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Abstract

Skeletal muscle is the largest tissue in the body and plays a marked role in
the homeostasis of the body metabolic state. Mitochondria have been proven
to contribute to the pathophysiology of various metabolic diseases, either due
to defects in their bioenergetic properties or the production of reactive oxygen
species. In this work murine myoblasts C2C12 were used as a model of skeletal
muscle in vitro, and rat muscle was used to prepare homogenate enriched in the
mitochondrial fraction.

This work investigates the changes in respiratory parameters in models where
mitochondrial oxidative phosphorylation is induced by changing the available con-
sumable substrates in the culture media, such as replacing glucose by galactose,
and the effect of treating the cells with high glucose concentration during the
process of differentiation on mitochondrial performance. It also investigates the
changes in bioenergetic profiles in samples treated with inactive derivatives of
the widely used triphenylphosphonium (TPP+) salts to target mitochondria by
various probes and antioxidants.

The methods used in this study included evaluating mitochondrial parame-
ters in intact and permeabilized cells by real time measurement of the oxygen
consumption rate using the extracellular flux analyzer, measuring the enzymatic
activity of Krebs cycle and the electron transport chain complexes spectrophoto-
metrically, and measuring changes in mitochondrial membrane potential (∆ψm)
fluorometrically.

The results confirmed that low glucose concentration is the main inducer of
mitochondrial respiration and changes observed with galactose-treated models
are due to glucose deprivation. The presence of glucose in the culture media
is essential to induce differentiation and increasing the glucose level during the
myogenic process decreases in the respiratory capacity due to the decrease in
the enzymatic activity of complex I and III. More hydrophobic long alkyl side
chain of the TPP+ derivatives induces mitochondrial uncoupling and proton leak
respiration, while the least hydrophobic methytriphenylphosphonium (TPMP)
causes a gradual decrease of mitochondrial respiration by interruption of the
Krebs cycle and inhibition of oxoglutarate dehydrogenase complex.
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Souhrn∗

Kosterní svalovina, jakožto nejobjemnější tkáň v těle, má nezastupitelnou
úlohu při udržování metabolické homeostázy. Bylo dokázáno, že mitochondrie
přispívají k patofyziologii nejrůznějších metabolických onemocnění, ať již kvůli
poškození bioenergetických vlastností nebo produkcí reaktivních forem kyslíku.
V této práci byly jako in vitro model kosterního svalu použity myší myoblasty
C2C12 a sval krysy, ze kterého byl připraven homogenát obohacený o mitochon-
driální frakci.

Cílem práce bylo stanovit změny v mitochondriálních respiračních parame-
trech daných dostupností využitelných substrátů v kultivačním mediu, např.
nahrazením glukózy galaktózou, a také zjistit vliv vysokých koncentrací glukózy
na mitochondriální aktivitu během diferenciace. Dalším cílem bylo objasnit efekt
inaktivních derivátů trifenyl fosfoniových (TPP+) solí, hojně využívaných pro
doručení různých prób a antioxidantů do mitochondrií, na bioenergetický profil
buněk.

Data byla získána pomocí metod umožňující měření spotřeby kyslíku v reál-
ném čase na extracelulárním flux analyzátoru a to jak v buňkách s neporušenou
membránou, tak v permeabilizovaných buňkách, dále pomocí spektrofotometrick-
ého měření enzymatické aktivity Krebsova cyklu a elektronového transportního
řetězce, a nakonec pomocí fluorometrické detekce změn membránového potenciálu
mitochondrií (∆ψm).

Výsledky potvrzují, že nízká koncentrace glukózy je hlavním spouštěčem mito-
chondriálního dýchání a že změny pozorované u modelů kultivovaných s galaktó-
zou jsou způsobeny nedostatkem glukózy. Přítomnost glukózy v kultivačním me-
dia je tedy nezbytná pro indukci diferenciace a zvyšování hladiny glukózy během
myogenního procesu vede k poklesu respirační kapacity následkem snížení en-
zymatické aktivity komplexu I a III. Dlouhý alkylový postranní řetězec TPP+

derivátů, který se vyznačuje silnějšími hydrofobními vlastnostmi, indukuje mito-
chondriální odpřažení a únik protonů, zatímco nejméně hydrofobní metyltrifenyl-
fosfoniová sůl (TPMP) způsobuje postupný pokles aktivity mitochondriální res-
pirace přerušením Krebsova cyklu a inhibicí komplexu oxoglutarát dehydrogenázy.

∗Translation to Czech language was a kind offer of Veronika Šrámková
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Chapter 1

Introduction

The study of mitochondrial functions and pathways has gained increasing inter-
est due to the involvement of mitochondria in the development of many patho-
logical disorders through defects in oxidative phosphorylation, reactive oxygen
species (ROS) production, or mitochondrial DNA mutations. The links between
mitochondrial dysfunction and specific diseases were illustrated in many recent
reviews, including cardiovascular diseases (Chrissobolis et al., 2011; Ichiki and
Sunagawa, 2014; Yang et al., 2014; Wohlgemuth et al., 2014), cerebrovascular
(Orsucci et al., 2013), neurodegenerative (Kang et al., 2013; Morava and Kozicz,
2013; Morris et al., 2014; Scarffe et al., 2014; Winklhofer, 2014; Stroh et al., 2014;
Mohanty and McBride, 2013), psychological disorders (Anglin et al., 2012a,b;
Marazziti et al., 2012), ophthalmic diseases (Jarrett et al., 2010; Sadun et al.,
2013), and diabetes (Phielix and Mensink, 2008; Rieusset, 2011; Martins et al.,
2012; Newsholme et al., 2012; Szendroedi et al., 2012; Li and Yu, 2013; Dela
and Helge, 2013; Jelenik and Roden, 2013; Martin and McGee, 2014; Blake and
Trounce, 2014). As a consequence of this expansion in mitochondrial contribution
in diverse diseases, targeting mitochondria represented a plausible therapeutic
approach for various conditions (Sheu et al., 2006; Sorriento et al., 2014).

The present work is concerned with the study of energy metabolism in skele-
tal muscle, particularly the mitochondrial respiratory function and the changes in
respiratory parameters corresponding to changes in the available consumable sub-
strates. In studies examining in vitro models, the composition of growth media
is usually considered as a background condition, which has no significant effect
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1. INTRODUCTION

on observed phenomena. Proper controls are usually considered to elucidate the
response to novel treatments or concentrations, disregarding the contribution of
media in reforming the bioenergetic characterization of the tested model, which
complicates viewing of final conclusions with objective detachment. In the fol-
lowing pages I will describe what seems to be the most reliable changes in growth
media composition for a more suitable analysis of mitochondrial respiratory func-
tion, considering that a comprehensive investigation of mitochondrial ‘function’
and ‘dysfunction’ is difficult to include within one study, due to the broad range
of mitochondrial metabolic roles. Therefore, the major goal of this study is ad-
dressed to testing the predominant physiological function of mitochondria, which
is the generation of energy by oxidative phosphorylation.

One of the major complications facing in vitro studies is the decrease in the
reliance on mitochondria oxidative phosphorylation to provide energy. Cells cul-
tured in media with standard concentrations of glucose tend to acquire highly
glycolytic phenotypes (“Crabtree effect”, (Ibsen, 1961)), despite the presence
of satisfactory levels of oxygen, which makes them less suitable as models for
metabolic studies aiming to test mitochondrial respiration. Attempts have been
made to overcome this phenomenon, by substituting glucose for galactose, which
does not support anaerobic glycolysis. This is usually explained by the fact that
galactose cannot be oxidized to pyruvate without prior conversion to glucose,
which consumes two molecules of ATP, thus making anaerobic glycolysis insuf-
ficient to produce energy. Galactose-fed cells then should rely on mitochondrial
oxidative phosphorylation to produce ATP, hence providing researchers with a
metabolically improved model for studying mitochondrial respiratory function.
Several studies performed on various tissues and cell lines have shown substantial
changes in energy metabolism under such conditions where galactose-based media
are often recommended to circumvent the Crabtree effect (Rossignol et al., 2004;
Marroquin et al., 2007; Palmfeldt et al., 2009; Aguer et al., 2011).

The use of galactose supplemented cell culture media instead of glucose, al-
though being simple, is exposing the cultured cells to glucose deprivation, which
is another metabolic factor that participates in the observed results of the previ-
ous studies. Hence it was a necessity to differentiate the changes caused by using
galactose from that resulted from glucose fasting. Moreover, the use of galactose
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with tissues such as skeletal muscle is questionable, due to the lack of decisive
amount of information about galactose metabolism in skeletal muscle cells. On
the other hand, it is necessary to provide a suitable model of laboratory cultured
skeletal muscle where the cultured cells possess more tendency to produce energy
by mitochondrial oxidative phosphorylation pathway for a relevant investigation
of mitochondrial performance, and describe an optimal substrate concentration
to support cellular growth and differentiation, inclusive of testing the response of
cultured muscle cells to different concentrations of the available substrates.

In this work I tried to perform a detailed study on using different substrates
that can drive the cells towards a less glycolytic behavior, and analyze the mi-
tochondrial membrane properties in response to changes of media substrate con-
centration, and I provide evidence arguing against the use of galactose instead of
glucose to enhance mitochondrial respiration and increase the reliance on oxida-
tive ATP production. I compare the bioenergetic profiles of different metabolic
phenotypes as well as the cellular behavior and ability to differentiate in the pres-
ence or absence of glucose, to demonstrate the cause of previous studies published
observations that used galactose and documented alterations in mitochondrial res-
piration in skeletal muscle were substantially due to glucose deprivation but not
because of galactose metabolism.

I devoted a part of the study to present a comparison between hyperglycemic
and normoglycemic environmental changes in mitochondrial respiratory param-
eters of in vitro muscle cells grown and differentiated in either case, and I will
provide data supporting that high glucose levels may eventually result in a mito-
chondrial respiratory dysfunction and the possible causes of the lower respiratory
capacity associated with the constant presence of high glucose level.

The final part of this work includes a detailed study about the adverse effects
of the lipophilic triphenylphosphonium (TPP+) compounds, the most used mi-
tochondrial targeting moieties. I used moieties conjugated to inactive alkyl side
chains to focus the comparison on the degree of the lipophilic character, mediated
by the length of the alkyl side chain. I will provide data confirming interaction of
the highly lipophilic alkylTPP+ compounds with mitochondrial inner membrane
enzymatic function, and draw the attention to the adverse inhibition of Krebs
cycle by the least hydrophobic moiety methyltriphenylphosphonium (TPMP).
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1.1 Mitochondrial respiration

The unique mitochondrial function is to extract energy from nutrients, and the
released energy is used to form the high-energy compound ATP. Mitochondria
possess the required enzymes for the production of reduced coenzymes as a final
degradation of carbohydrates, fatty acids and amino acids, which eventually do-
nate electrons to the oxidative metabolic pathway. The process of energy transfer
is performed by a series of redox (reduction-oxidation) reactions, during which
the enzymatic complexes of the electron transport chain (ETC) located in the
inner mitochondrial membrane re-oxidize the reduced coenzymes produced from
the citric acid cycle, using molecular oxygen as a final electron acceptor. The
released energy is translated in the form of an electrochemical potential gradient
across the inner mitochondrial membrane. This difference in potential is used
to phosphorylate ADP producing ATP by the enzyme ATP synthase. In the
coupled state, the electron transfer is indirectly connected to ATP synthesis via
the electrochemical gradient, and ATP production relies on the efficiency of the
ETC to keep a sufficient rate of proton translocation to maintain this gradient.
Alteration in the activity of one or more of the enzymatic complexes of ETC can
lead to a defect in energy production, either in basal conditions or during stress.

An electron microscope scanning of a mitochondrion will reveal a membrane

Outer	  membrane	  Inner	  membrane	  

Figure 1.1: Classical mitochondrion as seen under electron microscope
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bound organelle with a continuous change in the shape of cristae. According to the
examined tissue, the number and shape of cristae and the total number of active
mitochondria can dramatically change. In tissues with a high energy requirement,
such as the cardiac muscle, the mitochondrial mass and the surface area of cristae
is several times higher than in liver tissue, due to the high respiratory activity.
Figure 1.1 illustrates a scheme of a classical mitochondrion viewed by electron
microscope.

1.1.1 The citric acid cycle

The citric acid cycle is a series of enzymatic reactions taking place in the mito-
chondrial matrix. The main input to the cycle is acetate in the form of acetyl-
CoA, produced from the breakdown of carbohydrates, lipids or proteins. The
energy extraction from the cycle intermediates occurs in the form of electron
transfer to the available oxidized NAD+ to be reduced to NADH. Electrons are
also transferred by the enzyme succinate dehydrogenase directly to the quinone
pool reducing ubiquinone to ubiquinol. Other energy transfer occurs in the form
of production of a molecule of guanosine-5′-triphosphate (GTP) from GDP and
inorganic phosphate (Pi). The net energy production of each acetate molecule
entering the cycle is equal to 3 NADH molecules, one GTP molecule and reduc-
tion of one molecule of ubiquinone to ubiquinol. The enzymatic reactions of the
citric acid cycle are schematically summarized in figure 1.2.

1.1.2 Components of the electron transport chain

The first enzyme complex in the electron transport chain is NADH dehydrogenase
or complex I. It binds to NADH liberated from Krebs cycle and catalyses its
oxidation to NAD+ and uses the removed 2 electrons from each NADH molecule
to reduce ubiquinone CoQ to ubiquinol CoQH2 in the quinone pool. The path of
electrons through the complex includes binding to flavin mononucleotide FMN
prosthetic group which becomes reduced to FMNH2 then through a series of
[Fe-S] clusters. The flow of each pair of electrons through the complex causes
translocation of 4 protons from mitochondrial matrix to the intermembrane space,
creating a proton gradient across the membrane.
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Figure 1.2: Scheme of the citric acid cycle

Complex II or succinate dehydrogenase is also an enzyme of the citric acid
cycle that catalyses the oxidation of succinate to fumarate coupled with the reduc-
tion of ubiquinone to ubiquinol by delivering additional electrons to the quinone
pool. The redox centers of complex II include FAD in the succinate binding
site attached to a series of Fe-S clusters, however, the tunnelling of electrons
through the complex is not associated with proton translocation. The electron
transfer flavoprotein-ubiquinone oxidoreductase and the glycerol-3-phosphate de-
hydrogenase are other FAD containing enzymes beside complex II, that catalyze
the transfer of electrons from substrate directly to the quinone pool without any
proton translocation, by pairing the oxidation of FADH2 produced during the
oxidation of fatty acids or amino acids to the reduction of ubiquinone.

Both complex I and II converge electrons to the quinone pool formed of coen-
zyme Q, which is a fat soluble electron carrier floating in the phospholipid bilayer
of the mitochondrial membrane. It is freely mobile and found as a functional
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ETF	  
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GPDH	  

Complex	  III	  

Complex	  IV	  

Q	  pool	  

Cyt	  c	  

O2	  

Figure 1.3: Scheme of electron transport chain

element in all cellular membranes, with the highest concentration in mitochon-
drial membrane. Thanks to its unique chemical structure it can be found in
three redox states, fully oxidized (ubiquinone), ubisemiquinone, and fully reduced
(ubiquinol). The three forms contribute in the quinone pool which maintains the
cyclic electron transfer to complex III.

Complex III or ubiquinol-cytochrome c oxidoreductase catalyses the transfer
of electrons from the quinone pool to the cyt c associated with the translocation
of more protons from the mitochondrial matrix. The pathway of electron transfer
through complex III passes through the redox centers of the complex -Rieske Fe-
S center, cyt b and cyt c1- in cyclic three stages with the net oxidation of one
molecule of ubiquinol to ubiquinone per cycle.

Cyt c is a highly water soluble protein found related to complex III in the
inner mitochondrial membrane, and can be easily solubilized from the intact
mitochondria. Cyt c is reduced by the electron transfer from complex III and
re-oxidized by the action of complex IV.

Complex IV or cytochrome c oxidase performs the final step of the electron

7



1. INTRODUCTION

transfer in the respiratory chain by catalyzing reduced cytochrome c oxidation
by molecular oxygen, which becomes reduced to two molecules of water. The
mechanism of electron transfer takes place in a five stages cycle, with the last two
stages requiring proton translocation in order to release the water molecules.

The main reactions of the mitochondrial electron transport chain can be sum-
marized in the following equations

NADH + Q + 5H+
in

Complex I−−−−−→ NAD+ + QH2 + 4H+
out (1.1)

succinate + Q Complex II−−−−−−→ fumarate + QH2 (1.2)

QH2 + 2 cyt c(Fe+3) + 2H+
in

Complex III−−−−−−→ Q + 2 cyt c(Fe+2) + 4H+
out (1.3)

4 cyt c(Fe+2) + 8H+
in + O2

Complex IV−−−−−−→ 4 cyt c(Fe+3) + 4H+
out + 2H2O (1.4)

Three of the four complexes of the ETC act as oxidation-reduction-driven
proton pumps, and since all the reactions catalyzed by the ETC enzymes are
reversible, it is essential to impose the presence of both the oxidized and reduced
forms of each enzyme substrate at appropriate concentrations. As the complexes
of the mitochondrial ETC move protons from the matrix into the intermembrane
space an electrochemical potential difference (proton-motive force ∆ρ) builds up
across the highly impermeable mitochondrial inner membrane. This potential is
used to produce ATP by ATP synthase to perform the phosphorylation division
of the oxidative phosphorylation process.

1.1.3 Phosphorylation by ATP synthase

ATP synthase uses the established membrane gradient to produce ATP from
ADP and inorganic phosphate. This reaction is reversible and maintaining the
mitochondrial membrane potential is essential to maintain ATP production. The
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enzyme is formed of two fractions, F1 and Fo which couple the release of energy
from protons returning from the intermembrane space down the electrochemical
gradient to the mitochondrial matrix to the phosphorylation of ADP to ATP in
a binding-change mechanism.

1.1.4 The bioenergetic profile

A cellular bioenergetic profile provides an analytical picture of mitochondrial res-
piration in the examined example. The profile consists of various respiratory
parameters concluded from measuring the cell respiratory control in intact cells.
Remarkable variations in one or more of these parameters can be a sign, or lead
eventually to mitochondrial dysfunction. So far, the cell respiratory control al-
lows a reliable, sensitive and specific estimate of the bioenergetics in intact cells,
assuming that the measured cells have sufficient glycolytic activity to support
cellular metabolism (Nicholls et al., 2010; Brand and Nicholls, 2011), since mi-
tochondrial respiration is interrupted during the test. The main advantage of
this measure is obtaining results with more physiological relevance, since it de-
pends on measuring the oxygen consumption rate of intact cells in the external
environment, thus avoiding the artifacts due to cellular permeabilization and mi-
tochondrial isolation.

However, intact cells lack their in vivo environment and the results are more
vulnerable to extreme changes depending on the available substrates provided
during the experiment. The cell respiratory control (mitochondrial stress test)
uses specific enzymatic inhibitors to perturb the function of electron transport
chain complexes. The method is discussed in detail in the experimental proce-
dures chapter (2.7.1). After measuring cellular respiration in state with a given
concentration of respiratory substrates, successive addition of mitochondrial in-
hibitors is used to show differences in other respiratory parameters, such as basal
mitochondrial respiration, ATP turnover-driven respiration, maximal and spare
respiratory capacity, proton leak and non-mitochondrial respiration, provided
that proper normalization is performed to avoid the variations in respiratory rate
due to cell size and phenotype. In this section I review briefly the major respira-
tory parameters concluded from a mitochondrial stress test.
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1.1.4.1 Basal respiration

Basal respiration represents the least cellular oxygen consumption rate during
resting condition. Factors controlling basal respiratory rate include ATP turnover-
driven respiration and proton leak (Brown et al., 1990; Ainscow and Brand, 1999)
after exclusion of non-mitochondrial respiration, so it varies according to the de-
mand to mitochondrial ATP. External factors such as the available substrates,
hormones or drugs can change the basal respiration accordingly. A change in the
basal respiration indicates a metabolic change, however, the nature of this change
can be elucidated by completing the bioenergetic profile. Data in chapter 5 and
chapter 6 show an example of changes in basal respiration induced by treatment
with mitochondrial targeting molecules with different mechanisms.

1.1.4.2 Non-mitochondrial respiration

Non-mitochondrial respiration of residual oxygen consumption is the oxygen con-
sumption after application of ETC inhibitors, namely complex I and III as the last
step of a respiratory control experiment. The dependence on extra mitochondrial
NADPH oxidases may dominate the cellular uptake, hence the accurate esti-
mation of non-mitochondrial oxygen consumption is essential to provide a more
reliable description of mitochondrial respiration. The non-mitochondrial respi-
ration can account for up to 10% of the total cellular respiration (Nobes et al.,
1990; Porter and Brand, 1995; Jekabsons and Nicholls, 2004; Affourtit and Brand,
2008; Amo et al., 2008). This is due to various desaturases and other cytosolic
enzymes. The value of the non-mitochondrial respiration is assumed to be con-
stant during the whole assay, and is subtracted from other values to distinguish
the actual mitochondrial consumption.

