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SUMMARY: 20 
Bioenergetic and metabolomic studies on mitochondria have revealed their multifaceted role in 21 
many diseases, but isolation methods of these organelles is variable. The method detailed is 22 
capable of purifying high-quality mitochondria from multiple tissue sources. Quality is 23 
determined from respiratory control ratios and other metric determined with high-resolution 24 
respirometry. 25 
 26 
ABSTRACT: 27 
Mitochondrial isolation has been practiced for decades following procedures set by pioneers in 28 
the fields of molecular biology and biochemistry to study metabolic impairments and disease. 29 
Consistent mitochondrial quality is necessary to properly interrogate mitochondrial physiology 30 
and bioenergetics; however, there are many different published isolation methods available for 31 
researchers. Although different experimental strategies require different isolation methods, the 32 
basic principles and procedures are similar. Here is detailed a protocol capable of extracting well-33 
coupled mitochondria from a variety of tissue sources from small animals and cells. The steps 34 
outlined herein describe organ dissection, mitochondrial purification, protein quantification, and 35 
various quality control checks. The primary quality control metric used to identify mitochondria 36 
of high quality is the respiratory control ratios (RCR). The RCR is the ratio of the respiratory rate 37 
during oxidative phosphorylation and the rate in the absence of ADP. Alternative metrics are 38 
discussed. While high RCR values relative to their tissue source are obtained using this protocol, 39 
there are several steps that can be optimized to suit the individual needs of researchers. This 40 
procedure is robust and has consistently resulted in isolated mitochondria having above average 41 
RCR values across animal models and tissue sources. 42 
 43 
INTRODUCTION: 44 
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 45 
Mitochondria are subcellular organelles which establish cytoplasmic energetic conditions that 46 
are optimized for specific cell functions. While cellular, tissue, and organism level studies can be 47 
informative concerning mitochondrial function, isolating the organelles establishes a level of 48 
experimental control not possible otherwise. Mitochondrial isolations have been performed 49 
since the 1940s, allowing mechanistic studies of metabolism and respiration across a variety of 50 
cells and tissues1,2. The historical relevance of mitochondria is additionally well-documented3. As 51 
the main producers of ATP, mitochondria play many key roles which are vital for optimal cellular 52 
and organ function4 (PMID: 31900386). Within the mitochondrial matrix, substrates are oxidized 53 
by the TCA cycle which produce reducing equivalents and mobile electron carriers such as NADH 54 
and UQH2 (PMID: 34621061; 15134745)5,6. Cytochrome c is the third main mobile electron carrier 55 
in the mitochondrial biochemical reaction network (PMID: 32023432)7. These molecules are then 56 
oxidized by the transmembrane complexes of the electron transport system (ETS) embedded in 57 
the inner mitochondrial membrane (PMID: 29464561)8. Redox reactions of the ETS are coupled 58 
to proton translocation from the matrix to the intermembrane space. These processes establish 59 
an electrochemical proton gradient that is used phosphorylate ADP with Pi by F1FO ATP synthase 60 
and produce ATP9,10. The individual processes that occur at each complex can be explored with 61 
high-resolution respirometry using Clark-type electrodes or microplate oxygen consumption 62 
assays11,12. Additionally, disease models and treatments with isolated mitochondria can also be 63 
used to determine the impact or importance of mitochondrial function in progression of certain 64 
pathologies. This has proven fruitful in the field of cardiology where alterations in fuel and 65 
substrate delivery have been used to elucidate how mitochondrial dysfunction influences heart 66 
failure13-16. Mitochondria are also known to impact the development of other disease states such 67 
as diabetes, cancer, obesity, neurological disorders, and myopathies17,18. Therefore, the use of 68 
isolated or purified mitochondria enables mechanistic investigations of oxidative metabolism and 69 
ATP production in the source tissue. 70 
 71 
There is no shortage of mitochondrial isolation protocols due to their importance in bioenergetic 72 
research. Additionally, highly specific methods can be found that are tailored to subpopulations 73 
of mitochondria within tissues and cells19,20. The basic procedural steps are similar between 74 
isolation methods, but variations can be made to buffer composition, homogenization steps, 75 
centrifugation spins to improve the amount and quality of mitochondria. Changes to these 76 
aspects are based off of metabolic demand of the tissue, overall organ function, mitochondrial 77 
density, and other factors. In tissues such as liver and skeletal muscle, handheld Teflon 78 
homogenizers are used to preserve mitochondrial integrity and limit damage to the 79 
mitochondrial membranes21. However, when isolating from kidneys, some protocols suggest the 80 
use of manually driven homogenization or the use of commercial kits to yield better results22. 81 
Although both methods yield functional mitochondria, the quality of the organelles can become 82 
compromised by the additional time it takes to complete isolations using these protocols. 83 
Centrifugation is also vital to the extraction of mitochondrial protein as it separates cellular 84 
components such as nuclei and other organelles from mitochondria23. During the isolation 85 
process, it is debated whether differential or density-based centrifugation should be 86 
implemented to obtain purer isolates24. While density centrifugation can separate mitochondria 87 
from organelles of similar specific gravity such as peroxisomes, it is not well-established if 88 

