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SHORT ABSTRACT 
High-resolution respirometry is used to determine mitochondrial oxygen consumption. This is a 

straightforward technique to determine mitochondrial respiratory chain complexes’ (I-IV) 

respiratory rates, maximal mitochondrial electron transport system capacity, and mitochondrial 

outer membrane integrity. 

 

LONG ABSTRACT  

A high-resolution oxygraph is a device for measuring cellular oxygen consumption in a closed-

chamber system with very high resolution and sensitivity in biological samples (intact and 

permeabilized cells, tissues or isolated mitochondria). The high-resolution oxygraph device is 

equipped with two chambers and uses polarographic oxygen sensors to measure oxygen 

concentration and calculate oxygen consumption within each chamber. Oxygen consumption 

rates are calculated using software and expressed as picomoles per second per number of cells. 

Each high-resolution oxygraph chamber contains a stopper with injection ports, which makes it 

ideal for substrate-uncoupler-inhibitor titrations or detergent titration protocols for determining 

effective and optimum concentrations for plasma membrane permeabilization. The technique can 

be applied to measure respiration in a wide range of cell types and also provides information on 

mitochondrial quality and integrity, and maximal mitochondrial respiratory electron transport 
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system capacity.  

 

INTRODUCTION  

Mitochondria fulfill important roles in cellular energy metabolism, especially by using oxygen to 

produce adenosine triphosphate (ATP). They are implicated in cell death and in several human 

diseases. Mitochondrial oxidative phosphorylation (OXPHOS) combines electron transport along 

the electron transport chain with oxygen consumption and ATP synthesis. The mitochondrial 

tricarboxylic acid (TCA) cycle is involved in the conversion of proteins, carbohydrates and fats 

into energy rich compounds as nicotinamide adenine dinucleotide (NADH) and flavin adenine 

dinucleotide (FADH2). Electrons of the NADH and FADH2 are then transferred to the respiratory 

electron transport chain protein complexes (I to IV) located in the inner mitochondrial 

membrane. In addition, two other redox pathways can transfer electrons to electron transport 

chain: i) mitochondrial electron-transferring flavoprotein (ETF) which is located on the matrix 

face of the inner mitochondrial membrane, and supplies electrons from fatty acid β-oxidation; 

and ii) mitochondrial glycerophosphate dehydrogenase which oxidizes glycerophosphate to 

dihydroxyacetone phosphate and feeds electrons to the mitochondrial electron transport chain. 

Complex IV (the ultimate electron acceptor) transfers the electrons to one oxygen molecule, 

converting oxygen to two molecules of water. Moving of the electrons from respiratory electron 

transport chain complex I to IV is coupled with proton flow from the mitochondrial matrix to the 

intermembrane space which establishes an electrochemical gradient across the mitochondrial 

inner membrane. Afterwards, mitochondrial complex V (ATP synthase) shuttles the hydrogen 

ions back into the mitochondrial matrix and synthesizes ATP molecules. OXPHOS function can 

be assessed in vivo and in vitro using various techniques and various mitochondrial respiration 

states can be obtained. In isolated mitochondria the following respiratory states can be measured: 

i) basal mitochondrial respiration (state 1), ii) oxygen consumption after the addition of specific 

substrates of the mitochondrial respiratory chain complexes (state 2), iii) maximal mitochondrial 

oxygen consumption after the addition of saturating concentrations of adenosine diphosphate 

(ADP) (state 3) and, iv) resting respiration after ADP consumption (converted to ATP) (state 4). 

In intact cells the following respiratory states can be measured: i) basal cellular oxygen 

consumption in the presence of endogenous substrates and ADP, ii) basal cellular oxygen 

consumption in the presence of oligomycin (oligomycin-insensitive respiration) and oligomycin-

sensitive respiration (ATP turnover), iii) FCCP uncoupled respiration, and iv) non-

mitochonchondrial respiration after the addition of antimycin A and rotenone. In permeabilized 

cells, specific substrates of the electron transport chain complexes and ADP can be added and 

maximal complex-dependent respiratory rates such as complex I-, II- and IV-dependent 

respiratory rates can be measured. 

 

Measurements of cellular respiration provide important insights into mitochondrial respiratory 

capacity specific to complexes I-IV, mitochondrial integrity and energy metabolism 1-3. One of 

the devices which enable measurements of mitochondrial oxygen consumption with high 

accuracy, resolution and sensitivity is the high-resolution oxygraph 4. The high-resolution 

oxygraph device contains two chambers with injection ports and each chamber is equipped with 

a polarographic oxygen sensor. Cellular or isolated mitochondrial suspensions are stirred 

continuously in the respirometer. To assess mitochondrial function, substrates and inhibitors for 

mitochondrial complex activity can be added following standard protocols. Substrates and 

inhibitors can be titrated by injection into the chambers of the oxygraph, and oxygen 



   

consumption rates are calculated using software and expressed as picomoles per second per 

number of cells. High-resolution respirometry offers several advantages over traditional and 

conventional polarographic oxygen electrode devices including increased sensitivity and the 

ability to work with small numbers of biological samples such as intact or permeabilized cells. In 

addition, each device contains two chambers, and respiratory rates can be recorded 

simultaneously for comparisons of oxygen concentrations. The high-resolution oxygraph also 

has the advantage of reduced leakage of oxygen from the device chambers compared to 

traditional polarographic oxygen electrode devices. Another device recently developed to 

measure cellular oxygen consumption is the 96-well extracellular flux analyzer5. The 

extracellular flux analyzer is equipped with fluorescence instead of polarographic sensors. The 

advantages of the extracellular flux analyzer compared to the high-resolution oxygraph are i) it is 

a largely automated device, ii) it is possible to measure oxygen consumption in 24- and 96-well 

plates for high-throughput screening, therefore requiring lower amounts of biological samples, 

and iii) additional measurement of cellular glycolytic flux is possible. The disadvantages of the 

extracellular flux analyzer in comparison to the high-resolution oxygraph are i) the high costs of 

the device and of consumables such as fluorescent plates, which are non-reusable, and ii) only 

four compounds per assay/well are injectable, therefore the system is not feasible for substrate-

uncoupler-inhibitor titration protocols. 

 

In the present study, we use high-resolution respirometry to determine mitochondrial respiration. 

For cellular oxygen consumption experiments, the cells are permeabilized to allow the entry of 

exogenous ADP and oxidizable mitochondrial substrates for feeding electrons into complexes of 

the respiratory system. This approach allows the dissection of individual mitochondrial 

complexes respiratory capacities, which is a distinct advantage compared to intact cells (many 

substrates are cell-impermeant). However, cell membrane permeabilization will disrupt the 

barrier between the cytosol and extracellular space and medium (wash out of cytosolic solutes) 

and the composition of the intracellular space is equilibrated with the extracellular medium. One 

of the disadvantages of permeabilized cells over intact cells is that the mitochondrial outer 

membrane can be damaged if excessive amounts of detergent are employed during cell 

permeabilization. In intact cells, basal, coupled and uncoupled respiration of intact cells can be 

measured. This method evaluates oxygen consumption of intact cells without the addition of 

exogenous substrates and ADP, reproducing the respiratory function in the integrated cell and 

also providing information on maximal mitochondrial electron transport capacity 6,7. One of the 

advantages of intact cells over permeabilized cells is that cellular environment is not disrupted 

and mitochondria are in contact with the whole components of the cells. In order to permeabilize 

the cellular plasma membrane, detergents such as digitonin have been used 8. However, 

mitochondrial outer membrane integrity can be compromised if excessive amounts of digitonin 

are employed. To confirm that mitochondrial outer membrane integrity is not compromised in 

permeabilized cells, digitonin titration is performed to determine the optimal concentration for 

cellular permeabilization. For these experiments, cells are resuspended in respiration medium 

and digitonin concentration is titrated by respirometry in the presence of mitochondrial substrates 

and ADP, and respiration rates are measured. Respiration of intact, non-permeabilized cells is 

not stimulated in the presence of mitochondrial substrates and ADP. However, subsequent 

stepwise digitonin titration would yield gradual permeabilization of plasma membranes, and 

optimal digitonin concentration is obtained. This is shown by the increase of respiration up to 

full permeabilization. Mitochondrial quality and outer membrane integrity can be verified by 



   

adding exogenous cytochrome c 2,9. Cytochrome c is a 12 kDa electron carrying protein of the 

mitochondrial electron transport chain 10-12. It is localized in the mitochondrial intermembrane 

space, and is involved in oxygen consumption, carrying electrons from complex III to complex 

IV. Once the mitochondrial outer membrane is damaged, cytochrome c is released, and 

mitochondrial oxygen consumption is reduced. Upon addition of exogenous cytochrome c, any 

augmentation in mitochondrial respiration is indicative of a disrupted mitochondrial outer 

membrane. 

 

In permeabilized cells, substrates and inhibitors of mitochondrial complex activity are added 

following various protocols 3,9. For example in order to investigate mitochondrial complex-

driven respiratory rates, the following protocol can be used. After permeabilization of the cells, 

first complex I is stimulated by the substrates malate and glutamate, which generate NADH as a 

substrate to the respiratory chain and provoke the activation of complex I. Afterwards, ADP is 

added for conversion to ATP (state 3, active complex I-dependent respiration). After a stable 

signal is reached, rotenone (mitochondrial complex I inhibitor) is administered to inhibit 

complex I. Rotenone is followed by succinate to FADH2 and to activate complex II (state 3, 

active complex II-dependent respiration). In order to measure complex IV-dependent respiration, 

first complex III-dependent respiration is inhibited by adding antimycin A (mitochondrial 

complex III inhibitor). Afterwards, complex IV-dependent respiration is stimulated by 

administering ascorbate and tetramethylphenylendiamine (TMPD). TMPD can auto-oxidize in 

the respiration buffer, therefore the maximal complex IV-dependent respiration rate (State 3) is 

calculated by subtracting respiration rates before and after the addition of sodium azide, an 

inhibitor of mitochondrial complex IV. The respiration experiments can be carried out in two 

chambers of an oxygraph in parallel–one serving as a control (unstimulated cells), the other 

containing the stimulated cells. Obviously, the cells can be pre-treated in various ways, e.g., with 

drugs affecting mitochondrial functions, before their oxygen consumption is measured in the 

oxygraph chamber. This protocol allows functional examination of the individual mitochondrial 

respiratory chain complexes. In addition, one can measure maximal ADP-stimulated respiration 

(state 3) of permeabilized cells, using exogenous fatty acid in the form of palmitate. In this 

protocol, concentrated stocks of sodium palmitate are conjugated with ultra fatty acid free bovine 

serum albumin (BSA) (6:1 molar ratio palmitate:BSA). Afterwards, cells first are permeabilized 

with digitonin and mitochondrial respiration is assessed by the addition of carnitine and 

palmitate followed by addition of ADP (state 3, maximal respiration). Then, oligomycin is added 

to mimic state 4 (state 4o) and respiratory control ratio (RCR value) is calculated as state 3/state 

4o. β-oxidation promotes production of acetyl CoA (which enters in the TCA cycle) and 

generation of FADH2 and NADH, the electrons of which are passed to the electron transport 

chain by electron-transferring flavoprotein and β-Hydroxyacyl-CoA dehydrogenase. 

Mitochondria are at the center of fatty acid metabolism and described palmitate-BSA protocol 

can be used by researchers examining fatty acid oxidation. In intact cells, activators and 

inhibitors of mitochondrial complex activity are added following a different protocol 6,9. For 

these experiments, first oxygen consumption of non-permeabilized cells in the absence of 

exogenous substrates is measured (phosphorylating respiration rate). Then, the non-

phosphorylating respiration rate is measured after the addition of oligomycin, which is an 

inhibitor of mitochondrial ATP synthase. Afterwards, the protonophore carbonyl cyanide p-

trifluoromethoxyphenylhydrazone (FCCP) is administrated at various concentrations and the 

maximal mitochondrial uncoupled respiratory rate is measured. Protonophores such as FCCP can 



   

induce an augmentation in proton permeability of the inner membrane, allowing passive 

movement of protons to dissipate the chemiosmotic gradient. An increase in proton permeability 

uncouples oxidative respiration (no ATP production) and induces an increase in oxygen 

consumption. Afterwards, rotenone and antimycin A are added to inhibit mitochondrial 

respiration, and non-mitochondrial respiration is subtracted from all other respiratory rates. 

 

The oxygen consumption rates can be expressed as IO2 [pmol x s-1 x 10-6 cells] (oxygen flow per 

million cells) which is calculated by dividing volume-specific oxygen flux (in the closed oxygen 

chamber), JV,O2 [pmol x s-1 x mL-1] by cell concentration in the cell chamber (number of cells 

per volume [106 cells.mL1])15. Cell-mass specific oxygen flux, JO2 [pmol x s-1 x mg-1], is flow 

per cell, IO2 [pmol x s-1 x 10-6 cells], divided by mass per cell [mg∙106 cells]; or volume-specific 

flux, JV,O2 [pmol x s-1 x mL-1], divided by mass per volume [mg∙mL1]. JO2 is the oxygen flux 

per cell protein, dry weight or cell volume. 

 

In the present study using high-resolution respirometry, we describe protocols to determine i) 

optimum digitonin concentration for complete cellular plasma membrane permeabilization 

(digitonin titration assay), ii) mitochondrial outer membrane integrity using exogenous 

cytochrome c, iii) mitochondrial respiratory chain complexes I, II and IV maximal respiratory 

rates in digitonin-permeabilized HepG2 cells in the presence of exogenous ADP and 

mitochondrial respiratory chain substrates, and iv) basal, coupled and maximal uncoupled 

respiration (maximal electron transport capacity) of intact cells without the addition of 

exogenous substrates and ADP, reproducing the respiratory function in the integrated cell.  

 
PROTOCOL  

1. Cell culture 

1.1) Culture human hepatoma HepG2 cells 6 in 25 cm2 cell culture flasks in Dulbecco’s 

Modified Eagle’s medium (DMEM) containing 10% heat-inactivated fetal bovine serum (FBS) 

and 1% penicillin-streptomycin at 37 °C in an incubator (5% CO2, 95% air) (seeding density: 1 x 

106 cells per 25 cm2 cell culture flask, incubation time in the 37 °C incubator: 48 h, cell density 

at confluency: 4-5 x 106 cells per 25 cm2 cell culture flask). 

 

1.2) Perform the experiments when cells are 90% to 95% confluent. 

 

2. High-resolution respirometry calibration of polarographic oxygen sensors  

2.1)   Pipette 2.1 mL of respiration buffer into an oxygraph chamber and stir the buffer 

continuously using a magnetic stirring bar present in the chamber (700 rpm) at 37 °C for 1 h 

until a stable oxygen flux signal of the polarographic oxygen sensor is obtained. 

 

Note: Polarographic oxygen electrodes within each oxygraph chamber measure oxygen 

concentration and calculate oxygen consumption (flux) within each chamber. The oxygen 

concentration and oxygen consumption rates (flux) are displayed real-time online in a computer 

using software for data acquisition and analysis. 

