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 This book attempts to show different pathways that converge into regulation of mitochondrial 
function. The book will integrate mitochondria with other cellular components, discussing 
how these interactions infl uence the dynamics of mitochondrial structure and biogenesis. 

 This book is intended for the use of advanced undergraduates, graduates, postgradu-
ates, and beginning researchers in the areas of molecular and cellular biology, biochemistry, 
and bioenergetics. Each section is prefaced with a short treatise introducing the fundamen-
tal principles for that section followed by chapters describing the practical principles and 
assays designed to derive quantitative assessment of each set of parameters that refl ect dif-
ferent aspects of mitochondrial regulation.  

  Coimbra, Portugal     Carlos     M.     Palmeira   
  Aveiro, Portugal    Anabela     P.     Rolo    

  Pref ace   



     



vii

  Contents 

   Preface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   v    
   Contributors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   ix    

    1     Isolation of Crude Mitochondrial Fraction from Cells . . . . . . . . . . . . . . . . . . .   1   
    Mariusz   R.   Wieckowski     and     Lech   Wojtczak    

     2     Isolation of Mitochondria from Liver and Extraction of Total RNA 
and Protein: Analyses of MicroRNA and Protein Expressions  . . . . . . . . . . . . .   9   
    Pedro   M.   Borralho,         Clifford   J.   Steer,     and     Cecília   M.  P.   Rodrigues    

     3     PCR Based Determination of Mitochondrial DNA Copy Number 
in Multiple Species  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   23   
    John   P.   Rooney,         Ian   T.   Ryde,         Laurie   H.   Sanders,         Evan   H.   Howlett,     
    Meryl   D.   Colton,         Kaylyn   E.   Germ,         Greg   D.   Mayer,     
    J.   Timothy   Greenamyre,     and     Joel   N.   Meyer    

     4     NAD+ Content and Its Role in Mitochondria  . . . . . . . . . . . . . . . . . . . . . . . . .   39   
    Wei   Li     and     Anthony   A.   Sauve    

     5     Measuring PGC-1α and Its Acetylation Status in Mouse Primary Myotubes. . .   49   
    Ana   P.   Gomes     and     David   A.   Sinclair    

     6     Measurement of Mitochondrial Oxygen Consumption Rates 
in Mouse Primary Neurons and Astrocytes  . . . . . . . . . . . . . . . . . . . . . . . . . . .   59   
    Sofia   M.   Ribeiro,         Alfredo   Giménez-Cassina,     and     Nika   N.   Danial    

     7     Determination of Oxidative Phosphorylation Complexes Activities  . . . . . . . . .   71   
    João   S.   Teodoro,         Carlos   M.   Palmeira,     and     Anabela   P.   Rolo    

     8     Histoenzymatic Methods for Visualization of the Activity 
of Individual Mitochondrial Respiratory Chain Complexes 
in the Muscle Biopsies from Patients with Mitochondrial Defects  . . . . . . . . . .   85   
    Agnieszka   Karkucinska-Wieckowska,         Maciej   Pronicki,     
and     Mariusz   R.   Wieckowski    

     9     A Method Aimed at Assessing the Functional Consequences 
of the Supramolecular Organization of the Respiratory Electron 
Transfer Chain by Time- Resolved Studies  . . . . . . . . . . . . . . . . . . . . . . . . . . . .   95   
    Fabrice   Rappaport    

    10     BN-PAGE-Based Approach to Study Thyroid Hormones 
and Mitochondrial Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   111   
    Elena   Silvestri,         Assunta   Lombardi,         Federica   Cioffi,     
and     Fernando   Goglia    

    11     Detection of UCP1 Protein and Measurements of Dependent 
GDP-Sensitive Proton Leak in Non- phosphorylating 
Thymus Mitochondria  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   123   
    Kieran   J.   Clarke,         Audrey   M.   Carroll,         Gemma   O’Brien,     
and     Richard   K.   Porter    



viii

    12     Exploring Liver Mitochondrial Function by 13C-Stable Isotope 
Breath Tests: Implications in Clinical Biochemistry  . . . . . . . . . . . . . . . . . . . . .   137   
    Ignazio   Grattagliano,         Leonilde   Bonfrate,         Michele   Lorusso,     
    Luigi   Castorani,         Ornella   de Bari,     and     Piero   Portincasa    

    13     Following Mitochondria Dynamism: Confocal Analysis 
of the Organelle Morphology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   153   
    Francesca   R.   Mariotti,         Mauro   Corrado,     and     Silvia   Campello    

    14     Analysis of Pro-apoptotic Protein Trafficking to and from Mitochondria  . . . . .   163   
    Ignacio   Vega-Naredo,         Teresa   Cunha-Oliveira,         Teresa   L. Serafim,     
    Vilma   A. Sardao,     and     Paulo   J.   Oliveira    

    15     Mitophagy and Mitochondrial Balance  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   181   
    Simone   Patergnani     and     Paolo   Pinton     

   Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   195    

Contents



ix

        ORNELLA     DE     BARI       • Department of Biomedical Sciences and Human Oncology, 
Clinica Medica “A. Murri” ,  “Aldo Moro” University Medical School  ,  Bari ,  Italy   ; 
  Division of Gastroenterology and Hepatology, Department of Internal Medicine , 
 Saint Louis University School of Medicine  ,  St. Louis ,  MO ,  USA     

      LEONILDE     BONFRATE       • Department of Biomedical Sciences and Human Oncology, 
Clinica Medica “A. Murri” ,  “Aldo Moro” University Medical School  ,  Bari ,  Italy     

      PEDRO     M.     BORRALHO       • Faculty of Pharmacy, Research Institute for Medicines (iMed. UL isboa) , 
 Universidade de Lisboa  ,  Lisboa ,  Portugal     

      SILVIA     CAMPELLO       • Department of Experimental Neuroscience ,  IRCCS Fondazione Santa 
Lucia  ,  Rome ,  Italy     

      AUDREY     M.     CARROLL       • School of Biochemistry and Immunology, Trinity Biomedical Sciences 
Institute ,  Trinity College Dublin  ,  Dublin ,  Ireland     

      LUIGI     CASTORANI       • Department of Biomedical Sciences and Human Oncology, 
Clinica Medica “A. Murri” ,  “Aldo Moro” University Medical School  ,  Bari ,  Italy     

      FEDERICA     CIOFFI       • Dipartimento di Scienze e Tecnologie ,  Università degli Studi del Sannio  , 
 Benevento ,  Italy     

      KIERAN     J.     CLARKE       • School of Biochemistry and Immunology, Trinity Biomedical Sciences 
Institute ,  Trinity College Dublin  ,  Dublin ,  Ireland     

      MERYL D.     COLTON       • Nicholas School of the Environment ,  Duke University  ,  Durham , 
 NC ,  USA     

      MAURO     CORRADO       • Department of Experimental Neuroscience, IRCCS Fondazione 
Santa Lucia, Roma, Italy; Dulbecco-Telethon Institute, Venetian Institute 
of Molecular Medicine ,     Padova ,  Italy     

      TERESA     CUNHA-OLIVEIRA       • CNC—Center for Neuroscience and Cell Biology , 
 Largo Marquês de Pombal, University of Coimbra  ,  Coimbra ,  Portugal     

      NIKA     N.     DANIAL       • Department of Cancer Biology ,  Dana-Farber Cancer Institute  ,  Boston , 
 MA ,  USA   ;   Department of Cell Biology ,  Harvard Medical School  ,  Boston ,  MA ,  USA     

      KAYLYN E.     GERM       • The Institute of Environmental and Human Health ,  Texas Tech 
University  ,  Lubbock ,  TX ,  USA     

      ALFREDO     GIMÉNEZ-CASSINA       • Department of Cancer Biology ,  Dana-Farber Cancer 
Institute  ,  Boston ,  MA ,  USA   ;   Department of Cell Biology ,  Harvard Medical School  , 
 Boston ,  MA ,  USA     

      FERNANDO     GOGLIA       • Dipartimento di Scienze e Tecnologie ,  Università degli Studi del 
Sannio  ,  Benevento ,  Italy     

      ANA     P.     GOMES       • Department of Genetics ,  Harvard Medical School  ,  Boston ,  MA ,  USA     
      IGNAZIO     GRATTAGLIANO       • Italian College of General Practitioners  ,  Florence, Bari ,  Italy     
      J.     TIMOTHY     GREENAMYRE       • Department of Neurology, Pittsburgh Institute for 

Neurodegenerative Diseases ,  University of Pittsburgh  ,  Pittsburgh ,  PA ,  USA     
      EVAN     H.     HOWLETT       • Department of Neurology, Pittsburgh Institute for Neurodegenerative 

Diseases ,  University of Pittsburgh  ,  Pittsburgh ,  PA ,  USA     

  Contributors 



x

      AGNIESZKA     KARKUCINSKA-WIECKOWSKA       • Department of Pathology ,  The Children’s Memorial 
Health Institute  ,  Warsaw ,  Poland     

      WEI     LI       • Weill Cornell Medical College  ,  New York ,  NY ,  USA     
      ASSUNTA     LOMBARDI       • Dipartimento delle Scienze Biologiche, Sezione Fisiologia , 

 Università degli Studi di Napoli “Federico II”  ,  Naples ,  Italy     
      MICHELE     LORUSSO       • Department of Biomedical Sciences and Human Oncology, 

Clinica Medica “A. Murri” ,  “Aldo Moro” University Medical School  ,  Bari ,  Italy     
      FRANCESCA     R.     MARIOTTI       • Department of Experimental Neuroscience ,  IRCCS Fondazione 

Santa Lucia  ,  Rome ,  Italy     
      GREG     D.     MAYER       • The Institute of Environmental and Human Health ,  Texas Tech 

University  ,  Lubbock ,  TX ,  USA     
      JOEL     N.     MEYER       • Nicholas School of the Environment ,  Duke University  ,  Durham , 

 NC ,  USA     
      GEMMA     O’BRIEN       • School of Biochemistry and Immunology, Trinity Biomedical Sciences 

Institute ,  Trinity College Dublin  ,  Dublin ,  Ireland     
      PAULO     J.     OLIVEIRA       • CNC—Center for Neuroscience and Cell Biology ,  Largo Marquês de 

Pombal, University of Coimbra  ,  Coimbra ,  Portugal     
      CARLOS     M.     PALMEIRA       • Center for Neurosciences and Cell Biology ,  University of Coimbra  , 

 Coimbra ,  Portugal; Department of Life Sciences, University of Coimbra, Coimbra, 
Portugal     

      SIMONE     PATERGNANI       • Department of Morphology, Surgery and Experimental Medicine, 
Section of Pathology, Oncology and Experimental Biology, Laboratory for Technologies 
of Advanced Therapies (LTTA) ,  University of Ferrara  ,  Ferrara ,  Italy     

      PAOLO     PINTON       • Department of Morphology, Surgery and Experimental Medicine, 
Section of Pathology, Oncology and Experimental Biology, Laboratory for Technologies 
of Advanced Therapies (LTTA) ,  University of Ferrara  ,  Ferrara ,  Italy     

      RICHARD     K.     PORTER       • School of Biochemistry and Immunology, Trinity Biomedical Sciences 
Institute ,  Trinity College Dublin  ,  Dublin ,  Ireland     

      PIERO     PORTINCASA       • Department of Biomedical Sciences and Human Oncology, 
Clinica Medica “A. Murri” ,  “Aldo Moro” University Medical School  ,  Bari ,  Italy     

      MACIEJ     PRONICKI       • Department of Pathology ,  The Children’s Memorial Health Institute  , 
 Warsaw ,  Poland     

      FABRICE     RAPPAPORT       • UMR 7141 CNRS-UPMC ,  Institut de Biologie Physico- Chimique    , 
 Paris ,  France     

      SOFIA     M.     RIBEIRO       • Department of Cancer Biology ,  Dana-Farber Cancer Institute  ,  Boston , 
 MA ,  USA   ;   Ph.D. Programme in Experimental Biology and Biomedicine (PDBEB), 
CNC—Center for Neuroscience and Cell Biology ,  University of Coimbra  ,  Coimbra , 
 Portugal; Institute for Interdisciplinary Research (IIIUC)     

      CECÍLIA     M.    P.     RODRIGUES       • Faculty of Pharmacy, Research Institute for Medicines and 
(iMed. UL isboa) ,  Universidade de Lisboa  ,  Lisboa ,  Portugal     

      ANABELA     P.     ROLO       • Center for Neurosciences and Cell Biology ,  University of Coimbra  , 
 Coimbra ,  Portugal   ;   Department of Biology ,  University of Aveiro  ,  Aveiro ,  Portugal     

      JOHN     P.     ROONEY       • Nicholas School of the Environment ,  Duke University  ,  Durham , 
 NC ,  USA     

      IAN     T.     RYDE       • Nicholas School of the Environment ,  Duke University  ,  Durham ,  NC ,  USA     
      LAURIE     H.     SANDERS       • Department of Neurology, Pittsburgh Institute for Neurodegenerative 

Diseases ,  University of Pittsburgh  ,  Pittsburgh ,  PA ,  USA     

Contributors



xi

      VILMA     SARDÃO       • CNC—Center for Neuroscience and Cell Biology ,  Largo Marquês de 
Pombal, University of Coimbra  ,  Coimbra ,  Portugal     

      ANTHONY     A.     SAUVE       • Weill Cornell Medical College  ,  New York ,  NY ,  USA     
      TERESA     SERAFIM       • CNC—Center for Neuroscience and Cell Biology ,  Largo Marquês de 

Pombal, University of Coimbra  ,  Coimbra ,  Portugal     
      ELENA     SILVESTRI       • Dipartimento di Scienze e Tecnologie ,  Università degli Studi del Sannio  , 

 Benevento ,  Italy     
      DAVID     A.     SINCLAIR       • Department of Genetics ,  Harvard Medical School  ,  Boston ,  MA ,  USA     
      CLIFFORD     J.     STEER       • Departments of Medicine, and Genetics, Cell Biology and 

Development ,  University of Minnesota Medical School  ,  Minneapolis ,  MN ,  USA     
      JOÃO     S.     TEODORO       • Center for Neurosciences and Cell Biology ,  University of Coimbra  , 

 Coimbra ,  Portugal     
      IGNACIO     VEGA-NAREDO       • CNC—Center for Neuroscience and Cell Biology ,  Largo Marquês 

de Pombal, University of Coimbra  ,  Coimbra ,  Portugal     
      MARIUSZ     R.     WIECKOWSKI       • Laboratory of Bioenergetics and Biomembranes  ,  Department of 

Biochemistry, Nencki Institute of Experimental Biology ,  Warsaw, Poland     
      LECH     WOJTCZAK       • Nencki Institute of Experimental Biology  ,  Warsaw ,  Poland      

Contributors





1
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    Chapter 1   

 Isolation of Crude Mitochondrial Fraction from Cells 

           Mariusz     R.     Wieckowski       and     Lech     Wojtczak   

    Abstract 

   Mitochondria are intracellular organelles where most fundamental processes of energy transformation 
within the cell are located. They also play important roles in programmed cell death (apoptosis), free radi-
cal formation, and signal transduction. In addition, mitochondria host genes encoding several important 
proteins. Studying isolated mitochondria is therefore crucial for better understanding cell functioning. The 
present article describes a relatively simple and handy procedure for isolation of crude mitochondrial frac-
tion from cultivated mammalian and human cells. It consists of mechanical homogenization and fraction-
ating centrifugation. Assays of checking mitochondrial competence by measuring membrane potential 
formation and coupled respiration are also presented.  

  Key words     Mitochondria  ,   Isolation  ,   Cell cultures  ,   Oxygen consumption  ,   Membrane potential  , 
  Oxidative phosphorylation  

1       Introduction 

 Methods of isolation of mitochondria from organs and solid tis-
sues like liver, heart, brain, and skeletal muscles have been pub-
lished already at late 1940s of the last century ( see  for example ref. 
[ 1 ]). They are based on disintegration of the tissue by homogeni-
zation or mincing with rotating knifes (Polytron), sometimes with 
the help of proteolytic enzymes (trypsin, nagarse), followed by 
fractionating centrifugation. Isolation of mitochondrial from nat-
ural cell suspensions, as lymphocytes, or from cell cultures is com-
plicated by the fact that some kinds of cells are more resistant to 
mechanic disruption than cells of solid tissues. To overcome this 
problem, homogenization has often been preceded, or even 
replaced, by disruption of the plasma membrane with the use of 
heparin [ 2 ] or digitonin [ 3 ], by nitrogen cavitation [ 4 ] or shear-
ing cell suspensions through narrow needles. Nevertheless, 
homogenization remains the most universal procedure. It is 
mostly performed using a glass Potter–Elvehjem homogenizer 
with a motor-driven Tefl on pestle (glass/Tefl on homogenizer). 
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Dounce- type glass homogenizers with manually driven glass 
 pestles are also used occasionally. 

 No matter how cells are disrupted, mitochondria have to be 
separated from the cytosol and other particulate organelles (nuclei, 
endoplasmic reticulum, etc.). The most common and simplest 
method to this aim is fractionating centrifugation. Further purifi -
cation can be achieved by density-gradient centrifugation. A proto-
col for obtaining a highly purifi ed mitochondrial fraction suitable 
for proteomic studies using Percol gradient centrifugation has 
been elaborated in this laboratory [ 5 ]. An alternative sophisticated 
procedure using magnetic microbeads conjugated to an antibody 
against one of mitochondrial outer membrane proteins (TOM22) 
has been proposed by Hornig-Do et al. [ 6 ]. Some new protocols 
are based on commercially available mitochondrial isolation kits. 
It has also to be mentioned that for certain purposes mitochondria 
need not to be extracted out of the cell and isolated as a separate 
fraction. We [ 7 ] have shown for example that certain properties of 
mitochondria like coupled respiration and membrane potential 
formation can be studied within cells after their controlled permea-
bilization with digitonin (the so-called “mitochondria in situ”). 

 A comprehensive description of modern methods for isolation 
of mitochondria from a broad variety of biological material, includ-
ing cultured cells, has been published by Palotti and Lenaz [ 8 ]. 
The present article describes a simple procedure to isolate a crude 
fraction of functionally competent mitochondria from cell cultures 
(either in suspension or plated) using homogenization and frac-
tionating centrifugation.  

2     Materials 

       1.    Homogenization medium: 75 mM sucrose ( see   Note 1 ), 
225 mM mannitol, 0.1 mM EGTA, 30 mM Tris–HCl pH 7.4. 
Check pH with pH-meter and adjust if necessary. Store at 4 °C 
( see   Note 2 ).   

   2.    Mitochondria isolation medium: 75 mM sucrose ( see   Note 1 ), 
225 mM mannitol, 5 mM Tris–HCl, pH 7.4. Check pH with 
pH-meter and adjust if necessary. Store at 4 °C ( see   Note 2 ).   

   3.    Phosphatase inhibitor cocktail 3.   
   4.    Protease inhibitor cocktail.      

      1.    Stirrer motor with electronic speed controller.   
   2.    Motor-driven tightly fi tting glass/Tefl on Potter–Elvehjem 

homogenizer.   
   3.    Loose fi tting glass/Tefl on Potter–Elvehjem homogenizer.       

2.1  Isolation 
of Crude Mitochondria 
Fraction from Cell 
Lines

2.1.1  Solutions 
and Chemicals

2.1.2  Equipment 
and Accessories

Mariusz R. Wieckowski and Lech Wojtczak
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       1.    Cells: cell line of interest, e.g., HeLa, MEF or NHDF, neonatal 
dermal fi broblasts growing in monolayer or cells growing in 
suspension like Jurkat (T-cell leukemia cell line) or rat hepa-
toma AS-30D cell line.   

   2.    Cell culture dishes 10 cm diameter.   
   3.    Cell scrapers.      

      1.    Dulbecco’s Modifi ed Eagle’s Medium (DMEM) supplemented 
with 10 % fetal bovine serum (heat inactivated FBS), 2 mM 
 L -glutamine and 1.2 % antibiotic: penicillin/streptomycin 
(Penicillin–Streptomycin Solution).   

   2.    Dulbecco’s Phosphate Buffered Saline ( D -PBS), without Ca 2+  
and Mg 2+ .   

   3.    Dulbecco’s Phosphate Buffered Saline ( D -PBS), with Ca 2+  and 
Mg 2+ .       

       1.    Spectrophotometer UV/Vis.   
   2.    Bio-Rad protein assay.   
   3.    Acryl cuvettes 10 × 10 × 48 mm for spectrophotometer.   
   4.    Bovine serum albumin standard solution, 1 mg/ml in deion-

ized water.       

       1.    0.1 M phosphate buffer pH 7.4 ( see   Note 4 ): Directly before 
use 4.05 ml of Na 2 HPO 4  solution (1.42 g of Na 2 HPO 4  dis-
solved in 50 ml of deionized water) should be mixed with 
0.95 ml of NaH 2 PO 4  solution (1.39 g NaH 2 PO 4  dissolved in 
50 ml of deionized water) and supplemented with 5 ml of 
deionized water.   

   2.    Measurement medium: 75 mM sucrose, 225 mM mannitol, 
1 mM MgCl 2 , 1 mM phosphate buffer, 25 mM Tris–HCl, pH 
7.4. Store at 4 °C ( see   Note 2 ).   

   3.    Safranin O stock: 5 mM Safranin O aqueous solution.   
   4.    Glutamate stock: 0.5 M glutamate aqueous solution, pH 7.4 

(adjusted with KOH).   
   5.    Malate stock: 0.5 M malate aqueous solution, pH 7.4 (adjusted 

with KOH).   
   6.    Rotenone stock: 1 mM rotenone ethanol solution.   
   7.    Succinate stock: 0.5 M succinate aqueous solution, pH 7.4 

(adjusted with KOH).   
   8.    CCCP stock: 1 mM CCCP ethanol solution.      

      1.    Spectrofl uorimeter.   
   2.    Acryl cuvettes 10 × 10 × 48 mm for spectrofl uorimeter.       

2.2  Cell Culture

2.2.1  Materials 
and Accessories

2.2.2  Solutions

2.3  Determination 
of Protein 
Concentration

2.3.1  Equipment 
and Accessories

2.4  Measurement 
of the Mitochondrial 
Transmembrane 
Potential

2.4.1  Solutions 
and Reagent Stocks

2.4.2  Equipment 
and Accessories

Isolation of Crude Mitochondrial Fraction from Cells
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       1.    0.1 M phosphate buffer pH 7.4 ( see   Note 4 ): Directly before 
use 4.05 ml of Na 2 HPO 4  solution (1.42 g of Na 2 HPO 4  dis-
solved in 50 ml of deionized water) should be mixed with 
0.95 ml of NaH 2 PO 4  solution (1.39 g NaH 2 PO 4  dissolved in 
50 ml of deionized water) and supplemented with 5 ml of 
deionized water.   

   2.    Measurement medium: 75 mM sucrose, 225 mM mannitol, 
1 mM MgCl 2 , 1 mM phosphate buffer, 25 mM Tris–HCl, pH 
7.4. Store at 4 °C ( see   Note 2 ).   

   3.    Glutamate stock: 0.5 M glutamate aqueous solution, pH 7.4 
(adjusted with KOH).   

   4.    Malate stock: 0.5 M malate aqueous solution, pH 7.4 (adjusted 
with KOH).   

   5.    ADP stock: 100 mM ADP aqueous solution.   
   6.    Oligomycin stock: 1 mM oligomycin ethanol solution.      

      1.    Clark-type oxygen electrode (e.g., YSI, Yellow Springs, OH, 
USA or Oroboros Oxygraph-2 k, Oxygraph ® , Bioenergetics 
and Biomedical Instruments, Innsbruck, Austria) equipped 
with a unit calculating the rate of oxygen consumption (fi rst 
derivative of the oxygen concentration trace).        

3     Methods 

 To isolate an amount of mitochondria suffi cient for functional 
studies 30–60 of confl uent 10 cm dishes (depending on the cell 
type) have to be used. Less material is needed to isolate crude 
mitochondrial fraction for proteomic studies. 

 Measurements of the mitochondrial potential and oxygen con-
sumption are often used to verify the quality of mitochondrial 
preparations. 

      1.     Cells growing in monolayer : Remove the medium, wash the 
cells twice with PBS (without Ca 2+  and Mg 2+ ) and trypsinize 
them for 3–5 min in the incubator (37 °C) in order to detach 
cells. Add DMEM to stop trypsinization and centrifuge the 
content for 3 min at 200 ×  g  at room temperature.   

   2.     Cells growing in suspension : Centrifuge the content of the cul-
tivation fl asks for 3 min at 200 ×  g  at room temperature.   

   3.    Discard the supernatant and resuspend the cells in PBS (with 
Ca 2+  and Mg 2+ ).   

   4.    Centrifuge the resuspended cells for 3 min at 200 ×  g  at room 
temperature.   

   5.    Resuspend the cell pellet in 20 ml of the ice-cold homogeniza-
tion medium ( see   Note 3 ).   

2.5  Measurement 
of the Oxygen 
Consumption

2.5.1  Solutions 
and Reagent Stocks

2.5.2   Equipment

3.1  Isolation 
of Crude Mitochondrial 
Fraction from Cell 
Lines

Mariusz R. Wieckowski and Lech Wojtczak
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   6.    Homogenize the cells in a motor-driven tightly fi tting glass/
Tefl on Potter–Elvehjem homogenizer.   

   7.    Check the integrity of homogenized cells with a light 
microscope.   

   8.    Centrifuge the homogenate for 5 min at 1,000 ×  g  at 4 °C.   
   9.    Discard the pellet (unbroken cells and nuclei) and centrifuge 

the supernatant again for 5 min at 1,000 ×  g  at 4 °C.   
   10.    Discard the pellet (remaining unbroken cells and nuclei) and 

centrifuge the supernatant for 10 min at 8,000 ×  g  at 4 °C.   
   11.    Discard the supernatant (containing the cytosolic fraction, 

plasma membrane, lysosomes, and microsomes).   
   12.    Gently resuspend the mitochondrial pellet in approximately 

10 ml of the mitochondria isolation medium using a loose 
Potter–Elvehjem homogenizer and centrifuge it again for 
10 min at 8,000 ×  g  at 4 °C ( see   Note 4 ).   

   13.    Discard the supernatant and gently resuspend the mitochondrial 
pellet in 5–10 ml (depending on the pellet volume) of the mito-
chondria isolation medium using a loose Potter–Elvehjem homog-
enizer. Centrifuge it again for 10 min at 10,000 ×  g  at 4 °C.   

   14.    Gently resuspend the crude mitochondrial pellet in ~2 ml of 
the mitochondria isolation medium using a loose Potter–
Elvehjem homogenizer and store on ice.   

   15.    The material can now be used for further functional experi-
ments, e.g., measurement of oxygen consumption, measure-
ment of mitochondrial membrane potential, production of 
reactive oxygen species as well as calcium uptake assay. In the 
case of proteomic analysis it could be necessary to perform 
additional purifi cation of the crude fraction in order to obtain 
a pure mitochondrial fraction as described in [ 5 ].      

      1.    Protein assay is based on the Bradford method [ 9 ]. Fill a 3 ml 
spectrophotometer cuvette with 2.4 ml water. Then, depend-
ing on the density of the mitochondrial fraction, add a small 
sample (usually 10–50 μl) of the mitochondrial suspension 
(the resulting absorbance should optimally be 0.1–0.6). Then 
add 600 μl of room temperature Bio-Rad Protein Assay and 
shake the sample. Measure the absorbance at 595 nm. Repeat 
the same procedure with BSA standard solution using: 1.0, 
2.0, 5.0, 10, and 20 μg protein per cuvette.      

      1.    Adjust the fl uorometer: excitation wavelength, 495 nm; emis-
sion wavelength, 586 nm; slits (excitation and emission) ~3.   

   2.    Fill the fl uorometer cuvette with 3 ml of the measurement 
medium ( see   Note 5 ).   

   3.    Add 3 μl of 5 mM Safranin O, 30 μl of 0.5 M glutamate, and 
30 μl of 0.5 M malate stock solutions.   

3.2  Measurement 
of Protein 
Concentration

3.3  Measurement 
of the Mitochondrial 
Membrane Potential 
with the Use 
of Safranin O
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   4.    Start measuring fl uorescence.   
   5.    Add the mitochondrial suspension corresponding to about 

1 mg protein and observe changes in the fl uorescence. When it 
reaches a plateau continue with the following consecutive 
additions: 5 μl of 1 mM rotenone, next 30 μl of 0.5 M succi-
nate and at the end 5 μl of 1 mM CCCP (to uncouple mito-
chondria) stock solutions.     
 An example of the results is shown in Fig.  1 .

         1.    Fill the chamber with the measurement medium ( see   Note 5 ).   
   2.    Add 10 μl of 0.5 M glutamate and 10 μl of 0.5 M malate stock 

solutions.   
   3.    Start running the oxygen concentration trace.   
   4.    Add mitochondrial suspension (approximately 1 mg protein).   
   5.    Wait for a stable signal (usually it takes about 1–3 min). Then 

continue measurement with the following consecutive addi-
tions: 5 μl of 100 mM ADP and later 2 μl of 1 mM oligomycin 
stock solutions.     
 An example of the results is shown in Fig.  2 .

3.4  Measurement 
of Oxygen 
Consumption 
(Respiration)
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  Fig. 1    Evaluation of quality of the crude mitochondrial fraction isolated from HeLa 
cells by measuring mitochondrial membrane potential (ΔΨ) with the use of 
Safranin O. Effect of rotenone and CCCP. Addition of rotenone (in the presence of 
glutamate and malate as substrates) leads to the collapse of ΔΨ due to the 
inhibition of complex I of the mitochondrial respiratory chain. Subsequent addi-
tion of succinate (complex II substrate) restores ΔΨ. Addition of CCCP (a proto-
nophore) leads to the collapse of ΔΨ (uncoupling effect)       
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4         Notes 

     1.    To isolate intact mitochondria, it is necessary to use low- 
calcium sucrose (e.g., Merck, cat. no. 100892.9050).   

   2.    The medium can be prepared in advance and stored at 4 °C for 
up to 2 weeks.   

   3.    Homogenization and the following steps must be performed 
at 4 °C to minimize the activity of proteases and phospholi-
pases. All solutions should be at 4 °C and all equipment 
pre-cooled.   

   4.    Extreme care should be taken to avoid contamination with the 
ice and tap water.   

   5.    For the assay the measurement media should have room 
temperature.         

  Acknowledgments 

 This work was supported by the Statutory Funding from Nencki 
Institute of Experimental Biology, Polish Ministry of Science and 
Higher Education grant W100/HFSC/2011.  

240
O

2 
co

nc
en

tr
at

io
n 

(n
m

ol
/m

l)

220

200

180

160

Time

mito

Oligo

O2 concentration

rate of oxygen consumption
(first derivative of the O2 concentration trace)

ADP

  Fig. 2    Evaluation of quality of the crude mitochondrial fraction isolated from HeLa cells by measuring oxygen 
consumption. Effect of ADP and oligomycin. Mitochondrial respiration at low ADP level (state 4) is slow but 
increases dramatically after addition of exogenous ADP (state 3). Addition of oligomycin (oligo; inhibitor of ATP 
synthase) results in a decrease in oxygen consumption due to the inhibition of ATP production. Respiratory 
control ratio (RCR) is the quotient of state 3 to state 4. High RCR value indicates better integrity of the inner 
mitochondrial membrane and tighter coupling between the electron transport and ATP synthesis       

 

Isolation of Crude Mitochondrial Fraction from Cells



8

    1.    Hogeboom GH, Schneider WC, Pallade GE 
(1948) Cytochemical studies of mammalian tis-
sues. I. Isolation of intact mitochondria from rat 
liver; some biochemical properties of mitochon-
dria and submicroscopic particulate material. 
J Biol Chem 172:619–635  

    2.    Nessi P, Billesbolle S, Fornerod M, Maillard M, 
Frei J (1977) Leucocyte energy metabolism. 
VII. Respiratory chain enzymes, oxygen con-
sumption and oxidative phosphorylation of 
mitochondria isolated from leucocytes. Enzyme 
22:183–195  

    3.    Moreadith RW, Fiskum G (1984) Isolation of 
mitochondria from ascites tumor cells permea-
bilized with digitonin. Anal Biochem 137:
360–367  

    4.    Storrie B, Madden EA (1990) Isolation of sub-
cellular organelles. Methods Enzymol 182:
203–225  

     5.    Wieckowski MR, Giorgi C, Lebiedzinska M, 
Duszynski J, Pinton P (2009) Isolation of 

mitochondria- associated membranes and mito-
chondria from animal tissues and cells. Nat 
Protoc 4:1582–1590  

    6.    Hornig-Do HT, Günther G, Bust M, Lehnartz 
P, Bosio A, Wiesner RJ (2009) Isolation of func-
tional pure mitochondria by superparamagnetic 
microbeads. Anal Biochem 389:1–5  

    7.    Bogucka K, Wroniszewska A, Bednarek M, 
Duszyński J, Wojtczak L (1990) Energetics of 
Ehrlich ascites mitochondria: membrane poten-
tial of isolated mitochondria and mitochondria 
within digitonin-permeabilized cells. Biochim 
Biophys Acta 1015:503–509  

    8.    Pallotti F, Lenaz G (2007) Isolation and sub-
fractionation of mitochondria from animal cells 
and tissue culture lines. Methods Cell Biol 80:
3–44  

    9.    Bradford MM (1976) A rapid and sensitive 
method for the quantitation of microgram quan-
tities of protein utilizing the principle of protein-
dye binding. Anal Biochem 72:248–254    

   References 

Mariusz R. Wieckowski and Lech Wojtczak



9

Carlos M. Palmeira and Anabela P. Rolo (eds.), Mitochondrial Regulation, Methods in Molecular Biology,
vol. 1241, DOI 10.1007/978-1-4939-1875-1_2, © Springer Science+Business Media New York 2015

    Chapter 2   

 Isolation of Mitochondria from Liver and Extraction 
of Total RNA and Protein: Analyses of MicroRNA 
and Protein Expressions 

           Pedro     M.     Borralho    ,     Clifford     J.     Steer    , and     Cecília     M.    P.     Rodrigues     

    Abstract 

   Several studies have indicated the presence of microRNAs (miRNAs) within mitochondria, although the 
origin, as well as the biological function of these mitochondrially located miRNAs is largely unknown. The 
identifi cation and signifi cance of this subcellular localization is gaining increasing relevance to the patho-
genesis of certain disease states. Here we describe the isolation of highly purifi ed mitochondria from rat 
liver by differential centrifugation, followed by RNAse A treatment to eliminate contaminating RNA. 
The coupled extraction of total RNA and protein is a more effi cient design for allowing the downstream 
evaluation of miRNA and protein expression in mitochondria.  

  Key words     Differential centrifugation  ,   miRNA  ,   Mitochondria  ,   Protein  ,   TRIzol  

1      Introduction 

 Mitochondria are central organelles in the regulation of cellular 
homeostasis, playing a pivotal role in energy metabolism and cell 
viability, with their dysfunction or dysregulation being associated 
with multiple diseases. Human mitochondria harbor a compact cir-
cular genome of 16,569 bp in length, encoding 13 protein subunits 
of the electron transport chain, and a number of noncoding RNAs. 
Replication and transcription of mitochondrial DNA (mtDNA) are 
initiated from the small noncoding region known as the D loop, 
and regulated by proteins encoded in the nuclear genome, which 
are posttranslationally imported into the mitochondria [ 1 ]. In addi-
tion, transcription and translation of mtDNA, and mitochondrial 
transcript processing are regulated by several types of noncoding 
RNAs, either encoded in the mitochondrial genome, or in the 
nuclear genome following translocation to the mitochondria [ 2 ]. 
Interestingly, mitochondrial RNAs are  transcribed from both 
strands as long polycistronic precursor transcripts, which undergo 
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processing and fi nal release of both noncoding and coding RNAs, 
including tRNAs, rRNAs, and mRNAs. 

 In the last two decades, microRNAs (miRNAs) have emerged 
as a class of noncoding RNAs processed from endogenous tran-
scripts, functioning as master regulators and fi ne-tuners of the 
genome, via posttranscriptional mechanisms [ 3 ]. miRNA gene- 
silencing occurs via miRNA-mRNA binding, typically with incom-
plete albeit high sequence complementarity between the 
3′-untranslated region target sites of mRNA transcripts and the 
miRNA seed sequence located at position 2–7 of its 5′-end [ 4 ]. 
This allows miRNAs to regulate the expression of multiple target 
genes and signaling pathways involved in the regulation of key cel-
lular processes including cell growth, proliferation, differentiation, 
and apoptosis [ 5 ] as well as mitochondrial function [ 2 ]. 
Consequently, deregulation of a given miRNA can lead to mal-
function of pivotal cellular mechanisms, contributing to disease 
onset and/or progression. Therefore, it is not surprising that 
miRNA modulation is increasingly demonstrated as a relevant 
therapeutic strategy in human disease [ 3 ,  6 – 9 ]. 

 Since their discovery, miRNAs have been identifi ed in multiple 
biological systems. Currently, almost 2,600 mature human miR-
NAs have been identifi ed (mirbase.org), and predicted to regulate 
at least 60 % of protein-coding genes. Recent studies, including 
one by our group have demonstrated the presence of mature miR-
NAs not only in the cytoplasm, where target gene silencing of the 
mRNA transcript occurs, but also in other cellular compartments, 
including the nucleus [ 10 ], nucleolus [ 11 ,  12 ] and mitochondria 
[ 13 – 16 ]. In addition to mature miRNAs, precursor miRNAs have 
also been found in mitochondria [ 15 ]. However, it is not known 
whether mitochondrial localized miRNAs are encoded in the mito-
chondrial genome or in the nuclear genome and later imported 
into the mitochondria. Nevertheless, and regardless of their prov-
enance from the nuclear or mitochondrial genome, the biological 
and pathophysiological implications of this unexpected fi nding are 
incompletely explored. Based on recent studies, it is conceivable 
that mitochondria-localized miRNAs may putatively function as 
posttranscriptional regulators, or fi ne-tuners, of the mitochondrial 
genome. This is illustrated by the mitochondrial translocation of 
the nuclear encoded miR-181c, which was shown to regulate the 
expression of the mitochondria-encoded cytochrome c oxidase 
subunit 1 (mt-cox1) in rat cardiac myocytes [ 17 ]. 

 The fi rst evidence that RNAi components may localize to the 
mitochondria was provided almost a decade ago, by the demon-
stration that human Ago2 interacts with mitochondrial tRNA met  
[ 18 ]. Interestingly, miRNAs were later identifi ed in mouse liver 
mitochondria by small RNA sequencing [ 19 ]. Aside from this 
unexpected fi nding, it was proposed that the presence of miRNAs 
in mouse liver mitochondria may arise from cytosolic contamination 
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of the isolated mitochondria. Subsequently, we have overcome this 
technical limitation by treating isolated and purifi ed rat liver mito-
chondria with RNAse A, to ensure that mitochondria are devoid of 
contaminant RNAs from the cytosol or other cellular organelles 
and compartments. Coupling this extremely relevant purifi cation 
step to the detection of mature miRNAs by microarray followed by 
northern blot confi rmation, we have clearly demonstrated that 
mature miRNAs are indeed present in highly purifi ed mitochon-
dria [ 13 ]. Since then, additional reports using RNAse treatment 
and microarray methodologies, confi rmed the detection of miR-
NAs in purifi ed mitochondria isolated from mouse liver [ 14 ], and 
from human cervical adenocarcinoma (HeLa) cells [ 16 ]. 

 The identifi cation of miRNAs in mitochondria and the explo-
ration of their biological role in this subcellular organelle have 
been gaining increasing relevance. Mitochondria may be easily iso-
lated and purifi ed from multiple organs or cultured cells. The 
methodologies described in this chapter allow the straightforward 
isolation of highly purifi ed mitochondria, and the coupled extrac-
tion of total RNA and protein, allowing downstream evaluation 
and comparison of mitochondrial miRNA and protein expression, 
in the same sample.  

2    Materials 

 Prepare all solutions using ultrapure water (prepared by purifying 
deionized water to attain a sensitivity of 18 MΩ cm at 25 °C) and 
analytical grade reagents. Prepare and store all reagents at 4 °C 
(unless otherwise indicated). Diligently follow all waste disposal 
regulations when disposing waste materials. 

      1.     Speed controlled mechanical drill : Tri-R model K41 skill drill 
(Tri-R Instruments).   

   2.     Tissue grinder : Glass mortar with radially serrated PTFE pestle 
(Fischer Scientifi c).   

   3.     Ultra-spin buffer : 0.25 M Sucrose, 1 mM Ethylene glycol-bis 
(2-aminoethylether)-  N , N , N ′, N ′-tetraacetic acid (EGTA). 
Add 150 ml of water to a graduated cylinder. Weigh 21.39 g 
sucrose and 95.1 mg EGTA, and transfer to the graduated 
 cylinder. Mix and adjust pH to 7.4 with KOH. Complete 
v olume with water to 250 ml ( see   Note 1 ).   

   4.     PERCOLL  (Colloidal PVP coated silica for cell separation) 
(#P1644, Sigma-Aldrich).   

   5.     Homogenate buffer : 70 mM sucrose, 220 mM mannitol, 1 mM 
EGTA, 10 mM 4-(2-Hydroxyethyl)piperazine-1- ethanesulfonic 
acid,  N -(2-Hydroxyethyl)piperazine- N ′-(2- ethanesulfonic acid) 
(HEPES), pH 7.4. Add 700 ml of water to a glass beaker. 

2.1  Mitochondrial 
Isolation: Materials 
and Reagents

Isolation of Mitochondria from Liver and Extraction of Total RNA…
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Weigh 23.6 g sucrose, 40.8 g mannitol, 380.4 mg EGTA, and 
2.38 g HEPES and transfer to the cylinder. Mix and adjust pH 
to 7.4 with KOH. Adjust volume to 1 l.   

   6.     Mitochondria wash buffer 1 : 0.1 M KCl, 5 mM 
3-[ N -Morpholino]propanesulfonic acid (MOPS), 1 mM 
EGTA. Add 800 ml of water to a glass beaker. Weigh 7.46 g 
KCl, 1.05 g MOPS, and 0.380 mg EGTA, and transfer to the 
glass beaker. Mix and adjust pH to 7.4 with KOH. Adjust 
volume to 1 l.   

   7.     Mitochondria wash buffer 2 : 0.1 M KCl, 5 mM MOPS. Add 
800 ml of water to a glass beaker. Weigh 7.46 g KCl, and 
1.05 g MOPS, and transfer to the glass beaker. Mix and adjust 
pH to 7.4 with KOH. Adjust volume to 1 l.   

   8.     Mitochondria suspension buffer : 125 mM Sucrose, 50 mM KCl, 
5 mM HEPES, 2 mM KH 2 PO 4 . Add 70 ml of water to a glass 
beaker. Weigh 4.28 g Sucrose, 372.8 mg KCl, 119.15 mg 
HEPES, and 27 mg KH 2 PO 4  and transfer to the glass beaker. 
Mix and adjust volume to 100 ml.   

   9.     EDTA-free Complete   ®   -Mini protease inhibitor cocktail  
(#04693159001, Roche Applied Science).   

   10.     Chelex   ®    100 Resin  (#143-2832, Bio-Rad Laboratories, 
CA, USA).   

   11.     RNAse A , 20 mg/ml in 50 mM Tris-HCl (pH 8.0), 10 mM 
EDTA (#12091-039, Invitrogen).      

      1.     NanoDrop  (Thermo Scientifi c).   
   2.     TRIzol  ®  (#15596-026, Life Technologies).   
   3.     Chloroform.    
   4.     Isopropanol .   
   5.     UltraPure ™  DNase/RNase-Free Distilled Water  (#10977-023, 

Invitrogen).   
   6.     75 % (vol/vol) Ethanol . Add 15 ml of Ethanol and 5 ml of 

UltraPure™ DNase/RNase-Free Distilled Water in a sterile 
tube, and mix well. Store at room temperature.      

      1.     Compact Ultrasonic Device : model UP100H—100 W, ultra-
sonic frequency 30 kHz (Hielscher Ultrasonics GmbH, Teltow, 
Germany).   

   2.     Tris–Hcl 1 M, pH 8.0  (#T2694, Sigma-Aldrich).   
   3.     Protein wash buffer : 0.3 M guanidine hydrochloride in 95 % 

ethanol. Add 142.5 ml of Ethanol and 7.5 ml of water to a 
graduated cylinder to prepare 150 ml of 95 % ethanol. Add 
80 ml of 95 % ethanol to a beaker. Weigh 2.87 g of guanidine 
hydrochloride and transfer to the beaker. Bring the volume to 

2.2  Total RNA 
Isolation: Materials 
and Reagents

2.3  Total Protein 
Isolation: Materials 
and Reagents
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100 ml using 95 % ethanol, and mix well. Store at room 
temperature.   

   4.     1 % (wt/vol) Sodium dodecyl sulfate (SDS) : Add 80 ml of water 
to a graduated cylinder. Weigh 1 g of SDS and transfer to the 
cylinder. Mix well and bring the volume to 100 ml. Store at 
room temperature.   

   5.     8 M Urea in Tris–HCl 1 M, pH 8.0 : Add 80 ml of water to a 
graduated cylinder. Weigh 48.05 g of Urea and transfer to the 
cylinder. Mix well and bring the volume to 100 ml. Store at 
room temperature.   

   6.     Protein resuspension buffer : 1:1 (vol/vol) of 1 % SDS and 8 M 
urea in Tris–HCl 1 M, pH 8.0. Add 25 ml of 1 % SDS solution 
and 25 ml of 8 M urea in Tris–HCl 1 M, pH 8.0 to a glass 
fl ask, as 50 ml of Protein Resuspension Buffer. Mix well and 
store at room temperature.       

3    Methods 

  The fl owchart in Fig.  1  depicts the protocol followed after prepar-
ing the buffers and obtaining liver fragments.

     1.    Prepare two self-generating gradients (ultra-spin buffer:Percoll 
(75:25); vol/vol) by adding 15 ml of ultra-spin buffer and 
5 ml of PERCOLL to each ultracentrifuge tube. Mix well and 
centrifuge the tubes at 43,000 ×  g  for 30 min, at 4 °C. Carefully 
store the gradients at 4 °C until use ( see   Note 2 ).   

   2.    Prepare homogenate buffer containing EDTA-free Complete ® -
Mini protease inhibitor cocktail, by adding 12 tablets to 120 ml 
of homogenate buffer. Mix to dissolution and place on ice 
( see   Note 3 ).   

   3.    Prepare 1 % (wt/vol) Chelex-100-treated mitochondria wash 
buffer 2. Add 1.5 g of Chelex to 150 ml of mitochondria wash 
buffer 2. Mix well by vigorous shaking by hand and incubate 
for 10 min, at room temperature ( see   Note 4 ). Place on ice 
until use.   

