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The Role of Mitochondria in Apoptosis Induced in vitro 
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Abstrac t . Cell death remains the focus of in vitro toxicology. Xenobiotics are ca­
pable of bringing about two types of cell death: apoptosis and necrosis. Prom our 
previous study we know that cells treated with xenobiotics showed very dynamic 
changes in their morphology, particularly vigorous movement of the plasma mem­
brane. Such changes probably depend on adequate energy supply. This observation 
stands in contradiction with published da ta showing tha t generation of ATP in 
mitochondria is altered very early in apoptosis. In this study we analysed the re­
lationship between mitochondrial activity and cell death induced by Etoposide, a 
selective inhibitor of topoisomerase II, treatment (10 ^ g / m l ) . As a model system 
we used stabilised cell line Hep2. Several markers of apoptosis, including typi­
cal cell morphology and DNA ladder formation were measured. The dynamics of 
morphological changes was recorded by the time-lapse videomicroscopy. We mea­
sured mitochondrial membrane potential with a specific fiuorochrome DASPMI, 
quantification was done by microfiuorometric assessment. Our da ta show tha t mi­
tochondrial activity was maintained during the first 6 hours after the t reatment 
with Etoposide, at the same time substantial changes in cell morphology as well as 
typical DNA fragmentation were observed. 
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I n t r o d u c t i o n 

Cells cultured in vitro represent indispensable experimental model objects in mod­
ern toxicology. In the cytotoxicity assessment the cell death is a very frequently 
used end point. Sufficient understanding of the cellular mechanism of toxic cell 
death is therefore of great importance. Due to this fact cell death has also become 
much-studied phenomenon in the frame of toxicology. 
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It is generally accepted that there are two distinct types of cell death: apop­
tosis and necrosis. Apoptosis is a regulated process responsible for the removal of 
superfluous, aged, or damaged cells. It appears that all cells possess the intrinsic 
capacity of undergoing apoptosis. Apoptosis involves the action of specific pro­
teases (caspases) and activation of nucleases, resulting in a typical, regular DNA 
fragmentation pattern (formation of mono- and oligomers 180-200 base pairs long, 
so called DNA ladder). Necrosis is an unregulated process; it is usually an outcome 
of a severe injury involving the damage of the plasma membrane and subsequent 
swelling of the cytoplasm and organelles (oncosis) (Wilson 1998). 

There are chemicals capable of inducing both apoptosis and necrosis in dif­
ferent concentrations (Kroemer et al. 1998). In our previous study both types of 
cell death were observed in treated cultured cells (Cervinka et al. 1997). Based on 
these facts, it would be therefore more appropriate to assume that apoptosis and 
necrosis represent two extremes of a broad spectrum of cell death modes. 

Recent evidence appears to point to the fact that the cellular system of energy 
production localised in mitochondria is a frequent target for many toxic substances 
(Bereiter-Hahn 1990) This finding is strengthened further by the observations of 
a decreased mitochondrial potential during the process of apoptosis. The mech­
anisms responsible for this change were proposed to be the opening of the inner 
membrane pore. The opening of this pore is thought to destroy the chemiosmotic 
proton gradient which is required for the maintenance of mitochondrial energy pro­
duction (Kroemer et al. 1997). From our previous study we know that cells treated 
with xenobiotics showed very dynamic changes in their morphology, in particular 
vigorous movements of the plasma membrane (Cervinka and Púža 1995). These 
movements depend on adequate energy supply. This observation stands in contra­
diction with published data showing that generation of ATP in mitochondria is 
altered very early in apoptosis (Mignotte and Vayssiere 1998). 

So far the relationship between morphological changes and mitochondrial func­
tions remains a bit unclear. We have therefore designed and carried out experiments 
to analyse one aspect of this problem, i.e. the relationship between mitochondrial 
activity and cell death induced by a selective inhibitor of topoisomerase II (Etopo­
side). As a model cell system we used stabilised cell line Hep2. Several markers 
of cell death, including typical cell morphology and DNA ladder formation were 
measured. The dynamics of morphological changes was recorded by the time-lapse 
videomicroscopy. Mitochondrial membrane potential was monitored with a fluo-
rochrome DASPMI, quantification was done by microfluorometric assessment. 

