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ABSTRACT

Hepatocellular carcinoma is one of the most fregjgancers worldwide and effective
therapy is currently lacking. Several known envimemtal risk factors for hepatocellular
carcinoma development lead to generation of reaaxygen species promoting oxidative
stress. On the other hand, since mitochondria@sntlin site for reactive oxygen species
production, it may have a relevant role in hepattnagenesis. Moreover, neoplastic cells
have a higher mitochondrial membrane potential th@mal cells, which may be explored in
the development of new approaches to treat hegatiacecarcinoma.

The aim of this work is to evaluate the therapewtificacy of new compounds
targeting the mitochondria, such as Dequaliniumly@ophilic cation, and the natural
bioactive compounds, vitamin C (ascorbic acid andhydroascorbic acid), and
epigallocatechin-3-gallatg green tea polyphenol, both in monotherapy andssociation
with each other and with conventional anticarcimege drugs (5-fluorouracil and
doxorubicin) in order to identify which of them mde a useful therapeutic approach in
hepatocellular carcinoma. We also intended to fgidine molecular mechanisms involved in
the cytotoxicity induced by these new drugs, ingigdthe influence of oxidative stress,
mitochondrial function and the expression levels mbteins involved in apoptosis
mitochondrial pathway.

For this purpose, we use the HUH-7 cells, an hegd#itdar carcinoma cell line,
maintained in culture in absence and presenceaéasing concentrations of Dequalinium,
epigallocatechin-3-gallate, ascorbic acid and dedssgtorbic acid, in monotherapy or in
combination with each other and with conventiohal &nticarcinogenic drugs, 5-fluorouracil
and doxorubicin, during 96 hours. The antiprolifera effect was assessed by the Alamar

Blue assay and cell death by optic microscopy dmad €ytometry upon staining cells with
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Annexin V and propidium iodide. The expressionhe apoptosis-regulating molecules, BAX
and BCL-2, was assessed using monoclonal antibddlesled with fluorescent probes.
Oxidative stress was evaluated through the inth@leel reactive oxygen species
accumulation, peroxides and superoxide anion, usiadgluorescent probes DCFH2-DA and
DHE, respectivelyThe mitochondrial function was analysed throughdétermination of the
mitochondrial transmembrane potential using therscent probe JC1. All these parameters
were analysed by flow cytometry.

The results obtained suggest that dequalinium,aipiatechin-3-gallate and vitamin
C, as single agents, have an antiproliferative awbtoxic effect in a dose and time
dependent manner. This effect increases when thesgounds are used in a daily
administration scheme with a lower total dosageth@mother hand, when used in association,
a synergistic antiproliferative and cytotoxic effeis observed with dequalinium and
epigallocatechin-3-gallate that may be mediatechindiy apoptosisin opposite when cells
are treated with DHA associated with 5-FU an amiggd@ effect is observed. When cells are
incubated with Dequalinium, mitochondria seems ey @n important role in HUH-7 cell
death. Besides we observed a cytotoxic effect upcoubation of cells with natural bioactive
compounds, a pro-oxidant effect wasn’t evident,gesting other mechanisms involved in
cell death.

This study suggests that dequalinium, epigallodate8-gallate and vitamin C may
constitute new therapeutic options for hepatocailghrcinoma both in monotherapy and in
association However, as the schedule of drug administrationes®s and new drugs
associations could interfere with drug efficacygyttshould be tested in order to improve the

therapeutic potential in hepatocellular carcinoma.

Keywords: hepatocellular carcinoma; apoptosis; oxidativesstreéeactive oxygen species;

dequalinium; epigallocatechin-3-gallate; vitaminaSgorbic acid; dehydroascorbic acid.
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Abbreviations list:

AA: Ascorbic acid

AV: Annexin V

DCF: Dichlorofluorescein

DCFH2: 2',7'-dichlorodihydrofluorescein
DCFH2-DA: 2',7'-dichlorodihydrofluorescein diacetat
DD: Daily dose

DHA: Dehydroascorbic acid

DHE: Dehydroethidium or Hydroethidine
DOX: Doxorubicin

DQA: Dequalinium

EGCG: Epigallocatechin-3-gallate

Et: Ethidium

FC: Flow cytometry

FITC: Fluorescein isotiocianate

HCC: Hepatocellular carcinoma

JC-1: 5,5",6,6'-tethrachloro-1,1'3,3'-tethraethytim@midazolcarbocyanine iodide
OS: Oxidative stress

PI: Propidium iodide

ROS: Reactive oxygen species

SD: Single dose

5- FU: 5-Fluorouracil

A¥m :Mitochondria transmembrane potential
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1. INTRODUCTION

Primary hepatocellular carcinoma (HCC) is the thHedding cause of death from
cancer worldwide (Ferlay, 2008) and effective tpgris currently lacking.

Hepatocarcinogenesis is a multistep process anértuevidences indicate that both
genetic and epigenetic mechanisms are involved@€ Hievelopment. These contribute to
alteration of numerous signaling pathways leadiagdisregulated cell proliferation and
resistance to cell death (Figure 1) (Awiaal., 2006). On the other hand, oxidative stress has

been linked to an increased risk of HCC (Wahal., 2002).
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Figure 1. Signallingpathwaysinvolved in hepatocarcinogenesis:The figure show several
signalling pathways which disregulation could leéadell proliferation and/or to resistance to
cell death in hepatocelular carcinoma. Reactivegeryspecies (ROS), produced mainly in
mitochondria, may act as cell signalling molecuiegolved in these altered mechanism
(Adapted from Avileet al., 2006).
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Reactive oxygen species (ROS) result from cellutetabolism and extracellular
processes. The production of superoxide anian)(@e most common radical in biological
systems, occurs mostly within the mitochondria. é3agide anion can be converted to other

ROS such as hydrogen peroxide@3) according with the reaction:
02 03 “2L 1,0, 9. 01 <. 11,0

Oxidative stress represents a disturbance in theilimgum status of pro-
oxidant/antioxidant reactions in living organisrtROS are well recognized for playing both
deleterious and beneficial roles (Val&pal., 2006). Different levels of oxidative stress cause

different outcomes in cells as represented in &g and 3 (Toyokuni, 2007).
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Figure 2. Cellular responses under oxidative stressDifferent levels of oxidative stress
cause different outcomes in cells (Adapted fromnfato-Ribeiro, 2000 and Toyokuni,
2007).
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In fact, at low/moderate concentrations, ROS haentshown to be key regulators of
cellular homoeostasis, in defense against infestagents, in apoptosis, cell cycle arrest and
cellular senescence. On the other hand, ROS alssaecondary messengers (Lowenstein
al., 1994) by activating several signal transductiathways involved in proliferation,

differentiation and apoptosis (Figure 3) (Vaktal., 2007).