Commented [A4]: Add this 

Commented [A5]: Please add citations to support the 
statements 

Commented [A6R5]: References have been added. 



   

mitochondria from these methods better represent in situ organelle function relative to 89 
mitochondria isolated using differential centrifugation. In the field of mitochondrial physiology, 90 
density-based centrifugation is preferred and can be easily altered to increase isolate purity. 91 
Whether changes to g forces, centrifugation duration, and number of centrifugation spins are 92 
incorporated should be thought of before experimentation due to their influence on 93 
mitochondrial purification. Furthermore, mitochondrial resuspension, arguably the most crucial 94 
step during isolation, differs greatly between studies with the use of  scraping, vortex-based 95 
mixing, or homogenization23,25,26. Mechanical resuspension of these types can be too abrasive 96 
and impair membrane integrity of mitochondria. For this reason, gentle washing should be 97 
performed to correct of this. Despite the plethora of modulations and suggested methodology, 98 
there are fewer comprehensive protocols with high-reproducibility and adaptability for rodent 99 
models. 100 
 101 
The methods herein describe a detailed, robust, and highly reproducible protocol that will yield 102 
purified, well-coupled mitochondria from small animal cardiac tissue. As demonstrated, this 103 
method is easily  adapted to accommodate the specific needs of each experiment and/or 104 
laboratory environment to isolate mitochondria from kidneys, liver, and cultured cells. Further 105 
alterations can be made to isolate mitochondria from  tissues and other animals not listed here. 106 
Provided are buffer recipes that are used for all isolations listed throughout and can be modified 107 
if needed. Much like other published protocols, the use of motorized homogenization and 108 
differential centrifugation is implemented but adjustments are made to both the sheering time 109 
and force at which the samples are centrifuged to consistently deliver high-quality mitochondrial 110 
isolates depending on the isolation source. Of note, this protocol differs from others as it uses 111 
gentle washing via pipetting to resuspend pelleted mitochondria. This allows for mitochondrial 112 
membrane integrity to be preserved and maintains overall functionally of the organelles. 113 
Mitochondrial protein is quantified either by total protein determination and/or measuring 114 
citrate synthase activity. The utility and broad applicability of this isolation method is further 115 
supported by the values of respiratory control ratios (RCR) which are achieved across organisms 116 
and tissue sources. 117 
 118 
PROTOCOL:  119 
The use and treatment of all vertebrate animals was performed in accordance with approved 120 
protocols reviewed and accepted by the Institutional Animal Care & Use Committee (IACUC) at 121 
Michigan State University. This protocol was designed using both male and female Hartley albino 122 
guinea pigs and Sprague Dawley (SD) rats. For isolation of cardiac mitochondria from guinea pigs, 123 
animals were sacrificed between 4 – 6 weeks of age (300 – 450 g). Cardiac mitochondria from SD 124 
rats of both sexes were obtained between the ages of 10 – 13 weeks (250 – 400 g). 125 
 126 
Recipes for buffers are described in Table 1 and are to be prepared in advance.  127 
 128 
1. Experimental preparation 129 
 130 
1.1 Before starting the isolation, label two 50 mL centrifugation tubes as “Spins 1, 2” and 131 
“Spin 3”.  132 
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 133 
1.2 Place tubes, freshly thawed isolation buffer (IB), sharp mincing scissors, assembled 134 
homogenization probe, and a 5 mL beaker or equivalent sized container on ice.  135 

 136 
1.3 Place freshly thawed respiration buffer (RB) in incubator to warm for subsequent 137 
respiratory assays.  138 