   4.    Prepare 1 % (wt/vol) Chelex-100-treated mitochondria sus-
pension buffer. Add 100 mg of Chelex to 10 ml of suspension 
buffer. Mix well by vigorous shaking by hand, and incubate 
for 10 min at room temperature ( see   Note 4 ). Place on ice 
until use.   

   5.    Fill three glass petri dishes with 50 ml of ice-cold homogenate 
buffer, and place them on ice, together with an additional 
empty glass plate.   

   6.    Sacrifi ce an adult male 175–200 g Sprague-Dawley or Wistar 
rat by exsanguination under CO 2  anesthesia.   

3.1  Mitochondria 
Isolation

Isolation of Mitochondria from Liver and Extraction of Total RNA…
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  Fig. 1    Flowchart of mitochondrial isolation. Includes all steps following the prep-
aration of buffers and collecting the liver sample for processing       
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   7.    Remove the rat liver, and using tweezers, rinse the liver in the 
three petri dishes containing ice-cold homogenate buffer (pre-
pared in  step 5 ), and keep the rat liver on ice in the fi nal rinse 
solution ( see   Note 5 ).   

   8.    Using the ice-cold empty glass plate and a laboratory scale, 
weigh approximately 10 g of rat liver, and mince the sample 
into small fragments using scissors ( see   Note 6 ).   

   9.    Homogenize the sample as a 10 % (wt/vol) homogenate. 
Homogenize the 10 g of minced liver in 100 ml ice-cold 
homogenate buffer containing EDTA-free Complete ® -Mini 
protease inhibitor cocktail (prepared in  step 2 ), using 6–10 
complete up and down strokes with a speed controlled mechan-
ical drill and tissue grinder, at 800 rpm. Place the homogenate 
on ice.   

   10.    Centrifuge the homogenate at 600 ×  g  for 10 min, at 4 °C. 
Collect the supernatant and discard the pellet ( see   Note 7 ).   

   11.    Centrifuge the supernatant at 1,100 ×  g  for 10 min, at 
4 °C. Collect the supernatant and discard the pellet ( see   Note 8 ).   

   12.    Centrifuge the supernatant at 7,700 ×  g  for 10 min, at 
4 °C. Discard the supernatant and keep the pellet ( see   Note 9 ).   

   13.    Resuspend the pellet in 4 ml of homogenate buffer containing 
EDTA-free Complete ® -Mini protease inhibitor cocktail (pre-
pared in  step 2 ), to obtain a crude mitochondrial extract.   

   14.    Carefully, and slowly, layer 2 ml of the crude mitochondrial 
extract to each of the 20 ml of self-generating gradients 
( prepared in  step 1 ). To purify the mitochondria, centrifuge at 
43,000 ×  g  for 1 h, at 4 °C.   

   15.    Carefully collect the lower yellowish-brown mitochondrial 
band and resuspend each in 30 ml of mitochondrial wash 
 buffer 1.   

   16.    Centrifuge at 7,700 ×  g  for 10 min, at 4 °C. Discard the super-
natant and keep the purifi ed mitochondrial pellet.   

   17.    Perform two sequential washes of the purifi ed mitochondria, 
by resuspending the mitochondrial pellet in 30 ml of 
Chelex-100- treated mitochondrial wash buffer 2 (prepared 
in  step 3 ) ( see   Note 10 ), followed by centrifugation at 
7,700 ×  g  for 10 min, at 4 °C, discarding the supernatant 
and keeping the pellet.   

   18.    Resuspend and pool the purifi ed mitochondrial samples in 
1–2 ml of Chelex-100-treated mitochondrial suspension buf-
fer (prepared in  step 4 ).   

   19.    Perform RNAse treatment by adding 2 mg of RNAse A per ml 
of purifi ed mitochondrial suspension, and incubate at 37 °C 
for 1 h ( see   Note 11 ).   

Isolation of Mitochondria from Liver and Extraction of Total RNA…
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   20.    Centrifuge the mitochondrial suspension at 12,000 ×  g  for 
3 min, at 4 °C. Discard supernatant and maintain the purifi ed 
mitochondrial pellet on ice.   

   21.    Wash the mitochondrial pellet two times by resuspending in 
Chelex-100-treated mitochondrial suspension buffer (pre-
pared in  step 4 ) ( see   Note 10 ), and centrifuging at 12,000 ×  g  
for 3 min, at 4 °C.   

   22.    Discard the supernatant and place the purifi ed mitochondria 
on ice. Proceed directly to total RNA extraction (go to 
Subheading  3.2 ) ( see   Note 12 ).    

      The fl owchart in Fig.  2  depicts the protocol followed.

     1.    Add TRIzol ®  to the purifi ed mitochondria pellet, and pipette 
up and down to homogenize the sample ( see   Note 13 ). 
Incubate for 5 min at room temperature.   

   2.    Add 0.2 ml of Chloroform per ml of TRIzol ®  reagent used for 
sample homogenization, and vigorously shake, by hand, for 
15 s, followed by a 3-min incubation at room temperature.   

   3.    Centrifuge at 12,000 ×  g  for 15 min, at 4 °C to allow phase 
separation, and collect the upper aqueous phase into a new 
tube ( see   Note 14 ). The interphase and lower phenol–chloro-
form phase may be stored at 4 °C, or at −80 °C for prolonged 
storage, and subsequent total protein extraction 
(Subheading  3.3 ) ( see   Note 15 ).   

   4.    Precipitate the RNA by adding 0.5 ml of Isopropanol per ml of 
TRIzol ®  reagent used for sample homogenization to the aque-
ous phase containing the RNA. Shake by hand for 15 s and 
incubate at room temperature for 10 min ( see   Note 16 ).   

   5.    Centrifuge at 12,000 ×  g  for 10 min, at 4 °C, and discard the 
supernatant.   

   6.    Wash the RNA pellet by adding 1 ml of 75 % Ethanol per ml 
of TRIzol ®  reagent used for sample homogenization, and mix 
the tube by inversion ×10.   

   7.    Centrifuge at 7,500 ×  g  for 5 min, at 4 °C, and discard the 
supernatant.   

   8.    Air-dry the RNA pellet for 5 min ( see   Note 17 ).   
   9.    Resuspend the RNA in UltraPure™ DNase/RNase-Free 

Distilled Water and quantitate the RNA using NanoDrop 
1000 (Thermo Scientifi c) ( see   Note 18 ).   

   10.    Proceed to downstream applications ( see   Note 19 ) or store the 
RNA at −80 ° C.    

3.2  Total RNA 
Extraction 
from Isolated 
Mitochondria
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  Fig. 2    Flowchart of total RNA extraction from isolated mitochondria       
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     The fl owchart in Fig.  3  depicts the protocol followed.

     1.    Start with the interphase and lower phenol–chloroform phase 
obtained after RNA isolation ( step 3  of Subheading  3.2 ), and 
stored either at 4 °C or at −80 °C. If necessary, thaw the sam-
ples at room temperature, and centrifuge at 12,000 ×  g  for 
15 min, at 4 °C. Discard the remaining upper aqueous phase.   

   2.    Add 0.3 ml of 100 % Ethanol per ml of TRIzol ®  reagent used 
for sample homogenization to precipitate DNA. Mix by inver-
sion and incubate for 3 min at room temperature.   

   3.    Centrifuge at 2,000 ×  g  for 5 min, at 4 °C. Transfer the phe-
nol–ethanol supernatant to a new tube for protein isolation 
( see   Note 20 ).   

   4.    Add 1.5 ml of Isopropanol per ml of TRIzol ®  reagent used for 
sample homogenization. Mix by inversion and incubate for 
10 min, at room temperature.   

   5.    Centrifuge at 12,000 ×  g  for 10 min, at 4 °C to precipitate pro-
tein, and discard the supernatant.   

   6.    Perform three sequential washes of the protein pellets by add-
ing 2 ml of protein wash buffer per ml of TRIzol ®  reagent used 
for sample homogenization, vigorously shaking the tubes by 
hand, incubating at room temperature for 20 min, and centri-
fuging at 7,500 ×  g  for 5 min, at 4 °C ( see   Note 21 ).   

   7.    After the third wash and spin, add 2 ml of 100 % ethanol per 
ml of TRIzol ®  reagent, incubate at room temperature for 
20 min, and centrifuge at 7,500 ×  g  for 5 min at, 4 °C ( see   Note 
21 ). Discard the supernatant and maintain the protein pellet 
on ice ( see   Note 22 ).   

   8.    Solubilize the protein pellet by adding protein resuspension 
buffer, followed by fi ve cycles of 15 s sonication and 30 s ice 
incubation, using a compact ultrasonic device with amplitude 
adjusted to 80 % and pulse to 90 %.   

   9.    Centrifuge at 3,200 ×  g  for 10 min at 4 °C, to sediment insol-
uble material. Discard the pellet, and collect the supernatant 
containing the solubilized proteins to a fresh tube and store at 
−80 °C for downstream applications.    

4       Notes 

     1.    Sucrose solutions are easily contaminated, even when stored 
at 4 °C. Use the solution within 1 week. Ideally, prepare just 
before use.   

   2.    The gradients should always be prepared prior to use, and 
carefully handled to avoid mixing and discontinuities that may 
alter the effi ciency of the separations.   

3.3  Total Protein 
Extraction 
from TRIzol ® -Treated 
Isolated Mitochondria

Pedro M. Borralho et al.
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  Fig. 3    Flowchart of total protein extraction from TRIzol ® -treated isolated 
mitochondria       

 

Isolation of Mitochondria from Liver and Extraction of Total RNA…



20

   3.    EDTA-free Complete ® -Mini protease inhibitor cocktail should 
be added before use, and the buffer kept on ice. Always pre-
pare fresh, discarding remainder of the solution, to ensure 
maximal protease inhibition.   

   4.    Treatment of buffers with chelating resin Chelex-100 should 
be performed before use. Discard the remainder of Chelex-100 
treated buffers, to ensure optimal clearing of the buffers.   

   5.    Rinsing in three consecutive changes of homogenate buffer 
eliminates blood and other contaminants, which may be 
located on the outer surface of the liver during animal sacrifi ce 
and organ collection. After the fi nal rinse of the liver in ice- cold 
homogenate buffer, the buffer should be clear and devoid of 
blood and macroscopic debris. If necessary, perform additional 
rinses in similar fashion.   

   6.    Additional liver fragments may be stored for subsequent 
a nalysis (e.g., protein and/or RNA extraction from whole 
liver), by snap-freezing the samples in liquid nitrogen, fol-
lowed by storage at −80 ° C.   

   7.    This step clears the sample from insoluble tissue, incompletely 
lysed cells and other debris.   

   8.    This step further separates the sample from insoluble tissue, 
incompletely lysed cells and other debris.   

   9.    This step precipitates mitochondria and other cellular 
organelles.   

   10.    The Chelex-100 resin precipitates by gravity. Following the 
10 min incubation at room temperature, the Chelex-100 resin 
deposits at the bottom of the solution. Pipette the buffer with-
out disturbing the Chelex-100 resin deposit.   

   11.    RNAse treatment of isolated mitochondria eliminates RNAs in 
solution and those located on the outer surface of the mito-
chondria, ensuring the absence of non-mitochondrial contami-
nating RNAs in the sample. Optionally, before and/or after 
RNAse A treatment, you may take a sample of purifi ed mito-
chondria to evaluate mitochondria morphology and purity by 
transmission electron microscopy and western blot, as previ-
ously described [ 13 ,  20 ].   

   12.    You may optionally snap-freeze the purifi ed mitochondria in 
liquid nitrogen, followed by storage at −80 °C.   

   13.    Isolation of total RNA using TRIzol ®  allows the isolation of 
microRNAs, suitable for multiple downstream applications 
[ 6 – 9 ,  21 – 23 ]. Alternatively, samples may be homogenized in 
TRIzol ®  reagent using a motor-driven Bio-vortexer (No1083; 
Biospec Products, Bartlesfi eld, OK) and disposable RNAse/
DNAse free sterile pestles (Thermo Fisher Scientifi c, Inc., 
Chicago, IL) [ 8 ].   

Pedro M. Borralho et al.
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   14.    The sample mixture separates into an upper colorless aqueous 
phase, an interphase, and a lower red phenol–chloroform 
phase. The RNA containing the microRNAs is exclusively in 
the upper colorless aqueous phase.   

   15.    Phenol–chloroform phases may be stored at 4 °C overnight or 
at −80 °C for long-term storage, of at least 2 years [ 24 ].   

   16.    Alternatively, you may incubate the samples at −20 °C over-
night to increase RNA precipitation, or as a stop point in the 
protocol.   

   17.    Do not allow the RNA pellet to completely dry as this reduces 
its solubility.   

   18.    Alternatively, you can quantitate the RNA by diluting the sam-
ple in UltraPure™ DNase/RNase-Free Distilled Water and 
determining its absorbance at 260 and 280 nM. RNA concen-
tration may be determined using the formula: A260 × dilu-
tion × 40 = μg of RNA per ml.   

   19.    Downstream applications may involve, among others, evalua-
tion of microRNA expression by microarray analysis [ 6 ,  13 , 
 22 ,  23 ], northern blotting [ 21 ], or Taqman real-time RT-PCR 
[ 7 – 9 ].   

   20.    This step precipitates DNA, with the proteins remaining in the 
phenol–ethanol supernatant.   

   21.    It is not necessary to resuspend the protein pellet. Vigorously 
shake by hand and incubate at room temperature. Following 
centrifugation, completely remove each buffer solution to 
maximize wash effi cacy.   

   22.    Alternatively, the protein pellets may be snap-frozen in liquid 
nitrogen and stored at −80 °C until resuspension.         
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Chapter 3

PCR Based Determination of Mitochondrial DNA Copy 
Number in Multiple Species

John P. Rooney, Ian T. Ryde, Laurie H. Sanders, Evan. H. Howlett, 
Meryl D. Colton, Kaylyn E. Germ, Greg D. Mayer, J. Timothy Greenamyre, 
and Joel N. Meyer

Abstract

Mitochondrial DNA (mtDNA) copy number is a critical component of overall mitochondrial health. 
In  this chapter, we describe methods for isolation of both mtDNA and nuclear DNA (nucDNA) and 
measurement of their respective copy numbers using quantitative PCR. Methods differ depending on the 
species and cell type of the starting material and availability of specific PCR reagents.

Key words Mitochondrial DNA, mtDNA, mtDNA depletion, Copy number, QPCR, Mitochondrial 
toxicity, Mitochondrial disease

1  Introduction

In humans, the mitochondrial genome (mtDNA) encodes 13 pro-
teins, all of which are components of the electron transport chain 
(ETC), and are essential for oxidative phosphorylation (OXPHOS) 
[1]. On average, each cell contains between 103 and 104 copies of 
the mitochondrial genome, though this number varies between 
cell type and developmental stage. mtDNA replication is carried 
out independent of the cell cycle by the nuclear DNA (nucDNA) 
encoded polymerase γ, the only DNA polymerase found in the 
mitochondria [2]. mtDNA replication is regulated, at least in part, 
by Mitochondrial transcription factor A (Tfam), a component of 
the mtDNA-protein packaging complex called the nucleoid [3]. 
Mutations in nine genes involved in mtDNA replication and nucle-
otide metabolism cause mitochondrial DNA depletion syndrome 
(MDS) in humans [4–6]. There are multiple diseases associated 
with MDS including both Alper’s syndrome and progressive external 
ophthalmoplegia (PEO), as well as other recessive myopathies [4]. 
mtDNA depletion is also implicated in more common diseases 



24

including type 2 diabetes [7], many cancers [8], and neurodegenerative 
disorders such as Alzheimer’s and Parkinson’s Disease [9], though 
direct causal links have not yet been established. Pharmaceuticals 
can also block mtDNA replication and result in mtDNA deple-
tion, as in the case of the Nucleoside Reverse Transcriptase 
Inhibitors (NRTIs) used to treat human immune-deficiency virus 
(HIV). These drugs are nucleoside analogs that block the pro-
gression of pol-γ and can cause mtDNA depletion mediated toxicity 
[10]. Furthermore, recent work suggests that environmental 
exposures can alter mtDNA copy number. mtDNA copy number 
is increased by in utero and neonatal exposure to second-hand 
cigarette smoke in mice [11] and chronic exposure to polycyclic 
aromatic hydrocarbons in humans [12]. Conversely, exposure to 
particulate matter during pregnancy reduces mtDNA copy number 
in placental tissue [13].

This chapter provides protocols for the simultaneous isolation 
of mitochondrial and nuclear DNA and measurement of both 
genome copy numbers from a variety of species. We present three 
protocols for mtDNA copy number determination. They differ 
based on availability and optimization of reagents. In C. elegans, 
actual mtDNA copy number per animal can be measured via real 
time PCR using a plasmid based mtDNA copy number standard 
curve [14]. With human samples, real time PCR can also be used; 
however, without a standard curve, such that the measurement of 
mtDNA copy number is relative to nuclear DNA copy number. A 
quantitative, non-real time PCR may also be used to measure rela-
tive mtDNA copy number in Drosophila melanogaster, Fundulus 
heteroclitus (Atlantic Killifish), Fundulus grandis (Gulf Killifish), 
Danio rerio (Zebrafish), Oryzias latipes (Japanese Medaka), Mouse, 
Rat, and Human [15–20]. Real time PCR, species specific primers 
can be found in Table 1, and non-real time PCR, species specific 
primers in Table 2.

2  Materials

	 1.	Worm Lysis Buffer: Standard 1× PCR Buffer in nuclease-free 
H2O, 1 μg/mL Proteinase K.

	 2.	Platinum worm pick.
	 3.	Thin walled PCR tubes.Thermal cycler or heat block.
	 4.	Dry ice and/or−80 °C freezer.

	 1.	K medium: 31.5  mM KCl, 51  mM NaCl in ddH2O  
(C. elegans).

	 2.	RNAlater Solution Optional for (animal tissue).
	 3.	15 mL conical tubes.
	 4.	Liquid nitrogen.

2.1  DNA Isolation

2.1.1  C. elegans, 
Small Number

2.1.2  C. elegans, Large 
Numbers or Animal Tissue

John P. Rooney et al.
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	 5.	Dry ice.
	 6.	Mortar and pestle (C. elegans and tough animal tissue such as 

muscle).
	 7.	Handheld homogenizer (softer animal tissue such as liver).
	 8.	Qiagen G/20 Genomic Tips Kit.
	 9.	Isopropanol.
	10.	70 % ethanol.
	11.	Glass Pasteur pipettes.
	12.	1.7 mL microcentrifuge tubes.
	13.	50 °C water bath.
	14.	Refrigerated microcentrifuge.
	15.	Tabletop centrifuge with 15 mL conical tube buckets.

	 1.	Either the Qiagen 20/G Genomic Tips Kit and associated 
buffers (see above), or;

	 2.	A QIAcube for automated DNA isolation with the QIAmp 
DNA Mini Kit for human samples or the DNeasy Blood and 
Tissue Kit (Qiagen) for animal samples [12].

	 3.	Pellets of approximately 1 × 106 cells.

	 1.	PicoGreen dsDNA quantification reagent.
	 2.	Lambda/HindIII DNA standard curve.
	 3.	1× TE buffer: 10 mM Tris–HCL pH 8.0, 1 mM EDTA.
	 4.	Fluorescent plate reader with excitation filter at 480 nm and an 

emission filter at 520 nm (485 nm and 528 nm also work well).
	 5.	Black or white bottom 96-well plate.

	 1.	SYBR Green PCR Master Mix.
	 2.	Standard 96-well PCR plate with optically clear sealing film.
	 3.	Real Time PCR System (ABI 7300).
	 4.	ABI Prism 7300 Sequence Detection Software.
	 5.	Primers, species and target genome specific, see Table 1.
	 6.	Nuclease-free H2O.

	 1.	Standard thermal cycler.
	 2.	KAPA Long Range Hot Start DNA Polymerase Kit (KAPA 

Biosystems) (optimized for Human samples, see Note 2), or:
	 3.	GoTaq Flexi PCR Kit (Promega), (optimized for F. grandis 

samples, see Note 2).
	 4.	0.2 mL PCR tubes.
	 5.	PCR hood with germicidal lamp for sterilization.

2.1.3  Cultured Cells

2.2  DNA 
Quantification  
(See Note 1)

2.3  Real Time PCR

2.4  Quantitative, 
Non-Real Time, PCR
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	 6.	Primers (species and target genome specific), see Table 2.
	 7.	All materials from Subheading 2.2 DNA Quantification.
	 8.	0.1 mg/mL bovine serum albumin in nuclease-free H2O.
	 9.	10 mM dNTPs Mix.
	10.	Nuclease-free H2O.
	11.	Dedicated pipettes and sterile aerosol pipette tips for QPCR 

set up.
	12.	Different set of pipettes and regular tips for post-PCR 

analysis.
	13.	Distinct workstations for setting up and post-PCR analysis  

(see Note 3).

3  Methods

	 1.	Using a platinum worm pick, transfer six individual, L4 stage 
or later C. elegans into 90 μL of 1× worm lysis buffer pre-
aliquoted into thin walled PCR tubes (see Notes 4 and 5), and 
freeze on dry ice (or at −80 °C) immediately. If using dry ice, 
once all samples are picked transfer to −80  °C for at least 
10 min. This is usually done in triplicate for each sample and 
data are averaged (see Note 6).

	 2.	Thaw samples, vortex briefly, and spin to collect contents at 
the bottom of the tube. In a standard thermal cycler or heat 
block, heat to 65 °C for 1 h, followed by 95 °C for 15 min, and 
then hold at 8 °C. This crude worm lysate will be used as tem-
plate DNA for the real time PCR reactions and does not need to 
be quantified. This lysate can also be used for the non-real time 
quantitative PCR, if real time PCR is not available.

	 1.	Wash worms off of bacterial plate with K medium into a 15 mL 
conical tube, pellet at 2,200 × g for 2 min, remove medium, 
and resuspend in 10 mL fresh medium. Gently rock tubes for 
20 min to allow worms to clear gut contents. Pellet at 2,200 × g 
for 2 min and wash 2× with fresh medium.

	 2.	Resuspend worm pellet in a small volume of medium (residual 
medium left after wash) with a glass pipette and drip worm 
suspension directly into liquid nitrogen.

	 3.	Snap frozen in liquid Nitrogen or placed in RNAlater solution 
and stored at −80  °C. As a guide, roughly 10–15  mg of F. 
grandis liver tissue is sufficient for DNA isolation.

	 4.	Grind frozen worm pellets or tough tissue samples to a fine pow-
der in a liquid nitrogen cooled mortar and pestle (see Note 7). 
A squeaking sound is heard when worms are sufficiently ground. 
Alternatively, if the tissue is not tough (i.e., liver tissue), it can 

3.1  DNA Isolation

3.1.1  C. elegans, Small 
Number of Worms

3.1.2  C. elegans, Large 
Number of Worms [15]  
or Animal Tissue (Skip 
Steps 1 and 2)
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be manually homogenized in pre-aliquoted buffer G2 with 
RNAse A.

	 5.	Scoop the powder into pre-aliquoted buffer G2 with RNAse 
A, as per the Qiagen 20/G Genomic Tips Handbook tissue 
protocol.

	 6.	Follow the Qiagen 20/G Genomic Tips Tissue protocol for 
DNA isolation.

	 1.	Standard DNA isolation methods can be used. We routinely 
use the Qiagen 20/G Genomic Tips Kit or, for automated 
DNA isolation, the QIAcube with the QIAamp DNA Mini kit 
or DNeasy Blood and Tissue Kit can be used (see Note 8).

	 1.	DNA from large scale worm preparations, cultured cells or ani-
mal tissue needs to be quantified prior to real time or quantita-
tive non-real time PCR. DNA from the small-scale worm lysis 
protocol does not.

	 2.	Prepare a DNA concentration standard curve by diluting 
Lambda/HindIII DNA to 150, 100, 50, 25, 12.5, and 0 ng/
μL in TE buffer (see Note 9).

	 3.	Dilute DNA samples 1:10 in 1× TE buffer (see Note 10).
	 4.	Add 5 μL of DNA and 95 μL of 1× TE buffer into two dupli-

cate wells of a black or white 96-well plate (suitable for fluores-
cence measurements).

	 5.	Add 5 μL of each Lambda/HindIII standard and 95 μL 1× TE 
into two duplicate wells.

	 6.	The following three steps should be done in low light 
conditions (see Note 11). Prepare PicoGreen working solution 
(100 μL of working solution needed per well) by adding 5 μL 
PicoGreen reagent per 1 mL TE buffer (see Note 12).

	 7.	Add 100  μL PicoGreen working solution to each well and 
incubate at room temperature in the dark for 10 min.

	 8.	Measure the fluorescence of each sample with excitation at 
480 nm and emission at 520 nm.

	 9.	Determine DNA sample concentrations by comparing fluores-
cence values to those of the standard curve. If the DNA con-
centrations are far above the range of the curve, re-dilute the 
DNA and measure again (see Note 13).

	10.	Dilute the sample to 3 ng/μL in TE buffer.

	 1.	Prepare the standard curve (see Note 14) as follows: Thaw an 
aliquot of the mtDNA copy number standard curve plasmid 
(50,000 copies/μL) and dilute to 32,000 copies/μL. Serially 
dilute 1:1 down to 4,000 copies/μL [14].  Add 2  μL of 
each dilution and a 0 copies/μL control (TE buffer or water) 
to separate wells in the 96-well PCR plate to be used in the 

3.1.3  Cell Culture 
Samples [15]

3.2  DNA 
Quantification [15]

3.3  Real Time PCR

3.3.1  C. elegans 
Samples with 
Standard Curve
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copy number PCR. A typical standard curve contains 64,000, 
32,000, 16,000, 8,000, 4,000, and 0 copies per well.

	 2.	Proceed with real time PCR setup for all other samples.

	 1.	Assemble the PCR reactions as follows: combine 2 μL of tem-
plate DNA (standard curve dilution, worm lysate, or 3 ng/μL 
isolated DNA), 2  μL of mtDNA target specific primer pair 
(400nM final concentration each, see Note 15), 12.5 μL SYBR 
Green PCR Master Mix, and 8.5  μL H2O in 1 well of the 
96-well PCR plate. Each sample is amplified in triplicate and 
the data are averaged (see Note 16). Repeat this step in sepa-
rate wells using nuclear DNA specific primers.

	 2.	When analyzing a large number of samples with the same 
primer pair, a master mix is made containing the reagents that 
are common to all reactions (SYBR Green Master Mix, H2O, 
and primers) and aliquoted into individual reactions.

	 3.	Cycle in an ABI 7300 Real Time PCR System (or comparable 
system) as follows: 50  °C for 2 min, 95  °C for 10 min, 40 
cycles of 95  °C for 15  s and annealing temperature (primer 
specific, Table 1) for 60 s. A dissociation curve is also calcu-
lated for each sample to ensure presence of a single PCR 
product.

	 1.	For samples from C. elegans, D. melanogaster, F. heteroclitus, 
F. grandis, O. latipes, D. rerio, Mouse, Rat, and Human, rela-
tive mtDNA content can be measured in a quantitative, non-
real time, PCR reaction in which the PCR product is quantified 
after completion of the reaction. Nuclear copy number can 
also be measured using this protocol, and primers are listed in 
Table  2 for some nuclear targets; however, this is not often 
necessary (see Note 17).

	 2.	Extra control reactions are necessary for this protocol. Be sure 
to include a “50  % control” that contains control template 
DNA (or worm lysate) diluted 1:1 with H2O or TE buffer 
prior to being added to the reaction (it is not advised to simply 
add ½ the volume of the control sample), and a “No Template 
control” that contains only H2O or TE buffer in place of tem-
plate DNA.

	 3.	Initially, it is vital to determine the appropriate cycle number 
for the reaction (see Note 18). Listed in Table 2 are approxi-
mate cycle numbers that will serve as good starting points for 
cycle number optimization. The cycle number is correct when 
the “50 % control” reaction results in 40–60 % of the PCR 
product of the undiluted control reaction.

	 4.	Specific reaction conditions for two PCR kits are presented 
below. The first uses the KAPA Biosystems LongRange Hot 
Start PCR kit, and has been optimized with Human samples. 

3.3.2  All Other Real Time 
PCR Samples, Without 
Standard Curve [21]

3.3.3  Quantitative 
(Non-Real Time) PCR
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The second used the GoTaq Flexi Kit from Promega and has 
been optimized for F. grandis samples (see Note 2 for more 
detailed information).

	 5.	Using the KAPA LongRange Hot Start kit, the reactions are 
prepared as follows:
(a)	 A master mix is made if several samples are being run 

simultaneously, which consists of the following compo-
nents added in this order:

●● 24.5  μL nuclease-free H2O (for a final volume of 
50 μL).

●● 10 μL of 5× buffer solution (vortex at this stage).
●● 1 μL of BSA in nuclease-free H2O (0.1 mg/mL stock, 

2 ng/μL final).
●● 1 μL of dNTPs (10 mM stock, 200 μM final).
●● 2.5 μL of each primer working solution (10 μM stock, 

0.5 μM final, except O. latipes, 7.5 μM stock).
●● 3.5 μL of MgCl2 (25 mM stock, 1.75 mM final).
●● 0.5 μL KAPA LongRange Hot Start DNA Polymerase 

(2.5U/μL).
●● Vortex and spin.

(b)	Aliquot the master mix into the appropriate number of 
tubes, and add 15 ng purified DNA (5 μL if diluted to 
3 ng/μL) or 5 μL of worm lysate as template to the pre-
aliquoted master mix. Also, add 5 μL of “50 % control” 
and “No Template control” to the appropriate tubes.

 (c)	The PCR amplification profile is as follows: 94  °C for 
3  min, followed by the optimized number of cycles of 
94 °C for 15 s, annealing temperature (Table 2) for 45 s, 
and 72 °C for 45 s. To complete the profile perform a final 
extension for 10 min at 72 °C.

	 6.	Using the GoTaq Flexi Kit, the reactions are assembled as 
follows:
(a)	 A master mix is made if several samples are being run 

simultaneously, which consists of the following compo-
nents added in this order:

●● 9.5  μL nuclease-free water (for a final volume of 
25 μL).

●● 5 μL of 5× Colorless GoTaq Flexi Buffer (vortex at this 
stage).

●● 1 μL of PCR Nucleotide mix (10 mM stock, 400 μM 
final).

●● 1 μL of each primer solution (10 μM stock, 0.4 μM 
final).
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●● 1 μL MgCl2 (25 mM stock, 1 mM final).
●● 0.5 μL GoTaq DNA polymerase (5U/μL)
●● Vortex and spin.

(b)	Aliquot the master mix into the appropriate number of 
tubes, and add 60 ng purified DNA (6 μL if diluted to 
10 ng/μL) as template to the pre-aliquoted master mix.

 (c)	The PCR amplification profile is as follows: 94  °C for 
2  min, followed by the optimized number of cycles of 
94 °C for 30 s, annealing temperature (Table 2) for 30 s, 
and 72 °C for 1 min. To complete the profile perform a 
final extension for 5 min at 72 °C.

	 7.	The primers provided in Table 2 have been tested and verified 
to result in a single, specific PCR product; however, when first 
optimizing the assay it is recommended to check the specificity 
of the PCR products on an agarose gel, as conditions may vary 
slightly based on laboratory equipment and PCR kits used. It 
is critical to obtain a single product to ensure accurate quanti-
fication in step 8.

	 8.	Quantify the resulting PCR products (similar to 
Subheading 3.2). Add 10 μL of each PCR product and 90 μL 
of TE buffer to each of two duplicate wells of a white or black 
96-well plate. Also, add 10 μL of the DNA concentration stan-
dard curve (see Subheading 3.2) and 90 μL of TE buffer to 
each of two duplicate wells of the same plate.

	 9.	Follow steps 6–8 of Subheading 3.2 for fluorescent quantifi-
cation of DNA.  The standards are not used to calculate 
DNA concentration in this protocol, but are useful to assure 
that the samples fall within the linear range of the instru-
ment and can be helpful when comparing samples on differ-
ent plates.

	 1.	Obtain mtDNA cycle threshold (Ct) values from the Real 
Time PCR software, and average the Ct values for the triplicate 
reactions. If any of the triplicate Ct values vary by more than 
0.5  U from the others they should be removed prior to 
analysis.

	 2.	Obtain the Ct values for the standard curve reactions and per-
form a logarithmic regression with Ct on the Y-axis and copy 
number on the X-axis (see Note 19).

	 3.	Compare the Ct values of the samples with those of the stan-
dard curve to determine the copy number per PCR reaction. 
We use the following equation:

(a)	 e mtDNA copy number per reactionSample slope intercept[( )/ ]Ct - - =y

3.4  Data Analysis

3.4.1  C. elegans 
Samples, Real Time PCR 
with Standard Curve
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	 4.	Assuming worms were picked at a ratio of 1 worm per 15 and 
2 μL were used as template, multiply this number by 7.5 to get 
mtDNA copy number per worm (see Note 20).

	 1.	Obtain both mtDNA and nucDNA Ct values from Real Time 
PCR software and average the Ct values from triplicate 
reactions.

	 2.	To determine the mitochondrial DNA content relative to 
nuclear DNA, use the following equations:
 (a)	∆Ct = (nucDNA Ct − mtDNA Ct)

(b) Relative mitochondrial DNA content = ´2 2DCT

	 1.	Obtain the fluorescence values from the plate reader software.
	 2.	Subtract the “No Template Control” values from all other 

PCR product values (Not standard curve values).
	 3.	Average the values of the duplicate wells.
	 4.	Assure that the “50 % control” values fall between 40 and 60 % 

of the undiluted control values.
	 5.	The fluorescence values can be used directly to compare 

relative mitochondrial DNA content between samples.

4  Notes

	 1.	DNA from small scale worm lysis does not need to be quanti-
fied prior to PCR; however, quantification is required for puri-
fied DNA from large scale preparations.

	 2.	The GeneAmp XL PCR kit from Applied Biosystems that was 
previously used for the QPCR assay has been discontinued. 
We have now optimized the QPCR assay using KAPA 
LongRange Hot Start DNA Polymerase with Human samples 
and the GoTaq Flexi PCR kit with F. grandis samples. We 
expect these protocols to be easily adaptable to the other 
species that we provide primers for. It is also likely that other 
PCR kits will work with this protocol, though some optimi-
zation may be required (discussed in further detail in 
Subheading 3.4 and Note 17).

	 3.	Maintaining distinct pre- and post-PCR workstations and 
pipettes helps to reduce the possibility of contamination of the 
pre-PCR workstation, and therefore new PCR reactions, with 
PCR product. This is especially important when the same PCR 
target will be amplified repeatedly from many different samples, 
as is often the case with experiments that use these protocols. 
We use a PCR hood equipped with a UV sterilizing lamp for 
reaction assembly, and completed reactions are never opened 

3.4.2  H. sapiens 
Samples, Real Time  
PCR Without Standard 
Curve [15]

3.4.3  Quantitative, 
Non-Real Time PCR
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in this room. This is not a concern with real time PCR as 
samples are not processed post-PCR.

	 4.	Six worms in 90 μL is the standard condition we routinely use; 
however, different numbers of worms can be used. For worms 
at or past the L4 stage, we use a ratio of one worm per 15 μL 
lysis buffer, and for younger worms, we pick one worm per 
10 μL buffer.

	 5.	We culture worms on K-media plates, as opposed to the stan-
dard NGM, because K-media supports thinner bacterial lawns, 
resulting in less transfer of bacteria when picking worms for 
PCR.

	 6.	Samples are picked in triplicate and each sample is amplified in 
triplicate, resulting in nine individual real time PCR reactions 
per data point. For example, if comparing ethidium bromide 
treated worms with controls, we would pick three tubes, each 
with six worms in 90 μL lysis buffer, from the treated group 
(EtBr 1, 2, and 3) and the same from the control group (C1, 
2, and 3). After lysis, each of these samples would be amplified 
via real time PCR in triplicate, resulting in nine PCR reactions 
for each treatment group.

	 7.	When grinding frozen worm pellets, we typically pack the out-
side of the mortar with dry ice, and then chill the mortar and 
pestle with a small amount of liquid nitrogen. Once the liquid 
nitrogen has boiled off the worm pellets are added to the 
mortar and ground. Care should be taken in the initial few 
“grinds” as the larger pellets have a tendency to “jump” out of 
the mortar.

	 8.	We routinely linearize the Human mitochondrial DNA from 
QIAcube preparations by digesting with the PvuII restriction 
enzyme prior to analysis [15]. This step is performed for an 
unrelated protocol, however, we measure copy number on 
these linearized templates. While we do not expect this diges-
tion to be necessary for copy number analysis, this has not 
been exhaustively tested.

	 9.	We prepare larger stocks of the standard curve dilutions that 
are routinely reused to reduce variability. Store at 4 °C.

	10.	Depending on the number of worms or cells or the amount 
of tissue used for DNA extraction, this dilution will change. 
The aim is to get the DNA concentration in the range of the 
standard curve for an accurate measurement of concentration.

	11.	Overhead lab lights are turned off and shades are pulled down. 
During the 10  min incubation, the plates are covered with 
aluminum foil or placed in a drawer.

	12.	PicoGreen working solution should be prepared in excess of 
what is needed to account for loss during pipetting. We pour the 
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working solution into a reservoir and add 100 μL to each well of 
the plate using an 8-channel micropipette, and typically make 
between 500 μL and 1,000 μL excess per full 96-well plate.

	13.	As stated in Note 8, the aim is to get the DNA concentrations 
in the range of the standard curve. If the DNA concentration 
is too high, further dilute and measure again. If too low, the 
undiluted samples can be measured.

	14.	The standard curve for C. elegans copy number allows us to 
calculate actual mtDNA copy number per worm. Most meth-
ods can only determine copy number on a per nuclear copy 
basis. The standard curve plasmid is pCR2.1 with a 75 bp frag-
ment of the nd-1 gene, containing the real time PCR primer 
target sequence, cloned into the multiple cloning site [14]. 
Based on the molecular weight of the plasmid (MW = 4,006) 
and its concentration, we can accurately determine the number 
of plasmids (and therefore the number of nd-1 primer targets) 
per μL. We store this plasmid at a concentration of 100,000 
copies per μL in single use aliquots (to avoid freeze thaw cycles) 
at −20 °C. We routinely make duplicate serial dilutions of the 
standard curve and include both sets of dilutions in our real 
time PCR reactions to ensure accuracy.

	15.	Individual primers stocks (100 μM) are kept at −20  °C, and 
working dilutions (25 μM) at 4 °C. When assembling PCR reac-
tions, working dilutions are mixed 1:1 and further diluted to 
5 μM each. 2 μL of this primer mix is added to each PCR reac-
tion, resulting in final primer concentrations of 400 nM each.

	16.	As stated in Note 4, each sample is analyzed in three separate 
real time PCR reactions, and the results of these three reac-
tions are averaged.

	17.	In the quantitative, non-real time PCR for all samples other 
than C. elegans, the concentration of total DNA is known. Total 
DNA concentration is based almost entirely on nuclear DNA, 
and the same amount of total DNA is added to each PCR reac-
tion. For this reason, we effectively start each PCR reaction 
with the same number of nuclear DNA copies, and the values 
obtained for relative mitochondrial DNA content do not need 
to be normalized prior to comparison between samples.

	18.	PCR product is created proportionally to the amount of spe-
cific target sequence in the template during the exponential 
phase of the reaction. Therefore, for quantitative results, the 
reaction must be stopped while in this exponential phase. 
Assuring that the “50 % control” sample results in 40–60 % of 
the PCR product of undiluted control will also assure that the 
reaction is in the exponential phase [12, 13].

	19.	When plotting the standard curve Ct values, assure that all val-
ues fall on the regression line. If a single sample is not on the 
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line, it can be removed. Also, visually inspect the Ct values for 
accuracy. Each time the starting DNA concentration is reduced 
by half, the Ct should increase by 1.

	20.	If we pick six worms in 90 μL of lysis buffer, we assume that 
15 μL of this lysate is roughly equal to one worm, therefore 
copy number per 15 μL = copy number per worm. This calcula-
tion can be adjusted based on the ratio of worms to volume of 
lysis buffer.
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    Chapter 4   

 NAD +  Content and Its Role in Mitochondria 

           Wei     Li     and     Anthony     A.     Sauve     

    Abstract 

   Nicotinamide adenine dinucleotide (NAD + ) is a central metabolic coenzyme/cosubstrate involved in 
c ellular energy metabolism and energy production. It can readily be reduced by two electron equivalents 
and forms the NADH form, which is the minority species to NAD +  under most physiologic conditions. 
NAD +  plays an important role in not only oxidation–reduction reactions in cells but also as a signaling 
molecule. For example, NAD +  plays a key role in mitochondrial function via participation in pyruvate 
dehydrogenase, tricarboxylic acid cycle, and oxidative phosphorylation chemistries. It also serves as a sub-
strate for deacylases SIRT3, SIRT4, and SIRT5, which modify protein posttranslational modifi cations on 
lysine within the mitochondrial compartment. Recent work has highlighted the biological signifi cance of 
dynamic changes to mitochondrial NAD + . This has increased the need for standardized and effective meth-
ods to measure NAD +  contents in this organelle. To determine NAD +  concentrations in cells, and specifi -
cally in mitochondria, we describe two assays for NAD +  determinations: An Enzymatic Cycling Assay and 
Isotope Dilution. The cycling assay contains sample NAD + , lactate, lactate dehydrogenase, diaphorase, and 
resazurin. The isotope dilution assay uses synthetic  18 O-NAD +  as an internal standard, and treated samples 
are fractionated by HPLC and then NAD +  concentration determined by the  16 O- and  18 O-NAD +  peak 
(664/666) ratio in positive mode MS.  

  Key words     NAD +   ,   Mitochondria  ,   Energy metabolism  ,   Oxidative phosphorylation  ,   NAD +  measure-
ment  ,   NAD + -NADH cycling assay  ,   Lactate  ,   Lactate dehydrogenase (LDH)  ,   Diaphorase  ,   Resazurin  , 
  Fluorescence  ,   Plate reader  ,    18 O-NAD +   ,   Isotope dilution  ,   C-18 column  

1      Introduction 

 Nicotinamide adenine dinucleotide (NAD + , Fig.  1 ) is a metabolite 
derived from vitamin B3 (nicotinamide and nicotinic acid) or 
 tryptophan [ 1 ]. NAD +  is centrally incorporated into energy metab-
olism and forms NADH by reduction with a hydride equivalent 
(H−). The dinucleotides are also found in phosphorylated forms 
(NADP/NADPH), which behave analogously as hydride- accepting 
and hydride-donating metabolites within cells, although these redox 
pairs are kept in chemical opposition. For example, NAD +  is largely 
maintained in oxidized form, whereas NADP +  is predominantly 
found in its reduced form NADPH. Because NAD +  plays important 
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roles in energy metabolism and oxidation process its homeostasis in 
cells is tightly maintained and its redox balance is also critically 
maintained. For example, NADH is anaerobically converted back 
to NAD +  by pyruvate reduction to form lactate. NADH is also 
reacted back to NAD +  via reaction with Complex I, the NADH/
coenzyme Q reductase of the mitochondrial electron transport 
chain [ 2 ]. NADH content in cells is typically maintained below or 
at 10 % of total cellular NAD +  content [ 3 ], with larger amounts 
associated with metabolic disruption. Increasing interest in how 
NAD +  levels are regulated include concerns about how NAD +  
 contents affect net energy and metabolic fl uxes in cells [ 4 ,  5 ]. 
In addition, key regulatory steps in NAD +  production and turnover 
are sensitive to cellular stresses [ 6 ,  7 ], highlighting the potential 
for changes in NAD +  concentration to operate as a driver for meta-
bolic and physiologic adaptation.

   A previously underappreciated role of cellular NAD +  is through 
regulation of the activities of key signaling enzymes, such as PARPs 
and sirtuins [ 6 ]. These enzymes appear to respond dynamically to 
cellular changes in NAD +  concentrations, in combination with 
other cellular stimuli. The powerful effects of these signaling com-
ponents in regulating key and central metabolic processes, such as 
fuel switching, cell apoptosis, proliferative signaling, and mito-
chondrial biogenesis, have renewed interest in NAD +  metabolism 
in general [ 8 ], and focused attention on several fi ner points of this 
metabolism, which may have regulatory signifi cance. Among key 
considerations is how compartmental NAD +  levels change in 
response to pharmacologic or physiologic perturbations. Three 
major cellular depots of NAD +  have been identifi ed, namely, 
nuclear, cytosolic, and mitochondrial. 

 The methods to determine NAD +  content in mitochondria are 
similar to those used to determine NAD +  contents in other cellular 

  Fig. 1    The structure of NAD +        
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compartments, although a key aspect of this organelle is the need 
to keep the compartment intact through the cell fractionation pro-
cess. Mitochondria are membrane-bound organelles found in most 
eukaryotic cells. Previous research indicates that total NAD +  in 
cells can have signifi cant mitochondrial components, and that 
mitochondrial NAD +  does not readily leak across the inner mito-
chondrial membrane [ 7 ,  9 ]. These considerations are key to being 
able to reliably measure NAD +  concentrations in this organelle. 
Our laboratory has developed methods for measurement of NAD +  
concentrations in mitochondria, and data obtained via these meth-
ods support the concept that mitochondrial NAD +  content is 
dynamically responsive to physiologic perturbations as well as 
pharmacologic interventions. 

 NAD +  contents in cells or mitochondria can be determined by 
a known cycling assay [ 10 – 12 ]. Briefl y, after homogenization of 
sample in perchloric acid, and neutralization, samples are assayed 
in a cycling reaction combining  L -lactate, lactate dehydrogenase 
(LDH), diaphorase, and the dye resazurin. In an initial reaction, 
NAD +  reacts with lactate catalyzed by LDH to form NADH 
(Fig.  2 ), which then binds to the enzyme diaphorase to reduce 
resazurin to form the reduced dye resorufi n, regenerating NAD +  
(Fig.  2 ). Resorufi n formation is monitored versus time by fl uores-
cence (530 nm excitation, 580 nm emission) by a plate reader. 
Standards of known NAD +  concentration are prepared and pro-
cessed through similar procedures to generate a standard curve. 
Concentrations of NAD +  are expressed as pmol NAD + /10 6  cells or 
pmol NAD + /mg mitochondrial protein.

