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Mitochondrial dysfunction plays a crucial role in cell types that exhibit necrosis-
like death after activation of their death program. Tumour necrosis factor (TNF)
induces abnormal, perinuclear clustering of mitochondria from an evenly spread
distribution throughout the cytoplasm. The mitochondria withdraw from the
cell periphery and aggregate in a unipolar perinuclear cluster. TNF-induced mi-
tochondrial clustering is caused by impaired kinesin-mediated transportation of
mitochondria. In this report, we describe a novel activity of menadione (MEN),
namely the induction of an altered spatial distribution of mitochondria in the
choriocarcinoma JAR cells. Strikingly, 2 hours of cell exposition to menadione
did not disrupt the integrity of the plasma membrane, while the intracellular
ATP level significantly decreased. Control (untreated) cells displayed a typically
scattered distribution of filamentary mitochondria inside the cell. After 2 hours
of MEN treatment the spatial distribution of the mitochondria was markedly
altered to an asymmetric perinuclear clustered distribution. Menadione-stressed
cells displayed a highly asymmetrical perinuclear clustered distribution of the
mitochondria. The exposure of cells to MEN also results in a change in shape of
the mitochondria into a population of enlarged granular structures. The results
of our study demonstrate that in JAR cells menadione causes mitochondria to
translocate from the cell periphery into the perinuclear region several hours
before disruption of cell membrane integrity and cell death.
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INTRODUCTION
Recently accumulated evidence has shown that

mitochondria display dual fundamental, albeit quite
opposite, functions for eukaryotic cells. They are
energy conserving organelles indispensable for their
surveillance but can also be active players in pro-
grammed cell death [12]. Various pro-apoptotic stim-

uli are able to interfere with mitochondrial trans-
membrane potential, initiating irresistible commit-
ment to cell death and preceding the late down-
stream events in apoptosis such as DNA fragmenta-
tion [17]. Mitochondria are now recognised as re-
markably dynamic organelles. Time lapse microsco-
py of living cells provides evidence that mitochon-
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dria undergo constant migration and profound mor-
phological changes depending on frequent and con-
tinual cycles of mitochondrial fusion and fission [1,
19, 22, 23]. More importantly, mitochondrial mobil-
ity dynamics has been implicated in the regulation
of apoptotic and necrotic phenomena initiated by
membrane receptors for the tumour necrosis factor
family, namely TNF and TRAIL. The mechanism of
induction of apoptosis by TNF family members is ini-
tiated by a ligand binding to its target cell via high
affinity plasma membrane surface receptors. Both
TNF and TRAIL have been found to induce transloca-
tion of mitochondria from an evenly dispersed dis-
tribution to a clear cluster around the nucleus [5].
Attempts to identify precisely the downstream mech-
anism of ligand receptor interaction have suggested
multiple intra-cellular pathways and the reported
effects would appear to include an intact microtu-
bule network [5] as well as the generation of reac-
tive oxygen species [26]. The cytotoxic action of TNF
does not depend on any great enhancement of RNA
or protein synthesis by the inhibition of gene expres-
sion [24]. Analysis of the kinetics of the TNF-induced
mitochondrial dynamic has shown perinuclear clus-
tering preceding mitochondrial ROS production and
subsequent cell death by several hours [24].  On the
other hand, evidence has been provided that some
cells may counteract cytotoxic TNF activity by the
synthesis of rescue factors. Overexpression of mito-
chondrial MnSOD confers increased resistance to the
cytotoxic effect of TNF [32]. These findings strongly
imply that superoxide radicals might possibly partic-
ipate in TNF-initiated mitochondrial translocation and
cytotoxic signalling. We have previously shown that
menadione (MEN) induces apoptosis and necrosis in
human choriocarcinoma cells JAR (ATCC HTB-144)
line [8]. It has also been reported recently that apo-
ptosis induced by low doses of MEN is dependent
on at least on one member of the TNF family of
ligands, namely FAS-L [18, 25], involving activation
of the NFkB transcription factor [3, 21], which is com-
mon for them, as well as Jun Kinase (JNK) and p38
MAPK pathways [11, 31, 33]. It has also been pro-
posed by Laux et al. [13] that, while JNK activation
and Fas-L expression play a role in cellular apoptosis
at lower menadione concentrations, this effect yields
to a predominant mitochondrial death mechanism
at a higher drug concentration where the principal
effect of MEN appears to be a failure of ATP synthe-
sis, with little evidence for the involvement of caspas-
es. Menadione metabolism is known to involve re-
dox cycling of the parent quinone molecule and is

3-glutathionyl conjugate, resulting in the liberation
of superoxide radicals [7]. In this report, we describe
a novel activity of MEN, namely the induction of al-
tered spatial distribution of mitochondria in chorio-
carcionoma cells. The effects of MEN on ATP level
and the integrity of the plasma cell membrane were
also compared.

