOTTAIVN KUTTAPWY KABWS Kal TN GUPBOAR QTTOTITWTIKWY KOl VEKPWTIKWY TTPWTEIVWV
ME OTOXO va SIAAEUKAVOUNE TOV aKpIPr) INXavioud TTou odnyei oTov KUTTapIkKO Bdavaro.

O1 akpiBeig TTapdyovteg utreuBuvol yia Tnv TTapaywyr H,O, kal o1 ouvlrkeg TTou Tnv
TTPOAYOoUV 1) avaoTEAAOUY, €ival oNUAVTIKOI yia TNV €TTeEAYNON TWV in Vitro attoTeAeoPdTWY.
2 autrl TN MEAETN, Mo ouoTnUaTikh agloAdynon Twv CUCTATIKWYV Twv BPETTTIKWV
KaAAIEpyeiag KaTédEIEE OTI TO BITTaVOPAKIKG VATPIO PE TNV oTaBepoTroinon Tou pH o€ TIEG
MEYOAUTEPEG TOU 7, €ival N KABoPIOTIKA aitia yia Tnv TTapaywyr] H.O, atrd Tnv oAcupoTraivn
Kal Tov JETABOAITN TG udPOEUTUPOCOAN

To mapayopevo H,O, 1TpokdAece ekTevy o&e1dwTIK BAGBN oto DNA Kal onuavTikA
MEiwon oTnv KUTTAPIKA BIWoINOTNTA T600 Twv KAPKIVIKWY (MDA-MB-231) 600 kal Twv
puaiohoyikwyv (MCF-10A, STO) kuttdpwyv. To TTUPOOTOPUAIKG VATPIO TO OTTOI0 dECUEUE!
Kal kataoTpéPel T0 HoO, kaBuwg kal To avTio&eidwTikd N akéTul-kuaTeivn (NAC) eptrédicav
autd Ta Qaivopeva. ETTopévwg, €xoupe TAUTOTTOINCElI TIG OUVOAKEG KAAMEPYEIQG TTOU
TTpowbouv Tnv Tapaywyn H,O, amd Tnv oAeupotraivn Kol Tov PETABOAITN NG
udpPOgUTUPOCOAN, TIPOKAAWVTAG E€MOPACEIS OTA KUTTAPA TIOU TTOPEPPNVEUOVTAI Cav
e€eIOIKEUPEVN QVTIKAPKIVIKT) Opdon. Ta atmmoTeAEOUOTA YOG EYEIPOUV ONUAVTIKA EPWTANATO

OXETIKA HE TN XPron BPeTITIKWY UTTOCTPWHATWY TTOU TTEPIEXOUV OITTAaVOPAKIKG VATPIO Kal
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TTUPOOTAPUAIKO VATPIO 0OV CUCTATIKA YIO TNV in Vitro HEAETN TWV CUYKEKPIMEVWY GAAG Kal
GAAWV QUTIKWYV TTOAUQQIVOAWV.

EmmAéov €xoupe OiaAeukdvel Tov akpIf PNXaviopo KuTttapikoUu Bavdtou oTnv
KapkIvikfy o€ipd pactou MDA-MB-231. H oAeupoTraivn @avnke 611 evepyoTrolei Tic MAPK
KIvaoeg Kai Tnv TpwTeivn PARP-1, pe amotéAeopa tnyv mapaywyr PAR TToAupEpWYV Kail TN
VEKPWON MECW QTTOOTABEPOTTOINONG TNG MITOXOVOPIAKNG KAl AUCOCWHIKAG PePBpavng. O
KUTTAPIKOG BAvaToG AVNKE va avOOTEAAETAI TTOPOUCIA TNG CIBNPOBECHEUTIKAG ouaiag
deferoxamine mesylate (DFO). O OuyKekpIUEVOG PNXAVIOPOG KUTTAPIKOU Bavdtou eival
KOIVOG oTa KUTTOpA TTou eTTwdadovtal he HoOo.

Ta ammoTeAéopaTta pag, divouv Pia OAOKANPWHEVN TTEQIYPAPL TNG iN Vitro CUUTTEPIPOPAG
TNG OAEUPOTIAIVNG HE AETTITOUEPH] XAPOKTNPIOKO KAl ETTEENYNON OE POPIAKO ETTITTEDO TNG
TTAPATAPOUNEVNG KUTTOPOTOEIKOTATAG. TA ATTOTEAEOUATA PAG ETTITPETTOUV OTOUG EPEUVNTEG
va eAéyxouv Ta Trapayopeva  emmimeda H,O, kard Tov in vitro €AEyXO QUTIKWV

TTOAUQAIVOAWV Kal TN oxediaon TTI0 agIOTTIOTWY in Vitro Kal in vivo HEAETWV.
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1.INTRODUCTION
1.1 Breast cancer

Breast cancer is a malignant tumor that starts in the cells of the breast. A malignant
tumor is a group of cancer cells that can grow into (invade) surrounding tissues or spread
(metastasize) to distant areas of the body. Breast cancer is the most commonly diagnosed
form of cancer affecting women worldwide and the second (1.38 million new cases in
2008) after lung cancer affecting men and women [4]. The American Cancer Society's
estimates for breast cancer in the United States for 2013 are: about 232,340 new cases of
invasive breast cancer will be diagnosed in women, about 64,640 new cases of carcinoma
in situ (CIS) will be diagnosed (CIS is non-invasive and is the earliest form of breast
cancer) and about 39,620 women will die from breast cancer. In Cyprus, approximately
400 new cases of breast cancer are diagnosed annually with family history being the
strongest predictor of risk and late menarche and breastfeeding displaying a strong
protective effect [5]. Postmenopausal Greek Cypriot women with high consumption of fish,
olive oil, vegetables and legumes, all characteristics of the Mediterranean diet, were

shown to have a lower risk for developing breast cancer [6].

1.2 Olive oil

The world production of olive oil every year reaches the 2,000,000 tons with the
contribution of the Mediterranean countries to be more than 95% [7]. Virgin olive oil (VOO)
differs in that it is obtained directly from the olive fruit with mechanical extraction and no
further treatment. Virgin olive oil consists of the major components that are 98% of the
weight and include glycerols (monounsaturated fatty acids) and the minor components that
are 2% and include more than 230 compounds [8]. The quality of the olive oil is mainly
dependent on the volatile compounds which are carbonyl compounds, alcohols, esters
and hydrocarbons and contribute to the aroma profile of olive oil. These are highly affected
by the geographic region, the cultivar, the ripeness of the fruit, the harvest and processing
methods and the storage time [9]. The phenolic fraction of VOO consists of a
heterogeneous mixture of compounds belonging to several families with varying chemical
structures. These are phenolic acids like gallic and caffeic acid, phenolic alcohols like
hydroxytyrosol and tyrosol, secoiridoids like oleuropein and lingstroside, lignans like (+)-1-
Pinoresinol, (+)-1-hydroxypinoresinol and (+)-1-acetoxypinoresinol and flavonoids like

apigenin and luteolin.
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There have been several studies about the metabolism of the olive oil polyphenols
(mainly oleuropein, hydroxytyrosol and tyrosol) in human plasma and urine after oral
uptake, although the information is still limited. It seems that these polyphenols become
conjugated in the small intestine and in the liver. The resulting metabolites are mainly

glucuronate and sulfate conjugates with or without methylation of the catechol group [9].

1.3 Oleuropein - Hydroxytyrosol

Oleuropein belongs to the group of secoiridoids. Secoiridoids derive from iridoids by
removal of the 7-8 link. Iridoids are a wide group of monoterpenes whose structure may be

considered as originating from iridane (Figure 1) [10].

iridane

Figure 1: Chemical structure of iridane

OH 0.0
/\/©: "
HO OH HO" “0

OH

hydroxytyrosol oleuropein

Figure 2: Chemical structures of hydroxytyrosol and oleuropein.
Designed with ChemDraw.
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Oleuropein was discovered in 1908 [11] in Olea europaea and its chemical structure
(Figure 2) along with its hypotensive activity were reported in 1960 [12]. Oleuropein, is the
glycosylated ester of hydroxytyrosol (3,4-dihydroxyphenylethanol) to elenolic acid (Figure
2) and is the main polyphenol of olive fruit, oil and leaf, producing the bitter taste [13]. It is
easily transformed by the B-glycosidase enzyme into glucose and oleuropein aglycone.
Further esterolysis of the aglycone compound produces hydroxytyrosol and elenolic acid
[14]. Oleuropein’s levels are decreased with the ripening of the fruit [15]. It has been
reported to possess strong antioxidant and free radical scavenger activity [16],
antimicrobial [17], hypoglycemic [18,19], anti-toxoplasmosis [20], antiviral [21,22,23],
antimycoplasmal [24], platelet anti-aggregant [25] and hypolipidimic [26] activities.

Hydroxytyrosol, the metabolite of oleuropein has also been reported to possess similar
activities [27,28,29,30,31]. Oleuropein and hydroxytyrosol have also been reported to act
as potent selective anticancer compounds in both cancer cell lines and mouse tumor
models [32,33]. In differentiated Caco-2 cells used as the model system it was found that
hydroxytyrosol enters the intestine quantitatively through passive diffusion and
bidirectional. The only metabolite detected in this system was the methylated form 3-

hydroxy-4-methoxyphenylethanol [34].

1.3.1 Antibacterial activity

The antimicrobial activity of oleuropein was shown in vitro against both gram negative
and positive bacteria [35]. In addition, oleuropein and hydroxytyrosol were shown to inhibit
or delay in vitro the growth of highly pathogenic bacteria of the human intestinal or
respiratory tract. The bacteria tested were clinical isolates and standard reference strains
(ATCC) [28]. It is interesting to note that in a study, the antibacterial activity of oleuropein
was attributed to hydrogen peroxide production as a result of tryptone oxidation in the

underlying medium [36].

1.3.2 Antiviral activity

The antiviral effect of oleuropein against Hepatitis B virus was demonstrated in vitro by
ELISA in the human HBV-transfected HepG2 cell line cultured in DMEM. According to the
authors, oleuropein (80 mg/kg, twice daily) reduced viremia in Duck Hepatitis B Virus-
infected ducks without signs of toxicity [21]. Oleuropein (up to 54 ug/ml) inhibited the in
vitro infectivity of the viral haemorrhagic septicaemia virus (VHSV), a salmonid
rhabdovirus. Incubation of virus with olive leaf extract or oleuropein before infection in
RPMI supplemented with sodium pyruvate, reduced the viral infectivity to 10 and 30%,

respectively [37].
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1.3.3 Antioxidant activity

Hydroxytyrosol and oleuropein exhibited strong radical scavenging activity with ECs, of
0.26 uM and 36.3 uM respectively by measuring the reduction of 2,2-diphenyl-
1-picrylhydrazyl radical (DPPH). The antioxidant activity measured was comparable to
those of known antioxidants like a tocopherol, ascorbate and BHT. The scavenging activity
was also evident with superoxide anion, in cell free and neutrophil based methods [38].
Oleuropein at concentration of 10 uM was able to protect low density lipoprotein (LDL)
oxidation by copper sulphate, indicating its antioxidant potential [39]. The antioxidant effect
towards LDL was also demonstrated in vivo. In rabbits fed with oleuropein enriched diet (7
mg /kg), LDL was protected from oxidation and the plasmatic levels of total, free, and ester
cholesterol were reduced (-15, -12, and -17%, respectively) [40].

Human promyelocytic leukemia cells (HL60) and peripheral blood mononuclear cells
(PBMC), exposed to H,O, in the presence of olive polyphenols at concentrations ranging
from 1 to 10 yM, indicated a DNA damage protective effect as measured by the comet
assay. This was further demonstrated in phorbole 12-myristate 13-acetate (PMA)-
activated monocytes. Hydroxytyrosol and tyrosol were more effective than oleuropein [41].

The protective effect of the olive polyphenols was investigated in the Jurkat cells by the
comet assay exposed to the continuous generation of H,O, by the enzyme glucose
oxidase. It was interesting that although hydroxytyrosol protected cells from DNA damage,
oleuropein did not. Instead, oleuropein at concentrations over 100 pg/ml caused DNA

damage and cell toxicity. Tyrosol did not have any effect [42].

1.3.4 Anticancer activity

In a study, the in vitro anticancer effect of oleuropein was demonstrated in a variety of
tumor cell lines derived from advanced-grade human tumors (TF-1a, 786-O, T-47D, RPMI-
7951, and LoVo) and also on normal human fibroblasts. The authors declared a strong
anti-proliferative effect against cancer cells without toxicity on normal cells. The in vivo anti
tumor effect was also assessed with the authors supporting that oleuropein totally
regressed the tumors in 9-12 days [32]. Following studies tried to elucidate the anticancer
effect of oleuropein in more cancer lines. The results are categorized here according to the

cancer type studied.
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1.3.4.1 Breast cancer

Oleuropein (200 pg/mL) and hydroxytyrosol (50 pg/mL) were shown to decrease the
viability of the MCF-7 breast cancer cells grown in DMEM, by causing cell cycle arrest and
apoptosis. Cell death was dependent on the initial number of the adherent cells, with the
polyphenols being more cytotoxic at the lowest cell number tested (2000 cells/well) [43].
The growth inhibition of MCF-7 breast cancer cells grown in the RPMI medium was also
shown for the hydroxytyrosol rich olive leaves extract, through the cell cycle arrest in the
GO0/G1. The levels of c-jun were elevated in treated cells and cyclin D and Pin levels were
decreased [44].

The effect of oleuropein (200 uM) was further demonstrated in MDA-MB-231 and MCF-
7 cells cultured in the RPMI medium. The median lethal concentrations (LCs) for MCF-7
and MDA-MB-231 cells were 110 uM and 160 uM, respectively. However, at 200 uM of
oleuropein, MDA-MB-231 showed much higher sensitivity than MCF-7. MCF-10A cells
cultured in DMEM/F12 medium were resistant to oleuropein. Interestingly, cell death was
evident after 72h and was mainly through apoptosis and to a lesser extent due to necrosis
and cell cycle arrest. The molecules upregulated were bax and p21 while NF-kB, survivin
and Bcl-2 were downregulated [45].

The uptake and metabolism of the phenolic compounds from the olive-leaf extract were
assessed in the breast cancer cell line SKBR3 in the DMEM medium. The major
compounds found within the cells were oleuropein, luteolin-7-O-glucoside and its
metabolites luteolin aglycone and methyl-luteolin glucoside, as well as apigenin, and
verbascoside. Interestingly, neither hydroxytyrosol nor any of its metabolites were found
within the cells at any incubation time (15 min, 1, 2, 24, and 48 h). It was therefore
proposed that the major compounds responsible for the cytotoxic activity of the olive-leaf
extract in SKBR3 cells, were oleuropein and the flavones luteolin and apigenin, since
these compounds showed high uptake and their antitumor activity has been previously
reported [406].

1.3.4.2 Prostate cancer

The effect of oleuropein at concentrations 100 and 500 ug/ml, were tested on the
prostate cancer cell lines LNCaP and DU450 and on the non-malignant BPH-1 [47]. The
authors supported that exposing cell cultures to oleuropein, induced an antioxidant effect
on BPH-1 cells and a pro-oxidant effect on cancer cells. BPH-1 and LNCaP cells were
cultured in the RPMI-1640 medium and LNCaP cells in the Earle's Minimal Essential
Medium (EMEM). Oleuropein reduced the cell viability and induced thiol group
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modifications, y-glutamylcysteine synthetase, reactive oxygen species, pAkt and heme
oxygenase-1. The effects were more evident in the DU450 cells. The highest oleuropein
concentration (500 puM) induced necrosis in all three cell types, although it was more
evident in the DU145 cell line.