Materials and Methods 

Cell lines 

The continuous cell line Hep2 (European Collection of Animal Cell Cultures Ref No 
86030501) was used in this study Stock cultures are continuously maintained as station­
ary monolayers The cells were grown m a humidified 5% CO2 atmosphere at 37 °C in 
Dulbecco's modified Eagles medium (Sevapharm, Prague, Czech Republic) supplemented 
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with 10 % bovine serum (Bioveta Ivanovice, Czech Republic), penicillin G (100 U/ml) 
and streptomycin (100 /ig/ml) Cells were routinely tested for the presence of mycoplasma 
employing the fluorescence method, and only mycoplasma-free cultures were used Cells 
in stock cultures were detached by 0 25 % trypsin (Bioclot, Brno, Czech Republic) in 
Dulbecco's phosphate buffered saline without calcium chloride and magnesium chloride, 
pH 7 3 (Sigma D 5527) and resuspended in culture medium After dilution with culture 
medium to 105 cells per ml, one millihtre of the suspension was seeded into 60-mm plastic 
Petri dishes (Gamedium, Prague, Czech Republic) 

Drugs used 

For induction of apoptosis we used Etoposide (Vepesid inj , Bristol-Myers Squibb) a topoi-
somerase II inhibitor (molecular weight 589) in the concentration of 10 pg/ml 

For fluorometric determination of mitochondrial activity we used the isomeric styryl 
dye DASPMI (4-(4-(dimethylamino)styryl)-N-methylpyridmiumiodide (4-Di-l-ASP), (D-
288), molecular weight 366 24 (Molecular Probes) 

CH3
+N V - CH zCH —T V - N(CH3)2 

Scheme 1. Structure of the styryl dye DASPMI (4-(4-(dimethylamino)styryl)-A^-methyl-
pyndimum iodide (4-Di-l-ASP), (Molecular Probes, D-288) 

Dynamic morphology analysis 

After 24 hours of cultivation the standard medium was replaced with a medium supple­
mented with Etoposide and the cultures were recorded by time-lapse videomicroscopy for 
several days The time-lapse video-microscopy apparatus consists of an inverted micro­
scope Olympus IMT-2, equipped with a long-working-distance condenser, phase contrast 
objective (20 x) and 4 1 photo-eyepiece A CCD colour video camera (Mitsubishi CCD-
100E) and time-lapse video recorder (Mitsubishi HS-S5600E), with slow-down recording 
(120 times) are connected to this apparatus The microscope was situated in a chamber 
with temperature maintained at 37 °C 

Microfluorometry 

Intact mitochondria in living cells were stained with DASPMI Stock solution of 0 5 
mmol/1 in distilled water was diluted to the working solution of 5 /umol/1 in the cul­
tivation medium Equilibrium was obtained after one hour of cultivation Observation 
and measurements were carried out by a Zeiss Axiovert microscope (immersion objective 
lOOx), with excitation and emission wavelength similar to FITC 450-490 nm and 510-
520 nm, respectively In addition to the microscope, photometer, photoenhancer and a 
computer for automatic data collection as well as computer-controlled specimen move­
ment were employed Fluorescent intensity at 100 different places along the specimen was 
measured in each measurement 
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DNA ladder assay 

After 24 hours of cultivation the standard medium was replaced with a medium supple­
mented with Etoposide at 10 ng/ra\ concentration. Cells were treated by this drug for 
1, 3, 12, 18 and 24 hours, respectively. After the treatment the cells were harvested by 
means of a cell scraper and resuspended in the medium to the final concentration of ap­
proximately 106 cell/ml. Next, the cells were centrifuged for 5 min (JOUAN MR 22, rotor 
SWM 180.5) at 157 x g at 4°C. The resulting pellet was resuspended in 0.5 ml sodium 
azide (0.1%), pipetted into 1.5-ml tubes and again centrifuged for 5 min (JOUAN MR 22, 
rotor AM 2.19) at 80 x g at 4°C. The pellets were stored at -80°C. DNA isolation and 
electrophoresis were adapted and performed according to Wolfe et al. (1994) and Eastman 
(1995). 300 fj,l lysis buffer containing 500 mmol/1 Tris-HCl (pH 8), 16 mmol/1 ethylene-
diamine tetracetic acid (EDTA), 10 mmol/1 NaCl plus 10 fú proteinase K (20 mg/ml) 
and 20 /íl 10% sodium dodecyl sulphate (SDS) were added to the cells and the whole 
solution was incubated for 16 hours at 37°C. The solution was centrifuged for 10 min 
(JOUAN MR 22, rotor AM 2.19) at 13,790 x g at 4°C, supernatant collected, and DNA 
isolated by phenol/chloroform extraction and ethanol precipitation. Isolated DNA was 
resuspended in TE buffer containing 10 mmol/1 Tris-HCl and 1 mmol/1 EDTA (pH 8.0) 
and separated by horizontal gel electrophoresis on 2% agarose gel stained with ethidium 
bromide. Running time 2 hours at 50V. 

