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Abstract

Previously described mitochondrial isolation methods using differential centrifugation and/or Ficoll gradient centrifugation require 60 to 100 min
to complete. We describe a method for the rapid isolation of mitochondria from mammalian biopsies using a commercial tissue dissociator and
differential filtration. In this protocol, manual homogenization is replaced with the tissue dissociator’s standardized homogenization cycle. This
allows for uniform and consistent homogenization of tissue that is not easily achieved with manual homogenization. Following tissue dissociation,
the homogenate is filtered through nylon mesh filters, which eliminate repetitive centrifugation steps. As a result, mitochondrial isolation can be
performed in less than 30 min. This isolation protocol yields approximately 2 x 1010 viable and respiration competent mitochondria from 0.18 ±
0.04 g (wet weight) tissue sample.

Video Link

The video component of this article can be found at https://www.jove.com/video/51682/

Introduction

Mitochondria exist in every cell in the body except red blood cells and are involved in a large number of important cellular and metabolic
processes1-4. Because of these many functions, mitochondrial damage can have detrimental effects3. In order to investigate mitochondrial
function and dysfunction several mitochondrial isolation methods have been described. The earliest published accounts of mitochondrial
isolation date to the 1940s5-8. The first documented attempt demonstrated mitochondrial isolation by grinding liver tissue in a mortar followed by
centrifugation in a salt solution at low speed5,8. Later, other groups expanded upon the original procedure and demonstrated tissue fractionation
based on differential centrifugation6-8. These early methods formed the basis of current techniques which often incorporate homogenization, and/
or differential centrifugation9-15. The number of homogenization and centrifugation steps varies among protocols. These repetitive steps increase
the time for mitochondrial isolation and ultimately reduce viability. In addition, manual homogenization can cause mitochondrial damage and
inconsistent results if not properly controlled10,16.

Recently, we used homogenization and differential centrifugation to isolate mitochondria for transplantation into myocardial tissue17,18. This
lengthy isolation procedure required approximately 90 min and the clinical applicability of this method was therefore limited. To allow for acute
therapeutic use in clinical and surgical treatment we have developed a rapid mitochondrial isolation procedure that can be performed in less than
30 min.

The major benefits of this protocol are that standardized tissue dissociation allows for uniform and consistent homogenization of tissue that is
not easily achieved with manual homogenization. In addition, the use of differential filtration in place of differential centrifugation eliminates time
consuming and repetitive centrifugation steps allowing for more rapid isolation of highly purified, viable and respiration competent mitochondria.

The ability to isolate viable and respiration competent mitochondria in less than 30 min allows for clinical applicability. This isolation protocol has
potential for use in coronary artery bypass grafting surgery (CABG) and other therapeutic procedures.

Protocol

Preparation

1. Prepare 1 M K-HEPES Stock Solution (adjust pH to 7.2 with KOH).
2. Prepare 0.5 M K-EGTA Stock Solution (adjust pH to 8.0 with KOH).
3. Prepare 1 M KH2PO4 Stock Solution.
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4. Prepare 1 M MgCl2 Stock Solution.
5. Prepare Homogenizing Buffer (pH 7.2) 300 mM sucrose, 10 mM K-HEPES, and 1 mM K-EGTA. Store at 4 °C.
6. Prepare Respiration Buffer 250 mM sucrose, 2 mM KH2PO4, 10 mM MgCl2, 20 mM K-HEPES Buffer (pH 7.2) and 0.5 mM K-EGTA (pH 8.0).

Store at 4 °C.
7. Prepare 10x PBS Stock Solution by dissolving 80 g of NaCl, 2 g of KCl, 14.4 g of Na2HPO4, and 2.4 g of KH2PO4 into 1 L double distilled H2O

(pH 7.4).
8. Prepare 1x PBS by pipetting 100 ml 10x PBS into 1 L double distilled H2O.
9. Prepare Subtilisin A Stock by weighing out 4 mg of Subtilisin A into a 1.5 ml microfuge tube. Store at -20 °C until use.
10. Prepare BSA Stock by weighing out 20 mg of BSA into a 1.5 ml microfuge tube. Store at -20 °C until use.

