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   Preface   

 Mitochondria are far more than the “powerhouse” of the cell as they have classically been described. 
In fact, mitochondria biological activities have progressively expanded to include not only various 
bioenergetic processes but also important biosynthetic pathways, calcium homeostasis and thermo-
genesis, cell death by apoptosis, several different signal transduction pathways mainly related to redox 
control of gene expression and so on. This functional and structural complexity may undergo impor-
tant derangements so to justify the defi nition of ‘mitochondrial medicine’, which should include all 
the clinical consequences of congenital or acquired mitochondrial dysfunctions. There are actually a 
growing number of studies which assign a signifi cant pathogenic role to damaged mitochondria in 
different diseases: ischemia/reperfusion injury, neurodegenerative diseases, metabolic syndrome, 
hyperlipidemias, just to mention a few of the most important pathologies. 

 In this context, a further aspect that should not be disregarded is the interaction of pharmacological 
agents with mitochondria, not only in regard of the toxicological aspects but, above all, of the poten-
tial therapeutic applications. In fact, it is interesting to note that, while the properties of different 
so-called “mitoxicants” are well-known from a physical, chemical and biochemical point of view, the 
often subtle linkages between drugs and mitochondria is still in need of a real pharmacological and 
therapeutic control at the clinical level. 

 This lack of consideration can often lead to an underestimation of unwanted toxic effects but also 
of desirable therapeutic activities, both diverging outcomes resulting from drug induced modifi cation 
of mitochondrial homeostasis. 

 The aim of this book is to stimulate a re-evaluation of the potential clinical role of mitochondria 
that could shed new light on some yet debated aspects of human pathophysiology. 

 Roberto Scatena   
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  Abstract   The chapter provides a review of the state of art of the oxidative phosphorylation system in 
mammalian mitochondria. The sections of the paper deal with:

    (i)    the respiratory chain as a whole: redox centers of the chain and protonic coupling in oxidative 
phosphorylation  

    (ii)    atomic structure and functional mechanism of protonmotive complexes I, III, IV and V of the 
oxidative phosphorylation system  

    (iii)    biogenesis of oxidative phosphorylation complexes: mitochondrial import of nuclear encoded 
subunits, assembly of oxidative phosphorylation complexes, transcriptional factors controlling 
biogenesis of the complexes.     

 This advanced knowledge of the structure, functional mechanism and biogenesis of the oxidative 
phosphorylation system provides a background to understand the pathological impact of genetic and 
acquired dysfunctions of mitochondrial oxidative phosphorylation.  

  Keywords   F 
1
 F 

o
  ATP synthase  •  Mitochondrial biogenesis  •  Mitochondrial protein import  •  Oxidative 

phosphorylation  •  Respiratory chain complexes    

    Chapter 1   
 The Oxidative Phosphorylation System 
in Mammalian Mitochondria       
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    1.1   Introduction 

 House keeping and specialized endoergonic cellular functions of human organs depend on the metabolic 
cell capacity to extract free energy from nutrients and to convert it to that of the  b - g  pyrophosphate bond 
of adenosintriphosphate. ATP in turn is utilised to drive endoergonic cell functions. In mammalian cells 
the ATP produced by mitochondrial respiratory chain oxidative phosphorylation (OXPHOS) covers, 
under normal conditions, more than 80% of the ATP cell need. The remaining is provided by anaerobic 
cytosolic degradation of nutrients, mainly glycolysis. Mitochondrial respiration accomplishes complete 
oxidation of substrates, derived from nutrients, to H 

2
 O, CO 

2
  and NH 

3
 . Mitochondria also perform the 

initial steps of urea biosynthesis. These fi nal catabolic products are easily excreted from the body, thus 
preventing, under normal conditions, deleterious accumulation of metabolic scores like oxygen radicals 
and other radical species, organic acids and NH 

3
 . Under conditions leading to excess of reducing power, 

in the form of NADH, utilised for biosyntetic reactions after transhydrogenation with NADP + , this 
results in enhanced production of fatty acids and cholesterol. Elongation of fatty acids and partial reac-
tions of heme biosynthesis and gluconeogenesis also take place in mitochondria. 

 Mitochondrial production of ATP requires continuous import in mitochondria of respiratory sub-
strates, ADP and P 

i
  and export of ATP. The adenine translocator, P 

i
  carrier, pyruvate carrier, as well as 

other members of the mitochondrial carrier family work continuously so as to ensure the normal occur-
rence of cellular energy metabolism and all the other metabolic processes which are partitioned between 
mitochondria and cytosol (Papa et al.  1971 ; Palmieri and Klingenberg  2004  ) . A genetic and/or acquired 
defect in a step of respiratory metabolism, oxidative phosphorylation, mitochondrial biogenesis, bio-
synthetic pathways or mitochondrial translocators can result in signifi cant metabolic dysfunction. From 
all this it clearly emerges that primary and secondary dysfunction of mitochondria, in the fi rst place of 
respiratory chain oxidative phosphorylation, can have profound pathological impact in humans.  

    1.2   The Respiratory Chain as a Whole 

    1.2.1   The Redox Centers 

 The concept of the respiratory chain was developed by Keilin  (  1966  )  with the identifi cation of cyto-
chromes a, b, c as redox carriers in aerobic organisms linking in sequence the activating dehydroge-
nase of Wieland with the oxygen-activating enzyme of Warburg. Figure  1.1  provides the actual picture 
of the redox centers in the respiratory chain of mammalian mitochondria. Where indicated by a suffi x 
electron transfer by cytochromes and iron-sulphur clusters exhibits pH dependence. This refl ects 
cooperative H + /e −  linkage at the centers (redox Bohr effect) (Papa et al.  1973 ; Papa  1976  ) . Dotted 
boxes circumscribe the inner mitochondrial membrane enzyme complexes I, II, III and IV to which 
the redox centers are associated (see Sect.  1.3 ). Specifi c ubiquinone binding sites are present in com-
plexes I, II and III respectively (Salerno and Ohnishi  1980 ; Meinhardt and Ohnishi  1992 ; Ohnishi and 
Salerno  2005  ) . Reducing equivalents donated by NADH/NAD +  at −320 mV, are accepted by FMN in 
complex I, passed to a series of Fe-S centers and leave the last Fe-S center (N2) in the complex at an 
E 

m
  of −50/−150 mV (Fig.  1.1 ). Electrons from complex I, succinate dehydrogenase, acylCoAFp dehy-

drogenases-ETF-ETF dehydrogenase and glycerolphosphate dehydrogenase converge into the ubiqui-
none pool (Q 

p
 ) at an E 

m
  around zero. Ubiquinone transfers electrons to b cytochromes in complex III. 

In this complex electrons move down the Fe.S center and cyt c 
1
 , with the involvement of protein 

bound quinone(s) (Meinhardt and Ohnishi  1992  ) , and are passed to cyt c (E 
m
  +230 mV). Ferrocytochrome 

 c  is oxidized in the reduction of molecular oxygen to 2 H 
2
 O by aa 

3
  cytochrome c oxidase. The free 

energy made available by electron fl ow from NADH or fl avin nucleotides to O 
2
  is conserved as a 
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transmembrane electrochemical proton gradient (protonmotive force, PMF), which is then utilized to 
make ATP from ADP and P 

i
  (Mitchell  1966 ; Papa  1976 ; Wikström et al.  1981a  ) .  

 Some redox centers in the respiratory chain, like FMN radical and ubisemiquinone in complex I 
and complex III can be directly oxidized by dioxygen with the transfer of a single electron to O 

2
  and 

generation of oxygen superoxide O  
2
  −   (Fig.  1.2 ) (Chance et al.  1979 ; Cadenas and Davies  2000  ) . This 

is an extremely reactive free radical which can directly oxidize proteins, lipids, nucleic acids and/or 
dismutate to H 

2
 O 

2
  by the mitochondrial Mn-superoxide dismutase (Mn-SOD). H 

2
 O 

2
  can be converted 

to OH ·  by Fe 2+ . O  
2
  −   produced at the cytosolic surface of the inner mitochondrial membrane can be 

oxidized by cytochrome c and cytochrome c oxidase or converted to H 
2
 O 

2
  by the cytosolic Cu, 

Zn-SOD. Inactivation of mitochondrial Mn-SOD in transgenic mice has been found to result in lethal 
dilated cardiomyopathy, with inactivation of mitochondrial enzymes containing iron-sulfur centers 
(Bironaite et al.  1991  ) . The level of oxygen reactive species (ROS) can be enhanced by defects in 
respiratory complexes or by inhibitors of complex III and complex I or neurotoxic meperidine ana-
logue derivatives, which cause Parkinsonism-like symptoms (Cortopassi and Wang  1995  ) . A particu-
larly deleterious situation seems to arise in patients with inherited disorders of complex I. Defects in 
the assembly or activity of the complex result in enhanced O  

2
  −   production. This induces overexpres-

sion of the mitochondrial Mn-SOD, which increases production of H 
2
 O 

2
  (Raha and Robinson  2000  ) . 

Superoxide can react with NO, produced by the cytosolic nitric oxide synthase or directly by the 
mitochondrial isozyme (Tatoyan and Giulivi  1998  ) , with formation of the peroxy-nitrite anion 
(ONOO − ). NO can reversibly inhibit cytochrome c oxidase (Brown  1999  )  and ONOO −  can oxidatively 
damage respiratory complexes with further production of O  

2
  −  , thus setting in a deleterious cascade of 

  Fig. 1.1    Electron transfer centers of the respiratory chain in mammalian mitochondria. The centers are schematically 
shown with their midpoint potentials under standard conditions 25°C and pH 7.0. Qpool: ubiquinone of the pool, Q 

B
 : 

protein bound ubiquinone. Specifi c inhibitor sites are also shown. Rotenone, antimycin and myxothiazol exert their 
inhibitory effect by interacting specifi cally with ubiquinone sites present in complex I (QNs, QNf) and complex III (Qi 
and Qo). For more details see (Beinert  1986 ; Brandt  1997 ; Ohnishi  1998  )  (Modifi ed from Fig. 2 of Papa et al.  2007  )        
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events (Papa  1996 ; Beckman and Koppenol  1996  ) . In both the mitochondrial matrix and cytosol H 
2
 O 

2
  

is reduced to water by glutathione peroxidase. H 
2
 O 

2
 , which diffuses to peroxisomes, is cleaved there 

by catalase to water and oxygen (Fig.  1.2 ) (Chance et al.  1979  ) .   

    1.2.2   Protonic Coupling in Respiratory Chain Oxidative Phosphorylation 

 The fl ow of four reducing equivalents down the respiratory chain from NADH to O 
2
 , which is reduced 

to 2 H 
2
 O, is directly coupled to the transclocation of 20 protons from the mitochondrial matrix to the 

outer mitochondrial space (Fig.  1.3 ) (Papa  1976 ; Wikström et al.  1981a ; Papa et al.  1999  ) . These 
protons are utilized by the F 

1
 F 

o
  ATP synthase (complex V) of the mitochondrial inner membrane to 

drive the synthesis of 5 ATP molecules from ADP and inorganic phosphate. Fifteen H +  are directly 
utilised in the synthesis of ATP, fi ve H +  for phosphate uptake and charge neutralization of the electro-
genic exchange of ATP 4−  from the matrix with ADP 3−  from the cytosol (Fig.  1.3 ). The overall P/O ratio 
of oxidative phosphorylation is 2.5 and not 3 as previously reported (Hinkle  2005  ) . Of the 20 H +  
expelled from mitochondria, 8 H +  are released out during electron fl ow from NADH to ubiquinone of 
the pool, 8 H +  in electron fl ow from ubiquinol to cytochrome c and 4H +  for electron fl ow from reduced 
cytochrome c to oxygen. H +  pumping at these three coupling sites is operated by complex I, III and IV 
respectively (see Sect.  1.3  for the mechanism of proton pumping in these complexes). Electron fl ow 
from fl avin dehydrogenases to O 

2
  results in the extrusion of 12 H +  and the synthesis of ATP with a P/O 

ratio of 1.5. The fl avin dehydrogenases which transfer electrons from the respective substrates to 
ubiquinone don’t pump protons. Controlled dissipation of the PMF by proton back fl ow mediated by 
the uncoupling protein of the inner mitochondrial membrane (Ricquier  2005 ; Sluse et al.  2006  )  and 
slips in the proton pump of respiratory chain complexes (Papa et al.  2006a  )  can contribute under con-
ditions of high reducing power to prevent excessive and harmful metabolic production of fatty acids 
and cholesterol as well as of oxygen free radicals (Papa and Skulachev  1997  ) .    

  Fig. 1.2    ROS production in complex I and III of the mammalian mitochondrial respiratory chain and ROS scavenger 
enzymes       
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    1.3   Structure and Protonmotive Activity of Oxidative 
Phosphorylation Complexes 

 The four redox complexes of the mammalian respiratory chain and F 
1
 F 

o
  ATP synthase can easily be 

purifi ed in the active enzyme state (Hatefi   1985  )  and incorporated in phospholipid vesicles (Papa et al. 
 1996a  )  or planar phospholipid membranes (Bamberg et al.  1993  ) . In this way it was shown that 
complex I, III and IV can each, separately, function as a redox-driven proton pump and the ATP syn-
thase (Complex V) as a reversible proton pump. By direct protein analysis and extensive cDNA 
sequencing the primary structures of all the proteins of the complexes were determined. Nowadays 
proteomic analysis is providing additional information on these and associated proteins and their 

  Fig. 1.3    Protonic coupling in oxidative phosphorylation in the inner membrane of mammalian mitochondria. The 
scheme presents the 2D/3D structure of the respiratory complexes I, III and IV, ATP synthase, complex V, the adenine 
nucleotide translocator ( ADN ) and phosphate carrier inserted in the inner mitochondrial membrane. The shape of com-
plex I results from high resolution electron microscopy image reconstitution (Friedrich and Böttcher  2004 ; Sazanov and 
Hinchliffe  2006  ) , those of complex III (Xia et al.  1997 ; Hunte et al.  2000  )  and complex IV (Tsukihara et al.  1996  )  from 
X-ray crystallographic structures of the bovine heart enzymes. The shape of complex V results from X-ray (Abrahams 
et al.  1994 ; Stock et al.  1999  )  and electron microscopy structure reconstruction (Rubinstein et al.  2003  ) . Complex III, 
IV and V are shown in the dimeric state as they appear in the structural analysis. The NADH protons are released in the 
 outer space upon  oxidation of ubiquinone in complex III. The  dotted line  traversing the complexes represents the fl ow 
of reducing equivalents from NADH to O 

2
 . The maximal H + /e −  (proton release per e −  transfer) ratios attainable for the 

three redox complexes and the H + /ATP ratio for the ATP synthase are given at the  bottom  of the scheme. Proton and 
charge translocation for the import of H 

2
 PO  

4
  −   and ADP 3−  with export of ATP 4−  is also shown. The overall balance of 

oxidative phosphorylation results in the production of 5 ATP in the oxidation of two molecules of NADH by one mol-
ecule of O 

2
 . The P/O of 2.5 represents the maximal attainable effi ciency of oxidative phosphorylation. Under certain 

physiological conditions the effi ciency of oxidative phosphorylation can decrease since of slips in the redox proton 
pumps (Canton et al.  1995 ; Papa et al.  1995 ; Lorusso et al.  1995 ; Capitanio et al.  1996  )  and proton  back fl ow  by leaks, 
or mediated by the uncoupler protein (Ricquier and Bouillaud  2000  ) .  N  side, matrix space;  P  side, cytosolic side       
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post-translational modifi cations (   Taylor et al.  2003a   ; Palmisano et al.  2007 ; Pagliarini et al.  2008  ) . 
The overall subunit pattern of the complexes, and their assembly status in the membrane can easily be 
obtained by two dimensional non-denaturing blue native electrophoresis/SDS PAGE (Schägger  2001  ) . 
This procedure is now largely used to screen simultaneously subunit assembly of the fi ve complexes 
in particular in mitochondrial diseases. It has also provided evidence indicating that the human respi-
ratory complexes can be assembled in the inner mitochondrial membrane as supramolecular struc-
tures. Complexes I, III and IV, can apparently associate to form a structure denominated respirasome 
(Schagger and Pfeiffer  2000,   2001  ) . The loss of complex III prevents respirasome formation and leads 
to a signifi cant reduction of complex I (Schägger et al.  2004 ; Acín-Pérez et al.  2004  ) . The possible 
functional implication of the dimeric form of complexes III, IV and V and of the association of com-
plexes I, III and IV in the respirasome is under investigation in various laboratories. Complex II 
(succinate-ubiquinone oxidoreductase, SQR, E.C. 1.3.5.1) is an inner mitochondrial membrane intrin-
sic enzyme which participates in the citric acid cycle. SQR is very similar to the bacterial quinol/
fumarate oxidoreductase (QFR) (Cecchini  2003  ) . Succinate ubiquinone oxidoreductases generally 
contain four subunits, referred to as A, B, C and D. Subunits A and B are hydrophylic, whereas sub-
units C and D are integral membrane proteins. SQRs contain three iron-sulphur centres which are 
bound to the B subunit. The larger hydrophylic subunit A carries a covalently-bound fl avin adenine 
dinucleotide (Toogood et al.  2007  ) . 

    1.3.1   Complex I; NADH – Ubiquinone Oxidoreductase 

 Complex I (NADH – ubiquinone oxidoreductase, E.C. 1.6.5.3) is the fi rst and the largest enzyme of 
mammalian and bacterial oxidative phosphorylation systems with a molecular weight ranging from 
 » 1,000 to  » 550 kDa respectively. The prokaryotic complex I consists of 14 conserved subunits, the 
mammalian mitochondrial complex of 45 different subunits (Table  1.1 ) (Yagi and Matsuno-Yagi 
 2003 ; Carroll et al.  2006a  ) , of which seven are encoded by the mitochondrial genome, the others by 
nuclear genes (Table  1.1 ) (Hirst et al.  2003 ; Papa et al.  2007  ) . The 14 conserved subunits constitute 
the minimal working core of the enzyme harbouring all the redox components (Fig.  1.1 ) (   Guenebaut 
et al.  1998 ; Yagi and Matsuno-Yagi  2003  ) : one FMN, eight to nine iron-sulfur clusters and one or 
two protein bound ubiquinone molecules.   

 The enzyme catalyzes the oxidation of NADH by ubiquinone conserving the free energy of the 
reaction as a transmembrane proton gradient (reaction  1.1 ) (Yagi and Matsuno-Yagi  2003 ; Papa 
et al.  2007  ) .

     in 2 outNADH Q 5H NAD QH 4H+ + ++ + → + +    (1.1)   

 Complex I is a regulable pacemaker of the mitochondrial respiratory function (Hüttemann et al. 
 2007 ; Papa et al.  2008 ; Remacle et al.  2008 ; Yadava et al.  2008  ) , is a major site of cellular oxygen 
superoxide production (Cadenas and Davies  2000 ; Grivennikova and Vinogradov  2006 ; Verkaart et al. 
 2007 ; Fato et al.  2008 ; Murphy  2009  )  and is involved in apoptosis (Angell et al.  2000 ; Fearnley et al. 
 2001 ; Palmisano et al.  2007  )  and age-related functional decline (Papa  1996 ; Ventura et al.  2002  ) . 

 The fi rst structural model of complex I was derived from two-dimensional crystals of the 
Neurospora crassa enzyme (Leonard et al.  1987 ; Hofhaus et al.  1991  ) . Low-resolution structures of 
Escherichia coli (Guenebaut et al.  1998  ) , Neurospora crassa (Guenebaut et al.  1997,   1998  ) , bovine 
(Grigorieff  1998  ) , Yarrowia lypolytica (Radermacher et al.  2006  )  and Aquifex aeolicus (Peng et al. 
 2003  )  complex I have also been obtained. A similar L-shaped structure has been determined for 
these complexes, with the hydrophobic arm embedded in the membrane and the hydrophilic arm 
protruding into the mitochondrial matrix or the bacterial cytoplasm (Friedrich and Böttcher  2004  ) . 
The 3-dimensional crystal structure of the hydrophilic domain of complex I from Thermus thermophilus 
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   Table 1.1    Gene nomenclature, protein denomination, molecular weight and functions of subunits of mammalian mito-
chondrial respiratory complex I (For details see the text)   

 Gene  Protein denomination  M.W. (kDa)  Redox cofactors  Biochemical features 

 NDUFA1  MWFE, NIMM  8.1  Phosphorylation 
 NDUFA2  B8, NI8M  11.0 
 NDUFA3  B9, NI9M  9.2 
 NDUFA4  MLRQ, NUML  9.3 
 NDUFA5  B13, NUFM  13.2 
 NDUFA6  B14, NB4M  15.0 
 NDUFA7  B14.5a, N4AM  12.6  Ubiquinone binding?, 

phosphorylation 
 NDUFA8  PGIV, NUPM  20.0 
 NDUFA9/

NDUFSL2 
 39 kDa, NUEM  39.1  NAD(P)H binding, 

phosphorylation 
 NDUFA10  42 kDa, NUDM  36.7 
 NDUFAB1  SDAP, ACPM  10.1  Binds phosphopantothenine, ACP 
 NDUFB1  MNLL, NINM  7.0 
 NDUFB2  AGGG, NIGM  8.5 
 NDUFB3  B12, NB2M  11.0 
 NDUFB4  B15, NB5M  15.1 
 NDUFB5  SGDH, NISM  16.7 
 NDUFB6  B17, NB7M  15.4 
 NDUFB7  B18, NB8M  16.5 
 NDUFB8  ASHI, NIAM  18.7 
 NDUFB9  B22, NI2M  21.7 
 NDUFB10  PDSW, NIDM  20.8 
 NDUFC1  KFYI, NIKM  5.8 
 NDUFC2  B14.5b, N4BM  14.1  Phosphorylation 
 NDUFS1  75 kDa, NUAM  77.0  3 (4Fe-4S): N4, N5  Electron transfer 

 (2 Fe-2S): N1b 
 NDUFS2  49 kDa, NUCM  49.2  Ubiquinone binding? 
 NDUFS3  30 kDa, NUGM  26.4 
 NDUFS4  18 kDa (AQDQ), 

NUYM 
 15.3  Phosphorylation 

 NDUFS5  15 kDa, NIPM  12.5 
 NDUFS6  13 kDa, NUMM  10.5 
 NDUFS7  20 kDa (PSST), 

NUKM 
 20.1  (4Fe-4S): N2  Electron transfer 

 NDUFS8  20 kDa (TYKY), 
NUIM 

 20.2  2(4Fe-4S): N6a, N6b  Electron transfer, complex 
assembly-stability 

 NDUFV1  51 kDa, NUBM  48.4  FMN; (4Fe-4S): N3  NADH binding, electron transfer 
 NDUFV2  24 kDa, NUHM  23.8  (2Fe-2S): N1a  Antioxidant? 
 NDUFV3  10 kDa, NUOM  8.4 
 –  B17.2  17.2 
 NDUFB11  ESSS  13  Phosphorylation, assembly 
 –  B14.7  14.7 
 –  B16.6  16.6  Homologous to GRIM-19, 

apoptosis?, phosphorylation 
 ND1 (mt)  NU1M  36.0 
 ND2 (mt)  NU2M  39.0 
 ND3 (mt)  NU3M  13.0 
 ND4 (mt)  NU4M  52.0 
 ND5 (mt)  NU5M  67.0 
 ND6 (mt)  NU6M  19.0  Assembly 
 ND4L (mt)  NULM  11.0 

   ACP , acyl-carrier protein  
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has been solved at 3.3 Å resolution (Sazanov and Hinchliffe  2006  ) , establishing the putative electron 
transfer pathway from the primary electron acceptor fl avin mononucleotide (FMN), through seven 
conserved iron-sulfur clusters, to protein bound semiquinone(s) and ubiquinone of the pool (Sazanov 
and Hinchliffe  2006  ) . Two additional iron sulfur clusters do not participate to the main electron 
transfer chain. It has been proposed that they may represent an evolutionary remnant (cluster N7) 
(Sazanov and Hinchliffe  2006  )  and a possible anti-oxidant center (cluster N1a) (Yagi and Matsuno-
Yagi  2003 ; Sazanov and Hinchliffe  2006 ; Kussmaul and Hirst  2006  ) . All EPR detectable clusters, 
except N2, display a roughly similar midpoint potential (Fig.  1.1 ) (Dutton et al.  1998  )  suggesting 
that cluster N2 is the fi nal electron mediator between the series of Fe-S centers and ubiquinone. The 
membrane-spanning part of the enzyme which lacks prosthetic groups (Carroll et al.  2006b  )  contrib-
utes to the proton translocation machinery. 

 Redox proton pumping in mammalian NADH ubiquinone oxidoreductase presents an upper limit 
stoicheiometry of 2 H + /e −  (reaction  1.1 ) (Wikström  1984 ; Capitanio et al.  1991 ; Cocco et al.  2009  ) . 
Various energy coupling mechanism for complex I have been proposed. These can be divided into two 
main types: (i) direct H +  coupling mechanism at the redox centers (Vinogradov  1993 ; Degli Esposti 
and Ghelli  1994 ; Dutton et al.  1998  ) ; (ii) indirect or conformational H +  coupling mechanism (Yagi and 
Matsuno-Yagi  2003 ; Brandt et al.  2003 ; Zickermann et al.  2009 ; Berrisford and Sazanov  2009  ) . 
Conformational and direct coupling mechanisms are not mutually exclusive. A role of cluster N2 in 
proton pumping has been suggested (Magnitsky et al.  2002 ; Flemming et al.  2003  ) . Papa et al.  (  1994 ; 
 1999  )  have proposed that a protein stabilized UQ − /UQH 

2
  couple, transferring 2H +  per e − , can repre-

sent the central element of the pump in complex I (see also Ohnishi and Salerno  2005  ) . These authors 
developed a Q-gated proton pump model (Papa et al.  1999 ; Ohnishi and Salerno  2005 ). More recent 
crystallographic analysis of Esherichia coli (Efremov and Sazanov  2011 ) and Thermus thermophilus 
(Efremov et al.  2010 ) complex I have provided evidence for involvement of membrane-intrinsic 
subunits in a conformational-mechanical mechanism of proton pumping (see also Brandt et al.  2003 ; 
Berrisford and Sazanov  2009 ; Hunte et al.  2010 ). 

 Some of the supernumerary subunits of mammalian complex I participate in the assembly of 
the complex (Scacco et al.  2003 ; Antonicka et al.  2003 ; Scheffl er et al.  2004 ; Papa et al.  2008  ) , 
others appear to be involved in regulatory function (Papa et al.  2007,   2008 ; Hüttemann et al.  2007 ; 
Remacle et al.  2008 ; ; Yadava et al.  2008  ) . The GRIM-19 (B16.6) belongs to the group of genes-
associated with retinoid-interferon induced mortality (Fearnley et al.  2001  ) . There is evidence 
showing that subunits NDUFS4 (18 kDa subunit) (Papa et al.  1996b ; Technikova-Dobrova et al. 
 2001  ) , NDUFB11 (ESSS subunit) and NDUFA1 (MWFE subunit) (Chen et al.  2004  )  are phospho-
rylated by cAMP dependent protein kinase. Phosphorylation of other subunits by protein kinase(s) 
has been observed like the NDUFA10 (which presents two isoforms) and NDUFA7 (Palmisano 
et al.  2007 ; Pocsfalvi et al.  2007  ) . The phosphorylation state of these subunits “in vivo” and its 
possible impact on protein stability, import/assembly and functional activity of the complex are 
under investigation (Papa  2002 ; Pasdois et al.  2003 ; Scheffl er et al.  2004 ; Maj et al.  2004 ; Papa 
et al.  2008  ) . Additional post translational modifi cations have also been observed (Taylor et al. 
 2003a ; Burwell et al.  2006  ) . Oxidative damage of complex I subunits may be involved in aging or 
disease processes.  

    1.3.2   Complex III; bc 
1
 , Ubiquinone-cytochrome c Oxidoreductase 

 Mitochondrial ubiquinone-cytochrome c oxidoreductase from bovine heart (complex III, bc 
1
  complex, 

EC. 1.10.2.2) was fi rst isolated in 1961 (Hatefi  et al.  1961  ) . It catalyzes reaction ( 1.2 ):

     
3 2

2 N PQH 2ferricytc 2H Q 2ferrocyt c 4H+ + + ++ + → + +    (1.2)   
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 The mammalian bc 
1
  complex ( » 240 kDa) is composed of 11 different subunits (Table  1.2 ) (Hatefi  

 1985 ; Schägger et al.  1995  ) . The complex has four prosthetic groups (cyt b 
L (566)

 , cyt b 
H (560)

 , cyt c 
1
 , 

2Fe.2S) (Berry et al.  2000  ) . Cytochrome b, cytochrome c 
1
  and the Rieske iron-sulphur proteins are 

evolutionary conserved in all the prokaryotic and eukaryotic species analysed and constitute the 
minimal functional core of the protonmotive complex containing all the prosthetic groups involved in 
the redox reactions (Berry et al.  2000  ) .  

 Crystallographic structures of bovine heart (Fig.  1.4 ) (Xia et al.  1997 ; Iwata et al.  1998  ) , chicken 
heart (Berry et al.  1999  )  and S. Cerevisiae (Hunte et al.  2000  )  mitochondrial complex III have been 

   Table 1.2    Gene nomenclature, protein denomination, molecular weight and functions of subunits of mammalian mito-
chondrial respiratory complex III (For details see the text)   

 Gene  Protein denomination  MW (kDa)  Redox cofactors  Biochemical features 

 Complex III Sub. I  Core I  53.6  Metal endopeptidase 
(MPP) 

 Complex III Sub. II  Core II  46.5 
 CYTB (mt)  Cytochrome b  42.6  Heme b (b 

562
 ); Heme b 

I
 . (b 

566
 )  Electron transfer 

 Comples III Sub.IV  Cytochrome C 
1
   27.3  Heme C 

1
   Electron donor to 

cytochrome c 
 Comples III Sub.V  Reiske ISP  21.6  2Fe.2S  Electron donor to 

cytochrome c 
1
  

 Comples III Sub.VI  Subunit VI  13.3 
 Comples III Sub.VII  Subunit VII  9.5 
 Comples III Sub.VIII  Subunit VIII  9.2  Interaction with c 

1
  

 Comples III Sub.IX  Subunit IX  8.0 
 Comples III Sub.X  Subunit X  7.2 
 Comples III Sub.XI  Subunit XI  6.4 

  Fig. 1.4    View perpendicular 
to membrane plane of 
the complete structure of 
the 11-subunit bovine 
mitochondrial cytochrome 
bc 

1
  complex in the dimeric 

form. All the subunits are in 
 grey  except those, belonginig 
to right monomer, harbouring 
the redox active metal center, 
i.e. cytochrome b ( green ), 
cytochrome c 

1
  ( yellow ) and 

ISP protein ( blue ). The redox 
centers (cyt b, cyt c 

1
  and 

2Fe.2S cluster) are in  red.  For 
other details see text (Data 
from the PDB coordinates 
(1BGY) of the crystal 
structure of mitochondrial 
cytochrome bc 

1
  complex 

(Iwata et al.  1998  ) , drawn 
using RasMol 2.7 program)       
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published and coordinates for bc 
1
  complexes are available in the Protein Data Banks. The structures 

of complex III consist of an homodimer of two bc 
1
  monomers showing a two-fold symmetry about an 

axis perpendicular to the membrane plane (Berry et al.  2000  ) . The dimer is pear-shaped, with a maxi-
mal diameter of 130 Å and a height of 155 Å (Berry et al.  2000  ) . Many contacts between the mono-
mers (especially at the level of subunits core 2 and cytochrome b) suggest that the dimer is the working 
state of the complex in the native membrane (Berry et al.  2000  ) . Complex III presents three major 
regions: the transmembrane helix region (42 Å), the matrix region (75 Å) and the intermembrane 
space region (38 Å). Cytochrome b is largely buried into the membrane (transmembrane helix region), 
cytochrome c 

1
  and the Rieske iron-sulphur proteins are almost completely localized in the intermem-

brane space. In mammalian complex III, eight of the 13 transmembrane helices belong to the cyto-
chrome b protein, the rest, one each, belong to cytochrome c 

1
 , ISP, subunits 7, 10 and 11.  

 The positions of the heme centers are essentially the same in all the structures examined. The cyt b 
L
 -

cyt b 
H
 , cyt b 

L
 -2Fe.2S, 2Fe.2S-cyt c 

1
  distances are about 21, 27 and 31 Å respectively (Xia et al.  1997  ) . 

The 2Fe.2S center shows different distances from cyt b 
L
  and cyt c 

1
  in the various preparations (Xia et al. 

 1997 ; Zhang et al.  1998  ) . It has been suggested that the two different positions refl ect a movement of the 
Rieske ISP protein essential for catalysis (Link and Iwata  1996 ; Zhang et al.  1998 ; Crofts et al.  1999 ; 
Gurung et al.  2005  ) . 

 Oxidant-induced reduction of  b  cytochromes (Wikström and Berden  1972  )  and direct measure-
ment of proton pumping associated to electron fl ow from quinol to cytochrome c, which showed H + /
e −  ratios higher than those predicted by linear redox loops (Lawford and Garland  1972 ; Papa et al. 
 1974  ) , brought Mitchell to formulate the ubiquinone cycle to explain proton translocation in complex 
III (Mitchell  1976  )  (Fig.  1.5 ). The non-polar QH 

2
  diffuses across the membrane and is oxidized at the 

P side, two H +  are released in the P space and the two electrons take two different paths; one electron 
is transferred to Fe.S cluster → cyt c 

1
  → cyt c → Complex IV → O 

2
 , the second electron is transferred 

back to cyt b 
566

 , cyt b 
562

  and re-reduces Q to Q −  at the inner side. There is no proton uptake in this 
reduction step. At this point of the Q-cycle, one electron passed from QH 

2
  to cytochrome c 

1
  and two 

protons have been released at the P side of the membrane. The cycle is completed by the oxidation of 
a second molecule of QH 

2
  exactly as the fi rst one. Another two H +  are released in the P space; one 

  Fig. 1.5    Models of 
protonmotive activity of 
complex III (bc 

1
  complex). 

The Q-cycle is presented. In 
bovine complex III, the two 
b hemes have different 
midpoint potentials. The low 
potential heme b 

L
  located 

near the cytosolic surface 
of the mitochondrial inner 
membrane, has an 
Em  »  −30 mV. The high-
potential heme b 

H
 , has an 

Em  »  90 mV and is located 
near the centre of the 
membrane (Ohnishi et al. 
 1989  ) . The iron-sulfur protein 
(ISP) has an Em of  » 280 mV. 
Cytochrome c 

1
  has an Em of 

 » 230 mV. All these redox 
potentials are pH dependent       
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electron is transferred to Fe.S cluster → c 
1
  → c → Complex IV → O 

2,
  the second electron cycles back 

via cyt b 
566

  → cyt b 
562

  and reduces Q − , transitorily bound at the N side, to QH 
2
 . The reduction of Q −  to 

QH 
2
  at the N side takes up two protons from the N side of the membrane completing the cycle. The 

overall cycle, which involves two turnovers of the bc 
1
  complex, results in the net oxidation of one 

QH 
2
 , reduction of 2 molecules of cyt c, release of 4H +  in the P space, two of these are substrate pro-

tons, two are electrogenically pumped from the N to the P space (Mitchell  1976 ; Trumpower  1999  ) . 
The Q-cycle requires two separated ubiquinone-ubiquinol binding sites (Gao et al.  2003 ; Esser et al. 
 2004  ) . Antimycin inhibits the one electron reduction of Q by b 

H
  at the N side, myxothiazol blocks the 

oxidation of QH 
2
  by ISP (Geier et al.  1993 ; Link et al.  1993 ; Miyoshi  2001  ) . Although the Q cycle 

rationalize different experimental observations and is largely accepted (Trumpower  1999  ) , the proton 
transfer paths are not clear at the current level of structure resolution and there is not yet unequivocal 
proof for any one of the steps of the Q-cycle. Alternative mechanisms have been proposed which can 
equally explain the protonmotive activity of complex III, consistently with the experimental data 
(Papa et al.  1990 ; Matsuno-Yagi and Hatefi   2001  ) . In particular Papa et al.  (  1990  )  have developed 
a proton pump model in which redox Bohr effects are conceived to be combined in series with 
protonmotive redox catalysis by protein bound QH 

2
 /Q −  couple at a catalytic center in the cytochrome 

b apoprotein (Q-gated proton pump). The protolytic properties of this couple, due to the large differ-
ence in the pKs of QH 

2
  and QH  .   results in the translocation of 2H +  per e −  transfer in the bc 

1
  complex. 

For a detailed discussion of the relative merits of the ubiquinone cycle and alternative mechanisms see 
(Rieske  1986 ; Papa et al.  1990 ; Matsuno-Yagi and Hatefi   2001  ) .   

    1.3.3   Complex IV; Cytochrome c Oxidase 

 Mitochondrial and prokaryotic cytochrome c oxidases (CcO) have four redox centers (Wikström et al. 
 1981b  ) . A binuclear Cu 

A
  center in the extramembrane domain of subunit II, which titrates as one 

electron redox entity, is the entry point for the electrons delivered by cytochrome c located at the outer 
(P) side of the membrane. Cu 

A
  transfers electrons to heme a in subunit I. Heme a transfers, in turn, 

electrons to the heme a 
3
 /Cu 

B
  binuclear center, also bound to subunit I, where dioxygen is reduced to 

2 H 
2
 O with consumption of 4 protons from the inner (N) aqueous phase. Generation of  D  m H +  by cyto-

chrome c oxidase results also from proton pumping from the N to the P space, coupled to electron 
fl ow from ferrocytochrome c to O 

2
  (Wikström et al.  1981b  )  with a maximal stoicheiometry of 1 H + /

e −  (reaction  1.3 ) (Wikström et al.  1981b ; Papa et al.  1991 ; Capitanio et al.  1991,   1996  ) .

     
2 3

N 2 2 P4 cytc 8 H O 4 cytc 2 H O 4 H+ + + ++ + → + +    (1.3)   

 X-ray crystallographic structures of cytochrome c oxidase (cytochrome aa 
3
 , complex IV, E.C 

1.9.3.1) from bovine heart mitochondria (Tsukihara et al.  1995,   1996  ) , the soil bacterium P. denitrifi -
cans (Iwata et al.  1995 ; Ostermeier et al.  1997  ) , purple bacterium Rhodobacter sphaeroides 
(Svensson-Ek et al.  2002  )  are available and coordinates are available in Protein Data Banks. In crys-
tals of purifi ed bovine heart CcO, the enzyme is present as a dimer (Fig.  1.3 ) (Tsukihara et al.  1996  ) . 
Prokaryotic CcOs are constituted by four subunits (I, II, III and IV). The mammalian enzyme 
(M.W.  »  200 kDa) has, in addition to the conserved subunits I, II and III, which are encoded by the 
mitochondrial genome, ten additional subunits encoded by nuclear genes (Table  1.3 ).  