R e s u l t s 

The dynamics of morphological changes after the treatment with Etoposide is very 
well documented on our video sequences. During this s tudy we managed to record 
more than 20 video-sequences. For illustration we selected typical pictures showing 
morphology of Hep2 cells before t reatment and 12 hours after the treatment with 
Etoposide (Fig. 1). In the period of 4-8 hours after beginning of the t reatment 
the cell becomes rounded and the plasma membrane is rapidly moving, numerous 
pseudopodia are formed. After another 6-8 hours other typical changes can be 
observed - disruption of plasma membrane and release of the cell contents. These 
changes are quite typical for apoptosis, we have seen similar ones after t reatment 
with other apoptosis inducers (Cervinka et al. 1997). Nevertheless, we wanted to 
prove that the cell death we observed is really apoptosis. 

A typical hallmark of apoptosis is formation of DNA ladder due to an internu-
cleosomal hydrolysis of the DNA. Results of our DNA-ladder assay are illustrated 
in Fig. 2. Typical ladder formation is already detectable 1 hour after the beginning 
of the Etoposide t reatment . The DNA ladder persisted even 24 hours after the 
t reatment . From this da ta we can conclude that Etoposide at a dose of 10 /ug/ml 
is an efficient inducer of apoptosis in our model system with Hep2 cells. 

The next part of our work was devoted to the measurement of mitochondrial 
activity after the t reatment with Etoposide. First, we had to demonstrate tha t 
DASPMI is mitochondria specific. Therefore, we stained the cells with DASPMI 
and studied the morphology of them with a high magnification. Fig. 3 shows a 
control cell stained with DASPMI, the left part in phase contrast, the right par t 
in fluorescence. The mitochondria are very well stained, the localisation, size and 
shape of fluorescence are quite typical for mitochondria. Thus we conclude t ha t 
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Figure 1. Morphology of Hep2 cells before (left panel) and 12 hours after the treatment 
with Etoposide (10 /ig/ml) (right panel) Phase contrast, 500x, prints were made from 
time-lapse video-recordings 

Figure 2. DNA fragmentation after the 
treatment with Etoposide in different con­
centrations 1) The Molecular Weight 
Marker Boehrmger Mannheim XIV - 100 
bp ladder, 2) Hep2 cells treated with Eto­
poside for 1 h, 3) Hep2 cells treated with 
Etoposide for 3 h, 4) Hep2 cells treated 
with Etoposide for 12 h, 5) Hep2 cells trea­
ted with Etoposide for 18 h, 6) Hep2 cells 
treated with Etoposide for 24 h, 7) Un­
treated Hep2 cells 

DASPMI is suitable for selective staining of mitochondria. After the treatment with 
Etoposide we saw a very bright fluorescence even in the rounded cells with typical 
apoptotic morphology. Only in the completely disintegrated cell the fluorescence 
was very weak (Fig 4) 

Finally, we tried to quantify the fluorescence after DASPMI staining. It was 
not possible to measure the fluorescence during prolonged time intervals (more than 
2 hours) because the intensity of fluorescence decreased too rapidly and this did 
not permit to follow the fate of mitochondria in individual cells. Therefore we mea­
sured fluorescence in parallel cultures Results of microfluorometric quantification 
(intensity of fluorescence in arbitrary units) in control cultures were calculated as 
2218 ± 148 (mean ± S.D ). After 8 hours of cultivation in the presence of Etoposide 
(10 /ig/ml) we found similar values (2179 ± 163). 
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Figure 3. Control Hep2 cells after staining with DASPMI Left panel - phase contrast, 
right panel - fluorescence microscopy, 1000 x 

Figure 4. Hep2 cells treated with Etoposide after stammg with DASPMI Left panel 
phase contrast, right panel - fluorescence microscopy, 1000x 

From our results it is obvious that the mitochondrial transmembrane potential 
in cells is maintained during 6-8 hours after the t reatment with Etoposide. This 
very probably means tha t at this time the mitochondria are intact. 
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Discussion 

The role of the mitochondria in cell death was currently summarised by Green and 
Reed 1998. In principle, there are two ways how mitochondria can influence the cell 
death. Firstly, it is the disruption of membrane potential with a subsequent drop 
in ATP production. Secondly, it is the release of caspase activation proteins (for 
example, cytochome c) from mitochondria with subsequent activation of apoptotic 
pathway. 