Mitochondrial Isolation (Figure 1)

1. Immediately prior to isolation, dissolve Subtilisin A in 1 ml of Homogenizing Buffer.
2. Immediately prior to isolation, dissolve BSA in 1 ml of Homogenizing Buffer.
3. Collect two fresh tissue samples using a 6 mm biopsy sample punch and store in 1x PBS in a 50 ml conical centrifuge tube on ice.
4. Transfer the two 6 mm punches of tissue to a dissociation C tube containing 5 ml of ice cold Homogenizing Buffer.
5. Homogenize the tissue by fitting the dissociation C tube on the tissue dissociator and select the pre-set mitochondrial isolation cycle (60 sec

homogenization).
6. Remove the dissociation C tube to an ice bucket.
7. Add 250 μl of Subtilisin A Stock Solution to the homogenate, mix by inversion and incubate the homogenate on ice for 10 min.

1. Optional in the case that the tissue is fibrous: Centrifuge the solution at 750 x g for 4 min.

8. Place a 40 µm mesh filter onto a 50 ml conical centrifuge tube on ice and pre-wet the filter with Homogenizing Buffer and filter the
homogenate into the 50 ml conical centrifuge tube on ice.

9. Add 250 µl of freshly prepared BSA Stock Solution to the filtrate and mix by inversion.
 

Note: Omit this step if mitochondrial protein determination is required.
10. Place a 40 µm filter onto a 50 ml conical centrifuge tube on ice and pre-wet the filter with Homogenizing Buffer and filter the homogenate into

the 50 ml conical centrifuge tube on ice.
11. Place a 10 µm filter onto a 50 ml conical centrifuge tube on ice and pre-wet the filter with Homogenizing Buffer and filter the homogenate into

the 50 ml conical centrifuge tube on ice.
12. Transfer the filtrate to two pre-chilled 1.5 ml microfuge tubes and centrifuge at 9,000 x g for 10 min at 4 ºC.
13. Remove supernatant and re-suspend and combine pellets in 1 ml of ice cold Respiration Buffer.

ATP Assay

Note: To determine the metabolic activity of isolated mitochondria an ATP luminescence assay can be performed using an ATP assay kit. The
protocol, reagents and standards were supplied in the assay kit. A summary of the procedure is described below.

1. Equilibrate kit reagents to RT.
2. Prepare 10 mM ATP Stock Solution by dissolving lyophilized ATP pellet in 1,170 µl of double distilled water. Store ATP standard Stock

Solution and prepared mitochondrial samples on ice.
3. Add 5 ml of Substrate Buffer solution to a vial of lyophilized substrate solution. Mix gently and place in the dark.
4. Add 100 µl of Respiration Buffer to all wells of a black, opaque bottom, 96 well plate.
5. Add 10 µl of mitochondria from the prepared samples to each well of a black, opaque bottom, 96 well plate. Note: Samples are plated in

triplicate. Include a row for standards and three wells for the negative control (Respiration Buffer).
6. Add 50 µl of mammalian cell lysis solution to all wells, including standards and controls.
7. Incubate the plate at 37 ºC for 5 min on an orbital shaker at 125 rpm.
8. During the incubation prepare ATP standards in concentrations of 0.1 mM, 0.05 mM, 0.01 mM, 0.005 mM, 0.001 mM, and 0.0001 mM ATP

from the 10 mM ATP Stock Solution. Store standards on ice.
9. Following the incubation, add 10 µl of ATP standards to corresponding wells as indicated on the plate map. Note: Standards are performed in

duplicate.
10. Add 50 µl of the reconstituted substrate solution to each well.
11. Incubate the plate at 37 ºC on the orbital shaker for 5 min at 125 rpm.
12. Open Gen5 1.11 software on a computer linked with the spectrophotometer.
13. Under “Create a New Item”, click on “Experiment”.
14. Click on “Default Protocol”. Click “Ok”.
15. In the left column, select “Protocol”, then “Procedure”.
16. Select “Delay”. Set to 00:10:00. Click “Ok”.
17. Select “Read”. Select “Luminescence” from drop down menu. Adjust other settings to the following: Read type Endpoint, Integration Time

0:01.00 MM:SS.ss, Filter Sets 1, Emission Hole, Optics Position Top, Sensitivity 100, Top Probe Vertical Offset 1.00 mm.
18. When the plate is ready to be analyzed, click the “Read Plate” icon on the top row. Click “Read”. When the spectrophotometer opens, place

the plate into the tray with well A1 in the upper left corner. A box with the temperature will open. Click “Read”. Note: Higher values correlate
with increased ATP levels and higher metabolic activity.
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Representative Results

A figure outlining the procedural steps in the isolation of mitochondria using tissue dissociation and differential filtration is shown in Figure 1.
Total procedural time is less than 30 min.