 139 
1.4 Pre-chill a refrigerated centrifuge to 4° C.  140 

 141 
1.5 Ensure that all equipment is arranged and 20 µL of 7-15 U/mg protease from Bacillus 142 
licheniformis has been added to the tube labeled “Spins 1 and 2”.  143 

 144 
1.6 Set up a gravity-dependent pressure system for perfusion via cannulation using CB, glass 145 
cannula, and plastic tubing with stopcock valve attached.  146 

 147 
1.7 Arrange surgical tools and include proper scissors and forceps for dissection and 148 
cannulation of the heart.  149 

 150 
NOTE: All water should be of pure quality (18.2 MΩ·cm)  151 
 152 
21. Tissue Dissection 153 
 154 
  155 
2.1 Inject animal with sterile heparin sulfate intraperitoneally at a dose of 500 U/kg. 156 
 157 
2.2 Allow animal to sit in induction chamber for 15 minutes after administration of heparin. 158 
During this time, supply 2 L/min of pure O2 gas to fully oxygenate the animal, calm them, and 159 
minimize any stress that may have adverse consequences on tissue of interest.  160 
 161 
2.3 Start anesthesia induction by a continuous flow of isoflurane at 0.5%. After one minute, 162 
increase to 1%. Continue to increase by 1% every minute until 5% is reached. Once at 5%, wait 163 
for one minute and monitor the animal’s breathing pattern.  164 
 165 
2.4 Once breathing has slowed and becomes labored (approximately at the 6.5-minute mark) 166 
turn off isoflurane and oxygen flow.  167 
 168 
2.5 Quickly remove the animal from induction chamber and check for appropriate anesthetic 169 
depth by squeezing a paw and checking for the corneal reflex. If the animal responds to either 170 
stimulus, then place back in induction chamber, readminister anesthesia, and repeat anesthetic 171 
depth check.  172 
 173 
2.6 Once the proper depth of anesthesia is reached, quickly decapitate with a guillotine to 174 
severe the cervical spine and place prone body on ice.  175 
 176 
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2.7 Make two parallel vertical incisions from the clavicles proceeding along the lateral rib cage 177 
down the length of the thorax. Ensure that the incisions are deep enough to cut through the ribs 178 
on the lateral thorax but take care to avoid damaging intrathoracic structures such as the heart 179 
or great vessels. 180 
 181 
NOTE: Vertical incision sizes depend on the animal being used. If using guinea pigs and rats, cut 182 
to the diaphragm (approximately 6.35 cm for rats and 11 cm for guinea pigs). If using mice, 183 
perform a standard thoracotomy27. 184 
 185 
2.8 Expose the heart using a hemostat to displace the anterior thorax and pack the exposed 186 
thoracic cavity with ice. This step minimizes warm ischemia time and enhances viability of the 187 
isolated organelles.  188 
 189 
2.9 Use tweezers to blunt dissect the thymus and pericardium and fully expose the heart.  190 
 191 
2.10 Using forceps, apply gentle inferior traction on the heart to expose and identify the aorta. 192 
The aorta is the thickest great vessel branching out from the base of the heart. Other large 193 
vessels, such as the pulmonary vein, are noticeably more translucent than the aorta. 194 
 195 
2.11 Cut the aorta approximately 4-6 mm above the aortic root but below the carotid 196 
branching points.  197 
 198 
2.12 Cannulate the aorta and perfuse the heart28,29 (PMID: 29091971; 26910432) with ice-cold 199 
cardioplegia (CB) solution using a gravity-dependent pressure head until the coronary arteries 200 
are cleared of blood and the organ appears blanched.  201 
 202 
NOTE: For large rodents, a cannula diameter of 1.8 – 2.2 mm works well, while for smaller 203 
rodents, a diameter range of 1.4 – 1.8 mm is recommended. Retro-perfusion should take no more 204 
than 15-30 seconds for the coronary vessels to clear of blood. 205 
 206 
2.13 Isolate the ventricular myocardium by dissecting away the atria, cartilaginous valvular 207 
tissue, and fatty tissues. 208 
 209 
2.14 Place ventricles in a pre-chilled 10 mL beaker containing 0.1 – 0.2 mL ice-cold IB.  210 
 211 
2.15 Mince tissue with sharp surgical scissors until pieces are approximately 1 mm3.  212 
 213 
32.  Mitochondrial Purification and Protein Quantification 214 
 215 
3.1 Transfer minced tissue into the pre-chilled centrifuge tube labeled “Spins 1 and 2” 216 
containing the protease solution.  217 
 218 
3.2 Add ice-cold IB to a final volume of 25 mL.  219 
 220 
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3.3 Using a motorized handheld rotor-stator homogenizer, disperse the tissue at 18,000 rpm 221 
