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Original Research Article
Oxidative Stress Pathway Mechanisms Induced by Four Individual Heavy
Metals (As, Hg, Cd and Pb) and their Quaternary on M CF-7 Breast cancer
cells

Abstract

Cell death induced by the production of re@cbxygen species (ROS) has largely been
associated with the activation of oxidative strpashway; however, the direct mechanism(s)
involved are unknown. This study evaluates the atwe stress pathways by which four heavy
metals (As, Hg, Cd and Pb) administered singly amndh quaternary mixture induce cytotoxic
effects on MCF-7 breast cancer cells, in the presesnd absence of cellular antioxidant,
glutathione (GSH). Cells were exposed to 21.7ughthe individual metals and the mixture

and assayed after 5 hr. Cellular levels of nongigeRiOS, superoxide anion (), mitochondria

membrane potential (MMP), and GSH were assayedgufiow cytometry-FACScalibur
equipped with cell quest pro for data collectioesBRlits showed that, in the presence of cellular
GSH, As and Pb induced cytotoxicity by reducing MidP while Cd, and Hg were cytotoxic by
the production of mostly superoxide anions and peadic ROS. The mixture exhibited

cytotoxicity by decreasing the cellular MMP as wall producing ROS and,O When the

synthesis of cellular glutathione was inhibited, fale treatments damaged the mitochondria
membrane and depleted basal GSH. In addition ttetieg the basal GSH and causing damage
to the mitochondria membrane, Cd, As, and Pb disibegl the production of ROS.

Keywords: Heavy metals; Cytotoxicity; Glutathione; Reactoweygen species; Superoxide anion;
MCF-7 cells.

Introduction

Exposure to environmental contaminantshsas heavy metals can pose serious health
threats to humans ATSDR [1]. Heavy metals are amitiegmost abundant and persistent
environmental inorganic pollutants because theyhctegrade readily Castro-Gonzalez and
Mendez- Armenta [2]. They bioaccumulate through tipld trophic levels in food chains
(Seebaugh et al. [3]. Heavy metals, especiallynthreessential metals which are included in the
composition of biological systems, may induce dagletis effects like cell death and redox
signaling (Ryter et al. [4] on organisms as wellcasse adverse effect in the environment. In
addition, some heavy metals are considered prigrajfutants due to their biological and
ecological effects ATSDR [1], while others are ilwexd in human carcinogenesis Valko et al.
[5]. Although the exact molecular mechanisms of ahgtduced carcinogenesis are not fully
understood, it is possible that most of the oxigastress-induced damage is mediated by free
radical attacks
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It has been shown that most metals exltigtability to produce reactive oxygen species
(ROS) (Galaris and Evangelou [6], Leonard et gl. Ffora et al. [8]. The formation of ROS in
the cells induce lipid peroxidation and DNA damageplete sulfhydryl groups, as well as alter
signal transduction pathways and calcium homeas{@&srutti PA. [9], Stohs and Bagchi [10],
Valko et al. [11]. ROS or free radicals are usuabyremely reactive and when generated in the
intracellular spaces, they are able to attack aadifynall main cellular constituents. Metal ions
can cause cellular damage indirectly by lowering lgwvel of glutathione (GSH) Hartwig [12]
Kasprzak et al. [13]. GSH, the most abundant naeprosulthydryl in most cells, acts as a
scavenger for various electrophiles and free rdslieand as such plays an important role against
oxidative damage. Reduced glutathione can reaetttirwith ROS and can act as a substrate in
the glutathione peroxidase (GPX) - mediated breakndof Hydrogen peroxide @@,). GSH
can bind with some heavy metals to form a Metal-@&8hkhplex which results in the excretion
of the toxic metals; although, it leads to the daph of intracellular GSH Quig [14]. Cellular
defense against toxic onset can be impaired whed GSlepleted and may lead to cell injury
and death.