1.3.4.3 Colon cancer

Treatment of the colon adenocarcinoma cell lines SW480 and HT29 with crude
phenolic extracts from extra virgin olive oil (VOO) in DMEM, caused inhibition of
proliferation accompanied by apoptosis. The main phenols of the extracts found in the
cytoplasm, were hydroxylated luteolin and decarboxymethyl oleuropein aglycone [48]. In
another study with colon cancer cell lines, oleuropein caused anti-proliferative effect only
on SW620 cells, while the HT29 cell line was found to be resistant. SW620 cells were
cultured in DMEM while HT29 were cultured in McCOY’S 5A supplemented with sodium
pyruvate. This differential effect was attributed by the authors to the differences in the
genetic or morphological make-up of the cells. Hydroxytyrosol was found to have anti-
proliferative effect on both cell lines after 72h. In SW620 cells, the Fatty acid synthase, a
key anabolic enzyme of biosynthesis of fatty acids that plays an important role in colon

carcinoma development was downregulated by hydroxytyrosol [49].

1.3.4.4 Leukemia

Two compounds isolated from the VOO phenol extract, the dialdehydic forms of
elenolic acid linked to hydroxytyrosol (3,4-DHPEA-EDA) and to tyrosol (pHPEA-EDA),
inhibited HL60 human promyelocytic leukemia cell proliferation and induced apoptosis in a
time- and concentration-dependent manner [50]. In another study, HL60 cells were used to
assess the cytotoxic effects of the olive leaf extract, oleuropein and luteolin. In a dose-
dependent study, the cytotoxic effect was determined and found to be 170 uM for
oleuropein and 40 yM for luteolin. DNA fragmentation patterns and cell staining with
acridine orange and ethidium bromide indicated that the mechanism for the cytotoxic effect
of oleuropein and luteolin was the apoptotic pathway [51].

A further investigation of hydroxytyrosol on proliferation, cell cycle progression,
apoptosis, and differentiation of HL60 cells, cultured in RPMI 1640, indicated a potent
inhibitory activity on DNA synthesis and induction of apoptosis at 100 uM. Hydroxytyrosol
was also able to inhibit the progression of the cell cycle in synchronized HL60 cells, which

accumulated in the GO/G1 phase of the cell cycle after 25 h of treatment. Furthermore,
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hydroxytyrosol induced differentiation on HL60 cells with a maximum effect (22% of cells)
at 100 yM. Hydroxytyrosol reduced the level of cyclin-dependent kinase (CDK) 6 and
increased that of cyclin D3. With regard to the CDK inhibitors, p15 was not altered by 3,4-
DHPEA treatment, whereas the expression of p21WAF1/Cip1 and p27Kip1 was increased
at both protein and mRNA levels [52].

1.3.4.5 Melanoma

The highly malignant mouse skin cancer cell line B16 was treated with the dry olive leaf
extract (DOLE). DOLE contained oleuropein, total flavonoids, including luteolin-7-O-
glucoside and quercetin, as well as tannins and caffeic acid. Cells were blocked at the
GO0/G1 phase of the cell cycle, underwent apoptosis and died by late necrosis. In vivo
injection of B16 cells in mice and intraperitoneal treatment with DOLE caused a significant

reduction of solid melanomas [53].

1.4 H,0,

Hydrogen peroxide (H,O,) together with superoxide anion radical (-O2-) and hydroxyl
radicals (-OH) belong to the group of the Reactive Oxygen Species (ROS). H,0O, is a
weaker oxidizing agent than the free radical -O2-. However, in the presence of transition
metals like iron or copper, H,O, can be oxidized into the reactive and toxic -OH via the
well-known Fenton reaction. In the cellular systems, ROS are normally removed by the
cellular antioxidant proteins, such as superoxide dismutase (SOD), catalase, glutathione
(GSH) peroxidase, thioredoxin, glutaredoxin, and GSH. For example, SOD can convert
‘02— into H,O,, whereas catalase and GSH peroxidase can reduce H,O,. When ROS
exceeds the cellular defense system, oxidative stress occurs [54].

H,0, is believed to regulate cell development, cell proliferation, cell death and signal
transduction. It enters cells through the aquaporins which are diffusion facilitators for non-
charged and partially polar solutes such as glycerol, urea, CO,, polyols, purines,
pyrimidines, NH3 and trivalent inorganic forms of arsenic and antimony [55,56].

Excessive production of H,O, causes damage to the cellular components including
DNA, protein, and lipid membranes. DNA damage includes oxidized bases (e.g., 8-oxo-
dG), DNA strand breaks, DNA intra-strand adducts, and DNA-protein crosslinks.
Mitochondrial DNA (mtDNA) is also vulnerable to damage by ROS. Cell death mediated by

H,O, can be through apoptosis, necrosis or their combination [57].
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1.5 Production of H,O, by polyphenols

The production of H,O, in the culture medium seems to be a common phenomenon
which is often misinterpreted as specific anticancer activity of the agents being studied.
Most of the compounds evaluated for their anticancer activity, are unstable in the culturing
conditions, producing significant amounts of H,O,. Examples of compounds producing
H,0O, in the culture media are among others: ascorbate, green tea, L-dopa, dopamine,
apple phenolics, gallic acid, grape seed extract, epigallocatechin gallate, and myricetin
[58]. It is interesting that some polyphenols produce high levels and others lower levels of
H,O,. Specifically, polyphenols like gallic acid, epigallocatechin gallate (EGCG),
epigallocatechin and phenolic acids, were demonstrated to generate high levels of H,O; in
DMEM. Catechin and quercetin were observed to produce lower, but still significant, levels
of H,O, in the culture medium [59,60,61].

Other polyphenols of tea, apples and wine have also been found to be unstable in the
culture media and produce significant levels of H,O,. Green tea in DMEM caused PC12
cell cytotoxicity through H,O, production. Red wine cytotoxicity was partially attributed to
H,0O,, since lower levels of H,O, were generated [62]. Apple extracts or phenolics of apple
extracts and other flavonoids like quercetin, gallic acid, and caffeic acid, produced H,O,
time and dose dependently in the culture medium causing cytotoxicity to HepG2 cells.
These effects were reversed by catalase and myoglobin [63]. In another study, apple juice
extracts and polyphenols generated H,O, dose dependently in DMEM, with the
compounds bearing the catechol moiety producing the highest concentrations. Sodium
bicarbonate and pH over 7 were found to accelerate H,O, generation by the polyphenols.
Interestingly, in DMEM/F12, polyphenols did not produce H,O,, something that was
attributed to the HEPES buffer that replaced sodium bicarbonate [61]. Similar results were
evident with apple extracts in culture media that included HEPES buffer, which also lacked
H,O, production, but nevertheless, induced cytotoxicity to HepG2 and Caco-2 cells. This
cytotoxicity was not reversed by catalase [64].

Hydroxytyrosol (100 uM) was identified recently to generate H,O, in the RPMI medium
that was responsible for the induction of apoptosis in HL-60 cells. The pro-apoptotic effect
of hydroxytyrosol towards the HL-60 cells was shown to be the result of this extracellular
production of H,O, in the RPMI medium. This effect was inhibited by the antioxidants
catalase, tocopherol, ascorbate and NAC. The ‘OH ions were not involved in apoptosis,
since the Fe (ll) chelating reagent o-phenantroline did not prevent apoptosis. The
percentage of apoptosis and the concentration of the generated H,O, were found to be
inversely correlated to the cell number. The maximum accumulation of H,O, was observed

in the medium without FCS. When hydroxytyrosol was incubated in medium with FCS or in
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the presence of HL60 cells, the levels of H,O, were reduced [1]. A thorough evaluation of
many phenolic compounds with respect to H,O, production and induction of apoptosis in
HL60 cells, indicated that there were three categories of phenols: (1) those that were
unable to produce H,O, and induce apoptosis (tyrosol, homovanillic alcohol and
protocatechuic, vanillic, o-coumaric, homovanillic, ferulic and syringic acids); (2) those that
induced apoptosis mediated in part by the production of H,O,, (3,4-DHPEA, dopamine,
3,4-dihydroxyphenylacetic, 3,4-dihydroxy-hydrocinnamic, caffeic and gallic acids); and (3)
those that induced apoptosis without producing H,O, (the secoiridoid derivatives of both
hydroxytyrosol and tyrosol). Oleuropein however, was shown to possess a peculiar
behavior; although it produced significant amounts of H,O,, its pro-apoptotic effect on HL-
60 cells was rather weak [2]. The instability of hydroxytyrosol and the generation of H,O,
was further demonstrated in other commonly used culture media like Minimum Essential
Medium (MEM) and Dulbecco's Modified Eagle Medium (DMEM) [3].

Further investigation showed that RPMI with HEPES as a buffering system produced
half the H,O, concentration being produced in the absence of HEPES while DMEM
formulated with sodium pyruvate prevented completely H,O, production. Hydroxytyrosol
suppressed the growth of breast (MDA-MB-231 and MCF-7), prostate (PC3 and LNCap)
and colon (SW480 and HCT116) cancer cell lines with catalase and sodium pyruvate
preventing this effect. The H,O, production was abolished in the absence of oxygen, but

no medium component was found to be responsible for this production [65].

1.6 Mitogen Activated Protein Kinases (MAPK)

There are three main groups of MAPK: the ERK, the JNK, and the p38 kinases. MAPK
are protein kinases that are sequentially phosphorylated and activated upon extracellular
stimuli and covalently attach phosphate to the side chain of threonine, serine or tyrosine of
specific proteins inside cells. The phosphorylation of proteins by the MAPK like kinases,
phosphatases, transcription factors, cytoskeletal proteins and apoptosis related proteins
causes the modulation of their enzymatic activity, their interaction with other proteins and
molecules, their cellular localization and their degradation by proteases. These
modifications result in the control of a variety of cellular processes including cell growth,
metabolism, mitosis, survival, differentiation, apoptosis, and eventually make cells capable
of rapidly responding to environmental changes. MAPK interact directly or indirectly with

one another and are also regulated by phosphorylation by their kinases. [66,67].
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1.6.1 JNK proteins

c-Jun amino-terminal kinases (JNK), consist of 10 isoforms and three proteins: JNK1,
JNK2 and JNKS3. They belong to the mitogen-activated protein kinase family and are
responsive to stress stimuli, such as cytokines, ultraviolet irradiation, heat shock, and
osmotic shock. They were originally identified as kinases that bind and phosphorylate c-
Jun on Ser-63 and Ser-73 within its transcriptional activation domain [68].

JNK-1 was found to participate also in the cell response towards oxidative stress. For
example, in H,O, treated normal MEF cells, JNK-1 was indicated as an upstream positive
regulator of PARP-1 that promoted its activation by direct association and phosphorylation,
causing cell death mediated through PARP-1 activation and PAR formation. The features
of cell death mediated by JNK1, PARP-1 and PAR, were membrane leakage, an indication
of necrosis and lack of apoptotic features. TNF-a caused a completely different type of cell
death, with typical apoptotic features including membrane blebbing, chromatin
condensation and caspase-3 activation [69].

Although JNK-1 was found to be an upstream regulator in H,O, treated cells, it was
indicated as a downstream molecule of PARP-1 in cells treated with the DNA alkylating
agent N-methyl-N-nitro-N-nitrosoguanidine (MNNG), a potent PARP-1 activator. JNK-1
was also shown to be necessary for caspase independent necrosis through mitochondrial
depolarization and AIF translocation to the nucleus [70].

JNK and p38 MAPK were activated in Jurkat cells exposed to continuously generated
H,O, by the glucose oxidase, in a dose- and time- dependent manner. In contrast ERK
activity was decreased. Bolus addition of H,O, caused a sustained activation of the three
MAPK. Inhibition of these MAPK with their specific inhibitors, although it provided a small

protection in cell viability it was not able to rescue cells from death [71].

1.6.2 p38 kinases

There are four p38MAPK isoforms in mammals named p38 a, B, y and & with
overlapping substrate specificities. They are encoded by different genes and expressed in
different tissues. Although p38a is ubiquitously expressed in most cell types, the others
seem to be expressed in a more tissue-specific manner. p38p is expressed in brain, p38y
in skeletal muscle and p38d in endocrine glands [72]. The p38 activity is usually
upregulated as a result of external stimuli like pathogens, growth factors, cytokines and
other forms of environmental stress, contributing thus in inflammation, cell growth, cell

differentiation, cell cycle and cell death [73]. The p38 kinases have been reported as both
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anti-apoptotic and pro-apoptotic probably depending on the cell type and the stimuli. Upon
H,0, insult, p38a was shown to increase the antioxidant enzymes superoxide-dismutase 1
(SOD-1), SOD-2, and catalase protecting thus MEF cells from cell death [74]. On the other
hand, p38 was necessary for the induction of apoptosis in cardiomyocytes and fibroblasts
upon serum deprivation or IFN-y addition. The apoptotic effect was mediated through
upregulation of pro-apoptotic proteins like Bax and FAS and down-regulation of the ERK

proteins [75].

1.6.3 Extracellular signal Regulated Kinases (ERK)

Although there are eight isoforms of ERK (i.e., ERK 1, 2, 3, 4, 5, 6, 7, and 8), only
ERK1 and ERK2 have been extensively studied. ERK1/2 were shown to be implicated in a
variety of biological responses like cell survival, apoptosis, differentiation and migration
depending on the cell type, the stimulus, and the duration of activation [76]. ERK is mainly
activated upon mitogenic stimuli, whereas JNK and p38 are mainly activated upon
stressful stimuli [77]. In oxidative stress, the implication of ERK remains controversial.
Some authors support a protective role of ERK, while others support involvement in the

apoptotic pathway.

1.7 PARP-1 protein

Poly (ADP-ribose) polymerase 1 (PARP-1) is a 113-kDa nuclear protein composed of
1014 amino acids [78] and three domains: a N-terminal DNA-binding domain (42 kDa), a
central auto-modification domain (16 kDa), and a C-terminal catalytic domain (55 kDa)
(Figure 3). The enzyme requires the functional DNA-binding domain to perform efficient
poly (ADP)-ribosylation. The N-aminoterminal DNA binding domain binds to single or
double stranded breaks with high affinity, and induces immediate activation of the catalytic
centre in the C-terminal NAD+-binding domain. The automodification domain is basic and
it contains the majority of the 15 glutamic acid residues that are involved in PARP
automodification. This domain can not serve as an acceptor for ADP-ribose chains unless
it is associated with the catalytic and DNA binding domain of the enzyme [79].

PARP-1 is the main and most studied protein of the PARP family which contains 18
members [80]. These homologues possess the PARP-1 catalytic domain, which is
responsible for the poly (ADP-ribose) polymerase activity. In response to DNA damage,
PARP-1 uses NAD" that is cleaved into ADP-ribose and nicotinamide in order to build a

poly (ADP-ribose) polymer (PAR) on nuclear proteins and on itself (automodification). Poly
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(ADP-ribosyl)ation has been proposed to function in genome repair by modifying proteins
proximal to DNA breaks. This modification facilitates the opening of the condensed
structure of chromatin, required for the recruitment of the repairing complex in order to
repair DNA and thus rescue cell from death [79]. The cell attempts to restore NAD+ pools
by recycling nicotinamide with 2 ATP molecules. So in cases of excessive activation of
PARP-1, the pools of intracellular NAD+ and ATP are depleted and consequently the

energy-dependent cellular processes are impeded, leading to necrosis (Figure 4) [81],[82].
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Figure 3: PARP-1 protein structure.

PARP-1 protein consists of three parts. 1) the amino(N)-terminal domain with two zinc
fingers for DNA binding and a nuclear localisation signal (NLS), in the caspase cleavage
site, 2) the automodification domain with a breast cancer-susceptibility protein-carboxy
(C)-terminus (BRCT) motif, common in many DNA repair and cell cycle proteins for
protein-protein interactions and 3) the C-terminal catalytic domain with the NAD-binding
region. Taken from Jagtap et al [83]

During apoptosis, PARP-1 is cleaved into two fragments: p89 and p24 by caspase-3
and caspase-7 [84] [85]. These proteases recognize a DEVD motif in the nuclear
localization signal of PARP-1 and cleavage at this site separates the DNA binding domain
from the catalytic domain [86]. This event results in the inactivation of the enzyme and the
prevention of the cellular energy loss, preserving in this manner the energy for the ATP
sensitive steps of apoptosis [87]. The 24 kDa cleaved PARP-1 fragment binds DNA in a
way that inhibits the binding of the active PARP-1 and other repair enzymes attenuating as
a consequence the DNA repair [88].