However, at high concentration levels, ROS havenhal effects since they have the
potential to interact with cellular components udihg DNA, lipids and proteins (Esterbauer
et al., 1990). As some oxidative DNA lesions are prometag oxidative damage is

proposed to play a role in the development of aedancers (Bartsch, 1996).

oxidative
stress

i inflammatory cytokines
Ca?* channels relc(::ptor yrosine = o envirenmental stress (e.g. metsls)
nases RTKs -

2 growth factors

NADPH
oxidase

L * \ -
" A-RAF, B-Raf, LK3, MKK1 MEKK2

stimulus

\

MAPKKK

C-Raf, Mos TAK, DLK MLK3 MEKK3
! ! ! l )
Vi kK Mk MEKS MAPKK
! J ! J l
E;g P38 MAPK JJ:T(?;S&';?(’ ERK5/BMK1 MAPK
N N ¥ 4
Growth, Differentiation, Growth,

Differentiation, Growth, Differentiation, Biological
Development Inflammation, Development response
Apoptosis

ELK-1 ATF-2 NF-IL6 SAP-1 c-Jun

Figure 3. ROS as secondary messengers activate several transtion pathways: The
most significant effect of ROS on signalling patlywdhas been observed in the mitogen-
activated protein kinase (MAPK) pathways (Adapteohf Valkoet al., 2007).
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High concentrations of ROS occur when there is wergroduction of ROS or a
deficiency in antioxidants systems. Besides théenges indicating that cancer cells exhibit
higher intrinsic oxidative stress levels (Behre2003; Pelicancet al, 2004) they aren’t
enough to cause cellular death (Toyokuni, 2007)rédeer, neoplastic cells have a higher
mitochondrial membrane potential than normal cdltaus, oxidative stress and mitochondria

may be used as potentibkrapeutic targets.

Delocalized lipophylic cations (DLCs) are an exampf compounds targeting the
mitochondria. They constitute a new class of amtdu membrane-permeable agents which
accumulate in mitochondria driven by the negatieeteic potential across the mitochondrial
membrane. DLCs proved to be selectively more toximmor than in normal cells (Modica-
Napolitano, 2001 and 2003). Dequalinium (DQA) iDhC reported to display a potent

antitumor activity in different malignancies (Figu4) (Weissig, 1998).
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Figure 4. Chemical structure of Dequalinium (A) and Epigalloatechin-3-gallate (B).

(Adapted from Galeano, 2005 and Yas@l., 2000, respectively).

On the other hand, some natural bioactive compowsnds as Epigallocatechin-3-
gallate (Figure 4) and Vitamin C (Figure 5) exh#éipro-oxidant/antioxidant effect depending
on their concentration. Epigallocatechin-3-galldEGCG), the most abundant green tea

polyphenol, may protect normal cells by its antitant properties as it can scaveng free

8
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radicals (Ruchet al., 1989). However, some results have demonstrated high

concentrations of EGCG can induce oxidative stoggg in tumor cells (Yamamoto, 2003).
Vitamin C (ascorbic acid, AA, and dehydroascortiddaDHA) (Figure 5), at physiological
concentrations, act as potent free radical scavenge plasma. However, at high
concentrations, vitamin C shows a pro-oxidant @gtithat selectively target tumor cells by

mediating the production of hydrogen peroxide (Céeal., 2005).

HO H HO H HO H
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a. Ascorbic Acid b. Ascorbyl Radical c. Dehydroascorbic Acid

Figure 5. Chemical structures of vitamin C: The figure represents the reduction reactions
involved in the formation of the reduced form ofawnin C, the dehidroascorbic acid (DHA),

from the oxidative form, the ascorbic acid (AA) @uted from Corpet al., 2004).

In sumary, oxidative stress and specifically mimmutiria may be involved in
hepatoarcinogenesis and may be new potential tbetiaptargets. However, the potential

therapeutic of oxidative stress modulators and DInG4CC is not clarified.
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2. AIMS

The aim of this study is to evaluate the therapeptitential of the new compounds
Dequalinium, Epigallocatechin-3-gallate and Vitan@n(AA and DHA) as in monotherapy
and/or in association with each other and with emtional anticarcinogenic drugs in a HCC
cell line, in order to identify which of them mag la useful therapeutic approach in HCC. It is
also our goal to clarify the molecular mechanism#ived in the cytotoxicity induced by
these new molecular agents, including the influeot®xidative stress, mitochondria and

levels of proteins involved in apoptosis regulatioamely in the mitochondrial pathway.