 

2.2) Perform an air calibration of the polarographic oxygen sensor according to the 

manufacturer’s protocols 14. 

 



   

Note: Calibration of polarographic oxygen sensors in respiration media and oxygen 

concentration in the media at air saturation experimental temperature is performed only once 

daily in the morning. Afterwards the media can be removed from the chambers and cells 

resuspended in a fresh respiration media are added to an oxygraph chamber and respiratory rates 

are measured. After the first experiment, the chamber can be washed and additional series of 

experiments can be performed in the same chamber without further calibrations. 

 

3. Trypsinization of adherent cells, counting cells 

3.1) On the day of the experiment, aspirate the DMEM from the 25 cm2 cell culture flask. 

 

3.2) Rinse the cell culture monolayer in the culture flask with 5 mL of phosphate buffered 

saline (PBS). 

 

3.3) Pipette 0.5 mL of 25 mg/mL of trypsin solution (prewarmed to 37 °C in a 37 °C water 

bath) into the cell monolayer in the culture flask and incubate for 5 min at 37 °C in an incubator 

(5% CO2, 95% air).  

 

3.4) Pipette 5 mL of DMEM containing 10% FBS into the detached cells in the cell culture 

flask and suspend the cells by pipetting. 

 

3.5) Transfer resuspended cells to a 15 mL centrifuge tube and centrifuge for 5 minutes at 350 

x g at room temperature and decant the supernatant. 

 

3.6)  Resuspend the cell pellet in 1 mL of respiration buffer 13 (Table 1).  

 

3.7)  Count the cells using a cell counter and resuspend them in the respiration buffer to a final 

density of 1 x 106 cells/mL. Since cellular respiration rates will be normalized to cell number, 

count the cells with an accurate and precise cell counter.  

 

4. High-resolution respirometry 

4.1) After air calibration (performed only once daily, steps 2.1-2.2), aspirate the respiration 

medium from a chamber of the oxygraph and add 2.1 mL of cell suspension (1 x 106 cells/mL) 

from step 3.7 to the chamber. 

 

4.2) Close the oxygraph chamber by insertion of the stopper. 

 

4.3) Stir the cells continuously using a magnetic stirring bar present in the chamber (700 rpm) 

at 37 °C and record cellular respiration for 5-10 min until a stable oxygen flux signal is achieved.  

 

Note: The oxygen concentration and oxygen flux signal are displayed real-time online in a 

computer using software for data acquisition and analysis14.  

 

4.4) Afterwards, inject substrates and inhibitors for mitochondrial respiration through the 

titanium injection ports of the stoppers using the following protocols.  

 

5. Digitonin titration in intact cells by respirometry 



   

5.1) Prepare an oxygraph chamber containing cell suspension (1 x 106/mL) following the 

procedure described in steps 4.1 to 4.3 of the protocol. 

 

5.2)  Inject 2 µL of 0.2 mM rotenone (0.2 µM) ‘CAUTION’ into the oxygraph chamber 

containing cell suspension through the titanium injection port of the chamber stopper using a 

syringe and record cellular respiration for 5-10 min until a stable oxygen flux signal is achieved.  

 

Note: All the injections in the following steps are performed through the titanium injection ports 

of stoppers using syringes. Addition of rotenone is optional (it prevents reverse electron flow) 

and can be omitted for digitonin titration experiments, see step 6.3. 

 

5.3) Inject 20 µL of 1 M succinate (10 mM) into the oxygraph chamber and record cellular 

respiration for 5-10 min until a stable oxygen flux signal is achieved. 

 

5.4) Inject 10 µL of 0.5 M ADP (2.5 mM) into the oxygraph chamber and record cellular 

respiration for 5-10 min until a stable oxygen flux signal is achieved. 

 

5.5)  Inject 2 µL of 2 mM digitonin (2 µM) into the oxygraph chamber and record cellular 

respiration for 2-5 min until a stable oxygen signal is achieved. 

 

5.6)  Again inject 2 µL of 2 mM digitonin into the oxygraph chamber and record cellular 

respiration for 2-5 min until a stable oxygen signal is achieved.  

 

Note: Stepwise addition of digitonin to the cells will induce an increase in cellular oxygen 

consumption and the oxygen flux signal will increase. 

 

5.7)  Continue injecting 2-4 µL of 2 mM digitonin stepwise (2-4 µM each step) into the 

chamber. After each step, record cellular respiration for 2-5 min until a stable oxygen flux signal 

is achieved.  

 

Note: Stop injecting digitonin when the oxygen flux signal reaches a maximal level and further 

injections of digitonin do not increase the respiration rate. The readers should determine optimal 

digitonin concentration in their laboratories using their own reagents and use obtained optimal 

digitonin concentration in the steps 6.2 and 7.2 of the following protocols for their experiments. 

 

6.  Evaluation of the mitochondrial outer membrane integrity: cytochrome c  

6.1) Prepare an oxygraph chamber containing cell suspension (1 x 106/mL) following the 

procedure described in steps 4.1 to 4.3 of the protocol. 

 

6.2)   Inject 2 µL of 8 mM digitonin (8 µM) into the oxygraph chamber containing the cell 

suspension (1 x 106/mL) and permeabilize the cells for 5 minutes.  

 

6.3)   Inject 20 µL of 1 M succinate (10 mM) into the oxygraph chamber and record cellular 

respiration for 5-10 min until a stable oxygen flux signal is achieved. 

 

6.4)  Inject 10 µL of 0.5 M ADP (2.5 mM) into the oxygraph chamber and record cellular 



   

respiration for 5-10 min until a stable oxygen flux signal is achieved.  

 

Note: Addition of ADP to the cells will stimulate complex I and induce an increase in oxygen 

consumption, and oxygen flux signal will increase and stabilize. 

 

6.5)  Inject 5 µL of 4 mM cytochrome c (10 µM) into the oxygraph chamber and record 

cellular respiration for 5-10 min until a stable oxygen flux signal is achieved. 

 

6.6)  Finally inject 1 µL of 4 mg/mL oligomycin (2 μg/mL) and record cellular respiration 

until a stable oxygen flux signal is achieved. 

 

7.  Maximal ADP-stimulated respiration (state 3) of permeabilized HepG2 cells  

7.1) Prepare an oxygraph chamber containing cell suspension (1 x 106/mL) following the 

procedure described in steps 4.1 to 4.3 of the protocol. 

 

7.2) Inject 2 µL of 8 mM digitonin (8 µM) into the oxygraph chamber containing the cell 

suspension and permeabilize the cells for 5 minutes. 

 

7.3)  Inject 12.5 µL of 0.8 M of malate (5 mM) and 10 µL of 2 M of glutamate (10 mM) into 

the oxygraph chamber. Record cellular respiration until a stable oxygen flux signal is achieved. 

 

7.4) Inject 10 µL of 0.5 M ADP (2.5 mM) into the oxygraph chamber and record cellular 

respiration until the oxygen flux signal increases and stabilizes.  

 

Note: Addition of ADP to the cells will induce an increase in oxygen consumption and the 

oxygen flux signal will increase. 

 

7.5) Inject 2 µL of 0.2 mM rotenone (0.2 µM) ‘CAUTION’ into the oxygraph chamber and 

record cellular respiration until the oxygen flux signal decreases and stabilizes. 

 

7.6) Afterwards, inject 20 µL of 1 M succinate (10 mM) into the oxygraph chamber and 

record cellular respiration until the oxygen flux signal increases and stabilizes. 

 

7.7) Then, inject 2 µL of 5 mM antimycin A (5 µM) ‘CAUTION’ into the oxygraph chamber 

and record cellular respiration until the oxygen flux signal decreases and stabilizes. 

 

7.8) Then inject 2.5 µL of 0.8 mM ascorbate (1 mM) and immediately after inject 2.5 µL of 

0.2 mM TMPD (0.25 mM) into the oxygraph chamber and record cellular respiration until the 

oxygen flux signal increases and stabilizes. 

 

7.9)  Finally inject 10 µL of 1 M sodium azide (5 mM) ‘CAUTION’ into the oxygraph 

chamber and record cellular respiration until the oxygen flux signal decreases and stabilizes. 

 

8. Oxygen consumption of intact cells  

8.1) Prepare an oxygraph chamber containing cell suspension (1 x 106/mL) following the 

procedure described in steps 4.1 to 4.3 of the protocol. 



   

 

8.2) Inject 1 µL of 4 mg/mL oligomycin (2 μg/mL) into the oxygraph chamber containing cell 

suspension and record cellular respiration until a stable oxygen flux signal is achieved. 

 

8.3) Afterwards inject 1 µL of 0.2 mM of FCCP (0.1 μM) ‘CAUTION’ into the oxygraph 

chamber and record cellular respiration until the oxygen flux signal increases and stabilizes. 

 

8.4) Inject 3 µL of 0.2 mM of FCCP (0.4 μM) into the oxygraph chamber and record cellular 

respiration until the oxygen flux signal increases further and stabilizes. 

 

8.5) Titrate FCCP in 0.1 to 0.3 μM steps by injecting 1-3 µL of 0.2 to 1 mM FCCP (0.1 to 2 

μM final concentration in the chamber) into the oxygraph chamber until the oxygen flux signal 

reaches its maximal levels and no further increases and then starts declining. 

 

Note: Stop injecting FCCP when the oxygen signal reaches a maximal level and starts declining. 

 

8.6) Then, inject 2 µL of 0.2 mM rotenone (0.2 µM) and 2 µL of 5 mM antimycin A (5 µM) 

into the chamber. Record respiration until the oxygen flux signal decreases and stabilizes. 

 

REPRESENTATIVE RESULTS  

Determination of optimum digitonin concentration for cellular permeabilization: digitonin 

titration experiment  

Digitonin titration is performed to determine the optimal concentration for permeabilization of 

HepG2 cells. For these experiments, digitonin is titrated in intact cells in the presence of 

rotenone, succinate (mitochondrial complex II substrate) and a saturating amount of ADP (to 

induce complex II-dependent state 3), and respiratory rates are measured at baseline and after 

each titration (Figures 1A and 1B). The result of this experiment shows that in the absence of 

digitonin, cellular respiration is very low and respiration of intact, non-permeabilized cells is not 

stimulated in the presence of mitochondrial substrate and ADP. However, upon stepwise addition 

of digitonin, the cellular plasma membrane is permeabilized and mitochondrial respiration 

(complex II-dependent state 3) increases up to full permeabilization when succinate and ADP 

enter the cells. The results show that permeabilization at a digitonin concentration of 8-12 µM is 

optimal for ADP-stimulated respiration of HepG2 cells. However, mitochondrial outer 

membrane integrity can be compromised if excessive amounts of digitonin are employed. As 

shown in Figure 1, excessive amounts of digitonin induced a reduction in complex II-dependent 

state 3 respiration indicating compromised mitochondrial outer membrane integrity. 

 

In the present and following protocols, all the oxygen consumption rates are expressed as IO2 

[pmol x s-1 x 10-6 cells] (oxygen flow per million cells) which is calculated by dividing volume-

specific oxygen flux (in the closed oxygen chamber), JV,O2 [pmol x s-1 x mL-1] by cell 

concentration in the cell chamber (number of cells per volume [106 cells x mL-1])15. 

 

[Please insert Figure 1] 

 

Evaluation of the mitochondrial outer membrane integrity using an optimal digitonin 

concentration 



   

To evaluate the effect of optimal digitonin concentration (8 μM) on outer mitochondrial 

membrane integrity, cells are permeabilized with digitonin and mitochondrial outer membrane 

integrity is tested by measurement of mitochondrial respiration after the subsequent addition of 

succinate (mitochondrial complex II-dependent resting state 2 respiration in the absence of 

ADP), ADP (ADP stimulated complex II-dependent state 3 respiration) and cytochrome c (ADP 

stimulated complex II-dependent state 3 respiration in the presence of cytochrome c), followed 

by the addition of oligomycin (an inhibitor of ATP synthase) to mimic state 4. As shown in 

Figure 2, cytochrome c does not enhance complex II-dependent state 3 respiration of the cells 

treated with digitonin, indicating that there was no loss of cytochrome c from the mitochondrial 

outer membrane and mitochondrial integrity is preserved.  

 

[Please insert Figure 2] 

 

Evaluation of the mitochondrial outer membrane integrity using a high concentration of 

digitonin  

To demonstrate that a very high concentration of digitonin can compromise mitochondrial outer 

membrane integrity, we performed an experiment using a high dose of digitonin. For this 

experiment, cells are permeabilized with 40 μM digitonin instead of 8 μM, and mitochondrial 

outer membrane integrity is tested by measurement of mitochondrial respiration after the 

subsequent addition of succinate (mitochondrial complex II-dependent resting state 2 respiration 

in the absence of ADP), ADP (ADP stimulated complex II-dependent state 3 respiration) and 

cytochrome c (ADP stimulated complex II-dependent state 3 respiration in the presence of 

cytochrome c), followed by the addition of oligomycin to mimic state 4 in the presence of 

oligomycin (Figure 3). The result of this experiment shows that cytochrome c enhances 

respiration of the cells treated with a high dose of digitonin, indicating a loss of cytochrome c 

from the mitochondrial outer membrane indicating compromised mitochondrial outer membrane 

integrity.  

 

 [Please insert Figure 3] 

 

Maximal ADP-stimulated respiration (state 3) of permeabilized HepG2 cells, using excess 

exogenous substrates  

Complex I-, II- and IV-dependent maximal ADP-stimulated respiration (state 3) of 

permeabilized HepG2 cells (1 x 106 cells/mL) is successfully measured using excess exogenous 

substrates (Figure 4). For this experiment, cells are permeabilized with digitonin and 

mitochondrial oxygen consumption rates are measured after the subsequent addition of substrates 

and inhibitors as described in Figure 4. The substrate- inhibitor titration protocol results show 

that cells are successfully permeabilized and the addition of exogenous substrates of 

mitochondrial complex activity induces an increase in mitochondrial respiratory chain complexes 

I, II and IV maximal respiratory rates (state 3).  

 

[Please insert Figure 4] 

 

Unsuccessful measurement of maximal ADP-stimulated respiration (state 3) of 

permeabilized HepG2 cells 

Complex I-, II- and IV-dependent maximal ADP-stimulated respiration (state 3) of 



   

permeabilized HepG2 cells (1 x 106 cells/mL) is not successfully measured using excess 

exogenous substrates (Figure 5). For this experiment, cells are permeabilized with digitonin and 

mitochondrial oxgen consumption rates are measured after the subsequent addition of substrates 

and inhibitors as described in Figure 5. As shown in Figure 5, the respiration rates are very low 

in permeabilized cells compared to results shown in Figure 4. A possible explanation for reduced 

respiratory levels is contamination of oxygraph chambers with mitochondrial inhibitors from 

previous experiments. Mitochondrial inhibitors such as antimycin and rotenone are soluble in 

ethanol and can stick to the oxygraph chambers and stoppers. Therefore oxygraph chambers and 

stoppers should be washed extensively after each experiment. 