During necrosis though, there is a completely different cleavage pattern of PARP-1.
Apparently a 50 kDa fragment of PARP-1 is produced, that is unique and specific for the
necrotic death. This cleavage product was evident in necrosis induced by cytochalasin B

in HL-60 cells, whereas etoposide produced the 89 kDa apoptotic fragment. The authors
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suggested that this unique necrotic degradation of PARP could be used as a sensitive
indicator for necrotic cell death [89]. Necrosis induced by various stimuli like HgCl,, 10%
ethanol, 0.1% H,O, and 55 °C heat in Jurkat cells, indicated that PARP-1 has a
predominant cleavage product of 50 kDa instead of 89 kDa that is the predominant
product during apoptosis [90]. In a similar study with the same inducers, the authors
detected a 55 kDa fragment that was the active C-catalytic domain and was produced by

the lysosomal cathepsins [91].
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Figure 4. PARP-1 response in cell recovery and death

Upon mild DNA damage, PARP-1 rescues cells by repairing the damage. Moderate
damage activates the apoptotic cleavage of PARP-1 and severe DNA damage causes
excessive PARP-1 activation resulting in necrosis through NAD/ATP depletion. Taken by
Sodhi R.K. et al [92].

In a study with H,O»-induced cell death in the murine L929 fibroblast cell line and the
CAL-27 human squamous cell carcinoma, it was shown that death was dose- and time-
dependent. Higher concentrations caused necrosis, while lower concentrations caused
apoptosis or PARP dependent death. Calcium and magnesium were necessary for the
endonucleosomal fragmentation, whereas the Bcl-2 protein, protected cells against the
lowest concentrations of H,O, (0.1 and 0.5 mM) [93].

1.8 Poly (ADP) Ribose Polymer - PAR

The discovery of PAR was initially demonstrated to be a homopolymer of riboadenylate

units (polyA) that required NAD+ as a precursor or immediate substrate of the reaction
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[94]. Poly(ADP-ribosyl)ation is a post-translational modification of proteins, catalyzed by
PARP, during which, many molecules of ADP-ribose are added on to acceptor proteins to
form branched polymers affecting DNA repair. PARP is the main acceptor of the poly ADP
ribosylation [79]. PAR polymer was shown to be an efficient death signal in neurons. PAR
alone, even in the absence of PARP-1, was sufficient to cause caspase independent
death that was prevented by Poly(ADP-ribose) Glycohydrolase (PARG) [95].

PAR is a death signal downstream of PARP-1, sufficient to mediate AIF translocation
from the mitochondria to the nucleus and thus nuclear condensation. When PAR polymer
was introduced into normal or PARP-1 knock-out cortical neurons, it induced AIF
translocation and nuclear condensation. Pretreatment of the PAR polymer with the PARG,
failed to induce AIF release. Poly (A) also failed to induce AIF release, indicating that the
negative charge of the polymer is not responsible for this release. Moreover cells with
reduced levels of AIF were resistant to PARP-1-dependent cell death and PAR polymer
cytotoxicity, indicating the crucial role of AlF in parthanatos (see section 1.10) [96].

Further investigation indicated that in parthanatos, PAR binding to AlF in mitochondria,
is the decisive step for AIF release from the cytosolic mitochondrial outer membrane into
the cytoplasm ( Figure 5) [97]. Mutation of the PAR binding site of AIF, although it
inhibited AIF release, it had no effect on the activity of AIF or its nuclear condensation
ability. The implication of AIF was monitored in BJAB and Jurkat cells treated with
continuously generated H,O, by glucose oxidase. H,O, caused energy depletion and
caspase independent cell death mediated through mitochondria, by the translocation of
AIF to the nucleus. Morphological characteristics of death included nuclear condensation

and phosphatidyl-serine translocation [98].

1.9 Apoptosis Inducing Factor (AIF)

Apoptosis-inducing factor (AIF) is a mitochondrial intermembrane oxidoreductase,
essential for oxidative phosphorylation and for the anti-oxidant defense of the cell [99],
with homology with the bacterial oxidoreductase. The translocation of AlF into the nucleus
causes chromatin condensation, large scale fragmentation of DNA and phosphatidylserine
exposure to the plasma membrane. The induced apoptosis is independent of caspases
and is inhibited by hyperexpression of the Bcl-2 protein that inhibits the release of AIF from
the mitochondria [100] [101].

The translocation of AIF to the nucleus was found to be a necessary step for the PARP-
1 induced cell death in immortalized mouse embryonic fibroblasts treated with H,O,,

MNNG and N-methyl-D-aspartate (NMDA). This resulted in a caspase independent death
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that was reversed when AIF or PARP-1 were inhibited or depleted. PAR polymer was
shown to be produced early after treatment with these agents [102].

Although in cell-free systems AIF is cleaved by calpain to the 57 kDa fragment, in cells
undergoing parthanatos caused by NMDA or MNNG, AIF is transferred to nucleus in the
uncleaved form of 62 kDa. Moreover inhibition of calpain failed to inhibit the mitochondrial

release of AlF, indicating that calpain is not required in parthanatos [103].

1.10 Parthanatos

Since it was shown that PAR alone was sufficient to cause cell death, this form of cell
death was named Parthanatos after PAR and Thanatos, the personification of death in
Greek mythology [104]. Parthanatos is a caspase independent process, different than
apoptosis, necrosis and autophagy. The characteristics of parthanatos, involve loss of the
mitochondrial membrane potential, chromatin condensation and loss of the membrane
integrity. Unlike apoptosis, it does not cause formation of apoptotic bodies and DNA
fragmentation. Although parthanatos causes loss of the membrane integrity resembling

necrosis, it does not induce cell swelling.
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Figure 5: Molecular pathway of cell death induced by PARP activation in
Parthanatos.

MNNG and NMDA-induced DNA damage causes the production of PAR by PARP. PAR
translocates to the mitochondria and causes AIF release. AIF then translocates to the
nucleus and causes cell death. Taken from K.N. Wang, 2011 [97].
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Lastly, it differs from autophagy since no formation of autophagic vacuoles is observed.
These features indicate that parthanatos differs from the other modes of cell death and

has a unique morphological and biochemical identity [105].

1.11 Mitochondrial Permeability Transition-Cyclophilin D

Calcium is an important intracellular messenger in cells that controls many processes
like gene ftranscription, cell proliferation and death. Calcium homeostasis is strictly
regulated by channels on the plasma membrane and on organelles inside the cell, like the
endoplasmic reticulum and mitochondria. [106].

Cyclophilin D (CypD) is a mitochondrial 40 kDa peptidyl-prolyl cis-trans isomerase that
has a role in protein folding [107] [108]. Cyclophilin D was shown to be necessary for
necrosis caused by reactive oxygen species and calcium overload, since CypD -deficient
cells were resistant to these stimuli. Necrosis occurs due to the disruption of the
mitochondrial membranes and mitochondrial dysfunction. This dysfunction starts with the
mitochondrial permeability transition (mPT) which is an increase in the permeability of the

mitochondrial membrane, resulting in a loss in mitochondrial membrane potential (Ay).
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Figure 6: Effect of cyclophillin D and calcium in oxidative stress induced opening of
the mitochondrial pore.
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These events are absent in CypD deficient cells [109] [110]. The mPT happens through
the mitochondrial permeability transition pore (MPTP), which consists of a voltage-
dependent anion channel, an adenine nucleotide translocator (ANT), CypD and other
molecules. MPTP is a non-specific pore, permitted by molecules up to 1.5 kDa, which
opens in the inner mitochondrial membrane under conditions of elevated matrix calcium
[111], especially when this is accompanied by oxidative stress and depleted adenine
nucleotides [112]. The permeability pore is inhibited by cyclosporine A (Figure 6) [113].
Calcium and oxidative stress promote the opening of the pore through cyclophilin D

binding. Cyclosporin A inhibitis cyclophilin D [114].

1.12 Lysosomes

Lysosomes are dynamic organelles that receive and degrade macromolecules in the
cell. These macromolecules can be intracellular (autophagy) or extracellular (endocytosis)
[115]. Lysosomes were discovered in 1955 as cytoplasmic organelles that contained
hydrolytic enzymes active at acidic pH [116]. These enzymes include proteases, lipases,
nucleases, glycosidases, phospholipases, phosphatases and sulfatases [117]. Depending
on the extent of the lysosomal disruption, cell death can be mediated through apoptosis
(partial) or necrosis (complete) [118]. The continuous digestion of iron-containing
metalloproteins, makes the lysosomes a pool of redox-active iron, and consequently
vulnerable to oxidative stress, causing lysosomal destabilization that is prevented by the
iron chelator deferoxamine. Lysosomal destabilization causes the leakage of the
destructive hydrolases and reactive iron in the cytoplasm with lethal consequences [119].

Apparently, once significant lysosomal rupture has occurred, the cells are irreversibly
committed to death. Some authors support that lysosomal rupture is an upstream event of
mitochondrial injury and cell death, induced by H,O, [120]. It is well known that H,O,
reacts with ferrous ions to produce hydroxyl radicals. This reaction is called the Fenton
reaction [121] [122] [123]. Incubation of DNA with H,O, in the presence of ferric ions,
indicates the presence of DNA modifications, typical of hydroxyl radical production [124].
Jurkat cells exposed to continuously generated H,O, by the glucose oxidase in the
presence of deferoxamine mesylate (DFO), were protected from DNA damage, as seen
with the comet assay. This illustrates the crucial role of the redox active lysosomal iron
ions in H,O, induced DNA damage [125].

The lysosomal iron ions were shown to translocate to the nucleus upon H,O, insult and
lysosomal rupture, causing hydroxyl radical production in the proximity of DNA and thus

DNA damage (Figure 7). No DNA damage was evident upon lysosomal rupture with the
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detergent O-methyl-serine dodecylamine hydrochloride (MSDH) excluding the contribution

of the hydrolases in the DNA damage observed [126].
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Figure 7: Effect of the lysosomal iron on H,O,-induced DNA damage.

Under H,O, induced oxidative stress, lysosomal iron produces hydroxyl radicals that
cause lysosomal rupture. The iron ions then translocate to the nucleus where they cause
DNA damage. Taken from Kurz et al [127].

1.13 Necrosis

Although necrosis was previously reported as an uncontrolled and accidental
procedure, recent publications have shown that it is rather an organized and programmed
form of cell death, as essential for cells as apoptosis [128]. The main events of necrosis
are considered to be the plasma membrane rupture and the energetic failure i.e. the ATP
consumption. The caspases, although important for apoptosis, do not possess a crucial

role for the completion of the process of necrosis.

1.14 Apoptosis

The term apoptosis was first introduced by Kerr et al to describe a specific form of cell

death. The main morphological features of apoptosis are plasma membrane blebbing
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without impairment of its integrity until the final stage, rounding of cells, reduction of
cellular volume, chromatin condensation, and nuclear fragmentation [129]. The main
biochemical features of apoptosis are the activation of caspases and DNA fragmentation
although apoptosis independent of these features are well documented.

Caspases, cysteinyl aspartate proteinases, are a family of evolutionary conserved
enzymes that cleave their substrates following an aspartate residue. During apoptosis,
caspases are responsible for the cleavage of specific substrates that give specific
morphological and biochemical features to cells. Therefore, the detection of activated
caspases is considered to be a significant marker for this mode of cell death. Caspases
are synthesized as inactive precursors (zymogens, procaspases) that are cleaved during
activation. There are two groups of caspases, the intrinsic caspases initiate apoptosis and
are activated by autoactivation and the effector caspases are activated by the initiator
caspases and are responsible for the execution of apoptosis [130]. The differences

between Necrosis, Apoptosis and Parthanatos are summarized in Table 1.

Table 1: Differences between apoptosis, necrosis and parthanatos

Apoptosis Necrosis Parthanatos
Energy Dependent Not dependent | Dependent
Plasma membrane integrity Yes No No
Apoptotic bodies Yes No No
DNA degradation Ordered Random Random
Phosphatidyl serine on the outer Yes No Yes
membrane

1.15 Topoisomerases

During replication or transcription, DNA is negatively or positively supercoiled.
Topoisomerases are enzymes used for the unwinding of DNA and depending on the
strands of DNA broken; they are classified as type | and type Il. Type | topoisomerases
cleave only one strand of the DNA, while type Il cleave both strands [131]. Known
topoisomerase | inhibitors used for the treatment of cancer, are camptothecin, its
derivatives topotecan and irinotecan and the indenoisoquinolines. The iridoids aucubin
and geniposide also act as topo | poisons, explaining their reported antitumor activity
[132]. Cell death occurs due to the trapping of the covalent complexes and the subsequent
DNA damage caused by the replication and transcription, rather than the inhibition of the

catalytic activity of the topoisomerase [133].
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There are two categories of drugs that target Topoisomerase Il. The first one includes
most of the clinically used agents like etoposide, doxorubicin, and mitoxantrone. These
agents called Topo Il poisons, increase the levels of Topo |I: DNA covalent complexes
generating a “lesion” that includes DNA strand breaks and protein covalently bound to
DNA. The second category, inhibits the Topo Il catalytic activity and these agents are

therefore termed catalytic inhibitors [134].

1.16 Glucose transporters

Six sodium dependent glucose transporters (SGLT1-SGLT6) and thirteen members of
the family of facilitative sugar transporters (GLUT1-GLUT12 and HMIT) have been
identified so far [135]. The levels of the glucose transporters were studied in three breast
cancer lines: in the poorly invasive MCF-7, the moderately invasive MDA-MB-435 and the
highly invasive MDA-MB-231 cells. The levels of the Glut-1 transporters were related to
cell invasiveness with higher expression in the most invasive MDA-MB-231 cells. To the
contrary, the levels of the Glut-2 and Glut-5 transporters were inversely related to cell
invasion. Glut-3 levels did not correlate with invasiveness and Glut-4 transporters were
undetectable in the three cell lines [136]. Phloretin and Phlorizin are competitive inhibitors
of glucose transport and compete with glucose for binding to the glucose carrier. This
causes the inhibition of glucose transmembrane transport [137]. Studies with cancer cell
lines indicated that phloretin inhibits glucose uptake by cancer cells. In fact, the glucose
uptake by the GLUT-1 transporter was inhibited by more than 80%, when cells were
treated with phloretin [138] [139].
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2 HYPOTHESIS AND SPECIFIC AIMS

The anticancer effect of oleuropein reported so far in many studies against a variety of
cancer cell lines and the lack of toxicity in normal cell lines, gave the impression of a
promising plant agent that could be used in the fight against cancer. Recent reports
though, gave a contradicting perspective of the behavior of oleuropein and its metabolite
hydroxytyrosol in the in vitro cell culture conditions. It was shown that oleuropein produced
significant levels of H,O, in the commonly used culture medium RPMI 1640. It was not
however very clear if the produced H,O, caused cell death, since apoptosis detected in
cells was low. It was therefore intriguing to answer to a series of questions that aroused.
Does oleuropein produce H,O, in other commonly used culture media, like MEM, DMEM,
and DMEM/F12? Is the produced H,O, capable of causing cell death? Why are normal
cells resistant to oleuropein? Is cell death cancer-specific? Does oleuropein react with a
medium constituent to produce H,0,? What are the conditions that favor or inhibit its
production? What is the molecular mechanism of death activated in cells? For answering
all these questions we made the following hypothesis and postulated specific aims that we
tried to answer in the present study.