 Cu 
A
  presents a metal coordination structure similar to the structure of a (2Fe.2S)-type iron sulfur 

center with a Cu-Cu distance of 2.7 Å (Blackburn et al.  1994 ; Larsson et al.  1995 ; Tsukihara et al. 
 1996  ) . The planes of both hemes lie perpendicular to the membrane plane at approximately one third 
of depth (Fig.  1.6 ) (Tsukihara et al.  1996  ) . Heme a and heme a 

3
  are in close proximity (14 Å). The 

distances from the center of the two copper atoms of Cu 
A
  to the irons of hemes a and a 

3
  are 19 and 
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22 Å, respectively. The fi ve-fold coordination of heme a 
3
  iron leaves one side of the iron available for 

dioxygen binding. The distance in the crystal structure between the iron of heme a 
3
  and Cu 

B
  is 4.5 Å. 

Cu  
B
  2+  , in the bovine structure, is coordinated by three histidines. One of them, is covalently bound to 

one tyrosine forming a conjugated  p  electron system around Cu 
B
  (Tsukihara et al.  1996  ) . This might 

lower the pK 
a
  of tyrosine (Yoshikawa et al.  1998  )  allowing it to participate in the oxygen reduction 

chemistry (Proshlyakov et al.  2000  ) . The crystal structure of the bovine CcO shows three possible 
proton translocation networks (Fig.  1.6 ), named K-, D-, and H-pathway respectively (Tsukihara et al. 
 1996  ) . The K- and D-pathways connect the binuclear O 

2
  reduction site with the inner space of the 

mitochondrial membrane (N space), whereas the H-pathway which extends across the enzyme from 
the matrix surface to the cytosolic surface involves residues interacting with the porphyrin substitu-
ents of heme a (Tsukihara et al.  2003  )  (Fig.  1.6 ). This pathway seems to be a specifi c attribute of the 
mammalian oxidase (Lee et al.  2000  ) . The D-channel has been proposed to be involved in the trans-
location of both the pumped protons and two chemical protons (Konstantinov et al.  1997  ) , whereas 
the K pathway is responsible of the uptake of two chemical protons in the reductive phase of the 
catalytic cycle (Konstantinov et al.  1997 ; Brändén et al.  2001  ) . Aminoacid residues (bovine numbering) 
thought to be involved in the proton translocation pathways are shown in Fig.  1.6 .  

 Various models have been developed in which proton pumping is associated to the oxygen reduction 
chemistry at the binuclear center (heme a 

3
 /Cu 

B
 ) (Wikström  2000 ; Brzezinski and Larsson  2003 ; 

Brzezinski and Gennis  2008  ) . On the other hand, proton pumping models involving coupling at heme 
a (and Cu 

A
 ) have been proposed (Artzatbanov et al.  1978 ; Babcock and Callahan  1983 ; Rousseau et al. 

 1988 ; Capitanio et al.  1997 ; Michel  1998 ; Papa et al.  1998 ; Tsukihara et al.  2003  ) . Proton pumping 
models involving coupling at heme a and/or Cu 

A
  require cooperative linkage between oxido-reduction 

of these centers and proton transfer by acid-base groups in the enzyme. Different functional and struc-
tural observations provide evidence for the occurrence of redox-linked allosteric cooperativity in cyto-
chrome c oxidase (Papa et al.  2006b  ) . It has been shown experimentally that heme a and Cu 

A
  share H + /

e −  cooperative coupling with a common acid/base cluster (C 
1
 ) (Fig.  1.7 ), which results in vectorial 

translocation of around 1 H +  equivalent per mole of the enzyme undergoing oxido-reduction (Capitanio 
et al.  2000  ) . While one electron reduction of heme a/Cu 

A
  is suffi cient to produce maximal protonation 

of the cluster, release of the proton bound to the cluster will take place only when both heme a and Cu 
A
  

are oxidized. This restriction of one electron at a time might represent one of the causes of slips in the 
proton pump as observed at high electron pressure imposed on the oxidase (Capitanio et al.  2000  ) .  

 At steady-state, the catalytic cycle starts with transfer of two electrons from ferrocytochrome c to 
heme a 

3
 /Cu 

B
 , one at a time, in the fully oxidized enzyme. In this step four protons are taken from the 

   Table 1.3    Gene nomenclature, protein denomination, molecular weight and functions of subunits of mammalian mito-
chondrial respiratory complex IV (Kadenbach et al.  1983  )  (For more details see the text)   

 Gene  Protein denomination  M.W. (kDa)  Redox cofactors  Biochemical features 

 Cox1 (mt)  CcO-I  53.6  Heme a, Heme a 
3, CuB

   Electron transfer, oxygen reduction 
 Cox2 (mt)  CcO-II  26.0  Cu 

A
   Cytochrome  c  binding site, electron 

transfer 
 Cox3 (mt)  CcO-III  29.9 
 Cox4  CcO-IV  17.1  ATP binding 
 Cox5a  CcO-Va  12.4  Thyroid hormone (T2) binding 
 Cox5b  CcO-Vb  10.6  Zn binding 
 Cox6a  CcO-VIa  9.4 
 Cox6b  CcO-VIb  9.4 
 Cox6c  Cco-VIc  8.4 
 Cox7a  CcO-VIIa  6.2 
 Cox7b  CcO-VIIb  6.0 
 Cox7c  CcO-VIIc  5.4 
 Cox8  CcO-VIII  4.9 
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  Fig. 1.6    View perpendicular 
to the membrane plane of the 
location in mitochondrial 
bovine cytochrome c oxidase 
of the redox centers Cu 

A
  

( green ), Fe 
a
  ( red ), Fe 

a3
  ( red ), 

Cu 
B
  ( green ), and acid/base 

residues contributing to 
proton conducting pathways 
in subunit I. Mg atom 
( yellow ) is also shown 
(Tsukihara et al.  1995  ) . The 
protolytic residues 
contributing to the  D channel  
( black solid arrow ), H503, 
D91, N98, E242, the  K 
channel  ( green solid arrow ) 
K265, K319 and the  H 
channel  ( blue dashed line ) 
D407, H413, S382, R38, 
S441, Y440, S205 (subunit 
II), D51 are also shown. The 
 blue spheres  show the 
position of water molecules 
intercalating protolytic 
residues along the three 
channels  above . R438 and 
R439, in the proton exit 
pathway ( black dotted line ) 
are shown. For other details 
see text (Data from the PDB 
(1V54) coordinates of the 
crystal structure of bovine 
heart cytochrome c oxidase 
(Tsukihara et al.  2003  ) , 
shown using the Ras Mol 2.7 
program)       

N-side of which two are used for the formation of 2 water molecules, released in the external P space, 
and 2 are pumped from the N to the P space (Fig.  1.7 ). O 

2
 , upon binding at the reduced binuclear 

center, undergoes a four electrons reductive cleavage: two electrons come from the oxidation of Fe  
a3

  2+   
to Fe  

a3
  4+  , one from Cu  

B
  1+   and the fourth, together with a proton, from a Tyr residue (Fig.  1.7 ), with 

generation of the P 
M

  intermediate. The transfer of the third electron to the binuclear site, conversion 
of the P 

M
  to the F intermediate, results in pumping of a third proton. Reduction of the Tyr radical by 

the third electron is associated with the uptake of the third chemical proton from the N space. The 
transfer of the fourth electron to the binuclear center (conversion of F to O) is associated with the 
uptake of 2H +  from the N space. One is the fourth chemical proton utilized in the conversion of 
Fe  

a3
  4+   = O to Fe  

a3
  3+  –OH, the other is the fourth pumped H + . In the pump model presented in Fig.  1.7  it 

is proposed that translocation of each of the four pumped protons is mediated by pK shifts of a residue 
cluster linked to redox transition of heme a (Papa et al.  1998 ; Michel  1999 ; Tsukihara et al.  2003 ; 
Belevich et al.  2007  ) . Final release of each pumped proton in the external P side is promoted, upon 
electrostatic charge neutralization, by arrival of a scalar proton at the binuclear center (Rich  1995  ) . 
The number of H +  pumped in the oxidative phase of the catalytic cycle decreases, that in the reductive 
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phase increases, as the pH is raised (Capitanio et al.  2006  ) . This peculiar pH dependence of the two 
phases of H +  pumping, which is similar to that of the H +  consumption in the formation of H 

2
 O 

(Capitanio et al.  2003  )  indicates that the release of the last two protons is associated with protonation 
of 2 OH −  to 2 H 

2
 O and their release in the external phase. For more details and alternative proposals 

of proton pumping mechanisms see (Brzezinski and Larsson  2003 ; Wikström and Verkhovsky  2007 ; 
Belevich and Verkhovsky  2008 ; Brzezinski and Gennis  2008  ) .  

  Fig. 1.7    Model of the catalytic cycle and proton pumping in the cytochrome c oxidase in the coupling membrane at the 
respiratory steady-state.  P : outer aqueous space,  N : inner aqueous space.  C  

 1 
 , protolytic cluster cooperatively linked to 

redox state of heme a;  C  
 2 
 , protolytic cluster apparently linked to heme  a  

 3 
 . The steady-state turnover of the oxidase starts 

with 2 electrons delivery from ferrocytochrome c to the heme a 
3
 /Cu 

B
  center of the fully oxidized CcO (step 1). The MV 

( mixed valence ) state is generated with the uptake of 4H +  from the  N space  of which  2H   +   ( black arrow ) are consumed 
in water formation and release and 2H +  ( red arrow ) are pumped. Molecular oxygen reacting with the MV state is reduc-
tively cleaved generating the  P  

 M 
   state  (step 2). Transfer of the third electron converts the P 

M
  to the  F state  (step 3) which 

is fi nally converted to the  O state  upon delivery of the fourth electron (step 4). In the P 
M

 -F and F-O transition steps, two 
protons are taken respectively, one chemical in  black , the other in  red  is pumped from the N to the P space. For more 
details see text and Papa et al.  (  2006b  )        
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    1.3.4   Complex V; F 
1
 F 

o
  ATP Synthase 

 Complex V of the inner mitochondrial membrane utilizes the transmembrane electrochemical proton 
gradient (PMF) generated by respiration to drive the synthesis of ATP from ADP and inorganic phos-
phate according to reaction ( 1.4 ).

     
+ ++ + → +i P NADP P 3 H ATP 3 H    (1.4)   

 Reaction ( 1.4 ) is reversible resulting in H +  pumping in the reverse direction coupled to ATP 
hydrolysis. Under conditions of defective generation of respiratory PMF the ATPase activity of com-
plex V, which has high turnover, can result in hydrolytic dissipation of glycolytic ATP. This is a condi-
tion, which may acquire pathological signifi cance in respiratory defi ciencies like those arising from 
ischemic tissue conditions or genetic/acquired defects of the respiratory chain. An endogenous inhibi-
tor protein IF 

1
  is expressed in mammalian cells, which specifi cally inhibits the ATPase activity of 

complex V, in particular under conditions of cell acidosis, without any effect on the ATP synthetic 
activity of the complex (Pullman and Monroy  1963 ; Papa et al.  1996c ; Zanotti et al.  2000  ) . 

 In mammalian mitochondria, the F 
1
 F 

o
 ATP synthase is composed of 16 subunits (Table  1.4 ), two 

ATPase6 and A6L are encoded by the mitochondrial DNA the other by nuclear genes, with an over-
all molecular weight of about 550 kDa. In mitochondria and chloroplasts, the F 

1
 F 

o
  complex has 

been shown to exist as a dimer (Schagger and Pfeiffer  2000 ; Rexroth et al.  2004 ; Dudkina et al. 
 2006  )  or even as an oligomer (hexamers and/or octamer) (Wittig and Shagger  2009  ) . In yeast, the 
ATP synthase oligomer is thought to have a role in the formation of mitochondrial cristae (Gavin 
et al.  2004  ) . In rat liver mitochondria ATP synthase was also shown to be associated with the 
 adenine nucleotide and the Pi carriers to make a supercomplex called the “ATP synthasome” (Chen 
et al.  2004  ) .  

 The monomeric ATP synthase complex is made up of two domains, a large globular soluble cata-
lytic portion (the F 

1
  sector), consisting of 5 subunits with the stoichiometry of  a 3 b 3 g  d  e , protruding 

into the mitochondrial matrix, and a membrane embedded portion (the F 
o
  sector), through which 

   Table 1.4    The mitochondrial    F1Fo – ATP-synthase subunits   

 Subunits  n. copies  Location  Mass (Da)  Gene 

  F  
 1 
  

  a   3  External hexagon  55,164  Nuclear 
  b   3  External hexagon  51,595  Nuclear 
  g   1  Hexag. cavity and centr. Stalk  30,141  Nuclear 
  d   1  Central stalk  15,065  Nuclear 
  e   1  Central stalk  5,652  Nuclear 
 IF 

1
   1  Surface  9,582  Nuclear 

  F  
 o 
  

 F 
o
 I-PVP(b)  1  Lateral stalk  24,670  Nuclear 

  ATP6(a)    1    Transmembrane    24,815    Mitochondrial  
 OSCP  1  Surface F 

1
  and lateral stalk  20,968  Nuclear 

 d  1  Lateral stalk  18,603  Nuclear 
 g  1  Transmembrane  11,328  Nuclear 
 f  1  Transmembrane  10,209  Nuclear 
 F 

6
   1  Lateral stalk  8,958  Nuclear 

 e  1–2  Transmembrane  8,189  Nuclear 
 c  10–14  Transmembrane  7,608  Nuclear 
  A6L    1    Transmembrane    7,964    Mitochondrial  

  Reproduced with kind permission from Springer Science + business media: Gaballo and Papa  (  2007  ) , chapter 1.6  
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transmembrane proton translocation, between the intermembrane P space and the matrix (N space), 
coupled to enzyme catalysis takes place. The F 

o
  domain has a variable number of different subunits 

depending on the species. Subunits,  a ,  b  and the subunit  c  circular oligomer, represent the conserved 
core of F 

o
  with the stoichiometry in the mitochondrial enzyme of 1:1:10–12 respectively (Fillingame 

 1997  ) . The F 
1
  and F 

o
  moieties are structurally and functionally connected by two stalks (Fig.  1.8 ) 

(Stock et al.  1999 ; Gibbons et al.  2000 ; Lau et al.  2008 ; Rees et al.  2009  ) .  
 A breakthrough in understanding the molecular structure/function of complex V has been made 

in the last 15 years by the results of two lines of investigation: x-ray resolution of the crystallo-
graphic structure of the F 

1
  sector (Abrahams et al.  1994 ; Menz et al.  2001 ; Kabaleeswaran et al.  2006 ; 

Bowler et al.  2007  )  and dynamic fl uorescence observations showing rotation of the F 
1
 - g  subunit 

(Sabbert et al.  1996 ; Noji et al.  1997  )  and the Fo-subunit  c  (Sambongi et al.  1999 ; Panke et al.  2000  )  
both driven by ATP hydrolysis. These studies provide defi nite support to the concept of binding 
change mechanism of complex V already developed by Boyer in the 1990s  (  1993,   1997  ) . It should 
be recalled here that the enzyme kinetics study of Penefsky  (  1985  )  had demonstrated that in the 
synthesis of ATP energy rather than in the formation of  b − g  phosphate bond is expended in the 
removal of ATP from the catalytic site. 

 The X-ray analysis of the F 
1
  sector crystallized in the presence of the ATP inhibitory analogue AMP-

PNP (Abrahams et al.  1994  )  shows that the 3 a  and 3 b  subunits are alternatively arranged to form a 
spherical hexamer with six nucleotide binding sites, 3 of these catalytically competent, 3 non catalytic 
sites each binding AMP-PNP. The catalytic sites in the 3 b  subunits present different structural binding 
sites; the fi rst  b  binds Mg-AMP-PNP, the second Mg-ADP, and the third is empty (no bound nucleotide). 
These subunits are termed  b  

TP
 ,  b  

DP
  and  b  

 E 
  and correspond to “tight”, “loose” and “open” conformations 

respectively (Fig.  1.9a ). The empty conformation of  b  
 E 
  appears to be induced by the  g  subunit which 

pushes the  b  lower C-terminal part towards the central axis of F 
1
  (Fig.  1.9a ) (Abrahams et al.  1994  ) .  

  Fig. 1.8    Model of the 
mitochondrial F 

1
 F 

o
  ATP 

synthase. Mosaic structure of 
mitochondrial ATP synthase. 
The structure is composed by 
an F 

1
 -stator complex and the 

c-ring derived from the yeast 
F 

1
 -c 

10
  subcomplex. The 

mosaic structure was docked 
into a structure of the intact 
bovine enzyme determined 
by electron cryomicroscopy. 
The region occupied by F 

1
 c 

10
  

is  blue , and the peripheral 
stalk and the membrane 
subunits  a, e, f, g,  and  A6L  
are  green  (Reproduced from 
Rees et al.  (  2009  ) . With 
permission)       
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 Subunit  g  protrudes out of the  a 3 b 3 hexamer (Abrahams et al.  1994 ; Stock et al.  1999  ) , and con-
tacts the polar inner loop of Fo membrane-embedded c subunits (Fillingame  1997  ) . During catalysis, 
the three catalytic sites in  b  subunits undergo cyclically through three different nucleotide conforma-
tions and cooperative interconversion of the states is due to  g  subunit rotation (F 

1
 motor) (Fig.  1.9b ) 

(Boyer  1993,   1997 ; Noji et al.  1997  ) . A crystallographic analysis at 2.4 Å resolution of bovine F 
1
  

(Gibbons et al.  2000  )  revealed that the  g  subunit, together with subunits  d  and  e , constitutes the central 
stalk which is in contact with the F 

o
  subunit c oligomer which, in turn, constitutes the Fo part of the 

rotary motor (Sambongi et al.  1999 ; Panke et al.  2000 ; Tsunoda et al.  2001  ) . 
 Conversion of PMF into mechanochemical energy is assured by proton fl ow, through the Fo moi-

ety, that drives rotation of the c subunit ring (Sambongi et al.  1999 ; Panke et al.  2000 ; Tsunoda et al. 
 2001  ) . Rotation of the  c  ring induces rotation of the  g  subunit, which fi nally, causes conformational 
changes in the  b  subunits catalytic sites causing a decrease of the affi nity of F 

1
  for ATP (and probably 

increase in the affi nity for ADP and Pi) with ATP release in the medium (Fig.  1.9b ). 
 In addition to the  g  d  e  central stalk, the F 

1
  moiety is also connected to the Fo membrane domain 

by a non rotating peripheral stalk which has the function of a stator in the ATP synthase rotary 
motor (Fig. 1.8 ). This lateral stalk is made up of part of subunits  b  and  d , plus the whole F6 and the 
oligomycin sensitive conferring protein (OSCP) subunit (Dickson et al.  2006 ; Lau et al.  2008 ; Rees 

  Fig. 1.9    ( a ) Different structural conformations of F 
1
   a ,  b  and  g  subunits as observed in the AMP-PNP inhibited F 

1
  

crystal structure. Longitudinal sections of the F 
1
  moiety each showing partially resolved subunit  g  facing  a  and  b  sub-

units. The three different conformations  b  
TP

 ;  b  
DP

  and  b  
E
  are visible (Structural data are from the bovine heart mitochon-

drial F 
1
  crystal structure (Abrahams et al.  1994  )  (PDB ID = 1bmf). Molecular graphic by RasMol 2.6), ( b ) The binding 

change mechanism. Catalysis scheme in which only two catalytic sites in the  b  subunits are occupied by adenine nucle-
otides (ATP and ADP + P 

i
 ) during steady state catalysis. Looking at the scheme from  left  to  right  (ATP synthesis) it can 

be seen an ATP molecule bound at the high affi nity site ( b  
TP

 ); the binding of ADP and Pi at the loose site ( b  
DP

 ) and the 
catalytic sites interconversion in association with rotation of the  g  subunit. In the last step ATP is released from the open 
site ( b  

E
 ) (Reproduced with kind permission from Springer Science + business media: Gaballo and Papa  (  2007  ) , chapter 

1.6,, fi g. 1.6–2)       
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et al.  2009  ) . The N-terminal domain of OSCP contacts the N terminal region of an  a  subunit at the top 
of the F 

1
  sector. The C-terminal of OSCP interacts, on the opposite part of F 

1
  with the C-terminus of 

subunit  b . Subunits d and F6 lie alongside subunit b and appear to stiffen it. The Fo sector of mam-
malian mt ATP synthase includes in addition to the conserved subunits  a ,  b  and  c  other subunits, 
namely  e, f, g , and  A6L  whose function is not yet well characterized (Devenish et al.  2008  ) . 

 Subunit  c  (sub 9) is a highly hydrophobic subunit that folds in the membrane as a hairpin with two 
membrane spanning  a -helices connected by a polar loop region in contact with the F 

1
  sector (Girvin 

et al.  1998 ; Dmitriev et al.  1999  ) . There are several copies (10–12) of the  c  subunit organized in an 
oligomer with a ring-like structure. In the middle of the C-terminal helix of subunit c there is a highly 
conserved residue (D61 in E. coli; E65 in mitochondria) essential for proton translocation through Fo 
(Miller et al.  1990  ) . 

 Subunit  a  (sub 6) of F 
o
  is located at one side of the  c  subunit ring. It consists of fi ve membrane span-

ning helices (Wada et al.  1999  ) . Arg 210 in helix 4 of subunit  a  interacts with D61 in subunit  c . The 
passage of protons through Fo occurs at this interface between subunits  a  and  c  where these two resi-
dues, are in close proximity and causes a rotation of the  g  d  e - c  

10–12
  central rotor (Fillingame et al.  2002 ; 

Fillingame and Dmitriev  2002  ) . According to Vik and Antonio  (  1994  )  two half proton channels within 
subunit  a , provide a gate for protons towards or from subunit  c  carboxylate (D61 in E. coli; E65 in 
mitochondria). The sequential protonation/deprotonation of subunit  c  carboxylate is coupled to a step-
wise movement of the  c  subunit ring. It can rotate either clockwise or anticlockwise depending on the 
direction of the proton fl ow. This rotation is in both cases strictly connected to rotation of the central 
stalk, this allowing the transfer of mechanical energy from or to the catalytic sites. 

 Various human mitochondrial diseases are caused by mutations in the mitochondrial gene encod-
ing the ATP synthase subunit  a , such Leber’s hereditary optic neuropathy (LHON), the maternally 
inherited Leigh syndrome (MILS) and the neurogenic ataxia and retinitis pigmentosa (NARP) 
(reviewed in Kucharczyk et al.  2009  and references therein).   

    1.4   Biogenesis of Oxidative Phosphorylation Complexes 

 Biogenesis of mitochondria involves the formation of the organelle during the cell life cycle (Attardi 
and Schatz  1988 ; Leaver and Lonsdale  1989  ) . Pre-existing mitochondria grow and divide during 
mitosis, providing daughter cells with a normal complement of mitochondria. Although the mass of 
mitochondria increases from the onset of S-phase through M-phase (Sanger et al.  2000  )  there are 
instances in which mitochondrial divisions are not tied to the cell cycle. Division of mitochondria is 
controlled by a framework of cellular signalling that culminates in the coordinated expression of the 
two cellular genomes: nuclear DNA and mitochondrial DNA. The mitochondrial genome encodes 
protein components of the respiratory chain and ATP synthase complexes but hundreds of nuclear-
encoded proteins involved in respiration and in different functions must be synthesized in the rough 
endoplasmic reticulum and imported into mitochondria (Neupert  1997 ; Pfanner et al.  1997 ; Neupert 
and Herrmann  2007  ) . The study of the machinery of mitochondrial protein expression, import, bio-
genesis, assembly of the oxidative phosphorylation complexes, as well as of metal transport, fusion 
and segregation of mitochondria, has been greatly facilitated by using model organisms, such as 
 Saccharomyces cerevisiae  and  Neurospora crassa.  These allowed the isolation of several human 
genes based on their sequence homology. In humans, the search for the nuclearly encoded mitochon-
drial proteins has been further boosted by studies on mitochondrial disorders. More recently, the 
identifi cation of mitochondrial proteins has benefi ted of global approaches in the fi elds of compara-
tive genomics and proteomics for human mitochondria (Taylor et al.  2003  b ; Cotter et al.  2004  ) , and 
for other model organisms (Mootha et al.  2003 ; Premsler et al.  2009  ) . For description of mtDNA 
structure, expression and genetics see the following chapter by Ian Holt. 
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    1.4.1   Mitochondrial Import of Nuclear Encoded Proteins 

 Newly synthesized mitochondrial proteins have four destinations including the outer membrane (OM), 
the intermembrane space (IMS), the inner membrane (IM) and the matrix (Fig.  1.10a ). Protein import 
into mitochondria is mediated by translocator complexes crossing the membranes and chaperones 
acting in the proximity of intermembrane space and within the matrix. Nuclear-encoded mitochondrial 
proteins can be distinguished into two main classes. The fi rst includes precursor proteins with N-terminal 
cleavable presequences. The positively charged presequences function as targeting signals that interact 
with the mitochondrial import receptors thus directing the pre-proteins across both outer and inner 
membranes (Koehler et al.  1999 ; Pfanner and Geissler  2001 ; Neupert and Herrmann  2007  ) . The second 
class of proteins, without cleavable presequences, carry various internal targeting signals (Brix et al. 
 1999 ; Endres et al.  1999  ) . There is also evidence of presence of target sequence in the C-terminal 
region of the proteins (Robin et al.  2002  ) . The mitochondrial import of mitochondrial inner membrane 
and matrix space proteins is dependent on ATP and mitochondrial  D  y .  

 The TOM40 (Translocase of the Outer mitochondrial Membrane) complex represents the main entry 
for almost all nuclear-encoded mitochondrial proteins and consists of several preprotein receptors and a 
general import pore. Most of the mitochondrial precursor proteins are imported after cytosolic transla-
tion ( post-translational import ), likely guided to mitochondria by cytosolic chaperones, which include 
the heat shock proteins (Young et al.  2003  )  and additional cytosolic factors (Komiya et al.  1998 ; Yano 
et al.  2003  ) . In some instances, the presequence is inserted into the TOM machinery while a C-terminal 
portion is still undergoing synthesis on the ribosome ( co-translational import ) (Knox et al.  1998  ) . After 
crossing the TOM complex, the imported proteins are sorted to one of the four sub-compartments fol-
lowing one of the four main pathways. (i) the precursors of the mitochondrial outer membrane, without 

  Fig. 1.10    ( a ) Protein import pathways in mitochondria, ( b ) Scheme describing the impact on mitochondrial import of 
serine phosphorylation in the C-terminus of the  NDUFS4  subunit of complex I. Phosphorylation of NDUFS4 C-terminus 
mediates binding of the NDUFS4 protein to the cytosolic Hsp70. Binding of the NDUFS4/Hsp70 complex to  TOM  
contributes to maintain the NDUFS4 precursor protein in unfolded translocation competent confi guration and prevents 
retrograde release from mitochondria of the mature protein from which the positively charged leader sequence has been 
removed       
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the target presequence, like porin, are sorted from the TOM complex to the SAM complex (Sorting and 
Assembly Machinery) by the small Tim proteins which behave as chaperones of the mitochondrial inter-
membrane space. The SAM complex assembles the newly imported proteins in the outer membrane 
(Paschen et al.  2005 ; Becker et al.  2008  ) . (ii) Proteins directed to the intermembrane space, characterized 
by the presence of cystein motifs, follow the MIA40/ERV1 pathway (Chacinska et al.  2004  ) . Mia40 
(Mitocondrial Import and Assembly machinery) introduces disulfi de bonds into proteins within the 
intermembrane space to facilitate their import and folding (Mesecke et al.  2005 ; Dabir et al.  2007 ; Banci 
et al.  2009  ) . (iii) Hydrophobic precursors of the inner membrane, from TOM complex are bound to 
Tim9–Tim10 or Tim8–Tim13 complex in the intermembrane space which, acting as a chaperone, 
prevents protein aggregation (Webb et al.  2006 ; Gebert et al.  2008  ) . The chaperon complexes drive the 
proteins to the TIM22 (Translocase of Inner Membrane 22) complex; this releases the transported 
protein in the inner membrane in a  D  y -dependent manner (Rehling et al.  2003  ) . (iv) The precursors of 
the matrix space carrying a cleavable presequence, are transferred to TIM23 (Translocase of Inner 
Membrane 23) complex. Once the presequence is transferred to the matrix side, through the Tim23 
import channel using ATP and  D  y , it is bound by the mitochondrial Hsp70 (mtHsp70) to complete 
translocation of the entire precursor protein into the matrix. The mtHsp70 is the import motor of the 
PAM complex (Presequence translocase-Associated Motor). It interacts with the TIM23 complex in 
order to trap and pull the precursors into the matrix space (Neupert and Brunner  2002  ) . 

 Once the precursor proteins arrive into the matrix, the Mitochondrial Processing Protease, MPP, 
cleaves the targeting sequence. A second intermediate processing protease, MIP, can be utilized in 
Fe-S assembly. For a few intermembrane space proteins, the inner membrane processing protease 
complex (IMP) cleaves the sorting sequence after the initial cleavage by the MPP. 

 TIM23 complex, without PAM complex, can also physically associate with complexes III and IV 
of mitochondrial respiratory chain (Chacinska et al.  2005  ) . It has been proposed that this interaction 
allows mitochondrial import in condition of low electrochemical gradient using the local gradient 
generated by complex III and IV of the respiratory chain (van der Laan et al.  2006,   2010  ) . 

 cAMP signalling (via PKA) is able to enhance the level of some proteins in mitochondria by PKA 
dependent phosphorylation of precursor proteins. This is the case of the NDUFS4 protein (De Rasmo 
et al.  2008  ) , a subunit of complex I (Fig.  1.10b ), cytochrome P4502B1 (Anandatheerthavarada et al. 
 1999  ) , CY2E1 (Robin et al.  2002  )  and glutathione S-transferase (GSTA4-4) (Robin et al.  2003  ) . PKA-
dependent phosphorylation promotes the level of proteins in mitochondria also through post-
transcriptional regulation in which phosphorylation of AKAP protein, in outer mitochondrial 
membrane enhances its affi nity for mRNAs coding for mitochondrial SOD and Fo-f subunit of ATP 
synthase complex (Ginsberg et al.  2003  ) . It is proposed that this binding promotes the stability of 
mRNA or the cotranslational import mechanism (Ginsberg et al.  2003  ) . More detailed aspects of the 
import machinery are reviewed in (Wiedemann et al.  2004 ; Neupert and Herrmann  2007  ) .  

    1.4.2   Assembly of Oxidative Phosphorylation Complexes 

 The elucidation of the protein factors and assembly steps involved in the biosynthesis of oxidative 
phosphorylation complexes is mostly based on yeast studies (Fontanesi et al.  2008 ; Zara et al.  2009 ; 
Rak et al.  2009  ) . In humans information is becoming available mainly for complex I and IV assembly 
mechanisms and only partially for complex III and V from studies in patients with OXPHOS defi -
ciency. Much of what is known about the assembly of complex I comes from studies in the fungus 
 Neurospora crassa , which contains only 35 subunits (Videira and Duarte  2001  ) . It has been shown 
that there is an independent formation of the membrane part with respect to the protruding arm of the 
complex (see Fig.  1.11 ) since the peripheral arm can still be formed in the absence of mitochondrially 
encoded subunits (Tuschen et al.  1990 ; Duarte et al.  1995  ) . To date, it is, however, unclear whether 
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complex I assembly in mammalian cells is comparable to the  N. crassa  model. Studies on the pattern 
of partially assembled complexes I in patients, either with mtDNA or nDNA mutations, has allowed 
to propose two different models for complex I assembly. A fi rst model suggests no separate formation 
of the peripheral and membrane arms (Antonicka et al.  2003  ) . In an alternative model complex I 
assembly is proposed to be a semi-sequential process in which pre-assembled subcomplexes are 
joined to form holo-complex I (Ugalde et al.  2004  )  (Fig.  1.11 ). In addition to the “de novo” assembly 
of complex I, another process, named dynamic assembly, proposes that complex I is able to “rejuve-
nate” by exchanging the peripheral subunits which, once damaged, are displaced and replaced by 
subunits newly imported into mitochondria (Fig.  1.11 ) (Lazarou et al.  2007  ) .  

 In  Neurospora , two proteins, the complex I intermediate associated proteins, CIA30 and CIA84, 
have been shown to associate with intermediates of the assembly process but not with the mature com-
plex (Kuffner et al.  1998  ) . A human homologue has been found for CIA30 (Janssen et al.  2002  )  and 
shown to be a chaperone for complex I assembly (Vogel et al.  2005  ) . Another chaperone protein, called 
the B17.2-like, for its homology with the B17.2 subunit of complex I, has been found to be associated 
with intermediates of the assembly process of about 850 kDa in human fi broblasts (Ogilvie et al.  2005 ; 
Lazarou et al.  2007  ) . In addition other proteins, ECSITE (Evolutionary Conserved Signaling 
Intermediate in Toll pathways) (Vogel et al.  2007  ) , mainly localized in the cytosol, but also present in 
small amounts in mitochondria, and the C6orf66 protein (Saada et al.  2008  ) , have been found to be 
involved in the assembly of complex I. More recently, a phylogenetic profi ling approach identifi ed 19 
complex I associated proteins (Pagliarini et al.  2008  )  and, among these, the C8orf38 protein was found 
to be mutated in an inherited CI defi ciency disease (Pagliarini et al.  2008  ) . 

 For Complex II assembly the group of Lemire (Lemire and Oyedotun  2002  )  has reported that in 
the course of assembly, three [Fe-S] clusters must be incorporated into the IP subunit. A heme (bL) 
group is coordinated with two integral membrane subunits, and a FAD cofactor becomes covalently 
linked to the largest FP subunit. It seems that in the absence of the integral membrane subunit there is 
no assembly of a functional SDH activity (Oostveen et al.  1995  ) . 

 Of the 11 subunits of complex III only one, cytochrome  b , is encoded by the mitochondrial genome, 
the other subunits by nuclear genes. These latter are synthesized in the cytosol, imported into mito-
chondria and assembled in the inner membrane as a homo-dimer complex. The similarities between 
the yeast and mammalian  bc  

1
  complex, despite the fact that mammalian complex contains 9 additional 

subunits, has made possible to use the yeast enzyme as a model to understand how it is assembled. 
The assembly is a dynamic, stepwise process in which there is formation of three different subcom-
plexes. These subcomplexes assemble together to form a cytochrome bc1 precomplex to which other 

  Fig. 1.11    Assembly scheme of complex I. De novo assembly of complex I occurs via the preassembly of intermediate 
complexes. A pre-assembled peripheral arm is formed, which associates with a pre-assembled membrane arm to form 
an intermediate complex, to which other subunits are attached to form holo-complex I (Ugalde et al.  2004  ) . Dynamic 
assembly occurs by exchanging of peripheral subunits which, once oxidized, are displaced and replaced by newly 
imported subunits (Lazarou et al.  2007  )        
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two subunits, Rieske Fe–S (RISP) and Qcr10p, are added (Cruciat et al.  1999 ; Zara et al.  2004  ) . The 
complete assembly in the homo-dimer takes place before full assembly of the complex III monomer 
is completed. In yeast, several genes have been demonstrated to be involved in assembly of the com-
plex III such as cbp3 (Wu and Tzagoloff  1989  ) , cbp4 (Crivellone  1994  ) , bcs1 (Nobrega et al.  1992  ) , 
and abc1 (Bousquet et al.  1991  ) . So far only one such gene, bcs1l, has been identifi ed in humans 
(Petruzzella et al.  1998  ) . The BCS1L protein is a chaperon like protein that promotes the incorpora-
tion of RISP into the precomplex (Fernandez-Vizarra et al.  2007  ) . 

 The precursor proteins of the nuclear encoded subunits of cytochrome c oxidase are imported into 
the mitochondrial inner membrane and assembled, along with two haem  a  groups, three copper, one 
zinc and one magnesium ion, into a functional complex (Stiburek et al.  2006 ; Fernández-Vizarra et al. 
 2009  ) . The assembly of CcO is believed to be a sequential process in which pools of unassembled 
subunits exist and at least two assembly intermediates have been detected (Wielburski and Nelson 
 1983 ; Nijtmans et al.  1998  ) . In a fi rst step a subcomplex S1 containing COXI, possibly with associated 
haem groups is formed and then COXIV is incorporated and subcomplex S2 is formed. COXII and 
COXIII are added to this subcomplex together with COXVa,b, COXVIb,c, COXVII a or b, VII c and 
COXVIII to obtain the subcomplex S3. Finally, COXVIa, COXVIIa or VIIb are added which gives S4 
(holo-CcO) and subsequently the dimer is formed (Nijtmans et al.  1998 ; Taanman and Williams  2001  ) . 
In humans, mutations have been found that affect the stability and incorporation of CcO subunits into 
the assembled complex, associated with different phenotypical presentations of CcO defi ciency (see 
later). At least 25 factors have been identifi ed for complex IV assembly largely based on analysis of 
CcO yeast defi cient mutants. SURF1/Shy1 was identifi ed as responsible for Leigh disease associated 
to CcO defi ciency (Tiranti et al.  1998  ) . In yeast there are the Cox10, CoX11, CoX14-20, and Cox23, 
the Pet100, Pet117, and Pet191 genes, the Shy1 gene (SURF-1 in mammals), Sco1 and Sco2 genes, 
Mba1 and MSS51 genes, the Oxa1gene and more. An up-to date discussion of each of these can be 
found in the review by (Herrmann and Funes  2005  ) . Some of these genes are required for the transla-
tion of CcO mRNAs in the matrix and the insertion of the peptides into the membrane; others are 
involved in heme synthesis. The Sco gene products together with other chaperones are needed for 
insertion of copper ions into the two centers (Papadopoulou et al.  1999 ; Valnot et al.  2000  ) . 