Tissue samples were obtained using a 6 mm biopsy punch. Tissue weight was 0.18 ± 0.04 g (wet weight). The number of mitochondria isolated
as determined by particle size counting was 2.4 x 1010 ± 0.1 x 1010 mitochondria for skeletal muscle and 2.75 x 1010 ± 0.1 x 1010 mitochondria
for liver preparations (Figure 2A). To allow for comparison mitochondrial number was also determined by hemocytometer. Mitochondrial number
was underestimated as determined by hemocytometer as 0.11 x 1010 ± 0.04 x 1010 mitochondria for skeletal muscle and 0.34 x 1010 ± 0.09 x
1010 mitochondria for liver preparations (Figure 2A). Mitochondrial diameter as determined by size based particle counter is shown in Figure 2B.
The representative tracing shows the isolated mitochondria are localized under one peak with mean diameter of 0.38 ± 0.17 µm in agreement
with previous reports7.

Mitochondrial protein/g (wet weight) starting tissue as determined by Bicinchoninic Acid (BCA) assay was 4.8 ± 2.9 mg/g (wet weight) and 7.3 ±
3.5 mg/g (wet weight) for skeletal muscle and liver samples respectively (Figure 2C).

Mitochondrial purity was determined by transmission electron microscopy and is shown in Figure 2D. Mitochondria are shown to be electron
dense with less than 0.01% being fractured or damaged. Contamination by non-mitochondrial particles is less than 0.001%.

Mitochondrial viability was determined by MitoTracker Red as previously described17,18. Our results show that the isolated mitochondria maintain
membrane potential (Figures 3A - C).

ATP was determined using a luminescent assay kit. A plate map for the ATP assay is shown in Figure 4. ATP standards were plated in duplicate.
Mitochondrial samples and negative controls were plated in triplicate. ATP content was 10.67± 4.38 nmol/mg mitochondrial protein and 14.83 ±
4.36 nmol/mg mitochondrial protein for skeletal muscle and liver samples respectively (Figure 3D).

Mitochondrial respiration was assessed using a Clark type electrode as previously described17,18. Mitochondrial oxygen consumption rate was
178 ± 17 nM O2/min/mg mitochondrial protein for skeletal muscle and 176 ± 23 nM O2/min/mg mitochondrial protein for liver preparations.
Respiratory control index (RCI) values were 2.45 ± 0.34 and 2.67 ± 0.17 for skeletal muscle and liver sample preparations respectively (Figure
3E). These results are similar to those reported in our previous studies using manual homogenization and differential centrifugation to isolate
mitochondria17-18.

 

Figure 1. Schema for the isolation of mitochondria using tissue dissociation and differential filtration. (A) Transfer two 6 mm biopsy
sample punches to 5 ml of Homogenizing Buffer in a dissociation C tube and homogenize the samples using the tissue dissociator's 1 min
homogenization program. (B) Add 250 µl Subtilisin A stock solution to the homogenate in the dissociation C tube and incubate on ice for 10 min.
(C) Filter the homogenate through a pre-wetted 40 µm mesh filter in a 50 ml conical centrifuge tube on ice and then add 250 µl of BSA stock
solution to the filtrate. (D) Re-filter the filtrate through a new pre-wetted 40 µm mesh filter in a 50 ml conical centrifuge on ice. (E) Re-filter the
filtrate through a new pre-wetted 10 µm mesh filter in a 50 ml conical centrifuge tube on ice. (F) Transfer the filtrate to 1.5 ml microfuge tubes and
centrifuge at 9,000 x g for 10 min at 4 °C. (G) Remove the supernatant and re-suspend and combine the mitochondrial pellets in 1 ml Respiration
Buffer. Total procedure time is less than 30 min. Please click here to view a larger version of this figure.
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Figure 2. Mitochondrial yield and purity. (A) Hemocytometer and particle size counter mitochondria number isolated from 0.18 ± 0.04 g tissue
(wet weight) for skeletal muscle and liver. (B) Mitochondrial size (mg/g) distribution as detected by particle size counter. (C) Mitochondrial protein
mg/g tissue wet weight for skeletal muscle and liver. (D) Transmission electron microscopy image of isolated mitochondria. Scale bar is 100 nm.
Arrows indicate possible contamination by non mitochondrial particles and damaged mitochondria. Please click here to view a larger version of
this figure.