10
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3. MATERIALS AND METHODS

3.1. Cell culture conditions

The HUH-7 cell line was provided by The Europeani€dtion of Cell Cultures
(ECACC). Cells were grown in DMEM (Gibco — Life Trewlogies) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (GibcfeLi Technologies) and
peniciline/streptomycin (100pg/mL). Cells were skt a density of 50000cells/¢rand
maintained in culture at 8 in a humidified atmosphere with 5% €O

To evaluate the antiproliferative and cytotoxiceetfof DQA, EGCG, AA and DHA
(dose-dependent changes), cells were cultured motherapy during 96hours, in absence and
presence of DQA (Sigma Aldrich, St. Louis, MO, US@) concentrations ranging from
0,5uM to 10uM), EGCG (Sigma Aldrich, St. Louis, MOSA) (25uM to 250uM), DHA
(Sigma Aldrich, St. Louis, MO, USA) (0,25mM to 5mMhd AA (Sigma Aldrich, St. Louis,
MO, USA) (5mM to 12mM) as in a single dose as idadly dose administration scheme.
Then, cells were incubated during 72 hours withdhegs tested above in combination with

each other and with 5-FU or DOX.

3.2. Cell viability evaluation

Following incubation, cell viability was evaluatég a modified Alamar Blue assay
(Resazurine, Sigma Aldrich) under the differentexkpental conditions (Neves al., 2006).
Briefly, we added to cells submitted to the diffegréreatments, Alamar Blue 10% (v/v) in
DMEM, for 2 hours at 37°C. After, we collected 2000f supernatant from each well and

transferred to 96 well-plates. The absorbance @n®/7and 600nm was measured using a

11
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Mediators PhL luminometer (Mediators Diagnostikaénha, Austria) and cell viability was

calculated as a percentage of control accordirigedormula:

| (As70 — Aggo)sample] — [(Ag7q — Aggo)blank]
({4570 — Agao)control] — [(Asyq — Agpg)blank]

100

3.3. Cell death analysis
Cell death analyis was performed by morphologicallgsis using optic microscopy

and by flow cytometry.

3.3.1. Morphological analysis

After an incubation period of 48 hours in the cdiotis described in 3.1, cells were
trypsined, centrifuged at 300g for 5min and ressodpd in serum in order to obtain a density
of 50000cellgiL and then placed on a slide. Then, cells werenstaupon incubation for
5min with May-Grinwald solution (0.3% v/v in mettwd)n (Sigma, St. Louis, MO, USA),
diluted in 1:1 ratio with distilled water followdaly staining with Giemsa solution (0.75% p/v
in glycerol/methanol 1:1) (Sigma, St. Louis, MO, A)Siluted 8x in distilled water for 20
min. After rinsed with distilled water, smears wéeét to dry at room temperature and cell

morphology was analysed by light microscopy usirigediz Dialux 20 microscope equipped

with a photographic chamber.

12
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3.3.2. Flow cytometry analysis

After an incubation period of 48h in the conditiodescribed in 3.1, cells were
trypsined, centrifuged at 300g for 5min and resodpd in phosphate buffer (PBS) in order to
obtain a density of 1xfQcells/mL. Untreated and treated cells were waghedtrifuged at
300xg during 5min), resuspended in gh0of Annexin buffer and incubated for 10min at
room temperature with of Annexin V-FITC (Kit from Immunotech SA, Mardl, France)
and 2L of PI. The results were analysed in a FACS CalifBecton Dickinson) flow
cytometer equipped with an argon ion laser emittaigd88nm. Green fluorescence of
Annexin V-FITC was collected with a 525nm band pidgs and red fluorescence of Pl with
a 610nm band pass filter. The results were expdass® of viable (V), initial apoptotic (1A),
late apoptotic/necrotic (LA/N) and necrotic (N)lsglAubryet al., 1999; Douradet al., 2007

and Sarmento-Ribeire al., accepted).

3.4. Evaluation of the mechanisms involved in cytokicity induced cell death

3.4.1. Apoptosis-regulating molecules

The expression levels of the apoptosis-regulatingeoules, BAX and BCL-2, were
assessed by FC using monoclonal antibodies labeilidfluorescent probes. One million of
cells were centrifuged and incubated in @0Ccell-permeable solution withply of the
antibody anti-BCL-2 labelled with FITC andud of antibody anti-BAX labelled with PE
during 15min at room temperature, in dark, accaydaith others (Sarmento-Ribeie al.,
accepted) and manufactured protocols. Then, cale washed with 1mL PBS, centrifuged
at 300xg for 5min, ressuspended in the same baffdranalysed in the flow cytometer. The

results are presented as Mean Intensity Fluoresc@tF) arbitrary units and represent the
13
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medium of fluorescence intensity detected in thés cerhich is proportional to the proteins
concentration in each cell.
For all the assays, negative controls were estadisvith isotype IgG, IgGl and

IgG2b, and submitted to the same procedures.

3.4.2. Mitochondrial function analysis

Mitochondrial function was analysed through thesd®ination of the transmembrane
potencial using the dye 5,5,6,6’-tethrachloro-38,3’-tethraethylbenzimidazolcarbocyanine
iodide (JC-1) as described by others (Cossaezah, 1993; Almeidaet al., 2008; Yacet al.,
2008 and Abrantest al., accepted in 2009). This lipophilic cationic probeists in a
monomeric form (M) emitting at 527nm (green fluaresce) and is able to reversibly form
aggregates (A), which are associated with a lalgi & the emission (590nm, greenish-
orange fluorescence) as the mitochondrial memhboanemes more polarized.

After an incubation period of 48hours in the coioais described in 3.1., cells were
incubated with 5pug/mL of JC1 during 15min at 37ACthe end of the incubation period, the
cells were washed twice in PBS, resuspended imahvolume of 500uL and the fluorescent

intensity analysed by flow cytometry. The resuts expressed as monomer/aggregate ratio.

3.4.3. Evaluation of reactive oxygen species lesel

The accumulation of ROS, namely superoxide aniogi)(@nd peroxides (hydrogen
peroxide, HO,), was determined using the probes dihydroethidiDHE, Molecular Probes,
Eugene, OR) and 2',7'-dichlorodihydrofluoresceinaaitate (DCFH2-DA) (Invitrogen),
respectively. Both, DHE and DCFH2-DA, are stablenfwrescents lipid permeable
compounds, being DFCH2-DA previously converted tGHPI2 by intracellular esterases.