It is more likely that several metals exagether and their individual toxicities are extell
simultaneously and interactively. Studies have shawat interactions that occur during
exposure to heavy metal mixtures may result in taddi synergistic or antagonistic effects
Ishaque et al. [15]. Exposure to metal mixtures exgn lead to new effects that have not been
shown in single chemical exposures.

Several studies have shown the effectsshgle element on a selected cell line, however,
studies comparing the effects of several heavy Isatad their mixtures on the same cell line are
limited. Egiebor et al. [16], in their studies el@hined the kinetic signature of toxicity of four
heavy metals (As, Cd, Hg, and Pb) and their mixt(veX) on MCF-7 cells, within a
concentration range (0.34pg/ml- 21.7pg/ml) for @6They showed that the onset of cell death
occurred after about five hours of exposure tohighest concentration (21.7ug/ml) of the four
heavy metals and their mixture. This study wasetftoee conducted in order to understand the
underlying molecular mechanism(s) induced by théateeand their mixture by investigating the
cellular regulation of ROS, superoxide anions*JOGSH and MMP in MCF-7 breast cancer
cells, when the cellular GSH is present or inhithite

Materials and methods
Chemicals

The following chemicals were used for the analys&tmic Absorption standards (Acros
Organic, New Jersey) consisting of Arsenic Img2&p KOH, Cadmium 1mg/L 0.5N nitric acid,
Lead 1mg/L 2% nitric acid and Mercury 1mg/L in 10%tric acid. L-Buthionine Sulfoximine
(LBSO) was purchased from Toronto Research Chemig¢hlorth York, ON Canada).
Rhodamine 123  fluorescent  dye (Sigma; ExX/Em=507aan/), 2, 7-
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Dichlorodihydrofluorescein diacetate {BICFDA) (Invitrogen Molecular Probes, Eugene, OR).
5-chloromethylfluorescein diacetate (CMFDA, Invgem Molecular Probes), dihydroethidium
(DHE) (EX/Em =518 nm/605 nm) (Invitrogen MolecuRxobes).

Céell linesand culturing reagent

MCF-7 cell lines were obtained from American TypealtGre Collection (ATTC) (Manassas,

VA). Minimum Essential Medium (MEM) alpha 1x, D@bco’s Phosphate Buffered Saline
(PBS), MEM without phenol, and Penicillin Streptority were obtained from GIBCO

Invitrogen (Grand Island, NY). Trypsin-EDTA andt&eBovine Serum (FBS) were obtained
from ATTC (Manassas, VA).

Chemical Preparations

To prepare 100 pg/ml Stock solutions of each heagtal, 1ml from 1mg/ml solution of each
metal was added to 9mls of PBS respectively. 5@jithe stock solution was added to 180ul of
media to obtain a final concentration of 21.7ug/Md.prepare the quaternary mixture of all four
metals, 1ml each was taken from the 100 pg/ml ssodktions of all four heavy metals to make
a total of 4ml. 200ul of this mixture was then adid® 30ul of media to give a final
concentration of 21.7pg/ml for the mixture. 1pgbhH,O, was used as positive control for the
production of non-specific ROS and superoxide anion

Cell culture

MCF-7 cells were cultured in MEM supplemented wilfo fetal bovine serum (FBS) and 1%
streptomycin and penicillin in six well plates ugigeneral techniques for cell cultures described
in Tchounwou et al. [17]. Cells were incubated afG in a 5% CQ Incubator. The cells were
harvested with a solution of trypsin-EDTA while their logarithmic phase of growth and
maintained in these culture conditions for all expents.

