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Tiivistelmä: 

HDL:n (high density lipoprotein) pääproteiinikomponentin, apolipoproteiini A1:n (ApoA1), on todettu 

lisäävän glykolyysia ja oksidatiivista fosforylaatiota hiiren luurankolihassoluissa. ApoA1:llä oletetaan myös 

olevan merkittävä rooli lihaksen normaalissa aineenvaihdunnassa ja siihen liittyvissä sairauksissa. ApoA1 

vaikuttaa leukosyyttien aktivaatioon ja jakautumiseen säätelemällä solun sisäistä kolesterolitasoa. Nämä 

muutokset vaikuttavat myös solun aineenvaihduntaan. ApoA1:n suoranaista vaikutusta leukosyyttien 

soluhengitykseen ei kuitenkaan ole aiemmin tutkittu. Aiemmin on esitetty, että leukosyyttejä voitaisiin 

käyttää biomarkkerina kuvaamaan muutoksia mitokondrioiden toiminnassa aineenvaihduntaan liittyvän 

stressin aikana. Eräässä tutkimuksessa leukosyyttien mitokondrioita käytettiin onnistuneesti kuvaamaan 

fysiologisia muutoksia sydänlihassoluissa. Tämän pro gradu -tutkimuksen taustalla on tulevaisuuden 

päämäärä siitä, että leukosyyttien mitokondrioiden avulla voitaisiin kuvata lihassoluissa tapahtuvia ApoA1 

välitteisiä aineenvaihdunnan muutoksia. Tässä tutkimuksessa tavoitteena on selvittää vaikuttaako ApoA1 

samoin leukosyyttien soluhengitykseen, kuin sen on aiemmin esitetty vaikuttavan lihassolujen 

soluhengitykseen. Tutkimuksella on kaksi hypoteesia: 1) ApoA1 lisää soluhengitystä ja 2) ApoA1 vaikuttaa 

soluhengityskompleksiproteiinien määrään leukosyyteissä. Soluviljelyolosuhteissa kasvavat ihmisen T 

lymfosyytit altistettiin ApoA1:lle 50 µg/ml konsentraatiossa 4, 12 tai 24 tunnin ajan. Muutoksia 

soluhengityksessä monitoroitiin korkean resoluution respirometrillä kokonaisissa (4, 12, 24h) ja läpäistyissä 

(12h) soluissa. Läpäistyjen solujen avulla pystyttiin tutkimaan kullekkin hengityskompleksille ominaista 

soluhengitystä. ApoA1:n vaikutusta hengityskompleksiproteiinien määrään tutkittiin western blot –

menetelmällä käyttäen viiden vasta-aineen sekoitusta. Soluhengitys oli tilastollisesti merkittävästi lisääntynyt 

ROUTINE (p= 0.040) ja ETS (p= 0.011) hengitystiloissa kokonaisissa soluissa, joita oli altistettu ApoA1:lle 

4 tunnin ajan. ROUTINE hengitystila kuvaa kokonaisten solujen soluhengitystä kasvatusmediumin 

substraateilla. ETS hengitystila kuvaa oksidatiiviseen fosforylaatioon liittyvän elektroninsiirron 

maksimaalista kapasiteettia. ApoA1:lle 4 tunnin ajan altistetuissa soluissa ROUTINE hengitystila oli 

kauempana ETS hengitystilasta (p= 0.035), kuin kontrolli soluissa. Hengityskompleksi IV:n proteiinimäärä 

oli alentunut (p= 0.018) ApoA1:lle altistetuissa soluissa. Hengityskompleksikohtainen hengitys ei tuottanut 

tilastollisesti merkittäviä tuloksia. Kokonaisilla soluilla saadut tulokset vahvistivat ensimmäisen hypoteesin. 

Nämä tulokset osoittavat että ApoA1 lisää ETS kapasiteettia leukosyyteissä. Lisääntynyt ETS kapasiteetti 

nostaa myös ROUTINE –tilan hengitystä ja ylijäämä hengitystasoa. Toinen hypoteesi vahvistettiin myös, 

sillä hengityskompleksi CIV:n proteiinimäärä oli merkittävästi alentunut. Tämän tutkimuksen perusteella 

voidaan todeta että ApoA1 lisää soluhengitystä kokonaisissa leukosyyteissä ja muokkaa 

soluhengityskompleksien proteiineja. On kuitenkin otettava huomioon, että tämä tutkimus on alustava ja 

toteutettu pienellä näytemäärällä. Tulosten varmistamiseksi on suotavaa tehdä vielä lisätutkimuksia 

suuremmalla näytemäärällä. Läpäistyistä soluista ei onnistuttu saamaan merkitseviä tuloksia, sillä metodissa 

havaittiin useita artifaktoja. Hengityskompleksikohtaista hengitystä olisi syytä tutkia tulevaisuudessa, että 

saataisiin tarkempaa tietoa ApoA1:n vaikutuksesta soluhengitysketjun eri osiin.. Tässä havaitut tulokset ovat 

kaikesta huolimatta lupaavia leukosyyttien biomarkkerina käytön tulevaisuuden kannalta. 
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Abstract: 

The main protein component of high density lipoprotein (HDL), apolipoprotein A1 (ApoA1), has previously 

been shown to stimulate glycolysis and mitochondrial oxidative phosphorylation in mouse muscle cells. 

ApoA1 is also suggested to have a role in normal metabolism and metabolic diseases in skeletal muscle. In 

leukocytes, by regulating cellular cholesterol, ApoA1 is able to affect leukocyte cell activation and 

proliferation and through these actions, cell metabolism can be changed. However, direct effects of ApoA1 to 

leukocyte cell respiration have not been studied. Leukocytes have been suggested to function as predictive 

biomarkers of mitochondrial function under metabolic stress. Leukocyte mitochondria have previously been 

used to reflect physiological changes in heart muscle cells and the ultimate target is that leukocytes could be 

used to reflect ApoA1 related metabolic changes in muscle cells. The aim of this preliminary study was to 

examine whether ApoA1 has similar effect on leukocyte cell respiration, as it does on mouse muscle 

mitochondria. First hypothesis is that ApoA1 increases human leukocyte cell respiration and second 

hypothesis is that ApoA1 affects the amount of respiration complex proteins in human leukocytes. To 

examine the effect of ApoA1 to cell respiration, cultured human T lymphocytes were incubated for 4, 12 or 

24 hours with 50 µg/ml of ApoA1. Cell respiration was studied with high resolution respirometry in intact 

(4h, 12h, 24h) cells and complex specific respiration was studied with permeabilized cells (12h). Glutamate, 

malate, succinate, ADP, oligomycin, CCCP, rotenone and antimycin A were used to induce different 

respiration states. Effect of ApoA1 on respiration complex proteins was determined with western blot using 

antibody cocktail for proteins of five different respiration complexes. Increase in cell respiration was 

statistically significant at ROUTINE respiration (p= 0.040) and ETS capacity (p= 0.011) in intact cells 

treated with ApoA1 for 4 hours. ROUTINE respiration reflects respiration in intact cells by growth medium 

substrates. ETS capacity reflects the maximal capacity of oxidative phosphorylation related electron transfer. 

ROUTINE control ratio was significantly decreased (p= 0.035) in 4 hours ApoA1 treated intact cells. This 

indicates that ROUTINE respiration is operating closer to ETS capacity in control cells than in ApoA1 cells.  

Respiration complex IV proteins were significantly decreased in ApoA1 treated cells (p= 0.018). Complex 

specific respiration in permeabilized cells was not significantly affected by ApoA1 treatment. First 

hypothesis was confirmed by results obtained with intact cells. These results indicate ApoA1 increased ETS 

capacity in leukocytes. Increased ETS capacity leads to increased ROUTINE respiration and residual 

respiration. Second hypothesis was confirmed since significant decrease in CIV protein was discovered with 

western blot. Based on this study, it can be concluded that ApoA1 increases cell respiration in intact 

leukocytes and affects respiration complex proteins. However, this study was limited preliminary study and 

further experiments with larger sample size are needed to confirm the obtained results. Due to several 

artifacts significant results were not obtained regarding complex specific respiration in permeabilized cells. 

