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SUMMARY:  22 
Assessing oxidative phosphorylation using high-resolution respirometers has become an integral 23 
part of the functional analysis of mitochondria and cellular energy metabolism. Here, we present 24 
protocols for the analysis of cellular energy metabolism using chamber and microplate-based 25 
high-resolution respirometers and discuss the key benefits of each device. 26 
 27 
ABSTRACT:  28 
High-resolution respirometry (HRR) allows monitoring oxidative phosphorylation in real-time for 29 
analysis of individual cellular energy states and assessment of respiratory complexes using 30 
diversified substrate-uncoupler-inhibitor titration (SUIT) protocols. Here, the usage of two high-31 
resolution respirometry devices is demonstrated, and a basic collection of protocols applicable 32 
for the analysis of cultured cells, skeletal and heart muscle fibers, and soft tissues such as the 33 
brain and liver are presented. Protocols for cultured cells and tissues are provided for a chamber-34 
based respirometer and cultured cells for a microplate-based respirometer, both encompassing 35 
standard respiration protocols. For comparative purposes, CRISPR-engineered HEK293 cells 36 
deficient in mitochondrial translation causing multiple respiratory system deficiency are used 37 
with both devices to demonstrate cellular defects in respiration. Both respirometers allow for 38 
comprehensive measurement of cellular respiration with their respective technical merits and 39 
suitability dependent on the research question and model under study. 40 
 41 
INTRODUCTION:  42 
Mitochondria fulfill the key provision of energy and are a compartmentalized organelle 43 
contributing to essential cellular bioenergetic and metabolic processes such as anabolism of 44 
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nucleotides, lipids and amino acids, iron-sulfur cluster biogenesis and are implicated in signaling 45 
such as for controlled cell death1–3. Mitochondrial bioenergetics through oxidative 46 
phosphorylation contributes to almost all cellular processes within the cell, and consequently, 47 
mitochondrial dysfunctions of primary or secondary origin are associated with a wide spectrum 48 
of disease conditions4,5. Mitochondrial dysfunction not only involves alterations in structure or 49 
mitochondrial density but also in the quality and regulation of the respiratory system6. This 50 
qualitative element encompasses substrate control, coupling characteristics, post-translational 51 
modifications, cristae dynamics, and respiratory supercomplexes7,8. Therefore, accurate analysis 52 
of mitochondrial bioenergetics for experimental and diagnostic approaches to assess the energy 53 
metabolism of the cell is vital in health and disease.  54 
 55 
Mitochondrial oxidative phosphorylation (OXPHOS) is a sequence of reactions within the 56 
respiratory system or electron transfer system (ETS) for the generation of cellular energy through 57 
adenosine triphosphate (ATP)9. The multi-enzymatic step to harness energy from electron flow 58 
through complexes I and II to complex IV generates an electrochemical proton gradient across 59 
the inner mitochondrial membrane, subsequently utilized for phosphorylation of adenosine 60 
diphosphate (ADP) to ATP via complex V (Fo-F1-ATP synthase) (Figure 1A).  61 
 62 
First, two-electron carriers are generated during the tricarboxylic cycle (TCA), glycolysis, and 63 
pyruvate oxidation: nicotinamide adenine dinucleotide (NADH) and dihydroflavine adenine 64 
dinucleotide (FADH2). NADH is oxidized at complex I (NADH dehydrogenase), during which two 65 
electrons are transferred to coenzyme Q (quinone is reduced to quinol), while protons are 66 
pumped into the intermembrane space (IMS). Second, complex II (Succinate dehydrogenase) 67 
oxidizes FADH2 and feeds the electrons to coenzyme Q without pumping protons. Third, at 68 
complex III (Cytochrome c oxidoreductase), electrons from coenzyme Q are transferred to 69 
cytochrome c while protons are pumped into the IMS. Fourth, cytochrome c transfers the 70 
electrons to complex IV (Cytochrome c oxidase), the final complex to pump protons, and where 71 
oxygen functions as an electron acceptor to assimilate protons, ultimately forming water. It is 72 
this oxygen that mitochondria consume and which can be measured by an oxygraph. Finally, the 73 
protons generated from complex I, complex III, and complex IV are used to rotate complex V, 74 
thereby generating ATP9.  75 
 76 
Importantly, electron transfer occurs not only in a linear fashion, otherwise denoted as the 77 
electron transport chain. Instead, electrons can be transferred to the Q-pool through multiple 78 
respiratory pathways and facilitate convergent electron flow. NADH-substrates and succinate, 79 
for example, can enter via complex I and complex II, respectively. Electrons from fatty acid 80 
oxidation can be donated via the electron transferring flavoprotein complex. Indeed, a 81 
comprehensive analysis of OXPHOS requires a holistic approach with appropriate fuel substrates 82 
(Figure 1A). 83 
 84 
(Insert Figure 1 here) 85 
 86 
Analysis of mitochondrial OXPHOS capacity using HRR has become an instrumental biochemical 87 
method of diagnostic value not only for primary mitochondrial defects10,11 but extending all other 88 



   

realms of biology such as cancer and ageing12. HRR allows the determination of cellular 89 
respiration by the analysis of mitochondrial OXPHOS capacity, which directly reflects individual 90 
or combined mitochondrial respiratory complex deficiency, and indirectly is associated with 91 
cellular dysfunction and altered energy metabolism9. Methodologically, respiration 92 
measurements are performed using cells, tissue, or isolated mitochondria11,13,14,  with frozen 93 
material only partially suitable15,16. Frozen tissue is shown to have an intact ETS with maintained 94 
supercomplex stability15. Thus, as opposed to traditional TCA intermediates, respective 95 
substrates are directly fed into the ETS. However, coupling between the ETS and ATP synthesis is 96 
lost as the membrane integrity is compromised through freeze damage (ice crystal formation).  97 
 98 
Respiration experiments normally take place at a physiological temperature of 37 °C for 99 
endotherms in either non-permeabilized or permeabilized cells or tissue.  While the former 100 
considers the cytosolic metabolic context, the latter provides the energetic contribution of 101 
individual OXPHOS complexes and the ATPase through the addition of specific substrates (and 102 
inhibitors). The sequence and variation of substrates and inhibitors have led to the development 103 
of a diverse array of SUIT protocols17 and assays18 to address various scientific questions of 104 
OXPHOS function (reviewed under12). The basic protocol of cellular respiration assesses four 105 
different states: i) routine respiration—the respiration in a respective respiration media without 106 
any addition of substrates or inhibitors consuming but endogenous substrates. This state can 107 
reveal general OXPHOS or secondary-induced respiration defects caused, for example, by altered 108 
metabolite profiles. Next, the addition of the ATPase inhibitor oligomycin reveals the 109 
permeability of the inner mitochondrial membrane to protons, defined as ii) leak respiration. 110 
Subsequent titration of a protonophore such as the uncoupler carbonyl cyanide p-trifluoro-111 
methoxyphenyl-hydrazone (FCCP) allows to determine the state at which ETS capacity is maximal 112 
in an open-transmembrane proton circuit mode, defined as iii) uncoupled respiration. 113 
Importantly, an uncoupled state can also occur by experimental interventions through excessive 114 
mechanical damage to the mitochondrial membranes. Conversely, the non-coupled state refers 115 
to respiratory uncoupling by an intrinsic mechanism that is physiologically controlled. Finally, 116 
complete inhibition of the ETS by addition of the complex III inhibitor antimycin and complex I 117 
inhibitor rotenone determines residual oxygen consumption (ROX) from non-mitochondrial 118 
oxygen-consuming processes (Figure 1A–C). 119 
 120 
Mitochondrial bioenergetics consists of five distinct respiration states19,20. State 1 respiration is 121 
without any additional substrates or ADP, except for what is endogenously available. After the 122 
addition of ADP, but still, no substrates, state 2 respiration is achieved. When substrates are 123 
added, allowing electron transfer and ATP synthesis, state 3 respiration is reached. In this state, 124 
OXPHOS capacity can be defined at saturating concentrations of ADP, inorganic phosphate, 125 
oxygen, NADH- and succinate-linked substrates. State 4 respiration or LEAK respiration can be 126 
defined as a state without ADP or chemically inhibited ATP synthases while having sufficient 127 
substrates. Lastly, when all oxygen is depleted (anoxic) in a closed-chamber setting, state 5 128 
respiration is observed.  129 
 130 
Several methods exist to assess cellular energy states14 with two devices dominating the current 131 
real-time assessment of OXPHOS through analysis of oxygen consumption, measured as the 132 