Inhibition of cellular glutathione with LBSO

LBSO irreversibly inhibits gamma glutamylcysteingnthetase, which is the rate limiting

enzyme of GSH synthesis and thereby inhibits GSiHh&gis Anderson and Reynolds [18]. To
determine the appropriate concentration of LBSQ@ itifaibits GSH synthesis, MCF-7 cells were
treated with a concentration range (0.5mM - 20mM)BSO in a 96-well cell culture plate. The

effective concentration which inhibited GSH Synikesd did not kill more than 5% of the cells
was determined at 2.5mM. To inhibit cellular GSHCFt7 cells were incubated in 2.5mM of
LBSO in MEM supplemented with 10% FBS and 1% pdimcstreptomycin for 24 hours.
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5 hr Exposure Studies

Previous studies by Egiebor et al. [16], showeat tell death became evident after a 5 hr cell
exposure to the high concentrations (21.7 pg/ml¢adh metals studied. This exsposure time
was therefore used in the current studies to déterthe molecular pathway of cell death at 5 hr.
MCF-7 cells were exposed to concentration of 21imnlgf each metal singly and as a
quaternary mixture of all four of the heavy metat & hr. The exposure was repeated when
glutathione production was inhibited by pre-tregtiCF-7 cells with 2.5mM L-Buthionine
sulphoximine (LBSO) for 24 hr.

Measurement of intracellular glutathione (GSH) content in MCF-7 cells and LBSO
pretreated MCF-7 cells.

GSH levels were analyzed in MCF-7 cells and in OBfretreated MCF-7 cells using 5-
chloromethylfluorescein diacetate (CMFDA, MolecuRrobes) Han et al. [19]. Cells were
exposed to 21.7 pg/ml of the individual metal amel quaternary mixture of the metals (As, Cd,
Hg, Pb and Mix) and subsequently exposed to CMFQA fbr 45 min. The procedure was
repeated using cells that were pretreated with LB&M@4 hr. CMFDA fluorescence intensity
was determined using a FACScalibur flow cytomeiecton Dickinson) and calculated with
Cell Quest pro software. 10,000 events were catefr each sample.

Measurement of mitochondrial membrane potential (MMP) in MCF-7 cells and LBSO
pretreated MCF-7 cells.

The mitochondrial membrane potential was measusetyuhe Rhodamine 123 fluorescent dye.
This is a cell-permeable lipophilic cationic dye ierh distributes electrophoretically into the
mitochondrial matrix and fluoresces due to the dramembrane potential that the organelles
maintain. MMP can be determined by the florescentnsity due to the uptake of the dye. Loss
of MMP will result in loss of the dye and therefptbe fluorescence intensity Scaduto and
Grotyohann, [20]. Briefly, cells were exposed to72fig/ml of the individual and the quaternary
mixture of the metals (As, Cd, Hg, Pb and Mix) aathsequently exposed to the Rhodamine 123
fluorescent dye for 45 min. The same procedure n@psated using cells that were pretreated
with LBSO for 24 hr. Rhodamine 123 fluorescenceensity was determined using a
FACScalibur cytometer (Becton Dickinson) and cadted] with CellQuest pro software. 10,000
events were collected for each sample.

Measurement of intracellular nonspecific ROS and O, Concentration in MCF7 cells and
LBSO pretreated M CF-7 cells.

Intracellular nonspecific ROS such a4, *OH and ONOO- were measured using the
oxidation-sensitive fluorescent probe dye, 2, 7HRoodihydrofluorescein diacetate
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(H2DCFDA) (Invitrogen Molecular Probes, Eugene, ORPDCF-DA, a permeable dye, is
cleaved to form non-fluorescent dichlorofluorescdCFH) in the cells, and is oxidized to
fluorescent dichlorofluorescein (DCF) by ROS. Taudst intracellular superoxide anion,
Dihydroethidium (DHE) (EXEm = 518 nm/605 nm) (ltregen Molecular Probes), a
fluorogenic probe, which is highly selective fops@mong ROS was used. DHE permeates the
cell and reacts with superoxide anion to form ethmgd which then reacts with deoxyribonucleic
acid, to give red fluorescence. In this study,scelere exposed to 21.7 pg/ml of the individual
and quaternary mixture of the metals (As, Cd, Hf, ®ix and HO,). The cells were
subsequently exposed to,[ICFDA and DHE fluorescent dye respectively for 4%.nThe
procedure was repeated using cells that were ptettevith LBSO for 24 hr. For each sample,
10,000 events were collected. ROS anellévels were calculated with CellQuest pro sofevar

Statistical Analyses

The results represent the mean of three indepenégfitates. Microsoft Excel was use to
analyze the data. Analyses of variance (ANOVA) vatst hoc analysis using Tukeys HSD test
was carried out. Statistical significance was defias p < 0.05.

