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RÉSUMÉ

Mécanismes mitochondriaux de l’apoptose en cas de 
traumatisme combiné expérimental de la poitrine et 
des deux cuisses

L’objectif de l’étude. Cette étude vise à étudier les 
caractéristiques de l’apoptose des neutrophiles san-
guins en cas de traumatisme combiné de la poitrine et 
des deux cuisses chez le rat.
Méthodes. L’analyse des échantillons cellulaires pour 
déterminer les espèces réactives de l’oxygène a été éva-
luée par la méthode de la cytométrie en flux avec un 
diacétate de 2.7-dichlorodihydrofluorescéine. Le pour-
centage de neutrophiles à faible potentiel mitochon-
drial transmembranaire et le pourcentage de neutro-
philes apoptotiques ont été évalués par la méthode de 
cytométrie en flux avec des kits spécifiques.

ABSTRACT

The objective of the study was to investigate the 
features of blood neutrophils’ apoptosis in case of com-
bined trauma of the chest and both thighs in rats.
Material and methods. The analysis of cell samples 
to determine reactive oxygen species was evaluated by 
the flow laser cytometry method, using 2.7-dichloro-
dihydrofluorescein diacetate. The percentage of neu-
trophils with low transmembrane mitochondrial po-
tential and percentage of apoptotic neutrophils were 
evaluated by the flow laser cytometry method, using 
specific kits.
Results. It was established the progressive, statisti-
cally significant increasing of Annexin V- positive cells 
percentage from the first day of the experiment, with 
the highest values within 7-14 days of observation. On 
the 28th day of experiment, the reduction of apoptotic 
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INTRODUCTION

Structural and functional alteration of mito-
chondria plays an important role in the pathogenesis 
of many diseases, since mitochondria, as a semiauton-
omous organelle in cells, apart from containing their 
own genetic material, plays an important role in en-
ergy metabolism, oxidation-reduction balance and 
calcium homeostasis, pathways of mitochondria-me-
diated or receptor-independent apoptosis, provides 
mechanisms of signal transduction in the control of 
nuclear function1-6.

The molecular mechanisms of apoptosis involve 
several pathways and activation of caspases, a family 
of cysteine proteases, represents a common event for 
several pro-apoptotic stimuli7. Regarding the charac-
terization of the events upstream from caspase acti-
vation, mitochondrial damage has been reported to 
trigger this process. Consistent with this hypothesis, 
anti-apoptotic proteins, such as Bcl-2, are located in 
the mitochondria, suggesting a role for this organelle 
in the induction of apoptotic death. Moreover, the 
release of mitochondrial pro-apoptotic factors, such 
as cytochrome c, is blocked by Bcl-28.

Excessive mitochondrial Ca2+ uptake is of par-
ticular importance in the brain, heart and muscle, 
where prolonged unphysiological increases in Ca2+ in-
flux, especially when combined with oxidative stress, 
may result in a pathological transformation – the 
opening of the mitochondrial permeability transition 
pore (mPTP) and induction of necrotic cell death2,4.

Oxygen is used to support mitochondrial respi-
ration, which in turn is used to build a proton gra-
dient across the expanded surface area of the cristae. 

It is the proton gradient, expressed largely as a mi-
tochondrial transmembrane potential gradient, that 
then drives much of mitochondrial physiology – the 
synthesis of adenosine triphosphate (ATP), the trans-
fer of calcium and other ion exchangers, and the im-
port of proteins4,8.

Studies show that, in case of hypoxia, free oxy-
gen radicals have been accumulated and can damage 
polyunsaturated fatty acids of cell membranes. This 
process is accompanied by disruption of their bioelec-
trical activity9.

The results of our previous studies point to the 
development of tissue hypoxia in early posttraumatic 
period in case of combined trauma of the chest and 
both thighs in rats. We also have shown the increas-
ing of reactive oxygen species contents in the blood 
leukocyte suspension in 24 hours of posttraumatic 
period with progressive dynamics10. Analyzing the 
own results and published data, we have suggested 
that damage of the cell plasma membrane is accom-
panied by their apoptotic death.

THE OBJECTIVE OF OUR STUDY was to establish the 
features of blood neutrophils’ apoptosis in case of 
combined trauma of the chest and both thighs in 
rats.

MATERIALS AND METHODS

Experimental studies were conducted on 70 
male, nonlinear, white rats of 200-210 g body weight, 
that were housed at 25±3 °C and humidity of 55±2 
%, under a constant 12 h light and dark cycle. Water 
was available ad libitum.