Our hypothesis was that oleuropein and hydroxytyrosol produce high levels of H,O, in
the in vitro culturing conditions that are responsible for the reported anti-cancer activity in
cancer cell lines. We hypothesized that this production of H,O, is the result of the reaction
with a culture medium component, or the result of the culturing conditions like the pH. We
hypothesized that the produced levels of H,O, have the potential to cause direct or indirect
DNA damage and cell death in normal and cancer cells through molecular mechanisms
characteristic for H,O,-induced death. In order to evaluate our hypothesis, we set the
following four specific aims for investigation:

(1) to determine if oleuropein and its metabolite hydroxytyrosol produce H,O; in the
commonly used culture media and the mechanism behind this production

(2) to determine if oleuropein through the H,O, production causes oxidative DNA
damage in cells

(3) to determine if oleuropein causes cell death in both cancer and normal cells
through the H,O, production

(4) to determine the molecular mechanism of cell death

For our first aim, oleuropein and its metabolite hydroxytyrosol were incubated for
different time intervals in the culture media MEM, DMEM and DMEM/F12 under standard
culture conditions and the produced levels of H,O, were measured by the FOX assay and

the amplex red kit. In order to discover how oleuropein and hydroxytyrosol produce H,O,in
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the culture medium, the constituents of the culture medium MEM, were cultured with
oleuropein or hydroxytyrosol and the produced levels of H,O, were measured. The effect
of oleuropein or hydroxytyrosol on the H,O, production was studied in the presence of
sodium pyruvate, a known H,O, scavenger.

For our second aim, soon after oleuropein addition in cells, the DNA damage was
assessed by the comet assay and the 8 oxo DG method. With these methods, the
oxidative damage was evaluated. The effect of the H,O, scavenger, sodium pyruvate on
DNA damage was also evaluated. To exclude the possibility that the observed DNA
damage was indirect through topoisomerase cleavage, we evaluated the catalytic activities
of the topoisomerase enzymes. Nuclear extracts were used for the decatenation assay to
study the effect on the topoisomerase Il. Nuclear extracts and pure topoisomerase |
enzyme were used for the relaxation assay to study the effect on the topoisomerase |. The
effect of the reducing agent DTT and the antioxidant cysteine was also studied.

For our third aim, cell death caused by oleuropein and hydroxytyrosol was studied in
cancer MDA-MB-231 and normal MCF-10A and STO cells. The effect of different
concentrations of oleuropein, hydroxytyrosol and H,O, was assessed on the viability of
normal and cancer cells. The viability was measured with the crystal violet assay. Also the
effect of the antioxidants NAC and sodium pyruvate on cell death induced by oleuropein,
hydroxytyrosol and H,O, was assessed by crystal violet.

For our last aim, we evaluated many molecular pathways of cell death that could have
been activated by oleuropein and also pathways that are involved in the H,O,-induced cell
death. At first we excluded the possibility that oleuropein induces cell death through the
glucose transporters entrance in cells or protects cells through implication of the estrogen
receptors. The mode of cell death caused by oleuropein i.e. apoptosis or necrosis was
studied by staining cells with annexin V and propidium iodide with the Apoptosis Tali kit.
The sub G1 apoptotic fractions were assessed by flow cytometry analysis and necrosis
was assessed by the trypan blue assay. The morphology of the cells was also evaluated
by DAPI staining. The biochemical characteristics of cell death were also examined. The
implication of the caspases was evaluated by assessing the caspase 3 enzymatic activity,
the cleavage of caspase 3 by western blot analysis, and also by assessing the effect of the
caspase inhibitor z-VAD-fmk on cell viability. The implication of mitochondria was studied
in two ways. Firstly the mitochondrial membrane potential was measured in order to
indicate if there is a decrease and secondly the mitochondrial protein AlIF was studied by
immunofluorescence analysis to examine if there is nuclear translocation. The role of the
lysosomes was studied by the acridine orange staining to show lysosomal membrane

permeabilization and by iron chelation with DFO to study the implication of the lysosomal
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iron. The proteins implicated in apoptosis and paraptosis like BAX, p53, caspase 3, PARP-
1, PAR, JNK, p38, ERK, were studied by western blot.
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3 MATERIALS AND METHODS

3.1 Materials and cell cultures

Human breast cancer MDA-MB-231 cells, MCF-10A “normal” immortalized breast cells
and mouse embryonic fibroblasts STO cells were obtained from American Type Culture
Collection (Rockville, MD, USA). MDA-MB-231 and STO cells were cultured in DMEM
(Invitrogen, Carlsbad, California, USA) containing 4500 mg/l glucose and supplemented
with 10% (v/v) FBS and 1% antibiotic/antimycotic (100x) (Invitrogen, Carlsbad, California,
USA) and incubated under standard conditions (37°C, 5% CO,), in a humidified
atmosphere. MCF-10A cells were cultured in DMEM/F12 (Invitrogen, Carlsbad, California,
USA) or DMEM medium supplemented with 100 ng/mL cholera toxin (Biomol, Hamburg,
Germany), 0.5 ug/mL hydrocortisone (LKT Laboratories, Minnesota, USA), 10 ug/mL
insulin (Roche Applied Science, Penzberg, Germany), 20 ng/mL EGF, 5% (v/v) horse
serum and 1% antibiotic/antimycotic solution (100x) (Invitrogen, Carlsbad, California,
USA). S30 and ER B41 cells were cultured in DMEM with G418.

3.2 Isolation of oleuropein and hydroxytyrosol

Oleuropein was isolated from Olea europaea leaves. Air dried and pulverized leaves (1
Kg) were extracted by mechanical stirring for 12 h with acetone (2 x 2.5 L). The solvent
was evaporated completely and washed with 1 L of a mixture of dicloromethane: methanol
98/2. The insoluble material (50 g) was separated, dried and subjected to medium
pressure chromatography with normal silica gel 60 Merck (15-40 mm), using the
dichloromethane methanol gradient as the eluent to extract pure oleuropein (2.5 g). The
purity of oleuropein was 99% using analytical RP-HPLC with a Thermo Finnigan Spectra
system (column: LiChrosob RP-18, 250 x 4.0 mm, 5 pm, elution solvent water acetonitrile
gradient, flow: 1mL/min, UV-detection: 254nm). The purified oleuropein was entirely in the
glucoside form and was free of any aglycone. Hydroxytyrosol was isolated from olive olil
mill waste water, according to a previous described methodology [140]. Oleuropein and
hydroxytyrosol were dissolved in dH,O (Invitrogen, Carlsbad, California, USA), sterilized
by filtration with 0.22 pm filters (Sartorius Stedim Biotech, GmbH, Goettingen, Germany)

and kept at -20 °C in the dark. Dilution into culture medium was made just before use.
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3.3 Cell viability assay

Cells (5x10°well) were seeded overnight in 96 well microtiter plates. Oleuropein or
hydroxytyrosol were added at concentrations ranging from 5 to 100 ug/mL for oleuropein
and 3-100 uM for hydroxytyrosol in new DMEM medium and incubated at 37 °C, 5% CO,
for 24 h. After treatment, the medium was removed and cells were washed with phosphate
buffer solution (PBS) (Invitrogen, Carlsbad, California, USA), and fixed with 10% formalin
(Sigma Aldrich, Steinheim, Germany). Crystal violet (Sigma Aldrich, Steinheim, Germany),
was added for 15 min followed by washing with dH,O. Plates were dried overnight. The
stain was dissolved by 10% acetic acid (Fisher Scientific, Loughborough, UK) and
measured spectrophotometrically at 570 nm using a Perkin-Elmer LS50
spectrofluorimeter. Sodium pyruvate (Invitrogen, Carlsbad, California, USA) and NAC
(Sigma Aldrich, Steinheim, Germany) were added 1h before treatment at final
concentration of 1 mM. Experiments were performed in the continuous presence of these

reagents.

3.4 Measurement of the H,O, production

The production of H,O, in MEM, DMEM, DMEM/F12 with and without supplements and
MEM components (Invitrogen, Carlsbad, California, USA), was assessed by the ferrous
oxidation-xylenol orange (FOX) assay and by the Amplex® Red Hydrogen
Peroxide/Peroxidase Assay Kit (Invitrogen, Carlsbad, California, USA). For the FOX
assay, oleuropein and hydroxytyrosol were incubated in phenol-red free culture media or
components for different time points at 37°C, 5% CO, or 37 °C, atmospheric CO,. 20 pL of
sample was added to 200 yL of FOX reagent containing 125 uM xylenol orange, 100 mM
sorbitol, 250 yM ammonium iron sulphate in 25 mM H,SO, (Sigma Aldrich, Steinheim,
Germany). For the Amplex Red kit, phenol-red free culture media or medium components
were incubated with oleuropein at 37°C, 5% CO.,. 50 yL of sample was added to 50 pL of
Amplex red reagent with HPR enzyme diluted in PBS. For both of the methods, H,O, was
used as positive control and media or components without oleuropein or hydroxytyrosol,
as negative controls. The H,O, production was measured spectrophotometrically at 570
nm after 30 min incubation at room temperature. The concentration of H,O, was derived

from a standard curve obtained by adding different concentrations of H,O, in dH,0.
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3.5 Detection of 8-0x0-DG by Immunocytochemistry

DNA oxidation was assessed by staining the cells with the monoclonal antibody Anti-8-
oxo-dG (Clone 2E2) (Trevigen, Gaithersburg, USA) which detects the oxidized derivatives
of deoxyguanosine. Cells were plated on cover slips in 6 well plates and the next day,
were incubated with 100 pg/mL oleuropein in the presence or absence of 1 mM sodium
pyruvate for 1h. Untreated cells were used as negative control and H,O, (50 pM) as
positive control. The staining of the oxidized guanines (8-oxo-2’-deoxyguanosine) was
performed according to the manufacturer’'s protocol. Fluorescence was visualised and
photographed under the fluorescence microscope (Leica DM IL, Wetzlar, Germany). Cells

with DNA oxidative damage had intense green colour. DAPI staining was used as control.

3.6 Alkaline single-cell gel electrophoresis (Comet) assay

DNA damage was assessed by the single cell gel electrophoresis assay under alkaline
conditions, with the CometAssay kit from Trevigen (Gaithersburg, USA). Cells were treated
with oleuropein (100 ug/ml) for 2h. Untreated cells were used as negative control and H,O,
treated cells (100 uM, 20 min at 4 °C) as positive control. The cells were harvested by
trypsinisation, resuspended in PBS, mixed with low melting agarose and transferred on
comet slides. Cell lysis, electrophoresis and staining were performed as described in the
Trevigen instruction manual. Cells were stained with Sybr Green and examined under the
fluorescence microscope (Leica DM IL, Wetzlar, Germany). Scoring was performed with the

TriTek CometScore Freeware using the tail moment.

3.7 Topoisomerase | and Il assays

The effect of oleuropein on the activity of the topoisomerase | and Il enzymes was
examined with the topoisomerase | and Il assays respectively. Either purified topoisomerase
| enzyme or nuclear extracts of treated with oleuropein and untreated cells were serially

diluted and used for the relaxation of supercoiled DNA with incubation at 37 °C for 30 min.

Relaxation assay

The Topo | assay kit (Topogen) was used. The topoisomerase | activity was assessed
by the relaxation of the supercoiled DNA (SC) in the presence or absence of oleuropein.

Supercoiled DNA was incubated with purified Topo | enzyme and dilutions of oleuropein
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or nuclear extracts of treated and untreated cells and incubated at 37 °C for 30 min. The

reaction was ended by addition of the stop buffer followed by electrophoresis (1% agar

gel/50V) in TBE solution, staining with SyBr green and washing. Relaxed DNA is

observed as higher bands. In case of any inhibition on the activity of the enzyme,

supercoiled DNA remains unrelaxed and is seen as a lower band.

Decatenation assay

Topoisomerase |l activity was assessed in nuclear extracts for the decatenation of

catenated DNA. The extracts were incubated with catenated DNA and ATP and

incubated at 37 °C for 30 min. Electrophoresis was performed in the presence of SyBr

green. In case of topoisomerase Il inhibition by oleuropein, the levels of decatenated

DNA are decreased.

3.8 Treatment with inhibitors

All the inhibitors were added to cells 1h before treatment with oleuropein, except for the

deferoxamine mesylate DFO that was preincubated for 3h. Experiments were then

performed in the continuous presence of these reagents.
Table 2: Inhibitors used

Inhibitor Target Diluted in Stock Used Company
3-ABA PARP-1 dH,O 1M 10 mM Sigma Aldrich
Cocl2 Calcium dH,O 1T™M 100 uM Sigma Aldrich,

channels

CSA Cyclophilin D DMSO 100 mM 1 uM SantaCruz
Biotechnology

DFO Lysosomal dH,O 100 mM 1 mM Sigma Aldrich,

Iron

DPQ PARP-1 DMSO 25 mM 100 uM SantaCruz
Biotechnology

EB-47 PARP-1 dH,O 10 mM 50-200 uM SantaCruz
Biotechnology

NAC Antioxidant dH.O 1M 1 mM Sigma Aldrich,

PD98059 ERKs DMSO 100 mM 25 uM Cayman

Chemicals
Phloretin Glucose DMSO 1™ 100 uM Sigma Aldrich,
transporters

SB202190 p38 DMSO 100 mM 25 uM’ Sigma Aldrich,

Sodium Antioxidant dH,O 100 mM 1 mM Invitrogen,

pyruvate

SP600125 JNKs DMSO 100 mM 25 uM Sigma Aldrich,

z-vad-fmk Caspases DMSO 10 mM 20 yM Calbiochem
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3.9 BCA assay

The total protein concentration of the cell lysates were measured with the BCA assay
kit, Thermo Scientific Pierce, (Rockford, IL USA). The BCA assay is based on the
reduction of Cu+2 to Cu+1 by proteins in an alkaline solution and the subsequent
complexing of the Cu+1 to BCA reagent, yielding a purple color detectable at 562nm.
Treated cells were harvested with trypsinization and centrifugation, washed with PBS and
then lysis buffer was added on ice. 1 pl of the lysate was added to 199 pul of the BCA
reagent: bicinchoninic acid+ Copper(ll) Sulfate Pentahydrate (50:1), incubated at 37 °C for
30 min and measured at 570 nm with the Perkin-Elmer spectrophotometer (Multilabel
counter 3.00 software). A standard curve was made each time with different
concentrations of the protein bovine serum albumin. The concentrations were

automatically calculated with the GraphPad Prism 5 software (San Diego, CA, USA).

3.10 Caspase activation assay

The caspase activation assay was conducted according to the Caspase-3/CPP32
Colorimetric Protease Assay kit instructions, Invitrogen, (Camarillo, CA). Treated and
untreated cells were harvested by trypsinization, washed with PBS and lysis buffer was
added. They were then left on ice for 10 min and the protein concentration was quantified
by the BCA assay. 100 ug of lysate was used for the assay. The substrate was added in
reaction assay buffer with DTT and incubated for 2h at 37 °C. Upon cleavage of the
substrate DEVD-pNA (Asp-Glu-Val-Asp-p-nitroanilide) by caspase-3, free p-nitroanilide
chromophore (pNA) is released with resulting increase in absorbance at 400-405 nm.
Comparison of the absorbance of lysates made from treated cells with lysates made from

untreated cells, allows determination of the increase in caspase-3 activity.

3.11 Whole cell extraction

After treatment with oleuropein for different time intervals, whole cell extracts were
obtained using 3 different lysis buffers depending on the method - RIPA buffer with protease
cocktail and phosphatase inhibitors (sodium orthovanadate 1 mM and sodium fluoride 5
mM) for western blot analysis, ready to use caspase lysis buffer (Biosource) for the caspase
assay and ready to use lysis buffer for the comet assay (Trevigen). The concentrations of
the lysates were measured by the BCA method using bovine serum albumin as a standard.

