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    Chapter 3   

 High-Resolution Respirometry: OXPHOS Protocols 
for Human Cells and Permeabilized Fibers from Small 
Biopsies of Human Muscle       

         Dominik   Pesta    and    Erich   Gnaiger        

  Abstract 

 Protocols for high-resolution respirometry (HRR) of intact cells, permeabilized cells, and permeabilized 
muscle fi bers offer sensitive diagnostic tests of integrated mitochondrial function using standard cell culture 
techniques and small needle biopsies of muscle. Multiple substrate–uncoupler–inhibitor titration (SUIT) 
protocols for analysis of oxidative phosphorylation improve our understanding of mitochondrial respiratory 
control and the pathophysiology of mitochondrial diseases. Respiratory states are defi ned in functional 
terms to account for the network of metabolic interactions in complex SUIT protocols with stepwise 
modulation of coupling and substrate control. A regulated degree of  intrinsic uncoupling  is a hallmark of 
oxidative phosphorylation, whereas pathological and toxicological  dyscoupling  is evaluated as a mitochondrial 
defect. The  noncoupled  state of maximum respiration is experimentally induced by titration of established 
uncouplers (FCCP, DNP) to collapse the proton gradient across the mitochondrial inner membrane and 
measure the capacity of the electron transfer system (ETS, open-circuit operation of respiration). Intrinsic 
uncoupling and dyscoupling are evaluated as the fl ux control ratio between nonphosphorylating LEAK 
respiration (electron fl ow coupled to proton pumping to compensate for proton leaks) and ETS capacity. 
If OXPHOS capacity (maximally ADP-stimulated oxygen fl ux) is less than ETS capacity, the phosphoryla-
tion system contributes to fl ux control. Physiological Complex I + II substrate combinations are required 
to reconstitute TCA cycle function. This supports maximum ETS and OXPHOS capacities, due to the 
additive effect of multiple electron supply pathways converging at the Q-junction. Substrate control with 
electron entry separately through Complex I (pyruvate + malate or glutamate + malate) or Complex II 
(succinate + rotenone) restricts ETS capacity and artifi cially enhances fl ux control upstream of the Q-cycle, 
providing diagnostic information on specifi c branches of the ETS. Oxygen levels are maintained above air 
saturation in protocols with permeabilized muscle fi bers to avoid experimental oxygen limitation of respiration. 
Standardized two-point calibration of the polarographic oxygen sensor (static sensor calibration), calibra-
tion of the sensor response time (dynamic sensor calibration), and evaluation of instrumental background 
oxygen fl ux (systemic fl ux compensation) provide the unique experimental basis for high accuracy of quantitative 
results and quality control in HRR.  

  Key words:   Substrate–uncoupler–inhibitor titration ,  Human vastus lateralis ,  Needle biopsy ,  HEK , 
 HPMC ,  HUVEC ,  Fibroblasts ,  Routine respiration ,  Oxidative phosphorylation ,  Q-junction ,  Pyruvate , 
 Glutamate ,  Malate ,  Succinate ,  Leak ,  Coupling control ,  Uncoupling ,  Oxygraph ,  Oxygen fl ux ,  Residual 
oxygen consumption ,  Instrumental background  
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  Abbreviations  

  CCP    Coupling control protocol   
   E     Electron transfer system capacity   
  FCR    Flux control ratio   
  HRR    High-resolution respirometry   
   L     LEAK respiration   
  mt    Mitochondrial   
  O2k    Oxygraph-2k   
   P     OXPHOS capacity   
  POS    Polarographic oxygen sensor   
   R     ROUTINE respiration   
  ROX    Residual oxygen consumption   
  SUIT    Substrate–uncoupler–inhibitor titration   
   W  

w
     Wet weight       

 

 Mitochondrial respiration is a key element of cell physiology. Cell 
respiration channels metabolic fuels into the bioenergetic machinery 
of oxidative phosphorylation, regulating and being regulated by 
molecular redox states, ion gradients, mitochondrial membrane 
potential, the phosphorylation state of the ATP system, and heat 
dissipation in response to intrinsic and extrinsic energy demands. 
Complementary to anaerobic energy conversion, mitochondrial 
respiration is the aerobic fl ux of life. It integrates and transmits a 
wide range of physiological and pathological signals within the 
dynamic communication network of the cell. This provides the 
background for an interdisciplinary interest in the study of mito-
chondrial respiratory function in biology and medicine ( see   Note 1 ). 

 Respirometry refl ects the function of mitochondria as structur-
ally intact organelles. It provides a dynamic measurement of meta-
bolic fl ux (rates), in contrast to static determination (states) of 
molecular components, such as metabolite and enzyme levels, 
redox states and membrane potential, concentrations of signaling 
molecules, or RNA and DNA levels. Mitochondrial respiratory 
function, therefore, cannot be measured on frozen tissue samples, 
but usually requires minimum storage times of biological samples 
and delicate handling procedures to preserve structure and function. 
Moreover, mitochondrial respiration yields an integrative measure 
of the dynamics of complex coupled metabolic pathways, in contrast 
to monitoring activities of isolated enzymes. Measurement of respi-
ratory fl ux in different metabolic states is required for evaluation of 
the effect on oxidative phosphorylation of changes in metabolite 
levels, membrane permeability, or activity of individual enzymes. 
Small imbalances in metabolic fl ux can result in large cumulative 

  1.  Introduction
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changes of state of a metabolic system. Vice versa, even a large 
defect of individual enzymes may result in minor changes of fl ux, 
due to threshold effects. Hence high-quantitative resolution of 
respirometry is required for diagnostic applications, particularly 
when amounts of cells or tissue are limiting. Understanding mito-
chondrial respiratory control, in turn, requires experimental 
modulation of metabolite levels, electrochemical potentials, and 
enzyme activities. HRR has been developed to meet these demands 
and to provide the instrumental basis for modular extension with 
additional electrochemical and optical sensors for investigations of 
mitochondrial respiratory physiology  (  1–  3  ) . 

 This chapter describes applications of HRR with intact and 
permeabilized cells, and permeabilized muscle fi bers for functional 
mitochondrial diagnosis. Protocols are presented for cell membrane 
permeabilization, biopsy sampling, short-term storage, fi ber prep-
aration, and respirometric titration regimes. The protocols provide 
diagnostic tests for evaluation of membrane integrity (coupling of 
oxidative phosphorylation; cytochrome  c  release), respiratory inhi-
bition resulting from defects in the phosphorylation system or 
ETS, including respiratory complexes and activities of dehydroge-
nases and metabolite transporters across the inner mitochondrial 
membrane  (  4  ) . Quality control in HRR includes traceability of 
basic sensor calibration, systemic fl ux compensation, kinetic evalu-
ation of ADP saturation, and oxygen dependence of respiration 
with permeabilized fi bers  (  2,   5  ) , and integrates the general features 
of the OROBOROS Oxygraph-2k.  

 

      1.    Nonmagnetic forceps are used for fi ber preparation, one pair 
with sharp straight tips; one pair with sharp rounded tips; two 
pairs with very sharp angular tips.  

    2.    Microbalance with fi ve digits; 0.01 mg (Mettler-Toledo 
XS105DU or XS205DU) for the measurement of wet weight 
of fi bers.      

      1.    Mitochondrial respiration medium (MiR05), 110 mM sucrose, 
60 mM K + -lactobionate, 0.5 mM EGTA, 3 mM MgCl 2 , 20 mM 
taurine, 10 mM KH 2 PO 4 , 20 mM HEPES adjusted to pH 7.1 
with KOH at 37 °C; and 1 g/l BSA essentially fatty acid free  (  6  ) . 
MiR06 is MiR05 plus 280 U/ml catalase  (  7  ) .  

    2.    Relaxing and biopsy preservation solution for muscle fi bers 
(BIOPS), 50 mM K + -MES, 20 mM taurine, 0.5 mM dithiothreitol, 
6.56 mM MgCl 2 , 5.77 mM ATP, 15 mM phosphocreatine, 
20 mM imidazole, pH 7.1, adjusted with 5 N KOH at 0 °C, 

  2.  Materials

  2.1.  Materials 
for Preparation 
of Permeabilized 
Muscle Fibers

  2.2.  Media 
and Chemicals
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10 mM Ca–EGTA buffer (2.77 mM CaK 2 EGTA + 7.23 mM 
K 2 EGTA; 0.1  m M free calcium; ref.  8  ) . ATP is hydrolyzed at 
least partially during fi ber storage, thus generating millimolar 
levels of inorganic phosphate. It has not been tested if addition 
of 3 mM phosphate  (  9  )  exerts any effect on preservation quality. 
BIOPS can be stored at −20 °C.  

    3.    Selected substrates, uncouplers, and inhibitors are listed in 
Table  1 , with corresponding Hamilton syringes used for 
manual titrations into a 2-ml Oxygraph chamber. The sources 
of chemicals change according to availability and evaluation of 
quality and price. Information is summarized and can be 
updated on   http://www.bioblast.at    .       

  New methodological standards have been set by HRR with the 
OROBOROS Oxygraph-2k (O2k; Fig.  1 ; OROBOROS INSTRU-
MENTS, Austria;   http://www.oroboros.at    ; refs.  1–  3,   10  ) . The 
principle of closed-chamber HRR is based on monitoring oxygen 
concentration,     

2Oc   , in the incubation medium over time, and plot-
ting oxygen consumption by the biological sample (    

2OJ   ) and     
2Oc

  continuously while performing the various titrations in a respiro-
metric protocol (Figs.  2  and  5 – 8 ).   