   Another methodology to determine NAD +  concentration in 
cells or mitochondria is an isotope dilution approach. This method 
requires synthesis of isotopically labeled NAD +  for use as an internal 

  Fig. 2    Plate reader NAD +  cycling assay requiring lactate dehydrogenase and diaphorase       
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standard for mass spectrometer measurements of NAD +  in 
 biological samples. The synthesis of  18 O-NAD +  is described by our 
published work [ 7 ,  13 ]. Samples, as above, require homogeniza-
tion with perchloric acid containing  18 O-NAD + . By high- 
performance liquid chromatography (HPLC), fractions containing 
NAD +  are separated, eluted, collected, dried, and analyzed by 
either electrospray ionization (ESI) or MALDI mass spectrometry 
(MS). The amount of sample NAD +  is obtained by the ratio of 
the labeled standard to the unlabeled metabolite (the  16 O- and 
 18 O- NAD   +  peaks 664/666 ratio). This method offers the advantage 
of not requiring complete recovery of NAD +  to obtain accurate 
NAD +  quantitation, since it presumes all losses are proportionate 
to both internal standard as well as the metabolite in the sample. 
This is highly convenient for obtaining high accurate measurements 
of NAD +  content, even if samples experience instability, or if there 
are interfering factors in the mass spectrum measurement [ 13 ].  

2    Materials 

     7 % Perchloric Acid.  
  2 M NaOH.  
  500 mM K 2 HPO 4  (pH = 9).     

     10× reaction buffer: 250 mM Tris, 50 mM MgCl 2 , and 500 mM 
KCl. Store at 4 °C.  

  Resazurin stock solution (e.g., 27 mM). Aliquot and store at 
4 °C. Avoid light.  

  Lactate dehydrogenase (LDH), purchased.  
   L -lactate: 22.5 mM solution, fresh made.  
  Diaphorase stock solution: Dissolve diaphorase into 250 mM Tris 

buffer (pH 7.5) to make a fi nal concentration 0.35 U/μL. 
Store at 4 °C.  

  NAD +  stock solution (e.g., 7.5 μM) for standard curve preparation. 
Aliquot and store at−20 °C.     

     Hemocytometry.  
  Vortex Mixer.  
  Sonicator (e.g., UltraSonic Cleanser).  
  pH paper.  
  Black fl at bottom 96-well assay plate for fl uorometry.  
  Multichannel pipette.  
  SpectraMax M5/M5 (Molecular Devices).  
  SoftMax Pro 5 Software (Molecular Devices, MDS Analytical 

Technologies).     

2.1  Buffers 
for Sample 
Neutralization

2.2  Enzymes, Buffers 
for Cycling Assay

2.3  Other Assay 
Equipment/Supplies
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     1 M Perchloric acid containing 1,750 nM  18 O-NAD +  (95 % isoto-
pic enrichment of  18 O-NAD + ).  

  C-18 column.  
  HPLC machine and software.      

3    Methods 

 NAD +  concentration can be measured in either cell pellets, isolated 
mitochondria or animal tissue samples. There are two different 
methodologies to determine NAD +  concentration: by cycling assay 
or by isotope dilution.  See  Notes  1 – 4  for special details. 

       1.    For cell samples, count cells in 10 6  by hemocytometry. For 
animal tissue samples, grind tissue at low temperature (in liq-
uid nitrogen) and weigh in mg (20–70 mg) before next step. 
For mitochondria, isolate mitochondria, and measure protein 
concentration. Total protein content in mitochondria should 
be at least 100 μg to provide solid measurements. Save lysate 
from last pelleting step for additional protein and NAD +  
measurements.   

   2.    Treat cell pellets, tissue samples or isolated mitochondria with 
ice-cold 50–100 μL of 7 % perchloric acid.   

   3.    Vortex for 30 s, sonicate for 5 min in ice bath. Then vortex 
again for 30 s, sonicate for 5 min. (Repeat for total of four 
cycles).   

   4.    Spin down acid-treated samples to remove insolubles. Collect 
supernatants and transfer to new tubes.   

   5.    Neutralize the supernatants with 2 M NaOH followed by 
500 mM K 2 HPO 4  (pH = 9) to pH = 7. Use pH paper to deter-
mine the pH of samples during neutralization. Do not over-
shoot pH. The phosphate buffer is designed to be used to 
neutralize to fi nal pH. Repellet samples.   

   6.    Neutralized samples can be used for the following cycling assay 
to determine NAD +  concentration. Samples can also be stored 
at−20 or−80 °C for additional use.      

      1.    Prepare a fresh NAD +  stock solution (e.g., 7.5 and 15 μM) in 
neutralized perchloric acid as described in the prior section. In 
a black 96-well plate, load different amounts of NAD +  stock 
solution (e.g., 0, 1, 2, 4, 10, 10 μL (15 μM) with the balance 
of solution being neutralized perchloric acid to a fi nal volume 
of 10 μL into wells to obtain fi nal concentrations in 150 μL: 
0 (blank), 50 nM, 100 nM, 200 nM, 500 nM, and 1 μM.   

2.4  Additional 
Materials for Isotope 
Assay

3.1  NAD +  
Concentration 
Determination 
by Cycling Assay

3.1.1  Sample 
Neutralization

3.1.2  NAD +  Standard 
Curve Preparation
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   2.    Load cycling assay buffer (fi nal concentration in 150 μL: 
25 mM Tris pH 7.5, 5 mM MgCl 2 , 50 mM KCl, 54 μM resa-
zurin, 0.4 U/mL lactate dehydrogenase, and 2.25 mM  L -
lactate) onto the plate to make 130 μL per each well.   

   3.    Add 20 μL of diluted diaphorase (0.035 U/μL in 25 mM Tris 
pH 7.5) with multichannel pipette to each well to initiate each 
reaction with fi nal concentration of 0.7 U/well.   

   4.    Immediately put the 96-well plate into a plate reader to deter-
mine formation of resorufi n. (Molecular Devices SpectraMax 
M5/M5, SoftMax Pro 5 Software: 530 nm excitation, 580 nm 
emission). Record readings every 27 s for 15 min. Plot the 
fl uorescence at each time point to obtain slopes.   

   5.    Make a NAD +  standard curve by plotting slope value versus 
NAD +  concentration (Fig.  3 ). Make sure the whole system 
works well and the NAD +  standard curve looks good (see  R  2  
value) before measurement of biological samples.

             1.    Spin down samples before use.   
   2.    In a black 96-well plate, load 2 and 4 μL of neutralized samples 

onto each well and add 8 and 6 μL of cycling assay buffer to 
make the sample volume 10 μL per each well. For good statis-
tics these should be run in duplicate and all samples used for 
determining concentration.   

   3.    NAD +  standard curve is needed to prepare at the same plate for 
each run. For a NAD +  standard curve, dilute 7.5 μM NAD +  
stock solution into wells to obtain fi nal concentrations of 0 
(blank), 50 nM, 100 nM, 200 nM, 500 nM, and 1 μM (15 μM).   

3.1.3  Measurement 
of NAD +  Concentration 
by Cycling Assay

  Fig. 3    Example NAD +  standard curve       
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   4.    Load 120 μL of cycling assay buffer (fi nal concentration in 
150 μL: 25 mM Tris pH 7.5, 5 mM MgCl 2 , 50 mM KCl, 
54 μM resazurin, 0.4 U/mL lactate dehydrogenase, and 
2.25 mM  L -lactate) onto the plate.   

   5.    Add 20 μL of diluted diaphorase (0.035 U/μL in 25 mM Tris 
pH 7.5) with multichannel pipette to each well to initiate each 
reaction with fi nal concentration of 0.7 U/well.   

   6.    Immediately put the 96-well plate into a plate reader to deter-
mine formation of resorufi n. (Molecular Devices SpectraMax 
M5/M5, SoftMax Pro 5 Software: 530 nm excitation, 580 nm 
emission). Record readings every 27 s for 15 min. Plot the 
fl uorescence at each time point to obtain slopes.   

   7.    Use the sample slopes to determine NAD +  concentration in 
each well by comparison to the standard curve.   

   8.    Convert the NAD +  concentration calculated for each well to 
the original NAD +  concentration in samples by correction for 
dilutions. Calculate the fi nal values in pmol NAD + /10 6  cells or 
pmol NAD + /mg protein or pmol NAD + /mg tissue.      

      1.    SoftMax Pro 5 Software settings: Read Mode: Fluorescence, 
Top read; Wave lengths: Ex 530, Em 580; Sensitivity: Readings: 
6, PMT: Medium; Timing: 15:00, Internal: 0:27, Reads: 34.   

   2.    Obtain the slope value of each well from SoftMax Pro 5 
Software.   

   3.    Get the NAD +  concentration in each well by comparing the 
slopes to the NAD +  standard curve.   

   4.    Then convert the NAD +  concentration in each well to the orig-
inal NAD +  concentration in samples by correction for dilu-
tions. For example, if 4 μL of sample is used for each well 
reaction of 150 μL, then the original sample NAD +  concentra-
tion (in pmol/μL) is: NAD +  conc. in well * 150/4 = 37.5 * 
NAD +  conc. in well.   

   5.    Finally, by correction to the sample cell counts (in 10 6 ) or the 
sample tissue weight (in mg), or protein concentration, origi-
nal NAD +  concentration is calculated in pmol/10 6  cells, pmol/
mg protein, or pmol/mg tissue.       

      1.    Seed cells in media and grow at 37 °C for 24–48 h. Remove 
media and treat cells with trypsin (0.5 mL, 0.05 %) for 5 min 
to detach them from the fl ask. Add fresh media and determine 
cell counts (in 10 6 ) by hemocytometry (with trypan blue stain-
ing). Gently pellet cells by centrifugation. For mitochondria, 
isolate intact mitochondria and measure protein content per 
unit volume. Total protein content in mitochondria should be 
at least 100 μg to provide solid measurements.   

3.1.4  Data Processing 
and Correction

3.2  NAD +  
Concentration 
Determination by 
Isotope Dilution

NAD+ Content and Its Role in Mitochondria
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   2.    Add 400 μL ice-cold 1 M Perchloric Acid containing 700 pmol 
of  18 O-NAD +  (95 % isotopic enrichment of  18 O-NAD + , 
 synthesis and assay of which is described in ref.  13 ) to the cell 
pellets or to isolated mitochondria.   

   3.    Vortex for 30 s, sonicate for 5 min. Then vortex again for 30 s, 
sonicate for 5 min. (four times total, keep samples ice cold as 
much as possible).   

   4.    Spin down acid-treated samples to remove insolubles. Collect 
supernatants and transfer to new tubes.   

   5.    Neutralize the acidic supernatant with 5.5 M NaOH (65 μL) 
and 1 M K 2 HPO 4  (pH = 7.5) to pH = 7 as determined by pH 
paper. Repellet solids by a fi nal centrifugation.   

   6.    Chromatograph supernatant (100 μL sample) on a C-18 column 
(Solid phase: EC 250/4.6 NUCLEOSIL 100-3 C18 HD 
 column; Mobile phase: 20 mM ammonium acetate; 1 mL/min).   

   7.    Collect the peak containing NAD +  as determined by the elu-
tion position of an NAD +  standard.   

   8.    Lyophilize eluant and redissolve the residue in 10 μL water 
then co-spot with CHCA (α-cyano-4-hydroxycinnamic acid) 
onto a MALDI plate (GOLD W/PIN, Applied Biosystems) 
for MS assay.   

   9.    Use MALDI-MS (positive ion detection mode) to obtain the 
peak ratio (as determined by ratios of peak areas) of the  16 O- 
and  18 O-NAD +  peaks (664/666) in the sample. Assay standards 
containing only  16 O and  18 O NAD +  (600 pmol each) to deter-
mine corrections for isotopic purity and to provide  calibration 
of the procedure.   

   10.    Determine NAD +  concentrations in samples by multiplying the 
corrected isotopic ratio 664/666 by the pmol of  18 O NAD 
added to the sample, dividing by cell number to generate pmol 
NAD + /10 6  cells. Alternatively for mitochondria express as 
pmol NAD + /mg protein.       

4    Notes 

        1.    For animal tissue samples, tissues need to be fi nely ground in 
liquid nitrogen before any treatment.   

   2.    NADH can also be determined by cycling assay. For NADH 
measurement, samples should be mixed in 50 mM 
NaOH/1 mM EDTA, vortex and sonicate for three times, 
incubate at 60 °C for 30 min, cool on ice for 5 min, and then 
spin down, neutralize with 1 M HCl and 500 mM K 2 HPO 4  
(pH = 5.5) to pH = 7, determined by pH paper. When doing 
the cycling assay, use NADH instead of NAD +  to prepare the 
standard curve (See detailed fl ow diagram in Fig.  4 ).

Wei Li and Anthony A. Sauve
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       3.    As cycling assay is a time-sensitive assay, diaphorase ideally 
should be added to each well at the same time to initiate reac-
tion. Make sure to use multichannel pipette at this step to 
reduce time error.   

   4.    All the sample values should be in the range of the standard 
curve. If it is out of range, adjust the sample amount by dilut-
ing or adding more samples.         
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    Chapter 5   

 Measuring PGC-1α and Its Acetylation Status 
in Mouse Primary Myotubes 

           Ana     P.     Gomes     and     David     A.     Sinclair     

    Abstract 

   Metabolic fl exibility is vital for the cells to adapt to different energetic situations, allowing the organisms 
to adapt to changing conditions and survive challenges. One of the most important regulators of the 
metabolic fl exibility is PGC-1α activity. PGC-1α integrates numerous signals and regulates a variety of 
transcription factors and nuclear receptors that together regulate mitochondrial homeostasis and fatty acid 
oxidation. One of the major ways that PGC-1α activity is regulated is by changes in its acetylation status. 
Thus measuring the acetylation status of PGC-1α is an important indicator of the metabolic fl exibility of 
the cells. In this chapter, we describe an approach to evaluate PGC-1α acetylation in primary mouse 
myotubes. The method is applicable to other cell types and tissues as well.  

  Key words     PGC-1α  ,   Acetylation  ,   Sirtuin deacetylase  ,   SIRT1  ,   GCN5  ,   Mitochondrial biogenesis  , 
  Respiration  ,   Aging  ,   Diabetes  ,   Sarcopenia  ,   Cachexia  

1      Introduction 

 Peripheral tissues exhibit remarkable metabolic fl exibility, a feature 
that is critical for maintenance of cellular homeostasis during 
changes in energy supply and demand. When energy levels are lim-
ited, as during fasting and exercise, these tissues have the ability to 
switch to use fatty acids as fuel for mitochondrial oxidation, pre-
serving glucose for cells that strictly rely on glucose as their energy 
source [ 1 ]. Highlighting the importance of this fl exibility, distur-
bances in metabolic homeostasis are frequently associated with sev-
eral metabolic and age-related diseases [ 2 – 4 ]. 

 Metabolic homeostasis is regulated by the coordinated activity 
of multiple transcription factors and nuclear receptors that tightly 
coordinate the expression of genes involved in mitochondrial 
metabolism and biogenesis [ 5 ,  6 ]. The peroxisome proliferator 
activated receptor gamma co-activator 1 alpha (PGC-1α) is one of 
the most central, integrating the activity of transcription factors that 
adjusts energy production, energy utilization, heat production, and 
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tightly links the activities of genes in the nucleus with those in 
mitochondria. PGC-1α is also considered a “master regulator” of 
the mitochondrial biogenesis program [ 7 ,  8 ] that remodels muscle 
the fi ber-type so that it is metabolically more oxidative and less 
glycolytic. Loss of PGC-1α signaling is considered a potential 
underlying cause of disorders such as diabetes, and cardiomyopa-
thy, and obesity. 

 Regulation of PGC-1α activity is extremely complex and regu-
lated at many levels by different signaling events [ 9 ]. One of the 
key regulatory events is PGC-1α acetylation status. Indeed, 
PGC-1α acetylation has been detected on 13 of its lysine residues, 
and acetylation negatively correlates with its activity. PGC-1α acet-
ylation status is tightly co-regulated by the opposing activities of 
the acetyltransferase GCN5 [ 10 ,  11 ] and the deacetylase SIRT1 
[ 12 ,  13 ]. GCN5 and SIRT1 are two important energetic sensors, 
as their activity is dependent on acetyl-coA and NAD + , respectively 
[ 14 ]. By monitoring the abundance of these cofactors, and con-
trolling PGC-1α activity, they tightly regulate the ability of the 
cells to adapt their metabolism to the energy demands promoting 
metabolic fl exibility (Fig.  1 ).

   Acetylation of PGC-1α is an important marker of the energetic 
state of the cell, of mitochondrial biogenesis, and the relative 
activity of GCN5 and SIRT1. As such, the ability of measure acety-
lation is an important tool, not only in the study of upstream 
enzyme activity, but also for diseases related to metabolic infl exi-
bility and evaluating the effi cacy and mechanism of compounds 
aimed at treating metabolic diseases [ 15 – 18 ] Here we described a 
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  Fig. 1    The acetylation status of PGC-1α is a key regulatory switch in energy utilization. During low energy 
intake, such as fasting and calorie restriction, when there is a higher demand for fatty acid oxidation (FAO) and 
respiration, NAD +  levels increase, stimulating the activity of SIRT1 and decreasing the abundance of acetylated 
PGC-1α. Upon refeeding, the acetyltransferase GCN5, acetylates PGC-1α. The acetylation status of PGC-1α, 
the activity of SIRT1, and for evaluating potential new molecules for the treatment of mitochondrial diseases 
and metabolic disorders       
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protocol to determine PGC-1α acetylation in primary myotubes, a 
key metabolic cell type that depends on PGC-1α for the relatively 
high abundance of mitochondria and rate of oxidative phosphory-
lation. We will describe methods to isolate primary myoblasts from 
mice and how to infect them with an adenovirus encoding Flag-
PGC-1α that can be used to effi ciently measure acetylation status.  

2    Materials 

 All reagents should be the highest purity available and solutions 
should be prepared using distilled or ultrapure water. 

      1.    Phosphate-buffered saline (PBS): 1 mM KH 2 PO 4 , 155 mM 
NaCl, 3 mM Na 2 HPO 4 -7H 2 O, pH 7.4.   

   2.    Collagenase/Dispase solution: 0.75 U/mL collagenase, 
1.0 U/mL dispase, and 2.5 mM CaCl 2  diluted in PBS.   

   3.    Pre-plating medium: 90 % low glucose Dulbecco’s modifi ed eagle 
medium (DMEM), 10 % FBS, Glutamax, antibiotic–antimycotic.   

   4.    Growth medium: 80 % Ham’s F-10 medium, 20 % FBS, 
Glutamax, 2.5 ng/mL bFGF, 10 ng/mL recombinant EGF, 
1 μg/mL recombinant insulin solution, 0.5 mg/mL fetuin, 
0.4 μg/mL dexamethasone, antibiotic–antimycotic ( see   Note 1 ).   

   5.    Differentiation medium: 98 % low glucose DMEM, 2 % horse 
serum, Glutamax, 1 μg/mL recombinant insulin solution, 
antibiotic–antimycotic.   

   6.    Immunoprecipitation buffer (IP buffer): 0.05 % NP-40, 
50 mM NaCl, 0.5 mM EDTA, 50 mM Tris–HCl (pH 7.4), 
10 mM nicotinamide, 1 μM trichostatin A, 2,000 U/mL 
Micrococcal nuclease, protease inhibitor cocktail.   

   7.    Tris-buffered saline with Tween-20 10× (TBS-T): 0.2 M Tris 
base, 1.5 M NaCl, 0.05 % Tween 20, pH 7.4.   

   8.    Blocking solution: 1 % BSA dissolved in 1× TBS-T buffer.      

      1.    Flag-PGC-1α adenovirus and control adenovirus [ 12 ,  13 ].   
   2.    Anti-PGC-1α antibody (Santa Cruz, H300).   
   3.    Anti-FLAG M2-agarose affi nity gel (Sigma-Aldrich).   
   4.    Anti-Flag antibody (Sigma-Aldrich).   
   5.    Anti-Pan acetylated lysine (Cell Signaling).   
   6.    Clean-Blot IP Detection Reagent (HRP) (Pierce).   
   7.    Flag peptide.   
   8.    2× Laemmli sample buffer.   
   9.    Restore Western Blot Stripping buffer (Pierce).   

2.1  Solutions 
and Media 
Formulations

2.2  Other 
Equipment/Supplies
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   10.    Collagen coated cell culture plates.   
   11.    Cell Scrappers.   
   12.    Cell strainer 40 μm.   
   13.    Equipment suitable to perform Western blot.   
   14.    4–20 % gradient Tris–HCl polyacrylamide gels.   
   15.    Bovine serum albumin.   
   16.    PVDF membrane.   
   17.    ECL detection system.   
   18.    Shaking water bath.   
   19.    Orbital shaker.   
   20.    Tube rotator.   
   21.    Heat block with capacity to achieve 100 °C.   
   22.    37 °C incubator appropriated for tissue culture.       

3    Methods 

 Experiments should be carried out at room temperature unless 
specifi ed otherwise. 

      1.    Sacrifi ce the animal and rapidly dissect out the hind limb mus-
cles. Place the muscles in tissue culture dish containing PBS 
( see   Note 2 ).   

   2.    Transfer tissue to a new cell culture dish containing a small 
amount of PBS and mince tissue. Transfer the minced tissue to 
50 mL tube containing 5 mL of PBS, and allow the tissue to 
settle.   

   3.    Carefully discard the PBS on top of the minced tissue and add 
2 mL of Collagenase/Dispase solution to the minced tissue 
(fi nal volume for shaking ~5 mL).   

   4.    Incubate for 2 h at 37 °C in a shaking water bath (speed should 
be set so visible agitation occurs) ( see   Note 3 ).   

   5.    Add 10 mL of pre-plating media and gently triturate the tissue. 
Pass the cell suspension trough a cell strainer fi t into a 50 mL 
conical tube.   

   6.    Centrifuge the fi ltrate at 400 ×  g  for 5 min. Aspirate the super-
natant and suspend the pellet in 7 mL of pre-plating media.   

   7.    Transfer the tissue solution to a cell culture dish (non-collagen 
coated) and pre-plate for 30 min in a 37 °C incubator appro-
priated for tissue culture.   

   8.    Remove non-adherent cells by gently swirling the dish and aspi-
rating cell suspension into a 15 mL conical tube ( see   Note 4 ). 
Pellet the satellite cell by centrifuging the cell suspension at 
300 ×  g  for 5 min.   

3.1  Isolation 
of Mouse Primary 
Satellite Cells
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   9.    Aspirate the supernatant and suspend the pellet in 15 mL of 
growth media.   

   10.    Plate the satellite cells on collagen coated T-25 cm fl asks for 
expansion in growth media and maintain them in a 37 °C incu-
bator appropriated for tissue culture. Expand the cells until 
they are 80 % confl uent and change 50 % of the media 
everyday.   

   11.    After expansion the satellite cells can be differentiated into 
myotubes, to do so the cells should be plated and allowed to 
reach 80 % confl uence. After this confl uence is achieved switch 
the media to differentiation media and wait for 6 days replac-
ing 50 % of the media daily ( see   Note 5 ).      

      1.    Differentiate satellite cells into myotubes in 15 cm tissue cul-
ture dishes.   

   2.    After differentiation of the satellite cells into myotubes, add 
the adenovirus to the media of the cells in a multiplicity of 
infection (MOI) of 2 and let the infection occur for 12 h.   

   3.    Replace the differentiation media and replace with fresh dif-
ferentiation media, wait for additional 36 h.      

      1.    Remove the media from the cells and wash with 5 mL of 
PBS. Collect the samples by scrapping the cells in 2 mL of ice- 
cold IP buffer.   

   2.    To lyse the cells snap freeze and thaw the cells three times.   
   3.    Centrifuge the cell lysates at 12,000 ×  g  for 15 min at 4 °C.   
   4.    Collect the supernatant to a new tube and quantify the pro-

teins in the lysate by the Bradford method [ 19 ].   
   5.    Add 500 μg of protein lysate and IP buffer to make a fi nal vol-

ume of 500 μL. Keep an aliquot of the protein lysate to be 
used as input.   

   6.    Prepare the Anti-FLAG M2-agarose affi nity gel by pipetting 
15 μL for each sample of the agarose gel into 500 μL of IP 
buffer and mix. Centrifuge at 500 ×  g  for 5 min. Remove the 
supernatant and add 100 μL of IP buffer per each sample that 
will be used.   

   7.    Add 100 μL of the IP buffer containing the Anti-FLAG 
M2-agarose affi nity gel prepared before to the protein lysate 
prepared on  step 5  and incubate overnight at 4 °C with 
agitation.   

   8.    To wash the samples centrifuge the samples at 500 ×  g  for 
5 min. Discard the supernatant, add 500 μL of IP buffer to the 
pellet and incubate for 15 min at 4 °C with agitation.   

   9.    Repeat  step 8  for four additional times ( see   Note 6 ).   

3.2  Infection 
with Adenovirus 
Encoding Flag-PGC-1α 
and Empty Vector

3.3  Immuno-
precipitation 
and Western Blot
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   10.    After washing the samples, elute the proteins by incubating the 
protein lysate in 50 μL of IP buffer containing 100 μg/mL of 
Flag peptide ( see   Note 7 ) and incubate for 1 h at 4 °C with 
agitation.   

   11.    Centrifuge the samples at 12,000 ×  g  for 5 min and collect the 
supernatant.   

   12.    Mix the supernatant and 1 % of the amount of the protein 
lysate used to do the initial IP (input) with 2X Laemmli sample 
buffer supplemented with 10 mM dithiothreitol (DTT) and 
boil for 5 min.   

   13.    Load the samples and the input in 4–20 % gradient Tris–HCl 
polyacrylamide gels and run on SDS-PAGE under reducing 
conditions.   

   14.    Transfer the separated proteins to a polyvinylidene difl uoride 
membrane.   

   15.    After the transfer is completed, incubate the membrane in 
5 mL of blocking solution for 1 h with agitation.   

   16.    Incubate overnight at 4 °C with agitation the membrane con-
taining the IP samples in 5 mL of blocking solution containing 
the anti-pan-acetylated lysine antibody (dilution of 1:1,000) 
and the membrane containing the Input samples in 5 mL of 
blocking solution containing the anti-Flag antibody (dilution 
1:5,000) ( see   Note 8 ).   

   17.    Remove the blocking solution containing the primary anti-
bodies and wash the membranes with 1× TBS-T for 20 min 
with agitation. Repeat this step three times.   

   18.    Dilute Clean-Blot IP detection reagent with blocking solution 
and incubate for 1 h with agitation.   

   19.    Remove the Clean-Blot IP detection reagent solution and 
wash the membranes with 1× TBS-T for 20 min with agitation. 
Repeat this step three times.   

   20.    Prepare the ECL working solution by combining equal por-
tions of the ECL Detection Reagent 1 and Reagent 2. Use 
0.125 mL of working solution per cm 2  of membrane.   

   21.    Add the ECL working solution to the blot and incubate for 
5 min. Remove the ECL working solution and expose to fi lm 
or CCD camera.   

   22.    Wash the membranes in 1× TBS-T for 20 min with agitation.   
   23.    Remove 1× TBS-T and add 5 mL of stripping Restore Western 

Blot stripping buffer. Incubate for 15 min with agitation.   
   24.    Wash with 1× TBS-T until all the stripping solution is removed.   
   25.    Incubate overnight at 4 °C with agitation the membrane con-

taining the IP samples in 5 mL of blocking solution containing 
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the anti-Flag antibody (dilution of 1:5,000) and the  membrane 
containing the Input samples in 5 mL of blocking solution con-
taining the anti-PGC-1α antibody (dilution 1:500) ( see   Note 8 ).   

   26.    Remove the blocking solution containing the primary antibod-
ies and wash the membranes with 1× TBS-T for 20 min with 
agitation. Repeat this step three times.   

   27.    Dilute Clean-Blot IP detection reagent with blocking solution 
and incubate for 1 h with agitation.   

   28.    Remove the Clean-Blot IP detection reagent solution and 
wash the membranes with 1× TBS-T for 20 min with agitation. 
Repeat this step three times.   

   29.    Prepare the ECL working solution by combining equal por-
tions of the ECL Detection Reagent 1 and Reagent 2. Use 
0.125 mL of working solution per cm 2  of membrane.   

   30.    Add the ECL working solution to the blot and incubate for 
5 min. Remove the ECL working solution and expose to fi lm 
or CCD camera.       

4    Notes 

     1.    Growth factors and insulin should be added fresh to the media. 
Also avoiding freeze/thaw cycles of the aliquots is recommended.   

   2.    To ensure a good yield of satellite cells, skeletal muscle of more 
than one mouse can be pulled together.   

   3.    For maximum digestion, gently triturate the tissue one or two 
times during incubation with collagenase/dispase solution.   

   4.    Fibroblasts preferentially adhere to plastic dishes, thus discard-
ing this step can signifi cantly affect cell purity. In addition, if 
purity is an issue in the cultures, repeating this step will help to 
make the cell population more pure.   

   5.    Satellite cells will fuse during differentiation and long multi-
nucleated myotubes will be visible. Time of differentiation 
might vary from culture to culture.   

   6.    If high background and/or unspecifi c binding is observes, 
increasing the washing time will help reducing it.   

   7.    The Flag-peptide is useful for competitive elution from the 
anti- fl ag antibody bound to the agarose gel. Alternatively, the 
samples can be boiled in 50 μL of 1× Laemmli Sample Buffer 
supplemented with 10 mM DTT for 5 min.   

   8.    Optimization of the concentration of the antibodies might be 
required depending on the treatment of the cells and the pur-
pose of the experiment.         

Detection of PGC-1α Acetylation
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    Chapter 6   

 Measurement of Mitochondrial Oxygen Consumption Rates 
in Mouse Primary Neurons and Astrocytes 

           Sofi a     M.     Ribeiro    ,     Alfredo     Giménez-Cassina    , and     Nika     N.     Danial     

    Abstract 

   The introduction of microplate-based assays that measure extracellular fl uxes in intact, living cells has 
revolutionized the fi eld of cellular bioenergetics. Here, we describe a method for real time assessment of 
mitochondrial oxygen consumption rates in primary mouse cortical neurons and astrocytes. This method 
requires the Extracellular Flux Analyzer Instrument (XF24, Seahorse Biosciences), which uses fl uorescent 
oxygen sensors in a microplate assay format.  

  Key words     Oxygen consumption rate  ,   Neurons  ,   Astrocytes  ,   Bioenergetics  ,   Extracellular fl ux  

1      Introduction 

 Accumulating evidence suggests that nutrient sensing pathways and 
mitochondrial fuel metabolism infl uence cellular responses to physi-
ologic and pathophysiologic stress. Beyond generating ATP, mito-
chondrial oxidation of carbon substrates infl uences the cellular redox 
status (NADH/NAD ratio) and the availability of intermediary 
metabolites for anabolic processes [ 1 ]. Mitochondria are also pivotal 
in traffi cking and buffering of intracellular calcium [ 2 ]. Neurons and 
glia are especially reliant on mitochondrial energy metabolism due 
to a high energy demand associated with the maintenance of ion 
homeostasis and calcium buffering required for proper regulation of 
neuronal electrical activity. Furthermore, several metabolic interme-
diates that are generated through mitochondrial metabolism serve as 
precursors for the synthesis of neurotransmitters [ 3 ]. 

 Although glucose is the preferred fuel for energy production in 
the brain, neural cells are also capable of metabolizing alternative 
fuels, including ketone bodies, lactate, and glutamine [ 4 ,  5 ]. 
Mitochondrial fuel oxidation leads to the generation of ATP 
through oxidative phosphorylation with concomitant consump-
tion of oxygen. The evaluation of mitochondrial oxygen consumption 
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rate (OCR) constitutes a direct measure of electron transport chain 
(ETC) activity, thus refl ecting the effi ciency with which mitochon-
dria metabolize different fuels. 

 The assessment of mitochondrial function has particular rele-
vance in neural cell types, given that many neurodegenerative dis-
eases are associated with, or suggested to be triggered by, 
mitochondrial dysfunction [ 6 – 9 ]. The mitochondrial OCR and 
the bioenergetic parameters that can be derived from it represent 
an important measure of mitochondrial fi tness. In a single OCR 
experiment, it is possible to determine important bioenergetic 
parameters, including basal respiration, maximal respiration, and 
spare respiratory capacity [ 6 ] (Fig.  1 ).

   Mitochondrial OCR can be measured using a myriad of 
 techniques that range from the classical Clark-type electrodes to 
fl uorescent- based methods [ 10 – 12 ]. Classical methods utilizing 
the Clark-type electrode require a substantial amount of purifi ed 
mitochondria, are relatively time consuming and do not allow 
automated injection of compounds [ 12 ]. The XF24 Extracellular 
Flux Analyzer (Seahorse Bioscience, Billerica, MA) uses a 
microplate- based assay to measure real-time OCR in intact, living 
cells, while it allows automated injection of useful compounds to 
determine bioenergetics parameters. It also allows the simultane-
ous comparison of multiple samples, increasing the reproducibility 
and biological signifi cance of the assay [ 10 – 12 ]. 

 In this chapter we describe detailed protocols that we have 
developed and applied to measure mitochondrial oxygen con-
sumption rate in mouse cortical primary neurons and astrocytes 
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  Fig. 1    Derivation of basal (BR) and maximal (MR) mitochondrial respiration rates 
as well as spare respiratory capacity (SRC). BR corresponds to the OCR in 
response to a given substrate that is responsible for ATP production and mainte-
nance of the proton gradient. MR is the maximum achievable OCR that is induced 
upon treatment with a mitochondrial uncoupler, such as FCCP, and can indicate 
the maximal mitochondrial capacity to cope with increased metabolic demand. 
SRC is the extra reserve in mitochondrial respiratory capacity to respond to a 
raise in energy demand       
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using the XF24 extracellular fl ux analyzer [ 5 ]. The experimental 
paradigm described here assesses mitochondrial function in neural 
cells through the evaluation of important biogenetic parameters, 
such as basal respiration, maximal respiration, and spare respiratory 
capacity. This is especially useful to assess the mitochondrial respi-
ration in response of different substrates.  

2    Materials 

 Prepare all solutions in sterile conditions, using ultrapure water or 
the indicated solvents. 

      1.    XF24 cell culture microplate.   
   2.    XF24 extracellular fl ux assay kit. Each kit contains one sensor 

cartridge, one utility plate, and one lid.   
   3.    Calibrant solution.      

      1.    Astrocyte culture medium: 1:1 mix of DMEM (Life 
Technologies) + HAM F12 (Life Technologies), with 10 % 
FBS and 1 % Antibiotics (Pen/Strep).   

   2.    Neuron culture medium: Neurobasal medium (Life 
Technologies) supplemented with 2 % B27, 2 mM Glutamax I 
and 1 % Antibiotics (Pen/Strep).   

   3.    Assay medium: Unbuffered DMEM—For 1 L, mix one bottle 
of DMEM powder (8.3 g/L, Sigma-Aldrich) with 1.85 g of 
NaCl and bring it to ~900 mL with water. Adjust the pH to 
7.4, and make up to 1 L with water. Add phenol red as a pH 
indicator (optional) ( see   Note 1 ).      

      1.    FCCP (Carbonyl cyanide 4-(trifl uoromethoxy)phenylhydra-
zone) (Sigma-Aldrich): prepare stock solution at 0.5 mM in 
DMSO. Working concentration of FCCP can vary from batch 
to batch. We have found FCCP concentration of 1 μM for 
neurons and 0.5 μM for astrocytes to be appropriate for OCR 
studies [ 5 ] ( see   Note 2 ).   

   2.    Rotenone: prepare stock solution at 5 mM in DMSO. Working 
concentration is 1 μM for both neurons and astrocytes.   

   3.    Oligomycin: prepare stock solution at 5 mM in ethanol. 
Working concentrations usually vary between 0.5 and 1 μM 
( see   Note 3 ).   

   4.    The substrates to be used can be prepared in advance as stock 
aliquots. In Table  1 , we indicate the solvents and concentra-
tions we have previously used in our studies [ 5 ]. However, the 
working concentration of each substrate should be determined 
based on the specifi cs of each experiment ( see   Note 1 ).

2.1  XF24 Analyzer 
Consumables

2.2  Culture Medium 
and Assay Medium

2.3  Compounds 
for OCR Measurement
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3            Methods 

      1.    Leave at least two wells in the XF24 microplate unseeded, for 
background correction during OCR measurements; usually 
A1 and D6 ( see  Fig.  2 ).

       2.    For OCR measurements in primary neurons, obtain a suspension 
of neurons as previously described [ 5 ]. Seed 100 μL of a cell sus-
pension in poly- L -lysine-coated XF24 microplates at a density of 
1 × 10 5  cells/well, and let neurons differentiate for 5–6 days 
before the OCR experiment, replacing 1/3 of the culture 
medium with fresh medium, every 3 days ( see   Notes 4  and  5 ).   

   3.    For OCR measurements in primary astrocytes, seed 100 μL of 
previously cultured astrocyte suspension in poly- L -lysine-coated 
XF24 microplates at a density of 4 × 10 4  cells per well [ 5 ]. Let cells 
recover overnight before the experiment ( see   Notes 4  and  6 ).   

3.1  Seeding Primary 
Cortical Neurons 
and Astrocytes 
in XF24 Microplates

   Table 1  
  List of metabolic substrates and suggested working concentrations   

 Substrate  Solvent  Stock concentration  Working concentration a   Storage 

 Glucose  Water  1 M  10 mM  4 °C 

 β-Hydroxy-butyrate  Water  500 mM  5 mM  −20 °C 

 Lactate  1 M Hepes pH 7.4  1 M  5 mM  −20 °C 

 Glutamine b   Water  200 mM  5 mM  −20 °C 

 Pyruvate c   0.9 % NaCl  100 mM  1 mM  4 °C 

   a Suggested working concentration 
  b Commercially available (Life Technologies) 
  c Commercially available as a solution of sodium pyruvate (Sigma-Aldrich)  
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  Fig. 2    Scheme of the XF24 microplate with the sensor cartridge       
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   4.    The day before the experiment, hydrate cartridges (one 
cartridge per plate) with Seahorse XF24 calibrant solution. 
Incubate overnight in a CO 2 -free incubator ( see   Note 7 ).      

      1.    On the day of the experiment, change the medium of the cells 
from culture medium to warm assay medium (DMEM with-
out sodium bicarbonate, containing the desired fuel substrate) 
( see   Note 1 ). For neurons, the assay medium may be supple-
mented with B-27 ( see   Note 8 ).   

   2.    Start by carefully aspirating the medium from the plate using 
an aspirating pipette. Approach the plate from the side with-
out touching the cells and remove the old medium leaving 
about 50–100 μL in each well ( see  Fig.  3 ) ( see   Note 9 ).

       3.    Add 300 μL of assay medium to each well to rinse the cells and 
carefully aspirate the medium as above.   

   4.    Add 600 μL of assay medium to each well, including the back-
ground correction wells, and pre-incubate the cells for 1 h in 
a CO 2 -free incubator.   

   5.    While cells incubate, proceed to load the cartridge with the 
compounds to be injected. For the experimental paradigm 
described in this protocol, only two compounds are used, the 
mitochondrial uncoupler FCCP, and the complex I inhibitor 
rotenone. While loading the cartridge, make sure it is in the 
proper orientation (A–D are the rows and 1–6 are the columns, 
left to right, when the bar code is to the right side) ( see  Fig.  2 ).   

   6.    Load 75 μL of FCCP in port A. Next, load 75 μL of rotenone 
in port B. If possible, leave at least one well per condition 
untreated, for baseline measurements. In these wells, load 
75 μL of assay medium, similar to the background correction 
wells ( see   Notes 10 – 12 ).   

3.2  Assessment 
of Oxygen 
Consumption Rate 
in Neurons 
and Astrocytes Using 
the XF 24 Extracellular 
Flux Analyzer

  Fig. 3    Schematic representation of a single well from the XF24 microplate and 
the correct placement of the aspirating pipette during changes of medium, 
avoiding touching the layer of cells       
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   7.    The next step is to program the XF24 analyzer using the “assay 
wizard” function.   

   8.    Follow the “assay wizard” instructions and fi ll out the infor-
mation fi elds for each experiment. While most fi elds are not 
required to carry out the experiment, they are very important 
for the researcher’s records and for proper data analysis. 
Therefore, it is strongly recommended to include all the infor-
mation related to the experiment in each fi eld.   

   9.    Start by fi lling out the fi le name. The instrument’s software is 
able to automatically add the date and time at which the car-
tridge was loaded to each fi le name. Select this option in the 
instrument’s software.   

   10.    Proceed through the next tabs fi lling out the suggested fi elds 
with the appropriate information for the experiment. In the 
“background correction” tab, defi ne the background correc-
tion wells, which should correspond to the wells in the micro-
plate where no cells were seeded (usually A1 and D6,  see  Fig.  2 ).   

   11.    Proceed to the “groups and labels” tab. Defi ne the experimen-
tal groups and attribute a group to each well. The background 
correction group should already be defi ned, but changes can 
be made at this point as required ( see   Note 13 ).   

   12.    Defi ne the protocol. The protocol described below is an exam-
ple and can be modifi ed to add more compounds and to adapt 
mix, measure and wait times to the cell preparation in use.   

   13.    To measure OCR in primary neurons and astrocytes, using 
FCCP and rotenone as tool compounds to determine bioen-
ergetic parameters, follow the protocol below:
    (a)    Calibrate probes ( see   Note 14 ).   
   (b)    Equilibrate ( see   Note 15 ).   
   (c)    Mix—3 min ( see   Note 16 ).   
   (d)    Wait—2 min ( see   Note 17 ).   
   (e)    Measure—3 min ( see   Note 18 ).   
   (f)    Repeat  steps (c) – (e) , three times, using the “loop” function   
   (g)    Inject port A, containing FCCP.   
   (h)    Repeat  steps (c) – (e) , three times, using the “loop” function.   
   (i)    Inject port B, containing rotenone.   
   (j)    Repeat  steps (c) – (e) , three times, using the “loop” function.   
   (k)    End protocol.       

   14.    Once the instrument is programmed in the “assay wizard” 
tab, click on the “run” tab. Then, click “start.” Before clicking 
on “start new plate,” double check the name of the fi le and 
the folder directory where it will be saved. Any modifi cations 
to the fi elds noted above can be made at this point.   
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   15.    Click on “start new plate.” The lid will open and the tray will 
slide out. Place the cartridge with the utility plate on the tray, 
being careful to place it fl at, and not on top of the holders. 
The bar code in the cartridge should face the back of the 
machine ( see  Figs.  2  and  4 ).

       16.    Press “continue.” The tray should go back in and the lid will 
close. The calibration step takes approximately 25 min.   

   17.    Once the calibration is fi nished, a message will appear on the 
screen, indicating that the microplate containing the cells can now 
be placed in the instrument. Press “OK,” the lid will open and the 
tray will slide out with the utility plate, but not with the cartridge 
(which stays inside the instrument). Replace the calibrant plate for 
the microplate containing the cells and press “continue.”   

   18.    The instrument will now carry out the programmed protocol 
( see  Figs.  5  and  6 ). Once the protocol ends, a message will 
appear on the screen to remove the plate with the cartridge. 
Press “OK,” the lid will open and the tray will slide out. 
Remove the used microplate and the cartridge, and press 
“continue” to close the lid.

        19.    Discard the cartridge. The cells in the microplate can be used 
for protein quantifi cation and subsequent data normalization 
( see   Note 19 ).      

RIGHT WRONG

  Fig. 4    Schematic representation of the proper placement of the XF24 calibration 
plate and cartridge in the XF24 analyzer tray       
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  XF24 software uses an algorithm to calculate the oxygen consump-
tion rates. There are two algorithms available: the original (Gain) 
Fixed algorithm and the new algorithm (Level) Direct (AKOS). 
With the release of the XF reader software version 1.7, the new 
“Direct” algorithm is the current default method to calculate oxy-
gen consumption rates [ 11 ].

    1.    To analyze data and calculate the bioenergetic parameters, use 
the raw data that is retrieved in the excel data fi le. This fi le con-
tains all the information from the experiment, including tables 
with OCR values for each individual well, in each time point.   

   2.    To determine basal respiration (BR), calculate the difference 
between oxygen consumption rate in the beginning of the 
experiment, in basal conditions and the oxygen consumption 
rate at its lowest value, after addition of rotenone ( see  Fig.  1 ).   

   3.    To determine maximal respiration (MR), calculate the differ-
ence between the oxygen consumption rate at its peak (after 
addition of FCCP), and the oxygen consumption rate at its 
 lowest value, after addition of rotenone ( see  Fig.  1 ).   

   4.    To determine the spare respiratory capacity (SRC), calculate 
the difference between the MR and the BR ( see  Fig.  1 ).    

4       Notes 

     1.    The substrate of choice can be added to the assay medium or 
be injected during the experiment using the injection ports. 
Having the substrate in the assay media will help defi ne respira-
tory effi ciency in the presence of that substrate. Injecting the 
substrate during the experiment will provide information on 

3.3  Data Analysis
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the capacity of the cell to sense and respond acutely to a given 
substrate. For the latter, it is important to consider that not all 
cells have the ability to respond acutely to changes in substrate 
concentration and that cells should be kept at a very low basal 
respiratory rate to ensure the metabolic activity is not saturated 
and the acute response to the substrate is not masked. The 
choice of adding the substrate to the assay medium or injecting 
it during the experiment depends on the question being asked, 
the nature of the experiment, and the cellular context.   

   2.    Each new aliquot of FCCP will have to be titrated for optimal 
working concentration.   

   3.    Each new aliquot of Oligomycin will have to be titrated for 
optimal working concentration.   

   4.    XF24 microplates should be pre-coated with poly- L -lysine 
(PLL) to ensure proper adherence of neurons and astrocytes 
to the microplate. For astrocytes, the culture dishes should 
also be pre-coated with PLL.   

   5.    Seeding cells in a small volume allows the proper formation of 
a cell monolayer. In addition, neurons survive better in XF24 
microplates when cultured in a small volume.   

   6.    Primary astrocytes can be cultured for 2–3 weeks, but no more 
than two passages before the OCR experiment. This ensures 
culture homogeneity prior to the experiment.   

   7.    Put enough volume of calibrant solution—500 μL to 1 mL—
to completely immerse the sensors and incubate in CO 2  free 
incubator, at 37 °C. The optimal hydration time is ~16 h/
overnight, but can go up to 72 h. If the hydration time exceeds 
24 h, wrap the cartridge in parafi lm to prevent evaporation of 
the calibrant solution.   

   8.    Supplementing the assay medium with B-27 helps improve 
the viability of neurons and their response during the respi-
rometry experiment.   

   9.    When aspirating the medium, it is important to always leave some 
medium in each well to prevent cell detachment, air exposure, 
and potential cell death, thus ensuring an even monolayer of cells 
in all wells. It is important to be consistent with the volume left.   