Then, DHE and DCFH2 are oxidized by intracellulaOR to form the impermeable

14
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fluorescent compounds Et (Ethidium) and DCF (diotfloorescein) that emits, respectively,
red and green fluorescence, upon excitation at #8&nat is proportionally to intracellular
ROS levels (Halliwell & Witheman, 2004; Zhabal., 2005 and Zielonket al., 2007).

After an incubation period of 48 hours in the cdiodis described in 3.1., cells were
incubated with 2uL DHE or 1uL DCFH2-DA during 30man 37°C and then washed with
PBS by centrifugation at 300xg during 5min, as pmesly described with briefly
modifications (Almeidaet al., 2008; Goncalves, 2008; Sarmento-Ribeaita@l., accepted).
The fluorescent intensity of DHE and DCF was meaguny flow cytometry (FL-2, 620nm
band pass filter and FL-1, between 500 and 530nmd pass filter, respectively). The results
are expressed as Mean Intensity Fluorescence (BHH)represent the meanSD of two

independent experiments.

3.5. Statistical Analysis
All data are reported as mean +S.D. A one-way ANOAMA&l unpaired Student’s t tests
were used to analyze statistical significance. dd@hces were considered statistically

significant at 95% (p < 0,05).

15
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4. RESULTS

4.1. Evaluation of therapeutic potential of DQA, EGG, DHA and AA — dose and time
response curves

In order to evalute the therapeutic potentialhed hew targeted drugs, HUH-7 cells
were cultured in absence and in presence of DQACGEHA and AA for up to 72h/96h.

and the antiproliferative effect was evaluatedhmyAlamar Blue assay.

Our results show that when used in monotherapthalitested compounds induced a
decrease in cell viability in a dose, time and adstiation scheme dependent manner
(Figures 6 and 7).

As we can observe in Figure 6A, DQA when usedsimgle dose (SD) administration
scheme has an IC50 (half-maximal inhibitory concdidgn) of 4,7uM at 48h of incubation
and 3,4uM at 96h incubation. However, when usea idaily dose (DD) administration
scheme, the same cytotoxic effect was obtained avitlecrease in 53% of the dose after 96h
of treatment.

In the same way, when cells are incubated with EGEIGure 6B), we observed an
IC50 of 160uM (48h) and 152uM (72h) when used BDaadministration scheme, but when
used in a DD administration scheme, the same cyitotdfect was obtained with a decrease

in 39% of the dose after 72h of treatment.

16
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cell viability
control %

cell viability
control %

Figure 6. DQA and EGCG dose and time response cues: The effect of DQA A) and
EGCG B) in HUH-7 cells viability was evaluated througletbetermination of cell viability
during 96h of incubation with increasing concendrag of DQA and EGCG as represented in
figure. Cell viability is expressed in percentadg) (of the control and represents the mean

+SD of 3 independent experiments.

17
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Regarding vitamin C experiments, our results shioat tespite AA and DHA alone
had a modest effect under the tested conditiongpbserved a higher antiproliferative effect
when HUH-7 cells are treated with DHA (Figure #).fact, the reduction of 50% (IC50) in
cell viability is obtain earlier and at lower dasecells treated with DHA. As we can observe
in figure 7A, DHA showed an IC50 of 5mM at 96h whased in a SD administration
scheme. Nevertheless, this effect increased when dbmpound was used in a daily
administration scheme, allowing obtaining the saffiect with a decrease in 20% of the dose
at 96h. On the other hand, concerning AA, it wappssible to obtain an IC50 when used in a
SD administration scheme. However, when AA was adtied in a DD scheme, the IC50 at

72h was 12mM (Figure 7B).

In order to evaluate if the drugs tested in monaipg could have a synergistic
antiproliferative and pro-apoptotic effect when dise association with the conventional

anticarcinogenic agents, DOX and 5-FU, we perforamgbciation experiments (Figure 8).

Our results show that the cytotoxic effect of tmegs in association increased except
for the association of DOX with EGCG and with DHRigure 8B and 8C) and 5-FU with
DQA, with DHA and with AA (Figure 8A, 8C and 8D, ggectively). Actually, in the
association of DHA with 5-FU, we observe an antagjogffect (Figure 8C).

In fact, we observe an additive synergistic effiecthe combination of DQA with
DOX (Figure 8A) and EGCG with 5-FU (Figure 8B). MAtpntiation synergistic effect was

observed in the combination of AA with DOX (Figu8B).

18
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Figure 7. DHA and AA dose and time response curve3he effect of DHA A) and AA B)
in HUH-7 cells viability was evaluated through tthetermination of cell viability up to 96h of
incubation with increasing concentrations of DHAIg®A. The viability data is expressed in

percentage (%) of control and represents the m8anat 3 independent experiments.
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Figure 8. Dose and time response curves of the asgtions of DOX or 5-FU with DQA
(A), EGCG (B), DHA (C) and AA (D): The effect of associations was evaluated through th
determination of cell viability at 48h and 72h. Alle drugs in the combination schemes are
administrated simultaneous. Data is expressed meptage (%) of control cells and
represents the mean = SD of 3 independent expetsm#&n<0,1; **p<0,01; ***p<0,001,
results with statistical significance (obtained @amng drugs used in monotherapy with
those drugs used in combination after 48h of intab@ ns: no significantly different.
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After these encouraging results we tested the adBwts between the new drugs in
study, DQA, EGCG, DHA and AA with each other.

As we can observe in figure 9 an increase in thetayic effect in the combinations
involving EGCG with DHA and AA was achievelh fact, potentiation was observed in the

combinations involving EGCG with DHA and with AAiffure 9B).