Respiration in permeabilized cells should be examined in future studies to gain knowledge of more detailed 

effects of ApoA1 to cell respiration. Nonetheless the results obtained here are promising for the future use of 

leukocytes to reflect metabolism in muscle cells. 

 

 

Keywords: ApoA1, cell respiration, leukocyte, biomarker, high resolution respirometry  



Table of Contents 
Preface ................................................................................................................................... 2 

Tiivistelmä: ............................................................................................................................ 3 

Abstract: ................................................................................................................................. 4 

Abbreviations ......................................................................................................................... 7 

1. Introduction ........................................................................................................................ 8 

1.1. Leukocytes .............................................................................................................. 8 

1.2. High density lipoprotein and apolipoprotein A1 ..................................................... 8 

1.3. Mitochondria and oxidative phosphorylation ......................................................... 9 

1.4. Leukocytes as biomarkers for muscle metabolism ............................................... 11 

1.5. ApoA1 in cell respiration and metabolism ............................................................ 12 

1.6. High resolution respirometry ................................................................................ 12 

2. Aims of the study ............................................................................................................. 15 

3. Materials and methods ..................................................................................................... 16 

3.1. Cell culture ................................................................................................................ 16 

3.2. Initiation of high resolution respirometry ................................................................. 16 

3.2.1. Polarographig oxygen sensor calibrations .......................................................... 17 

3.2.2. Instrumental background test ............................................................................. 18 

3.3. Measurements with high resolution respirometry ..................................................... 18 

3.3.1. High resolution respirometry protocol for intact cells ....................................... 18 

3.3.2. SUIT -protocol for permeabilized cells .............................................................. 19 

3.3.3. Data analysis of high resolution respirometry results ........................................ 21 

3.4. Protein extraction ...................................................................................................... 24 

3.5. Western blot .............................................................................................................. 24 

4. Results .............................................................................................................................. 25 

4.1. Initiation of high resolution respirometry ................................................................. 25 

4.2. Cell respiration of ApoA1 treated intact leukocytes ................................................. 26 

4.3. Respiration complex proteins at ApoA1 treated leukocytes ..................................... 28 

4.3. Cytochrome c test for evaluation of permeabilization .............................................. 29 

4.4. Complex specific cell respiration of permeabilized ApoA1 treated leukocytes ....... 30 

5. Discussion ........................................................................................................................ 34 

5.1 ApoA1 increases cell respiration in intact leukocytes ............................................... 35 



5.2. ApoA1 affects respiration complex proteins............................................................. 36 

5.3. Complex specific cell respiration in leukocytes is not significantly affected by 

ApoA1 .............................................................................................................................. 37 

5.4. Cytochrome c test revealed failed permeabilization ................................................. 38 

5.5 The initiation of high resolution respirometry was successful................................... 39 

5.6. Limitations and outlook on future studies ................................................................. 39 

5.7. Conclusions ............................................................................................................... 40 

References ............................................................................................................................ 42 

 

  



Abbreviations 

 

ATP/ADP Adenosiinitrifosfaatti/Adenosiinidifosfaatti 

ApoA1  Apolipoprotein A1 

CCCP  Carbonyl cyanide m-chloro phenyl hydrazine 

CI  Complex I, NADH dehydrogenase 

CII  Complex II, Succinate dehydrogenase  

CIII  Complex III, Cytochrome bc1 complex  

CIV  Complex IV, Cytochrome c oxidase  

CV  Complex V, ATP synthase 

ETS  Electron transfer system 

FCFc   The cytochrome c factor 

HDL  High density lipoprotein 

HRR  High resolution respirometry 

LEAK  Non-phosphorylating respiration state 

OXPHOS Oxidative phosphorylation  

POS  Polarographic oxygen sensor 

ROX  Residual oxygen consumption 

SUIT  Substrate-uncoupler-inhibitor titration 
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1. Introduction 

1.1. Leukocytes 

Leukocytes are circulating white blood cells and they play a major role in immune system 

and are part of inflammatory process (for review see Kramer et al., 2014). Leukocytes are 

characterized into five different types, neutrophils, eosinophils, basophils, monocytes and 

lymphocytes. Lymphocytes are found in blood and lymph, circulating around the body. T-

lymphocytes can recognize specific antibodies and they play an important role in adaptive 

immunity. T-lymphocytes are further distinguished as cytotoxic T cells, helper T cells and 

regulatory T-cells, each having a different function in adaptive immunity.  

During immune response the number of lymphocytes is explosively increased and they 

produce cytokines and antibodies. These functions require energy and lymphocyte 

activation is associated with changes in metabolic phenotype, where glycolysis and 

mitochondrial oxygen consumption is increased (for review see Kramer et al., 2014). 

Lymphocytes are easily accessible and reactive cells making them ideal to study 

bioenergetics especially in inflammation related diseases, such as metabolic syndrome or 

atherosclerosis (for review see Kramer et al., 2014). Inflammatory response, which is 

related to these diseases, includes the release of pro-inflammatory cytokines. Pro-

inflammatory cytokines trigger the activation process and related metabolic changes in 

leukocytes. 

 

1.2. High density lipoprotein and apolipoprotein A1 

In numerous species, structurally and metabolically diverse high density lipoproteins 

(HDL) are the major lipoprotein class (for review see Norata et al., 2012). HDL particles 

are composed of various proteins including enzymes, transfer proteins and apolipoproteins 

embedded in phospholipids, triglycerides and cholesterol esters formed lipid emulsion. 

Majority of HDL proteins are Apolipoprotein A1 (ApoA1) which is essential for HDL 

function and formation (for review see Zannis et al., 2006). 
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HDL is commonly known for its functions in cholesterol transportation. HDL stimulates 

cholesterol efflux from peripheral tissues and transports cholesterol to liver. However, 

HDL also has a significant role in apoptosis, infection, thrombosis, inflammation (for 

review see Gordon et al., 2011; Kaji, 2013) and metabolism (Lehti et al., 2013). 

Inflammation can greatly alter HDL levels and composition. During acute phase response, 

concentration of plasma protein serum amyloid A is increased and HDL apolipoprotein 

content and levels are radically decreased (Cabana et al., 1989). ApoA1 is able to regulate 

cellular cholesterol balance, which prevents proliferation and activation of immune cells 

such as T lymphocytes (Wilhelm et al., 2009). The same study suggested cholesterol 

metabolism, autoimmunity and inflammation to have a direct link with ApoA1. 

 

1.3. Mitochondria and oxidative phosphorylation 

Cellular respiration consists of series of metabolic reactions where biochemical energy 

from nutrients is converted to ATP, the usable energy source for cells. These metabolic 

pathways include glycolysis, tricarboxylic acid cycle and oxidative phosphorylation 

(OXPHOS). 

Mitochondrion is double membrane organelle that contains multimeric respiratory 

complexes which mediate OXPHOS through electron transfer (for review see Yu et al., 

2012). OXPHOS is coupled to ATP synthesis and this process is the major function of 

mitochondrion. In addition, mitochondria are involved in generation and detoxification of 

reactive oxygen species, apoptosis, calcium regulation and synthesis and catabolism of 

metabolites.  

Five inner mitochondrial membrane embedded protein complexes, NADH dehydrogenase 

(CI), succinate dehydrogenase (CII), cytochrome bc1 complex (CIII), cytochrome c oxidase 

(CIV), ATP synthase (CV) form an electron transfer system (ETS), complemented with 

two mobile electron carriers ubiquinone and cytochrome c (for review see Ghezzi and 

Zeviani, 2012). Electrons enter the ETS via electron donors. Electron donors, nicotinamide 

adenine dinucleotide and flavin adenine dinucleotide, deliver electrons to CI and CII, 

respectively (Figure 1). Both complexes pass electrons to CIII via ubiquinone. Electrons 
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are passed one at the time to CIV via cytochrome c. In CIV the electrons are donated to 

molecular oxygen and two water molecules are formed.  

 

 

Figure 1. Electron transport chain illustrated as schematic diagram. Q indicates ubiquinone and Cyt c 

indicates cytochrome c. 