   10.    The recommended injection volume is 75 μL, but it can range 
from 50 to 100 μL.   

   11.    The compounds to be injected should be pre-diluted in 
assay medium before loading into the sensor cartridge. It is 
necessary to pre-dilute the compounds to the proper con-
centration so that after injection, their concentration in the 
fi nal volume of assay medium—after the addition of the 
injection volume—corresponds to the working concentra-
tion for each individual compound.   
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   12.    For each port that is selected for injection, the XF24 analyzer 
will inject the contents of that port in all wells. Even if the well 
is being used as a baseline well, it needs to contain running 
medium in the injection port, otherwise cell will get an air 
shot during the injection.   

   13.    Labeling each well with the appropriate group information 
and color is important to ensure the correct grouping of the 
wells, both to follow the progression of the experiment in real 
time, and during data analysis using the XF24 software.   

   14.    This step is always required to make sure the fl uorescent sen-
sors are working properly.   

   15.    Once the plate has been transported from the incubator to the 
instrument, this step serves to equilibrate the cells to the tempera-
ture and pressure of O 2  and CO 2  in the instrument chamber.   

   16.    Mixing time is required to replenish the oxygen content sur-
rounding the cells. Every time the cartridge is lowered, a tem-
porary chamber of 7 μL is formed on top of the cells. As cells 
consume oxygen, oxygen levels in the chamber drop and are 
subsequently measured by the fl uorescent probes. After each 
measurement, the medium has to be mixed to replenish the 
oxygen content available to the cells and to ensure a homoge-
neous distribution of the compounds after each injection. 
During mixing, the instrument lowers and lifts the cartridge.   

   17.    Waiting time is required to ensure the temperature is even and 
the cells are stable before subsequent measurements.   

   18.    The shortest measuring time should be no less than 2 min. 
Measuring time should be adjusted for each cell type, considering 
their respiratory rates. It should allow suffi cient time for the gen-
eration of a slope to calculate a consistent OCR value, corre-
sponding to a total drop in the partial pressure of O2 ≤ 50 mmHg.   

   19.    To quantify protein from each individual well, add 10 μL of lysis 
buffer to each well after aspirating the assay medium and rinsing 
the cells with PBS. Scrape the cells with the tip of a P20 pipette and 
homogenize the lysate by pipetting up and down. Incubate the 
plate on ice for 15 min and then quantitate protein concentration 
using a plate-based assay, such as the BCA or the Bradford assays.         
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Chapter 7

Determination of Oxidative Phosphorylation  
Complexes Activities

João S. Teodoro, Carlos M. Palmeira, and Anabela P. Rolo

Abstract

Mitochondria possess a genome that codes for proteins, in the same fashion as the nuclear genome. 
However, the small, circular mitochondrial DNA (mtDNA) molecule has a reduced base pair content, for 
it can only code for 2 rRNA, 22 tRNA molecules, and 13 proteins, all of them part of the mitochondrial 
respiratory chain. As such, all of the other mitochondrial components derive from nuclear genome. This 
separation leads to a requirement for a well-tuned coordination between both genomes, in order to pro-
duce fully functional mitochondria. A vast number of pathologies have been demonstrated to involve, to 
some extent, alterations in mitochondrial function that, no doubt, can be caused by alterations to the 
respiratory chain activity. As such, several methods and techniques have been developed to assess both 
content and function of mitochondrial proteins, in order to help understand mitochondrial involvement 
on the pathogenesis of disease. In this chapter, we will address some of these methods, with the main 
focus being on isolated mitochondria.

Key words Mitochondria, Respiratory chain, Polarography, Mitochondrial proteic complexes, 
Spectrophotometry

1  Introduction

Mitochondria are the eukaryotic cell’s main site of ATP genera-
tion, accounting for roughly 95 % of all ATP consumed in the cell. 
Along with ATP generation, mitochondria are also responsible for 
the storage of various molecules and ions (as, for example, Ca2+). It 
is also here, in a physically separated (from the cytosol) environ-
ment that several biochemical reactions can take place, namely the 
lipidic β-oxidation, the citric acid cycle (or Krebs cycle), to name a 
few. As such, it comes as no surprise that mitochondrial data are 
extremely important to a variety of studies.

The oxidative phosphorylation system is made up from several 
proteic complexes (I to IV), which together with the mobile proteins 
ubiquinone (also known as coenzyme Q10) and cytochrome c make 
the respiratory chain, across the mitochondrial inner membrane. 
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This system takes the electrons from metabolic substrates and 
transports them in increasingly free-energy favorable electronic 
jumps towards O2, forming H2O at Complex IV. Since this elec-
tronic transport is energetically favorable, a lot of energy is released. 
These proteic complexes (except Complex II) are assembled in 
such a way that this energy is harnessed to eject protons from the 
mitochondrial matrix, across the proton-impermeable inner mem-
brane into the intermembrane space. This proton gradient can 
then be used by the fifth complex, the ATPSynthase to drive the 
phosphorylation of ADP into ATP.

The respiratory chain proteic complexes constituents are 
coded in both mitochondrial and nuclear genomes, and mutations 
on these genes are the most common reason for mitochondrial 
diseases, from diabetes to neurological diseases and aging [1]. 
Here, we describe one protocol for the characterization of the 
activity of all these proteic complexes in isolated mitochondria 
from tissue homogenates.

2  Materials

Standard hepatic mitochondrial homogenization buffer:

●● Sucrose 250 mM.
●● EGTA 0.5 mM.
●● Bovine Serum Albumin 0.5 %.
●● HEPES 10 mM, pH 7.4.

Standard hepatic mitochondrial wash buffer:

●● Sucrose 250 mM.
●● HEPES 10 mM, pH 7.4.

Standard hepatic mitochondrial respiratory buffer:

●● Sucrose 130 mM.
●● KCl 50 mM.
●● MgCl2 5 mM.
●● KH2PO4 5 mM.
●● HEPES 10 mM, pH 7.4.

Standard ATPase reaction buffer:

●● Sucrose 125 mM.
●● KCl 65 mM.
●● MgCl2 2.5 mM.
●● HEPES 50 mM, pH 7.2.

2.1  Reagents 
and Buffers

João S. Teodoro et al.
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Biuret reagent:
To make Biuret reagent, weight 1.5  g of cupric sulfate  
pentahydrate (CuSO4.5H2O) and dissolve it in 500 mL of water. 
Then, weight 6  g of sodium potassium tartrate tetrahydrate 
(NaKC4H4O6.4H2O) and slowly add it to the dissolved cupric sul-
fate solution (see Note 1). Add 300  mL of a 10  % solution of 
sodium hydroxide (NaOH). Add water to a final volume to 1 L, 
store in a light-protected glass bottle. It should be stable for a year.
Molybdate reagent:
To produce Molybdate reagent, dissolve 5  g of ferrous sulfate 
(FeSO4) in 60 mL of water. After which, add 10 mL of a 10 % 
ammonium molybdate ((NH4)6Mo7O24.4H2O) solution. Adjust 
the volume to 100 mL with water.
Reagents:

●● 2,6-dichloroindophenol (DCIP).
●● 5,50′-dithiobis-2-nitrobenzoic acid (DTNB).
●● Acetyl-CoA.
●● Antimycin A.
●● Ascorbate.
●● ATP.
●● Bovine Serum Albumin (BSA).
●● Decylubiquinone.
●● Deoxycholic acid (DOC).
●● HCl.
●● KCN.
●● KH2PO4.
●● KHCO3.
●● Lithium borohydrate.
●● NADH.
●● Oxaloacetate.
●● Oxidized cytochrome c.
●● Phenazine methosulfate.
●● Rotenone.
●● Succinate.
●● Tetramethyl-phenylenediamine (TMPD).
●● Trichloroacetic acid (TCA).
●● Tris.
●● Triton X-100.
●● Ultra-pure water.

Determination of Oxidative Phosphorylation Complexes Activities
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●● 50 mL centrifuge tubes.
●● Animal (Rat, mice, other).
●● Clark-type oxygen electrode, reaction chamber and associated 

register.
●● Eppendorf-like 1.5 mL tubes.
●● Glass Potter-Elvejhem homogenizer with Teflon pestle.
●● Laboratory chronometer.
●● Magnetic stirrer and magnetic stir bar.
●● Orbital vortex.
●● Plastic cuvettes.
●● Power drill.
●● Precision pipettes.
●● Refrigerated centrifuge.
●● Small volume beakers.
●● Smooth paintbrushes.
●● Spectrophotometer with cuvette access.
●● Surgical scissors.
●● Surgical tweezers.
●● Test tube holder.
●● Test tubes.
●● Water bath, preferably with lid.

3  Methods

●● Take the animal, starved overnight, and quickly sacrifice it by 
cervical dislocation and decapitation. Bleed the animal into the 
sink for 5–10 s.

●● Using surgical scissors and tweezers, cut open the animal’s 
abdomen, right below the ribcage and remove the liver, in 
large pieces, into a beaker containing ice-cold homogenization 
buffer (see Note 2). Remove any adhering fat, fibrous tissue or 
blood vessels from the liver chunks, and thinly chop the liver 
into small pieces (see Note 3). Replace buffer.

●● Add approximately 5–6 mL of ice-cold homogenization buffer 
to each gram of chopped liver (typically 50 mL) and transfer 
this mix into a precooled glass Potter-Elvejhem homogenizer.

●● Homogenize the tissue using three to four up/down strokes 
of pestle rotating at roughly 300 rpm (see Note 4).

●● When the tissue is homogenized, transfer the homogenate into 
two previously cooled centrifuge tubes, balancing them with 

2.2  Equipment 
Required

3.1  Isolation 
of Hepatic 
Mitochondria
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homogenization buffer. Centrifuge the homogenate at 800 × g 
for 10 min, at 4 °C (see Note 5).

●● Carefully decant the supernatant into new cooled centrifuga-
tion tubes (see Note 6). Balance them with homogenization 
buffer and centrifuge at 10,000 × g for 10 min at 4 °C.

●● Discard the supernatant as completely as possible and gently 
resuspend the pellet in a small volume (roughly 3–5 mL) of 
wash buffer (see Note 7).

●● Repeat the last step two more times. After the final centrifuga-
tion (third at 10,000 × g, fourth total) resuspend the mitochon-
drial pellet into a small volume of wash buffer (see Note 8).

●● Let the mitochondria rest for 15–30 min (see Note 9).

●● During the mitochondrial rest period described above, it is 
possible to use this time to quantify the mitochondrial protein 
content, since all assays are normalized against the mitochon-
drial protein content. For isolated rat mitochondria, we rec-
ommend the use of the Biuret assay [2]. Briefly, follow Table 1. 
Tubes 0–3 are for the standard curve.

●● Prepare the tubes as in Table 1 (see Note 10). Mix the tubes in 
an orbital vortex and put them in a water bath, light protected 
at 37 °C for 5 min.

●● When the 5 min are over, measure the absorbance of the tubes’ 
content in standard plastic 4 mL cuvettes at 540 nm in a stan-
dard spectrophotometer (see Note 11). Construct a standard 
curve from the 1–3 tubes.

●● Calculate the average absorbance of your duplicates (see Note 
12) and insert it the following formula:

3.2  Mitochondrial 
Quantification

Table 1 
Biuret Assay preparation

Tube
H2O 
(μL)

BSA 0.4 % 
(μL)

Wash buffer 
(μL)

Sample 
(μL)

DOC 10 % 
(μL)

Biuret reagent 
(mL)

Protein content 
(mg)

0 500 0 50 – 50 2 0.0

1 250 250 50 – 50 2 1.0

2 125 375 50 – 50 2 1.5

3 0 500 50 – 50 2 2.0

X1 500 – – 50 50 2 X

X2 500 – – 50 50 2 X

BSA bovine serum albumin, DOC deoxycholic acid

Determination of Oxidative Phosphorylation Complexes Activities
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X = −( )( )×Abs Ins Slope DF/

	

Where Abs is the average absorbance of your samples, Ins is the 
standard curve intersection, Slope is the standard curve slope 
and DF is the dilution factor. X is your sample’s protein con-
tent, expressed in mg/mL (see Note 13).

Citrate synthase is a mitochondrial matrix enzyme. This assay is 
used as an indicator if mitochondrial numbers in tissue homog-
enates and impure mitochondrial preparations, as it has not been 
found to be deficient in any disease states. Respiratory chain 
enzyme activities can be expressed as citrate synthase ratios to 
correct for any variations in mitochondrial numbers in these 
preparations. Also, mitochondrial integrity can assessed using 
fresh mitochondria by this assay by citrate synthase latency in the 
presence of Triton X-100.

This assay monitors the release of free coenzyme A (CoA) 
form Acetyl-CoA after the citrate synthase reactions initiated 
by the addition of oxaloacetate. This is achieved by Ellman’s 
reagent (5,50′-dithiobis-2-nitrobenzoic acid, DTNB) reaction 
with the free thiol groups of CoA and registering the absor-
bance at 412 nm.

●● Prepare the following reagents:
	1.	 Tris 200 mM, pH 8.0.
	2.	 Acetyl-CoA 100 mM.
	3.	 DNTB 100 mM (4 mg/mL)—add a pinch of KHCO3 to 

help dissolve.
	4.	 Oxaloacetate 10 mM (1.4 mg/mL) add Tris to pH 7.0.
	5.	 Triton X-100 10 %.

●● For each sample, the reaction mix is made in a cuvette from 
500 μL Tris, 20 μL Acetyl-CoA, 20 μL DNTB, and 50 μg of 
mitochondrial protein. Add water to make 1 mL. After a light 
mix, record a stable baseline at 412 nm.

●● Start the reaction by adding 10 μL of oxaloacetate (see Note 14).
●● Finally, add 0.1  % (v/v—final concentration) Triton X-100 

after recording the oxaloacetate rate (see Note 15).

With fresh mitochondria, the addition of oxaloacetate will 
cause an increase in the absorbance rate as intense as more citrate 
synthase is in the medium, meaning, the higher the rate, the more 
mitochondria are damaged. Adding Triton releases all of the citrate 
synthase still trapped inside mitochondria, which should demon-
strate a steady value between preparations.

The extinction coefficient for DTNB at 412 nm is of 13.6 M/cm, 
which means that citrate synthase activity is calculated as follows:

3.3  Citrate Synthase 
Activity Assay
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Activity nmol mL Abs Vt EC time mg S. .min , , /( ) = × ×( ) × × × [ ]∆ ∆1 000 000 C(( ) 	

where ΔAbs is the change in absorbance, Vt is the final cuvette 
volume in microliters, mg is the mitochondrial protein content (for 
this example, it is 0.05), EC is the extinction coefficient (in this 
example, 13.6), C[S] is the sample concentration, and Δtime is the 
elapsed time between stable recordings of absorbance.

Complex I is the first proteic complex of the mitochondrial oxi-
dative phosphorylation system. It receives electrons from NADH 
(which is oxidized to NAD+) and transports them to the oxi-
dized coenzyme-Q10, or ubiquinone. To this oxidation of NADH 
and electron transport to ubiquinone is coupled the vectorial 
ejection of protons from the mitochondrial matrix to the inter-
membrane space, creating a protonic gradient with an electric 
and pH components, which is used by the ATPSynthase to drive 
the phosphorylation of ADP into ATP. It is the largest and heavi-
est complex of the respiratory chain, and the deficiency in 
Complex I is probably the most frequently encountered cause of 
mitochondrial disease, and various mutations in the genes cod-
ing for both the nuclear and mitochondrially encoded subunits 
have already been described [3]. Here, we describe a method 
first published by Janssen and collaborators [4]. As the authors 
describe, this method relies on Complex I oxidizing NADH and 
giving the electrons to the artificial substrate decylubiquinone, 
which in turn delivers them to 2,6-dichloroindophenol (DCIP). 
It is then possible to spectrophotometrically follow the reduc-
tion of DCIP by measuring the absorbance at 600 nm. It is a 
highly sensitive method, since decylubiquinone does not accept 
electrons from other sources [5]. This method also has the 
advantage of not requiring an UV-light source, for by following 
the disappearance rate of NADH as described by other methods 
[1], one would require UV-ready cuvettes and a spectrophotom-
eter with an UV lamp, which is harder and much more expensive 
to obtain. As such, recording at 600 nm, within the visible spec-
tra, one can bypass such issues.

●● Prepare respiration buffer (as described in Subheading 2.1).
●● To this solution, BSA 0.4  % should be added to maximize 

Complex I activity [4]. Also add KCN 240 μM, Antimycin A 
4 μM, DCIP 60 μM, and decylubiquinone 70 μM.  Prepare 
two tubes per sample, one with and other without rotenone 
2 μM (see Note 16).

●● Add 0.3 mg of freeze-thawed mitochondrial protein to both 
tubes. Record the absorbance at 600 nm, 25 °C, to register a 
steady rate, and then add to both tubes freshly prepared 
NADH 10 mM. Mix lightly and record the absorbance rate.

3.4  Individual 
Respiratory Chain 
Enzymatic Activities

3.4.1  Complex I 
(NADH:Ubiquinone 
Oxidoreductase)
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Since the extinction coefficient for DCIP is 19.1 M/cm, the 
specific activity of Complex I is given by:

	
Activity nmol mL Abs Abs Vt EC tS Blk. .min , /( ) = −( )× ×( ) ×[ ] [ ]∆ ∆ ∆1 000 iime mg S× ×( )[ ]C

	

where ΔAbs[S] is the change in sample absorbance, ΔAbs[Blk] is the 
change in rotenone tube absorbance, Vt is the final cuvette volume 
in microliters, mg is the mitochondrial protein content (for this 
example, it is 0.03), EC is the extinction coefficient (in this exam-
ple, 19.1), C[S] is the sample concentration, and Δtime is the 
elapsed time between stable recordings of absorbance.

Complex II is a particular proteic complex, which has four major dif-
ferences from the other complexes of the respiratory chain. Its sub-
units are coded exclusively in the nuclear genome, is not a 
transmembrane protein (i.e., it is only present in the matrix side of the 
inner mitochondrial membrane and in its interior), its activity does not 
result in direct proton ejection (although the electrons it collects from 
oxidizing succinate can lead to protonic ejection at the level of 
Complexes III and IV) and, as it name implies, it is also part of the 
Krebs cycle, or Citric Acid Cycle. To evaluate the activity of Complex 
II, we describe a method first published by [6]. Contrary to Complex 
I (and III and V, as seen later), the activities of Complexes II and IV 
are polarographically evaluated, with resource to a Clark-type oxygen 
electrode, connected to a digital or analogic register. In this method, 
Complex II accepts electrons from Succinate and, since mitochondria 
are burst due to the freeze-thaw cycle, it does not donate electrons to 
ubiquinone, but rather to the supplied acceptor, phenazine methosul-
fate (PMS). PMS will then, in turn, donate the electrons directly to 
molecular oxygen, causing its conversion to water.

●● Prepare respiration buffer as above (described in Subheading 2.1).
●● Depending on the volume of the oxygen electrode chamber, 

use at least 1 mL of respiration buffer supplemented with:
	1.	 Succinate 5 mM.
	2.	 Rotenone 2 μM (Complex I inhibitor).
	3.	 Antimycin A 0.1  μg/mL of final volume (Complex III 

inhibitor).
	4.	 KCN 1 mM (Complex IV inhibitor).
	5.	 Triton X-100 0.3 mg/mL of final volume.
	6.	 0.3 mg freeze-thawed mitochondrial protein.

●● The reaction is initiated by the addition of PMS 1 mM (see Note 17).
●● Complex II activity is measured by calculating the slope of 

oxygen decrease registered by the electrode, in its initial phase, 
as demonstrated by Fig. 1, and is typically presented in nAtoms 
O/min/mg protein (see Note 18).

3.4.2  Complex II 
(Succinate:Ubiquinone 
Oxidoreductase)
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Complex III of the mitochondrial respiratory chain is responsible 
for transferring electrons from fully reduced ubiquinone (known as 
ubiquinol) to the soluble protein cytochrome c, with a consequent 
protonic ejection. As mentioned before, the activity of Complex 
III can be spectrophotometrically evaluated using the method first 
described by [7], and further explored by [1]. In this method, 
similarly as before, one follows the increase in absorbance at 
550 nm caused by the formation of reduced cytochrome c.

●● Prepare respiration buffer as above (described in 
Subheading 2.1).

●● Use a solution of decylubiquinone to freshly prepare decylubi-
quinol (see Note 19).

●● To 1 mL of respiration buffer, add 0.3 mg of freeze-thawed 
mitochondrial protein, decylubiquinol 80 mM, KCN 240 μM, 
rotenone 4 μM, and ATP 200 μM.  Prepare two tubes, one 
with and the other without Antimycin A 0.1 μg/mL of final 
volume (see Note 20).

●● Start the reaction by adding oxidized cytochrome c 40 μM and 
then measure the rate of absorbance.

Since the extinction coefficient for reduced cytochrome c is 
0.021 M/cm, the specific activity of Complex III is given by:

	
Activity nmol mL Abs Abs Vt EC tS Blk. .min , /( ) = −( )× ×( ) ×[ ] [ ]∆ ∆ ∆1 000 iime mg S× ×( )[ ]C

where ΔAbs[S] is the change in sample absorbance, ΔAbs[Blk] is the 
change in rotenone tube absorbance, Vt is the final cuvette volume 
in microliters, mg is the mitochondrial protein content (for this 

3.4.3  Complex III 
(Coenzyme Q: Cytochrome 
c Oxidoreductase)

Fig. 1 Typical polarographic register for the evaluation of Complexes II and IV 
activities. The red line denotes the oxygen presence in the chamber. The arrow 
marks the addition of the reaction initiator (PMS for II and ascorbate + TMPD for 
IV). The dashed line is then drawn to calculate the slope of oxygen disappearance 
(Color figure online)
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example, it is 0.03), EC is the extinction coefficient (in this example, 
0.021), C[S] is the sample concentration, and Δtime is the elapsed 
time between stable recordings of absorbance.

Complex IV is the last proteic complex of the electronic transport 
chain. It receives electrons from cytochrome c and supplies them 
to molecular oxygen, generating water. This electric transport, as 
with Complexes I and III, is accompanied by the protonic ejec-
tion from the matrix to the intermembrane space. As with 
Complex II, Complex IV’s activity can be polarographically eval-
uated using the method first described by [8]. This method also 
implies oxygen consumption, but since that is a natural reaction 
for Complex IV, no artificial electron acceptor is required. The 
reaction is also supplemented with a mix of ascorbate + tetramethyl-
phenylenediamine (TMPD) (see Note 21).

●● Prepare respiration buffer as above (described in Subheading 
2.1).

●● Depending on the volume of the oxygen electrode chamber, 
use at least 1 mL of respiration buffer supplemented with:
	1.	 Rotenone 2 μM (Complex I inhibitor).
	2.	 Oxidized cytochrome c 10 μM.
	3.	 Triton X-100 0.3 mg/mL of final volume.
	4.	 0.3 mg freeze-thawed mitochondrial protein.

●● Start the reaction by adding Ascorbate 5  mM + TMPD 
0.25 mM (see Note 22).

●● As with Complex II, activity should be evaluated by calculating 
the slope of oxygen decrease registered by the electrode, in its 
initial phase, as demonstrated by Fig. 1, and is typically pre-
sented in nAtoms O/min/mg protein.

Mitochondrial ATPSynthase in the enzymatic complex that utilizes 
the electrochemical gradient generated by the respiratory chain to 
drive ADP phosphorylation. The potential energy stored in such 
gradient is utilized by ATPSynthase to drive the generation of a 
chemical bond between ADP and a free phosphate group. The 
protons are then returned to the matrix, where they can be used, 
either by the respiratory chain or other enzymes inside mitochon-
dria. It has been shown that, when the membrane potential is suf-
ficiently reduced or completely destroyed, ATPSynthase can revert 
its activity, i.e., it has been shown that it will utilize ATP to pump 
protons out of the mitochondrial matrix [9]. This property can be 
explored to assess the activity of this enzymatic complex.

●● Produce ATPase reaction buffer as above (described in 
Subheading 2.1).

3.4.4  Complex IV 
(Cytochrome c Reductase)

3.4.5  ATPase Activity 
of Mitochondrial 
ATPSynthase
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●● Produce Trichloroacetic acid (TCA) 40  % (v/v), KH2PO4 
0.5  mM, and Molybdate reagent 10  % in H2SO4 10  N (as 
described in Subheading 2.1).

●● Prepare the following tubes, two for each sample (see Note 23) 
(Table 2).

●● Place the tubes in a water bath at 37 °C. Start the reaction in 
each tube with ATP 2.5 mM.

●● After precisely 10 min, stop each reaction with 1 mL TCA. Mix 
with an orbital vortex and put the tubes on ice. Collect 1 mL 
(of the three inside the tube) into a new tube.

●● At this time, prepare a standard curve using Table 3.
●● After preparing all the tubes (samples and standard curve), add 

2 mL of Molybdate reagent to each. Vortex and let react for 
3 min on the bench. Read absorbance at 660 nm.

The ATPase activity is calculated as before, for Biuret reaction. 
Plot the standard curve absorbance against Table 3 supplied Pi val-
ues. Again, an r2 value under 0.995 indicates a non-acceptable curve. 
Calculate the slope and the intercept. Subtract the intercept to the 
sample’s absorbance and divide the result by the slope. This value is 
the nmol of Pi inside the tube. Multiply this value by 4 (to normalize 
to 1 mg of protein) and then again by 3 (because of the 3 mL inside 
the first reaction tube only one was used) and divide the result by 10 
(to normalize to 1 min). Do this to all sample tubes, and subtract the 
oligomycin tubes to their respective, no-oligomycin tube. The result 
is the specific activity of the mitochondrial ATPase. In sum,

Table 2 
ATPase reaction tubes

Tube Reaction buffer (mL) Mitochondria (mg) Oligomycin (μg)

X1 2 0.25 0

X1′ 2 0.25 0.25

Table 3 
ATPase reaction standard curve

Tube KH2PO4 0.5 mM (mL) H2O (mL) nmol of Pi in tube

0 0 3 0

1 0.25 2.75 125

2 0.5 2.5 250

3 1 2 500
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Mitochondrial ATPase activity nmol Pi mg protein

Abs IS

/ / min( )
= −[ ] nns Slp Abs Ins SlpO( )( )×( ) − −( )( )×( )[ ]/ . / .1 2 1 2

	

where Abs[S] is the sample absorbance, Abs[O] is the oligomycin 
sample absorbance, Ins is the intercept of the standard curve, and 
Slp is the slope of the standard curve.

4  Notes

	 1.	 Do not worry if the sodium potassium tartrate tetrahydrate 
does not dissolve totally, for the following addition of sodium 
hydroxide will guarantee its dissolution.

	 2.	 It is vital that from the moment the animal is sacrificed to this 
point to take as less time as possible (roughly 60–90 s should 
suffice).

	 3.	 Notice that this will release a lot of blood from the liver and, 
as such, the buffer should be replaced in order to remove it 
(two to three times for a normal 10 g liver from a 250 g animal 
should suffice). Take care of not to waste liver material when 
throwing away the old buffer.

	 4.	 The pestle should reach the bottom of the homogenizer, 
which might not be possible at the first stroke; nevertheless, if 
the tissue was correctly chopped, at the second stroke it should 
be possible.

	 5.	 This centrifugation allows for the sedimentation of nuclei, red 
cells, broken and intact cells, and other heavier, unwanted 
components.

	 6.	 Waste a small amount of supernatant at the end of the tube to 
avoid carryover of pelleted material.

	 7.	 To resuspend the mitochondrial pellet use, for example, a 
watercolor thin paintbrush. The mitochondrial pellet forms a 
soft brown layer adhered against the tube wall, with a possible 
dark red central spot, which can be discarded as it consists of 
pelleted red blood cell contents. It can also have a superficial 
mobile layer of pelleted mitochondria, which should be dis-
carded (most of it is easily removed when decanting the buf-
fer) as it is formed by damaged mitochondria.

	 8.	 3 or 4 mL of buffer should suffice for a typical 10 g liver.
	 9.	 This is important to allow the stabilization of the mitochon-

drial preparation. Use this time to quantify the mitochondrial 
preparation. A complete quantification should measure not 
only protein content but also the activity of citrate synthase, a 
known mitochondrial marker.
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	10.	 Prepare BSA in water, store at −20  °C in aliquots. DOC 
sodium salt, is also prepared in water, and stored in a light-
protected glass bottle. Start by the water, wash buffer and 
DOC.  When all is ready, add the samples to the respective 
tubes, making at least duplicates. Only when everything is 
added, add the Biuret reagent.

	11.	 Start by tube 0, and use it to “zero” the spectrophotometer. 
The r2 (coefficient of determination) is easily calculated using 
a standard spreadsheet software and should be between 0.995 
and 1 (below 0.995, reject the curve and start again). Using 
the software again, calculate the intersection of the curve to 
the y-axis, the curve slope and register the dilution factor (for 
this example, the dilution factor is 20).

	12.	 The replicates should be roughly similar, i.e., no more than 0.05 
absorbance units apart—if they are, reject your tubes and start again.

	13.	 As an example, a slope of 0.1240, and intersection of 
−0.0113333, a dilution factor of 20 and an average sample 
absorbance of 0.5110 indicate that the sample has a protein 
content of 84.2473 mg/mL.

	14.	 This will cause an immediate shift in the absorbance, creating 
a rate. It is important to record this rate, for it is recommended 
that only one cuvette be tackled at a time.

	15.	 As before, this will cause an immediate rate shift, for the same 
precautions are recommended.

	16.	 The tubes with rotenone serve as a negative control and should 
not demonstrate any increase in absorbance.

	17.	 Reactions should take place at 25 °C, in a light-protected envi-
ronment, under magnetic stirring, since PMS is a highly light and 
oxygen-sensitive reagent, for it should be made fresh and used in 
under a few hours after preparation (or made and kept at −20 °C 
for a few days, protected from the light). A distinct shift in color 
from yellow to green from PMS indicates the reagents’ decay.

	18.	 A digital oxygen recorder automatically calculates the slope 
and, as such, indicates the oxygen consumption rate per unit 
of time. As for analogic measurements, one must know how 
much oxygen there was inside the chamber, dissolved in the 
buffer. Since pure water, at 1  atm and 25  °C has roughly 
2.06  mM of oxygen atoms dissolved within, it is simple to 
calculate the slope in terms of time.

	19.	 To the previously described decylubiquinone solution, add a 
few crystals of lithium borohydrate and mix thoroughly by 
pipetting, until the solution is clear. If excess crystals are added, 
a few drops of concentrated HCl should get rid of them. When 
HCl is added and no bubbling is visible, the solution is ready. 
This will cause the final pH to be between 2 and 3.
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	20.	 Antimycin A is a specific Complex III inhibitor and this will 
be, as before, the negative control tube.

	21.	 Ascorbate helps maintain TMPD in the reduced state, which 
supplies electrons to cytochrome c.

	22.	 Reactions should take place at 25 °C, in a light-protected envi-
ronment, under magnetic stirring. Ascorbate + TMPD can be 
added simultaneously, but should be kept at −20 °C and light 
protected, preferably freshly made prior to being used.

	23.	 Use only glass test tubes that have been submerged in an HCl 
solution (2 M) for at least 24 h. Wash the tubes after the acid 
bath with ultra-pure water.
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    Chapter 8   

 Histoenzymatic Methods for Visualization of the Activity 
of Individual Mitochondrial Respiratory Chain Complexes 
in the Muscle Biopsies from Patients with Mitochondrial 
Defects 

           Agnieszka     Karkucinska-Wieckowska    ,     Maciej     Pronicki    , 
and     Mariusz     R.     Wieckowski    

    Abstract 

   Investigation of mitochondrial metabolism perturbations and successful diagnosis of patients with mito-
chondrial abnormalities often requires assessment of human samples like muscle biopsy. Immunohisto-
chemical and histochemical examination of muscle biopsy is an important technique to investigate 
mitochondrial dysfunction that combined with spectrophotometric and Blue Native electrophoresis tech-
niques can be an important tool to provide diagnosis of mitochondrial disorders. In this chapter we focus 
on technical description of the methods that are suitable to detect the activity of complex I, II, and IV of 
mitochondrial respiratory chain in muscle biopsies. The protocols provided can be useful not only for 
general assessment of mitochondrial activity in studied material, but they are also successfully used in the 
diagnostic procedures in case of suspicion of mitochondrial disorders.  

  Key words     Mitochondrial respiratory chain complexes  ,   Mitochondrial disorders  

1      Introduction 

 As the center of oxidative metabolism mitochondria are considered 
as a cellular powerhouse. They produce the majority of cellular 
ATP but also mitochondria are involved in several other critical 
metabolic processes [ 1 ]. For this reason, and many others, defects 
in mitochondrial function are often connected with pathological 
states and can lead to various diseases [ 2 – 5 ]. Special attention 
should be devoted to the alterations in the mitochondrial respira-
tory chain. Localization and measurement of changes in the activ-
ity of respiratory chain complexes can provide important 
information about the disease etiology. A wide spectrum of methods 
enables studying the activity of respiratory chain complexes in iso-
lated mitochondria, intact cells as well as in tissues samples [ 6 – 8 ]. 
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Under special experimental conditions the activity of individual 
mitochondrial respiratory chain complex can be measured separately 
using spectrophotometric methods based on electron donor/
acceptor enzymatic coupled reactions [ 9 ]. Blue Native electropho-
resis followed by in-gel activity assay can also be successfully applied 
either for detection of respiratory chain complex defi ciency or for 
visualization defi ciencies of the individual respiratory chain com-
plex activity [ 10 ,  11 ]. Histoenzymatic methods presented in our 
chapter are dedicated for visualization of alterations in the activity 
of individual mitochondrial respiratory chain complexes in the 
muscle biopsies from patients with various mitochondrial defects 
[ 12 – 15 ]. In the case of cytochrome c oxidase (COX) obtained pic-
ture is very specifi c and results in the reduction or absence of COX 
staining (COX-intermediate and COX-defi cient), which indicates 
abnormalities in complex IV functioning [ 16 ]. Here we present 
examples of normal and pathological pictures of histoenzymatic 
analysis of complex I, II, and IV in muscle biopsies from healthy 
donors and patients with mitochondrial defects ( see   Note 1 ).  

2    Materials 

       1.    Catalase stock: 20 μg/ml ( see   Note 2 ).   
   2.    Formal-calcium (fi xer): 15.8 g of calcium chloride dissolved in 

60 ml of deionized water and supplemented with 40 ml of 
40 % formaldehyde ( see   Note 3 ).   

   3.    0.1 M phosphate buffer pH 7.4 ( see   Note 4 ): Directly before use 
4.05 ml of Na 2 HPO 4  solution (1.42 g of Na 2 HPO 4  dissolved in 
50 ml of deionized water) should be mixed with 0.95 ml of 
NaH 2 PO 4  solution (1.39 g NaH 2 PO 4  dissolved in 50 ml of 
deionized water) and supplemented with 5 ml of deionized water.   

   4.    Incubation solution (to be prepared directly before use): 5 mg 
of DAB dissolved in 9 ml of 0.1 M phosphate buffer. Next 
reagents should be added in the following order: 10 mg cyto-
chrome c ( see   Note 5 ), 1 ml of catalase stock, and 750 mg 
sucrose. Solution should be mixed well without doing foam.   

   5.    Formaldehyde solution for molecular biology 36.5–38 %.   
   6.    Xylene (mixed isomers).   
   7.    Ethanol 96 %.   
   8.    Ethanol anhydrous 99.6 %.   
   9.    DePeX mountant for histology.      

      1.    Cryostat (Cryotome FSE).   
   2.    Incubator with the ability to achieve below-ambient 

temperature.   

2.1  Assessment 
of Cytochrome c 
Oxidase (COX; 
Complex IV) Activity 
in Muscle Biopsies

2.1.1  Solutions 
and Chemicals

2.1.2  Equipment 
and Accessories
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   3.    Olympus-BX53 with XC50 digital camera and CellSense 
Dimension image-capture software.   

   4.    Humidity chamber for Immunohistochemical staining.   
   5.    Coplin staining jar.   
   6.    Coated microscope slide Superfrost Plus.   
   7.    Cover glasses.   
   8.    DakoPen.       

       1.    NBT stock: 1 mg/ml deionized water ( see   Note 7 ).   
   2.    1 M Tris–HCl buffer pH 7.4 ( see   Note 8 ): 6.1 g of Tris dis-

solved in 500 ml of deionized water, supplemented with 37 ml 
of 1 M HCl solution and adjusted to 1 l with the use of 
 deionized water.   

   3.    Succinate stock (prepared directly before use): 54 mg of 
sodium succinate dibasic hexahydrate dissolved in 2 ml of 
deionized water.   

   4.    Incubation solution (prepared directly before use): 2 ml of 
succinate stock mixed with 1 ml of NBT stock and supple-
mented with 1 ml of Tris–HCl buffer.   

   5.    Dako faramount aqueous mounting medium.      

      1.    Cryostat (Cryotome FSE).   
   2.    Incubator with the ability to achieve below-ambient temperature.   
   3.    Olympus-BX53 with XC50 digital camera and CellSense 

Dimension image-capture software.   
   4.    Humidity chamber for Immunohistochemical staining.   
   5.    Coplin staining jar.   
   6.    Coated microscope slide Superfrost Plus.   
   7.    Cover glasses.   
   8.    DakoPen.       

       1.    NBT stock: 1 mg/ml deionized water ( see   Note 7 ).   
   2.    1 M Tris–HCl buffer pH 7.4 ( see   Note 8 ): 6.1 g of Tris dis-

solved in 500 ml of deionized water, supplemented with 37 ml 
of 1 M HCl solution and adjusted to 1 l with the use of deion-
ized water.   

   3.    NADH stock (prepared directly before use): 3 mg of 
β-nicotinamide adenine dinucleotide, reduced, disodium salt 
(NADH) dissolved in 3 ml of 1 M Tris–HCl buffer.   

   4.    Incubation solution (prepared directly before use): 3 ml of 
NADH stock mixed with 3 ml of NBT stock solution.   

   5.    Dako faramount aqueous mounting medium.      

2.2  Assessment 
of Succinate 
Dehydrogenase (SDH; 
Complex II) Activity 
in Muscle Biopsies

2.2.1  Solutions 
and Chemicals

2.2.2  Equipment 
and Accessories

2.3  Assessment 
of Dehydrogenase 
NADH (Diaphorase; 
Complex I) Activity 
in Muscle Biopsies

2.3.1  Solutions 
and Chemicals
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      1.    Cryostat (Cryotome FSE).   
   2.    Incubator with the ability to achieve below-ambient temperature.   
   3.    Olympus-BX53 with XC50 digital camera and CellSense 

Dimension image-capture software.   
   4.    Humidity chamber for Immunohistochemical staining.   
   5.    Coplin staining jar.   
   6.    Coated microscope slide Superfrost Plus.   
   7.    Cover glasses.   
   8.    DakoPen.        

3    Methods 

      1.    Skeletal muscle samples (quadriceps) were obtained by open mus-
cle biopsy from patients suspected to carry mitochondrial defects.   

   2.    Deep muscle biopsies in tissue embedding medium (matrix) 
and freeze in isopentane cooled by liquid nitrogen.   

   3.    Cut with the use of cryostat from three to fi ve (per coated 
microscope slide) 8–10 μm sections from transversely orien-
tated muscle blocks and subjected to histoenzymatic staining 
for COX, SDH and NADH diaphorase activity.      

  In the place where cytochrome c oxidase (complex IV) has an 
enzymatic activity, DAB molecule is reduced and DAB reduced 
molecule as a brown precipitate can be observed.

    1.    Put unfi xed cryostat sections on coated microscope slide.   
   2.    With the use of DakoPen outline cryostat sections in order to 

avoid fl ow of incubation solution from the microscope slide.   
   3.    Put microscope slides in to the humidity chamber for immu-

nohistochemical staining.   
   4.    Cover outlined cryostat sections with incubation solution and 

incubate for 1 h at 22 °C.   
   5.    Wash three times with distilled water.   
   6.    Fix in formal-calcium solution in Coplin staining jar for 15 min 

at room temp.   
   7.    Dehydrate sections in Coplin staining jar containing 96 % eth-

anol (2 × 1 min).   
   8.    Next dehydrate sections in Coplin staining jar containing 

99.6 % ethanol (2 × 1 min).   
   9.    Clear in Coplin staining jar containing Xylene (mixed isomers) 

(3 × 3 min).   

2.3.2  Equipment 
and Accessories

3.1  Muscle Biopsy 
from Patients 
Suspected to Carry 
Mitochondrial Defects

3.2  Assessment 
of COX (Complex IV) 
Activity in the Muscle 
Biopsies
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   10.    Mount in DePeX mountant for histology and cover with cover 
glass ( see   Note 6 ).   

   11.    Analyze with light microscope and record images with differ-
ent magnifi cations—brown reaction product at the sites of 
active cytochrome oxidase should be observed.   

   12.    For future analysis prepare photographic records from stained 
sections (Fig.  1 ).

  Fig. 1    Histochemical assessment of cytochrome c oxidase (COX; complex IV) 
activity indiagnostic muscle biopsies. Light microscopy, original magnifi cation 
400×. ( a ) Normal COX activity; ( b ) Mosaic COX defi ciency suggesting mtDNA 
heteroplasmy; ( c ) Diffuse total COX defi ciency (to be interpreted only together 
with control positive reaction)       
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         In the place where SDH (complex II) has an enzymatic activity, 
NBT molecule is reduced and NBT reduced molecule as a purple 
formazan deposit with NBT can be observed.

    1.    Put unfi xed cryostat sections on coated microscope slide.   
   2.    With the use of DakoPen outline cryostat sections in order to 

avoid fl ow of incubation solution from the microscope slide.   
   3.    Put microscope slides in to the humidity chamber for 

 immunohistochemical staining.   
   4.    Cover outlined cryostat sections with incubation solution and 

incubate for 90 min at 37 °C.   
   5.    Wash three times with distilled water.   
   6.    Mount in Dako faramount aqueous mounting medium and 

cover with cover glass ( see   Note 6 ).   
   7.    Analyze with light microscope and record images with differ-

ent magnifi cations—bluish-black reaction product at the sites 
of active succinate dehydrogenase should be observed.   

   8.    For future analysis prepare photographic records from stained 
sections (Fig.  2 ).

         In the place where NADH diaphorase (complex I) has an enzy-
matic activity, NBT molecule is reduced and NBT reduced mole-
cule as a purple formazan deposit with NBT can be observed.

    1.    Put unfi xed cryostat sections on coated microscope slide.   
   2.    With the use of DakoPen outline cryostat sections in order to 

avoid fl ow of incubation solution from the microscope slide.   
   3.    Put microscope slides in to the humidity chamber for immu-

nohistochemical staining.   
   4.    Cover outlined cryostat sections with incubation solution and 

incubate for 60 min at 37 °C.   
   5.    Wash three times with distilled water.   
   6.    Mount in Dako faramount aqueous mounting medium and 

cover with cover glass ( see   Note 6 ).   
   7.    Analyze with light microscope and record images with different 

magnifi cations—bluish-black reaction product at the sites of 
active NADH diaphorase should be observed.   

   8.    For future analysis prepare photographic records from stained 
sections (Fig.  3 ).

4            Notes 

        1.     Ethics —The studies with the use of skeletal muscle samples 
(quadriceps) obtained by open muscle biopsy, were carried out 
in accordance with the Declaration of Helsinki of the World 
Medical Association and were approved by the Committee of 

3.3  Assessment 
of SDH (Complex II) 
Activity in the Muscle 
Biopsies

3.4  Assessment 
of NADH Diaphorase 
(Complex I) Activity 
in the Muscle Biopsies
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  Fig. 2    Histochemical assessment of SDH (complex II) activity in the diagnostic 
muscle biopsies. Light microscopy, original magnifi cation 400×. ( a  and  b ) 
Different patterns of normal SDH activity       

  Fig. 3    Histochemical assessment of NADH diaphorase (complex I) activity in a 
diagnostic human muscle biopsy. Light microscopy, original magnifi cation 400×. 
Normal pattern of enzymatic activity clearly showing fi ber type differentiation. 
Minimal subsarcolemmal accumulation of reaction product in individual fi bers is 
considered normal in children       
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Bioethics at The Children’s Memorial Health Institute. 
Informed consent was obtained from the parents before any 
biopsy or molecular analysis was performed.   

   2.    The stock (approx. 1.2 ml) can be prepared in advance and 
stored in −20 °C for approx. 1 month.   

   3.    Solution can be prepared in advance and stored in room tem-
perature for approx. 1 month in the dark glass bottle.   

   4.    Na 2 HPO 4  solution and NaH 2 PO 4  solution can be prepared in 
advance and stored at 4 °C for approx. 1 month.   

   5.    Use only cytochrome c from horse heart that has been pre-
pared (obtained/purifi ed) without TCA precipitation step. 
This is very crucial! You can use cyt. c from for example Sigma-
Aldrich cat. n. C7752.   

   6.    Mounted sections can be analyzed immediately or up to 1 year.   
   7.    The stock of NBT can be prepared in advance and stored at 

4 °C for approx. 1 month.   
   8.    Solution can be prepared in advance and stored at 4 °C for 

approx. 1 month.         
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Chapter 9

A Method Aimed at Assessing the Functional 
Consequences of the Supramolecular Organization 
of the Respiratory Electron Transfer Chain  
by Time-Resolved Studies

Fabrice Rappaport

Abstract

A steadily increasing number of physiological, biochemical, and structural studies have provided a growing 
support to the notion that the respiratory electron transfer chain may contain supra-molecular edifices 
made of the assembly of some, if not all, of its individual links. This structure, usually referred to as the 
solid state model—in comparison to the liquid state model in which the electron transfer reactions between 
the membrane bound enzymes are diffusion controlled—is seen as conferring specific kinetic properties to 
the chain and thus as being highly relevant from a functional point of view. Although the assumption that 
structural changes are mirrored by functional adjustment is undoubtedly legitimate, experimental evi-
dences supporting it remain scarce. Here we review a recent methodological development aimed at tack-
ling the functional relevance of the supramolecular organization of the respiratory electron transfer chain 
in intact cells.