   

function of the decrease in oxygen over time in a closed-chamber system with different 133 
applicability dependent on the experimental model and research question: the Oroboros 2k high-134 
resolution respirometer and Seahorse XF extracellular flux analyzer. Both devices record the 135 
oxygen consumption rates as a decrease in picomoles (pmol) of oxygen (O2) per second as an 136 
absolute value within the chamber or microplate well. The specific oxygen consumption per mass 137 
is obtained by normalizing the respective oxygen consumption in a specific buffer recipe per the 138 
number of cells (millions), tissue weight (mg), or protein amount. 139 
 140 
The O2k (Oroboros Instruments) is a closed two-chamber system equipped with a polarographic 141 
oxygen sensor (abbreviated as chamber-based high-resolution respirometer: cHRR). Each 142 
experimental chamber holds 2 mL of liquid which is kept homogenous by magnetic stirrers. The 143 
polarographic oxygen sensor utilizes an amperometric approach to measure the oxygen: it 144 
contains a gold cathode, a silver/silver chloride anode, and in between a KCI solution creating an 145 
electrochemical cell upon which a voltage (0.8 V) is applied. Oxygen from the assay medium 146 
diffuses through a 25 µm fluorinated ethylene propylene membrane (O2-permeable) and 147 
undergoes reduction at the cathode, producing hydrogen peroxide. At the anode, silver is 148 
oxidized by hydrogen peroxide, generating an electric current. This electric current (ampere) is 149 
linearly related to the partial oxygen pressure. The partial pressure of oxygen and the oxygen 150 
solubility factor of the assay medium are used to compute the oxygen concentration. Since 151 
oxygen partial pressure is dependent on experimental temperature and polarographic 152 
measurements are temperature-sensitive, fluctuations in temperature need precise (±0.002 °C) 153 
regulation by a Peltier heating block. Temperature can be controlled within a range of 4 °C and 154 
47 °C.  155 
 156 
The Seahorse XF extracellular flux analyzer (Agilent) is a plate-based system with 24- or 96-well 157 
microplate format in which three fluorescence electrodes measure oxygen consumption over 158 
time in each well (abbreviated as microplate-based high-resolution respirometer: mHRR). A 159 
maximum of four ports in the assay cartridge are available for automated injection during the 160 
assay. An assay contains multiple cycles, each with three phases: 1) mixing, 2) waiting, and 3) 161 
measurement. During the measurement phase, sensor probes are lowered into the microplate 162 
creating a temporarily closed chamber with 7–10 μL volume to measure emitted light. This light 163 
is emitted by polymer-embedded fluorophores on the tip of the sensor probes, which sense O2 164 
based on phosphorescence quenching. The intensity of the fluorescence signal is proportional to 165 
O2 and influenced by the temperature of the sensor and assay medium. Therefore, accurate 166 
oxygen estimation requires a relative approach with a background well without any sample. 167 
Restoring oxygen concentration occurs during the mixing phase when the sensor moves up and 168 
down to mix the volume above the temporary chamber. Each cycle computes one oxygen 169 
consumption rate. Temperature can be controlled within a range of 16 °C and 42 °C. 170 
 171 
In this study, basic protocols for HRR are provided to assess OXPHOS function in cells and tissues. 172 
HRR is the gold standard to assess cellular bioenergetics in primary and mitochondrially-173 
associated diseases and general cellular metabolism. 174 
 175 
(Insert Figure 2 here) 176 



   

 177 
PROTOCOL:  178 
 179 
All animal experimentation is performed in accordance with the National Animal Experiment 180 
Review Board and Regional State Administrative Agency for Southern Finland. Male 181 
C57BL/6JOlaHsd mice (4–6 months-old) were used in this study. Consent for the use of human 182 
cell lines was obtained from the institutional ethics committee of the University of Helsinki. 183 
 184 
1. High-resolution respirometry: Chamber-based respirometer (cHRR) 185 
 186 
NOTE: The experiments in this section of the protocol were performed using O2k-Core: 187 
Oxygraph-2k (Table of Materials) 188 
 189 
1.1. Calibration of oxygen sensors 190 
 191 
1.1.1 Pre-run respirometers at 37 °C in 2.1 mL of mitochondrial respiration medium (MiR05, Table 192 

1, solubility factor: 0.92) for >45 min and perform oxygen calibration as described21. Proceed if 193 

baseline variation is within ± 4 pmol/s. 194 

 195 
NOTE: Large fluctuations in background signal could mean maintenance of the sensor membrane 196 
or traces of inhibitors remaining in the chamber from previous experimentation. An instrumental 197 
background oxygen flux correction is recommended prior to a batch of experiments25.  198 
 199 
1.1.2 Record oxygen calibration values to monitor the sensor membrane performance over time. 200 
 201 
NOTE: This reveals sensor function and signal-to-noise stability and when sensor membrane 202 
maintenance is required. Dependent on ambient pressure, between 180–200 µmol of oxygen is 203 
solubilized in MiR05.  204 
 205 
1.1.3 Remove all liquid in the chamber before the addition of any sample in the respiration 206 
medium. 207 
 208 
NOTE: Evaluate the volume of respiration chambers to be exactly 2 mL regularly.   209 
 210 
1.2. Preparation of cells for high-resolution respirometry 211 
 212 
1.2.1. Culture HEK293 cells in 10 cm2 diameter dishes in Dulbecco`s Modified Eagle`s medium 213 
(DMEM) with high glucose supplemented with 10% heat-inactivated fetal bovine serum (FBS), 214 
GlutaMax, Non-essential amino acids, and Na-Pyruvate22 and uridine23 to support OXPHOS-215 
defective metabolism in an incubator at 37 °C at 5% CO2.  216 
 217 
NOTE: Any type of eukaryotic cell can be cultured. For most cell types, culturing a 10 cm2 dish 218 
leads to sufficient cells (usually >3 x 106 cells). Routinely check for mycoplasma infection to avoid 219 



   

effects on cellular metabolism and respiration. 220 
 221 
1.2.2. Grow cells without exceeding 90% confluency (Figure 2C). 222 
 223 
NOTE: Cells with >90% confluency may show growth-dependent inhibitory effects on respiration 224 
(if not synchronized or post-mitotic). 225 
 226 
1.2.3. Wash the cells with 1x PBS, detach with 1 mL of warm 0.25% trypsin, deactivate trypsin 227 
by adding warm DMEM (5 mL/10 cm2 plate) and count the cells with a hemocytometer. 228 
 229 
1.2.4. Gently centrifuge the cell solution equaling 2.5 x 106 cells at 300 x g for 5 min, remove the 230 
supernatant completely, and resuspend in 2.5 mL of warm MiR05 (1 x 106 cells/mL)(Figure 2A). 231 
 232 
1.2.5. For suspension cells, count and remove solution equaling 2.5 x 106 cells, pellet and 233 
continue as mentioned in step 1.2.4.  234 
 235 
1.2.6. Run SUIT protocol for permeabilization optimization (step 1.6), permeabilized cell or 236 
tissue (step 1.5), or intact cells (step 1.7) 237 
 238 
NOTE: For consistent results, it is recommended to keep cell concentration constant (e.g., 1 x 106 239 
cells/mL). Although respiration is independent of cell density in the respirometer24, substrates 240 
and inhibitors are in comparable concentration throughout experiments if cell numbers are kept 241 
constant.  242 
 243 
1.3. Preparation of non-fibrous tissue (e.g., brain, liver) for high-resolution respirometry 244 
 245 
1.3.1. Excise a homogenous piece of tissue, 30–40 mg in weight, or use the entire organ (mouse 246 
cerebellum in this case). 247 
 248 
NOTE: If tissue is not immediately used, keep in 2 mL of ice-cold MiR05 allowing preservation for 249 
up to 2 h for most tissues. Individual tissue storage times need to be assessed in time series. 250 
 251 
1.3.2. Blot the tissue dry with a Whatman filter paper (careful: soft tissue matter tends to stick). 252 
 253 
1.3.3. Place the 30–40 mg tissue piece into an ice-cooled 2 mL polytetrafluoroethylene potter 254 
Elvehjem homogenizer. 255 
 256 
1.3.4. Add an appropriate amount of MiR05 to obtain 20 mg/mL to maintain the tissue-to-buffer 257 
ratio. Keep the total amount >1.5 mL and <2 mL to avoid insufficient or excessive fluid for 258 
appropriate mechanical permeabilization.  259 
 260 
1.3.5. Insert the pestle, lyse the tissue slowly by retracting the pestle carefully while avoiding 261 
the generation of a vacuum causing excessive tissue damage. 262 
 263 