 Most of the study on the biogenesis of ATP synthase have been performed in yeast and a detailed 
discussion of the results can be found in Ackerman and Tzagoloff  2005 . The core subunits of the F1 
subcomplexes ( a ,  b ,  g ) and the core subunits of the Fo subcomplex (c, a, b) assemble separately, to 
combine then with other subunits to form the functional complex. Assembly factors or molecular 
chaperones are involved in the process. Molecular chaperone proteins called Atp11p and Atp12p, 
have been described for the assembly of the mitochondrial alpha and beta subunits into the F(1) oli-
gomer of F(1)F(0) ATP synthase and the human counterparts of these two proteins have been described 
(Wang et al.  2001  ) . F 

1
 Fo-ATP synthase together with the respiratory chain supercomplexes accumu-

late in the cristae membrane domains which are believed to generate a microenvironment for energy-
transduction reactions (Bornhövd et al.  2006 ; Strauss et al.  2008 ; Zick et al.  2009  ) . 

 Two subunits, e and g, were fi rst described to be required for dimerization of complex V. 
Dimerization and oligomerization can have an essential role in establishing the mitochondrial cristae 
morphology (Paumard et al.  2002 ; Arselin et al.  2004 ; Bornhövd et al.  2006  ) . Su k and Su i play an 
important role in the stepwise assembly and stabilization of mature ATP synthase dimers.  

    1.4.3   Transcriptional Factors Controlling the Biogenesis 
of Respiratory Chain Complexes 

 Mitochondrial biogenesis requires pre-protein translocation, assembly of the mitochondrial respiratory 
chain complexes, division, fusion, fi ssion of mitochondria, all processes requiring careful coordinate 
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expression of the nuclear and mitochondrial genomes (Nisoli et al.  2004  )  and depend upon trans-acting 
nuclear encoded factors (for more details Scarpulla  2008  ) . Mitochondrial biogenesis responds to a 
variety of stimuli. In mammalian cells promotion of mitochondrial biogenesis by various agents 
involves cAMP and Ca 2+  mediated signal transduction pathways. Recruitment of these pathways results 
in phosphorylation by cAMP and Ca 2+  dependent protein kinases of CREB protein that controls the 
expression of some 100 genes (Shaywitz and Greenberg  1999 ; Mayr and Montminy  2001  ) . The role of 
CREB in mitochondrial biogenesis was highlighted by the discovery that the CREB translational com-
plex controls the expression of the transcriptional coactivator PPAR g  coactivator 1 a  (PGC-1 a ) (Herzig 
et al.  2001  ) . In certain cell types activation of cAMP and/or Ca 2+  dependent protein kinases results in 
phosphorylation of members of the transducer of regulated CREB binding protein family (TORCs) 
(Screaton et al.  2004  ) , causing translocation of these proteins from the cytoplasm to the nucleus where 
they bind to the CREB complex and exert their transcriptional coactivator action (Screaton et al.  2004 ; 
Bittinger et al.  2004  ) . The CREB-TORC complex stimulates the transcriptional level of the PGC-1 a  
gene (Wu et al.  2006  ) . The PGC-1 a  transcription coactivator is a central node in the control of mito-
chondrial biogenesis. Its activity and/or expression responds to a variety positive and negative signal 
pathways (Fig.  1.12 ). PGC-1 a  is also activated by post-translational modifi cations, like deacetylation 
by SIRT1, and phosphorylation by other kinases, like AMPK and P38MAPK.  

 Induced expression of PGC-1 a  a member of the PGC-1 family of coactivators, in turn activates 
a transcriptional regulatory cascade which amplifi es the impact of CREB mediated signal trans-
duction on mitochondrial biogenesis (López-Lluch et al.  2008  ) . PGC-1 a  promotes the expression 
and activity of the nuclear respiratory transcription factors NRF1 and NRF2 (Wu et al.  1999 ; 
Scarpulla  2008 ; Wenz  2009  ) . NRF1 and NRF2 control the expression of many nuclear genes cod-
ing for structural proteins of the mitochondrial respiratory chain and the F 

1
 F 

o
 -ATP synthase, 

enzymes of heme biosynthesis, proteins involved in mitochondrial import of nuclear encoded sub-
units of OXPHOS complexes and complex assembly (Scarpulla  1997 ; Takahashi et al.  2002 ; Blesa 
et al.  2004 ; Kelly and Scarpulla  2004  )  as well as proteins involved in the transcription of the mito-
chondrial genome like the transcription factor A (TFAM). TFAM, once imported in mitochondria, 
interacts with one of two additional transcription factors, TFB1 or TFB2, and with the mitochon-
drial RNA polymerase (Blesa et al.  2004 ; Kelly and Scarpulla  2004 ; Wenz  2009  ) . In this way a 
transcriptional cascade, which involves, in a downstream sequence, CREB (and TORCs), PGC-
1 a , NRF1, NRF2, TFAM, TFB1, TFB2, confers to mammalian cells the capacity to upregulate in 
a concerted process the expression of nuclear and mitochondrial genes encoding subunits of 
OXPHOS complexes. 

 More recently a second process has been discovered which contributes to coordinate the 
expression of nuclear and mitochondrial genes. This consists in the translocation of CREB from 
the cytoplasm to mitochondria by a membrane potential and TOM complex dependent mecha-
nism. In mitochondria, CREB binds to the mtDNA D-loop and activates the biosynthesis of mito-
chondrial encoded subunits (Cammarota et al.  1999 ; Lee et al.  2005 ; Ryu et al.  2005 ; De Rasmo 
et al.  2009  ) .   

    1.5   Remarks and Perspectives 

 What reported has marked important progress in the elucidation of the atomic structure and 
functional mechanisms, molecular genetics and transcriptional regulation of the expression of the 
respiratory chain oxidative phosphorylation system in mammalian cells. Mitochondria in all eukary-
otic organisms are adapted to a variety of niches with the mitochondrial proteomes refl ecting large 
diversity of functions (Gabaldon and Huynen  2004  ) . Mitochondria number per cell can substantially 
vary from tissue to tissue. In mammalian cells the number of mtDNA copies, encoding subunits of 



  Fig. 1.12    Schematic representation of transcription factors which control mitochondrial biogenesis. Activation of pro-
tein kinases by cAMP and/or Ca 2+  results in phosphorylation of  CREB  and members of the transducer of regulated 
CREB binding protein family ( TORCs ) (Screaton et al.  2004 ; Bittinger et al.  2004  ) . CREB and TORC together promote 
the transcription of  PGC-1 a   and cytochrome c genes. The activity and/or expression of PGC-1 a  responds to a variety 
positive and negative signal pathways (López-Lluch et al.  2008  ) . The transcriptional level of PGC-1 a  is also increased 
by  NO . PGC-1 a  is also activated by post-translational modifi cations, like deacetylation by  SIRT1 , phosphorylation by 
 AMPK  and  P38MAPK  and inhibited by phosphorylation by  AKT  which is activated by insulin pathway. PGC-1 a  in 
combination with other factors, activates the expression of enzymes of fatty acid oxidation and of the nuclear respiratory 
transcription factors,  NRF1  and  NRF2 . NRF1 and NRF2 activate, in turn, the expression of the mitochondrial transcrip-
tion and replication factors, like  TFAM , nuclear genes coding for structural proteins and assembly factors of OXPHOS 
complexes, mitochondrial import proteins, ion channel and shuttle proteins. The  mTFA  and CREB proteins, after mito-
chondrial import, promote the expression of  mtDNA        

 



271 The Oxidative Phosphorylation System in Mammalian Mitochondria

the oxidative phosphorylation complexes, is thought to be regulated by the energy requirement 
(Hecht et al.  1984 ; Hecht and Liem  1984 ; Satoh and Kuroiwa  1991 ; Moyes et al.  1998  ) . This con-
tributes to confer to the OXPHOS system the functional capacity to respond to the specifi c ATP 
requirement of the various tissues, which, in addition, varies continuously depending on the phases 
of the cell cycle and the energy demand for specialized cell functions. This knowledge is useful to 
decipher the impact and pathogenetic mechanisms of hereditary and acquired defects in structural 
and ancillary genes of oxidative phosphorylation complexes. Further progress along these lines can 
substantially contribute to devise rational therapeutical measures for prevention and treatment of 
diseases in which dysfunction of mitochondrial oxidative phosphorylation plays a primary or a 
contributing role.      
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  Abstract   Mitochondria are the only organelles in animal cells which possess their own genomes. 
Mitochondrial DNA (mtDNA) alterations have been associated with various human conditions. Yet, 
their role in pathogenesis remains largely unclear. This review focuses on several major features of 
mtDNA: (1) mtDNA haplogroup, (2) mtDNA common deletion, (3) mtDNA mutations in the control 
region or D-loop, (4) mtDNA copy number alterations, (5) mtDNA mutations in translational machin-
ery, (6) mtDNA mutations in protein coding genes (7) mtDNA heteroplasmy. We will also discuss 
their implications in various human diseases.  

  Keywords   Mitochondrial DNA mutation  •  Mitochondrial haplogroup  •  D-loop region  •  Common 
deletion  •  Heteroplasmy    

    2.1   Mitochondrial DNA 

 The mammalian mitochondrial genome is a double-stranded circular DNA of about 16,500 nucleotides. 
It encodes 13 peptides for the oxidative phosphorylation apparatus, 7 for subunits of complex I (ND1, 
2, 3, 4L, 4, 5, 6), 1 for subunit of complex III (cytb), 3 for subunits of complex IV (COI, II, III) and 2 
for subunits of complex V (ATP 6 & 8), as well as 22 tRNAs and 2 rRNAs (12S, 16S) which are 
essential for protein synthesis within mitochondria (Fig.  2.1 ). Besides these coding regions, there is a 
main control region, or D-loop which contains the mtDNA replication origin (O 

H
 ) and promoters 

(P 
H
  and P 

L
 ) for mtRNA transcription (Fig.  2.1 ).  
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 mtDNA is predominantly maternal transmission. Most mammalian cells contain many copies of 
mitochondrial genomes. mtDNA within a cell could be a mixture of both wild-type and mutant spe-
cies, a condition called “heteroplasmy”, while “homoplasmy” refers the situation when all mtDNAs 
are identical. The pathogenic mutations are usually heteroplasmic in nature. It is expected that, due to 
the multiplicity of mitochondrial genomes in each cell, a threshold of mutant mtDNA must be reached 
before cellular dysfunction caused by defective mitochondria becomes apparent. Thus mtDNA het-
eroplasmy is very important in regulating mitochondrial function.  

    2.2   mtDNA Alterations in Human Diseases 

 As discussed in previous chapters, mitochondria play important roles in regulating energy produc-
tion, metabolism, signal transduction and apoptosis, it is not surprising that more and more mtDNA 
alterations and mitochondrial dysfunctions have been reported in various human diseases. Clinical 
manifestations that have been related to mtDNA mutations affect the brain, heart, skeletal muscle, 
kidney, endocrine system and other organs. Specifi c symptoms include forms of blindness, deafness, 
dementia, cardiovascular disease, muscle weakness, movement disorders, renal dysfunction, and 
endocrine disorders. Recently, mutations in both the non-coding and coding regions of the mtDNA 
have also been identifi ed in almost all types of human cancer (Lu et al.  2009  ) .  

  Fig. 2.1    Human mitochondrial genome. It encodes 13 peptides, 22 tRNA and 2 rRNA. The D-loop contains mtDNA 
replication origin and transcription promoters. The 4,977-bp common deletion is indicated       
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    2.3   mtDNA Haplogroup 

 A human mtDNA haplogroup refers to a unique set of mtDNA polymorphisms, refl ecting mutations 
accumulated by a discrete maternal lineage. The haplogroups are associated with region-specifi c 
mtDNA sequence variation as a result of genetic drift and/or adaptive selection for an environment-
favored mitochondrial function. Difference in redox signaling as a consequence of haplogroup-
associated oxidative phosphorylation capacity has been reported (Tanaka et al.  2004 ; Wallace  2005  ) . 
Some typical haplogroups and their determination sites in Wenzhou population which we have 
studied were described as in Fig.  2.2 .  

 The implications of mtDNA haplogroups in various conditions including aging, neurodegenerative 
diseases, metabolic diseases, infectious diseases and cancer have been explored. For example, haplo-
groups D4a and D5 were reported to be enriched in centenarians in Japanese population (Bilal et al. 
 2008  ) , while D4 was found to be increased in female and N9 to be decreased in a Chinese population 
in Rugao area (Cai et al.  2009  ) . mtSNP at 10398, which is a major diagnostic site of macro-
haplogroups M and N, has been implicated not only in longevity, but also in Parkinson’s disease and 
breast cancer, in various populations. The population-specifi c haplogroup implication was also 
reported on D4a as it was observed to increase susceptibility in a Chinese population to esophageal 
carcinoma (Li et al.  2007  ) . 

 In addition, haplogroup T was associated with coronary artery disease and diabetic retinopathy in 
Middle European Caucasian populations (Kofl er et al.  2009  ) . H5 was reported as a risk factor for late 
onset Alzheimer’s disease for females without APOE genotype (Santoro et al.  2010  ) . The haplogroup 
cluster IWX was associated with front temporal lobar degeneration (Kruger et al.  2010  ) . Haplogroup 
K was suggested as an independent determinant of risk of cerebral, but not coronary ischemic vascular 
events, which provided a new means for the identifi cation of individuals with a high susceptibility of 
developing ischemic stroke (Chinnery et al.  2010  ) . The LHON patients with the primary mtDNA 
mutation at 14484T>C had signifi cantly higher frequency of haplogroups C, G, M10 and Y, but a 
lower frequency of haplogroup F (Yu et al.  2010  ) . Our own study indicated that mitochondrial haplo-
groups could have a tissue-specifi c, population-specifi c and stage-specifi c role in modulating cancer 
development (Shen et al.  2010  ) .  

  Fig. 2.2    Classifi cation of mtDNA haplogroups in Wenzhou population. The defi ning sites utilized in this study are 
listed in the branches. “d” indicates a deletion; “9bpd” indicates a 9bp deletion in the intergenic mtDNA region between 
nucleotides 8,195–8,316       
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    2.4   mtDNA Common Deletion 

 It has been shown that oxidative damaged DNA is especially prone to mispairing of repetitive elements 
and is correlated with DNA deletions. The uncharacterized DNA repairing machineries may mediate 
the formation of deleted species, by homologous recombination and non-homologous end-joining 
(Fukui and Moraes  2009 ; Vermulst et al.  2008  ) . mtDNA deletions are most likely to occur during repair 
of damaged mtDNA (Krishnan et al.  2008  ) . More than 100 mtDNA deletions have been reported to be 
associated with various diseases (  http://www.mitomap.org/    ). In fact, large scale deletions were among 
the fi rst mtDNA mutations identifi ed to cause human diseases. In particular, large scale deletions in 
individual neurons from the substantial nigra of patients with Parkinson’s disease were detected, with 
various sizes ranging from 1,763bp to 9,445bp within the major arc (Reeve et al.  2008  ) . 

 Among these deletions, a 4,977-bp deletion (Fig.  2.1 ) occurring between two 13-bp direct repeats 
at positions 13,447–13,459 and 8,470–8,482 has attracted tremendous interests since it is the common 
cause of several sporadic diseases including Pearson’s disease(PD), Kearns-Sayre syndrome (KSS), 
mitochondrial myopathies (MM) and progressive external ophthalmoplegia (PEO) (Sadikovic et al. 
 2010  ) , and is therefore called the “common” deletion. This deletion also accumulates in many tissues 
during aging (Schroeder et al.  2008  ) , and has been used as an mtDNA damage biomarker (Meissner 
et al.  2008  ) . As shown in Fig.  2.1 , the common deletion removes all or part of the genes encoding four 
complex I subunits, one complex IV subunit, two complex V subunits and fi ve tRNA genes, which are 
indispensable for maintaining normal mitochondrial function. Consequently, the common deletion 
could lead to energy production catastrophes (Peng et al.  2006  ) . We found that the mtDNA 4,977 bp 
deletion may play a role in the early stage of colorectal cancer, and it is also implicated in alteration 
of mtDNA content in cancer cells (Chen et al.  2011  ) .  

    2.5   mtDNA Mutations in D-Loop 

 The mtDNA D-loop, is a DNA structure where the two strands of a double-stranded mtDNA molecule 
are separated and held apart by a third strand of DNA. The third strand has a sequence which is 
complementary to one of the main strands and pairs with it, thus displacing the other main strand in 
the region. The D-loop locates in the main non-coding area, a segment also called the main control 
region (Fig.  2.1 ). D-loop is the most variable region in mtDNA. The mutation rate at two hypervari-
able regions (HV-I, HV-II) in D-loop was estimated 100- to 200-fold that of nuclear DNA (Sharawat 
et al.  2010  ) . It was suggested that in the D-loop region, a poly-C stretch (poly-C tract) termed the 
D310 region is more susceptible to oxidative damage and electrophilic attack compared with other 
regions of mtDNA (Mambo et al.  2003  ) . 

 mtDNA alterations in D-loop region have been reported as a frequent event in cervical cancer, 
breast cancer, gastric carcinoma, colorectal cancer, hepatocellular cancer, lung cancer and renal cell 
carcinoma in the forms of point mutations, insertions, deletions, and mitochondrial microsatellite 
instability (mtMSI) (Lu et al.  2009  ) . Our own results indicate that mtDNA alterations in D-loop region 
could happen before tumorigenesis in thyroid, and they might also accumulate during tumorigenesis 
(Ding et al.  2010  ) . Cancer patients with D-loop mutations (Lievre et al.  2005  ) , or in particular with 
heteroplasmy of the mtDNA D-loop (CA) (n) polymorphism (Ye et al.  2008  )  were reported to have 
signifi cantly poorer prognosis. One large investigation showed three variations in HV-I, namely 
m.16126T>C, m.16224T>C and m.16311T>C, could serve as a potential prognostic marker in paedi-
atric acute myeloid leukemia (AML) (Sharawat et al.  2010  ) . 

 D-loop mutations have also been associated with other diseases. For example, T16189C was reported 
in patients with coronary artery disease (CAD) in a Middle European population (Mueller et al.  2011  ) . 
The same mutation was also found in European type 2 diabetes patients (Mueller et al.  2011  ) .  

http://www.mitomap.org/
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    2.6   mtDNA Mutations in Translational Machinery 

 Point mutations in mitochondrial protein synthesis genes (including 2 rRNA and 22 tRNA genes) 
can result in multisystem disorders with a wide range of symptoms, including deafness, diabetes, 
mitochondrial myopathy, movement disorders, cardiomyopathy, intestinal dysmotility, dementia, etc 
(Wallace  2005  )  (Fig.  2.3 ).  

 The tRNA (Lys) A8344G mutation is a classical one which was associated with myoclonic epi-
lepsy and ragged red fi ber (MERRF) disease (Fan et al.  2006  ) . Perhaps the most common mtDNA 
protein synthesis mutation is the A3243G in the tRNA (Leu) gene. The A3243G mutation in the tRNA 
(Leu) was fi rst associated with mitochondrial encephalomyopathy, lactic acid and stroke-like epi-
sodes, mitochondrial encephalomyopathy lactic acidosis and stroke-like syndrome (MELAS). This 
mutation is remarkable in the variability of its clinical manifestations. When the A3243G mutation is 
present at relatively low levels (10–30%) in the blood, the patient may manifest only type II diabetes 
with or without deafness, accounting for 0.5–1% of all type II diabetes worldwide. Interestingly, when 

  Fig. 2.3    mtDNA tRNA/rRNA mutation map.  ADPD  Alzheimer’s Disease and Parkinsons’s Disease,  CIPO  Chronic 
Intestinal Pseudoobstruction with myopathy and Ophthalmoplegia,  CPEO  Chronic Progressive External 
Ophthalmoplegia,  DEMCHO  Dementia and Chorea,  DM  Diabetes Mellitus,  DMDF  Diabetes Mellitus & Deafness, 
 EXIT  exercise intolerance,  FICP  Fatal Infantile Cardiomyopathy Plus, a MELAS-associated cardiomyopathy,  HCM  
Hypertrophic Cardio Myopathy,  LS  Leigh Syndrome,  MELAS  Mitochondrial Encephalomyopathy, Lactic Acidosis, and 
Stroke-like episodes,  MERRF  Myoclonic Epilepsy and Ragged Red Muscle Fibers,  MHCM  Maternally Inherited 
Hypertrophic Cardiomyopathy,  MICM  Maternally Inherited Cardiomyopathy,  MM  Mitochondrial Myopathy,  SNHL  
Sensorineural Hearing Loss       
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the A3243G mutation is present at relatively high levels (>70% of the mtDNAs), it causes more severe 
symptoms including short stature, cardiomyopathy, chronic progressive external ophthalmoplegia 
(CPEO), mitochondrial encephalomyopathy, lactic acid and stroke-like episodes (Wallace  2005  ) . 
Deleterious mutations in the mitochondrial tRNA (Phe) gene may solely manifest with epilepsy when 
segregating to homoplasmy (Zsurka et al.  2010  ) . In benign cytochrome c oxidase defi ciency myopa-
thy patients, a homoplasmic T14674C or T14674G tRNA (Glu) mutation within tRNA (Glu) gene 
was identifi ed (Mimaki et al.  2010  ) . 

 mtDNA mutations, those in the 12S rRNA gene and tRNA genes in particular have been associated 
with hearing loss (Xing et al.  2007  ) . The A1555G mutation of 12S rRNA gene was a primary contrib-
uting factor underlying the development of deafness but not suffi cient to produce a clinical phenotype. 
The T1095C mutation of 12S rRNA gene was suggested to play a role in the phenotypic expression 
of A1555G mutation, as it disrupted an evolutionarily conserved base pair at a stem-loop structure, 
resulting in impaired translation in mitochondrial protein synthesis and a signifi cant reduction of 
cytochrome c oxidase activity (Dai et al.  2008  ) . The alteration of the tertiary or quaternary structure 
of 12S rRNA by an A827G mutation may play a role in the pathogenesis of hearing loss and amino-
glycoside hypersensitivity (Chaig et al.  2008  ) .  

    2.7   mtDNA Mutations in Protein Coding Genes 

 All mtDNA-encoded 13 polypeptide are subunits of mitochondrial oxidative phosphorylation complexes, 
and mutations in these genes can result in an array of clinical manifestations (Wallace  2005  )  (Fig.  2.4 ).  

 The T8993G mutation in ATP6 gene is associated with neurogenic muscle weakness, ataxia, retini-
tis pigmentosa (NARP) when presents at lower percentages of mutant, and lethal childhood Leigh 
syndrome when present at higher percentages of mutant (Wallace  2005  ) . Missense and nonsense 
mutations in the cytb gene have been linked to progressive muscle weakness (Wallace  2005  ) . Rare 
nonsense or frameshift mutations in COI have been associated with encephalomyopathies (Wallace 
 2005  ) . Missense mutations in mtDNA encoded complex I subunit genes have been linked to Leigh 
syndrome, generalized dystonia and deafness, and Leber hereditary optic neuropathy (LHON) 
(Wallace  2005  ) . Three primary mutations at G3460A of ND1, G11778A of ND4, and T14484C of 
ND6 account for over 90% of LHON cases in European population (Yu-Wai-Man et al.  2011  ) . 

 Among mitochondrial genes, ND5 encoded the largest peptide. Mutations in the ND5 gene are also 
a frequent cause of oxidative phosphorylation disease, especially for those with MELAS- and Leigh-
like syndrome with a complex I defi ciency (Blok et al.  2007  ) . The sequence variant A13511T occurred 
in a patient with a Leigh-like syndrome. Mutation G13513A, associated with MELAS and MELAS/
Leigh/LHON overlap syndrome, was found in two patients from two different families, one with a 
MELAS/Leigh phenotype and the other with a MELAS/CPEO phenotype. Mutation G13042A which 
was detected previously in a patient with a MELAS/MERRF phenotype and in a family with a preva-
lent ocular phenotype, was also found in a patient with a Leigh-like phenotype. The sequence variant 
G12622A which was reported once in a control database as a polymorphism, was reported to have a 
fatal effect in three brothers, all with infantile encephalopathy (Leigh syndrome).  

    2.8   mtDNA Heteroplasmy 

 The mtDNA has a relatively high mutation rate, presumably due to its chronic exposure to mitochon-
drial ROS. When a new mtDNA mutation arises in a cell, a mixed population of mtDNAs is generated, 
a state known as heteroplasmy. As mtDNA replicates and segregates, the mutant and normal molecules 
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are randomly distributed into the daughter cells. As a consequence, the proportion of mutant and 
normal mtDNAs can drift toward homoplasmic mutant type or homoplasmic wild type. A threshold 
is reached when the mutant mtDNA accumulates to a certain level that the normal mitochondrial 
function can not be sustained. 

 The regulation of mtDNA heteroplamy could happen at the replication level. A replicative advan-
tage of the mutant mtDNA molecules was described for mtDNA carrying the mutation associated 
with the mitochondrial encephalomyopathy (Yoneda et al.  1992  ) . As a result, mutant mtDNA enriched. 
The regulation could also be achieved by specifi c turnover of mitochondria. It was reported that long-
term overexpression of cytosolic E3 ligase Parkin may signal the selective removal of defective mito-
chondria within cells. Parkin can eliminate mitochondria with deleterious COXI mutations in 
heteroplasmic cybrid cells, thereby enriching cells for wild-type mtDNA and restoring cytochrome c 
oxidase activity (Suen et al.  2010  ) . 

 Although it had been considered to be homogeneous, one recent study found widespread heteroplasmy 
in the mtDNA of normal human cells. Moreover, the frequency of heteroplasmic variants varied consider-
ably between different tissues in the same individual. Cancer cells have been reported to harbor both 
homoplasmic and heteroplasmic mtDNA mutations. These results provide insights into the nature and 
variability of mtDNA sequences. In particular, they demonstrate that individual humans are characterized 
by a complex mixture of mitochondrial genotypes rather than a single genotype (He et al.  2010  ) . 

  Fig. 2.4    mtDNA coding region mutation map.  AD  Alzheimer’s Disease,  ADPD  Alzheimer’s Disease and Parkinsons’s 
Disease,  CPEO  Chronic Progressive External Ophthalmoplegia,  DM  Diabetes Mellitus,  EXIT  exercise intolerance, 
 FBSN  Familial Bilateral Striatal Necrosis,  HCM  Hypertrophic Cardio Myopathy,  LHON  Leber Hereditary Optic 
Neuropathy,  LS  Leigh Syndrome,  MELAS  Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like epi-
sodes,  MM  Mitochondrial Myopathy,  NAION  Nonarteritic Anterior Ischemic Optic Neuropathy,  NARP  Neurogenic 
muscle weakness, Ataxia, and Retinitis Pigmentosa,  SIDA  Sideroblastic Anemia,  SNHL  Sensorineural Hearing Loss       
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 mtDNA heteroplasmy has been related to severe inherited syndromes, such as myopathy, 
encephalopathy, MELAS, neuropathy, ataxia, NARP-MILS, and LHON (Suen et al.  2010  ) . 

 We recently examined the contribution of heteroplasmic and homoplasmic ND5 mutations in tum-
origenesis, the same mutation was previously identifi ed in a human colorectal cancer cell line (Park 
et al.  2009  ) . With increasing mutant ND5 mtDNA content, respiratory function, including oxygen 
consumption and ATP generation through oxidative phosphorylation, declined progressively, whereas 
lactate production and dependence on glucose increased. Both heteroplasmic and homoplasmic 
mtDNA mutation caused an increased production of mitochondrial ROS. However in cells with het-
eroplasmic ND5 mutation, the cytosolic ROS level was somewhat reduced, probably due to the upreg-
ulation of antioxidant enzymes. As a result, only cells with homoplasmic ND5 mutation exhibited 
enhanced apoptotic potency. Furthermore, anchorage dependence and tumor-forming capacity of 
cells carrying wild type and mutant mtDNA were tested by a growth assay in soft agar and subcutane-
ous implantation of the cells in nude mice. Surprisingly, the cell line carrying the heteroplasmic ND5 
mtDNA mutation showed signifi cantly enhanced tumor growth, whereas tumor formation was inhib-
ited for cells with the homoplasmic form of the same mutation.  

    2.9   mtDNA Copy Number Alterations 

 Regulation of mitochondrial biogenesis is essential for proper cellular functioning. mtDNA depletion 
and the resulting mitochondrial malfunction have been implicated in cancer, neurodegeneration, diabe-
tes, aging, and many other human diseases (Clay Montier et al.  2009  ) . The mtDNA control region is 
believed to play an important role in mtDNA replication. The mutation T16189C at mtDNA D-loop 
cit was suggested to interfere with the replication process of mtDNA, which in turn decreased the 
mtDNA copy number and caused mitochondrial dysfunction (Liou et al.  2010  ) . Large deletions in 
mtDNA control region are rarely found, as they are expected to interfere with the replication of mtDNA. 
However, a recent report showed a 50-bp deletion and a 154-bp deletion in the human mtDNA control 
region do not affect the mtDNA copy number, suggesting that the control of mtDNA replication may 
be more complex than we had thought (Bi et al.  2010  ) . 

 Alterations in mtDNA content have been reported in increasing numbers of cancer types (Lee and 
Wei  2009  ) . Low mtDNA content has been reported to be associated with increased risk of renal cancer 
carcinoma, and a decrease in mtDNA copy number was also found in gastric cancer, breast cancer and 
hepatocellular carcinoma. On the other hand, an increase in mtDNA copy number was reported in the 
majority of head and neck cancer, endometrial cancer, ovarian cancer and colorectal cancer (Lee and 
Wei  2009  ) . Recent reports suggested that mtDNA copy number may be positively associated with 
subsequent risk of lung cancer (Hosgood et al.  2010  )  and non-Hodgkin lymphoma (Lan et al.  2008  ) . 

 The age-related decrease in mtDNA copy number observed in human pancreatic islet preparations 
may explain the age-dependent decline in pancreatic beta cell insulin secretory capacity (Cree et al. 
 2008  ) . The mtDNA copy number was reported decreased in Friedreich’s ataxia (FRDA) patients. 
Adriamycin (ADR) is a commonly used chemotherapeutic agent that also produces signifi cant tissue 
damage. mtDNA mutations and reductions in mtDNA copy number have been identifi ed as contribu-
tors to ADR-induced injury (Papeta et al.  2010  ) .  

    2.10   Pitfalls in mtDNA Studies 

 As described in previous sections, mtDNA alterations in human diseases have drawn more and more 
attentions and more and more mtDNA mutations have been associated expanding numbers of human 
diseases. To avoid fl aws in the experimental procedures and interpretation of the data, some cautions 
are required. Following are some guidelines we have followed in our own research. 



472 mtDNA in Human Diseases 

 The DNA source for sequencing analysis is critical. In cancer study, it’s very important to extract 
DNA from the very samples that used for pathological diagnosis. The percentages of cancer cells are 
different in different fractions of the cancer tissue. We suggest that one should extract DNA for 
sequencing analysis from the material on slides used for pathological diagnosis with microdissection 
technology (Eltoum et al.  2002  ) . 

 Both positive and negative controls should be included in PCR, especially in cases where nested 
PCR strategy is utilized. Cautions have been taken according to Kraytsberg’s suggestions to avoiding 
contamination in PCR (Kraytsberg and Khrapko  2005  ) . It is important to include a mtDNA-less rho 
zero cell as a control to avoid amplifi cation of mitochondrial pseudogenes in nuclear genome (Yao 
et al.  2008  ) . 

 Artifi cially generated phantom mutations through the sequencing and editing process have been 
found in some reports (Bandelt et al.  2007  ) . One should be very careful about phantom mutations 
when only one strand of mtDNA is analyzed. 

 Another important issue is that one should be very careful when they conclude that mtDNA muta-
tions they found are novel and/or pathogenic. In fact, many reported ‘novel’ mtDNA mutations turned 
out to be having been reported previously, and some previously reported ‘pathogenic’ mutations are 
generally considered to be polymorphic variants now. MITOMAP is widely used for deciding if the 
mtDNA alteration is novel for it is a convenient source for the information required. But it may be 
misleading if the user was not aware of its limitations and did not perform multiple searches through-
out the published record. We suggest other databases such as mtDB (  http://www.genpat.uu.se/mtDB    ), 
mtDNA (  http://www.ianlogan.co.uk/mtdna.htm    ), FBI mtDNA population database (  http://www.fbi.
gov/hq/lab/fsc/backissu/april2002/miller1.htm    ) or GenBank (  http://www.ncbi.nlm.nih.gov/Genbank/
index.html    ) should be included in data analysis. A straightforward Google or Yahoo search can help 
to defi ne the “novelty” of mtDNA polymorphisms. The other useful advice is to identify potential 
pathogenic mutations with phylogenetic methods (Fang et al.  2009  ) .  

    2.11   Experimental Approaches to Study mtDNA 

 Over the years, a set of unique experimental approaches to study of mitochondrial function has been 
established, and these tools are very useful in investigating physiology and pathology of mtDNA.

    (1)     Labeling mitochondrial proteins  
 Based on the difference in sensitivity to certain antibiotics, we can selectively label the mtDNA 
encoded proteins (Bai et al.  2004  ) . In particular, mitochondrial proteins are labeled with [ 35 S] methi-
onine in the presence of emetine, to inhibit cytoplasmic protein synthesis. The labeled products are 
then electrophoresed through SDS-polyacrylamide gradient gel. The electrophoretic patterns between 
wild-type and mutant cell lines could indicate the possible mutation site on mtDNA as shown in our 
studies in identifi cation of mouse ND5 and ND6 mutation (Bai and Attardi  1998 ; Bai et al.  2000  ) .  

    (2)     Generation of cytoplasmic hybrid (cybrid)  
 Because mitochondria are under dual genetic control, nuclear and mitochondrial, mutations in either 
genome could potentially cause mitochondrial dysfunctions. To verify that a mutation in mtDNA is 
solely responsible for the respiration defi ciency observed, an mtDNA-less ( r  0 ) cell repopulation approach 
has been established (King and Attardi  1988  ) . For example, mtDNAs carrying a mutation in the ND5 or 
ND6 gene were transferred to mouse  r  0  cells by cytoplast-cell fusion, thus placing those mutant genomes 
in a new nuclear background. The co-segregation of mtDNA with the mitochondrial dysfunction usually 
indicates a pathogenic role of mutation residing on these mtDNA (Bai et al.  2004  ) .  

    (3)     Generation of trans-mitochondrial mice  
 Up to now, two procedures have been successful established in introducing exogenous mtDNA 
mutations into the mouse female germline: (a) to fuse cytoplasts from mutant cells directly to 

http://www.genpat.uu.se/mtDB
http://www.ianlogan.co.uk/mtdna.htm
http://www.fbi.gov/hq/lab/fsc/backissu/april2002/miller1.htm
http://www.fbi.gov/hq/lab/fsc/backissu/april2002/miller1.htm
http://www.ncbi.nlm.nih.gov/Genbank/index.html
http://www.ncbi.nlm.nih.gov/Genbank/index.html
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mouse single-cell embryos and then to implant the embryos into the oviduct of pseudo-pregnant 
females, and (b) to fuse enucleated cell cytoplasts bearing mutant mtDNA to undifferentiated 
female mouse embryonic stem (ES) cells, and then to inject the stem cell cybrids into mouse blas-
tocysts, and to implant the chimeric embryos into a foster mother (Wallace and Fan  2009  ) . The 
former method was used to create mice harboring a heteroplasmic mtDNA deletion (Nakada et al. 
 2008  ) , while the latter has permitted the creation of variety of mouse strains bearing heteroplasmic 
or homoplasmic mtDNA point mutations (Fan et al.  2008  ) .      

    2.12   Perspectives 

 So far forward genetics has made important contributions in our understanding of the putative role of 
mtDNA mutations in various human diseases. It is well-established that accumulation of mtDNA 
mutations is associated with a wide variety of diseases. However, there is still no convincing evidence 
to explain whether accumulation of these pathogenic mutant mtDNAs in tissues is responsible for the 
expressions of various clinical phenotypes. 

 To complement, reverse genetic study is required to provide model systems for studying exactly 
how pathogenic mutant mtDNAs are transmitted and distributed in tissues and result in the pathogen-
esis of mitochondrial diseases with various clinical phenotypes. However, so far we are still facing 
serious technical challenges to perform such experiments. First there are no procedures are available 
for introducing mutagenized mammalian whole mtDNA genome into mitochondria in living cells or 
even into isolated mitochondria (Nakada et al.  2008  ) . The investigation of the effects of mtDNA muta-
tions have lagged behind due to lack of effective technologies to modify the mammalian mtDNA. 

 We also need a better system to investigate the role of nuclear modifi ers in manifestation of tissue-
specifi c pathogenesis of various mtDNA mutations. The recent developed iPS systems might provide 
some hopes in this regard. 

 Finally animal models carrying the corresponding mtDNA mutations identifi ed in human diseases 
would be great assets in understanding the molecular pathways mediating the clinical phenotypes, and 
the generation of such animals will open new ways to develop therapeutic approaches.      

  Acknowledgements   The work in the laboratory of the authors has been supported by NIH (R01 AG025223) and 
Chinese National Science Foundation (31070765/C050605, and 810004611/H1409).  