1.1.4.3 ATP turnover-driven respiration

ATP turnover-driven respiration represents the rate of mitochondrial ATP syn-
thesis in a certain basal condition. This estimate can be obtained by inhibiting
the ATP synthase by oligomycin, which is followed by a shift of the entire ATP

production glycolytic pathway and the rapid production of lactate, provided that
sufficient glucose is available. A change in the ATP turnover-driven respiration is
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due to a change in ATP demand, which is reflected on the basal respiratory rate.
However, a decrease in its rate in response to increasing ATP demand indicates a
dysfunction in the mitochondrial ATP synthesis machinery (Brand and Nicholls,
2011). The estimation of this parameter is not absolutely accurate, due to in-
duction of mitochondrial hyperpolarization following the addition of oligomycin.
This state may lead to underestimation of ATP synthesis by less than 10% (Af-
fourtit and Brand, 2009) and an increase in proton leak rate by 15-20% (Brand
and Nicholls, 2011).

1.1.4.4 Maximal respiratory rate

It is a state simulating a condition with a sudden increased demand on mito-
chondrial ATP. It is therefore strictly related to the available substrates and
the efficiency of the respiratory machinery to accelerate ATP production to near
maximum activity of the ETC. It is induced artificially by the application of
protonophores (uncouplers) leading to a collapse of the mitochondrial membrane
potential and uncoupling respiration from phosphorylation process. The con-
centration of the available substrates must be considered, since the increase in
demand may not match with the available substrates in intact cells.

There is a large difference when protonophores are used with isolated mito-
chondria, because consumable substrates are used with high non-physiological
concentrations in such a design. Also using protonophores has a different effect
when used with isolated mitochondria and it may give higher results for maxi-
mum respiratory rates than when used with intact cells, due to the non-selective
mode of action of the protonophore (Brand and Nicholls, 2011). The significance
of maximum respiratory rate parameters is to reveal established or potential mi-
tochondrial dysfunction that is not apparent in the basal state. A decrease in
this parameter reflects a defect in ETC or insufficient respiratory substrates.

1.1.4.5 Spare respiratory capacity

This is another important parameter that is concluded after the artificial induc-
tion of respiration. It is a diagnostic parameter that can indicate mitochondrial
dysfunction, that is not apparent under basal condition. Similar to maximum
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respiratory rate, it reflects the ability to supply substrates and transport elec-
trons in response to a sudden increase in energy demand (Yadava and Nicholls,
2007; Choi et al., 2009). it can be concluded quantitatively by subtracting the
respiratory rate in basal conditions from maximal respiratory rate.

1.1.4.6 Proton leak

Proton leak occurs physiologically in normally functioning electron transport sys-
tem, in parallel to proton re-entry through ATP synthase (Nicholls, 1977). There-
fore, it is found in mitochondria in situ in intact cells, and it doesn’t represent
an artifact of mitochondrial isolation (Nobes et al., 1990; Brand, 1990; Brand
et al., 1994; Rolfe et al., 1999). Experimentally, it is the mitochondrial respira-
tory rate while inhibiting the ATP synthase by oligomycin. After correction by
removing non-mitochondrial respiration, it represents the proton leak across the
mitochondrial membrane in situ in the preceding basal condition.

To achieve this state, the flow of electrons to the electron transport chain is
interrupted by inhibiting the main providers at complex I and complex III sites.
The proton leak rate is then obtained by subtracting this value from the respira-
tory rate after addition of oligomycin. Due to uncoupling, the respiration in this
state is relatively insensitive to changes in substrate oxidation and completely
insensitive to ATP demand. Changes in the proton leak rate indicate mitochon-
drial uncoupling, which can be moderate due to certain substrate, or large due
to severe mitochondrial damage, which is shown in chapter 5.

1.2 Metabolic importance of skeletal muscles

Skeletal muscle is the most abundant tissue in the body representing 40%-45%
of total body mass. Each skeletal muscle represents a distinct organ, composed
of varying number of muscle fibers. Beside its function in the locomotor system,
skeletal muscle tissue has an important metabolic function (Sinacore and Gulve,
1993; Petersen et al., 2007; Phielix and Mensink, 2008; Kus et al., 2008) being a
regulator of the whole body metabolism and energy expenditure. Skeletal muscle
tissue help achieve glucose homeostasis, due to the necessity to control glucose
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uptake during muscle activity in order to produce sufficient energy and in the
same time to replenish the depleted glycogen stores. Therefore, an impairment
in any of the mechanisms mediating glucose transport into skeletal muscles can
eventually result in an alteration in the whole body glucose metabolism.

Glucose transport to skeletal muscle is induced by muscle contraction or by
insulin as most peripheral tissue. Contraction induce glucose transport even in
absence of insulin from the environment (Ploug et al., 1984; Nesher et al., 1985;
Wallberg-Henriksson and Holloszy, 1985). It has been observed that an increase
in glucose transport can be induced by exercise (Garetto et al., 1984), (Wallberg-
Henriksson et al., 1988), by muscle stimulation in situ (Richter et al., 1984), and
by stimulation of isolated muscles in vitro (Nesher et al., 1985; Constable et al.,
1988).

While ≈90% of insulin mediated glucose transport occurs in the peripheral tis-
sues (DeFronzo, 1988), skeletal muscle tissue represents the major site of insulin-
dependent glucose uptake (DeFronzo, 1988; Kraegen et al., 1985; Baron et al.,
1988). Insulin induces storage of transported glucose to skeletal muscle in the
form of glycogen (Bogardus et al., 1983; Lillioja et al., 1986) in a process highly
dependent on muscle sensitivity to insulin level (Bogardus et al., 1983).

Skeletal muscles not only represent a store for excess glucose in the form
of glycogen, maintaining the blood glucose level, but also the protein of the
skeletal muscles acts as a major store from which amino acids can be drawn when
circumstances lead to a fall in the levels of blood glucose and of amino acids in
the circulation (Spargo et al., 1979). In addition, skeletal muscle contributes by
20%-30% to the basal metabolic rate (Guyton and Hall, 2006).

1.3 Changes in metabolic profile during skeletal

muscle differentiation

The process of myogenesis describes the differentiation of undifferentiated my-
oblasts into multinucleated myotubes, and the expression of contractile pro-
teins. This process also induces mitochondrial proliferation since undifferentiated
myoblasts posses from 5%–20% of the mitochondrial content of the differenti-
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ated cells (Moyes et al., 1997). Increasing the mitochondrial mass switches the
metabolic phenotype from glycolytic to oxidative ATP production (Leary et al.,
1998), associated with an increase in the reliance on oxidative phosphorylation
and decrease in reactive oxygen species (ROS) production (Fiaschi et al., 2001)
which is not correlated to changes in the content of the ETC (Lyons et al., 2004).

The importance of changing the metabolic phenotype during muscle differen-
tiation is related to alteration in cellular structure and enzymatic activity. This
simulates pathological conditions in which defects in the mitochondrial ATP pro-
duction modify the bioenergetic profile and ROS production (Beal, 2000).

1.4 Using galactose in muscle research

Researchers have studied the use of galactose with skeletal muscle in vivo and
muscle cell lines in vitro. Galactose was used to test the effect of polyol path-
way activation due to the similarity in manifestations with diabetic myopathy.
Recently, it was suggested to use galactose, although not being a consumable
substrate for skeletal muscle, to induce mitochondrial respiration in the highly
glycolytic tissue culture models.

1.4.1 Muscle dysfunction in experimental galactosemia

Using experimental hypergalactosemia in the study of diabetes was suggested
because both hypergalactosemia and diabetes are known to activate the polyol
pathway in most tissues, including skeletal muscle, leading to the accumulation
of polyols. Defects of muscle metabolism that are common to galactosemia and
diabetes are closely associated with the development of myopathy and might play
a role in the pathogenesis of the muscle disease in the two models (diabetes and
galactosemia).

In 1992, a study tested the effect of high galactose supplemented diet on
muscle and nerve function in rats (Cameron et al., 1992). The study concluded
that the over activity of the polyol pathway might contribute to the etiology of
diabetic myopathy and neuropathy, because galactitol accumulates in muscle and
nerve tissues leading to changes similar to these observed in diabetes, in the form
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of fiber damage, changes in contraction speed, tension production and resistance
to fatigue. These changes could be delayed by using an aldose reductase inhibitor,
which guarantees blocking of the polyol pathway.

Cameron et al. recommended this example of experimental hypergalactosemia
as a suitable model to investigate other effects of the polyol pathway, due to the
complex metabolic and hormonal changes in diabetes. The study also demon-
strated the similarities and differences between diabetic and galactosemic effects
on both slow and fast twitch muscles.

1.4.2 Using galactose to enhance mitochondrial respira-
tion

Previous studies on murine myoblasts showed that despite the availability of ox-
idizable fuel in the incubation medium, myoblasts in the early stage of differen-
tiation derive approximately 60% of their energy demands by lactate production
from glucose (Leary et al., 1998). For that reason attempts to develop a more
oxidative model were made either by lowering the glucose level (Mailloux and
Harper, 2010) or by substituting galactose for glucose where Aguer et al. pre-
sented data showing that the differentiation of human primary myoblasts in a
galactose-containing medium revealed mitochondrial dysfunction in samples de-
rived from formerly diabetic patients, who lost weight and became normoglycemic
(Aguer et al., 2011).

Galactose has been already used in many studies in attempts to abolish the
Crabtree effect, and to increase the reliance on mitochondrial oxidative respiration
in models used to study mitochondrial function/dysfunction in vitro (Rossignol
et al., 2004; Marroquin et al., 2007; Palmfeldt et al., 2009) in tissue cultures not
including skeletal muscle.

Since skeletal muscle lacks the ability to metabolize galactose (Resnick and
Hechter, 1957; Dvornik, 1987; Heidenreich et al., 1993), the study of Mailloux
et al. in 2010 suggested decreasing glucose concentration in growth media and
investigated the effect of two glucose concentrations, 5 mM and 25 mM, on the
basal and maximal respiration of differentiated C2C12 myotubes (Mailloux and
Harper, 2010). They stated that cells grown and differentiated in high glucose
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environment possessed lower maximal respiratory capacity than those grown and
differentiated in lower glucose level.

The later study of Aguer et al. found significant effects of galactose medium on
the metabolic function of human primary myoblasts (Aguer et al., 2011), however,
the authors in this study compared cellular respiration in media with different
compositions thus making it difficult to distinguish acute effects of substrate avail-
ability from longer-term phenotypic changes in cells grown in galactose-containing
medium. A detailed study of effect of galactose on mitochondrial bioenergetic pro-
file of C2C12 cells is discussed in chapter 3, and in this chapter I review briefly
galactose general metabolism.

1.5 Galactose metabolism

Galactose is a hexose monosaccharide that is different from glucose in the position
of the hydroxyl group on the 4th carbon atom forming a C–4 epimer of glucose.
It exists in nature in both open chain and ring forms. There are two anomers
of galactose in human body, α-D-galactose, and β-D-galactose. Galactose binds
with glucose to form lactose, a disaccharide, which is found mainly in milk and
dairy products. Galactose is found as well in some vegetables and fruits (Acosta
and Gross, 1995; Berry et al., 1993).

In humans, galactose can be absorbed in the proximal jejunum and renal
epithelium driven by Na+/glucose co-transporters SGLT1 and SGLT2 (Wright
et al., 1992; Martín et al., 1996). The adult 70 kg male can produce up to 2
grams of galactose per day by endogenous production and turnover of glycolipids
and glycoproteins (Berry et al., 1995, 1997, 2004), as galactose is used with other
monosaccharides, especially fructose, to form complex oligosaccharide side chain
in the process of glycation, relying on its higher glycation activity comparing to
glucose (McPherson et al., 1988).

1.5.1 Leloir pathway

Most organisms can utilize galactose through the Leloir pathway (Figure 1.4) and
congenital defects in one of its enzymes or the increase of galactose level can cause
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hypergalactosemia. Once present inside the cells, β-D-galactose is epimerized to
α-D-galactose through the action of the enzyme galactose mutarotase (Thoden
et al., 2004). Galactose is mainly metabolized in the liver by the Leloir pathway,
which needs three enzymes: galactokinase (GALK) consuming one ATP converts
galactose to galactose-1-phosphate. Then galactose-1-phosphate uridylyltrans-
ferase (GALT) catalyzes the transfer of UDP from UDP-glucose to form UDP-
galactose and glucose-1-phosphate. Lastly, UDP-galactose-4-epimerase (GALE)
converts UDP-galactose back to UDP-glucose (Holden et al., 2003), or UDP-
galactose can be a galactosyl donor in glycoproteins and glycolipids biosynthesis
(Salo et al., 1968).

Galactose	  

Galactose-‐1-‐P	  

Glucose-‐1-‐P	  

Glucose-‐6-‐P	  

UDP-‐Glucose	  

UDP-‐Galactose	  

GALK	  

GALT	   GALE	  

PGM	  

ATP	  

ADP	  

Glycolysis	  

Figure 1.4: Leloir Pathway. GALK, galactokinase; GALT, galactose-1-phosphate
uridylyltransferase; GALE, UDP-galactose-4-epimerase; PGM, Phosphoglucomu-
tase.

The other product of the second step, glucose-1-phosphate, can enter glycol-
ysis or reacts with UTP to form another molecule of UDP-glucose (Duggleby
et al., 1996); or it can be dephosphorylated by inositol monophosphatase to form
galactose (Parthasarathy et al., 1997). Genetic mutations in one or more of these
enzymes (GALK, GALT and GALE) can lead to a build up of d-galactose and
its metabolites to toxic levels, galactosemia, which can be presented by variable
clinical symptoms according to the affected gene (Reichardt, 1992).
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1.5.2 The polyol pathway

While Leloir pathway is responsible for metabolizing galactose in liver, galactose
undergoes an alternative pathway in skeletal muscle and other tissues. The polyol
pathway (Figure 1.5) is responsible for galactose metabolism due to absence of
the Leloir pathway (Dvornik, 1987). The polyol pathway, also known as sorbitol-
aldose reductase pathway, converts the unused glucose to fructose on two steps
by two enzymes: the aldose reductase reduces glucose to sorbitol by oxidizing
NADPH to NADP+, and then the sorbitol dehydrogenase oxidizes sorbitol to
fructose (Cogan et al., 1984).

Sorbitol	  

Glucose	  

Fructose	  

Galactose	  

Galac0tol	  

Aldose	  reductase	  

Sorbitol	  dehydrogenase	  

NADPH	  

NADP+	  

NAD+	  

NADH	  

Figure 1.5: The polyol pathway (sorbitol-aldose reductase pathway). Both glu-
cose and galactose are substrates for the enzyme aldose reductase. Accumulation
of sugar alcohols in muscle fibers leads eventually to myopathy.

Galactose is another substrate for the aldose reductase enzyme, which reduces
galactose to its alcohol galactitol. The second polyol pathway enzyme, sorbitol de-
hydrogenase, does not further metabolize galactitol, leading to the accumulation
of galactitol inside the muscle cell (Berry, 1995) and the myopathic manifestations
observed in experimental hypergalactosemia (Cameron et al., 1992). In tissues
other than skeletal muscle, higher activity of the polyol pathway causes a build
up of NADP+, and more reliance on the hexose monophosphate shunt to reduce
excess NADP+ for metabolic regulation (Davidson and Murphy, 1985).
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1.6 Targeting mitochondria

The critical role of mitochondria in cellular metabolism led to the introduction of
mitochondriotropic species which can influence mitochondrial biochemical path-
ways. An agent with high affinity to mitochondria must be membrane permeable
to freely cross the cytoplasmic and mitochondrial membranes. Synthesizing these
agents provided a wide variety of probes to study mitochondria, as well as new
therapeutic approaches. Mitochondrial targeting agents include lipophilic cations
that use the unique nature of mitochondrial membrane in maintaining a constant
potential across mitochondrial inner membrane to selectively accumulate within
mitochondria. Hydrophobicity plays a greater role in penetrating mitochondrial
membrane, and accounts for faster negatively charged anions across lipid mem-
branes (Flewelling and Hubbell, 1986).

Figure 1.6: Triphenylphosphonium bromide (TPP+) moiety

Triphenylphosphonium cations (TPP+) are considered the most widely used
cations to conjugate various mitochondrial targeting probes due to their unique
design (Figure 1.6). Mitochondrial uptake and binding to the phospholipid bilay-
ers of alkylTPP+ is directly proportional to the degree of hydrophobicity of the
compound, which is mediated by the length of the alkyl side chain in alkylTPP+

(Ross et al., 2005, 2008). To enter mitochondria, alkylTPP+ compounds bind to
the outer surface of the inner membrane, then permeate the hydrophobic poten-
tial energy barrier of the phospholipid bilayer, before binding to the inner surface

19



1. INTRODUCTION

of the membrane from where they desorb into the mitochondrial matrix (Ross
et al., 2008). In the presence of a membrane potential there is ≈100 to 1000-fold
accumulation of the cation into the matrix, the extent of which is determined
by Nernst equation (1.5), where ∆ψ represents mitochondrial inner membrane
potential, R is the universal gas constant, T is the absolute temperature, n is the
valence of the used ion and F is Faraday’s constant.

∆ψ =
RT

nF
ln

(
[cationin]

[cationout]

)
(1.5)

Lipophilic cations based on the triphenylphosphoniummoiety have been widely
used to target various biologically active substances such as antioxidants (Smith
et al., 1999; Kelso et al., 2001; Filipovska et al., 2005; Brown et al., 2007; Trnka
et al., 2008; Kelso et al., 2012), spin traps (Murphy et al., 2003; Hardy et al.,
2007; Xu and Kalyanaraman, 2007; Quin et al., 2009) or various other chemical
probes into mitochondria (Robinson et al., 2006; Cochemé et al., 2011). The
accumulation of TPP+ derivatives in mitochondria was first described in 1970
(Grinius et al., 1970; Bakeeva et al., 1970) where it was suggested to be used to
measure mitochondrial membrane potential using mainly methyltriphenylphos-
phonium salts, TPMP.

Assuming a perfectly Nernstian behavior, a membrane-permeable cation will
accumulate in a negatively charged compartment approximately ten-fold for each
60 mV of potential difference. In the case of TPP+ derivatives, this ideal behavior
is complicated by the fact that the hydrophobicity of the derivative affects both
the extent and the rate of accumulation, which means that more lipophilic deriva-
tives accumulate faster and with higher concentrations than the more hydrophilic
ones (Ross et al., 2005, 2008).

The TPP+ moiety itself is often assumed not to exhibit any significant biolog-
ical activity, however, its high affinity for phospholipid membranes (Trnka, 2008;
Trnka et al., 2009; James et al., 2005) makes it likely to disrupt membrane in-
tegrity (Leo et al., 2008; Cunniff et al., 2013; Trendeleva et al., 2012) especially in
mitochondria where such compounds accumulate and due to non-specific binding
to membranes, which could also alter the function of mitochondrial membrane
proteins such as complexes of the respiratory chain (O’Malley et al., 2006).
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It has been previously observed that some TPP+ compounds negatively affect
mitochondrial and cellular respiration (Wingrove and Gunter, 1986; Brand, 1995;
Patkova et al., 2014) and may increase proton leak across the inner mitochondrial
membrane, for example by enhancing the uncoupling effect of free fatty acids such
as palmitate (Severin et al., 2010) or the anionic protonophores (Antonenko et al.,
2013).

Most published studies used TPP+ derivatives with chemically active moieties
(Plecitá-Hlavatá et al., 2009) making it difficult to separate the effect of the
TPP+ moiety itself. One notable exception is a recent paper by Reily et al.,
who studied not only the impact on mitochondrial function of biologically active
TPP+ compounds MitoQ, MitoTEMPOL and MitoE but also ‘inactive’ alkyl
derivatives methyl-, butyl- and decylTPP+ (Reily et al., 2013). Their results
from Seahorse measurements on MES-13 cells show a general inhibitory effect of
all TPP+ derivatives on basal respiration accompanied by signs of mitochondrial
uncoupling for decylTPP+.

The study of Reily et al., while useful in highlighting the significant effects
of alkylTPP+ on cellular respiration, relied on only one source of data, namely
the measurements of oxygen consumption rate (OCR) and extracellular acidifi-
cation rate (ECAR). These parameters make it difficult to separate the effects
on membrane potential and the respiratory chain activity. Another interesting
point was the inhibitory effect of methyltriphenylphosphonium (TPMP), which
was not explained. TPMP has the shortest alkyl side chain, and compared to
other alkylTPP+ salts is the least lipophilic. This excludes the role of hydropho-
bic nature of this molecule from the general more lipophilic inhibitors of the same
family.

The field of mitochondrial targeting expands progressively, and different an-
tioxidants and probes are being introduced continuously. We tried to obtain more
understanding of the mechanism of action of mitochondrial targeting molecules
and their adverse reactions, and I devoted a part of this work to study the ‘in-
active’ TPP+ derivatives on cellular respiration. We employed additional assays
to study the mechanism of their toxic effects on mitochondrial respiration, in the
presence of various mitochondrial substrates in order to pinpoint, if possible, the
specific sites of their action.
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1.7 Aims of the project

The project was designed to investigate the energy metabolism of skeletal muscle
in various metabolic conditions, which provided freedom in selecting research
subjects. Mitochondria, as the main energy producing organelles, and changes in
mitochondrial activity due to tissue culture conditions provided an opportunity
to study skeletal muscle metabolism in vitro.