 

Proton pumping unit of the ETS is formed by CI, CIII and CIV (for review see Ghezzi and 

Zeviani, 2012). Proton pumping creates electrochemical potential across inner 

mitochondrial membrane, providing proton motive force for several processes such as ATP 

synthesis by CV. Proton motive force consists of pH gradient and mitochondrial membrane 

potential across the inner mitochondrial membrane (for review see Brand and Nicholls, 

2011). Proton motive force mediates tight coupling of electron transfer to ADP 

phosphorylation and proton translocation. 
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1.4. Leukocytes as biomarkers for muscle metabolism 

 

It has been suggested that under metabolic stress conditions leukocytes could be used as 

predictive biomarkers of mitochondrial function (for hypothesis see review by Chacko et 

al., 2014). This potential could be harnessed as a novel tool in diagnostics and treatments 

of dysfunctional energetic associated diseases. Mitochondria sense and respond vigorously 

to environmental changes and can be used as a sensitive indicators for cell’s changing 

metabolism (for hypothesis see review by Chacko et al., 2014). Mitochondrial energetics in 

leukocytes is altered in many pathological conditions that normally have symptoms in one 

organ such as brain or liver rev (for review see Kramer et al., 2014). These pathological 

conditions are often associated with inflammatory response, causing the release of pro-

inflammatory mediators, such as interleukins, which leukocytes respond by changing their 

metabolic phenotype. Furthermore, inflammation is often linked to oxidative damage, 

which respiratory complexes and other mitochondrial macromolecules are prone to. 

Tissue samples have previously been used to study metabolism in muscle (Lehti et al., 

2013). However muscle tissue is relatively hard and painful to collect and therefore using 

leukocyte mitochondria to reflect metabolic changes in other cell types such as muscle 

cells would be beneficial. A previous study tested the hypothesis that lymphocyte 

mitochondria physiology would be related to physiology in muscle cells (Cortez et al., 

2012).  This study investigated physiology of lymphocyte mitochondria, related to 

cardiomyocytes, under changing nutritional conditions and concluded that lymphocyte 

mitochondria can be successfully used to reflect physiological changes in cardiomyocytes 

(Cortez et al., 2012). Many nutritional diseases, such as obesity, are related to OXPHOS. 

Results from Cortez and co-workers are in correlation with earlier study by Briet and 

Jeejeebhoy (2001), stating that mitochondrial activity of CI in skeletal muscle cells 

correlates with CI activity in mononuclear cells. 

In a previous study, function of leukocyte mitochondria was found to be an alternative tool 

for muscle biopsy and determination of mitochondrial DNA mutations to diagnose 

OXPHOS disorders, (Marriage et al., 2003). Although replacing muscle samples with 

leukocyte mitochondria have previously been done, the idea of using leukocyte 

mitochondria to reflect metabolism in muscle cells is novel. 
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1.5. ApoA1 in cell respiration and metabolism 

ApoA1 has been shown to stimulate glucose uptake, glycolysis and mitochondrial 

OXPHOS in mouse skeletal muscle cells (Lehti et al., 2013). Correspondingly mouse with 

reduced ApoA1 levels had reduced OXPHOS levels and increased circulating glucose 

levels complemented with impairment in muscle functioning suggesting a role for ApoA1 

in normal metabolism in skeletal muscle cells. In addition ApoA1 was suggested to have 

metabolic diseases related role in muscle cells.  

Stimulated phosphorylation of AMP- activated protein kinase and acetyl-coenzyme A 

carboxylase by ApoA1 was observed to improve glucose metabolism in muscle cells (Han 

et al., 2007). In endothelial cells ApoA1 has been reported to up-regulate the activity of 

endothelial nitric oxide synthase through multisite phosphorylation, including 

phosphorylation of AMP- activated protein kinase (Drew et al., 2004). Nitric oxide inhibits 

atherosclerosis promoting events and reduced nitric oxide levels are an important precursor 

for atherosclerosis.  

The effect of ApoA1 on leukocyte cell respiration has not yet been studied. Cholesterol 

levels are known to modulate T cell function (Chyu et al., 2014), which would presumably 

also affect cell respiration, but the link is indirect. If ApoA1 affects leukocyte 

mitochondria as it affects muscle mitochondria, leukocytes could perhaps be used to reflect 

muscle metabolism as was earlier suggested for cardiomyocytes (Cortez et al., 2012).  

 

1.6. High resolution respirometry 

High resolution respirometry (HRR) can be used to reflect the function of mitochondria 

(for review see Pesta and Gnaiger, 2012). HRR measures oxygen concentration and 

displays oxygen concentration and flux, which is oxygen consumption rate per unit 

volume. Volume specific flux can be converted to system specific oxygen flow by dividing 

flux by system such as cell concentration (for review see Gnaiger, 2012). In a closed 

experimental respiration chamber, respiratory process is detected as decreased oxygen 

concentration. In cell respiration process, molecular oxygen is consumed when reduced 

substrates feed electrons to ETS and are then internally oxidized (for review see Gnaiger, 

2012). This means that for selected substrate, the oxygen consumption rate is an accurate 
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measure of the proton current since proton translocation is tightly coupled with electron 

transfer (for review see Brand and Nicholls, 2011). 

HRR can be used with intact and permeabilized cells, along with other mitochondrial 

preparations. Measurements with intact cells are physiologically more relevant since the 

cellular environment and metabolic pathways are undisturbed (for review see Brand and 

Nicholls, 2011). However the fact that cell respiration pathway cannot be modified is also 

the major flaw of intact cells. Many mitochondrial substrates and reagents are impermeable 

for plasma membrane and permeabilization is needed for extended functional analysis of 

OXPHOS (for review see Pesta and Gnaiger, 2012). Although permeabilization is gentler 

method than mitochondrial isolation and it may leave some of the intracellular interactions 

intact, additional risk of damaging the mitochondrial outer membrane is present (for 

review see Brand and Nicholls, 2011). Damage in mitochondrial outer membrane causes 

cytochrome c leakage and as a quality control, cytochrome c test is included to respiration 

protocol. 

Respiration states are induced to evaluate OXPHOS (for review see Pesta and Gnaiger, 

2012). Three respiration states, ROUTINE, LEAK and ETS can be defined in intact cells. 

Substrate-uncoupler-inhibitor titration (SUIT) protocols are used to induce complex 

specific respiration states in permeabilized cells. In intact cells, respiration is supported by 

exogenous substrates in the culture media. ROUTINE respiration reflects the intact 

respiration with exogenous substrates and can only be measured in intact cells (for review 

see Pesta and Gnaiger, 2012). OXPHOS respiration state is measured in permeabilized 

cells with particular substrates at saturating ADP concentration (for review see Gnaiger, 

2012). OXPHOS respiration through CI is examined using CI-linked substrates such as 

glutamate or malate. Correspondingly OXPHOS respiration through CII is examined using 

CII-linked substrates such as succinate. Inhibition of ADP phosphorylating CV induces 

Nonphosphorylating LEAK state. This inhibition increases proton gradient across the inner 

mitochondrial membrane to maximum, rejecting electron flow through ETS and reducing 

oxygen consumption (for hypothesis see review Chacko et al., 2014). Consumed oxygen at 

LEAK state is used to compensate proton leak, slip or cation cycling.  Noncoupled ETS 

capacity is initiated by titration of protonophore such as carbonyl cyanide m-chloro phenyl 

hydrazine (CCCP). Protonophore creates cavities to the inner mitochondrial membrane 

leading to collapsed membrane potential and maximum respiration flux by ETS (for review 
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see Pesta and Gnaiger, 2012). Non-mitochondrial residual oxygen consumption (ROX) is 

obtained by inhibiting the ETS using inhibitors like rotenone and antimycin A (for review 

see Pesta and Gnaiger, 2012).  

Most experimental errors can be reduced using internal respiratory control ratios (for 

review see Pesta and Gnaiger, 2012). Respiratory control ratios are good indicators for 

mitochondrial dysfunction since the ratios are very sensitive to any changes in OXPHOS 

system (for review see Brand and Nicholls, 2011). Two types of control ratios, coupling 

control ratios and substrate control ratios exist (for review see Pesta and Gnaiger, 2012). 