   References 

    Bai Y, Attardi G (1998) The mtDNA-encoded ND6 subunit of mitochondrial NADH dehydrogenase is essential for the 
assembly of the membrane arm and the respiratory function of the enzyme. EMBO J 17:4848–4858  

    Bai Y, Shakeley RM, Attardi G (2000) Tight control of respiration by NADH dehydrogenase ND5 subunit gene expres-
sion in mouse mitochondria. Mol Cell Biol 20:805–815  

    Bai Y, Hu P, Park JS, Deng JH, Song X, Chomyn A, Yagi T, Attardi G (2004) Genetic and functional analysis of mito-
chondrial DNA-encoded complex I genes. Ann N Y Acad Sci 1011:272–283  

    Bandelt HJ, Yao YG, Salas A, Kivisild T, Bravi CM (2007) High penetrance of sequencing errors and interpretative 
shortcomings in mtDNA sequence analysis of LHON patients. Biochem Biophys Res Commun 352:283–291  

    Bi R, Zhang AM, Zhang W, Kong QP, Wu BL, Yang XH, Wang D, Zou Y, Zhang YP, Yao YG (2010) The acquisition 
of an inheritable 50-bp deletion in the human mtDNA control region does not affect the mtDNA copy number in 
peripheral blood cells. Hum Mutat 31:538–543  

    Bilal E, Rabadan R, Alexe G, Fuku N, Ueno H, Nishigaki Y, Fujita Y, Ito M, Arai Y, Hirose N, Ruckenstein A, Bhanot 
G, Tanaka M (2008) Mitochondrial DNA haplogroup D4a is a marker for extreme longevity in Japan. PLoS One 
3:e2421  



492 mtDNA in Human Diseases 

    Blok MJ, Spruijt L, de Coo IF, Schoonderwoerd K, Hendrickx A, Smeets HJ (2007) Mutations in the ND5 subunit of 
complex I of the mitochondrial DNA are a frequent cause of oxidative phosphorylation disease. J Med Genet 44:e74  

    Cai XY, Wang XF, Li SL, Qian J, Qian DG, Chen F, Yang YJ, Yuan ZY, Xu J, Bai Y, Yu SZ, Jin L (2009) Association 
of mitochondrial DNA haplogroups with exceptional longevity in a Chinese population. PLoS One 4:e6423  

    Chaig MR, Zernotti ME, Soria NW, Romero OF, Romero MF, Gerez NM (2008) A mutation in mitochondrial 12S 
rRNA, A827G, in Argentinean family with hearing loss after aminoglycoside treatment. Biochem Biophys Res 
Commun 368:631–636  

    Chen T, He J, Shen L, Fang H, Nie H, Jin T, Wei X, Xin Y, Jiang Y, Li H, Chen G, Lu J, Bai Y (2011) The mitochondrial 
DNA 4,977-bp deletion and its implication in copy number alteration in colorectal cancer. BMC Med Genet 12:8  

    Chinnery PF, Elliott HR, Syed A, Rothwell PM (2010) Mitochondrial DNA haplogroups and risk of transient ischaemic 
attack and ischaemic stroke: a genetic association study. Lancet Neurol 9:498–503  

       Clay Montier LL, Deng JJ, Bai Y (2009) Number matters: control of mammalian mitochondrial DNA copy number. 
J Genet Genomics 36:125–131  

    Cree LM, Patel SK, Pyle A, Lynn S, Turnbull DM, Chinnery PF, Walker M (2008) Age-related decline in mitochondrial 
DNA copy number in isolated human pancreatic islets. Diabetologia 51:1440–1443  

    Dai D, Lu Y, Chen Z, Wei Q, Cao X, Xing G (2008) Co-segregation of the T1095C with the A1555G mutation of the 
mitochondrial 12S rRNA gene in a patient with non-syndromic hearing loss. Biochem Biophys Res Commun 
377:1152–1155  

    Ding Z, Ji J, Chen G, Fang H, Yan S, Shen L, Wei J, Yang K, Lu J, Bai Y (2010) Analysis of mitochondrial DNA muta-
tions in D-loop region in thyroid lesions. Biochim Biophys Acta 1800:271–274  

    Eltoum IA, Siegal GP, Frost AR (2002) Microdissection of histologic sections: past, present, and future. Adv Anat 
Pathol 9:316–322  

    Fan H, Civalier C, Booker JK, Gulley ML, Prior TW, Farber RA (2006) Detection of common disease-causing mutations 
in mitochondrial DNA (mitochondrial encephalomyopathy, lactic acidosis with stroke-like episodes MTTL1 3243 
A > G and myoclonic epilepsy associated with ragged-red fi bers MTTK 8344A > G) by real-time polymerase chain 
reaction. J Mol Diagn 8:277–281  

    Fan W, Waymire KG, Narula N, Li P, Rocher C, Coskun PE, Vannan MA, Narula J, Macgregor GR, Wallace DC (2008) 
A mouse model of mitochondrial disease reveals germline selection against severe mtDNA mutations. Science 
319:958–962  

    Fang H, Lu J, Wei J, Shen LJ, Ding Z, Li H, Bai Y (2009) Mitochondrial DNA mutations in the D-loop region may not 
be frequent in cervical cancer: a discussion on pitfalls in mitochondrial DNA studies. J Cancer Res Clin Oncol 
135:649–651  

    Fukui H, Moraes CT (2009) Mechanisms of formation and accumulation of mitochondrial DNA deletions in aging 
neurons. Hum Mol Genet 18:1028–1036  

    He Y, Wu J, Dressman DC, Iacobuzio-Donahue C, Markowitz SD, Velculescu VE, Diaz LA JR, Kinzler KW, Vogelstein 
B, Papadopoulos N (2010) Heteroplasmic mitochondrial DNA mutations in normal and tumour cells. Nature 
464:610–614  

    Hosgood HD, 3rd Liu CS, Rothman N, Weinstein SJ, Bonner MR, Shen M, Lim U, Virtamo J, Cheng WL, Albanes D, 
Lan Q (2010) Mitochondrial DNA copy number and lung cancer risk in a prospective cohort study. Carcinogenesis 
31:847–849  

    King MP, Attardi G (1988) Injection of mitochondria into human cells leads to a rapid replacement of the endogenous 
mitochondrial DNA. Cell 52:811–819  

    Kofl er B, Mueller EE, Eder W, Stanger O, Maier R, Weger M, Haas A, Winker R, Schmut O, Paulweber B, Iglseder B, 
Renner W, Wiesbauer M, Aigner I, Santic D, Zimmermann FA, Mayr JA, Sperl W (2009) Mitochondrial DNA hap-
logroup T is associated with coronary artery disease and diabetic retinopathy: a case control study. BMC Med Genet 
10:35  

    Kraytsberg Y, Khrapko K (2005) Single-molecule PCR: an artifact-free PCR approach for the analysis of somatic muta-
tions. Expert Rev Mol Diagn 5:809–815  

    Krishnan KJ, Reeve AK, Samuels DC, Chinnery PF, Blackwood JK, Taylor RW, Wanrooij S, Spelbrink JN, Lightowlers 
RN, Turnbull DM (2008) What causes mitochondrial DNA deletions in human cells? Nat Genet 40:275–279  

    Kruger J, Hinttala R, Majamaa K, Remes AM (2010) Mitochondrial DNA haplogroups in early-onset Alzheimer’s 
disease and frontotemporal lobar degeneration. Mol Neurodegen 5:8  

    Lan Q, Lim U, Liu CS, Weinstein SJ, Chanock S, Bonner MR, Virtamo J, Albanes D, Rothman N (2008) A prospective 
study of mitochondrial DNA copy number and risk of non-Hodgkin lymphoma. Blood 112:4247–4249  

    Lee HC, Wei YH (2009) Mitochondrial DNA instability and metabolic shift in human cancers. Int J Mol Sci 
10:674–701  

    Li XY, Su M, Huang HH, Li H, Tian DP, Gao YX (2007) mtDNA evidence: genetic background associated with related 
populations at high risk for esophageal cancer between Chaoshan and Taihang Mountain areas in China. Genomics 
90:474–481  



50 H. Li et al.

    Lievre A, Chapusot C, Bouvier AM, Zinzindohoue F, Piard F, Roignot P, Arnould L, Beaune P, Faivre J, Laurent-Puig 
P (2005) Clinical value of mitochondrial mutations in colorectal cancer. J Clin Oncol 23:3517–3525  

    Liou CW, Lin TK, Chen JB, Tiao MM, Weng SW, Chen SD, Chuang YC, Chuang JH, Wang PW (2010) Association 
between a common mitochondrial DNA D-loop polycytosine variant and alteration of mitochondrial copy number 
in human peripheral blood cells. J Med Genet 47:723–728  

    Lu J, Sharma LK, Bai Y (2009) Implications of mitochondrial DNA mutations and mitochondrial dysfunction in 
tumorigenesis. Cell Res 19:802–815  

    Mambo E, Gao X, Cohen Y, Guo Z, Talalay P, Sidransky D (2003) Electrophile and oxidant damage of mitochondrial 
DNA leading to rapid evolution of homoplasmic mutations. Proc Natl Acad Sci USA 100:1838–1843  

    Meissner C, Bruse P, Mohamed SA, Schulz A, Warnk H, Storm T, Oehmichen M (2008) The 4977 bp deletion of mito-
chondrial DNA in human skeletal muscle, heart and different areas of the brain: a useful biomarker or more? Exp 
Gerontol 43:645–652  

    Mimaki M, Hatakeyama H, Komaki H, Yokoyama M, Arai H, Kirino Y, Suzuki T, Nishino I, Nonaka I, Goto Y (2010) 
Reversible infantile respiratory chain defi ciency: a clinical and molecular study. Ann Neurol 68:845–854  

    Mueller EE, Eder W, Ebner S, Schwaiger E, Santic D, Kreindl T, Stanger O, Paulweber B, Iglseder B, Oberkofl er H, 
Maier R, Mayr JA, Krempler F, Weitgasser R, Patsch W, Sperl W, Kofl er B (2011) The Mitochondrial T16189C 
Polymorphism Is Associated with Coronary Artery Disease in Middle European Populations. PLoS One 6:e16455  

    Nakada K, Sato A, Hayashi J (2008) Reverse genetic studies of mitochondrial DNA-based diseases using a mouse 
model. Proc Jpn Acad Ser B Phys Biol Sci 84:155–165  

    Papeta N, Zheng Z, Schon EA, Brosel S, Altintas MM, Nasr SH, Reiser J, D’Agati VD, Gharavi AG (2010) Prkdc 
participates in mitochondrial genome maintenance and prevents Adriamycin-induced nephropathy in mice. J Clin 
Invest 120:4055–4064  

    Park JS, Sharma LK, Li H, Xiang R, Holstein D, Wu J, Lechleiter J, Naylor SL, Deng JJ, Lu J, Bai Y (2009) A hetero-
plasmic, not homoplasmic, mitochondrial DNA mutation promotes tumorigenesis via alteration in reactive oxygen 
species generation and apoptosis. Hum Mol Genet 18:1578–1589  

    Peng TI, Yu PR, Chen JY, Wang HL, Wu HY, Wei YH, Jou MJ (2006) Visualizing common deletion of mitochondrial 
DNA-augmented mitochondrial reactive oxygen species generation and apoptosis upon oxidative stress. Biochim 
Biophys Acta 1762:241–255  

    Reeve AK, Krishnan KJ, Elson JL, Morris CM, Bender A, Lightowlers RN, Turnbull DM (2008) Nature of mitochon-
drial DNA deletions in substantia nigra neurons. Am J Hum Genet 82:228–235  

    Sadikovic B, Wang J, El-Hattab A, Landsverk M, Douglas G, Brundage EK, Craigen WJ, Schmitt ES, Wong LJ (2010) 
Sequence homology at the breakpoint and clinical phenotype of mitochondrial DNA deletion syndromes. PLoS One 
5:e15687  

    Santoro A, Balbi V, Balducci E, Pirazzini C, Rosini F, Tavano F, Achilli A, Siviero P, Minicuci N, Bellavista E, Mishto 
M, Salvioli S, Marchegiani F, Cardelli M, Olivieri F, Nacmias B, Chiamenti AM, Benussi L, Ghidoni R, Rose G, 
Gabelli C, Binetti G, Sorbi S, Crepaldi G, Passarino G, Torroni A, Franceschi C (2010) Evidence for sub-haplogroup 
h5 of mitochondrial DNA as a risk factor for late onset Alzheimer’s disease. PLoS One 5:e12037  

    Schroeder P, Gremmel T, Berneburg M, Krutmann J (2008) Partial depletion of mitochondrial DNA from human skin 
fi broblasts induces a gene expression profi le reminiscent of photoaged skin. J Invest Dermatol 128:2297–2303  

    Sharawat SK, Bakhshi R, Vishnubhatla S, Bakhshi S (2010) Mitochondrial D-loop variations in paediatric acute myel-
oid leukaemia: a potential prognostic marker. Br J Haematol 149:391–398  

    Shen L, Wei J, Chen T, He J, Qu J, He X, Jiang L, Qu Y, Fang H, Chen G, Lu J, Bai Y (2010) Evaluating mitochondrial 
DNA in patients with breast cancer and benign breast disease. J Cancer Res Clin Oncol 137:669–675  

    Suen DF, Narendra DP, Tanaka A, Manfredi G, Youle RJ (2010) Parkin overexpression selects against a deleterious 
mtDNA mutation in heteroplasmic cybrid cells. Proc Natl Acad Sci USA 107:11835–11840  

    Tanaka M, Takeyasu T, Fuku N, Li-Jun G, Kurata M (2004) Mitochondrial genome single nucleotide polymorphisms 
and their phenotypes in the Japanese. Ann N Y Acad Sci 1011:7–20  

    Vermulst M, Wanagat J, Kujoth GC, Bielas JH, Rabinovitch PS, Prolla TA, Loeb LA (2008) DNA deletions and clonal 
mutations drive premature aging in mitochondrial mutator mice. Nat Genet 40:392–394  

    Wallace DC (2005) A mitochondrial paradigm of metabolic and degenerative diseases, aging, and cancer: a dawn for 
evolutionary medicine. Annu Rev Genet 39:359–407  

    Wallace DC, Fan W (2009) The pathophysiology of mitochondrial disease as modeled in the mouse. Genes Dev 
23:1714–1736  

    Xing G, Chen Z, Cao X (2007) Mitochondrial rRNA and tRNA and hearing function. Cell Res 17:227–239  
    Yao YG, Kong QP, Salas A, Bandelt HJ (2008) Pseudomitochondrial genome haunts disease studies. J Med Genet 

45:769–772  
    Ye C, Gao YT, Wen W, Breyer JP, Shu XO, Smith JR, Zheng W, Cai Q (2008) Association of mitochondrial DNA 

displacement loop (CA)n dinucleotide repeat polymorphism with breast cancer risk and survival among Chinese 
women. Cancer Epidemiol Biomarkers Prev 17:2117–2122  



512 mtDNA in Human Diseases 

    Yoneda M, Chomyn A, Martinuzzi A, Hurko O, Attardi G (1992) Marked replicative advantage of human mtDNA 
carrying a point mutation that causes the MELAS encephalomyopathy. Proc Natl Acad Sci USA 89:11164–11168  

    Yu D, Jia X, Zhang AM, Li S, Zou Y, Zhang Q, Yao YG (2010) Mitochondrial DNA sequence variation and haplogroup 
distribution in Chinese patients with LHON and m.14484 T > C. PLoS One 5:e13426  

    Yu-Wai-man P, Griffi ths PG, Chinnery PF (2011) Mitochondrial optic neuropathies – disease mechanisms and thera-
peutic strategies. Prog Retin Eye Res 30:81–114  

    Zsurka G, Hampel KG, Nelson I, Jardel C, Mirandola SR, Sassen R, Kornblum C, Marcorelles P, Lavoue S, Lombes A, 
Kunz WS (2010) Severe epilepsy as the major symptom of new mutations in the mitochondrial tRNA(Phe) gene. 
Neurology 74:507–512    



53R. Scatena et al. (eds.), Advances in Mitochondrial Medicine, Advances in Experimental 
Medicine and Biology 942, DOI 10.1007/978-94-007-2869-1_3, 
© Springer Science+Business Media B.V. 2012

  Abstract   Mitochondria play a central role in cell biology, not only as producers of ATP but also 
as regulators of the Ca 2+  signal. The translocation by respiratory chain protein complexes of H +  
across the ion-impermeable inner membrane generates a very large H +  electrochemical gradient 
that can be employed not only by the H +  ATPase to run the endoergonic reaction of ADP phospho-
rylation, but also to accumulate cations into the matrix. Mitochondria can rapidly take up Ca 2+  
through an electrogenic pathway, the uniporter, that acts to equilibrate Ca 2+  with its electrochemi-
cal gradient, and thus accumulates the cation into the matrix, and they can release it through two 
exchangers (with H +  and Na + , mostly expressed in non-excitable and excitable cells, respectively), 
that utilize the electrochemical gradient of the monovalent cations to prevent the attainment of 
electrical equilibrium. 

 The uniporter, due to its low Ca 2+  affi nity, demands high local Ca 2+  concentrations to work. In dif-
ferent cell systems these high Ca 2+  concentration microdomains are generated, upon cell stimulation, 
in proximity of the plasma membrane and the sarco/endoplasmic reticulum Ca 2+  channels. 

 Recent work has revealed the central role of mitochondria in signal transduction pathways: evi-
dence is accumulating that, by taking up Ca 2+ , they not only modulate mitochondrial activities but also 
tune the cytosolic Ca 2+  signals and their related functions. This review analyses recent developments 
in the area of mitochondrial Ca 2+  signalling and attempts to summarize cell physiology aspects of the 
mitochondrial Ca 2+  transport machinery.  

  Keywords   Mitochondria  •  Ca 2+  transport  •  ER/mitochondria connection  •  Mitochondrial Ca 2+  regulated 
processes  •  Mitochondrial dynamics    
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    3.1   Introduction 

    3.1.1   General Concepts on Calcium Signalling 

 Calcium ions (Ca 2+ ) control many cellular processes such as secretion, muscle contraction, gene 
expression, energy metabolism, proliferation and cell death. Cells evolved several mechanisms to main-
tain Ca 2+  homeostasis and to specifi cally support the different Ca 2+ -regulated cellular functions. 
Unfortunately, the high Ca 2+  concentration of the extracellular medium (in the mM range) does not allow 
a fi ne regulation of the cellular processes. To cope with this, two energy-dependent Ca 2+  extrusion mech-
anisms, the plasma membrane Ca 2+  ATPase (PMCA) and the Na + /Ca 2+  exchanger (NCX), work against 
a large unfavourable Ca 2+  concentration gradient to maintain a low basal cytosolic free Ca 2+  concentra-
tion (in the nM range). By converse, the Ca 2+  entry from the extracellular ambient is mediated by the 
opening of plasma membrane Ca 2+  channels that can be generally classifi ed on the basis of their gating 
mechanisms as voltage-operated channels (VOCs), receptor-operated channels (ROCs), second-
messenger-operated channels (SMOCs) and store-operated channels (SOCs) (Berridge et al.  2003  ) . 

 Eukaryotic cells can also store Ca 2+  into intracellular deposits, in particular in the lumen of the sarco/
endoplasmic reticulum (SR/ER) and of the Golgi apparatus. The organellar Ca 2+  sequestration requires 
ATP hydrolysis and is mediated by the SR/ER ATPase (SERCA) and the Secretory Pathway Ca 2+  ATPase 
(SPCA) that accumulate Ca 2+  at values ranging from hundreds of  m M to mM, thereby creating a new 
“internal” electrochemical gradient (Brini and Carafoli  2009  ) . Once it is stored, organellar Ca 2+  repre-
sents a tunable potential energy to be rapidly released on demand. The SR/ER Ca 2+  release occurs 
through the non-specifi c cations channels inositol 1,4,5 trisphosphate receptor (InsP 

3
 R, (Mikoshiba 

 2007  ) ) and ryanodine receptor (RyR, especially in skeletal and cardiac muscle and cells) which opening 
is induced by the soluble second messenger InsP 

3
  (or cyclic ADP ribose, cADPR, in the case of RyR) or 

through the coupling with voltage-gated plasma membrane Ca 2+  channels in muscle cells (Zalk et al. 
 2007  ) . The other intracellular organelles, i.e. mitochondria, peroxisomes, secretory vesicles, nucleus, 
together with the cytosolic Ca 2+  binding proteins cooperate in shaping the changes in intracellular Ca 2+  
concentration to achieve the fi ne control the Ca 2+  regulated processes (Brini and Carafoli  2000  ) . 

 In particular, mitochondria display an exquisite fl exibility that allows them to adapt Ca 2+  signals to 
the cell demand in a strongly regulated manner thus contributing to the handling and the decoding of 
cellular Ca 2+  signals. This aim is achieved by sensing the cytosolic Ca 2+  fl uctuations and by balancing 
the rates of Ca 2+  uptake and release according to them. 

 Ca 2+  itself is necessary for the mitochondrial functions: three dehydrogenases of the Krebs cycle 
(pyruvate dehydrogenase, the  a -ketoglutarate dehydrogenase and the isocytrate dehydrohgenase) are 
activated by Ca 2+ . Other sites such as the electron transport chain, the F 

1
 F 

0
  ATPase and the ATP trans-

locator have been proposed to be regulated by Ca 2+  (McCormack et al.  1990  ) . A fi ne regulation is 
necessary to make opposite decisions such as energy production or apoptotic cell death. The mainte-
nance of a correct architecture of the mitochondrial network within the cell is also a Ca 2+  regulated- 
process. Mitochondria are not restricted to serve as passive Ca 2+  sinks rather they communicate with 
cells in a “mutual crosstalk”, Ca 2+  being the key to decipher their language. 

 Here we will discuss the role of Ca 2+  as a modulator of mitochondrial activities and the role of 
mitochondria as Ca 2+ -dependent modulators of cellular activities.  

    3.1.2   Main Players in Mitochondrial Ca 2+  Handling 

 Mitochondrial Ca 2+  homeostasis is regulated by transporters that concertedly accomplish the organ-
elle’s demand by handling Ca 2+  in a tunable fashion (Fig.  3.1 ). In early 1960s, the discovery that iso-
lated respiring mitochondria were capable to sustain Ca 2+  accumulation (Vasington and Murphy  1962  ) , 
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already raised the question on how the low sensitivity of the mitochondrial Ca 2+  uptake machinery 
could fi t with the extremely low cytosolic Ca 2+  concentration: thus for a long time it was assumed that 
Ca 2+  sequestration by mitochondria in living cells was physiologically irrelevant. At the beginning of 
1990s the specifi c targeting to mitochondrial matrix of recombinant Ca 2+  sensors clearly demonstrated 
that in intact cells mitochondria promptly sequester Ca 2+  upon cell stimulation under physiological 
conditions (Rizzuto et al.  1992  )  and solved the question of the low affi nity of the mitochondrial uptake 
system proposing that mitochondria could sense localized microdomains at high Ca 2+  concentration 
generated close to the mouth of the Ca 2+  channels (Rizzuto et al.  1993  ) . Such microdomains are achieved 
by a close proximity of mitochondrial Ca 2+  uptake sites with those of Ca 2+  release at the endoplasmic 
reticulum (ER) (Rizzuto et al.  1998  )  and/or presumably also by functional coupling with Ca 2+  entry 
channels at the plasma membrane (Hoth et al.  1997 ; Malli et al.  2003  ) . This fi nding re-opened new 
possibility on the meaning of mitochondrial Ca 2+  uptake.  

 The renewed interest in mitochondrial Ca 2+  not only encouraged the studies on its physiological 
role but also increased the interest in identifying the unknown mitochondrial Ca 2+  transporters. 

 Starting from the 1960s, during 50 years of intense research, many aspects of the mitochondrial 
Ca 2+  uptake and extrusion mechanisms have been clarifi ed but the molecular identity of the players 
involved remained elusive for a long time despite different actors were proposed. The Na + /Ca 2+  
exchanger (one of the two Ca 2+  extrusion system) and the uniporter have been molecularly identifi ed 
only very recently (Baughman et al.  2011 ; De Stefani et al.  2011 ; Palty et al.  2010  ) . During the trip 
in/out the mitochondrial matrix, Ca 2+  must overcome two barriers with decreasing ions permeability 
properties: the outer (OMM) and the inner (IMM) mitochondrial membranes. The OMM contains 

  Fig. 3.1    Mitochondrial Ca 2+  homeostasis at resting conditions ( a ) and following stimulation that induces the opening 
of the InsP 

3
 R or the RyR ( b ). The players involved in mitochondrial Ca 2+  transport are indicated.  VDAC  voltage-depen-

dent anion channel,  RaM  rapid mode of uptake,  GRP75  glucose-regulated protein 75,  InsP  
 3 
  R  and  RyR  inositol 1,4,5 

trisphosphate and Ryanodine receptors,  MPTP  mitochondrial permeability transition pore,  OMM  outer mitochondrial 
membrane,  IMS  intermembrane space,  IMM  inner mitochondrial membrane       
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many porines and it was traditionally considered freely permeable to Ca 2+ , but recent evidence 
suggested that its permeability could be regulated by the voltage dependent anion-selective channels 
(VDAC) (Szabadkai et al.  2006  and see below). 

 The IMM represents the impermeable barrier to the free diffusion of ions and metabolites. It is the 
location where the oxidative phosphorylation occurs since it contains the respiratory chain complexes, 
but it also contains the proteins deputed to the Ca 2+  infl ux and effl ux from the matrix. 

 Mitochondrial Ca 2+  uptake is an electrogenic process and is countered by Ca 2+  egress so that electro-
chemical gradient equilibrium does not occur (Nicholls and Crompton  1980  ) . The translocation of H +  
from the matrix into the intermembrane space coupled to electron fl uxes between the complexes of the 
respiratory chain generates a −180 mV membrane potential at the IMM (Mitchell  1961  ) . This potential 
represents the driving force for Ca 2+  entry thus, the dissipation of the proton gradient across the IMM 
abolishes mitochondrial Ca 2+  uptake. Given that the cytosolic free Ca 2+  concentration in most cell types 
is about 100 nM, equilibrium should be reached at 0.1 M Ca 2+  values inside the mitochondria. However 
the equilibrium is not reached since Ca 2+  uptake is matched by Ca 2+  effl ux via distinct pathways. 

 The Ca 2+  uniporter (MCU), which has been proposed to be a gated and highly selective ion channel 
(Kirichok et al.  2004 ; Saris and Allshire  1989  )  and the so-called “rapid mode” (RaM) of uptake 
(Sparagna et al.  1995  )  are responsible for mitochondrial Ca 2+  uptake; while a Na + -dependent and a 
Na + -independent Ca 2+  effl ux mechanisms are associated with the activity of the 3Na + /Ca 2+  and 2H + /
Ca 2+  antiporters, which action is coupled to the proton motive force developed by the respiratory chain 
(Carafoli et al.  1974  ) . 

    3.1.2.1   Mitochondrial Ca 2+  Uptake 

 Patch clamp experiments on mitoblasts (swollen mitochondria without the OMM) showed that MCU 
is a highly selective hardly saturable Ca 2+  channel (half-activation constant, K 

0.5
  of 19 mM Ca 2+ ) with 

an activation domain as well as a transport site (Kirichok et al.  2004  ) . The selectivity series of the 
uniporter is: Ca 2+  > Sr 2+  > Mn 2+  > Ba 2+  > Fe 2+  > La 3+  and many pharmacological studies led to the identi-
fi cation of compounds able to either inhibit or activate it. While Ca 2+  itself is thought to activate MCU, 
other ions like the lanthanides, Mg 2+ , ruthenium red (RR) and its derivate Ru360 (reviewed in Carafoli 
 2010 ; Rizzuto et al.  2000  )  and the plasma membrane Na + /Ca 2+  exchange inhibitor KB-R7943 (Santo-
Domingo et al.  2007  )  inhibit it. Physiological concentrations of polyamines, such as spermine and 
related compounds (Rustenbeck et al.  1998  ) , have instead been shown to activate mitochondrial Ca 2+  
uptake at low Ca 2+  concentrations, suggesting that polyamines may have important physiological roles 
in intracellular Ca 2+  handling. The uniporter can also be activated by physiological (mM) amounts of 
taurine (Palmi et al.  1999  ) , while nucleotides were shown to either inhibit or stimulate the MCU 
(Litsky and Pfeiffer  1997  ) . Interestingly, the p38 MAPK inhibitor SB202190 has been shown to 
increase mitochondrial Ca 2+  sequestration in intact as well as permeabilized cells, suggesting that in 
physiological conditions the MCU activity could be modulated through a protein kinase dependent 
mechanism (Montero et al.  2002  ) . The molecular identity of the MCU remained elusive for a long 
time. Some proteins (with already known function) have been proposed to be involved in the MCU-
mediated Ca 2+  infl ux, among them the RyR (Beutner et al.  2001  )  and the Uncoupling Proteins, a fam-
ily of inner membrane anion transporters that increase protons conductance by transporting free fatty 
acid anions from mitochondrial matrix to the intermembrane space (Trenker et al.  2007  ) . However, a 
general consensus was missing and none of them have been further confi rmed to be involved in mito-
chondrial Ca 2+  transport. Recently, an uniporter regulator (named MICU1), was identifi ed  in silico  in 
the MitoCarta database (Perocchi et al.  2010  ) . MICU1 is associated with the mitochondrial inner 
membrane and has two canonical EF hands indicating a role in Ca 2+  sensing. 

 Looking at the same database, few months later, two independent groups have identifi ed an integral 
inner membrane protein satisfying the criteria for being MCU (Baughman et al.  2011 ; De Stefani 
et al.  2011  ) . MCU is ubiquitously expressed in mammals, it has two predicted transmembrane regions 



573 Mitochondrial    Ca 2+  as a Key Regulator of Mitochondrial Activities

connected through a loop enriched in acidic residues and forms oligomers in the inner mitochondrial 
membrane. The channel activity of purifi ed MCU reconstituted in a planar lipid bilayer revealed the 
properties previously reported for the uniporter, thus defi nitively demonstrating that MCU per se 
represents the pore-forming channel (De Stefani et al.  2011  ) . 

 Mitochondrial Ca 2+  uptake via Rapid Mode (RaM) has been described in heart and liver as an 
alternative/additional pathway to the uniporter (Gunter et al.  2000 ; Sparagna et al.  1995  ) . It is charac-
terized by the very rapidly Ca 2+  transfer into mitochondria during brief Ca 2+  pulses. It differs from 
uniporter since it has a high rate of uptake at the beginning of the Ca 2+  pulse and it is inhibited very 
rapidly possibly by Ca 2+  itself. Ca 2+  uptake via the RaM is also inhibited by uncouplers, RR (although 
at higher concentration than that required for the inhibition of the uniporter) and strongly activated by 
physiological concentrations of spermine, and millimolar levels of ATP and GTP (Sparagna et al. 
 1995  ) . The sensitivity of the RaM to the same modulators of the uniporter, although with different 
affi nity, suggests a relationship between the two inward transport mechanisms. To date, the physiolog-
ical function of RaM is unknown, and it is diffi cult to say whether the RaM is an alternative conforma-
tion of the uniporter complex or a really different transport mechanism. 

 At the end of this section covering mitochondrial Ca 2+  uptake it is necessary to mention a paper by 
Clapham and coworkers that has recently appeared on a genome-wide  Drosophila  RNA interference 
(RNAi) screen study searching the genes that regulate mitochondrial Ca 2+  and H +  concentrations. The 
paper reported the fi nding of a mammalian homolog of  Drosophila  gene Letm1 (leucine zipper 
EF-hand–containing transmembrane protein 1), responsible for mediating the coupled Ca 2+ /H +  
exchange. RNAi knockdown, overexpression, and liposome reconstitution of the purifi ed Letm1 pro-
tein suggested that it acts as Ca 2+ /2H +  antiporter which mediates the Ca 2+  entry in the matrix (Jiang 
et al.  2009  ) . However, other studies on Letm1 homologous in yeast and  Drosophila  did not support a 
role for it in mitochondrial Ca 2+  homeostasis rather they indicated that Letm1 is responsible for mito-
chondrial K + /H +  exchange (Frazier et al.  2006 ; McQuibban et al.  2010 ; Nowikovsky et al.  2007  ) .  

    3.1.2.2   Mitochondrial Ca 2+  Effl ux 

 The effl ux mechanisms displace Ca 2+  concentrations to reach the thermodynamic equilibrium inside 
the mitochondrial matrix, therefore the free Ca 2+  concentration depends on the concentrations of phos-
phate and of adenine nucleotides (Nicholls and Scott  1980  )  that control it through the formation of 
reversible Ca 2+ -phosphate complexes (Zoccarato and Nicholls  1982  ) . The balance between free and 
buffered Ca 2+  is also strongly related to pH values: matrix acidifi cation induced by protonophores 
neutralizes the formation of Ca 2+ -phosphate complexes thus reducing mitochondrial Ca 2+  buffer capac-
ity and enhancing mitochondrial Ca 2+  release (Nicholls  2005  ) . This buffering helps to maintain nano-
molar free Ca 2+  levels in the matrix, but an active role is certainly played by the two effl ux pathways: 
the Ca 2+ /3Na +  exchanger (mNCX) and the Ca 2+ /2H +  exchanger (mHCX). 

 The existence of a Na + -dependent Ca 2+  fl ux was initially based on the observation that, in isolated 
mitochondria, after the addition of RR, the rate of Ca 2+  effl ux can be substantially stimulated by the 
addition of Na +  (Carafoli et al.  1974  ) . Later, the pharmacological characterization of this pathway fur-
ther supported its existence. The transport was electrogenic and thus the transport stoichiometry was 
probably 3 to 1 as in the case of the plasma membrane NCX (Baysal et al.  1994  ) . The mNCX is inhib-
ited by Sr 2+ , Ba 2+ , Mg 2+  or Mn 2+ , and by many compounds of pharmacological interest including dilti-
azem, clonazepam, verapamil, tetraphenyl-phosphonium, trifl uoperazine amiloride and its derivatives. 
In particular, the chloro-5-(2-chlorophenyl)-1,5-dihydro-4,1-benzothiazepin-2(3H)-one (CGP 37157) 
was shown to inhibit with high specifi city the Na +  dependent Ca 2+  effl ux and it is now widely used (Cox 
and Matlib  1993  ) . A very recent study proposed that NCLX, a mammalian member of the phylogeneti-
cally ancestral Ca 2+ /anion exchangers family initially characterized as a novel plasma membrane Na + /
Ca 2+  exchanger that catalyzes Na +  or Li +  dependent Ca 2+  transport, is enriched in mitochondrial cristae. 
Strong evidence suggests that NCLX may represent the long elusive mNCX, since its overexpression 
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or silencing enhances or reduces mitochondrial Na + -dependent Ca 2+  effl ux, respectively, and its activity 
is selectively inhibited by CGP-37157 (Palty et al.  2010  ) . 

 As the Na + -independent Ca 2+  extrusion mechanism, it has been fi rstly described in liver mitochon-
dria (   Fiskum et al.  1979 ). It transports Ca 2+ , but also Sr 2+ , or Mn 2+  from the matrix to the intermem-
brane space against the Ca 2+  electrochemical gradient. The observation that the rate of effl ux via this 
mechanism decreases with increasing  D pH (internally alkaline) (Gunter et al.  1983  )  suggests that the 
mechanism is an active Ca 2+ /H +  exchanger. The transport is electroneutral and it has been character-
ized as a 1 Ca 2+  for 2H +  exchanger (Gunter et al.  2000  ) . Cyanide, low levels of uncouplers and very 
high levels of RR have been described to inhibit it (Wingrove and Gunter  1986  ) . 

 In addition to the antiporters, another mechanism of Ca 2+  transport can be considered to play an 
important role in the mitochondrial Ca 2+  effl ux, especially in condition in which mitochondrial Ca 2+  
concentration reaches threshold levels. This pathway is represented by a non-specifi c pore, the mito-
chondrial permeability transition pore (MPTP), a multi-protein complex which properties are well 
defi ned, but, still molecularly unknown. In conditions that expose mitochondria to the risk of Ca 2+  over-
load the MPTP opening through transient spontaneous fl ickering could be responsible for the modula-
tion of mitochondrial Ca 2+  homeostasis in a physiological way (Rasola et al.  2010  ) . Ca 2+  entering the 
mitochondrial matrix enhances MPTP opening because of the presence of a Ca 2+ -binding site, which is 
competitively inhibited by other ions such as Mg 2+ , Sr 2+  and Mn 2+  (Nicolli et al.  1996  ) . Together with a 
Ca 2+  rise in the mitochondrial matrix, many factors such as pH, adenine nucleotides, free radicals and 
mitochondrial membrane potential ( D  Y  

m
 ) modulate the opening of the MPTP. Mitochondrial Ca 2+  

overload and increases in Reactive Oxygen Species (ROS) in the matrix are the “point of no return” that 
cause permeabilization of the inner mitochondrial membrane, proton electrochemical gradient dissipation, 
ATP depletion, further ROS production and organelle swelling. These events are collectively termed 
“mitochondrial permeability transition” (MPT), a process that, in turn, causes the release of cytochrome 
c and culminates in apoptotic cell death. 

 The voltage-dependent anion channel VDAC, the adenine nucleotide translocase (ANT) and cyclo-
philin D (CypD) (Baines  2009 ; Bernardi and Forte  2007  )  modify the MPTP sensitivity to Ca 2+ , irre-
spective of whether they take directly part in PTP formation. Reconstitution of a VDAC-ANT-CypD 
complex in phosphatidylcholine liposomes indicated that the complex was able to form a Ca 2+ -
dependent CsA-sensitive channel similar to the MPTP (Crompton et al.  1998  ) . Recent evidence sug-
gests that VDAC is indeed not a component of the MPTP, rather it mediates the formation of contact 
sites between the mitochondrial membranes and that of the ER, thus facilitating the transfer of ER 
Ca 2+  to the mitochondrial matrix (Szabadkai et al.  2006  ) , thus implying that also the OMM may play 
an important role in controlling mitochondrial fl uxes. 

 Inhibition of ANT and CypD by pharmacological drugs, e.g., bongkrekic acid and cyclosporine-A 
(CsA) respectively, or their knocking out, reduced the Ca 2+  sensitivity of the MPTP with an inhibitory 
effect that can be overcome by increasing Ca 2+  and P 

i
  (Baines et al.  2005 ; Haworth and Hunter  2000  ) ; 

indicating they are fundamental regulators. Recent studies also shed light on the possible contribution 
of these components in the molecular composition of the MPTP (see (Baines  2009  )  for an extensive 
review on the topic).    