 Without compromise on HRR features, the O2k provides 
robustness and reliability of routine instrumental performance. To 
increase throughput particularly in research with cell cultures and 
biopsy samples, the user-friendly integrated concept with full 
software support (DatLab) makes it possible to apply several instru-
ments in parallel, each O2k with two independent chambers 
(Fig.  1 ). Chambers, sensors, and the electronics are shielded by a 
copper block and stainless steel housing. Angular insertion of the 
oxygen sensor into the cylindrical glass chamber places the polaro-
graphic oxygen sensor into an optimum position for stirring (Fig.  1 , 
inset). Integrated electronic control includes Peltier temperature 
regulation (2–45 °C, stability ±0.001 °C), stirrer control, an elec-
tronic barometric pressure transducer for air calibration, and the 
optional automatic titration-injection micropump TIP2k (Fig.  1 ).   

 

  Aerobic and anaerobic metabolism is physiologically controlled in 
the ROUTINE state of cell respiration. Different coupling control 
states  (  4  )  are induced by the application of membrane-permeable 
inhibitors and uncouplers in a coupling control protocol (CCP; 
Table  2 ). 0.3–1.0 million fi broblasts or endothelial cells per experi-
ment are suffi cient using the OROBOROS Oxygraph-2k at 37 °C 
 (  1–  3  ) . Cell densities are adjusted to obtain maximum fl uxes in the 

  2.3.  The Oxygraph-2k 
for HRR

  3.  Methods

  3.1.  Respirometry 
with Intact Cells: 
Coupling Control 
Protocol 
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Window
Chamber A 

Peltier temperature
control, ±0.001°C

Insulated
copper block

O2k Stainless steel
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Barometric pressure
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Titration-Injection microPump
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Needle A

  Fig. 1.    Oxygraph-2k for high-resolution respirometry (O2k Series C) with TIP2k and integrated suction system (ISS). Two glass 
chambers (A and B) are housed in an insulated copper block with electronic Peltier temperature control. Polarographic oxygen 
sensors (POS) are sealed by a butyl rubber gasket against the angular plane on the glass chambers. The PVDF (or PEEK) stirrers 
are powered by electrically pulsed magnets inserted in the copper block. Stoppers contain a capillary for extrusion of gas 
bubbles and insertion of a needle for manual or automatic titrations with the TIP2k. Additional capillaries through the stopper 
(PVDF) are drilled for insertion of various electrodes, the signals of which are simultaneously recorded by the DatLab software. 
Copyright ©2010 by OROBOROS INSTRUMENTS. Reproduced with permission;   http://www.oroboros.at.           
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range of 30–300 pmol/s ml. It takes 50–90 min for the evaluation 
of mitochondrial coupling states (Fig.  2 ).  

 Respiratory fl ow,     
2OI   , of intact cells is expressed per million 

viable cells (Table  2 ). Cell viability should be >0.95 in the control 
group of various cell types (HUVEC, fi broblasts). Mass-specifi c 
oxygen fl ux,     

2OJ   , is expressed per mg dry weight  (  11  )  or cell 
protein  (  12  ) . Mitochondrial (mt) marker-specifi c respiration is 
obtained by normalization of fl ux relative to a mt-marker, such as 
citrate synthase (CS) or cytochrome  c  oxidase activity  (  12  ) . Internal 
normalization yields fl ux control ratios relative to fl ux in a com-
mon reference state (Table  2 ). 

  Cellular ROUTINE respiration ( R ) and growth is supported by 
exogenous substrates in culture media  (  3,   11–  17  ) . In media without 
energy substrates, respiration is based on endogenous substrates. 
Physiological energy demand, energy turnover, and the degree of 
coupling (intrinsic uncoupling and pathological dyscoupling) 
control the levels of respiration and phosphorylation in the physi-
ological coupling state  R  of intact cells. The maximum capacity of 
oxidative phosphorylation (OXPHOS; analogous to State 3; ref.  18  )  
cannot be studied by external addition of ADP to intact cells, since 
the plasma membrane is impermeable to ADP and many mito-
chondrial substrates  (  11–  14,   19  ) . However, evaluation of the 
Crabtree effect upon addition of glucose  (  20  )  is possible only in 
intact cells.  R  in human cells (Table  2 ) ranges from 4 pmol/s per 
10 6  cells in the small HEK cells  (  17  ) , 30–40 pmol/s per 10 6  
(HUVEC and fi broblasts; ref.  11,   15  ) , and 70 pmol/s per 10 6  
(mesothelial cells; ref.  19  ) , compared to 250 pmol/s per 10 6  for 
the much larger rat hepatocytes  (  21  ) .  

  Following stabilization of  R , ATP synthesis is inhibited by oligomycin 
(atractyloside or carboxyatractyloside; Table  1 ). In this nonphos-
phorylating or resting LEAK state ( L ; analogous to State 4; ref.  18  ) , 
LEAK respiration refl ects intrinsic uncoupling as (i) compensation 
for the proton leak at maximum mitochondrial membrane poten-
tial, (ii) proton slip (decoupled respiration), (iii) electron slip which 
diverts electrons toward reactive oxygen species (ROS) produc-
tion, and (iv) cation cycling (Ca 2+ , K + )  (  3,   4  ) . Monitoring  L  should 
be limited to <5 min (Fig.  2 ), to avoid secondary effects on cou-
pling and respiratory capacity.  

  Mitochondrial respiratory control by the phosphorylation system 
is partially or fully released by pathophysiological uncoupling and 
dyscoupling, or experimentally by titration of a protonophore such 
as FCCP (Table  1 ). In the noncoupled, open proton circuit, the 
electrochemical proton potential across the inner mitochondrial 
membrane is collapsed. Uncoupler titration, therefore, removes 

  3.1.1.  ROUTINE Respiration

  3.1.2.  LEAK State

  3.1.3.  ETS Capacity
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the electrochemical backpressure on the proton pumps (Complexes 
CI, CIII, and CIV) and stimulates respiration maximally at level 
fl ow as a measure of ETS capacity in the noncoupled state  E  (Fig.  2 ). 
It is important to titrate an optimum concentration of uncoupler, 
beyond which respiration is inhibited  (  3,   11  ) . Optimum uncoupler 
concentrations depend on cell type, cell concentration, medium, 
and permeabilized versus intact cells. Inhibition of  E  by oligomycin 
should be evaluated by uncoupler titrations in the absence of 
inhibitor.  E  ranges from 14 to 180 pmol/s per 10 6  cells in HEK, 
CEM, HUVEC, fi broblasts, and mesothelial cells, largely depending 
on cell size. ETS capacity per cell doubles with cell size in CEM 
cells after cell cycle arrest in the G 1 - versus S-phase, and in senescent 
fi broblasts (Table  2 ).  

  Residual oxygen consumption (ROX) remains after inhibition of 
the ETS. Mitochondrial respiratory states  R ,  L , and  E  are corrected 
for ROX (Table  2 ). Many cellular oxygen consuming enzymes and 
autooxidation reactions give rise to ROX, including peroxidase and 
oxidase activities which partially contribute to ROS production. It 
is diffi cult to evaluate exactly the extent to which inhibitors of the 
ETS (Table  1 ) exert an infl uence on ROX. Cyanide and azide inhibit 
CIV and other heme-containing enzymes such as catalase, and may 
thus modify ROX. Valuable information on ROX is obtained by 
sequential titration of inhibitors (Fig.  2 ). Rotenone inhibits cell 
respiration of human fi broblasts and HUVEC, without a further 
decline of ROX after the addition of antimycin A  (  15,   16  ) .  

  Flux control ratios (FCRs) express respiratory control independent 
of mitochondrial content and cell size. FCRs are normalized for 
maximum fl ux in a common reference state, to obtain theoretical 
lower and upper limits of 0.0 and 1.0 (0 and 100%; Table  2 ).

    1.    ROX/ E  ¢ : The ROX/ E  ¢  ratio is low (0.01–0.07; Table  2 ), but 
ROX contributes to a signifi cant extent to LEAK respiration, 
with corresponding ROX/ L  ¢  ratios ranging from 0.1 to 0.3, 
and up to 0.5 in growth-arrested fi broblasts (Table  2 ).  

    2.     L / E : The LEAK control ratio is the ratio of LEAK respiration 
and ETS capacity.  L / E  ranges from 0.09 to 0.14 in various 
cells (Table  2 ; the inverse, 11–7, is the respiratory control ratio, 
RCR; ref.  4,   18  ) . Dyscoupling increases the  L / E  ratio, e.g., to 
0.21 in senescent fi broblasts (Table  2 ). Alternatively, the  L / E  
ratio may increase without intrinsic uncoupling or dyscoupling, 
if ETS capacity is diminished. It is, therefore, important to 
evaluate potential defects of ETS capacity per mt-marker, e.g., 
ETS per citrate synthase activity  (  12,   15,   19  ) .  