on ice for 20 – 25 seconds.  222 
 223 
3.4 Centrifuge homogenized tissue in tube labeled “Spins 1 and 2” at 8,000 x g for 10 minutes 224 
at 4 °C.  225 
 226 
3.5 Discard the supernatant (contains protease) by pouring into waste carboy and gently rinse 227 
the pellet with 5 mL of IB to remove residual protease.  228 
 229 
3.6 After discarding the rinse, resuspend the pellet with fresh ice-cold IB to a final volume of 230 
25 mL by gentle vortex.  231 
 232 
3.7 Centrifuge at 800 x g for 10 minutes at 4 °C.  233 
 234 
3.8 Remove the supernatant (contains mitochondria) by gently pouring into a pre-chilled 50 235 
mL tube labeled “Spin 3”. While pouring, take care to avoid dislodging the loose upper portion of 236 
the pellet. As an alternative, use a transfer pipette or stripette to collect the supernatant.  237 
 238 
3.9 Centrifuge the supernatant at 8000 x g for 10 minutes at 4 °C. 239 
 240 
3.10  Discard the resulting supernatant and retain the mitochondria-containing pellet.  241 
 242 
3.11 Use a lint-free wipe to absorb excess supernatant from the inside wall of the tube, taking 243 
care to avoid disturbing the pellet. Keep the pellet at 4 °C on ice as much as possible. 244 
 245 
3.12 To resuspend the mitochondria, add 80 µL of ice-cold IB to the bottom of tube. Gently 246 
resuspend the pellet by repeatedly washing IB over the pellet.  247 
 248 
3.13 To avoid creating bubbles, set a micropipette to aspirate and deliver between 40 – 60 µL 249 
of volume.  250 
 251 
3.14 As the mitochondrial pellet disperses, increase the micropipette volume to efficiently 252 
resuspend the pelleted mitochondria. Avoid touching the pellet with the pipette tip and avoid 253 
making bubbles.  254 
 255 
3.15 Once resuspended, transfer the mitochondria to a pre-chilled microcentrifuge tube and 256 
label it as stock mitochondria. Make note of the total resuspension volume.  257 
 258 
3.16 To determine the mitochondrial protein concentration in the sample, conduct a total 259 
protein assay using the well-known BCA or Bradford protein assays as defined by the 260 
specifications of the manufacturer. 261 
 262 
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NOTE: An alternative, or complementary, strategy to assess yield is to determine the citrate 263 
synthase activity. For reference, mitochondrial content can be quantified by following the 264 
protocol described in Vinnakota et al.30.  265 
 266 
43.  Quality Control Checks 267 
 268 
4.1 In a pre-chilled microcentrifuge tube, dilute the mitochondrial stock to desired working 269 
concentration with IB.  270 
 271 
NOTE:  Mitochondrial stocks are diluted to 40 mg/mL to work at 0.1 mg/mL final concentration 272 
for respirometry assays when using isolates from cardiac tissue.  273 
 274 
4.2 Rinse oxygraph chambers, stoppers, and microliter syringes ten times with distilled water 275 
to clean before use in respirometry assays. 276 
  277 
4.3 To test viability and quality of mitochondrial isolates, load 2.3 mL of respiration buffer 278 
(RB) into oxygraph chambers and allow the oxygen consumption signal to equilibrate at 37 °C for 279 
about 10 minutes or when the rate is near 0. 280 
 281 
4.4 Once signal is equilibrated, push down the stoppers and aspirate the excess buffer that 282 
emerges from the capillary of the stopper.  283 
 284 
4.5 Add 1 mM EGTA using a microliter syringe to chelate any residual calcium in the buffers 285 
or mitochondrial sample. 286 
 287 
4.6 To fuel respiration, add 5 mM sodium pyruvate and 1 mM L-malate. 288 
 289 
4.7 Following addition of substrates, add a bolus of diluted mitochondria to achieve working 290 
concentration and allow respiration to occur for 5 minutes. This period is termed LEAK or State 2 291 
respiration. 292 
 293 
4.8 At the 5-minute mark, add a bolus of 500 µM ADP to initiate State 3 respiration, also 294 
termed OXHPOS, and allow the mitochondria to respire until anoxia.  295 
 296 
4.9 Calculate the respiratory control ratio (RCR)  by dividing the maximal rate of oxygen 297 
consumption during State 3 by the rate of oxygen consumption just before the addition of ADP 298 
in State 2 (see Figure 1). 299 
 300 
NOTE: An alternative RCR expression of 1 – 1/RCR can also be used as a metric of quality which 301 
is bounded between 0 and 1; however, it makes it difficult to differentiate quality using this 302 
metric when the RCR > 10 (see Figure 2). 303 
 304 