    3.2   Ca 2+ -Mediated Mitochondrial Functions 

    3.2.1   ER-Mitochondria: Let’s Keep in Touch 

 The re-evaluation of the mitochondrial Ca 2+  transport has permitted to establish that mitochondria 
Ca 2+  uptake can modulate cellular events as diverse as aerobic metabolism, cytoplasmic diffusion of 
Ca 2+  signals and induction of apoptotic cell death (Fig.  3.2 ). The work by Denton, McCormack and 
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Hansford in the 1960s demonstrated that three key metabolic enzymes (the pyruvate,  a -ketoglutarate 
and isocitrate dehydrogenases) are activated by Ca 2+  by different mechanisms (Denton  2009  ) : in the 
case of pyruvate dehydrogenase through a Ca 2+ -dependent dephosphorylation step, in the latter two 
cases through the direct binding of Ca 2+  to the enzyme complex. How the Ca 2+  signal originated in the 
cytoplasm could be extended to the mitochondria and could serve the purpose of transmitting an acti-
vatory signal to the energy powerhouse of the cell was still unclear until the 1990s, when novel experi-
mental tools allowed to specifi cally measure the Ca 2+  concentration in the mitochondrial matrix. Using 
molecularly engineered chimeras of the Ca 2+ -sensitive photoprotein aequorin, that include mitochon-
drial targeting sequences and are thus exclusively localized in the mitochondrial matrix (Rizzuto et al. 
 1992  ) , and, later on, positively charged fl uorescent indicators that are largely accumulated in the mito-
chondria it was possible to demonstrate that, in a variety of cell systems (ranging from epithelial cells 
to skeletal and cardiac myocytes, from hepatocytes to neurons (Rizzuto et al.  1999  ) , the cytosolic Ca 2+  
rises evoked by physiological stimulations are always paralleled by rapid mitochondrial Ca 2+  increases, 
that reach values well above those of the bulk cytosol, even up to ~500  m M in chromaffi n cells 
(Montero et al.  2000  ) . The obvious discrepancy between this prompt response and the low affi nity of 
the Ca 2+  uniporter was reconciled by the demonstration that mitochondria are exposed to microdo-
mains of high Ca 2+  that largely exceed the values reported in the bulk cytosol and meet the low affi nity 
of the uniporter. This is achieved through a close interaction between the mitochondria and the ER, 
the intracellular Ca 2+  store, that could be directly demonstrated using targeted chimeras of a fl uores-
cent recombinant protein (GFP) and a high resolution imaging system (Rizzuto et al.  1998  ) . These 
experiments revealed the presence of overlapping regions of the two organelles (thus establishing an 
upper limit of 100 nm for their distance) and allowed to estimate the area of the contact sites as 5–20% 
of total mitochondrial surface. More recently, electron tomography techniques allowed to estimate an 
even smaller distance (10–25 nm) as well as the presence of trypsin-sensitive (hence proteinaceous) 

  Fig. 3.2    Ca 2+  as a key regulator of mitochondrial activities. ( a ) Mitochondrial calcium handling infl uences mitochon-
drial activities (i.e., ATP production) and the cytosolic Ca 2+  signaling by buffering and shaping the cytoslic Ca 2+  spread-
ing. ( b ) Prolonged and sustained cytosolic Ca 2+  increases lead to mitochondrial Ca 2+  overload, enhanced ROS production 
and apoptosis mediated cell death       
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tethers between the two membranes. A consequence of this morphological arrangement is the capacity 
of mitochondria to “sense” the microenvironment at the mouth of the InsP 

3
 -sensitive channel, and 

thus the high cytosolic Ca 2+  concentration generated by their opening upon cell stimulation. Following 
this seminal observation the ER/mitochondria connection became a paradigm (Csordas et al.,  2006 ) 
and the same concept could be extended to the plasma membrane Ca 2+  channels. However, it must be 
extended with caution since it was recently shown that activation of voltage-operated Ca 2+  channels 
results in substantially larger rises of Ca 2+  concentration at the OMM of organelles close to the 
plasma membrane than in more deeply located mitochondria, whereas upon activation of capacitative 
Ca 2+  entry no difference between the two organelle populations was observed, suggesting that 
mitochondria are excluded from the regions where store-operated Ca 2+  channels are activated 
(Giacomello et al.  2010  ) .  

 Despite of these differences, the general idea of Ca 2+  microheterogeneity as a way to transmit 
specifi c signal has now large consensus and the work has evolved in searching how different partner 
molecules could further modulate mitochondrial Ca 2+  uptake optimizing it. On this line the outer 
mitochondrial membrane channel VDAC has been shown to enhance Ca 2+  signal propagation into the 
mitochondria increasing the extent of mitochondrial Ca 2+  uptake, acting at the ER/mitochondria con-
tact sites forming a physical link with the InsP 

3
 R, through the molecular chaperone glucoe-regulated 

protein 75 (GRP75) (Szabadkai et al.  2006  ) . These notions have a direct impact on mitochondrial Ca 2+  
transport, as variations in OMM permeability to Ca 2+  can represent a bottleneck for the effi cient ion 
transfer from the high Ca 2+  concentration microdomains generated by the opening of the InsP 

3
 R to the 

intermembrane space. 
 Other intriguing examples are that of sigma-1 and mitofusin-2. Sigma-1 is a novel ER chaperone 

serendipitously identifi ed in cellular distribution studies and shown to be involved in the Ca 2+ -mediated 
stabilization of InsP 

3
 Rs (Hayashi and Su  2007  ) . Sigma-1 is normally localized in the so-called “mito-

chondria-associated membrane” (MAM), bound to another ER chaperone (BiP). When the luminal 
Ca 2+  concentration of the ER drops, following the opening of InsP 

3
 Rs, sigma-1 dissociates from BiP 

and binds to InsP 
3
 R, thus preventing degradation by the proteasome. Thus, sigma-1 appears to be 

involved in maintaining, from the ER luminal side, the integrity of the ER/mitochondrial Ca 2+  cross-
talk in conditions (e.g. ER stress) that could impair signal transmission. Mitofusin-2 is a mitochon-
drial dynamin-related protein enriched at the ER-mitochondria interface. Silencing of mitofusin 2 
disrupts ER morphology and loosens ER-mitochondria interactions, thereby reducing the effi ciency 
of mitochondrial Ca 2+  uptake in response to stimuli that generate InsP 

3
 . Several evidences support a 

model in which ER-mitofusin 2 engages complexes with mitofusin 1 or 2 on the surface of mitochon-
dria thus tethering the two organelles to allow an effi cient mitochondrial Ca 2+  uptake (de Brito and 
Scorrano  2008  ) .  

    3.2.2   ATP Production and Mitochondrial Ca 2+  Increase: a close relationship 

 As mentioned above, the role of Ca 2+  in the regulation of energetic metabolism was already estab-
lished by Denton and MacCormack at the beginning of the 1980s, but the improvement of molecu-
lar tools to directly measure intraorganellar Ca 2+  concentration and also mitochondrial ATP 
production contributed to deeply explore the Ca 2+  regulation of metabolic processes (Griffi ths and 
Rutter  2009  ) . 

 Cytosolic Ca 2+  increases in conjunction to the triggering of energy-consuming processes in the 
cytosol (contraction, secretion, etc.) induce, through mitochondrial Ca 2+  transients generation, the 
stimulation of mitochondrial dehydrogenases, thus adapting aerobic metabolism to the increased 
needs of an active cell (Fig.  3.3 ). Using the luciferase based probe for ATP, it was possible to demon-
strate that a rise in mitochondrial ATP levels strictly depends on the mitochondrial Ca 2+  increase 
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evoked by cell stimulation: if the latter is prevented by the use of Ca 2+  chelators, such as BAPTA, also 
the ATP concentration rise does not occur. Interestingly, it was also shown that increases in NADH 
levels and ATP production directly paralleled with the entity of mitochondrial Ca 2+  increases (Jouaville 
et al.  1999 ; Rizzuto et al.  1994  ) , and that if an impairment in mitochondrial Ca 2+  uptake is corrected 
by blocking the mitochondrial Ca 2+  effl ux, as was the case in cellular model of mitochondrial myopa-
thies, also the impairment in energy production can be recovered (Brini et al.  1999  ) . The correlation 
is even more complex as suggested by observations made on hepatocytes where it has been shown that 
mitochondrial Ca 2+  oscillations induced by InsP 

3
 -dependent cytosolic Ca 2+  oscillations result in a 

sustained increase in NADH production. It is no necessary to keep high mitochondrial Ca 2+  levels for 
long time (that could result in cell damage) to maximally stimulate mitochondria Krebs cycle: Ca 2+  
oscillations are decoded by mitochondria to optimize ATP production according the specifi c cell 
demands (Hajnoczky et al.  1995  ) .  

 In addition to the intramitochondrial Ca 2+  regulation of the energy metabolism, it has been postu-
lated the existence of an additional mechanism causing a stimulation of mitochondria by extramito-
chondrial Ca 2+  which acts together with the Ca 2+  activation of the mitochondrial deydrogenases. As 
shown by the extensive work of Satrustegui (del Arco and Satrustegui  1998  )  and Palmieri’ s groups 
(Lasorsa et al.  2003  ) , the aspartate/glutamate carrier (AGC1 or aralar) – as a central enzyme of the 
malate–aspartate shuttle (MAS) – transports reducing hydrogen equivalents (of cytosolic NADH) into 
the mitochondria. This reaction is strongly regulated by extra-mitochondrial Ca 2+  through the AGC1/
aralar regulatory EF-hand Ca 2+  binding sites that face the IMS (Satrustegui et al.  2007  ) . Thus, extrami-
tochondrial Ca 2+  increases could be responsible for enhanced glutamate inside the mitochondria, 
implying a regulation also of the oxidative phosphorylation (Gellerich et al.  2010  ) .  

  Fig. 3.3    Ca 2+  stimulation of oxidative-phosphorylation and ROS production. Increases in mitochondrial Ca 2+  stimulate 
the TCA (Tricarbossilic acids) cycle enzymes and ROS production. Superoxide (O2 •− ) is generated by the respiratory 
chain complexes (especially complex I and III as indicated by the  stars ) and is dismuted to H 

2
 O 

2
  by matrix manganese 

superoxide dismutase (MnSOD) or cytosolic copper/zinc superoxide dismutase (Cu/ZnSOD). H 
2
 O 

2
  is detoxifi ed in the 

matrix by catalase and thioredoxin (TPx) or glutathione (GPx) peroxidase. H 
2
 O 

2
  can also react with metal ions to gener-

ate the highly reactive hydroxyl radical (•OH) via Fenton reaction or pass freely through membranes ( dashed arrows ). 
The respiratory chain complexes are represented. e − , electrons.  OMM  outer mitochondrial membrane,  IMS  intermem-
brane mitochondrial space,  IMM  inner mitochondrial membrane,  VDAC  voltage-dependent anion channel,  RaM  rapid 
mode of uptake,  MCU  mitochondrial calcium uniporter,  MPTP  mitochondrial permeability transition pore,  UCPs  
uncoupling proteins (see text),  InsP  

 3 
  R  and  RyR  InsP 

3
  and Ryanodine receptors       
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    3.2.3   Shaping a Ca 2+  Wave 

 Work by different groups has clarifi ed that the role of mitochondrial Ca 2+  uptake is not limited to the 
control of organelle function, but has a direct impact on the Ca 2+  signals evoked by agonist stimulation 
in the cytosol. Moreover, being the mitochondria extremely dynamic in terms of movement (see 
below) their role in the control of Ca 2+  signals can be very versatile. 

 In this respect, mitochondria act essentially through two different mechanisms. The fi rst occurs at 
the microdomains where mitochondria and Ca 2+  release channels get in close contact. Here, the effi -
ciency of mitochondrial Ca 2+  accumulation accounts for the rapid clearing of the high Ca 2+  concentra-
tion at the mouth of the release channel, and thus reduces the (positive or negative) feedback effect of 
the cation on the channel itself. Such a mechanism has been shown in a variety of experimental sys-
tems ranging from  Xenopus oocytes  ((Jouaville et al.  1995  )  in which the diffusion properties of Ca 2+  
waves correlates with the energization state of mitochondria) to mammalian cells such as hepatocytes 
(Hajnoczky et al.  1999  ) , lymphocytes (Hoth et al.  1997  )  and glial cells (Boitier et al.  1999  ) , where it 
was demonstrated that the kinetics of Ca 2+  release from the ER (through the InsP 

3
  receptor) and of 

Ca 2+  entry from the extracellular medium (through the VOCCS or the CCE channels) are infl uenced 
by the process of mitochondrial Ca 2+  uptake that in turn also infl uences the spatio-temporal properties 
of the cytosolic Ca 2+  rise. The consequences can be extended to the different Ca 2+ -regulated processes 
including gene expression as initially proposed by Lewis and co-workers: the inhibition of mitochon-
drial Ca 2+  uptake in lymphocytes inactivated CRAC-channel activity and, as a consequence, the 
nuclear translocation of the transcription factor NFAT (Hoth et al.  2000  ) . 

 The second mechanism by which mitochondrial Ca 2+  uptake affects cytosolic Ca 2+  signals has been 
initially demonstrated in pancreatic acinar cells, where the Ca 2+  uptake by mitochondria clustered 
below the apical region act as a “fi rewall” preventing the spreading of the cytosolic Ca 2+  rise. When 
the mitochondrial “belt” is overwhelmed (e.g. upon intense stimulation, or when the Ca 2+  uptake 
capacity of mitochondria is experimentally impaired), then the Ca 2+  signal can freely diffuse to the 
rest of the cell (Tinel et al.  1999  ) . This concept has been extended to several different cell models, and 
it was also proposed that in some cell types, i.e. chromaffi n cells, the Ca 2+  accumulation was remark-
ably large and exceeded the clearance by the plasma membrane Ca 2+  extrusion systems and the 
SERCA pumps (Babcock et al.  1997  ) . 

 Recent work in sensory neurons has shown that mitochondria following cell stimulation accumu-
late Ca 2+  very rapidly but release it slowly thus contributing to maintain a long plateau in cytosolic 
Ca 2+  concentration (Medvedeva et al.  2008  ) . It has also been proposed that the release of Ca 2+  accu-
mulated by mitochondria located close to the SOC channels could effi ciently contribute to ER Ca 2+  
re-load (Jousset et al.  2007  ) . 

 Finally, in the past years a more “dangerous” role for mitochondrial Ca 2+  uptake has emerged. Work 
from various laboratories has revealed that the alteration of the Ca 2+  signal reaching the mitochondria 
and/or the combined action of apoptotic agents or pathological conditions (e.g. oxidative stress) can 
induce a profound alteration of organelle structure and function. As a consequence, proteins normally 
retained in the organelle (such as an important component of the respiratory chain, cytochrome c, as 
well as other proteins, such as AIF and Smac/Diablo) are released into the cytoplasm, where they acti-
vate effector caspases and drive cells to apoptotic cell death. These aspects will be treated in a specifi c 
section of this chapter (see Sect.   3.2.5    ).  

    3.2.4   The Ca 2+ /ROS Crosstalk: How to Keep the Balance 

 Mitochondria are the primary sources of reactive oxygen species (ROS) production inside the cells 
(Csordas and Hajnoczky  2009  ) . During the electron transport, O 

2
  is converted to H 

2
 O and, particularly 

at complexes I and III the free radical superoxide is generated (Fig.  3.3 ). Coenzyme Q at complex III 
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and cytochrome c at complex IV are also important in modulating free radicals production. In addition 
to the respiratory chain complexes, matrix dehydrogenases like  a -ketoglutarate dehydrogenase com-
plex (KGDHC), succinate dehydrogenase (SDH), aconitase and mitochondrial monoamine oxidases 
(MAOA and MAOB), the enzymes involved in the metabolism of serotonin, norepinphrine and dop-
amine, are involved in ROS production. Mitochondria also harbour numerous ROS defence systems 
that guarantee the correct balance between ROS production and detoxifi cation. In the last years, emerg-
ing consensus suggested that endogenously generated ROS may not necessarily represent dangerous 
products, rather, they could act as modulators of different signalling cascades. The main ROS species 
produced inside cells are superoxide anions (O  

2
  −  ) that rapidly react with different molecules (among 

them with nitric oxide to generate peroxynitrite ONOO − , which induces nitration of proteins on 
tyrosine residues impairing their function) unless promptly dismuted by the superoxide dismutase 
(SOD) enzymes, being MnSOD particularly active in mitochondria (Okado-Matsumoto and Fridovich 
 2001  ) . O  

2
  −   can also spontaneously dismute into O 

2
  and hydrogen peroxide (H 

2
 O 

2
 ). Usually, H 

2
 O 

2
  is 

effi ciently converted to water by catalase or by GSH-peroxidase, and directly scavenged by GSH, a 
cysteine containing tripeptide, or by thioredoxin (TR), a disulfi de containing protein. NADPH-
dependent GSH- and TR-reductase then re-establish the non-oxidized form of GSH and TR. However, 
H 

2
 O 

2
  can react with metal ions (Fe 2+  and Cu + ) to form hydroxyl radicals (•OH) via Fenton reaction. 

 In normal conditions, electrons transport from NAD-linked substrates through the respiratory chain 
complexes causes a very low production of O  

2
  −  , but when the electron transport chain is inhibited 

electrons accumulate at complex I and coenzyme Q level, where they can be donated directly to 
molecular oxygen. High mitochondrial membrane potential ( D  Y  

m
 ) favours ROS production from 

complex I, thus Ca 2+  uptake inside mitochondria that causes a mild depolarization of the organelle and 
stimulates metabolic pathways could theoretically increase ROS production. On the other hand, it 
must be also mentioned that a slight increase in ROS contributes to sensitize Ca 2+  signaling pathways 
being the RyR and InsP 

3
 R mediated ER Ca 2+  release stimulated by ROS (Anzai et al.  1998 ; Kourie 

 1998 ; Suzuki and Ford  1992  )  .Whether ROS could modulate also mitochondrial Ca 2+  transport is pres-
ently unclear, but numerous evidences suggest that the Ca 2+ /ROS crosstalk at the mitochondrial level 
is essential to maintain the cell function. As soon as mitochondrial dysfunctions are emerging the cells 
take the way to degeneration and death (Feissner et al.  2009  ) . 

 The sarco/endoplasmic reticulum Ca 2+  ATPase (SERCA) and plasma membsurane Ca 2+  ATPase 
(PMCA) are instead inhibited by ROS increases (Kaplan et al.  2003 ; Zaidi and Michaelis  1999  ) , thus 
contributing to augment Ca 2+  level inside cells and mitochondria. The mitochondria can cope with this 
situation balancing the Ca 2+  effl ux pathway through the transient opening of the MPTP, until Ca 2+  
overload becomes massive and induces its irreversible opening, that further increases ROS production 
by altering conformation and activity of complex I (Bernardi and Rasola  2007  ) .  

    3.2.5   A Wave of Death: Ca 2+ -Mediated Apoptosis 

 Apoptosis is a process of programmed cell death that occurs in all multicellular organisms as different 
as nematodes, insects and mammals (Twomey and McCarthy  2005  ) . It is essential for normal tissue 
development and its dysregulation has very deleterious effects: a lot of pathological conditions like 
neurodegeneration or cancer fi nd their genesis in a defective apoptosis (Thompson  1995  ) . The fi nal 
outcome of the apoptotic process are macroscopic morphological changes, as formation of membrane 
blebs, chromatin condensation, chromosomal DNA fragmentation, that bring the cell to collapse 
(Saraste and Pulkki  2000  ) . The process can be induced through different pathways that selectively 
involve specifi c proteins and intracellular compartments. Activation of apoptosis starts principally in 
two way: the extrinsic pathway, through the engagement of plasma membrane receptors belonging to 
a subgroup of the TNF-receptor superfamily known as death receptors and the activation of the death-
inducing caspase cascade (Ashkenazi  2002  ) , and the intrinsic pathway, through the engagement of 
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Bcl-2-related proteins upon cellular insults (Youle and Strasser  2008  ) . The Ca 2+  link with the apoptotic 
pathways has been established very clearly when it was shown that the anti-apoptotic Bcl-2 protein 
can control the Ca 2+  signal and that Ca 2+  can sensitize cells to apoptotic challenges, acting on the 
mitochondrial checkpoint (Fig.  3.4 ). The idea was reinforced by the fi nding that Bcl-2, in addition to 
be localized in the cytoplasm and at the nuclear envelope, is also associated to the ER and mitochon-
drial membranes, two organelles strictly involved in the control of Ca 2+  homeostasis, for a review see 
(Pinton and Rizzuto  2006  ) . The fi rst evidence that Bcl-2 overexpression could directly affect Ca 2+  
homeostasis was given in hematopoietic cells, where its overexpression was suggested to prevent the 
cytosolic free Ca 2+  level reduction induced by withdrawal of interleukin-3 and to protect from apop-
tosis (Baffy et al.  1993  ) . Successive studies, performed using targeted probes, showed that HeLa cells 
overexpressing Bcl-2 have reduced Ca 2+  levels in ER and in the Golgi apparatus lumen, and, as a 
consequence, also displayed a reduction in Ca 2+  release following InsP 

3
 -stimulation and thus in cyto-

solic and mitochondrial Ca 2+  transients (Pinton et al.  2000  ) . Bcl-2 overexpression also promoted sur-
vival of HeLa cells upon ceramide treatment (Pinton et al.  2001  )  and Bax/Bak MEF double knockout 
are resistant to several apoptotic stimuli (Scorrano et al.  2003  ) . Accordingly, when the pro-apoptotic 
Bcl-2 family member proteins Bax and Bak are knocked down, the Ca 2+  content of ER decrease; 
instead Bax overexpression increased ER Ca 2+  concentration (Chami et al.  2004 ; Danial and Korsmeyer 
 2004  ) . Bcl-2, and similarly Bcl-XL, another antiapoptotic member of Bcl-2 family, directly interacted 
with InsP 

3
 R on the ER membrane, and sensitizes it to low agonist doses, promoting the leakage of 

Ca 2+  from ER. All these effects are reverted by overexpression of Bax (White et al.  2005  ) .  
 Considering that the ER/mitochondria connection is strictly linked to the coupling of the InsP 

3
 R to 

mitochondrial outer membrane proteins such as VDAC and that the amount of Ca 2+  released is critical 
to the transduction of the signal in mitochondria, it is evident that the modulation of InsP 

3
 R opening 

by pro or antiapoptotic proteins is a key element to determine mitochondrial changes in morphology 
but also in physio/pathological responses. Mitochondria are the depositaries of several proapoptotic 

  Fig. 3.4    Ca 2+ -mediated apoptosis. In resting conditions, the anti-apoptotic protein Bcl-2 directly interacts with the 
InsP 

3
 R by modulating its activity and promotes ER Ca 2+  leak. In response to cell damage and persistent stimulation, the 

pro-apoptotic proteins Bax/Bak enhance the InsP 
3
 R-mediated Ca 2+ -release and mitochondria are more sensitive to Ca 2+ -

overload. Opening of the mitochondrial permeability transition pore ( MPTP ) and specifi c channels formed by Bax/Bak 
oligomers allows the release of Cytochrome c ( Cyt c ) and other proapoptotic factors (e.g., Apaf-1). Cyt c release further 
increases InsP 

3
 R Ca 2+  release thus promoting mitochondrial Ca 2+ -overload. The anti-apoptotic proteins Bcl-2 and 

Bcl-xL can protect the cell by forming heteropolymers with Bax and Bak and thus reducing their proapoptotic function 
(see text)       
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proteins like Smac/DIABLO, Omi/HtrA2, AIF and EndoG which are in equilibrium with other 
antiapoptotic proteins as XIAP, cIAP-1 and cIAP-2 to fi nely regulate the balance between cell death 
and life: thus the role of mitochondria and Ca 2+  appears evidently essential in concurring the key 
determinant events leading to cell death. Ca 2+  loads were shown to sensitize the MPTP to apoptotic 
stimuli, inducing its opening, mitochondrial changes in morphology and the release of cytochrome c 
(Pacher and Hajnoczky  2001  ) . Cytochrome c release promotes the oligomerization of Apaf-1 and the 
activation of caspases (Kroemer and Reed  2000 ; Pinton et al.  2008  ) . Interestingly, it has been shown 
that cytochrome c binds to InsP 

3
 R and increases its conductance, causing a larger release of Ca 2+  that 

in turn promotes mitochondrial Ca 2+  overload (Boehning et al.  2003  ) .   

    3.3   Mitochondria on the Move: Traffi cking, Fission and Fusion 

 The ER–mitochondrial network is strictly dependent on the fact that these organelles are intrinsically 
highly dynamic structures continuously moving and remodelling in their shape (Pacher et al.  2008  ) . 
The molecular determinants of this dynamism are the so-called “mitochondria-shaping proteins” 
(essentially the dynamin–related protein Drp1, the mitofusins Mfns and the optic atrophy 1 Opa1) that 
regulate the process of mitochondrial fi ssion and fusion (Jahani-Asl et al.  2010 ; Jeyaraju et al.  2009  )  
and the Miro/Milton machinery that controls mitochondrial traffi cking (Liu and Hajnoczky  2009 ; 
MacAskill and Kittler  2010  )  (Fig.  3.5 ).  

 The process of fi ssion/fusion is strictly connected with mitochondrial traffi cking and both of them 
concur to the maintenance of the mitochondrial network according to the cell demand. Emerging 
evidence has shown that the distribution of mitochondria refl ects the state of the cell and may infl u-
ence the cell response to physiological and pathological conditions by modulating functions such as 
energy supply, programmed cell death, and Ca 2+  signalling. Interestingly, in both these processes Ca 2+  
plays an emerging role: it acts as transducer to modulate the intracellular distribution of the organelles 
at sites of high energy demand (mitochondrial traffi cking) and as molecular switch for the mitochon-
drial membrane remodelling proteins during the mitochondrial fi ssion-fusion events. 

    3.3.1   Mitochondrial Traffi cking 

 Mitochondria are transported along cytoskeletal tracks to sites in the cell where the energy demands 
are high and/or where Ca 2+  buffering is required. This movement is especially important in neurons 
because of their peculiar morphological characteristics. Rapid, long distance, movement of mitochon-
dria is accomplished via the microtubule network, whereas actin plays a role in anchoring mitochon-
dria and in tracking their short range transport (Ligon and Steward  2000 ; Rube and van der Bliek 
 2004  ) . In polarized cells, like budding yeast and neurons, the organelle movements along the major 
axis of the cell are prominent, and occur both away from the nucleus (anterograde transport) and 
toward the centre of the cell and nucleus (retrograde transport) (Frederick et al.  2004  ) , being the two 
transport machineries functionally coupled. 

 The anterograde (plus end-directed) transport of mitochondria along microtubules is mediated by 
kinesins (KIFs). KIFs act as molecular motors also in other transport processes such as that of lyso-
somes and tubulin oligomers (Nakata and Hirokawa  2007  )  but their specifi c binding to mitochondria 
is mediated by the kinesin binding protein Milton and the atypical GTPase Miro (Mitochondrial rho) 
that have been originally identifi ed in  Drosophila  to act as adaptor proteins (Glater et al.  2006 ; 
Guo et al.  2005  ) . Other possible specifi c adaptor proteins linking mitochondria to kinesin motors have 
been described, they include syntabulin, KBP and the scaffold protein RanBP2 (Cai et al.  2005 ; 
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Cho et al.  2007 ; Wozniak et al.  2005  ) , but whether these proteins are recruited by Miro to the 
mitochondria or may themselves regulate the Miro/KIFs traffi cking is presently unclear. 

 Miro proteins belong to the Ras GTPases mitochondrial subfamily and are well conserved from 
yeast to humans, being Miro1 and Miro2 the two members present in mammals. Miro1 and Miro2 
have two GTPase domains at the N and C terminus, a C terminus transmembrane domain which con-
fers targeting to the OMM and two Ca 2+ -binding EF-hand motifs responsible for their Ca 2+  sensitivity 
(Fransson et al.  2006  ) . Milton proteins are cytosolic and are proposed to support mitochondrial traffi c 
by directly binding both Miros and kinesin heavy chain (KHC). However, it has been also proposed 
that Milton acts as an essential bridging molecule necessary to link Miro to kinesin motors and thus 
to confer Ca 2+  sensitivity to the mitochondria traffi cking process (Glater et al.  2006  ) . 

 Ca 2+  regulation has a double way of action: at resting Ca 2+  concentrations mitochondrial move-
ment is maximal, whereas increases in Ca 2+  concentrations within a physiological range result in 
mitochondria traffi cking arrest and in keeping mitochondria at the sites of cytosolic Ca 2+  elevation 

  Fig. 3.5    Mitochondrial traffi cking ( a ) and fi ssion-fusion ( b ) machineries. ( a ) At resting intracellular Ca 2+  levels 
(<0.1  m M) microtubule-based anterograde transport is supported by Kinesins (KIFs) and Kinesin adaptors (Miro/
Milton). High levels of Ca 2+  inhibit mitochondrial movement via Ca 2+ -binding to the EF-hands Ca 2+  binding sites of 
Miro. The two proposed mechanisms are represented: in (1) Ca 2+  binding to Miro inhibits the Miro/Kinesin interaction 
and thus the coupling between mitochondria and the transport machinery (Macaskill et al.  2009  ) , and in (2) Ca 2+  binding 
to Miro promotes the direct Miro/Kinesin interaction liberating Milton form the interaction, thus resulting in the uncou-
pling of mitochondria from the microtubule pathway (Wang and Schwarz  2009  ) . Inset: Retrograde minus-end directed 
transport is supported by dynein motors. ( b ) Ca 2+ -induced Drp1 de-phosphorylation promotes Drp1 oligomerization 
into 8–12 subunit spiral chains recruited around the mitochondria via the adaptor Fis1. Drp1 GTPase activity is required 
for mitochondrial fi ssion. Mitochondrial fusion of the outer and inner membranes involves trans-dimerization of Mfn1 
(or its homologue Mfn2) and OPA1. GTPase activity is then responsible for fusion of the two membranes       
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(Liu and Hajnoczky  2009  ) . Two distinct models have been proposed for the molecular mechanism of 
the Ca 2+  regulation: in one model Ca 2+  binding to Miro inhibits the Miro/KHC interaction and thus 
the coupling between mitochondria and the transport machinery (Macaskill et al.  2009  ) , in the other, 
Ca 2+  concentration rises switch the Miro binding to KIF through the adaptor Milton to the direct 
Miro/KIF interaction thus resulting in the uncoupling of mitochondria from the motor/microtubule 
pathway (Wang and Schwarz  2009  )  (Fig.  3.5a ). 

 The retrograde (minus end-directed) axonal transport is mediated by dynein motors (Hirokawa and 
Takemura  2005  ) , but it also requires kinesin function to transport dynein to the periphery of cells. 
Since the anterograde transport of mitochondria has an essential role in supporting the bioenergetic 
demands of the cells, it has been widely investigated. Instead, the mechanisms of mitochondria 
traffi cking to the cell body are less known, despite this movement is probably essential to remove 
damaged mitochondria and thus to maintain the correct equilibrium between functional and unfunctional 
mitochondria. As in the kinesins-mediated transport, a large number of accessory proteins allows 
selective coupling between dynein motors and the different cargoes (Susalka et al.  2000  ) , however it 
is still unclear whether dynein is directly involved in mitochondria transport. Interestingly, among the 
different adaptor proteins, Tctex1 has been shown to interact with VDAC suggesting a possible link 
with mitochondria and dynein, but also with Ca 2+  in the regulation of this process (Schwarzer et al. 
 2002  )  (Fig.  3.5a  inset). Recently the mitochondria/Ca 2+  link to dynein has became even more probable 
since the kinesin adaptator Miro has also been proposed as adaptor recruiting dynein to mitochondria 
(Russo et al.  2009  ) .  

    3.3.2   Mitochondria Fission and Fusion 

 As well as undergoing regulated movement throughout the cell, mitochondria undergo cycles of 
fi ssion and fusion events to create multiple small or single large tubular mitochondrial networks, and 
regulating their morphology (Fig.  3.5b ). In mammals, mitochondrial fi ssion is dependent on Drp1, a 
soluble, cytosolic GTPase that is recruited to the outer mitochondrial membrane. In yeast, in addition 
to the DRp1 homologous Dnm1, the assembly of the fi ssion machinery, requires the outer mitochon-
drial membrane protein Fis1. Also in mammals Fis1 acts as Drp1 receptor, but Drp1 recruitment to 
mitochondria is also mediated by actin fi laments and microtubules. Activity of additional proteins, 
such as Endophilin B1 and MTP18, have also been reported to play a role, being their downregulation 
responsible for the formation of highly interconnected mitochondrial reticulum suggesting an 
impairment of physiological mitochondrial fi ssion events (Jeyaraju et al.  2009  ) . 

 Drp1 inhibition or down-regulation result in an overall dominant effect of membrane fusion activities, 
causing mitochondria to be fused and interconnected. Recent evidence suggests that Ca 2+  controls Drp1-
dependent mitochondrial fi ssion through calcineurin and CaM kinase activities: Drp1 calcineurin depen-
dent dephosphorylation drives its translocation to mitochondria where it causes their fi ssion; however it 
has also been shown that Drp1 phosphorylation by CaM kinase (but also by PKA) recruits Drp1 to mito-
chondria, probably increasing Drp1 affi nity for its mitochondrial receptor Fis1 (Cereghetti et al.  2008 ; 
Cribbs and Strack  2007 ; Han et al.  2008  ) , thus suggesting that multiple Ca 2+  and cAMP dependent path-
ways may interact to regulate mitochondrial dynamics. Drp1 is also regulated by a Miro-dependent 
Ca 2+ -induced mechanism: in addition to governing mitochondria traffi cking, Miro has been shown to 
modulate the mitochondrial morphology. It enhances the fusion state of the mitochondria at resting Ca 2+  
levels but promotes mitochondrial fragmentation at high Ca 2+  concentrations, probably acting through 
Drp1 suppression and activation, respectively. Thus, Miro proteins serve as a Ca 2+ -sensitive bifunctional 
regulator for both the motility and fusion-fi ssion dynamics of the mitochondria (Saotome et al.  2008  ) . 

 As mitochondrial fusion in mammals, the main players are mitofusin-1 (Mfn1), mitofusin-2 
(Mfn2), optic atrophy 1 (Opa1), and presenilin-associated rhomboid-like protein (Parl) (Hoppins and 
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Nunnari  2009 ; Soubannier and McBride  2009  ) . Mfn1 and 2 are integral outer membrane proteins 
and mediate the OMM fusion, whereas Opa1, which is localized at the intermembrane space, is 
probably involved in the fusion of the IMM and in the regulation of cristae structure. Loss of Mfn1, 
Mfn2 and Opa1 leads to mitochondrial fragmentation and increases sensitivity to cell death stimuli 
(Jahani-Asl et al.  2007  ) , while their overexpression increases survival in several cell types including 
neurons (Barsoum et al.  2006  ) . 

 Mitofusins possess GTPase activity, and Mfn1 has higher GTPase activity than Mfn2 and induces 
fusion more effi ciently (Ishihara et al.  2004  ) . Unlike Drp1, their regulation seems to be Ca 2+ -independent, 
even if, as mentioned above, they play a crucial role in tethering ER and mitochondria membranes and 
thus in the generation of ER/mitochondria contact sites that have a big relevance in the regulation of 
mitochondrial Ca 2+  (de Brito and Scorrano  2008  ) . Genetic ablation of Mfn2 causes an increase in the 
distance between the two organelles with a consequent impairment of mitochondrial Ca 2+  uptake. The 
ER–mitochondrial apposition performed by Mfn2 predisposes mitochondria to high Ca 2+  microdo-
mains and to the consequent overloading, leading eventually to apoptosis by excessive Ca 2+  transfer. 
Opa1 has also GTPase activity, requires Mfn1 but not Mfn2 to mediate fusion (Cipolat et al.  2004  )  and 
it is proteolitically regulated by Parl. No evidences are present to support this pathways as a Ca 2+ -
related process.   

    3.4   Concluding Remarks 

 Mitochondria have been recently recognized as multifunctional organelles: they play a crucial role in 
energy metabolism, cell survival and death but also, thanks to their dynamic behaviour they are now 
considered essential in the process of Ca 2+  buffering and thus in the regulation of signal transduction 
pathways. Mitochondria and their Ca 2+  handling have been extensively investigated for 50 years but 
they are still extremely intriguing. The big improvement of the methodology, essentially based on the 
development of genetically encoded Ca 2+  indicators, has opened the possibility to deeply investigate 
mitochondrial Ca 2+  fl uxes. Recombinant probes now represent a wonderful tool to dissect physiologi-
cal from pathological situations: mitochondrial Ca 2+  dysregulation appears to be a common hallmark 
of numerous pathological conditions ranging from cardiovascular, neuromuscular to neurodegenera-
tive diseases. It has still to be defi ned whether the mitochondrial dysfunctions are the consequences or 
the causes of the pathological situations, but emerging consensus suggests that mitochondrial impair-
ments can be a cause of selective vulnerability of specifi c cell populations rather than simply a late 
stage consequence. The very recent identifi cation of molecular actors in mitochondrial transport, i.e. 
the uniporter and the Na + /Ca 2+  exchanger, opens the possibility to generate animal models and to 
develop new targeted drugs to manipulate processes regulated by mitochondrial Ca 2+  signals, such as 
aerobic metabolism and cell death.      
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  Abstract   Cell respiration is controlled by nitric oxide (NO) reacting with respiratory chain 
complexes, particularly with Complex I and IV. The functional implication of these reactions is 
different owing to involvement of different mechanisms. Inhibition of complex IV is rapid 
(milliseconds) and reversible, and occurs at nanomolar NO concentrations, whereas inhibition of 
complex I occurs after a prolonged exposure to higher NO concentrations. The inhibition of 
Complex I involves the reversible S-nitrosation of a key cysteine residue on the ND3 subunit. The 
reaction of NO with cytochrome  c  oxidase (CcOX) directly involves the active site of the enzyme: 
two mechanisms have been described leading to formation of either a relatively stable nitrosyl-
derivative (CcOX-NO) or a more labile nitrite-derivative (CcOX-NO  

2
  −  ). Both adducts are inhibited, 

though with different K 
I
 ; one mechanism prevails on the other depending on the turnover conditions 

and availability of substrates, cytochrome  c  and O 
2
 . SH-SY5Y neuroblastoma cells or lymphoid 

cells, cultured under standard O 
2
  tension, proved to follow the mechanism leading to degradation of 

NO to nitrite. Formation of CcOX-NO occurred upon rising the electron fl ux level at this site, arti-
fi cially or in the presence of higher amounts of endogenous reduced cytochrome  c . Taken together, 
the observations suggest that the expression level of mitochondrial cytochrome  c  may be crucial to 
determine the respiratory chain NO inhibition pathway prevailing  in vivo  under nitrosative stress 
conditions. The putative patho-physiological relevance of the interaction between NO and the respi-
ratory complexes is addressed.  

  Keywords   Nitrosative stress  •  Cell respiration  •  Cytochromes  •  ROS  •  Mitochondria  •  Bioenergetics  
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  Abbreviations  

  CcOX    cytochrome  c  oxidase   
  I/R    ischemia and reperfusion   
  Mb    myoglobin   
  NO    nitric oxide   
  NOS    nitric oxide synthase   
  ONOO −     peroxynitrite   
  OXPHOS    oxidative phosphorylation   
  ROS    reactive oxygen species   
  SNO-MPG    S-nitroso-2-mercaptopropionyl-glicine.   
  TMPD    tetramethyl-p-phenylendiamine       

    4.1   Introduction 

 About 20 years ago nitric oxide (NO) was discovered to act as an effi cient, to a large extent reversible 
inhibitor of cellular respiration (Bolanos et al.  1994 ; Brown and Cooper  1994 ; Carr and Ferguson  1990 ; 
Cleeter et al.  1994 ; Schweizer and Richter  1994  ) . No wonder, therefore, if over the past few years the 
bioenergetic relevance of the NO chemistry has gained attention in several basic and applied biomedi-
cal areas (Bryan et al.  2007 ; Cooper and Giulivi  2007 ; Hendgen-Cotta et al.  2008 ; Lundberg et al. 
 2008  ) . To account for NO bioavailability, a number of mechanisms, enzymatic  via  specifi c NO-synthases 
(NOSs) or involving direct bulk chemistry and redox recycling of higher NO oxides (NO 

x
 ), have been 

proposed as responsible for generation of NO able to react, among other targets, with many metallo-
proteins. In this contribution, we will focus our attention on the reactions involving NO and mitochon-
dria, thus responsible for the control of the oxidative phosphorylation (OXPHOS). This control occurs 
primarily but not solely at the level of Complex I and IV (Fig.  4.1 ). Depending on a variety of param-
eters, at cellular and tissue level these reactions cause physiologic or pathologic effects, particularly 
under ischemic/hypoxic and reperfusion conditions favouring nitrosative reactions.  