Results

Effects of LBSO and/or metals and mixture on mitochondria membrane potential (MM P)
in MCF-7 cells

After 5 hr of exposure (Fig. 1a), As, MIX and Pllirced significant decreases in mitochondria
membrane potential in MCF-7 cells. Cells treatethwilg and Cd on the other hand showed
significant increases in the mitochondria membrpatential. In contrast, when cellular GSH

was inhibited by pretreating the cells with LBSQg(FL.b), all five treatments induced significant

reduction of the mitochondria membrane potentiaM@F-7 cells. Hg induced the most effect

on the cellular MMP followed by the quaternary mid and Cd respectively.

Effects of LBSO and/or metals and mixture on intracellular nonspecific ROS production in
MCF-7 cells

Assays to determine the effects of the four indiaildchemicals and their quaternary mixture on
ROS production in MCF-7 cells usingBPICFDA fluorescence dye showed ROS production in
cells exposed to Cd, Hg, and mixture of all fourtae (Fig. 2a). Hg stimulated the most
production of ROS Its ROS production was signiftbahigher than the positive control £8,)
and was about four times higher than the contr@SRproduction in both cadmium and mixture
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were also significantly higher than the controlll€exposed to As and Pb did not show any
significant ROS production. When cells were prdgdavith LBSO, the results (Fig. 2b) showed
that cell exposed to Pb and Cd induced a signifipeoduction of ROS. The production of ROS

in LBSO pretreated cells exposed to Pb was sigmfiy higher than that produced by the
positive control. In contrast, Hg, As and Mix didtrinduce any significant ROS production

(Fig. 2b) in LBSO pretreated cells.

Effectsof LBSO and/or metals and mixture on the production of superoxide anions (O;) in
MCF7 cdlls.

The results of the effects of the heavy metals @&k mixture on superoxide anion P
production using DHE dye are shown in Fig. 3a. @d, and Mix induced significant production

of O,. The production of @ was similar in cells exposed to Hg and the pasitentrol (HO;).
Cells exposed to As and Pb did not induce any fogmt production of @. When cellular GHS

was scavenged (Fig 3b), there were significantyectdn of Q in cells exposed to Cd, As, and

Pb. No significant production of superoxide aniaras observed in cells exposed to Hg and the
Mix.

Effectsof LBSO and/or metals and mixture on glutathione production in MCF7 cells.

In the presence of cellular GSH, the productiorG&H in cells exposed to Cd and Hg were
similar and significantly higher than the contrbld. 4a). However, MCF 7 cells exposed to Pb
did not induce a significant production of cellul@SH. Cells exposed to As and Mix were

similar to the control. When MCF 7 cells were tegawith LBSO before being exposed to metal
treatments (Fig. 4b), it was observed that all fikmatments induced significant decreases in
basal GSH as compared to the control.

Discussion

Oxidative stress is a situation that occurs whemptioduction of reactive oxygen species or free
radicals is greater than the body's ability to giéyahe reactive intermediates. This imbalance
leads to oxidative damage to proteins, moleculed ,genes within the body. Loss of MMP is a
biomarker for oxidative stress and it occurs whendlectrochemical gradient across the
mitochondria membrane in a cell collaps8sudies have shown that the loss of MMP due to
metal intoxication is an early event in mitochoadmediated apoptosis Takahashi et al. [21].
Results of this study indicates that arsenic, lead, the mixture of all four metals induced the
loss of mitochondria membrane potential in MCF-lIscd his agrees with the findings of other
studies that have shown that heavy metals sucls&agsan et al. [22] and Pb Pal et al. [23] can

6
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damage the mitochondria membrane in differentloceds. Studies by Kumar et al. [24] noted
that in leukemia cells, arsenic trioxide can adgvhe intrinsic pathway of cell death by
modulating the expression and translocation of sgimpmolecules thus decreasing the
mitochondrial membrane potential.

