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Abstract
Mitochondria are organelles controlling the life and death of the cell. They participate in key metabolic reactions, synthesize most of the ATP, and
regulate a number of signaling cascades2,3. Past and current researchers have isolated mitochondria from rat and mice tissues such as liver,
brain and heart4,5. In recent years, many researchers have focused on studying mitochondrial function from skeletal muscles.

Here, we describe a method that we have used successfully for the isolation of mitochondria from skeletal muscles 6. Our procedure requires that
all buffers and reagents are made fresh and need about 250-500 mg of skeletal muscle. We studied mitochondria isolated from rat and mouse
gastrocnemius and diaphragm, and rat extraocular muscles. Mitochondrial protein concentration is measured with the Bradford assay. It is
important that mitochondrial samples be kept ice-cold during preparation and that functional studies be performed within a relatively short time
(~1 hr). Mitochondrial respiration is measured using polarography with a Clark-type electrode (Oxygraph system) at 37°C7. Calibration of the
oxygen electrode is a key step in this protocol and it must be performed daily. Isolated mitochondria (150 μg) are added to 0.5 ml of experimental
buffer (EB). State 2 respiration starts with addition of glutamate (5mM) and malate (2.5 mM). Then, adenosine diphosphate (ADP) (150 μM) is
added to start state 3. Oligomycin (1 μM), an ATPase synthase blocker, is used to estimate state 4. Lastly, carbonyl cyanide
p-[trifluoromethoxy]-phenyl-hydrazone (FCCP, 0.2 μM) is added to measurestate 5, or uncoupled respiration 6. The respiratory control ratio
(RCR), the ratio of state 3 to state 4, is calculated after each experiment. An RCR ≥4 is considered as evidence of a viable mitochondria
preparation.

In summary, we present a method for the isolation of viable mitochondria from skeletal muscles that can be used in biochemical (e.g., enzyme
activity, immunodetection, proteomics) and functional studies (mitochondrial respiration).

Protocol

1. Preparation of Buffers

2. Muscle Isolation

3. Homogenization/Mitochondrial Isolation
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1. Turn on centrifuge 5804R and set to 4°C. Turn on Isotemp 3006D water bath and set to 37°C.
2. Prepare the following solutions before muscle isolation:

• PBS: Dissolve phosphate buffered saline (PBS) tablets in distilled water (5 tablets/liter). Mix well.
• PBS plus 10 mM EDTA: To prepare a 100 ml solution, add 2 ml of 500 mM EDTA to 98 ml of PBS.
• 8X Mitochondria buffer: 10.28 g of sucrose for a final concentration of 0.6 M, 400 mg of free-fatty acid bovine serum albumin (BSA) for

a final concentration of 0.8%, 2.08 g of HEPES for a final concentration of 160 mM, pH to 7.4 and QS to 50 ml with distilled water.
• Isolation Buffer 1 (IB1): Add 200 μl of 500 mM EDTA for a final concentration of 10 mM, 0.392 g of D-mannitol for a final concentration

of 215 mM, 1.25 ml of 8X mitochondria buffer, pH to 7.4 and QS to 10 ml with distilled water.
• Isolation Buffer 2 (IB2): Add 60 μl of 500 mM EGTA for a final concentration of 3 mM, 0.392 g of D-mannitol for a final concentration of

215 mM, 1.25 ml of 8X mitochondria buffer, pH to 7.4 and QS to 10 ml with distilled water.
• Experimental Buffer (EB): Add 100 μl of 500 mM MgCl2 for a final concentration of 5 mM, 0.392 g of D-mannitol for a final concentration

of 215 mM, 25 μl of 2.5 mM KH2PO4 for a final concentration of 6.25 μM, 2 μl of 100 mM EGTA for a final concentration of 20 μM, 1.25
ml of mitochondrial buffer, pH to 7.4 and QS to 10 ml with distilled water.

1. In an ice bucket, put three 10 ml beakers, Potter-Elvehjem tissue grinders and all other necessary instruments/supplies on ice. Everything
must stay ice-cold throughout the experiment.