These ratios are normalized to maximum flux at common reference state, usually the ETS 

respiration state, and they express oxygen flux in different respiration control states. 

Normalization gives theoretical upper and lower limits 0.0-1.0 to ratios. In general high 

respiratory control ratios indicate good function and low values indicate dysfunction (for 

review see Brand and Nicholls, 2011).  
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2. Aims of the study 

The aim of this study was to examine how ApoA1 affects leukocyte cell respiration. 

ApoA1, the main protein component of HDL, has been observed to alter muscle 

metabolism and the ultimate goal is that by monitoring leukocyte cell respiration these 

alterations could be tracked without taking a sample from muscle tissue. Leukocytes have 

been suggested to function as biomarkers to reflect mitochondrial functions under 

metabolic stress (for hypothesis see review Chacko et al., 2014). In a previous study with 

heart muscle cells, leukocyte mitochondria were successfully used to reflect energy 

metabolism in heart muscle cells during different nutritional conditions (Cortez et al., 

2012). ApoA1 was previously demonstrated to increase cell respiration in skeletal muscle 

cells (Lehti et al., 2013) and the aim is to determine whether the effects of ApoA1 are 

similar to leukocyte cell respiration. Respirometry measurements were carried out in intact 

cells to examine the effects of ApoA1 to leukocyte cell respiration. Effect of ApoA1 to 

complex specific cell respiration was examined with permeabilized cells. Western blot was 

performed to verify whether ApoA1 affects the amount of respiration complex proteins in 

leukocytes. In addition the aim was to test and set up HRR –protocols to lay foundation for 

future HRR analyses in Research laboratory of Faculty of Sports and Health Sciences of 

University of Jyväskylä. 

Hypothesis for this research are: 

1) ApoA1 increases cell respiration in leukocytes 

2) ApoA1 affects the amount of respiration complex proteins 
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3. Materials and methods 

3.1. Cell culture 

Human T lymphocyte leukemia cells (JURKAT) and human B lymphocyte precursor 

leukemia cells (REH) were courtesy of docent Olli Lohi (University of Tampere, 

Paediatric Research Centre). Both cell lines were grown at 37 °C and 5% CO2 in 75 cm
2
 

flasks in Roswell Park Memorial Institute (RPMI 1640) medium (Gibco Life 

Technologies, Scotland) supplemented with 10% fetal bovine serum (Gibco Life 

Technologies, South America), 1% L-glutamine and 1% penicillin and streptomycin 

antibiotics (Gibco Life Technologies).  

To check respiration chamber identity in newly purchased HRR, test measurements were 

performed with intact REH cells. Cells were added to the respiration chambers directly 

from the culture and calculated once. Cell densities in the experiments were 2.7–3.93x10
6
 

cells/ml. 

For purpose of other HRR analyses, JURKAT cells were calculated, centrifuged (1100 

rpm, 5 min) and suspended to 6–7 ml of fresh RPMI 1640 medium. Cells were divided into 

two 3 ml cultures and plated into 3 cm plates. Cultures were incubated for 4, 12 or 24 

hours in presence of 50 µg/ml of ApoA1 (Calbiochem, San Diego, USA) at 37 °C and 5% 

CO2. . Concentration of ApoA1 was based on earlier research (Lehti et al., 2013). Control 

cells were left without ApoA1. For measurements of intact JURKAT cells, cells were 

incubated at the density of 0.6-1x10
6
 cells/ml and for SUIT measurements cells were 

incubated for 12 hours at the density of approximately 0.8x10
6
 cells/ml. 

 

3.2. Initiation of high resolution respirometry 

Before concrete measurements, polarographig oxygen sensor (POS) and instrumental 

calibrations were performed. Since the HRR was brand-new and never used in Research 

Laboratory of Faculty of Sport and Health Sciences of University of Jyväskylä, an 

additional test measurements were run with intact cells. In one of these tests identical 

functioning of the chambers was tested with REH cells. REH cells were used, since 

JURKAT cells were not available at the time. 
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Same amount of cells were applied to both chambers and respiration protocol for intact 

cells were performed. Therefore three injections of different substances were used to 

induce four respiration states in intact cells. Last determined respiration state was ROX and 

all other respiration states were corrected for it. Difference between respiration states were 

calculated and absolute value of the difference was compared to chamber A to determine 

difference in percent. 

 

3.2.1. Polarographig oxygen sensor calibrations 

Quality calibration of POS includes dynamic calibration called stirrer test and signal 

stability quality control calibrations, called air calibration and zero calibration (for review 

see Pesta and Gnaiger, 2012). Oxygen signal can be affected by drift and noise and quality 

control tests are performed to check signal stability and to correct the signal. Dynamic 

calibration is used to check response time of POS. Air calibration was performed daily and 

zero calibration and stirrer test was done after applying new membranes to POS and every 

few months. 

Calibrations were performed in either in mitochondrial respiration medium (110 mM 

sucrose (Sigma-Aldrich, St. Louis, USA), 0.5 mM EGTA (Sigma-Aldrich, St. Louis, 

USA), 3 mM MgCl2 (Riedel-de Haën, Seelze, Germany), 80 mM KCl, 60  mM K-

lactobionate (Sigma-Aldrich, St. Louis, USA),10 mM H2PO4, 20 mM Taurine (Sigma-

Aldrich, St. Louis, USA), 20 mM HEPES (Sigma-Aldrich, St. Louis, USA),  and 1 g/l 

BSA (Sigma-Aldrich, St. Louis, USA), pH 7.1) or cell culture medium RPMI 1640 

depending on the following measurements for the day. At air calibration point, the slope of 

oxygen should be less than 0.5-1.0 pmol/s/ml (for review see Pesta and Gnaiger, 2012). In 

zero calibration 10 mM sodium dithionite solution was used to drop the oxygen 

concentration to zero. The zero signal must be stable and it should be < 3% from air 

calibration point. 

Stirrer test was performed by stopping the stirrers for 30 seconds. This stop induces quick 

drop in the POS signal and after stirrers are turned back on the POS signal increases 

exponentially (for review see Pesta and Gnaiger, 2012). This response time indicates 

dynamic sensor performance. 
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3.2.2. Instrumental background test 

Instrumental background oxygen flux is composed of oxygen diffusion and oxygen usage 

by the POS of Oxygraph-2k (for review see Pesta and Gnaiger, 2012). To test instrumental 

performance and eliminate and detect possible oxygen leaks, instrumental background test 

was performed after applying new membranes to POS and before any major experiment 

sets. Instrumental background test was performed in a closed respiration chambers in 

absence of any biological material. Instrumental background test is an important element 

of quality control in HRR and with data delivered from the test, instrumental background 

oxygen flux can be systemically corrected by DatLab5 –software, ensuring high standard 

HRR performance.  

Instrumental background test was carried out in mitochondrial respiration medium 

supplemented with catalase (Sigma-Aldrich, St. Louis, USA) to final concentration of 280 

u/ml. Test was done titrating small volumes of 10 mM sodium dithionite solution into the 

respiration chambers and measuring drop in oxygen concentration. 

At zero oxygen concentration oxygen back-diffusion per volume of the chamber should 

fall between -1.5 and -2.5 pmol/s/cm
3
. Values below this limit are indicating oxygen 

leakage (for review see Pesta and Gnaiger, 2012). Slope should be 0.025 at zero oxygen 

concentration. 

 

3.3. Measurements with high resolution respirometry  

HRR measurements were performed to examine cell respiration in ApoA1 treated and 

control lymphocytes. Measurements were carried out at 37°C with Oxygraph-2k titration 

injection respirometer (OROBOROS INSTURMENTS, Innsbruck, Austria).  

 

3.3.1. High resolution respirometry protocol for intact cells 

Most effective incubation time for ApoA1 was determined from intact cells using protocol 

with three injections. Respirometer was air calibrated prior to measurements with RPMI 

1640 –medium. Sample for cell count was taken stirrers on and thereafter chambers were 

closed. ROUTINE respiration was allowed to stabilize approximately 20 minutes before 
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adding any inhibitors. By inhibiting ATP synthase with oligomycin (final concentration 2.5 

µM), non-phosphorylating LEAK state was induced. LEAK state was allowed to stabilize 

for approximately 5 minutes. ETS capacity was determined by sequential injection of 

protonophore CCCP which causes mitochondrial proton gradient to collapse. Maximum 

ETS capacity is achieved since mitochondria are functioning in full capacity to compensate 

the collapsed proton gradient. To completely inhibit mitochondrial respiration and to 

obtain ROX, antimycin A (final concentration 2.5 µM) and rotenone (final concentration 

0.5 µM) were injected into the respiration chambers. 