As our understanding of the effects of low glucose and galactose on cultured
skeletal muscle cells is still far from satisfactory, the first intention was to inves-
tigate the changes of growth patterns and several parameters of mitochondrial
metabolism in C2C12 myoblasts and myotubes in response to differing availability
of glucose or galactose while considering some of the shortcomings of previously
published studies in an attempt to avoid them. The goal was to provide exper-
imental data demonstrating all aspects of the relationship between cell culture
conditions and the metabolic activity of the cultured cells.

Another aim was to analyze the changes and if possible the deterioration in
mitochondrial respiratory parameters of cultured cells in a high glucose concen-
tration imitating uncontrolled hyperglycemia, and to compare the mitochondrial
performance to cells cultured in moderate glucose concentration.

While the main target was to study metabolism, using different probes to
study mitochondrial function opened an additional area of mitochondrial re-
search, and the subject of adverse reactions of mitochondrial targeting molecules
attracted increasing attention. This allowed to investigate the effect of the length
of the alkyl side chain of the hydrophobic TPP+ moieties on mitochondrial res-
piration, and try to answer the questionable TPMP inhibitory effect.
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Chapter 2

Experimental procedures

2.1 Materials

Unless otherwise stated in the text, all materials, chemicals and substrates were
purchased from Sigma-Aldrich, Prague, Czech republic.

2.1.1 Solvents, buffers and stock solutions

Deionized water (18.2 MΩ.cm−1) was used throughout, other solvents were of
analytical grade. Water insoluble reagents were dissolved in ethanol or DMSO
according to solubility recommendations.

2.1.1.1 Composition of frequently used buffers

Krebs-Henseleit Buffer Modified (KHB) 111 mM NaCl, 4.7 mM KCl,
12 mM MgSO4, 1.2 mM Na2HPO4, 2.5 mM glucose, 0.5 mM l-carnitine, pH 7.4.

Mitochondrial assay solution (MAS) 70 mM sucrose, 220 mM d-mannitol,
10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA, 0.2% BSA, and
4 mM ADP. The pH was adjusted with 10 M KOH to 7.4 at 37◦C.

Phosphate-buffered saline (PBS) 137 mM NaCl, 2.7 mM KCl, 10.2 mM
NaHPO4, 1.8 mM KH2PO4, pH 7.4.
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2. EXPERIMENTAL PROCEDURES

Mitochondrial recommended buffers Buffers were used for mitochondrial
isolation and homogenates during the preparation of enriched mitochondrial frac-
tions for spectrophotometric analysis of mitochondrial electron transport chain
enzymatic activities.

CHM (cell homogenization medium)
10 mM Tris, 10 mM KCl and 150 µM MgCl2, pH 6.7.

CHM + sucrose
10 mM Tris, 10 mM KCl, 150 µM MgCl2 and 1 M sucrose, pH 6.7.

Sucrose/Mg2+

10 mM Tris, 150 µM MgCl2 and 250 mM sucrose, pH 6.7.

MSM (mitochondrial separation medium)
10 mM Tris and 250 mM sucrose, pH 7.0.

STEB (sucrose-Tris-EGTA-BSA)
250 mM sucrose, 5 mM Tris, 1 mM EGTA and 0.1% fatty-acid free BSA,
pH 7.4.

MHM (muscle homogenization medium)
20 mM Tris, 40 mM KCl, 250 mM sucrose and 2 mM EGTA, pH 7.4.

2.1.1.2 Stock solutions

Inhibitors and uncouplers Oligomycin (5 mM), rotenone (5 mM), antimycin
A (5 mM), carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (5 mM)
were dissolved in DMSO. Malonate (1 M) was dissolved in water and the pH was
adjusted to 7.4 with KOH.

Respiratory substrates and coenzymes Succinate, glutamate, malate and
pyruvate (1 M) were dissolved in water and the pH was adjusted to 7.4 with
KOH. Oxaloacetate, citrate, isocitrate and oxoglutarate (10 mM) were dissolved
in water and aliquots were stored at –20◦C for a maximum period of two weeks.
Coenzyme A, acetyl–CoA and succinyl–CoA were dissolved in water and aliquots
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were stored at –20◦C. ADP (10 mM) was prepared freshly before use by dissolving
in 10 mM KOH, the pH was adjusted to 7.4 by KOH.

Cofactors NADH and NAD+ (10 mM) were prepared fresh on the day of use.
Thiamine pyrophosphate (10 mM) was dissolved in water and stored at –20◦C.

Electron carriers An analogue to coenzyme Q10, decylubiquinone, was used
in assays of complexes I, II and III. For complex I and II, a stock of 50 mM
was prepared by dissolving in DMSO. For complex III assay and before reduction
to decylubuquinol, another stock with the same concentration was prepared in
acidified ethanol (10 ml, ethanol 95% and 10 µl of 1 M HCl to give a pH ≤4).
Stocks of 1 mM ferricytochrome c and 10 mM 2,6-dichloroindophenol (DCIP)
were prepared by dissolving in water. Aliquots of each compound were stored at
–20◦C.

Other stocks l-carnitine (50 mM) was dissolved in KHB and aliquots were
stored at –20◦C for a maximum period of one month. l-cysteine (10 mM) and
dl-dithiothreitol (10 mM) were prepared fresh by dissolving in water. Stock of
10 mM 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) was dissolved in ethanol and
stored at –20◦C. EDTA (100mM) was dissolved in water and pH was adjusted to
7.2 by NaOH.

BSA stock BSA (50 mg/ml) was dissolved in warm water at 37◦C, then filtered
sterile in the laminar flow hood. Aliquots were stored at –80◦C. Immediately
before use, it was thawed at 37◦C.

Fluorescent probes The mitochondrial probe tetramethylrhodamine methyl
ester (TMRM) was purchased fromMolecular Probes R©- Life Technologies, Prague,
Czech republic, and a stock of 0.5 mM was prepared by dissolving in ethanol.
Aliquots were stored at –20◦C.

Triphenylphosphonium moieties Dry salts of various alkyl triphenylphos-
phonium bromide (alkylTPP+) were dissolved in DMSO at a concentration of
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100 mM and stored at –20◦C. TPP+ derivatives dissolved in DMSO included
propyl-, hepty-, decyl-, and dodecylTPP+, while TPMP was dissolved in water
at the same concentration. To ensure equimolar concentrations, standard curves
of different stocks were created with concentrations ranging from 0-200 µM. In
UV spectral scan, TPP+ conjugated compounds show 3 distinctive peaks at 261,
267, and 275 nm. The extinction coefficient for alkylTPP+ compounds in DMSO
at 278 nm is ε278 = 2500 M−1cm−1 (Trnka, 2008).

2.1.2 Collection of rat tissues

Rat skeletal muscle tissue was used to provide samples with high yield of mam-
malian mitochondria. Wistar rats 13-15 weeks old weighing 200-300 gm were
obtained from AnLab Ltd., Prague, Czech Republic. The rat was sacrificed by
anaesthetic overdose prior to tissue isolation. Both gastrocnemii muscles were
collected to prepare a homogenate enriched in mitochondrial fraction. Animal
use and sacrifice was approved in accordance with Charles University in Prague,
Third Faculty of Medicine animal use protocols.

2.1.3 Preparations

2.1.3.1 Isolation of mitochondria from cultured cells

C2C12 myoblasts were harvested by trypsin and suspended in growth medium
supplemented with 10% FBS, then the suspension was centrifuged in a swinging-
bucket rotor at 1000× g at room temperature for 15 minutes. Differentiated
myotubes were scraped by a sterile tissue scraper in ice-cold PBS, followed by
centrifugation at equal speed and temperature used with myoblasts. Supernatant
was removed and the pellets were suspended in 750 µl ice-cold cell homogenization
medium (CHM). The cells were disrupted mechanically with a 2 ml glass tight-
fitting Dounce homogenizer (Wheaton type B) on ice. After homogenization,
250 µl of ice-cold CHM + sucrose were added. The homogenate was centrifuged
(5 min at 1000× g and 4◦C) in a fixed-angle rotor. The 1 ml supernatant was
removed and centrifuged again (10 min at 5000× g and 4◦C), and the resulting
supernatant was carefully removed. The mitochondrial pellet was resuspended in
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0.5 ml of sucrose/Mg2+ medium and centrifuged (10 min at 5000× g and 4◦C).
The pellet was resuspended finally in mitochondrial separation medium then flash
frozen in liquid nitrogen and stored at –80◦C.

2.1.3.2 Preparation of muscle homogenate enriched in the mitochon-
drial fraction

A skeletal muscle homogenate was prepared by modifying a previously described
protocol (Spinazzi et al., 2012). A freshly removed rat gastrocnemius was washed
three times by ice-cold buffer STEB buffer then flash frozen in liquid nitrogen,
and stored at –80◦C. On the preparation day, the visible fat and connected tissue
were removed by a scalpel blade, then the muscle was finely dissected into small
fragments (≈ 5×5 mm) in a glass dish on ice. The muscle pieces were diluted
1:10 in ice-cold MHM then the suspension was transferred to a glass tube and
chopped with an UltraTurrax blender followed by homogenization in a Dounce
homogenizer with a motor-driven Teflon plunger at 500 r.p.m (≈ 10 passes). The
homogenate was then centrifuged for 15 min at 600 × g at 4◦C. The supernatant
was transferred into ice-cold tubes then flash frozen in liquid nitrogen and stored
at –80◦C.

2.1.3.3 Preparation of BSA conjugated palmitate

The protocol of preparation was obtained from www.seahorsebio.com, and it is
designed for studying the free fatty acid oxidation using the xf-24 analyzer.
Palmitate was prepared with a minimum concentration of BSA due to interfer-
ence of BSA with the measuring process. The final concentration was aimed to
be 1 mM sodium palmitate /0.17 mM BSA (6:1 FA:BSA).

Dissolving BSA Prior to the preparation of palmitate, a solution of 0.34 mM
ultra-fatty acid free BSA was prepared in a glass beaker by dissolving in a freshly
prepared solution of 150 mM NaCl in a pre-warmed water bath at 37◦C on a
heated stir plate. Temperature was not allowed to exceed 40◦C and the mixture
was continuously stirred till complete dissolving, while the beaker was covered
with a parafilm. The BSA solution was transferred to the laminar flow hood
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and was filtered sterile. One half of the solution volume was taken for palmitate
conjugation and returned to the warm water bath and the other half was diluted
with 150 mM NaCl to reach a final concentration of 0.17 mM. Aliquots were
stored frozen in glass tubes at –20◦C.

Dissolving palmitate Sodium palmitate was dissolved into a solution of 150 mM
NaCl in a covered glass tube by continuous stirring on a heated stir plate at 70◦C
water bath. Once the solution became colorless indicating complete dissolving of
sodium palmitate, the parafilm cover was removed and dissolved sodium palmi-
tate was drop wise transferred to the warm BSA solution with maintained stirring
to start the conjugation process.

Conjugation of free palmitate to BSA For conjugation of palmitate to
BSA the mixture was left with continuous stirring at 37◦C for 1 hour, while
monitoring the temperature of the water bath not to exceed 40◦C. The final
volume was adjusted in a glass graduated cylinder by 150 mM NaCl and the pH
was adjusted to 7.4 by NaOH. Aliquots were frozen in sealed glass tubes at –20◦C
under argon for a maximum period of 2 weeks. Before use, palmitate and BSA

were warmed to 37◦C for 30 min.

2.1.3.4 Reduction of decylubiquinone to decylubiquinol

Reduced decylubiquinone (decylubiquinol) was prepared by modifying a previ-
ously published protocol (Trounce et al., 1996). Decylubiquinone (50 mM) dis-
solved in acidified ethanol was reduced by adding few grains of NaBH4 on a
10 µl pipet tip. The mixture was then vigorously vortexed till the solution be-
came colorless. The mixture was immediately centrifuged at 5000 ×g then the
supernatant was stored at –20◦C under argon.

2.1.3.5 Reduction of ferricytochrome c

Ferrocytochrome c was prepared by modifying a previously published protocol
(Spinazzi et al., 2012), and it was freshly prepared by adding few grains of sodium
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dithionite to 1 mM stock of ferricytochrome c and vortexing till the dark brown
color of ferricytochrome c slightly changed to pink brownish color.

2.1.3.6 DodecylTPP+ re-purification∗

Approximately 500 mg of dodecylTPP+ salt were dissolved in minimal volume of
dichloromethane, then added drop wise to ether producing a white suspension,
that was left to precipitate at 4◦C. The ether was decanted and the precipitate
was washed 2 times in ether. These steps were repeated three times to ensure
the highest possible purification. The last precipitation step took place in a glass
Petri dish. After washing with ether, the white solid precipitate was scratched
gently and left to dry.

2.2 Cell culture

C2C12 cells were obtained from Sigma-Aldrich, and the first subcultures were
frozen in liquid nitrogen until needed for experiments. The cell culture conditions
were similar through the time of the study. All cultures were incubated at 37◦C
in an atmosphere of 95% humidity and 5% CO2. The medium was changed every
48 hours.

2.2.1 Cell proliferation protocol

Prior to experiments of comparison between different metabolic phenotypes, cells
were grown for seven days in the various culture media (low glucose, LG; high glu-
cose, HG; galactose, GAL or carbohydrate-free, CF) to allow cellular adaptation.
All variants of growth media consisted of Dulbecco’s-modified Eagle’s medium
(DMEM, Life Technologies) containing no glucose and supplemented with 10%
fetal bovine serum, 100 unit/ml penicillin- 100 µg/ml streptomycin, and 1 mM
sodium pyruvate. LG and HG medium further contained 1 g/l or 5 g/l of d-
glucose respectively. GAL medium was supplemented with 1 g/l d-galactose,
and CF medium was left without any carbohydrate addition.

∗Re-purification of dodecylTPP+ was a kind advise of prof. Robin A.J. Smith to get rid of
impurities that might induce a misleading redox activity, such as triphenylphosphine.
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2.2.2 Differentiation protocol

To induce differentiation, cells were seeded in culture plates or Seahorse xf-

24 cell plates and were allowed to grow to approximately 80-90% confluence in
the growth medium. The growth medium was then replaced with a differenti-
ation medium (DMEM supplemented with 2% FBS, 100 unit/ml penicillin and
100 µg/ml streptomycin, 1 mM sodium pyruvate) to induce myogenic differentia-
tion and changed every 48 hours (Mailloux and Harper, 2010; Miyake et al., 2011)
for seven days prior to any assay. The LG phenotype was treated with growth
and differentiation media containing 1 g/l glucose, while the HG phenotype was
treated with media supplemented with 5 g/l glucose.

2.3 Spectrophotometric assays

The spectrophotometric measurements of both endpoint and kinetic assays were
performed using the single wavelength microplate reader Infinite M200Pro from
TECAN. Commercial kits were purchased for the endpoint measurements, while
all the reaction mixtures for the kinetic assays were prepared by modifying pre-
viously published protocols∗.

2.3.1 Endpoint assays

2.3.1.1 Galactose assay

Galactose concentration in tissue culture media was measured using Amplex R©

Red galactose/galactose oxidase kit (Life Technologies). Samples were collected
from growth medium with controls of medium incubated without seeded cells dur-
ing 24 hours with a time interval of 3 hours between each collection. Collected
samples were stored at –20◦C till the time of the assay. Before the assay, sam-
ples were left to reach room temperature. Galactose oxidation in the samples is
catalyzed by the enzyme galactose oxidase, generating hydrogen peroxide which
then reacts with Amplex R© Red reagent in the presence of horseradish peroxidase
enzyme producing the red fluorescent resourfin. A standard curve of 0-40 µM

∗The used protocols were modified mainly to fit in the microplate reader.
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galactose was prepared and measured simultaneously with other samples. The
plate was incubated at 37◦C for 30 min and the endpoint absorbance at 560 nm
was measured in the microplate reader.

2.3.1.2 Bicinchoninic acid (BCA) assay

Samples and BSA standards (0-1000 µg/ml) were diluted in deionized water and
25 µl aliquots were added in triplicate to a 96-well microtitration plate. The assay
buffer was prepared by mixing 50 parts of reagent A (1% BCA, 2% Na2CO3,
0.16% Na2-tartrate, 0.4% NaOH, 0.95% NaHCO3 (all w/v), pH 11.25) with 1
part of reagent B (4% (w/v) CuSO4.5 H2O) and 200 µl was pipetted into each
well. The plate was incubated at 37◦C for 30 min and the endpoint absorbance
at 562 nm was measured in the microplate reader.

2.3.2 Enzymatic assays

The enzymatic activities were assessed using samples that included enriched mi-
tochondrial fraction of isolated mitochondria from cultured cells and homogenate
prepared from rat skeletal muscle, except the pyruvate dehydrogenase complex
which was obtained purified from porcine heart due to the high interference of the
active lactate dehydrogenase in the prepared samples, even after trials to limit
the activity of lactate dehydrogenase by including its inhibitor sodium oxamate
in the assay reaction mixture (Schwab et al., 2005).

When the prepared samples were used and prior to the assays, samples were
exposed to three cycles of rapid freeze-thawing. All the samples were always
handled on ice. In assays where the extinction of NAD(H) was followed, a final
concentration of 10 µM rotenone and 1 µM antimycin A were included to block
the activity of the respiratory chain complexes.

2.3.2.1 Pyruvate dehydrogenase complex

Using the manufacturer protocol, in an assay mixture containing 100 mM Tris
(pH 7.4), 0.2 mM MgCl2, 10 µM CaCl2, 2 mM NAD+, 2.6 mM l-cysteine,
0.12 mM CoA, 2.5 mM l-carnitine, 0.3 mM thiamine pyrophosphate and 0.005

31



2. EXPERIMENTAL PROCEDURES

U/ml purified pyruvate dehydrogenase. The reaction was started with the addi-
tion of sodium pyruvate to reach a final concentration of 1 mM. The extinction
was followed at 340 nm for 3 minutes with 20 seconds interval at 30◦C. The ac-
tivity was calculated using the linear increase in absorbance due to accumulation
of NADH.

2.3.2.2 Citrate synthase assay

Using a previously published protocol (Spinazzi et al., 2012), in an assay mixture
containing 100 mM Tris (pH 8), 0.1% Triton X-100, 0.1 mM 5,5′-dithiobis-2-
nitrobenzoic acid DTNB, and 0.3 mM acetyl-CoA. The reaction was started with
the addition of freshly prepared sodium oxaloacetate to reach a final concentration
of 0.5 mM. The activity was calculated using the linear increase in absorbance at
412 nm due to formation of 2-nitro-5-thiobenzoate (TNB) over 3 minutes with
20 seconds interval at 37◦C.

2.3.2.3 NAD+ dependent isocitrate dehydrogenase∗

Using a modified protocol (Chen and Plaut, 1963), in an assay mixture containing
70 mM Tris-acetate (pH 7.6), 0.1% Triton X-100, 0.1 mM EDTA, 10 µM rotenone,
1 µM antimycin A, 2.5 mM MnCl2, 1 mM dl-dithiothreitol (DTT), 0.8 mM
NAD+, and 1 mM ADP. The reaction was started with the addition of trisodium
isocitrate to reach a final concentration of 8 mM. The extinction was followed at
340 nm for 3 minutes with 20 seconds interval at 30◦C. The activity was calculated
using the linear increase in absorbance due to accumulation of NADH.

2.3.2.4 2-Oxoglutarate dehydrogenase complex

Using a modified protocol (Goncalves et al., 2010), in an assay mixture containing
100 mM Tris (pH 8), 0.1% Triton X-100, 0.1 mM EDTA, 10 µM rotenone, 1 µM
antimycin A, 2 mM MgCl2, 2 mM CaCl2, 0.8 mM NAD+, 2 mM DTT, 0.5 mM
CoA, and 0.1 mM thiamine pyrophosphate. The reaction was started with the
addition of sodium oxoglutarate to reach a final concentration of 2 mM. The

∗The cytosolic isoforms of isocitrate dehydrogenase (IDH1 and IDH2) use NADP+ as a
cofactor, unlike the mitochondrial isoform (IDH3) which uses NAD+.
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extinction was followed at 340 nm for 3 minutes with 20 seconds interval at
30◦C. The activity was calculated using the linear increase in absorbance due to
accumulation of NADH.

2.3.2.5 Malate dehydrogenase∗

Using a modified protocol (Goncalves et al., 2010), in an assay mixture contain-
ing 100 mM Tris (pH 8), 0.1% Triton X-100, 0.1 mM EDTA, 10 µM rotenone,
1 µM antimycin A, 2.5 mM MgCl2, 0.8 mM NAD+, 1 mM DTT, and 0.3 mM
acetyl-CoA. Acetyl-CoA was added to accelerate the elimination of the formed
oxaloacetate to obtain a linear reaction. The reaction was started with the addi-
tion of sodium malate to reach a final concentration of 10 mM, and the extinction
was followed at 340 nm for 3 minutes with 20 seconds interval at 30◦C. The ac-
tivity was calculated using the linear increase in absorbance due to accumulation
of NADH.