MATERIAL AND METHODS

Cell line

Human choriocarcinoma cells JAR (ATCC HTB-144)
were routinely cultured in 75-cm2 plastic flasks
(Sarsted) in RMPI 1640 containing 1 mM sodium
pyruvate supplemented with 10% (v/v) heat-inacti-
vated foetal bovine serum, 100 IU/ml penicillin and
100 µg /ml streptomycin. The cells were grown in
a humidified atmosphere with 5% CO2 at 37°C. The
cells were passaged weekly by trypsin 0.25% and
EDTA 0.03%.

Reagents

Menadione sodium bisulfite (MEN) was a prod-
uct of Sigma (USA). RMPI 1640 was also purchased
from Sigma-Aldrich Chemicals (USA) and foetal bo-
vine serum from Gibco BRL (Grand Island, NY, USA).
Trypsin with EDTA and Phospate Buffer Saline (PBS)
pH 7.4 were products of Sigma Chemicals (USA) and
Mito Tracker Red CMXRos was produced by Molecu-
lar Probes, Inc. FITC — Phalloidin was a product of
Sigma P5282 (USA). Formaldehyde and glutardehyde
were purchased from Merck (Germany), Perma Flu-
or mounting solution from Immunon (Pittsburgh, PA,
USA) and Triton X-100 from Sigma-Aldrich Chemi-
cals (USA).

Treatment of cells with menadione (MEN)

Cells were plated in 6-well plates at a concentra-
tion of 5 ¥ 105 – 1 ¥ 106 cells/well. The cells were
treated with 50 µM menadione at specific times
(0 h, 1 h, 2 h, 4 h, 24 h).

Viability assay

Cell viability was evaluated through lactate de-
hydrogenase (LDH) release. After substracting the
relevant volume of medium (200 ml) from above the
cells (to be used as reference in the following steps),
the cells were lysed by the addition of Triton X-100
(final concentration in culture dish 1%). The aliquots
(2 ml) of the lysed cells as well as the reference cul-
ture medium were centrifuged at 1500 ¥ g for 3 min
and supernatants were used for the assay.



409

Anna Hallman et al., Oxidative stress affects mitochondrial distribution

10 µl of the assay solution was added to a cuvette
containing 0.05 M Tris-HCl buffer, pH 7.4, 1 mM so-
dium pyruvate and 0.15 mM NADH, and spectro-
photometrical analysis at 340 nm was performed.
LDH release was expressed as a percentage of total
release i.e. the release of LDH after cell lysis by 10%
Triton X-100 [6].

Measurement of intracellular ATP level

Sample preparation: cells (~2 ¥ 106 cells/ml) were
collected by trypsinisation, centrifuged together with
those floating in medium and washed with PBS. The
cells were then suspended in 0.3 ml of cold 1.4 M
HClO4 and incubated for 15 min on ice to extract
cellular nucleotides. Acid extracts (0.3 ml each) were
centrifuged (14,000 RCF — 5 min), transferred to
new tubes, and neutralised to pH ~6.5 by the addi-
tion of 0.1 ml of cold 3 M K3PO4 prior to centrifuga-
tion (14,000 RCF — 5 min). The supernatants were
subjected to further analysis by HPLC. Protein con-
centration was evaluated using the Bradford meth-
od [2] after dissolving the perchloric acid precipi-
tates with 0.5 M NaOH. The methods applied for
HPLC determination of intracellular ATP level was
based on that described by Smoleński et al. [29]

Staining and Visualisation of Mitochondria by
Confocal Microscopy

Cells growing on 24 ¥ 24 mm glass coverslips
under various experimental conditions were incubat-
ed with 100 nM Mito Tracker Red CMXRos (CMXRos;
Molecular Probes, Inc.) for 30 minutes at 37°C in an
atmosphere of 5% CO2. Cells were fixed with a fixa-
tive containing 2% glutaraldehyde and 2% formal-
dehyde in PBS for 30 minutes at room temperature
and then washed in PBS and permeabilised with 0.1%
Triton X-100 in PBS for 10 minutes at room temper-
ature. This was followed by 4 washes in PBS. The
coverslips with cells were placed on glass slides in
a Perma Fluor mounting solution (Immunon, Pitts-
burg, Pennsylvania) and analysed by the confocal
system Radiance 2100 (Bio-Rad, UK), equipped with
Krypton/Argon lasers and mounted on an Eclipse 600
(Nikon, Japan) microscope, using the software La-
serSharp 2000 version 4.0 (Bio-Rad, UK) as previous-
ly described [10].