 

3.3.2. SUIT -protocol for permeabilized cells 

Prior to measurements, respirometer was air calibrated with mitochondrial respiration 

medium. In this medium cell respiration is based solely on endogenous substrates, since 

exogenous energy substrates are not available. Cells were centrifuged (1100 rpm, 5 min), 

suspended to mitochondrial respiration medium and added to the respiration chambers. 

Sample for cell count was taken stirrers on and calculated twice. Chambers were closed 

and allowed the respiration to stabilize for ROUTINE respiration state. Titration protocol 

is presented in Table 1 and Figure 2 Used compounds were manufactured by Sigma-

Aldrich (St. Louis, USA). 
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Table 1. Compounds used in SUIT -protocol along with their final concentrations in the respiration chamber 

and injection times. 

 

 

To enable measurements of different respiratory states, cells were permeabilized with 

digitonin. Digitonin permeabilization at optimum concentration permeabilizes the cell 

membrane but leaves mitochondrial membranes and mitochondrial functions intact. 

Digitonin optimization was done in advance by titrating digitonin to the respiration 

chamber, which included cells, in the presence of succinate (final concentration 10 mM), 

rotenone (final concentration 0.5 µM), ADP (final concentration 1 mM) and Mg
2+

 (final 

concentration 60 µM). Optimum digitonin concentration was determined to be 5.67 µM 

per 2x10
6
 cells/ml. 

Complex I –dependent oxidative respiration (OXPHOSCI) was induced by providing 

nicotinamide adenine dinucleotide -linked substrates, glutamate and malate among with 

ATP synthase substrate, ADP, which induces the active respiration state. Mg
2+

 was 

provided simultaneously with ADP to keep level of free Mg
2+

 constant. Maximal oxidative 

respiration (OXPHOSCI+CII) was achieved by inducing electron input through complex II 
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by adding flavin adenine dinucleotide –linked substrate, succinate. ADP and Mg2+ 

storages were refreshed after OXPHOSCI+CII respiration was obtained. Externally added 

cytochome c was used to determine the integrity of outer mitochondrial membrane. 

Excessive concentrations of permeabilizing reagent can damage the integrity and release of 

cytochrome c from the inner mitochondrial membrane can inhibit OXPHOS or ETS 

capacity.  ATP synthase inhibitor, oligomycin, was added to induce a non-phosphorylating 

LEAK state where ATP synthase is totally inhibited. During LEAK state electrochemical 

gradient is increased to maximum and oxygen consumed solely by electron leakage though 

other routes than ATP synthase. Protonophore CCCP was titrated sequentially to determine 

maximal uncoupled respiratory electron transfer system capacity (ETSCI+CII). Complex II –

dependent maximal uncoupled respiration (ETSCII) was induced by adding complex I 

inhibitor, rotenone. Finally ROX was determined by inhibiting electron flow from complex 

I to complex III by antimycin A. 

 

3.3.3. Data analysis of high resolution respirometry results 

Values for respiration states were determined from areas indicated in Figure 2. All 

respiration state values were corrected for ROX. Data analysis was carried out with 

Microsoft Excel 2010 –software and statistical significance between control and ApoA1 

treated leukocytes was calculated using student t-test. 
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Figure 2. SUIT –protocol used with HRR. Blue line indicates oxygen concentration and red line indicates 

oxygen flow per cell. Black lines indicate areas where different respiration states were determined. Area 1 

corresponds to ROUTINE state, area 2 to induced OXPHOSCI state, area 3 indicates OXPHOSCI+CII state, area 

4 a non-phosphorylating LEAK state, area 5 indicates ETSCI+CII state, area 6 indicates ETSCII state and area 7 

indicates ROX. Presented areas are illustrative and may vary slightly between runs. Boxes below indicate the 

utilized respiratory complexes and states during the measurement. 

 

Coupling and substrate control ratios were calculated for intact (Figure 5) and 

permeabilized cells (Figure 9). Coupling control ratio is a type of flux control ratio at 

constant mitochondrial substrate and substrate control ratio at constant coupling state (for 

review see Pesta and Gnaiger, 2012). Three coupling states, LEAK, OXPHOS and ETS are 

defined in permeabilized cells although numerous substrate states are possible. Flux 

control ratios express oxygen flux ratios at different control states. To obtain theoretical 

upper and lower limits 0.0 and 1.0, flux control ratios are normalized to common reference 

state, ETS respiration state in intact and ETSCI+CII respiration state in permeabilized cells. 

Flux control ratios reduce experimental errors since they are independent of mitochondrial 

content of cells. 

The cytochrome c factor (FCFc) and cytochrome c control ratio (presented in Table 2) 

were calculated using equations 3.1 and 3.2. Cyt c -state in the equations was determined 

from the HRR measurements right after addition of cytochrome c and OXPHOSCI+CII is the 
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respiration state right before cytochrome c addition. FCFc is a flux control factor indicating 

control of respiration by externally added cytochrome c. 

 

      
                  

     
                                       (3.1) 

                     
            

     
                                     (3.2) 

 

Free ETS and free OXPHOS capacities (Figure 8) were calculated using equation 3.3 and 

3.4. For all equations below, L indicates LEAK, E indicates ETSCI+CII and P indicates 

OXPHOSCI+CII state. Both values express potentially available respiration capacities. Free 

ETS capacity expresses respiration capacity obtainable for ion transport. Free OXPHOS 

capacity expresses the capacity of how much ATP can be produced with given substrates. 

 

                                                        (3.3) 

                                                           (3.4) 

 

 

 

OXPHOS coupling efficiency reflects the ratio of free OXPHOS capacity to total 

OXPHOS capacity. OXPHOS coupling efficiency was calculated using equation 3.4 and 

ETS coupling efficiency by using equation 3.5. ETS coupling efficiency expresses the 

degree of coupling between proton flux and electron transfer in the system. Ratio value 

varies from 0.0, which indicates zero coupling, to 1.0, which indicates full coupling. 

 

                            
   

 
                                  (3.4) 

                        
   

 
                                  (3.5) 
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3.4. Protein extraction  

After HRR measurements with intact cells, approximately 0.8x10
6
 cells were collected 

(1200 rpm, 5min at 4°C) and washed with 800 µl of PBS  (1200 rpm, 5min at 4 °C). The 

sediment was suspended to lysing buffer (10 mM Tris-HCl, 150 mM NaCl2, 2 mM EDTA, 

1% Triton X-100, 10% glycerol, 0.1% DTT and 1% Halt
TM

 protease and phosphatase 

inhibitor cocktail (Pierce, Thermo Scientific, Rockford, USA)), mixed well and incubated 

on ice for 30 minutes. Samples were centrifuged for 20 minutes at 14 600 rpm at 4 °C. The 

protein concentration in the supernatant was determined at wavelength of 565 nm using 

BCA protein assay kit (Pierce, Thermo Scientific) and Konelab 20XT Clinical Chemistry 

Analyzer (Thermo Scientific). Concentration measurements were carried out in physiology 

laboratory by Risto Puurtinen and Aila Ollikainen. Proteins were stored at -75 °C for 

western blot –analyses. 

 

3.5. Western blot 

Western blot –analysis was performed to determine mitochondrial proteins from the 

samples. Sample mix containing 25 µg of extracted protein and 6x sample buffer was 

prepared and kept on a 50 °C heat block for 10 minutes. Gel electrophoresis was performed 

using 4-20% Criterion TGX Precast -gradient gel (Bio-Rad, Hercules, USA). As a 

molecular weight marker 5 µl of Precision Plus Protein™ Dual Color Standards (Bio-Rad) 

was used at both ends of the gel. Gel was run at 4 °C on ice at 250 V for 1 hour with Power 

Pac 1000 (Bio-Rad). 