2.3.2.6 Complex I assay

Using a modified protocol (Janssen et al., 2007), in an assay mixture composed
of 20 mM potassium phosphate (pH 7.8), 3.5 g/l BSA, 2 mM EDTA, 60 µM
2,6-dichloroindophenol (DCIP), 70 µM decylubiquinone, 1 µM antimycin A and
0.2 mM NADH. The reaction was induced by the addition of NADH. The activity
was calculated using the linear decrease in absorbance at 600 nm over 5 minutes
with 20 seconds interval at 37◦C. Rotenone sensitive activity was then calcu-
lated by inhibiting the reaction in the control wells by a concentration of 10 µM
of rotenone, and subtracting the average activity of the control wells from the
average activity of the non inhibited wells.

2.3.2.7 Complex II assay

Using a modified protocol (Janssen et al., 2007), in an assay mixture composed of
80 mM potassium phosphate (pH 7.8), 1 g/l BSA, 2 mM EDTA, 10 mM succinate,
1 mM sodium azide, 80 µM DCIP, 50 µM decylubiquinone, 1 µM antimycin A

∗The cytosolic isoform (MDH1) and the mitochondrial isoform (MDH2) of malate dehydro-
genase use NAD+ as a cofactor.

33



2. EXPERIMENTAL PROCEDURES

and 3 µM rotenone. The reaction was induced by the addition of succinate. The
activity was calculated using the linear decrease in absorbance at 600 nm over
5 minutes with 20 seconds interval at 37◦C. Malonate sensitive activity was then
calculated by inhibiting the reaction in the control wells by a concentration of
20 mM of potassium malonate (pH 7.8), and subtracting the average activity of
the control wells from the average activity of the non inhibited wells.

2.3.2.8 Complex III assay

Using a modified protocol (Luo et al., 2008), in an assay mixture composed of
25 mM potassium phosphate (pH 7.4), 50 µM ferricytochrome c, 4 mM sodium
azide, 0.1 mM EDTA, 0.025% Tween R©20 and 50 µM decylubiquinol (2.1.3.4).
The reaction is induced by the addition of decylubiquinol. The activity was
determined using the linear increase in absorbance at 550 nm due to gradual
reduction of ferricytochrome c over 5 minutes with 20 seconds interval at 37◦C.
Antimycin A sensitive activity was then calculated by inhibiting the reaction in
the control wells by a concentration of 10 µM of antimycin A, and subtracting the
average activity of the control wells from the average activity of the non inhibited
wells.

2.3.2.9 Complex IV assay

Using a modified protocol (Cooperstein and Lazarow, 1951), in an assay mix-
ture composed of 30 mM potassium phosphate (pH 7.4) and 50 µM of freshly
reduced ferrocytochrome c (2.1.3.5). The absorbance was measured at 550 nm
over 5 minutes with 20 seconds interval at 37◦C. The extinction of completely
oxidized samples by few grains of potassium hexacyanoferrate(III) was first sub-
tracted from that at any given time, then the natural logarithm of this difference
was plotted against time.

2.3.2.10 Interaction of TPP+ with DCIP

To test the effect of alkylTPP+ on electron transport chain complexes, it was nec-
essary to use TPP+ concentrations equivalent to those in energized mitochondria
exposed to micromolar extracellular concentrations, assuming an approximate
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Figure 2.1: Interaction of 1 mM dodecylTPP+ with 100 µM DCIP.

1000 × accumulation according to the Nernst equation and normal mitochondrial
membrane potential. However, high concentrations of decyl- and dodecyl-TPP+

(≥ 300 µM) appear to interfere with complex I and II assays due to the formation
of a complex with DCIP with a shifted absorbance maximum.

DCIP at the same concentrations also interferes with complex IV assay, as
the addition of ferricyanide to the reaction mixture induces the formation of a
precipitate complicating the reading of absorbance. Therefore, instead of run-
ning the assay in the presence of adding 1 mM concentration of the alkylTPP+

derivatives, the muscle homogenate was preincubated with the compounds at this
concentration and then the rest of the assay mixture was added. Thus the final
concentration of the TPP+ decreased in order to avoid this interference.

2.4 Immunofluorescence imaging

Immunofluorescence was carried out in tissue culture dishes and plates containing
glass coverslips, where the cells had been seeded and left to adhere for 30 minutes.
The cells were allowed to grow to ≈80-90% confluence then the differentiation∗

was induced by changing to differentiation induction medium (2.2.2). Cells were
∗Immunofluorescence staining was used in this work to target myogenic differentiation mark-

ers also in cases where certain phenotypes failed to differentiate.
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rinsed with warm PBS then fixed with 4% paraformaldehyde in PBS for 30 min-
utes at room temperature, then washed with PBS and permeabilized with 0.1%
Saponin for another 30 minutes.

The proteins of interest were then targeted by the specific antibodies over
night at at 4◦C. On the following day, slides were carefully washed with PBS and
secondary anti-mouse Alexa Fluor 488 conjugate antibody (Life Technologies),
was applied at a dilution of 1:200 in PBS for one hour. Final rinsing with PBS
and the coverslips were mounted on glass slides using Prolong Gold Antifade
Reagent (Life Technologies). The pictures were taken using Leica TCS SP II
Confocal microscope.

2.4.1 Myosin heavy chain MHC

After the permeabilization step, the coverslips were carefully washed with PBS
then incubated with primary monoclonal anti-myosin (skeletal, slow) antibody
(Sigma-Aldrich, catalogue number M8421) at a dilution 1:4000 in PBS at 4◦C
over night, then the staining protocol continued as previously mentioned on the
next day.

2.4.2 MyoD transcriptional factor

After the permeabilization step, the coverslips were carefully washed with PBS
then incubated with primary anti-MyoD (C-20) antibodies (Santa Cruz biotech-
nology) at a dilution 1:100 in PBS at 4◦C over night, then the staining protocol
continued on the next day.

2.5 Live imaging

The electrical potential difference ∆ψm together with the difference in pH between
mitochondrial matrix and the cytoplasm form the two components of the the
proton-motive forces ∆ρ which links the electron transport chain to the ATP

synthase enzyme.
Since later experiments were planned to compare ∆ψm of different pretreated

cells, setting the quench limit for tetramethylrhodamine methyl ester (TMRM)
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Figure 2.2: A confocal microscope scanning of C2C12 differentiated myotubes in
KHB buffer and stained with 50 nM TMRM. F0 presents the polarized state with
an intact mitochondrial membrane potential. F1 shows a diminished fluorescent
signal after 2 µM FCCP treatment. Absence of an initial spike following FCCP
addition confirms the run of experiment in non-quench mode. ∆F is used to
determine the mitochondrial membrane potential ∆ψm.

was necessary to ensure that all measurements are done in the non-quench mode
(Nicholls, 2012). This was confirmed by the live imaging of TMRM (Life Tech-
nologies) stained cells with a time course, then 2 µM FCCP were added to induce
a rapid collapse in membrane potential and a decrease in the fluorescence inten-
sity, which was not preceded by an initial transient spike (Nicholls, 2012).

2.6 Flow cytometric analysis of ∆ψm

Qualitative changes in ∆ψm were determined as the changes in TMRM fluores-
cence in C2C12 myoblasts (Scaduto and Grotyohann, 1999; Floryk and Houstěk,
1999). C2C12 myoblasts were allowed to grow and reach ≈ 80% confluence, then
after washing with warm PBS, the cells were detached using trypsin for har-
vesting. A warm growth medium was added to deactivate trypsin and then the
cell suspension was centrifuged at 500 ×g at room temperature for 5 minutes.
The pellet was resuspended in warm DMEM containing 50 nM TMRM for 20
minutes at 37◦C with continuous gentle shaking. The cell suspension was then
centrifuged and the pellet was resuspended in warm DMEM and exposed for 10
minutes to the tested compounds or the vehicle. A FACSCalibur flow cytometer
(BD Bioscience) was used to read fluorescence with an excitation wavelength of
488 nm.
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Stained
Unstained

Stained
Unstained

Figure 2.3: Analysis of unstained and stained C2C12 with 50 nM TMRM as a
representative example of TMRM staining strategy detected by the flow cytom-
etry. The selection of the events of interest was based on the forward and side
scatter. Events with a low FSC were excluded.

2.7 Analysis of metabolism

Cellular respiration was measured using the extracellular flux analyzer xf-24 from
Seahorse Bioscience. This technology allows a real time simultaneous detection
of oxygen and free proton rates in the tested environment as indicators of cellular
metabolism. The used protocols differed according to the general settings of
each set of experiments. However, the seeding protocol was identical in all cases,
except when different phenotypes were to be examined within the same plate.

When myoblasts were the subject of investigation, the cells were seeded ac-
cording to the tested phenotype in the same culture conditions (2.2.1). Approx-
imately 25,000 cells per well of LG and HG phenotypes, and 30,000 cells per
well of GAL and CF phenotypes were seeded onto the analysis plates and left
overnight to attach in the respective culture medium to obtain a monolayer of
cells. The higher seeding number of GAL and CF cells was to compensate for
slower growth rates. When myotubes were used for experiments, the cells were
grown in the seeding plates to confluence and then differentiation was allowed for
7 days as previously mentioned (2.2.2).
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2.7.1 Intact cells

In intact cells, mitochondrial bioenergetic assays were performed based on pub-
lished protocols (Wu et al., 2007). The assay medium was composed of xf assay
medium (HCO−3 free modified DMEM, Seahorse Bioscience), which was supple-
mented with 4 mM l-glutamine and 1 mM pyruvate and with further additions
relevant to the experiment. The pH was adjusted to 7.4 at 37◦C by NaOH.

The culture medium was changed to the assay medium, followed by an hour
incubation in a CO2 free incubator. The mitochondrial respiration test was then
performed by sequential additions of 1 µM oligomycin, 0.4 µM FCCP and 1 µM
rotenone/antimycin A in the case of myoblasts and 1 µM oligomycin, 1.5 µM
FCCP and 1 µM rotenone / antimycin A in the case of myotubes.

2.7.2 Free fatty acid oxidation in myotubes

The cells were seeded and allowed to differentiate using the same protocol (2.2.2).
The culture medium was changed to KHB (2.1.1.1), followed by an hour incu-
bation in a CO2 free incubator. After measuring the respiration in the basal
state, BSA-conjugated palmitate 100 µM was introduced twice to reach a final
concentration of 200 µM. The control wells were treated with a vehicle contain-
ing BSA at a concentration of 17 µM, and 34 µM with the second injection of
palmitate. This was followed by an injection of 1 µM oligomycin then 1 µM
rotenone/antimycin A.

2.7.3 Permeabilized cells

The respiratory activity in permeabilized C2C12 myoblasts were assayed using a
modification of a published protocol (Salabei et al., 2014). Cells were seeded and
left to attach and proliferate overnight as previously mentioned. The assay was
performed in mitochondrial assay solution (2.1.1.1). The used substrates included
5 mM pyruvate/ 2.5 mM malate, 5 mM glutamate/ 2.5 mM malate or 10 mM
succinate and 10 µM rotenone. Cellular permeabilization was performed using
the xf plasma membrane permeabilizer reagent (xf-pmpr, Seahorse Biosciences)
at a final concentration of 1 nM just prior to the measurement. No further
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incubation of the cells was required and the measurement started as recommended
without the equilibration step. After measuring the OCR in basal state, 10 µM
TPMP or vehicle were injected, followed by injection of 0.5 µM FCCP and 1 µM
antimycin A. The term proton production rate (PPR) was preferably used as an
analogue to ECAR in the permeabilized cells.

2.7.4 Normalization of data

The normalization was done using two methods. When more than one phenotype
were examined, parallel experiments were conducted, in which the cells were
seeded identically into the assay plates. At the time of measurement, the cells of
the parallel plates were lysed to quantify the protein content using BCA assay for
protein determination (2.3.1.2). The results of respiratory analysis (OCR) were
expressed in pmol (O2).min−1.(µg protein)−1 and the results of glycolytic activity
(ECAR) were expressed in mpH.min−1.(µg protein)−1.

When the experiments were designed to investigate the effect of alkylTPP+

compounds, the measured factor was normalized to its value in the basal state.
The data therefore is expressed as the percentage of basal OCR (OCR%), ECAR
(OCR%) or PPR (PPR%).

2.7.5 Calculation of respiratory and glycolytic parameters

The concluded mitochondrial respiratory parameters were represented as oxy-
gen consumption rate (OCR). These parameters included basal respiration, basal
mitochondrial respiration (basal cellular OCR minus non-mitochondrial OCR),
ATP turnover-driven respiration (basal OCR minus oligomycin-inhibited OCR),
maximal respiratory capacity (maximal uncoupled OCR minus non-mitochondrial
OCR), spare respiratory capacity (maximal uncoupled OCR minus basal OCR),
proton leak (oligomycin-inhibited OCR minus non-mitochondrial OCR) and non-
mitochondrial respiration (rotenone/antimycin A inhibited OCR).

Glycolytic activity represented as extracellular acidification rate (ECAR) was
measured simultaneously with respiration and the following parameters were es-
tablished: basal ECAR, oligomycin-stimulated ECAR (maximal glycolytic capac-
ity), and glycolytic reserve (oligomycin-stimulated minus basal ECAR).
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2.8 Statistical analysis

The mentioned values in this work are presented as means or difference of means
and 95% confidence interval (CI) between square brackets (Gardner and Altman,
1986; Cumming, 2012).

When more than 2 groups were to be compared, one-way ANOVA with Tukey
post-hoc test for statistical significance of difference of means was performed.
When the comparison included two groups, Student’s t-test with Welch’s correc-
tion with the alpha level set to 0.05 was performed. Differences passing these
tests were considered statistically significant and are marked with an asterisk.
Statistical analyses were performed using GraphPad Prism version 6.0d for Mac
OS X, GraphPad Software, La Jolla California USA, www.graphpad.com. The
number of independent experiments is denoted as n.
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Chapter 3

Low glucose but not galactose
enhances oxidative respiration

This chapter discusses the ability of the C2C12 myoblasts to grow and differ-
entiate in galactose supplemented culture media, and the associated changes in
mitochondrial respiratory function. Several studies demonstrated the inability
of skeletal muscle to consume galactose as a fuel for energy production (Resnick
and Hechter, 1957; Dvornik, 1987; Heidenreich et al., 1993), however, replac-
ing glucose with galactose in tissue culture media was introduced as a method
to enhance mitochondrial respiration and to reveal mitochondrial dysfunction in
human primary myotubes (Aguer et al., 2011), which I discussed in detail in the
Introduction (1.4.2).

In a trial to interpret the confusion about the use of galactose with skele-
tal muscle, we hypothesized that the observed changes in the galactose-treated
muscle cells are primarily due to glucose deprivation. In order to distinguish the
differences between galactose-treated and glucose-deprived cells, we created a set
of different metabolic phenotypes by incubating C2C12 myoblasts in the presence
or absence of various sugars for at least 3 successive generations, and we used the
following generations with subculture numbers from 4-8 for experiments. The
phenotypes included cells adapted to a low concentration (1 g/l) of glucose (LG)
or galactose (GAL), a carbohydrate-free environment phenotype (CF) and a
high concentration (5 g/l) of glucose (HG).
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3. ENHANCEMENT OF MITOCHONDRIAL RESPIRATION

3.1 C2C12 cells do not substitute glucose with

galactose as energy substrate

We first compared the growth rates of the different metabolic phenotypes of
C2C12 myoblasts. The fastest growth rate occurred in the LG phenotype where
the cells achieved a doubling time ≈17.16 h, 95% CI[15.19, 19.70]. The presence
of galactose did not seem to provide the GAL phenotype with any advantage and
both GAL and CF phenotypes maintained a similar, slower growth rate: GAL
≈24.24 h, 95% CI[21.40, 27.93] and CF ≈23.44 h, 95% CI[21.79, 25.36] (Figure
3.1 A,B).

Based on these observations, it is clear that no significant difference can be
found in the growth rate between cells incubated with galactose and cells deprived
of glucose, and that galactose is not to replace glucose for C2C12 cells in vitro. In
order to find out whether C2C12 cells can utilize galactose as a source of energy,
it was necessary to estimate the consumption rate of galactose in this growth
condition by measuring the concentration of galactose in the incubation medium
with time intervals, aiming to conclude the gradual decline in media galactose
level.

To avoid possible errors due to the persistent heating and evaporation during
the incubation time, a control was created of incubated medium in wells without
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Figure 3.1: A. Growth rate of C2C12 myoblasts over 3 days in LG, 1 g/l glucose;
GAL, 1 g/l galactose, CF, carbohydrate-free showing the higher rate of growth
when glucose is available. B. The doubling time was concluded from a regression
analysis of the cell counting data. C.Galactose concentration in incubation media
did not change over time. Results are presented as means ±95% CI, * indicates
p<0.05, (n=3, each experiment was performed in triplicate).
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3. ENHANCEMENT OF MITOCHONDRIAL RESPIRATION

cells. The concentration of galactose in the initial time point (0 hour) was consid-
ered as a reference, and these samples were taken before the incubation. Further
samples were then taken from the control wells simultaneously at similar time
points. The colorimetric assay (2.3.1.1) indicated that galactose concentration in
the incubation medium did not change over time in either wells containing cells
or control, cell-free wells (Figure 3.1 C), suggesting that C2C12 cells cannot use
galactose as a major metabolic substrate.

3.2 C2C12 myoblasts fail to differentiate with-

out glucose

We then looked at the ability of C2C12 myoblasts to differentiate into myotubes
by replacing the growth medium with the differentiation induction medium con-
taining low serum and the relevant sugar according to each phenotype.

Under the light microscope, we could observe the ability of LG phenotype

Figure 3.2: Images taken under light microscope of confluent C2C12 myoblasts
exposed to low-serum medium to differentiate into myotubes.A. Cells in low-
glucose (1 g/l) medium fused to form myotubes after 7 days in a differentiation
induction medium. B,C. In galactose (5 g/l) and carbohydrate free media cells
failed to differentiate after 7 days and few scattered large cells can be noticed in
both conditions.
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to differentiate by fusing into spindle shaped cells, which continued to enlarge
along the course of differentiation process (Figure 3.2 A). In contrast to the LG
phenotype, the other phenotypes did not show signs of differentiation or fusion.
This observation was consistent with the previous findings that galactose is not
a suitable consumable substrate for this type of cells (Figure 3.2 B,C). We also
observed the formation of giant rounded cells in both GAL and CF phenotypes,
which was never observed in the glucose exposed cells, suggesting enhanced cell
senescence in absence of glucose.

3.2.1 Expression of skeletal myosin heavy chain

Skeletal muscle differentiation process is characterized by the expression of con-
tractile protein markers such as myosin heavy chain (MHC), which is considered
as a marker for the terminally differentiated myotubes (Schiaffino et al., 1986).
We investigated the expression of MHC by immunofluorescence staining in all

Figure 3.3: Fluorescence imaging of C2C12 before and after induction of differ-
entiation into myotubes to follow MHC expression. Nuclei were stained with
DAPI to demonstrate the presence of multi-nucleated myotubes. A, B. Cells in
low-glucose (1 g/l) as well as in high glucose (5 g/l) media fused to form multi-
nucleated myotubes after 7 days in a differentiation medium and expressed MHC.
C, D. In galactose (1 g/l) and carbohydrate free media cells failed to differentiate
after 7 days and show no sign of MHC expression.
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phenotypes, including these that failed to differentiate. We tested also the HG
phenotype, treated with 5 g/l glucose during the growth and differentiation, for
MHC expression in order to compare the rate of differentiation in relation to
glucose level.

The expression of MHC does not occur in the early stages of differentiation,
and on the first day of differentiation induction, no signal of could be detected in
any of the examined phenotypes. At the end of the 7 days differentiation course,
well formed MHC-positive multinucleated myotubes were observed (Figure 3.3
A,B) in both LG and HG phenotypes with a similar level. When glucose was not
available, there was not any positive sign of MHC expression (Figure 3.3 C,D).

3.2.2 Expression of MyoD

MyoD is a transcriptional factor belonging to the myogenic regulatory factors
family (MRFs). Its expression in the undifferentiated myoblasts following the

Figure 3.4: Expression of MyoD after 6 days of the differentiation induction. The
nuclei are stained with DAPI to facilitate the localization the expressed MyoD.
A. In the galactose (1 g/l) supplemented medium, the expression of MyoD can be
observed in some non aligned nuclei indicating the activation of the differentiation
pathway. B. The cells in the low-glucose (1 g/l) medium show MyoD expression
in aligned nuclei.
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induction of differentiation is considered an indicator of cellular differentiation
activation in the early stages of myogenic differentiation pathway (Tapscott et al.,
1988; Davis et al., 1989).

We used immunofluorescent staining to detect MyoD expression after six days
of differentiation induction in LG and GAL phenotypes. The expression of MyoD
was observed in some nuclei indicating the initiation of the differentiation path-
way. The expression of MyoD occurred in both conditions, including GAL phe-
notype (Figure 3.4 A) where non-aligned nuclei of the C2C12 undifferentiated
myoblasts showed signals indicating MyoD expression. However, its expression in
the GAL phenotype was not followed by any evidence of cell fusion as observed
by the light microscope (Figure 3.2 B,C). In the LG phenotype and after six days
of differentiation induction, MyoD expression was observed with various signal
intensities in the aligned nuclei of the differentiating myotubes. We also observed
a number of nuclei that did not show signs of expression (Figure 3.4 B).