 Before entering into the specifi c chemistry, it is worth mentioning that these studies started in the 
1980s mostly highlighting, over the years, the  negative  effects of the NO inhibition on both Complex 
I and IV. Later on, as the reaction mechanisms became better understood and detailed, also signalling-
like  positive  effects have been discovered and assigned to the reaction of NO with mitochondrial 
respiratory complexes. 

 The predominance of  positive  or  negative  effects of NO on mitochondrial respiration is, indeed, 
linked to the actual concentration and persistence in the mitochondrial environment of NO and related 
species. To understand this peculiar duality, it may help considering the paradigmatic sequence of events 
characteristic of the ischemia-reperfusion (I/R) injury. This is a pathological condition in which cells 
fi rst have to face an hypoxic environment, followed by sudden reoxygenation. In a view oversimplifi ed 
for the sake of the argument, under I/R conditions, much of the cellular damage observed is the result of 
mitochondrial events such as Ca 2+  overload, leading to overproduction of reactive oxygen species (ROS) 
(Brookes et al.  2004  ) , and eventually opening of the mitochondrial permeability transition pore with 
cytochrome  c  release, apoptosis or necrosis (Di Lisa and Bernardi  2006  ) . Interestingly, in the presence 
of NO, produced enzymatically or directly  via  the reduction of bulk nitrite, as during hypoxia (Zweier 
et al.  1999  ) , the inhibition of Complex I and Complex IV may become cytoprotective (Moncada and 
Erusalimsky  2002 ; Keynes and Garthwaite  2004  ) . Under transient ischemic conditions, in fact, the con-
trolled inhibition of Complex I by decreasing ROS generation decreases the mitochondrial reperfusion 
damage and cell oxidative injury (Dezfulian et al.  2009  ) . On the other hand, if the OXPHOS inhibition 
by NO persists, then the lowered ATP synthesis will become predominant, leading to cell damage.  



774 Mitochondria and Nitric Oxide: Chemistry and Pathophysiology

    4.2   The Reactions of Nitric Oxide with Complex I and Complex IV 

 Complex I and IV react with NO according to different mechanisms, the former being targeted at the 
level of crucial thiol residues exposed during turnover and the latter at the catalytic (heme  a  

 3 
 -Cu 

B
 ) 

binuclear site. 

    4.2.1   Nitric Oxide and Complex I 

 Mitochondrial Complex I (NADH-ubiquinone oxidoreductase) is a 46 subunit enzyme, responsible for 
the NADH oxidation and reduction of the ubiquinone at the electron entry site of the respiratory chain 
(Vinogradov  1998  ) . Likewise Complex IV (see below), Complex I is inhibited by NO (Stuehr and 
Nathan  1989 ; Clementi et al.  1998 ; Brown and Cooper  1994 , Fig.  4.1 ). The functional implication of 
the reaction is different for these two respiratory complexes, owing to involvement of different reaction 
mechanisms. Inhibition of complex IV occurs at nanomolar NO concentrations, is rapid and reversible, 
whereas inhibition of complex I is more persistent and occurs after a prolonged exposure to higher NO 
concentration (Clementi et al.  1998  ) . In the presence of NO, artifi cially produced by the donor mole-
cule (Z)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,2-diolate (DETA-NO), 
Complex I in mitochondria or cells is inhibited  via  S-nitrosation of critical thiol residues, the inhibition 
being reverted by the thiol-reducing agent dithiothreitol (DTT) or by exposing the inhibited enzyme to 
the light (Borutaite et al.  2000  ) ; both treatments lead to destabilization of S-nitrosothiols. 

 The S-nitrosation of Complex I crucially depends on the structural conformation of the complex 
(Fig.  4.2 ), which in turn depends on the availability of O 

2
  and mitochondrial NADH (Galkin and 

Moncada  2007  ) . Under hypoxic conditions and temperature above 30°C (Galkin and Moncada  2007 ; 
Galkin et al.  2009  ) , Complex I undergoes a transition from the active (A) form to the so-called  dor-
mant  (D) or de-activated form, also favoured by the duration of hypoxia (Vinogradov  1998  ) . Relevant 
to the S-nitrosation of the complex, the cysteine residues exposed at the surface of the enzyme are 
different in the A and D conformation (Gavrikova and Vinogradov  1999  ) . The A-form exposes several 

I III
II IVc

?
Reductants, H+, metal ions, 
metalloproteins

NONOSs NO2-

  Fig. 4.1     Scheme illustrating 
the interaction of mitochondrial 
respiratory chain complexes 
with nitric oxide.  Unequivocal 
evidence has been collected 
showing that NO reacts with 
Complex I and IV with 
important patho-physiological 
consequences. The reaction 
with Complex III has been also 
demonstrated, but its relevance 
needs to be further 
substantiated. NO is produced 
 in situ  by the cell NOS isoforms 
or, particularly under hypoxic 
conditions, by the direct or the 
enzymatic reduction of nitrite       
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(up to 10–15) cysteine residues, whose S-nitrosation or derivatization with thiol-blocking agents, such 
as N-ethyl maleimide (NEM), is almost ineffective (Galkin et al.  2009  ) . Once in the D-state, the 
enzyme exposes on the surface of the mitochondrially-encoded ND3 subunit the residue cys 39 whose 
blockage fully inhibits the enzyme (Gavrikova and Vinogradov  1999 , Fig.  4.2 ). Thus the A to D con-
formational change of Complex I, provides a feasible mechanistic interpretation of its inactivation by 
NO observed in turnover and under conditions favouring nitrosative stress, such as during hypoxia.  

 This attracting hypothesis has been tested recently by experiments designed to measure the rate of 
respiration in human epithelial kidney cells (HEK293), where the A to D transition of Complex I was 
induced by exposing the cells to hypoxia for different periods of time (Galkin et al.  2009  ) . In the pres-
ence of NO endogenously released, and consistent with the accumulation of the D conformer able to 
react with NO, the rate of oxygen consumption after ischemia and re-oxygenation of the cells was 
found to be lower than that measured before anaerobiosis; moreover the extent of Complex I inhibi-
tion was proportional to the duration of the anaerobic phase as expected based on the accumulation of 
the D form under these conditions (Galkin et al.  2009  ) . 

 It is important to notice that, under circumstances such as tissue re-oxygenation following hypoxia, 
the severe inhibition of the S-nitrosated Complex I, rather than detrimental, may be protective for the 
cells. Stabilization of the nitroso-derivative of the D form during hypoxia indeed contributes to pre-
vent the accumulation of reducing equivalents in the respiratory chain and consequent downhill ROS 
production following re-oxygenation (Zweier et al.  1999  ) . 

 Thus, similarly to complex IV (see below), also Complex I upon reacting with NO may trigger cell 
physiological or pathological events (Brown and Cooper  1994 ; Cleeter et al.  1994 ; Clementi et al. 
 1998 ; Hess et al.  2005  ) .  

    4.2.2   Nitric Oxide and Complex IV 

 In 1990 Carr and Ferguson  (  1990  )  showed that NO, catalytically produced by the  Paracoccus denitri-
fi cans  nitrite reductase, was able to inhibit O 

2
  consumption of beef heart mitochondrial particles. The 

same Authors proposed that the target of NO inhibition was cytochrome  c  oxidase (CcOX), a sugges-
tion which was confi rmed a few years later by several groups (Bolanos et al.  1994 ; Brown and Cooper 
 1994 ; Cleeter et al.  1994 ; Schweizer and Richter  1994  ) . NO was shown to inhibit the enzyme potently 

A D
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D
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NAD+

Q

QH2

Complex I

matrix

A = activated form, D = dormant, de-activated form

  Fig. 4.2     Schematic representation of the S-nitrosation of Complex I . Depending on the metabolic conditions, including 
NADH availability and temperature, Complex I undergoes a conformational transition from the active ( A ) form to the 
dormant ( D ) inactive form. Number and type of cysteine residues exposed, thus accessible to S-nitrosation, depend on 
the A to D transition. The D form exposes Cys-39 on ND3 subunit, whose S-nitrosation causes the enzymatic reversible 
inhibition       
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(low K 
 I 
 ), rapidly, in competition with O 

2
  and, importantly, in a reversible manner. Inhibition of CcOX 

by NO is very effi cient, with an apparent inhibition constant whose value increases with [O 
2
 ] and is in 

favour of NO over O 
2
  by a factor of at least 50 (Brown and Cooper  1994 ; Torres et al.  1995  ) : as an 

example, 60 nM NO reportedly causes half inhibition of synaptosomal respiration at 30  m M O 
2
  (Brown 

and Cooper  1994  ) . As proved by stopped-fl ow spectroscopy, the onset of CcOX inhibition by NO is 
fast, occurring within milliseconds even in the presence of a large excess of O 

2
  (Giuffrè et al.  1996  ) : 

a result quite unexpected given that O 
2
  and NO bind to the fully reduced active site of CcOX with 

similar rate constants. Another important feature of the inhibition of CcOX by NO is that it is revers-
ible. NO-inhibited CcOX recovers its activity spontaneously under aerobic conditions, as NO is slowly 
but progressively degraded by the excess of O 

2
  in solution. Reversal of inhibition is enhanced if NO 

in solution is rapidly scavenged, for example by addition of oxyhemoglobin, or by specifi cally inhibit-
ing the cell NOSs (Brown et al.  1995 ; Sarti et al.  2000  ) . 

 Given the involvement of NO as a signalling molecule in many patho-physiological processes, a 
large number of investigations on the reactions of NO with CcOX were carried out (reviewed in 
Cooper and Giulivi  2007 ; Cooper  2002 ; Sarti et al.  2003 ; Brunori et al.  2004,   2006  )  showing that 
the NO inhibition of the enzyme can occur at all integration levels ranging from the isolated enzyme, 
to mitochondria, cells and tissues (Bolanos et al.  1994 ; Brown and Cooper  1994 ; Cleeter et al. 
 1994 ; Schweizer and Richter  1994 ; Brown et al.  1995 ; Borutaite and Brown  1996 ; Clementi et al. 
 1999 ; Sarti et al.  1999 ; Shen et al.  1995 ; Hare et al.  1995 ; Xie et al.  1996 ; Zhao et al.  1999 ; Shiva 
et al.  2001  )  .  

 Over the last two decades, several studies have been designed aimed at unravelling the mechanism 
for CcOX inhibition by NO. 

    4.2.2.1   The ‘Nitrosyl’ Pathway 

 As mentioned above the reaction of NO with CcOX involves the catalytic metals in the active site of 
the enzyme. Cytochrome oxidase contains four redox centers, Cu 

A
 , heme  a,  heme  a  

 3 
  and Cu 

B
 . The 

bimetallic Cu 
A
  site accepts one electron from reduced cytochrome  c  and in turn rapidly reduces intra-

molecularly heme  a , a bis-histidine low-spin heme buried within the membrane-embedded part of the 
enzyme. From heme  a  electrons are transferred intramolecularly to the active site, the binuclear heme 
 a  

 3 
 -Cu 

B
  center, where O 

2
  and other gaseous ligands (CO and NO) bind. The heme  a  

 3 
 -Cu 

B
  center can 

accept up to two electrons; thereby it can exist in a fully oxidized ( O ), in a single-electron reduced ( E ) 
and in a two-electron reduced ( R ) state (Fig.  4.3 ).  

 NO binds to R at a rate (k = 0.4–1×10 8  M −1  s −1 , Gibson and Greenwood  1963 ; Blackmore et al. 
 1991  )  similar to that of O 

2
 , yielding a high affi nity Fe 2+  nitrosyl adduct (Fig.  4.3 ) with a characteristic 

UV/vis absorption spectrum. A fi rst important consequence of these features is that all conditions 
favoring the electron donation to the catalytic site of CcOX also favor CcOX nitrosylation, indeed in 
the presence of NO. Mitochondrial CcOX cannot reduce the NO bound at reduced heme  a  

 3 
  to N 

2
 O 

(Stubauer et al.  1998  ) , whereas a few bacterial cytochrome  c  oxidases were shown to be endowed with 
a slow, but measurable NO-reductase activity (Giuffrè et al.  1999 ; Forte et al.  2001  ) , whose existence 
was interpreted in view of the common phylogenesis between heme-copper oxidases and bacterial 
heme  b  

 3 
 -containing NO reductases. 

 The dissociation of NO from the reduced heme  a  
 3 
  of CcOX, as measured by Sarti et al.  (  2000  ) , is 

relatively slow (k 
off

  = 3.9 × 10 −3  s −1  at 20°C), but unexpectedly high compared, for example, to haemo-
globin (k 

off
   » 10 −4  to 10 −5  s −1  at 20°C). The nitrosyl adduct is photosensitive and the apparent k 

off
  for NO 

increases therefore substantially under illumination (Fig.  4.3 ): this property has been widely used by 
Sarti and co-workers in studies where the light-induced NO displacement from CcOX and the recov-
ery rate of respiration was explored under different experimental conditions to gain insight into the 
mechanism of NO inhibition of CcOX (see below Sect   .  4.2.2.3 ). R can also react with O 

2
 , thus CcOX 
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inhibition by NO is expected to be competitive with respect to O 
2
  when it proceeds  via  formation of a 

nitrosyl adduct of the enzyme. Under these conditions, the inhibition reverts upon exposing the 
enzyme to O 

2
  and the rate of activity recovery matches that one of NO dissociation from reduced 

heme  a  
 3 
  .  The reversal of inhibition has been proposed (Pearce et al.  2002  )  to involve formation of 

superoxide (O  
2
  −  ) produced by reaction of O 

2
  with reduced Cu 

B
  reacting, in turn, with the NO molecule 

bound to heme  a  
 3 
 , to yield peroxynitrite (ONOO − ). According to this hypothesis, the peroxynitrite 

formed at the active site would be rapidly reduced to nitrite, and eventually released as such in the 
bulk. Although intriguing, a more recent study disproved this mechanism, showing that recovery of 
CcOX activity simply results from O 

2
 -mediated displacement of NO bound to reduced heme  a  

 3 
  

(Giuffrè et al.  2005 , Fig.  4.3 ). The NO dissociation from the nitrosyl adduct is a fairly slow process 
for mitochondrial CcOX (minutes at 37°C in the dark, as  in vivo ); interestingly, the same process is 
much faster in the Cu-lacking cytochrome  bd  oxidase from  E. coli  (Borisov et al.  2004 ; Borisov et al. 
 2007  )  pointing to a role of Cu 

B
  in this reaction. It is worth mentioning that the remarkably higher dis-

sociation rate measured for this bacterial enzyme possibly represents a defense mechanism that 
ensures a higher resistance of bacterial respiration to nitrosative stress (Borisov et al.  2007 ; Mason 
et al.  2009a  ) . 

 While O 
2
  and CO binding requires the complete reduction of the binuclear active site, NO has been 

suggested (Torres et al.  1995 ; Giuffrè et al.  1996  )  to combine also with the single-electron reduced ( E ) 
site, in which the electron resides either on heme  a  

 3 
  or on Cu 

B
  (Fig.  4.3 ). If this was the case, then the 

kinetic effi ciency of NO in competing with O 
2
  may be more easily accounted for, as shown previously 

by performing kinetic model simulations (Giuffrè et al.  1996  ) . Giuffrè et al.  (  2002  )  reported an experi-
ment on a mutant (K354M) of the  Paracoccus denitrifi cans  cytochrome oxidase which indeed 
supports the contention that NO can bind rapidly to Fe 2+  in the single-electron reduced binuclear site. 
However the issue is debated since others proposed that (i) the reaction of NO with  E  occurs at Cu  

B
  +  , 

and not at ferrous heme  a  
 3 
  (Torres et al.  1995  )  and (ii) the reaction with  E  is unnecessary to account 

for steady-state data (Mason et al.  2006 ; Cooper et al.  2008  ) .  
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  Fig. 4.3     The catalytic cycle of cytochrome oxidase and the double mechanism of inhibition by NO.  For simplicity, the 
scheme highlights only the redox ( e   −  ) and NO-ligation state of the heme  a  

 3 
 -Cu 

B
  active site of CcOX. In a catalytic 

cycle*, the fully oxidised species  O  is fully reduced to  R,  by two single-electron donations, thus  via  formation of the so 
called (half-reduced) intermediate  E . The  R  species reacts with O 

2
 , forming in sequence  P  (peroxy) and  F  (ferryl) ,  

regenerating eventually  O.  Evidence has been collected suggesting that the partially or fully reduced intermediates bind 
NO to give a ferrous nitrosyl derivative, the so-called nitrosyl-adduct, whereas  O ,  P  and  F  yield a nitrite-adduct of the 
oxidized heme  a  

 3 
  

  *  For the defi nition of the redox state of the intermediate species  O ,  E ,  R ,  P  and  F  see Sects   .  4.2.2.1  and  4.2.2.2        
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    4.2.2.2   The ‘Nitrite’ Pathway 

 Beyond binding to reduced heme  a  
 3 
 , NO can also be oxidized by reacting with the fully oxidized  O  

binuclear site of CcOX (Cooper et al.  1997 ; Giuffrè et al.  1998  )  or with the same site in catalytic inter-
mediates ( P  and  F ) generated during reaction of the enzyme with O 

2
  (Torres et al.  1998 ; 

Giuffrè et al.  2000 , Fig.  4.3 ). In all cases, by reacting with CcOX, NO is oxidized to nitrite (NO  
2
  −  ). O 

2
  

rapidly combines with reduced heme  a  
 3 
  of species  R  yielding the so-called compound  

A , in which O 
2
  is complexed to Fe 2+ . Compound  A  is short-lived, due to very fast delivery of electrons 

to bound O 
2
 . The resulting intermediate ( P ) was initially assigned to a peroxy-complex with oxidized 

heme  a  
 3 
  and Cu 

B
 , though now-a-days there is consensus on the idea that  P  is a ferryl-oxo adduct of heme 

 a  
 3 
  (Fe 4+  = O) (Weng and Baker  1991 ; Babcock  1999 ; Fabian et al.  1999  ) , with the O-O bond already 

cleaved off.  P  in turn converts to the  F  intermediate, that is also a ferryl-oxo adduct of heme  a  
 3 
 , which 

eventually converts to the fully oxidized state  O  upon arrival of one more electron from Cu 
A
 /heme  a . 

 In the early 1980s, NO was reported to bind Cu 
B
  in the fully oxidized ( O)  CcOX very slowly 

(Brudvig et al.  1980  ) . Those experiments were performed on the so-called  resting  form of the enzyme 
that displays markedly different redox and ligand binding properties compared to the so-called  pulsed  
enzyme discovered by Antonini et al.  (  1977  ) . The  pulsed  state of CcOX is generated immediately 
after exposing the fully reduced  resting  enzyme to O 

2
 , thus representing the CcOX species populated 

during turnover. The reactivity of the fully oxidized enzyme with NO was clarifi ed by Cooper et al. 
 (  1997  ) . Using a  pulsed  ( fast ) preparation of CcOX, these authors found that NO reacts much more 
rapidly than with the  resting  enzyme. With the  pulsed  enzyme NO reacts at Cu 

B
  injecting one electron 

at the level of this redox site that rapidly equilibrates intramolecularly, and by reverse electron trans-
fer, with heme  a  (Cooper et al.  1997  ) . As a result, NO is oxidized to nitrosonium ion (NO + ) that in turn 
is subsequently hydroxylated (or hydrated) to nitrite (or nitrous acid). The enzyme displays eventually 
nitrite bound to ferric heme  a  

 3 
 , which accounts for inhibition. Later on, Giuffrè et al.  (  1998  )  confi rmed 

those fi ndings and showed that the rapid reaction of oxidized Cu 
B
  with NO follows second-order 

kinetics (k = 2 × 10 5  M −1  s −1  at 20°C) and does not occur with the enzyme as prepared, due to chloride 
bound at the oxidized binuclear site. The pulsing process of oxidase, as performed in the experiments 
reported by Cooper et al.  (  1997  ) , removes chloride from the enzyme, thereby allowing fast reaction 
with NO. In agreement with the proposal that NO has a peculiar reactivity towards oxidized Cu 

B
 , 

recent evidence was provided that the  O  species of  E. coli  cytochrome  bd , which lacks Cu 
B
 , reacts 

with NO much more slowly (k = 1.5 × 10 2  M −1  s −1  at 20°C) than mitochondrial CcOX and does not lead 
to nitrite formation (Borisov et al.  2009  ) . 

 An interesting point emerging from these fi ndings is that the reaction of NO with Cu 
B
  in the  O  spe-

cies of CcOX leads to  in situ  formation of NO  
2
  −   that eventually binds to the (nearby) oxidized heme  a  

3
  

with formation of a nitrite-complex. This species is optically undistinguishable from the one obtained 
by addition of a large excess (> mM) of nitrite to the oxidized enzyme. The NO  

2
  −   adduct of CcOX is 

inhibited in standard cytochrome  c  oxidation assays. However, the affi nity of nitrite for oxidized heme 
 a  

3
  is much greater than for the reduced heme  a  

 3 
 . Accordingly, nitrite dissociation from the oxidized 

enzyme is very slow (t 
1/2

  ~ 80 min at room temperature) but, upon reduction of the active site, nitrite 
dissociation and consequent activity restoration occur promptly (Giuffrè et al.  2000 ; Torres et al.  2000  ) . 
Relevant for the discussion about the pathways of CcOX inhibition by NO, nitrite dissociation upon 
reduction of heme  a  

3
  (k ~ 6 × 10 −2  s −1  at pH = 7.3, T = 20°C (Giuffrè et al.  2000  ) ) is also one order of 

magnitude faster than NO-dissociation from the same site in the reduced state. The markedly different 
dissociation rates displayed by nitrite and NO from the relative CcOX adducts were indeed widely used 
to extract information on the inhibition pathway operating under different experimental conditions, 
particularly at more integrated levels, as in mitochondria and cells (Mastronicola et al.  2003  ) . 

 Recently, evidence was provided in favour of a nitrite reductase activity of CcOX (Castello et al. 
 2006,   2008 ; Poyton et al.  2009  ) . According to these studies, initially carried out on yeast mitochon-
dria and then extended also to mitochondria from human endothelial cells, under acidic conditions 
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and at low O 
2
  tension, CcOX is able to reduce nitrite to NO. Such a nitrite-reductase activity has been 

suggested to play a pivotal role in hypoxic cell signalling. Interestingly, even cardiolipin-bound cyto-
chrome  c  can effectively reduce nitrite to NO under anoxic acidic conditions (Basu et al.  2008  ) , that 
is under conditions where the cytochrome heme iron becomes pentacoordinated. 

 Additional experiments supporting the ‘nitrite’ inhibition pathway of CcOX were reported by 
Torres et al.  (  1998  )  and Giuffrè et al.  (  2000  ) . These authors established that a fairly rapid reaction of 
NO with CcOX occurs not only with  O  (if devoid of chloride), but also with intermediates  P  and  F . 
With these intermediates the NO reaction is slower than with the  O  species (k ~ 10 4  M −1  s −1  vs 
k = 2 × 10 5  M −1  s −1  at 20°C), still leading to nitrite-inhibited CcOX. As for the  O  species (Cooper et al. 
 1997 ; Giuffrè et al.  1998  ) , also in the case of intermediates  P  and  F  NO was assumed to react at Cu  

B
  2+   

(Torres et al.  1998 ; Giuffrè et al.  2000  ) ; however, a similar fast reaction of NO was reported with the 
intermediate  F  of the  Azotobacter vinelandii  cytochrome  bd  oxidase, which lacks Cu 

B
  (Borisov et al. 

 2006  ) . It is thus possible that NO reacts with ferryl-oxo heme  a  
3
  of CcOX directly, as reported for 

myoglobin (Mb) and haemoglobin, without involving Cu 
B
 . Notably, the rate for the reaction of NO 

with  O ,  P  and  F  is much slower (>10 3  fold) than that for NO binding to the reduced binuclear center; 
nevertheless, as pointed out below, this intrinsic reactivity should be confronted with the relative 
population of the different CcOX O 

2
 -intermediates at the steady-state (Giuffrè et al.  2000  ) , as imposed 

by the different mitochondrial metabolic state. 
 Thus, based on solid theoretical (Mason et al.  2006 ; Cooper et al.  2008 ; Antunes et al.  2007  )  and 

experimental evidence (Sarti et al.  2000 ; Brunori et al.  2006 ; Mason et al.  2006  ) , CcOX can be inhibited 
according to two different mechanisms: a fi rst reaction pathway yields the nitrosyl NO-bound enzyme and 
a second one produces nitrite-bound CcOX. A scheme depicting the two pathways is shown in Fig.  4.3 : 
on the left side the reactions of NO with the intermediates  O ,  P  and  F , yielding nitrite-inhibited enzyme, 
are detailed; on the right side, the reactions of NO with reduced heme  a  

3
 , occurring at the binuclear center 

in the fully, R, or partially, E, reduced state are shown. Both pathways lead to reversible inhibition of the 
enzyme, and CcOX can restore its activity by dissociating either NO from ferrous heme  a  

 3 
 , the process 

being slow and light-sensitive, or nitrite from ferric heme  a  
 3 
 , the process being more rapid and light-

insensitive. As outlined above, if the ‘nitrosyl’ pathway is in action, inhibition is expected to be competi-
tive with respect to O 

2
 , because intermediate  R  is reactive towards both O 

2
  and NO. On the other hand, 

O 
2
 -competition is not expected for the ‘nitrite’ pathway, as it results from the reaction of NO with CcOX 

intermediates ( O ,  P  and  F ) that are unreactive towards O 
2
 . 

 Overall the information above paves the way to some interesting questions. What is the mechanism 
of CcOX inhibition by NO under turnover conditions, and particularly  in situ ? Does CcOX metabolize 
NO to a signifi cant extent in the cell? What are the physiological effects of the interaction of CcOX 
with NO?  

    4.2.2.3   Evidence for the Coexistence of Two Pathways for Complex IV Inhibition 

 As outlined above, a distinctive feature between the two pathways is that while the slow reversal of 
inhibition from nitrosyl CcOX is expected to be infl uenced by light, activity recovery should be faster 
and light-insensitive when the inhibition proceeds  via  formation of the nitrite-bound enzyme. This 
prompted Sarti and co-workers (Sarti et al.  2000 ; Mastronicola et al.  2003  )  to investigate under a 
variety of experimental conditions the effect of a bright white illumination on the rate of activity 
recovery of CcOX from NO inhibition, after scavenging NO in solution with oxyhemoglobin. 
Experiments of this kind were performed at different enzyme integration levels, from isolated CcOX 
up to intact cells (Mastronicola et al.  2003  ) . In those experiments, the parameter systematically varied 
was the so-called ‘reductive pressure’ on CcOX, critically affecting the electron fl ux through the 
enzyme. This parameter was controlled by selectively increasing the fraction of reduced cytochrome 
 c  upon addition of tetramethyl-p-phenylendiamine (TMPD) and excess ascorbate. 
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 The major result of these studies was that, under conditions of low electron fl ux and high [O 
2
 ], the 

‘nitrite’ inhibition pathway prevails, whereas as the electron fl ux is increased, and the O 
2
  concentra-

tion reduced, the O 
2
 -competitive ‘nitrosyl’ pathway tends to take over (Sarti et al.  2000 ; Mastronicola 

et al.  2003  ) . These results were confi rmed and extended in subsequent studies performed in different 
laboratories. Working with purifi ed CcOX, Mason et al.  (  2006  )  determined the apparent IC 

50
  for NO 

inhibition as a function of both the O 
2
  concentration and the turnover number of the enzyme. Their 

results support our original view that both inhibition mechanisms may occur (Sarti et al.  2000  ) . In 
addition, the reported data confi rm that the pathway of inhibition depends on the CcOX turnover 
number, with the uncompetitive ‘nitrite’ pathway prevailing at low electron fl ux and the O 

2
 -

competitive ‘nitrosyl’ pathway being predominant at higher electron fl ux (Sarti et al.  2000  ) . 
Mathematical models (Cooper et al.  2008 ; Antunes et al.  2007  )  further confi rmed that experimental 
data on CcOX inhibition by NO can be simulated only if both the competitive and uncompetitive 
pathways are operative, with the latter prevailing at lower electron fl ux and higher [O 

2
 ]. The whole 

picture seems compatible with simulations reported by our group (Giuffrè et al.  2000  )  showing that, 
at low electron fl ux, the overall occupancy of intermediates  O ,  P  and  F  at steady-state should 
increase, thereby favouring the ‘nitrite’ pathway under these conditions. On the other hand, in a 
recent report Mason et al.  (  2009b  )  failed to detect intermediates  P  and  F  at measurable levels by 
optically investigating CcOX intermediates at steady-state. 

 A point of interest is to unveil which one of the two inhibition pathways predominates when 
CcOX is in turnover in intact cells respiring on endogenous substrates and the enzyme encounters 
NO. Working with SH-SY5Y neuroblastoma cells, Mastronicola et al.  (  2003  )  found that, if the 
electron fl ux through CcOX is not artifi cially enhanced by TMPD, the ‘nitrite’ pathways is pre-
dominant at high [O 

2
 ] (>100  m M), which implies that under these ‘basal’ conditions CcOX may 

provide a catabolic route for NO. Experimental evidence consistent with this view has been more 
recently provided in an elegant study carried out by Palacios-Callender et al.  (  2007a  ) . In this work, 
the authors investigated the fate of NO and the redox state of CcOX in human embryonic kidney 
cells (engineered to generate controlled amounts of endogenous NO) while respiring toward 
hypoxia. Interestingly, they found that CcOX, while in turnover, metabolizes NO to nitrite, but as 
the cells approach hypoxic conditions, the enzyme becomes more reduced and its ability to con-
sume NO diminishes. It is also relevant to outline that in experiments of this kind endogenous NO 
causes partial inhibition of CcOX, detected as an increased reduction level of the enzyme: interest-
ingly, this occurs without affecting cell respiration, unless [O 

2
 ] becomes limiting (Palacios-Callender 

et al.  2007a,   b  ) . This phenomenon has been related to an increase in the reduction level of  c -type 
cytochromes that occurs in response to partial inhibition of CcOX. These redox changes tend to 
compensate the inhibition of CcOX, thereby maintaining essentially unvaried the velocity of O 

2
  

consumption. This is an example of the ‘cushioning’ effect described more than 40 years ago by 
Britton Chance  (  1965  ) . An important consequence of this effect is that partial inhibition of CcOX, 
 without inhibition of respiration , can result into higher reduction levels of the components of the 
mitochondrial electron transport chain; a condition that has been suggested to trigger superoxide 
and, in turn, hydrogen peroxide production which is eventually implicated in cell signalling 
(Palacios-Callender et al.  2004  ) . 

 In summary, the issue of inhibition of CcOX by NO may be summarized as follows. The O 
2
 -

competitive inhibition pathway that occurs  via  reaction of reduced heme  a  
 3 
  with NO prevails under 

conditions of high electron fl ux, i.e. high reductive supply, and low O 
2
  concentrations; that is under 

condition in which the relative occupancy of  R  (and  E ) tends to increase, although in absolute terms 
 R  should be only poorly populated at steady-state given its reactivity towards O 

2
 . An independent 

evidence supporting this conclusion has been more recently provided using intact human cells (Masci 
et al.  2008  ) . On the other hand under conditions of low electron fl ux and high O 

2
  concentrations, 

the inhibition proceeds  via  reaction of NO with the intermediates  O ,  P  and  F  and formation of the 
nitrite-adduct of CcOX prevails (Fig.  4.3 ).    
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    4.3   The Metabolic Role of Nitrite in the Mitochondria 

 Ambiguity about the bioenergetic implications of the mitochondrial NO chemistry mostly resides in 
the insuffi cient information about the metabolic pathways activated by the inhibition of the respira-
tory complexes I and IV. Like during hypoxia, following NO inhibition of respiration, the aerobic 
ATP synthesis (OXPHOS) is depressed and glycolysis takes place, but this is not the only and prob-
ably the major effect observed (Moncada and Erusalimsky  2002 , Fig.  4.4 ). By stimulating the cGMP 
production, NO induces an increase of blood fl ow, directly  via  vasodilatation as well indirectly 
through activation of neo-angiogenesis (Keynes and Garthwaite  2004  and ref therein); consequently 
the aerobic bioenergetic depression induced in a tissue by limited, in extent and time, NO pulses is 
only transient, and can be even followed by an improved oxygenation capacity. In addition NO acts 
as a very effi cient radical scavenger, though disposal of the reaction end-product (for instance per-
oxynitrite) may represent a cell metabolic problem. Overall the bioavailability of NO at all levels, 
included the mitochondrial one, is vital and relies on the effi ciency of the NO releasing systems in 
the cell. When oxygen tension decreases in tissues, the ability of the NOSs to generate NO is com-
promised by the lack of the oxygen substrate; under these conditions, the anoxic environment pro-
motes tissue acidifi cation, favouring in turn the reduction of nitrite to NO (16). Thus, besides the role 
played by the NOSs, and particularly under hypoxic conditions, the tissue/cell distribution of nitrite 
becomes central with respect to the NO chemistry. Nitrite is not a mere inert oxidation product 
of NO, waiting for further oxidation to nitrate and produced directly by oxygen or catalytically 
(see below). In cells and tissues nitrite represents a source of NO to be utilized upon requirement 
(Lundberg et al.  2008 ; Shiva and Gladwin  2009  ) . The concentration of nitrite in human plasma is 
approximately 200 nM (Lundberg et al.  2008 ; Stamler et al.  1992 ; Gladwin et al.  2000  ) . In cell and 
tissues, NO  

2
  −   can be reduced to NO, enzymatically (Lundberg et al.  2008  )  or by acidic disproportion-

ation (Zweier et al.  1999 ; Weitzberg and Lundberg  1998  ) , as during ischemia. Consistently, in 
rodents, during focal ischemia, it was found that plasma, brain and heart were depleted of nitrite, 
whose physiological concentration could be promptly restored by intravenous administration pre-
venting the effects of ischemia (Bryan et al.  2007 ; Dezfulian et al.  2009 ; Shiva et al.  2007a  ) . 
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Interestingly, low doses of nitrite (~50 nM) administered to ischemic, heart-arrested mice, early during 
cardiopulmonary resuscitation, was shown to restore nitrite levels to near baseline, to increase the 
concentration of cardiac S-nitrosothiols and, most importantly, to signifi cantly improve survival of 
the treated animals compared to controls (Webb et al.  2004  ) .  

    4.3.1   Any Role for  Oxymyoglobin ? 

 Upon lowering oxygen, oxymyoglobin undergoes the transition to the deoxy form that promptly 
reacts with nitrite, generating NO (Hendgen-Cotta et al.  2008  ) . Experiments carried out with cardio-
myocites have shown that the nitrite-reductase activity of Mb can account for inhibition of complex I 
(Hendgen-Cotta et al.  2008 ; Shiva et al.  2007b ; Rassaf et al.  2007  ) . The production of nitrite by Mb 
is a well-known reaction extensively studied  in vitro  (Shiva et al.  2007b  ) , and  in vivo : of particular 
interest are the results of experiments carried out using Mb (−/−)  knockout mice, undergoing an I/R 
injury in the absence and presence of nitrite (Hendgen-Cotta et al.  2008  ) . Interestingly, the consequences 
of I/R on the Mb (−/−)  mice were more severe than in the wild-type Mb (+/+)  animals and the damage in 
the knockout mice could not be alleviated by nitrite, as it could in control animals (Hendgen-Cotta 
et al.  2008  ) . Consistent with a Mb-induced NO release and the ensuing inhibition of complex I and IV, 
in the presence of nitrite the Mb (+/+)  mice recovered the mitochondrial respiration effi ciency more 
slowly than Mb (−/−)  animals. Moreover, the detectable amount of NO-modifi ed proteins was higher in 
the cardiac tissue of Mb (+/+)  mice, whereas ROS production was signifi cantly lower showing a direct 
involvement of Mb in the NO release during I/R. The average myocardial infarct size was wider in 
Mb (−/−)  mice (Hendgen-Cotta et al.  2008  ) , pointing to a cytoprotective effect of the mitochondrial 
nitrite/NO chemistry dependent on the presence of Mb. In synthesis, the administration of nitrite to 
ischemic control mice enables their cardiac deoxyMb to increase the NO bioavailability at mitochon-
drial level in the absence of O 

2
 .   

    4.4   The Impact of the Mitochondrial NO Chemistry on Cell Physiology 

 Although NO reacts with a large number of targets, its reaction with mitochondrial complexes is of 
particular interest, as it accounts for activation of a number of reactions, following the reversible inhi-
bition of respiration observed even in the presence of excess O 

2
  (Fig.  4.4 ). 

    4.4.1   Nitrosation of Mitochondria and Cytoprotection 

 This is a vast and still controversial issue in the fi eld of the NO chemistry; here we will attempt to 
summarize a few major points. In the positive view just mentioned in the above paragraph, NO by 
inhibiting the respiratory complex I would limit ROS generation and oxidative protein damage, with 
a cytoprotective effect (Hendgen-Cotta et al.  2008 ; Shiva and Gladwin  2009 ; Webb et al.  2004  ) . Thus, 
along with the mitochondrial OXPHOS inhibition, a virtuous NO pathway seems to take part to the 
overall cell metabolism particularly of ischemic tissues (Hendgen-Cotta et al.  2008 ; Dezfulian et al. 
 2009 ; Prime et al.  2009  ) . This fi nding points to a new pharmacological interest in the area of ischemia; 
in this context, a molecular approach has been developed to generate compounds able to selectively 
drive the NO synthesis or release in the mitochondrion from compounds, such as S-nitrosothiols 
(Prime et al.  2009  ) . The S-nitroso-2-mercaptopropionyl-glicine (SNO-MPG) has been assayed in I/R 
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cardiomyocites, and proved to enhance mitochondrial S-nitrosation, eliciting cardioprotection 
(Nadtochiy et al.  2007  ) . So that, the lipophilic triphenylphosphonium cation S-nitrosated (MitoSNO1), 
driven by the membrane potential, rapidly accumulates into mitochondria, where it induces protein 
S-nitrosation (Prime et al.  2009  ) . A positive cell response to S-nitrosation is proved by the fi nding that 
mitochondria extracted from cardiomyocytes treated with SNO-MPG exhibit improved Ca 2+  handling 
and lower ROS generation (Shiva et al.  2007a  ) . Different nitroso compounds display different specifi c 
S-nitrosating activity. A higher concentration of nitrosoglutathione (GSNO), 100 vs 20  m M, is for 
instance necessary to achieve the same effect of SNO-MPG, proving a higher S-nitrosating activity of 
the latter compound at the mitochondrion level.  