Key words Supercomplexes, Time-resolved absorption changes, Kinetic, Electron transfer

1  Introduction

The mitochondria and chloroplast are the power-houses of eukary-
otic cells. They are both in charge of the efficient provision of energy 
by feeding metabolism with its major substrate: ATP.  Oxidative-
phosphorylation, initially described by Peter Mitchell, relies on the 
generation, by an electron/proton transfer chain, of an electro-
chemical transmembrane potential utilized to synthesize ATP; a 
basic principle that applies to both the respiratory and photosyn-
thetic chain [1]. Beside this functional likeness, these two systems 
also share ultrastructural characteristics. Indeed, the two electron 
transfer chains are embedded in a membrane with a strikingly intri-
cate architecture.
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Despite these similarities, the current available knowledge on 
the function of the photosynthetic chain is more refined than that 
of its respiratory counterpart and this likely stems from the simple 
fact that, in the photosynthetic case, the substrate, a photon, can 
be delivered extremely accurately under the form of light flashes. 
This constitutes, from an experimental stand-point, a considerable 
advantage since it allows triggering the whole chain with almost no 
limitation to the time resolution. Such an approach has proved 
extremely fruitful since it led to the determination of the kinetic 
and thermodynamic parameters of most if not all the various elec-
tron transfer reactions involved in the photosynthetic process, the 
time range of which covers ten orders of magnitude. Besides this 
rare accuracy in the understanding of the function of the various 
enzymes participating to the photosynthetic process, functional 
studies have recently pinpointed the importance of the association 
of these enzymes into “supercomplexes” [2–4] as well as the con-
sequences of the peculiar membrane topology on the function of 
the chain [5–8]. Although the fundamental principles stated by 
Mitchell still apply, the emerging picture of the photosynthetic 
chain clearly diverges from the linear and fluid scheme. As exam-
ples, membrane domains strongly restrict the diffusion of electron 
carriers between membrane bound complexes [9, 7] and supramo-
lecular assembly of various complexes within a single super com-
plex modulates the thermodynamic properties of the components 
of the chain [2–4]. There is, consequently, a common thinking 
that the overall properties of the chain cannot be described by the 
simple combination of the individual properties of its component.

Numerous studies have supported the idea that this also applies 
to the respiratory chain (see Fig. 1, see refs. 10, 11 and references 
therein). Evidences that mitochondrial electron transfer complexes 
specifically interact to form supramolecular structures come from 
studies on various types of eukaryotes ranging from unicellular 
such as yeasts, to plants and mammals (see for example refs. 12–21). 
Interestingly, these respiratory supercomplexes were shown to sus-
tain higher electron transfer activities in  vitro than in organelle 
[12]. Further, mutants in single genes encoding subunits of respi-
ratory chain complexes lead to combined enzyme complex defects 
[22]. Recently, the functional complementation of two defective 
respiratory chains by cell fusion have shown that the recovery of 
the respiratory activity correlates with the abundance of supercom-
plexes including complexes III and IV, suggesting that supercom-
plex assembly is a necessary step for respiration [23]. Yet, the 
understanding of the role of these supramolecular assemblies seems 
inversely correlated to the number of hypotheses which has been 
proposed to date: substrate channeling, catalytic enhancement or 
sequestration of reactive intermediates (see ref. 24 for a compre-
hensive discussion).

Fabrice Rappaport
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Supercomplexes are not the only ultra-structural motives sus-
ceptible to play an important role in controlling the overall oxida-
tive phosphorylation activity of the respiratory chain in organelles. 
3D images provided by EM tomography strongly suggest that, as 
in the case of the thylakoids in chloroplasts, the internal membrane 
in mitochondria might be compartmented, and that diffusion 
between these internal compartments might be restricted. Along 
these lines, the number and topology of the cristae junction could 
regulate the rates of ATP production under certain conditions 
([25] for a review). Likewise, the shape and volume of the cristae 
can be expected to affect the diffusion of soluble electron carriers 
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Fig. 1 Mitochondrial respiration involves electron transfer from NADH to molecular oxygen. This overall reaction 
is mediated by membrane embedded proteins (here depicted as complex I, complex III, and complex IV) and 
soluble electron carriers, quinones (in green) which are membrane soluble and transfer electrons between 
complexes I and III, and cytochrome c which is soluble in the intermembrane space and transfer electrons 
between complexes III and IV. In panel a is shown the “liquid model” in which soluble electron carriers freely 
diffuse between the membrane embedded complexes. In panel b, are shown “respirasomes” or solid state 
model, in which the membrane complexes are assembled within supramolecular edifices which trap the sol-
uble electron carriers and thereby restrict their diffusion. In panel c, is shown the compartmented model, in 
which the intricate folding of the inner membrane defines local compartments in which cytochrome c can 
freely diffuse but which prevent the equilibration between compartments (taken from the author summary 
accompanying ref. [35] with permission of the authors)

Supramolecular Structure and Function of Mitochondria
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between intra-cristae and intermembrane compartments [26] as in 
the case of the light-induced swelling of the thylakoid lumen [27]. 
There is considerable evidence that the mitochondrial inner mem-
brane is a dynamic structure able to change shape rapidly in 
response to alterations in osmotic or metabolic conditions. If 
cristae morphology can indeed regulate rates of chemiosmosis, 
such structural impact may be more than merely passive volume 
adjustments and could be part of an integral feedback mechanism 
by which mitochondria respond to environmental perturbations.

The vast majority of experimental data supporting the func-
tional importance of supramolecular structures comes from bio-
chemical and/or structural approaches by which these structures 
are isolated from their native membranes and then characterized 
with respect to their biochemical composition and/or structure 
and to their in vitro activity. The main exceptions to this are studies 
resorting to measurement of the dependence of the activity of the 
respiratory chain upon addition of substoichiometric concentra-
tion of inhibitors and subsequent flux control analysis [28–33]. 
Notably, some of these studies contradict earlier conclusions by 
Hackenbrock et al. that the respiratory electron transfer chain can 
be described as a fluid system (see ref. 34 for a review). To widen 
the spectrum of the methods available to assess the functional rel-
evance of the structural organization of the mitochondrial mem-
brane and complexes and contribute to this debate by alternative 
means susceptible to provide a new perspective, we recently devel-
oped a different approach aimed at making the respiratory electron 
transfer chain amenable to time-resolved studies [35]. The ratio-
nale for this relies on the fact that, in principle, kinetics studies may 
allow discriminating readily the transfer of matter through various 
complexes connected by freely diffusing molecules or sequestered 
within a single supramolecular edifice. Indeed, whereas the former 
case involves the diffusion and the encounter of the different actors 
of the reaction so that their concentrations contribute to determin-
ing the rate, in the latter case the reaction takes place within a sin-
gle molecular entity and is thus described as a (or a sum of) first 
order process(es) (see ref. 24 for a comprehensive discussion of the 
theoretical aspects).

The main challenge was thus to devise tools to trigger the 
respiratory process thereby opening the possibility of an accurate 
analysis of the kinetic and thermodynamic properties of the chain. 
Such tools do exist that were developed by Britton Chance [36] in 
the early 1950s but had, since then and to our knowledge, fruit-
fully but mostly been applied to in vitro studies of complex IV. This 
approach relies on the respective binding properties of carbon 
monoxide (CO) and oxygen (O2) to the catalytic site of complex 
IV: (1) the rate of release of CO is relatively slow, so that, even in 
the presence of O2, the CO-bound state is relatively stable; (2) O2 
binds faster than CO. One can thus take advantage of the possibility 
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to photo-dissociate a bound CO by a laser flash to trigger the 
release of CO after having mixed the CO-inhibited enzyme with 
O2 and, the competition for binding being in favor of O2, the ensu-
ing turnover of the enzyme [37, 38]. This “flow-flash” technique 
permitted the accurate kinetic analysis of the various electron and 
proton transfer reactions associated with the turnover of complex 
IV (see refs. 38–46 for reviews). We have scaled up this approach 
and applied it to intact eukaryotic cells, following the steps of 
Britton Chance with an improved time-resolution [35]. Under 
such conditions, the photo-dissociation of CO should not only 
trigger the complex IV activity and allow one to follow, in organ-
elles, the cascade of reactions previously characterized in the puri-
fied enzyme but also, and in this particular case more importantly, 
trigger the electron transfer between complex IV and the various 
complexes located upstream in the chain.

As briefly mentioned above, the methods relies on the 
light-induced dissociation of CO and the consecutive O2 binding 
to Cytochrome oxidase. It thus requires the sample to be condi-
tioned, prior to its light activation, in the presence of a mixture of 
aqueous CO and O2. In addition, the aqueous concentration of 
both gases has to be set with reasonable accuracy, because, the 
binding of CO or O2 being second order processes, their respective 
binding rates depend on their respective concentrations. As regards 
to the triggering of the respiratory electron transfer chain, these 
concentrations not only determine the O2 binding rate but also the 
respective probability to bind O2 or CO which are respectively: 
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 where kCO and kO2 are the 

pseudo first order rate constant of CO and O2 binding, respectively.
Because CO is a competitive inhibitor, it does not fully prevent 

oxygen consumption by the respiratory chain, even in the absence 
of any light activation. Indeed, the spontaneous dissociation of CO 
from the reduced heme a3, even though it is a slow process 
(koff

CO ∼ 0.02 s− 1 [47]), allows the binding of oxygen and the sub-
sequent oxidation of a fraction of Cytochrome c Oxidase (CcOx), 
particularly under relatively high [O2]. This makes it impossible to 
preconditioned, the sample in the desired state with respect to 
[O2] for a long period of time before pulling the light trigger. In 
principle, the flow-flash approached employed to study in details 
oxidases (see ref. 38 for a review) may solve this issue (see for exam-
ples, refs. 36, 37). We resorted to a similar approach yet avoiding 
the stop-flow steps. As shown in the schematic of the setup (Fig. 2), 
the sample was preconditioned in a 6–10 mL reservoir connected 
to a 500 mL bottle, which contains the gas mixture at the desired 
respective partial pressure, via a peristaltic pump used to flow the 
gas in and out of the reservoir containing the cell suspension. 
Strong bubbling insured both the equilibration between the gas 
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and aqueous phases and stirring of the cell suspension. This reser-
voir is connected to the cuvette, a cube with 8 mm long sides with 
three quartz windows, by a piston operated magnetically. The 
exciting flash is perpendicular to the detecting beam.

The spectrophotometric part of the setup is described in details 
in [48]. Briefly, detecting and exciting flashes are both provided by 
OPO resonant cavities (respectively Panther and Slopo, Continuum, 
Santa Clara, CA, USA) pumped by the third harmonic of pulsed 
Nd:YAG lasers. The excitation wavelength was 590 or 605 nm. 
It was filtered out, to avoid saturation of the detecting photodi-
odes, using cutoff filters (third millennium 570 LP filters, Omega 
optical, Brattelboro, VT, USA, in combination with 5 mm thick 
BG39 filters, Schott Optical filters, Mainz, Germany), yet trans-
mitting the detecting probe flashes. When spectral information in 
the red part of the spectrum was required, excitation was switched 
to 430 nm, and its intensity was adjusted based on the kinetics and 
amplitude of the cytochrome c signal at 551 nm.

2  Materials

The results presented in [35] have been obtained with different 
strains of Saccharomyces cerevisiae, which we elected as our first 
model system owing to all the obvious advantages this microbe has 
from an experimental standpoint and to the abundant literature 

2.1   Yeasts

a b

Fig. 2 Schematic illustration of the setup. Panel a shows a longitudinal cross-section of the cuvette and sample 
containing reservoir. The cuvette is an 8 mm side cube, connected to the reservoir by a magnetically driven 
piston. The reservoir contains up to 10 mL of sample which is preconditioned in terms of gas concentration. 
To this end, the gas mixture, realized in a 500 mL bottle, is bubble in the reservoir using a peristaltic pump as 
depicted in Panel b
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available on the functional and biochemical characteristics of its 
mitochondrial electron transfer chain. The Saccharomyces cerevisiae 
strains used in this study were derived from BY4742 (from 
Euroscarf) and from W303-1B [49]. In all strains, the gene YHB1 
encoding a flavohemoprotein was deleted to avoid any possible inter-
ference coming from the spectroscopic signal from this enzyme.

However, besides the practical merits of S. cerevisiae, there is 
no strong reason to restrict the application of the approach to this 
organism. Since our initial work we extended it to other cell sys-
tems such as Yarrowia lipolytica, another yeast which, at variance 
with the baker’s one, bears an authentic complex I allowing one to 
assess the existence of functional clusters involving complex I. This 
is inasmuch important as earlier studies relying on flux control 
analysis concluded that, the soluble cytochrome c encounters no 
constraints to its diffusion so that the portion of the chain compris-
ing [Complex III]-[cyt c]-[Complex IV] can be described as a 
fluid system, quinones, which act as the lipid soluble electron car-
rier linking Complex I and III, are clustered [10, 30].

To further extend the methods, we also applied it to mammal cells 
such as RAW 264.7 macrophages. Our preliminary results show 
that there is no particular limitation to the type of cells which can 
be used for such studies besides the requirement to be able to sus-
pend the cells in the appropriate liquid medium. Filamentous 
organisms such as Podospora anserina have, until now, proved 
inappropriate for such studies.

3  Methods

Saccharomyces cerevisiae cells were grown on YPD0.5 medium, com-
posed of 1 % Yeast Extract, 2 % Peptone, and 0.5 % Glucose. In 
such a medium, growth displays two distinct phases, the glucose 
being initially consumed in fermentative pathways, while the etha-
nol produced during this first phase triggers obligatory respiratory 
growth once the glucose is depleted [50]. The cells were grown in 
erlenmeyer flasks (filled at 1/5 with cell culture medium) at 28 °C 
under vigorous shaking (250 RPM) and harvested in this second 
exponential growth phase, shortly after the diauxic transition hap-
pened, which typically occurred after 10 h. Cells were spun down 
(1,500 × g, 5 min), the pellet was washed in distilled water and, 
after a second centrifugation, resuspended in MES 40 mM, pH 6.5. 
Nigericin and valinomycin were added at 10 μM, and the cells were 
incubated aerobically for at least 10 min.

Yarrowia lipolytica were grown on YPD, 1 % Yeast Extract, 2 % 
Peptone with no glucose. The cells were grown in erlenmeyer 
flasks (filled at 1/5 with cell culture medium) at 28 °C under vig-
orous shaking (250 RPM) and harvested during the logarithmic 

2.2  Mammal Cells

3.1  Culture Medium
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phase, i.e., between 10 and 15  h of growth. This is important 
because it has been reported that in the low energy requiring, late 
stationary-growth phase, complex IV concentration decreases and 
the cells overexpress NDH2e, an external type II NADH dehydro-
genase which, in conjunction with the alternative Oxidase, AOX, 
bypasses the cytochrome oxidase pathway which is used here to 
trigger the respiratory chain [51].

One of the critical aspects of the methods is that it relies on the 
light-induced relief of the inhibition of the respiratory chain which 
is achieved by the binding of CO to the terminal oxidase. To be 
effective, this binding must indeed occur and this implies keeping 
the terminal oxidase in its reduced state. Under the steady state 
conditions of the preconditioned sample, a reasonable approxima-
tion of the fraction of oxidase in the desired “reduced and CO 

bound” state is 
1

1
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 where koff
CO is the rate of spon-

taneous dissociation of CO from its binding site (koff
CO ∼ 0.02 s− 1 

[47]), kon
O2  (~9 × 107 M−1 s−1, [37, 52–54]) and kon

CO(6 × 104 M−1 s−1, 
[37, 54, 47]) are the bimolecular rate constants of oxygen and CO 
binding, respectively, and kred is the overall reduction rate of the 
enzyme.

In a typical experiment, the partial pressure for CO is ~1 atm 
which translates into an aqueous concentration of ~900 μM and 
the concentration of aqueous oxygen is in the 20–150 μM range. 

Under these conditions 
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[ ]
 is in the 0.6–5 s−1 range so 

that kred must lie in the 6–50 s−1 per oxidase range to insure at least 
91  % of the oxidase in the photo-activatable state. This, rough, 
estimate is commensurable to the overall flux of a reasonably active 
electron transfer respiratory chain thus showing that the appropri-
ate experimental conditions can be achieved. Notably, it can prove 
worthwhile, from an experimental standpoint, to add uncouplers 
such as valinomycin (1 μM), gramicidin (1 μM), or nigericin (which 
is not strictly speaking an uncoupler but a H+/K+ exchanger) in 
order to relieve the thermodynamic pressure exerted by the proton 
motive force and set kred to its maximal value. In addition the above 
estimate shows that any impairment or inhibition of the respiratory 
chain upstream of the oxidase will inevitably result in the pre-
oxidation of the chain unless [O2] is maintained low enough to 

keep the 
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 much lower than 1.

3.2  Sample 
Preparation
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4  Expected Insights Specific to the Approach

At this stage one may still wonder whether the insights that can be 
expected from the present approach are worth the methodological 
investment. At first sight, it barely improves, by several of order of 
magnitude, the time resolution of the kinetic analysis of the respi-
ratory chain. Even though it sounds as a methodological feat, it 
would remain of little added value if it was nothing more than that. 
But is it?

As we will discuss below an accurate kinetic analysis is a power-
ful tool to characterize the supramolecular organization of bioen-
ergetic membranes. This simply stems from the fact that this 
organization, i.e., clustering of soluble electron carrier or molecu-
lar packing owing to high protein density in membranes or mem-
brane compartmentalization etc., will have kinetic consequences. 
The most straightforward illustration of this statement is that intra-
complex electron transfer reactions are first order reactions, 
whereas inter-complexes reactions are second order processes. In 
the following we briefly review the various kinetic characteristics 
that can be exploited to gain insights into these issues and how 
they can be addressed from an experimental standpoint.

Electron transfer rates steeply decrease as the distance between the 
electron donor and acceptor increases. As a consequence, electron 
transfer reaction between two distinct proteins require they 
encounter and the subsequent formation of a complex which is 
long-lived enough to allow the redox reaction to occur. Thus elec-
tron transfer reactions within a preformed complex are significantly 
faster than those involving this diffusion limiting step as docu-
mented in details in the photosynthetic case of electron transfer 
between Photosystem I and plastocyanin [55–58]. In the case of 
Cytochrome oxidase and cytochrome c case electron transfer from 
reduced, bound cytochrome c to the oxidized CuA has been shown 
to occur in  vitro with rates ranging from 7 × 103 to 6 × 104  s−1 
[59, 60]. As another example, in bacterial caa3-type oxidases which 
contain a c-type cytochrome subunit, the oxidation of heme c fol-
lowing photoactivation develops in the 30–240 μs range [61–63]. 
Thus, a stable complex with a prebound cytochrome c should be 
evident as a fast kinetic component, as illustrated in  vivo by 
Trouillard et al. [35].

By definition, second order processes differ from first order ones 
by the dependence of their kinetics on the concentration of the 
substrate. This provides straightforward experimental grounds to 
discriminate mechanism involving diffusion and encounter of the 
reactants (second order) from intra-complex reactions (first order), 
by tuning the relative stoichiometry of the interactants.

4.1  The Kinetic 
Signature of Prebound 
Soluble Carriers

4.2  Distinguishing 
First and Second Order 
Processes
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Most of the cellular models mentioned above are amenable to 
genetic approaches that potentially allow tuning the relative abun-
dance of the interacting partners (see ref. 64 for a “photosynthetic 
example”). As an example, we compared two different S. cerevisiae 
strains expressing two different cytochrome c isoforms having dif-
ferent affinity for cytochrome oxidase. The comparison of the 
kinetics of oxidation of cytochrome c in the two strains allowed us 
to conclude that the formation of [cytochrome c]-[Cytochrome 
oxidase] complexes was essentially controlled by the affinity of one 
for the other and not but a particular clustering that would seques-
ter cytochrome c and prevent it from freely diffusing [35]. 
Alternatively, RNAi knocked-down mutants may prove a powerful 
tool to manipulate the relative stoichiometric ratio between differ-
ent complexes in the chain.

The substrate of the CO photo-dissociation event, which triggers 
the sequence of electron transfer, being photon, its delivery can be 
tuned accurately by simply changing the intensity of the triggering 
laser flash (see supplementary S1 in [35]) and the fraction of cyto-
chrome oxidase effectively undergoing photo-dissociation can be 
directly measured using the specific absorbance changes at 445 nm. 
The fraction of photo-dissociated, and thus potentially oxidized 
(see below), Cytochrome oxidase can thus be readily controlled 
while keeping the initial amount of reduced cytochrome c con-
stant, thereby opening the possibility to assess the issue as to 
whether the oxidase has access to a pool of soluble and freely dif-
fusing cytochrome c, or, on the contrary, to a limited and fixed 
number of bound and sequestered cytochrome c.

CO is a competitive inhibitor that binds to the reduced state of the 
a3 heme of cytochrome c oxidase. When it competes for binding 
with another gas, such as oxygen, the two different events can thus 
considered as independent events so that their respective binding 

probabilities are: r rCO
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, ,  where kO2 and 

kCO are the binding rates of CO and O2. These two rates can be 
experimentally controlled by changing the aqueous concentration 
of the gases or, equivalently, their respective partial pressure in the 
gas mixture. Two extreme cases can be considered to illustrate the 
practical interest of this possibility to tune the competition for 
binding. The bimolecular rate constant of oxygen binding is about 
three orders of magnitude larger than that of CO binding. Since 
the respective solubility of the two gases are similar, a tenfold excess 
of CO with respect to oxygen warrants that the binding of the 
substrate outcompete that of CO with a probability of ~0.99 and 
occur in the tens of microseconds time range. Under such condi-
tions, the rate of oxygen binding is commensurate to cytochrome 

4.2.1  Genetic Control 
of the Relative 
Stoichiometry

4.2.2  Controlling 
the Fraction of Photo-
Activated Cytochrome 
Oxidase

4.2.3  Controlling 
the Number of Light-
Induced Turnovers
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c oxidation when it is prebound to the oxidase and faster when the 
electron transfer involves the diffusion limited encounter of the two 
partners [35], thereby enabling the characterization of the interac-
tion between the membrane bound complex with its soluble elec-
tron donor. The other extreme case is that of a low partial pressure 
in oxygen. At first sight such a case may seem of little practical 
merit since the oxygen binding rate (and thus the time resolution 
of the methods) decreases linearly with oxygen concentration. 
Thus, at low oxygen concentration the binding is so slow that it 
becomes rate limiting and these precludes any kinetic insights into 
the downstream reactions. However, decreasing the oxygen bind-
ing rate also diminishes its binding probability and this opens the 
possibility of single turnover experiments.

Once photo-activated, the fraction of CcOx having bound O2, 
rO2

, may undergo multiple turnovers as the competition between 
CO and O2 continues until CO binds to the reduced heme a3. 
These successive turnovers of one photo-oxidized CcOx thus con-
stitute a series of independent events where O2 competes with CO 
for binding, with the probability rO2

. This corresponds to a 
sequential repeat of independent Bernoulli trials, i.e., an experiment 
with only two possible random outcomes, here O2 or CO binding. 
Quantitatively, the sequence is as follows: rO2

 of the photoacti-
vated CcOx bind O2 rather than CO, rO2

2  undergo a second turn-
over, rO2

3  a third one, etc. In this framework, which only assumes 
that each binding event, either O2 or Co, is independent from the 
preceding ones, the number of turnovers occurring before CO 

binds is g
r

= - =
[ ]
[ ]

1
1 2 2

CO

O

CO

O

CO

k

k

.

.
. This equation shows that the 

model predicts a linear relationship between the number of turn-
overs occurring before CO rebinds and the concentration of O2. 
As shown in Fig. 3, this relationship was verified in the case of S. 
cerevisiae when using the lifetime of the oxidized a-a3 hemes as a 
measure of the number of turnovers undergone by the cytochrome 
oxidases.

On average, when rO2
1�  each photo-oxidized CcOx thus 

undergo slightly more than a single-turnover, and this provides a 
simple mean to tune the number of oxidizing equivalents injected 
in the respiratory chain. In such conditions, where a limited frac-
tion of cytochrome c is oxidized by the light-induced turnovers of 
CcOx, one can address the issue as to whether the probability to 
oxidize a given cytochrome c is independent of the redox state of 
the other cytochromes c in the pool, as expected in a fully stochas-
tic system with no diffusion constraints; or, alternatively, if this 
probability evolves as the cytochrome c pool gets progressively oxi-
dized as a result of the existence of a wide distribution in the size 
of the cytochrome c pool accessible to the light-induced oxidation 
burst [35].
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Fig. 3 Dependence of the number of turnovers undergone by the cytochrome 
oxidase upon oxygen concentration in S. cerevisiae. The top panel shows the 
transient oxidation and re-reduction of the a-a3 hemes with various oxygen con-
centrations. The lifetime increases with oxygen concentration and this reflects 
the competition for binding to the reduced binuclear center between molecular 
oxygen and CO. As developed in the text, assuming the binding events to each 
single oxidase are independent from one another the probability law is a simple 
geometric law which predicts a linear dependence of the number of turnovers 
upon oxygen concentration. As shown in the bottom panel, this expectation is 
satisfyingly met in the case of S. cerevisiae
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    Chapter 10   

 BN-PAGE-Based Approach to Study Thyroid Hormones 
and Mitochondrial Function 

           Elena     Silvestri    ,     Assunta     Lombardi    ,     Federica     Cioffi     , and     Fernando     Goglia     

    Abstract 

   In recent years, a number of advancements have been made in the study of entire mitochondrial proteomes 
in both physiological and pathological conditions. Naturally occurring iodothyronines (i.e., T3 and T2) 
greatly infl uence mitochondrial oxidative capacity, directly or indirectly affecting the structure and func-
tion of the respiratory chain components. Blue native PAGE (BN-PAGE) can be used to isolate enzymati-
cally active oxidative phosphorylation (OXPHOS) complexes in one step, allowing the clinical diagnosis of 
mitochondrial metabolism by monitoring OXPHOS catalytic and/or structural features. Protocols for 
isolating mammalian liver mitochondria and subsequent one-dimensional (1D) BN-PAGE will be described 
in relation to the impact of thyroid hormones on mitochondrial bioenergetics.  

  Key words     Thyroid hormone  ,   Iodothyronine  ,   Mitochondrion  ,   Respiratory chain  ,   BN-PAGE  

1      Introduction 

 Mitochondria are “hybrid” and dynamic organelles resulting 
from the coordinated expression of both the nuclear and their 
own genome [ 1 ,  2 ], critically relevant for energy homeostasis, 
metabolism, regulation of apoptosis, and proper cell viability. 
Physiologically, mitochondrial functions are ensured and orches-
trated by metabolic (i.e., hormones), environmental, and devel-
opmental signals, allowing tissues to adjust their energy 
production according to changing demands. Understanding how 
mitochondria follow these adjustments would provide invaluable 
information and give insight into both mitochondrial functions 
and mitochondria-associated diseases. Importantly, mitochondria 
are key subcellular targets for thyroid hormones [THs; thyroxine 
(T4) and 3,3′,5-triiodo- L -thyronine (T3)] and iodothyronines 
[i.e., 3,5-diiodo- L -thyronine (T2)] that regulate energy and sub-
strate utilization, which are closely dependent on their effects on 
mitochondrial functions [ 3 ,  4 ]. Indeed, extensive changes occur 
in the mitochondrial compartment in response either to THs or 
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to physiological/pathological states involving changes in the activity 
of the thyroid gland [ 4 ,  5 ]. The impact of THs on mitochondrial 
function is particularly evident in metabolically active tissues, 
including skeletal muscle, heart, kidney, and liver. The liver, in par-
ticular, has a central role in the potent hypolipidemic effect of both 
T3 and T2 [ 6 – 8 ], which exert a strong inhibitory effect on the 
development of steatosis [ 6 ,  9 ,  10 ]. This antisteatotic effect implies 
a facilitation of fatty acid transport, an induction of fatty acid oxi-
dation, and a reduction of the severity of liver injury determined by 
the serum levels of transaminases, suggesting a common mecha-
nism of mitochondrial metabolism modulation [ 6 ,  9 ,  10 ]. 

 To study the response of mitochondria to THs under physiolog-
ical, pathological, and pharmacological conditions, an integrated 
multidisciplinary approach is required [ 11 ]. Indeed, the high level of 
compartmentalization in mitochondria and the  existence of multi-
polypeptide complexes that contain hydrophobic proteins in close 
contact with the membrane lipids, peripheral proteins, and nonpro-
tein cofactors imply that a deep structural/functional study of the 
mitoproteome requires an appropriate combination of different 
tools to compensate for the limits imposed by each individual tech-
nique [ 11 ]. During the last decade, proteomics has been increas-
ingly used to identify and quantify mitochondrial proteins related to 
cellular perturbations, enforcing data from metabolites and gene 
sequences both in physiological and pathological situations [ 12 ]. To 
study the effects of iodothyronine administration on total tissue and 
subcellular compartments in metabolically active tissues, we per-
formed high-resolution differential proteomic analyzes combining 
two-dimensional gel electrophoresis (2D-E) and subsequent matrix-
assisted laser desorption/ionization time-of-fl ight mass spectrome-
try (MALDI-TOF MS) and nano liquid chromatography-electrospray 
ionization-linear ion trap (LC-ESI-LIT)-MS/MS techniques [ 7 , 
 13 – 15 ]. To gain deeper insights into both the mitochondrial 
response mechanisms to iodothyronines and the resulting proteome 
alterations, we employed one-dimensional (1D) blue native PAGE 
[1D BN-PAGE] to examine the abundance of mitochondrial 
OXPHOS complexes as well as their supramolecular organization 
and activity [ 7 ,  16 ,  17 ]. In particular, BN-PAGE was used to sepa-
rate mitochondrial proteins and complexes in the mass range of 
10 kDa to 10 MDa [ 18 – 21 ]. Briefl y, BN-PAGE is a discontinuous 
microscale electrophoretic technique to isolate microgram amounts 
of membrane protein complexes from biological membranes for use 
several uses, such as the clinical diagnostics of mitochondrial disor-
ders, identifi cation of protein–protein interactions, in-gel activity, 
protein import, etc. ([ 20 ] , and references within ). 

 For BN-PAGE, membranes are solubilized by nonionic (neu-
tral), nondenaturing detergents, selected based on the detergent 
stability of the complexes of interest (e.g., digitonin is the mildest 
detergent, dodecyl maltoside has stronger delipidating properties, 
and Triton X-100 shows intermediate behavior). After solubiliza-
tion, Coomassie Blue G-250 is added, which binds to the surface 
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of the proteins and converts them into water-soluble molecules. 
This allows the negatively charged complexes to be separated 
according to molecular mass and detected as blue bands in the BN 
gels (in 1D BN gels, the fi ve major Coomassie Blue-stained bands 
represent the oxidative phosphorylation complexes) (Fig.  1 ).

   Supramolecular assemblies retained from the 1D BN-PAGE 
can be dissociated into individual complexes by applying an 
orthogonal modifi ed BN-PAGE for a second native dimension, 
allowing the identifi cation of interacting partners as well as their 
stoichiometric ratio [ 22 ]. Because 1D BN-PAGE separates intact 
OXPHOS complexes/supercomplexes, subsequent denaturing 
electrophoresis can resolve the individual subunits of the respective 
complexes. Indeed, OXPHOS assembly profi les can be obtained 
by two-dimensional blue native/SDS gel electrophoresis, which 
provides additional information on the role of specifi c proteins in 
the biogenesis of the OXPHOS system [ 20 ,  23 ]. 

 Overall, BN-PAGE is a robust, manageable, reproducible, and 
cost- and time-effi cient method, and it has the important advantage of 
being compatible with in-gel activity staining procedures specifi cally 
measuring the OXPHOS enzymes (whereas most spectrophotometric 
assays also detect other cellular activities) [ 24 – 27 ] (Fig.  1 ). A number 
of previous studies support how BN-PAGE, combined with histo-
chemical staining, can provide valuable information for the clinical 
diagnosis of OXPHOS states by monitoring their catalytic and/or 
structural features [ 28 – 30 ]. Of note, the measurement of the specifi c 
activities in reactive bands has to be considered semiquantitative and 
strongly affected by the in-gel milieu [ 21 ,  31 ,  32 ]. The preparation of 
mitochondria from tissues such as liver, as well as the subsequent pro-
cessing for BN-PAGE, can be problematic and actually differ some-
what from the protocols for muscle and brain tissue. 
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  Fig. 1       Representative BN-PAGE separation of dodecylmaltoside-solubilized mito-
chondrial complexes. ( a ) Coomassie blue stained BN-PAGE 6–13 % gradient gel 
of crude rat liver mitochondria. Bands characteristic of individual OXPHOS com-
plexes are recognizable. The native mass range is also reported. 15 μg of mito-
chondrial protein extract were loaded. ( b ) Histochemical staining of in-gel activity 
of individual OXPHOS complexes. The color of the specifi c band staining is reported       
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 Here, we will describe the protocols used in our laboratory to 
isolate the mitochondria from mammalian liver and to study 
OXPHOS complexes by 1D BN-PAGE in terms of assembly and 
individual in-gel activity.  

2    Materials 

      1.    Prepare all solutions using ultrapure [double distilled (dd)] water 
and analytical grade reagents (we did not add sodium azide to the 
reagents), and store all reagents at 4–8 °C (unless indicated oth-
erwise). Diligently follow all waste disposal regulations.   

   2.    The following pieces of equipment are required: a commer-
cially available vertical electrophoresis apparatus [optional, 
(mini)gel multicasting chamber], a power supply (600 V, 
500 mA), a motor-driven tightly fi tting glass–Tefl on homog-
enizer, a gradient mixer for use with a magnetic stirrer (optional 
peristaltic pump for casting acrylamide gradient gels), refriger-
ated centrifuges, and ultracentrifuges. We most often use 
minigel systems in our laboratory, which allow suffi ciently 
good separation of the OXPHOS complexes and have the 
advantage of requiring fewer reagents and less sample mate-
rial. This is important for downstream applications such as in-
gel activity assays, which necessitate expensive chemicals.      

      1.    Phenylmethylsulfonyl Fluoride (PMSF) Stock Solution: 0.5 M 
in Dimethylsulfoxide (DMSO).   

   2.    Sucrose buffer: 440 mM sucrose, 20 mM MOPS, 1 mM EDTA, 
pH 7.2, 0.2 mM PMSF (to be added shortly before use).   

   3.    NaCl solution: 500 mM NaCl, 10 mM Na + /MOPS, pH 7.2.   
   4.    Aminocaproic acid/Bis-Tris HCl solution: 1 M aminocaproic 

acid, 50 mM Bis-Tris HCl, pH 7.   
   5.    Triton X-100 solution: 10 %.   
   6.    Dodecyl maltoside solution: 10 % dodecyl maltoside (w/v) in 

water; store 1 ml aliquots at −20 °C.   
   7.    Digitonin solution: 20 % digitonin (w/v) in water; store 0.1–1 ml 

aliquots at −20 °C. Heating (>70 °C) can be required for some 
lots of digitonin, but avoid repeated freezing/thawing, which can 
lead to the insolubility of digitonin at temperatures <50 °C.   

   8.    Coomassie Blue G-250 solution: 5 % Coomassie Blue G-250 
(w/v) in 1 M aminocaproic acid.      

2.1  Materials 
and Equipment

2.2  Mitochondria 
Isolation and BN-PAGE 
Sample Preparation
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      1.    Acrylamide solution (commercially available): 49.5 % (30 %) 
(w/v), acryl/bisacryl 32:1 (or 37.5:1). Acrylamide and 
bisacrylamide are highly neurotoxic. When handling these 
chemicals, wear gloves and use a pipetting aid.   

   2.    Aminocaproic acid solution: 1 M aminocaproic acid, pH 7.   
   3.    Bis-Tris HCl solution: 1 M Bis-Tris HCl, pH 7.   
   4.    Ammonium persulphate (APS): 10 % APS, 1 g/10 ml; store 

aliquots at −20 °C and thaw fresh.   
   5.     N , N , N ′, N ′-tetramethylethylenediamine (TEMED): commer-

cially available; use from stock bottle.   
   6.    5× cathode buffer blue: 250 mM tricine, 75 mM Bis-Tris, + 0.1 % 

(w/v) Coomassie Blue G-250, pH 7 (adjust at 4 °C).   
   7.    5× cathode buffer: 250 mM tricine, 75 mM Bis-Tris, pH 7 

(adjust at 4 °C).   
   8.    6× anode buffer: 300 mM Bis-Tris, pH 7 (adjust at 4 °C).   
   9.    NativeMark™ Unstained Protein Standard (Invitrogen).      

      1.    Fixing solution: 7 % acetic acid, 40 % methanol in water.   
   2.    Staining solution: Brilliant Blue G colloidal concentrate, 

according to the manufacturer instructions.   
   3.    Destaining solution: 10 % acetic acid, 25 % methanol in water.   
   4.    Rinsing solution: 25 % methanol in water.      

      1.    Buffer for NADH dehydrogenase (ubiquinone) ( Complex I ) 
activity: 100 mM Tris–HCl, pH 7.4, 768 mM glycine, 0.1 mM 
β-NADH, 0.04 % nitrotetrazolium blue (NTB) (w/v).   

   2.    Buffer for succinate dehydrogenase ( Complex II ) activity: 
100 mM Tris–HCl, pH 7.4, 100 mM glycine, 10 mM succi-
nate, 0.1 % NTB (w/v).   

   3.    Buffer for cytochrome c oxidase ( Complex IV ) activity (for 
10 ml): 5 mg 3,3′-Diaminobenzidine tetrahydrochloride 
(DAB) in 9 ml phosphate buffer (0.05 M, pH 7.4), 1 ml 
20 μg/ml catalase, 10 mg cytochrome c, 750 mg sucrose.   

   4.    Buffer for FoF1ATPase ( Complex V ) activity: 35 mM Tris–
HCl, pH 7.8, 270 mM glycine, 14 mM MgSO 4 , 0.2 % 
b(NO 3 ) 2 , 8 mM ATP.   

   5.    Fixing solution for BN gels: 50 % methanol, 10 % acetic acid 
in water.   

   6.    Stop solution: 50 % methanol in water.       

2.3  Gel Casting 
and Electrophoresis

2.4  Brilliant Blue G 
Gel Staining

2.5  Histochemical 
Evaluation of OXPHOS 
In-Gel Activities
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3    Methods 

 Carry out all procedures at 4 °C unless otherwise specifi ed. 

      1.    Mince 50 mg wet weight liver tissue in ice-cold sucrose buffer, 
and rinse several times until the solution is clear.   

   2.    Gently homogenate the minced liver samples for 1 min in 
0.5 ml sucrose buffer by using a tightly fi tting glass–Tefl on 
homogenizer (set at 500 rpm).   

   3.    Pass the homogenate through a sterile gauze and adjust the 
volume [a dilution of 1:10 (w/v) is recommended].   

   4.    Isolate the nuclear pellet by centrifuging at 500 ×  g  for 10 min.   
   5.    Remove the supernatant and place in a new labeled and pre- 

cooled tube.   
   6.    Centrifuge the supernatant again at 3,000 ×  g  for 10 min. 

Remove the supernatant again and reserve the pellet. This 
contains the cytosolic and membrane fractions that also con-
tain lighter mitochondria ( see   Notes 1  and  2 ).   

   7.    Wash the pellet from  step 6  twice in ice-cold sucrose buffer, 
and resuspend it by pipetting.   

   8.    At this time point, a protein concentration assay is recom-
mended ( see   Note 3 ).      

      1.    Homogenize the mitochondrial sediment in 0.5 ml NaCl 
solution.   

   2.    Centrifuge at 20,000 ×  g  for 20 min; discard the supernatant.   
   3.    Add 0.150 ml aminocaproic acid/Bis-Tris HCl solution, 

0.020 ml 10 % Triton X-100, and homogenize by twirling 
with a tiny spatula.   

   4.    Centrifuge at 100,000 ×  g  for 15 min; discard the 
supernatant.   

   5.    Add 0.04 ml aminocaproic acid/Bis-Tris HCl solution and 
homogenize.   

   6.    Add 0.020 ml dodecyl maltoside solution. Optional: add 
0.020 ml digitonin solution.   

   7.    Add 0.010 ml Coomassie Blue G-250 solution (at this time, 
samples can be stored at −80 °C for several weeks) ( see   Note 4 ).   

   8.    Apply to gel wells (volumes to be applied depend on gel and 
comb dimensions; 5–20 μl should be loaded into minigel wells).      

      1.    Select and cast the appropriate gel type for BN-PAGE, noting 
that acrylamide gradient gels are commonly used for this pro-
cedure. First, cast separating gels at 4–8 °C using a gradient 
mixer. The amounts of each reagent needed to make ten 

3.1  Isolation 
of Mitochondria

3.2  Solubilization 
of OXPHOS Respiratory 
Complexes from Crude 
Mitochondrial Pellet

3.3  Casting 
of Acrylamide 
Gradient Gels
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6–13 % polyacrylamide gradient gels (10 × 100 × 1.0 mm) are 
given in Table  1  ( see   Note 5 ).

       2.    After casting the separating gel, cover it with water or isopro-
panol and allow it to polymerize at room temperature, which 
takes approximately 30–60 min.   

   3.    When the gel has polymerized, remove the water or isopropa-
nol (in this case, rinse with water) from the top of the gradient 
gels, remove from casting chamber, and cast the stacking (or 
sample) gel at room temperature (Table  2 ). Add the appropri-
ate sample combs.

       4.    Allow the gel to polymerize for approximately 15–30 min at 
room temperature.   

   5.    Remove the sample gel comb and overlay the gel with cathode 
buffer blue (1×) ( see   Note 6 ).      

   Table 1  
  Recipe for the casting of ten 6–13 % polyacrylamide gradient minigels (using the BioRad 
multicasting chamber, 1 mm)   

 6 % acrylamide  13 % acrylamide 

 7.6 ml acrylamide solution  14 ml acrylamide solution 

 9 ml dd water  0.2 ml dd water 

 19 ml aminocaproic acid solution (1 M, pH 7)  16 ml aminocaproic acid solution (1 M, pH 7) 

 1.9 ml Bis-Tris solution (1 M, pH 7)  1.6 ml Bis-Tris solution (1 M, pH 7) 

 200 μl 10 % APS  200 μl 10 % APS 

 20 μl TEMED  20 μl TEMED 

 Total volume: 38 ml  Total volume: 32 ml 

   Table 2  
  Recipe for the casting of ten 4 % polyacrylamide 
stacking gels (for mini gels)   

 4 % Stacking gel 

 3.5 ml acrylamide solution 

 8 ml dd water 

 12.5 ml aminocaproic acid solution (1 M, pH 7) 

 1.5 ml Bis-Tris solution (1 M, pH 7) 

 200 μl 10 % APS 

 50 μl TEMED 

 Total volume: 25.5 ml 

 Study of Liver Mitochondrial OXPHOS by (1D) BN-PAGE
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  BN-PAGE using cathode buffer blue (i.e., with 0.02 % Coomassie 
Blue G-250 added) is performed at 4 °C in a vertical apparatus. 
After the samples are applied to the gel, the gel is run at 80 V until 
the samples have completely entered the sample gel (approximately 
30 min for minigels). The gel is then run for several hours at 100–
150 V (for minigels) until the blue dye has almost run off the bot-
tom of the gel ( see   Note 7 ).  

  To visualize and quantify the obtained electrophoretic profi le and to 
intensify faint bands, BN gels can be stained with Brilliant Blue G.

    1.    After the runs are complete, immerse the gels in fi xing solution 
(10–20 ml of solution is suffi cient for minigels) and incubate at 
room temperature with gentle agitation for at least 30 min.   

   2.    Incubate the gels in Brilliant Blue G according to the manu-
facturer instructions.   

   3.    Incubate the gel in destaining solution with gentle agitation 
for 30–60 s, depending on gel dimensions (30 s is suffi cient 
for minigels) at room temperature ( see   Note 8 ). Rinse the gels 
by incubating them in rinsing solution with gentle agitation at 
room temperature for 15 min. Repeat this step four times.   

   4.    Wash twice with dd water at room temperature for 5 min per wash.   
   5.    Scan the gels using a commercially available imaging system.      

  After the runs are complete, the following steps are initiated.

    1.    To visualize Complex I in-gel activity, incubate the gel slices in 
Complex I buffer with gentle agitation at room temperature. 
The required volume will depend on the gel-slice dimensions 
(10–20 ml is suffi cient for minigels). The band color (violet) 
needs few minutes to appear and be detected. Preserve the 
original color of the reacting bands by fi xing the gel slices in 
BN gel fi xing solution (with gentle agitation at room tempera-
ture for 30 min) ( see   Notes 9  and  10 ).   

   2.    To visualize Complex II in-gel activity, incubate the gel slices 
in Complex II buffer with gentle agitation at room tempera-
ture. The required volume will depend on the gel-slice dimen-
sions. The band color (pink) needs 10–30 min to appear and 
be detected. Preserve the original color of the reacting bands 
by fi xing the gel slices in BN gel fi xing solution (with gentle 
agitation at room temperature for 30 min) ( see   Notes 9 – 11 ).   

   3.    To visualize Complex IV in-gel activity, incubate gel slices with 
Complex IV buffer with gentle agitation at room temperature. 
The band color (brown) needs 15–60 min to appear and be 
detected. Preserve the original color of the reacting bands by 
fi xing the gel slices in BN gel fi xing solution (with gentle agita-
tion at room temperature for 30 min) ( see   Notes 9  and  10 ).   

3.4  Electrophoresis

3.5  Gel Staining 
with Brilliant Blue G

3.6  Quantifi cation 
of Native OXPHOS 
Protein In-Gel Activity 
by Histochemical 
Evaluation
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   4.    Determine Complex V activity by incubation of BN-PAGE 
gels in Complex V buffer with gentle agitation at room tem-
perature. The band color (white) needs several hours to appear 
and be detected. Stop the reaction in 50 % methanol, and 
wash the gels with distilled water.   

   5.    Scan the gels using an imaging system, and express the areas of 
the colored bands as absolute values (arbitrary units).       

4    Notes 

     1.    When working on subcellular compartments, as in the case of 
mitochondria, the purity of the preparation is critical. Indeed, 
during mitochondrial preparation, several proteins can be co- 
isolated (i.e., from endoplasmic reticulum or other organelle 
membranes in close contact with the mitochondria), impairing 
quantitative and qualitative analyzes and thus altering data 
interpretation. Several methods have been applied in an effort 
to obtain pure mitochondria from tissues and cells, including 
differential centrifugation; density gradient centrifugation 
with Percoll™ [ 33 ], Nycodenz [ 34 ], Metrizamide [ 35 ], or 
sucrose [ 36 ] free-fl ow electrophoresis [ 37 ]; and kit-based 
methods [ 38 ]. Mitochondria can also be highly purifi ed by 
immunoisolation (by means of mitochondria-specifi c antibod-
ies), although the costs are high and sample retrieval is low 
[ 39 ]. The purity of the mitochondrial preparation—a funda-
mental issue above all others when performing quantitative 
analyzes of proteins with different subcellular localizations—
can be tested by measuring marker-enzyme activities (such as 
citrate synthase) and/or by western blotting for specifi c mark-
ers [i.e., voltage-dependent anion channels (VDACs) as posi-
tive control or histones as negative control].   

   2.    Mitochondrial heterogeneity with respect to sedimentation 
characteristics, chemical makeup, and enzyme activities has 
long been recognized. An optional method to isolate mito-
chondria to distinguish “heavy” (1,000 ×  g ), “medium” 
(3,000 ×  g ), and “light” (10,000 ×  g ) mitochondrial subfrac-
tions has been suggested [ 40 ]. The 3,000 ×  g  fraction repre-
sents relatively intact mitochondria and is characterized by 
high oxidation rates and good respiratory control. Even lighter 
liver mitochondria can be isolated at 27,000 ×  g . However, in 
this case, the high gravitational fi eld can signifi cantly affect the 
integrity of the obtained fraction [ 41 ]. 