Résultats. On a établi l’augmentation progressive et 
statistiquement significative du pourcentage des cel-
lules d’Annexine V-positives à partir du premier jour 
de l’expérience avec les valeurs les plus élevées dans 
les 7 à 14 jours suivant l’observation. Le 28e jour de 
l’expérience, la réduction du pourcentage de globules 
blancs apoptotiques de 7.7% par rapport aux résul-
tats du 14ème jour a été observée, mais elle est restée 
33.3% supérieure à celle du témoin.
Conclusion. Ainsi, l’une des voies de signalisation 
importantes du déclenchement de l’apoptose en cas de 
traumatisme combiné expérimental de la poitrine et 
des deux cuisses est la surproduction et la rupture de 
la membrane mitochondriale interne dues à la dimi-
nution du potentiel transmembranaire après 3-7 jours 
d’observation.

Mots-clés: pneumothorax fermé, lésion squelettique, 
rat, mort cellulaire.

white blood cells percentage by 7.7% than the findings 
on the 14th day was observed, but it remained 33.3% 
higher than the control.
Conclusion. One of the important signaling pathways 
of apoptosis triggering in case of experimental com-
bined trauma of the chest and both thighs is reactive 
oxygen species overproduction and disruption of the 
mitochondrial inner membrane, due to the decreasing 
transmembrane potential on 3-7 days of observation.

Keywords: closed pneumothorax, skeletal injury, rats, 
cell death.
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The animals were randomly divided into 6 
groups: 1 control (C) and 5 experimental (E1, E2, 
E3, E4, E5): E1 – combined trauma of the chest and 
both thighs, 24 hours of observation; E2 – combined 
trauma of the chest and both thighs, 3 days of obser-
vation; E3 – combined trauma of the chest and both 
thighs, 7 days of observation; E4 – combined trauma 
of the chest and both thighs, 14 days of observation; 
E5 – combined trauma of the chest and both thighs, 
28 days of observation.

Experimental animal mortality: 11 rats.
Right sided closed pneumothorax with rib 

fracture, which was combined with a broken left 
and right femur, was modelled using a trocar to the 
animals of the experimental groups under the sodi-
um thiopental anesthesia (40 mg/kg of the animal 
weight). Skeletal injury was modelled by applying a 
single dosed impact by specially designed device on 
each thigh, which caused a closed fracture11. Impact 
energy was 0.375 J, which corresponded to the injury 
of moderate severity. Combined injury was modelled 
by sequential application of the two injuries.

In 24 hours, 3rd, 7th, 14th and 28th days, eu-
thanasia was performed for rats by administration of 
sodium thiopental, 90 mg/kg of the animal weight 
in accordance with the requirements of the Animal 
Care Committee.

The population of neutrophils was obtained by 
blood centrifugation at double density gradient 1.077 
and 1.093 of ficoll-urografin. After 40 minutes of cen-
trifugation at 4°C and the speed of 1500 rpm, two 
interphases were formed. Upper interphase (on the 
border of plasma – ficoll-urografin density 1.077) was 
consisted of mononuclear cells – 80 % of lympho-
cytes, 15-18% of monocytes and 2-3% of granulocytes. 
Lower interphase (on the border of solutions gradient 
density 1.077-1.092) was the population of neutro-
phils12. The number of viable cells present in a cell 
suspension was 98-99% (Trypan blue exclusion test).

To determine the level of neutrophils’ apopto-
sis, the leukocyte blood suspension was resuspended 
in a pre-diluted (1:10) binding buffer from the kit of 
reagents“ANNEXIN V FITC“ (“Beckman Coulter“, 
USA). The number of cells was counted with the help 
of Goryaev’s calculating camera under the micro-
scope and adjusted to the number of 1106 cells/ml. 
Then, 100 μL of cell suspension was taken to test 
tube and 1 μL of annexin V-FITC solution and 5 μL 
of dissolved PI were added. Cells were mixed and in-
cubated in binding buffer at room temperature. As a 
negative control, we have used unlabeled cells. The 
determination of apoptosis was conducted on flow 
cytometer Epics XL (Beckman Coulter, USA), using a 
software system. Results are expressed as a percentage 
of cells which have attached FITC Annexin V or PI. 

The cells are alive when they are FITC Annexin V 
and PI negative. The cells are apoptotic when they are 
FITC Annexin V positive and PI negative. The cells 
are in stage of irreversible apoptosis (necrosis) when 
they are FITC Annexin V positive and PI positive.

The analysis of cell samples to determine ROS 
(hydrogen peroxide) of neutrophils was evaluated by 
the flow laser cytometry method on flow cytometer 
Epics XL (Beckman Coulter, USA), using 2.7-dichlo-
rodihydrof luorescein diacetate. The value of the 
studied parameter was expressed as a percentage (ra-
tio of cells with ROS overproduction to general cell 
count×100 %).