3.3 Changes in glucose availability affect mito-

chondrial respiratory capacity

In order to identify the changes in mitochondrial parameters due to growth con-
ditions, and to avoid the confusion resulting from the different composition of
the assay medium, we measured the mitochondrial respiration of the different
phenotypes under three distinct conditions. Firstly, the initial bioenergetic state
of each phenotype was examined in assay media containing sugars at concentra-
tions equal to that of the growth medium of each phenotype, which is essentially
a replication of the study performed by Aguer et al. 2011, but using murine
C2C12 instead of human primary myoblasts.

The next step was to compare mitochondrial respiration of the different phe-
notypes in an identical assay environment. Since the availability of glucose in
the culture media was the main factor, we performed the mitochondrial respira-
tory analysis in the presence and absence of glucose, once in the standard assay
medium with 1 g/l glucose and another in an assay medium not supplemented
with glucose.
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3.3.1 Respiratory parameters in growth conditions

We first assessed the mitochondrial performance under assay conditions identical
to that of the culture conditions. We observed marked differences in the maximum
and the spare respiratory capacities (Table 1 on page 99). Compared to no
glucose, the presence of glucose in either concentration, 1 or 5 g/l, led to a
significant increase in the maximal respiration and spare respiratory capacity
of the glucose treated phenotypes (Figure 3.5). However, a further increase of
glucose concentration over 1 g/l in the long-term culture medium caused a relative
decrease in the maximal respiration and in the spare respiratory capacity of the
HG phenotype, which can be translated as an aspect of mitochondrial dysfunction
associated with hyperglycemic incubation. Other respiratory parameters showed
no significant difference.
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Figure 3.5: Bioenergetic profile of 4 different C2C12 metabolic phenotypes show-
ing the mitochondrial respiratory parameters in assay media containing the same
concentrations of growth medium substrates. Results are presented as means
±95% CI, * indicates p<0.05, (n=3, each experiment was performed in tripli-
cate).
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3.3.2 Respiratory parameters in 1 g/l glucose

When we used only one assay medium supplemented with 1 g/l glucose, cells
deprived of glucose during growth exhibited a lower maximal respiration and
spare respiratory capacity (Table 2 on page 100). Despite the presence of similar
concentration of glucose, pyruvate and glutamine in the assay medium, the GAL
and CF phenotypes maintained a significant lower respiratory capacity (Figure
3.6), which once again is an indicator of an established defect in the respiratory
machinery.
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Figure 3.6: Bioenergetic profile of 4 different C2C12 metabolic phenotypes show-
ing the mitochondrial respiratory parameters in assay media supplemented with
1 g/l glucose. Results are presented as means ±95% CI, * indicates p<0.05, (n=3,
each experiment was performed in triplicate).

We expected that the GAL and the CF phenotypes will maintain a higher
basal oxygen consumption, but in contrast to the expected outcome of cell in-
cubation in glucose-free media, there was a slightly higher basal mitochondrial
and ATP turnover-driven respiration in the two glucose phenotypes compared
to glucose-deprived cells. This may refer to a slower metabolic rate of these
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phenotypes. The differences in other mitochondrial parameters were negligible.
The differences between LG and HG phenotypes continued to persist even

at a different glucose level in the assay medium. Going over 1 g/l glucose in
the culture medium of the LG phenotype to 5 g/l in the HG case caused more
decrease in the maximal respiration and spare respiratory capacity of the HG
cells (Table 2 on page 100).

Decreasing glucose concentration in the assay environment induced a higher
reliance on mitochondrial respiration in the HG phenotype, however, probably
due to defects in the mitochondrial respiratory machinery the cells failed to cope
with the sudden energy requirement. This shows that lowering glucose concen-
tration in the assay environment can reveal a relative mitochondrial dysfunction.

3.3.3 Respiratory parameters in the absence of glucose

While the outcome of testing glucose-deprived phenotypes, GAL and CF, was al-
ready obtained in the first set of measurements (3.3.1), the main idea of perform-
ing the mitochondrial respiratory test in a glucose-free condition was to examine
the behavior of the cells, especially the LG phenotype, when glucose is eliminated
from the environment and to see whether these cells exhibit a higher dependence
on oxidative respiration in such case, also prompting a state of glucose-starvation
to LG and HG cells can activate the consumption of the stored substrates and
drive the cells to depend on the exogenous substrates found in the assay medium.

Since the assay medium contained beside its content of amino acids other mi-
tochondrial substrates such as pyruvate (1 mM) and glutamine (4 mM), in the
absence of glucose the assayed cells will probably rely on mitochondria to synthe-
sise ATP. Furthermore, we can conclude the contribution of glucose metabolism
to mitochondrial respiration by comparing the results of in the previous set of
experiments where glucose was in the assay medium, especially following stress
induction.

The results obtained from running the assay in this condition were similar to
a great extent (Figure 3.7), and there were only very small differences among all
four phenotypes (Table 3 on page 100). However, a comparison of respiratory
parameters between assay media with and without glucose showed dramatically
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Figure 3.7: Bioenergetic profile of 4 different C2C12 metabolic phenotypes show-
ing the mitochondrial respiratory parameters in a glucose-free assay medium.
Results are presented as means ±95% CI, (n=3, each experiment was performed
in triplicate).

lower respiratory capacities of the two glucose phenotypes in the no-glucose envi-
ronment, which indicates that glucose utilization is probably preferred by C2C12
cells despite the presence of other oxidizable mitochondrial substrates. One pos-
sible explanation for this observation is that the available substrates in this ex-
periment limit achievable maximal respiration, but the fact that basal respiration
and ATP turnover-driven respiration are virtually at the same level regardless of
glucose availability during the assay argues against the possibility of an adverse
reaction to sudden glucose withdrawal.

3.4 Uniformity of mitochondrial mass markers

In order to study a possible relationship between the observed changes in the
respiratory capacity and mitochondrial mass, we measured citrate synthase (CS)
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activity in whole cell lysates and estimated the mitochondrial yield (µg mito-
chondrial protein/µg total cellular protein) in all phenotypes as indicators of
mitochondrial mass (Holloszy et al., 1970; Williams et al., 1986; Hood et al.,
1989).

Growing cells in different metabolic conditions did not lead to any significant
change in the mitochondrial mass and we found no significant differences in CS
activity among the substrate phenotypes (Table 6 on page 102). This indicates
that the observed changes in mitochondrial respiratory parameters were not a
result of lower mitochondrial mass, but most likely resulted from changes in
the respiratory machinery within the mitochondria, either in the form of low
expression or lower activity of the electron transport chain enzymes (Figure 3.8).

3.5 Effect on respiratory chain complexes

The previously described differences in the respiratory capacity indicated mal-
function in the ATP production machinery and to identify the nature of these
defects we analyzed the activity of the respiratory chain complexes. The activ-
ity of complexes I, II and III (Table 7 on page 102) tended to be higher in the
glucose-starved phenotypes GAL and CF compared to LG and HG but without
statistical significance. The activity of complex IV was significantly higher in
GAL and CF phenotypes than in LG and HG ones. We also observed that no
significant differences were observed within the glucose starved (GAL and CF)
group nor the glucose exposed (LG and HG) group (Figure 3.8).

3.6 Impact on glycolytic activity

Since the presence of glucose in both low and high concentration provides a
continuous input for glycolysis, we expected to observe differences between the
glucose-fed cells and the glucose-starved phenotypes. However, in the presence
of 1 g/l glucose in the assay medium we found no significant differences in any
of the measured glycolytic criteria among the substrate phenotypes (Table 5 on
page 101).
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Figure 3.8: Mitochondrial mass markers and respiratory enzymatic activity of 4
different C2C12 metabolic phenotypes. Results are presented as means ±95% CI,
* indicates p<0.05, (n=3, each experiment was performed in triplicate).
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Figure 3.9: Glycolytic activity of different phenotypes of C2C12 myoblasts in
1 g/l glucose. Results are presented as means ±95% CI, (n=3, each experiment
was performed in triplicate).

Under basal conditions before using any of the mitochondrial inhibitors to
induce stress, all phenotypes maintained similar extracellular acidification rate
ECAR (Figure 3.9), which indicates a comparable efflux of lactate and CO2. To
exclude the acidification by CO2 as a product of Krebs cycle, the ECAR was mea-
sured after inhibiting the ATP synthase by oligomycin in order to shift the ATP
production completely towards the glycolytic pathway and inhibit mitochondrial
CO2 production. Oligomycin-stimulated ECAR indicates the maximum activity
of the glycolytic pathway to produce lactate by anaerobic glycolysis. By sub-
tracting the value of basal ECAR from the maximum glycolytic capacity we get
the glycolytic reserve.

3.7 Discussion

The results shown in this chapter shed some more light on the controversial use
of galactose in skeletal muscle culture media. The first finding was that growing
myoblasts do not utilize available galactose in the medium and had a growth
rate indistinguishable from cells grown in a carbohydrate-free environment. The
cellular growth rate is an important parameter that reflects the availability of
nutrients within the cells, and the presence of a potentially favorable environment
for cell division.

This result matches with previous publications reporting that the entry of
galactose into the cells of isolated diaphragm muscle is limited, and galactose that
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enters the skeletal muscle remains essentially unmodified (Resnick and Hechter,
1957) and that myoblasts do not possess enzymes necessary for galactose metabolism
(Heidenreich et al., 1993). Therefore, it is reasonable to assume that C2C12 cells
in the absence of glucose rely on the metabolism of pyruvate and amino acids in
the growth medium irrespective of the presence or absence of galactose.

We obtained more evidence by testing the ability of C2C12 myoblasts to dif-
ferentiate with galactose, pyruvate and other amino acids in the culture medium
as a source of energy. The course of myogenic differentiation includes a series
of processes that results in cell fusion and terminal expression of the character-
istic skeletal muscle proteins, and as previously mentioned, glucose starvation is
known to impair the differentiation process (Nedachi et al., 2008; Fulco et al.,
2008), therefore, to investigate whether galactose can be substituted for glucose,
differentiation was induced in all different phenotypes by shifting to the differen-
tiation induction media supplemented with the relevant substrate.

Due to lack of sufficient published data describing different respiratory pa-
rameters, we performed a detailed study of mitochondrial respiration of C2C12
cells grown in media with different levels of glucose or galactose. Previous similar
studies measured fewer parameters (Mailloux and Harper, 2010) or used differ-
ent assay media for different phenotypes(Aguer et al., 2011). Therefore we used
more experimental designs, which included analyses in the same assay medium
for all phenotypes and further extended previous publications through performing
experiments in different metabolic environments.

In an experimental setup directly comparable to Aguer et al. 2011, we ob-
served the lower maximal and spare respiratory capacities of the GAL and CF
phenotypes, without further differences in basal or ATP turnover-driven mito-
chondrial respiration. This suggests that glucose-starved C2C12 cells do not
increase their oxidative metabolism. The disagreement between these results and
the published study may be explained by hypothetical metabolic differences be-
tween primary human myoblasts and the C2C12 cell line.

When glucose was available in the assay environment, GAL and CF cells
exhibited lower basal and maximal respiration, which goes against the hypoth-
esis that glucose-deprivation or glucose replacement by galactose can stimu-
late oxidative metabolism. Both LG and HG cells exhibited a higher basal
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and ATP turnover-driven respiration suggesting a stronger reliance on oxida-
tive metabolism. However, HG cells had lower respiratory capacity than LG
cells, which suggests an optimal respiratory phenotype of C2C12 cells is achieved
at moderate glucose concentration. Interestingly, we could see the difference be-
tween the two glucose phenotypes in the stimulated mitochondrial respiration,
which points less to a generally glycolytic metabolism in the high glucose pheno-
type and more to a kind of mitochondrial dysfunction(Brand and Nicholls, 2011)
caused by the incubation with supraphysiological glucose concentration (5 g/l).

In the glucose-free assay medium, the differences observed in other assay con-
ditions when glucose was available diminished, and absence of glucose masked
the changes in maximal and spare respiratory capacities. However, a comparison
of experiments in the presence or absence of glucose shows that in the sudden
absence of glucose in the assay medium caused the two glucose phenotypes (LG,
HG) to exhibit a significantly lower maximal respiration and spare capacity com-
pared to their response in the presence of 1 g/l glucose, with similar values for
other mitochondrial parameters. The glucose-deprived cells GAL and CF on the
other hand had similar values of maximal and spare respiration in the absence
of glucose as in the presence of glucose, but with higher basal mitochondrial
respiration and ATP turnover-driven respiration.

Trying to interpret these differences, the assessment of respiratory chain activ-
ities presents a complicated picture. The glucose-starved phenotypes appeared to
have a higher activity across the complexes compared to cells grown in the pres-
ence of glucose, although the differences were small and statistically insignificant
except with complex IV. This suggests that the observed differences in oxidative
capacity are not linked to respiratory chain capacity in any simple way, but are
possibly complicated by changes in regulatory or transport pathways.

Despite of that complicated picture, none of the respiratory parameters sug-
gested the use of galactose to enhance oxidative respiration, and all of the results
showed great similarity between the GAL and CF phenotypes. Based on the
results we recommend the use of low glucose during cell incubation, and in mi-
tochondrial assay conditions in order to detect the differences between different
metabolic phenotypes, and at the same time to provide an alternative (glycolytic)
fuel, towards which the cells can shift upon stress induction.
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Chapter 4

High glucose induces
mitochondrial dysfunction in
differentiated muscle cells

The detrimental effects of the persistent exposure to high glucose level (in the
extracellular environment) can be found clinically in uncontrolled diabetes, where
mitochondrial dysfunction presents a large subject for researchers. The relation
between mitochondrial dysfunction and the development of diabetes has been
a subject of extensive research. It has been suggested that insulin-resistance
develops due to defects in mitochondrial function, that lead to insufficient ATP
production for the hexokinase as well as other reactions requiring phosphorylation
(Gerbitz et al., 1996). Mitochondrial dysfunction in diabetic cases was manifested
as impaired mitochondrial capacity for fat oxidation during fasting conditions
(Kelley and Mandarino, 2000).

Several studies have reported the impairment of mitochondrial activity and
the significant morphological and functional differences between samples taken
from diabetic and control healthy individuals (Kelley et al., 2002; Petersen et al.,
2004; Ritov et al., 2005; Mogensen et al., 2007; Schrauwen-Hinderling et al., 2007;
Szendroedi et al., 2007). In contrast to these studies, another study has reported
no marked difference in mitochondrial function between the diabetic and the
healthy control samples (Boushel et al., 2007).
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4. RESPONSE TO HIGH GLUCOSE

The consequences of sustained high glucose level in vivo is highly complicated
due to the interaction with manifestations and/or causes of diabetes and insulin
resistance. Therefore, testing simply the effect of high glucose environment on mi-
tochondrial performance in vitro may partially interpret an aspect of the intricate
picture found in diabetes.

The results of the previous chapter showed that carbohydrate availability
influenced the respiratory capacity of the examined phenotypes. The undifferen-
tiated myoblasts that were exposed to a high level of glucose (5 g/l) acquired a
lower respiratory capacity than that treated with a lower level of glucose (1 g/l)
in the culture media. This difference was more vivid when the assay medium
contained a lower concentration of glucose. Using the ability of C2C12 cells to
differentiate and aiming to obtain more data about glucose level interaction with
cellular bioenergetics, in this chapter we tested the response of the differenti-
ated muscle cells to high glucose level during differentiation. We compared the
bioenergetic characteristics in two types of myotubes, the first was grown and
differentiated in a normoglycemic concentration of glucose 1 g/l (LG), and the
second was exposed to a hyperglycemic concentration of glucose 5 g/l (HG) along
the course of differentiation.

4.1 Respiratory activation in the basal state

Unlike the undifferentiated myoblasts (3.3.2), the differentiated HG myotubes
exhibited a significantly higher respiration than the LG ones in the basal state
prior to the addition of any of the mitochondrial inhibitors (Figure 4.1). This
finding suggests a higher dependence on oxidative glucose metabolism in the HG
phenotype under basal conditions (Figure 4.1), in particular, when the glucose
concentration in the assay medium was 1 g/l.

The factors mediating basal respiration, after excluding the non-mitochondrial
oxygen requirement, are the respiration devoted to ATP production and the pro-
ton leak. While the difference in the leak respiration and non-mitochondrial
respiration was found to be negligible, the HG cells had a significantly higher
ATP turnover-driven respiration (Table 4 on page 101).
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Figure 4.1: Mitochondrial respiratory parameters of C2C12 myotubes in assay
medium supplemented with 1 g/l glucose, 1 mM pyruvate and 4 mM l-glutamine.
The LG myotubes were grown and allowed to differentiate in medium containing
1 g/l glucose, while the HG cells were in a 5 g/l glucose containing medium. Re-
sults are presented as means ±95% CI, *indicates p<0.05, (n=3, each experiment
was performed in triplicate).

4.2 Decreasing respiratory capacity

Stimulation of the mitochondrial respiration by an uncoupling agent induces a
state of stress, that revealed significantly higher maximal respiration and spare
respiratory capacity in the LG phenotype (Figure 4.1). This finding agrees with
the results of a previous study that used the same cell line, where C2C12 cells
were allowed to grow and differentiate in a high concentration (25 mM) of glucose
condition (Mailloux and Harper, 2010).

This decrease in the maximum respiratory capacity of the HG cells (Figure
4.1) indicates a defect in the mitochondrial respiratory pathway, which became
observable following stress induction. The spare respiratory capacity was also
decreased in the HG cells, and this decrease was not due to the higher basal
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respiration but mainly due to the lower maximal capacity of the HG cells. The
presence of equal concentration of mitochondrial substrates in the assay medium
excludes a shortage of substrate in the assay medium as a possible reason for the
observable difference between both phenotypes, but refers to a probable defect in
mitochondrial respiratory pathway.

4.3 Decreasing mitochondrial mass

As with myoblasts, we analyzed the mitochondrial yield of each phenotype (µg
mitochondrial protein/µg total cellular protein) and estimated the activity of
the citrate synthase (CS) as mitochondrial mass markers. LG cells exhibited a
higher mitochondrial content than the HG ones (Figure 4.2), which probably can
be the reason for the higher respiratory capacity of the LG phenotype. Unlike the
mitochondrial protein yield, the CS activity did not show any difference (Table
6 on page 102), which indicates no functional changes in mitochondrial matrix
enzymes.

We observed another marked difference between undifferentiated myoblasts
and differentiated myotubes due to bioenergetic changes during the differentiation
process. By comparing the mitochondrial mass markers of both, we could see a
significant shift in the metabolic phenotype in the form of higher CS activity and
mitochondrial yield in myotubes, which could account for their higher respiratory
rate .

4.4 Respiratory chain enzymatic activity

The LG phenotype exhibited significantly higher activities of complex I and com-
plex III (Figure: 4.2), while the activity of complexes II and IV tended to be
higher but without a statistical significance (Table 7 on page 102). The equal
activity of complex IV is once again consistent with the results of (Mailloux et al.,
2011) who observed no differences in complex IV expression in either phenotype.
The differences in the activity of complex I and III can probably be the cause of
the lower respiratory capacity of the HG cells.
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Figure 4.2: Mitochondrial mass markers and respiratory enzymatic activity of
C2C12 myotubes grown and differentiated in low glucose (1 g/l) or high glucose
(5 g/l) conditions. Results are presented as means ±95% CI, * indicates p<0.05,
(n=3, each experiment was performed in triplicate).
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4.5 No changes in the glycolytic activity

The glycolytic parameters of both LG and HG phenotypes were with no observed
differences in the basal, oligomycin-stimulated rate (maximum glycolytic capac-
ity), and the glycolytic reserve (Figure: 4.3). This finding comes in contrast to
what was described by Mailloux et al., where the HG phenotype had ≈ 1.5×
higher ECAR in the basal state.
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Figure 4.3: Glycolytic activity of C2C12 myotubes in 1 g/l glucose assay medium.
Results are presented as means ±95% CI, (n=3, each experiment was performed
in triplicate).

The ECAR values showed the less glycolytic nature of differentiated C2C12
cells, and the severe decrease in glycolytic activity induced by myogenic differ-
entiation when compared to the glycolytic parameters of the undifferentiated
myoblasts of both the LG and HG phenotypes (Table 5 on page 101).

4.6 No changes in free palmitate oxidation

The study of mitochondrial function in diabetes is complicated by the interfer-
ence of lipid metabolism. The inverse relation between fatty acids availability and
glucose utilization was initially reported (Randle et al., 1963), and the alteration
in lipid and carbohydrate metabolism in skeletal muscles became a well known
feature of diabetes (Kelley and Simoneau, 1994; Kelley et al., 1996). Manifes-
tations of such changes are in the form of accumulation of intramuscular lipid
intermediates and a subsequent abnormal lipid oxidation, combined with a de-
crease in the level of free fatty acid binding proteins in plasma (Goodpaster et al.,
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Figure 4.4: C2C12 myotubes respiration in KHB, then 100 µM of BSA-conjugated
palmitate (PA) was injected, followed by another dose of 100 µM PA to reach a
final concentration of 200 µM. The control groups were treated with BSA con-
centration similar to that present in the PA samples. 1 µM oligomycin (O) was
then injected in all wells followed by 1 µM of rotenone-antimycin A (R+A) mix-
ture. A. The LG phenotype. B. The HG phenotype. n=3, each experiment was
performed in quintuplicate.