 

[Please insert Figure 5] 

 

Coupled and uncoupled respiration of intact cells  
HepG2 cells’ basal oxygen consumption is measured in the presence of oligomycin (oligomycin-

insensitive respiration) and sequential addition of FCCP (Figure 6). Basal cellular respiration rate 

represents oxygen consumption of intact HepG2 cells in the presence of endogenous cellular 

substrates and can alter in response to cellular ATP demand. Oligomycin-insensitive respiration 

rate represents leak cellular respiration and oligomycin-sensitive respiration rate which 

represents cellular ATP turnover and is calculated by substracting the oligomycin-insensitive 

respiration rate from basal endogenous respiration rate. The chemical uncoupler FCCP is 

sequentially added at different concentrations and maximal uncoupled respiration recorded. The 

maximal mitochondrial uncoupled respiration rate (maximal electron transport system capacity) 

for this experimental condition is obtained at 0.9-1.2 µM FCCP. The results show a biphasic 

activity of FCCP in intact HepG2 cells. Therefore, for each experimental condition, FCCP is 

titrated to obtain maximal uncoupled respiration rate. The uncoupled respiratory control ratio 

(uRCR) is calculated by dividing the FCCP uncoupled respiration rate by the respiration rate in 

the presence of oligomycin. Oligomycin-sensitive respiration (ATP turnover) is calculated by 

substracting oligomycin-insensitive respiration rate from basal endogenous respiration. Coupling 

efficiency which represents the proportion of mitochondrial oxygen consumption used to 

synthesize ATP is calculated by dividing the oligomycin-sensitive respiration rate by the basal 

respiration rate. At the end of the experiment, to obtain non-mitochondrial respiration rate, 

mitochondrial electron transport chain inhibitors are added and non-mitochondrial respiration 

rate is substracted from all results. For the experiment shown in Figure 6, the non-mitochondrial 

respiration rate is 26 pmol/(s x Million cells), the basal respiration rate is 48 pmol/(s x million 

cells), oligomycin-insensitive respiration rate 7 pmol/(s x million cells), oligomycin-sensitive 

respiration (ATP turnover) 41 pmol/(s x million cells) and coupling efficiency 0.85. 

 

 [Please insert Figure 6] 

 

Figure 1. Digitonin titration to determine the optimal concentration for permeabilization of 

HepG2 cells.  
The blue line represents oxygen concentration; the red line represents the oxygen flow (slope of 

oxygen concentration). The oxygen concentration decreases over time as cells use the available 

oxygen. Oxygen consumption is expressed as pmol/(s x number of cells). A) Tracings from the 

high-resolution respirometry using digitonin, ADP and succinate as substrate for mitochondrial 

complex II-dependent respiration (1 experiment). B) Mitochondrial respiration rates from 4 



   

individual experiments presented as means ± SD. 

 

Figure 2. Cytochrome c does not enhance respiration of the cells treated with digitonin (8 

μM).  
Representative respiratory traces for the cytochrome c test using high-resolution respirometry. 

Cells are permeabilized with 8 μM digitonin and mitochondrial outer membrane integrity is 

tested by measurement of respiratory rates after the subsequent addition of 10 mM succinate 

(state 2), 2.5 mM ADP (state 3) and 10 µM cytochrome c (state 3 in the presence cytochrome c), 

followed by the addition of 2 μg/mL oligomycin to mimic state 4. Respiratory rate is expressed 

as pmol/(s x million cells). CII: complex II. 

 

Figure 3. High dose of digitonin (40 μM) compromises mitochondrial outer membrane 

integrity.  
Tracings from the high-resolution respirometry using succinate as substrate. The blue line 

represents oxygen concentration; the red line represents the oxygen flow (slope of oxygen 

concentration). The oxygen concentration decreases over time as cells use the available oxygen. 

Oxygen consumption is expressed as pmol/(s x number of cells). Subsequent addition of 40 μM 

digitonin, succinate (10 mM), ADP (2.5 mM), cytochrome c (10 µM) and oligomycin (2 μg/mL) 

is indicated. CII: complex II. 

 

Figure 4. Successful measurement of maximal ADP-stimulated respiration (state 3) of 

permeabilized HepG2 cells. 
Respiratory rate is expressed as pmol/(s x million cells). Cells are permeabilized with 8 μM 

digitonin and mitochondrial respiratory rates are measured after the subsequent addition of 

glutamate and malate (state 3, complex I), rotenone to inhibit complex I, succinate (state 3, 

complex II), antimycin A to inhibit complex III and ascorbate/TMPD and sodium azide to inhibit 

complex IV. Complex IV respiration (State 3) is interpreted by subtracting the oxygen 

consumption before and after addition of sodium azide. CI: complex I, CII: complex II, CIV: 

complex IV. 

 

Figure 5. Unsuccessful measurement of maximal ADP-stimulated respiration (state 3) of 

permeabilized HepG2 cells. 
Representative respiratory traces of an unsuccessful experiment of complex I-, II- and IV-driven 

maximal ADP-stimulated respiration (state 3) of permeabilized HepG2 cells using high-

resolution respirometry. Respiratory rate is expressed as pmol/(s x million cells). Cells are 

permeabilized with 8 μM digitonin and mitochondrial respiratory rates are measured after the 

subsequent addition of glutamate and malate (state 3, complex I), rotenone to inhibit complex I, 

succinate (state 3, complex II), antimycin A to inhibit complex III and ascorbate/TMPD and 

sodium azide to inhibit complex IV. Complex IV respiration (State 3) is interpreted by 

subtracting the oxygen consumption before and after addition of sodium azide. 

 

Figure 6. Coupled and uncoupled respiration of intact cells.  
Representative respiratory traces of HepG2 cells’ basal oxygen consumption measured in the 

presence of oligomycin (oligomycin-insensitive respiration) and sequential addition of FCCP 

using high-resolution respirometry. Thereafter, once a stable signal is reached, respiration is 

inhibited with the addition of rotenone and antimycin A and the remaining background 



   

respiration (non-mitochondrial respiration) is subtracted from all results. Oxygen consumption is 

expressed as pmol/(s x number of cells).  

 

Table 1. The composition of respiration buffer. 

 

DISCUSSION  
The objective of the present protocol was to use high-resolution respirometry to measure 

mitochondrial respiratory chain complexes’ (I-IV) respiratory rates, maximal mitochondrial 

electron transport system capacity and mitochondrial outer membrane integrity. 

 

There are some critical steps within the present protocol. First, cellular oxygen consumption 

rates are usually normalized to the number of cells (pmol/[s x number of cells]). Therefore, 

before monitoring cellular oxygen consumption, it is critical to use a device that enables accurate 

and reliable measurements of the number of cells. In the present protocol an automated cell 

counter has been used (step 3.7 of the protocol and table of materials). A second critical step, 

especially in permeabilized cells, is the choice of respiration buffer in which permeabilized cells 

are resuspended (step 3.6 of the protocol). Since cellular permeabilization can induce loss of 

intracellular ions, it is very crucial that the medium used during permeabilization is compatible 

with intracellular environment. Therefore, respiration buffer should contain a composition and 

osmolarity which reflects both the intracellular and the extracellular environment (Table 1)13. In 

addition, for optimal and effective cellular permeabilization, it is crucial to titrate digitonin 

concentration not only for each cell type but also for each cell density, to identify its optimal and 

lowest effective concentration. If digitonin concentration is too low, the cells will not be 

permeabilized. In contrast, exposure of the cells to large amounts of digitonin will damage the 

mitochondrial outer membrane. Therefore, another important point is to investigate 

mitochondrial outer membrane integrity. In order not to underestimate cellular respiratory 

capacity, it is also crucial that respirometry experiments are performed at a physiological 

temperature (37 °C). Another important point to consider is the use of saturating amounts of 

ADP, due to the diffusion limitation of ADP versus oxygen in permeabilized cells and sufficient 

substrate levels to obtain maximal respiratory flux. In some experiments in permeabilized cells, 

it may happen that addition of exogenous substrates and ADP does not lead to a considerable 

increase in the rate of respiration. This can be caused by several factors. For example, use of high 

concentrations of digitonin to permeabilize the cells may damage the mitochondrial outer 

membrane. Therefore, one should titrate digitonin to determine the optimal concentration for 

each cell type and density. Further, purity of digitonin is also very critical, and commercially 

available digitonin can vary significantly in purity and new batches of purchased digitonin 

should be titrated to determine their optimal concentrations for cellular permeabilization. In 

addition, there are several types of cellular plasma membrane pore-forming agents with different 

properties. For example, saponin is a milder detergent than digitonin, and depending on the cell 

type, an appropriate cell permeabilization reagent should be selected.  

 

Most inhibitors of mitochondrial function used in respirometry assays, such as rotenone 

antimycin A, are soluble only in ethanol and stick to the oxygraph chambers and stoppers, 

inhibiting cellular respiration. To avoid this problem, oxygraph chambers and stoppers must be 

washed extensively with 95% ethanol after each assay. Another important point to consider is 

that for both intact and permeabilized cellular respiration assays, cell density, type and cell 



   

culture confluence may affect respiratory rates. For example, with HepG2 cells, we usually use a 

cell density of 1 to 2 million cells per chamber. Using very low cell density during respirometry 

can give rise to a very weak signal. We also observed that cell culture confluency may affect the 

respiratory rates. For example, when HepG2 cells are grown very confluent (more than 100%), 

they consume much less oxygen. 

 

To obtain a stable and reproducible oxygen flux during experiments, another important point to 

consider is the maintenance of the high-resolution respirometry instrument–i.e., regular exchange 

of polarographic oxygen sensor membranes and instrumental background corrections. For 

experiments with the uncoupler FCCP, it may be that addition of FCCP to the cells does not 

stimulate cellular respiration and maximal flux is not obtained, but instead cellular respiration is 

inhibited. Inhibition of cellular oxygen consumption upon addition of FCCP may indicate that 

FCCP concentration was not optimal and was too high. For these experiments, for each assay, it 

is essential to carefully titrate FCCP concentration to obtain maximal flux. 

 

A limitation of high-resolution respirometry is that high-throughput screening, establishment of 

dose-response curves and time course experiments for limited amounts of biological samples are 

not feasible. For these assays, one can use other instruments, such as the extracellular flux 

analyzer. Other limitations are i) the device is not automated and requires the continuous 

presence of an operator, ii) it is time consuming, iii) it has only two chambers and only two 

assays can be run at a time, iv) maintenance of the instrument, such as changing the membranes 

and calibrations, requires lots of time and v) the chambers are not single use and may become 

contaminated with inhibitors. The advantages of the high resolution oxygraph over traditional 

polarographic oxygen electrode devices are i) higher sensitivity, ii) smaller numbers of 

biological samples required, iii) respiratory rates can be measured simultaneously in two 

chambers and iv) the device has reduced oxygen leak. Some advantages of the high-resolution 

oxygraph over the extracellular flux analyzer are i) lower costs of the device and consumables 

and ii) feasibility of substrate-uncoupler-inhibitor titration protocols. 

 

Future applications or directions after mastering this technique are simultaneous measurements 

of cellular respiration, mitochondrial membrane potential, H2O2, ATP and calcium levels using 

optical sensors in the same chamber.  
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Chemical Concentration

Sucrose 110 mM 

EGTA 0.5 mM 

MgCl2 3.0 mM 

KCl 80 mM 

K-

lactobion

ate

60 mM 

KH2PO4 10 mM 

Taurine 20 mM 

Hepes 20 mM 

BSA 1.0 g/L 

pH 7.1

Respiration buffer 
13
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Name Company Catalog 

Number
Comment

ADP Sigma A 4386 Chemical

Antimycin A Sigma A 8674 Chemical, 

dissolve in 

Ascorbate Merck 1.00127 Chemical

BSA Sigma A 6003 Chemical

FCCP Sigma C 2920 Chemical, 

dissolve in Countess automated cell

counter 

Thermo 

Fisher 

n/a Automated 

cell counting 

Cytochrome c Sigma C 7752 Chemical

Digitonin Sigma D 5628 Chemical, 

dissolve in DMEM Gibco 31966021 Medium

EGTA fluka 3779 Chemical

FBS Gibco 26010-074 Medium 

componentGlutamate Sigma, G 1626 Chemical

Hepes Sigma H 7523 Chemical

KCl Merck 1.04936 Chemical

KH2PO4 Merck 1.04873 Chemical

K-lactobionate Sigma L 2398 Chemical

MgCl2 Sigma M 9272 Chemical

O2k-Core: Oxygraph-2k Oroboros 

Instruments

10000-02 High-

resolution 

Oligomycin Sigma O 4876 Chemical, 

dissolve in Penicillin-streptomycin Gibco 15140122 Chemical

Sodium azide Sigma S2002 Chemical

Rotenone Sigma R 8875 Chemical, 

dissolve in Succinate Sigma S 2378 Chemical

Taurine Sigma T 8691 Chemical

TMPD Sigma T 3134 Chemical

Trypsin Sigma T 4674 Chemical
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LONG ABSTRACT  

……OXPHOS function can be assessed in vivo and in vitro using various techniques. A cell 
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PROTOCOL  

1. Cell culture, trypsinization of adherent cells, counting cells 

1.1) Culture human hepatoma HepG2 cells 6 in 25 cm2 cell culture flasks in Dulbecco’s 

Modified Eagle’s medium (DMEM) containing 10% heat-inactivated fetal bovine serum (FBS) 

and 1% penicillin-streptomycin at 37 °C in an incubator (5% CO2, 95% air) (seeding density: 1 x 

106 cells per 25 cm2 cell culture flask, incubation time in the 37 °C incubator: 48 hours, cell 

density at confluency: 4-5 x 106 cells per 25 cm2 cell culture flask). 
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1.2) Perform the experiments when cells are 90% to 95% confluent. 

 

2. High-resolution respirometry calibration of polarographic oxygen sensors  

2.1)   Pipette 2.1 mL of respiration buffer into an oxygraph chamber and stir the buffer 

continuously using a magnetic stirring bar present in the chamber (700 rpm) at 37 °C for 1 hour 

until a stable oxygen flux signal of the polarographic oxygen sensor is obtained. 

 

Note: Polarographic oxygen electrodes within each oxygraph chamber measure oxygen 

concentration and calculate oxygen consumption (flux) within each chamber. The oxygen 

concentration and oxygen consumption rates (flux) are displayed real-time online in a computer 

using software for data acquisition and analysis. 

 

2.2) Perform an air calibration of the polarographic oxygen sensor according to the 

manufacturer’s protocols 14. 

Note: Calibration of polarographic oxygen sensors in respiration media and oxygen 

concentration in the media at air saturation experimental temperature is performed only once 

daily in the morning. Afterwards the media can be removed from the chambers and cells 

resuspended in a fresh respiration media are added to an oxygraph chamber and respiratory 

rates are measured. After the first experiment, the chamber can be washed and additional series 

of experiments can be performed in the same chamber without further calibrations. 