   

1.3.6. Perform 7 strokes in total (1x defined as one up- and downwards stroke) until lysed 264 
(apparent as a turbid liquid without major debris) (Figure 2B). 265 
 266 
NOTE: The number of strokes for appropriate lysis needs to be tested for each tissue by assessing 267 
outer mitochondrial membrane integrity via cytochrome C response (step 1.5.11). Hard-to-lyse 268 
connective tissue or vessel parts might remain. 269 
 270 
1.3.7. Decant the lysed tissue into a 15 mL centrifuge tube. 271 
 272 
1.3.8. Wash the inside of the potter with an equal amount of MiR05 used in lysing step (e.g., 1.5 273 
mL) and add to the 15 mL tube now containing 3–4 mL of MiR05 at 10 mg/mL tissue lysate. 274 
 275 
1.3.9. Add 2 mL of plain MiR05 per chamber to warm to 37 °C. 276 
 277 
1.3.10. Swirl the tube for equal distribution before pipetting 500 μL (equaling 5 mg) of each lysate 278 
per chamber slowly to minimize the stress from cold to 37 °C. 279 
 280 
1.3.11. Wait >3 min for chamber contents to warm to 37 °C before closing the chamber. Remove 281 
excess fluid on top of the stopper (amount per chamber after closing: 4 mg). 282 
 283 
1.3.12. Run the SUIT protocol for standard permeabilized (step 1.5). 284 
 285 
1.4. Preparation of fibrous tissue (skeletal muscle, heart muscle) for high-resolution 286 
respirometry 287 
 288 
1.4.1. Extract the hard tissue, remove the connective tissue and fat from the muscles using 289 
sharp forceps in 2 mL of ice‐cold BIOPS (Table 2) under a dissection microscope. 290 
 291 
1.4.2. Separate the fiber bundles (∼4 mg) along the longitudinal axis with sharp forceps. Tease 292 
out the fibers sufficiently to obtain a mesh-like structure (Figure 2B). 293 
 294 
NOTE: Proper mechanical fiber separation and permeabilization is indicated by the loss of the red 295 
pigment myoglobin and increased translucency. 296 
 297 
1.4.3. Wash and permeabilize the fiber bundle in saponin (50 μg/mL in BIOPS, prepared fresh) 298 
for 20 min at 4 °C (fibers become translucent, indicating complete permeabilization, Figure 2B). 299 
 300 
1.4.4. Wash the fibers twice in MiR05 for 5 min per wash at 4 °C. 301 
 302 
1.4.5. Blot dry with filter paper and weigh before adding to the chamber filled with 2.1 mL 303 
MiR05. 304 
 305 
1.4.6. Introduce stoppers without fully closing, then oxygenate the chambers with 2 mL of pure 306 
O2 by using a 20 mL syringe and close the chambers by twisting the stoppers in a rotating motion. 307 



   

Keep O2 concentration between 300–500 μM during the experiment to avoid oxygen diffusion 308 
limitation.  309 
 310 
1.5. Protocol for assessing routine respiration in cells or tissues 311 
 312 
1.5.1. Add sample to the chamber as mentioned in steps 1.5.2–1.5.3. 313 
 314 
1.5.2. Add 2.3 mL of warm MiR05 cell suspension (standard input: 1 x 106 cells/mL  as in step 1.2 315 
or 2 mg of tissue/mL as in step 1.3) 316 
 317 
1.5.3. Skeletal and heart muscle (step 1.4): Add ∼4 mg of saponin-permeabilized fibers to 318 
prewarmed 2.3 mL of warm MiR05 considering steps 1.4.4–1.4.6 319 
 320 
1.5.4. Run chambers at 37 °C and a stirring speed of 700 rpm. Wait for >3 min to allow media to 321 
degas and close the chambers by twisting the stopper in a rotating motion. Peltier block 322 
stabilization indicates reaching the set temperature.  323 

 324 
1.5.5. (OPTIONAL) Change the stirrer speed to 300 rpm to allow the remaining bubbles to escape 325 
through the capillary of the stopper. 326 
 327 
1.5.6. Aspirate any excess liquid on top of the stopper.  Wait for 10 min until a stable oxygen 328 
flux signal is achieved with any sample type to record routine/state 1 respiration, Figure 1B).  329 
 330 
1.5.7. For respiration measurements in permeabilized cells and tissue, continue with step 1.6. 331 
For intact cells with step 1.8. 332 
 333 
1.6. Protocol for OXPHOS analysis in permeabilized cells or tissues  334 
 335 
1.6.1. Use lysed (permeabilized) tissue sample or permeabilize cells by adding 1 µL of digitonin 336 
(8.1 mM digitonin stock in dimethyl sulfoxide (DMSO)) for a final concentration of 5 µg/mL to 337 
permeabilize cells. The flux will drop and should stabilize at >5 min.  338 
 339 
CAUTION: Digitonin is acutely toxic to the respiratory tract, in contact with skin, or when 340 
swallowed.  341 
 342 
NOTE: Injection of all chemicals is performed with precision glass syringes. Use syringes only for 343 
indicated chemicals to avoid cross-contamination and thoroughly wash in water and EtOH after 344 
use. Blocked syringes may require ultrasonication in warm ddH2O or a cleaning wire to dislodge 345 
any chemical clogs. Always retract a surplus of the respective stock solution into the syringe to 346 
avoid introducing air into the chambers. Inspect the inside of the chambers for the introduction 347 
of air after each injection. Record each step until flux plateaus. 348 
 349 
1.6.2. Add in rapid succession: 5 μL of 0.4 M malate (M) for a final concentration of 1 mM, 5 μL 350 
of 2.0 M pyruvate (P; prepared freshly), for a final concentration of 5 mM, 4 μL of 2.5 M glutamate 351 



   

(G) for a final concentration of 5 mM. 352 
 353 
1.6.3. After previous flux plateaued, add 5 μL (10 μL for muscle tissue) of 0.5 M adenosine 354 
diphosphate (ADP, aliquots stored at -80 °C) for a final concentration of 1.25 mM. 355 
 356 
NOTE: Tissue such as muscle might need a different concentration to reach saturation. 357 
 358 
1.6.4. Add 5 μL of 4 mM cytochrome C (cytC) for a final concentration of 10 µM. 359 
 360 
NOTE: Optional for cells to assess the quality of permeabilization.  361 
 362 
1.6.5. Add 16 µL of 1.25 M succinate (S) for a final concentration of 10 mM. (OPTIONAL) Add 3 363 
µL of 0.5 M ADP for a final concentration of 2 mM to control the saturation of ADP concentration.  364 
 365 
1.6.6. For cells and non-fibrous tissue, add 2 µL of 1 mg/mL oligomycin (OM) for a final 366 
concentration of 1 µg/mL. 367 

 368 
CAUTION: All ETS inhibitors used are highly toxic. 369 
 370 
NOTE: Oligomycin may require titration for optimal concentration as it can repress ETS capacity 371 
and is omitted for muscle tissue. Reoxygenate here when muscle tissue is assayed and if O2 is 372 
below 300 µM. 373 
 374 
1.6.7. Titrate FCCP from a 2 mM stock, add 0.6 µL with subsequent 0.2 µL steps until no increase 375 
in respiration and respiration is maximally uncoupled (theoretical: non-coupled).  376 
 377 
1.6.8. Add 1 µL of 1 mM rotenone (ROT) for a final concentration of 0.5 µM.  Add 2 µL of 1 378 
mg/mL antimycin (AM) stock for a final concentration of 1 µg/mL.  379 
 380 
1.6.9. Reoxygenate the chambers to achieve a similar oxygen level (∼150 µM) in all chambers 381 
by slowly lifting the plunger in twisting motion. 382 
 383 
1.6.10. Add 5 μL of 0.8 M ascorbate for a final concentration of 2 mM immediately followed by 5 384 
μL of 0.2 M N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) for a final concentration of 0.5 385 
mM to assess complex IV activity (optional). 386 
 387 
1.6.11. Add 5 µL of 4 M azide for a final concentration of 10 mM immediately when peak O2 flux 388 
is reached with TMPD. Continue the run for >5 min to assay auto-oxidation of TMPD for complex 389 
IV base level calculation.   390 
 391 
1.6.12. Recount the cells to confirm the cell count pre-run and continue with step 1.9. 392 
 393 
NOTE: Digitonin-permeabilization (for cells only) needs to be titrated in trial experiments to reach 394 
maximal flux and not affect mitochondrial membrane integrity (see step 1.7). Permeabilized 395 