    3.     R / E : The ROUTINE control ratio is the ratio of (coupled) 
ROUTINE respiration and (noncoupled) ETS capacity. 

  3.1.4.  Residual Oxygen 
Consumption

  3.1.5.  Coupling 
Control Ratios from 
the Coupling 
Control Protocol
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 R / E  ranges from 0.2 to 0.4 (Table  2 ; the inverse of 5–2.5 is 
the uncoupling control ratio, UCR; ref.  3,   11–  15  ) . The  R / E  
ratio is an expression of how close ROUTINE respiration 
operates to ETS capacity. Reported  R / E  ratios  ³  0.5  (  22  )  could 
not be reproduced by HRR in a wide range of human cell types 
and incubation conditions (Table  2 ). The discrepancies cannot 
be fully explained by high glucose concentrations in culture 
and respiration media, since glucose exerts an effect not only 
on  R  but also on  E   (  20  ) .  R / E  ratios increase due to (i) high 
ATP demand and ADP-stimulated ROUTINE respiration, (ii) 
dyscoupling (senescent fi broblasts; Table  2 ), and (iii) limitation 
of respiratory capacity by the defects of substrate oxidation and 
complexes of the ETS.  

    4.    ( R  −  L )/ E : The netROUTINE control ratio, ( R  −  L )/ E , expresses 
phosphorylation-related respiration (corrected for LEAK 
respiration) as a fraction of ETS capacity. 0.1–0.3 of  ETS  capacity 
is used for oxidative phosphorylation under ROUTINE condi-
tions (Table  2 ). ( R  −  L )/ E  remains constant, if dyscoupling is 
fully compensated by an increase of ROUTINE respiration 
and a constant rate of oxidative phosphorylation is maintained 
(fi broblasts in Table  2 ). Upon stimulation of ROUTINE res-
piration by an increased ATP demand or if the ETS capacity 
declines without effect on  R , however, ( R  −  L )/ E  increases, 
which indicates that a higher proportion of the maximum 
capacity is activated to drive ATP synthesis. ( R  −  L )/ E  declines 
to zero in either fully uncoupled cells ( R  =  L  =  E ) or in cells 
under metabolic arrest ( R  =  L  <  E ).  

    5.    If the PC protocol is extended by the measurement of cyto-
chrome  c  oxidase, then the ratio of CIV activity and noncou-
pled respiration is an index of the apparent excess capacity of 
this enzyme step in the ETS. Autooxidation of ascorbate and 
TMPD (Table  1 ) is extremely high in culture media, hence a 
mitochondrial respiration medium is used  (  12  ) .      

  Two quantitative indices of cell membrane permeability (cell 
viability) are derived from the protocol shown in Fig.  2   (  19,   23  ) . 
(i) The stimulatory effect of succinate + ADP is related to cell mem-
brane permeabilization as ( R  S  −  R )/( E  S  −  R ). The permeable cells are 
depleted of substrates and adenylates, hence succinate + ADP 
stimulates respiration,  R  S  −  R  > 0, in permeabilized cells only. 
(ii) Stepwise inhibition by rotenone (CI) and antimycin A (CIII) is 
related to cell membrane permeabilization as (ROX S  − ROX)/ E  S . 
 E  S  =  E  S  ¢  − ROX is the ETS capacity. CII respiration is inactivated 
in intact cells after inhibition of CI by rotenone, since external succi-
nate cannot penetrate the plasma membrane, succinate production 

  3.1.6.  Respirometric 
Viability Index
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by the tricarboxylic acid cycle (TCA) is stopped when NADH 
 cannot be oxidized, and there are no cytosolic sources of succinate. 
Addition of succinate to intact cells, therefore, does not exert any 
effect on respiration, ROX S  − ROX = 0  (  11,   13  ) . ROX S  − ROX 
represents succinate-supported respiration of permeable cells (in 
the presence of the CI inhibitor rotenone, Rot) over antimycin 
A-inhibited ROX of all cells. 

 These respiratory viability indices are based on preserved respi-
ratory function in mt-respiration medium after cell membrane 
injury, whereas respiration of permeabilized cells is fully inhibited 
by high Ca 2+  in culture media  (  23,   24  ) . The respirometric approach 
was confi rmed by agreement between respirometric viability 
(0.79 ± 0.03 and 0.80 ± 0.03 for controls and IL-1 b  exposed cells) 
and cell viability (0.87 ± 0.03 and 0.79 ± 0.02; mean ± SD) obtained 
with a CASY 1 Cell Counter and Analyser System (Schaerfe System, 
Germany; ref.  19  ) .   

  Extended functional OXPHOS analysis requires isolation of mito-
chondria or controlled plasma membrane permeabilization, with 
effective wash-out of free cytosolic molecules including adenylates, 
substrates, and cytosolic enzymes, making externally added com-
pounds accessible to the mitochondria  (  14,   25–  29  ) . Full mechani-
cal permeabilization of cell membranes is achieved in liver tissue 
 (  29  ) . Biopsy sampling and mechanical fi ber preparation lead to par-
tial permeabilization of skeletal muscle. Without homogenous cell 
membrane integrity, respiration cannot be studied in the ROUTINE 
state. At low concentrations, digitonin or saponin permeabilize the 
plasma membranes completely and selectively due to their high 
cholesterol content, whereas mitochondrial membranes with 
lower cholesterol content are affected only at higher concentra-
tions. Mitochondrial isolation is more time-consuming than cell 
membrane permeabilization. Merely 1 or 2 mg wet weight of car-
diac or skeletal muscle fi bers is suffi cient for individual experimental 
runs with the OROBOROS Oxygraph-2k, but >70 mg is required 
even for micropreparations of isolated mitochondria  (  30  ) . The 
homogeneous suspension of isolated mitochondria yields a repre-
sentative average for large tissue samples, whereas tissue heteroge-
neity contributes to the variability of results with small samples of 
permeabilized fi bers. Mitochondria can be isolated to separate dif-
ferent mitochondrial subpopulations  (  31  ) . Isolated mitochondria 
and small cultured cells are the appropriate models for the study of 
mitochondrial oxygen kinetics ( (  1,   2,   5,   10,   11,   17,   20,   32–  34  ) ; 
 see   Note 2 ). 

      1.    After air calibration of the oxygen sensors in the O2k-chamber 
with MiR06, the medium is siphoned off.  

  3.2.  Preparation 
of Permeabilized Cells 
and Muscle Fibers

  3.2.1.  Permeabilization 
of Cells
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    2.    Cells are suspended in respiration medium at a fi nal cell density 
such that ROUTINE respiration yields a volume-specifi c 
oxygen fl ux of about 20 pmol/s per cm 3 , or higher (Fig.  2 ). 
Up to 3 ml are added into each O2k-chamber, while rotation 
of the stirrers is maintained. Samples can now be collected 
from the stirred chambers containing a homogenous cell sus-
pension, for the analysis of cell count, cell volume, and cell 
viability (CASY, Schaerfe System, Germany), protein concen-
tration, and enzyme assays. A minimum of 2.1-ml cell suspen-
sion must remain in the chamber.  

    3.    Close the chambers by fully inserting the stoppers into the 
volume-calibrated position, thereby extruding all gas bubbles. 
Siphon off any excess cell suspension from the receptacle of the 
stoppers.  

    4.    Start data acquisition with a new fi le, and allow endogenous  R  
to stabilize for 15–20 min (compare Fig.  2 ).  

    5.    Titrate the fi rst selected substrates into the chamber (e.g., 
glutamate + malate), and add digitonin at optimum concentra-
tion, e.g., 10  m g per 10 6  cells. Observe a gradual decline of 
respiration due to cell membrane permeabilization and loss of 
adenylates from the cytosol, allow  L  to stabilize, and proceed 
with a SUIT protocol (Subheading  3.3.4 ).  

    6.    Optimum digitonin concentrations for complete plasma 
membrane permeabilization of cultured cells can be deter-
mined directly in a respirometric protocol (Fig.  3 ), which may 
be used simultaneously for selecting optimum experimental 
cell concentrations. After inhibition of endogenous  R  by rote-
none, respiration of intact cells (viability >0.95) is not stimu-
lated by the addition of succinate and ADP (compare Fig.  2 , 
with cell viability of 0.8). Subsequent stepwise digitonin titra-
tion yields gradual permeabilization of plasma membranes, 
shown by the increase of respiration up to full permeabilization 
(Fig.  3 ; at 10  m g per 10 6  cells). Respiration is constant over a 
range of optimum digitonin concentrations, but is inhibited at 
higher concentrations when the outer mitochondrial membrane 
becomes affected and cytochrome  c  is released (cytochrome  c  
test,  see  Subheading  3.3.2 ). Respiration of permeabilized cells 
is stable during SUITs in the presence of an optimum digi-
tonin concentration.       

  This project was approved by the Ethics Committee of the Medical 
University of Innsbruck (AN3433 271/4.12). In sports physiol-
ogy, it is important to choose a muscle for biopsy sampling that is 
actively involved in the motion of interest. The human muscle 
most extensively studied for functional diagnosis of mitochondrial 

  3.2.2.  Muscle Biopsy 
and Short-Term Storage
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diseases is the quadriceps (m. vastus lateralis; ref.  4  )  as it is easily 
accessible and major nerves and blood vessels lie close to the femur 
and are unlikely to be injured during biopsy sampling  (  35  ) . 
Ultrasound imaging is a simple and quick technique to assess the 
site and depth of biopsies, can be applied before taking a biopsy, 
and can be performed in the outpatient clinic. If the depth is not 
controlled, this may affect the outcome due to differences in fi ber 
type distribution in the muscle  (  35  ) . Eight O2k-chambers were 
operated simultaneously for high throughput of biopsied samples.