 To obtain the light fraction, the supernatant from the cen-
trifugation at 3,000 ×  g   has to be centrifuged at 10,000 ×  g   for 
10 min at 4 °C. To obtain the lighter fraction, the supernatant 
obtained at 10,000 ×  g   has to be centrifuged at 27,000 ×  g   for 

 Study of Liver Mitochondrial OXPHOS by (1D) BN-PAGE



120

10 min at 4 °C. The pellets obtained in these two separate steps 
have to be washed twice by adding the sucrose buffer again and 
then resuspending by pipetting. Then, the suspension is centri-
fuged again for 10 min either at 10,000 or at 27,000 ×  g . 
Resuspend the mitochondria pellets in sucrose buffer.   

   3.    At this step, the protocol can be temporarily stopped by freez-
ing the mitochondrial preparation before membrane solubili-
zation. A freeze–thaw cycle helps to break the membrane and 
facilitates respiratory chain complexes solubilization during 
the subsequent steps for BN-PAGE.   

   4.    The samples can be stored at −80 °C for several months before 
loading on the gel.   

   5.    Commercial ready-to-use blue native gels are also available 
(Invitrogen, Native PAGE Novex Bis-Tris Gel system).   

   6.    Gels can be stored at 4 °C for 1 month if the overlay buffer is 
renewed at ~3-day intervals.   

   7.    For better band detection, the cathode buffer blue can be 
removed after one-third of the gel is run and replaced with 
cathode buffer before completing the electrophoresis.   

   8.    Destaining is important for reducing the gel background sig-
nal and the signal from nonspecifi c staining.   

   9.    The time latency for color appearance for tissues other than 
liver can be longer. In any case, in vivo iodothyronine admin-
istration or changes in the thyroid state of the whole animal 
can infl uence time latency for color appearance.   

   10.    To save materials and reagents, the gel can be cut to the band 
of interest.   

   11.    The Coomassie Blue G-250 dye, used in BN-PAGE, inter-
feres with in-gel fl uorescence detection and some in-gel cata-
lytic activity assays, as in the case of Complex III. This problem 
can be overcome by performing high-resolution clear native 
electrophoresis (CNE). The basic separation principles and 
the performance of BN-PAGE and CNE are markedly differ-
ent, although the experimental setups are largely identical 
except for the addition of Coomassie Blue G-250 dye to the 
sample and cathode buffer for BN-PAGE. CNE, which omits 
Coomassie Blue G-250, lacks the advantages of the charge 
shift technique BN-PAGE, is limited to the separation of 
acidic proteins with a p I  below the pH of the gels, and is 
often characterized by protein aggregation during electro-
phoresis and by a signifi cantly lower resolution compared to 
BN-PAGE. However, it offers clear advantages for in-gel cat-
alytic activity assays and detection of fl uorescent labels. The 
fi rst in-gel histochemical staining protocol for respiratory 
Complex III has been reported [ 42 ].         

Elena Silvestri et al.
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    Chapter 11   

 Detection of UCP1 Protein and Measurements 
of Dependent GDP-Sensitive Proton Leak 
in Non- phosphorylating Thymus Mitochondria 

           Kieran     J.     Clarke    ,     Audrey     M.     Carroll    ,     Gemma     O’Brien    , 
and     Richard     K.     Porter     

    Abstract 

   Over several years we have provided evidence that uncoupling protein 1 (UCP1) is present in thymus 
mitochondria. We have demonstrated the conclusive evidence for the presence of UCP1 in thymus mito-
chondria and we have been able to demonstrate a GDP-sensitive UCP1-dependent proton leak in non- 
phosphorylating thymus mitochondria. In this chapter, we show how to detect UCP1 in mitochondria 
isolated from whole thymus using immunoblotting. We show how to measure GDP-sensitive UCP1- 
dependent oxygen consumption in non-phosphorylating thymus mitochondria and we show that increased 
reactive oxygen species production occurs on addition of GDP to non-phosphorylating thymus mitochon-
dria. We conclude that reactive oxygen species production rate can be used as a surrogate for detecting 
UCP1 catalyzed proton leak activity in thymus mitochondria.  

  Key words     Thymus mitochondria  ,   UCP1  ,   GDP-sensitive  ,   Proton leak  ,   Reactive oxygen species  , 
  Amplex Red  ,   Oxygen consumption  ,   Immunoblotting  ,   Peptide polyclonal antibodies  

1      Introduction 

 Uncoupling protein 1 (UCP1) was thought to be a unique to BAT 
[ 1 ]. However, recently in our laboratory we have demonstrated that 
UCP1 is present in the thymus. Data supporting the presence of UCP1 
in thymus mitochondria includes (1) evidence of transcript for 
UCP1 in thymus, (2) immunoblot detection of UCP1 in thymus 
mitochondria from wild type but not UCP1 knockout mice using 
peptide polyclonal antibodies to UCP1, (3) purifi cation (and MALDI 
identifi cation) of UCP1 from thymus, (4) GDP- binding studies to 
thymus mitochondria, (5) GDP-sensitive oxygen consumption by 
non-phosphorylating thymus mitochondria by wild type but not 
UCP1 knockout mice, (6) increased reactive oxygen species produc-
tion in thymus mitochondria from UCP1 knockout mice compared 
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to wild-type controls, and (7) confocal images of UCP1 associated 
with mitochondrial in thymocytes from wild type but not UCP1 
knockout mice [ 2 – 8 ]. It should also be noted that thymocytes are 
very small (5 μm in diameter) (Fig.  1 ) and thus are easily distinguish-
able from brown adipocytes (50–70 μm in diameter). Mitochondrial 
proton leak rate in all mitochondria can be measured, indirectly, using 
the oxygen consumption of non-phosphorylating mitochondria. We 
have been able to demonstrate a GDP-sensitive proton leak in non-
phosphorylating thymus mitochondria due to UCP1. Inhibiting 
UCP1 would be predicted to increase reactive oxygen species produc-
tion from the electron transport chain in non-phosphorylating mito-
chondria due to the resultant increase in membrane potential. We 
showed that increased reactive oxygen species production does occur 
on addition of GDP to non-phosphorylating thymus mitochondria 
and thus increased reactive oxygen species production can be used as 
a surrogate index for detecting UCP1 activity in thymus mitochon-
dria. We also demonstrate how to detect UCP1 in  mitochondria iso-
lated from whole thymus by an immunoblot.

2       Materials 

 All solutions were prepared using ultrapure water from a Millipore 
Elix Advantage 10 Water Purifi cation System (resistivity >5 MΩ cm) 
and analytical grade reagents. All reagents were stored at room 
temperature (unless indicated otherwise). We adhered to waste 
disposal regulations rigorously. 

  Fig. 1    Transmission electron micrograph of a rat thymocyte       
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      1.    Isolation Buffer: At least a day before isolation of mitochondria, 
weigh out 85.75 g sucrose, 121.14 g Tris and 0.38 g EGTA. Add 
900 ml water. Mix and adjust the pH to 7.4 with concentrated 
HCl. Make the isolation medium up to 1 L with water and store 
at 4 °C ( see   Note 1 ).   

   2.    Isolation apparatus: Place a Dounce/Potter Homogeniser and 
pestles (covered in tin foil) on ice ( see   Note 2 ).   

   3.    Thymus: Ten young male/female Wistar rats c.12 weeks 
old/190 g ( see   Note 3 ).      

      1.    The gel apparatus used was a Mini-PROTEAN ®  3 CELL 
(Bio-Rad).   

   2.    Resolving gel buffer: 1.5 M Tris–HCl, pH 8.8 (Add ~100 ml 
of water to a 1 l beaker). Weight 181.7 g Tris and transfer to 
the beaker. Add water to a volume of 900 ml. Mix and adjust 
pH with HCL. Make up to 1 l with water. Store at 4 °C.   

   3.    Stacking gel buffer: 0.5 M Tris–HCl, pH 6.8. Weigh 60.6 g Tris 
and prepare a 1 L solution as in previous step. Store at 4 °C.   

   4.    Protogel™ ultra-pure 30 % (w/v) acrylamide and 0.8 % (v/v) 
bisacrylamide solution (National Diagnostics).   

   5.    10 % (w/v) ammonium persulfate (see  Note 4 ).   
   6.     N ,  N ,  N, N ′-tetramethyl-ethylenediamine (TEMED) (Sigma). 

Store at 4 °C.   
   7.    A glycine-based running buffer (0.38 M glycine, 0.05 M Tris, 

0.1 % (w/v) SDS) was used for electrophoresis.   
   8.    The sample buffer was made up as 4× strength. Components 

of the sample buffer are as follows: water (3.8 ml), 0.5 M Tris–
HCl, pH 6.8 (1.0 ml), glycerol (0.8 ml), 10 % (w/v) SDS 
(1.6 ml) and 1 % (w/v) Bromophenol blue (0.4 ml). 5 % 
β-mercaptoethanol (v/v) was added to the sample buffer 
immediately prior to use (see  Note 5 ).   

   9.    Bromophenol blue solution: Dissolve 0.1 g BPB in 10 mL 
water for a 1 % (w/v) stock solution.      

      1.    Polyvinylidene difl uoride (PVDF) membranes (Immobilon- 
P SQ   ; Millipore) (see  Note 6 ).   

   2.    Soak six pieces of blotting paper (cut to the size of the gel) in 
transfer buffer for 5 min.   

   3.    Immunoblot transfer buffer: 0.192 M glycine, 0.025 M Tris–
HCl, pH 8.3, 0.013 M SDS, 15 % (v/v) methanol.   

   4.    Phosphate Buffered Saline (PBS): 0.14 M NaCl, 2.7 mM KCl, 
11.5 mM Na 2 PO 4 , 1.8 mM KH 2 PO 4 , pH 7.4.   

   5.    Blocking/Diluent solution: PBS containing 0.1 % Tween20 
and 5 % (w/v) Marvel milk powder ( see   Note 7 ). Store at 4 °C.   

2.1  Preparative 
Steps for Isolation 
of Thymus 
Mitochondria

2.2  Components 
for Sodium Dodecyl 
Sulfate Polyacrylamide 
Gel Electrophoresis 
(SDS-PAGE)

2.3  Components 
for Immunoblotting

Detection of UCP1 Protein and Measurements…
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   6.    Transfer was achieved using a semidry transfer apparatus 
(Hoeffer) at 110 mA for 2 h ( see   Note 8 ).   

   7.    Ponceau S solution (0.25 % (w/v) Ponceau S, in 3 % (v/v) 
trichloroacetic acid) ( see   Note 9 ).      

      1.    A broad range set of prestained molecular weight marker 
standards (provided by New England Biolabs) were used. 
The prestained markers used were  E. coli  MBP-β-
galactosidase (175 kDa),  E. coli  MBP-paramyosin (83 kDa), 
bovine liver glutamic dehydrogenase (62 kDa), rabbit mus-
cle aldolase (47.5 kDa), rabbit muscle triosephosphate iso-
merase (32.5 kDa), bovine milk β-lactoglobulin A (25 kDa), 
chicken egg white lysozyme (16.5 kDa), and bovine lung 
aprotinin (6.5 kDa).   

   2.    Rabbit anti-UCP1 antibody: we used an antibody to an anti-
genic peptide region (145–158) of rat UCP1 was used 
( see   Note 10 ).   

   3.    Rabbit anti-ATP synthase antibody: we used an antibody to 
the β-subunit of the F 1 -ATP synthase ( see   Note 11 ).   

   4.    Secondary antibodies were horse-radish peroxidase (HRP) 
conjugated goat anti-rabbit secondary antibody.      

      1.    The basic incubation medium for thymus mitochondria is pre-
dominantly an ionic medium containing 120 mM KCl, 5 mM 
Hepes, 1 mM EGTA and 0.1 % (w/v) defatted bovine serum 
albumin, pH 7.4 (with KOH).   

   2.    The Oroboros Respirometer was used to measure ox   ygen 
consumption by thymus mitochondria ( see   Note 12 ).   

   3.    Stocks of the following solutions are required to give final 
concentrations of 1 μg/ml oligomycin, 5 μM atractyloside 
and 10 mM glycerol-3-phosphate in the incubation 
medium for oxygen consumption rate measurements by 
non- phosphorylating thymus mitochondria.   

   4.    Amplex Red conversion to Resorufi n was used to detect reac-
tive oxygen species production by mitochondria ( see   Note 13 ).   

   5.    Stocks of the following solutions are required to fi nal concen-
trations of 1 μg/ml oligomycin, 5 μM atractyloside, 10 mM 
glycerol-3-phosphate, 5 μM Amplex Red, 10 U/ml horse-
radish peroxidase, and 30 U/ml superoxide dismutase for 
measurements of reactive oxygen species production by non- 
phosphorylating thymus mitochondria.   

   6.    Stocks of the protonophore carbonyl cyanide  p -(trifl uoro- 
methoxy) phenyl-hydrazone (FCCP) and the UCP1 inhibitor 
GDP are required for addition to thymus mitochondria to 
give fi nal concentrations of 0.5 μM and 1 mM respectively.       

2.4  Molecular 
Weight Standards 
and Antibodies

2.5  Incubation Media 
and Apparati 
for Measurement 
of Oxygen 
Consumption 
and Reactive Oxygen 
Species Production by 
Thymus Mitochondria
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3    Methods 

      1.    Rats were euthanized by carbon dioxide asphyxiation ( see   Note 
14 ) in accordance with strict guidelines on animal welfare as 
outlined in Directive 2010/63/EU and S.I No. 543 2012.   

   2.    The thymus was removed from the abdominal cavity, trimmed 
of connective tissue and fat, placed into a beaker containing 
ice cold (0–4 °C) isolation buffer. Any brown adipose tissue 
(BAT) ( see   Note 15 ) present in the vicinity of the thymus is 
clearly visible and distinguishable from the thymus (Fig.  2 ) 
and is removed prior to the thymus being weighed.

       3.    Thymus mitochondria were prepared essentially by the method 
of Chappell [ 9 ] ( see   Note 16 ).   

   4.    The thymus was chopped fi nely using a scissors and washed 
several times using ice-cold isolation buffer.   

   5.    The tissue was poured into a glass homogeniser tube to a fi nal 
volume of approximately 40 ml. The tissue was then homog-
enized by hand with four passes using a pestle of 0.26 in. 
(loose) clearance followed by six passes using a pestle of 
0.12 in. (tight) clearance.   

   6.    The homogenate was fi ltered through four layers of muslin.   
   7.    The resulting fi ltrate was centrifuged at 800 ×  g  for 3 min at 

4 °C. The pellet was discarded and the supernatant (contain-
ing organellar and cytosolic fractions) was centrifuged at 
12,000 ×  g  for 10 min at 4 °C.   

   8.    The supernatant was discarded and the pellet (containing an 
enriched mitochondrial fraction) was re-suspended in isolation 
buffer containing 2 % (w/v) de-fatted BSA ( see   Note 17 ) and 
centrifuged at 12,000 ×  g  for 10 min at 4 °C.   

3.1  Isolation 
of Thymus 
Mitochondria

  Fig. 2    A thymus and associated BAT excised from a rat       
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   9.    This pellet was subsequently resuspended in isolation buffer 
(without BSA) and centrifuged at 12,000 ×  g  for a further 
10 min at 4 °C ( see   Note 18 ).   

   10.    The resulting mitochondrial pellet was resuspended in 0.05 ml 
isolation buffer per gram of original tissue and mitochondria 
used within 6–8 h of isolation.   

   11.    A protein assay was used to determine the concentration of 
mitochondrial protein in the fi nal suspension ( see   Note 19 ).      

      1.    Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was performed by the method of Laemmli [ 13 ], 
using a Mini-PROTEAN ®  3 CELL (Bio-Rad) with a 5 % 
stacking and a 12 % resolving gel.   

   2.    The 12 % resolving gel was composed as follows: water 
(3.35 ml), 1.5 M Tris–HCl, pH 8.8 (2.5 ml), 10 % (w/v) SDS 
(100 μl), Protogel™ (ultra-pure 30 % (w/v) acrylamide and 
0.8 % (v/v) bisacrylamide solution; National Diagnostics; 
4.0 ml), TEMED (5 μl) and 10 % (w/v) ammonium persulfate 
(50 μl). Cast the gel ( see   Note 20 ).   

   3.    The stacking gel (5 %) was prepared with water (6.1 ml), 
0.5 M Tris–HCl, pH 6.8 (2.5 ml), 10 % (w/v) SDS (100 μl), 
Protogel™ (ultra-pure 30 % (w/v) acrylamide, and 0.8 % 
(v/v) bisacrylamide solution; National Diagnostics; 1.33 ml), 
TEMED (10 μl) and 10 % (w/v) ammonium persulfate 
(50 μl). Insert a 10-well gel comb.   

   4.    The sample buffer was made up as 4× strength. Components 
of the sample buffer are as follows: water (3.8 ml), 0.5 M Tris–
HCl, pH 6.8 (1.0 ml), glycerol (0.8 ml), 10 % (w/v) SDS 
(1.6 ml) and 1 % (w/v) Bromophenol blue (0.4 ml). 5 % 
β-mercaptoethanol (v/v) was added to the sample buffer 
immediately prior to use.   

   5.    The sample buffer was added to the mitochondrial protein so 
that the fi nal concentration of sample buffer was 1×. Once the 
sample buffer and mitochondrial protein were added together, 
the samples were vortexed briefl y and boiled for 5 min on a 
heating block set to 100 °C. The samples were then pulsed in 
a bench top centrifuge, loaded into separate wells.   

   6.    A glycine-based running buffer (0.38 M glycine, 0.05 M Tris, 
0.1 % (w/v) SDS) was used for electrophoresis. Electrophorese 
was at a constant current (200 V) for 45 min, until the tracker 
dye reached the bottom of the resolving gel. Gels were then 
prepared for immunoblotting.      

      1.    Following SDS-PAGE, resolved proteins were transferred onto 
polyvinylidene difl uoride (PVDF) membranes (Immobilon-
P SQ ; Millipore).   

   2.    Wet the PVDF membrane in 100 % methanol for ~5–10 s.   

3.2  SDS PAGE 
Electrophoresis

3.3  Immunoblotting

Kieran J. Clarke et al.
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   3.    Drain and equilibrate the PVDF membrane and pieces of fi lter 
paper in transfer buffer for 5 min.   

   4.    Transfer was achieved using a semidry transfer apparatus 
(Hoeffer) at 110 mA for 2 h. Firstly, the stacking gel was 
removed and gels were rinsed briefl y in semidry transfer buffer 
(0.192 M glycine, 0.025 M Tris–HCl, pH 8.3, 0.013 M SDS, 
15 % (v/v) methanol) and carefully arranged in the semidry 
transfer apparatus as directed by the manufacturers.   

   5.    After transfer was complete, blotted proteins on the PVDF 
membrane were directly incubated in Ponceau S solution 
(0.25 % (w/v) Ponceau S, in 3 % (v/v) trichloroacetic acid) 
and washed gently with distilled water.   

   6.    The blot was then washed in phosphate-buffered saline (PBS) 
(0.14 M NaCl, 2.7 mM KCl, 11.5 mM Na 2 HPO 4 , 1.8 mM 
KH 2 PO 4 , pH 7.4).   

   7.    Blocking of the membrane was performed by incubating the 
blot in PWB (PBS containing 0.1 % (w/v) Tween 20) contain-
ing 5 % (w/v) Marvel milk powder at room temperature for 
1 h or overnight at 4 °C. This blocking was followed by 
3 × 10 min washes using PWB.   

   8.    Blots were then incubated in primary antibody (in PWB con-
taining 5 % (w/v) Marvel milk powder) overnight at 4 °C or 
at room temperature for 1 h containing a 1:1,000 dilution of 
an affi nity-purifi ed Eurogentec anti-UCP 1 peptide antibody 
(   or a 1:1,000 dilution or a commercial anti-UCP 1 peptide 
antibody (Sigma/Calbiochem)). Well loading/mitochondrial 
protein loading was determined using the antibody to the 
β-subunit of the F 1 -ATP synthase (F 1 β) (1:1,000 dilution).   

   9.    Following this primary antibody incubation, the blots were 
washed for 3 × 10 min in PWB.   

   10.    The blots were then incubated with a horse-radish peroxidase 
(HRP) conjugated goat anti-rabbit secondary antibody 
(1:10,000 dilution) in PWB containing 5 % Marvel milk pow-
der for 1 h at room temperature.   

   11.    Following this, blots were further washed for 3 × 10 min in 
PWB. Blots were developed using an enhanced chemilumines-
cence (ECL) detection system (Amersham-Pharmacia) for detect-
ing horse-radish peroxidase labelled antibody, by means of the 
HRP catalyzed oxidation of luminol under alkaline conditions.   

   12.    Results were visualized by exposure to Kodak X-Omat LS fi lm 
(Figs.  3  and  4 ).

        13.    The quality of the antibody was demonstrated by the observation 
that increased amounts of UCP1 were detected with increased 
concentrations of BAT (but not liver) liver mitochondria from 
C57BL/6J wild type as expected. No UCP 1 was detected in 
BAT mitochondria from UCP1 knockout mice (Fig.  3 ).      

Detection of UCP1 Protein and Measurements…
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  Fig. 3    UCP 1 peptide antibody (Eurogentec) detects UCP1 in BAT mitochondria from C57BL/6J wild type (WT) 
but not BAT from UCP 1 knockout (KO) mice. Varying concentrations of BAT (UCP1 present) and liver (UCP1 
absent) mitochondria from C57BL/6J wild type and BAT mitochondria from UCP1 knockout mice were sub-
jected to SDS-PAGE (12 % resolving gel) and immunoblotting with a 1:1,000 dilution of an anti-UCP 1 
(Eurogentec) peptide antibody. A ~32.5 kDa denotes the presence of UCP 1       
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  Fig. 4    UCP 1 peptide antibody (Eurogentec) detects UCP1 in BAT and thymus/thymocyte but not in liver of 
mitochondria from rat. Mitochondria isolated from (a) BAT of cold-acclimated (CA, 8 °C) rats (fed), (b) BAT of 
fed rats at room temperature (RT, 21 °C), (c) thymocytes of fasted rats at room temperature, (d) whole thymus 
of fasted rats at room temperature and (e) liver of fed rats at room temperature. 100 μg mitochondria were 
subjected to SDS-PAGE (12 % resolving gel) and immunoblotting with an anti-UCP 1 (Eurogentec) peptide 
antibody ( a ) and an antibody to the β-subunit of the F 1 -ATPase (F 1  β) ( b ). All antibodies were used at a 1:1,000 
dilution A ~33 and ~45 kDa band denotes the presence of UCP 1 and F 1 β respectively       

      1.    The Oroboros Respirometer was used to measure oxygen 
consumption by thymus mitochondria. The Respirometer 
contains 2 × 2 ml glass sealable chambers.   

   2.    After addition of 0.1 mg mitochondria/ml incubation 
medium, final concentrations of 1 μg/ml oligomycin, 
5 μM atractyloside and 10 mM glycerol-3-phosphate were 
added for oxygen consumption rate measurements by non-
phosphorylating thymus mitochondria ( see   Note 21 ).   

3.4  Measurement 
of Oxygen 
Consumption Rate
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   3.    Non-phosphorylating thymus mitochondrial oxygen 
consumption rates were measured when a stable signal was 
established (within a minute) for up to 2–3 min (Fig.  5a ).

       4.    GDP (1 mM fi nal concentration) was added to the chamber to 
inhibit oxygen consumption due to proton leak by UCP1.   

   5.    The protonophore carbonyl cyanide p-(trifl uoro-methoxy) 
phenyl-hydrazone (FCCP) (0.5 μM fi nal concentration) was 
added to the chamber to determine maximal “uncoupled” 
 oxygen consumption rate.      

      1.    A Perkin Elmer LS 55 fl uorometer with excitation set at 
570 ± 8 nm and emission at 585 ± 4 nm was used to detect 
fl uorescence of Resorufi n.   

   2.    H 2 O 2  generation, detected by the Amplex Red conversion to 
Resorufi n, was essentially as described by Dlasková et al. [ 10 ] 
( see   Note 22 ).   

3.5  Measurement 
of Mitochondrial 
Reactive Oxygen 
Species (H 2 O 2 ) 
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  Fig. 5    Two Indirect assays of mitochondrial proton leak due to UCP1 in thymus mitochondria. Thymus mito-
chondria (100 μg/ml) incubated at 37 °C in 120 mM KCl, 5 mM Hepes-KOH pH 7.4, 1 mM EGTA, 1 μg/ml oli-
gomycin, 5 μM atractyloside, 0.1 % de-fatted BSA and then substrate was added (10 mM glycerol-3- phosphate) 
( a ) Steady-state oxygen consumption rates were obtained in the Oroboros Oxygraph Respirometer. 1 mM GDP 
was added to inhibit oxygen consumption due to UCP1 and 0.5 μM FCCP was added to achieve maximal 
uncoupled rate. ( b ) 5 μM Amplex Red, 10 U/ml horseradish peroxidase and 30 U/ml superoxide dismutase 
were added to the medium. Steady-state reactive oxygen species production was measured using a Perkin 
Elmer LS 55 fl uorometer with excitation wavelength set at 570 ± 8 nm and emission wavelength set at 
585 ± 4 nm as it detected an increase in fl uorescence of Resorufi n from Amplex Red. H 2 O 2  production was 
measured for 250 s, whereupon 0.5 μM of the protonophore carbonyl cyanide  p -(trifl uoro-methoxy) phenyl-
hydrazone (FCCP) was added and H 2 O 2  production was measured for a further 250 s. Fluorescence was cali-
brated using known amounts of H 2 O 2  each experimental day. Data in both graphs, is expressed as mean ± S.E.M. 
of at least three experiments, each experiment performed in triplicate. The mean values were compared using 
an unpaired (two-tailed) student’s  t -test. A probability  p -value is thus obtained indicating whether the means 
are signifi cant ( P  < 0.05)       
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   3.    After addition of 0.1 mg mitochondria/ml incubation 
medium, fi nal concentrations of 1 μg/ml oligomycin, 5 μM 
atractyloside, 10 mM glycerol-3-phosphate, 5 μM Amplex 
Red, 10 U/ml horseradish peroxidase and 30 U/ml superox-
ide dismutase were added to detect reactive oxygen species 
production by thymus mitochondria (Fig.  5b ).   

   4.    GDP (1 mM fi nal concentration), an inhibitor proton leak due to 
UCP1 and which increases reactive oxygen species production, 
was added to mitochondrial suspensions in fl uorimeter cuvettes.   

   5.    The protonophore carbonyl cyanide p-(trifl uoro-methoxy) 
phenyl-hydrazone (FCCP) (0.5 μM fi nal concentration) which 
completely uncouples mitochondria and decreases reactive 
oxygen species production, was added to mitochondrial sus-
pensions in fl uorimeter cuvettes.       

4    Notes 

     1.    Mitochondria from whatever source are traditionally isolated 
in non-ionic media and for good reason. The functionality of 
the resulting mitochondrial fraction is preserved in a prepa-
ration from a non-ionic medium when compared prepara-
tions with an ionic medium. In addition, the inclusion of the 
calcium chelator ethylene glycol-bis (2-aminoethylether)-
 N , N , N ′, N ′-tetraacetic acid (EGTA) results in a good quality 
mitochondrial preparation.   

   2.    The tin foil is to allow you to place the pestles in the ice with-
out ice contacting the pestle. No ice/water should get onto 
the pestles or in the homogenizer.   

   3.    Young animals are selected as they have large thymi when 
compared with older animals. The thymus begins to atrophy 
once adolescence begins.   

   4.    Best to prepare this fresh each time.   
   5.    Due to the obnoxius odor of mercaptoethanol, ours and other 

laboratories are now using the less ordorous reductant 
dithiothreitol.   

   6.    PVDF membranes are more durable and have higher binding 
capacities when compared to nitrocellulose membranes (150–
160 μg/cm 2  vs. 80 μg/cm 2 ). Thus they have higher sensitivi-
ties and are the preferred choice for hydrophobic (i.e., 
membrane) proteins like UCP1. PVDF membranes requires a 
brief “wetting” step with methanol.   

   7.    We used the same solution for Blocking and Probing.   
   8.    Semidry blotting is easier, quicker and uses less buffer than wet 

blotting. Low molecular weight proteins transfer with greater 
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reproducibility using semidry blotting whereas high molecular 
weight proteins transfer better with wet transfer. UCP1 is in the 
medium range and thus either method can be used.   

   9.    Ponceau S is a diazo dye used to determine the presence of 
protein on nitrocellulose or PVDF membranes.   

   10.    In this instance we used an antibody to the (145–158) peptide 
of UCP1 raised for us by Eurogentec. The antibody was affi n-
ity purifi ed before use. However, we have also shown that 
both the Sigma and Calbiochem antibodies to the (145–158) 
peptide of UCP1 are sensitive and selective for UCP1 over 
UCP2, UCP3 and other mitochondrial transporters.   

   11.    In this instance we used an antibody to the β-subunit of the 
F 1 -ATP synthase from Neurospora crassa, a gift from a col-
league (Dr. Matt Harmey, Department of Botany, University 
College Dublin, Ireland). However, other antibodies such as 
the antibody to the 142–171 region of the human β-subunit 
of the F 1 -ATP synthase from Acris will work just as well.   

   12.    The Oroboros Respirometer is a very sensitive Clark-type oxy-
gen electrode with 2 × 2 ml glass sealable chambers. It is the 
most sensitive oxygen electrode on the market and further 
details can be obtained at the Oroboros website:   http://www.
oroboros.at/       

   13.    Amplex Red is converted to Resorufi n in the presence of 
hydrogen peroxide by the enzyme horseradish peroxidase 
included in the assay medium. As electrons “escape” from the 
electron transport chain they generate superoxide. Inclusion 
of superoxide dismutase in the assay medium converts super-
oxide to hydrogen peroxide and oxygen. So in short the 
Amplex Red assay indirectly measures superoxide production 
by mitochondria, by directly measuring hydrogen peroxide 
production rate, which in turn is detected by the increase in 
fl uorescence due to the increase in abundance of Resorufi n 
from Amplex Red. Steady-state hydrogen peroxide produc-
tion was measured using a Perkin Elmer LS 55 fl uorometer set 
to detect Resorufi n with excitation wavelength at 570 ± 8 nm 
and emission wavelength set at 585 ± 4 nm.   

   14.    Asphyxiation by carbon dioxide is an approved method for 
euthanasia of rats/mice. The method limits any damage or 
bleeding into the thymus when compared with other forms of 
euthanasia such as cervical dislocation.   

   15.    The thymus is under the rib cage on top of the heart and is a 
“milky” white color whereas brown adipose tissue is “tan/
brown” in color due to the large abundance of mitochondria 
and if present, is easily distinguishable and easily separated 
from the thymus (Fig.  2 )   
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   16.    In Chappell [ 9 ] mitochondria are isolated by differential 
centrifugation. This method has been used extensively for iso-
lation of liver mitochondria.   

   17.    The pellet wash in 2 % (w/v) defatted BSA is essential for 
recovering GDP-sensitive thymus mitochondria. A pellet wash 
of 0.2 % (w/v) defatted BSA results in thymus mitochondria 
that are NOT sensitive to GDP, however brown adipose tissue 
mitochondria are sensitive to GDP at that lower defatted BSA 
concentration.   

   18.    A subsequent wash of the pellet in the absence of defatted BSA 
is so as not to contaminate the protein determination assay 
with protein other protein from the original sample.   

   19.    We have used both the Bicinchoninic Acid Assay described by 
Smith et al. [ 11 ] and the Markwell assay [ 12 ] as a means to 
quantify of protein concentration in the fi nal mitochondrial 
suspension.   

   20.    Allow space for stacking gel and overlay resolving gel with 
isobutanol or water   

   21.    Atractyloside inhibits the adenine nucleotide carrier and oligo-
mycin inhibits the ATPsynthase, insuring non- phosphorylating 
thymus mitochondria. Glycerol-3-phosphate is a substrate for 
mitochondrial glycerol-3-phosphate dehydrogenase which is 
located on the outer surface of the mitochondrial inner 
membrane.   

   22.    Interestingly, direct superoxide detection by ethidium bro-
mide was not increased on ablation of UCP1 when measured 
in isolated mouse brown adipose tissue mitochondria [ 10 ]. 
Whereas increased hydrogen peroxide production was detect-
able in the presence of horseradish peroxidise and superoxide 
dismutase in isolated mouse brown adipose tissue mitochon-
dria from UCP1 knock-out mice when compared to wild-type 
mice when Amplex Red was used [ 10 ].         
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Chapter 12

Exploring Liver Mitochondrial Function by 13C-Stable 
Isotope Breath Tests: Implications in Clinical Biochemistry

Ignazio Grattagliano, Leonilde Bonfrate, Michele Lorusso, 
Luigi Castorani, Ornella de Bari, and Piero Portincasa

Abstract

The liver plays a pivotal role in a myriad of metabolic processes, including detoxification, glycolipidic stor-
age and export, and protein synthesis. Breath tests employing 13C as stable isotope have been introduced 
to explore such energy-dependent pathways involving mitochondrial function in the liver. Specific sub-
strates are ketoisocaproic acid, methionine, and octanoic acid. In humans, the application of 13C-breath 
tests ranges from nonalcoholic and alcoholic liver diseases to liver cirrhosis, hepatocarcinoma, preoperative 
and postoperative assessment of liver function, and drug-induced liver damage. Studying liver mitochon-
drial function by 13C-breath tests represents a complementary tool to monitor complex metabolic pro-
cesses in health and disease.

Key words Breath test, Hepatic mitochondrial function, Hepatocellular carcinoma, Ketoisocaproic 
acid, Liver diseases, Liver steatosis, Methionine, Octanoic acid

1  Introduction

Mitochondria are intracellular organelles that act as source of 
energy for the cells in the body. Hepatocytes contain a large num-
ber of mitochondria (1,000–2,000 per cell) which participate in 
the intense metabolic processes occurring anytime in the liver dur-
ing the degrading pathways involving carbohydrates, proteins, lip-
ids, and xenobiotics. Mitochondrial dysfunction greatly contributes 
to the onset and progression of several chronic liver diseases [1], 
and mitochondrial abnormalities are reported in more advanced 
forms of liver diseases, including liver cirrhosis, as well as in drug-
induced liver injury [2–4]. Chronic liver diseases, whether auto-
immune, alcoholic, viral, or metabolic, are common conditions 
worldwide with impact on morbility, mortality, quality of life of 
populations, and costs for the health care system [5]. Standard 
monitoring of patients with chronic liver disease is based on serum 
transaminases levels, imaging, and liver biopsy with histology. As 
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noninvasive diagnostic tool, liver ultrasonography and, recently, 
ultrasound-based transient elastography and some algorithms 
based on serum parameters [6, 7] are employed to obtain a raw 
picture of liver disease status [8]. To date, no specific easily avail-
able blood test provides information on liver mitochondrial status. 
Mitochondrial metabolic processes are often investigated in iso-
lated organelles or even in mitochondrial fractions or cell culture. 
Measurements, however, are complex in whole biological systems 
and make the comparison between different models and in vivo 
somewhat difficult. One example is the study of the effects of sev-
eral xenobiotics, including drugs with known liabilities [9, 10]. 
The investigation becomes difficult when considering whole-body 
drug metabolism and conversion pathways into more or less reac-
tive metabolites. Impaired mitochondrial function likely spreads 
metabolic markers into the systemic circulation, for example lead-
ing to abnormal acetoacetate/β-OH-butyrate ratio [11, 12]. Most 
of these parameters, however, are not easy to monitor and are not 
peculiar to specific functional abnormalities in the liver. Novel fin-
gerprints of mitochondrial function are likely to emerge with the 
increasing use of metabolomics [13], a metabolite network aimed 
to quantify all metabolites in a cellular system under defined states. 
Metabolomics would allow the dynamic study of genetic pertur-
bations [14]. Abnormal steady state concentrations of mitochon-
drial metabolites are not simple to interpret. Complex metabolic 
processes, in fact, might be influenced also by the influx of 
unknown precursors following raveled metabolic pathways. 
Methods for assessing and monitoring mitochondrial function and 
especially early mitochondrial dysfunction in the clinical setting 
might therefore provide additional diagnostic and prognostic 
information, and clues to novel therapeutic strategies. Problems 
related to the study of mitochondrial function could be potentially 
circumvented by the use of dynamic tests based on hepatic clear-
ance. Dynamic tests such as breath tests (BTs), by measuring the 
grade of mitochondrial injury would contribute to exploring the 
progression of liver diseases in the clinical setting and in a nonin-
vasive way [12]. In this scenario, known quantities of specific 
traced substrates can be quantitatively and selectively measured 
after either oral or intravenous administration. The easiest way is 
to measure gas in expired air, which represents the basis of 
dynamic BTs. For mitochondria, most used 13C-substrates include 
13C-ketoisocaproic acid (13C-KICA), 13C-methionine, and 13C- 
octanoate. Although studies appear still experimental, BTs could 
serve as a valuable supporting diagnostic tool in patients with spe-
cific liver diseases, to minimize the need for invasive procedures, 
i.e., liver biopsies (Table 1)

Ignazio Grattagliano et al.
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2  Materials

Physiologically, if a test substrate undergoes mitochondrial catabo-
lism, CO2 will be produced. If the carbon atom is labeled (*C), 
the appearance of the labeled *CO2 in expired air will reflect the 
mitochondrial clearance of that given substrate. The general prin-
ciple of the BT is based on such assumption [12]. The radioactive 
14C isotope has been used in the past, with some limitations. 
Instead, the stable, nonradioactive, environmental isotope 13C is 
currently used. 13C accounts for about 1.1 % of all natural carbon 
on Earth, and is found in plants and food chain. Several metabolic 
processes in hepatocytes may be explored by 13C-labeled substrates 
and BTs (Fig. 1). The most used 13C substrates for the study of 
mitochondrial function are 13C-KICA, 13C-methionine, and 
13C-octanoate (Fig. 2a–c). Benzoic acid undergoes glycine conju-
gation, and although interesting, has been used only in experimental 
animal models of liver cirrhosis [15].

Table 1  
Liver mitochondrial breath tests: substrates and evidence for potential clinical applications

Substrate
Clinical 
conditions Information Reference

KICA ALD Diagnosis of acute alcohol consumption  
(even low-moderate doses)

[26]

ALD Discrimination between chronic alcohol consumption  
and nonalcoholic chronic liver disease

[19]

ALD Monitoring and ascertaining of alcohol withdrawal [19]
NAFLD Discrimination between simple steatosis and steatohepatitis 

(NASH) and low-grade and high-grade fibrosis
[22]

HCC Additional diagnostic parameter and prediction  
of tumor recurrence after local treatment

[23]

Drugs Evaluation of acute drug toxicity [26]

Methionine Liver cirrhosis Discrimination between different degree of chronic  
liver damage

[29]

ALD Diagnosis of acute alcohol ingestion [30]
NAFLD Discrimination between simple steatosis and NASH [54]
HCV Discrimination between HCV infected patients and  

healthy subjects and toxicity of pegylate interferon  
plus ribavirin treatment

[42]

Drugs Evaluation of chronic drug toxicity [31]
Friedriech’s 

ataxia
Diagnosis of neurological disorders [34]

Octanoate NAFLD Evaluation of altered lipid metabolism [40]

ALD alcoholic liver disease, HCC hepatocellular carcinoma, HCV hepatitic C virus, KICA α-ketoisocaproic acid, 
NAFLD nonalcoholic fatty liver disease, NASH nonalcoholic steatohepatitis

Breath Tests and Mitochondrial Function
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KICA (MW: 130.141800 g/mol, MF: C6H10O3, IUPAC name: 
4-methyl-2-oxopentanoic acid) is an intermediate in the metabo-
lism of leucine (Fig. 2a).

	 1.	The decarboxylation of KICA is a specific function of mito-
chondria, as shown in experimental models [16], in isolated 
mitochondria [17], in healthy subjects with therapeutic doses 
of acetyl salicylic acid or with low ethanol intake, and in a num-
ber of liver diseases.

	 2.	The generation of labeled CO2 following administration of 
labeled KICA reflects mitochondrial function, particularly 
if the major competing pathway for the KICA elimination, 
the transamination to leucine, is suppressed by the con-
comitant administration of leucine (see Note 1). There is 
no gender difference when results are corrected for body 
composition [18].

	 3.	KICA decarboxylation is decreased in alcoholics compared 
with patients with nonalcoholic fatty liver disease (NAFLD) 
and controls [19, 20], but not in subjects with chronic intake 
of alcohol or alcohol-induced steatosis [21]. KICA decarbox-
ylation is defective in patients with advanced nonalcoholic 

2.1  13C-KICA BT

Fig. 1 Sites where metabolic processes may be explored by breath test in hepatocytes. In particular, 13C-α-

ketoisocaproic acid, 13C-methionine, and 13C-octanoate are the three substrates more widely employed for the 
assessment of mitochondrial function (see text for details)

Ignazio Grattagliano et al.
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Fig. 2 Mitochondrial metabolism of (a) methionine; (b) α-ketoisocaproic acid; (c) octanoic acid. In all cases, 
CO2 is produced. The principle of 13C breath test relies on the use of 13C-substrates which ultimately become 
donors of 13CO2 following mitochondrial metabolism

Breath Tests and Mitochondrial Function
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Fig. 2 (continued)

steatohepatitis (NASH) but not in those with simple steatosis 
[22], and inversely related to the extent of fibrosis resulting 
even better than measuring serum hyaluronate, especially in 
obese patients. KICA decarboxylation is also greatly decreased 
in cirrhotic patients with HCC compared with cirrhotic 
patients without HCC and identical Child–Pugh score [23] 
with further alterations just following treatment with radio-
frequency ablation (RFA) and transarterial chemoemboliza-
tion (TACE).

	 4.	A recently novel application of 13C-KICA BT has been 
described in a patient suffering from massive liver echinococ-
cosis [24] (see Note 2). The test confirmed a slight mitochon-
drial malfunction (see Note 3).

	 5.	Liver mitochondrial function is influenced by a number of 
drugs which enter mitochondria and accumulate, and interfer-
ing with respiratory complexes or electron transfer [25] (see 
Note 4). The test may be helpful to ascertain the integrity of 
these organelles before potentially toxic drugs are adminis-
tered and to detect drug-induced mitochondrial damage 
before the appearance of symptoms in order to timely manage 
patients and prevent adverse effects. Examples are tacrolimus, 
aspirin [26], and ergot alkaloids [27].

Ignazio Grattagliano et al.
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Methionine (MW: 149.21134 g/mol, MF: C5H11NO2S, IUPAC 
name: (2S)-2-amino-4-methylsulfanylbutanoic acid) is an essential 
amino acid that plays a key role in various metabolic processes, 
including protein synthesis [28] (see Note 5).

	 1.	If l-(1-13C)-methionine is administered as substrate, the meta-
bolic process will be associated with production of labeled 
13CO2. Transmethylation of methionine results in the removal 
of the labeled methyl group if (methyl-13C)-methionine is used 
as substrate (Fig. 2b). The methyl group may in part be used 
for the synthesis of sarcosine which is oxidized to formalde-
hyde and production of CO2 in mitochondria. Methionine dif-
ferentially labeled in the methyl group and in position 1 can be 
used to study the complex metabolism of methionine [29].

	 2.	For testing mitochondrial function, either l-(1-13C) methio-
nine or (methyl-13C)-methionine may be used, but limitations 
apply (see Note 6).

	 3.	Methionine BT has been used to assess mitochondrial function 
during acute intoxication and in chronic liver diseases: acute 
ethanol consumption impairs 13C-methionine decarboxylation 
in healthy volunteers with normal liver [30], whereas metabo-
lism of methionine is decreased in patients with liver cirrhosis 
and especially in those with ethanol etiology [29], in those with 
biopsy-proven severe NAFLD in relation to the extent of ste-
atosis [31], and in patients taking high dose valproic acid [31] 
or nucleoside analogs for the treatment of HIV [32].

	 4.	Defective methionine BT has been reported also in hepatitis C 
infected cells [33], and in patients with Friedreich ataxia [34] 
an autosomal recessive degenerative disorder caused by loss of 
function mutations in the frataxin gene (FXN gene), located 
on chromosome 9q13 [35].

Octanoic acid (MW: 144.21144  g/mol, MF: C8H16O2, IUPAC 
name: octanoic acid) is a medium chain fatty acid that enters mito-
chondria independently of the carnitine transport system.

	 1.	Within mitochondria, octanoic acid undergoes β-oxidation 
which generates acetyl coenzyme A (AcCoA). AcCoA enters 
the Krebs cycle and is oxidized to CO2 unless utilized for the 
synthesis of other energy-rich compounds (Fig. 2c).

	 2.	As BT, 13C-octanoate is also used to assess the rate of gastric 
emptying to solids [36, 37] (see Note 7). 13C-Octanoate 
should also reflect hepatic mitochondrial function when gastric 
emptying and duodenal absorption are not severely delayed. 
Octanoic acid is therefore a potential substrate for noninva-
sive breath testing of hepatic mitochondrial beta-oxidation 
(see Note 8).

2.2  13C-Methionine 
BT

2.3  13C-Octanoate BT

Breath Tests and Mitochondrial Function
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	 3.	In animal models, the decarboxylation of octanoate was 
decreased in rats developing thioacetamide-induced acute hep-
atitis and liver cirrhosis [38].

	 4.	In patients with NASH the oxidation of octanoate was either 
unchanged [39] or increased [40], and unchanged in those 
with early stage and advanced cirrhosis with and without 
porto-systemic shunt [41] (see Note 9).

3  Methods

With BTs, 13C-labeled substrates are administered orally or intrave-
nously. The most common way is by oral route (Fig. 3). The pro-
tocol steps are described in the following points [12, 23].

	 1.	Overnight fasting subjects, 8–12 h (see Note 10).
	 2.	The subject should rest in a quiet room and not smoking for at 

least 30 min before, and during the test (see Note 11).

Fig. 3 Methodology of breath test analysis of 13C-substrates for liver function. After ingestion of the given 
substrate, liver function is reflected by the concentration of exhaled 13CO2, provided gastric emptying, duodenal 
absorption, portal transfer of the substrate to the liver, 13CO2 distribution in the body compartments, and lung 
function are normal
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	 3.	The substrate is drunk by the patient within 1–3  min. For 
13C-KICA a dose of 1 mg/kg body weight plus 1 g unlabeled 
l-leucine is administered. 13C-Methacetin is given at a dose of 
1.5 mg/kg body weight. Substrates are dissolved in 100 mL of 
tap water (see Note 12).