   

4.10 Rinse chambers and stoppers 10 times with pure water to clean the oxygraph for 305 
subsequent assays. If respirometry is complete, fill chambers with 70% ethanol and place 306 
stoppers in chambers until next use. 307 
 308 
REPRESENTATIVE RESULTS: 309 
Upon completion of mitochondrial isolation, the quality and functionality of the isolates should 310 
be tested via quantifying rates of oxygen consumption (JO2) using high-resolution respirometry. 311 
To do so, mitochondrial stocks were diluted to 40 mg/mL to allow for working concentrations of 312 
0.1 mg/mL in 2 mL of RB for all respirometry assays using isolated cardiac mitochondria. 313 
Respiration was fueled by 5 mM sodium pyruvate and 1 mM L-malate in the presence of 1 mM 314 
EGTA, a calcium chelator, and was allowed to equilibrate for 5 minutes to establish State 2 315 
respiration. During this state, rates of oxygen consumption should average 45 – 55 pmol/mL/sec 316 
or 27 – 33 nmol/mg/min. Be aware of the electrode-dependent oxygen consumption rate and 317 
perform the appropriate background corrections when necessary. Oxidative phosphorylation 318 
(State 3) is initiated at the 5-minute mark by a bolus of 500 µM ADP. Substrate additions and a 319 
representative tracing are detailed in Figure 1. Functional mitochondria will have an immediate 320 
increase in JO2 after the addition of ADP that ranges according to the tissue source as shown in 321 
Figure 2.  Without the use of EGTA, residual calcium has variable effects on maximal rates of JO2 322 
during OXPHOS which depends on mitochondrial concentration, substrate availability, and other 323 
environmental factors. Buffer composition is important for preservation of mitochondrial 324 
membrane integrity and functionality. All buffer recipes mentioned throughout the protocol are 325 
further detailed in Table 1 and can utilized for all mitochondrial preparations described herein.  326 
 327 
Successful isolation of mitochondria is denoted by obtaining RCR values that lie within the given 328 
range for each species and tissue source as shown in Table 2. Based on the data collected using 329 
this protocol, if isolating cardiac mitochondria from guinea pigs, rats, or mice, RCRs should be ≥ 330 
16, 8, and 5, respectively. If isolating from rat liver or kidney, RCRs should be ≥ 6, while RCRs from 331 
cells are considered acceptable if above 3.8. If RCR values fall below these ranges or if there are 332 
qualitative differences in the respirometry tracings, it is recommend performing an additional 333 
assay with new RB and substrates to rule out issues from contamination. Although the 1-1/RCR 334 
transform bounds values between 0 and 1, this metric is not advised when comparing 335 
mitochondrial quality across sexes or species when the RCR value is greater than 10. For this 336 
reason, standard RCR values (State 3/State 2 or OXPHOS/LEAK) were quantified during all 337 
experimentation. Information regarding modulations that can be made to this protocol to better 338 
isolate mitochondria from mouse hearts, liver, kidneys, and cells are detailed in Table 3. 339 
 340 
FIGURE AND TABLE LEGENDS: 341 
 342 
Figure 1. ExRegions of interest forperimental setup  of quality control checks using high-343 
resolution respirometry. Respiratory chambers were loaded with 2 mL of RB and allowed to 344 
equilibrate at 37 °C until the rate of oxygen consumption was near 0. Once equilibrated, 1 mM 345 
EGTA, a calcium chelator, was added along with 5 mM sodium pyruvate and 1 mM L-malate. 346 
Following the addition of these substrates, mitochondria were added at the desired working 347 
concentration (0.1 mg/mL) and allowed to respire for 5 minutes to achieve State 2 respiration 348 
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(yellow). At the 5-minute mark, 500 µM ADP was added to initiate State 3 respiration (red). RCRs 349 
were determined by time averaging the rates of oxygen consumption denoted by the red and 350 
yellow boxes to compare State 3 to State 2. State 4 is denoted by the green box and represents 351 
the period of extramitochondrial ATPase hydrolyzation of ATP and can be used to assess outer 352 
membrane integrity in cytochrome c assays. Data displayed was collected using SD rat cardiac 353 
mitochondria. 354 
 355 
Figure 2. Representative JO2 tracings and respiratory control ratios across animal and tissue 356 
sources. Quality of isolated mitochondria was tested by quantifying rates of oxygen consumption 357 
using high-resolution respirometry. Respiration was fueled by 5 mM sodium pyruvate and 1 mM 358 
L-malate in the presence of 1 mM EGTA. Mitochondria and substrates were allowed to respire 359 
for 5 minutes for State 2 respiration to stabilize. Maximal rates of oxygen consumption after the 360 
addition of ADP were compared to State 2 rates of oxygen consumption before ADP to calculate 361 
the respiratory control ratios (RCRs) for each tissue. Mitochondrial quality was further assessed 362 
by calculating the 1-1/RCR values as characterized by P-L control efficiency standards. Bar graphs 363 
to the right of each tracing denote male (blue) and female (green) average RCR and 1-1/RCR 364 
values ± SD for a given tissue. A, B, and C refer to data collected using guinea pig, Sprague Dawley 365 
(SD) rat, and Friend leukemia virus B (FVB) mouse hearts, respectively. Panels D and E detail 366 
results from SD rat liver and kidney, while F refers to HEK293 cells. The three larger liver lobes 367 
were collected, while both kidneys were used for isolation. 368 
 369 
Table 1. Buffer recipes. Cardioplegia buffer (CB), isolation buffer (IB), and respiration buffer (RB) 370 
used throughout the isolation process are to be prepared in advance according to the instructions 371 