    1.    When applying the local anesthetic, it is important not to 
infi ltrate the muscle since several anesthetics exert a direct 
effect on mitochondrial function.  

    2.    After taking the biopsy, the tissue is removed from the 
Bergstrom needle with a pair of forceps (rounded tip). The tissue 
is placed onto a precooled Petri dish on ice, and – if necessary – 
cut diagonally into small portions of 5–10 mg wet weight 
( W  w ), using a sharp scalpel. These subsamples thus have largely 
equivalent fi ber types.  

    3.    Subsamples of 5 mg  W  w  for HRR are placed quickly into small 
tubes with 3–4 ml ice-cold BIOPS for two replicate measure-
ments. In this preservation solution, the sample can be stored 
for several hours at 0 °C, depending on the source of muscle 
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  Fig. 3.    Protocol for determination of optimum digitonin concentration for selective cell 
membrane permeabilization by respirometry and titration of digitonin to initially intact 
cells suspended in mitochondrial medium, in the presence of 10 mM succinate, 0.5  m M 
rotenone, and 1 mM ADP. Human umbilical vein endothelial cells transformed by lung 
carcinoma at a density of 1.02 (±0.16) × 10 6  per cm 3  ( N  = 6; ±SD). 12–14 min time inter-
vals between titrations up to 3  m g/cm 3 , 4–5 min at higher digitonin concentrations. 
Permeabilization at a digitonin concentration of 10  m g per 10 6  cells is optimum for 
ADP-stimulated respiration. From ref.  26.        
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tissue (human skeletal muscle for 24 h; ref.  9  ) . This provides 
the possibility for shipping of biopsies on ice for functional 
analysis by HRR.  

    4.    Subsamples for other assays (histochemical/morphological; 
enzymatic; mtDNA) are stored in assay-specifi c media or liquid 
nitrogen.      

      1.    The tissue sample with BIOPS solution is transferred onto a 
small Petri dish on an ice-cold metal plate.  

    2.    Connective tissue is removed using two pairs of very sharp 
angular forceps (Fig.  4a ).   

    3.    Fiber bundles are separated mechanically with these forceps 
over a standardized period of 4 min for the preparation of a 
2-mg sample of human v. lateralis. Fibers are partially teased 
apart and stretched out, remaining connected in a mesh-like 
framework (Fig.  4c ). Proper separation and a change from red 
to pale color are best observed against a dark background 
(Fig.  4a–c ). At least during a start-up period, it is recom-
mended to use a dissecting scope for effective removal of con-
nective tissue and observation of the mechanical separation. 

  3.2.3.  Mechanical 
Preparation 
of Permeabilized Fibers

  Fig. 4.    Preparation of permeabilized muscle fi bers from a small biopsy of human vastus lateralis. ( a ) A large amount of 
connective tissue ( circle ) is removed. ( b ) Muscle fi ber bundle. ( c ) Fiber bundles after mechanical separation with a pair of 
forceps with very sharp angular tips (standardized period of 4 min). Mesh-like structure and change in color from reddish 
to pale due to loss of myoglobin and removal of remaining vessels. ( d ) 12-well plate (Falcon 35/3043) for permeabilization 
of muscle fi bers for four respiratory chambers with sequential incubation in BIOPS, saponin, and MiR06.       
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Initially, diffi culties arise frequently from the application of 
excess tissue, which makes mechanical separation tedious.  

    4.    Fiber bundles of similar mass are placed sequentially into 2-ml 
ice-cold BIOPS in individual wells (Fig.  4d ).      

      1.    After fi bers for all simultaneously operated O2k-chambers are 
mechanically prepared and placed into the wells with ice-cold 
BIOPS, the fi ber bundles are transferred quickly into 2 ml 
freshly prepared saponin solution (50  m g/ml BIOPS; add 20  m l 
saponin stock solution of 5 mg saponin/ml BIOPS into 2 ml 
BIOPS; Fig.  4d ).  

    2.    Shake by gentle agitation in the cold room (on ice) for 30 min.  
    3.    Transfer all samples from the saponin solution into 2 ml of 

MiR06 (Fig.  4d ). Continue shaking by gentle agitation for 
10 min in the cold room (on ice).  

    4.    Wet weight measurements are made after permeabilization, 
which reduces osmotic variations in water contents. Loosely 
connected fi ber bundles (skeletal muscle 1–3 mg  W  w ; heart 
0.5–2 mg  W  w ) are taken with the pair of sharp forceps (rounded 
tip) and placed for 5 s onto dry fi lter paper. During this time, 
wipe off any liquid from the tip of the forceps with another 
fi lter paper. Take the sample from the fi lter paper, touch it once 
more shortly onto a dry area of fi lter paper while holding it 
with the forceps, and place the sample onto a small plastic plate 
on the table of the tared balance.  

    5.    Immediately after reading the  W  w , the sample is transferred 
into a separate droplet of ice-cold MiR06 on a large Petri dish. 
Check that the tare balance reading returns to zero. Each 
droplet contains a sample for a respirometric experiment.  

    6.    A pair of forceps with straight tips is used to fully immerse the 
fi bers into the medium in the O2k-chamber. Check if the entire 
tissue sample has been removed from the droplet into the O2k-
chamber.  

    7.    Full permeabilization is validated by a decline of LDH activity 
to 1% of intact tissue  (  8  ) , or more quickly by respirometry. 
Respiration of fully permeabilized tissue is not increased by 
titration of saponin or digitonin in the presence of substrate 
and ADP. A stimulatory effect of saponin, however, indicates 
incomplete permeabilization of muscle fi bers that were not 
incubated in saponin solution prior to the experimental run 
(Fig.  5 ). Saponin-permeabilization in the respiration chamber 
does not yield maximum respiratory capacity of muscle fi bers. 
The larger saponin-stimulation of respiration indicated a lower 
degree of permeabilization (Fig.  5b ), which correlated with 
lower mass-specifi c oxygen fl ux even after addition of saponin 
(compare Fig.  5a ).        

  3.2.4.  Chemical 
Permeabilization and Wet 
Weight of Muscle Fibers
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   The further the experimental conditions differ from the physiolog-
ical reference state, the larger the error becomes which may result 
from adjustment to 37 °C of respiratory fl uxes in various metabolic 
states, applying a commonly assumed constant temperature coeffi -
cient. Assuming a  Q   10  of 2 (multiplication factor for fl ux at a 10 °C 
difference), the temperature coeffi cients for rates measured at 22, 
25, or 30 °C are 2.83, 2.30, and 1.62, respectively, to convert to 
respiration at 37 °C. Some fundamental functional properties of 
mitochondria change at 25 °C, for instance, there is a shift from 
proton leak at 37 °C (proton fl ux through the membrane) to proton 
slip at 25 °C (protons pulled back into the matrix phase within a 
proton pump; ref.  36  ) . In mitochondrial physiology, therefore, 
experimental temperature close to body temperature has become a 
standard for quantitative evaluation of mitochondrial respiratory 
function in mammalian cells (Table  2 ) and tissues  (  4  ) .  

  Mitochondrial respiration depends on a continuous flow of 
electron-supplying substrates across the mitochondrial mem-
branes into the matrix space. Many substrates are strong anions 
that cannot permeate lipid membranes and hence require 
carriers. Various anion carriers in the inner mitochondrial mem-
brane are involved in the transport of mitochondrial metabolites. 

  3.3.  HRR with 
Permeabilized Muscle 
Fibers, Permeabilized 
Cells, and Isolated 
Mitochondria

  3.3.1.  Temperature

  3.3.2.  Substrates: 
Electron Donors

  Fig. 5.    Saponin test for cell membrane permeabilization. Oxygraph traces of oxygen concentration (    
2Oc   ) and mass-specifi c 

oxygen fl ux [    
2OJ   (pmol O 2 /s per mg  W  w )]. Fibers of human vastus lateralis were mechanically but not chemically permea-

bilized before incubation. Partial permeabilization of the cell membrane is shown by the stimulatory effect of glutamate (G) 
and succinate (S) in the presence of malate, octanoylcarnitine, and ADP (2.5 mM), whereas lack of full permeabilization is 
seen by further stimulation of respiration after addition of saponin (50  m g/ml). 37 °C, MiR06, 2 ml O2k-chamber. ( a ) 2.9 mg  W  w . 
( b ) 2.7 mg  W  w . Experiment 2010-03-08 AB-01.       
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Their distribution across the mitochondrial membrane varies 
mainly with  D pH and not with  D   y  , since most carriers (but not the 
glutamate-aspartate carrier) operate nonelectrogenically by anion 
exchange or co-transport of protons. Depending on the concentra-
tion gradients, these carriers also allow for the transport of mito-
chondrial metabolites from the matrix into the cytosol and for the 
loss of intermediary metabolites into the incubation medium. 
Export of intermediates of the TCA plays an important metabolic 
role in the intact cell. This must be considered when interpreting 
the effect on respiration of specifi c substrates used in studies of 
permeabilized cells and isolated mitochondria  (  4,   37  ) . Some typi-
cal saturating substrate concentrations used in respiratory studies 
are listed in Table  1 .