    4.4.2   Pathophysiological Relevance 

 The reaction of NO with Complex III has been described as sluggish (Poderoso et al.  1996  ) , whereas 
the reactions with Complex I and Complex IV, studied in detail, presently appear to be the most prom-
ising to elucidate the bioenergetic relevance to cell pathophysiology of the mitochondrial nitrosative 
stress. Only for the sake of clarity the reactions of NO with Complex I and IV have been treated sepa-
rately since the  in vivo  effects of the reactions and their relative contribution to human pathophysiol-
ogy are still poorly understood. A few important features, however, appear nowadays validated: based 
on several reports, from different groups and using different biological systems (Galkin and Moncada 
 2007 ; Cooper et al.  2008  ) , it was shown that (i) the principal NO target on the complexes is different, 
i.e. the R-SH group on complex I and the binuclear active site on complex IV and, most importantly, 
that (ii) the kinetics of the reaction is very fast (milliseconds) for complex IV and rather slow (tens of 
minutes to hours) for complex I. These features, together with a fairly high NO dissociation rate from 
the reduced CcOX (k 

off
  = 3.9 × 10 −3  s −1 , at 20°C), point to a control-like function of the NO reaction at 

the level of Complex IV more than to a simple respiratory chain inhibition. The most evident and 
measurable effect of such interaction would be the ~10 fold increase of the apparent K 

M,O2
  measured 

in cells and tissues compared to CcOX in solution, i.e. ~5.0  m M  vs  ~0.5  m M (Brunori et al.  1999  and 
references therein). On the other hand, owing to its properties (Sect.  4.2 ), the reaction of NO with 
complex I inducing on a longer time scale a fairly stable S-nitrosation may lead to a more severe loss 
of function, at least in the absence of metabolites able to weaken the R-SNO bonds. Particularly for 
this reason it has been proposed that Complex I takes part into pathological pathways leading to 
chronic neurodegenerative disorders, such as Parkinson’s and Huntington’s diseases (Schapira  1998, 
  2010 ; Jenkins  1993 ; Dawson and Dawson  2003  ) . 

 More complex appears the gathering of information about the pathophysiological relevance, if any, 
of the reaction of NO with complex IV. Since originally observed with purifi ed CcOX in the presence 
of reducing substrates and O 

2
  (Sarti et al.  2000  )  and later on confi rmed (Cooper  2002 ; Mason et al. 

 2006  ) , different adducts (NO- or NO  
2
  −  -bound) are formed, depending on the electron fl ux level within 

the enzyme. As reported above, these adducts accumulate respectively at high and low concentrations 
of reducing equivalents, i.e. reduced cytochrome  c in   situ . (Mastronicola et al.  2003 ; Masci et al.  2008  ) . 
This behavior has been observed by artifi cially modulating the fraction of reduced cytochrome  c  inter-
acting with CcOX in the presence of NO (Mastronicola et al.  2003  )  and, more recently confi rmed in 
human lymphoid cells expressing different amounts of cytochrome  c  (Masci et al.  2008 , Fig.  4.5 ).  

 Any impact on cell physiology? Interestingly from the mitochondrial functional point of view the 
clearance of the NO-adduct is slower than that of the NO 

2
  – adduct, thus probably different physio-

logical and pathological implications can be envisaged (see Cooper and Giulivi  2007 ; Moncada and 
Erusalimsky  2002 ; Shiva et al.  2005 ; Blandini et al.  2004 ; Erusalimsky and Moncada  2007  ) . 

 A fi rst consideration is that depending on the fraction of the NO-inhibited respiratory chain, the 
O 

2
  consumption and thereby the OXPHOS dependent synthesis of ATP may decrease. Under state 
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III conditions, when  D  m  
H+

  is used to synthesize ATP, in the presence of free NO, complex IV was 
found to be inhibited to a higher extent than in state IV when the electrochemical potential gradient 
( D  m  

H+
 ) is maximal and turnover rate minimal (Borutaite and Brown  1996 ; Brookes et al.  2003  ) . If our 

model applies, in state III the reduced CcOX intermediates ( E ,  R ) are expected to be more populated 
than in state IV. 

 A second consideration is that the NO inhibition of mitochondrial O 
2
  consumption, when occur-

ring, obviously results into an increase of O 
2
  bioavailability in the surrounding. In this respect, the NO 

control of mitochondrial respiration might play an important physiological role in the microcircula-
tion network, particularly for the cells located at the boundary of capillaries. For those cells, the 
reduced O 

2
  consumption induced by NO, released at this level by the endothelial NOS, would indeed 

favor a deeper tissue oxygenation (Brunori et al.  2006 ; Poderoso et al.  1996 ; Thomas et al.  2001 ; 
Giulivi  2003  ) ; furthermore, this effect would synergize with the vasodilatation properties of NO, lead-
ing to a more penetrating tissue oxygenation. Further in detail, upon inhibition of CcOX by NO, a 
condition termed “metabolic hypoxia” is set (Moncada and Erusalimsky  2002  ) , whereby O 

2
  is less 

used at the level of the mitochondrial respiratory chain, and becomes available for other enzymatic 
functions. An intriguing example of such a NO-dependent O 

2
  diversion from mitochondrial OXPHOS 

is the octapamine-dependent control of the fi refl y fl ashing: the octapamine activates the NO synthesis 
and thus causes the NO inhibition of cell respiration, that in turn renders O 

2
  more available for the 

light-producing luciferin-luciferase reaction (Trimmer et al.  2001  ) . 
 The inactivation of the hypoxya-inducible factor (HIF, Hagen et al.  2003  )  pathway is another inter-

esting example of O 
2
  diversion in response to NO inhibition of respiration. The HIF pathway is, 

indeed, inactivated by a family of prolyl hydroxylases which in an O 
2
 -dependent manner target the 

HIF1 a  subunit for ubiquitination and degradation: an [O 
2
 ] increase elicited by NO would, therefore, 

lead to inactivation of the HIF pathway. 
 A third consideration is that mitochondria are the cell sites where important reactive signaling 

molecules are produced (Moncada and Erusalimsky  2002 ; Brookes and Darley-Usmar  2002 ; Brookes 
et al.  2002 ; Foster et al.  2006  ) . In this respect it is worth recalling that the NO-inhibition of CcOX 
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  Fig. 4.5     NO inhibition of respiration in lymphoid cells expressing different amounts of Cytochrome c.  Panel A – 
Residual inhibition of cell respiration by NO. Measurements have been carried out according to the protocol described 
in (Masci et al.  2008  ) , i.e. in the dark to stabilize the Fe 2+ NO-CcOX formed in the presence NO and after scavenging 
excess NO with hemoglobin. Upon increasing the concentration of TMPD the reduction of CcOX, thus formation of E 
and R species (see Sect.  4.2.2.1 ) is facilitated together with its nitrosylation by NO, evidently more in Ataxia 
Telangiectasia (●) cells than in wild type controls (○).  Light , by destabilising the Fe 2+ -NO bond, fully abolishes CcOX 
inhibition. Panel B – Immuno detection of cytochrome c in cell lysates of wild type ( wt ), and Ataxia Telangiectasia 
lymphoid cells ( AT ) (Modifi ed from Masci et al.  2008  )        

 



88 P. Sarti et al.

induces the accumulation of reducing equivalents upstream in the respiratory chain, and leads to an 
enhanced production of superoxide anion (O  

2
  −  ), eventually converted to H 

2
 O 

2
  by the superoxide dis-

mutase. Therefore, the NO-dependent modulation of complex IV might function to control the pro-
duction of mitochondrial H 

2
 O 

2
 , an important redox-signaling molecule (Brookes and Darley-Usmar 

 2002  ) . On the other hand, when a more persistent NO-inhibition of CcOX occurs, the mitochondrion 
likely produces an excess of O  

2
  −   that readily reacts with NO to yield highly reactive and toxic per-

oxynitrite (ONOO − ), which in turn irreversibly damages the respiratory complexes and many other 
cell components (Beckman et al.  1990  ) . These circumstances induced by ONOO −  overproduction lead 
to a pathological impairment of the cell bioenergetics, a condition termed “nitroxia” (Shiva et al. 
 2005  ) . A persistent nitroxia eventually causes cell death (Moncada and Erusalimsky  2002 ; Borutaite 
and Brown  2003  ) , unless compensatory defense mechanisms are triggered, as observed in astrocytes 
but not in neurons (Almeida et al.  2001,   2004  ) . 

 In conclusion, there are already clear indications that NO inhibition of respiration, particularly at 
the level of complex IV is set very rapidly, producing several effects that may turn from physiological 
to pathological depending on conditions and parameters still poorly defi ned. In this context, an inter-
esting report on intact human lymphoid cells showed that, all else being equal, the fractional inhibi-
tion of complex IV induced by NO depends on the mitochondrial concentration of reduced cytochrome 
 c  (Masci et al.  2008  ) : the higher its concentration, the deeper the complex inhibition (Fig.  4.5 ). This 
fi nding, fully consistent with previous theoretical and experimental reports (Sarti et al.  2000 ; Mason 
et al.  2006 ; Mastronicola et al.  2003  ) , has provided the access to a measurable parameter linked to the 
susceptibility of cell mitochondria to nitrosative stress. 

 Unfortunately, owing to the experimental diffi culties, the data about the actual cell mitochondria 
concentration of cytochrome  c  oxygen and NO are rather poor. This lack of information implies that 
quantifi cation of the effect of NO chemistry on cell respiration  in vivo  as in our body is presently mostly 
speculative. One might assume that the interactions of NO with the respiratory complexes are  in vivo  as 
 simple  as they occur  in vitro , so ignoring other reactions of paramount importance such as those involved 
in the activation of guanylate cyclase! As pointed out by Cooper and Giulivi  (  2007  ) , if this was the case 
and all else being equal, one could predict that  in vivo  the consumption of O 

2
  by the mitochondrial respi-

ratory chain should be higher in the presence of NOS inhibitors. Encouraging enough, this was often 
observed, though not always (ref in Cooper and Giulivi  2007  ) , in several differently integrated systems, 
from cell cultures (Sarti et al.  1999  )  to tissue slices, cardiac or skeletal muscles, kidney or even whole 
animal body, keeping open the question of the patho-physiological relevance of the NO interaction with 
the respiratory chain.       
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  Abstract   Oxidative stress is among the major causes of toxicity due to interaction of Reactive Oxygen 
Species (ROS) with cellular macromolecules and structures and interference with signal transduction 
pathways. The mitochondrial respiratory chain, specially from Complexes I and III, is considered the 
main origin of ROS particularly under conditions of high membrane potential, but several other sources 
may be important for ROS generation, such as mitochondrial p66 Shc , monoamine oxidase,  a -ketoglutarate 
dehydogenase, besides redox cycling of redox-active molecules. ROS are able to oxidatively modify 
lipids, proteins, carbohydrates and nucleic acids in mitochondria and to activate/inactivate signalling 
pathways by oxidative modifi cation of redox-active factors. Cells are endowed with several defence 
mechanisms including repair or removal of damaged molecules, and antioxidant systems, either enzy-
matic or non-enzymatic. Oxidative stress is at the basis of ageing and many pathological disorders, 
such as ischemic diseases, neurodegenerative diseases, diabetes, and cancer, although the underlying 
mechanisms are not always completely understood.  

  Keywords   Reactive oxygen species  •  ROS-generating reactions  •  Mitochondria  •  Respiratory complexes  
•  Oxidative stress  •  Antioxidants    

    5.1   Introduction 

 Reactive oxygen species (ROS), is a collective term including oxygen derivatives, either radical or 
non-radical, that are oxidizing agents and/or are easily converted into radicals (Halliwell  2006  ) . As we 
shall see in detail, ROS are formed by partial reduction of molecular oxygen. It has been considered 
for a long time that the appearance of oxygen on the Earth has represented a challenge for living 
organisms, because of toxicity inherent in its inevitable partial reduction, so that living organisms 
have been forced to develop a number of defence strategies against them (cf. Fridovich  1998  ) . This is 
certainly true in part, but does not easily explain why evolution has conserved so many specifi c mech-
anisms for ROS production: indeed, a moderate level of such species is physiological and required for 
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life, and nowadays ROS are recognised to be physiologically involved in cell signalling by affecting 
the redox state of signalling proteins (Barja  1993  ) . Nevertheless it has been known for a long time 
that, when in excess, they are among the major determinants of toxicity in cells and organisms. 

 In healthy cells, the continuous production of ROS is balanced by various detoxifi cation reactions 
operated by a number of antioxidant systems. Only excessive ROS production or defect of protective 
systems leads to oxidative stress and pathological conditions. 

 Under normal conditions, ROS concentration is maintained within narrow boundaries and contrib-
ute to the redox balance in the cell (Linnane and Eastwood  2006  ) : redox balance, the ratio between 
oxidizing and reducing species, is involved in regulation of signalling pathways, including the activity 
of protein kinases and phosphatases and gene expression through modulation of transcription factors 
(Fruehauf and Meyskens  2007  ) ; glutathione redox state plays a central role in maintaining such redox 
homeostasis and the GSH/GSSG ratio is an estimate of cellular redox buffering capacity (Schafer and 
Buettner  2001  ) . 

 When in excess, ROS exert their damaging effects in mainly two ways: (i) by direct modifi cation 
of cellular or extracellular macromolecules that are this way altered in their function, leading to patho-
logical effects; (ii) by alterations of their physiological action on the redox state of factors involved in 
signal transduction, thus leading to hyper- or hypo-functionality of the signalling pathways. 

    5.1.1   Chemistry of ROS 

 Diatomic oxygen O 
2
  is a radical itself because it has two unpaired electrons each located in a different 

 p * antibonding orbital, but both with the same spin quantum number: this parallel spin is the reason 
for its low reactivity with non-radical molecules. However, inverting the spin of one of the unpaired 
electrons by an energy input converts O 

2
  into the much more reactive  singlet oxygen   1 O 

2
  in which both 

unpaired electrons have been moved to the same  p * orbital. 
 If a single electron is supplied to O 

2
 , it enters one of the  p * orbitals to form an electron pair there, 

thus leaving only one unpaired electron in the  superoxide  radical anion O 
2
 • − ; addition of another elec-

tron gives the  peroxide  ion, which is a weaker acid and is protonated to hydrogen peroxide H 
2
 O 

2
 ; 

addition of two more electrons breaks the molecule producing water H 
2
 O. If one single electron is 

added to H 
2
 O 

2
  by a reduced metal ion (e.g. Fe 2+ ), the  hydroxyl radical  OH• is produced by the  Fenton 

reaction . The hydroxyl radical is extremely reactive with a half-life of less than 1 ns, thus it reacts 
very close to its site of formation.

     2 2O 1e O •− −+ →    (5.1)  

     2 2 2O • 1e 2H H O− − ++ + →    (5.2)  

     
− ++ + →2 2 2O 2e 2H H O    (5.3)  

     
− ++ + →2 2 2H O 2e 2H 2H O    (5.4)  

     ( )2 3
2 2Fe H O Fe OH • OH Fenton reaction+ + −+ → + +

      (5.5)   

 Reaction    ( 5.1 ) is catalyzed in cells by several systems described in Sect.  5.2 . Reaction ( 5.2 ) pro-
ducing hydrogen peroxide is catalyzed by superoxide dismutases (SOD). Reaction ( 5.3 ) also gener-
ates hydrogen peroxide by two-electron reduction of O 

2
  catalyzed by a number of oxidases. Reaction 

( 5.3 ) is catalyzed by catalase, glutathione peroxidases and other peroxidases. 
 Since there are other reactive species besides those of oxygen, the term RS has been expanded 

to include reactive nitrogen species (RNS), reactive chlorine species (RCS), etc. Among RNS is 
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 nitric oxide  NO•, a not very reactive radical well known as a signalling molecule (Rubio and 
Morales-Segura  2004 ; Schlossmann and Hofmann  2005  ) . If NO• reacts with O 

2
 • −  the non-radical prod-

uct  peroxynitrite  is formed, that is rapidly protonated at neutral pH to the aggressive peroxynitrous 
acid, that can further undergo homolytic fi ssion to hydroxyl radical and nitrogen dioxide radical.

     2NO • O • H ONOOH− ++ + →    (5.6)  

     2ONOOH NO • OH •→ +    (5.7)   

 Several other radicals are produced by reaction of RS with organic compounds and macromolecules.   

    5.2   Sources of ROS in Mitochondria 

 ROS arise in cells from exogenous and endogenous sources. Exogenous sources of ROS include UV 
and visible light, ionizing radiation, drugs and environmental toxins. Among endogenous sources 
there are xanthine oxidase, cytochrome P-450 enzymes in the endoplasmic reticulum, peroxisomal 
fl avin oxidases, plasma membrane NADPH oxidases (Lenaz and Strocchi  2009  ) ; nevertheless, the 
major source of ROS is usually considered to be the mitochondrial respiratory chain in the inner mito-
chondrial membrane, although other enzyme systems in mitochondria can be important contributors 
to ROS generation. 

 Within a cell, mitochondria largely contribute to the production of ROS via the respiratory chain 
(Lenaz  1998,   2001  ) . The relevance of mitochondrial production of ROS within a cell is indirectly 
revealed by the results of defi ciency of mitochondrial antioxidant enzymes. Mitochondria contain an 
isozyme of superoxide dismutase (SOD-2) and glutathione peroxidase (GPx). The lack of SOD-2 
(Melov et al .   1999  )  and of mitochondrial GPx (Esposito et al .   2000  )  severely damages cells or is 
incompatible with life. 

    5.2.1   Overview of the Mitochondrial Respiratory Chain 

 The respiratory chain collects reducing equivalents (hydrogen atoms) from mitochondrial oxidations 
of the tricarboxylic acid cycle, from pyruvate oxidation, fatty acid and amino acid catabolism and 
other oxidative reactions, and conveys them to molecular oxygen reducing it to water (4 electron 
reduction). The free energy decrease accompanying electron transfer is exploited to create an electro-
chemical proton gradient ( D  m OH  +  ) by proton translocation from the mitochondrial inner space, the 
matrix, to the space between the inner and outer mitochondrial membranes (Nicholls and Ferguson 
 2002  ) . The proton gradient is then used as a source of energy to synthesize ATP from ADP and Pi by 
the ATP synthase complex ( oxidative phosphorylation , OXPHOS), or alternatively to drive other 
energy-linked reactions such as NADH/NADP   +   transhydrogenation and up-hill ion movements across 
the inner membrane. The ATP synthesized is moved to the cytoplasm in exchange with ADP by the 
ATP/ADP translocase. 

 The respiratory chain consists of four major multi-subunit complexes (Lenaz and Genova  2010  )  
designated as NADH-Coenzyme Q (CoQ) reductase (Complex I), Succinate-CoQ reductase (Complex 
II), Ubiquinol-Cytochrome c reductase (Complex III) and Cytochrome c oxidase (Complex IV). The 
respiratory complexes are functionally joined by smaller “mobile” redox components, i.e. Coenzyme 
Q, imbedded in the membrane lipids, and cytochrome c, located on the outer face of the inner mem-
brane. The best fi t unit stoichiometry between complexes in beef heart mitochondria is 1 Complex I : 
1.3 Complex II : 3 Complex III : 6.7 Complex IV (Schägger and Pfeiffer  2001  ) . In addition there are 
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0.5 ATP synthase (also called Complex V) and 3–5 units of the ADP/ATP translocase (catalyzing the 
equimolar exchange of ADP and ATP across the inner membrane) for each cytochrome oxidase, and 
there is one NADH/NADP +  transhydrogenase per Complex I. 

 The inner membrane contains several other proteins having electron transfer activity in smaller 
amounts (Lenaz and Genova  2010  ) ; among these there are electron transfer fl avoproteins capable of 
feeding electrons to the respiratory chain by pathways not involving Complex I and/or NAD, 
i.e.glycerol-3-phosphate dehydrogenase, electron transfer fl avoprotein (ETF)-ubiquinone oxi-
doreductase, dihydroorotate dehydrogenase, choline dehydrogenase, besides alternative NADH dehy-
drogenases in mitochondria from several organisms, especially plants and fungi. 

 The representation of the respiratory chain as a collection of enzymes randomly distributed in the 
lipid bilayer according to the random collision model (Hackenbrock et al.  1986  )  has somewhat 
changed in the recent years after the discovery of respiratory supercomplexes as supramolecular func-
tional respiratory units (see Sect.  5.3.1 ).  

    5.2.2   The Respiratory Chain as a Source of ROS 

 The major sites of superoxide formation in the respiratory chain are within respiratory complexes I 
and III. Further sites, however, may have importance and physiological relevance. It is worth noting 
that mitochondria from different tissues may vary conspicuously in their capacity to produce ROS 
using different substrates (Kwong and Sohal  1998  ) , and this capacity is also related to animal species 
and age. 

 Murphy  (  2009  )  has carefully analyzed the thermodynamics of mitochondrial superoxide produc-
tion. The standard reduction potential for the transfer of an electron to O 

2
  to form O  

2
  •−   is −160 mV at 

pH 7, for a standard state of 1 M O 
2
 . Tentative estimates for [O  

2
  •−  ] within the mitochondrial matrix are 

in the range 10–200 pM. By combining these with a plausible intramitochondrial [O 
2
 ] of 25  m M, one 

can calculate  E  
h
  in the range 150–230 mV for the reduction of O 

2
  to O  

2
  •−  . Even for a low [O 

2
 ] of 1  m M 

and a high [O  
2
  •−  ] of 200 pM, the  E  

h
  value obtained is 68 mV. 

 Therefore,  in vivo , the one-electron reduction of O 
2
  to O  

2
  •−   is thermodynamically favoured, even by 

relatively oxidizing redox couples, and a wide range of electron donors within mitochondria could 
potentially carry out this reaction. However, only a small proportion of mitochondrial electron carriers 
with the thermodynamic potential to reduce O 

2
  to O  

2
  •−   do so. 

    5.2.2.1   Complex I 

  Complex I (NADH CoQ reductase)  oxidizes NADH in the mitochondrial matrix and reduces CoQ in 
the lipid bilayer of the inner mitochondrial membrane. The reaction is accompanied by translocation 
of four protons from the matrix to the intermembrane space.

     ( ) ( )+ + + ++ + + → + +2NADH H CoQ 4H in NAD CoQH 4H out
   (5.8)   

 Several prosthetic groups contribute to electron transfer within the enzyme: FMN is the entry point 
for electrons, that are then transferred to a series of iron-sulphur clusters (Ohnishi et al .   1998  ) . 
Enzymes from different sources have different numbers of iron-sulphur clusters, most of which share 
the same midpoint potential. N2, that is of the kind Fe 

4
 S 

4
 , has the highest midpoint potential (E 

m
  

between −150 and −50 mV) and is considered to be the direct electron donor to ubiquinone. N2 iron-
sulphur cluster is most likely located in the connection between the peripheral and the membrane arm. 
The magnetic interaction with the semiquinone radical, corresponding to a distance of about 10 Å 
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(Ohnishi and Salerno  2005  ) , suggests that the ubiquinone headgroup could somehow reach up into the 
peripheral arm as assumed by Brandt et al .   (  2003  ) , who have hypothesized an amphipathic ‘ramp’ 
guiding ubiquinone into the catalytic site. Recently the arrangement of iron-sulphur clusters in the 
hydrophilic domain of Complex I from  T. thermophilus  has been determined by x-ray crystallography, 
showing a linear chain of all clusters except N1a and N7 (Hinchliffe and Sazanov  2005  ) . 

 Early experiments proved the involvement of Complex I in ROS production (Takeshige and 
Minakami  1979  ) ; addition of NADH at low concentration led to copious ROS production detected by 
lipid peroxidation; addition of NADH at high concentration, but in presence of the Complex I inhibi-
tor, rotenone, also induced peroxidation. Water-soluble CoQ homologues used as electron acceptors 
from isolated Complex I stimulated H 

2
 O 

2
  production whereas CoQ 

6
  and CoQ 

10
  were inactive (Cadenas 

et al .   1977  ) . More recent studies confi rmed that Complex I is a major source of superoxide production 
in several types of mitochondria. The superoxide production by Complex I is higher during the reverse 
electron transport from succinate to NAD +  (Korshunov et al .   1997 ; Turrens  2003 ; Jezek and Hlavata 
 2005  ) , whereas during the forward electron transport it is much lower. Reverse electron transfer-
supported ROS production requires high membrane potential and is inhibited by uncouplers and by 
processes dissipating membrane potential (Kushnareva et al .   2002 ; Starkov and Fiskum  2003  )  . 
Rotenone enhances ROS formation during forward electron transfer (Herrero and Barja  2000 ; Genova 
et al .   2001  )  and inhibits it during reverse electron transfer (Lambert and Brand  2004 ; Ohnishi et al .  
 2005 ; Vinogradov and Grivennikova  2005  )  . 

 The identifi cation of the oxygen reducing site has been the subject of extensive investigation, and 
several prosthetic groups in the enzyme have been suggested to be the direct reductants of oxygen. 
These include FMN, ubisemiquinone, and iron sulphur cluster N2 (Lenaz et al .   2006a ; Fato et al. 
 2009  ) . In isolated Complex I, fully reduced FMN is considered the major electron donor to oxygen to 
form superoxide anion (Galkin and Brandt  2005 ; Kussmaul and Hirst  2006 ; Esterházy et al.  2008  ) . In 
mitochondrial membranes, however, the identifi cation of fl avin as the site of oxygen reduction is 
incompatible with the fi nding that two classes of inhibitors both acting downstream of the iron sulphur 
clusters in the enzyme have opposite effects, in that rotenone enhances superoxide production whereas 
stigmatellin inhibits it (Fato et al.  2009  ) . Hirst et al.  (  2008  )  admit the possible presence of two oxy-
gen-reacting sites at the two ends of the cofactor chain, ascribing the distal one to ROS generation 
during reverse electron transfer. A possible explanation is that two sites for oxygen reduction exist in 
the complex, represented by fl avin and an iron-sulphur cluster; the latter site would be predominant in 
membrane particles whereas the former might be available after Complex I isolation. 

 The electron donor to the fi rst molecule of bound ubiquinone in the Complex is most probably FeS 
cluster N2 (Ohnishi et al .   1998  ) . It is likely that this centre is also the electron donor to oxygen both 
directly and via one-electron reduction of several exogenous quinones (Fig.  5.1 ). Studies in CoQ-
depleted and reconstituted mitochondria indicated that endogenous CoQ is not required for superox-
ide generation (Genova et al .   2001  ) . It is worth noting that reconstituted mitochondria, containing a 
large excess of CoQ 

10
 , produce the same amount of superoxide as CoQ-depleted mitochondria, indi-

cating that endogenous CoQ 
10

  is not a source of ROS.  
 EPR studies (Fato et al.  2009  )  show that in presence of NADH in bovine heart submitochondrial 

particles rotenone but not stigmatellin quenches the semiquinone radical signal; on the other hand, N2 
is kept reduced in presence of rotenone but is oxidized in presence of stigmatellin (unpublished data 
from our laboratory); overall the results are compatible with the scheme in Fig.  5.1 , showing that N2 
is the direct electron donor to oxygen in submitochondrial particles. 

 The superoxide production by Complex I is maximal during reverse electron transfer, however the 
site of oxygen reduction in this instance is even less well defi ned (Murphy  2009  ) . 

 Ohnishi et al.  (  2010  )  presented a new hypothesis that the generation of superoxide refl ects a 
dynamic balance between the fl avosemiquinone (semifl avin or SF) and the CoQ semiquinone (SQ). 
In a purifi ed preparation of Complex I, during catalytic electron transfer from NADH to decyl ubiqui-
none, the superoxide generation site was mostly shifted to the SQ. A quinone-pocket binding inhibitor 
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(rotenone or piericidin A) inhibits the catalytic formation of the SQ, and it enhances the formation of 
SF and increases the overall superoxide generation. This suggests that if electron transfer was inhib-
ited under pathological conditions, superoxide generation from the SF would be increased. The iden-
tifi cation of SQ rather than N2 as the electron donor to oxygen is however in contrast with the fi ndings 
reported in the previous section showing that when SQ reduction to QH 

2
  is blocked by stigmatellin no 

superoxide is produced (Fato et al.  2009  ) . Moreover studies in CoQ-depleted and reconstituted mito-
chondria indicated that endogenous CoQ is not required for superoxide generation (Genova et al. 
 2001  ) . It is worth noting that reconstituted mitochondria, containing a large excess of CoQ 

10
 , produce 

the same amount of superoxide as CoQ-depleted mitochondria, indicating that endogenous CoQ 
10

  is 
not a source of ROS.  

    5.2.2.2   Complex III 

  Complex III (ubiquinol cytochrome c reductase)  represents a confl uence point for reducing equiva-
lents from various dehydrogenases: it catalyzes the transfer of electrons from ubiquinol in the lipid 
membrane (CoQH 

2
 ) to water-soluble cytochrome c on the outer surface of the inner membrane, and 

concomitantly links this redox reaction to translocation of protons across the membrane, converting 
the energy associated with electron fl ow into an electrochemical proton gradient.

     ( ) ( )+ + + ++ + → + +3 2
2CoQH 2cyt. c Fe 2H in CoQ 2cyt. c Fe 4H out

   (5.9)   

 The formation of superoxide in Complex III depends on the peculiar mechanism of electron trans-
fer, the so-called Q-cycle (Crofts  2004  )  (Fig.  5.2 ). In the Q-cycle, QH 

2
  delivers the fi rst electron at the 

outer positive site (thus called site o or P) of the inner membrane to the Rieske iron-sulphur protein 
and hence to cytochromes c 

1
  and c; the result is release of two H +  in the inter-membrane space and 

formation of an unstable semiquinone anion Q° −  at the Qo site, which is immediately oxidized to Q 
by the low-potential cytochrome b 

566
  (or b 

L
 ) at the cytosolic side; the electron is then delivered to the 

high-potential cytochrome b 
562

  (or b 
H
 ) at the internal negative side (thus called site i or N); b 

H
  is then 

  Fig. 5.1     Proposed two step mechanism for electron transfer from NADH to quinone in Complex I.  Complex I is formed 
by the apposition of three different modules: a dehydrogenase domain where NADH is oxidized, containing FMN and 
iron-sulphur clusters N1a, N1b, N3, N4, and N5; a hydrogenase domain where CoQ is reduced, containing FeS clusters 
N6a, N6b and N2; and a transporter domain containing no prosthetic groups and involved in proton translocation. The 
 empty circles  represent the linear disposition of prosthetic groups according to Hinchliffe and Sazanov  (  2005  )  (in the 
order after FMN the FeS clusters N3, N1b, N4, N5, N6a, N6b, N2; centre N1a is represented in the vicinity of FMN but 
not in the main pathway). Superoxide formation presumably occurs at both FMN and N2 (see Fato et al.  2009  )  and is 
released in the mitochondrial matrix. ( a ) Two-step path of electron transfer in absence of inhibitors; ( b ) in presence of 
Class A inhibitors; ( c ) in presence of Class B inhibitors       
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reoxidized by CoQ at site i (Q 
i
 ) forming another semiquinone. The cycle is completed by oxidation of 

a second molecule of QH 
2
 .  

 Since the electron transfer from cytochrome b 
L
  to b 

H
  occurs against the electrical gradient (from the 

positive to the negative side), it is strongly retarded when the electrochemical potential is high, as in 
the controlled state ( State 4 ); this retardation prolongs the lifetime of Qo and allows reaction of the 
semiquinone with O 

2
  forming superoxide (Jezek and Hlavata  2005  ) . 

 Antimycin A (AA), an inhibitor acting at the Qi site, is known not to completely inhibit electron 
fl ow from ubiquinol to cytochrome  c : the AA-insensitive reduction of cytochrome  c  is mediated by 
superoxide radicals. According to the Q-cycle, AA blocks ubiquinone reduction by cytochrome b 

H
  at 

center  i , at the inner or negative side of the membrane. The antimycin-stimulated production of ROS 
is inhibited by the inhibitors acting at center  o  (at the outer or positive side) where ubiquinol reduces 
both the Rieske iron-sulfur cluster and cytochrome b 

L
 . Thus, we may locate the site of one-electron 

  Fig. 5.2     The Q-cycle in Complex III.  ( a ) Ubiquinol (QH 
2
 ) delivers the fi rst electron at the outer positive site (called site 

o or P) of the inner membrane to the Rieske iron-sulphur protein and hence to cytochromes c 
1
  and c; the result is release 

of two protons in the inter-membrane space and formation of an unstable semiquinone anion (Q· − ) at the Qo site, which 
is immediately oxidised to ubiquinone (Q) by the low-potential cytochrome b 

566
  (b 

L
 ). The electron is then delivered to 

the high-potential cytochrome b 
562

  (b 
H
 ) at the internal negative site (site i or N) then b 

H
  is reoxidized by Q at the Qi site, 

forming another semiquinone. ( b ) The cycle is completed by oxidation of a second molecule of QH 
2
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reduction of oxygen in presence of antimycin at a component located at center  o , presumably 
ubisemiquinone (Casteilla et al .   2001  ) . 

 Myxothiazol was found to enhance ROS production using different respiratory substrates in 
absence of antimycin, and the effect was reversed by stigmatellin (Starkov and Fiskum  2001  ) . Muller 
et al .   (  2003  )  found that  proximal  Qo site inhibitors, acting close to the b 

566
  niche, induce superoxide 

formation in yeast submitochondrial particles supplemented with decyl-ubiquinol; the effect is not 
modifi ed by antimycin, showing that the source of radicals is not at the Qi site. Muller et al .   (  2003  )  
suggested that oxidation of ubiquinol at center  o  is biphasic, with delivery of the fi rst electron to the 
Rieske iron sulfur cluster, leaving a semiquinone that in absence of further oxidation by cytochrome 
b 

L
  would interact with oxygen forming superoxide. 
 Ubisemiquinone is relatively stable only when protein-bound, therefore the Coenzyme Q (CoQ) 

pool in the lipid bilayer should be no source of ROS. Exogenously administered CoQ has not been 
found to exert pro-oxidant effects  in vivo : thus, the pro-oxidant species deriving from its antioxidant 
action (Nohl et al .   1998  )  would not seem to be operative in  in vivo  supplementation.  

    5.2.2.3   Complex II 

 The enzyme is also a component of the Krebs cycle ( succinate dehydrogenase ) and catalyzes the 
reduction of CoQ by succinate, without formation of a proton gradient.

     + → + 2Succinate CoQ Fumarate CoQH    (5.10)   

 Mammalian Complex II is part of a class of ubiquinone-reducing enzymes containing a single  b  
heme and anchored to the inner mitochondrial membrane by two hydrophobic subunits, SdhC 
(14.2 kDa) and SdhD (12.8 kDa). The soluble domain of Complex II consists of a fl avoprotein subunit 
containing covalently linked FAD and an iron-sulphur protein subunit, both located on the matrix side 
of the membrane (Cecchini  2003  ) . 

 The indirect evidence that often ROS production is higher when electrons are channeled through 
Complex II than through Complex I, while in both cases reaching Complex III, is in line with the idea 
that Complex II may be a source of ROS (McLennan and Degli Esposti  2000  ) . 

 Ishii et al.  (  1998  ) , in a study on  C. elegans , produced evidence that a mutation in succinate dehy-
drogenase cytochrome  b  induces oxidative stress and aging. In  E. coli , the reverse reaction, fumarate 
reductase (QFR), active under anaerobic conditions, is structurally analogous to Complex II (succi-
nate-CoQ reductase, SQR), active under aerobic conditions; in contrast with Complex II, however,  
E. coli  QFR has no  b  heme. Signifi cantly,  E. coli  QFR is a potent source of H 

2
 O 

2
  whereas SQR is not 

(Messner and Imlay  2002  ) . The source of electrons to oxygen is fully reduced FAD. The difference 
between SQR and QFR has been ascribed to the electron-attracting capacity of cytochrome  b , due to 
its high redox potential (Yankovskaya et al.  2003  ) : thus, in the absence of cytochrome  b , the electrons 
would be held preferentially on the fl avin, favouring leak to oxygen. 

 Direct demonstration of ROS production by Complex II was obtained by Zhang et al .   (  1998  ) : in 
purifi ed succinate-CoQ reductase, auto-oxidation of fl avin was the source of the superoxide; reconsti-
tution with the bc1 Complex to yield an active succinate cytochrome  c  reductase inhibited superoxide 
formation.  

    5.2.2.4   Glycerol-3-Phosphate Dehydrogenase 

 The enzyme catalyzes the oxidation of glycerol-3-phosphate by CoQ:

     2Glycerol 3 P CoQ Dihydroxy acetone P CoQH− − + → − +    (5.11)   
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 The mitochondrial enzyme (mtGPDH) is a very hydrophobic protein of the inner membrane; its 
catalytic centre is accessible from the outer surface of the inner membrane (Donnellan et al.  1970 ; 
Klingenberg  1970  ) . 

 Besides containing FAD as prosthetic group, the presence of an iron-sulphur cluster has been sug-
gested (Wells et al.  2001  ) , however the putative centre has not been characterized. 

 A high rate of ROS production was detected in insect fl ight muscle mitochondria (Bolter and 
Chefurka  1990  )  and in brown adipose tissue mitochondria (Sekhar et al .   1987  )  when glycerol-3-
phosphate was used as the respiratory substrate. This suggested that mitochondrial glycerophosphate 
dehydrogenase could be the source of ROS. Drahota et al .  (  2002  )  demonstrated that mtGPDH in pres-
ence of antimycin is a powerful source of hydrogen peroxide, that was strongly stimulated by addition 
of the one-electron acceptor ferricyanide. The ferricyanide-induced H 

2
 O 

2
  production is a specifi c 

feature of mtGPDH: it is completely inhibited by mtGPDH inhibitors, and is negligible using NADH 
or succinate as substrates: it is reasonable that ferricyanide takes up one electron and the other is used 
to reduce oxygen. the observation that CoQ homologues and the hydroxyl-analog idebenone decrease 
superoxide formation by the enzyme in presence of ferricyanide (Drahota et al.  2002 ; Rauchová et al. 
 2006  )  suggests a very specifi c mechanism of interaction of CoQ with this enzyme, since this effect is 
not shared by either Complex I or Complex II. 