listed. CB can be stored for up to a month at 4 °C, while IB and RB can be kept for 4 months at -372 
80 °C.  373 
 374 
Table 2. Respiratory control ratio analysis. Mitochondrial isolation for functional analyses were 375 
conducted across a wide range of species and tissue sources in both male and female rodents as 376 
well as HEK293 cells. The sample size of each sex, tissue source, and species is detailed along with 377 
the average RCR and 1-1/RCR values ± SD. 378 
 379 
Table 3. Recommended modulations to mitochondrial isolation protocol for differing tissues to 380 
increase protein yield. Changes in amounts of protease as well as centrifugations are displayed 381 
according to the tissue source. Average quantities of total protein (mg) were calculated from the 382 
results of the BSA protein assay and the resuspension volume of the final mitochondrial pellet. 383 
Values are reported as the mean ± SD. Bolded instructions included in the centrifugation column 384 
advise on whether to discard, retain, or pool the supernatant. Discarding refers to disposing of 385 
the supernatant in a biological waste container, while retention and pooling refer to transferring 386 
supernatant to the following centrifugation tube or collecting for the final spin respectively. 387 
Further details concerning alterations to the protocol can be found in the discussion section. 388 
 389 
DISCUSSION: 390 
Adhering to the methods concisely described in this protocol will ensure isolation of well-coupled 391 
mitochondria from cardiac tissue of small rodents, in addition to other tissue types and sources. 392 
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Overall, the process should take a total of 3 to 3.5 hours, during which, all animal tissue, samples, 393 
and isolates should remain on ice at 4 °C as much as possible to limit degradation. This procedure 394 
is robust and can be altered in several ways to better fit experimental goals and models utilized. 395 
One modulation that can be made during the tissue dissection process is the exclusion of heparin. 396 
Heparin is administered to prevent the formation of blood clots31 but is not necessary if the heart 397 
is cannulated and perfused quick enough (within 1.5 minutes from decapitation). Furthermore, 398 
perfusion of the heart using CB is recommended for larger rodents, so when working with mouse 399 
hearts or other organs it is advised to include IB washes before mincing and initial 400 
homogenization. This step allows for blood carried over from the dissection process to be 401 
discarded. Other changes include alterations to the homogenization and centrifugation speeds 402 
to increase the mitochondrial protein yield. Those outlined above are for isolating cardiac 403 
mitochondria from guinea pigs and rats. Importantly, this protocol can be adapted to isolate 404 
mitochondria from rodent liver, kidneys, mouse hearts, and cells. Recommended alterations to 405 
volume of protease, homogenization, and centrifugation based on specific tissue types and 406 
animals are further detailed in Table 3. 407 
 408 
After the formation of the purified mitochondrial pellet from the final centrifugation step, 409 
mitochondria are to be resuspended in pre-chilled IB. The volume of added IB is dependent on 410 
the size of the mitochondrial pellet but is about 80 µL for guinea pigs and rats. If isolating from 411 
mouse hearts, 60 µL of IB is added for resuspension. When first isolating mitochondria, it is 412 
advised to add smaller volumes of IB to not dilute the stock solution. Due to the consistency of 413 
the mitochondrial pellets formed after purifying samples from the liver and kidneys, much less IB 414 
(20 µL) is to be added for resuspension. Other methods suggest the use of mechanical 415 
resuspension via scraping that can be abrasive to mitochondrial membranes and decrease overall 416 
integrity32,33. When using this protocol, it is advised to gently wash the pellet with IB to improve 417 
quality of the mitochondria. During this process, be careful to avoid producing bubbles or 418 
disturbing the pellet with the tip of the pipette as this can lead to membrane rupturing and 419 
protein misfolding34. Only pushing to the first stop of the pipette can help reduce the likelihood 420 
of forming bubbles. Gentle pipette washing is to be done until the entirety of the pellet is in 421 
suspension. The total resuspension yield should be 150 – 200 µL for cardiac mitochondria from 422 
guinea pigs and rats and appear light brown in color. More concentrated samples will be a darker 423 
shade of brown and can be diluted to fit desired working concentration range after quantification 424 
of mitochondrial protein.  425 
 426 
Standard protein assays using BSA are optimal for mitochondrial protein quantification (PMID: 427 
942051)35. Protein assays should be delayed and incubated for the recommended durations and 428 
temperatures as defined by the manufacturer’s protocol. For isolated mitochondria, incubating 429 
delaying for 30 minutes and incubating at 3740 °C for 30 minutes allows for well-spread color 430 
development and accurate protein quantification. While quantifying the total amount of protein, 431 
it is recommended at first to dilute the resuspended mitochondria and IB at ratios of 1:50, 1:100, 432 
and 1:200 to ensure that the protein assay results will be within the calibration range. Further 433 
details regarding how to conduct protein assays using BSA as a standard are provided per the 434 
manufacturer’s kit, so the recommendations listed herein may not be applicable. A CS assay 435 
should also be performed to determine the mitochondrial content in each sample. This assay is 436 