2. Place IB1 and IB2 in ice bucket and EB in warm water bath when done.
3. In the three 10 ml beakers, the following solutions should be added:

• Beaker 1: 10 ml of PBS
• Beaker 2: 10 ml of PBS/EDTA
• Beaker 3: 3 ml of IB1

4. Kill a rat humanely as approved by your local Institutional Animal Care and Use Committee.
5. Rapidly isolate 250-500 mg of skeletal muscle, rinse in Beaker 1, then transfer to Beaker 2.

1. Transfer muscle to Beaker 3 and finely mince the muscle with scissors.
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4. Electrode Calibration

NOTE: Complete electrode calibration during mitochondrial isolation.

5. Mitochondrial Respiration

6. Representative Results:
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2. Transfer the solution to the Potter-Elvehjem homogenizer. Homogenize the muscle using a motorized pestle (a drill press will do the job) 10
times keeping the tube in ice at all times.

3. Transfer homogenate to pre-chilled 2 ml microcentrifuge tubes and centrifuge at 700 g for 10 minutes at 4° C.
4. Transfer supernatant to a new pre-chilled microcentrifuge tube. Discard pellet.
5. Centrifuge supernatant at 10,500 g for 10 minutes at 4° C.
6. Transfer supernatant to a new pre-chilled microcentrifuge tube and label SN1 (supernatant number 1) and muscle type.
7. Re-suspend pellet in 500 μl of IB2.
8. Centrifuge at 10,500 g for 10 minutes at 4° C.
9. Transfer supernatant to a new pre-chilled microcentrifuge tube and label SN2 (supernatant number 2) and muscle type.
10. Suspend final mitochondrial pellet in 100 μl of IB2.
11. Re-spin final mitochondrial suspension in minifuge for a few seconds. If there is a pellet, transfer supernatant to a new pre-chilled

microcentrifuge tube and discard the pellet.
12. Determine protein concentration using the Bradford assay 8.

1. Add 100 ml of distilled water to 250 ml flask. Stir vigorously for 20 minutes to equilibrate the water with atmospheric gas.
2. Add a few drops of 50% KCl to the Oxygraph electrode.
3. Place a small piece of Blue Rizla rolling paper on top of electrode.
4. Place a piece of PTFE membrane on top of the rolling paper.
5. Apply the inner ring using the ring applicator and then place the outer ring in the electrode groove.
6. Connect electrodes and assemble the rest of the equipment: bigger plastic ring base, mitochondrial chamber, and water hoses.
7. Turn on Oxygraph boxes and start Oxygraph software.
8. Add the equilibrated water to mitochondrial chamber.
9. Add stir bar and turn on to a speed of 60.
10. Begin a new experiment.
11. Click on calibrate and then liquid phase calibration for Box 1. Change temperature to 37° C and click "OK" twice.
12. When "Override" changes to "OK" click it and open the nitrogen gas tank.
13. Place tip connected to nitrogen tank into chamber and establish zero oxygen. Click "OK" when it switches from "Override."
14. Aspirate water and add 500 μl of EB buffer to mitochondrial chambers.
15. Seal chamber with plunger.
16. If using multiple boxes, repeat steps 11-15 for calibration of Box 2.

1. Start a new experiment; let it run for about 1 minute to stabilize signal.
2. Add necessary volume of the mitochondrial suspension (step 3.11) for 150 μg in each chamber, mark event, and let it run for 1 minute.
3. Add 10 μl of warm 250 mM/125 mM glutamate/malate for a final concentration of 5 mM/2.5 mM. Mark and let run for 1 minute. This is defined