Metals can upset the oxidation-reductqailibrium in cells and cellular equilibrium
disturbance can lead to increased ROS productibodrovou. [25]. Oxidative stress has been
considered as one of the major mechanisms behind/hgetal toxicity. Heavy metals produce
free radicals which have the ability to cause lipgtoxidation, DNA damage, oxidation of
sulfhydryl groups of proteins, and several othéea$ Valko [5]. Studies have shown increased
ROS levels during metal-induced cell death in aputenyelocyte leukemia (APL), acute
myeloid leukemia Uslu et al. [26] and cervical cancells Kang et al. [27]. Our studies
indicated a significant increase in nonspecific RAD8 superoxide anions production in cells
exposed to Cd, Hg, and the mixture of all four rsetéhis finding is in accordance with the
results of studies by Szuster-Ciesielska [28] wimnged that Cd induced the production of ROS
in cell cultures. Some studies have indicated tioeyrction of ROS by cells exposed to arsenic
Shi et al. [29] and lead Pal et al. [23] Howeven;, gesults indicate that cells exposed to arsenic
and lead did not produce significant amount of R8 superoxide anions. This is in agreement
with the results of studies by Han et[80] which did not show any increase in ROS promunct
when A549 cells were exposed to high doses (2@r 3D M) of arsenic trioxide. Similarly,
Stacchiotti et al. [31] did not find any incredgeoduction of ROS in NRK-52E cell line
exposed to lead, even at high concentration (20lihgy suggested that the low level of
nonspecific ROS and superoxide anion productidddrexposed cells may be because lead’s
affinity to SH-groups is not as strong as thattbieo heavy metals (As, Hg and Cd).

Apart from inducing oxidative stress, exp@suo heavy metals share several primary
mechanisms of toxicity, including reaction withraatellular thiols and changes in mitochondrial
membrane potential Wang and Fowler [32]. If thelscalre not eliminated by apoptosis or
necrosis, they may be able to express a seriegenit® that favor their survival. Cellular GSH
has been shown to be crucial for cell proliferati@ell cycle progression and apoptosis
Schnelldorfer et al[33]. The intensity of CMF fluorescence has beewowsh to be well
correlated with biochemically estimated contentG8H in the cell Chikahisa et al. [34] The
synthesis of antioxidant molecules such as GSHesgmts a mechanism of cell protection
against heavy metal intoxication Sabolic [35]. GSH non-protein tripeptide which serves as a
natural antioxidant and reducing agent. It helpstgmts the body systems from the effects of
ROS Iwama et al., [36]. The results of this studgicated that when cellular GSH was intact,
cells exposed to Cd and Hg elicited increased proolu of GSH. These findings are in
accordance with previous studies which showedhbaty metals such as Cd and Hg induced an
increase in the concentration of GSH in mammaligis d.ash and Zalups [37] and fish tissues
Thomas and Juedes [38]. Cell exposure to heavylsnetduce the production of ROS and it is
speculated that increased production of ROS andreyje anion may lead to a corresponding
increase in the cellular GSH production in an afieta attain cellular equilibrium.

When cells were pretreated with (BBefore metal exposure, the production of ROS
was significant in cells exposed to Cd and Pb oHlywever, all treatments induced significant

7
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decrease in the mitochondria membrane potentialedisas basal GHS. The decrease in MMP
and basal GHS was particularly obvious in cellsomegl to Hg and the quaternary mixture.
Research has shown that Hg has one of the stroafjiesties for GSH and is able to form Hg-