50 pg of protein per sample was analysed by Western blot.
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3.12 Nuclear extraction

Nuclear extracts for the topoisomerase assays were prepared according to Raffo et al
with a minor modification at the speed of the last centrifugation (25,000 g instead of low
speed centrifugation) [141]. Briefly, cells were harvested, washed with PBS and lysed with
douncing in hypotonic lysis buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCI2, 10mM KCI and
0.5 mM dithio- threitol (DTT), protease inhibitors). Then the crude nuclei were harvested
by low speed centrifugation, homogenized again by douncing and centrifuged. The pellet
was diluted in nuclear lysis buffer (20 mM HEPES, pH 7.9, 25% (v/v) glycerol, 0.42 M
NaCl, 0.2 mM EDTA, 0.5 mM DTT, protease inhibitors) and stirred on ice for 30 min
followed by centrifugation to obtain the supernatant protein lysate. The concentration of
the nuclear extracts was measured by the BCA assay. The nuclear extracts were tested

for cytoplasmic cross-contamination by western blot.

3.13 Western-blot analysis

Briefly, sample buffer (0.5 M Tris-HCI pH 6.8, 10% glycerol, 2% (w/v) SDS, 5% (v/v) 2-b-
mercaptoethanol, 0.05% bromophenol blue) was added to the samples and denatured by
boiling at 99 °C for 5 min. They were then separated by electrophoresis on 10% acrylamide
gels and proteins were subsequently transferred to nitrocellulose or polyvinylidene fluoride
sheets (ImmobilonTM- P, Millipore Corp., Bedford, MA) using a transblot apparatus
(BioRad). The membranes were blocked for 1h with 5% skim milk dissolved in TBS-T buffer
(Tris 50 mM; NaCl 1.5%; Tween 20, 0.05%, pH 7.5). They were then incubated overnight
with primary monoclonal antibodies against GAPDH, p-p38, p-JNK, p-ERK, Bax, p53,
PARP1/2 (Santa Cruz Biotechnology), p38, caspase 3, AIF (Cell Signaling), tubulin and
actin (Sigma). After incubation, blots were washed thoroughly in TBS-T buffer and incubated
for 1 h with a peroxidase-conjugated secondary antibody (SantaCruz Biotechnology). Bands

were visualized using a chemiluminescence-based detection system.

3.14 Decrease in the mitochondrial transmembrane potential

wAm was measured using the mitochondria-specific fluorescence probe JC-1 (Molecular
Probes, Eugene, OR). Stock solution of JC-1 was prepared at 5 mM in dimethylsulfoxide.
This dye is incorporated into the mitochondria and forms aggregates that fluorescence
orange-red with blue light excitation (485 nm). When there is a decrease in the

mitochondrial membrane potential, JC-1 is diffused in the cytoplasm as monomers giving
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cells a green colour. Cells were seeded on coverslips and treated with oleuropein for 4h and
24h. JC-1 dye (5 uM) was then added and cells were incubated for 30 min at 37 °C.
Untreated cells were used as negative and cells treated with H,O, (100 uM) as positive

control. Cells were observed under fluorescence microscope and photographed.

3.15 Immunofluorescence analysis

MDA-MB-231 and STO cells were incubated with oleuropein (100 ug/ml) or H,O, (50
pM) for 8h and then stained with the AIF (Cell signaling) antibody to observe if there is
translocation from the mitochondria to the nucleus. Untreated cells were used as negative
control. In brief the immunofluorescence protocol was as follow: the cells were washed
with PBS and fixed in 4% paraformaldehyde in PBS. Glycine 50mM, pH 8 was added for
10 min, washed in PBS, followed by addition of 0.2% Triton X in PBS for 10 min, washed
and blocked with 10% Goat serum in PBS for 10 min (serum from the same host species
as the labeled secondary antibody). After washing, primary antibody in 0.1 % BSA (1:500
for Rabbit AIF) was added for 1.5 h at RT and then washed. The secondary antibody was
added in 0.1 % BSA (1:100 for Cy3-conjugated anti Rabbit) for 40min at RT and then
washed. For nuclear staining Hoechst dye (1:5000) was added for 10 min followed by
washing and mounting in Prolong Gold mounting medium. Imaging was done under the

fluorescence microscope.

3.16 Lysosomal permeabilization assay

Cells were preloaded with 2 ug/ml acridine orange (Invitrogen, Carlsbad, California,
USA)) for 30 min, then treated with 100 ug/ml oleuropein or 50 uM H,O, for the indicated

time intervals and viewed under the fluorescence microscope with blue light (485 nm).

3.17 Tali™ Annexin V labeling

The expression of phosphatidylserine (PS) in the outer membrane of oleuropein treated
cells and control untreated cells was monitored by labeling with the Tali apoptosis kit with
Annexin V Alexa Fluor 488/ Propidium iodide staining. Annexin V specifically stains the cells
green with phosphatidyl serine transferred on the outside part of the plasma membrane
upon apoptosis. Propidium iodide stains red the DNA of cells with damaged membranes.
Tali automatically measures cells as live, apoptotic and dead (late apoptotic, necrotic)

depending on the staining. Live cells do not fluorescence, apoptotic have green
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fluorescence and dead cells have red fluorescence. Cells were seeded in plates, treated
with oleuropein (100 pg/ml) and then the labelling was performed according to the
instructions of the kit. Specifically, the floating and attached cells were harvested by
trypsinization and centrifugation and resuspended in Annexin binding buffer. Annexin V was
added for 20 min in the dark. Centrifugation followed and resuspension in binding buffer with
propidium iodide for 1-5 min. Samples were placed in the Tali cellular analysis slides and

counted by the Tali image based cytometer as live, dead and apoptotic.

3.18 Trypan blue assay

Cell death was measured by the insertion of the trypan blue dye. Since the dye enters
cells only when the membrane is damaged, trypan blue staining detects dead cells i.e
necrotic or late apoptotic. MDA-MB-231 cells were treated with different concentrations of
oleuropein for 24h, the floating cells were collected and the attached cells were trypsinized

and then measured under the microscope with a neuebauer haemocytometer.

3.19 DAPI staining

MDA-MB-231 cells were seeded overnight in 6 well plates and then treated for the
indicated time intervals with oleuropein (100 ug/ml) alone or in combination with the pan-
caspase inhibitor z-VAD-fmk (20 pM). Attached and floating cells were collected by
trypsinization, washed with PBS, stained in the dark with 1 ug/ml DAPI for 10 min, washed
with PBS and visualized with 350 nm wavelength under the fluorescence microscope

(Zeiss, Axio Observer, A1, HB100 Microscope llluminating System).

3.20 Sub-G1 FACS analysis

MDA-MB-231 cells were treated for 24h with oleuropein (100 ug/ml) or H,O, (100 pM).
Floating and attached cells were harvested and fixed in ice-cold ethanol 70 % overnight.
They were then incubated with Propidium iodide (10 ug/ml) and 0.2 mg/ml RNase A at 37
°C for 45 min and analysed with the flow cytometer (Beckton Dickinson). The Cell Quest
3.3 software was used for the estimation of the cell percentage in the phases Sub-G1,

G0/G1, S, G2/M. Untreated cells were used as negative control.
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3.21 Data analysis

The graphs were designed with the GraphPad Prism 5 software (San Diego, CA, USA).
The data are the Mean + SD of two or three independent experiments. Statistical analysis
was performed by the Student’s two-tailed t-test. Differences were considered significant
at p <0.05.
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4 RESULTS

4.1 Oleuropein produces H,O,in common culture media

When oleuropein was incubated in DMEM or MEM media at a concentration of 100 pug/ml,
under standard cell culture conditions (37°C, 5% CO,), substantial amounts of H,O, were
produced as shown in Table 3. The levels were time dependently increased in both media
indicating that there is a continuous production of H,O,. In contrast, only minor amounts of
H,0, (<10 uM for up to 5 h) were produced when oleuropein was added in DMEM/F12
medium and under the same culture conditions. DMEM/F12 contains sodium pyruvate, a
scavenger of H,0,[142,143]. The supplementation of the MEM or DMEM media with FBS
and antibiotic/antimycotic solution to mimic the cell culture conditions produced lower
levels of H,O, (Table 3).

The addition of 100 uM H,O, in DMEM, followed by the determination of its levels at
different time intervals, resulted in a decrease in the concentration of H,O,, which was
more prevalent in the FBS supplemented medium. However, no significant decay was
evident when H,0O, was incubated in distilled water (data not shown). These observations
indicate that DMEM has the capacity to decrease H,0O,, even in the absence of sodium
pyruvate, probably due to reducing agents like glutamine that are present in the medium,
or those included in the FBS. Indeed, the addition of H,O, in FBS (100%) diminished the
H>O; levels within 1 h (see Figure 9).

4.2 Sodium pyruvate abrogates H,O, produced by oleuropein

The addition of sodium pyruvate for 24 h in MEM or DMEM media diminished the H,O,
levels produced by oleuropein under normal culture conditions (Figure 8). Furthermore,
when 100 uM H,O, were added in DMEM/F12, a medium that already includes sodium
pyruvate and is used for culturing normal MCF-10A cells, the H,O, levels were diminished,
indicating that indeed this medium has the capacity to rapidly eliminate H,O, (Figure 9).
These data show that sodium pyruvate, either when added in the media (MEM and
DMEM) or when it is included in the original composition of the medium (DMEM/F12),
abrogates H,O, produced by oleuropein.
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Table 3: Production of H,O, (uM) in the culture media

Time (h) DMEM (uM) MEM (pM) DMEM/F12 (pM)
Supplements
- + - + - +
0 <10 <10 <10 <10 <10 <10
1 386+6.7 303+13 253+17 76+1.2 <10 <10
2 526+42 442+98 369+56 19.3+3.2 <10 <10
3 679+16 604+55 539+0.8 31.3+26 <10 <10
4 745+50 632+15 53.6+0.6 31.1+17 <10 <10
5 787+46 619+22 64.1+37 32.7+5.2 <10 <10
24 725+123 59.7+44 825+58 478+13 26.2+93 <10

Oleuropein (100 pg/ml) was added in DMEM, MEM or DMEM/F12 and following incubation
for 24 h at 37°C, 5% CO, atmosphere the levels of H,O, were determined by the FOX

assay as described in the methods with (+) or without (-) supplements.

The

supplementation of MEM and DMEM was with 10 % (v/v) FBS, plus antibiotics. The
supplementation of DMEM/F12 was with 5 % (v/v) horse serum plus 1% antibiotics, 100
ng/ml cholera toxin, 0.5 pg/ml hydrocortisone, 10 pg/ml insulin and 20 ng/ml EGF. Data
represent the mean + SD of three independent experiments
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Figure 8: Effect of sodium pyruvate on the levels of H,O, produced by oleuropein.
Oleuropein was added in DMEM or MEM as indicated at 100 pg/ml for 24 h, in the
presence (+) or absence (-) of 1 mM sodium pyruvate under standard cell culture
conditions (37°C, 5% CO,) and the levels of H,O, were measured by the Amplex Red kit
spectrophotometrically at 570 nm. H,O, (50 uM) in dH,O was used as a positive control.
The data represent the mean + SD of three independent experiments. **, indicates
significant difference (p<0.01) between the values with (+) and without (-) sodium
pyruvate.
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Figure 9: Effect of the media supplementation on the levels of H,0.,.

H.O, (100 uM) was added in FBS (100%) and in the media DMEM, MEM, DMEM/F12 with
(+) and without (-) supplements. The H,0O, levels were measured after 1 h incubation at
37°C, 5% CO; by the FOX assay. In DMEM and MEM, the supplements were 10% (v/v)
FBS and 1% antibiotic/antimycotic solution. In DMEM/F12 medium the supplements were
5% (v/v) horse serum, cholera toxin, hydrocortisone, insulin, and antibiotic/antimycotic
solution. DMEM/F12 included sodium pyruvate. Positive control was H,O, in dH,O. The
data represent the mean + SD. Statistical differences between the treated samples and
positive control are represented as follows: *p<0.05, **p<0.01.
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4.3 Sodium bicarbonate is the responsible component for the
production of H,O,

To identify whether any components of the medium are responsible for the H,O,
production, the main constituents of MEM i.e. vitamins, aminoacids, Earle’s balanced salt
solution (EBSS) and salts, were tested for H,O, production in combination with 100 pg/ml
oleuropein or 100 uM hydroxytyrosol. EBSS was found to produce H,O, at comparable
levels to those of the complete medium (Figure 10). Vitamins, aminoacids (AA) and salts

of calcium and magnesium produced only minor levels of H,0O..

1.5-
o 1 Negative control
@B Oleuropein 100 pg/ml
e 1.01 &3 Hydroxytyrosol 100 uM
c
o
N~
Lo
< 0.5-
0.0-
dH,0 -
AA + + +
Vitamins  + + +
MgSO4 + + +
caclz2  +  + +
EBSS  + +

Figure 10: Effect of the medium components on the H,O, production.

The components of the MEM medium i.e. vitamins, aminoacids, salts and EBSS were
incubated with and without oleuropein (100 pug/m) or hydroxytyrosol (100 uM) for 24 h at
37°, 5% CO, and the produced levels of H,O, were measured by the FOX assay
spectrophotometrically at 570 nm. The data represent the mean + SD of three
independent experiments. Statistical differences between the treated samples and vehicle
control are represented as follows: *p<0.05, **p<0.01, ***p<0.001.
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Figure 11: Effect of the EBSS constituents on the H,O, production.

The constituents of the EBSS were individually evaluated under the same conditions. The
data represent the mean + SD of three independent experiments. Statistical differences
between the treated samples and vehicle control are represented as follows: *p<0.05,
**p<0.01, ***p<0.001.

EBSS contains potassium chloride, sodium chloride, sodium bicarbonate (NaHCO,),
monobasic sodium phosphate (Na,H,PO,) and D-glucose. By adding these individually, it
was determined that sodium bicarbonate (26 mM) was responsible for the H,O, production
(Figure 11). To exclude the possibility that the alkaline pH of sodium bicarbonate alone
(pH 8.6) was responsible for the H,O, production (in the presence of oleuropein or
hydroxytyrosol), we evaluated the effect of neutralized (pH 7.3) sodium bicarbonate and
observed that there was significant production of H,O, at this neutral pH as well (Figure
11).

To further investigate the role of sodium bicarbonate in the production of H,0O,, in
conjunction with the cell culture conditions, we prepared three MEM solutions that were
incubated for 24 h with oleuropein or hydroxytyrosol at 5% CO, (Figure 12). These were
as follows: (a) MEM with sodium bicarbonate at pH 7.1, (b) MEM without sodium
bicarbonate at pH 7.1 and (c) MEM without sodium bicarbonate at pH=8.0. The first
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solution, that included sodium bicarbonate, produced significant levels of H.,O, when
incubated at 5% CO,. The exclusion of sodium bicarbonate from the second and third
solutions caused almost the complete absence of H,O, production. It is interesting that at
a starting pH 8.0, there was no H,O, production (Figure 12), although it has been reported
that polyphenols produce high levels of H,O, in alkaline pH [144]. This apparent
discrepancy is due to a drop in the pH to 6.0, due to the lack of a buffering system (sodium
bicarbonate) in the incubation conditions (5% CO.).

In a study, incubation of hydroxytyrosol in MEM, in the absence of oxygen, failed to
produce any significant levels of H,O, [65]. Our data show that although oxygen is
necessary, it is not sufficient to cause alone H,O, production, since all samples were
incubated at the same levels of oxygen, but H,O, was produced only in the presence of
sodium bicarbonate (Figure 12). As expected, in the MEM medium that contained sodium
bicarbonate, the pH increased from pH 7.1 to pH 7.4 where it stabilized. These results
demonstrate that, under standard cell culture conditions (37°C, 5% CO,) sodium
bicarbonate is the defining component being responsible for the production of H,O, by

oleuropein and hydroxytyrosol.
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Figure 12: Effect of the sodium bicarbonate-pH on the H,O, production.

