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The role of mitochondria

By their morphological appearance mitochondria 
are perhaps the most intriguing cell organelles. Prac-
tically, a mitochondrion is a balloon inside the bal-
loon where inner and outer membranes create two 

Summary
Mitochondria are ubiquitous organelles of  eukaryotic cells and they 
are the mayor site of generating energy in the form of adenosine 
triphoshate through the process of oxidative phosphorylation. Anal-
ysis and estimation of mitochondrial function is of outmost impor-
tance when it comes to studying intracellular energy metabolism, 
mechanisms of apoptosis, signaling pathways, calcium storage and 
the pathophysiology of a large spectrum of human diseases includ-
ing various neurodegenerative diseases, myopathies, metabolic 
syndromes and cancer. Respiratory capacity analysis covers one of 
the many roles that mitochondria play in living cells and it provides 
us with useful data about functional integrity of mitochondria. As-
sessment of individual respiratory chain complexes or other mito-
chondrial enzymes has been widely used to estimate mitochondrial 
function and dysfunction but it neglects the influence of complex 
structural and functional interplay of mitochondrial proteins and 
enzymes and plasmic compounds. Another method that empha-
sises the importance of studying intact mitochondria is in vitro 
technique, and although it has many advantages, in some aspects it 
is far from being representative when it comes to functional assess-
ment of mitochondria. From the perspective of energy production 
and consumption, the cardiac muscle is a highly demanding tissue 
and it is the well functioning of mitochondria that is conditio sine 
qua non for this nature to be fulfilled. In cooperation with the Uni-
versity of Split School of Medicine in Split and under the mentorship 
of Prof. Marko Ljubkovic, the Department of Physiology of the Fac-
ulty of Medicine Novi Sad works on introducing in situ approaches 
in the analysis of respiratory mitochondrial function in skinned 
muscle fibers of human cardiac tissue.
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Sažetak
Mitohondrije su sveprisutne organele eukariotskih ćelija i pred-
stavljaju glavno mesto za stvaranje energije u formi adenozin 
trifosfata kroz proces oksidativne fosforilacije. Analiza i pro-
cena mitohondrijalne funkcije je od velikog značaja za izuča-
vanje intraćelijskog energetskog metabolizma, mehanizama 
programirane ćelijske smrti, signalnih puteva, skladištenja kal-
cijuma i patofiziologije širokog spektra bolesti čoveka uključu-
jući različite forme neurodegenerativnih oboljenja, miopatija, 
metaboličkog sindroma i kancera. Analiza respiratornog kapa-
citeta pokriva jednu od mnogih uloga koje mitohondrija igra u 
živim ćelijama i pruža nam važne podatke o funkcionalnom 
integritetu mitohondrija. Ocena pojedinih kompleksa respira-
tornog lanca ili drugih mitohondrijalnih enzima se uveliko 
primenjuje u proceni mitohondrijalne funkcije ili disfunkcije, 
međutim ona zanemaruje uticaj kompleksne funkcionalne i 
strukturne povezanosti mitohondrijalnih enzima i proteina i 
plazmatskih komponenti. Druga metoda ističe važnost izuča-
vanja intaktnih mitohondrija u in vitro uslovima. Iako ova me-
toda ima brojne prednosti, u pojedinim aspektima funkcional-
ne ocene mitohondrija ona je nepotpuna. Sa aspekta proizvod-
nje i potrošnje energije, srčani mišić je izrazito zahtevno tkivo 
i upravo je očuvan rad mitohondrija preduslov za ostvarivanje 
njegove uloge. U saradnji sa Medicinskim fakultetom u Splitu 
i pod mentorstvom prof. dr Marka Ljubkovića, Katedra za fizi-
ologiju na Medicinskom fakultetu Novi Sad radi na uvođenju 
metode in situ procene mitohondrijalne respiratorne funkcije 
na diseciranim mišićnim vlaknima humanog srčanog tkiva.
Ključne reči: mitohondrija; energetski metabolizam; oksida-
tivna fosforilacija; fiziološki fenomen ćelija; srčana mišićna 
vlakna; ćelijska respiracija
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separate internal compartments: intermembrane 
space and matrix space [1]. Mitochondria are the ma-
jor site of adenosine triphosphate (ATP) synthesis thus 
the life of a cell is dependant of their proper function. 
The inner membrane has several protein complexes 
attached to it or floating close to the membrane. Pro-
tein complexes create a respiratory chain which uses 
voltage and pH gradients to eventually generate ATP 
from adenosine diphosphate (ADP) and inorganic 
phosphate. Most mitochondrial complexes and struc-
tural proteins are encoded by nuclear deoxyribonu-
cleic acid (DNA) and translated in cytoplasmic ribos-
omes whereas mitochondrial DNA accounts for a 
relatively small fraction of total mitochondrial pro-
teins. These complexes are known as nicotinamide 
adenine dinucleotide (NADH): ubiquinone oxidore-
ductase (complex I), succinate dehydrogenase (com-
plex II), ubiquinol-cytochrome c oxidoreductase 
(complex III), cytochrome c oxidase (complex IV) 
and ATP synthase (complex V). It is the travelling of 
electrons from one complex to another that generates 
redox energy in a single transfer. The released energy 
is used to pump the protons into the intermembranous 
space creating high concentration of protons in this 
compartment. Ultimately, complex V uses this pro-
ton-motive force that transfers hydrogen ion through 
its F0-F1 channel and produces ATP from ADP and 
inorganic phosphate [2–4]. 