   

samples (especially muscle tissue) with >10% increase in respiration rate after addition of 396 
cytochrome c should be excluded from further analysis due to outer mitochondrial membrane 397 
damage. A short-time dip in flux after the addition of EtOH-dissolved chemicals is expected. 398 
 399 
1.7. Protocol to determine optimal permeabilization conditions for cells 400 
 401 
1.7.1. Add cells as described in steps 1.2 and 1.5.2. 402 
 403 
1.7.2. Take 10 µL of 10 mg/mL digitonin stock and add 10 µL of DMSO to dilute to 5 mg/mL. 404 
 405 
1.7.3. Add 1 µL of rotenone (1 mM stock). Add 10 µL of succinate (2 mM stock) and 5 µL of ADP 406 
(0.5 M stock). 407 
 408 
1.7.4. Titrate 1 µL of digitonin (2.5 mg per step) repeatedly until respiration does not increase 409 
further and is maximal.  410 
 411 
NOTE: A decrease in respiration indicates a too high concentration of digitonin. 412 
 413 
1.8. Protocol for OXPHOS analysis in intact cells  414 
 415 
1.8.1. After routine respiration (step 1.6.1–1.6.6), add 2 µL of 0.01 mM oligomycin for a final 416 
concentration of 10 nM. 417 
 418 
1.8.2. Titrate FCCP from 2 mM stock, add 0.6 µL with subsequent 0.2 µL steps until no further 419 
increase in respiration and respiration is maximally uncoupled (theoretical: non-coupled) 420 
 421 
1.8.3. Add 1 µL of 1 mM rotenone for a final concentration of 0.5 µM. Add 2 µL of 1 mg/mL 422 
antimycin stock for a final concentration of 1 µg/mL. 423 
 424 
1.8.4. Reoxygenate the chamber to the same oxygen level (∼150 µM) by slowly lifting the 425 
plunger in twisting motion. 426 
 427 
1.8.5. Add 5 µL of 0.8 M ascorbate for final concentration of 2 mM. Immediately add 5 µL of 0.2 428 
M TMPD for a final concentration of 0.5 mM to assess complex IV activity. 429 
 430 
NOTE: Prepare a fresh batch before any bigger set of experiments as TMPD is prone to auto-431 
oxidation. The activity might decline over time when stored at -20 °C. 432 
 433 
1.8.6. Add 5 µL of 4 M azide for a final concentration of 10 mM immediately when peak O2 flux 434 
is reached with TMPD. Continue run for >5 min to assay auto-oxidation of TMPD for complex IV 435 
base level calculation. 436 
 437 
1.8.7. Recount cells to confirm the cell count pre-run and continue with step 1.9. 438 
 439 



   

1.9. Post-run sample collection 440 
 441 
1.9.1. Collect exactly 1 mL of MiR05-suspension from each chamber with stirrers onto a 1.5 mL 442 
tube. 443 
 444 
1.9.2. Centrifuge at 1000 x g for permeabilized cells or at 20,000 x g for tissue lysate. Remove 445 
the supernatant and freeze the pellet at -80 °C for further processing (section 3). 446 
 447 
1.10. Analysis of SUIT protocols 448 
 449 
1.10.1. Analyze oxygen flux (pmol/s, normalized to input) at each plateau after adding a substrate 450 
or inhibitor (Figure 1C and Figure 3A). Export the values to a spreadsheet.  451 
 452 
1.10.2. Subtract the residual oxygen consumption (ROX, Figure 1C and Figure 3C) value from all 453 
values of each experimental run. Subtract azide residual respiration from TMPD to obtain 454 
complex IV respiration.  455 
 456 
1.10.3. Plot the absolute values normalized for cell (Figure 3A,B) or tissue input (Figure 5A,B). 457 
Calculate the flux control ratios (step 1.11) or normalize them to protein input (Figure 3C). 458 
 459 
1.11. Flux control ratio calculation 460 
 461 
1.11.1. Acquire an index of respiratory function and coupling control using flux control ratios 462 
(FCR)9,26.  463 
 464 
NOTE: This allows assessing intrinsic mitochondrial quality, independent of mitochondrial 465 
quantity. In addition, flux control ratios (FCR) are comparable within the same cell lines allowing 466 
for reagent quality control (respective FCRs are obtained through the indicated numbered 467 
reference values in Figure 1B–D and Figure 3C). 468 
 469 
1.11.2. Calculate the respiratory control ratio for the coupling of OXPHOS to LEAK using Equation 470 
1. 471 
                                              Equation 1:  FCRADP = 5/6 = State 3 / State 4 472 
 473 
1.11.3. Calculate the FCR to assess NADH-dependent respiration using Equation 2  474 
 475 
                                              Equation 2:  FCRstate 3 (I) = 3/5 = State 3 (I) / State 3 (I+II) 476 
 477 
1.11.4. Calculate the FCR to assess Succinate-dependent respiration using Equation 3. 478 
 479 
                                              Equation 3:  FCRstate 3 (II) = 8/7 =   Srot / ETScapacity 480 
 481 
1.11.5. Calculate the FCR to assess coupled to uncoupled using Equation 4.  482 
 483 



   

                                              Equation 4:   FCRcoupled/uncoupled = 5/7 = State 3 (I+II) / ETScapacity 484 
 485 
1.11.6. To test mitochondrial outer membrane integrity, use Equation 5. 486 
 487 
          Equation 5:  % mitochondrial outer membrane damage = 3/4 = State 3 (I) / State 3 (I) with cyt c 488 
 489 
2. High-resolution respirometry: Microplate-based respirometer (mHRR) 490 
 491 
NOTE: The experiments in this section of the protocol were performed using Seahorse XFe96 492 
Extracellular Flux Analyzer (Table of Materials) 493 
 494 
2.1. Cell culture 495 
 496 
2.1.1. Culture any type of cell. Adherents (e.g., collagen, laminin) might be used to facilitate cell 497 
attachment. Here, HEK293 cells are cultured as before (step 1.3).  498 
 499 
2.1.2. The day before the experiment, detach the cells and transfer them into a designated 500 
mHRR 96-well microplate to obtain ideal confluency on the day of the experiment (80%–100%) 501 
(Figure 2C).  502 
 503 
NOTE: For mHRR, microplate cell densities are critical. Individual growth properties of cells lines 504 
or treatments affecting growth need to be corrected to amount to comparable confluency on the 505 
day of the experiment. 506 
 507 
2.2. Preparation of cells for high-resolution respirometry 508 
 509 
2.2.1. Harvest and resuspend the cells sufficiently prior to seeding 510 
 511 
NOTE: It is recommended to seed cells from the same dilution for replicates. 512 
 513 
2.2.2. Seed the cells according to growth rates of individual cell lines or growth properties under 514 
treatment.  515 
 516 
NOTE: Optimize on a 96-well microplate and extrapolate the cell density to assay 96-well (surface 517 
area of 0.106 cm2). In this setup, 7 x 104 HEK293 WT cells were seeded per well of a 96-well. The 518 
first and last columns of the 96-well plate are used for protein determination (Figure 2C). The 519 
four corner wells should not contain any cells and are used for experimental background 520 
correction. Ideally, wells close to the edges are empty to minimize edge effect (e.g., cells show 521 
altered growth from temperature effects) (Figure 2C,D).  522 
 523 
2.3. Preparation of sensor plates, loading of inhibitors 524 
 525 
2.3.1. On the day of the assay, supplement 38.8 mL of medium with 0.4 mL of 1 M Glucose, 0.4 526 
mL of 200 mM Glutamine, and 0.4 mL of 100 mM Na-Pyruvate.  527 



   