    1.    Electron donors for NAD +  and Complex I: Substrate combina-
tions of pyruvate + malate (PM) and glutamate + malate (GM) 
activate dehydrogenases yielding reduced nicotinamide adenine 
dinucleotide (NADH), which feeds electrons into CI (NADH-
ubiquinone oxidoreductase) and hence down the thermody-
namic cascade through the Q-cycle, CIII, cytochrome  c , CIV, 
and ultimately O 2 . Electrons fl ow from NADH to oxygen with 
three proton pumps (CI, CIII, and CIV) in series.  

    2.    Complex II is the only membrane-bound enzyme in the TCA 
cycle. The fl avoprotein succinate dehydrogenase is the largest 
polypeptide of CII. Following succinate oxidation, the enzyme 
transfers electrons directly to the quinone pool  (  38  ) . Whereas CI 
is NADH-linked  upstream  to the dehydrogenases of the TCA, 
CII is FADH 2 -linked  downstream  with subsequent electron 
fl ow to the Q-junction  (  4,   37  ) . Electrons fl ow from succinate to 
oxygen with two proton pumps (CIII and CIV) in series.  

    3.    Studies of fatty acid oxidation involve a large variety of substrates, 
such as palmitic acid, palmitoylcarnitine, or palmitoyl-CoA 
with carnitine. Like CII, electron-transferring fl avoprotein 
(ETF) is located on the matrix face of the inner mitochondrial 
membrane. It supplies electrons from fatty acid  b -oxidation to 
CoQ. For  b -oxidation to proceed, convergent electron fl ow 
into the Q-junction is obligatory from both CI and ETF. 
Malate is provided, therefore, simultaneously with fatty acid 
substrates, and fatty acid oxidation is blocked by inhibition of 
CI. Concentrations of fatty acid substrates must be optimized 
carefully, to reach substrate saturation without inducing inhibi-
tory and uncoupling effects. The octanoylcarnitine concentra-
tion was 0.2 mM  (  39  )  in the present protocol. Higher 
concentrations did not yield higher fl ux.  

    4.    Ascorbate and TMPD (Table  1 ) are artifi cial electron donors 
reducing cytochrome  c . Ascorbate is added fi rst, to maintain 
TMPD in a reduced state. CIII is inhibited by antimycin A 
or myxothiazol, to activate cytochrome  c  oxidase (CIV) as 
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an isolated step. Autooxidation of ascorbate and TMPD 
depends on (i) their concentrations, (ii) oxygen concentration, 
(iii) concentration of added cytochrome  c , and (iv) the medium. 
Histidine stimulates autooxidation of ascorbate and is there-
fore omitted from MiR06. Chemical background oxygen fl ux 
plus ROX is determined at the end of an experimental run after 
inhibition of CIV by cyanide or azide at low oxygen concentra-
tion, continued after reoxygenation at high oxygen concen-
tration. The keto acids pyruvate and  a -ketoglutarate remove 
cyanide from CIV, forming the respective cyanohydrins. 
Reversibility of cyanide inhibition is particularly effective at 
high oxygen levels  (  40  ) . Cyanide cannot be used, therefore, in 
the presence of pyruvate as a CIV inhibitor. High azide concen-
trations must be applied for full inhibition of CIV (Table  1 ). 
To separate autooxidation from ROX, oxygen consumption is 
determined in the absence of biological material under 
experimental conditions as a function of oxygen concentra-
tion. The chemical and instrumental background is subtracted 
from total measured oxygen fl ux to obtain CIV activity.  

    5.    Cytochrome  c  does not pass the intact outer mt-membrane. 
Comparable to the succinate test for plasma membrane 
permeability, a cytochrome  c  test can be applied to evaluate 
the intactness of the outer mt-membrane in mitochondrial 
preparations  (  28  ) . Permeabilized fi bers of human v. lateralis 
(healthy controls) do not show any cytochrome  c  effect 
when 10  m M cytochrome  c  is added (Fig.  6 ). Cytochrome  c  is 
added early in the protocol (after ADP; ref.  41  )  to obtain all 
active fl uxes in a comparable  c -activated state, or at a late active 
state (Fig.  6 ; or after 100-min incubation; ref.  42  ) , indicating 
stability of the outer mt-membrane. The kinetic response to 
external oxidized cytochrome  c  is monophasic hyperbolic and 
identical in cytochrome  c -depleted permeabilized fi bers and 
isolated mitochondria of rat heart (treated by hypo-osmotic 
shock), with a  c  50  of 0.4  m M cytochrome  c  supporting half-
maximum fl ux with succinate + rotenone and saturating ADP 
 (  28,   33  ) . 10  m M cytochrome  c , therefore, is suffi cient to satu-
rate electron transfer from CII. In the presence of 0.5 mM 
TMPD and 2 mM ascorbate, the kinetic response to cyto-
chrome  c  is biphasic, with a high-affi nity    mK ¢   of 0.5 and 0.9  m M 
in isolated mitochondria versus permeabilized fi bers, and a 
low-affi nity    mK ¢   of 12  m M in both preparations. Then 10  m M 
cytochrome  c  saturates the velocity of CIV to only 63 and 75% 
in fi bers and mitochondria, respectively  (  28,   33  ) .       

  ADP and inorganic phosphate are added to permeabilized cells 
and fi bers at high concentrations to saturate OXPHOS capacity. 
The transmembrane proton pumps drive H +  out of the matrix 

  3.3.3.  ADP and Inorganic 
Phosphate
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phase against an electrochemical backpressure, which is used in 
turn to fuel phosphorylation of ADP and release of ATP at the 
ATP synthase. The proton circuit is partially coupled in the 
OXPHOS state, since a fraction of the electrochemical gradient is 
dissipated through proton leaks. Diffusion restriction as shown 
by oxygen kinetics (Subheading  3.3.6 ) and the outer mt-membrane 
generate barriers for inorganic phosphate and ADP different from 
isolated mitochondria  (  2,   8,   27,   43  ) . MiR06 contains 10 mM 
phosphate. Saturation by ADP requires testing by titrations. At a 
high apparent  K  m  for ADP of 0.5 mM  (  27  ) , fl ux at 2.5 and 5 mM 

  Fig. 6.    Oxygen concentration (    
2Oc   ) and volume-specifi c oxygen fl ux [    

2OJ   (pmol O 2  s −1  cm −3 )], as a function of time, in a 
SUIT protocol with permeabilized human muscle fi bers, with octanoylcarnitine + malate and 2.5 mM ADP, addition of 
glutamate (G), succinate (S), cytochrome  c  (Cyt  c ), FCCP (F), and rotenone (Rot;  see  Table  1 ). 2.5 and 5 mM ADP resulted in 
    

2.5 5
/D DJ J   fl ux ratios of 0.86 for CI respiration ( a ) and CI + II respiration ( b );     

2.5 E/DJ J   was 0.71 and     
5 E/DJ J   was 0.82. 

    
5 E/DJ J   provided an estimate of the phosphorylation system control ratio ( P / E   ).  P / E  was 0.80 and 0.82 with CI + II + ETF 

substrates ( a ,  b ). Corresponding ETS capacities at 0.75 and 1.0  m M FCCP (F; three titrations) were ( a )  J   E   = 98 pmol 
O 2  s −1  mg −1   W  w  (2.2 mg  W  w ) and ( b ) 91 pmol O 2  s −1  mg −1   W  w  (1.8 mg  W  w ). The additive effect CI + II electron-input is seen 
by the increase in fl ux after the addition of succinate and inhibition by rotenone. Reoxygenations by injections of H 2 O 2  into 
MiR06. 37 °C, 2-ml chamber. Experiments 2010-07-12H-01 and 2010-06-24 H-01.       

 



453 High-Resolution Respirometry: OXPHOS Protocols…

ADP is ADP-limited by 13 and 7% (assuming  L / P  = 0.2). 2.5 mM ADP 
is saturating in many cases, yet a further increase of ADP concen-
tration provides a test for saturating [ADP]. This is particularly 
important for the evaluation of OXPHOS versus ETS capacity 
( P  versus  E ; Fig.  6 ).  

  Substrate combinations that match physiological intracellular con-
ditions are applied for the evaluation of coupling control, OXPHOS, 
and ETS capacities. A new perspective of mitochondrial physiology 
and respiratory control emerged from a series of studies based on 
HRR with novel SUIT protocols  (  37,   41,   44  ) . A SUIT protocol is 
shown in Fig.  7a , which may be summarized in abbreviated form. 
Abbreviations and sites of action are listed in Table  1 . Subscripts 
indicate coupling control states (N: no adenylates,  D  2.5  and  D  5 : 2.5 
and 5 mM ADP;  F  =1.25 : stepwise titration for evaluation of opti-
mum 1.25  m M FCCP concentration, inducing the noncoupled 
state  E ); ETS inhibitors are in parentheses: 

                   ( ) ( )=+ + + + + + + + +
2.5 2.5N 2.5 5 1.25 ROX

OctM Rot Mna Myx AmaD D E
D G S D F    (1)  

    1.    OctM N : (ETF + CI) L , octanoylcarnitine (Oct) and malate (M) in 
the LEAK state  L , in the absence of ADP (no adenylates, N).  

    2.        
2.5

OctMD   : (ETF + CI)  P   , OXPHOS ( P;  State 3) after titration of 
2.5 mM ADP (D), fl ux increases to active respiration, limited 
by substrate supply to ETF and CI.  