 

3. Trypsinization of adherent cells, counting cells 

3.1) On the day of the experiment, aspirate the DMEM from the 25 cm2 cell culture flask. 

 

3.2) Rinse the cell culture monolayer in the culture flask with 5 mL of phosphate buffered 

saline (PBS). 

 

3.3) Pipette 0.5 mL of 25 mg/mL of trypsin solution (prewarmed to 37°C in a 37°C water bath) 

into the cell monolayer in the culture flask and incubate for 5 min at 37 °C in an incubator (5% 

CO2, 95% air).  

 

3.4) Pipette 5 mL of DMEM containing 10% FBS into the detached cells in the cell culture 

flask and suspend the cells by pipetting. 

 

3.5) Transfer resuspended cells to a 15 mL centrifuge tube and centrifuge for 5 minutes at 350 

x g at room temperature and decant the supernatant. 

 

3.6)  Resuspend the cell pellet in 1 mL of respiration buffer 13 (Table 1).  

3.7)  Count the cells using a cell counter and resuspend them in the respiration buffer to a final 

density of 1 x 106 cells/mL. Since cellular respiration rates will be normalized to cell number, 

count the cells with an accurate and precise cell counter. instrument which has the capability of 

performing very accurate and precise cell counts. 

 

Note: We use a commercially available cell counter device (described in the table of materials). 

4. High-resolution respirometry 



4.1) After air calibration (performed only once daily, steps 2.1-2.2), aspirate the respiration 

medium from a chamber of the oxygraph and add 2.1 mL of cell suspension (1 x 106 cells/mL) 

from step 3.7 to the chamber. 

 

4.2) Close the oxygraph chamber by insertion of the stopper. 

 

4.3) Stir the cells continuously using a magnetic stirring bar present in the chamber (700 rpm) 

at 37 °C and record cellular respiration for 5-10 min until a stable oxygen flux signal is 

achieved.  

 

Note: The oxygen concentration and oxygen flux signal are displayed real-time online in a 

computer using software for data acquisition and analysis14.  

 

4.4) Afterwards, inject substrates and inhibitors for mitochondrial respiration through the 

titanium injection ports of the stoppers using the standard following protocols.  

 

5. Digitonin titration in intact cells by respirometry 

5.1) Prepare an oxygraph chamber containing cell suspension (1 x 106/mL) following the 

procedure described in steps 4.1 to 4.3 of the protocol. 

5.2)  Inject 2 µL of 0.2 mM rotenone (0.2 µM) ‘CAUTION’ into the oxygraph chamber 

containing cell suspension through the titanium injection port of the chamber stopper using a 

syringe and record cellular respiration for 5-10 min until a stable oxygen flux signal is achieved.  

 

Note: All the injections in the following steps are performed through the titanium injection ports 

of stoppers using syringes.  

 

5.3) Inject 20 µL of 1 M succinate (10 mM) into the oxygraph chamber and record cellular 

respiration for 5-10 min until a stable oxygen flux signal is achieved. 

 

5.4) Inject 10 µL of 0.5 M ADP (2.5 mM) into the oxygraph chamber and record cellular 

respiration for 5-10 min until a stable oxygen flux signal is achieved. 

 

5.5)  Inject 2 µL of 2 mM digitonin (2 µM) into the oxygraph chamber and record cellular 

respiration for 2-5 min until a stable oxygen signal is achieved. 

 

5.6)  Again inject 2 µL of 2 mM digitonin into the oxygraph chamber and record cellular 

respiration for 2-5 min until a stable oxygen signal is achieved.  

 

Note: Stepwise addition of digitonin to the cells will induce an increase in cellular oxygen 

consumption and the oxygen flux signal will increase. 

 



5.7)  Continue injecting 2-4 µL of 2 mM digitonin stepwise (2-4 µM each step) into the 

chamber. After each step, record cellular respiration for 2-5 min until a stable oxygen flux signal 

is achieved.  

 

Note: Stop injecting digitonin when the oxygen flux signal reaches a maximal level and further 

injections of digitonin do not increase the respiration rate. The readers should determine optimal 

digitonin concentration in their laboratories using their own reagents and use obtained optimal 

digitonin concentration in the steps 6.2 and 7.2 of the following protocols for their experiments. 

6.  Permeability to exogenous cytochrome c: Evaluation of the mitochondrial outer 

membrane integrity: cytochrome c  

6.1) Prepare an oxygraph chamber containing cell suspension (1 x 106/mL) following the 

procedure described in steps 4.1 to 4.3 of the protocol. 

6.2)    Inject 2 µL of 8 mM digitonin (8 µM) into the oxygraph chamber containing the cell 

suspension (1 x 106/mL) through the titanium injection port of the chamber stopper using a 

syringe and permeabilize the cells for 5 minutes.  

Note: All the injections in the following steps are performed through the titanium injection ports 

of stoppers. 

6.3)    Inject 20 µL of 1 M succinate (10 mM) into the oxygraph chamber and record cellular 

respiration for 5-10 min until a stable oxygen flux signal is achieved. 

 

6.4)  Inject 10 µL of 0.5 M ADP (2.5 mM) into the oxygraph chamber and record cellular 

respiration for 5-10 min until a stable oxygen flux signal is achieved.  

 

Note: Addition of ADP to the cells will stimulate complex I and induce an increase in oxygen 

consumption, and oxygen flux signal will increase and stabilize. 

 

6.5)  Inject 5 µL of 4 mM cytochrome c (10 µM) into the oxygraph chamber and record 

cellular respiration for 5-10 min until a stable oxygen flux signal is achieved. 

 

6.6)  Finally inject 1 µL of 4 mg/mL oligomycin (2 μg/mL) and record cellular respiration 

until a stable oxygen flux signal is achieved. 

7.  Maximal ADP-stimulated respiration (state 3) of permeabilized HepG2 cells, using 

excess exogenous substrates  

7.1) Prepare an oxygraph chamber containing cell suspension (1 x 106/mL) following the 

procedure described in steps 4.1 to 4.3 of the protocol. 

7.2) Inject 2 µL of 8 mM digitonin (8 µM) into the oxygraph chamber containing the cell 

suspension through the titanium injection port of the chamber stopper using a syringe and 

permeabilize the cells for 5 minutes. 



7.3)  Inject 12.5 µL of 0.8 M of malate (5 mM) and 10 µL of 2 M of glutamate (10 mM) into 

the oxygraph chamber containing cell suspension (1 x 106/mL) through the titanium injection 

port of the chamber stopper and . Record cellular respiration until a stable oxygen flux signal is 

achieved. 

 

7.4) Inject 10 µL of 0.5 M ADP (2.5 mM) into the oxygraph chamber through the titanium 

injection port of the chamber stopper and record cellular respiration until the oxygen flux signal 

increases and stabilizes. Note: Addition of ADP to the cells will induce an increase in oxygen 

consumption and the oxygen flux signal will increase. 

 

7.5) Inject 2 µL of 0.2 mM rotenone (0.2 µM) ‘CAUTION’ into the oxygraph chamber and 

record cellular respiration until the oxygen flux signal decreases and stabilizes. 

 

7.6) Afterwards, inject 20 µL of 1 M succinate (10 mM) into the oxygraph chamber and record 

cellular respiration until the oxygen flux signal increases and stabilizes. 

 

7.7) Then, inject 2 µL of 5 mM antimycin A (5 µM) ‘CAUTION’ into the oxygraph chamber 

and record cellular respiration until the oxygen flux signal decreases and stabilizes. 

 

7.8) Then inject 2.5 µL of 0.8 mM ascorbate (1 mM) and immediately after inject 2.5 µL of 0.2 

mM TMPD (0.25 mM) into the oxygraph chamber and record cellular respiration until the 

oxygen flux signal increases and stabilizes. 

 

7.9)  Finally inject 10 µL of 1 M sodium azide (5 mM) ‘CAUTION’ into the oxygraph chamber 

and record cellular respiration until the oxygen flux signal decreases and stabilizes. 

8. Oxygen consumption of intact cells  

8.1) Prepare an oxygraph chamber containing cell suspension (1 x 106/mL) following the 

procedure described in steps 4.1 to 4.3 of the protocol. 

8.2) Inject 1 µL of 4 mg/mL oligomycin (2 μg/mL) into the oxygraph chamber containing cell 

suspension (1 x 106/mL) through the titanium injection port of the chamber stopper and record 

cellular respiration until a stable oxygen flux signal is achieved. 

 

8.3) Afterwards inject 1 µL of 0.2 mM of FCCP (0.1 μM) ‘CAUTION’  into the oxygraph 

chamber, through the titanium injection port of the chamber stopper and record cellular 

respiration until the oxygen flux signal increases and stabilizes. 

 

8.4) Inject 3 µL of 0.2 mM of FCCP (0.4 μM) into the oxygraph chamber through the titanium 

injection port of the chamber stopper and record cellular respiration until the oxygen flux signal 

increases further and stabilizes. 

 



8.5) Titrate FCCP in 0.1 to 0.3 μM steps by injecting 1-3 µL of 0.2 to 1 mM FCCP (0.1 to 2 

μM final concentration in the chamber) into the oxygraph chamber until the oxygen flux signal 

reaches its maximal levels and no further increases and then starts declining. 

 

Note: Stop injecting FCCP when the oxygen signal reaches a maximal level and starts declining. 

8.6) ThereafterThen, inject 2 µL of 0.2 m M rotenone (0.2 µM) and 2 µL of 5 mM antimycin A 

(5 µM) into the oxygraph chamber through the titanium injection port of the chamber stopper 

and r. Record cellular respiration until the oxygen flux signal decreases and stabilizes. 

 

3. Grammar: 

-Line 50 – Should be “two samples, and iv) reduced oxygen leak” 

 

Resposne: The sentence is modified now. However, the paragraph was deleted according to the 

reviewer’s comments. 

 

LONG ABSTRACT  

……The high-resolution oxygraph device is equipped with two chambers and uses polarographic oxygen 

sensors to measure oxygen concentration and calculate oxygen consumption within each chamber. 

Oxygen consumption rates are calculated using a software and expressed as pmol per second per number 

of cells. Each high-resolution oxygraph chamber contains a stopper with injection ports, which makes it 

ideal for substrate-uncoupler-inhibitor titrations or detergent titration protocols for determining effective 

and optimum concentrations for plasma membrane permeabilization. High-resolution respirometry offers 

several advantages over traditional polarographic oxygen electrode devices such as i) higher sensitivity, 

ii) smaller numbers of biological samples required, iii) respiratory rates measurable simultaneously from 

two samples, and iv) reduced oxygen leak. A limitation of this technique is that high-throughput screening, 

establishment of dose-response curves and time course experiments for limited amounts of biological 

samples is not feasible. In the present study using high-resolution respirometry, optimum digitonin 

concentration for cellular plasma membrane permeabilization, mitochondrial outer membrane integrity 

using exogenous cytochrome c, mitochondrial respiratory chain complexes respiratory rates in 

permeabilized HepG2 cells in the presence of exogenous ADP and mitochondrial respiratory chain 

substrates, and basal, coupled and maximal uncoupled respiration of intact cells without the addition of 

exogenous substrates and ADP is determined. However, The technique can be applied to measure 

respiration in a wide range of cell types and also provides information on mitochondrial quality and 

integrity, and maximal mitochondrial respiratory electron transfer transport system capacity.  

 

-Should be “calculated using software” not “a software” – multiple occurrences 

 

Resposne: The sentence is modified now. 

 

LONG ABSTRACT  

…..concentration and calculate oxygen consumption within each chamber. Oxygen consumption 

rates are calculated using a software and expressed as pmol per seco…. 



INTRODUCTION  

… are calculated using a software and expressed as pmol per second per number of cells. High-

resolution respirometry offers several advantages over traditional and …. 

-Line 83 – “analyzer 5 The” – missing period 

 

Resposne: The sentence is modified now. 

..analyzer 5. The extracellular flux analyzer is equipped….. 

 

4. Branding: Please remove trademark symbols from the materials table. 

 

Response: Trademark symbol is removed from the materials table now. 

Countess™ automated cell counter 

5. Results: 

-Please describe results in more detail. Rather than stating that each figure shows a 

representative test, please describe the results of the test. What do the data show, or what is 

the interpretation? 

 

Response: Results describe are described in more detail now. 

REPRESENTATIVE RESULTS  

Determination of optimum digitonin concentration for cellular permeabilization: digitonin 

titration experiment  

Digitonin titration is performed to determine the optimal concentration for permeabilization of 

HepG2 cells. For these experiments, digitonin is titrated in intact cells in the presence of 

rotenone, succinate (mitochondrial complex II substrate) and a saturating amount of ADP (to 

induce complex II-dependent state 3), and respiratory rates are measured at baseline and after 

each titration (Figures 1A and 1B). The representative respiration rate of HepG2 cells in the 

presence of digitonin using high-resolution respirometry is shown in Figures 1A and 1B. The 

result of this experiment shows that in the absence of digitonin, cellular respiration is very low 

and respiration of intact, non-permeabilized cells is not stimulated in the presence of 

mitochondrial substrate and ADP. However, upon stepwise addition of digitonin, the cellular 

plasma membrane is permeabilized and mitochondrial respiration (complex II-dependent state 3) 

increases up to full permeabilization when succinate and ADP enter the cells. The results show 

that permeabilization at a digitonin concentration of 8-12 µM is optimal for ADP-stimulated 

respiration of HepG2 cells. However, mitochondrial outer membrane integrity can be 

compromised if excessive amounts of digitonin are employed. As shown in Figure 1, excessive 

amounts of digitonin induced a reduction in complex II-dependent state 3 respiration indicating 

compromised mitochondrial outer membrane integrity.  



In the present and following protocols, all the oxygen consumption rates are expressed as IO2 

[pmol x sec-1 x 10-6 cells] (oxygen flow per million cells) which is calculated by dividing volume-

specific oxygen flux (in the closed oxygen chamber), JV,O2 [pmol x sec-1 x mL-1] by cell 

concentration in the cell chamber (number of cells per volume [106 cells x mL-1])15. 

 [Please insert Figure 1] 

Evaluation of the mitochondrial outer membrane integrity using an optimal digitonin 

concentration 

To evaluate the effect of optimal digitonin concentration (8 μM) on outer mitochondrial 

membrane integrity, cells are permeabilized with digitonin and mitochondrial outer membrane 

integrity is tested by measurement of mitochondrial respiration after the subsequent addition of 

succinate (mitochondrial complex II-dependent resting state 2 respiration in the absence of 

ADP), ADP (ADP stimulated complex II-dependent state 3 respiration) and cytochrome c (ADP 

stimulated complex II-dependent state 3 respiration in the presence of cytochrome c), followed by 

the addition of oligomycin (an inhibitor of ATP synthase) to mimic state 4. As shown in Figure 2, 

cytochrome c does not enhance complex II-dependent state 3 respiration of the cells treated with 

digitonin, indicating that there was no loss of cytochrome c from the mitochondrial outer 

membrane and mitochondrial integrity is preserved. Representative respiratory traces for the 

cytochrome c test are shown in Figure 2. 