Proteins were transferred from the gel to Amersham™ Hybond™-ECL nitrocellulose 

membrane (GE Healthcare Life Sciences, Little Chalfont, UK) by wet electrotransfer on 

ice at 4 °C and 300 mA for 2 hours and 30 minutes using Power Pac 1000 (Bio-Rad). To 

ensure protein transmission, membrane was stained with Ponceau Red –stain for 10 

minutes at RT and imagined with ChemiDoc™ SRS+ system (Bio-Rad) and Quantity One 

4.6.3 -software. To prevent unspecific antibody binding membrane was blocked with 

Odyssey Blocking Buffer (Li-COR) for 1 hour at RT and washed with PBS for 3 minutes 

at RT.  
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Immunodetection was performed with 1:500 dilution of Total OXPHOS Rodent WB 

Antibody Cocktail (ab110413, Abcam, Cambridge, UK). This cocktail contains antibodies 

for five respiration complex proteins including CI (ab110242), CII (ab14714), CIII 

(ab14745), CIV (ab14705) and CV (ab14748). GAPDH was detected with 1:20 000 

dilution of Anti-GAPDH antibody (G9545, Sigma-Aldrich, St. Louis, USA). Antibodies 

were diluted to 1:1 mixture of Odyssey blocking buffer (Li-COR) and 1 x TBS. Primary 

antibodies were incubated over night at + 4°C, at slow speed rocking. Membrane was 

washed 4 times 5 minutes with 1x TBS containing 0.2% Tween 20. Secondary antibodies 

IRDYE 800 CW Anti-Mouse IgG (926-32212, Li-COR) and IRDYE 680 LT Anti-Rabbit 

IgG (926-68023, Li-COR) were diluted to 1:20 000 to 1:1 mixture of Odyssey blocking 

buffer (Li-COR) and 1 x TBS. Secondary antibodies were incubated for 1 hours rocking at 

RT. Membrane was washed with 1x TBS + 0.2% Tween20 for 4 times 5 minutes and 

imaged with Odyssey™ CLx (Li-COR). Two lowest bands were imagined separately 

because resolution for the lowest band was much weaker compared to other bands. 

Quantification was performed with Odyssey Image Studio 2.0.38 –software. Statistical 

significance between control and ApoA1 treated cells was determined with student t-test. 

 

4. Results 

4.1. Initiation of high resolution respirometry 

Zero calibration was performed prior to the initiation of HRR when new membranes were 

added to POS and then again before measurements with permeabilized cells. Stable signal 

were obtained. Instrumental background test was performed before measurements with 

intact cells and then again before measurements with permeabilized cells. Obtained values 

were within limits introduced in materials and methods. Air calibration was done daily 

prior to any measurements until the slope was stable and within limits introduced in 

material and methods. 

Identical experiments were run simultaneously in both respiration chambers to check that 

chambers were functioning identically. Difference was under 5% in ROUTINE (2.42%) 

and ETS (2.75%) respiration states but in LEAK state difference was 7.20% (Figure 2). 
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Figure 3. Difference in respiration levels in different respiration states between respiration chambers A and 

B. For both chambers n= 3. 

 

4.2. Cell respiration of ApoA1 treated intact leukocytes 

Routine measurements were performed for ApoA1 treated cells and control cells at three 

different incubation times. ROUTINE, LEAK and ETS respiration states were determined 

and compared between ApoA1 treated and untreated cells (Figure 4). Respiration was 

increased in ApoA1 treated cells and statistically significant increase was observed in 

ROUTINE (p = 0.040) and ETS (p = 0.011) respiration states in cells treated with ApoA1 

for 4 hours. 
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  4. Respiration state levels in ApoA1 treated and control cells. For 4h n= 2, for 12h n= 4 and for 24h n= 2. 

Star indicates statistical significance (p < 0.05). 

 

Five coupling control ratios were calculated for intact cells at three different incubation 

times (Figure 5). Coupling control ratios express the share of each respiration states from 

the maximal ETS capacity of the respiration system. Coupling control ratios are illustrated 

on the scale of 0 to 1, where 1 indicates 100%.  Statistical significance was discovered in 4 

hours treated cells in R/E coupling control ratio (p = 0.035). R/E ratio was significantly 

decreased in ApoA1 treated cells. Other coupling control ratios were slightly decreased in 

most of ApoA1 treated cells. 
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Figure 5. Coupling control ratios for intact cells at three different incubation times in ApoA1 treated and 

control cells. For 4h n= 2, for 12h n= 4 and for 24h n= 2. Star indicates statistical significance (p < 0.05). 

 

4.3. Respiration complex proteins at ApoA1 treated leukocytes 

Western blot was run to determine how 12 hour ApoA1 incubation affects protein amounts 

of different respiration complexes. Figure 6A and 6B represent stained membrane with 

respiration complex antibody -cocktail and reference gene. Figure 6C illustrates analyzed 

results. Statistical significance was obtained in CIV (p = 0.018). In CIV, the amount of 

protein was higher in control cells. A trend was observed in CI where the amount of 

protein was similarly higher in control cells. CII, CIII and CV proteins were at the same 

level or they had very slight difference between control and ApoA1 treated cells.  
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Figure 6. Amounts of respiration complex proteins in ApoA1 treated and control cells. Membrane imagined 

with Odyssey™ CLx (Li-COR). Red bands indicate reference protein GAPDH and green bands four of the 

five different mitochondrial respiratory complexes (6A). Fifth respiration complex protein CI, is represented 

in 6B with CII. 6C illustrates analyzed amounts of mitochondrial respiratory complex I-IV proteins in control 

and ApoA1 treated samples. For both treatments n= 3. First three lines are control samples and last three 

lines are ApoA1 treated samples. Star indicates statistical significance (p < 0.05). 

 

4.3. Cytochrome c test for evaluation of permeabilization 

Cytochrome c test was included in SUIT protocol to evaluate the intactness of 

mitochondrial membrane in permeabilization by determining the leakage of cytochrome c 

from inner mitochondrial membrane. Manufacturer introduced FCFc factor to evaluate the 

effect of cytochrome c to cell respiration, but cytochrome c control ratio was used to the 
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same purpose in several publications (Kuznetsov et al., 2004; Renner et al., 2003). For this 

study both values were calculated (Table 2) for each run. Respirometry measurements with 

higher FCFc values than 0,050 were left out of further calculations. Higher FCFc values 

indicated over 5% increase in respiration levels after addition of cytochrome c. Over 5% 

increase was considered significant. Increase in percent was calculated compared to the 

OXPHOSCI+CII respiration state. 

 

Table 2. FCFc factors and cytochrome c ratios for each respiratory measurements. Control measurement 

12.12 was left out from further results. 

 

 

4.4. Complex specific cell respiration of permeabilized ApoA1 

treated leukocytes 

SUIT protocol was performed to gain knowledge of how ApoA1 treatment affects complex 

specific respiration states in leukocytes. Results showed a trend indicating ApoA1 

increased respiration but statistical significance was not reached (Figure 7). Greatest 

increase was obtained in ETSCII (21.64%), ETSCI+CII (11.21%) and LEAK (11.93%) 

respiration states when compared to control. ROUTINE respiration was increased by 

5.04% and OXPHOSCI by 0.5%. OXPHOSCI+CII respiration state was decreased by 0.15% 

in ApoA1 treated cells. 
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Figure 7. Control specific respiration states obtained with SUIT -protocol. Values are compared between 

control (n= 3) and ApoA1 treated (n= 3) measurements. 

 

To discover potentially available respiratory capacity, Free ETS and free OXPHOS 

capacities were determined (Figure 8). Statistical significance was not discovered. Free 

ETS capacity was slightly increased in ApoA1 treated cells and free OXPHOS capacity 

was slightly decreased.  

OXPHOS coupling efficiency reflects the ratio of free OXPHOS capacity to total 

OXPHOS capacity. OXPHOS coupling efficiency was 0.88 ± 0.01 in control cells and 0.86 

± 0.02 in ApoA1 treated cells. ETS coupling efficiency was 0.83 ± 0.08 in control and 0.85 

± 0.01 in ApoA1 treated cells. Statistical significance was not observed. 
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Figure 8. Free OXPHOS and free ETS capacities for ApoA1 treated and control cells. 