The number of neutrophils with low transmem-
brane mitochondrial potential (∆ψ) was evaluated 
by the flow laser cytometry method, using a kit of 
reagents «MitoScreen» («BD Pharmigen», USA) on 
flow cytometer Epics XL (Beckman Coulter, USA). 
The value of the studied parameter was expressed as 
a percentage (ratio of cells with low ∆ψ to general cell 
count×100 %).

All procedures were conducted according to 
the European Convention for the Protection of 
Vertebrate Animals used for Experimental and Other 
Scientific Purposes (Strasbourg, 1986) and General 
Ethical Principles of Experiments using Animals 
(First National Congress of Bioethics, Kyiv, 2001)13.

All of the data were processed using the soft-
ware package Statistica 6.1 for Windows. Intergroup 
comparisons were performed using Mann–Whitney–
Wilcoxon U test. The median (Me) and interquartile 
range (IQR [Q25-Q75]) were deduced. Correlation 
analysis was performed by Spearman method. The 
coefficient of linear correlation (r) and its reliability 
(p) were calculated, which was accordingly denoted 
in the tables (correlation matrices). If the index r=0, 
the linkage was considered as absent, in the range 
0-0.29 – the linkage was considered as weak correla-
tion, interval of index 0.30-0.69 described linkage as 
medium strength and interval 0.70-1.00 pointed to 
strong correlation interaction. The correlation coef-
ficient was significant at p<0.05.

RESULTS

The analysis of data indicates that production 
of ROS by neutrophils in case of combined trauma 
of the chest and both thighs in rats has increased: 
in 24 hours by 2.5 times, in the 3rd day by 2.8 times, 
reaching a maximum in 7th day when this index was 
3.2 times higher vs control group (Table 1). Although 
production of ROS by neutrophils in subsequent pe-
riods of observation (14 and 28 days) had decreased 
by 11.0 % vs data of the 7th day, it remained 2.8 times 
greater vs control group.
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The same trend is observed for changing the per-
centage of white blood cells with low transmembrane 
mitochondrial potential. Thus, the maximum value 
of the investigated index was detected after the 7th 
day of the experiment, exceeding by 2.6 times the 
data of control group. In spite of the fact that after 
28 days of experiment the percentage of white blood 
cells with low ∆ψ was significantly lower compared 
to data of second and third experimental groups, it 
exceeded twice the control data.

To investigate the mechanism of apoptosis onset, 
the percentage of Annexin V-positive cells was deter-
mined. It was established the progressive, statistically 
significant increasing of Annexin V- positive cells per-
centage from the first day of the experiment, with 
the highest values within 7-14 days of observation.

During this period, the investigated index was 
44.4% higher than the data of the control group. On 
the 28th day of experiment, the reduction of apoptotic 
white blood cells percentage by 7.7% than the find-
ings on 14th day was observed, but it remained 33.3% 
higher than the control group.

Two known ways of apoptosis include internal 
or mitochondrial, involving protein family Bcl–2, cy-
tochrome С and caspase – 9 and external with the 
activation of caspase – 8 linking a specific cell recep-
tor Fas– and soluble tumor necrosis factor receptors 
on the cell surface14, but our objective was to assess 
the impact of the mitochondrial pathway. Analyzing 
the dynamics of the investigated parameters, interde-
pendence of changes can be seen. Thus, in 24 hours 
after combined trauma of the chest and both thighs 

in rats, the production of free radicals increases, the 
source of which, in our opinion, is not only mito-
chondria. In 3 days of experiment, bioelectric activity 
of mitochondrial membranes is disrupted under the 
influence of reactive oxygen species, leading to the 
decreased of transmembrane potential. Accordingly, 
we consider that the most critical period in apoptotic 
destruction triggering in case of combined trauma 
is the 7th day, when pro-apoptotic factors are going 
out into the cell and lead to its death. In 14 days of 
experiment, the production of reactive oxygen spe-
cies is stabilized, reducing the negative impact on 
the mitochondria and the cell. Up to the 28th day, 
essential, protective functions of the organism are re-
stored, which leads to reduction of negative influence 
of oxygen radicals on cells (Figure 1).

The conducted correlative analysis showed statis-
tically significant, medium strength linkage, between 
ROS and the percentage of FITC Annexin V- positive 
cells in all periods of observation, except the 14th day 
(Table 2). It should be noted that there is a significant 
interdependence between the percentage of cells with 
low transmembrane potential and apoptosis in 3 and 
7 days after combined trauma of the chest and both 
thighs in rats.