 528 
NOTE: mHRR respiration requires a specialized non-buffered DMEM medium at pH 7.4. In 529 
general, 40 mL should suffice for one experiment with one 96-well microplate. 530 
 531 
2.3.2. Warm the respiration assay medium to 37 °C and exchange the cell culture medium for 532 
the respiration assay medium by washing twice with 80 μL per well.  533 
 534 
2.3.3. Set the plate with the cells in a 37 °C incubator without CO2 for 60 min prior to the assay. 535 
 536 
NOTE: This step is essential to degas the plate as CO2 can affect respiration results, and serum in 537 
the medium can produce bubbles during the assay. 538 
 539 
2.3.4. Prewarm inhibitor aliquots for OM, FCCP, ROT, and AM to 37 °C and take the sensor plate 540 
out of the incubator. 541 
 542 
2.3.5. Dilute OM, FCCP, ROT, and AM in 3 mL of assay medium to a final well concentration of 543 
1.5 µM, 1.125 µM, and 1 µM, respectively. Fill into separate ports as indicated in Figure 2E. 544 
 545 
NOTE: A multichannel pipette is recommended to fill the sensor cartridge. Since pressurized air 546 
is used to inject compounds, all ports must be filled with an equal amount of liquid volume 547 
whenever a port is filled with a compound. ROT and AM can be combined in one port. Inhibitors 548 
can be dissolved in EtOH or DMSO. 549 
 550 
2.3.6. Inspect the injection ports and verify an even loading volume for each port. 551 
 552 
NOTE: All ports contain a hole at the bottom for injection. Care should be taken when moving 553 

the sensor plate. Air bubbles can be removed using a needle. 554 

 555 

2.4. Protocol for oxygen assessment in intact cells  556 
 557 
2.4.1. On the day before the assay, perform steps 2.4.2–2.4.7. 558 
 559 
2.4.2. Aliquot 20 mL of the calibrant solution into a 50 mL conical tube.  560 
 561 
2.4.3. Open the Extracellular Flux Assay Kit and remove the contents. 562 
 563 
2.4.4. Place the sensor cartridge inverted next to the utility plate. Pipette 200 µL of calibrant 564 
solution into each well of the utility plate. 565 
 566 
2.4.5. Attach the sensor cartridge onto the utility plate paying attention that all sensors are 567 
submerged. 568 
 569 
2.4.6. Set the plate into a 37 °C incubator without CO2 overnight or a minimum of 12 h. Verify 570 



   

that the humidity inside the incubator is sufficient to prevent evaporation of the calibrant. 571 
 572 
2.4.7. Turn on the microplate-based system and computer to be ready to use the next day (the 573 
machine requires a minimum of 3 h to equilibrate to 37 °C prior to conducting an assay). 574 
 575 
NOTE: For signal stability, increase measurement points to 6 instead of 3 measurement cycles 576 
per respiratory state. Each cycle consists of 3 min of mixing and 3 min of measuring. 577 
 578 
2.4.8. On the day of the XF assay, perform steps 2.4.9–2.4.20. 579 
 580 
2.4.9. Verify the confluency of the cell culture plate, the morphology of the cells, and that 581 
background wells are empty.  582 
 583 
2.4.10. Wash the cells with the prepared respiration medium as mentioned in steps 2.4.11–584 
2.4.12. 585 

 586 
2.4.11.  Remove all but 20 µL of the culture medium from each well. Remove 55 µL if the culture 587 
medium was 80 µL due to evaporation overnight (approximately 5 μL).  588 

 589 
2.4.12. Wash twice with 90 μL of assay medium. Finally, add 100 µL of assay medium. The end 590 
volume should be 120 µL. 591 
 592 
NOTE: A multichannel pipette is recommended for this step to ensure the same washing 593 
procedure has been applied to each experimental condition (depends on the plate setup). When 594 
aspirating, tilt the plate to a 45° angle and always slide the pipette tips along the corner of the 595 
well for aspiration and injection of liquids. It is imperative to take care during the washing as 596 
certain cells may easily detach from the bottom of the cell culture plate.   597 
 598 
2.4.13. Set the plate in a 37 °C incubator without CO2 for 60 min prior to the assay.  599 
 600 
2.4.14. Retrieve the hydrated sensor cartridge plate from the CO2-free incubator. 601 
 602 
2.4.15. Discard the old calibrant solution and replace it with fresh calibrant solution, prewarmed 603 
to 37 °C. 604 
 605 
2.4.16. Prepare inhibitors and assay medium (3 mL per inhibitor for a total of 12 mL of assay 606 
medium) and use a pipette reservoir for the inhibitor loading into ports. 607 
 608 
2.4.17. Open the software and run a pre-designed or new template. Fill the plate map, adjust the 609 
titrations and measurement cycles, and then press Start to initiate the calibration of the optical 610 
sensors.  611 
 612 
2.4.18. Remove the lid from the loaded cartridge and place it in the slot that automatically slides 613 
out of the machine, verifying that the markings on the lower right corner of the plate line up with 614 



   

the triangle on the lower right corner of the slot. 615 
 616 
2.4.19. Click on Continue to perform automatic calibration, lasting approximately 20 min. 617 
 618 
2.4.20. After calibration, remove the utility plate containing the calibrant.  619 
 620 
2.4.21. Remove the lid from the microplate containing the cells and place the plate in the slot 621 
when prompted by the machine. Click on Continue to start the run. 622 
 623 
2.5. Post-run sample collection 624 
 625 
2.5.1. Take the plate out of the machine, carefully remove the remaining assay media without 626 
disturbing the cells and freeze the entire plate at -80 °C for further processing (section 3).  627 
 628 
3. Determination of protein using the bicinchoninic acid assay (BCA assay) 629 
 630 
3.1. Prepare diluted bovine serum albumin (BSA) in buffer used for protein extraction and 631 
compatible with BCA: 2 mg/mL, 1.5 mg/mL, 1 mg/mL, 0.5 mg/mL, 0.25 mg/mL and 0 mg/mL for 632 
standard curve in duplicates. 633 
 634 
3.2. Extract proteins by resuspending in an appropriate lysis buffer (e.g., RIPA) with 20 µL per 635 
well for mHRR or 100 µL per pellet contained within a 1.5 mL tube for cHRR. 636 
 637 
3.3. Incubate the mHRR plate or 1.5 mL tube containing protein lysates for 30 min on ice. 638 
 639 
3.4. Centrifuge the 1.5 mL tube containing the protein lysate at 4 °C at 20,000 x g for 20 min 640 
and transfer the resulting supernatant to a new clean 1.5 mL tube. 641 
 642 
3.5. Use 10 µL per sample in duplicates and standards in a microtiter plate. Add 200 µL of BCA 643 
working reagent and incubate for >15 min. 644 
 645 
3.6. Read in a standard spectrophotometer at a wavelength of 562 nm and calculate the 646 
protein concentrations using a BSA standard curve. 647 
 648 
3.7. Normalize the respiration results to the protein concentration. 649 
 650 
NOTE: Normalization to protein amount allows to corroborate cell seeding densities or wet 651 
weight input. The extracted proteins are suitable for subsequent immunoblotting against 652 
subunits of the ETS for example but do not fully represent the native sample (e.g., loss of 653 
phosphorylation sites). 654 
 655 
REPRESENTATIVE RESULTS:  656 
Here, we provide protocols to determine the mitochondrial bioenergetics in eukaryotic cells, 657 
non-fibrous tissue (e.g., cerebellum), and fibrous tissue (e.g., skeletal muscle). For eukaryotic 658 