 

[Please insert Figure 2] 

Evaluation of the mitochondrial outer membrane integrity using a high concentration of 

digitonin  

To demonstrate that a very high concentration of digitonin can compromise mitochondrial outer 

membrane integrity, we performed an experiment using a high dose of digitonin. For this 

experiment, cells are permeabilized with 40 μM digitonin instead of 8 μM, and mitochondrial 

outer membrane integrity is tested by measurement of mitochondrial respiration after the 

subsequent addition of succinate (mitochondrial complex II-dependent resting state 2 respiration 

in the absence of ADP), ADP (ADP stimulated complex II-dependent state 3 respiration) and 

cytochrome c (ADP stimulated complex II-dependent state 3 respiration in the presence of 

cytochrome c),  followed by the addition of oligomycin to mimic state 4 in the presence of 

oligomycin (Figure 3). We observe The result of this experiment shows that cytochrome c 

enhances respiration of the cells treated with a high dose of digitonin, indicating a loss of 

cytochrome c from the mitochondrial outer membrane indicating compromised mitochondrial 

outer membrane integrity. Representative respiratory traces for the cytochrome c test are shown 

in Figure 3. 

 

 [Please insert Figure 3] 

Maximal ADP-stimulated respiration (state 3) of permeabilized HepG2 cells, using excess 

exogenous substrates  



Complex I-, II- and IV-dependent maximal ADP-stimulated respiration (state 3) of permeabilized 

HepG2 cells (1 x 106 cells/mL) is successfully measured using excess exogenous substrates 

(Figure 4). For this experiment, cells are permeabilized with digitonin and mitochondrial oxgen 

consumption rates are measured after the subsequent addition of substrates and inhibitors as 

described in Figure legend 4. The substrate- inhibitor titration protocol results show that cells 

are successfully permeabilized and the addition of exogenous substrates of mitochondrial 

complex activity induces an increase in mitochondrial respiratory chain complexes I, II and IV 

maximal respiratory rates (state 3).  

 

Figure 4 demonstrates a representative diagram of measurement of respiration rates in digitonin 

permeabilized HepG2 cells (1 x 106 cells/mL) using high-resolution respirometry.  

[Please insert Figure 4] 

Unsuccessful measurement of maximal ADP-stimulated respiration (state 3) of permeabilized 

HepG2 cells 

Complex I-, II- and IV-dependent maximal ADP-stimulated respiration (state 3) of permeabilized 

HepG2 cells (1 x 106 cells/mL) is not successfully measured using excess exogenous substrates 

(Figure 5). For this experiment, cells are permeabilized with digitonin and mitochondrial oxgen 

consumption rates are measured after the subsequent addition of substrates and inhibitors as 

described in Figure legend 5. As shown in Figure 5, the respiration rates are very low in 

permeabilized cells compared to results shown in Figure 4. A possible explanation for reduced 

respiratory levels is contamination of oxygraph chambers with mitochondrial inhibitors from 

previous experiments. Mitochondrial inhibitors such as antimycin and rotenone are soluble in 

ethanol and can stick to the oxygraph chambers and stoppers. Therefore oxygraph chambers and 

stoppers should be washed extensively after each experiment. 

Figure 5 is a representative diagram of measurement of very low respiration rates in digitonin 

permeabilized HepG2 cells using high-resolution respirometry.  

[Please insert Figure 5] 

Coupled and uncoupled respiration of intact cells  

HepG2 cells’ basal oxygen consumption is measured in the presence of oligomycin (oligomycin-

insensitive respiration) and sequential addition of FCCP (Figure 6). Basal cellular respiration 

rate represents oxygen consumption of intact HepG2 cells in the presence of endogenous cellular 

substrates and can alter in response to cellular ATP demand. Oligomycin-insensitive respiration 

rate represents leak cellular respiration and oligomycin-sensitive respiration rate which 

represents cellular ATP turnover and is calculated by substracting the oligomycin-insensitive 

respiration rate from basal endogenous respiration rate. The chemical uncoupler FCCP is 

sequentially added at different concentrations and maximal uncoupled respiration recorded. The 

maximal mitochondrial uncoupled respiration rate (maximal electron transfer transport system 

capacity) for this experimental condition is obtained at 0.9-1.2 µM FCCP. The results show a 

biphaysic activity of FCCP in intact HepG2 cells. Therefore, for each experimental condition, 

FCCP is titrated to obtain maximal uncoupled respiration rate. The uncoupled respiratory 

control ratio (uRCR) is calculated by dividing the FCCP uncoupled respiration rate by the 



respiration rate in the presence of oligomycin.  Oligomycin-sensitive respiration (ATP turnover) 

is calculated by substracting oligomycin-insensitive respiration  rate  from basal endogenous 

respiration. Coupling efficiency which represents the proportion of mitochondrial oxygen 

consumption used to synthesize ATP is calculated by dividing the oligomycin-sensitive 

respiration rate by the basal respiration rate. At the end of the experiment, to obtain non-

mitochondrial respiration rate, mitochondrial electron transport chain inhibitors are added and 

non-mitochondrial respiration rate is substracted from all results. For the experiment shown in 

Figure 6, the non-mitochondrial respiration rate is 26 pmol/(sec x Million cells), the basal 

respiration rate is 48 pmol/(sec x Million cells), oligomycin-insensitive respiration rate 7 

pmol/(sec x Million cells), oligomycin-sensitive respiration (ATP turnover) 41 pmol/(sec x 

Million cells) and coupling efficiency 0.85. 

Calculations: Uncoupled respiratory control ratio = Respiration in the presence of FCCP : 

Respiration in the presence of FCCP oligomycin. 

Oligomycin-sensitive respiration (ATP turnover) = Oligomycin-insensitive respiration - basal 

endogenous respiration. Coupling efficiency = Oligomycin-sensitive respiration rate : Basal 

respiration rate. 

 

-Please also use complete sentences. Calculations should appear as part of the protocol or 

should be described in compute sentences. 

 

Response: Complete sentences are used now. 

Coupled and uncoupled respiration of intact cells  

HepG2 cells’ basal oxygen consumption is measured in the presence of oligomycin (oligomycin-

insensitive respiration) and sequential addition of FCCP (Figure 6). Basal cellular respiration 

rate represents oxygen consumption of intact HepG2 cells in the presence of endogenous cellular 

substrates and can alter in response to cellular ATP demand. Oligomycin-insensitive respiration 

rate represents leak cellular respiration and oligomycin-sensitive respiration rate which 

represents cellular ATP turnover and is calculated by substracting the oligomycin-insensitive 

respiration rate from basal endogenous respiration rate. The chemical uncoupler FCCP is 

sequentially added at different concentrations and maximal uncoupled respiration recorded. The 

maximal mitochondrial uncoupled respiration rate (maximal electron transfer transport system 

capacity) for this experimental condition is obtained at 0.9-1.2 µM FCCP. The results show a 

biphaysic activity of FCCP in intact HepG2 cells. Therefore, for each experimental condition, 

FCCP is titrated to obtain maximal uncoupled respiration rate. The uncoupled respiratory 

control ratio (uRCR) is calculated by dividing the FCCP uncoupled respiration rate by the 

respiration rate in the presence of oligomycin.  Oligomycin-sensitive respiration (ATP turnover) 

is calculated by substracting oligomycin-insensitive respiration  rate from basal endogenous 

respiration. Coupling efficiency which represents the proportion of mitochondrial oxygen 

consumption used to synthesize ATP is calculated by dividing the oligomycin-sensitive 

respiration rate by the basal respiration rate. At the end of the experiment, to obtain non-

mitochondrial respiration rate, mitochondrial electron transport chain inhibitors are added and 



non-mitochondrial respiration rate is substracted from all results. For the experiment shown in 

Figure 6, the non-mitochondrial respiration rate is 26 pmol/(sec x Million cells), the basal 

respiration rate is 48 pmol/(sec x Million cells), oligomycin-insensitive respiration rate 7 

pmol/(sec x Million cells), oligomycin-sensitive respiration (ATP turnover) 41 pmol/(sec x 

Million cells) and coupling efficiency 0.85. 

 

Reviewers' comments: 

Reviewer #1: 

Manuscript Summary: 

Manuscript #54985 by Djafarzadeh and Jacob describes protocols using the Oxygraph O2K 

high-resolution respirometer to measure mitochondrial function in intact and 

permeabilized HepG2 cells grown in culture. The authors outline protocols for cellular 

permeablization, validation of mitochondrial integrity, and measurement of mitochondrial 

state respiration using various electron donors and complex-specific poisons. The authors 

also provide comparisons to other respirometry techniques describing the associated 

advantages and disadvantages. Overall, the manuscript would benefit from substantial 

editing to improve flow and clarity of presentation. I offer the following major and minor 

comments for the authors' consideration. 

Major Concerns: 

1) The abstract currently reads too much like an introduction. Please re-write and focus the 

abstract to briefly introduce only the type of respirometry being tested and succinctly 

describe methodology, results, and conclusions. Information comparing other types of 

respirometry is better addressed in the introduction and discussion sections. 

Response: The abstract is rewritten now. 

 

LONG ABSTRACT  

Mitochondria fulfill important roles in cellular energy metabolism, especially by using oxygen to 

produce adenosine triphosphate (ATP). They are implicated in cell death and in several human 

diseases. Mitochondrial oxidative phosphorylation (OXPHOS) combines electron transport along 

the electron transfer chain with oxygen consumption and ATP synthesis. OXPHOS function can 

be assessed in vivo and in vitro using various techniques. A cell respirometer (oxygraph) 

measures cellular respiration in a closed-chamber system. A high-resolution oxygraph is a device 

for measuring cellular oxygen consumption in a closed-chamber system with very high resolution 

and sensitivity in biological samples (intact and permeabilized cells, tissues or isolated 

mitochondria). The high-resolution oxygraph device is equipped with two chambers and uses 

polarographic oxygen sensors to measure oxygen concentration and calculate oxygen 



consumption within each chamber. Oxygen consumption rates are calculated using a software 

and expressed as pmol per second per number of cells. Each high-resolution oxygraph chamber 

contains a stopper with injection ports, which makes it ideal for substrate-uncoupler-inhibitor 

titrations or detergent titration protocols for determining effective and optimum concentrations 

for plasma membrane permeabilization. High-resolution respirometry offers several advantages 

over traditional polarographic oxygen electrode devices such as i) higher sensitivity, ii) smaller 

numbers of biological samples required, iii) respiratory rates measurable simultaneously from 

two samples, and iv) reduced oxygen leak. A limitation of this technique is that high-throughput 

screening, establishment of dose-response curves and time course experiments for limited 

amounts of biological samples is not feasible. In the present study using high-resolution 

respirometry, optimum digitonin concentration for cellular plasma membrane permeabilization, 

mitochondrial outer membrane integrity using exogenous cytochrome c, mitochondrial 

respiratory chain complexes respiratory rates in permeabilized HepG2 cells in the presence of 

exogenous ADP and mitochondrial respiratory chain substrates, and basal, coupled and maximal 

uncoupled respiration of intact cells without the addition of exogenous substrates and ADP is 

determined. However, The technique can be applied to measure respiration in a wide range of 

cell types and also provides information on mitochondrial quality and integrity, and maximal 

mitochondrial respiratory electron transfer transport system capacity.  

2) The introduction requires substantial editing to improve flow and focus. For example, 

the reader would substantially benefit from an introduction to the states of respiration 

typically measured by high-resolution respirometry. Where possible, rather than using the 

phrase "standard protocols", please include specific details regarding the different 

substrates and poisons used to measure each state. Related to this, the authors should 

describe at least two protocols used to measure state respiration in permeabilized cells and 

provide a rationale for choosing the presented here. 

Response: The introduction is edited now to improve flow and focus. An introduction to the states 

of respiration typically measured by high-resolution respirometry is described. The phrase 

"standard protocols" is deleted and specific details regarding the different substrates and poisons 

used to measure each state is stated. Two protocols used to measure state respiration in 

permeabilized cells and the rationale for choosing the presented protocols is described. 

INTRODUCTION  

Mitochondria fulfill important roles in cellular energy metabolism, especially by using oxygen to 

produce adenosine triphosphate (ATP). They are implicated in cell death and in several human 

diseases. Mitochondrial oxidative phosphorylation (OXPHOS) combines electron transport along 

the electron transport chain with oxygen consumption and ATP synthesis. Mitochondrial 

tricarboxylic acid (TCA) cycle is involved in the conversion of proteins, carbohydrates and fats 

into energy rich compounds as nicotinamide adenine dinucleotide (NADH) phosphate and flavin 

adenine dinucleotide (FADH2). Electrons of the NADH and FADH2 are then transferred to the 

respiratory electron transport chain protein complexes (I to IV) located in the inner 

mitochondrial membrane. In addition, two other redox pathways can transfer electrons to 



electron transport chain i) mitochondrial electron-transferring flavoprotein (ETF) which is 

located on the matrix face of the inner mitochondrial membrane, and supplies electrons from 

fatty acid β-oxidation and, ii) mitochondrial glycerophosphate dehydrogenase which oxidizes 

glycerophosphate to dihydroxyacetone phosphate and feeds electrons to the mitochondrial 

electron transport chain. Complex IV (the ultimate electron acceptor) transfers the electrons to 

one oxygen molecule, converting oxygen to two molecules of water. Moving of the electrons from 

respiratory electron transport chain complex I to IV is coupled with proton flow from the 

mitochondrial matrix to the intermembrane space which establishes an electrochemical gradient 

across the mitochondrial inner membrane. Afterwards, mitochondrial complex V (ATP synthase) 

shuttles the hydrogen ions back into the mitochondrial matrix and synthesizes ATP molecules. 

OXPHOS function can be assessed in vivo and in vitro using various techniques and various 

mitochondrial respiration states can be obtained. In isolated mitochondria the following 

respiratory states can be measured: i) basal mitochondrial respiration (state 1), ii) oxygen 

consumption after the addition of specific substrates of the mitochondrial respiratory chain 

complexes (state 2), iii) maximal mitochondrial oxygen consumption after the addition of 

saturating concentrations of adenosine diphosphate (ADP) (state 3) and, iv) resting respiration 

after ADP consumption (converted to ATP) (state 4). In intact cells the following respiratory 

states can be measured: i) basal cellular oxygen consumption in the presence of endogenous 

substrates and ADP, ii) basal cellular oxygen consumption in the presence of oligomycin 

(oligomycin-insensitive respiration) and oligomycin-sensitive respiration (ATP turnover), iii) 

FCCP uncoupled respiration and, iv) non-mitochonchondrial respiration after the addition of 

antimycin A and rotenone. In permeabilized cells, specific substrates of the electron transport 

chain complexes and ADP can be added and maximal complex-dependent respiratory rates such 

as complex I-, II- and IV-dependent respiratory rates can be measured.  