In our recent study we focused our attention on the relationship between mito­
chondrial membrane potential and cell death. This phenomenon has been evaluated 
in several studies (Castedo et al. 1996; Masaki et al. 1989; Salvioli et al. 1998) but 
no unequivocal conclusions have been made. One approach to resolve this problem 
is to study the time course of the cell death In our recent study we made a parallel 
observation of cell morphology, mitochondrial potential and DNA-ladder formation. 
We could demonstrate that changes in mitochondrial potential do not come first in 
the cascade of events leading to apoptosis The typical morphological changes and 
the DNA ladder formation can be detected several hours earlier than changes in 
mitochondrial membrane potential. This evidence is in agreement with the latest 
investigations suggesting that apoptosis runs independently of mitochondrial ATP 
synthesis (Jia et al 1997). 

The discrepancies of the findings reported in the literature could be partly 
explained by the heterogeneity of the cell population. In our video sequences it is 
clearly demonstrated that not all the cells behave exactly the same way. Cytoflu-
onmetric analysis, which was performed simultaneously, allows the discrimination 
of mitochondrial potential in each single cell, thus giving further information about 
the cellular heterogeneity. Therefore, we believe that our approach of monitoring of 
mitochondrial potential (visualisation of mitochondria in living cells and measure­
ment of fluorescence by CCD camera) is favourable to integrated data obtained by 
flow cytometry. 

Acknowledgements. We wish to express our thanks to our collaborators in Biozentrum 
of the J W Goethe University Frankfurt am Mam for their help during microfluorometric 
measurements Grant Agency of the Charles University (project No 274/98) supported 
the work 

References 

Bereiter-Hahn J (1990) Behaviour of mitochondria in the living cell Int Rev Cytol 
132, 1—63 

Castedo M , Hirsch T , Susin S A , Zamzam N , Marchetti P , Macho P , Kroemer G 
(1996) Sequential acquisition of mitochondrial and plasma membrane alterations 
during early lymphocyte apoptosis J Immunol 157, 512—521 

Cervinka M , Púža V (1995) Apoptosis and necrosis dynamics of structural changes in 
cells cultivated m vitro after treatment with xenobiotics Toxicol Vitro 9, 387-396 

Cervinka M , Cervinková Z , Púža V (1997) Cytotoxicity and cell death Apoptosis or 
necrosis or both7 Folia Histochem Cytobiol 35, (Suppl 2), 9 



40 Cervinka et al 

Eastman A (1995) Assays for DNA fragmentation, endonucleases, and intracellular pH 
and Ca2 + associated with apoptosis In Methods in Cell Biology vol 46 Cell Death 
(Eds L M Schwartz and B A Osborne) pp 41—55, Academic Press, New York 

Green D R , Reed J C (1998) Mitochondria and apoptosis Science 281, 1309—- 1312 
Jia L , Allen P D , Macey M G , Grahn M F , Newland A C , Kelsey S M (1997) 

Mitochondrial electron transport chain activity, but not ATP synthesis is required 
for drug-induced apoptosis in human leukaemic cells a possible novel mechanism 
of regulating drug resistance Brit J Haematol 98, 686—698 

Kroemer G , Zamzami N , Susm S A (1997) Mitochondrial control of apoptosis Immunol 
Today 18, 44—50 

Kroemer G , Dallaport B , Resche-Rigon M (1998) The mitochondrial death/life regu­
lation in apoptosis and necrosis Annu Rev Physiol 60, 619 -642 

Masaki N , Kyle M E , Serroni A and Farber J L (1989) Mitochondrial damage as 
a mechanism of cell injury in the killing of cultured hepatocytes by tert-butyl 
hydroperoxide Arch Biochem Biophys 270, 672—680 

Mignotte B Vayssiere J (1998) Mitochondria and apoptosis Eur J Biochem 252,1—15 
Salvioh S , Maseroh R , Pazienza T L , Bobyleva V and Cossaizza A (1998) Use of flow 

cytometry as a tool to study mitochondrial membrane potential m isolated living 
hepatocytes Biochemistry USA 63, 235—238 

Wilson M R (1998) Apoptosis unmasking the executioner Cell Death Differ 5,646-652 
Wolfe J T , Pnngle J H Cohen G M (1994) Assay for the measurement of DNA 

fragmentation during apoptosis In Techniques in Apoptosis (Eds T G Cotter 
and S J Martin) pp 52—69, Portland Press, London 