2000; Blaak et al., 2000). A sudden rise of plasma free fatty acids was proved
to induce insulin resistance in skeletal muscle (Boden, 1999), and an acute de-
crease in their level was found to lower insulin resistance in both diabetic and
non-diabetic individuals (Santomauro et al., 1999). Several studies observed the
direct relation between triacylglycerol accumulation in skeletal muscle and the
degree of insulin resistance (Pan et al., 1997; Krssak et al., 1999; Perseghin et al.,
1999). More recent studies demonstrated that long-chain fatty acyl-CoA, diacyl-
glycerol and ceramide are responsible for the development of insulin resistance
(Schmitz-Peiffer, 2000; Itani et al., 2002; Cooney et al., 2002; Summers, 2006).

We tried to test the impact of high glucose on exogenous palmitic acid oxida-
tion, and we found that the differences between LG and HG phenotypes did not
include an observable change in the utilization of the acutely added palmitate
(Table 8 on page 103). We observed a lower basal oxygen consumption in the
basal state than in the previous setting when the assay was performed in DMEM
supplemented with pyruvate and l-glutamine (4.1), while fatty acid oxidation is
assayed in modified Krebs-Henseleit buffer (KHB) containing low concentration
of glucose (2.5 mM).
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Figure 4.5: Effect of acutely added exogenous BSA-conjugated palmitate on the
mitochondrial respiration of differentiated C2C12 myotubes. Both LG and HG
phenotypes maintained a similar response to the added palmitate. The rise in
OCR after palmitate addition is due to the uncoupling effect of the free palmi-
tate. The leak respiration increased in both phenotypes and a marked difference
can be observed when compared to the control BSA treated groups. Results are
presented as means ±95% CI, (n=3, each experiment was performed in quintu-
plicate).

Both phenotypes responded equally to the addition of 100 µM palmitate by
gradually increasing their OCR (Figure 4.5). Another palmitate addition to reach
a final concentration of 200 µM caused a further increase in the OCR without an
observable difference between the two phenotypes. However, this increase in the
OCR does was not due to an actual increase in the oxidative respiration. The
ATP-turnover driven respiration of the palmitate treated (LG-PA or HG-PA) and
the vehicle treated (LG-BSA or HG-BSA) did not show any significant difference.

This finding shows that the rise in respiration following palmitate addition
was mainly due to the uncoupling effect of palmitate, which was demonstrated
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by the increase in proton leak respiration in both phenotypes, compared to the
control groups treated with BSA (Figure 4.5). Another modest contributor to the
higher respiration after palmitate addition was the non-mitochondrial respiration,
which increased in both phenotypes equally.

4.7 Discussion

A persistent and uncontrolled hyperglycemia is most commonly found in diabetic
patients, where the development of insulin resistance impairs glucose metabolism
in different sites, such as a decrease in the rates of glucose transport, phosphoryla-
tion and glycogen synthesis (Shulman et al., 1990). In addition, the development
of diabetic complications has been related to the level of glucose in blood (Brown-
lee, 2001). The crucial role of mitochondria in cellular metabolism attracted re-
searchers to investigate the cellular bioenergetic system in diabetic individuals.
In a leading report about impaired mitochondrial oxidative function in the skele-
tal muscles of diabetic patients, a reduction of enzymatic activity of the oxidative
pathway was observed (Simoneau and Kelley, 1997). Later, these changes were
described as lower enzymatic activity of complex I and citrate synthase (Kelley
et al., 2002), which was then specified in the subsarcolemmal fraction of mitochon-
dria (Ritov et al., 2005). This was confirmed later by respirometric measurements
of the ETC enzymatic capacity, that showed a significant impairment in diabetic
samples (Mogensen et al., 2007).

The results showed that incubating and allowing the C2C12 cells to differenti-
ate in a high level of glucose led to the development of mitochondrial dysfunction,
which was manifested by the lower maximum and spare respiratory capacity of the
HG phenotype when compared to the LG cells differentiated in a normoglycemic
environment. The mitochondrial respiratory chain complexes activity revealed
the significant decrease in the activity of complex I and III in the HG phenotype.
Other complexes were not affected, which raises another question about the role
of glucose level in the regulation of the respiratory chain complexes, in an in-
tact respiratory chain and separately. The mitochondrial yield also decreased in
the HG phenotype, however the citrate synthase activity was similar in both LG
and HG phenotypes, which indicates that the dysfunction is mainly confined to
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mitochondrial membrane complexes rather than the matrix enzymes.
These findings suggests a lower efficiency to produce energy from all available

mitochondrial substrates, so we tried to investigate the ability to oxidize free
fatty acids, such as palmitate. We encountered a difficulty due to the strong
uncoupling effect of the free palmitic acid. The difference in utilizing exogenous
palmitate between the two phenotypes was not distinguishable and both LG
and HG phenotypes responded equally to palmitate addition by increasing their
respiration, however this increase was not caused by a real oxidative respiration.
The Leak respiration increased ≈5-6 folds in the palmitate treated cells than
in the BSA treated ones, which explains the rise in oxygen demand in order to
maintain the accelerated respiration. The coupled (ATP-driven) respiration used
to produce ATP was equal in both phenotypes and in the BSA-treated control,
indicating absence of any change in the fatty acid oxidative function. An actual
difference in fatty acid oxidation might be present, however, this last finding
raises doubts about the validity of this method as an accurate estimation of free
fatty acid oxidation in intact cells.
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Chapter 5

Adverse effects of the highly
lipophilic triphenylphosphonium
cations

Triphenylphosphonium moieties (TPP+) are charged molecules that are used to
target mitochondria by several probes in order to facilitate the study of mitochon-
drial function or the delivery of bioactive compounds to mitochondria (Murphy,
1997). The positive charge of these molecules allows the TPP+ conjugated moi-
ety to accumulate inside the mitochondrial matrix, thanks to the driving forces
created by the mitochondrial membrane potential. In addition, the hydropho-
bic nature of these molecules facilitates the uptake and the binding to biological
membranes (Ross et al., 2005, 2008). This hydrophobic character is mediated in
inactive alkylTPP+ compounds by the length of the hydrophobic alkyl side chain.
This provides the TPP+ moiety with a higher affinity to cross the phospholipid
bilayer, and bind to the mitochondrial membrane.

The rate of mitochondrial uptake of TPP+ cations follows the Nernstian dis-
tribution, which allows an approximate thousand fold higher mitochondrial con-
centration than the used extracellular concentration. Although the TPP+ conju-
gated molecules are widely used, the mechanism of action of such compounds is
not well described and their effect on the different mitochondrial functions is par-
tially understood. Recently, it was observed that the highly hydrophobic TPP+

68



5. EFFECT OF HIGHLY LIPOPHILIC TPP+

compounds, including the biologically inactive alkylTPP+ salts, can inhibit mi-
tochondrial respiration with various degrees (Reily et al., 2013). We therefore
tried in this chapter to investigate the mechanism of the inhibitory action of the
more hydrophobic TPP+ moieties.

5.1 Impairment of mitochondrial respiration in

intact cells

We evaluated the effect of TPP+ compounds on mitochondrial respiration of in-
tact cells by testing the bioenergetic performance of C2C12 cells after treatment
with 1 µM of different alkylTPP+ compounds. We treated the cells with propyl-,
heptyl-, decyl- and dodecylTPP+ before performing a mitochondrial stress test
(2.7.1) and followed the changes in oxygen consumption rate (Figure 5.1) and ex-
tracellular acidification rate (Figure 5.2). We observed that the more hydrophobic
TPP+ derivatives affected mitochondrial respiration by inducing proton leak res-
piration and reducing the maximal respiratory capacity. We also observed an
increase in ECAR, which reflects the induction of glycolysis and the shift from
oxidative respiration to glycolytic metabolism.

5.1.1 Induction of proton leak

Mitochondrial respiration in the basal state is mediated by two respiratory pa-
rameters, the first is the mitochondrial ATP-driven production and the other is
the physiologically occurring proton leak respiration. A qualitative estimation
of proton leak in intact cells can be concluded via blocking the ATP synthase
activity by oligomycin, thus eliminating the mitochondrial ATP production con-
tribution in mitochondrial respiration and shift cellular ATP synthesis towards
the glycolytic pathway.

The presence of 1 µM decyl- or dodecylTPP+ led to ≈ 10 fold increase in pro-
ton leak-driven (oligomycin-inhibited) respiration, compared to controls treated
with the DMSO vehicle alone. The less hydrophobic heptylTPP+ exhibited a
more modest effect than the more hydrophobic ones, and caused an ≈ 5 fold
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Figure 5.1: The acute response of cellular respiration to various
alkylTPP+ compounds in intact C2C12 myoblasts. Traces of mitochon-
drial stress test performed using the xf-24 analyzer. After measuring the respi-
ration in basal conditions, cells were treated with different alkylTPP+ at a final
concentration of 1 µM or vehicle (DMSO 0.02%). Oligomycin (O) 1 µM, FCCP
(F) 0.5 µM rotenone-antimycin A (R+A) 1 µM were injected successively to per-
form a mitochondrial stress test. Cellular oxygen consumption rate (OCR) is
expressed as the percentage of basal OCR (OCR%) and presented as means ±
95% CI, n=3–6.
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Figure 5.2: Changes in glycolytic rate in response to various alkylTPP+

compounds in intact C2C12 myoblasts. As in figure 5.1, cells were treated
with different alkylTPP+ at a final concentration of 1 µM or vehicle (DMSO
0.02%). The addition of oligomycin (O) stimulates the maximum glycolytic ca-
pacity. The extracellular acidification rate (ECAR) is expressed as the percentage
of basal ECAR (ECAR%) and presented as means ± 95% CI, n=3–6.
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increase in the leak respiration. The least hydrophobic derivative propylTPP+

had no observable effect at this concentration (Figure 5.3 A).

5.1.2 Reduction of maximal respiration

Inducing an energy crisis deliberately by a highly effective protonophore (FCCP)
allows to measure the maximal respiratory rate at a given substrate availability,
which tests the efficiency of the mitochondrial respiratory pathway. While the
effect on maximal respiration was not as pronounced as on the proton leak at the
1 µM concentration, it was observed that there is a tendency to have an inhibitory
effect with increasing the alkyl chain length. This was apparent (Figure 5.3 B)
with only decyl- and dodecylTPP+, and both derivatives exhibited a significant
inhibitory effect.

Both FCCP and the highly hydrophobic TPP+ derivatives are inducers of
proton leak through different mechanisms. FCCP is a protonophore that leads to
a state of complete uncoupling and neutralization of the mitochondrial membrane
potential. Therefore, it is most likely that the effective concentrations of TPP+

derivatives inside mitochondria are much lower than under basal conditions with
intact membrane potential. Another considerable factor is the possible leakage
of the TPP+ compounds from mitochondria following the dissociation of the
membrane potential and removal of its regulatory effect that drives the TPP+

accumulation. This suggests that the impact of TPP+ on the mitochondrial
respiratory machinery during measurement might be underestimated, and a more
inhibition of the activity of the respiratory enzymes can be expected.

5.1.3 Enhancement of glycolytic metabolism

When mitochondrial respiration is interrupted, energy production shifts instantly
to glycolytic metabolism to compensate for ATP shortage. This is translated as
an increase in the extracellular acidification rate (ECAR) due to the increase in
lactate production and release to the extracellular environment.

We found the effect of the alkylTPP+ on the ECAR corresponding to the
previous findings (Figure 5.3 C), which once again follows the same relationship
between alkyl chain length and the effect magnitude. The addition of oligomycin
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Figure 5.3: Effect of alkylTPP+ compounds (1 µM) on mitochondrial
metabolism in intact cells. A. Long alkyl chain TPP+ derivatives cause an
increase in proton leak-driven respiration. B. Decyl- and dodecylTPP+ cause an
inhibition of maximal respiration. C. Cells respond to alkylTPP+ addition by
shifting ATP production to the glycolytic pathway as indicated by an increase
in extracellular acidification rate (ECAR). D. No significant effect of alkylTPP+

compounds on maximum glycolytic capacity induced by oligomycin. All results
are expressed as a percentage of basal cellular OCR or basal ECAR and are
presented as means ± 95% CI, n=3–6. * indicates p<0.05 when compared to the
DMSO treated group.
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completely blocks oxidative phosphorylation and leads to a further increase in the
ECAR under basal conditions, which allows to detect the maximum glycolytic
capacity of the tested cells. Since all the cells are from the same phenotype,
it is expected to possess a similar glycolytic activity, given that the alkylTPP+

derivatives have no reported interference with the process of glycolysis (Figure 5.3
D).

5.1.4 Direct relation between TPP+ concentration and

the respiratory response

The nature of the relation between the inhibitory effects of alkylTPP+ deriva-
tives and the used concentration was found to be dose-dependent. The C2C12
cells responded to the gradual increase in the extracellular concentration of the
most potent dodecylTPP+ by increasing the rate of proton leak respiration and
the maximum respiratory capacity decreased accordingly. Figure 5.4 shows the
relationship between both effects and the tested concentration of dodecylTPP+

to which cells were exposed.
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Figure 5.4: Dose-dependence of the effect of dodecylTPP+ on mitochon-
drial metabolism. A. Proton leak-driven respiration increases substantially
with an increasing extracellular concentration of dodecylTPP+. B. A simultane-
ous decrease in maximal respiration due to increasing doses of dodecylTPP+. All
results are expressed as the percentage of OCR of the DMSO treated control and
are presented as means ± 95% CI, n=3–6.
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We observed that the proton leak stimulation appears to be much stronger
than the control than the inhibitory effect on maximal respiration. At an extra-
cellular concentration of 2 µM dodecylTPP+ proton leak respiration increased
≈10 folds, while the respiratory capacity decreased by ≈35%.

5.2 Effect on respiratory chain complexes

While increasing the proton leak can be assumed to be due to disruption of
the mitochondrial membrane and the subsequent collapse of the inner membrane
potential, the decrease of maximal respiration is not interpreted in the same
manner. The factors mediating maximum respiratory capacity are the availability
of consumable substrates and the presence of functioning electron transfer system.
Therefore, the study extended to investigate whether respiratory complexes are
inhibited by the TPP+ alkyl derivatives, and to measure directly their effect on
the mitochondrial membrane potential.

We measured the effect of alkylTPP+ compounds on the enzymatic activity of
individual mitochondrial respiratory chain complexes using samples from freeze-
thawed rat skeletal muscle homogenate enriched in the mitochondrial fraction
(2.1.3.1). This model allows a direct access to the respiratory chain in the ab-
sence of a mitochondrial membrane potential, due to complete depolarization of
mitochondrial membrane after freezing. This eliminates the contribution of the
membrane potential in the observed manifestations with intact cells, and ensures
the presence of a stable concentration of TPP+ without the possibility of leakage
following the addition of the uncoupling agent. Considering the Nernstian distri-
bution of TPP+ cations, we used a concentration of 1 mM of each alkylTPP+,
which is equivalent to 1 µM of extracellular concentration∗.

5.2.1 General inhibition of ETC

All of the four complexes of the electron transport chain were non-specifically
inhibited by the long chain TPP+ derivatives (Figure 5.5) with various degrees

∗Due to interaction with the reaction components, the homogenate was treated with 1 mM
alkylTPP+ before measuring the enzymatic activity (2.3.2.10).
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Figure 5.5: Activity of mitochondrial respiratory chain complexes in
rat skeletal muscle homogenate is inhibited by longer-chain alkylTPP+

compounds. Muscle homogenate was preincubated with 1 mM TPP+ com-
pounds on ice. A. Complex I activity was slightly affected by DMSO alone and
longer-chain TPP+ derivatives caused a marked inhibition. B. Complex II activ-
ity was less affected with only significant inhibition caused by by dodecylTPP+.
C. Complex III activity was affected in a similar manner as complex I. D. DMSO
decreased the activity of complex IV by about 40%, and TPP+ compounds with
shorter chains appear to alleviate this inhibition. Longer chain derivatives, how-
ever, caused a marked inhibition of complex IV activity. All results are expressed
as the percentage of the activity of the untreated control and are presented as
means ± 95% CI, n=3. * indicates p<0.05 when compared to the DMSO treated
group.
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after being exposed to a concentration of 1 mM of the different alkylTPP+. We
found dodecylTPP+ to be a very potent inhibitor of all complexes and the en-
zymatic activity dropped down to less than 20 % of the control. Complexes I
and III appeared to be the most sensitive to decyl- and dodecylTPP+ inhibi-
tion. Complex II was relatively resistant especially to decylTPP+, which caused
a moderate decrease in complex II activity.

The effect of TPP+ derivatives on complex IV activity is rather curious. The
vehicle (1 % DMSO during preincubation, 0.05 % during assay) inhibited the
activity of complex IV significantly, and decyl- and dodecylTPP+ dramatically
potentiated this inhibitory effect. Surprisingly, the shorter chain derivatives,
propyl- and heptylTPP+, on the other hand, appear to alleviate the toxic effect
of DMSO, which further complicates our understanding of the real mechanism of
action of these compounds.

Inhibition of complexes I, III, and IV reveals the major cause of lowering max-
imum respiratory capacity in intact cells, since most electron flux to ETC is via
complex I. In addition, these complexes are the main proton pumps responsible
for maintaining the proton gradient across the inner membrane, which is another
indicator of indirect interference with membrane potential.

5.2.2 Dose-response relation

The relation between the concentration of the most hydrophobic tested alkylTPP+,
decyl- and dodecylTPP+, and the rate of inhibition of each enzymatic activity can
indicate the range of the extracellular effective concentrations that can directly
interfere with mitochondrial respiration. Therefore, we assessed the enzymatic ac-
tivity of each complex after preincubation with different concentrations of decyl-
and dodecylTPP+.

DodecylTPP+ virtually inhibited complexes I, III and IV completely at a
0.5 mM concentration (equivalent to 0.5 µM of extracellular concentration), while
the activity of complex II was only reduced by about 50 % at this concentra-
tion. DecylTPP+ exhibited a similar pattern with a substantially lower potency,
however a lower concentration of 100 µ decylTPP+ (equivalent to 0.1 µM of
extracellular concentration) was found to potentiate the activity of complex IV

77



5. EFFECT OF HIGHLY LIPOPHILIC TPP+

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

50

100

Concentration (mM) 

%
 o

f c
on

tr
ol

Complex I

decyl

dodecyl

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

50

100

Concentration (mM) 

%
 o

f c
on

tr
ol

Complex III

decyl

dodecyl

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

50

100

Concentration (mM) 
%

 o
f c

on
tr

ol

Complex II

decyl

dodecyl

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

50

100

Concentration (mM) 

%
 o

f c
on

tr
ol

Complex IV

decyl

dodecyl

A

D

B

C

Figure 5.6: The inhibition of mitochondrial respiratory chain complex
activity by longer chain TPP+ compounds is dose dependent. Samples
of rat skeletal muscle homogenate were incubated with various concentrations of
decylTPP+ and dodecylTPP+ prior to the assay. A, B, and C. Complexes I,
II, and III show a gradual decrease in activity proportionate with the dose of
the TPP+ compounds. DodecylTPP+ exhibits a stronger inhibitory effect than
decylTPP+. D. A low concentration of decylTPP (100 µM) appears to cause
a slight ‘activation’ of complex IV activity, while higher concentrations caused
inhibition. DodecyTPP+ is once again the more potent inhibitor. All results are
expressed as the percentage of the activity of the DMSO treated sample and are
presented as means ± 95% CI, n=3.
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(Figure 5.6), which indicates a possible detergent effect of decylTPP+ that solu-
bilized mitochondrial membrane fragments.

5.3 The highly hydrophobic TPP+ derivatives

decrease ∆ψm

We performed an independent measurement of mitochondrial membrane poten-
tial in intact C2C12 cells using flow cytometry to present an unbiased method
demonstrating the effect of alkylTPP+ derivatives. In addition, a detection of
membrane potential changes following the exposure to TPP+ derivatives might
strengthen our findings on proton leak respiration. We used the negatively
charged, membrane-permeable fluorescent dye tetramethylrhodamine methyl es-
ter (TMRM). The dye accumulates in mitochondria proportionately to the mem-
brane potential and therefore cells with a higher membrane potential will fluoresce
with a higher intensity.

Co
un

t

dodecyl decyl propylheptyl

Figure 5.7: TPP+ derivatives decrease mitochondrial membrane poten-
tial. A typical TMRM fluorescence intensity histogram from a flow cytometry
experiment with C2C12 cells in the presence of 1 µM TPP+ compounds. Lower
fluorescence intensity corresponds to a lower membrane potential (∆ψm).
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As expected, there is a clear trend towards lower fluorescence intensities as the
alkyl chain length increases (Figure 5.7). PropylTPP+ at a concentration of 1 µM
did not affect the membrane potential, and the fluorescence intensity was similar
to that treated with the vehicle (DMSO). Heptyl-, decyl- and dodecylTPP+ at
the same concentration decreased the intensity significantly, indicating a lower
value of ∆ψm in cells treated with these salts.