Measurements of cellular respiration provide important insights into mitochondrial respiratory 

capacity specific to complexes I-IV, mitochondrial integrity and energy metabolism 1-3. One of the 

devices which enable measurements of mitochondrial oxygen consumption with high accuracy, 

resolution and sensitivity is the high-resolution oxygraph 4. The high-resolution oxygraph device 

contains two chambers with injection ports and each chamber is equipped with a polarographic 

oxygen sensor. Tissues, cells or isolated mitochondria from patients or cultures are resuspended 

in two milliliters of respiration medium and immersed in the oxygraph chambers. After the 

chambers are closed with the stoppers provided, the polarographic oxygen sensors measure 

oxygen concentration and calculate oxygen consumption within each chamber. Cellular or 

isolated mitochondrial suspensions are stirred continuously in the respirometer. To assess 

mitochondrial function, substrates and inhibitors for mitochondrial complex activity can be 

added following standard protocols. Substrates and inhibitors can be titrated by injection into the 

chambers of the oxygraph, and oxygen consumption rates are calculated using a software and 

expressed as pmol per second per number of cells. High-resolution respirometry offers several 

advantages over traditional and conventional polarographic oxygen electrode devices including 

increased sensitivity and the ability to work with small numbers of biological samples such as 

intact or permeabilized cells. In addition, each device contains two chambers, and respiratory 



rates can be recorded simultaneously for comparisons of oxygen concentrations. The high-

resolution oxygraph also has the advantage of reduced leakage of oxygen from the device 

chambers compared to traditional polarographic oxygen electrode devices. Another device 

recently developed to measure cellular oxygen consumption is the 96-well extracellular flux 

analyzer 5. The extracellular flux analyzer is equipped with fluorescence instead of polarographic 

sensors. The advantages of the extracellular flux analyzer compared to the high-resolution 

oxygraph are i) it is a largely automated device, ii) it is possible to measure oxygen consumption 

in 24- and 96-well plates for high-throughput screening, therefore requiring lower amounts of 

biological samples, and iii) additional measurement of cellular glycolytic flux is possible. The 

disadvantages of the extracellular flux analyzer in comparison to the high-resolution oxygraph 

are i) the high costs of the device and of consumables such as fluorescent plates, which are non-

reusable, and ii) only four compounds per assay/well are injectable, therefore the system is not 

feasible for substrate-uncoupler-inhibitor titration protocols. 

In the present study we use high-resolution respirometry to determine mitochondrial respiration. 

For cellular oxygen consumption experiments, the cells are permeabilized to allow the entry of 

exogenous ADP and oxidizable mitochondrial substrates for feeding electrons into complexes of 

the respiratory system. This approach allows the dissection of individual mitochondrial 

complexes respiratory capacities, which is a distinct advantage compared to intact cells (many 

substrates are cell-impermeant). However cell membrane permeabilization will dirsupt the 

barrier between the cytosol and extracellular space and medium (wash out of cytosolic solutes) 

and the composition of the intracellular space is equilibrated with the extracellular medium. One 

of the disadvantages of permeabilized cells over intact cells is that mitochondrial outer 

membrane can be damaged if excessive amounts of detergent are employed during cell 

permeabilization. In intact cells, basal, coupled and uncoupled respiration of intact cells can be 

measured. This method evaluates oxygen consumption of intact cells without the addition of 

exogenous substrates and ADP, reproducing the respiratory function in the integrated cell and 

also providing information on maximal mitochondrial electron transport capacity 6,7. One of the 

advantages of intact cells over permeabilized cells is that cellular environment is not 

disruptedand mitochondria are in contact with the whole components of the cells. In order to 

permeabilize the cellular plasma membrane, detergents such as digitonin have been used 8. 

However, mitochondrial outer membrane integrity can be compromised if excessive amounts of 

digitonin are employed. To confirm that mitochondrial outer membrane integrity is not 

compromised in permeabilized cells, digitonin titration is performed to determine the optimal 

concentration for cellular permeabilization. For these experiments, cells are resuspended in 

respiration medium and digitonin concentration is titrated by respirometry in the presence of 

mitochondrial substrates and ADP, and respiration rates are measured. Respiration of intact, 

non-permeabilized cells is not stimulated in the presence of mitochondrial substrates and ADP. 

However, subsequent stepwise digitonin titration would yield gradual permeabilization of plasma 

membranes, and optimal digitonin concentration is obtained. This is shown by the increase of 

respiration up to full permeabilization. Mitochondrial quality and outer membrane integrity can 

be verified by adding exogenous cytochrome c 2,9. Cytochrome c is a 12 kDa electron carrying 



protein of the mitochondrial electron transport chain 10-12. It is localized in the mitochondrial 

intermembrane space, and is involved in oxygen consumption, carrying electrons from complex 

III to complex IV. Once the mitochondrial outer membrane is damaged, cytochrome c is released, 

and mitochondrial oxygen consumption is reduced. Upon addition of exogenous cytochrome c, 

any augmentation in mitochondrial respiration is indicative of a disrupted mitochondrial outer 

membrane. 

In permeabilized cells, substrates and inhibitors of mitochondrial complex activity are added 

following standard various protocols 3,9. For example in order to investigate mitochondrial 

complex-driven respiratory rates, the following protocol can be used. After permeabilization of 

the cells, first complex I is stimulated by the substrates malate and glutamate, which generate 

NADH as a substrate to the respiratory chain and provoke the activation of complex I. 

Afterwards, ADP is added for conversion to ATP (state 3, active complex I-dependent 

respiration). After a stable signal is reached, rotenone (mitochondrial complex I inhibitor) is 

administered to inhibit complex I. Rotenone is followed by succinate to provide FADH2 and to 

activate complex II (state 3, active complex II-dependent respiration). In order to measure 

complex IV-dependent respiration, first complex III-dependent respiration is inhibited by adding 

antimycin A (mitochondrial complex III inhibitor). Afterwards, complex IV-dependent respiration 

is stimulated by administering ascorbate and tetramethylphenylendiamine (TMPD). TMPD can 

auto-oxidize in the respiration buffer, therefore the maximal complex IV-dependent respiration 

rate (State 3) is calculated by subtracting respiration rates before and after the  addition of 

sodium azide, an inhibitor of mitochondrial complex IV. The respiration experiments can be 

carried out in two chambers of an oxygraph in parallel–one serving as a control (unstimulated 

cells), the other containing the stimulated cells. Obviously, the cells can be pre-treated in various 

ways, e.g., with drugs affecting mitochondrial functions, before their oxygen consumption is 

measured in the oxygraph chamber. This protocol allows functional examination of the individual 

mitochondrial respiratory chain complexes. In addition, one can measure maximal ADP-

stimulated respiration (state 3) of permeabilized cells, using exogenous fatty acid in the form of 

palmitate. In this protocol, concentrated stocks of sodium palmitate are conjugated with ultra 

fatty acid free bovine serum albumin (BSA) (6:1 molar ratio palmitate:BSA). Afterwards, cells 

first are permeabilized with digitonin and mitochondrial respiration is assessed by the addition 

of carnitine  and palmitate followed by addition of ADP (state 3, maximal respiration). 

Afterwards, oligomycin is added to mimic state 4 (state 4o) and respiratory control ratio (RCR 

value) is calculated as state 3/ state 4o.  

β-oxidation promotes production of  acetyl CoA (which enters in the TCA cycle) and generation 

of  FADH2 and NADH, the electrons of which are passed to the electron transport chain by 

electron-transferring flavoprotein and β-Hydroxyacyl-CoA dehydrogenase. 

Mitochondria are at the centre of fatty acid metabolism and described palmitate-BSA protocol 

can be used used by researchers examining fatty acid oxidation. In intact cells, activators and 

inhibitors of mitochondrial complex activity are added following a different protocol 6,9. For 

these experiments, first oxygen consumption of non-permeabilized cells in the absence of 

exogenous substrates is measured (phosphorylating respiration rate). Then, non-phosphorylating 

respiration rate is measured after the addition of oligomycin, which is an inhibitor of 

mitochondrial ATP synthase. Afterwards, the protonophore carbonyl cyanide p-

trifluoromethoxyphenylhydrazone (FCCP) is administrated at various concentrations and the 

maximal mitochondrial uncoupled respiratory rate is measured. Protonophores such as FCCP 

can dissolve in the mitochondrial inner membrane and induce an augmentation in proton 



permeability of the inner membrane, allowing passive movement of protons to dissipate the 

chemiosmotic gradient. An increase in proton permeability uncouples oxidative respiration (no 

ATP production) and induces an increase in oxygen consumption. Afterwards, rotenone and 

antimycin A are added to inhibit mitochondrial respiration, and non-mitochondrial respiration is 

subtracted from all other respiratory rates. 

 

The oxygen consumption rates can be expressed as IO2 [pmol x sec-1 x 10-6 cells] (oxygen flow 

per million cells) which is calculated by dividing volume-specific oxygen flux (in the closed 

oxygen chamber), JV,O2 [pmol x sec-1 x ml-1] by cell concentration in the cell chamber (number 

of cells per volume [106 cells.ml1])15. Cell-mass specific oxygen flux, JO2 [pmol x sec-1 x mg-1], is 

flow per cell, IO2 [pmol x sec-1 x 10-6 cells], divided by mass per cell [mg∙106 cells]; or volume-

specific flux, JV,O2 [pmol x sec-1 x ml-1], divided by mass per volume [mg∙ml1]. JO2 is the oxygen 

flux per cell protein, dry weight or cell volume. 

In the present study using high-resolution respirometry, we describe protocols to determine i) 

optimum digitonin concentration for complete cellular plasma membrane permeabilization 

(digitonin titration assay), ii) mitochondrial outer membrane integrity using exogenous 

cytochrome c, iii) mitochondrial respiratory chain complexes I, II and IV maximal respiratory 

rates in digitonin-permeabilized HepG2 cells in the presence of exogenous ADP and 

mitochondrial respiratory chain substrates, and iv) basal, coupled and maximal uncoupled 

respiration (maximal electron transfer transport capacity) of intact cells without the addition of 

exogenous substrates and ADP, reproducing the respiratory function in the integrated cell.  

In addition, the authors should clarify the units used to express the data and include 

definitions of JO2 versus IO2 when measuring flux in tissues versus cells. As written, the 

reader might become confused how tissue O2 flux is expressed on a per cell basis.  

Response: The information has been added to the introduction and results sections now. 

Introduction 

The oxygen consumption rates can be expressed as IO2 [pmol x sec-1 x 10-6 cells] (oxygen flow 

per million cells) which is calculated by dividing volume-specific oxygen flux (in the closed 

oxygen chamber), JV,O2 [pmol x sec-1 x ml-1] by cell concentration in the cell chamber (number 

of cells per volume [106 cells.ml1])15. Cell-mass specific oxygen flux, JO2 [pmol x sec-1 x mg-1], is 

flow per cell, IO2 [pmol x sec-1 x 10-6 cells], divided by mass per cell [mg∙106 cells]; or volume-

specific flux, JV,O2 [pmol x sec-1 x ml-1], divided by mass per volume [mg∙ml1]. JO2 is the oxygen 

flux per cell protein, dry weight or cell volume. 

REPRESENTATIVE RESULTS  

Determination of optimum digitonin concentration for cellular permeabilization: digitonin 

titration experiment  

Digitonin titration is performed to determine the optimal concentration for permeabilization of 

HepG2 cells. For these experiments, digitonin is titrated in intact cells in the presence of 

rotenone, succinate (mitochondrial complex II substrate) and a saturating amount of ADP (to 



induce complex II-dependent state 3), and respiratory rates are measured at baseline and after 

each titration (Figures 1A and 1B). The representative respiration rate of HepG2 cells in the 

presence of digitonin using high-resolution respirometry is shown in Figures 1A and 1B. The 

result of this experiment shows that in the absence of digitonin, cellular respiration is very low 

and respiration of intact, non-permeabilized cells is not stimulated in the presence of 

mitochondrial substrate and ADP. However, upon stepwise addition of digitonin, the cellular 

plasma membrane is permeabilized and mitochondrial respiration (complex II-dependent state 3) 

increases up to full permeabilization when succinate and ADP enter the cells. The results show 

that permeabilization at a digitonin concentration of 8-12 µM is optimal for ADP-stimulated 

respiration of HepG2 cells. However, mitochondrial outer membrane integrity can be 

compromised if excessive amounts of digitonin are employed. As shown in Figure 1, excessive 

amounts of digitonin induced a reduction in complex II-dependent state 3 respiration indicating 

compromised mitochondrial outer membrane integrity.  

In the present and following protocols, all the oxygen consumption rates are expressed as IO2 

[pmol x sec-1 x 10-6 cells] (oxygen flow per million cells) which is calculated by dividing volume-

specific oxygen flux (in the closed oxygen chamber), JV,O2 [pmol x sec-1 x mL-1] by cell 

concentration in the cell chamber (number of cells per volume [106 cells x mL-1])15. 

 

In addition, it would be useful to include more specific details comparing and contrasting 

permeabilized cell versus intact cell measurements. The idea here is that permeabilization 

allows a 'wash out' of the cell followed by addition of specific substrates. 

Response: The information has been added to the introduction section of the revised manuscript. 

Introduction 

In the present study we use high-resolution respirometry to determine mitochondrial respiration. 

For cellular oxygen consumption experiments, the cells are permeabilized to allow the entry of 

exogenous adenosine diphosphate (ADP) and oxidizable mitochondrial substrates for feeding 

electrons into complexes of the respiratory system. This approach allows the dissection of 

individual mitochondrial complexes respiratory capacities which is a distinct advantage 

compared to intact cells (many substrates are cell-impermeant). However cell membrane 

permeabilization will dirsupt the barrier between the cytosol and extracellular space and medium 

(wash out of cytosolic solutes) and the composition of the intracellular space is equilibrated with 

the extracellular medium. One of the disadvantages of permeabilized cells over intact cells is that 

mitochondrial outer membrane can be damaged if excessive amounts of detergent are employed 

during cell permeabilization. In intact cells, basal, coupled and uncoupled respiration of intact 

cells can be measured. This method evaluates oxygen consumption of intact cells without the 

addition of exogenous substrates and ADP, reproducing the respiratory function in the integrated 

cell and also providing information on maximal mitochondrial electron transfer capacity 6,7. One 

of the advantages of intact cells over permeabilized cells is that cellular environment is not 

disruptedand mitochondria are in contact with the whole components of the cells. 



 

Finally, during the description of FCCP, the authors should avoid the use of terms such as 

'dissolving' in the membrane as these compounds allow passive movement of protons to 

dissipate the chemiosmotic gradient. 

Response: The information has been added to the introduction section of revised manuscript. 

Introduction 

….trifluoromethoxyphenylhydrazone (FCCP) is administrated at various concentrations and the 

maximal mitochondrial uncoupled respiratory rate is measured. Protonophores such as FCCP 

can dissolve in the mitochondrial inner membrane and induce an augmentation in proton 

permeability of the inner membrane, allowing passive movement of protons to dissipate the 

chemiosmotic gradient. An increase in proton permeability uncouples oxidative respiration (no 

ATP production) and induces an increase in oxygen consumption. Afterwards, rotenone and 

antimycin A are added to inhibit mitochondrial respiration, and non-mitochondrial respiration is 

subtracted from all other respiratory rates. 