   

well-established and allows for further normalization if studying biological differences between 437 
mitochondrial subtypes36. 438 
 439 
Following protein determination, the mitochondrial stock should be diluted to achieve the 440 
desired final working concentration for respirometry assays. Mitochondria isolated from guinea 441 
pig and rat hearts are diluted to 40 mg/mL and 5 µL of this stock is added to the respiratory 442 
chamber to result in a working concentration of 0.1 mg/mL. If isolating from single mouse hearts 443 
or from kidneys and liver, dilution of the mitochondrial stock may not be necessary. Larger 444 
volumes of mitochondria can also be added to obtain desired concentrations. Rates of oxygen 445 
consumption during State 2 that are between 35 – 55 pmol/mL/sec are acceptable for most 446 
respirometry analyses (PMID: 29091971)28. Details pertaining to how RCRs are conducted and 447 
analyzed are explained in Figure 1 and the representative results section; however, it is important 448 
to note that respiration is fueled by pyruvate and malate. Other substrate conditions such as 449 
succinate and rotenone will result in different RCR values since the P/O ratio and other 450 
bioenergetic variables are different37. The use of pyruvate and malate as respiratory fuels 451 
achieves near maximal TCA cycle turnover and production of reducing equivalents; however, 452 
maximum TCA cycle activity and coupled ETS function is obtained with 5 mM pyruvate, 1 mM L-453 
malate, and 20 mM succinate. When stimulating oxidative phosphorylation to quantify rates of 454 
oxygen consumption during State 3, ADP is added at concentrations at least 10 times the 455 
estimated KD for ADP of the adenine nucleotide translocator38. This can be achieved by boluses 456 
greater than 350 µM ADP and is why 500 µM was used in all experimental assays. If the duration 457 
of State 3 is too short, lower mitochondrial concentrations can be used to prolong it. For further 458 
analysis of respiration, modulations can be made to the concentration of ADP that is introduced 459 
to the system to better fit experimental parameters39 (PMID: 21694779). When first developing 460 
this protocol, a cytochrome c assay was used to assess outer membrane integrity of the 461 
mitochondrial isolates40 If the RCR values are below expected ranges, perform the cytochrome c 462 
test to assess if outer membrane damage is significant. To do this, add 10 µM of cytochrome c to 463 
the respiratory chamber and confirm that the increase in respiration is below 5 or 10% of the 464 
State 4 rate. The expected ranges are found from prior published studies and are species, tissue, 465 
and substrate specific. If the addition of cytochrome c stimulates State 4 respiration above 10%, 466 
the last 8,000 x g spin can be repeated to remove damaged mitochondria. That said, outer 467 
membrane damage may be a part of a disease phenotype and thus the cytochrome c test should 468 
be interpreted with that in mind41 (PMID: 38521844){Zhou, 2024 #46}. Once consistently high 469 
RCRs values with low (< 10%) cytochrome c stimulated effects are obtained, this test only 470 
becomes necessary and advised if RCR values lie outside acceptable ranges. If the cytochrome c 471 
test is < 10% and RCR values lie outside of the expected range as detailed in Table 2, repeat the 472 
respirometry assay with new RB after washing with distilled water 10 times. If decreased rates 473 
are still observed, the fresh reagents (pyruvate, malate, EGTA, and ADP) need to be made to 474 
diagnose the problem. Additionally, cytochrome c assays can be conducted 475 
spectrofluormetrically by way of ELISAs and use of mitochondrial dyes such as TMRE (PMID: 476 