We observed that the two longest chain derivatives appeared to collapse the
mitochondrial membrane potential even more effectively than an equal concen-
tration of the uncoupler FCCP (Table 9), and both diminished the fluorescence
intensity in the treated cells. This could potentially be explained by the combined
action of a strong uncoupling effect and respiratory chain inhibition.

5.4 Discussion

TPP+ compounds are well known and their use is common due to their high
affinity to the biological membranes (Murphy, 1997). This affinity will further
increase with an increasing hydrophobicity of the derivative (Ross et al., 2005,
2008) resulting in larger accumulation of the positively charged TPP+ molecule in
mitochondria. The high intramitochondrial concentration most likely interferes
with one or more of the several mitochondrial functions, however, the adverse
reactions of such compounds including the theoretically inactive derivatives is
partially studied, and the available data about the mechanism of action of these
compounds have not reached a satisfying level. The TPP+ moiety of mitochondri-
ally targeted compounds is often considered to be without a significant biological
activity. Our results show a clear evidence that increasing the hydrophobic char-
acter of TPP+ derivatives conjugated with chemically inactive alkyl chains in
place of the ‘active’ moieties significantly affect mitochondrial bioenergetics.

All TPP+ compounds are positively charged, and the highly lipophilic com-
pounds can achieve a higher accumulation rate due to their easier diffusion
through the phospholipid membranes. Therefore, we expected that the mag-
nitude of these side effects may correlate with the alkyl side chain length which
mediate the hydrophobicity of the compounds. The main findings of this chapter
are the significant potentiation of proton leak with a subsequent decrease in the
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mitochondrial membrane potential. Another adverse reaction was the inhibitory
effect on the mitochondrial respiratory chain complexes.

Although the mechanism of action is not yet clearly revealed, a plausible ex-
planation of these observations therefore may be that both the increase in proton
leak and the inhibition of respiratory chain complexes is mediated by an incorpo-
ration of alkylTPP+ molecules into the inner mitochondrial membrane and the
resulting disruption of its normal function. This conclusion is strongly supported
by data available about the nature and structure of each enzyme complex. The
respiratory complexes are known to be sensitive to their lipid environment and
require phospholipid molecules for their activity (Cerletti et al., 1965; Fry and
Green, 1980, 1981). Therefore, a high concentration of alkylTPP+ molecules in
the membrane could interfere with the membrane properties and integrity, allow-
ing the leak of protons from the intermembrane space back to the matrix, and
most likely alters the membrane structure and subsequently the function of the
membrane bound enzymes.

The observed effect of the more lipophilic alkylTPP+ on the respiration of
intact C2C12 is strongly compatible with previously published results on differ-
ent cell lines (Reily et al., 2013). The nearly similar response of intact cells to
alkylTPP+ is useful to identify broad effects on mitochondrial bioenergetics, how-
ever, additional investigations are required to pinpoint more precise mechanisms
of action of TPP+ derivatives.

We therefore assessed the activity of mitochondrial respiratory chain enzymes
after being targeted with the alkylTPP+. Although the function of each complex
is highly regulated in intact cells by the ratio of substrates and products, trying to
conclude the activity of each enzyme within an intact electron transfer system can
be masked by the inhibition of other complexes. For that reason we performed
distinct assays for each enzyme in a completely uncoupled system.

Highlt hydrophobic alkylTPP+ caused a non-specific inhibition of all com-
plexes, and complex II appeared to be the least sensitive from all complexes.
This finding was augmented by trying several concentrations of the strongest in-
hibitors, and the dose-dependency of these inhibitory effects was demonstrated.
Although the inhibitory effect of the hydrophobic alkylTPP+ could be demon-
strated, the exact mechanism of respiratory chain inhibition can only be specu-
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lated about based on these data. The fact that the inhibitory effect is not specific
to any derivative nor to any complex suggests a non-specific binding of the TPP+

derivates to the inner mitochondrial membrane, which affects membrane integrity
causing both the breakdown of its insulating properties and impairment of the
phospholipid milieu faced by the respiratory complexes.

We must mention that the study could not estimate the actual rate of in-
hibition when it comes to investigate the effect on intact cells. When an as-
sumed concentration approximately near to that found in mitochondria of treated
cells, it was not possible to perform the enzymatic reaction due to interference of
alkylTPP+ with the reaction components (2.3.2.10). It is therefore possible that
the effects observed in our study underestimate the real effects in intact cells.

Lastly, the inhibition of complex I, III and IV led to interruption of mito-
chondrial membrane potential, being essentially the sites of proton pumping that
create the electrochemical potential difference. We confirmed this interference
independently by determining the drop in mitochondrial membrane potential fol-
lowing exposure to the longer chain TPP+ compounds. Based on these results
we recommend to consider the effect of the hydrophobic nature of the mitochon-
drially targeted molecules when used as diagnostic probes or therapeutic agents.
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Chapter 6

Methyltriphenylphosphonium
targeting of 2-oxoglutarate
dehydrogenase complex

Accumulating data have shown that TPP+ derivatives in general exert some
undesirable effects on mitochondrial metabolism due to non-specific binding to
membranes (Plecitá-Hlavatá et al., 2009; Severin et al., 2010; Antonenko et al.,
2013), such as the potentiation of proton leak across the inner mitochondrial
membrane, which are largely independent of the biologically-active moiety and
become more pronounced with increasing hydrophobicity of the molecule as seen
in the previous chapter.

The strongest adverse responses were induced by the highly lipophilic alkylTPP+

compounds, and the less hydrophobic propylTPP+ did not exert any negative
effect on cellular respiration nor on the activity of the respiratory chain com-
plexes. However, the least hydrophobic derivative, methyltriphenylphosphonium
(TPMP), was found to inhibit mitochondrial respiration in the basal state and
induce glycolytic metabolism of glucose (Reily et al., 2013). This valuable ob-
servation demonstrated by the study of Reily et al. was not supported by more
data about the possible mechanism of action of TPMP.

TPMP is the most used alkylTPP+, and its main application is the direct
measurement of mitochondrial membrane potential, using the TPMP-sensitive

83



6. INHIBITION OF KREBS CYCLE BY TPMP

electrodes (Liberman et al., 1969; Grinius et al., 1970; Brown and Brand, 1985).
Its inhibitory effect when used with high extra-mitochondrial concentrations was
reported in studies with isolated mitochondria (Brand, 1995; Ojovan et al., 2011).
Unlike the highly lipophilic alkylTPP+ derivatives, A direct interference with the
mitochondrial membrane potential is most unlikely to be the reason of TPMP
inhibitory effect. A possible explanation of this effect can be demonstrated by rec-
ognizing the available binding sites where TPMP molecules may exert an adverse
reaction.

In order to explore the effects of TPP+ compounds in more detail, we first
investigated the respiratory response and bioenergetic changes to TPMP in intact
C2C12 cells using the Seahorse xf-24 analyzer and compared the response of this
cell line to the previously published report (Reily et al., 2013). The next step was
to test respiration of the permeabilized cells in the presence of different respira-
tory substrates requiring different metabolism so as to pinpoint, if possible, the
specific enzymatic sites of TPMP action. In this step and to avoid unnecessary
mitochondrial membrane permeabilization, we decided to selectively permeabi-
lize the plasma membrane of the C2C12 cells using the xf plasma membrane
permeabilizer from Seahorsebio.

Finally we examined the major enzymes responsible for the metabolism of
each substrate after treatment with TPMP. We assayed the enzymes in skeletal
muscle homogenate isolated from Wistar rats. In addition, treatment with the
more hydrophobic propyl- and pentylTPP+ was examined to find out a possible
role of hydrophobicity in binding to the sites of interest.

6.1 Response of intact C2C12 cells to TPMP

The initial step in investigating the effect of TPMP was to examine the response
of C2C12 intact cells respiring on substrates as that found in the growth medium
to an acute addition of 1 µM TPMP (Figure 6.1). As previously discussed, the
Nernstian distribution of these ions will result in an accumulation of approxi-
mately 1000-fold concentration inside the mitochondrial matrix. We found that
TPMP at this concentration induces inhibition of respiration and simultaneously
activates glycolytic metabolism.
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6.1.1 Changes in cellular bioenergetics

Cells in the basal state responded to an acute addition of TPMP (1 µM final con-
centration) by a gradual decrease in oxygen consumption rate. We observed that
the extent of this decrease in respiration was time-dependent and reached 36.93%
[33.58-40.28%] of basal OCR after one hour of the initial treatment (Figure 6.1
B).

Due to this time-dependent course, the calculation of each respiratory pa-
rameter had to be time-related. After 20 minutes of treatment during which we
obtained 3 cycles of measurement, the mitochondrial ATP turnover-driven respi-
ration was reduced by ≈30% than the untreated control. This indicates a decrease
in the reliance on oxidative phosphorylation to liberate the required energy.

The maximum respiratory capacity and proton leak respiration were also re-
duced following TPMP treatment (Figure 6.1 C). We have observed the reduction
in maximal uncoupled respiration with the highly lipophilic alkylTPP+ deriva-
tives, however, a remarkable difference in the mechanism of respiratory inhibition
between the more lipophilic alkylTPP+ and TPMP was in proton leak respira-
tion. Unlike the highly lipophilic TPP+ compounds which caused a large increase
in proton leak, the leak respiration in the TPMP treated cells was less than that
of the untreated control cells, which is probably due to less flux of electrons to
the respiratory chain. It is also an indicator that the mitochondrial membrane
potential is intact after TPMP treatment. The reduction of all these respiratory
parameters can be explained by an overall reduction in mitochondrial respiration,
in which the mitochondria maintains an intact proton translocation driving force
and subsequently intact electron transport chain, which directed us towards in-
vestigating the pathways that feeds electrons to the respiratory chain, which are
mainly the enzymes of Krebs cycle.

6.1.2 Increase in glycolytic activity

Corresponding to the decrease in reliance on mitochondria respiration, TPMP
treatment caused an increase in the glycolytic activity in the basal state. The
increase in most likely to compensate for impaired mitochondrial ATP synthesis.
The extracellular acidification rate started to increase immediately after TPMP

85



6. INHIBITION OF KREBS CYCLE BY TPMP

10 20 30 40 50 60 70 80
0

50

100

150

200

250

Time (min)

O
C

R
 (%

)

O F R+A

TPMP

Control

A

10 20 30 40 50 60 70 80
0

20

40

60

80

100

120

Time (min)

O
C

R
 (%

)

Non-mitochondrial respiration

B
TPMP 1 µM

Contro
l

TPMP

Contro
l

TPMP

Contro
l

TPMP

Contro
l

TPMP
0

50

100

150

200

250

O
C

R
 (%

)

*

*

*

C

ATP-driven

Maximal

H+ leak Non-mito.

10 15 20 25 30 35 40 45 50
0

50

100

150

200

250

Time (min)

EC
A

R
 (%

)

Control

TPMP

D
O

10 15 20 25 30 35 40 45 50
0

50

100

150

200

250

Time (min)

EC
A

R
 (%

)

TPMP 1 µM

Maximal glycolytic capacity

E

Contro
l
TPMP

Contro
l
TPMP

0

50

100

150

200

250

EC
A

R
 (%

) *

F
Basal Maximal

Figure 6.1: TPMP inhibits mitochondrial respiration and increase gly-
colytic activity in intact cells. A. A metabolic analysis of cellular respira-
tion in intact C2C12 myoblasts. Cells were treated with 1 µM TPMP or vehi-
cle, followed by sequential injection of 1 µM oligomycin (O), 1 µM FCCP (F),
then 1 µM rotenone and antimycin A (R+A) mixture. The TPMP treated cells
showed a decrease in oxygen consumption rate (OCR) following the TPMP ad-
dition. B. Cellular OCR decreases gradually after TPMP treatment. The level
of non-mitochondrial respiration was found to be 19.76% [17.33-22.18%]. C. Mi-
tochondrial respiratory parameters calculated from A were reduced. D, E & F.
ECAR increases simultaneously with the decrease in OCR. Data is expressed as
the percentage of basal OCR (OCR%) and is presented as means ±95% CI, n=4.
* indicates significant p<0.05 when compared to the control untreated group.
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injection, and achieved the highest level after 40 minutes (Figure 6.1 E). As the
rest of alkylTPP+ derivatives, the maximum glycolytic capacity was not affected.

6.2 Response of permeabilized cells

The decrease in respiratory capacity of intact cells after TPMP treatment can
be explained by a defect in the electron transport chain, or in the presence of
sufficient concentrations of electron donors to feed the respiratory chain. In order
to pinpoint the actual site of inhibition, it was suggested to test mitochondrial
respiration in permeabilized cell. To maintain mitochondrial coupled respiration,
we decided to selectively permeate the plasma membrane before using different
respiratory substrates.

An important advantage of measuring mitochondrial respiration in permeabi-
lized cells is the broad selection of plasma membrane impermeable substrates that
can reach mitochondria, which enable researchers to examine different segments
of the respiratory pathways. A functional citric acid cycle enzymes are essen-
tial to provide the electron transport chain with enough NADH and FADH2 to
maintain ATP production.

We assessed the activity of Krebs cycle by using different substrates. The
used substrates included NADH-linked substrates (pyruvate/malate and gluta-
mate/malate) which feed into the Krebs cycle and via complex I into the respi-
ratory chain. The FADH2-linked substrate was succinate, which is metabolized
solely by the respiratory complex II. The metabolism of these different substrates
guarantees scanning of all of the citric acid cycle enzymes (Figure 6.2).

In permeabilized C2C12 myoblasts an exposure to 10 µMTPMP (approximate
equivalent of 1 µM TPMP extracellular concentration in the presence of plasma
membrane potential) caused a rapid decrease of respiration in both NADH-linked
substrates to an equal rate. Respiration on pyruvate/malate dropped to 26.17%
[23.21-29.12%] and on glutamate/malate respiration decreased to 26.08% [24.66-
27.50%] of basal respiration (Figure 6.3 A, B & C). When succinate was used
as a substrate, the respiratory rate following a TPMP addition decreased to
89.17% [87.54-90.79%]. As in intact cells, adding an uncoupler (FCCP) removes
the regulatory role of membrane potential and it caused a moderate increase
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Figure 6.2: Metabolic flux in permeabilized cells. A schematic presenta-
tion of Krebs cycle showing the active enzymes when different mitochondrial sub-
strates are used. NADH produced is re-oxidized by the respiratory complex I. The
role of malate in pyruvate/malate respiration is to provide oxaloacetate which is
further metabolized to citrate in the presence of acetyl-CoA. In glutamate/malate
respiration, malate takes part in the malate aspartate shuttle. OGDH is a meet-
ing point for pyruvate/malate and glutamate/malate metabolism. The presence
of high concentration of malate inhibits succinate dehydrogenase by equilibrating
with fumarate, which eventually prevents the flux from succinate to fumarate.
PDH, pyruvate dehydrogenase complex; A-CoA, acetyl-CoA; CS, citrate syn-
thase; C, citrate; ACN, aconitase; IC, isocitrate; IDH, isocitrate dehydrogenase;
GDH, glutamate dehydrogenase; 2-OG, 2-oxoglutarate; OGDH, 2-oxoglutarate
dehydrogenase complex; S-CoA, succinyl-CoA; SCS, succinyl-CoA synthase; S,
succinate; SDH, succinate dehydrogenase; F, fumarate; FH, fumarate hydratase;
M, malate; MDH, malate dehydrogenase; OA, oxaloacetate; Q, ubiquinone; QH2,
ubiquinol.

88



6. INHIBITION OF KREBS CYCLE BY TPMP

5 10 15 20 25 30 35
0

50

100

150

Time (min)

O
C

R
 (%

)

Control
TPMP

TPMP or 
control

FCCP AA

pyruvate
+

malate

A

5 10 15 20 25 30 35
0

50

100

150

Time (min)

O
C

R
 (%

)

Control
TPMP

glutamate
+

malate

TPMP or 
control

FCCP AAB

5 10 15 20 25 30 35
0

50

100

150

Time (min)

O
C

R
 (%

)

Control
TPMP

succinate
+

rotenone

TPMP or 
control

FCCP AAC

5 10 15 20 25 30 35
0

100

200

300

Time (min)

PP
R

 (%
)

Control
TPMP

TPMP or 
control

FCCP AA

pyruvate
+

malate

D

5 10 15 20 25 30 35
0

100

200

300

Time (min)

PP
R

 (%
)

Control
TPMP

TPMP or 
control

FCCP AA

glutamate
+

malate

E

5 10 15 20 25 30 35
0

100

200

300

Time (min)

PP
R

 (%
)

Control
TPMP

TPMP or 
control

FCCP AA

succinate
+

rotenone

F

Figure 6.3: Substrate driven respiration in selectively permeabilized
plasma membrane. Respiration was induced by the addition of ADP in the
presence of the relative substrate. Cells were treated with TPMP10 µM or vehicle
(deionized H2O), followed by 1 µM FCCP, then 1 µM AA to block the flow of
electrons in the respiratory chain. A. Respiration on 5mM pyruvate/ 2.5 mM
malate. B. Respiration on 5 mM glutamate / 2.5 mM malate. C. Respiration
on 10 mM succinate. D & E. The acidification rate (PPR) increased following
TPMP treatment in pyruvate/malate and glutamate/malate cases. F. In the
presence of succinate, the increase in PPR occurred after AA addition. Data is
expressed as the percentage of basal OCR (OCR%) and is presented as means
±95% CI, n=4. AA, antimycin A; OCR, oxygen consumption rate; PPR, proton
production rate.

89



6. INHIBITION OF KREBS CYCLE BY TPMP

in respiration, which confirms the inhibitory effect of TPMP. The inhibition of
respiration was associated with an increase in the proton production rate (PPR),
which is analogous to ECAR in intact cells (Figure 6.3 D, E & F). TPMP caused
an increase in PPR in pyruvate/malate and glutamate/malate cases equally, while
the change in succinate case was not detectable. When respiration is completely
inhibited by antimycin A, we observed the rise in PPR in all cases.

6.3 TPMP selectively inhibits 2–oxoglutarate

dehydrogenase complex

We assessed the enzymatic activity of some mitochondrial enzymes including
the complexes of the respiratory chain in skeletal muscle homogenate (except
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Figure 6.4: Selective TPMP inhibitory effect on OGDH. The enzymatic
activities of pyruvate dehydrogenase, Krebs cycle and electron transport chain
were not affected by the presence of 1 mM TPMP, except the OGDH, which was
significantly reduced. Data is presented as means ±95% CI, n=3. * indicates
significant p<0.05 when compared to the control untreated group. MDH, malate
dehydrogenase; CS, citrate synthase; IDH, isocitrate dehydrogenase; OGDH, 2-
oxoglutarate dehydrogenase complex; PDH, pyruvate dehydrogenase complex.
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Figure 6.5: IC50 of intramitochondrial TPMP. IC50 of TPMP was found to
be 3.93 [3.70-4.17] mM. Data is presented as means ±95% CI, n=3.

pyruvate dehydrogenase which was obtained purified from porcine heart) so as to
identify the most affected site. The reaction condition contained 1 mM TPMP
(approximate equivalent of 1 µM extracellular concentration).

The activity of OGDH complex was effectively reduced to 77.00% [70.34-
83.66%] of the untreated control (Figure 6.4) in the presence of 1 mM of TPMP.
The IC50 of TPMP was estimated to be 3.93 [3.70-4.17] mM (Figure 6.5). Other
enzymes were resistant to TPMP with a minor non significant reduction in the
activity of complex I.

6.4 TPP+ hydrophobicity and OGDH inhibition

are directly related

The activity of OGDH was measured after treatment with other more hydropho-
bic alkylTPP+ derivatives using an equal concentration as that of TPMP. It
was found that increasing the length of the alkyl side chain appears to enhance
the inhibitory effect on OGDH activity. Activities of the pyruvate dehydroge-
nase complex and other Krebs cycle enzymes were not affected by the more
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Figure 6.6: More lipophilic TPP+ derivates are more potent inhibitors
of OGDH. Longer chain alkylTPP+ compounds have higher inhibitory effect.
OGDH showed less activity in the presence of 1 mM concentration of the more
lipophilic TPP+ moieties in the assay mixture. The rate of inhibition was pro-
portional to the increase in the length of the alkyl side chain. Data is presented
as means ±95% CI, n=3. TPMP, methyltriphenylphosphonium; Propyl, propyl-
triphenylphosphonium; Pentyl, pentyltriphenylphosphonium.

hydrophobic TPP+ moieties, and only OGDH was selectively affected. 1 mM
propylTPP+ reduced the activity to 60.70% [60.09-61.31%] of the untreated con-
trol, and pentylTPP+ caused even more inhibition to reach 15.87% [12.44-19.30%]
of the control activity (Figure 6.6).