   

cells, HEK293 with CRISPR-engineered knockout of two different proteins associated with 659 
mitochondrial translation resulting in multiple (CRISPRKO1) and severe/complete OXPHOS 660 
deficiency (CRISPRKO2) were measured with either cHRR (Figure 3A–C) or mHRR (Figure 3A–D).  661 
For cHRR, HEK293 cells were digitonin-permeabilized, and respiration experiments performed 662 
following the standard protocol (step 1.5–1.6) and were successfully recorded (Figure 3A). 663 
CRISPRKO1 shows impaired and CRISPRKO2 no respiration compared to WT when normalized to cell 664 
input amount (Figure 3B). Protein amount was determined from collected samples (section 3), 665 
and values of routine respiration normalized to protein amount to calculate absolute values and 666 
respective FCRs (Figure 3C, the meaning of each FCR is detailed in discussion). Optimal sample 667 
amounts produce fluxes of 80-160 pmol/s per mL. Ideally, the amount of cells or tissue is 668 
sufficient to generate a significant flux (20 pmol/s for cHRR) to reduce background noise while 669 
evading excessive reoxygenation during an experiment. In low respiring (e.g., white adipose fat, 670 
white blood cells) or hard-to-obtain samples (e.g., iPS-differentiated neuronal lineages), fluxes of 671 
20 pmol/s per mL are sufficient in ideal working conditions. 672 
 673 
(Insert Figure 3 here) 674 
 675 
Next, we used mHRR with the same cells in a standard protocol (2.1–2.5), confirming the OXPHOS 676 
deficiencies (Figure 4A). In addition, ECAR values were increased for severe/complete OXPHOS 677 
deficiency (CRISPRKO2), suggesting compensation of mitochondrial oxidative phosphorylation 678 
deficiency in HEK293 cells with specific mitochondrial translation deficiency through increased 679 
glycolysis resulting in lactate production (Figure 4A). Protein amount was determined from the 680 
microwell plate (section 3), and values obtained were normalized to protein amount (Figure 4B) 681 
and quantified (Figure 4C). Microplate-based systems are notorious for high intra-well variation. 682 
High variability between replicates can occur when the optimal seeding density has not been 683 
achieved; cells get detached during the washing steps of replacing the cell culture medium with 684 
assay medium, or improper pipetting technique such as the introduction of air bubbles or 685 
aspiration of varying volumes. Extended measurement times (6 measurement cycles) are 686 
recommended with mHRR to allow for stabilization of flux in media (Figure 1B and Figure 4A). 687 
Low fluxes cause high variation, and dependent on cell type, flux might be too close to 688 
background noise (up to 10–15 pmol/s). Low-respiring (e.g., fibroblasts) or exceptionally large 689 
cells might produce insufficient oxygen flux above background noise level in the 96-well 690 
microplate format even at 90% confluency. The 24-well microplate mHRR format or cHRR should 691 
be considered. Minimal changes in oxygen flux can also indicate faulty handling of loading the 692 
inhibitors, such as empty, incorrectly, or variably filled ports. The use of specific pipette tips that 693 
enter ports sufficiently during loading the chemicals is recommended to allow chemicals to reach 694 
the individual port (Figure 2E).  695 
 696 
(Insert Figure 4 here) 697 
 698 
An example experiment for non-fibrous tissue preparation (step 1.3 and 1.5–1.6) using mouse 699 
cerebellum (Figure 5A) and fibrous tissue preparation (step 1.4 and 1.5–1.6) using mouse skeletal 700 
muscle (soleus) is shown (Figure 5B). In general, uncoupled respiration does not exceed OXPHOS 701 
capacity in mouse samples. For mouse cerebellum, OXPHOS capacity decreased when comparing 702 



   

with maximal ETS capacity. LEAK respiration increased under physiologically controlled 703 
circumstances versus chemically induced (oligomycin). This could be due to the fact that 704 
endogenous available ADP is still phosphorylated to ATP, whereas with chemical induction, 705 
proton leak is maximal, resulting in an overestimation of LEAK respiration. In contrast to the 706 
cerebellum, the soleus was tested at hyperoxic conditions to avoid oxygen diffusion limitation 707 
and shows three times higher OXPHOS capacity. NADH-dependent respiration is different when 708 
analyzing specific types of tissue, with the soleus having more capacity to respire through the 709 
addition of succinate than the cerebellum. Both types of tissue show minimal ROX. 710 
 711 
(Insert Figure 5 here) 712 
 713 
FIGURE AND TABLE LEGENDS:  714 
Figure 1: Mitochondrial oxidative phosphorylation and specific substrate and inhibitor 715 
protocol. (A) Mitochondrion and scheme of the electron transfer system (CI-CIV) and 716 
mitochondrial F0F1 ATPase (CV). (All structures from PDB. The figures only depict all substrates 717 
and inhibitors described here). (B) Sample trace of oxygen flux in intact HEK293 cells using 718 
standard protocol in a mHRR device. (C) Sample trace of oxygen flux in intact HEK293 cells using 719 
standard protocol in a cHRR device. (D) Sample trace of oxygen flux in permeabilized human 720 
fibroblasts from a healthy donor with respective SUIT protocol. Abbreviations: 1 = Routine 721 
respiration of intact cells; 2 = State 2; 3 = State 3(I); 4 = State 3(I) with cytC; 5 = State 3 (I+II); 6 = 722 
Leak(OM); 7 = ETS capacity; 8 = S(ROT); 9 = ROX; 10 = TMPD; 11 = Az. ROT = Rotenone, AM = 723 
Antimycin, ATP = Adenosine triphosphate, Az = Azide, OM = Oligomycin, FCCP = Carbonyl cyanide 724 
p-trifluoro-methoxyphenyl-hydrazone; Asc = Ascorbate, TMPD = N,N,N′,N′-tetramethyl-p-725 
phenylenediamine, Succ = Succinate, M = Malate, P = Pyruvate, ADP = Adenosine diphosphate, 726 
NAD = Nicotinamide adenine dinucleotide, IMS = Intermembrane space, FAD = Flavin adenine 727 
dinucleotide.  728 
 729 
Figure 2: Workflow for cell and tissue preparations for cHRR, and cell preparation for mHRR 730 
respirometry. (A) Outline of provided protocols. (B) Mammalian cells (step 1.2): HEK293 pellet 731 
equaling 3 x 106 cells (left panel). Non-fibrous tissue (step 1.3): Preparation of murine cerebellum 732 
lysate in 2 mL Teflon potter (middle panel). Saponin-induced skeletal muscle permeabilization 733 
(step 1.4) right panel) for cHRR respirometry. (C) Standard microplate seeding layout (step 2.4) 734 
and confluency check for the analysis of eukaryotic cells (HEK293) for mHRR respirometry. (D, E) 735 
Scheme of injection port loading for mHRR respirometry (step 2.4). 736 
 737 
Figure 3: Representative standard protocol oxygen consumption traces from cHRR using 738 
HEK293 cells with combined OXPHOS deficiency. (A) Raw oxygen consumption traces of WT 739 
HEK293 cells and HEK293 cells with CRISPR-mediated mitochondrial translation defects causing 740 
multiple OXPHOS deficiency (CRISPRKO1,2). (B) Overlaid cell-input-normalized oxygen 741 
consumption traces from (A). (C) Protein-normalized quantification of 2 independent 742 
experiments (mean and SD) and respective FCRs. Comparisons between conditions were done 743 
by ANOVA and a posteriori Tukey’s test or a Student's t-test. Significances: **** p < 0.0001; *** 744 
p < 0.001; ** p < 0.01; * p < 0.05. 745 
 746 



   

Figure 4: Representative standard protocol oxygen consumption traces from mHRR using 747 
HEK293 cells with combined OXPHOS deficiency. (A) Raw oxygen consumption traces of WT 748 
HEK293 cells and HEK293 cells with CRISPR-mediated mitochondrial translation defects causing 749 
multiple OXPHOS deficiency (CRISPRKO1,2). (B) Respective extracellular acidification rates (ECAR) 750 
from (A).  (C) Protein-normalized oxygen consumption traces of WT HEK293 cells and HEK293 751 
cells with CRISPR-mediated mitochondrial translation deficiency causing multiple OXPHOS 752 
deficiency (CRISPRKO1,2). (D) Protein-normalized quantification of wells (n = 8 per genotype; mean 753 
and SD). Comparisons between conditions were done by ANOVA and a posteriori Tukey’s test. 754 
Significances: **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05. Abbreviations: see Figure 755 
1. 756 
 757 
Figure 5: Representative traces of oxygen consumption for non-fibrous (A) and fibrous (B) 758 
tissues for cHRR. (A) Wet weight tissue-normalized oxygen consumption trace of mouse 759 
cerebellum prepared as described (step 1.3). (B) Wet weight-tissue-normalized oxygen 760 
consumption trace of mouse soleus muscle as described (step 1.4). Blue line shows respective 761 
oxygen concentration and injection points. Abbreviations: see Figure 1. 762 
 763 
Table 1: Mitochondrial respiration medium MiR05 composition adjusted to pH 7.127. 764 
 765 
Table 2: Relaxing and biopsy preservation solution (BIOPS) composition adjusted to pH 7.128. 766 
 767 
DISCUSSION:  768 
Mitochondrial bioenergetics has been studied with Clark-type oxygen electrodes. A lack of 769 
resolution and throughput, however, warranted for technological advancement. To date, the O2k 770 
(referred to as cHRR) and Seahorse XF96 Flux Analyzer (referred to as mHRR) have been widely 771 
adopted in the field of cellular bioenergetics. Here, we present a comprehensible collection of 772 
protocols for the analysis of cellular energy metabolism via assessment of mitochondrial 773 
respiration using either cHRR or mHRR, discuss key benefits of each device and provide practical 774 
guidance. The protocols provided here encompass mammalian cells, fibrous (hard) tissues such 775 
as skeletal and heart muscle, and non-fibrous (soft) tissues such as brain and liver and are 776 
applicable to similar types of sample material.  777 
 778 
While both HRR methods result in comparable data for mammalian cells as exemplified with 779 
HEK293 with multiple OXPHOS deficiency, general working principles and technical setup of the 780 
devices render them suitable for different applications. The mHRR setup allows automated data 781 
acquisition and has the high-throughput capability with a 24- or 96 multi-well setup requiring 782 
minimal sample amounts. However, the low experimental volume and well surface, in addition 783 
to the use of oxygen-permeable polymers (polystyrene), can cause high intra-well variation 784 
(especially in the 96-well plate setup), promoting the use of ≥6 wells per condition for 785 
reproducible results. In contrast to the cHRR based-polarographic oxygen sensor, no oxygen is 786 
consumed by the sensor probes of the mHRR, which utilizes quenched phosphorescence O2 787 
sensing. As the mHRR is a semi-closed system, ambient O2 can diffuse into the respiration 788 
medium, exposing the sample and the probe to oxygen. When the piston-like sensor probe 789 
lowers, a temporarily sealed and isolated chamber is created to amplify changes in O2 790 