    3.        
2.5

GMOctD   :     ( )
2.5

CI ETF
D

+   , stimulation by glutamate, with malate 
as substrates for CI; OXPHOS is ADP-limited at 2.5 mM.  

    4.        
2.5

GMSOctD   :     ( )
2.5

CI II ETF
D

+ +   , respiration is further stimu-
lated by adding succinate, activating convergent electron fl ow 
from CI + II into the Q-cycle  (  4,   37  ) .  

    5.        
5

GMSOctD   : (CI + II + ETF)  P   , OXPHOS capacity at 5 mM ADP.  
    6.    GMSOct  E  : (CI + II + ETF)  E   , ETS capacity after FCCP titration 

in steps of 0.5, 1.0, and 1.25  m M optimal concentration (non-
coupled state). Activation by uncoupling is expected if the 
phosphorylation system (ANT, ATP synthase, phosphate trans-
porter) limits OXPHOS capacity  (  4,   37  ) , but also if ADP is not 
saturating.  

    7.    S(Rot)  E  : CII  E   , after inhibition of CI by rotenone, ETS capacity 
is measured with the entry of electrons from CII only into the 
Q-cycle.  

    8.    (Mna + Myx + Ama) ROX : ROX is determined after sequential 
inhibition of the ETS by malonic acid (CII), myxothiazol, and 
antimycin A (CIII).     

 As shown in the coupling/substrate control diagram (Fig.  7c ), 
alternative protocols are required with separate incubations 
to obtain information on additional coupling/substrate states. 
Protocol ( 2 ) starts again in state (ETF + CI)  L  , then places emphasis 

  3.3.4.  SUIT Protocols
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  Fig. 7.    Substrate–uncoupler–inhibitor titration (SUIT) protocol with substrates for electron-transferring fl avoprotein (ETF), 
Complex I (CI), and Complex II (CII). See also Fig.  5 . ( a ,  b ) Superimposed oxygraph traces from parallel measurements in 
two chambers with permeabilized fi bers from a biopsy of human vastus lateralis, 3.4 and 2.8 mg  W  w . ( a ) Mass-specifi c 
oxygen fl ux (pmol O 2  s −1  mg −1   W  w ). ( b ) Oxygen concentration ( m mol/dm 3 ). Oxygen fl ux is not shown during a few minutes 
after oxygenations by oxygen or hydrogen peroxide, when the calculation of slopes is disturbed by the step changes in 
oxygen concentration. 37 °C, MiR06, 2-ml chamber. Experiment 2010-03-04 CD-01. ( c ) Coupling/substrate control dia-
gram with fl ux control ratios (FCRs) normalized relative to ETS capacity with convergent CI + II electron input ( arrows 1 , 
corresponding to Fig.  6a ;  FCRs  in parentheses are pseudo-state  P  * at 2.5 mM ADP). Additional protocols ( arrows 2  and  3  ) 
are required to fi ll in the dashed coupling/substrate states, including overlapping respiratory state S (Rot)  E   in all cases. 
Residual oxygen consumption (ROX) is determined as a common step in the three protocols on integrated pathways.       
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on coupling control with CI substrates from (CI + ETF)  L  , 
(CI + ETF)  P  , to (CI + ETF)  E  , and fi nally on substrate control with 
(CI + II + ETF)  E   and CII  E  . A cytochrome  c  test (+c; Fig.  6 ) is 
added:

     ( ) ( )+ + + + + + + + +N N ROX
OctM Rot Mna Myx AmaP P E E E

G D c F S    (2)   

 Protocol ( 3 ) represents a sequence of coupling states at con-
stant substrate supply with CII electron input,  S (Rot), from CII  L  , 
CII  P   , back to CII  L   (+Omy), to CII  E  , and ROX:

     ( ) ( ) ( ) ¢
+ + + + + + + +

N ROX ROX
Rot Omy Mna Myx Ama AsTm KcnP L E ES D F    (3)   

 For illustration, measurements are added of CIV activity 
(+AsTm) and chemical background (ROX ¢  includes autooxidation 
after inhibition by KCN; Table  1 ). 

 In the design of multiple, complementary protocols, it is 
important to include one or several overlapping coupling/substrate 
states, providing a quantitative link between the separate experi-
mental incubations (Fig.  7c ).  

  Mass-specifi c fl ux of permeabilized muscle fi bers is expressed per 
mg wet weight (Fig.  7a ), integrating mitochondrial quality and 
quantity (mt-density). Rather than tabulating mitochondrial respi-
ration in an unnecessary variety of units, SI units provide a standard 
for expressing oxygen fl ow (mol O 2  s 

−1 ; pmol/s) (Table  2 ) and mass-
specifi c oxygen fl ux (pmol/s per mg). Multiply “bioenergetic” units 
(ng atom O min −1 ) by 8.33 to convert to SI units (pmol O 2  s 

−1 ). 
 To separate the effects of mt-quality from mt-density, a common 

mt-marker is used for normalization, such as mtDNA  (  41  ) , citrate 
synthase activity or CIV activity  (  12  ) , or cytochrome  aa  3  content  (  8  ) . 
Subsamples or the entire contents can be collected from the 
O2k-chamber for the analysis of CS activity  (  29  ) . Respiratory fl ux 
control ratios, FCR (Fig.  7c ), however, are internal ratios within an 
experimental run and thus minimize several experimental errors, 
providing the most powerful normalization of fl ux  (  4  ) . Substrate 
control ratios are FCR at constant coupling state, whereas cou-
pling control ratios are FCR at constant substrate state, relating  L  
and  P  to  E  (Fig.  7c ).

    1.    The LEAK control ratio,  L / E , expresses uncoupling or dys-
coupling, provided that specifi c limitations of fl ux by  E  are 
considered.  L / E  increases with uncoupling from a theoretical 
minimum of 0.0 for a fully coupled system to 1.0 for a fully 
dyscoupled state.  

    2.    The phosphorylation system control ratio,  P / E,  increases from 
a minimum of  L / E  if the capacity of the phosphorylation 
system is zero to the maximum of 1.0 if the capacity of the 
phosphorylation system fully matches the ETS capacity (or in 

  3.3.5.  Oxygen Flux, 
Normalization of Flux, 
and Flux Control Ratios
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fully dyscoupled mitochondria), when there is no limitation of 
 P  by the phosphorylation system or the proton backpressure. 
It is important to separate the effect of ADP limitation from 
limitation by enzymatic capacity at saturating ADP concentration 
(Fig.  6 ). In Fig.  7 , the  P / E  fl ux ratio was 0.83 at 5 mM ADP, 
whereas the pseudo-state  P  control ratio ( P* / E ) was 0.70 at 
2.5 mM ADP, due to ADP limitation of respiration.  

    3.    The conventional respiratory control ratio, RCR (State 3/State 
4 or  P / L ) increases from 1.0 to infi nity from fully dyscoupled to 
fully coupled mitochondria. But the RCR declines with increasing 
levels of coupling as a function of the phosphorylation system 
control ratio,  P / E . For mathematical reasons, it is more appro-
priate to use the inverse RCR, which is the  L / P  ratio with the 
theoretical boundaries of 0.0 at tight coupling, to the maximum 
of ( L / E )/( P / E )  £  1.0, which becomes 1.0 in fully dyscoupled 
mitochondria. The RCR is useful only in the limiting case when 
the  P / E  ratio is 1.0 (since then  L / P  =  L / E ; ref.  4  ) .      

  Physiological intracellular oxygen levels are signifi cantly lower than 
air saturation under normoxia, hence respiratory measurements 
carried out at air saturation are effectively hyperoxic for cultured 
cells and isolated mitochondria  (  10  ) . Respiratory capacity, how-
ever, of mitochondrial preparations must be evaluated at kinetic 
oxygen saturation as a reference state. The apparent  K  m  for oxygen 
( c  50  [ m M] or  p  50  (kPa) is controlled by diffusion gradients and met-
abolic state. Even at 20  m M, oxygen does not limit respiration of 
isolated mitochondria and small cells (20- to 50-fold above the  c  50  
of 0.4–1.0  m M  (  32–  34  ) ). In permeabilized muscle fi ber bundles, 
however, diffusion restriction increases the sensitivity to oxygen 
supply to a  c  50  of 10  m M in the passive LEAK state of respiration, 
when diffusion gradients are small at low oxygen fl ux. In the active 
ADP-stimulated state, the  c  50  is increased to 40  m M, or 100-fold 
above that of isolated mitochondria (30 °C; rat soleus and rat heart, 
incubated with pyruvate and malate  (  5,   45  ) ). Similarly, oxygen 
limitation of respiration in permeabilized fi bers from human v. lat-
eralis is signifi cant at all levels below air saturation, with a typical  c  50  
of 50  m M for ADP-stimulated respiration (37 °C; Figs.  8  and  9 ). 
For the analysis of oxygen kinetics, respiration is monitored during 
aerobic–anaerobic transitions (Fig.  8a ) and plotted as a function of 
oxygen concentration (Fig.  8b ). In many but not all cases, a hyper-
bolic function provides a good fi t (Fig.  8b ). Instability of respira-
tion over prolonged periods of incubation time may distort the 
oxygen kinetics, which is minimized by using larger amounts of 
tissue in such tests, and evaluated by observation of recovery of 
oxygen fl ux after reoxygenation (Fig.  8a ). Extrapolation of a hyper-
bolic relationship below air saturation (Fig.  8b ) does not appear to 
be valid, as seen by the constant fl ux after reoxygenation (Fig.  8a ). 