Results and Discussion

The cell viability assay revealed the cytotoxic ac-
tivity of MEN after 24 hours of treatment. Nearly
50% of total LDH activity was detected in the extra-
cellular medium. The intracellular ATP level as an in-

dex of the energy conserving process (pathway) fell
dramatically to about 5% of the control value (con-
trol ~12 nmol/mg protein) (Fig. 1). Strikingly,
2 hours of cell exposure to menadione did not dis-
rupt the integrity of the plasma membrane, while
the intracellular ATP level significantly decreased
(Fig. 1). Control (untreated) cells display a typically
scattered distribution of filamentary mitochondria
inside the cell (Fig. 2A). After 2 hours of MEN treat-
ment the spatial distribution of the mitochondria was
markedly altered to an asymmetric perinuclear clus-
tered distribution (Fig. 2B). Menadione stressed cells
displayed a highly asymmetrical perinuclear clustered
distribution of mitochondria. The exposure of cells
to MEN also results in a change in shape of the mi-
tochondria into a population of enlarged granular
structures.

24 hours of treatment of choriocarcinoma cells
with 50 µM menadione results in a non-apoptotic
necrosis-like process characterised by disruption of
the plasma membrane integrity and collapse of the
energy conserving systems. Mitochondrial dysfunc-
tion plays a crucial role in cells types that display
a necrosis-like death program. It has previously been
demonstrated that disruption of the plasma mem-
brane integrity by inflammatory cytokine TNF in-
duces cell line L929 on the murine fibrosarcoma

Figure 1. LDH release and the concentration of ATP in JAR cells
after treatment with 50 µM menadione. The values represent
means ± SEM from 3 independent experiments.
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[30]. In L929 cells, as well as in the human ovarian
carcinoma cell line, there is evidence for an involve-
ment of mitochondrial ROS in TNF-initiated cell
death [28]. The most striking result of our study is
its demonstration that MEN causes mitochondria
to translocate from cells peripheral to the perinu-
clear region several hours before disruption of cell
membrane integrity and cell death. As MEN is a well-
known chemical source of superoxide anion gener-
ation inside the cell, the result demonstrates its
ability to induce mitochondrial translocation points
on an intrinsic feature of ROS so as to mediate
a specific signal transduction pathway such as that
displayed by TNF or TRAIL in other cell systems [14].
The spatial distribution of mitochondria is largely
directed by two kinds of molecular motor, kinesin
[27] and dynein [15]. Kinesin motor proteins are
known to be plus-end directed, so kinesin-mediat-
ed organelle transport is predominantly directed to
the cell periphery. Accordingly, loss of kinesin-me-
diated transport by the inhibitory effect of MEN will
result in a perinuclear localization of the mitochon-
dria as a result of the minus-end directed motor
activity of dynein. Inactivation of kinesin by micro-
injection of an anti-kinesin antibody results in a clus-
tering of mitochondria close to the nuclear region
[16]. Since MEN induces a similar translocation of
the mitochondria, we can speculate that the inacti-
vation of kinesin in cells is a response to MEN.

A viability assay revealed that clustering of the mi-
tochondria is not a harmful phenomenon for the
cell. We also observed distinct changes in the shape
of the clustered mitochondria from the original
elongated filamentous into distinctly enlarged gran-
ular ones. It is likely that these progressive mor-
phological alterations in mitochondrial shape oc-
cur through mitochondrial fusion. The mitofusins
Mfr1 and Mfr2 have been shown to promote mito-
chondrial fusion [4]. Our previous study revealed
the important role of ROS in mediating changes in
the shape of the mitochondria and their conver-
sion to distinctly enlarged granular megamitochon-
dria [9]. Such behaviour can be of great importance
as a protective effect on the mitochondrial popula-
tion in oxidatively stressed cells. The work of Ono
et al. [20] has demonstrated that cells are protect-
ed from mitochondrial dysfunction by the comple-
mentation of DNA products in fused mitochondria.
If such a mechanism is operative in choriocarcino-
ma cells oxidatively challenged with MEN, one may
speculate that ROS-mediated mitochondria trans-
location and fusion is a part of a protective mecha-
nism being converted to facilitate elimination of the
cell if repair systems are ineffective. The perinucle-
ar localization of the mitochondria facilitates the
provision of ATP for repairing damaged nuclear
components as well as intra-mitochondrially seques-
tered cell-death-inducing compounds.

Figure 2. Distribution of mitochondria in JAR cells. A. Control cells; B. Treated with 50 µM menadione for 2 h.
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