Mitochondria also serve as an intracellular Ca2++ 

storage that can be possibly released under physiolog-
ical conditions. At last, mitochondria play a central 
part in the process of programmed cell death where 
certain external or internal signals initiate pathways 
for the highly regulated suicide of the cell [1, 5].

The tissue that relies heavily on these ATP ma-
chineries that mitochondria are is the cardiac mus-
cle. During a lifetime cardiomyocytes must contract 
repetitively at different frequencies. This means that 
they ought to have continuous supply of O2 and high 
mitochondrial density which guarantee rapid oxida-
tion of substrates and production of ATP to meet 
energy demands of the tissue [5]. 

The role of Mitochondrial Dysfunction

As a system is getting more complex, chances for 
errors to occur are increasing with every subunit be-
ing a potential site of mishap. Electron leakage in 
respiratory chain serves as the main source for gen-
erating reactive oxygen species and free radicals (su-
peroxide anion radical O2

-·, hydrogen peroxide (H2O2)  
molecules produced by superoxide dismutase). This 
intrinsic pathway of increased production of reactive 
oxygen and nitrogen species  may lead to structural 
abnormalities and functional breakdown in this or-
ganelle. In addition, other stimuli such as toxicants, 

protein degradation products and stress on other co-
functioning organelles also affect mitochondrial func-
tion and may induce formation of  mitochondrial 
permeability transition pores that is an initial step to 
apoptosis [6]. 

The number of publications in the field of mito-
chondrial function analysis is increasing rapidly and 
it serves as a proof that the role of mitochondria in 
the pathogenesis of various conditions is being placed 
in the center of interest to many scientists and re-
search teams. The research of T. Boczek et al. shows 
that alterations in type 2 and 3 isoforms of Ca2+ -AT-
Pase perturb energy-generating pathways and mito-
chondrial activity in a direction that is trying to 
maintain the levels of ATP production [7]. Macarini 
JR et al. investigated the effect of carnosine accumu-
lation on mitochondrial function in isolated rat skel-
etal muscle. They found that acute carnosine expo-
sure altered mitochondrial function and it is impor-
tant for future studies of carnosinase deficiency, a 
disease that affects several human tissues [8]. The 
effects of exposure to bacterial endotoxine lipopoly-
saccharide (LPS) were studied in hepatic cell line 
HepG2, primary hepatocytes and on mitochondria 
isolated from the quadriceps muscle of pigs by Jeger 
V et al. They showed that LPS is capable of influenc-
ing mitochondrial function by either changing the 
membrane potential or altering the respiration [9]. 
Lastly, in their review paper, Su J et al. analyzed the 
interaction between endoplasmic reticulum stress and 
mitochondrial dysfunction in tumors during the de-
velopment of chemotherapy resistance. This interac-
tion was mediated by Bcl-2 family of proteins [10].

Understanding of mitochondrial malfunctioning 
in various pathological conditions, genomic back-
ground and molecular mechanisms may provide 
new therapeutic approaches for prevention of dis-
eases associated with the defected function of mi-
tochondria. 

Analysis of Mitochondrial Respiratory Capacity

Analysis of mitochondrial function has become 
central in the basic research of mitochondrial physi-
ology and the diagnosis of many diseases. Nearly half 
a century ago, Britton Chance and G.R. Williams 
isolated intact and active mitochondrial preparations 
and performed measurements of mitochondrial func-
tion [11, 12]. Nowadays the standard procedure of 

Figure 1. Laboratory for cellular Physiology
Slika 1. Laboratorija za ćelijsku fiziologiju
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isolating intact mitochondria is based on differential 
centrifugation of tissue or cell homogenates [13]. In 
spite of being helpful in assessing mitochondrial 
functional integrity, maximal capacity of oxidative 
phosphorilation and import of mitochondrial pro-
teins, this method has several limitations:

– Mitochondria are affected by the isolation proc-
ess. It is even more emphasised when the tissue 
specimen is affected by pathological process [14].