CTL - 7 mMMAA CTL =+ 7mMMAA
1 M DQA -~ 1M DQA + 100 UM EGCG 100 (M EGCG == 100 pM EGCG + 5 puM DHA
100 UM EGCG -# 1 pMDQA +5nmMDHA 1 M DQA 100 t(MEGCG + 7 MM AA
5 mMDHA 1 uMDQA + 7 MM AA 5 uMDHA - 5mMMDHA+ 7 nmAA
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48h 72h 48h 72h
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Figure 9. Dose and time response curves of the asstions involving DQA (A), EGCG

(B), DHA (A andB) and AA (A andB): The effect of these associations was evaluated
through the determination of cell viability at 4&md 72h as described in methods and
materials. Data is expressed in percentage (%biwtral cells and represents the mean £SD
of 3 independent experiments. Drugs had been adtared simultaneously. The difference
between experimental groups is statistically sigaift after 48h of incubation. *p<0,1;
**p<0,01; **p<0,001, statistical difference compag drugs used in monotherapy with those
drugs used in combination; ns: no significantlyetiént.
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4.2. Cell death analysis

Since tumor cell death mechanisms can interferie thig therapeutic strategy, we also
analysed the cytotoxic effect induced by the refkrdrugs by studying cell death process
through morphological analysis by optical microscagnd by flow cytometry using the

AV/PI incorporation.

4.2.1. Evaluation of cell death by optical microsquy - morphological analysis
Figure 10 shows the morphology of cell smears sthinith May-Grinwald-Giemsa
before (control, 10A) and after treatment with DQWB), EGCG (10C), DHA (10D), DOX
(10F), 5-FU (10G), EGCG with AA (10K) and AA with@X (10M). As it can be seen, cells
havemostly morphological evidence of cell death by dpes, such as cellular contraction,

nuclear fragmentation, blebbing and apoptotic b&d@mation.

Whereas morphological evidence of apoptosis in @gagon with morphological
evidences of cell death by necrosis, such as remiplasma membrane and extravasation of
the intracellular content and intact nuclei werseed in cells smears incubated with AA
(10E), DQA with DOX (10H), EGCG with 5-FU (101) arfiGCG with DHA (10J). On the
other hand, regarding the cells incubated with DW#/h 5-FU, neither morphological

evidence of cell death by apoptosis nor by necreas found.
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Figure 10. Morphological analysis of HUH-7 cellsControl cells are shown iA and cells
treated with drugs indicated in the cell smearssamvn inB to M. Cell smears were stained

with May-Grunwald-Giemsa as described in materiad anethods section. Amplification:

1000x
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4.2.2 Evaluation of cell death by flow cytometry
In order to confirm our results and evaluate theemixof apoptosis and necrosis, we used

a flow cytometry assay based on staining the eétls AV-FITC and PI incorporation.
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Figure 11. Evaluation of cell viability and death ly flow cytometry: HUH-7 cells were
incubated in absence (CTL) and in presence of 1. QAD100uM EGCG, 5mM DHA and
7mM AA in monotherapy and in association with eatier and with 50ng/mL of DOX and
250uM of 5-FU. Viability and cell death were assesdy FC using Annexin V and
propidium iodide staining as described in matedall methods. Alive cells are AV/PI
negative (pink); early stages of apoptosis are A¥itve and Pl negative (orange) and cells
in late stages of apoptosis are AV/PI positive Kaaeen). Necrotic cells are AV negative and
Pl positive (green)Results represented i)Y were obtained after 48h of incubation and
represent the mean of 2 independent experimen{®)lis represented the dot plot obtained
from control cells, inC) the dot plot obtained from cells treated with DidAd in D) the dot
plot obtained from cells treated with EGCG with DHA
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As represented in figure 11, in almost all theulmation conditions a decrease in the
percentage of viable cells and an increase in dneeptage of apoptotic cells was observed
These results are in agreement with those obtametbrphological studies, as we observe an
increase in the percentage of apoptotic cells and/tate apoptosis/necrosis in cells treated
with drugs, as in monotherapy as in the combinati@presented in the Figure 11, except for
the combination of EGCG with AMesides that, in cells treated with EGCG in comtixama

with 5-FU and with DHA an increase in the perceantafjcells in necrosis is detected.

4.3. Evaluation of the mechanisms involved in cytokicity induced cell death

4.3.1. Analysis of apoptosis-regulating moleculeggression

The anti-apoptotic protein BCL-2 appeared to funrctby inhibiting the mitochondria
depolarization. Conversely, the pro-apoptotic proteBAX induced mitochondria
depolarization leading to a decrease in mitochendrembrane potential and, consequently,
to apoptosis. The ratio of BCL-2 to BAX has beemported to be correlated with
susceptibility to apoptosis in cancer cells (Greisa., 1999).

Thus, in order to evaluate the role of mitochoridx@optosis pathway in cytotoxicity
induced by the drugs used in the study, we deteminthe expression levels of BAX and

BCL-2 proteins by flow cytometry (Figure 12) as chiised in material and methods.

As showed in figure 12A, DQA, DOX and 5-FU in monetapy induced an increase
in BAX/BCL2 ratio compared with control cells. Omet other hand, a decrease in BAX/BCL-
2 ratio was observed in the cells incubated withCEBZand AA in monotherapy, while cells
treated with DHA haven’t shown a significative difénce when compared with the control’s
BAX/BCL-2 ratio. However, when these compounds @mbined with each other and with

conventional anticarcinogenic agents we detectddarase in the BAX/BCL-2 ratio.
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Figure 12. Evaluation of BAX/BCL2 ratio by flow cytometry: HUH-7 cells were
incubated in absence (CTL) and in presence of 1. AD100uM EGCG, 5mM DHA and
7mM AA in monotherapy and in association with eather and with 50ng/mL DOX and
250uM 5-FU. BAX and BCL-2 expression was evaluassd described in material and
methods and the ratio BAX/BCL-2 calculated. Resulése obtained after 48h of incubation
and represent the mean + SD of 2 independent empets A). In (B) is an example of the
histograms obtained, in green is represented tloeebcence intensity of the control cells and

in red green the fluorescence intensity of thesdeltubated with DQA.
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4.3.2. Analysis of mitochondrial dysfunction