6.5 Discussion

The results of this chapter show that one of the simplest and most widely used
TPP+ derivatives also inhibit Krebs cycle. The use of the mitochondriotropic
TPP+ derivatives has expanded to study mitochondria as ell as to influence its
various functions including the production of reactive oxygen species (Smith et al.,
2012). Despite their use on large scale, the unidentified effects of TPP+ deriva-
tives due to their chemical structure are much less understood (Asin-Cayuela
et al., 2004).

92



6. INHIBITION OF KREBS CYCLE BY TPMP

We tried to answer the unexplained inhibitory effect of TPMP on mitochon-
drial respiration, which was observed in intact cells (Reily et al., 2013) and in
isolated mitochondria (Brand, 1995; Ojovan et al., 2011). The data obtained from
intact cells (Figure 6.1) show a general inhibitory effect of TPMP on cellular res-
piration, which is considerably slower to develop compared to more lipophilic
derivatives discussed in the previous chapter. Another observed difference was
the diminished proton leak respiration, which is together with the decrease in
ATP-turnover driven and maximal respiration show a generalized drop in mito-
chondrial respiration. This was augmented by an immediate shift to glycolytic
metabolism and an increase in ECAR.

The response of permeabilized C2C12 cells to TPMP inhibitory effect was
much faster. A probable explanation is the easier transport of the relatively hy-
drophilic TPMP across the permeabilized plasma membrane (Ross et al., 2008)
and the direct access to mitochondria. The inhibitory effect of TPMP was spe-
cific to the NADH-linked respiratory substrates. The rate of inhibition of pyru-
vate/malate respiration was nearly identical to that of glutamate/malate. Given
that respiration on pyruvate/malate requires the presence of mitochondrial pyru-
vate carrier and an active pyruvate dehydrogenase complex beside a functional
Krebs cycle, while glutamate/malate respiration requires a functioning gluta-
mate dehydrogenase and oxoglutarate dehydrogenase complex, we could identify
the possible site of inhibition to be linked to OGDH.

The OGDH is one of the rate limiting steps of the Krebs cycle, and it is
required for both pyruvate/malate and glutamate/malate respiration, and since
TPMP inhibited respiration of NADH-linked substrates equally, we directed the
investigation towards the activity of OGDH in response to TPMP treatment.
Bypassing OGDH step in the Krebs cycle by using succinate as a substrate con-
firmed the importance of OGDH as the site of action of TPMP. Respiration on
succinate was minimally affected by TPMP and the cells maintained a high rate
of respiration (Figure 6.3).

With exception of complex I, a negative effect of TPMP on the complexes of
the respiratory chain and ATP synthase was excluded also by the results obtained
from respiration of the permeabilized cells. NADH-linked substrates require ac-
tive complexes I, III and IV, while succinate respiration requires complexes II,
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III and IV. In the coupled state the ATP synthase maintains the production of
ATP depending on the membrane potential in creating the essential driving force
to maintain the process of oxidative phosphorylation. TPMP did not affect suc-
cinate respiration which reflects the continuous function of complexes II, III and
IV in addition to ATP synthase.

Although OGDH was found to be the enzyme of interest, we performed a
more detailed study of the enzymatic activity of major Krebs cycle enzymes in
addition to pyruvate dehydrogenase complex and enzymes of the electron trans-
port chain to reveal any other possible site of action of TPMP. Except OGDH,
none of the examined enzymes was inhibited by TPMP (Figure 6.4), propylTPP+

nor by pentylTPP+. The function of OGDH is to oxidize and decarboxylate 2-
oxoglutarate and attach coenzyme A to the product to form succinyl-CoA (Sheu
and Blass, 1999; Qi et al., 2011). This function was increasingly affected by the
length of the alkyl side chain of the alkylTPP+ (Figure 6.6). This raises a ques-
tion about OGDH structure and the possible attraction force to more harmful
hydrophobic probes.

TPMP was quite potent in inhibiting the respiration of permeabilized cells,
and 1 mM of it was sufficient to reduce the activity of OGDH by ≈23%. The esti-
mated IC50 was therefore in the millimolar range (Figure 6.5), which appears high
compared to other inhibitory substances. Considering the Nernstian distribution
of cations, we can conclude that an accumulation of such high concentrations is
very likely to occur in intact cells due to the negative plasma/mitochondrial mem-
brane potentials, which allows TPMP and other TPP+ derivatives to accumulate
up to 1000 times higher concentration. Treating the cells with a micromolar con-
centration of TPP+ moieties can induce its inhibitory response, and if TPMP
is used, an inhibition of Krebs cycle can be expected. This inhibition can lead
to accumulation of some of the citric acid cycle intermediates, which as a conse-
quence may influence intracellular signaling and gene expression via the role of
2-oxoglutarate in prolyl hydroxylation of HIF-1 alpha (Semenza, 2007) and other
signaling processes (Loenarz and Schofield, 2008; Chin et al., 2014).

The results of this chapter and the previous one raise a question about the
distribution of different alkylTPP+ derivatives in intact cells. While in the previ-
ous chapter we found no sign of interference of propylTPP+ with mitochondrial
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respiration, we observed that it is a more potent inhibitor of the activity of
OGDH enzyme than TPMP at equal concentrations. However, TPMP could in-
hibit mitochondrial respiration of the intact cells. A probable explanation is that
the concentration of the more hydrophobic propylTPP+ in mitochondrial matrix,
where it is needed to interfere with OGDH, would be lower than that of TPMP
due to its preferential association with mitochondrial membranes.

The data of this chapter demonstrates the side effect of TPMP on mitochon-
drial respiration, and clarify the mechanism of action by selectively inhibiting the
OGDH. This finding should be taken into account when interpreting data from
experiments using TPP+ salts. The results also show the importance of OGDH
in mediating mitochondrial respiration, and its liability to the hydrophobic mi-
tochondrial probes.
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Chapter 7

Conclusions

The primary aim of this work was designed to investigate the energy metabolism
of skeletal muscle. This general topic presented a large field of various research
subjects, and it was initiated by investigating the mitochondrial respiratory func-
tion in an in vitro model of skeletal muscle, cultured in different conditions with
various consumable substrates. The study also included the correlation between
glucose level in culture media and mitochondrial function/dysfunction, target-
ing mitochondria, and the ability of the skeletal muscles to metabolize different
energy substrates. This work partially increases our understanding of skeletal
muscle metabolism, and allows us to develop a better model for studying mito-
chondria of skeletal muscle.

Galactose is not a suitable fuel for skeletal muscle

The use of galactose with skeletal muscles was proved in chapter 3 to be inap-
propriate. C2C12 cells do not utilize galactose even when cultured in glucose
free media. The growth rate of cells treated with galactose was similar to those
deprived of glucose, and both phenotypes possessed a significant lower growth
rate than glucose fed cells. The level of media galactose was not changed when
incubated with the cultured cells. The undifferentiated myoblasts failed to differ-
entiate when supplemented with galactose and the presence of glucose is essential
for C2C12 to differentiate. Cells lack of glucose failed to express the differentia-
tion marker MHC, however, evidence of activation of the differentiation pathway
was observed by expressing the MyoD transcriptional factor.
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Oxidative respiration is enhanced by lowering glucose

The results of chapter 3 also show that using galactose or no glucose in the cell
growth medium fails as a simple method to enhance the oxidative metabolism of
C2C12 cells. Observable changes in mitochondrial respiratory parameters asso-
ciated with the use of galactose were basically due to glucose deprivation. The
effects of glucose deprivation are complex and depend, among other things, on the
cell type used. For C2C12 cells, these results support a recommendation to use
a moderate glucose concentration for cultivation and avoid high-glucose growth
media. Different culture media may have a significant effect on the capacity of
the mitochondrial respiratory chain, but the link of such a change to the extent
of oxidative metabolism of the cultured cells cells remains unclear. In addition
mitochondrial mass markers were not different among all groups of cells, and so
were the glycolytic capabilities of the cells treated with normal, high or complete
absence of glucose.

Glucose level optimization is essential to reveal the varia-
tion between different bioenergetic profiles

Assessment of mitochondrial parameters showed a marked variation when the
glucose level was changed. Differences in respiratory capacity were best observed
when the assay condition included 1 g/l glucose. When assessed in a glucose free
medium supplemented with the mitochondrial substrates pyruvate and glutamine,
the previously observed differences were masked. These observations recommend
the use of a unified medium with identical composition and supplements for a
proper comparison of mitochondrial parameters among different phenotypes.

High glucose decreased mitochondrial respiratory capaci-
ties

The data obtained from chapter 4 confirms the direct relation between high glu-
cose level and mitochondrial dysfunction. Allowing the C2C12 cells to grow and
differentiate in a high glucose environment caused a lower respiratory capacity
when compared to myotubes treated with normal glucose concentration. The
differences includes also a lower mitochondrial mass yield, and lower activity of

97



7. CONCLUSIONS

complex I and complex III. The differences did not include any change in gly-
colytic profiles. A major limitation to test the ability to oxidize free palmitic acid
is due to the uncoupling effect of palmitate, which resulted in a large increase in
leak respiration.

The hydrophobicity of mitochondrial targeting molecules
negatively affect respiratory efficiency

The widely used mitochondriotropic triphenylphosphonium (TPP+) derivatives
were shown to interfere with mitochondrial bioenergetics in chapter 5. Although
facilitating mitochondrial targeting, high hydrophobicity of the TPP+ molecule
alters the bioenergetic performance by markedly increasing the proton leak respi-
ration and significantly decrease the coupling efficiency in intact cells. In isolated
mitochondrial preparations, the more hydrophobic TPP+ moieties inhibited the
enzymatic activity of the mitochondrial respiratory chain. The mechanism of in-
hibition is not completely revealed, and disruption of the mitochondrial phospho-
lipid membrane remains the most plausible explanation, due to the non-specific
inhibition on all respiratory complexes. The hydrophobic mitochondrial target-
ing molecules are recommended to be tested for the adverse respiratory inhibition
when designing new ones for use as diagnostic probes or therapeutic agents.

Methyltriphenylphosphonium inhibits Krebs cycle

Another adverse response of TPP+ moieties is discussed in chapter 6. The least
hydrophobic alkylTPP+, methyltriphenylphosphonium (TPMP), inhibits mito-
chondrial respiration by directly inhibiting Krebs cycle. It selectively targets
the 2-oxoglutarate dehydrogenase complex and interferes with the complex func-
tion, which declined markedly when treated with more hydrophobic alkyl TPP+

compounds. The IC50 of TPMP is 3.93 mM in isolated mitochondrial fractions
(3.93 µM extra-cellular). The enzyme 2-oxoglutarate dehydrogenase complex
showed less activity when treated with more hydrophobic alkylTPP+ deriva-
tives, which draws the attention towards the importance of this enzyme, and
also towards the distribution and binding of mitochondrial targeting molecules
to mitochondrial matrix and membrane structures.
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Supplementary tables

Throughout tables 1–8, the different metabolic phenotypes were given abbrevi-
ations. Phenotypes myoblasts or myotubes were given abbreviations according
to their growth or differentiation conditions. LG, in 1 g/l glucose; HG, in 5 g/l
glucose; GAL, in 1 g/l galactose; CF, in no carbohydrate supplement.

Table 1: Respiratory parameters of different metabolic phenotypes of
C2C12 myoblasts in assay media containing growth medium substrates
(pmol(O2).min−1.(µg protein)−1). Data are shown as means and 95% CI, n=3.

LG HG GAL CF
Basal respiration 9.78 8.39 10.20 9.18

[0.48,19.08] [4.25,12.54] [6.17,14.24] [3.42,14.81]
Basal mitochondrial 6.52 5.52 6.73 6.09

respiration [-0.25,13.29] [4.06,6.99] [1.52,11.93] [3.61,8.57]
ATP turnover-driven 5.48 4.60 6.15 5.13

respiration [-0.06,11.57] [2.57,6.63] [2.83,9.47] [2.30,7.97]
Maximum respiratory 24.17 17.20 10.03 8.04

capacity [14.24,34.09] [14.21,20.18] [-4.08,24.13] [1.91,14.17]
Spare respiratory 17.65 11.67 3.30 1.95

capacity [7.11,28.18] [7.27,16.08] [-7.77,14.37] [-6.00,9.90]
H+ Leak 1.04 0.92 0.57 0.96

[-0.23,2.31] [-0.60,2.45] [-1.45,2.60] [0.58,1.34]
Non-mitochondrial 3.26 2.87 3.48 3.03

respiration [-0.06,6.58] [-0.45,6.19] [1.31,5.65] [-0.36,6.41]
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Table 2: Respiratory parameters of C2C12 myoblasts in glucose 1 g/l assay
medium (pmol(O2).min−1.(µg protein)−1). Data are shown as means and 95%
CI, n=3.

LG HG GAL CF
Basal respiration 9.65 8.37 6.76 6.42

[0.45,18.85] [5.49,11.26] [5.25,8.26] [4.73,8.12]
Basal mitochondrial 6.16 6.16 3.78 3.94

respiration [0.60,11.71] [4.43,7.89] [1.35,6.21] [2.16,5.73]
ATP turnover-driven 5.37 5.00 3.02 3.08

respiration [-0.06,10.8] [3.93,6.06] [1.90,4.13] [2.01,4.15]
Maximum respiratory 24.86 15.57 9.56 10.51

capacity [20.83,28.89] [11.93,19.2] [5.51,13.61] [6.25,14.77]
Spare respiratory 18.70 9.41 5.78 6.56

capacity [9.15,28.25] [6.65,12.17] [3.67,7.89] [3.83,9.30]
H+Leak 0.79 1.16 0.76 0.87

[-0.74,2.31] [0.31,2.01] [-1.03,2.55] [-0.19,1.93]
Non-mitochondrial 3.50 2.22 2.98 2.48

respiration [-1.59,8.59] [0.32,4.11] [0.81,5.15] [1.81,3.14]

Table 3: Respiratory parameters of C2C12 myoblasts in glucose-free assay
medium (pmol(O2).min−1.(µg protein)−1). Data are shown as means and 95%
CI, n=3.

LG HG GAL CF
Basal respiration 9.21 7.83 10.29 7.75

[-1.26,19.69] [-0.31,15.97] [4.97,15.60] [-4.60,20.11]
Basal mitochondrial 6.50 5.75 7.09 5.42

respiration [-0.74,13.74] [0.02,11.48] [4.18,10.00] [-4.36,15.19]
ATP turnover-driven 5.48 4.58 6.00 4.35

respiration [-1.05,12.02] [0.05,9.11] [3.93,8.07] [-3.52,12.22]
Maximum respiratory 11.76 7.80 11.09 8.31

capacity [8.85,14.67] [1.50,14.09] [-4.48,26.66] [-7.05,23.66]
Spare respiratory 5.26 2.05 4.00 2.89

capacity [-3.99,14.51] [-0.58,4.67] [-9.00,17.00] [-5.92,11.70]
H+ Leak 1.02 1.17 1.09 1.07

[0.05,1.99] [-0.04,2.38] [-0.17,2.34] [-0.91,3.05]
Non-mitochondrial 2.71 2.08 3.20 2.33

respiration [-0.85,6.27] [-0.41,4.56] [0.33,6.07] [-0.64,5.31]
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Table 4: Respiratory parameters of myotubes in glucose 1 g/l assay medium
(pmol(O2).min−1.(µg protein)−1). Data are shown as means and 95% CI, n=3.

LG HG
Basal respiration 19.43 23.05

[16.49,22.37] [21.31,24.79]
Basal mitochondrial 12.76 16.34

respiration [9.73,15.79] [13.37,19.31]
ATP turnover-driven 10.22 12.89

respiration [8.31,12.13] [11.09,14.70]
Maximum respiratory 60.77 44.70

capacity [51.37,70.16] [27.03,62.36]
Spare respiratory 48.01 28.36

capacity [41.64,54.37] [9.68,47.03]
H+ Leak 2.54 3.45

[1.38,3.70] [2.28,4.62]
Non-mitochondrial 6.67 6.71

respiration [6.17,7.17] [5.44,7.98]

Table 5: Glycolytic activity of C2C12 myoblasts and myotubes represented
as the extracellular acidification rate (ECAR) in 1 g/l glucose environment
(mpH.min−1.(µg protein)−1). Data are shown as means and 95% CI, n=3.

Basal Oligomycin-stimulated Glycolytic reserve
Myoblasts

LG 3.27 [2.27,4.27] 4.60 [3.22,5.98] 1.33 [0.91,1.75]
HG 3.46 [1.57,5.34] 4.94 [1.66,8.22] 1.48 [0.07,2.89]
GAL 2.61 [1.10,4.12] 3.48 [0.71,6.26] 0.87 [-0.40,2.15]
CF 3.77 [0.46,7.07] 5.09 [0.58,9.59] 1.32 [0.09,2.55]

Myotubes
LG 0.42 [0.26,0.59] 0.83 [0.46,1.20] 0.41 [-0.01,0.82]
HG 0.43 [0.22,0.63] 0.72 [0.04,1.41] 0.30 [-0.18,0.77]
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Table 6: Mitochondrial mass markers in C2C12 myoblasts and myotubes. Data
are shown as means and 95% CI, n=3. Citrate synthase activity (CS) is expressed
as (nmol.min−1.(µg protein)−1). Mitochondrial yield was determined as µg of
mitochondrial protein content per µg of total cellular protein.

CS Mitochondrial yield
Myoblasts

LG 1.73 [1.05,2.42] 0.12 [0.09,0.15]
HG 1.62 [1.25,2.00] 0.09 [0.07,0.10]
GAL 1.85 [1.21,2.49] 0.13 [0.09,0.16]
CF 1.55 [0.96,2.14] 0.09 [0.01,0.18]

Myotubes
LG 2.94 [2.50,3.38] 0.18 [0.17,0.20]
HG 2.88 [2.52,3.24] 0.12 [0.05,0.19]

Table 7: Respiratory chain enzymatic activity in C2C12 myoblasts and my-
otubes. Data are shown as means and 95% CI, n=3.

Complex I† Complex II† Complex III¶ Complex IV§

Myoblasts
LG 56.70 21.89 32.29 3.31

[23.33,90.07] [15.57,28.12] [12.34,52.24] [2.15,4.48]

HG 58.44 22.00 26.35 2.88
[17.19,99.69] [11.40,32.59] [-11.83,64.53] [2.00,3.76]

GAL 84.78 27.39 54.94 5.91
[33.26,136.30] [3.85,50.93] [9.85,100.03] [3.35,8.47]

CF 86.49 30.31 56.07 4.80
[69.58,103.40] [4.48,56.14] [-14.94,127.07] [3.87,5.73]

Myotubes
LG 176.72 45.25 64.67 6.42

[125.70,227.75] [32.09,58.42] [42.36,86.99] [2.85,9.99]

HG 82.89 37.08 23.40 4.55
[19.22,146.55] [22.98,51.18] [0.75,46.05] [2.88,6.21]

Activities were expressed as †pmol(DCIP).min−1.(µg protein)−1,
¶pmol(cytochrome c).min−1.(µg protein)−1, §µ∆ln(A550).min−1.(µg protein)−1.
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Table 8: Testing palmitate oxidation in C2C12 myotubes (pmol(O2).min−1.(µg
protein)−1). Data are shown as means and 95% CI, n=3.

LG-PA LG-BSA HG-PA HG-BSA
Basal respiration 15.06 15.15 16.72 15.35

[8.86,21.26] [10.86,19.43] [8.27,25.16] [6.97,23.72]
Basal mitochondrial 9.70 11.64 11.61 11.91

respiration [4.70,14.70] [7.79,15.48] [4.83,18.39] [3.75,20.08]
100 µM palmitate 19.07 14.87 19.89 14.64

or vehicle [10.45,27.68] [9.50,20.23] [8.57,31.21] [7.13,22.15]
200 µM palmitate 23.93 14.34 23.62 13.66

or vehicle [14.45,33.41] [8.31,20.37] [12.02,35.21] [7.28,20.04]
ATP turnover-driven 5.58 8.80 7.14 8.14

respiration [-1.73,12.89] [4.29,13.31] [-0.73,15.01] [2.68,13.60]
H+Leak 13.07 2.07 11.43 2.19

[10.77,15.37] [1.22,2.92] [6.89,15.97] [0.93,3.45]
Non-mitochondrial 5.36 3.50 5.11 3.43

respiration [4.03,6.69] [1.94,5.07] [3.43,6.78] [2.65,4.21]
PA, indicates treatment with palmitate during the measurement; BSA, indicates
treatment with a BSA vehicle.

Table 9: Mean fluorescence intensity of TMRM as indicator of qualitative
changes in mitochondrial membrane potential of C2C12 myoblasts treated with
1 µM TPP+ derivatives or DMSO control. Data are geometrical means of fluo-
rescence intensity, and expressed as the percentage of the untreated control and
95% CI, n=4.

Treatment Fluorescence intensity
(% of untreated control)

DMSO 94,50 [87.56,101.4]
propylTPP+ 93,75 [88.18,99.32]
heptylTPP+ 35,50 [25.07,45.93]
decylTPP+ 19,25 [2.39,36.11]

dodecylTPP+ 18,00 [0.71,35.29]
FCCP 43,50 [25.47,61.53]
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