	 4.	Samples of expired air are collected into plastic bags (250–
500 mL) or glass exetainer tubes, at baseline and thereafter at 
different time points, usually every 15  min up to 120  min  
(see Note 13).

	 5.	The enrichment of expired 13CO2 is then analyzed by isotope 
ratio mass spectrometry or by infrared spectroscopy (i.e., 
IRMS; Helifan Plus, Fischer ANalysen Instrumente GmbH, 
Leipzig, Germany).

	 6.	The rate of exhalation of 13CO2 at each time point is calculated 
from the measured increment in the isotopic abundance of 
13CO2 (δ13CPDB), knowing the purity of the labeled compound 
and assuming a constant endogenous production of CO2 of 
300 mmol/m2/h.

	 7.	Results are expressed as percentage of the administered  
dose recovered per hour. The cumulative percentage of  
13CO2  in breath is calculated as the area under curve (AUC)  
(see Note 14).

	 8.	Results should always be compared with those obtained at 
each research center in a control group of healthy subjects  
(see Note 15).

	 9.	Some limitations to the BT methodology apply (see Note 16).
	10.	Breath tests employing stable isotopes (13C) might represent 

dynamic tools to investigate mitochondrial function in health 
and disease (see Note 17).

4  Notes

	 1.	KICA decarboxylation is mainly influenced by the availability 
of NADH.  For example earlier studies showed that ethanol 
given at 0.5 g/kg b.w. increases the availability of NADH and 
is associated with decreased KICA decarboxylation; by con-
trast, 1 g of aspirin decreases liver NADH concentrations and 
is associated with higher KICA decarboxylation [26].

	 2.	Echinococcosis is an infection with the metacestode stage of 
the tapeworm Echinococcus, a member of the Taeniidae 
family. The most common forms Echinococcus granulosus 
and Echinococcus multilocularis are responsible for cystic 
echinococcosis and alveolar echinococcosis, respectively, 
and represent a reemerging infection with worldwide distri-
bution [24].
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	 3.	The mitochondrial dysfunction was confirmed by a lower 
percentage of Cumulative Dose Recovery (CPDR) of 22  % 
(normal: CPDR within 120 min ≥ 23 % normal). By contrast, 
13C-methacetin breath test (as index of liver microsomal 
function) was normal. Likely, the slightly impaired mitochon-
drial function might be secondary to the “mass effect” of 
Echinococcus in the liver and/or to release of local hepato-
toxic substances. In this patient, the test returned to normal 
weeks after hepatic surgery and excision of the cyst.

	 4.	For example, nucleoside analogs once incorporated into mito-
chondrial DNA, inhibit c-DNA polymerase and hinder the 
replication process [32]. These drugs are widely used in trans-
planted patients or in HIV and HBV infected subjects. In any 
case, this is an intriguing question since it seems that also 
some viral infection itself (HIV, HCV) may impair mitochon-
drial function. In fact, mitochondrial function was found to 
be imbalanced in HCV infected cells [33] and in patients 
[42]. Several xenobiotics, including clinically relevant drugs 
have been described to cause excessive activation of mito-
chondrial permeability transition pore. They include acet-
aminophen [43], N-nitrosofenfluramine [44], or salicylate 
[45]. Nimesulide has shown these effects in vitro [46]. Aspirin, 
ibuprofen (nonsteroidal anti-inflammatory drugs), amiodarone 
(antiarrhythmic agent), and valproate (an anticonvulsant, 
histone deacetylase inhibitor) inhibit mitochondrial fatty acid 
β-oxidation [25, 47].

	 5.	Exogenous methionine is used for protein synthesis or enters 
the methionine cycle in which it is transformed into S- 
adenosylmethionine, the main biological methyl donor. 
After donation of the methyl group, the resulting S- 
adenosylhomocysteine is hydrolyzed to homocysteine, which 
either undergoes transsulfuration or is remethylated to methi-
onine. The transsulfuration step leads to the formation of 
α-ketobutyrate which enters mitochondria and ultimately 
undergoes decarboxylation.

	 6.	The complex metabolic pathways of methionine render the 
interpretation of the BT results and especially the comparisons 
across studies quite difficult. This is especially true when differ-
ently labeled methionine is used, and more than one 13CO2 is 
formed from either l-(1-13C) or (methyl-13C)-methionine 
[48]. Moreover, in some studies intravenous rather than oral 
methionine has been used and this makes comparisons even 
more difficult [49].

	 7.	Currently, 100 mg octanoate labeled with 13C is used as sub-
strate already incorporated in a solid muffin test meal for the 
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study of gastric emptying. The test meal is ingested together 
with a glass of water. In a recent validation study [37], the test 
meal contained a total energy intake of 378 kcal with 57 g car-
bohydrate (61  %), 14  g fat (33  %), and 6  g protein (6  %) 
(SOFAR, Milan, Italy). The retention of 13C-octanoic acid to 
the muffin was evaluated by in vitro incubation studies [50].  
A similar meal consisting of three small muffins to which 
50–100 mg 13C-octanoic acid is provided within a soluble cap-
sule taken orally, is being validated. (Portincasa et al., internal 
file and MD Thesis, De Luca et al. University of Bari, October 
2013; manufacturer AB Analitica SrL, Padua, Italy). For gas-
tric emptying studies breath samples are taken at baseline and 
every 30 min during 4 h. The software for calculation of results 
is provided by the manufacturer.

	 8.	The substrate (98 % APE) can be obtained by local manufac-
turers involved in stable isotope distribution or from few inter-
national companies (e.g., Cambridge Isotope Laboratories, 
Andover, MA, USA). For clinical experimental application, a 
specific authorization of local ethical committees is necessary, 
in spite of noninvasiveness of the substrate. Informed consent 
needs to be provided, and includes full explanation of potential 
risks (none), costs, benefits and study protocol. The informed 
consent must be provided before the test starts, and is dated 
and signed by the subject undergoing the test, the physician in 
charge, and a witness.

	 9.	Such apparently discrepant results with octanoate might be 
due to subtle differences in metabolic pathways, substrates 
employed or by extra-hepatic mitochondrial oxidation of 
octanoate. Unfortunately, a comparison of different substrates 
and BTs in the same group of subjects/patients has not been 
performed, so far.

	10.	The clinical history or previous investigations should suggest 
that gastric emptying is preserved and not severely delayed. 
The latter condition (i.e., gastroparesis, major motility defects, 
inflammation, malignancies, etc.) might interfere with the 
delivery of the substrate to the duodenum, and make interpre-
tation of the results difficult.

	11.	Avoiding movement and smoking will minimize variations in 
endogenous CO2 production due to physical activity or 
combustion.

	12.	The substrate is flavorless and the small volume in which it is 
dissolved allows a quick ingestion with prompt initiation of 
gastric emptying process. This is due to the liquid composition 
of the sample.
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	13.	In normal conditions, a total of nine samples are taken for a 
15-min sampling during 2 h (i.e., at time 0, 15, 30, 45, 60, 75, 
90, 105, 120 min). Depending on local technology and facili-
ties, the investigator may prefer the use of plastic bags when 
the equipment is arranged to measure few samples (i.e., four at 
the same time for the Helifan equipment). Special glass tubes 
(exetainers) with a plastic/rubber cap are useful when several 
samples are planned on the same day or the automatic sam-
pling system is available. One advantage of BTs is that if the 
patient is appropriately instructed, samples can be collected at 
home, in the ward or in the outpatient clinics from several 
patients. Bags and exetainers are tightly closed and samples are 
measured within 24 h, where the equipment is available. This 
is the concept of “field test” by using BTs.

	14.	Specific softwares are available for automatic calculation and 
construction of 13CO2 exhalation versus time curves. The rate 
of exhalation of 13CO2 at each time point is calculated from the 
measured increment in the isotopic abundance of 13CO2 
(δ13CPDB), the known purity of the labeled compound and 
an assumed constant endogenous production of CO2 
(300 mmol/m2/h), and is expressed as the percentage of the 
administered dose exhaled/h. The cumulative recovery of 
13CO2 in breath is calculated as the AUC (area under the 
curve) of the 13CO2 exhalation rate compared with the time 
curve determined by linear interpolation using the trapezoidal 
rule [51, 52].

	15.	It is advisable that for clinical studies, the referral center will 
recruit a suitable number of sex-, age-, body size-matched 
control subjects with no evidence of gastrointestinal motility 
defects or major diseases or drug ingestion, or liver abnor-
malities. Results from such healthy controls (i.e., expressed 
as the cutoff above the mean + 2 standard deviations), will be 
compared with those obtained from the group of patients or 
from a single patients, looking for example at the difference 
at different time-points (e.g., 30, 60, 90, 120  min) or as 
overall AUC.

	16.	The use of stable isotopes allows the test repetition to monitor 
the course of a disease or the effect of a given treatment, and 
notably can be performed also in infants and pregnant women. 
Limited availability and costs of the equipment, costs of sub-
strates, and need for experienced operators for a rather time-
consuming test represent some of the drawbacks of this 
methodology. Almost all substrates used are naturally occurring 
compounds, are administered at very low doses, and toxicity is 
unlike to occur. Some of these substrates undergoing liver 
metabolism at various intracellular levels (Fig.  3) have been 
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utilized in clinical investigations although none of them has 
been currently officially approved for clinical use [12, 22, 23]. 
Thus, for clinical studies, authorization from the local ethical 
committees is required [12].

	17.	Variable results have been reported with 13C-BTs when mito-
chondrial function is investigated in vivo, likely due to factors 
influencing mitochondrial performances. Nevertheless, a 
number of clinically relevant conditions can be investigated 
by 13C-BT tests. Marked steatosis and NASH, as well as etha-
nol consumption are associated with liver mitochondrial dys-
function with KICA and methionine BT. The predictive value 
of BTs, however, does not allow to make clinical decisions 
based on BT results. The interpretation of mitochondrial BT 
is not straightforward and confounding variables have to be 
carefully considered when assessing the pathophysiological 
relevance and quantitative implications of the results. Orally 
administered substrates encounter influencing factors such as 
gastric emptying, bioavailability, and hepatic first pass metab-
olism. Competing pathways of elimination and metabolism 
of the test compounds and “competing” mitochondria, i.e., 
mitochondrial metabolism in organs other than the liver, may 
influence the test results. When substrates that also occur 
endogenously are used, the pool of endogenous substrate 
will have an impact on the concentration of the tracer and 
thereby influence the amount of tracer that is metabolized 
independently of mitochondrial function. Finally, the con-
centration of labeled CO2 in breath will depend on the 
amount of CO2 ending up in breath rather than in circulating 
or renally excreted bicarbonate and the endogenous produc-
tion of unlabeled CO2, which can vary substantially among 
subjects [53]. These variables influencing the test result are 
difficult to control. Nevertheless, BTs still have clinical utility 
in regard to diagnosis, prognosis or control of treatment 
effects if they can be adequately validated. Finally, BTs with 
new substrates investigating specific mitochondrial functions 
are warranted.
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    Chapter 13   

 Following Mitochondria Dynamism: Confocal Analysis 
of the Organelle Morphology 

           Francesca     R.     Mariotti    ,     Mauro     Corrado    , and     Silvia     Campello     

    Abstract 

   Mitochondria are highly dynamic organelles, whose morphology can vary from an elongated and 
interconnected network to fragmented units. In recent years, outstanding discoveries have linked 
m itochondrial morphology to the regulation of an increasing number of biological processes, such as bio-
synthetic pathways, oxidative phosphorylation and ATP production, calcium buffering, and cell death. 
Here we describe two of the main methods used to analyze the mitochondrial length in fi xed cells and the 
mitochondrial fusion rate in live cells. Moreover, we focus one of the protocols on T cells, as an example 
of non-adherent cells, which present some particularities and diffi culties in the analysis of mitochondrial 
shape. We also discuss the main mouse models carrying a mitochondrial targeted fl uorescent protein, an 
invaluable tool to deeply investigate in vivo mitochondrial morphology.  

  Key words     Mitochondria  ,   Morphology  ,   Fusion and fi ssion  ,   Microscopy  ,   Fluorescence  

1      Introduction 

  Mitochondria play important roles in different cellular activities, 
spanning from energy production to cell death regulation. They 
constantly undergo structural transitions, passing from a fused and 
interconnected network to fragmented units [ 1 ]. The balance 
between fusion and fi ssion events determines the mitochondrial 
shape. Moreover, mitochondria are actively transported through-
out the cells and they can change their structure in response to 
physiological stimuli. For all these different aspects they are con-
sidered highly dynamic organelles. 

 The continuous shape changes have important effects on the 
morphology, function and distribution of mitochondria [ 2 ] and, at 
the same time, they affect various cellular processes [ 3 ,  4 ]. 

 It is therefore clear that the balance between the different 
mitochondrial conformations must be tightly regulated and that 
any alterations can have detrimental effects on their stability and on 
cell survival. Indeed, mutations in genes regulating mitochondrial 

1.1  Mitochondria 
Dynamics
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dynamics have been linked to the insurgence of cancer and 
 neurodegenerative pathologies, such as Alzheimer [ 5 ], Parkinson 
[ 6 ], Autosomal Dominant Optic Atrophy (ADOA) [ 7 ], and 
Huntington’s disease [ 8 ].  

  The main need to study mitochondrial dynamics is to visualize the 
organelles with a resolution suffi ciently high to appreciate differ-
ences in shape and/or size, also in small cells. Techniques for imag-
ing mitochondria are continuously being improved to further 
unveil the mechanisms that regulate this process and to link the 
shape of these organelles to the different cellular processes 
(Table  1 ). Therefore, in this section we provide a brief description 
of the different approaches that are commonly adopted to visualize 
mitochondria and mitochondrial dynamics. First, we describe the 
tools available for mitochondrial imaging both in cultured cells and 
in transgenic mice. In the second paragraph, we instead provide 
detailed protocols to observe and measure mitochondrial mor-
phology in different cell types (Table  1 ).

     The simplest and easiest way to visualize mitochondria inside the 
cells is by Immunofl uorescence, using the various commercially 
available antibodies against mitochondrial proteins. The incuba-
tion with secondary antibodies conjugated with fl uorescent dyes 
allows mitochondrial visualization at the microscope. In this case, 
cells have to be fi xed to a glass support and permeabilized before 

1.2  Studying 
Mitochondrial 
Dynamics: Different 
Approaches

1.2.1  Mitochondria 
Imaging In Vitro

 In Vitro/Ex Vivo Approaches

    Table 1  
  Schematic representation of the different approaches that will be described in the following 
paragraph for mitochondrial imaging   

 Approaches  Tools  Description 

 In vitro 
studies 

  Antibodies  directed against 
mitochondrial proteins 

 Huge number of available antibodies; Limitation: 
in vitro studies with fi xed cells (not dynamic) 
and low fl uorescence/resolution 

  Dyes  (Rhodamine, Rosamine, 
JC-1, MitoTracker) 

 Analysis of mitochondria structure and status; 
Limitations: cytotoxicity, risk of artifacts 
impinging on the results 

  Fluorescent proteins  targeted 
to mitochondria (such as 
mitoGFP, mitoRFP, 
 photoactivatable 
fl uorescent proteins  

 Highly specifi c biosensors for mitochondria analyses, 
in particular for live imaging; bright fl uorescence 
(which means images with good resolution); 
dynamic experiments; limitation: transfection/
infection within cells not always feasible 

 In vivo 
studies 

  Transgenic mice   In vivo studies and ex vivo live cell imaging; tissue- 
dependent mitochondria visualization; experiments 
also with untransfectable cells. Limitations: not 
always possible to maintain and work with animals 
and to obtain transgenic mice 
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visualizing mitochondria, thus with the limitations that an in vitro 
experiment, with fi xed cells, might have. Moreover, other technical 
limitations must also be taken in consideration, such as the stability 
and brightness of the fl uorescence, the latter often so weak that it 
is easily bleached by the microscope lasers, and lost. 

 As an alternative, mitochondrial imaging can be performed 
taking advantage of commercially available dyes or constructs 
consisting of mitochondrial targeting sequences fused to fl uores-
cent proteins [ 9 ]. Rhodamine, rosamine, JC-1, MitoTracker, and 
tetramethylrhodamine are some of the commercially available 
dyes. They are usually accumulated in the mitochondrial matrix, 
according to the plasma and the mitochondrial membrane poten-
tial, following Nernst Equation. Their fl uorescence response to 
changes in mitochondrial membrane potential is then complicated 
by their peculiar tendency to undergo self-quenching. Moreover, 
at least in some conditions, changes in the mitochondrial poten-
tial and morphology can be mutually linked. Thus, for all these 
aspects, the use of these dyes might be improper or can give rise 
to artifactual results. Finally, cytotoxicity is another important 
limitation of these dyes that must be accurately considered before 
starting the experiment. 

 The best approach to properly visualize mitochondrial 
dynamics is the transfection within the cells of fl uorescent pro-
teins specifi cally targeted to mitochondria. Indeed, Fluorescent 
proteins (FP) and the most recently engineered photoactivatable 
FPs (PA-FP) are emerging as powerful tools for live imaging anal-
yses [ 10 ]. The wild-type green fl uorescent protein (GFP) has 
been modifi ed to produce variant proteins excitable and emitting 
at different wavelengths, such as yellow (YFP), blue (BFP), and 
cyan (CFP). Genetic modifi cations of a red fl uorescent protein 
extracted from  Discosoma striata  coral (DsRed), commonly 
referred to DsRed, allowed the formation of a monomeric RFP1 
protein [ 11 ], thus avoiding the problems of aggregation fre-
quently observed with “old generation” plasmids. A new version 
of DsRed has been further engineered, DsRed-Express2, which is 
stably expressed [ 12 ] without any sign of toxicity and phototox-
icity, conversely detected with other proteins and that can be 
excited by both blue and green lasers. To further improve the 
fl uorescence signals, enhanced variants of fl uorescent proteins are 
widely used for imaging analyses [ 13 ]. However, one of the most 
important improvements in FP technology is the introduction of 
the photoactivatable-GFP (PA-GFP) [ 14 ]. 

 To specifi cally visualize mitochondria, all the above mentioned 
plasmids have been modifi ed fusing the fl uorescent protein to a short 
sequence (targeting signal) specifi cally directed to the mitochondrial 
compartment, usually part of a protein resident in the mitochondria 
(i.e., one subunit of the human cytochrome c oxidase fused to the 
RFP protein, in the case of the pDsRed2-Mito vector). 
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 Technically, fl uorescent proteins give bright and stable fl uores-
cent signals and allow live imaging analyses of mitochondrial 
dynamics without any risk of artifactual results. The only issue that 
might be considered as a technical limitation is the requirement of 
construct transfection/infection within the cells, sometimes unfea-
sible or even impossible in a number of cell types.  

  Together with the use of fl uorescent proteins targeted to mito-
chondria, transgenic mice with mitochondrially targeted  fl uorescent 
proteins have been recently developed to allow and/or further 
improve the in vivo analyses of the mitochondrial network [ 15 ], 
also in specifi c tissues/organs or cell populations. 

 To this aim, different transgenic mice have been recently engi-
neered. Yonekawa and colleagues have constructed a fi rst type of 
transgenic mice, in which mito-EGFP cDNA is under the CMV 
early enhancer/β-actin (CAG) promoter to have a strong and 
ubiquitous expression in mitochondria of any tissues of the organ-
ism [ 15 ]. Transgenic mice have also been constructed to visualize 
mitochondria in a tissue-specifi c manner [ 16 ]. The Lox-Stop-Lox- 
Mito-YFP reporter mouse, engineered by Larsson and colleagues, 
contains a lox-fl anked stop cassette upstream of the mito-YFP 
transgene;  cre -dependent excision of the stop cassette allows YFP 
expression. According to the chosen  cre  promoters, YFP expres-
sion can be then restricted to specifi c tissues or cells [ 16 ]. 

 Other examples of tissue-specifi c mouse lines recently obtained 
have enabled to perform mitochondrial live imaging in neurons 
[ 17 ] and microvascular endothelial cells [ 18 ]. 

 Another important and innovative transgenic mouse has also 
been recently constructed [ 19 ]. Beside the fl ox-cre system to 
induce fl uorescence in specifi c tissues/cell types, it contains the 
photo-convertible fl uorescent protein Dendra2 fused to a mito-
chondrial matrix-target sequence. The power of this construct 
consists in the photo-switching ability of Dendra2. Indeed, 
Dendra2 can be very effi ciently and irreversibly photoconverted 
from the green to the red fl uorescent state, by light irradiation 
[ 20 ]; This enables visualization and tracking of both the activated 
red and green forms of the protein. In this way, mitochondria 
fusion/fi ssion dynamic events can be directly and precisely mea-
sured in a subcellular population within tissues characterized by 
high cell diversity [ 19 ]. 

 It can be concluded that the creation of transgenic mice 
expressing fl uorescent proteins fused to mitochondrial sequences 
represent an important improvement, probably the most powerful 
tool for studying mitochondrial morphology, in tissue-specifi c and 
physiological dynamic conditions. 

 A list of most of the available transgenic mice for mitochon-
drial analyses can be found at the following website:   http://www.
jax.org/    .     

 In Vivo Approaches
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2    Materials 

 As explained in the previous paragraph, to analyze mitochondrial 
morphology it is often necessary to target a fl uorescent protein to 
the organelle. In these protocols, we refer to mitochondrial tar-
geted red fl uorescent protein (mito-DsRed) and mitochondrial 
photoactivatable green fl uorescent protein (mito-PA-GFP). For 
the imaging, a confocal microscope equipped with 413, 488, and 
563 nm laser lines and with an incubation system (temperature, 
humidity, and gas control) will be necessary. It will be necessary to 
adjust the general protocols here presented for MEF, HEK293, 
and Jurkat cells to the specifi c experimental conditions. 

      1.    TransFectin/Lipofectamine.   
   2.    OptiMEM.   
   3.    13 mm glass coverslips.   
   4.    PBS 1×.   
   5.    DMEM with and w/o antibiotics.   
   6.    Mito-DsRed plasmid.   
   7.    Mito-PA-GFP.   
   8.    Confocal microscope equipped with 413, 488, and 563 nm 

laser lines with temperature and humidity control.   
   9.    Formaldehyde.   
   10.    Anti-fade reagent.      

      1.    Neon transfection system—100 μl kit (Invitrogen), or any 
other electroporator.   

   2.    RPMI 1640 w/o antibiotics.   
   3.    PBS w/o Ca 2+  and Mg 2+ .   
   4.    Mito-DsRed plasmid.   
   5.    Confocal microscope equipped with 563 nm laser line.   
   6.    Special coverslips for not adherent cells.   
   7.    Formaldehyde.   
   8.    Anti-fade reagent.       

3    Methods 

      1.    Place a round glass coverslip into a well plate and coat with 
poly- L -Lysine 50 μg/ml for 20 min.   

   2.    Seed an appropriate number of cells in order to have 80 % con-
fl uence the day of transfection.   

2.1  Transfection 
of MEF or HEK293 
Cells

2.2  Transfection 
of Jurkat Cells

3.1  Measuring 
Mitochondrial Length 
in Adherent Fixed MEF 
or HEK293 Cells
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   3.    The day of transfection, wash the cells twice with PBS w/o 
Ca 2+  and Mg 2+ .   

   4.    Add DMEM without antibiotics.   
   5.    Perform transfection with mito-DsRed according to 

 manufacturer’s instructions ( see   Note 1 ).   
   6.    24 h after transfection perform the experiment of interest.   
   7.    At the selected time points, fi x the cells by washing with PBS 

and then incubating with formaldehyde 3.7 % (diluted in the 
same medium/solution) for 10–15 min at room temperature 
( see   Note 2 ).   

   8.    Place the coverslips on a glass slice and add anti-fade reagent.   
   9.    At the confocal microscope, excite with the 563 nm laser.   
   10.    Acquire single confocal fl uorescent planes (trying to select a plane 

and fi elds where the mitochondrial network is well represented).   
   11.    Perform the measurement of the mitochondrial length by 

using the software ImageJ (NIH) or similar software. In par-
ticular, measure the length of the mitochondrial major axis in 
at least ten mitochondria per cell and in a minimum of 50 cells 
per experiment.   

   12.    Plot mitochondrial length in μm.      

      1.    Count the cells. Usually, up to 2–3 million of cells per transfec-
tion will be necessary ( see   Note 4 ).   

   2.    Harvest the selected number of cells and wash once with PBS 
w/o Ca 2+  and Mg 2+  ( see   Note 5 ).   

   3.    Perform transfection using an electroporator. In this protocol, 
we use the Neon Transfection System (Invitrogen) ( see   Note 6 ).   

   4.    Prepare the Neon transfection system for the electroporation 
by placing tube and the electrolytic buffer according to manu-
facturer’s instructions.   

   5.    Set pulse, width, and number of pulse: 1410 mV, 30 ms, and 1 
respectively (as suggested in manufacturer’s instructions) for 
Jurkat cells ( see   Note 7 ).   

   6.    Resuspend cells in resuspension buffer (R buffer)—100 μl per 
transfection—and add mito-DsRed plasmid (5 μg of DNA per 
transfection) ( see   Note 8 ).   

   7.    Load cells in the tip, making sure that there are not air bubbles 
in the tip, and give the electroporation pulse.   

   8.    After electroporation, seed the cells in a 24-well plate dish (one 
transfection per well) containing RPMI 1640 without antibiotics.   

   9.    24 h after transfection perform the experiment of interest.   
   10.    At the selected time points, seed 4 × 10 4  cells on special cover-

slip for not adherent cells and let them adhere to the surface 
for 15 min at room temperature in the dark.   

3.2  Studying 
Mitochondrial 
Morphology in Non-
adherent Jurkat Cells 
( See   Note 3 )
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   11.    Fix cells with 3.7 % formaldehyde (diluted in the same medium/
solution) 10 min RT.   

   12.    After washing, add anti-fade reagent and close the coverslip.   
   13.    At the microscope, excite with 563 nm laser lines and acquire 

series of z-stacks covering the entire volume of the cell (sug-
gested  z  step 0.35 μm).   

   14.    The z-stacks will be then projected as Z project of the standard 
deviation of the fl uorescence intensity by using the ImageJ 
software to observe and analyze the mitochondrial network 
( see   Note 9 ).      

      1.    Place a round glass coverslip into a well plate and coat with 
poly- L -Lysine 50 μg/ml for 20 min.   

   2.    Seed an appropriate number of cells in order to have 80 % con-
fl uence the day of transfection.   

   3.    The day of transfection, wash the cells twice with PBS w/o 
Ca 2+  and Mg 2+ .   

   4.    Add DMEM without antibiotics.   
   5.    Perform transfection with TransFectin/Lipofectamine with a 

combination of mito-DsRed and mito-PA-GFP plasmids (rate 
1:2) according to manufacturer’s instructions.   

   6.    24 h after transfection, place the glass coverslip in an appropri-
ate coverslip holder.   

   7.    Cover the cells with HBSS or (better) DMEM without phenol 
red and start the acquisitions at the microscope ( see   Note 10 ).   

   8.    Activate the mito-PA-GFP fl uorescence. Select a region of 
interest (ROI) in one  z -plane and activate by using 100 % 
power of the 413 nm laser line.   

   9.    After that, emission frames coming from the 488 and 563 nm 
excitation lines are acquired for at least 30 min.   

   10.    Measure the standard deviation of the green fl uorescence 
intensity in the entire cell normalized for the intensity of the 
mito-DsRed fl uorescence by using the Multi measure plug-in 
of ImageJ (NIH) ( see   Note 11 ) [ 21 ,  22 ].       

4    Notes 

     1.    Perform transfection preferentially with TransFectin for MEF 
cells and Lipofectamine for HEK293 cells, in order to limit the 
toxic effect of the transfection reagent and thus limiting cell 
death, both affecting mitochondrial morphology.   

   2.    Selecting the right fi xative agent is important to limit 
 perturbation of the mitochondrial network during the time of 

3.3  Measuring 
Mitochondrial Fusion 
Rate in Live Cells 
(HEK293 or MEF Cells)
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fi xation. We suggest using formaldehyde instead of parafor-
maldehyde or methanol in the study of mitochondria 
morphology.   

   3.    Jurkat cells are described here as an example of not adherent 
cells. They are small round shape cells and their few mitochon-
dria are dispersed all around the cell. Therefore, the observation 
of a single  z  plane in confocal analysis will not give any signifi -
cant information about the mitochondrial morphology. The 
acquisition of a series of z-stacks covering the entire volume of 
the cell, and its projection or 3D reconstruction will be indeed 
necessary.   

   4.    Be sure that cells are in the growing log phase by splitting the 
cells the day before the transfection to increase its effi ciency 
(represented by this two parameters: cell viability and percent-
age of transfection).   

   5.    Transfection will be performed by electroporation. Thus, it is 
imperative to reduce the amount of salts in solution by using 
PBS w/o Ca 2+  and Mg 2+ .   

   6.    Electroporation as transfection method is compulsory in 
Jurkat cells. This method allows, indeed, a good transfec-
tion effi ciency (extremely limited with other methods) 
counteracted however by high rates of mortality. In this 
protocol we use the microporator Neon Transfection System 
(Invitrogen), that strongly limits cell death compared to 
other electroporators, and we give brief indications on how 
to use it. Any electroporator can be used, by following man-
ufacturer’s instructions.   

   7.    Different cell types necessitate different settings. Check on the 
Neon transfection system web site for more information.   

   8.    Act always as you are performing one further transfection 
(if you are supposed to transfect three times, resuspend the 
amount of cells needed for four transfections in 400 μl of 
resuspension buffer). This to avoid air bubble-related prob-
lems (detrimental for this kind of transfection), and to have 
spare cells in the case an extra transfection is required.   

   9.    To obtain a good image of the mitochondrial network, mito-
chondrial fl uorescence has to be really bright. This kind of 
fl uorescence is rarely obtained by using antibodies for immuno- 
staining. For this reason we recommend the transfection of a 
mitochondrial targeted fl uorescent protein.   

   10.    Starvation induces elongation of mitochondria [ 21 ]. Therefore, 
especially for long-time experiments, DMEM without phenol 
red is preferable to HBSS.   

   11.    Slow rate of mito-PA-GFP signal diffusion implies a slower rate 
of mitochondrial fusion and vice-versa.         
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    Chapter 14   

 Analysis of Pro-apoptotic Protein Traffi cking 
to and from Mitochondria 

           Ignacio     Vega-Naredo    ,     Teresa     Cunha-Oliveira    ,     Teresa L.     Serafi m    , 
    Vilma A.     Sardao    , and     Paulo     J.     Oliveira     

    Abstract 

   Mitochondria play a key role in cell death and its regulation. The permeabilization of the outer 
mitochondrial membrane which is mainly controlled by proteins of the BCL-2 family, is a key event that 
can be directly induced by p53 and results in the release of pro-apoptotic factors to the cytosol, such as 
cytochrome c, second mitochondria derived activator of caspases/direct inhibitor-of-apoptosis (IAP) 
binding protein with low p I  (SMAC/Diablo), Omi serine protease (Omi/HtrA2), apoptosis inducing 
factor (AIF), or endonuclease G (Endo-G). Hence, the determination of subcellular localization of these 
proteins is extremely important to predict cell fate and elucidate the specifi c mechanism of apoptosis. Here 
we describe the procedures that can be used to study the subcellular location of different pro-apoptotic 
proteins to be used in basic cell biology and toxicology studies.  

  Key words     Mitochondria  ,   Pro-apoptotic proteins  ,   Cell fractions  ,   Immunoblot  ,   Immunoprecipitation  , 
  Immunocytochemistry  

1      Introduction 

 Mitochondria are cellular organelles with important functions in 
cell life and death, acting as cellular powerhouses by producing 
energy to maintain cellular activity. However, mitochondria are also 
important checkpoints for cell fate decisions, playing a crucial role 
in programmed cell death (PCD) pathways. The permeabilization 
of the outer mitochondrial membrane (OMM) is a fundamental 
step in several tightly regulated pathways of cell death, allowing the 
release of proteins that are usually only present in the intermem-
brane space, and signaling cell death programs [ 1 ]. One of the best 
characterized types of cell death is apoptosis. Apoptotic signals may 
originate outside the cell (extrinsic pathway) or from any intracel-
lular compartment (intrinsic pathway), constituting two distinct 
yet complementary apoptotic mechanisms. Both intrinsic and 
extrinsic stimuli may lead to OMM permeabilization. 
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 The OMM is selectively permeable to solutes, and its permea-
bility and integrity are regulated by proteins of the BCL-2 family 
[ 2 ]. This family includes pro- and anti-apoptotic members, depend-
ing on the presence of different BCL-2 homology (BH) domains 
in their structure, conferring different functions [ 3 ]. Anti-apoptotic 
proteins, such as BCL-2 and BCL-xL have four different BH 
domains—BH1234. Pro-apoptotic proteins such as BAX and BAK 
are also multi-domain proteins with three different BH domains—
BH123. BH3-only proteins are pro-apoptotic proteins with only 
one BH domain and can exert their pro-apoptotic function either 
by facilitating or by activating BH123 proteins, which then initiate 
OMM permeabilization. Facilitators or de-repressors, such as 
BAD, interact with BH1234 proteins, dissociating them from 
sequestered pro-apoptotic proteins, which become free to pro-
mote OMM permeabilization. The activators, such as tBID (which 
results from the cleavage of BID by caspase-8), directly activate 
BH123 proteins, either by stimulating the translocation of Bad to 
the OMM, or by interacting with BAK. OMM permeabilization 
may occur through a Bax/Bak-mediated mechanism [ 4 ] or by the 
opening of the mitochondrial permeability transition pore (MPTP) 
in the inner mitochondrial membrane [ 5 ]. In the latter mecha-
nism, opening of the MPTP can lead to mechanical rupture of the 
OMM to which pro-apoptotic protein release follows or instead to 
the recruitment of pro-apoptotic proteins to the OMM by causing 
mitochondrial depolarization [ 6 ]. 

 P53 is a redox-sensitive transcription factor with a broad range 
of actions, some of them related to survival and cell death [ 7 ]. In 
general, the tumor suppressor p53 exerts important roles in cell 
cycle progression and cell death coordinating multiple options for 
cellular response to genotoxic stress. p53 inhibits replication of the 
genome by blocking cell cycle progression at a G1/S check point 
in response to DNA damage [ 8 ]. In unstressed cells, p53 levels are 
low but its expression increase following stress signals acting 
through both transcription-dependent and -independent mecha-
nisms to coordinate the appropriated cellular responses [ 9 ]. p53 
activity depends on its ability to activate or repress gene transcrip-
tion. Thus, p53 oscillates between latent and active sequence- 
specifi c DNA binding conformations and is differentially activated 
through posttranslational modifi cations including phosphorylation, 
acetylation and ubiquitination. On the other side, nonsequence- 
specifi c DNA binding may mediate other p53 actions [ 10 ]. 
In addition, p53 is also involved in mitochondrial-dependent cell 
death, collaborating in the execution of the apoptotic pathway. 
In this context, p53 undergoes a nuclear–cytoplasm–mitochondria 
traffi cking and western blotting and immunocytochemistry are 
usually performed to detect the presence of p53 in nuclear, cyto-
plasmic, and mitochondrial extracts isolated as described in this 
paper. The analysis of immunoreactive bands in nuclear fractions 
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indicates whether nuclear translocation is occurring. The nuclear 
localization is critical for its transcriptional activity by activating 
genes that arrest cell growth and repair DNA damage. To further 
confi rm its transactivation function, evaluation of the expression of 
the transcription target genes of p53 such as PUMA, NOXA, BAX, 
BID, and DRAM is often useful [ 11 ]. As described above, the 
activity of the p53 gene product is regulated by posttranslational 
modifi cations. These modifi cations of p53 affect its stability and 
can be a potential mechanism to select the target genes conferring 
differential binding affi nity to the response elements. For example, 
acetylation infl uences p53 activity enhancing its transcriptional 
activity and can be detected using different acetyl-p53 antibodies 
available. Acetylation of p53 at carboxyl-terminal lysine residues 
enhances its transcriptional activity associated with cell cycle arrest 
and apoptosis. However, p53 acetylation at  Lys-320/Lys-373/
Lys-382 is also required for transcription-independent functions 
involving BAX activation [ 12 ]. The phosphorylation of p53 at 
Ser15 and Ser20 following DNA damage can also be detected by 
immunoblotting to evaluate its transactivation function since this 
phosphorylation promotes p53 activation and stabilization reduc-
ing the interaction between p53 and its negative regulator, the 
oncoprotein murine double minute 2 (MDM2) [ 13 ]. In addition, 
phosphorylation at Ser392 infl uences transcriptional activation of 
p53 and regulates the oncogenic function of p53 [ 14 ,  15 ]. 
MDM2 inhibits cytoplasmic retention of p53 by targeting it for 
ubiquitination and proteasomal degradation [ 16 ]. Some reports 
suggest not only that the cytoplasmic retention of p53 is able to 
repress autophagy [ 17 ,  18 ] but also that this retention can be 
mediated by acetylation since p53 acetylation reduces its ubiquiti-
nation status [ 19 ]. Although the precise molecular mechanisms 
behind this remain unclear, p53 deacetylases may be upregulated 
to mediate ubiquitination and degradation of p53 [ 20 ]. Because of 
this, the immunoblot analysis of cytoplasmic extracts can reveal 
whether p53 is accumulated in cytoplasm and can help to reveal 
the function of p53 in a specifi c context. p53 can promote cell 
death independently of transcription by two different mechanisms, 
each of which assigned to a specifi c localization of the protein: 
cytosol or mitochondrial. Both modes of action converge in the 
permeabilization of the OMM via activation of the pro-apoptotic 
proteins BAX or BAK. In fact, cytosolic p53 can directly activate 
BAX and thereby induce apoptosis [ 21 ]. On the other hand, in 
response to a broad spectrum of apoptotic stimuli, a fraction of 
p53 translocates to mitochondria and triggers a direct mitochon-
drial p53 death program [ 22 ]. For this, p53 physically interacts 
with the BCL-2 family member proteins BCL-xL and BCL-2 
antagonizing their anti-apoptotic function and inducing OMM 
permeabilization [ 23 ]. Furthermore, mitochondrial p53 directly 
promotes the pro-apoptotic activities of BAX and directly induces 
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BAK oligomerization [ 24 ]. p53 also interacts with the antioxidant 
enzyme superoxide dismutase 2 (SOD2) leading to a reduction of 
its superoxide scavenging activity, and a subsequent decrease of 
mitochondrial membrane potential which contributes to the induc-
tion of pro-apoptotic mitochondrial alterations [ 25 ]. Surprisingly, 
p53 is released from mitochondria mediating a retrograde signal-
ing pathway to the nucleus [ 26 ]. Therefore, the study of the sub-
cellular localization of p53, its posttranslational modifi cations and 
the levels of p53-related/-targeted proteins are crucial to examine 
the p53 pathway and elucidate its particular role. 

 As described above, OMM permeabilization resulting from 
stress stimuli can result in simultaneous release of pro-apoptotic 
factors that are normally limited to the mitochondrial intermem-
brane or intercristae space, including cytochrome c, apoptosis- 
inducing factor (AIF), endonuclease G (endoG), Smac/Diablo, 
and Omi/HtrA2 [ 27 ]. Cytochrome c was fi rst identifi ed as being 
involved in mitochondrial bioenergetics, essential for the ATP pro-
duction by oxidative phosphorylation, and later to apoptosis. 
Following the release of cytochrome c from the intermembrane 
space, it binds to Apoptotic protease activating factor 1 (APAF-1) 
and dATP [ 28 ], forming the apoptosome complex and initiating 
cell death with the activation of caspase-9 and consequent trigger-
ing of caspase cascade [ 29 ]. The second mitochondrial-derived 
activator of caspase (Smac), also known as direct IAP-binding pro-
tein with a low p I  (Diablo) [ 29 ], resides in mitochondria in a 
mature form, and is released during apoptosis, which promotes 
caspase-dependent apoptosis by controlling the activity of inhibi-
tor of apoptosis protein (IAP). Omi is a serine protease, which can 
be released from mitochondrial intermembrane space into cyto-
plasm, upon apoptotic insult. Omi cleaves both IAPs and cytoskel-
etal proteins, contributing to apoptosis in caspase-dependent and 
independent manners [ 30 ]. 

 Independently of caspase activation, cell death can occur with 
the release of endoG and AIF. EndoG is also localized in inter-
membrane space bound to the inner membrane. Due to mitochon-
drial membrane potential loss, the mature EndoG is translocated 
to the nucleus and initiates oligonucleosomal DNA fragmentation. 
EndoG can regulate several mitochondrial enzymes expression, 
such as complex I (ND1 and ND2), complex IV (COX2), and 
complex V (ATPase6) [ 30 ] (Fig.  1 ). The AIF is a fl avoprotein har-
boring NADH oxidase activity. Initially, the AIF was identifi ed as a 
pro-apoptotic protein, inducing a type of programmed cell death 
independently of caspases activation. When AIF is added to purifi ed 
nuclei extracts in a cell free system, chromatin condensation and large-
scale DNA fragmentation to ∼50 kbp fragments occurs [ 31 ]. Those 
effects were observed in intact cells after diverse apoptotic stimuli 
and also in models of retinal degeneration, brain damage induced 
by hypoglycemia or ischemia, or myocardial infarction [ 32 ]. 
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The AIF protein is encoded by a nuclear gene, synthesized in the 
cytoplasm and transported to mitochondria by the general import 
pathway, due to the mitochondrial localization sequence (MLS) in 
the precursor protein. Once in the mitochondrial intermembrane 
space, the MLS is proteolytically cleaved, the protein refolds and 
incorporates fl avin adenine dinucleotide (FAD) cofactor, generat-
ing the mature protein. The oxidoreductase activity, dependent of 
the presence of prosthetic group, is not critical for the apoptogenic 
effect of AIF but the structural parts of the oxidoreductase domain 
are necessary to the DNA biding [ 31 ].

IAPs

Caspase-9

Caspase-3,7

Smac/Diablo

Omi/HtrA2

Cytochrome c

Bax/Bak

MPTP

p53

Caspase
cascade

Apoptosis

Apoptosome
Apaf-1

dADP dATP

AIF

EndoG

↓ΔΨ

  Fig. 1    Intrinsic apoptotic pathway. The intrinsic or mitochondrial apoptotic pathway, initiates with mitochon-
drial membrane permeabilization, which may result from p53 signaling, with formation of different pores in 
mitochondrial membrane, such as Bax/Bak or mitochondrial permeability transition pore (MPTP), in the latter 
case by leading to OMM rupture or by triggering pro-apoptotic protein translocation to mitochondria following 
mitochondrial depolarization. Consequently, the release of apoptotic factors to cytosol, including cytochrome c, 
second mitochondria derived activator of caspases/direct inhibitor-of-apoptosis binding protein with low p I  
(SMAC/Diablo), Omi serine protease (Omi/HrtA2), endonuclease G (endoG), and apoptosis-inducing factor (AIF), 
occurs. The released cytochrome c reacts with deoxy ATP (dATP) and apoptotic protease activating factor 1 
(APAF-1), leading to apoptosome formation. The apoptosome recruits procaspase-9, activating the initiator 
caspase-9 and caspase cascade begins       
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   A decrease in AIF enzymatic activity or a decrease in AIF 
expression results in decreased oxidative phosphorylation and 
increased free radicals generation [ 33 ]. On the other hand and 
depending on cell type and on the cell death stimuli, AIF protein 
is involved in programmed cell death. The basic mechanism of 
AIF-induced cell death consists in AIF release from the mitochon-
drial intermembrane space to the cytosol and then on its transloca-
tion to the nucleus. Once in the nucleus, AIF binds to DNA 
induces chromatin condensation and large-scale DNA fragmenta-
tion. The nuclear apoptosis induced by AIF requires a direct inter-
action of AIF with DNA [ 34 ]. In the cytosol, AIF also promotes a 
decrease in mitochondrial ΔΨ and release of cytochrome c and 
further AIF release from mitochondria, promoting a positive feed-
back amplifi cation loop [ 31 ,  32 ]. In order to be released from the 
mitochondrial intermembrane space, AIF must be cleaved in a spe-
cifi c region in order to release the protein binding to the mito-
chondrial inner membrane. This cleavage is performed by proteases 
such as calpains and cathepsins that may have access to the mito-
chondrial intermembrane space during apoptotic stimuli and 
require the presence of calcium. The truncated AIF (tAIF) is then 
free to execute its caspase-independent apoptotic action. An inter-
esting aspect is the fact that binding of AIF to DNA induces large- 
scale DNA fragmentation, but AIF itself does not possess DNAse 
activity. Thus, it has been proposed that the DNA-degrading 
capacity of AIF could be due to the recruitment of downstream 
nucleases, such as cyclophilin A (CypA) [ 35 ,  36 ]. 

 In this chapter, we describe the material and the methods fol-
lowed by us and other authors to study the pro-apoptotic protein 
traffi cking to and from mitochondria: immunoblotting performed 
with different cellular fractions and immunocytochemistry using 
the antibodies described in Table  1 . Immunocytochemical 
approaches can be used to study subcellular localization of pro- 
apoptotic factors described in this chapter. To evaluate their mito-
chondrial localization, co-localization assays using antibodies 
constitute an effective alternative (Fig.  2 ). One option is to develop 
an immunocytochemistry using a secondary antibody conjugated 
with a fl uorochrome such as FITC and to label mitochondria using 
mitochondria-selective probes such as MitoTracker Red. Another 
option consists in a double immunofl uorescence assay using a mix-
ture of two primary antibodies, for example one against the mito-
chondrial marker TOM20 and the other against the desired 
pro-apoptotic protein, using their respective secondary antibodies 
which have to be raised in different species and conjugated with 
two different fl uorochromes (e.g., FITC-conjugated against rabbit 
and Texas Red-conjugated against mouse).
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  Fig. 2    Representative micrographs of fl uorescence microscopy of immunocytochemistry-labeled apoptotic 
proteins. Images show H9c2 cardiomyoblasts treated with the anticancer agent Doxorubicin (DOX) and imaged 
for p53 ( a – c ) and Bax ( d – g ). Panels  a – c  show H9c2 cells treated with vehicle ( a ), 0.5 μM ( b ) and 1 μM ( c ) DOX 
for 24 h. After treatment, H9c2 cells were fi xed with ice cold methanol (which removed nuclear bound DOX), 
labeled with an antibody against p53. Epifl uorescence microscopy images in panels  a – c  illustrate increased 
p53 nuclear labeling (in  blue ) after H9c2 cells treatment with DOX. Cells were observed by epifl uorescence 
microscopy using a Nikon Eclipse TE2000U microscope equipped with a 40× Plan Fluor 1.3 NA oil immersion 
DIC objective and images were processed using Metamorph software (Universal Imaging, Downingtoen, PA). 
Panels  d – g  show confocal microscopy images of H9c2 cells labeled with Hoechst 33342 (nucleus,  blue  and 
 pink ), Mitotracker Red (mitochondria,  red ) and Bax ( green ). Confocal microscopy of H9c2 cells treated with 0 
( d ), 0.5 μM ( e ,  g ) and 1 μM ( f ) DOX for 24 h. After treatment, cells were fi xed in paraformaldehyde (in order to 
maintain the integrity of the mitochondrial network) and subsequently immunolabeled with an antibody against 
Bax. Increased immunolabeling for Bax is observed after DOX treatment, especially forming large clusters in 
the cytosol of treated cells. This is clearly visible in panel  g , obtained with a higher magnifi cation. Images in 
panels  d – g  were obtained by using a Nikon C-1 laser scanning confocal microscope equipped with a 60× Plan 
Apo 1.4 NA oil immersion DIC objective. Images were captured using the Nikon EZ-C1 software (version 2.01). 
 White bar  in all panels represents 20 μm       

2        Materials 

      1.    PBS: 137.93 mM NaCl, 2.67 mM KCl, 8.06 mM Na 2 HPO 4 , 
1.47 mM KH 2 PO 4 , pH 7.4.   

   2.    Buffer A: 250 mM Sucrose, 20 mM Hepes, 10 mM KCl, 
1.5 mM MgCl 2 , 0.1 mM EDTA, 1 mM EGTA, pH 7.5 
(adjusted with KOH).   