To further evaluate the role of mitochondria ire tbytotoxicity induced drugs we

analysed the mitochondrial transmembrane potef@itl,) by flow cytometry (Figure 13).
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Figure 13. Evaluation of mitochondrial membrane poéntial by flow cytometry: HUH-7
cells were incubated in the absence (CTL) and enpttesence of 1uM DQA, 100uM EGCG,
5mM DHA and 7mM AA in monotherapylitochondrial transmembrane potentiaM{(y,) is
evaluated by the ratio between JC1-Monomeres (JCBi JC1-Agregates (JC1-A) as
described in material and methods. Results werairtdd after 48h of incubation and
represent the mean £SD of 2 independent experinganisn (B) is represented the dot plot
obtained from control cells and i€) the dot plot obtained from cells treated with DQA
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As showed in figure 13A, only in cells incubatedDQA we observed an increase
in JC1-M/JC1-A ratio (M: monomers; A: aggregated)ew compared with control cells.
These results are in agreement with apoptoticdezth and with the increase in BAX/BCL-2
ratio observed (Figure 12). In cells treated wit@s, DHA and AA, in the tested

conditions, the mitochondrial membrane potentiaimsilar to untreated cells (control).

4.3.3. Analysis of Reactive Oxygen Species levels
To evaluate the influence of oxidative stressyitotoxicity induced by drugs in study,
the production of reactive oxygen species (ROSputin the intracellular expression of

peroxides (hydrogen peroxide;®) and superoxide anion §Q was evaluated (Figure 14).

As showed in figure 14A, we observe an increasthénexpression of intracellular
peroxides only in cells incubated with DQA, as esmgmted by the increase of the
fluorescence intensity of the DCF. On the otherdham cells treated with AA and with DHA
a decrease in the expression of intracellular pdesxis detected, while cells treated with
EGCG didn’t show any significant difference in D@&orescence intensity compared to
control cells.

In figure 14B is represented the expression ofagglular superoxide anion. As we
can see, in cells treated with all the tested daugtecrease in the fluorescence intensity of
DHE is determined, indicating lower intracellulampgroxide anion production compared with

untreated cells.
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Figure 14. Evaluation of intracellular peroxides am superoxide anion levels in HUH-7
cells by flow cytometry: Cells were incubated in absence (CTL) and in presef 1uM
DQA, 100uM EGCG, 5mM DHA and 7mM AA in monotherapstracellular expression of
peroxides (hydrogen peroxide,®}) (A) and superoxide anion §Q (B) was evaluated by mean

fluorescence intensity (MIF) of DCF and DHE, regpety, as described in material and methods
and the variation related to control is calculatdd. results were obtained upon incubation of
cells during 48h and represent the mean + SD ofd2pendent experiments. I€)(is an
example of thénistogram of control cells (green) and cells ingadavith AA (red) and in@) is an

example of the histogram of control cells (greem eells incubated with AA (red).
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5. DISCUSSION AND CONCLUSION

There is evidence to suggest that most known emwviemtal risk factors for HCC
development lead to generation of reactive oxygeecies (ROS). Recently, the role of
mitochondria in carcinogenesis has been under raumanvestigation, in part because their
prominent role in apoptosis, ROS production andeothspects of tumor biology (Olaia,
2007). Furthermore, certain anticancer agents dietudoxorubicin, bleomycin, and arsenic
trioxide kill cancer cells via mechanisms involviR@S generation. (Hilemast al., 2004)

On the other hand, the importance of natural bieactcompounds with
antioxidant/pro-oxidant activity is well known. Téutheir synthetic derivatives may be used
as potential anticarcinogenic agents.

Therefore, in this study, we evaluated the therapeaotential of new compounds
targeting the mitochondria, such as Dequalinium APQa lypophilic cation, and natural
bioactive compounds, such as Epigallocatechin-Bxgal a green tea polyphenol, and
Vitamin C (the reduced form, ascorbic acid, AA, a&hé oxidative form, dehydroascorbic
acid, DHA) as in monotherapy and/or in associatigth each other and with conventional
anticarcinogenic drugs, in order to identify whioh them may be a useful therapeutic

approach in HCC.

Naturally occurring dietary agents known to produwdemopreventive effects in
experimental cancer models have been shown tottsigyealling intermediates molecules in
apoptotic pathways (Aggarwabd al., 2006; Martin, 2006). In recent years, becaddber
low systemic toxicity, vitamins have been evaludtadtheir anti-tumour activities and have

gained importance because of their prophylactic Hretapeutic potential role in many
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diseases. Antioxidants, such as vitamin C, showteptive effects and, under some
circumstances, can develop pro-oxidant properdependably on its concentration and cell
systemgRatnam, 2006).

Several studies have shown that intracellular rett@nges caused by these agents can
modulate the expression of genes involved in sigradsduction pathways leading to cell
cycle progression, cell differentiation, and apsEqAggarwaldet al., 2006; Martin, 2006).
Compelling evidence indicates that dietary bioactagents may trigger apoptosis through
numerous molecular targets. Other inducers of aigpinclude both intra and extracellular
stimuli, such as DNA damage, disruption of the cgtlle, hypoxia, detachment of cells from
their surrounding tissue, and loss of trophic digga (Martin, 2006). Some of these
compounds seemed to selectively induce apoptosiannoer cells while sparing normal cells
(Martin, 2006).

The therapeutic strategies used in the presengab ¢ancer such as chemotherapy and
ionizing radiation, induce cellular death mostlydgoptosis, through the production of ROS.
As apoptosis can be initiated by high doses of matbioactive compounds and the tumor
cells can be selectively targeted by them, thesmtagnay be considered as potential new
therapeutic strategies in cancer, namely in hep#tdar carcinoma.