as State 2.
4. Add 7.5 μl of 10 mM ADP for a final concentration of 150 μM, mark, and let run for 30 seconds. This is defined as State 3.
5. Add another 7.5 μl of 10 mM ADP, mark, and let run for 1.5 minutes.
6. Add 0.5 μl of cold 10 mM oligomycin for a final concentration of 1 μM, mark, and let run for 3 minutes. This is defined as State 4.
7. Add 1 μl of cold 0.1 mM FCCP for a final concentration of 0.2 μM, mark, and let run for 3 minutes. This is defined as State 5.
8. When finished, end experiment and save.
9. Acquire respiration rates using Oxygraph software.
10. Enter normalization factor: if adding 150 μg of mitochondrial protein, the normalization factor will be 0.15.
11. Calculate normalized respiration rates for the different respiration states.
12. Calculate the Respiratory Control Ratio (RCR) by dividing State 3 by State 4.
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Figure 1. shows a representative tracing of oxygen consumption by skeletal muscle mitochondria. After the electrode signal is stabilized, the
mitochondria sample is added to the Oxygraph chamber. State 2 respiration starts with addition of glutamate and malate. Addition of ADP
increases oxygen consumption, defining state 3 respiration. ATP synthase is blocked by addition of oligomycin to obtain state 4 respiration.
Finally, FCCP is added to uncouple mitochondrial respiration (state 5). Table 1 shows representative oxygen consumption rates for states 2, 3, 4
and 5. The respiratory control ratio (RCR) is calculated for each experiment. RCR ≥4 is considered as evidence of a viable mitochondria
preparation.

Table 1. Mitochondrial respiration rates. Representativeoxygen consumption rates from skeletal muscle mitochondria. Values are normalized
to the amount of mitochondria added to the chamber. The respiratory control ratio (RCR) is determined by dividing state 3 by state 4. An RCR≥4
represents a viable mitochondria preparation.

Discussion
We present a protocol to isolate viable mitochondria from skeletal muscles. If yield is a problem, the protocol can be modified by incubating the
isolated muscle in 5 ml of PBS/10mM EDTA/0.01% trypsin for 30 minutes in ice. To assure complete muscle digestion with trypsin, the muscle
needs to be fully minced. After the 30-minute incubation, the PBS/10mM EDTA/0.01% trypsin solution must be completely replaced with 3 ml of
isolation buffer 1 (IB1). In addition, the use of trypsin may interfere with some mitochondrial substrates during the respiration protocol. All the
substrates used in this protocol result in good mitochondrial preparations when using trypsin.

For mouse skeletal muscles, it is best to combine the gastrocnemius muscles from both legs, or use the whole diaphragm. For rat skeletal
muscles, a small section of gastrocnemius or diaphragm is sufficient. Excessive muscle mass can complicate the isolation procedure and result in
lower yields. For isolation of very small muscles such as the extraocular muscles, it is necessary to pool muscles from more than 1 animal to
obtain the necessary muscle mass.

This protocol refers to two different supernatants: SN1 and SN2. These supernatants are the result of differential centrifugation and contain
non-mitochondrial proteins. Proteins from these supernatants and from the final mitochondrial pellet can be used in western blots to verify the
purity of the mitochondrial preparation. Western blots using mitochondrial and cytoplasmic antibodies confirm the purity of your mitochondrial
preparation in the final pellet.

Cleaning the mitochondrial respiration equipment is critical for a successful experiment. After each experiment, the chambers must be cleaned
thoroughly as follows: rinse chambers five times with distilled water, rinse once with 70% ethanol to remove ethanol-soluble substrates, rinse with
a saturated solution of PBS/BSA for about 5 minutes, finally, rinse chambers 5 times with distilled water. Clark-type electrodes must be properly
cleaned after every use by rinsing several times with distilled water and softly scrubbed with a toothbrush. Then, they must be completely dried
with lent-free wipes and stored in a desiccator. Once a week, the electrodes should be polished using the Oxygraph polishing kit.

Mitochondrial substrates are prepared as stock solutions, aliquoted and stored at -20oC. We do not recommend the re-use of substrates. In our
experience, most of the substrates are stable at -20oC for several months, except for oligomycin that must be replaced every 2 months or so.
Always refer to the manufacturer's specifications for more details.

Finally, this protocol can also be used to isolate mitochondria from heart. As for other muscles, the size of the animal (rat vs. mouse) will
determine what fraction of the organ is necessary to obtain sufficient mitochondria.
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States Normalized Rates
State 2 34.74

State 3 153.40

State 4 16.49

State 5 143.70

RCR 9.30
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