 

Figure 3. Mitochondrial viability. Representative photomicrographs of isolated mitochondria (A) under phase contrast illumination and (B and
C) under fluorescence, with mitochondria labeled with MitoTracker Red CMXRos. Scale bars are 25 μm (A, B) and 5 μm (C). These images
indicate that mitochondria maintained membrane potential. Arrows indicate mitochondria lacking membrane potential or debris (D) ATP content
nmol/mg mitochondrial protein as determined by ATP assay and (E) RCI (state 3/state 4) as determined by Clark electrode. Please click here to
view a larger version of this figure.
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Figure 4. Plate map for ATP assay. This plate map illustrates how to set up standards (A1 - A12), mitochondria samples (B1 - C6), and
negative controls (C7 - C9) for the ATP assay. During the assay, 100 µl of Respiration Buffer, 50 µl of mammalian cell lysis solution and 50 µl of
reconstituted substrate solution are added to all wells (A1 - C9).

Discussion

To successfully isolate mitochondria using this protocol it is essential to keep all solutions and tissue samples on ice to preserve mitochondrial
viability. Even when maintained on ice, isolated mitochondria will exhibit a decrease in functional activity over time19. We recommend that all
solutions and additions be pre-prepared. We pre-weigh and store Subtilisin A in 4 mg aliquots in 1.5 ml microfuge tubes and store them at -20
°C. Similarly BSA is pre-weighed and stored in 20 mg aliquots in 1.5 ml microfuge tubes that can be stored at -20 °C. Just prior to use the tubes
are removed from -20 °C and Subtilisin A and BSA are dissolved in 1 ml of Homogenizing Buffer for use in the mitochondrial isolation procedure.

Two biopsy punches from skeletal muscle tissue obtained using a 6 mm biopsy punch provide sufficient mitochondria for use in clinical and
surgical procedures for therapeutic interventions17-18. To estimate the number of mitochondria we have used two methods, hemocytometer and
particle size counting. The use of particle size counting is recommended. The particle size counter uses electrical impedance to measure the
volume of particles passing through an aperture of a defined size. The particle size counter is costly but provides accurate and reliable estimates
and is user independent. Mitochondrial number estimated by hemocytometry is more economical. Our studies have demonstrated that this
method provides variable estimates that are approximately one order of magnitude less than that obtained using a particle size counter. We have
also noted that counts obtained by hemocytometer are highly dependent on the user. We suggest that to ensure consistent estimates all counts
using a hemocytometer should be performed by one person.

We have found ATP assay kits to be useful for determining mitochondrial function. The kit supplies all necessary reagents and provides a simple
and fast method for determining the metabolic activity of isolated mitochondria. The ATP assay provides similar results as those obtained using a
Clark-type electrode and therefore is compatible with previous data analysis20-21.

A major advantage of our mitochondrial isolation protocol is that it allows for isolation of a high yield of viable, respiration competent mitochondria
free of contamination in less than 30 min. Differential filtration in place of differential centrifugation significantly reduces procedure time. Other
protocols incorporate several centrifugation steps with overall isolation time being 60 min to 100 min13-17. Another advantage of this protocol
is that tissue homogenization is standardized. The commercial tissue dissociator provides a standardized cycle and yields consistent and
reproducible results. This is in contrast to manual homogenization that is subject to user variability and inconsistency. Our method for the rapid
isolation of mitochondria using tissue dissociation and differential filtration provides an isolation time frame compatible for clinical and surgical
therapeutic intervention17,18.
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