GSH complex, Franco et al. [39]. A single Hg iom ¢and to and cause irreversible excretion of
two GSH molecules. The release of GSH-Hg conjugadsult in stronger activity of the free Hg

ions disturbing GSH metabolism, and ultimately ahth Franco et al. [39]. Results of this
study revealed that the heavy metals and mixtuoelied were more toxic when cellular

glutathione was inhibited

This study showed that, heavy metals indoxielative stress via different mechanisms.
Primarily, arsenics and lead induced cytotoxicity teducing the mitochondria membrane
potential while Cd, and Hg were cytotoxic by th@duction of mostly superoxide anions and
nonspecific ROS. The mechanism of the mixture ieduoxidative stress includes damage to
mitochondria membrane, as well as superoxide aa@hROS production. When the synthesis
of cellular glutathione was inhibited, all five atenents damaged the mitochondria membrane
and depleted basal GSH. Cd, Pb, and As also elitite production of ROS. This study is the
first to show the possible oxidative stress medrannduced by four metals and their quaternary
mixture (As, Cd, Hg, Pb and Mix) on MCF-7 breastaar cell line.
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List of Figure

Figure la. Effects of individual metals and thaiatgrnary mixture on mitochondria membrane
potential after S5hr of exposure. Cells were expasetieavy metals and their mixtures at the
concentration of 21.7ppm. Mitochondria membrandemiial was analyzed using flow
cytometry and the bar chart represents the meaemmodof three replicates. Treatments with the
same letters are not significantly different.®5.

Figure 1b. Effects of individual metals and thamatgrnary mixtures on mitochondria membrane
potential of LBSO Pretreated MCF7 cells after Safsexposure. Cells were pretreated with
LBSO then exposed to heavy metals and their migtafe21.7ppm. mitochondria membrane
potential was analyzed using flow cytometry and libe chart represents the mean and error of
three replicates. Treatments with the same lettersiot significantly different.£05.

Figure 2a Effects of individual metals and theiratnary mixtures on nonspecific ROS
production after 5hrs of exposure. Cells were egdds heavy metals and their mixtures at the
concentration of 21.7ppm. MCF7 cells were stawétl H2DCFDA 123 and analyzed by flow
cytometry and the bar chart represents the meaemmodof three replicates. Treatments with the
same letters are not significantly different.®5.
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Figure 2b. Effects of individual metals and thgiraternary mixtures on nonspecific ROS
production in LBSO pretreated MCF7 cell after 5bfsexposure. Cells were pretreated with
LBSO then exposed to heavy metals and their migtae the concentration of 21.7ppm.
Mitochondria membrane potential was analyzed udiogy cytometry and the bar chart

represents the mean and error of three replicateatents with the same letters are not
significantly different. R.05.

Figure 3a. Effects of individual metals and theuratprnary mixtures on superoxide anion
production after S5hr of exposure. Cells were exgdaseheavy metals and their mixtures at the
concentration of 21.7ppm. Superoxide anion wasyaedl using flow cytometry and the bar
chart represents the mean and error of three etptic Treatments with the same letters are not
significantly different. R.05.

Figure 3b. Effects of individual metals and theuatgrnary mixtures on superoxide anions
production in LBSO pretreated MCF7 cell after 5bfsexposure. Cells were pretreated with
LBSO then exposed to heavy metals and their migtae the concentration of 21.7ppm.
superoxide anion was analyzed using flow cytomatrg the bar chart represents the mean and
error of three replicates. Treatments with the shatters are not significantly different<R5.

Figure 4a. Effects of individual metals and thamatprnary mixtures on glutathione production
after 5hrs of exposure. Cells were exposed to heaeyals and their mixtures at the

concentration of 21.7ppm. Cellular GSH was analyasitg flow cytometry and the bar chart

represents the mean and error of three replicdtesatments with the same letters are not
significantly different. R.05.

Figure 4b. Effects of individual metals and thetraternary mixtures on cellular Glutathione
production in LBSO pretreated MCF7 cell after 5bfsexposure. Cells were pretreated with
LBSO then exposed to heavy metals and their migtatethe concentration of 21.7ppm. GSH
was analyzed using flow cytometry and the bar cheptesents the mean and error of three
replicates. Treatments with the same letters arsignificantly different. R.05.
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