   3.    Buffer B: 250 mM Sucrose, 10 mM MgCl 2 .   
   4.    Buffer C: 350 mM Sucrose, 0.5 mM MgCl 2 .   
   5.    Nuclear buffer: 5 mM HEPES, 1.5 mM MgCl 2 , 0.2 mM 

EDTA, 0.5 mM DTT, 26 % glycerol (v/v), pH 7.9.      

2.1  Nuclear, 
Mitochondrial, and 
Cytosolic Fraction 
Isolation from 
Cultured Cells
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      1.    Protein quantifi cation: Bradford (B6916; Sigma, St. Quentin 
Fallavier, France) or bicinchoninic acid (BCA) (23227; Thermo 
Scientifi c, Rockford, IL, USA) assays.   

   2.    Laemmli buffer: 62.5 mM Tris–HCl at pH 6.8, 25 % glycerol, 
2 % SDS, 0.01 % bromophenol blue. Add 5 % β-mercaptoethanol 
prior to use ( see   Note 1 ).   

   3.    Mini-PROTEAN system with Mini Trans-Blot module, gel 
cassettes and casting stand, short and spacer plates, combs, 
external power supply (Bio-Rad, Hercules, CA, USA) and roll-
ers or shakers for incubations.   

   4.    Prestained protein standard (161-0374; Bio-Rad), polyvinyli-
dene difl uoride (PVDF) membranes (Millipore, Bedford, MA) 
and Ponceau S staining solution: 0.1 % (w/v) in 5 % acetic acid.   

   5.    Buffers: Running buffer (25 mM Tris, 192 mM glycine, 0.1 % 
SDS, pH 8.3); Transfer buffer (25 mM Tris, 192 mM glycine, 
20 % methanol) and TBS-T (10 mM Tris–HCl at pH 8.0, 
150 mM NaCl, 0.1 % Tween-20).   

   6.    ECF substrate (RPN5785; GE Healthcare, Munich, Germany) 
and a detection system like VersaDoc (Bio-Rad).      

      1.    Protein G PLUS-Agarose (sc-2002, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA).   

   2.    IP buffer I (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 % 
Na-deoxycholate, 1 % NP-40, 1 mM Na 3 VO 4 ).   

   3.    IP buffer II (50 mM Tris–HCl, pH 7.4, 75 mM NaCl, 0.1 % 
Na-deoxycholate, 0.1 % NP-40, 1 mM Na 3 VO 4 ).   

   4.    IP buffer III (50 mM Tris–HCl, pH 7.4, 0.05 % 
Na-deoxycholate, 0.05 % NP-40, 1 mM Na 3 VO 4 ).   

   5.    Laemmli buffer: 62.5 mM Tris–HCl at pH 6.8, 25 % glycerol, 
2 % SDS, 0.01 % bromophenol blue. Add 5 % β-mercaptoethanol 
prior to use.      

      1.    Sterile glass coverslips, 6-well plates, lancets, forceps, micro-
scope slides and a dark humidifi ed chamber.   

   2.    Culture medium and mitochondrial fl uorescent probes: 
MitoTracker Red CMXRos (M7512; Invitrogen, Paisley, UK) 
or MitoTracker Green FM (M7514; Invitrogen).   

   3.    PBS: 137 mM NaCl in 10 mM phosphate buffer, pH 7.4.   
   4.    4 % Formaldehyde in PBS, 0.2 % Triton X-100 in PBS and 1 % 

BSA in PBS.   
   5.    Prolong Gold antifade medium with DAPI (P36935; Invitrogen) 

or without DAPI (P36934; Invitrogen) and nail polish.       

2.2  Western Blotting

2.3  Immuno-
precipitation

2.4  Immunocyto-
chemistry

Ignacio Vega-Naredo et al.
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3    Methods 

      1.    Supplement buffer A with 1 μg/ml of leupeptin, antipain, chy-
mostatin, and pepstatin A, 1 mM of DTT and 100 μM of 
PMSF. Supplement buffer B and C with 1 mM of DTT and 
100 μM of PMSF. Supplement the nuclear buffer with 300 mM 
of NaCl (high salt helps lyse nuclear membranes and forces 
DNA into solution).   

   2.    Grow cells on cell culture dishes in an appropriated cell culture 
medium and perform the desired treatment ( see   Note 2 ).   

   3.    After treatment, aspirate or collect (if you are interested in the 
fl oating cells) the incubation media. Rinse the adherent cells 
with 5 ml of PBS and waste it.   

   4.    Harvest adherent cells with 3–5 ml of trypsin. Inhibit the tryp-
sin with 3–5 ml of growth media containing FBS ( see   Note 3 ).   

   5.    Centrifuge between 300 and 400 ×  g  for 5 min at 4 °C in order 
to collect all cells without damaging membrane integrity.   

   6.    Aspirate the supernatant and rinse the cell pellet with 2 ml of 
PBS. Perform again the centrifugation step, discard the super-
natant and resuspend the pellet in 1 ml of complete buffer 
A. Incubate for 15 min on ice.   

   7.    Homogenize cells in a Potter-Elvehjem homogenizer with a 
Tefl on pestle (30–40 strokes), or alternatively pass cell suspen-
sion through a 25 G needle ten times using a 1 ml syringe. This 
procedure should also be performed on ice.   

   8.    Centrifuge the cellular suspension at 720 ×  g  for 5 min at 
4 °C. Remove the supernatant (containing mitochondrial and 
cytosolic fractions) and keep it on ice.   

   9.    Resuspend the nuclear pellet again in 1 ml of complete buffer 
A. Homogenize the pellet again in a Potter–Elvehjem homog-
enizer with a Tefl on pestle, or alternatively pass through a 25 G 
needle. Centrifuge again at 720 ×  g  for 10 min at 4 °C. Discard 
the supernatant and resuspend the pellet in 0.5 ml of complete 
buffer B and pour the nuclear suspension on the complete buf-
fer C. Centrifuge at 1,430 ×  g  for 5 min at 4 °C. Remove the 
supernatant and discard it. Resuspend the nuclear pellet in 
50 μl of nuclear buffer supplemented with 300 mM of NaCl. 
Homogenize the nuclear pellet passing nuclear suspension 
through a 27 G needle ten times using a 0.5 ml syringe. Store 
at −80 °C until further analysis.   

   10.    Centrifuge the supernatant collected in  step 8  at 14,000 ×  g  for 
10 min at 4 °C. Resuspend the pellet (mitochondrial fraction) 
in 50 μl of buffer 1 and store at −80 °C until further analysis.   

   11.    Collect the supernatant (containing the cytosolic fraction) and 
centrifuge in an ultracentrifuge at 100,000 ×  g  for 30 min at 

3.1  Nuclear, 
Mitochondrial, 
and Cytosolic Fraction 
Isolation from Cells 
in Culture
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4 °C. Discard the pellet (containing the membrane fractions) 
and concentrate the supernatant (containing the cytosolic frac-
tion) by lyophilization or by tangential fl ow fi ltration. Store at 
−80 °C until further analysis be performed ( see   Note 4 ).     

 In Fig.  3 , a fl owchart outlining the isolation procedure is 
presented

           1.    Determine protein content of all fractions by standard proce-
dures such as the Bradford or the BCA method using 5 μl of 
aliquot.   

   2.    Mix the samples with the appropriated volume of Laemmli 
buffer (1:1).   

   3.    Prepare the Sodium Dodecyl Sulfate (SDS) 10 % polyacryl-
amide resolving gel ( see   Note 5 ) by mixing 2.5 ml Tris–HCl 
1.5 M pH 8.8, 0.1 ml SDS 10 %, 50 μl ammonium persulfate 
10 %, 2.5 ml acrylamide/bisacrylamide (29:1) 40 %, 4.9 ml of 
distilled water (for a 0.75–1.0 mm thick gel). Add 5 μl of 
TEMED to initiate polymerization. Cast gel within an assem-
bled gel cassette allowing space for stacking gel, gently overlay 
with water and wait until polymerization.   

   4.    Prepare the stacking gel (4 % polyacrylamide) by mixing 
1.25 ml Tris–HCl 0.5 M, pH 6.8, 50 μl SDS 10 %, 25 μl 
ammonium persulfate 10 %, 0.5 ml acrylamide–bisacrylamide 
(29:1) 40 %, 3.2 ml of distilled water, and 5 μl of TEMED. Insert 
a gel comb immediately and wait until polymerization.   

   5.    Denature the samples by boiling at 95–100 °C for 5 min.   
   6.    For polyacrylamide gel electrophoresis, we normally use Mini- 

PROTEAN systems from Bio-Rad, but other alternative sys-
tems can be used. After complete polymerization, place the gel 
into the electrophoretic chamber with running buffer, load the 
volume of sample corresponding to 5–25 μg of protein in each 
individual well ( see   Note 6 ), as well as 6 μl of prestained pro-
tein standard (e.g., Precision Plus Protein Dual Color Standards 
from Bio-Rad) into one of the other lanes.   

   7.    Run electrophoresis at constant voltage (100–120 V). Running 
can be monitored by observing migration of prestained pro-
tein standards and bromophenol blue front. Stop running 
when the bromophenol blue band leaves the lower end of the 
gel. Keep gels in running buffer until ready to transfer.      

      1.    Activate polyvinylidene difl uoride (PVDF) membrane in meth-
anol for 15 s. Transfer the membrane from methanol to trans-
fer buffer and incubate on shaker for at least 5 min. Soak also 
pads, fi lter papers, and the gel in transfer buffer before use.   

   2.    Assemble the transfer sandwich in a shallow tray fi lled with 
transfer buffer as follows: Black side of the sandwich (cathode), 

3.2  Western Blotting

3.2.1  SDS-PAGE

3.2.2  Wet/Tank 
Electrophoretic Transfer
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soaked pads, fi lter paper, gel, PVDF membrane, fi lter paper, 
soaked pad, and white side of the sandwich (anode). Avoid 
bubbles formation between gel and PVDF membrane. Fill tank 
apparatus with transfer buffer and run at 350 mA for 90 min 
with an ice pack or another cooling system ( see   Note 7 ).   

   3.    Stain the membrane with Ponceau S for 5 min to check protein 
transfer. Finally, transfer the membrane to TBS-T to rinse 
Ponceau staining.      

      1.    Block the membrane to reduce nonspecifi c binding with 5 % 
skim milk in TBS-T overnight at 4 °C or alternatively for 2 h 
at room temperature ( see   Notes 8  and  9 ).   

   2.    Incubate the membrane with the primary antibody at the rec-
ommended dilution ( see  Table  1 ) in 1 % skim milk in TBT-T 
for 4 h at 4 °C or overnight.   

   3.    Wash three times with TBS-T for 5 min at room temperature.   
   4.    Incubate the membrane with the corresponding alkaline phos-

phatase conjugated secondary antibody (1:5,000) in 1 % skim 
milk in TBT-T for 2 h at 4 °C.   

   5.    Wash three times with TBS-T for 20 min at room 
temperature.   

   6.    Detect the immunoconjugates using the western blotting ECF 
substrate (or similar) according to the manufacturer’s proto-
col. Use fl uorescence scanning equipment such as VersaDoc 
(Bio- Rad) to develop the image and analyze it using the soft-
ware QuantityOne (Bio-Rad) or Image J (or similar). Please 
notice that local vs. global background subtraction must be 
chosen since this will affect the fi nal results.       

  P53 ubiquitination and the physical interaction of p53 with some 
related proteins such as Bcl-2, Bcl-xL, Bax, and SOD-2 can be 
evaluated by p53 immunoprecipitation from homogenates and 
subsequent immunoblot analysis with antibodies against these 
related proteins.

    1.    Incubate a volume of extracts corresponding to equal quantity 
of protein (e.g., 300 μg of protein) with 5 μl mouse anti-p53 
(2524; Cell Signaling Technology) for 1 h at 4 °C under orbital 
shaking conditions.   

   2.    Add 20 μl of protein G PLUS-Agarose and incubate overnight 
at 4 °C under orbital shaking conditions.   

   3.    Centrifuge 1 min at 16,000 ×  g  and discard the supernatant 
fraction.   

   4.    Add 1 ml of IP buffer I to the pellet and mix the sample on an 
oscillatory shaker for 20 min at 4 °C.   

   5.    Centrifuge for 1 min at 16,000 ×  g  and discard the supernatant 
fraction.   

3.2.3  Enzymatic 
Immunodetection

3.3  Immuno-
precipitation
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   6.    Repeat with IP buffer II.   
   7.    Repeat with IP buffer III.   
   8.    Centrifuge 1 min at 16,000 ×  g  and discard the supernatant 

fraction.   
   9.    Add 20 μl of Laemmli buffer and boil for 5 min.   
   10.    Centrifuge again 1 min at 16,000 ×  g  to pellet the agarose 

beads.   
   11.    Transfer the supernatant fraction to a new tube, subject it to 

SDS-PAGE and immunoblot analysis as previously described 
(in Subheading  3.2 ) using primary antibodies against p53 (sc- 
6243; Santa Cruz Biotechnology), BCL-2, BCL-xL, BAX, 
SOD-2 and/or ubiquitin (check Table  1  for references and 
recommended dilutions).      

       1.    Seed cells on glass coverslips in 6-well plates and wait for 24 h 
for cell adhesion at 37 °C in a 5 % CO 2  atmosphere.      

      1.    Remove culture medium and incubate cells with 125 nM 
MitoTracker Red CMXRos (M7512; Invitrogen) in culture 
medium for 20 min at 37 °C. Alternatively, 0.5 μM green- 
fl uorescing MitoTracker Green FM (M7514; Invitrogen) for 
30 min at 37 °C can be used to label mitochondria ( see   Note 10 ).   

   2.    Replace staining solution with fresh pre-warmed media and 
subject cells to subsequent processing steps.      

      1.    Remove the incubation media and fi x cells in 4 % formalde-
hyde in PBS for 15 min at 37 °C.   

   2.    Rinse three times with PBS for 5 min each.   
   3.    Permeabilize cells with 0.2 % Triton X-100 in PBS for 10 min.   
   4.    Rinse three times with PBS for 5 min each.      

      1.    Block to reduce nonspecifi c binding with 1 % BSA in PBS for 
1 h at 4 °C ( see   Note 11 ).   

   2.    Distribute 100–150 μl of primary antibody (or mixture of 
 antibodies) at 1:250 in PBS, 1 % BSA on each coverslip and incu-
bate 90 min in a humidifi ed chamber at room temperature.   

   3.    Remove the primary antibody (it can be stored in 0.05 % 
sodium azide) and rinse three times with PBS for 5 min.   

   4.    Incubate with the corresponding fl uorescence-conjugated sec-
ondary antibody (or mixture of antibodies) at 1:400 in PBS, 
1 % BSA for 1 h in a dark humidifi ed chamber at 37 °C.   

   5.    Remove the secondary antibody and rinse with PBS three 
times for 5 min each with PBS.      

3.4  Immunocyto-
chemistry

3.4.1  Cell Seeding 
for Morphological Studies

3.4.2  Staining 
with Mitochondrial Specifi c 
Fluorescent Dye (Optional)

3.4.3  Fixation 
and Permeabilization

3.4.4  Immunolabeling
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      1.    Mount coverslips on glass slides using Prolong Gold antifade 
medium (P36934; Invitrogen). If nuclear labeling is desired, 
use Prolong Gold antifade medium with DAPI (P36935; 
Invitrogen).   

   2.    Allow to dry overnight, seal with nail polish, and store at 
−80 °C until analysis under a confocal microscope (LSM 
510Meta; Zeiss).        

4    Notes 

     1.    Alternatively to the use of β-mercaptoethanol in Western Blot 
sample preparation, dithiothreitol (DTT) can be used in the 
same proportion.   

   2.    In order to have enough protein for the different cellular frac-
tions, it is often necessary to start with large amount of cells, 
especially for large volume cells. Optimization process for cell 
density is required.   

   3.    If the incubation medium is saved in order to collect fl oating 
cells, it can be used to inhibit the trypsin.   

   4.    It is advisable to test the purity of each sample using specifi c 
antibodies for each fraction. For example, one strategy involves 
cross-labeling samples from different fractions with antibodies 
against a particular histone (nuclear marker), the voltage- 
dependent anion channel (VDAC) or TOM20 (mitochondrial 
markers), and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH, a cytosolic marker).   

   5.    Choose the percentage of the gel to be used according to the 
molecular weight of proteins of interest. In general: 4–5 % gels: 
>250 kDa; 7.5 % gels: 250–120 kDa; 10 % gels: 120–40 kDa; 
13 % gels: 40–15 kDa; 15 % gels: <20 kDa.   

   6.    Apply 5–25 μg total protein of sample to each well of a 0.75–
1.0 mm thick gel. For thicker gels (1.5 mm thick), apply up to 
25–40 μg in each well.   

   7.    For proteins smaller than 20 kDa, transfer proteins from gel to 
PVDF membrane at 350 mA for 1 h in transfer buffer. For 
proteins larger than 120 kDa, transfer to PVDF membrane at 
350 mA for 140 min in transfer buffer supplemented with 
0.05 % SDS.   

   8.    Some antibodies require the use of BSA (1–5 %) as a blocking 
agent. Read the vendor’s instructions before following the 
method.   

   9.    All incubation and washing steps are carried out while gently 
shaking.   

3.4.5  Mounting 
Coverslips

Ignacio Vega-Naredo et al.
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   10.    Alternatively, regular medium without phenol red or Krebs 
medium can be used, to avoid interferences with the probe’s 
fl uorescence.   

   11.    Unspecifi c binding of the antibodies can be also blocked with 
10 % serum from the species in which the secondary antibody 
was raised.         
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    Chapter 15   

 Mitophagy and Mitochondrial Balance 

           Simone     Patergnani     and     Paolo     Pinton     

    Abstract 

   Mitochondria are highly dynamic organelles, with a morphology ranging from small roundish elements to 
large interconnected networks. This fi ne architecture has a signifi cant impact on mitochondrial homeostasis, 
and mitochondrial morphology is highly connected to specifi c cellular process. Autophagy is a catabolic pro-
cess in which cell constituents, including proteins and organelles, are delivered to the lysosomal compartment 
for degradation. Autophagy has multiple physiological functions and recent advances have demonstrated that 
this process is linked to different human diseases, such as cancer and neurodegenerative disorders. 

 In particular, it has been found that autophagy is a key determinant for the life span of mitochondria 
through a particularly fi ne-tuned mechanism called mitophagy, a selective form of autophagy, which 
ensures the preservation of healthy mitochondria through the removal of damaged or superfl uous mito-
chondria. Mitophagy has been found to be altered in several pathologies and aberrant or excessive levels of 
this process are found in common human disorders. Thus, the measurement of the mitophagy levels is of 
fundamental relevance to elucidate the molecular mechanism of this process and, most importantly, its role 
in cellular homeostasis and disease. 

 In this review, we will provide an overview of the current methods used to measure mitophagic levels, 
with particular emphasis on the techniques based on fl uorescent probes.  

  Key words     Mitochondria  ,   Autophagy  ,   Mitophagy  ,   Fluorescent probes  ,   GFP-LC3  

1      Introduction 

 In the presence of oxygen, cells are able to metabolize glucose by 
oxidation of glycolytic pyruvate in the mitochondrial tricarbox-
ylic acid (TCA) cycle. At the end of this cycle, the NADH (nico-
tinamide adenine dinucleotide, reduced) is used by oxidative 
phosphorylation to boost ATP production. Due to this, it was 
possible to coin the popular term that identifi es mitochondria as 
the “powerhouse of the cell.” 

 A growing body of recent evidence suggests that mitochondria 
are part of a more complex cellular signalling network and play a 
central role in several physiological processes (such as cell prolifera-
tion, autophagy, and apoptosis) [ 1 – 3 ], in cellular processes like 
metabolism [ 4 ], during the stress response [ 5 ], and in the regulation 
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of the homeostasis of second messengers, such as calcium (Ca 2+ ) 
and  reactive oxygen species (ROS) [ 6 ,  7 ]. 

 In short, it is clear that the mitochondrial compartment drives 
essential processes for a correct cell physiology and cell fate. As dem-
onstration of this, alteration of the normal homeostasis of mito-
chondria is always correlated to common human pathologies [ 8 ,  9 ]. 

 However, even though mitochondria are critical and indis-
pensable elements, the unchecked existence of mitochondria 
within the cell could become very dangerous. Aged or damaged 
mitochondria could induce an excessive ROS production, which 
leads to several mitochondrial dysfunctions, prompting the release 
of apoptosis-promoting factors and the consequent damage to 
neighboring mitochondria. As a result, the well-being of the cell 
could be deeply undermined. 

 Based on this knowledge, it is so easy to conceive that cells 
have developed fi nely tuned mechanisms to supervise mitochon-
drial quality and quantity. Mitophagy, a catabolic process for 
lysosome- dependent degradation, has been recently described as a 
mechanism for the elimination of damaged and unwanted mito-
chondria [ 10 ]. 

 In the last decade, three distinct mechanisms of mitophagy 
have been identifi ed: (1) during the transformation from reticulo-
cyte to a mature erythrocyte, all the internal organelles, including 
mitochondria, are eliminated. This particular form of mitophagy 
involves a Bcl-2-related mitochondria outer membrane protein 
Nix (also known as BNIP3L) and the microtubule-associated pro-
tein light chain 3 (LC3; also called MAP1LC3 or LC3B, the 
ortholog of yeast ATG8), the principal autophagosome-associated 
protein [ 10 ]; (2) the second mitophagic mechanism was observed 
in yeast, where the autophagy-related gene 32 (ATG32) protein, 
localized on the mitochondrial outer membrane, ensures selective 
sequestration of mitochondria by the recruitment of the canonical 
effectors of the autophagic machinery [ 11 ]; (3) the third (and also 
the most studied) pathway for the elimination of damaged mito-
chondria by mitophagy in mammals is a fi ne-tuned mechanism 
mediated by two Parkinson Disease (PD)-associated genes: PINK1 
(PTEN-induced putative protein kinase 1) and PARK2/PARKIN 
[ 12 ]. When a subset of mitochondria suffer a collapse of Ψ m  (mito-
chondrial membrane potential), induced by stressors or uncoupler 
agents, PINK1 and Parkin cooperate together for the removal of 
damaged mitochondria [ 13 ]. Normally, when the Ψ m  is intact, low 
levels of the serine/threonine PINK1 are found in mitochondria, 
because it is constantly imported (probably via the TIM/TOM 
complex) and cleaved by mitochondrial proteases by the inner 
membrane presenilin-associated rhomboid-like protease (PARL) 
and the mitochondrial-processing protease (MPP) [ 14 ,  15 ]. Upon 
loss of Ψ m , these mechanisms are affected and PINK1 rapidly accu-
mulates on the outer mitochondrial surface and acts as a marker for 
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mitochondrial damage. As a consequence, PINK1 leads to the 
recruitment of Parkin from the cytosol to mitochondria, where it 
mediates the ubiquitination of numerous outer mitochondrial 
membrane proteins [ 16 ]. In this way, the docking site for the Ub 
(ubiquitin)-binding adaptor SQSTM1/p62 is created, which then 
accumulates in mitochondria and facilitates the recruitment of 
damaged mitochondria to autophagosome by binding the LC3- 
interacting region (LIR) motif of LC3 [ 17 ] (Fig.  1 ).

    As outlined above, the removal of damaged mitochondria is a criti-
cal aspect for the well-being of cells. Alterations of mitophagy 
pathways are increasingly recognized in a number of human dis-
eases, including cancer and neurodegeneration [ 18 ]. To better 
understand the role and mechanism of mitophagy in these settings, 

1.1  Methods 
to Monitor Mitophagy

  Fig. 1    Mechanism of mitophagy. Following mitochondrial injuries the kinase PINK1 accumulates on the OMM, 
where it recruits the E3 ubiquitin ligase Parkin to mitochondria. Parkin then promotes the ubiquitination of 
OMM proteins inducing the recruitment of p62 to clustered mitochondria. Finally, p62 accumulates on mito-
chondria, binds to parkin-ubiquitylated mitochondrial substrates, mediates clumping of mitochondria and links 
ubiquitinated substrates to LC3 to facilitate the autophagic degradation of ubiquitinated proteins.  Ub  ubiquitin, 
 Ψ   m   mitochondrial membrane potential,  OMM  outer mitochondrial membrane,  LC3  microtubule-associated 
protein light chain 3,  Lys.hydr  lysosomal hydrolase,  PINK1  PTEN-induced putative protein kinase 1       
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in the last decade several methods are been developed to monitor 
and visualize this catabolic process ( see   Notes 1  and  2 ). Like 
 conventional autophagy, also for mitochondrial autophagy it is 
possible to assess the incorporation of “wasted” mitochondria into 
the autophagosome by electron microscopy or the release of radio-
actively labelled cellular proteins [ 19 ,  20 ]. These techniques pro-
vide confi rmation of mitochondrial autophagy or clearance, but 
present some caveats and limitations when it comes to the quanti-
fi cation of mitophagy. 

 Another useful method to quantify the loss of the mitochon-
drial pool due to the mitophagic process is the measurement of 
expression levels of mitochondrial proteins employing immunob-
lot assays [ 21 ]. Since protein synthesis and protein degradation are 
critical and typical aspects of the mitochondrial pools of protein, 
and also considering that intermembrane space proteins are fre-
quently lost after permeability transition, it is recommended to 
analyze the total cellular levels of proteins linked to different mito-
chondrial subcompartments. Furthermore, to ensure that the pro-
tein loss is limited to the mitochondrial compartment, it is 
suggested to perform an immunoblot analysis against non mito-
chondrial protein (e.g., endoplasmic reticulum proteins). 

 A robust way to investigate mitophagy is through the use of 
fl uorescent probes, which may be used to visualize sequestered 
mitochondria in the autophagosome and the subsequent delivery 
to the lysosomal compartment [ 22 ]. 

 Below, we describe the most used methods to quantify the 
mitophagic process by fl uorescent microscopy and we present a 
detailed protocol using fl uorescent probes to evaluate the selective 
removal of damaged mitochondria by mitophagy.  

  At the moment, the main methods to measure mitophagic activity 
using fl uorescent microscopy are based on the simultaneous visual-
ization of mitochondria and autophagosomes with the 
autophagosome- specifi c marker LC3. Like autophagy, mitophagy 
is a dynamic and multistep process that can be modulated at differ-
ent steps. Based on these observations, researchers have developed 
novel fl uorescent-based techniques to monitor the activity of the 
mitophagic machinery. Some of them are designed to monitor the 
delivery of mitochondria to the lysosome. To visualize the amount 
of fused organelles, mitochondria may be labelled with a mito-
chondrial marker without signifi cant membrane potential depen-
dence (MitoTracker ®  dyes) ( see   Note 3 ) and the lysosome may be 
stained with fl uorescent probes (such as the lysosomotropic 
LysoTracker ®  dyes) ( see   Note 4 ) or a lysosomal marker (e.g., 
LAMP1-GFP) [ 23 ,  24 ]. A similar approach, to evaluate the incor-
poration of mitochondria into the autolysosome makes use of a 
mitochondria-targeted version of the pH-dependent Keima pro-
tein, named mito-Keima. When mitochondria are sequestered into 

1.2  Monitoring 
Mitophagy Using 
Fluorescent Probes
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the lysosomal compartment, the peak of excitation of this modifi ed 
protein shifts from 440 nm (high pH) to 586 nm (acidic pH) [ 25 ]. 

 One key role of mitophagy is the removal of dysfunctional and 
aged mitochondria so as to maintain mitochondrial turnover and 
cellular homeostasis. Thus, monitoring these mitochondrial changes 
is of great importance. A novel fl uorescent tool, named “MitoTimer,” 
is a mitochondria-targeted mutant of the red fl uorescent protein 
Fluorescent Timer, known as DsRed1-E5, which shows a fl uores-
cence shift from green to red as the protein matures. As such, this 
mitochondrial fl uorescent protein may be a very useful method to 
visualize real-time mitochondrial exchange in living cells [ 26 ]. 

 Other methods are based on the peculiarity that MAP1LC3 is 
not the only marker for autophagy, and several other proteins are 
also involved in this catabolic process. Importantly, a number of 
these markers are available to perform fl uorescent imaging. As 
reported above, PINK1 and Parkin associate together to label dam-
aged mitochondria, which will be marked for selective degradation 
via autophagy. In particular, a key aspect for the execution of 
mitophagy is the translocation of Parkin from cytosol to mitochon-
dria, an event that can be recognized through the use of fl uorescent 
microscopy based on the simultaneous visualization of mitochon-
dria (using mitochondrial fl uorescent probes, such as MitoTracker 
Green, or a mitochondrial marker, such as mitochondria- targeted 
GFP, mtGFP) and the Parkin protein (using fl uorescent recombi-
nant chimeras, such as mCherry-Parkin) [ 27 ]. Another light-based 
method to recognize the specifi c initiation of Parkin-mediated 
mitophagy uses a genetically encoded mitochondria- matrix target-
ing photosensitizer “KillerRed-dMito” and the fl uorescent recom-
binant Parkin-chimera YFP-Parkin. KillerRed is a photosensitizer 
which produces ROS when illuminated with 599-nm light; as 
result, mitochondria in the selectively illuminated area become 
impaired. This mitochondrial damage is recognized by Parkin 
which translocates to the mitochondrial surface and induces mito-
chondrial clearance by the LC3-coated autophagic structures [ 28 ]. 
Thanks to this new method, it will be possible to monitor the 
Parkin-mediated mitophagy in a temporally controlled fashion and 
it could be useful to identify the high- tuned (but still unknown) 
molecular mechanism in Parkin-mediated mitophagy ( see   Note 5 ). 

 Even though different methods and several markers for selec-
tive autophagy are been unveiled, the fi nal step of the mitophagic 
process always implies the incorporation of damaged mitochondria 
in LC3-coated vesicles ( see   Note 6 ). To date, the simultaneous 
visualization of mitochondria and autophagosome remains of fun-
damental importance for a correct mitophagic analysis [ 21 ,  29 ]. 

 In next section, we describe in detail the direct method to 
provide confi rmation of the incorporation of damaged mitochon-
dria into autophagosome by fl uorescent microscopy using a 
mitochondria- targeted RFP (mtDsRed) in combination with the 
autophagosomal marker GFP-MAP1LC3B (GFP-LC3).   
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2    Materials 

      1.    Cell lines: Rst oligodendrocyte precursor cells (OPCs).   
   2.    Culture medium for OPCs: Dulbecco’s modifi ed Eagle’s 

medium (DMEM), 4 mM  l -glutamine, 1 mM sodium pyru-
vate, 0.1 % bovine serum albumin (BSA), 50 mg/ml Apo-
transferrin, 5 mg/ml insulin, 30 nM sodium selenite, 10 nM 
 d -biotin, 10 nM hydrocortisone, 100 U/ml penicillin, 
100 mg/ml streptomycin.   

   3.    10 μg/ml PDGF (platelet-derived growth factor)-AA: stock 
prepared in distilled water or media, fi ltered and stored at 
−20 °C; use at 10 ng/ml.   

   4.    10 μg/ml bFGF (basic fi broblast growth factor): stock pre-
pared in distilled water or media, fi ltered and stored at −20 °C; 
use at 10 ng/ml.   

   5.    10 μM FCCP (Carbonyl cyanide 4-trifl uoromethoxyphenyl 
hydrazone), dissolved in ethanol and stored at −20 °C; use at 
100 nM for OPCs.   

   6.    Lipofectamine 2000 Reagent (Invitrogen, Life Technologies, 
Carlsbad, CA).   

   7.    Glass coverslips (24 mm in diameter).   
   8.    Poly- L -Ornithine (10 mg/ml stock); use at 100 μg/ml.   
   9.    Six-well culture plates.      

      1.    Inverted Nikon LiveScan Swept Field Confocal Microscope 
(SFC) Eclipse Ti equipped with NIS-Elements microscope imag-
ing software, an Andor DU885 electron multiplying charge-cou-
pled device (EM-CCD) camera (Andor Technology Ltd, Belfast, 
Northern Ireland) and a CFI Plan Apo VC60XH objective 
(numerical aperture, 1.4) (Nikon Instruments, Melville, NY).   

   2.    Autophagosomal marker GFP-MAP1LC3B (GFP-LC3). For 
further detailed technical descriptions about this plasmid, 
please refer to ref. [ 3 ].   

   3.    Mitochondria-targeted RFP (mtDsRed). For further detailed 
technical descriptions about this plasmid, please refer to ref. 
[ 3 ].       

3    Methods 

  In order to obtain an optimal measurement of the degree of 
colocalization, it is necessary to analyze high-quality images cap-
tured at high magnifi cation (60× or 100×). We use an inverted 
Nikon LiveScan Microscope (SFC) Eclipse Ti equipped with 
NIS- Elements microscope imaging software, an Andor DU885 
electron multiplying charge-coupled device (EM-CCD) camera 

2.1  Cell Culture 
and Reagents

2.2  Image 
(Fluorescence)-Based 
Analysis of Mitophagy

3.1  Measuring 
Mitophagy 
with GFP-LC3 
and mtDsRed
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and a CFI Plan Apo VC60XH objective (numerical aperture, 1.4). 
To improve resolution and the quality of images acquired, we use 
a 1.5× amplifi er.  

  Cells are seeded on glass coverslips (24 mm in diameter) and 
allowed to grow until 50 % confl uence. After seeding the cells, wait 
for at least 24 h. The cells are then transfected using appropriate 
transfection methods (Ca 2+ -phosphate, lipoamines, electropora-
tion, or adenoviral vectors) with a mitochondria-targeted RFP 
(mtDsRed) in combination with the autophagosomal marker GFP- 
MAP1LC3B (GFP-LC3). 

 Conventionally cancerous and immortalized cell lines may be 
easily transfect with Ca 2+ -phosphate or lipoamines transfection 
methods. Primary cultures, which are notably “hard-to-transfect 
cells,” request electroporation, lipoamines or adenoviral vectors. 
After transfection, wait for 48 h and perform live fl uorescence 
imaging ( see   Note 7 ). In alternative, it is possible to fi x cells with a 
2 % formaldehyde solution ( see   Note 8 ). 

 As certain cell lines possess too low levels of organelle clear-
ance, it may useful to pretreat cells with the potassium ionophore 
valinomycin or with uncoupling agents [as like CCCP (Carbonyl 
cyanide m-chlorophenylhydrazone) or FCCP (Carbonyl cyanide 
4-trifl uoromethoxyphenyl hydrazone)] to recognize their 
mitophagic activity [ 30 ]. These chemical compounds provoke 
the dissipation of Ψ m , accumulation of PINK1 on depolarized 
mitochondria and, fi nally, Parkin translocation to the mitochon-
drial outer membrane [ 31 ]. Consequently, depolarization of 
mitochondria by protonophores is highly associated with colocal-
ization of GFP-LC3 on RFP-labelled mitochondria. Another 
important aspect to keep in mind is that maturation and lysosomal 
fusion is a very rapid process and the assessment of mitochondrial 
compartment into autophagosome may be arduous. Treatments 
with lysosomotropic agents (such as chloroquine, bafi lomycin A1, 
and ammonium chloride) or with lysosomal protease inhibitors 
(e.g., E64d or pepstatin A), which block the degradation of LC3 
with the consequent accumulation of autophagosomes, may facili-
tate the identifi cation of the cargo of the autophagic vesicles 
( see   Note 9 ) [ 32 ].  

  Oligodendrocyte cells were obtained following the protocol devel-
oped by Chen et al. [ 33 ] and maintained in culture medium for 
OPCs supplemented with 10 ng/ml PDGF-AA and 10 ng/ml 
bFGF for a week. The OPCs isolated can be studied in their undif-
ferentiated state or induced to differentiate into immature oligo-
dendroblasts and then into mature oligodendrocytes, replacing 
PDGF-AA and bFGF with triiodothyronine . 

 At ~7 days, OPCs obtained were plated at a density of 2 × 10 4 /
cm 2  on glass coverslips (24 mm in diameter) in six-well culture 
plates. Cover glasses were previously coated with 100 μg/ml per 

3.2  Sample 
Preparation 
and Transfection

3.3  Sample 
Preparation 
and Transfection 
of Oligodendrocytes 
Cells

Mitophagy and Mitochondrial Balance



188

well of poly- D -ornithine as follow. Add suffi cient quantity of 1× 
coating solution to glasses and incubate for 1–2 h at 37 °C. Remove 
solution, wash two times with distilled water and air-dry in a tissue 
culture hood. 

 After 24 h from seeding, cells were transfected with 1 μg of 
plasmid DNA for well (0.5 μg mtDsRed + 0.5 μg GFP-LC3), using 
the appropriate transfection method (Lipofectamine 2000 reagent). 
After 4–6 h the transfection medium were replaced with warm 
medium culture medium for OPCs supplemented with 10 ng/ml 
PDGF-AA and 10 ng/ml bFGF, and after 48 h the cells were 
imaged as outlined in Subheading  3.4 . Prior to imaging, parallel 
oligodendrocytes cultures transfected as reported above were 
treated with the uncoupler agent FCCP 100 nM for 1 h to induce 
the sequestration of mitochondria into autophagosomes (Fig.  2 ).

      Coverslips (24-mm in diameter) were placed in a stage incubator 
(Okolab) of the inverted Nikon LiveScan SFC Microscope Eclipse 
Ti equipped with VC60XH oil immersion objective. Experiments 
were carried out in basal chemically defi ned medium supplemented 
with 10 ng/ml PDGF-AA and 10 ng/ml bFGF. Excitation at 

3.4  Measurements

  Fig. 2    Analysis of mitophagic sequestration by dual fl uorescence. OPCs were transfected with GFP-LC3 and a 
mitochondrial-targeted red fl uorescent protein. Forty-eight hours after transduction, cells were treated with 
vehicle ( CTRL ) or 100 nM FCCP for 1 h. Confocal images show a signifi cant increase in GFP-LC3 puncta that 
colocalize with mitochondria in FCCP-treated cells ( arrows ). The images visualize in  blue boxes  ( c  and  d ) are 
enlargements in  aii  and  bii , respectively. Cells were imaged on a Nikon LiveScan SFC Microscope Eclipse Ti 
equipped with VC60XH oil immersion objective with a 1.5× amplifi er and appropriate fi lter sets. Scale bar: 
10 μm    ( a–aii  and  b–bii ) and 2 μm ( c  and  d )       
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488 nm used a solid state laser (Spectra-Physics, Newport) and 
fl uorescence emission was measured through a 520/30 fi lter. Laser 
excitation at 546 nm used a solid state laser (Spectra-Physics, 
Newport) and fl uorescence emission was measured using a 600/20 
fi lter. Laser excitation was attenuated 100- to 1,000-fold to mini-
mize photobleaching and photodamage. In order to obtain statis-
tical signifi cance for measuring the degree of colocalization, we 
recommend to acquire at least 25–30 images per condition.  

  Following the experiment, the images acquired can be analyzed 
directly on the microscope imaging software or by the use of open- 
source software programs developed to help the interpretation of 
multidimensional images, such as ImageJ, the Open Microscopy 
Environment, or VisBio. 

  Preprocessing of images : Fields of images acquired are not illumi-
nated in a homogeneous fashion; thus, it is recommended to cor-
rect for uneven illumination. This image processing may be 
achieved by correcting the image of the sample using a bright 
image of an empty fi eld. The correction may be performed using 
the microscope imaging software or, alternatively, with open- 
source software programs. 

  Visualizing colocalization : Conventionally, the most used method to 
visualize colocalization is the simple merge of the different channels. 
In our case, GFP-LC3 (green) and mtDsRed (red) give rise to yel-
low hotspots where the two molecules of interest are present in the 
same pixels. Thus, to reach a very fast and easy quantifi cation of 
colocalization, it is possible to perform the simple count of yellow 
dots and identifying the number of mitochondria sequestered into 
the autophagosome (Fig.  3a ). Alternatively, it is possible to evaluate 
the intensity profi le for the red and green channel of a region of 
interest, which potentially includes an autophagosome (Fig.  3c–ci ).

   The simple overlay of the channels of interest possesses, how-
ever, some limits. For example, the presence of merged staining 
(yellow in our case) is highly dependent on the signal intensity of 
each single channel: to have a reliable colocalization, both images 
should have similar grey level dynamics. Many software tools and 
algorithms have been developed to try to address this issue. In 
particular, to evaluate colocalization events, algorithms performing 
the so-called Intensity Correlation Coeffi cient-Based analyses 
(ICCB; such as Pearson’s or Manders’ coeffi cients) and object- 
based approaches (such as the centroid or intensity center calcula-
tion) have been engineered. Recently, a simple public domain tool 
has been developed for the open-source software ImageJ, named 
JACoP, which integrates current global statistic methods to evalu-
ate the degree of the colocalization of two channels (Fig.  3b–bi ). 
Using a novel object-based approach, this tool is capable of pro-
cessing single and composite images and enables an automated 
colocalization analysis [ 34 ].   

3.5  Data Handling/
Processing
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4    Notes 

     1.    Due to the dynamic nature of mitophagy and the multiple 
potential factors which regulate this process, it is suggested to 
perform multiple techniques (rather than a single technique) 
to evaluate the autophagic removal of damaged mitochondria. 
For example, immunoblot analysis of the mitochondrial pro-
teins levels is useful to validate data from microscopy studies.   

   2.    It is important to keep in mind that mitochondrial turnover 
could be promoted by other degradation systems (such as pro-
teosomal degradation) and that several mechanisms are respon-
sible for the disappearance of mitochondrial markers. Based on 
these observations, it is suggested to evaluate the mitochon-
drial clearance also with inhibitors of the other major degrada-
tion systems.   

   3.    The retention and accumulation of the fl uorescent probes, 
especially for MitoTracker dyes, depend on cell type. It is rec-
ommended to determine empirically their optimal concentra-
tion in a given cell type under the experimental conditions.   

   4.    Because lysosomotropic agents disrupt the lysosomal acidic 
pH, these compounds cannot be used with LysoTracker fl uo-
rescent probes.   

   5.    Defective or excessive mitophagy is frequently found in several 
human diseases. Consequently, a novel and accessible method 
capable of recognizing the alteration of mitophagy and, at the 
same time, the rapid screening of hypothetical compounds is 
necessary. Coupling the reported methods with high-content 
microscopy may be a solution. In this way, it will possible to 
screen large compound libraries to identify small-molecule 
modulators of mitophagy. As a demonstration of this theoreti-
cal approach, the fi rst mitophagic study performed using high- 
throughput screening has been recently published. In this 
work, Hasson and colleagues characterized specifi c regulators 
of the PINK1-Parkin-mediated mitophagy. To attain their 
goal, cells stably expressing GFP-Parkin and a mitochondria-
targeted red fl uorescent protein were used. The cells were 
transfected with siRNA duplex in 384-well plates, treated with 
a chemical mitochondrial uncoupler and the translocation of 
Parkin to the mitochondrial surface was evaluated by high-
content microscopy and automated image analysis [ 35 ].   

   6.    In addition to colocalization between mitochondrial labels and 
markers for autophagy, it may be useful to perform studies in 
order to quantify the morphological and functional changes 
associated to the mitophagic removal of mitochondria. To 
assess these aims, it is possible to evaluate changes in mito-
chondrial structure (it should be noted that mitochondrial 
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    1.    Haigis MC, Deng CX, Finley LW, Kim HS, 
Gius D (2012) SIRT3 is a mitochondrial tumor 
suppressor: a scientifi c tale that connects aber-
rant cellular ROS, the Warburg effect, and car-
cinogenesis. Cancer Res 72:2468–2472  

   2.    Bonora M, Bononi A, De Marchi E, Giorgi C, 
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      3.    Patergnani S, Marchi S, Rimessi A, Bonora M, 
Giorgi C, Mehta KD, Pinton P (2013) 
PRKCB/protein kinase C, beta and the mito-
chondrial axis as key regulators of autophagy. 
Autophagy 9:1367–1385  

    4.    Houtkooper RH, Pirinen E, Auwerx J (2012) 
Sirtuins as regulators of metabolism and 
healthspan. Nat Rev Mol Cell Biol 13:
225–238  

    5.    Manoli I, Alesci S, Blackman MR, Su YA, Rennert 
OM, Chrousos GP (2007) Mitochondria as key 

fragmentation precedes mitophagy) through the employment 
of MitoTracker, whereas the loss of Ψ m , a common trigger for 
mitophagy, can be measured by the use of potentiometric 
probes (such as JC-1 and TMRM) [ 36 ].   

   7.    It is important to consider that certain plasmid DNA and 
transfection methods may modify the levels of autophagy. To 
start, it is important to use contaminant-free plasmid 
DNA. Next, to avoid negative effects induced by transfection, 
it is suggested to leave the cells for at least 48 h after the trans-
fection. The use of stable cell lines could solve this concern, 
but: (a) stable cell line are generated by immortalization, a 
process that modifi es markedly the normal physiology of the 
cell, and (b) it is not always possible or easy to obtain a stable 
cell line of certain cell types (i.e., nerve cells).   

   8.    The fi xation procedure may produce autofl uorescent puncta or 
a reduction for GFP-LC3 staining. To avoid artifacts, it is sug-
gested to compare results of live imaging with imaging after 
fi xation.   

   9.    The optimal lysosomotropic agents or lysosomal protease 
inhibitors concentration and timetable treatment are highly 
linked to cell-type. Before perform experiments, one should 
search for the ideal concentration and time course in order to 
prevent cytotoxic effects and avoid saturation of the observed 
LC3-II accumulation.         
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