 

Most substrate and coupling control ratios were decreased in ApoA1 treated cells (Figure 

9). Substrate control ratios OXPHOSCI/ETSCI+CII were decreased by 7% and 

OXPHOSCI+CII/ETSCI+CII by 32%. Coupling control ratio LEAK/ETS was decreased by 

2%. Substrate control ratio ETSCII/ETSCI+CII was increased by 15% in ApoA1 treated 

cells. 
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Figure 9. Diagram represents coupling and substrate control ratios. Ratios for control measurements are 

presented above ApoA1 control ratios. In the substrate flow, G indicates glutamate, M indicates malate, Dig 

indicates digitonin, S indicates succinate, Omy indicates oligomycin, Rot indicates rotenone and Ant A 

indicates antimycin A. 
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5. Discussion 

The main purpose of this study was to observe how ApoA1 affects mitochondrial cell 

respiration and respiration complex proteins in leukocytes. To our knowledge, studies 

investigating the effect of ApoA1 to leukocyte cell respiration have not been conducted 

previously. However ApoA1 has previously been demonstrated to modulate leukocyte cell 

response through cellular cholesterol regulation (Wilhelm et al., 2009; Norata et al., 2012). 

Through this regulation, ApoA1 was found to prevent lymphocyte activation, proliferation 

and cholesterol accumulation. Lymphocyte activation leads to changed metabolic 

phenotype, which is associated with increased glycolysis and mitochondrial oxygen 

consumption (for review see Kramer et al., 2014). Therefore hypothesized increase in cell 

respiration by ApoA1 was not expected to occur though lymphocyte activation. In muscle 

cells ApoA1 stimulated glucose uptake, glycolysis and mitochondrial OXPHOS (Lehti et 

al., 2013) and the aim of this study was to examine whether similar effect to OXPHOS is 

obtained in leukocytes. 

To study the first hypothesis, effects of ApoA1 on cell respiration were examined with 

HRR using intact leukocytes. To further examine cell respiration, complex specific 

respiration was measured from permeabilized leukocytes with HRR. Amounts of proteins 

of the respiration complex in ApoA1 treated leukocytes were detected using western blot –

method with antibody cocktail for five separate respiration complexes to investigate the 

second hypothesis. ApoA1 was found to increase cell respiration in ROUTINE and ETS 

respiration states in intact leukocytes treated with ApoA1 for 4 hours. In same samples 

ROUTINE control ratio (R/E) was decreased. The first hypothesis is confirmed by these 

results. Results indicate ApoA1 increased ETS capacity, which in turn leads to increase in 

ROUTINE respiration state and residual respiration. The second hypothesis was confirmed 

by discovery indicating that amount of detected CIV protein was decreased in leukocytes 

treated with ApoA1 for 12 hours. According to these results it can be concluded that 

ApoA1 affects leukocytes as it affects mouse muscle cells. These results are promising for 

the future use of leukocytes to reflect metabolism in muscle cells. However this study was 

limited preliminary study and further experiments are required to confirm the results.  
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5.1 ApoA1 increases cell respiration in intact leukocytes 

First hypothesis stating that ApoA1 increases cell respiration in leukocytes is supported by 

the results from HRR measurements with intact cells. In 4 hour ApoA1 treated cells, cell 

respiration was significantly increased in ROUTINE and ETS respiration states. Smaller 

increase was observed in every respiration states under all three incubation times. Similar 

effect was seen in previous research with ApoA1 treated mouse muscle cells (Lehti et al., 

2013), where both glycolysis and mitochondrial OXPHOS were increased. Increase in 

ROUTINE respiration could have been caused by increased ETS capacity. Increased ETS 

capacity could potentially increase the cell respiration also in other respiration states.  

Calculated coupling control ratios are in correlation with these results and support the 

conclusion that increased ETS capacity could increase the cell respiration in general. 

Coupling control ratios are ratios of variable respiration states and ETS capacity (for 

review see Pesta and Gnaiger, 2012) hence decreased ratios indicate higher ETS capacity 

relative to other respiration states.  Most of the coupling control ratios were slightly 

decreased in ApoA1 treated cells. Statistically significant decrease was observed in R/E 

ratio in 4 hours ApoA1 treated cells. R/E ratio indicates how close to ETS capacity 

ROUTINE respiration operates. Theoretical maximum value of 1.0 corresponds to 100%. 

Both respiration states, ROUTINE and ETS, were increased in 4 hours treated ApoA1 cells 

but R/E ratio was decreased. This indicates that ROUTINE respiration is operating closer 

to ETS capacity in control cells than in ApoA1 cells. Therefore residual respiration 

capacity is increased in ApoA1 treated cells among with ROUTINE and ETS respiration 

states. 

Significant ApoA1 induced increase in cell respiration was observed in cells treated with 

ApoA1 for 4 hours. In longer treatments all respiration states were increased, including 

control samples. Experimental setups were identical among all incubation times but raised 

cell respiration could indicate that the environment during the treatment was not optimal 

for longer treatments. This could partly explain why significant results were not obtained 

in permeabilized cells, which were treated with ApoA1 for 12 hours. In previous HRR 

study, cell respiration in intact blood sample isolated leukocytes was measured to be 15.4 ± 

1.51 pmol/s/million cells in endogenous respiration (Lee et al., 2012). In another study 

with intact blood sample isolated platelets, ROUTINE respiration was measured to be ~10 
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pmol/s*million cells and ETS capacity ~20 pmol/s*million cells (Piel et al., 2015). Here 

measured ROUTINE respiration is doubled and ETS respiration is increased by ~50% in 

12 and 24 hours incubated control leukocytes when compared to measurements from 

previous studies (Lee et al., 2012; Piel et al., 2015). 

 

5.2. ApoA1 affects respiration complex proteins 

Western blot results revealed that ApoA1 affects the respiration complex proteins, 

supporting the second hypothesis. The amount of CIV proteins were statistically 

significantly decreased in ApoA1 treated cells and similar trend was observed with CI 

proteins. No effect was observed in CV proteins although previously in ApoA1 transgenic 

mice the amount of CV proteins was significantly increased (Lehti et al., 2013). However 

these two studies are not fully comparable, since the previous study to examine CV protein 

levels was done with samples from ApoA1 transgenic mice and this current research was 

carried out in cell experiments with short exposure time for ApoA1.  

Since the respiration was increased in ApoA1 treated cells, it could have been assumed that 

the effect on respiration protein levels would have been increasing or neutral. According to 

these results, ApoA1 decreases the amount of respiration proteins in leukocytes. This 

observation points towards suggestion that perhaps the increased cell respiration is caused 

by increased activity of the respiratory complex proteins, since the amount of proteins is 

decreased. Then again, as can be seen in Figure 6A and 6B, detected bands were irregular 

and this artifact might have manipulated the results. Especially bands indicating CIV 

proteins were uneven and this was the complex that revealed statistically significant 

results. In all detected complex proteins, bands were particularly indistinct in the one 

sample located in the middle of ApoA1 treated samples. For that reason results were also 

analyzed without this sample (data not shown) but it did not change the outcome or 

significance of the results. Uneven bands could be caused by remaining gel pieces on the 

membrane. As a consequence of the high temperature during the run, the gel was 

somewhat stuck on the membrane. Another cause could be an artifact during protein 

extraction. Proteins were extracted after HRR measurement with intact cells and injected 

compounds during HRR protocol might have unknown influences in protein extraction. 

Reliability of results regarding CI is also questionable. The amount of CI protein was low 
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compared to other antibody cocktail proteins and the detected band was very weak.  The 

validation of the results of CI was therefore difficult. In the future studies CI should be 

detected individually even if the antibody cocktail is used.  

 

5.3. Complex specific cell respiration in leukocytes is not 

significantly affected by ApoA1 

To investigate the impact of ApoA1 on cell respiration on complex specific level, 

respirometry measurements were carried out in permeabilized cells. Although results from 

western blot indicated an impact on respiration complex proteins and slight increase was 

observed in all respiration states in ApoA1 treated cells, statistically significant functional 

impact was not discovered on complex specific respirometry analyses with permeabilized 

cells. Several respiration control ratios were also calculated, yet no statistical significance 

was observed in any control ratios.  