The role of sodium bicarbonate was determined under the same conditions by incubating
the polyphenols in MEM, in the absence (at either pH=7.1 or pH=8.0) or presence of
sodium bicarbonate (pH=7.1) as shown. The data represent the mean + SD of three
independent experiments. Statistical differences between the treated samples and vehicle
control are represented as follows: ***p<0.001.
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4.4 Hydrogen peroxide produced by oleuropein causes oxidative
DNA damage to cells

The H,O; levels produced by oleuropein after 1 h incubation in MDA-MB-231 cells were
able to cause extensive DNA oxidation of deoxyguanosines (8-oxo-dG), as visualized by
immunocytochemistry using the anti-8-oxo-dG antibody (Figure 13). This clearly indicates
that H,O, enters cells causing adverse effects. A result that further supported this
indication was that sodium pyruvate prevented completely DNA oxidation, showing that
H,0O, causes the DNA damage and not the molecule of oleuropein or its oxidized product.
Extensive DNA damage was evident by the comet assay at 2 h incubation with oleuropein
in MDA-MB-231 cells (Figure 14) and MCF-10A cells (Figure 15, Figure 16). Oleuropein
thus, has a pro-oxidant activity under standard culture conditions that is entirely attributed

to the produced H,O, which enters cells and causes oxidative DNA damage.
i) iii) iv)

Figure 13: Oleuropein causes DNA oxidation in cells that is prevented by sodium
pyruvate.

Immunocytochemistry of MDA-MB-231 cells treated with oleuropein for 1 h and stained
with anti-8-oxo-dG antibody or DAPI (blue), visualized under the fluorescence microscope.
Treatments were as follows: i) untreated, ii) oleuropein (100 pg/ml), iii) oleuropein (100
pg/ml) in the presence of 1 mM sodium pyruvate, iv) H,O, (50 uM). The results are
representative of two independent experiments.

54



Figure 14: DNA damage in oleuropein treated MCF-10A cells and protection by
sodium pyruvate.

MCF-10A cells (i) were treated with oleuropein (100 ug/ml) for 2h (ii) and DNA damage
was assessed by the comet assay. Cells were cultured in DMEM. H,O, (100 uM) was
added in PBS for 15 min and used as positive control (iii). Cells were also treated with
oleuropein in medium with sodium pyruvate (iv).

i)

Figure 15: DNA damage in oleuropein treated MDA-MB-231 cells

MDA-MB-231 cells (i) were treated with oleuropein (100 pg/ml) for 2h (ii) and DNA
damage was assessed by the comet assay. MDA-MB-231 cells were cultured in DMEM.
H,0, (100 uM) was added in PBS for 15 min (iii).
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Figure 16: DNA damage of MDA-MB-231 cells.

Alkaline comet assay of MDA-MB-231 cells treated with oleuropein (100 pug/ml) for 2 h and
tail moment (%) scored with the TriTek CometScore Freeware. H,O, (75 uM) treated cells
were used as positive control and untreated cells as negative. The data represent the
mean + SD of three independent experiments. Statistical difference between the treated
and untreated samples: ***p<0.001.

4.5 DNA damage is not mediated through Topoisomerase
inhibition

We have also investigated the possibility that the observed DNA damage is indirect and
is mediated through the inhibition of the DNA topoisomerases. For this, we performed topo
| and Il assays as described in the methods section. No inhibition was observed in the
activities of the Topoisomerases in nuclear extracts of treated cells compared to untreated
(Figure 17). However, when pure Topoisomerase | enzyme was incubated with different
concentrations of oleuropein, there was a significant inhibition of activity (Figure 18).
Further investigation indicated that this inhibition was reversed in the presence of the anti-
oxidant DTT (Figure 19). Cysteine a known antioxidant, in contrast to glycine restored the
inhibitory effect of oleuropein (Figure 20). These data show that the observed inhibition by
oleuropein is probably the result of a pro-oxidant activity that caused damage to the

enzyme rather than a specific inhibition to the enzyme activity.
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Figure 17: Oleuropein has no effect on Topo | and Il activities in nuclear extracts:

i) Topo | relaxation assay after treatment with 100 ug/ml oleuropein for 1h in MDA-MB-
231 cells. Nuclear extracts of treated (O1-5) and untreated cells (C1-5) were serial diluted
and used for the Topo | relaxation of supercoiled DNA (SC). Relaxed DNA is observed as
higher bands. ii) Topo Il assay in nuclear extracts of MDA MB 231 cells. Extracts were
used for the decatenation of catenated DNA. Electrophoresis was performed with EtBr. In
case of TOPO Il inhibition by oleuropein, the levels of decatenated DNA should have been
decreased. M: Marker, P: Positive control- Decatenated DNA, N: Negative control:
Reaction Buffer.

Relaxed DNA

Supercoiled DNA

Figure 18: Oleuropein inhibits the Topoisomerase | activity.

Topo | relaxation assay with isolated Topo | enzyme, in the presence of increasing
concentrations of oleuropein. 1:Positive control, 2-6: Oleuropein at 12.5, 25, 50, 100, 200
pg/ml, 7: Negative control
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Figure 19: DTT restores Topo | inhibition by oleuropein.

Topo | relaxation assay, for the evaluation of the reducing agent’s DTT effect on the
activity of the Topo | enzyme, in the presence of oleuropein. Topo | enzyme and
supercoiled DNA were incubated with oleuropein (50 ug/ml) alone or in combination with
DTT followed by electrophoresis and staining with SyBr green. Supercoiled DNA runs
faster than the relaxed DNA.

Topo | + +
Oleuropein - -
DTT - + - - - - - +
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Figure 20: Inhibition of the Topo | activity by oleuropein is restored by antioxidants.
Topo | relaxation assay of the Topo | enzyme incubated with oleuropein in the presence of
DTT, cysteine or glycine.. Topo | enzyme and supercoiled DNA were incubated with
oleuropein (50 pg/ml) alone or in combination with DTT, cysteine or glycine followed by
electrophoresis and staining with SyBr green. Supercoiled DNA runs faster than the
relaxed DNA.
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4.6 Inhibitory effect of oleuropein and hydroxytyrosol on the
viability of cancer and normal cells and prevention by sodium
pyruvate

As presented in our previous data, oleuropein and hydroxytyrosol produced increasing
concentrations of H,O, in the culture media MEM and DMEM with almost undetectable
levels in DMEM/F12. This H,O, production caused oxidative DNA damage at 1h of
treatment. It is well known, that cells have molecules that eliminate the oxidative stress like
catalase and glutathione and also repair mechanisms for repairing the DNA damage.
Taking into account these, we were interested to see if the levels of H,O, produced by
oleuropein and hydroxytyrosol were sufficient to override the cell defenses and cause cell
death. We were also curious if the effect would be cancer specific or similar in normal and
cancer cells. In addition, we were interested to see if scavenging of the H,O, levels, would
promote cell survival.

To answer these questions, we incubated MDA-MB-231 breast cancer cells, “normal’
immortalized MCF-10A cells or STO normal mouse embryonic fibroblasts with oleuropein
at concentrations ranging from 5-100 ug/ml in DMEM. Cell viability was assessed after
24h of treatment. Oleuropein caused a dose-dependent decrease in the viability of all the
cell lines. When 1 mM sodium pyruvate was added into the DMEM medium for culturing
MDA-MB-231, MCF-10A and STO cells, or when DMEM/F12 (that contains 1 mM of
sodium pyruvate) was used for culturing MCF-10A cells, the cytotoxic effects of oleuropein
were completely reversed in all cell lines (Figure 21). Hydroxytyrosol also at
concentrations ranging from 3-100 uM produced a similar response and was shown to
inhibit the viability of MDA-MB-231, MCF-10A and STO cells.

These data demonstrate that H,O, produced by oleuropein and hydroxytyrosol in the
culture medium overcomes the cell defences of cancer, normal and immortalized “normal”
cells, causing oxidative stress. This has as a result the cytotoxicity that is prevented by the
H,O, removal, through the H,O, scavenger sodium pyruvate. Treatment of these cell lines
with exogenously added H,O, at the concentrations produced by oleuropein and
hydroxytyrosol induced a comparable inhibitory effect on cell viability. These results
indicate that the levels of H,O, produced by oleuropein and hydroxytyrosol are sufficient to
diminish cell viability. Sodium pyruvate completely reversed this effect, indicating that H,O,

is the cause of cell death.
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Figure 21: Anti-proliferative effect of oleuropein, hydroxytyrosol and H,O, on cancer
and normal cells and restoration by sodium pyruvate.

Cell viability assays of breast cancer MDA-MB-231 cells, immortalized “normal” breast
MCF-10A cells and normal mouse embryonic fibroblasts STO cells cultured for 24 h in
DMEM with different concentrations of A) oleuropein, B) hydroxytyrosol and C) H,O, in the
presence (A) or absence (O) of 1 mM sodium pyruvate. MCF-10A cells treated with
oleuropein were also cultured in DMEM/F12 () (A). After staining with crystal violet,
absorbance was measured at 570 nm. Sodium pyruvate was added 1 h before treatment.
The data represent the mean + SD of three independent experiments with triplicates.
Statistical differences between the treated samples and vehicle control are represented as
follows: *p<0.05, **p<0.01, ***p<0.001.
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Figure 22: Suggested mechanism for H,O, production.

The catechol molecule of hydroxytyrosol reacts with the hydroxide ions and oxygen to
produce o-benzoquinone and H,O, At first, the hydroxide anion abstracts the phenolic
hydrogen to form the phenoxide anion. Subsequently, the phenoxide ion reacts with
oxygen to produce the corresponding phenoxyl radical that eventually leads to the
formation of the o-benzoquinone product and H,O,. The structures were designed by the

ChemDraw program.
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4.7 Continuous PARP activation in cells by oleuropein

The observation of the DNA damage in oleuropein treated cells led us to investigate
whether the DNA repair protein PARP-1 is activated upon oleuropein addition. Indeed,
treatment of cells with oleuropein (100 pg/ml), for time intervals ranging from 1h to 24h,
revealed a substantial increase in the PAR formation which was evident at all-time points
of treatment (Figure 23). This indicates that in oleuropein treated cells, DNA damage is
severe and not repairable. PARP is activated early and remains continuously activated
until cell death occurs. Since PARP-1 is activated upon oxidative DNA damage, this
complies with our finding that treated cells are oxidatively damaged at 1h of treatment. The
55 kDa necrotic form of PARP1 increased substantially after 12h and 24h of treatment
(Figure 23). Since the antibody we used is specific for the C-terminus of PARP-1, the
fragment could be the catalytic domain of PARP-1 (55 kDa) responsible for the PAR
production. This 55 kDa fragment was previously shown by others to be the result of
cathepsin cleavage and remains active even after the PARP-1 cleavage by necrotic
inducers like H,O, [91]. Interestingly, treatment of cells with the PARP-1 inhibitors DPQ,
EB-47 and 3-ABA, failed to rescue cells from oleuropein- induced cell death, while 3-ABA
failed to rescue cells from H»O, induced cell death.

These results comply with the previous results where DNA damage was evident and
indicate that in oleuropein treated cells the severe and continuous DNA damage causes
the continuous activation of PARP-1. The lack of protection by the PARP-1 inhibitors

indicates that PARP-1 activation is not the decisive step for cell death.
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Figure 23 : PARP activation by oleuropein.

Western blot analysis of whole cell lysates (50 ug) treated with oleuropein for different time
points up to 24h. GAPDH was used as a loading control. PARP-1 antibody is specific for
the C-terminus of PARP-1.
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Figure 24: PARP-1 inhibition fails to reverse cell death in normal and cancer cells.
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MDA-MB-231 cells were pretreated with different concentrations of DPQ (A, B) 3-ABA (C)
EB-47 (D) for 1h and then co-treated with 100 pug/ml oleuropein or 100 uM H,O, for 24h.
Cell viability was measured by crystal violet. No significant statistical differences between

cells treated with oleuropein in the presence and absence of the PARP-1 inhibitors.
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4.8 Activation of the MAP kinases

It is well known that the MAPKs are activated through phophorylation by their kinases
as a response to environmental changes with oxidative stress among them. Since our
results indicated H,O, production by oleuropein and oxidative DNA damage, we assumed
that JNK1/2, ERK1/2 and p38 may have a role in the response of cells towards the
extracellular production of H,O, by oleuropein. For this, we examined their phosphorylation
after 1h of treatment with oleuropein (100 pug/ml) by western blot analysis (Figure 25). An
increase in the phosphorylation state of the three MAPKs was observed, an indication that
they are activated and implicated in the cell response to the H,O, produced by oleuropein.

The activation of the MAPKs supports our hypothesis that the cells are affected by the
produced levels of H,O, in the culture medium during oleuropein treatment. Inhibition of
the three MAPKSs though, with the inhibitors SP600125, SB202190 and PD98059 was not
able to inhibit cell death (Figure 26). Although these kinases are clearly activated, it seems
that their inhibition is not sufficient to reverse cell death. It is also interesting to note that
increasing concentrations of the p38 inhibitor SB202190 caused a dose dependent
decrease in cell viability. This was not observed with the inhibitors of the other two MAPKs

indicating the possibility that p38 is important for cell survival (Figure 26).

0 1h
0 1h
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JNK
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Figure 25: Oleuropein increases JNK, p38 and ERK phosphorylation.
Western blot analysis of MDA-MB-231 whole lysates treated with oleuropein (100 pg/ml)
for 1h. GAPDH was used as loading control.
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Figure 26: Inhibition of JNK, p38 or ERK, fails to prevent cell death caused by
oleuropein.

Cell viability assay of MDA-MB-231 cells treated with oleuropein (100 pg/ml) in the
presence of different concentrations of the JNK inhibitor SP600125 A), the p38 inhibitor
SB202190 B) and the ERK inhibitor PD98059 C). After staining with crystal violet,
absorbance was measured at 570 nm. No statistical significance between treated cells
with oleuropein in the presence and absence of the inhibitors.
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4.9 The PARP inhibitors DPQ and 3-ABA act differently on the
MAP kinases in oleuropein treated cells

As presented earlier, PARP inhibition was not sufficient to reverse cell death (Figure
24). We therefore tried to elucidate if there is any effect of these inhibitors on molecules
that were found to be activated upon oleuropein treatment i.e. the MAP kinases p38 and
JNK. To our surprise the PARP inhibitor 3-ABA had the opposite effects of that expected.
3-ABA in combination with oleuropein activated p38 and JNK as determined by the
increase in their phosphorylated forms that were evident after 17h of treatment (Figure 27,
Figure 28). Oleuropein alone caused a small increase in the phosphorylated levels of JNK
and p38. This indicates that MAPK activation by oleuropein is not only at the beginning of
the treatment as presented earlier, but is also sustained for many hours. In contrast,
treatment of cells with the PARP inhibitor DPQ (100 pM), either alone or in combination
with oleuropein, caused a complete decrease in the total levels of the JNK protein (Figure
28). As a result there is no production of JNK either in the presence or absence of

oleuropein.

oleuropein - + +

3-ABA - ) + +

e e |00

Figure 27: PARP inhibitor 3-ABA increases the phosphorylation of JNK and p38
when incubated with oleuropein.

Western blot of whole MDA-MB-231 lysates treated for 17h. Although oleuropein (100
pg/ml) caused a small increase in the phosphorylation of the two MAPK, the inhibitor
strongly enhanced their phosphorylation.
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Figure 28: The PARP inhibitors 3-ABA and DPQ have opposite effects on the p38
and JNK MAPK.

Western blot analysis of MDA-MB-231 whole lysates treated for 24h. The PARP inhibitor
DPQ(100 uM), diminished the levels of JNK while 3-ABA (10 mM) strongly increased the
levels of both the MAPK, in combination with oleuropein (100 pg/ml).