  3.3.6.  Oxygen
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Multiphasic oxygen kinetics becomes particularly evident in cases 
when the muscle fi ber bundle (Fig.  9a ) is mechanically separated 
further into many small pieces during stirring in the O2k-chamber 
(Fig.  9b ). In the latter case, the oxygen diffusion distance is reduced 
for an increasing fraction of mitochondria, such that the last phase 
in the aerobic–anaerobic transition resembles that of isolated mito-
chondria with a steep decline of fl ux toward oxygen exhaustion 
(compare Fig.  9a, b ).   

 In summary, elevation of oxygen levels in respirometry with 
permeabilized muscle fi bers is necessary to avoid the development 
of an artifi cial hypoxic or anoxic core in the nonperfused fi ber bundle 
( see   Note 3 ). The high degree of oxyconformance in permeabilized 
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  Fig. 8.    Oxygen dependence of respiration of permeabilized fi bers (human vastus lateralis, 9.6 mg  W  w ). ( a ) Online traces of 
oxygen concentration (    

2Oc   ; range 0–400  m M), and volume-specifi c fl ux (    
2OJ   ). Malate and 2.5 mM ADP, addition of gluta-

mate (G), succinate (S), reoxygenation with H 2 O 2  after 1-h incubation, indicating stability of respiration at high oxygen 
levels. The region of oxygen-conformance of respiration is shown by the hatched area. ( b ) Kinetic plot of volume-specifi c 
oxygen fl ux (    

2OJ   ) or fl ux ratio (    2Oj   ; normalized relative to fl ux at 240  m M), as a function of oxygen concentration; hyper-
bolic fi t is indistinguishable from the measured data points ( p  50  of 5.2 kPa,  c  50  of 50  m M O 2 ), in the fi rst phase of declining 
oxygen concentration (stippled range in panel  a ). 37 °C, MiR06, 2-ml chamber. Experiment 2010-02-26 D-01.       
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fi bers is not a kinetic property of the mitochondria, but is largely 
determined by the geometry of the fi ber bundle, with diffusion 
distances increased from 5–10  m m in cells to >150  m m in the intertwined 
bundle  (  5  ) . As a consequence, a compromise is suggested to 
maintain oxygen levels in the range >250  m M to minimize oxygen 
limitation of respiration, but <500  m M to avoid extremes of hyperoxia 
experienced by the peripheral or partially separated mitochondria 
in the oxygraph chamber.

    1.    Add 2.2-ml medium into the chamber and insert the stop-
per incompletely, leaving an air space above the stirred medium. 
A stopper spacer is used for optimal and reproducible posi-
tioning. In this state, the oxygen sensors are air-calibrated 
(Subheading  3.4.1 ) while fi bers are permeabilized. Remove the 
stopper, insert a permeabilized fi ber bundle into the medium, 
and insert the stopper incompletely. Inject a few milliliters of 
oxygen from a gas injection syringe through a needle inserted 
into the injection port of the stopper and extending into the gas 
phase, but not into the aqueous phase. Thereby an elevated 
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  Fig. 9.    Oxygen dependence of respiration in two parallel experiments with samples from a biopsy of human vastus lateralis, 
2.6 and 3.1 mg  W  w  ( a ,  b ). The  horizontal dotted lines  indicate the oxygen concentration of 191  m M corresponding to air 
saturation at standard pressure (100 kPa; 19.6 kPa partial oxygen pressure). ( a ) Typical near-hyperbolic oxygen depen-
dence, with an apparent  p  50  of 5.4 kPa ( c  50  of 52  m M O 2 ; but nonhyperbolic extension at high oxygen; compare Fig.  8 ). 
( b ) Multiphasic oxygen dependence in fi bers that were disrupted into small pieces by the stirrer in the chamber, without 
inducing turbidity. The last phase at lowest oxygen levels indicates an apparent  p  50  equivalent to the kinetics of isolated 
mitochondria, whereas the fi rst phase at high oxygen levels refl ects the oxygen dependence of intact permeabilized fi bers. 
37 °C, MiR06, 2-ml chamber. Experiment 2010-04-26 GH-01.       
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oxygen pressure is created above the stirred aqueous medium. 
Oxygen in the gas and aqueous phases starts to equilibrate 
rapidly. When the desired oxygen concentration above 400  m M 
is nearly reached, close the chamber, thereby removing the gas 
phase and stopping the equilibration process.  

    2.    Small reoxygenation steps during the experiment can be per-
formed by titrating a few microliters of H 2 O 2  (200 mM in H 2 O, 
adjust to pH 6 and keep on ice to minimize autooxidation) into 
MiR06 (containing catalase). This is suffi cient to raise oxygen 
levels from 250  m M again to 400  m M. After injecting H 2 O 2 , the 
time required for the fl ux to stabilize depends on the step change 
of oxygen; smaller steps require less time for stabilization (Figs.  6  
and  7 ). Using H 2 O 2  increases total gas pressure with oxygen 
pressure. This can generate bubbles in steps from air saturation 
to >400  m M, that is why O 2  gas is applied initially.       

   Dissolved oxygen concentration is measured amperometrically by 
Clark-type polarographic oxygen sensors (POS), containing a gold 
cathode and Ag/AgCl anode connected electrically by a KCl elec-
trolyte, and separated from the sample by an O 2 -permeant FEP 
membrane (0.25  m m). A polarization voltage of 0.8 V is applied to 
reduce O 2  that diffuses from the incubation medium to the cath-
ode through the membrane. O 2  is reduced to water, generating a 
current (hence amperometric) that is linearly proportional to O 2  
partial pressure,     2Op   , in the stirred experimental solution  (  46  ) . 
After current-to-voltage conversion and amplifi cation, the raw 
signal is obtained (1 V/ m A; with further amplifi cation by gain set-
tings of 2 or 4). Data sampling at time intervals of 2 s is suffi cient 
for routine applications, 1 s is recommended for kinetic experiments, 
and it can be reduced to 0.2 s for applications with high sample 
concentrations. 100 data points are averaged at each data sampling 
interval. The limit of detection of oxygen concentration extends to 
0.005  m M (5 nM) O 2 . The digital resolution is 2 nM, yielding a 
500,000-fold dynamic range up to oxygen saturation. The polaro-
graphic oxygen sensors (OROBoPOS) are stable for several months 
without exchange of membranes or electrolyte  (  3  ) . A standardized 
calibration of the linear oxygen sensor includes quality control of 
signal stability (noise and drift; static two-point sensor calibration) 
and dynamic calibration of the sensor response time  (  2  ) .

    1.    For storage, fi ll up the clean O2k-chambers completely with 
70% ethanol, with the POS and stirrers remaining in the assem-
bled chamber, and the stopper loosely inserted and covered by 
a lid. Storage in 70% ethanol between experiments can be 
extended over periods of months, keeping the chamber sterile 
and the POS immediately ready to use  (  3  ) .  

    2.    After switching on the instrument, set the experimental 
temperature, wash with distilled or deionized water while the 

  3.4.  High-Resolution 
Respirometry

  3.4.1.  Calibration 
of the Polarographic 
Oxygen Sensor
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stirrer is on (750 rpm or 12.5 Hz is optimal), and add 2.2-ml 
experimental medium (MiR06). Insert the stoppers slowly to 
their volume-calibrated position (2-ml effective volume, plus 
0.08 ml to fi ll the stopper capillary). Siphon off excess medium 
ejected through the stopper capillary with the integrated 
suction system (ISS; Fig.  1 ).  

    3.    Lift the stoppers slightly to introduce an air space above the 
stirred aqueous medium (open position with stopper spacer), 
and allow for suffi cient time to obtain temperature stability and 
oxygen equilibration between the gas and aqueous phases. The 
gas volume has to be exchanged for air, if the medium has not 
been near air saturation initially, to ensure a well-defi ned     2Op   in 
the gas phase during air equilibration. Equilibration is a slow 
process, but stability should be reached within 30–60 min.  

    4.    During this time, a quick stirrer test is performed for dynamic 
sensor calibration, switching off the stirrer shortly with the con-
sequence of a sharp drop of the POS signal, and observing the 
exponential increase of the signal after the stirrer is switched on. 
The corresponding response time is a sensitive indicator of 
dynamic sensor performance, and deconvolution of the signal is 
possible for high time resolution in kinetic studies  (  1,   2,   10  ) .  

    5.    The signal at air saturation provides the fi rst calibration point, 
with raw signal  R  1 . During this period, the slope of O 2  over 
time must be less than 0.5–1.0 pmol/s per ml, indicating 
proper signal stability of the POS. Air calibrations are per-
formed daily before starting an experiment  (  47  ) .  

    6.    Titrate 100  m l freshly prepared 10 mM solution of sodium 
dithionite to fully exhaust the dissolved oxygen concentration to 
zero. The zero signal,  R  0 , should be <3% of  R  1 , but most impor-
tantly,  R  0  must be stable (higher stability and lower noise than at 
air saturation). Occasional checks over a period of months are 
suffi cient  (  3  ) , except in studies of oxygen kinetics, when short-
term zero drift must be accounted for by internal zero calibra-
tion after oxygen depletion by mitochondrial respiration, for 
resolution in the nanomolar oxygen range  (  1,   2,   10,   34  ) .      