 

3) Protocol section 1.1 requires additional information. How many cells are seeded initially? 

How long are they incubated prior to harvest? What are the typical yields per flask in the 

authors' lab? This is critical information considering the authors mention that HepG2 

mitochondrial flux is sensitive to growth conditions. 

Response: the information has been added to the results section. 

PROTOCOL  

1. Cell culture, trypsinization of adherent cells, counting cells 

1.1) Culture human hepatoma HepG2 cells 6 in 25 cm2 cell culture flasks in Dulbecco’s 

Modified Eagle’s medium (DMEM) containing 10% heat-inactivated fetal bovine serum (FBS) 

and 1% penicillin-streptomycin at 37 °C in an incubator (5% CO2, 95% air) (seeding density: 1 x 

106 cells per 25 cm2 cell culture flask, incubation time in the 37 °C incubator: 48 hours, cell 

density at confluency: 4-5 x 106 cells per 25 cm2 cell culture flask). 

 

4) In protocol section 1.9 the reader would benefit from details regarding the counting 

methods employed in this study. 

Response: The information is added to the protocol section. 

Protocol 

3.7)  Count the cells using a cell counter and resuspend them in the respiration buffer to a final 

density of 1 x 106 cells/mL. Since cellular respiration rates will be normalized to cell number, 

count the cells with an accurate and precise cell counter.  

 

Note: We use a commercially available cell counter device (described in the table of materials). 

 



5) Protocol section 2.1 raises a potential point of confusion. The authors state here to allow 

medium alone to equilibrate for 1 hour prior to calibrating the instrument. Does this mean 

the reader should let the harvested HepG2 cells sit during this time (which is implied as 

harvest is provided as the first steps in the protocol)? If the cells sit, are they kept at 

ambient or cold temperature?  

Response: Calibration of polarographic oxygen sensors in respiration media (at experimental 

temperatureand) and oxygen concentration in the media at air saturation is performed only once 

daily in the morning. Afterwards the media can be removed from the chambers and cells 

resuspended in a fresh respiration media are added to an oxygraph chamber and respiratory 

rates are measured. After the experiment, the chamber can be washed and additional series of 

experiments can be performed in the same chamber.The information is added to the protocol 

section of revised manuscript. 

Protocol 

2.2) Perform an air calibration of the polarographic oxygen sensor according to the 

manufacturer’s protocols 14. 

 

Note: Calibration of polarographic oxygen sensors in respiration media and oxygen 

concentration in the media at air saturation experimental temperature is performed only once 

daily in the morning. Afterwards the media can be removed from the chambers and cells 

resuspended in a fresh respiration media are added to an oxygraph chamber and respiratory 

rates are measured. After the first experiment, the chamber can be washed and additional series 

of experiments can be performed in the same chamber without further calibrations. 

 

4. High-resolution respirometry 

4.1) After air calibration (performed only once daily, steps 2.1-2.2), aspirate the respiration 

medium from a chamber of the oxygraph and add 2.1 mL of cell suspension (1 x 106 cells/mL) 

from step 3.7 to the chamber. 

 

 

Also, are the chambers left open or closed during equilibration? 

Response: During oxygen sensor calibration, stoppers are not completely inserted, leaving a gas 

volume above the liquid phase for final air equilibration.  

6) Protocol section 2.3 raises a potential point of confusion as whether or not the cells when 

added to the chamber require an hour for the medium to equilibrate prior to closing the 

chambers (as described in the previous step). Providing the reader with rationale as to 

leaving chambers open to allow full oxygen saturation of the medium prior to closing the 

chambers to initiate the experiment would be extremely useful here. 

Response: Same as above: calibration of polarographic oxygen sensors in respiration media (at 

experimental temperatureand) and oxygen concentration in the media at air saturation is 

performed only once daily in the morning. Afterwards the media can be removed from the 



chambers and cells resuspended in a fresh respiration media are added to an oxygraph chamber 

and respiratory rates are measured. After the experiment, the chamber can be washed and 

additional series of experiments can be performed in the same chamber.The information is added 

to the protocol section of the revised manuscript. 

Protocol 

2.2) Perform an air calibration of the polarographic oxygen sensor according to the 

manufacturer’s protocols 14. 

Note: Calibration of polarographic oxygen sensors in respiration media and oxygen 

concentration in the media at air saturation experimental temperature is performed only once 

daily in the morning. Afterwards the media can be removed from the chambers and cells 

resuspended in a fresh respiration media are added to an oxygraph chamber and respiratory 

rates are measured. After the first experiment, the chamber can be washed and additional series 

of experiments can be performed in the same chamber without further calibrations. 

 

4. High-resolution respirometry 

4.1) After air calibration (performed only once daily, steps 2.1-2.2), aspirate the respiration 

medium from a chamber of the oxygraph and add 2.1 mL of cell suspension (1 x 106 cells/mL) 

from step 3.7 to the chamber. 

 

7) Protocol sections 4 and 5 raise a potential point of confusion. The previous section 3 

instructs the reader to empirically determine the optimal detergent concentration but now 

sections 4 and 5 specify a concentration. Please clarify whether the reader should use the 

prescribed permeabilization protocol or the one they determine in their laboratory using 

their reagents. 

Response: The readers should determine optimal digitonin concentration in their laboratories, 

using their own reagents. The information has been added to the protocol section. 

Protocol 

5. Digitonin titration in intact cells by respirometry 

5.7)  Continue injecting 2-4 µL of 2 mM digitonin stepwise (2-4 µM each step) into the 

chamber. After each step, record cellular respiration for 2-5 min until a stable oxygen flux signal 

is achieved.  

 

Note: ….. The readers should determine optimal digitonin concentration in their laboratories 

using their own reagents and use obtained optimal digitonin concentration in the steps 6.2 and 

7.2 of the following protocols. 

8) In general, the results and discussion sections would benefit from editing to improve flow 

and clarity of presentation. 

Response: The results and discussion sections are edited now. 



REPRESENTATIVE RESULTS  

Determination of optimum digitonin concentration for cellular permeabilization: digitonin 

titration experiment  

Digitonin titration is performed to determine the optimal concentration for permeabilization of 

HepG2 cells. For these experiments, digitonin is titrated in intact cells in the presence of 

rotenone, succinate (mitochondrial complex II substrate) and a saturating amount of ADP (to 

induce complex II-dependent state 3), and respiratory rates are measured at baseline and after 

each titration (Figures 1A and 1B). The representative respiration rate of HepG2 cells in the 

presence of digitonin using high-resolution respirometry is shown in Figures 1A and 1B. The 

result of this experiment shows that in the absence of digitonin, cellular respiration is very low 

and respiration of intact, non-permeabilized cells is not stimulated in the presence of 

mitochondrial substrate and ADP. However, upon stepwise addition of digitonin, the cellular 

plasma membrane is permeabilized and mitochondrial respiration (complex II-dependent state 3) 

increases up to full permeabilization when succinate and ADP enter the cells. The results show 

that permeabilization at a digitonin concentration of 8-12 µM is optimal for ADP-stimulated 

respiration of HepG2 cells. However, mitochondrial outer membrane integrity can be 

compromised if excessive amounts of digitonin are employed. As shown in Figure 1, excessive 

amounts of digitonin induced a reduction in complex II-dependent state 3 respiration indicating 

compromised mitochondrial outer membrane integrity.  

In the present and following protocols, all the oxygen consumption rates are expressed as IO2 

[pmol x sec-1 x 10-6 cells] (oxygen flow per million cells) which is calculated by dividing volume-

specific oxygen flux (in the closed oxygen chamber), JV,O2 [pmol x sec-1 x mL-1] by cell 

concentration in the cell chamber (number of cells per volume [106 cells x mL-1])15. 

 [Please insert Figure 1] 

Evaluation of the mitochondrial outer membrane integrity using an optimal digitonin 

concentration 

To evaluate the effect of optimal digitonin concentration (8 μM) on outer mitochondrial 

membrane integrity, cells are permeabilized with digitonin and mitochondrial outer membrane 

integrity is tested by measurement of mitochondrial respiration after the subsequent addition of 

succinate (mitochondrial complex II-dependent resting state 2 respiration in the absence of 

ADP), ADP (ADP stimulated complex II-dependent state 3 respiration) and cytochrome c (ADP 

stimulated complex II-dependent state 3 respiration in the presence of cytochrome c), followed by 

the addition of oligomycin (an inhibitor of ATP synthase) to mimic state 4. As shown in Figure 2, 

cytochrome c does not enhance complex II-dependent state 3 respiration of the cells treated with 

digitonin, indicating that there was no loss of cytochrome c from the mitochondrial outer 

membrane and mitochondrial integrity is preserved. Representative respiratory traces for the 

cytochrome c test are shown in Figure 2. 

 

[Please insert Figure 2] 



Evaluation of the mitochondrial outer membrane integrity using a high concentration of 

digitonin  

To demonstrate that a very high concentration of digitonin can compromise mitochondrial outer 

membrane integrity, we performed an experiment using a high dose of digitonin. For this 

experiment, cells are permeabilized with 40 μM digitonin instead of 8 μM, and mitochondrial 

outer membrane integrity is tested by measurement of mitochondrial respiration after the 

subsequent addition of succinate (mitochondrial complex II-dependent resting state 2 respiration 

in the absence of ADP), ADP (ADP stimulated complex II-dependent state 3 respiration) and 

cytochrome c (ADP stimulated complex II-dependent state 3 respiration in the presence of 

cytochrome c),  followed by the addition of oligomycin to mimic state 4 in the presence of 

oligomycin (Figure 3). We observe The result of this experiment shows that cytochrome c 

enhances respiration of the cells treated with a high dose of digitonin, indicating a loss of 

cytochrome c from the mitochondrial outer membrane indicating compromised mitochondrial 

outer membrane integrity. Representative respiratory traces for the cytochrome c test are shown 

in Figure 3. 

 

 [Please insert Figure 3] 

Maximal ADP-stimulated respiration (state 3) of permeabilized HepG2 cells, using excess 

exogenous substrates  

Complex I-, II- and IV-dependent maximal ADP-stimulated respiration (state 3) of permeabilized 

HepG2 cells (1 x 106 cells/mL) is successfully measured using excess exogenous substrates 

(Figure 4). For this experiment, cells are permeabilized with digitonin and mitochondrial oxgen 

consumption rates are measured after the subsequent addition of substrates and inhibitors as 

described in Figure legend 4. The substrate- inhibitor titration protocol results show that cells 

are successfully permeabilized and the addition of exogenous substrates of mitochondrial 

complex activity induces an increase in mitochondrial respiratory chain complexes I, II and IV 

maximal respiratory rates (state 3).  

 

Figure 4 demonstrates a representative diagram of measurement of respiration rates in digitonin 

permeabilized HepG2 cells (1 x 106 cells/mL) using high-resolution respirometry.  

[Please insert Figure 4] 

Unsuccessful measurement of maximal ADP-stimulated respiration (state 3) of permeabilized 

HepG2 cells 

Complex I-, II- and IV-dependent maximal ADP-stimulated respiration (state 3) of permeabilized 

HepG2 cells (1 x 106 cells/mL) is not successfully measured using excess exogenous substrates 

(Figure 5). For this experiment, cells are permeabilized with digitonin and mitochondrial oxgen 

consumption rates are measured after the subsequent addition of substrates and inhibitors as 

described in Figure legend 5. As shown in Figure 5, the respiration rates are very low in 

permeabilized cells compared to results shown in Figure 4. A possible explanation for reduced 

respiratory levels is contamination of oxygraph chambers with mitochondrial inhibitors from 

previous experiments. Mitochondrial inhibitors such as antimycin and rotenone are soluble in 



ethanol and can stick to the oxygraph chambers and stoppers. Therefore oxygraph chambers and 

stoppers should be washed extensively after each experiment. 

Figure 5 is a representative diagram of measurement of very low respiration rates in digitonin 

permeabilized HepG2 cells using high-resolution respirometry.  

[Please insert Figure 5] 

Coupled and uncoupled respiration of intact cells  

HepG2 cells’ basal oxygen consumption is measured in the presence of oligomycin (oligomycin-

insensitive respiration) and sequential addition of FCCP (Figure 6). Basal cellular respiration 

rate represents oxygen consumption of intact HepG2 cells in the presence of endogenous cellular 

substrates and can alter in response to cellular ATP demand. Oligomycin-insensitive respiration 

rate represents leak cellular respiration and oligomycin-sensitive respiration rate which 

represents cellular ATP turnover and is calculated by substracting the oligomycin-insensitive 

respiration rate from basal endogenous respiration rate. The chemical uncoupler FCCP is 

sequentially added at different concentrations and maximal uncoupled respiration recorded. The 

maximal mitochondrial uncoupled respiration rate (maximal electron transfer transport system 

capacity) for this experimental condition is obtained at 0.9-1.2 µM FCCP. The results show a 

biphaysic activity of FCCP in intact HepG2 cells. Therefore, for each experimental condition, 

FCCP is titrated to obtain maximal uncoupled respiration rate. The uncoupled respiratory 

control ratio (uRCR) is calculated by dividing the FCCP uncoupled respiration rate by the 

respiration rate in the presence of oligomycin.  Oligomycin-sensitive respiration (ATP turnover) 

is calculated by substracting oligomycin-insensitive respiration  rate  from basal endogenous 

respiration. Coupling efficiency which represents the proportion of mitochondrial oxygen 

consumption used to synthesize ATP is calculated by dividing the oligomycin-sensitive 

respiration rate by the basal respiration rate. At the end of the experiment, to obtain non-

mitochondrial respiration rate, mitochondrial electron transport chain inhibitors are added and 

non-mitochondrial respiration rate is substracted from all results. For the experiment shown in 

Figure 6, the non-mitochondrial respiration rate is 26 pmol/(sec x Million cells), the basal 

respiration rate is 48 pmol/(sec x Million cells), oligomycin-insensitive respiration rate 7 

pmol/(sec x Million cells), oligomycin-sensitive respiration (ATP turnover) 41 pmol/(sec x 

Million cells) and coupling efficiency 0.85. 

Calculations: Uncoupled respiratory control ratio = Respiration in the presence of FCCP : 

Respiration in the presence of FCCP oligomycin. 

Oligomycin-sensitive respiration (ATP turnover) = Oligomycin-insensitive respiration - basal 

endogenous respiration. Coupling efficiency = Oligomycin-sensitive respiration rate : Basal 

respiration rate. 

 

DISCUSSION  

The objective of the present protocol was to use high-resolution respirometry to measure cellular 

oxygen consumption mitochondrial respiratory chain complexes’ (I-IV) respiratory rates, 



maximal mitochondrial electron transport system capacity and mitochondrial outer membrane 

integrity. 