   

concentration and measure oxygen consumption. Subsequently, a mathematic model is 791 
employed to accurately compute oxygen consumption rates by estimating the back diffusion of 792 
O2. However, the drawback is that the algorithm also amplifies noise29. The microplate setup 793 
utilizes non-reusable specialized ports and plates requiring optimal cell seeding density. The 794 
mHRR oxygen sensor probes measure lateral O2 diffusion in three distinct areas per well 795 
equivalent to the size of the probe (∼1 mm); therefore, a uniformly distributed cell monolayer is 796 
crucial to determine accurate oxygen consumption rates. If any significant gaps are present when 797 
observing the cell distribution, incorrect oxygen consumption rates will be computed, resulting 798 
in a high variance of well replicates. Taking this into consideration, mHRR is semi-automated and 799 
ideally adaptable for high-throughput cell or small-organism-based studies (e.g., C. elegans) with 800 
recurring screenings. The cHRR respirometers setup is based on a two-chamber system with 801 
polarimetric measurement of oxygen. In the closed-based system, ambient O2 cannot diffuse into 802 
the respiration medium; thus, a decline in O2 concentration reflects oxygen consumption of the 803 
biological sample. As the cHRR polarographic oxygen sensor consumes oxygen, diffusion of free 804 
O2 is essential, making it difficult to minimize chamber volume (2 mL, new cHRR devices 0.5 mL) 805 
and requiring constant stirring to ensure homogeneity of the respiration medium. Consequently, 806 
larger sample volumes are required to generate sufficient oxygen flux. Due to direct access to the 807 
chambers and manual titration, any respiration protocol is adaptable and based on widely 808 
commercially available chemicals results in exceptionally low running costs. In addition, ad hoc 809 
operability allows adapting a SUIT protocol by titration during an experiment and is important in 810 
single-time patient-derived samples. Partial automation is feasible using a titration-injection 811 
micropump, which enables programmable SUIT protocols. Although restricted to two samples 812 
per cHRR device, experienced users will run several devices in parallel. The benefit of the 813 
versatility of assay development and software environment comes with the need for more 814 
specific training to operate these devices and user-dependent maintenance (e.g., calibration of 815 
polarographic oxygen sensors) in order to acquire reproducible data. For advanced applications, 816 
additional modules are attachable to the cHRR devices to record pH, fluorescent module to assay 817 
membrane potential via safranin30, H2O2 via AMPLEX red24, and calcium levels31. 818 
 819 
Both devices require specialized respiration media. mHRR uses a commercially available serum-820 
free growth medium, avoiding the use of bicarbonate, which degasses under low CO2 conditions 821 
and is essential if extracellular acidification rate (ECAR) is of importance. During glycolysis, 822 
pyruvate is converted into lactate, which dissociates into lactic acid and protons. This increased 823 
proton concentration causes the pH to decrease, which is recorded as ECAR. A more elaborate 824 
analysis of ECAR is possible with the glycolysis stress test. This assay consists first of adding 825 
saturating glucose levels to measure the basal glycolytic rate. After inhibition of the ATP synthase 826 
complex with oligomycin, the maximal glycolytic rate is revealed. The final step is to measure 827 
non-glycolytic acidification by injecting 2-deoxy-glucose, which inhibits glycolysis via competitive 828 
binding to hexokinase and phosphoglucose isomerase32. Other kit-based protocols available 829 
encompass glycolysis, fatty acid oxidation, and glutamine oxidation. Here, we used the standard 830 
protocol to measure basal respiration, ATP-linked respiration, proton leak, maximal respiration, 831 
spare respiratory capacity, and non-mitochondrial respiration (Figure 4A–C). An approach of 832 
utilizing both the standard respiration protocol in conjunction with the glycolysis stress test 833 
would give insight into aerobic and anaerobic energy pathways providing an overview of cellular 834 



   

respiration. 835 
 836 
Cellular bioenergetics is usually accessed in adherent cells with the microplate mHRR setup. 837 
Dependent on cell type, specialized coating for adherence (e.g., poly-D-lysine, gelatin, etc.) might 838 
be required (for suspension cells) as well as for loosely adherent cells as they may detach from 839 
the bottom of the well measurement cycles33. In contrast, cHRR measurements require constant 840 
stirring, allowing respiratory measurement for any biological sample. For each device, 841 
optimization such as titration of inhibitors (and substrates) for tissue and cell lines to assess 842 
inhibitor-susceptibility (dose-response curves) is required. Inhibitor concentrations should be 843 
trialed in any experimental model to use the lowest fully inhibiting concentrations and to prevent 844 
unspecific inhibition as well as unnecessary chamber contamination. Generally, 0.25 µM 845 
rotenone, 0.5 µg / mL Oligomycin A, 0.5 µg / mL antimycin are sufficient for most applications 846 
and sample amounts. For reproducibility, prepare single-use drugs in sufficient quantities for the 847 
entire planned experiments (e.g., mouse groups) and keep sample input constant within a 848 
specific tissue or cell line. In cHRR, traces of inhibitors remaining in the chambers will alter flux 849 
without any indication to the operator. Particularly rotenone traces are difficult to evade and 850 
require sufficient washing with a minimum chamber (and stopper) cleaning, which encompasses 851 
washing 4x with ddH2O, 2x 70% EtOH (96% purity sufficient), 1x 100% EtOH, 1x 70% EtOH. 852 
Washing requires turning stirrers and keeping EtOH-steps for > 5 minutes each. To prevent 853 
bacterial contamination, 70% EtOH is kept in all chambers when machines are not in use. 854 
Potential residual contaminates can be quenched by the addition of unused tissue lysate. In a 855 
mHRR experiment, certain chemicals may interact with the essential single-use plasticware34. 856 
Respiratory data obtained via a permeabilized protocol give insight into the ETS, whereas an 857 
intact protocol provides insight into mitochondrial properties such as mitochondrial efficiency. 858 
Indeed, general mitochondrial energy properties can give the same outcome, but underlying 859 
electron transfer between complexes may be altered. This would reflect altered mitochondrial 860 
energy metabolism and requires a permeabilization protocol to access the respiratory 861 
complexes. Similarly, different tissues and cells show altered substrate dependency when 862 
assessing respiratory characteristics. For instance, glycolytic muscle fibers are known to rely 863 
primarily on glycerol-3-phosphate for energy delivery, whereas oxidative muscle fibers possess a 864 
two-fold higher electron transfer capacity from NADH oxidation35,36. On the same note, heart 865 
mitochondria, liver, brown adipose tissue can utilize fatty acids to synthesize ATP, and in turn, 866 
the brain can use ketone bodies, predominantly formed by fatty acid oxidation36–38. Therefore, 867 
determining mitochondrial characteristics requires a holistic approach as opposed to the 868 
standard glucose-dependent respiration. mHRR usually encompasses assessing intact adherent 869 
cells, although permeabilization is achievable (e.g., mutant recombinant perfringolysin O that 870 
selectively permeabilizes the cell membrane39). However, these methods come with increased 871 
complexity due to the limitation of four injection ports. In contrast, correctly lysed non-fibrous 872 
tissue lysates and any cell type are usually problem-free for cHRR. Normally, assaying tissue with 873 
the mHRR is not feasible; however, approaches using isolated mitochondria from a tissue have 874 
been established40,41. 875 
 876 
Important to note is that normalization to whole protein content neglects absolute mitochondrial 877 
amounts. Comparison of experimental groups under various treatments can differ significantly 878 