  To convert     2Op   [kPa] to oxygen concentration     
2Oc   [ m M], the oxy-

gen solubility of the medium is calculated as a function of tem-
perature and salt concentration. Oxygen calibration is fully 
supported by the OROBOROS DatLab software and combines 
the following information  (  47  ) :

    1.    Raw signal [ R  1  (V)] obtained at air saturation of the medium.  
    2.    Raw signal [ R  0  (V)] obtained at zero oxygen concentration.  
    3.    Experimental temperature [ T  (°C)] measured in the thermo-

regulated copper block (Fig.  1 ).  

  3.4.2.  Oxygen Solubility 
and Concentration
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    4.    Barometric pressure [ p  b  (kPa)] measured by an electronic pressure 
transducer.  

    5.    The oxygen partial pressure [    
2Op   (kPa)] in air saturated with 

water vapor, as a function of barometric pressure and tempera-
ture, calculated by the DatLab software  (  46  ) .  

    6.    The oxygen solubility [    
2OS   ( m M/kPa)] in pure water as a function 

of temperature, calculated by the DatLab software  (  46  ) .  
    7.    The oxygen solubility factor of the incubation medium ( F  M ) 

which expresses the effect of the salt concentration on oxygen 
solubility relative to pure water. In MiR06,  F  M  is 0.92 deter-
mined at 30 and 37 °C, and  F  M  is 0.89 in serum at 37 °C. The 
same factor of 0.89 can be used for various culture media such 
as RPMI  (  47  ) . At standard barometric pressure (100 kPa), the 
oxygen concentration at air saturation is 207.3  m M at 37 °C 
(19.6 kPa partial oxygen pressure;  (  46  ) ). In MiR06 and serum, 
the corresponding saturation concentrations are 191 and 
184  m M, respectively.      

  Long-term signal stability and low noise of the oxygen signal are a 
basis for online display of oxygen fl ux calculated as the negative 
time derivative of oxygen concentration. The limit of detection in 
HRR of oxygen fl ux is 1 pmol/s per cm 3  (0.001  m M/s). With 
small amounts of sample and correspondingly low respiratory fl ux 
per volume, the oxygen capacity of the system provides suffi cient 
time to evaluate the stability of respiratory activity in each meta-
bolic state and to permit complex titration regimes (Fig.  7 ). At a 
constant volume-specifi c fl ux of 100 pmol/s per cm 3 , 180  m M O 2  
is exhausted within 30 min (Fig.  7b ). 

 Oxygen consumption by the POS and oxygen diffusion below 
or above air saturation contribute to instrumental background 
oxygen fl ux, which is minimized in HRR and corrected for  (  1–  3  ) . 
At air saturation, the POS generates a current of about 2  m A at a 
stoichiometry of four electrons/O 2 . The O 2 /electron ratio divided 
by the Avogadro constant ( F  = 96,485.53 C/mol) yields the 
amount of oxygen per Coulomb [1/(4· F ) = 2.591  m mol O 2  C −1 ] or 
O 2  fl ow per current (2.591 pmol/s per  m A). At 2  m A per 2 ml, 
therefore, volume-specifi c O 2  fl ux or O 2  consumption by the POS 
(    

2O ,POSJ   ) is 2.6 pmol/s per ml.     
2O ,POSJ   declines to zero as a strictly 

linear function of     2Op   or     
2Oc   under constant experimental condi-

tions. Hence correction for     
2O ,POSJ   is simple and accurate, and does 

not infl uence the limit of detection of biological fl ux. In contrast, 
the contribution of oxygen diffusion to instrumental background 
is unpredictable in various respirometric systems, and needs to be 
determined empirically in the closed chamber in the absence of 
biological material, as a function of oxygen concentration in the 
experimental range. Effects of oxygen back-diffusion are minimized 

  3.4.3.  Oxygen 
Flux and Instrumental 
Background
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in the Oxygraph-2k by the large volume (2 ml) and the selection 
of diffusion-tight materials in contact with the respiration medium: 
Glass chambers and PVDF or titanium stoppers (not Perspex), 
magnetic stirrer bars coated by PVDF or PEEK (not Tefl on), and 
Viton O-rings (not silicon). Compared to aqueous media, plastic 
materials such as Tefl on have a >10-fold higher oxygen solubility. 
Plastic is not feasible for respirometry, since uncontrolled oxygen 
back-diffusion distorts the respiratory decline of oxygen concen-
tration in a closed chamber. 

 Instrumental background tests were designed to detect and 
eliminate possible oxygen leaks, introducing this integrated sys-
temic calibration as a key component of quality control in HRR 
( (  1–  3,   48  ) ;  see   Note 4 ).

    1.    Close the chamber by fully inserting the stoppers after stabiliza-
tion at air saturation, excluding any gas bubbles. After 10–15 min, 
observe instrumental background fl ux ( J °  

1
 ) which is due to     

2O ,POSJ
  only.     

2O ,POSJ   is 2.5–3.5 pmol/s per cm 3  at air saturation in the 
2-ml O2k-chamber at 37 °C. Agreement with the predicted 
fl ux validates the instrumental limit of detection of fl ux. Higher 
 J °  1  is due to microbial contamination of the medium and 
chamber.  J °  1  would increase to 25 pmol/s per cm 3  in a 200- m l 
chamber. Whereas     

2O ,POSJ   decreases linearly to zero at anoxia, it 
increases to 8 pmol/s per cm 3  at 500  m M O 2 , but instrumental 
background fl ux     

2OJ   does not conform to     
2O ,POSJ   at these oxy-

gen levels.  
    2a.    Lower experimental oxygen concentrations are obtained by 

stepwise titration of small volumes of freshly prepared 10 mM 
solution of sodium dithionite (Na 2 S 2 O 4 ; 1.7 mg/ml phosphate 
buffer, pH 8) into MiR06. Standardized four-step background 
tests (    

2OJ   at air saturation, 100, 50, and 20  m M O 2 ) can be 
performed automatically using the programmed OROBOROS 
Titration-Injection microPump (TIP2k; ref.  48  ) . Alternatively, 
the chamber is opened intermittently for fl ushing the gas phase 
with nitrogen or argon, and closed at reduced oxygen con-
centration. The near-linear dependence of     °

2OJ    on oxygen 
concentration extrapolates to zero oxygen concentration with 
an intercept  a°  of −1.5 to −2.5 pmol/s per cm 3 , which is the 
oxygen back-diffusion per volume of the chamber at zero 
oxygen concentration. A typical value of the slope  b°  is 0.025. 
More negative values of  a°  indicate an oxygen leak in the 
system.  

    2b.    In experiments with permeabilized fi bers at elevated oxygen 
levels, instrumental background is measured in the experimen-
tal range after increasing the oxygen concentration in MiR06 
(see above), and stepwise measurement of     °

2OJ    at four oxygen 
levels matching the experimental oxygen regime (Fig.  7b : 370, 
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330, 300, and 240  m M). The recommended range is 
400–250  m M.  

    3.    Plot     °
2OJ    as a function of average     

2Oc   during the period of 
determining     °

2OJ   .Calculate  a°  and  b°  by linear regression 
(DatLab),     

2 2O O .J a b c° = ° + ° ´     
    4.    Background-corrected volume-specifi c oxygen consumption 

[    
2,OVJ   (pmol/s per cm 3 )] is calculated automatically for each 

data point (DatLab, online) over the entire experimental oxy-
gen range  (  1–  3  ) ,

     ( )2

2 2

O
V,O O

d
1,000

d
= - ´ - ° + ° ´

c
J a b c

t
   (3.4)  

where     
2Oc   ( m M or nmol/cm 3 ) is oxygen concentration measured 

at time  t ,     
2Od / dc t   is the time derivative of oxygen concentration, 

and the expression in parentheses is instrumental background 
oxygen fl ux.        

 

     1.    OXPHOS protocols presented in this chapter and instru-
mental standards in HRR address new challenges in mito-
chondrial respiratory physiology and pathology.  

    2.    Emphasis is placed on intact cells, permeabilized cells, and 
permeabilized muscle fi bers. It has not been shown if isolation 
of mitochondria involves the selective loss of damaged mito-
chondria, but in any case all types of mitochondria are accessi-
ble experimentally in permeabilized cells and tissues. Respiration 
of permeabilized skeletal muscle fi bers and isolated mitochon-
dria yields comparable results on OXPHOS capacity  (  4  ) .  

    3.    A recent methodological presentation of respirometry with 
permeabilized muscle fi bers  (  49  )  lacks consideration on oxy-
gen limitation summarized previously  (  45,   50  ) , tabulates respi-
ration of rat liver homogenate at 30 °C  (  49  )  which is actually 
mechanically permeabilized pig liver measured at 37 °C  (  29  ) , 
and restricts discussion of protocols to simple substrate supply 
(separate CI- or CII-electron entry into the ETS), whereas full 
OXPHOS capacity can be obtained only with physiological 
CI + II substrate combinations  (  4,   30,   37,   41,   42,   44  ) .  

    4.    Demands are increasing for quality control, quality assurance, 
traceability of calibrations, and standardization of protocols for 
functional mitochondrial diagnosis in biomedical research and 
clinical applications.          

  4.  Notes
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