16697956; 25866954)33,42. Depending on the tissue type and source, these options may be better 477 
suited for determining outer membrane integrity. 478 
 479 
While there are no major limitations of this protocol if being used to isolated cardiac 480 
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mitochondria, it is important to note that certain consideration should be made when utilizing 481 
these methods. The quality of mitochondrial isolates is greatly affected by temperature and the 482 
time taken to both perfuse the heart and resuspend the purified pellet. Thus, familiarity with 483 
these processes may be required to obtain RCRs comparable to the ones reported here. 484 
Additionally, the composition of the buffers and solutions used during the isolation process is 485 
important as it directly affects mitochondrial integrity and function43. Buffers listed in Table 1 are 486 
provided as references and have allowed for the isolation of well-coupled mitochondria across a 487 
variety of tissue sources., but changes can be made to limit the amount of chloride in respiration 488 
analyses as this can interfere with adenine nucleotide translocation and ETS function28. Buffer 489 
composition can also be altered to better isolate liver mitochondria. As the liver is high in fatty 490 
acid concentrations, it is advised that the organ and minced tissue be washed with a buffer 491 
containing elevated concentrations of BSA if RCRs outside of the expected range are observed. 492 
Although the quality of mitochondrial isolates obtained from liver sections are well-coupled and 493 
consistent, this alteration could result in improved organelle function. It should also be 494 
recognized that isolation of mitochondria from cells utilizing these methods requires a large 495 
quantity of cultured cells, which poses a potential limitation. Furthermore, this protocol is not 496 
specifically designed for cellular isolates, but has proven successful when implemented. 497 
Therefore, targeted isolation methods for cultured cells may be of better use. Alternatively, to 498 
assess mitochondrial quality, researchers may opt for fluorescent probes to calculate RCRs. 499 
Spectrofluorometric methods are a popular choice, especially if lower quantities of protein are 500 
being extracted (PMID: 17406510; 37776463)44,45.   501 
 502 
Overall, this protocol can be used to consistently isolate well-coupled cardiac mitochondria from 503 
small animals such as guinea pigs and rats. It can be easily modified to increase protein yields by 504 
changing the homogenization speeds, centrifugation times, and number of spins to allow for 505 
mitochondrial isolation from mouse hearts, liver, kidneys, and cells. Moreover, this protocol is 506 
general and robust enough that it has been used to investigate mitochondrial function from non-507 
mammalian species such as sea lamprey46, as well as perform structural analysis using classic and 508 
cryo-electron microscopy40,47. While many recent studies focus on exploration of mitochondrial 509 
behavior in intact cell and tissue systems, the breadth and depth of information extracted from 510 
isolated mitochondria using these methods reveal impacts on metabolomics, oxidative stress, 511 
and ATP production that will never be without merit. Isolation of well-coupled mitochondria 512 
allows researchers to investigate key aspects of disease development and progression not 513 
otherwise possible in whole cell models.  Due to the versatility of this protocol, changes in 514 
mitochondrial energetics observed in pathologies such as cardiovascular disease, diabetes, and 515 
neurological disorders can be explored using the methodology described herein. 516 
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