4.10 Oleuropein causes mitochondrial damage

In an attempt to elucidate the molecular pathway of death and the molecules involved,
we tried to elucidate the implication of the mitochondria. The mitochondrial membrane was
stained with the JC-1 dye to detect any modifications in the mitochondrial potential.
Normal mitochondria are stained orange and damaged mitochondria are stained green.
Oleuropein was found to cause extensive mitochondrial damage, time dependently,
starting early during treatment and continuing for 24h of treatment (Figure 29). This was

also evident with hydrogen peroxide treated cells.
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Figure 29: Oleuropein causes mitochondrial membrane potential decrease.

(A) Breast cancer MDA-MB-231 cells were treated with 100 pyg/ml oleuropein for 4h and
then labeled with the dye JC-1 and visualized under the microscope. Undamaged
mitochondria are stained orange and damaged are stained green. (B). MDA-MB-231 cells
untreated and treated with 100 pg/ml oleuropein for 24h and STO normal cells untreated
and treated with 100 pug/ml oleuropein for 4h stained with JC-1.
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4.11 AIF is not transferred to the nucleus

Since we observed mitochondrial damage, activation of PARP-1 and continuous
production of PAR we were interested to see if there is a cross talk between the
mitochondria and the nuclei upon oleuropein treatment. It has been reported that PAR
reacts with AIF leading to its mitochondrial release and nuclear translocation. We therefore
investigated this possibility by immunofluorescence detection of AIF in the normal STO
cells and cancer MDA-MB-231 cells. As seen in Figure 30, treatment of cells with
oleuropein (100 pg/ml) for 8h or 11h indicated that AIF protein was not transferred into the
nucleus but it was instead clustered outside the nucleus along with the rest of the
cytoplasm. Treated cells were rounded and the cytoplasm was condensed. The same was
evident in cells treated with H,O, (50 uM). Although we did not observe translocation
during the first 11h we can not exclude the possibility that translocation may happen at

later incubation time points.

A)
iii)

i) i)
iv) V) vi)
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iii)

Figure 30: The mitochondrial protein AIF does not translocate to the nucleus upon
oleuropein treatment.

A) Immunofluorescence analysis of STO (i) and MDA-MB-231 cells (iv) treated with 100
Mg/ml oleuropein (ii and v) or 50 yuM H,O, (iii and vi) for 8h. The mitochondrial protein (red)
was detected with anti-AlF antibody produced in rabbit (Cell Signaling, 1/100). The nuclei
(blue) were stained with Hoechst. B) MDA-MB-231 cells treated for 11h and detection of
AIF with immunofluorescence i) untreated cells, ii) oleuropein treated cells (100 ug/ml), iii)
H,O, treated cells (50 uM). Cells were visualized under the fluorescence microscope
(x400).

4.12 Calcium is not implicated in cell death

Calcium overload is a mechanism of cell death through mitochondrial damage. In an
attempt to determine the possible role of calcium ions in the mitochondrial damage,
caused by oleuropein and subsequently cell death, we treated cells with cobalt chloride in
the presence of oleuropein and measured cell viability by crystal violet staining. In
previous studies cobalt chloride was found to be a calcium channel blocker that inhibits
calcium ions from entering cells and causing death after H,O, treatment. Cobalt was able
to rescue normal cells from death caused by oleuropein (Figure 31). Further investigation
though, indicated that this was not the result of calcium inhibition, but rather the elimination
of the produced levels of H,O, by cobalt chloride. No levels of H,O, were detected when
oleuropein was incubated with cobalt chloride in culture medium and measured by the fox
assay (Figure 32). This shows that cobalt chloride either scavenges H,O,, or inhibits its
production, and the observed protection towards oleuropein is not through the inhibition of

calcium overload in cells.
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Figure 31: Restoration of viability with cobalt chloride.

Cell viability of MCF-10A cells treated with oleuropein and cobalt chloride (100 uM). No
statistical difference between untreated cells and cobalt-oleuropein treated cells was
recorded. Statistical differences between oleuropein treated and cobalt-oleuropein treated
cells: **p<0.01.
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Figure 32: H,O, is not detected in the presence of cobalt chloride.

Oleuropein (100 pg/ml) was incubated for 24h with MEM in the presence and absence of
cobalt chloride (100 yM). The produced levels of H,O, were measured by the fox assay
with the spectrophotometer.
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To further elucidate the implication of calcium, we investigated the possibility that cell
death was due to the mitochondrial permeability pore opening, triggered by calcium ions
overload. To evaluate this, MDA-MB-231 cells were cultured in home-made MEM, where
all the components were added except calcium. In this way, upon oleuropein (100 ug/ml)
treatment, the calcium ions could not enter and overload cells causing mitochondrial

damage. Even in the absence of calcium, oleuropein killed MDA-MB-231 cells (Figure 33).
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Figure 33: CSA does not inhibit cell death.

MDA-MB-231 cells were cultured in home-made MEM with or without calcium. Cells were
treated with oleuropein (100 ug/ml) in the presence of the mitochondrial permeability pore
inhibitor Cyclosporine A (CSA). Cell viability was measured with crystal violet. Statistical
differences between the treated samples and vehicle control are represented as follows:
*p<0.05, **p<0.01, ***p<0.001.

Cells cultured with and without calcium, were also treated with oleuropein in the
presence of the mitochondrial permeability pore inhibitor cyclosporine A (CSA). CSA failed
to rescue cells even when calcium was absent. These results indicate that calcium ions

are not implicated in cell death caused by oleuropein.
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4.13 Cell death by oleuropein is caspase independent and
mediated through necrosis

Investigation of the mode of cell death caused by oleuropein in MDA-MB-231 cells
showed that death was due to necrosis rather than apoptosis. This can be seen from the
staining of cells with annexin V and propidium iodide showing a time-dependent increase
in necrotic cells without increase in apoptotic cells (Figure 34). The cells that have
phosphatidylserine on the outer membrane as a marker of apoptosis, fluorescence green,
while cells with damaged plasma membranes fluorescence red. Etoposide an apoptotic
inducer was used as a positive control (50 uM) and caused both apoptotic and dead cells.
The dead cells in the case of etoposide were most probably late apoptotic cells since the
assay was performed after 48h of treatment. The plasma integrity of cells treated with
oleuropein was also examined by the trypan blue assay. Trypan blue is impermeable to
cells with intact membranes. Oleuropein after 24h of treatment caused a massive increase
on the trypan blue permeable membranes (Figure 36). Flow cytometry analysis did not
indicate a vast increase in sub-G1 fraction representations in oleuropein treated cells
(Figure 35) compared to death seen with the crystal violet assay, the annexin V/propidium
iodide staining and the trypan blue assay. Cell death caused by oleuropein was caspase 3
independent, since i) the caspase 3 activity was decreased instead of increased in
oleuropein treated cells compared to untreated cells (Figure 37), ii) there was no caspase
3 cleavage to the active form as shown by western blot (Figure 38), iii) the pan-caspase
inhibitor z-VAD-fmk failed to reverse cell death (Figure 40, Figure 42), iv) no apoptotic
bodies were evident with DAPI staining (Figure 41), and v) the absence of the 89 kDa form
of PARP-1, cleaved by caspase 3 (Figure 23). Moreover the levels of the apoptotic
proteins p53 and bax were not altered in treated cells (Figure 39). On the contrary, the 55

kDa fragment of PARP-1 representative of necrosis was increased time dependently.
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Figure 34: Cell death by oleuropein in MDA-MB-231 cells is through necrosis.
Annexin V/propidium iodide staining measured by the Tali instrument. Cells were
incubated with 100 pg/ml of oleuropein for the indicated time points. Etoposide (ETP, 50
MM) for 48h was used as a positive control. Statistical differences between the treated
samples and vehicle control are represented as follows: *p<0.05, **p<0.01, ***p<0.001.
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Figure 35: Small increase of sub-G1 phase in oleuropein (100 pg/ml) or H,O, (100
MM) treated MDA-MB-231 cells.

Cells were treated for 24h in DMEM, fixed, stained with propidium iodide and analysed by
Flow cytometry.
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Figure 36: Oleuropein causes cell death.

Cell death of MDA-MB-231 cells treated with different concentrations of oleuropein for 24h
and measured by the trypan blue assay under the microscope. Dead cells were stained
blue.
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Figure 37: Caspase 3 activity is decreased in oleuropein treated cells.

Caspase 3 activity assay in whole cell lysates (100 pg) of MDA-MB-231 cells incubated
with the caspase 3 substrate DEVD-pNA. Cells were untreated, treated with oleuropein
(100 pg/ml) for 24h, or treated with etoposide (50 uM) for 48h. The cleaved product was
measured spectrophotometrically at 405/500 nm. Extract from etoposide treated cells was
used as positive control and extract from untreated cells as negative control.
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Figure 38: Caspase 3 is not activated by oleuropein.
Western blot analysis of caspase 3 in MDA-MB-231 whole cell lysates treated with
different concentrations of oleuropein for 24h. Tubulin was used as a loading control.
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Figure 39: Apoptotic proteins are not implicated in oleuropein cell death.
Western blot analysis of whole cell extracts of MDA-MB-231 cells treated with different
concentrations of oleuropein for 24h. p53 and bax levels were not altered by oleuropein.
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Figure 40: Cell death is independent of caspase 3.

A) Cell viabilty assay in MDA-MB-231 cells. Cells were treated with different
concentrations of oleuropein alone or in the presence of the pancaspase inhibitor z-VAD-
fmk (20 um). DMSO was used as a control for the inhibitor. No statistical differences were
observed at the 3 concentrations of oleuropein in the presence and absence of z-VAD-
fmk. B) The activity of z-VAD-fmk was tested with the apoptotic agent TRAIL in MDA-MB-
231 cells. z-VAD-fmk (20 uM) restored cell death caused by TRAIL. Statistical differences
between the treated samples and vehicle control are represented as follows: *p<0.05,
**p<0.01, ***p<0.001.
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Untreated oleuropein

Figure 41: Absence of apoptotic bodies.

MDA-MB-231 untreated cells and (ii) oleuropein treated cells (100 pg/ml for 24h) were
stained with DAPI and visualized under the fluorescence microscope after ultra violet
excitement (350 nm). The nuclei of dead cells were stained with intense blue colour
compared to the untreated cells.

MDA-MB-231 z-VAD-fmk

oleuropein z-VAD-fmk +oleuropein

Figure 42: Cellular shrinkage by oleuropein is not prevented by the pancaspase
inhibitor z-VAD-fmk.
MDA-MB-231 cells were treated for 24h and then stained with DAPI. Oleuropein (100
pg/ml) treated cells caused nuclear condensation that was not prevented when
coincubated with the pan caspase inhibitor z-VAD-fmk (20 pM) added 1h before
oleuropein treatment.

79



4.14 The lysosomal iron is implicated in cell death by oleuropein

The implication of the lysosomal iron in cell death caused by oleuropein was assessed by
the co-incubation of cells with the iron chelator deferoxamine mesylate (DFO). As expected,
oleuropein and H,O, reduced substantially cell viability. However, DFO protected cells from
death caused by oleuropein (Figure 43). Similarly, H,O, caused cell death reversed by DFO
pretreatment. Implication of lysosomes in cell death was further assessed by the acridine
orange staining of treated and untreated cells. Normal lysosomes are stained orange and
cells with permeabilized lysosomes are stained green. As seen in Figure 44, treatment of
cells with oleuropein (100 pg/ml) or H,O, (50 uM), caused a time-dependent lysosomal
permeabilization which was evident at some lysosomes 1h after treatment. All the

lysosomes became entirely damaged at 20h of oleuropein treatment (Figure 44).

T 125~

©

o 1004 ==

= T

> T

© 754 ) o Fkk

é **k*

> 50+ == DFO

= = DFO + OLE
S 5 o DFO + H,0,
B

@ 0

o 0.00 1.00 1.25

DFO mM

Figure 43: Cell protection by iron chelation.
MDA-MB-231 cells were preincubated with desferrioxamine (DFO) for 3h and then treated
with 100 pg/ml oleuropein or 100 uM H,0,. Statistical differences between oleuropein or
H,O, treated samples compared to oleuropein-DFO and H202-DFO treated samples are
represented as follows: **p<0.01, ***p<0.001.
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A)

B)

Figure 44: Lysosomal membrane permeabilization by oleuropein.

A) MDA-MB-231 cells were preloaded with acridine orange and then treated with 100
pg/ml oleuropein for 1h (ii), Sh (iii), 12h (iv), 20h (v). Untreated cells (i) were used as
negative control and cells treated with 50 yM H,O, for 5h as positive control (vi). B)
Magnification of untreated (i) and oleuropein treated MDA-MB-231 cells for 20h (ii) stained
with acridine orange and visualized under the fluorescence microscope (x400).
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NAC, a known anti-oxidant, with higher selectivity towards hydroxyl radicals, totally
reversed the observed decrease in cell viability of MDA-MB-231 cells caused by
oleuropein (Figure 45). This is a further indication that death caused by oleuropein is

mediated through the lysosomes.
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Figure 45: Prevention of MDA-MB-231 cell death by NAC.

Cell viability assay of breast cancer MDA-MB-231 cells cultured for 24 h in DMEM with
oleuropein (100 pg/ml) in the presence and absence of 1 mM NAC. Cells were stained
with crystal violet and absorbance was measured at 570 nm. NAC was added 1 h before
treatment. The data represent the mean + SD. ***, indicates statistically significant
difference (p<0.001) between the oleuropein treated cells in the presence and absence of
NAC.

4.15 Cell death is not inhibited by the glucose transporter
inhibitor phloretin

Since every molecule of oleuropein includes a molecule of glucose, there is a possibility
that oleuropein enters the cell through the glucose transporters. To investigate this
possibility, cells were pre-treated with the glucose transporter inhibitor phloretin and then
treated with oleuropein for 24h prior to determining cell viability. As seen in Figure 46,
phloretin was unable to rescue cells from death. This indicates that cell death caused by

oleuropein is not through the entrance of oleuropein through the glucose transporters.
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Figure 46: Blockage of glucose transporters does not prevent cell death by
oleuropein.

Light microscopy of cells treated with oleuropein for 24h in the presence and absence of
the glucose transporter inhibitor phloretin. Treated cells are detached with condensed
chromatin.

4.16 Cell death is independent of Estrogen Receptors

Since MDA-MB-231 cells do not express estrogen receptors, we wanted to exclude the
possibility that ERs have any implication in the protection of cell death. We used MDA-MB-
231 cells overexpressing ER-alpha (S30 cells) or ER-beta (ER-beta 41 cells) and treated
them with increasing concentrations of oleuropein. Cell viability was measured after 24h.
As seen in

Figure 47, ERs, did not offer any protection towards cell death caused by oleuropein.

This indicates that cell death caused by oleuropein is independent of Estrogen Receptors.
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Figure 47: Effect of oleuropein on MDA-MB-231 cells overexpressing the Estrogen
Receptors.

Cell viability assay of MDA-MB-231 cells transfected with ER-a (S30 cells) and ER-B (ER-
B41 cells) and treated with different concentrations of oleuropein for 24h. The data
represent the mean + SD. *** indicates statistically significant difference (p<0.001)
between the oleuropein treated cells compared to untreated cells.
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5 DISCUSSION

In this study we aimed to elucidate the in vitro production of H,O, by the olive
secoiridoid oleuropein and its metabolite hydroxytyrosol, under standard culture
conditions, the effect on normal and cancer cells and the molecular mechanism of cell
death.

In their pioneering studies, Long et al [3,59] have speculated that an unknown culture
medium component reacts with compounds such as hydroxytyrosol, delphinidin chloride,
rosmarinic acid, EGCG, catechin and quercetin, producing H,O,, and that this is
responsible for the in vitro artifacts of these phenols. In the present study we have
identified this “unknown compound” as well as the exact conditions that lead to H,O,
production when the phenolic compounds hydroxytyrosol and oleuropein are introduced to
culture media. Furthermore, we have shown how H,O, can be quenched or avoided.