DISCUSSION

Summarizing the findings, we can talk about the 
triggering of apoptotic cell death due to ROS overpro-
duction and disruption of the mitochondrial inner 
membrane, due to the decreasing of transmembrane 

Table 1. The indices of mitochondrial apoptosis pathway in case of combined trauma 
of the chest and both thighs (Me [Q25-Q75])

Index The percentage of reactive 
oxygen species of neutrophils

The percentage of neutrophils with low 
transmembrane potential

The percentage of FITC 
Annexin V- positive neutrophils

Control group, (n=10) 17.7
[17.4; 18.1]

1.3
[1.2; 1.6]

5.4
[5.1; 5.8]

Experimental group 1, 
(n=11)

42,6*
[41.9; 42.6]

1,5*
[1.4; 1.6]

6,2*
[6.1; 6.6]р≤0,001 р≤0,001 р=0,01

Experimental group 
2, (n=9)

48.7*
[46.1; 50.5]

2.6*
[2.5; 2.8]

6.6*
[6.4; 6.8]р≤0,001 р≤0,001 р≤0,001

Experimental group 3, 
(n=10)

56.5*
[54.7; 57.8]

3.5*
[3.2; 3.9]

7.8*
[7.4; 8.1]р≤0,001 р≤0,001 р≥0,05

Experimental group 
4, (n=9)

50.1*
[47.5; 51.9]

3.0*
[2.8; 3.2]

7.8*
[7.5; 7.9]р≥0,05 р≤0,01 р≤0,001

Experimental group 5, 
(n=10)

50.5*
[48.4; 51.8]

2.6*
[2.4; 2.7]

7.2*
[7.1; 7.2]

Note: * – significant differences compared to control animals, р<0.05;р – significant differences between the experimental groups.
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potential in 3-7 days after combined injury of the 
chest and both thighs. This statement demonstrates 
the role of mitochondrial apoptotic death initiation 
pathway in case of experimental combined trauma 
of the chest and both thighs, but does not deny the 
importance of other signaling pathways of apoptosis 
triggering. It should be noted that in 14 days of ob-
servation mitochondrial apoptosis mechanisms are 
devalued, but increased percentage of FITC Annexin 
V- positive cells remained.

So, in case of experimental combined trauma 
of the chest and thighs a „vicious circle“ has devel-
oped, which is associated with energy deficiency10 and 
overproduction of free radicals, on the background 
of hypoxia. Superoxide anion is produced the most 
actively by mitochondria. It has a very short half-life, 
but in the presence of superoxide dismutase it is 
transformed into oxygen and hydrogen peroxide, the 
level of which we have found via 2.7-dichlorodihydro-
fluorescein diacetate by flow cytometry. H

2
O

2
 itself 

is relatively inactive, but can lead to the formation of 
toxic hydroxyl radicals (•OH). Fenton showed that 
the formation of toxic hydroxyl radicals (•OH) from 

hydrogen peroxide is catalyzed by iron ions, called 
the „Fenton reaction“. Weiss and Haber discovered 
that O

2
• can be converted into H

2
O

2
 and further to 

•OH, called the Haber–Weiss reaction15-17. •OH are 
strong oxidants of biopolymers and lipids, inducing 
processes of lipid peroxidation, disruption of mem-
brane structures, leading to cell death and increasing 
of energy deficiency18,19.

CONCLUSIONS

In post-traumatic period of combined trauma 
of the chest and both thighs in rats, the statistically 
significant overproduction of reactive oxygen species 
by blood neutrophils in 24 hours of experiment leads 
to disruption of mitochondrial membrane bioelectri-
cal activity. This process is characterized by dynam-
ic increasing of the percentage of neutrophils, with 
low transmembrane potential with a maximum in 
7th day (exceeding by 2.6 times the data of control 
group, р≤0.001). It was established the progressive, 
statistically significant increasing of the percentage 
of apoptotic neutrophils, from the first day of the 

Table 2. Correlative linkages between the percentage of FITC Annexin V- positive cells of leukocyte 
suspension with ROS and mitochondrial transmembrane potential in case of combined trauma of the chest 

and both thighs (rxy)

Index
The percentage of reactive oxygen species of neutrophils

24 hours 3 days 7 days 14 days 28 days

The percentage of 
FITC Annexin V- posi-

tive neutrophils

0.52* 0.56* 0.56* 0.31 0.57*

The percentage of cells of leukocyte suspension with low transmembrane potential

24 hours 3 days 7 days 14 days 28 days

0.23 0.63* 0.70* 0.36 0.43

Note: * – significant differences of correlation coefficients, р<0.05

Figure 1. The dynamics of the mitochondrial apoptosis pathway 
in case of combined trauma of the chest and both thighs.
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experiment, with the highest values within the 7-14 
days of observation.

In case of experimental combined trauma of the 
chest and both thighs, we have established statistical-
ly significant, medium strength linkage between ROS 
and the percentage of FITC Annexin V- positive cells 
in all periods of observation, excepting the 14th day 
(р≤0.05); significant interdependence between the 
percentage of cells with low mitochondrial transmem-
brane potential and apoptosis in 3 days (r

xy
=0.63) and 

7 days (r
xy

=0.70) of observation.
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