There are some critical steps within the present protocol. First, cellular oxygen consumption 

rates are usually normalized to the number of cells (pmol/[s x number of cells]). Therefore, 

before monitoring cellular oxygen consumption, it is critical to use a device that enables accurate 

and reliable measurements of the number of cells. In the present protocol an automated cell 

counter has been used (step 3.7 of the protocol and table of materials). A second critical step, 

especially in permeabilized cells, is the choice of respiration buffer in which permeabilized cells 

are resuspended (step 3.6 of the protocol). Since cellular permeabilization can induce loss of 

intracellular ions, it is very crucial that the medium used during permeabilization is compatible 

with intracellular environment. Therefore respiration buffer should contain a composition and 

osmolarity which reflects both the intracellular and the extracellular environment (table 1)13. In 

addition, for optimal and effective cellular permeabilization, it is crucial to titrate digitonin 

concentration not only for each cell type but also for each cell density, to identify its optimal and 

lowest effective concentration. If digitonin concentration is too low, the cells will not be 

permeabilized. In contrast, exposure of the cells to large amounts of digitonin will damage the 

mitochondrial outer membrane.  Therefore, another important point is to investigate 

mitochondrial outer membrane integrity. In order not to underestimate cellular respiratory 

capacity, it is also crucial that respirometry experiments are performed at a physiological 

temperature (37 °C). Another important point to consider is the use of saturating amounts of 

ADP, due to the diffusion limitation of ADP versus oxygen in permeabilized cells and sufficient 

substrate levels to obtain maximal respiratory flux.  

In some experiments in permeabilized cells, it may happen that addition of exogenous substrates 

and ADP does not lead to a considerable increase in the rate of respiration. This can be caused 

by several factors. For example, use of high concentrations of digitonin to permeabilize the cells 

may damage the mitochondrial outer membrane. Therefore one should titrate digitonin to 

determine the optimal concentration for each cell type and density. Further, purity of digitonin is 

also very critical, and commercially available digitonin can vary significantly in purity Therefore 

one should titrate digitonin to determine the optimal concentration for each cell type and density 

and new batches of purchased digitonin should be tested titrated to determine their optimal 

concentrations for cellular permeabilization. In addition, there are several types of cellular 

plasma membrane pore-forming agents, such as saponin or digitonin, with various different 

properties. For example, saponin is a milder detergent than digitonin, and depending on the cell 

type, an appropriate cell permeabilization reagent should be selected.  

Most inhibitors of mitochondrial function used in respirometry assays, such as rotenone 

antimycin A, are soluble only in ethanol and stick to the oxygraph chambers and stoppers, 

inhibiting cellular respiration. To avoid this problem, oxygraph chambers and stoppers must be 

washed extensively with 70 95% ethanol after each assay. Another important point to consider is 

that for both intact and permeabilized cellular respiration assays, cell density, type and cell 

culture confluence may affect respiratory rates. For example, with HepG2 cells, we usually use a 



cell density of 1 to 2 million cells per chamber. Using very low cell density during respirometry 

can give rise to a very weak signal. We also observed that cell culture confluency may affect the 

respiratory rates. For example, when HepG2 cells are grown very confluent (more than 100%), 

they consume much less oxygen. 

To obtain a stable and reproducible oxygen flux during experiments, another important point to 

consider is the maintenance of the high-resolution respirometry instrument–i.e., regular 

exchange of polarographic oxygen sensor membranes and instrumental background corrections. 

For experiments with the uncoupler FCCP, it may be that addition of FCCP to the cells does not 

stimulate cellular respiration and maximal flux is not obtained, but instead cellular respiration is 

inhibited. Inhibition of cellular oxygen consumption upon addition of FCCP may indicate that 

FCCP concentration was not optimal and was too high. For these experiments, for each assay, it 

is essential to carefully titrate FCCP concentration to obtain maximal flux. 

A limitation of high-resolution respirometry is that high-throughput screening, establishment of 

dose-response curves and time course experiments for limited amounts of biological samples are 

not feasible. For these assays, one can use other instruments, such as the extracellular flux 

analyzer. Other limitations are i) the device is not automated and requires the continuous 

presence of an operator, ii) it is time consuming, iii) it has only two chambers and only two 

assays can be run at a time, iv) maintenance of the instrument, such as changing the membranes 

and calibrations, requires lots of time and v) the chambers are not single use and may become 

contaminated with inhibitors.  The advantages of the high resolution oxygraph over traditional 

Clark-type polarographic oxygen electrode devices are i) higher sensitivity, ii) smaller numbers 

of biological samples required, iii) respiratory rates can be measured simultaneously in two 

chambers and iv) the device has reduced oxygen leak. Some advantages of the high-resolution 

oxygraph over the extracellular flux analyzer are i) lower costs of the device and consumables 

and ii) feasibility of substrate-uncoupler-inhibitor titration protocols. 

Future applications or directions after mastering this technique are simultaneous measurements 

of cellular respiration, mitochondrial membrane potential, H2O2, ATP and calcium levels using 

optical sensors in the same chamber.  

Minor Concerns: 

9) It is recommended that the authors use the definition of ETC as electron transport chain 

rather than electron transfer chain. 

 

Response: the term “transfer” is changed to “transport” throughout the manuscript. 

Long Abstract 

….mitochondrial respiratory electron transfer transport system capacity. 

Introduction 



…This method evaluates oxygen consumption of intact cells without the addition of exogenous 

substrates and ADP, reproducing the respiratory function in the integrated cell and also 

providing information on maximal mitochondrial electron transfer transport capacity 6,7. 

respiration (maximal electron transfer transport capacity) of intact cells without the addition of 

exogenous substrates and ADP, reproducing the respiratory function in the integrated cell.  

Protocol 

sequentially added at different concentrations and maximal uncoupled respiration recorded. The 

maximal mitochondrial uncoupled respiration rate (maximal electron transfer transport system 

10) In the introduction line 66, please change "injection pore" to "injection port". 

Response: "injection pore" has been changed to "injection port" now. 

11) In the introduction line 68, the older versions of the O2K manual recommend using 2.1 

mL volume to fill both the chamber and the injection port. 

Response: 2.1 ml is correct. 2 ml reads 2.1 ml now. 

12) In the results section, it might be beneficial to the reader to report data generated in 

terms of IO2 and where possible, provide sample calculations (see lines 421-426 for an 

example). 

REPRESENTATIVE RESULTS  

 

Determination of optimum digitonin concentration for cellular permeabilization: digitonin 

titration experiment  

….. In the present and following protocols, all the oxygen consumption rates are expressed as 

IO2 [pmol x sec-1 x 10-6 cells] (oxygen flow per million cells) which is calculated by dividing 

volume-specific oxygen flux (in the closed oxygen chamber), JV,O2 [pmol x sec-1 x mL-1] by cell 

concentration in the cell chamber (number of cells per volume [106 cells x mL-1])15. 

Coupled and uncoupled respiration of intact cells  

HepG2 cells’ basal oxygen consumption is measured in the presence of oligomycin (oligomycin-

insensitive respiration) and sequential addition of FCCP (Figure 6). Basal cellular respiration 

rate represents oxygen consumption of intact HepG2 cells in the presence of endogenous cellular 

substrates and can alter in response to cellular ATP demand. Oligomycin-insensitive respiration 

rate represents leak cellular respiration and oligomycin-sensitive respiration rate which 

represents cellular ATP turnover and is calculated by substracting the oligomycin-insensitive 

respiration rate from basal endogenous respiration rate. The chemical uncoupler FCCP is 

sequentially added at different concentrations and maximal uncoupled respiration recorded. The 

maximal mitochondrial uncoupled respiration rate (maximal electron transfer transport system 

capacity) for this experimental condition is obtained at 0.9-1.2 µM FCCP. The results show a 



biphaysic activity of FCCP in intact HepG2 cells. Therefore, for each experimental condition, 

FCCP is titrated to obtain maximal uncoupled respiration rate. The uncoupled respiratory 

control ratio (uRCR) is calculated by dividing the FCCP uncoupled respiration rate by the 

respiration rate in the presence of oligomycin.  Oligomycin-sensitive respiration (ATP turnover) 

is calculated by substracting oligomycin-insensitive respiration  rate from basal endogenous 

respiration. Coupling efficiency which represents the proportion of mitochondrial oxygen 

consumption used to synthesize ATP is calculated by dividing the oligomycin-sensitive 

respiration rate by the basal respiration rate. At the end of the experiment, to obtain non-

mitochondrial respiration rate, mitochondrial electron transport chain inhibitors are added and 

non-mitochondrial respiration rate is substracted from all results. For the experiment shown in 

Figure 6, the non-mitochondrial respiration rate is 26 pmol/(sec x Million cells), the basal 

respiration rate is 48 pmol/(sec x Million cells), oligomycin-insensitive respiration rate 7 

pmol/(sec x Million cells), oligomycin-sensitive respiration (ATP turnover) 41 pmol/(sec x 

Million cells) and coupling efficiency 0.85. 

References: 

15. Gnaiger E. Mitochondrial Pathways and Respiratory Control. An Introduction to OXPHOS 

Analysis. Mitochondr Physiol Network 17.18. OROBOROS MiPNet Publications, Innsbruck: 64 

pp. (2012). 

 

Additional Comments to Authors: 

None. 

Reviewer #2: 

Manuscript Summary: 

The manuscript presents a detailed description of standard experiments to measure 

mitochondria function in HepG2 cells using high resolution respirometry. Overall, the 

protocols are very clear (much more clear than the protocols available in the literature), 

making the experiments easily reproducible. Additionally, the inclusion of a control 

experiment to evaluate mitochondrial outer membrane integrity after cell permeabilization 

by adding exogenous cytochrome c, as well as an example of a very common problem that 

most of the researchers in the area will face (the contamination of the chambers with 

respiration inhibitors) was an interesting choice. 

There are only few points that should be addressed: 

1) The first point is a conceptual issue. The authors mention at least three times in the 

manuscript text that cellular respiration occur through the activity of four protein 

complexes (complexes I to IV) that compose the respiratory chain, which are fed by the 



electrons from the oxidizable mitochondrial substrates (e.g.: "High-resolution respirometry 

is (…) a straightforward technique to determine mitochondrial respiratory chain 

complexes' (I-IV) respiratory rates"; "Measurements of cellular respiration provide 

important insights into mitochondrial respiratory capacity specific to complexes I-IV"; "… 

oxidizable mitochondrial substrates for feeding electrons into complexes of the respiratory 

system. This approach allows the dissection of individual mitochondrial complexes I-IV 

respiratory capacities"). Although this is the more disseminated conception, it is an 

incomplete view since it does not consider the participation of the two other complexes that 

also may feed the respiratory chain, the electron transferring flavoprotein (ETF) and the 

glycerol-phosphate dehydrogenase. Since the manuscript is completely focused on 

mitochondrial function, it is very important to be precise on the conceptual issues regarding 

the subject. In addition, this is especially important for those working on respirometry, who 

should be aware that although in the experiments described in the manuscript the 

substrates used feed the complex I (NADH from malate and glutamate oxidation) or 

complex II (succinate), if other substrates, such as fatty acids or glycerol, are used, the other 

FAD-associated complexes should be taken into account. 

Response: the information has been added to the Introduction of the revised manuscript. 

INTRODUCTION  

……Mitochondrial tricarboxylic acid (TCA) cycle is involved in the conversion of proteins, 

carbohydrates and fats into energy rich compounds as nicotinamide adenine dinucleotide 

(NADH) phosphate and flavin adenine dinucleotide (FADH2). Electrons of the NADH and 

FADH2 are then transferred to the respiratory electron transport chain protein complexes (I to 

IV) located in the inner mitochondrial membrane. In addition, two other redox pathways can 

transfer electrons to electron transport chain i) mitochondrial electron-transferring flavoprotein 

(ETF) which is located on the matrix face of the inner mitochondrial membrane, and supplies 

electrons from fatty acid β-oxidation and, ii) mitochondrial glycerophosphate dehydrogenase 

which oxidizes glycerophosphate to dihydroxyacetone phosphate and feeds electrons to the 

mitochondrial electron transport chain. Complex IV (the ultimate electron acceptor) transfers the 

electrons to one oxygen molecule, converting oxygen to two molecules of water………. 

……In addition, one can measure maximal ADP-stimulated respiration (state 3) of permeabilized 

cells, using exogenous fatty acid in the form of palmitate. In this protocol, concentrated stocks of 

sodium palmitate are conjugated with ultra fatty acid free bovine serum albumin (BSA) (6:1 

molar ratio palmitate:BSA). Afterwards, cells first are permeabilized with digitonin and 

mitochondrial respiration is assessed by the addition of carnitine  and palmitate followed by 

addition of ADP (state 3, maximal respiration). Afterwards, oligomycin is added to mimic state 4 

(state 4o) and respiratory control ratio (RCR value) is calculated as state 3/ state 4o.  

β-oxidation promotes production of  acetyl CoA (which enters in the TCA cycle) and generation 

of FADH2 and NADH, the electrons of which are passed to the electron transport chain by 

electron-transferring flavoprotein and β-Hydroxyacyl-CoA dehydrogenase. 

Mitochondria are at the centre of fatty acid metabolism and described palmitate-BSA protocol 

can be used used by researchers examining fatty acid oxidation….  



 

2) In Figures 3 and 6, the scale of y2 axis (O₂ flow/cells) would be adjusted for better 

observation of the variations. 

Response: Figures 3 and 6 are changed now. 

Figure 3. 

 

 

Figure 6. 



 

3) The reproduction of an unsuccessful experiment (Figure 5) was interesting. However, the 

suggested procedure to overcome this problem (chamber washing with 70% ethanol 

solution) would not work since the use of absolute or 95% ethanol solution would be much 

more appropriate to remove the inhibitors from the chambers. 

Response: 70% ethanol is changed to 95% ethanol solution. 

Discussion 

…To avoid this problem, oxygraph chambers and stoppers must be washed extensively with 70 

95% ethanol after each assay. 

4) In the protocol for measuring oxygen consumption in intact cells (item 6), the authors 

describe cell preparation as for the permeabilized cells ("Prepare an oxygraph chamber 

containing cell suspension (1 x 10⁶/mL) following the procedure described in steps 1.1 to 

1.10 and 2.1 to 2.5 of the protocol"). However, the values obtained for the basal respiration 

(70 pmol/(sec x million of cells)) and for the maximal respiration (180 pmol/(sec x million of 

cells)), shown in Figure 6, are very unlike to be obtained in the absence of any substrate. 

Weren't the cells resuspended in culture medium instead of in respiratory buffer in this 

case? 

Response: We sincerely thank the reviewer for the valuable comment. The cells were incubated in 

the respiration medium. There was a mistake in the file edit of this experiment using the oxygraph 

which is corrected now. Figure 6 is replaced now with corrected Y-axis scale. 



New Figure 6: 

 

 

Major Concerns: 

N/A 

 

Minor Concerns: 

N/A 

 

Additional Comments to Authors: 

N/A 
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