Our results suggest that natural bioactive compsurave antiproliferative effect in
monotherapy in a dose, time and compound depema@mier. In fact, the effect of DHA was
obtained earlier and in lower doses when compargd WA. On the other hand, this
antiproliferative effect increases when these dragsin association (synergism) with each
other or with conventional anticarcinogenic agents.

Moreover the antiproliferative effect, a cytotoxaffect mediated mostly by apoptosis
was observed in HUH-7 cells with both forms of VMiia C, in agreement with described in

other cancer cells lines (Yamgal., 2003; Gongalves, 2008). However, in opposite whih t
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described by others (Yangt al.,2003; Goncalves, 2008) the cytotoxic effect is not
accompanied by a pro-oxidative status, since we'dmbserve an increase in ROS levels.
But, we hadn’t evaluated the antioxidant defend@siwcould interfere with oxidative stress,

and consequently with ROS levels.

Besides the earlier effect of DHA obtained at lowleises compared with AA, we
weren’t able, actually, to obtain the IC50 of AA evhused in a single dose administration
scheme which may be explained by the uptake anidlaelvitamin C distribution. As
described by some authors, DHA enters the cellugitothe glucose transporters GLUT1
(Agus et al., 1999; Reynoldst al., 2007), besides that, tumor cells have an incréase
glucose needs which is counterbalanced by the aserenumber of membrane glucose
transporters number (Gonzaleizal., 2005). On the other hand, AA enters the cell lmpa
transporter with sodium in some cell types (Gornzélel., 2005; Wilson 2005). These facts
may explain the selectivity of this vitamin to theoplastic cells. Once DHA is inside the cell
it is converted to AA with formation of ROS. ThuSHA seems to be a more effective
therapeutic strategy enabling lower systemic toxicince DHA generates less ROS in
normal cells and in the exterior of targeted cglsynolds, 2007).

The cytotoxic effect induced by vitamin C is medahby apoptotic cell death since we
observed morphological characteristics of apoptasish as cellular contraction, nuclear
fragmentation, blebbing and apoptotic bodies’ fdiora However, we didn’t observe a
decrease in mitochondrial membrane potential and@aease in BAX/BCL2 ratio suggesting
that mitochondria may be not involved in vitaminnQuced apoptosis.

The exact mechanism by which vitamin C inducesrinand decreased cell survival is
unclear. However, oxidative stress exerted by R@®&étion, such as OHH,0O, and Q"
has been proposed as one mechanism that triggedeath induced by vitamin C (Maramag

et al., 1997; Cheret al., 2005). According to Chen at. (2005), during the processes of
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vitamin C interconversion, ROS production occurs. this sense, we determined the
intracellular production of b0, and Q" in HUH-7 cells in the absence and presence of
vitamin C. Our results suggest that vitamin C irglbca significant decrease in ROS
formation (Figure 14) in opposite with other stid{€henet al., 2005). However, we didn’t
measure other ROS, such as ‘Ohh fact, according with Maramag et. (1997), OH
formation occurs during Fenton’s reaction in whilsh ascorbyl anion or radical reduce metal
ions such as ferric and cupric ions. These ionstre@h H,O, producing the OH radical.
Alternatively, the ascorbyl anion and the radicah ceact with @leading to the production of
O, that subsequently can reduce Fand start Haber-Weiss’ reaction (Maranetgl., 1997).
These mechanisms may well be the cause of pro-aix&féect of vitamin C and explain the
cytotoxic effects shown in human hepatocellularciceoma cells. On the other hand, other
mechanisms may be involved namely the modulationsighal transduction and gene
expression by vitamin C.

Actually, intracellular redox changes caused bydamts and antioxidants can
modulate genes expression involved in signal tractsoh pathways leading to cell cycle
progression, cell differentiation, and apoptosiig@et al., 2000). Catanét al., (2001) show
in cells treated with ascorbic acid, at low pharalagic concentration (Immol/L), an
increase in the expression of apoptotic genes lysunmluced by UV irradiation and DNA
damage, indicating that vitamin C can modulate gaeqpression. The therapeutic potential of
vitamin C in cancer is further supported by itsligbito activate the apoptotic program in
DNA-damaged cells, independent of the p53 tumopsegsor gene, through an alternative
pathway mediated by p73, which, in contrast, iscfiamal in most tumor types (lkava al .,
1999).

Besides that, vitamin C at millimolar intracellulaoncentrations, inhibits the

activation of nuclear factor kappa B (NF-kB), byeyenting its inhibitor (IkB) degradation
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mediated by TNE& in different human cell lines as well as primaeji€ through independent
mechanisms (Bowie & O’Neill, 2000). NFkB is a rapigsponse transcription factor that
induces the transcription of genes involved in ition of apoptosis and promotion of cell
proliferation, contributing, when overexpressedediy to malignancy (Inouet al., 2007).
Repression of constitutive activation of NFKB byawmin C can induce cell cycle arrest and

apoptosis in these cells and attenuate tumor pssgne in different types of cancer.

Then, we evaluated the therapeutic potential of gheen tea polyphenol EGCG.
EGCG has shown an antiproliferative effect in mbeoapy in a dose and time dependent
manner. This effect increases when these drugseid im association (synergism). Besides the
antiproliferative effect a cytotoxic effect was ebged mediated by late apoptosis and/or
necrosis.

Green tea constituents have been characterizedtascidants that scavenge free
radicals to protect normal cells (Ruethal., 1989). However, recent reports have linked green
tea polyphenols to ROS production, especialhOf and subsequent apoptosis in both
transformed and nontransformed human bronchials céflang et al., 2000) and in
myelodysplastic syndrome (Gongalves, 2008). EGCQls® able to create differencial
oxidative environments in normal epithelidrsus tumor cells by exploiting compromised
redox homeostasis in the tumor cells (Yamanebtd., 2003).