In previous HRR study with permeabilized blood sample isolated mononuclear cells, such 

as lymphocytes are, OXPHOSCI respiration was ~7 pmol/s*million cells, OXPHOSCI+CII 

respiration was ~12 pmol/s*million cells, LEAK respiration was ~2 pmol/s*million cells, 

ETSCI+CII respiration was ~9 pmol/s*million cells and ETSCII respiration was ~4 

pmol/s*million cells in control cells (Piel et al., 2015). Our measurements with 

permeabilized leukocytes were remarkably higher in every respiration states. As mentioned 

earlier, respiration states were increased in intact control cells when incubation time was 

increased. In this study, permeabilized leukocytes were incubated for 12 hours before 

measurements and their cell respiration was increased comparing to previously obtained 

results by Piel and co-workers (2015). Although respiration levels might vary between 

different cell lines is the obtained difference so great that experimental artifact is 

considerable. Higher respiration states have previously been obtained in permeabilized 

platelets, which were isolated from patient blood samples, where OXPHOSCI respiration 

was ~21 pmol/s*10
8
 cells, OXPHOSCI+CII respiration was ~33 pmol/s*10

8
 cells, LEAK 

respiration was ~5 pmol/s*10
8
 cells, ETSCI+CII respiration was ~32 pmol/s*10

8
 cells and 

ETSCII respiration was ~15 pmol/s*10
8
 cells in control cells (Sjovall et al., 2014). These 

respiration values are considerably higher than the ones obtained by Piel and co-workers 
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(2015). However even these values are not exceeding the respiration states measured here 

with leukocytes, pointing towards experimental artifact presumably by environmental 

conditions during 12 hour treatment. 

Alarming results were also obtained from OXPHOSCI+CII/ETSCI+CII ratio, which was over 

1.0 meaning that CI and CII dependent OXPHOS respiration was higher than CI and CII 

dependent ETS capacity. Theoretical maximum of respiration control ratios is 1.0 and this 

is obtained by normalization to maximum flux, which commonly is the ETSCI+CII state (for 

review see Pesta and Gnaiger, 2012). This erroneous ratio is probably caused by 

experimental artifact by oligomycin, which was used in the protocol to inhibit ATP 

synthesis (for review see Gnaiger, 2012). OXPHOSCI+CII/ETSCI+CII ratio of over 1.0 

indicates declined respiratory capacity caused by dysregulated metabolism (for review see 

Gnaiger, 2012). In most of the measurements, ETS capacity did not exceed OXPHOS 

respiration. Although LEAK state was limited to 5 minutes to avoid this artifact, 

respiration states obtained after LEAK state should be critically evaluated. This artifact is 

somewhat difficult to prevent and same problem is seen in HRR measurements, introduced 

above, obtained by Piel et al. (Piel et al., 2015) and Sjovall et al. (Sjovall et al., 2014) 

whom also used protocols where LEAK state was induced by oligomycin. LEAK state 

could alternatively be obtained without oligomycin, when the LEAK state is obtained in 

the beginning of the protocol, after addition of substrates but before addition of ADP or 

other adenylates (for review see Pesta and Gnaiger, 2012). Without the presence of ADP, 

substrates are oxidized and respiration is slowly decreased to LEAK state. In future 

studies, use of this alternative LEAK state induction should be considered. 

In western blot, the greatest effect was obtained with CIV but the function of this complex 

is not detected with used SUIT –protocol. For future studies it would be interesting to add 

a step in SUIT -protocol that would allow detecting CIV specific respiration.  

 

5.4. Cytochrome c test revealed failed permeabilization 

Cytochrome c test was verified with two different methods. Significant increase on 

respiration levels was calculated from FCFc factor and one measurement with over 5% 

increase was left out from analysis of results of permeabilized cells. For FCFc factor, 
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negative values indicated that respiration level was not increased in cytochrome c test. 

Values over 0.050 indicate that the increase was over 5%, therefore significant. For 

cytochrome c control ratio, ratios over 1.0 indicate that respiration was increased by added 

cytochrome c. Both methods revealed that only three measurements out of seven were not 

affected by externally added cytochrome c, thus indicating that the mitochondrial 

membrane was disrupted in five measurements. This is most likely explained by too high 

digitonin concentration. Optimum digitonin concentration was determined to be 5.67 µM 

in a chamber with cell density of 2x10
6
 cells/ml. During measurements, cell concentrations 

were between 0.743-1.028 x10
6
 cells/ml, indicating that 2.835 µM would have been right 

concentration for digitonin, althought 5.67 µM was used. In mild concentrations, digitonin 

only permeabilizes high cholesterol containing plasma membrane and the mitochondrial 

membranes are left intact (for review see Pesta and Gnaiger, 2012). However if the 

digitonin concentration is too high, mitochondrial membranes are also permeabilized, 

cytochrome c is released and respiration is inhibited.  

 

5.5 The initiation of high resolution respirometry was successful  

Chamber identicality test was done to ensure that respiration chambers were functioning 

identically. Oxygen consumption rate at ROUTINE respiration and ETS capacity were at 

the same level as in previous study with leukocytes (Renner et al., 2003). Difference 

between A and B chambers in ROUTINE respiration and ETS capacity were below 5%, 

which is typically used parameter for significant difference, however in LEAK respiration 

difference was 7.20%. Oxygen consumption in the LEAK state is very low, therefore even 

small differences are affecting greatly to percentage difference.  

 

5.6. Limitations and outlook on future studies 

This study was a preliminary study and accomplished with available equipment and 

budget. Experiments were completed with small sample size and statistical reliability could 

have been improved by increasing sample size. Other limiting factor was that complex 

specific respiration through all respiration complexes were not able to be detected by used 
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SUIT –protocol. Significant decrease was observed in the amount of CIV protein but 

information about the respiration through this complex was not detected. 

In the future, the effect of ApoA1 to leukocyte cell respiration could be studied from blood 

samples to investigate if the effect of ApoA1 on leukocytes is similar in laboratory cell line 

and in cells isolated from blood sample. In the best scenario HRR measurements should be 

carried out from both, muscle cell sample and blood cell sample from the same individual 

to further ensure the relation of ApoA1 induced effect in these cell types. Here detected 

respiration levels from intact cells were at the same level than with blood sample isolated 

lymphocytes (Lee et al., 2012) indicating that the used cell line probably functions similar 

to blood isolated lymphocytes.  

In this study, measurements of complex specific respiration were not reliable due to several 

observed artifacts. In future studies, these artifacts should be taken into consideration to 

obtain liable results. Liable complex specific respiration results could provide more 

specific information on how ApoA1 increases the cell respiration in leukocytes. In muscle 

cells the increase is suggested to occur though increased glucose uptake (Lehti et al., 2013) 

and it would be worth studying if increased glucose levels in treatment medium would 

affect leukocyte cell respiration. 

 

5.7. Conclusions 

The purpose of this study was to examine how ApoA1 affects leukocyte cell respiration. 

The ultimate goal is that in the future, leukocytes could be used to reflect metabolic 

changes in muscle cells. This has earlier been done related to nutritional changes (Cortez et 

al., 2012). ApoA1 has previously shown to have an important role in normal muscle 

metabolism and to increase cell respiration in muscle cells. In this study the aim was to 

reveal whether ApoA1 affects leukocyte cell respiration similar to muscle cells. ApoA1 

was found to increase cell respiration in leukocytes through increased ETS capacity. Effect 

on complex proteins were also observed since CIV protein was significantly decreased in 

ApoA1 treated cells. Significant results were not obtained in complex specific respiration. 

Based on these results it can be concluded that ApoA1 increases cell respiration in 

leukocytes and similar effect was previously observed with muscle cells by Lehti et al. 
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However this study was concluded with limited sample size and further studies with larger 

sample size are needed to confirm these results. The relation of effects of ApoA1 between 

leukocyte and muscle cells should be further investigated by studying blood sample 

isolated leukocytes and muscle samples from the same individual.  
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