We have shown, for the first time, that H,O, production by the olive phenols oleuropein
and hydroxytyrosol under standard cell culture conditions (37 °C, 5% CO,) is due to
sodium bicarbonate, which is a component of most media formulations. Sodium
bicarbonate in the presence of CO, stabilizes the pH of the medium to 7.4 by producing
hydroxide ions. In the absence of sodium bicarbonate, the pH decreases due to H*
production, a condition that does not promote H,O, production. We propose that
oleuropein produces H,0, through oxidation of the hydroxytyrosol molecule as shown in
Figure 22. In the proposed scheme, under standard cell culture conditions, oxygen and
hydroxide ions react with the catechol molecule to produce o-benzoquinone and H,0..

Our results have immediate applications in the interpretation of the in vitro data, since
we have identified that sodium bicarbonate in the culture media, in the presence of
oleuropein, hydroxytyrosol and possibly other polyphenols, produce sufficient quantities of
H,O, to possibly override any other effects attributed to these compounds (such as
antioxidant, estrogenic, signal transduction etc.), and lead to reduced cell survival due to
H>O; -induced necrosis, apoptosis or cell cycle arrest. Also, quite often, comparisons are
being made in the response of different cell lines to the treatment with polyphenols that are
cultured in different media. Media containing sodium pyruvate in their formulations, such
as DMEM/F12, apparently will produce little or no H,O, in comparison to media like MEM
and DMEM that do not contain it. Since DMEM/F12, is used for culturing “normal’
immortalized MCF-10A breast cells and MEM and DMEM for culturing cancer cells, one
can be lead to the erroneous conclusion that the polyphenols kill selectively cancer cells

[145,146]. Similarly to oleuropein and hydroxytyrosol, resveratrol and EGCG were shown
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to be degraded in the presence of sodium bicarbonate producing H.O, in the culture
medium BMEM [147].

To understand how the produced levels of H,O, affect cells, we studied the oxidative
DNA damage and the cell viability of MDA-MB-231 breast cancer cells, “normal’
immortalized MCF-10A breast cells and normal mouse embryonic STO fibroblasts, in the
presence and absence of sodium pyruvate. A time dependent decrease of proliferation
was observed in all cell lines with a complete recovery in the presence of sodium pyruvate.
Also, an extensive DNA oxidative damage was evident in cells treated with oleuropein
which was completely prevented by sodium pyruvate. These findings demonstrate that the
observed decrease in cell viability is due to H,0..

In order to elucidate the molecular mechanism of cell death, we exclusively studied
many possible pathways of cell death. Firstly, we studied the mode of cell death (i.e.
apoptosis, necrosis, and parthanatos) and then the possible implication of glucose
transporters, topoisomerases, Estrogen Receptors, calcium, mitochondria, lysosomes and
apoptotic proteins.

In our study we have evaluated many possible pathways through which oleuropein
could cause cell death. Based on our results we have excluded the involvement of
apoptosis; since no morphological nor biochemical features of apoptosis were evident,
glucose transporters for the entrance of oleuropein; since blocking them fail to restore cell
viability, Estrogen Receptors; since ER-a or ER-B transfected MDA-MB-231 cells
responded similarly to MDA-MB-231 cells, topoisomerases; since no effect was observed
in the catalytic activities of these enzymes, calcium; since cell death was also evident in
cells cultured in calcium free medium and also cyclosporine A failed to rescue cells.

The involvement of the mitochondria in cell death caused by oleuropein was indicated
by visualizing the decrease in the mitochondrilal transmembrane potential (TAm), by
monitoring the location of AIF and by investigating the role of calcium and the
mitochondrial permeabilization pore. Indeed, there was a clear decrease in the membrane
potential early after treatment with oleuropein and still evident at 24h. No increase in the
nuclear AIF levels was evident after 8h or 11h of incubation, excluding the implication of
AIF as the executioner of the death pathway. Although the mitochondrial damage and the
nuclear translocation of AlIF has been reported in H,O, induced cell death [148] we only
observed the mitochondrial damage in our experiments without the AIF translocation in
either cancer or normal cells. Cyclosporine A, an inhibitor of cyclophilin D, a mitochondrial
protein activated by calcium and involved in the opening of the mitochondrial
permeabilization pore, failed to inhibit cell death. In addition, removal of the calcium from

the culture medium did not manage to rescue cells. These data indicate that the decrease
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in the mitochondrial potential was not caused by high levels of calcium entering the cytosol
upon oleuropein treatment.

Although PARP-1 protein was clearly shown to be activated, its inhibitors could not
restore cell viability. This is something that has been observed also by others [149] and
could mean that either these indicators are ineffective under these conditions, that other
pathways are activated when PARP-1 is inhibited or that PARP-1 is activated for cell
protection and is not the executioner of necrosis. Our data showed that treatment of cells
with oleuropein in the presence of the PARP inhibitor 3-ABA caused an increase in the
phosphorylated levels of JNK and p38 while treatment with the PARP inhibitor DPQ
caused a reduction in the levels of JNK. These data show that inhibition of PARP disturbs
the levels and activity of the MAPK and probably activates other pathways. It is not
however clear if these proteins are activated for cell protection or for the execution of
death.

Inhibition of PARP in oxidatively stressed cells has been shown to prevent necrosis but
not apoptosis. Specifically, in intestinal epithelial cells HT-29-18-C1 treated with 1 mM of
H,O, the PARP inhibitors 3-aminobenzamide and nicotinamide decreased cell death
mediated by necrosis and ATP loss was prevented. These treatments however did not
prevent detachment of cells mediated through apoptosis. Similar results were observed in
renal epithelial LLC-PK1 cells exposed to 1 mM of H,O, where although necrosis, NAD
and ATP depletion were prevented by the PARP inhibitor 3-aminobenzamide, apoptosis
was not prevented. The authors did not indicate however, if apoptosis was the result of the
oxidative stress or the result of the PARP inhibition [150] [151]. In the study of Yu et al
[102] H,0O, treated fibroblasts were rescued after PARP-1 inhibition by DPQ at 4h and 8h
of treatment. No data were shown for 24h treatment. So it is possible that PARP inhibition
by the chemical inhibitors is successful only at the first stages of cell death and not at the
final stages. It could also denote that inhibitors are effective only against early necrosis
and not late apoptosis. Since the viability assay we performed with the PARP-1 inhibitors
did not separate necrotic from apoptotic cells, we can not exclude the possibility that the
observed death after PARP-1 inhibition, is caused by apoptosis or even by side effects of
the PARP-1 inhibitors in the presence of oxidative stress. It is worth to mention that the
concentration of the PARP-1 inhibitor 3-ABA used, based on the bibliography, was 10 mM,
which is undoubtly an extremely high concentration that could activate other pathways.
Indeed, western blot of cells treated with 3-ABA demonstrated an increase in the
phosphorylated levels of the p38 protein that was very intense in oleuropein treated cells.
This was not observed when DPQ was used. The inability of the inhibitors to rescue
oleuropein treated cells could also be attributed to the loss of activity during increasing

production of H,O, under our experimental conditions.
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Inhibition of the MAPKSs failed to rescue cells indicating that although they are clearly
activated upon oxidative stress, they are not crucial for cell death. Indeed, in a study with
bovine aortic epithelial cells treated with 300 uM H,O, for 24h, although p38 was
phosphorylated, its inhibitor SB203580 (10 uM) exhibited no effect on the H,O, induced
decrease in cell viability [152]. This was also shown in human lung adenocarcinoma CL3
cell line treated with 50-500 uM H,O, for 30 min. Although p38 and JNK were clearly dose
dependently activated by phosphorylation, the cytotoxicity could not be attenuated by the
specific p38 inhibitor SB202190 or by the suppression of the upstream JNK activators
[153]. It is well known that the role of the three MAPKs is to respond to various external
environmental stimuli such as the oxidative stress. Our results showed that the three
MAPKs are activated in oleuropein treated cells early during treatment. Whether this
activation contributes to further activate other proteins and contribute to cell death or as a
protective mechanism for the survival of cells is not clear. Conflicting studies support both
of the mechanisms so far.

Our data clearly show that cells treated with oleuropein, have a profound production of
PAR that is continuously present up to 24h of treatment. PARP-1 was not inactivated by
caspase 3, since the 89 kDa cleaved part was missing. On the contrary, the 55 kDa
cleaved part of PARP-1, was time dependently increased, a further indication that death
was not through apoptosis, but rather necrosis. How PARP-1 is cleaved to the 55 kDa
fragment is not very clear but it could be through the lysosomal cathepsins. This was
shown in a study, where PARP-1 was digested in vitro with lysosomal extract and the
cathepsins B, D and G. Indeed the cathepsins and the lysosomal extract produced similar
fragments with the lysates of cells treated with H,O, but instead of a 50 kDa fragment, a 55
kDa was evident [91]. Since our data show the implication of the lysosomes, it could be
possible that the observed cleaved PARP-1 fragment is produced by the lysosomal
cathepsins.

In the study of Dawson et al [154], it was shown beyond any doubt, that PAR alone is
capable and sufficient to cause cell death in vitro and in vivo. PAR has been described as
a signal from the nucleus to the mitochondia which causes the release of AIF, the
translocation to the nucleus and finally chromatin condensation and death.

There are countless studies describing apoptotic, caspase independent or necrotic
pathways through which H,O, causes cell death. In our study we did not observe any
activation of the apoptotic machinery. We observed a decrease instead of an increase, in
the activation of the caspase 3, the most important executioner of apoptosis. This is in
agreement with the bibliography, since H,O, has been reported to directly and reversibly
inactivate the caspases in vitro either as recombinant enzymes or as cell lysates inhibiting

thus the pathway of apoptosis [155]. The choice between apoptosis and necrosis is highly
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dependent on the H,O, concentration due to the caspases’ sensitivity to the oxidative
inactivation. Higher amounts switch cell death from apoptosis to necrosis most likely
through oxidation of the active cysteine group [156].

Due to the Fenton reaction, H,O, becomes lethal in the cells with the iron found in the
lysosomes. This reaction causes the production of highly destructive hydroxyl radicals that
react with the DNA to cause damage. Our results demonstrate the involvement of the
lysosomes in cell death induced by oleuropein, starting soon after treatment. Lysosomes
were damaged as shown with acridine orange staining and cell death was inhibited by
scavenging the lysosomal iron by DFO. The same characteristics were observed in cells
treated with H,O,, an indication that death by oleuropein is highly dependent on the H,O,
production. Although the chelation of the lysosomal iron did not protect completely from
cell death, it gave a considerable protection. This discrepancy could be attributed to the
fact that the cytosolic iron, that is released from ferritin and other proteins during oxidative
stress, in the cells is not inactivated by DFO which enters cells through endocytosis and is
restrained in the lysosomes [119]. NAC, a known antioxidant that scavenges hydroxyl
radicals more effectively than H,O,, rescued cells from death, further indicating that
lysosomes are implicated in cell death [157].

Oxidative DNA damage in oleuropein treated cells was evident early on after treatment.
This observation, in combination with the early defects in the lysosomes and the inhibition
of death by the iron chelator DFO, strongly suggest that lysosomal iron has an important
role in the DNA damage and the subsequent death caused by oleuropein. Additionally, the
continuous activation of the PARP-1 protein, which is responsible for the repair of DNA,
indicates a severe and not repairable DNA damage that ultimately leads to cell death.
Although the involvement of both the mitochondria and the lysosomes is obvious, it is
difficult to specify which organelle was damaged first.

During massive lysosomal membrane permeabilization (LMP), the cathepsins and the
hydrolases that reside in the lysosomes are released in the cytosol causing digestion of
proteins, and activation of other hydrolases leading cells to necrosis [118]. This seems to
happen also with oleuropein, since the observed cell death was necrotic and PARP-1 was
cleaved to a 55 kDa fragment similar to the one cleaved by the cathepsins. H,O, has been
shown to induce iron dependent necrosis through LMP in MEFs, supporting our data that
the produced levels of H,O, by oleuropein, cause cell death through extensive damage of
the lysosomes [158].

Our results demonstrate that death caused by oleuropein in MDA-MB-231 cells is
caspase independent, with evident oxidative DNA damage and MAPK activation, damage
in the mitochondria and the lysosomes, necrotic cleavage of PARP-1 and PAR

overproduction and permeability of the cell membrane. Only inhibition of the lysosomal
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damage by iron chelation managed to rescue cells. These results strongly suggest that the
mode of cell death is necrosis mediated through lysosomal membrane permeabilization.

Although the findings of the present work can provide explanations to oleuropein’s
effect in the various in vitro studies, it cannot explain recent reports where oleuropein
aglycone was found to reverse acquired autoresistance to herceptin [159,160]. In these
interesting reports, where the aglycone form of oleuropein was used, sodium pyruvate was
included in the culture medium. This suggests that at least the aglycone form of oleuropein
may exert its anticancer effect in a manner that is independent of H,O, production.
Regardless, caution should be exercised when using oleuropein and the possibility that
the observed effects might be due to the production of H,O, or the oxidized form of
oleuropein should also be considered.

The Mediterranean diet, rich in virgin olive oil and olive fruit, containing hydroxytyrosol
and oleuropein, besides the documented cancer preventive effects, has shown a variety of
other health promoting properties. These include cardioprotective, anti-inflammatory,
antimicrobial, antiviral, anti-oxidant and anti-ageing effects. The results of our studies were
not intended to challenge any of the above results that are strongly supported by in vivo or
human intervention studies. Our goal was rather to point-out that the differences between
the in vitro and in vivo results could be due to the culture conditions that favor the pro-
oxidant effects of the polyphenols. It is well documented that olive polyphenols exert
antioxidant effects and prevent DNA-damage at concentrations ranging from 1-10 uM
[161], but have opposite effects at concentrations higher than 100 uM [32,65]. Also, the
metabolism of the polyphenols in living systems is different and the serum levels are much
lower from those used routinely in the in vitro systems [162,163]. At these low
plasma/serum concentrations achieved by the consumption of olive oil or olive fruit, the
antioxidant effects may override the pro-oxidant effects.

In the present report we show conclusively that although oleuropein and hydroxytyrosol
have been characterized as anti-oxidants [161], in the commonly used media containing
sodium bicarbonate, under standard culture conditions and at high concentrations they are
transformed to pro-oxidants by producing significant amounts of H,O,. The adverse effects
on cell viability are not observed only in cancer cells but also in normal cells. Our results,
that provide the exact mechanism of H,O, production by the two main olive polyphenols in
the culture media and their effect on normal and cancer cells, together with the exact
molecular mechanism of death, raise serious questions regarding data interpretation of

previous in vitro studies with these polyphenols.
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6 CONCLUSIONS

In the present work, we thoroughly evaluated the in vitro reported anticancer property of
the main secoiridoid of the olive plant, oleuropein. We have shown that the observed
selective anticancer activity is misleading and the result of the extracellular production of
H,O, through its metabolite hydroxytyrosol. Specifically, we have determined the
responsible components that promote or retard the H,O, production by oleuropein and
hydroxytyrosol under standard culture conditions and the mechanism of cell death.

Our results indicate that a lot of in vitro studies concerning the anticancer effect of
these and probably other similar phytochemical agents need thorough evaluation in order
for one to be completely sure for their validity. The culture medium is highly crucial for the
interpretation of the results and often leads to misleading conclusions.

For the first time, we have explained the observed anticancer activity of oleuropein and
associated it with the production of H,O, in the culture medium. We have also rejected
previous statement that normal cells are resistant to oleuropein.

We suggest that when studying potent anti cancer agents, one has to be cautious with
the interpretation of results, due to artifacts caused by the instability of the agents in the
standard culture conditions.

Our study was conducted for evaluation of the reported in vitro anticancer activity of
oleuropein and by no means intents to dispute the protective effects of oleuropein in cells

and in vivo.
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