– Biased selection during differential centrifuga-
tion - swollen mitochondria have decreased density 
so the process of centrifugation will favour intact 
mitochondria. The proportion of diseased mitochon-
dria may be significantly decreased compared with 
the initial sample [14].

– It demands larger quantities of cells (>200x106 

cells) or tissue (above 500mg wet weight) [13].
– Natural interactions of mitochondria are lost in 

isolated mitochondria. As a consequence, functional 
properties of mitochondria are totally different in vivo 
and in vitro.

Studies of individual mitochondrial enzymes or 
respiratory chain complexes are widely used for as-
sessing mitochondrial function. On one hand, break-
ing down mitochondrial architecture and estimating 
structure and function of complexes and subunits one 
by one provides useful information. On the other 
hand, those information are incomplete for they will 
not reveal how all those enzymes and complexes in-
teract with each other in their physiological environ-
ment [2].

In vivo analysis of mitochondrial respiratory capac-
ity, among other parameters of cellular energetics, is 
certainly the most physiologically relevant approach to 
mitochondrial studies. But unfortunately, the analytical 
scope for studying mitochondrial function is restricted 
to measuring mitochondrial redox state, membrane 
potential, calcium and reactive oxygen species [2].

In situ analysis combines some advantages of the 
previously mentioned methods while avoiding limita-
tions of isolated mitochondria. It allows the assessment 
of mitochondrial function in an integrated cellular sys-
tem, in a physiological environment: normal intracel-
lular position and assembly, preserved interactions with 
cytoskeleton, nucleus and endoplasmic reticulum, in-
tact multienzyme system of intracellular energy trans-
fer. It resembles the situation in living cells more than 
the analysis of isolated mitochondria does [4].

The tissue sample is first mechanically dissected 
under the magnifier using micro tweezers to manipu-
late with the tissue and to eliminate unnecessary 
parts. Connective and fat tissue are removed. The 
second step is the application of special permeabiliz-
ing chemicals that specifically interact with choles-
terol from membranes of cells or muscle fibers, at-
tacking the cholesterol rich membranes such as plas-
malema, while sparing the membrane of endoplasmic 

reticulum and mitochondrial membranes. Chemical 
permeabilizing agents like saponin, digitonin, filipin, 
α-solanin, α-tomatin or β-escin selectively attack the 
plasma membrane of muscle fibers, leaving the or-
ganelles and the cytoskeleton intact. After finishing 
the initial steps for tissue preparation, the mitochon-
drial respiratory capacity of the tissue sample is test-
ed using the Oxygraph Plus system (Hansatech In-
struments ltd Narborough Road, Pentney, King’s 
Lynn, Norfolk, UK) (Figure 1). The Oxygraph Plus 
system consists of a highly sensitive S1 Clark Type 
polarographic oxygen electrode disc mounted within 
a DW1/AD electrode chamber and connected to the 
new Oxygraph Plus electrode control unit. It provides 
personal computer control of oxygen uptake or evolu-
tion measurements across a broad range of applica-
tions from studies of mitochondria and cellular respi-
ration. 

At the Department of Physiology of the Faculty of 
Medicine in Novi Sad we are currently measuring 
normal mitochondrial respiration capacity in the rat 
heart and Guinea pig heart following the in situ meth-
od (Figure 2). After completion of studying animal 
models, as a part of our training process, we will turn 
our attention to human physiology, more specifically 
the human cardiac tissue. Our colleagues from Split 
utilized this method and published a couple of articles 
whose primary subject was the influence of various 
active substances on the respiratory function of mi-
tochondria. The goal of their study was to assess the 
effect of trimetazidine on mitochondrial substrate 
oxidation directly in left ventricular myocardium with 
coronary artery disease patients [15].

Conclusion

The number of publications in the field of mito-
chondrial function analysis is increasing rapidly and 
it serves as a proof that the role of mitochondria in 
the pathogenesis of various conditions is being placed 
in the center of interest to many scientists and re-
search teams. In the future our research will focus 
on investigating the role of mitochondria in the 
pathogenesis of human heart diseases and how vari-
ous comorbidities have repercussion on the human 
heart tissue and mitochondrial respiratory capacity.

Figure 2. Steps in preparing the tissue sample for measure-
ment
Slika 2. Koraci u preparaciji tkiva za merenje
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