Our results suggest that EGCG had a cytotoxic gffghich is consistent with the
decrease of mitochondrial membrane potential anckase in late apoptosis and/or necrosis.
Moreover, we observe a decrease in BAX/BCL2 ratiggesting that mitochondrial isn’t
involved in drug toxicity. However, we haven’t tedt other pro-apoptotic mitochondria

molecules such as BAD and cytochrome c.
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On the other hand, unlike what is suggested byroshadies in Myelodysplastic
Syndrome (Gongalves, 2008), EGCG didn’t inducedharease in ROS formation in HUH-7
cells, but a decrease i Owas observed. The use of an insufficient dose@EG to bring
out its pro-oxidative effects may explain theseulss Thus, the cytotoxic effect observed
must be explained by another mechanism. In 199@p #hal. suggested that EGCG induces
cell death in acute promyelocytic leukemia cells ibibition of DNA topoisomerase |l
activity. Later, it was found that EGCG induces filemation of HO; in cells of lung cancer,
which may contribute to apoptosis and in part te #émti-proliferative effect (Yangt al.,
2000). In multiple myeloma cells was found thatdative stress generated by increased ROS
production induces mitochondrial membrane potetigration, caspase 3 activation, release
of cytochrome ¢ and SMAC/DIABLO. Then, Quanungodsts (2005) suggest that EGCG
induces apoptosis by directly inhibiting BCL-2 miois family. Furthermore, they show that
apoptosis induced by EGCG in leukemia cells inv®lROS formation and mitochondrial
membrane depolarization, with the involvement ofamperative mechanism between the
extrinsic and intrinsic apoptosis pathways.

The therapeutic efficacy of EGCG has also beencestea with activation of tumour
suppressor genes silenced by methylation. Thictefterelated to the ability of EGCG to
inhibit DNMT causing DNA demethylation and reactiea of genes silenced by methylation
(Fang etal., 2003 and 2007). However, it is unclear whetherrtiie of EGCG as epigenetic

modulator is also exerted vivo.

Most of the anticarcinogenic therapeutic strategresaimed to induce malignant cell
death in order to eradicate the tumor, thus lirgitits growth and spreading. It is well
established that the efficacy of conventional antidr drugs is due to their ability to induce

apoptosis (Makin, 2002 and 2003; Brady, 2003). btitndria are now known to play a
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critical role in initiating apoptotic cell deathhiis, diverse stress stimuli induce mitochondrial
changes, which result in the release of apoptogéattors into the cytoplasm such as
cytochrome c, clearly observed in the early phasfeapoptosis. This is associated with
changes in the mitochondrial ultra-structure, memnbr permeability, transmembrane
potential, and caspase activation (Adrain & Mar@@01; Pelicano 2004; Korper, 2004).

Intriguingly, a wide variety of carcinoma cells éxhincreased accumulation and retention of
delocalized lipophylic cations (DLCs) due to a l@gimegative mitochondrial transmembrane
potential in tumor cells than in normal cells (McahiNapolitancet al., 2001 and 2003). This

behavior provides an attractive basis for the ddeL&s in selective tumor cell eradication.

In this study, we evaluate the therapeutic efficatipequalinium (DQA), a lipophilic
cation (DLC) that crosses the cell membrane anduraatates in the mitochondria of
hepatocarcinoma cell lines. Since the neoplastils ckave a higher mitochondrial
transmembrane potential than normal cells (whictkegithem a greater capacity for
accumulation and retention of lipophilic cationBQA may be a new selective therapeutic
strategy for hepatocellular carcinoma. Its antiesaneffect has been described in cells of
various neoplasms (Berlat al., 1998, Galeanet al., 2005; Sanchet al., 2007; Goncalveat
al., 2009; Ribeircet al. 2010). However, most studies with DQA have bexmu$ in epithelial
tumor cells (Berliret al., 1998) and the potential therapeutic in HCC isalatified.

Our results suggest that DQA showed an antipralifee and cytoytoxic effect in
HUH-7 cells inducing cell death mostly by late ajpgs/necrosis that is consistent with the
observed decrease in mitochondrial membrane pateftihe increase in the observed JC-
1M/JC1-A ratio may indicate the existence of mitmotirial dysfunction due to yet unclear

DQA mechanism of may be a consequence DQA indugegtasis.
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In this study we also tried to understand which adstration scheme was more
effective. With all the agents tested we observest the same cytotoxic effect can be
obtained with lower dosages when a daily dose sehwas used. This scheme mimics the
way of administration used with the majority of ialmimor agents useih vivo. These results
suggest a clinical benefit of the daily scheme aitriation because by lowering the drugs

concentration we can decrease the toxicity andilpigdbe side effects.

Finally, we also studied if the association betw#®n new tested drugs and/or with
the conventional anticarcinogenic agents, DOX aflelU5 may have a therapeutic benefit.
Our results showed that in the majority of the ddstirugs, when used in association, an
increase in cytotoxic effect (synergism) is achtevia fact, a potentiation synergistic effect
was observed in the associations of AA with DOX anthe association of EGCG with DHA
and with AA. An addition synergism was obtainedhe associations of DQA with DOX and
EGCG with 5-FU. In our study mitochondria may hawele in drug induced apoptosis.

Thus, these results suggest a clinical benefihefuse of the drugs in combination,
because by lowering the drugs dosage we can dedteasecondary toxicity and possibly the
side effects. However, in the association of DHAhwb-FU an antagonism effect was
observed suggesting that the choice of the optatia@dule of drugs will also be crucial to the
success of the therapy. Besides that, it was ddserved the existence of an antiproliferative
effect without a concomitant cytotoxic effect.

Hence, we can concluded, in agreement with theileguaf Chineryet al. (1997) in
colorectal carcinoma, that chemotherapeutic agadisinistered in the presence of EGCG
and vitamin C, allows doses reduction providing avet therapeutic approach for

hepatocelullar carcinoma.
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Overall, our results provide evidence that all ¢hewew targeted drugs may be
presented as alternative treatments for HCC, impgopatients’ health condition. However,
new drugs associations, as well as new administrachemes, should be tested in order to

improve therapeutic efficacy in HCC.
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