   

(e.g., 30 days high-protein diet-fed rats showed a 2.5-fold increase in mitochondrial content in 879 
liver42), particularly in tissue susceptible to intracellular lipid accumulation such as brown adipose 880 
tissue, liver, and skeletal muscle. In these situations, it is also recommended to assess several 881 
mitochondrial markers as an approximation for mitochondrial mass, such as mtDNA copy 882 
number43, citrate synthase activity10, and ubiquitous mitochondrial proteins (e.g., VDAC1, 883 
TOM20). In combination, this allows to distillate whether an altered respiratory function is 884 
attributed to mitochondrial quantity, quality, integrity, or a combination thereof. Another 885 
method that is complementary to this is the implementation of FCRs. FCRs give insight into 886 
different respiratory states independent of mitochondrial content. FCRADP derives whether 887 
altered LEAK or OXPHOS change the efficiency of the mitochondria to phosphorylate ADP. FCRstate 888 

3 (I) reflects to what degree the sample is dependent on complex I as a comparison to complex II. 889 
FCRstate 3 (II) compares succinate-dependent respiration with ETS and provides an index for 890 
mitochondrial respiration derived from complex II. FCRcoupled/uncoupled is a ratio providing the 891 
coupling control between OXPHOS and ETS, with a ratio of 1 having no spare respiratory capacity 892 
left. The mitochondrial outer membrane integrity can be assessed through the addition of 893 
exogenous cytochrome c. Cytochrome c is localized in the intermembrane space, where it 894 
facilitates the transfer of electrons between complex III and complex IV. If the outer 895 
mitochondrial membrane is damaged, cytochrome c leaks out of the mitochondria, not 896 
contributing to respiration anymore. Restoring this imbalance can be achieved via the addition 897 
of exogenous cytochrome c, consequently increasing respiration (Figure 1A, D; 5B). Complex IV 898 
activity is measured individually with TMPD after complete inhibition of OXPHOS. Baseline O2 flux 899 
will decline as the O2 concentration falls because TMPD oxidation is O2 concentration-dependent. 900 
Hence after ROX assessment, all chambers are oxygenated to equal oxygen level (150 µM). Linear 901 
regression of data points from signal after addition of azide can be used to interpolate chemical 902 
and O2-dependent background of complex IV activity assay. ROX should be subtracted from all 903 
respiration values to correct for non-mitochondrial oxygen consumption. 904 
 905 
Biologically, ROX in the case of isolated mitochondria can be lower than with permeabilized or 906 
intact cells/tissue. In general, residual respiration is caused by the activity of oxidase enzymes, 907 
with cells and tissue having more autoxidizable substances than isolated mitochondria44. 908 
Furthermore, with intracellular membrane structures still intact, the difficulty of oxygen to 909 
permeate through cell membranes increases due to its negative charge. Consequently, diffusion 910 
through cellular membranes and intracellular availability of oxygen can be affected, resulting in 911 
ROX. However, isolation of mitochondria has been shown to disrupt mitochondrial morphology, 912 
increase mitochondrial hydrogen peroxide production, along with altered mitochondrial 913 
respiratory function45. While isolation of functional mitochondria allows for specific 914 
normalization and might be required in certain conditions, the isolation process is time-915 
consuming, usually requires more material, and might not preserve mitochondrial heterogeneity. 916 
For this reason, we have refrained from including mitochondrial isolation in this study. However, 917 
for skeletal or heart muscle, isolation of mitochondria or saponin-treatment of fibers is essential 918 
for respiration measurements. As autolytic processes occur very quickly after euthanasia, fast 919 
tissue extraction and adhering to comparable timing for preparations between individual 920 
experiments is recommended. 921 
 922 



   

In our experiment in mammalian cells assessed with both devices, comparable results were 923 
obtained. However, basal respiration was higher for cHRR compared to mHRR, for example. Apart 924 
from numerous technical aspects such as chamber volume, stirring, and differing signal 925 
integration, biological reasons such as non-attached cells causing loss of cell contact, timing, 926 
altered respiration medium could inflict the unexplained observed differences. Consequently, 927 
respiration protocols in a general and individual substrate and inhibitor concentrations are not 928 
interchangeable between systems for the presented reasons, which could be technical in nature 929 
(e.g., titration) and generally differing assay reagents (e.g., respiration media, chemical 930 
absorbances of glass or polymers). To ensure highest reproducibility, several technical 931 
considerations and recommendations encompass (i) the use of single-use aliquots to minimize 932 
cross-contamination or freeze-thaw cycles, (ii) appropriate storage of all chemicals (e.g., ADP at 933 
-80 °C for prolonged stability, pyruvate prepared freshly and light-sensitive chemicals in the dark), 934 
(iii) regular and rigorous re-testing of chemicals for efficacy (e.g., evaporation-inflicted 935 
concentration changes, storage-induced TMPD activity loss) and (iv) extensive cleaning to 936 
remove and trace chemical. Considerations on the reproducibility of longitudinal studies (over 937 
several years) would require monitoring the device performance and ensuring the stability of 938 
reagents over time. 939 
 940 
Finally, novel technology based on combined potentiometric (pH) and amperometric (O2) 941 
measurements through ruthenium oxide-based electrodes could catalyze a paradigm shift in 942 
current tools, allowing studying cellular metabolism in culture and in vivo46. Although current 943 
methods allow predominantly ex vivo and in vitro assessment of cellular metabolism, delayed 944 
fluorescence enables in vivo analysis of mitochondrial oxygen as a measure of mitochondrial 945 
function47. Similarly, microfluidics-based respirometry shows promise in higher sensitivity, 946 
requiring only a few hundred cells48. While new methodologies are on the horizon, to date, high-947 
resolution respirometry remains the gold standard to assess cellular respiration capacity for 948 
which quintessential protocols are provided here, applicable to most cells, tissues, and organisms 949 
to study mitochondrial respiration. 950 
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Table 1

Chemical  Concentration 

BSA, fatty acid free  1 g/ L 

D-sucrose  110 mM 

EGTA  0.5 mM 

HEPES  20 mM 

KH2PO4  10 mM 

Lactobionic acid  60 mM 

MgCl2·6H2O  3 mM 

Taurine  20 mM 
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Table 2

Chemical  Concentration 

CaK2EGTA anhydrous  2.77 mM 

Dithiothreitol (DTT)  0.5 mM 

Imidazole  20 mM 

K2EGTA, anhydrous  7.23 mM 

MES hydrate  50 mM 

MgCl2-6H2O  6.56 mM 

Na2ATP  5.77 mM 

Na2Phosphocreatine  15 mM 

Taurine  20 mM 
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Dear Dr. Jackson, 

 

Your manuscript JoVE63000R1 "High-resolution respirometry to assess bioenergetics in 

cells and tissues using chamber and plate-based respirometers" has been editorially 

reviewed and the following comments need to be addressed before your manuscript can 

be formally accepted.  

 

Your revision is due by Sep 17, 2021. 

Please make the changes/revisions in the attached manuscript file which has been 

formatted to fit the journal standard. 

 

To submit a revision, go to the JoVE submission site and log in as an author. You will find 

your submission under the heading Submission Needing Revision.  

 

Best, 

 

Amit Krishnan, Ph.D. 

Review Editor 

JoVE 

amit.krishnan@jove.com 

617.674.1888 

Follow us: Facebook | Twitter | LinkedIn 

About JoVE 
 

 

Dear Dr. Krishnan 

Thank for your reply. We have adapted our protocol to the journals standard, addressed all 

comments within the manuscript (in green) and re-highlighted (yellow) the protocol for filming. 

With kindest regards 

Christopher Jackson 

Ryan Awadhpersad 
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