 In a study on  Drosophila  mitochondria (Miwa et al .   2003  )  ROS production by mtGPDH and the 
relative contributions of Complex I by reverse electron transfer, of centre o of Complex III, and of 
mtGPDH were assessed by use of specifi c inhibitors, demonstrating that mtGPDH was the major 
source of superoxide.  

    5.2.2.5   Dihydroorotate Dehydrogenase 

 Dihydroorotate dehydrogenase (DHODase, EC. 1.3.3.1) is an iron-containing 43-kDa fl avoprotein 
(FMN) that catalyzes the oxidation of dihydroorotate to orotate, the fourth step in  de novo  pyrimidine 
biosyntesis (Evans and Guy  2004  ) :

     + → + 2Dihydroorotate CoQ Orotate CoQH    (5.12)   

 The mammalian DHODase and that isolated from  Neurospora crassa  (class 2 enzymes) are inte-
gral membrane proteins localized in the inner mitochondrial membrane with the active site facing the 
inter-membrane space. 

 The enzyme was found to be involved in the production of superoxide in liver mitochondria 
(Forman and Kennedy  1975  )  and in malarial parasite cells (Krungkrai  1991  ) . It is worth noting that 
the major domain of the enzyme, carrying the carboxyl terminal, protrudes in the inter-membrane 
space, so that it is likely that superoxide is released in this space similarly to glycerol-3-phosphate 
dehydrogenase.  

    5.2.2.6   ETF and ETF Dehydrogenase 

 ETF is a small fl avoprotein that accepts electrons from a variety of dehydrogenases (Beckmann and 
Frerman  1985  ) , including those involved in fatty acid oxidation, in amino acid oxidation, and in cho-
line catabolism (dimethylglycine dehydrogenase and sarcosine dehydrogenase), and is oxidized by 
ubiquinone by a reaction catalyzed by ETF-ubiquinone oxidoreductase (EC 1.5.5.1), a globular pro-
tein located on the matrix surface of the inner mitochondrial membrane.

     ( ) ( )+ → +2 2ETF FADH CoQ ETF FAD CoQH
   (5.13)   
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 Crystal structures of the enzyme (Zhang et al.  2006  )  indicate that the molecule forms a single 
structural domain where three closely packed functional regions bind FAD, the 4Fe4S cluster and 
ubiquinone. 

 It was observed that the oxidation of palmitoyl carnitine by mitochondria leads to production of 
H 

2
 O 

2
  (Boveris et al .   1972  ) . More recently St-Pierre et al.  (  2002  )  in a study on the topology of ROS 

production by the respiratory chain observed a copious production of H 
2
 O 

2
  by rat muscle and heart, 

but not liver, mitochondria when oxidizing palmitoyl carnitine; since the rate was only slightly 
enhanced by exogenous SOD, it was suggested that superoxide production occurred at the matrix 
side, therefore it was generated by a site different from centre o of Complex III. The authors consid-
ered likely that the fl avoproteins ETF and ETF dehydrogenase, involved in fatty acid oxidation, were 
the sites for generation of superoxide. In a recent paper using skeletal muscle mitochondria, Seifert 
et al.  (  2010  )  found that even a low supply of long chain fatty acids is associated with ROS formation 
in excess of that generated by NADH-linked substrates. Moreover, ROS production was evident across 
the physiologic range of membrane potential and was relatively insensitive to membrane potential 
changes. Determinations of topology and membrane potential as well as use of inhibitors revealed 
complex III, ETF, and ETF dehydrogenase as the likely sites of ROS production.   

    5.2.3   Modulation of ROS Production from the Respiratory Chain 

 Most of superoxide is generated at the matrix side of the inner membrane, as appears from the obser-
vation that superoxide is detected in submitochondrial particles (SMP) which are inside-out with 
respect to mitochondria. A study with suitable spin traps, however, demonstrated the formation of 
superoxide radical in mitoplasts (Han et al.  2001 ) indicating that a signifi cant aliquot of this species 
is released at the outer face of the inner membrane (St-Pierre et al.  2002 ). It is likely that Complex I 
releases ROS in the matrix while Complex III in the intermembrane space. The superoxide anion 
released at the intermembrane space may be exported to the cytoplasm through an anion channel 
related to VDAC (Han et al.  2003 ). 

 Although the fi rst product of oxygen reduction by the respiratory chain is superoxide, this radical 
has a short life and is rapidly converted into hydrogen peroxide by mitochondrial SOD or can attack 
other molecules, such as lipids, before being able to escape the mitochondrion. Although hydrogen 
peroxide is also removed by glutathione peroxidase, it is much more stable than superoxide, so that 
some molecules can escape the organelle and be detected outside. 

 Are free radicals produced by mitochondria physiologically released to the cytosol? Staniek and 
Nohl  (  2000  )  applied a non-invasive detecting system for hydrogen peroxide and found that isolated 
intact rat heart mitochondria do not produce detectable H 

2
 O 

2
 , unless when using succinate in presence 

of antimycin. Korshunov et al .   (  1997  )  also found no hydrogen peroxide formation by intact rat heart 
mitochondria, unless pretreated in such a way to deplete them of endogenous antioxidants. It may be 
inferred that under normal conditions ROS are not exported out of mitochondria. There is however 
overwhelming evidence that ROS production detected in different cells under pathological conditions 
has a mitochondrial origin. 

 It is not easy to demonstrate that ROS detected in cells are produced by mitochondria; the effect of 
respiratory inhibitors appears to be the best way to discriminate between mitochondrial and non-
mitochondrial ROS. However, the effect of inhibitors is ambiguous. Although antimycin is usually 
found to stimulate ROS production (Boveris et al .   1972  )  in intact cells, as it does in mitochondria, the 
effect of rotenone is contradictory (Lenaz  2001  ) . Some studies showed that rotenone enhances ROS 
production in intact cells whereas others showed inhibition of cellular ROS production by the same 
inhibitor. Since rotenone decreases ROS production by Complex III while enhancing ROS production 
by Complex I, the relative contribution of the two Complexes to ROS production may vary in different 
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cells. Since ROS production by reverse fl ux of electrons is decreased by rotenone (Kushnareva et al .  
 2002  ) , another critical point is represented by membrane potential and the contribution of reverse 
electron transfer in Complex I. 

 Mitochondrial ROS production is enhanced in State 4 and when the rate of electron transfer is 
lowered (Skulachev  1996  ) . The rationale is in a more reduced state of the respiratory carriers capable 
of donating electrons to oxygen. To this purpose, uncoupling and release of excessive membrane 
proton potential may protect mitochondria from damage due to excessive free radical production. In 
rat hepatocytes the futile cycle of proton pumping and proton leak may be responsible for 20–25% of 
respiration (Brand  2000  ) ; in perfused rat muscle the value is even greater. Uncoupling may be obtained 
by activating proton leak through  uncoupling proteins  (Casteilla et al .   2001  ) . In such way a tissue may 
dissipate a conspicuous part of the energy conserved by its mitochondria, however in such a way it 
keeps the mitochondrial respiratory chain under more oxidized conditions preventing the formation of 
damaging free radicals. 

 The ROS production by the respiratory chain complexes may be under physiological control; this is 
particularly evident for Complex I. Events leading to decrease of the rate of electron fl ow in the Complex 
also lead to overproduction of ROS; physiological states, such as cAMP-dependent subunit phosphory-
lation, that enhances Complex I activity, may modify its ROS generating capacity (Raha et al .   2002 ; Maj 
et al .   2004 ; Scacco et al .   2006  ) . It is therefore tempting to speculate that endocrine alterations may affect 
the capacity of ROS formation by hyper- or hypo-phosphorylation of the Complex. 

 There is increasing evidence that pathological states in which Complex I activity is impaired also 
lead to ROS overproduction (Fato et al .   2008,   2009  ) ; in cell lines from patients with Complex I defi -
ciency an inverse relationship was found between superoxide production and residual enzyme activity 
(Verkaart et al .   2007  ) . 

 Mitochondrial respiration is ordinarily accompanied by low-level ROS production, but they can 
respond to elevated ROS concentrations by increasing their own ROS production, a phenomenon 
termed ROS-induced ROS release (RIRR) (Zorov et al.  2000,   2006 ; Brady et al.  2006  ) . Two modes of 
RIRR have been described. In the fi rst mode of RIRR, enhanced ROS leads to mitochondrial depolar-
ization via activation of the permeability transition pore MPTP, yielding a short-lived burst of ROS 
originating from the mitochondrial electron transport chain (ETC). The second mode of RIRR is 
MPTP independent but is regulated by the mitochondrial benzodiazepine receptor (mBzR). Increased 
ROS in the mitochondrion triggers opening of the inner mitochondrial membrane anion channel 
resulting in a brief increase in ETC-derived ROS. Both modes of RIRR have been shown to transmit 
localized mitochondrial perturbations throughout the cardiac cell in the form of oscillations or waves 
but are kinetically distinct and may involve different ROS that serve as second messengers.  

    5.2.4   Other Mitochondrial Systems 

    5.2.4.1   p66 Shc  

 Recently, an additional source of ROS in mitochondria (directly in the form of hydrogen peroxide) 
was demonstrated in the p66 Shc  protein (Migliaccio et al .   2006  ) ; p66 Shc  is a splice variant of p46 Shc /
p52 Shc , two cytoplasmic proteins involved in signal transduction from tyrosine kinases to Ras; p66 Shc  
has the same modular structure of the former proteins but contains a unique N-terminal region and 
is not involved in Ras regulation. Its function has been recently discovered to be in the regulation of 
ROS metabolism and apoptosis (Migliaccio et al .   1999  ) . P66 Shc−/−  cells are resistant to apoptosis 
induced by a variety of different signals (Migliaccio et al .   1999  ) ; expression of the protein is required 
for mitochondrial depolarization and release of cytochrome c after a variety of pro-apoptotic signals 
(Trinei et al .   2002  ) . P66 Shc  deletion in mice decreases the incidence of ageing-associated diseases 
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(Napoli et al .   2003 ; Menini et al .   2006 ; Rota et al .   2006  )  and prolongs lifespan of animals (Migliaccio 
et al .   1999  ) . 

 Pathways leading to increase of p66 Shc  expression in oxidative stress involve p53 (Trinei et al .   2002  )  
and PKC- b  isoform (Pinton et al .   2007  ) ; moreover p66 Shc  expression and phosphorylation is involved 
in stabilization of the hypoxia-inducible factor HIF1 a  (Bianchi et al .   2006 ; Carraro et al .   2007  ) . 

 A fraction of p66 Shc  has a mitochondrial localization in the intermembrane space, where it is bound 
in an inactive form in a high molecular weight complex including the TIM/TOM protein import sys-
tem (Giorgio et al .   2005  ) ; pro-apoptotic signals dissociate the protein from the complex and activate 
it to a form inducing the permeability transition by opening a high conductance channel in the inner 
membrane,  the permeability transition pore  (Bernardi et al .   2001  )  involved in the events leading to 
apoptosis. This effect is due to the intrinsic property of p66 Shc  to act as a redox protein accepting elec-
trons from cytochrome c and directly producing hydrogen peroxide (Giorgio et al .   2005  ) . Stress sig-
nals, such as UV radiation or ROS themselves, activate p66 Shc , which was proposed to stimulate its 
H 

2
 O 

2
  forming activity, ultimately triggering mitochondrial disintegration (Gertz et al.  2009  ) . 

 Since the reaction equilibrium of cytochrome c oxidation by p66 Shc  is low (K 
eq

  = 0.1), the reaction 
is thermodynamically favoured when the level of cytochrome c reduction is high (Giorgio et al .   2005  ) . 
This means that H 

2
 O 

2
  production by this mechanism should be enhanced when cytochrome c oxidase 

(the enzyme catalyzing cytochrome c reoxidation by oxygen) is inhibited. The K 
m
  of cytochrome 

oxidase for oxygen is very low (<1  m M), thus allowing its activity even at low oxygen tensions; how-
ever low oxygen tensions promote the activation of hypoxia-inducible factor (HIF) by a still contro-
versial mechanism (Taylor  2008  )  that triggers a series of metabolic changes among which is alteration 
of cytochrome oxidase subunits and activity. The activation of the p66 Shc  pathway may in part explain 
the paradoxical enhancement of ROS production during hypoxia (Guzy and Schumacker  2006  ) . 

 Another factor leading to decrease of cytochrome oxidase activity is nitric oxide NO• that inhibits 
the enzyme competitively with oxygen (Sarti et al .   2000  ) , thus elevating the K 

m
 . The NO• inhibition 

may not be relevant at normal oxygen tensions (ca. 30  m M) but may become important when the oxy-
gen tension is lowered as during ischemia. 

 The role of p66 Shc  in ROS production does not appear to be restricted to mitochondria: in fact p66 Shc  
defi ciency in knock-out mice causes a defect in activation of the PHOX complex of the plasma mem-
brane NADPH oxidase, that results in decreased superoxide production (Tomilov et al.  2010  ) .  

    5.2.4.2   Dihydrolipoamide Dehydrogenase 

  Dihydrolipoamide dehydrogenase  (DLD) is a fl avoprotein subunit of the  a -ketoglutarate dehydroge-
nase and pyruvate dehydrogenase complexes situated in the mitochondrial matrix, catalyzing the 
reoxidation of protein bound lipoate (lipoamide) by NAD + .

     ( ) ( )2
Lipoamide SH NAD Lipoamide S-S NADH H+ ++ → + +

  
 (5.14)   

 This subunit of  a -ketoglutarate dehydrogenase has been shown to be a source of superoxide by 
electron leak from the fl avin (Starkov et al .   2004 ; Tretter and Adam-Vizi  2004  )  under State 4 condi-
tions when the enzyme is more reduced; the contribution of the pyruvate dehydrogenase analogous 
subunit to superoxide formation was found 50% of that by  a -ketoglutarate dehydrogenase. In  S. cer-
evisiae  under conditions of NAD depletion or at high NADH/NAD +  ratios the contribution of  a -keto-
glutarate dehydrogenase to ROS formation was higher than that of the respiratory chain (Tahara et al .  
 2007  )  as demonstrated by strong ROS formation by adding  a -ketoglutarate or pyruvate, but not 
malate, to wild type permeabilized mitochondria, and by prevention of oxidative stress in deletion 
mutants of the DLD gene; the oxidative stress was also prevented by calorie restriction, which is 
known to keep the NADH/NAD +  ratio low (Lin et al .   2004  ) . 
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 The production of H 
2
 O 

2
  by coupled bovine heart mitochondria is strongly stimulated by ammonium 

ion (Grivennikova et al.  2010  ) ; the ammonium-stimulated activity has been identifi ed as dihydrolipo-
amide dehydrogenase (Kareyeva et al.  2011  ) .  

    5.2.4.3   Monoamine Oxidase 

  Amine oxidases  are a class of enzymes catalyzing the oxidation of amines by O 
2
  forming the respective 

aldehydes and H 
2
 O 

2
 ; they are subdivided into FAD-dependent oxidases (monoamine oxidases, 

polyamine oxidases) and copper and topaquinone-dependent oxidases (Strolin Benedetti et al .   2007  ) . 
Amine oxidases are involved in the oxidation of endogenous amines, such as dopamine, serotonin etc., 
but also of xenobiotic amines, such as tyramine and several drugs (Strolin Benedetti et al .   2006  ) .

     2 2 2 2 2R-CH NH O R-CH NH H O+ → = +    (5.15a)  

     2 3R-CH NH H O R-CHO NH= + → +    (5.15b)   

  Monoamine oxidase  (MAO) exists in two isoforms bound to the outer mitochondrial membrane, 
MAO-A and MAO-B; it is a fl avoprotein (Cadenas and Davies  2000  )  (for a review on the molecular 
mechanism see Edmonson et al.  2007  ) . MAO-A has been shown to represent an important source of 
ROS in rat heart (Maurel et al .   2003  ) ; oxidative stress mediated by MAO-A results in cardiomyocyte 
apoptosis and MAO-A inhibition reduces myocardial damage induced by ischemia-reperfusion 
(Bianchi et al .   2005  ) . The increase of MAO-A activity in the heart subjected to ischemia-reperfusion 
has been attributed to increased availability of its substrate serotonin. Use of specifi c MAO inhibitors 
may represent a tool for cardioprotection (Di Lisa et al .   2007  ) .  

    5.2.4.4   Mitochondrial Nitric Oxide Synthase 

  Nitric oxide synthases  (NOS) are a family of enzymes including endothelial (eNOS), neuronal (nNOS) 
and inducible NOS (iNOS); NOS is a cytochrome P450 reductase-like enzyme that catalyzes fl avin-
mediated electron transfer from NADPH to a prosthetic heme group; the enzyme also requires tetra-
hydrobiopterin BH 

4
  to transfer electrons to arginine to release NO• (Bredt  1999  ) . The reaction 

catalyzed by NOS is still little understood; the reaction occurs in two steps with formation of 
N-hydroxyarginine, but the detailed mechanism is uncertain:

     
+ ++ + + → + +2Arginine 2O NADPH H Citrulline NO • NADP    (5.16)   

 NO° is a relatively stable radical with a half-life of 1–10 s (Brown and Borutaite  2004  ) . 
 In the absence of either BH 

4
  or arginine, NOS uncouples,  i.e.  it reacts with oxygen generating O 

2
 • −  

instead of NO• (Pou et al .   1999  ) ; ROS generated by other sources are involved in a feed-forward 
mechanism inactivating BH 

4
  and leading to NOS uncoupling (Alp and Channon  2004  ) . Simultaneous 

formation of NO• and O 
2
 • −  would favour the production of peroxynitrite. 

 Although NOS is mostly a cytoplasmic enzyme, a mitochondrial isoform has been described 
(Ghafourifar and Sen  2007  ) . Kanai et al.  (  2001  )  functionally demonstrated the presence of a NOS 
in cardiac mitochondria. This was accomplished by direct porphyrinic microsensor measurement 
of Ca 2+ -dependent NO production in individual mitochondria isolated from wild-type mouse 
hearts. The similarity of mtNOS to the neuronal isoform was deduced by the absence of NO pro-
duction in the mitochondria of knockout mice for the neuronal, but not the endothelial or induc-
ible, isoforms. Subsequently MtNOS has been identifi ed as the alpha isoform of nNOS, acylated 
at a Thr or Ser residue, and phosphorylated at the C-terminal end (Haynes et al.  2003  ) . mtNOS-I 
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was described to be associated with cytochrome oxidase, as proven by electron microscopic 
immunolocalization and co-immunoprecipitation studies (Persichini et al.  2005  ) . Navarro and 
Boveris  (  2008  )  reviewed the subcellular distribution of nitric oxide synthases (NOS) emphasizing 
on the evidence of a mitochondrial NOS isoform (mtNOS) that exhibits a mean activity of 0.86 ± 
0.09 nmol NO/min x mg protein in 13 mouse and rat organs. Brain mtNOS is the most decreased 
enzymatic activity upon aging; decreased levels of NO are interpreted as the cause of decreased 
mitochondrial biogenesis in aged brain. 

 The existence of mtNOS, however, is still debated (Burtwell and Brookes  2008 ; Lacza et al.  2009  ) . 
A recent study (Venkatakrishnan et al.  2009  )  on ultrapure rat liver mitochondria was designed to 
clarify the existence of the mitochondrial NOS isoform. Linear ion trap-mass spectrometry analyses 
of rat liver mitochondria as well as submitochondrial particles were negative for any peptide from any 
NOS isoform. Also, l-[(14)C]arginine to l-[(14)C]citrulline conversion assays were negative for NOS 
activity. Finally, Western blot analyses of rat liver mitochondria, using NOS (neuronal or endothelial) 
antibodies, were negative for any NOS isoform. In conclusion, and in light of our present limits of 
detection, data from carefully conducted, properly controlled experiments for NOS detection, utiliz-
ing three independent yet complementary methodologies, independently as well as collectively, refute 
the claim that a NOS isoform exists within rat liver mitochondria.   

    5.2.5   Role of Electron Mediators and Redox Cycling in Mitochondria 

 Many physiologically active substances and xenobiotics have electron transfer functionalities, either 
 per se , or more usually in their metabolites; these main groups include quinones (or phenolic precur-
sors), metal complexes (or complexors), aromatic nitro compounds (or reduced derivatives), and con-
jugated imines or iminium species (Kovacic and Cooksy  2005  ) . Many of these compounds generate 
ROS exploiting a mechanism of  redox cycling . 

  In vivo  redox cycling with oxygen can occur in a catalytic fashion giving rise to a futile cycle that 
regenerates the parent compound and releases ROS. Redox cycling has been suggested for several 
drugs, like cocaine, other abused drugs, catecholamines, and several other compounds (Halliwell and 
Gutteridge  1999  ) . Electron transfer with redox cycling occurs through interference with physiological 
electron transfer reactions such as microsomal cytochrome P450, xanthine oxidase, and the mitochon-
drial respiratory chain. 

 The anticancer agent,  adriamycin (doxorubicin),  is endowed with severe cardiotoxicity; the toxic 
effect is distinct from the anticancer mechanism, and involves ROS formation, as also suggested by 
the protective effect of overexpressing antioxidant enzymes in transgenic animals (Sun et al .   2001  ) . 

 Studies in perfused rat hearts showed that adriamycin largely localizes to mitochondria. Thus, 
although the drug can be reduced univalently by a variety of systems as cytochrome P450, xanthine 
oxidase, and mitochondrial Complex I, the oxidative activation in the heart appears to involve mainly 
mitochondria (Berthiaume and Wallace  2007  ) . On the contrary, in the liver cytochrome P450 appears 
to account for a substantial portion of activation (Cribb et al .   2005  ) . The mechanism of redox cycling 
involves initial reduction of the quinone drug to a semiquinone radical by a one-electron transfer, and 
then reaction with oxygen releasong superoxide and regenerating adriamycin. 

 Studies with physiological doses confi rm that adriamycin induces acute ROS generation that occurs 
mainly at the level of Complex I (Salvatorelli et al .   2006  ) . The mechanism of cardiotoxicity, however, 
implies long-term exposure, indicating that acute oxidative stress  per se  is not suffi cient to explain 
cardiac failure; The major mechanisms involved in chronic toxicity also appear to involve mitochon-
dria and are ascribed to secondary damage induced by ROS to Complex I and other mitochondrial 
complexes, with loss of OXPHOS effi ciency, and to oxidative damage to mitochondrial DNA leading 
to permanent loss of the OXPHOS machinery (Berthiaume and Wallace  2007  ) . 
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 The activation pathway followed by carcinogenic polycyclic aromatic hydrocarbons is more 
complex (Luch  2005  ) ; monooxygenation by cytochrome P450 generates trans-dihydrodiols and sub-
sequent formation of dihydrodiol epoxides that form adducts with DNA thus initiating carcinogenesis. 
Alternatively, trans-dihydrodiols may be converted by enzymatic oxidation into cathecols that undergo 
spontaneous auto-oxidation with O 

2
  to the corresponding o-quinones, by two one-electron steps with 

intermediate formation of the semiquinone anion radicals and reduction of O 
2
  to either O 

2
 • −  or H 

2
 O 

2
 ; 

both the semiquinone and the quinone forms can undergo catalytic one-electron redox cycling, being 
reduced by either microsomal cytochrome P450 and cytochrome b 

5
  reductase or mitochondrial 

Complex I (Luch  2005  ) . One-electron reduction and auto-oxidation steps establish futile redox cycles 
in which ROS generation is amplifi ed multiple times (Goetz and Luch  2008  ) . Biotransformation of 
polycyclic hydrocarbons also leads to formation of polynuclear quinones, which also may undergo 
redox cycling with the corresponding quinols. 

 A similar mechanism has been suggested for benzene: initial metabolism occurs in the liver by 
cytochrome P450, with resulting formation, among other compounds, of benzene dihydrodiol which 
is oxidized to cathecol and then to benzoquinone (Shen et al .   1996  )  that undergoes redox cycling with 
ROS production. To this purpose, p-benzoquinone derivatives such as short-chain CoQ homologues 
and analogues undergo redox cycling with oxygen at the level of mitochondrial Complex I (Genova 
et al .   2001  ) ; the mechanism of activation involves a site close to the CoQ physiological reduction site 
but situated upstream of the rotenone block, presumably the iron-sulphur centre N2 (Lenaz et al .  
 2006a  ) . When however the quinones are added in absence of a Complex I inhibitor but in presence of 
a Complex III inhibitor, thus allowing their reduction, they behave as potent antioxidants preventing 
ROS formation (Fato et al .   2008,   2009  ) . 

 Adrenaline may undergo oxidation and cyclisation to adrenochrome in a multi-step process in 
which the main oxidant under physiological conditions is the superoxide anion (Bindoli et al .   1992  ) ; 
on the other hand adrenochrome can be reduced to the corresponding semiquinone by NADPH in liver 
microsomes and by mitochondrial Complex I in bovine heart (Bindoli et al .   1990  ) ; a redox cycle is 
then established in which the semiquinone reacts with O 

2
  producing superoxide and regenerating 

adrenochrome (Genova et al .   2006  ) . 
 Since adrenochrome reduction to the semiquinone is totally insensitive to either rotenone (that acts 

at the level of FeS centre N2) or p-hydroxymercuribenzoate (that inhibits at the start of the iron-sulphur 
chain), the site of electron delivery to adrenochrome is presumably FMN. Similar events may also 
occur with other catecholamines such as dopamine and nor-adrenaline (Fig.  5.3 ). Such a redox cycle 
may have deep implications in the pathogenesis of Parkinson’s disease (PD).  

 The selective loss of dopaminergic neurons in substantia nigra in PD might be due to the high 
content of dopamine itself (Zigmond et al .   2002  ) . The normal enzymatic metabolism of dopamine 
results in the generation of hydrogen peroxide, and the nonenzymatic autoxidation of dopamine 
results in the formation of reactive quinones and semiquinones that react to generate hydrogen perox-
ide, superoxide anions, and hydroxyl radicals. These fi ndings have provided further credence to the 
proposal that DA metabolism results in oxidative stress (Baumgarten and Grozganovic  2000  ) . 

 The possible involvement of oxidative stress as an etiological factor of PD is further supported by 
studies with specifi c neurotoxins that are extremely potent inducers of parkinsonism in humans and 
animals. The best studied of these toxins are 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phe-
nylpyridinium (MPP+), the active metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP), which selectively destroys catecholaminergic neurons. Both toxins have been shown to gen-
erate hydroxyl radicals in the caudate of treated animals (Chiueh et al .   1993  ) . The problem is more 
complex, however, since also administration of rotenone, an inhibitor of mitochondrial complex I 
completely unrelated to dopamine, recapitulated the major pathological features of PD, including 
selective loss of dopaminergic neurons and  a -synuclein-positive inclusions, indicating that the inhibi-
tion of complex I might be suffi cient to trigger PD pathogenesis (Betarbet et al .   2000  ) . 

 Figure  5.4  summarizes the major sites of ROS production in mitochondria.    
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  Fig. 5.4     A schematic drawing of the major sites of ROS generation in mitochondria. I, NADH  ubiquinone oxidoreductase, 
 II, succinate  ubiquinone oxidoreductase,  III, ubiquinol  cytochrome  c  oxidoreductase,  IV  cytochrome oxidase,  NDi and 
NDe  internal and external alternative NAD(P)H dehydrogenases,  AOX  alternative oxidase,   a -GP  glycerol-3-phosphate, 
 ETF  electron transfer fl avoprotein,  DHO  dihydroorotate,  CoQ  Coenzyme Q,  c  cytochrome c.  MAO  monoamine oxidase, 
  a -KGDH   a -ketoglutarate dehydrogenase. See text for details       

  Fig. 5.3     Redox cycling of catecholamines : the example of dopamine is shown in the fi gure. Dopamine is fi rst oxidized 
to dopaminochrome that is reduced by Complex I by one electron transfer to the semiquinone that auto-oxidizes gener-
ating superoxide and perpetuating the cycle       
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    5.3   ROS and the Supramolecular Organization 
of the Respiratory Chain 

    5.3.1   Respiratory Chain Supercomplexes 

 Circumstantial evidence against a random distribution of respiratory complexes came from the early 
investigations reporting isolation of Complex I-Complex III (Hatefi  et al.  1962b  )  and Complex II-Complex 
III units (Yu et al.  1974  ) , indicating that such units may be preferentially associated in the native mem-
brane. The systematic resolution and reconstitution of four respiratory complexes from mitochondria was 
accomplished by Hatefi  et al.  (  1962a  ) , leading Green (Green and Tzagoloff  1966  )  to postulate that the 
overall respiratory activity is the result of both intra-complex electron transfer in solid state between redox 
components having fi xed steric relation and, in addition, of inter-complex electron transfer ensured by 
rapid diffusion of the mobile components acting as co-substrates, i.e. CoQ and cytochrome c (cyt. c). This 
proposal was substantially confi rmed over the following years, leading to the postulation by Hackenbrock 
et al.  (  1986  )  of the Random Diffusion Model of Electron Transfer. The organization of the respiratory 
chain has represented a major research subject in the 1970–1980s, culminating with acceptation of the 
Random Collision Model by the majority of investigators in the fi eld. The model followed the predictions 
of the fl uid mosaic model of membrane structure (Singer and Nicolson  1972  )  in which random distribu-
tion of integral membrane proteins as a two-dimensional oriented solution in the viscous phospholipid 
bilayer allowed high diffusional freedom in the plane of the membrane. 

 Much more recently new evidence of multi-complex units in yeast and mammalian mitochondria was 
obtained introducing Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE). (Cruciat et al.  2000 ; 
Schägger  2001 ; Schägger and Pfeiffer  2001  ) . In particular, BN-PAGE in digitonin-solubilized mito-
chondria of  Saccharomyces cerevisiae , which possesses no Complex I, revealed two bands with appar-
ent masses of ~750 and 1,000 kDa containing the subunits of complexes III and IV. Similar interactions 
of super-complexes were investigated in bovine heart mitochondria: Complex I-III interactions were 
apparent from the presence of about 17% of total Complex I in the form of a I 

1
 III 

2
  super-complex that 

was found further assembled into two major super-complexes ( respirasomes ) comprising different copy 
numbers of Complex IV (I 

1
 III 

2
 IV 

1
  and I 

1
 III 

2
 IV 

2
  contain 54% and 9% of total Complex I, respectively). 

 Only 14–16% of total Complex I was found in free form in the presence of digitonin (Schägger and 
Pfeiffer  2001  ) ; so it seems likely that all Complex I is bound to Complex III in physiological condi-
tions (i.e. in the absence of detergents). Knowing the accurate stoichiometry of oxidative phosphory-
lation complexes according to Schägger and Pfeiffer  (  2001  ) , the average ratio I:II:III:IV:V is 
1.1:1.3:3:6.7:3.5 therefore it is plausible that approximately one-third of total Complex III in bovine 
mitochondria is not bound to monomeric Complex I. The fraction of Complex IV in free form repre-
sents >85% of total cytochrome oxidase of mitochondria. Associations of Complex II with other 
complexes of the OXPHOS system could not be identifi ed under the conditions of BN-PAGE so far. 

 A major I 
1
 III 

2
 IV 

1
  supercomplex was also found in the wild type of the fi lamentous fungus  P. 

anserina , although long-lived mutants defi cient in Complex IV and overexpressing the alternative 
oxidase AOX had a different arrangement including a I 

2
 III 

2
  supercomplex that revealed to be a major 

one by a gentle colourless-native PAGE (Krause et al.  2004,   2006  ) . Interestingly, in those mutants the 
I 

2
 III 

2
  supercomplex would release electrons from Complex I directly to the CoQ pool and Complex 

III would be kinetically inactive; presumably its sole function would be in stabilisation of Complex I 
(Krause et al.  2006  ) . 

 A distinct structure was observed for all supercomplexes that were investigated, supporting the 
idea of highly ordered associations of the respiratory supercomplexes and discarding most doubts on 
artifi cial interactions. Three-dimensional models of the I 

1
 III 

2
  supercomplex isolated from plant 
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(Dudkina et al.  2005 ; Peters et al.  2008  )  and mammalian mitochondria were generated by comparison 
of the 2D projection map of the supercomplex, as revealed by Electron Microscopy analysis (EM) and 
single particle image processing, with known EM and x-ray structures of Complex I and Complex III. 
In  Arabidopsis  (Dudkina et al.  2005  ) , the specifi c orientation observed for the two respiratory-chain 
complexes indicates an interaction within the plane of the membrane whereas the matrix-exposed 
protein domains are in one another’s vicinity but probably do not (strongly) interact. Positions and 
orientations of all the individual complexes were determined more in detail in a bovine supercomplex 
consisting of Complex I, dimeric Complex III and Complex IV (I 

1
 III 

2
 IV 

1
 ); Complex III and IV are 

both associated with the membrane arm of Complex I and in contact with each other and they showed 
that the concave face of Complex IV, which is the dimer interface in the x-ray structure, is the contact 
surface with the rest of the supercomplex (Schäfer et al.  2007  ) . On the basis of the structural informa-
tion gained from the 3D map (Schäfer et al.  2007  ) , the putative mobile electron carrier (ubiquinone or 
cytochrome c) binding site of each complex is facing the corresponding binding site of the succeeding 
complex in the respiratory chain, supporting the notion of a more effi cient electron transfer through 
the supercomplex due to the short diffusion distances of substrates. suggesting a role in substrate 
channelling (Vonck and Schäfer  2009  )  (Fig.  5.5 ).  

 It has been also proposed (Bultema et al.  2009 ; Strauss et al.  2008  )  that the OXPHOS complexes 
may assemble into higher types of organization, forming row-like megacomplexes composed by 
supercomplexes as building blocks, which seem to be important for the morphology of the inner mito-
chondrial membrane. 

 The characterisation of the super-complexes by biochemical functional analysis is still poor despite 
the fact that biochemical characterization is required for ascertaining a functional role of the supramo-
lecular associations. Most evidence available has been obtained by indirect observations of deviations 
from “pool” behaviour of electron transfer and from studies directly aimed to prove substrate chan-
nelling by metabolic fl ux control analysis of electron transfer in mitochondrial membranes (Lenaz 
and Genova  2007 ;     2009a,   b ;  2010  ) , while study of the kinetic properties of isolated supercomplexes 
is still in its infancy. 

  Fig. 5.5     Model of the respiratory chain supercomplex I  
 1 
  III  

 2 
  IV  

 1 
   from B. Taurus.  The X-ray structures of dimeric bovine 

Complex III and monomeric Complex IV were fi ltered to 20 Å. The negative stain electron microscopy map of bovine 
Complex I is displayed underneath. The putative location of the membrane is visualised in the background (Redrawn 
with permission from Schäfer et al.  2007 . Copyright © 2007, American Chemical Society)       
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 The fl ux control coeffi cients of the respiratory complexes (I, II, III, IV) were investigated using 
bovine heart mitochondria and submitochondrial particles devoid of substrate permeability barriers and 
performing titrations with specifi c inhibitors of each complex (Bianchi et al.  2004  ) . Both Complex I 
and III were found to be highly rate-controlling over NADH oxidation (C 

I
  = 1.06, C 

III
  = 0.99), a strong 

kinetic evidence suggesting the existence of functionally relevant association between the two com-
plexes. On the contrary, Complex IV appears to be randomly distributed (C 

IV
  = 0.26), although it is 

possible that if any stable interaction with Complex IV exists in mammalian mitochondria, it escaped 
detection most likely due to a pronounced abundance of molecules in non-assembled form. Moreover, 
Complex II is fully rate-limiting for succinate oxidation (C 

II
  = 0.88, C 

III
  = 0.34, C 

IV
  = 0.20), clearly indi-

cating the absence of substrate channelling toward complexes III and IV (Bianchi et al.  2004  ) . 
 In permeabilized mitochondria from freshly harvested potato tubers, where no activity of the so 

called alternative oxidase, AOX, is present at the level of ubiquinone (Affourtit et al.  2001  ) , inhibitor 
titration experiments indicate that Complex III and IV are involved in the formation of a super-complex 
assembly comprising Complex I (Genova et al.  2008  )  whereas the alternative dehydrogenases, as well 
as the molecules of Complex II, are considered to be independent structures within the inner mito-
chondrial membrane. 

 More recently Acín-Pérez et al.  (  2008  )  in a detailed study on mouse liver mitochondria confi rmed 
the presence of different forms of supercomplexes after solubilization in different detergents and 
BN-PAGE; at difference with previous studies, some supercomplexes also contained Complex II and 
ATP synthase (Complex V). One particular subfraction (band 3) contained all Complexes I, II, III and 
IV and in addition also cytochrome c and CoQ 

9
 . The band was excised from the gel and respiration 

was measured with a Clark electrode, showing full respiratory activity from either NADH or succi-
nate, that was sensitive to the specifi c respiratory inhibitors of all involved complexes. Very interest-
ingly the simultaneous inclusion in the oxygen electrode chamber of the individual respiratory 
complexes did not allow an integrated respiration.  

    5.3.2   Possible Role of Supercomplex Organisation on Limiting 
ROS Formation 

 Although no direct study is available on the effect of supramolecular organisation on ROS production 
by the respiratory chain, indirect circumstantial evidence suggests that supercomplex assembly may 
limit the extent of superoxide generation by the respiratory chain. Zhang et al.  (  1998  )  showed that 
reconstitution of succinate CoQ reductase with the  bc  

1
  Complex to yield an active succinate cyto-

chrome  c  reductase inhibited superoxide formation. Although the relevance of a II-III supercomplex 
 in vivo  is questionable in the light of what discussed in section 5.3.1, the principle that a tighter 
organisation of the respiratory enzymes may hide auto-oxidizable prosthetic groups hindering their 
reaction with oxygen may have a wider application. 

 Similarly it has been discussed in Sect   . 5.2.2.1 that two potential sites for oxygen reduction exist 
in Complex I, represented by FMN and iron-sulphur cluster N2; controversial results from different 
laboratories working either on isolated Complex I (Galkin and Brandt  2005 ; Kussmaul and Hirst 
 2006  )  or on mitochondrial membranes (Lenaz et al.  2006a ; Fato et al.  2008,   2009  )  would generally 
indicate that N2 as a source of ROS would be predominant in membrane particles whereas FMN 
might become available after Complex I isolation. A reasonable hypothesis is that FMN becomes 
exposed to oxygen only when Complex I is dissociated from Complex III. This hypothesis is sup-
ported by direct studies in our laboratory, showing that the ROS production by Complex I is not stimu-
lated any more by rotenone after addition of the chaotropic agent SCN-, suggesting a shift from a 
donor close to the rotenone site to one situated uphill (G. Barbero, E. Maranzana, M.L. Genova and 
G. Lenaz, unpublished). 
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 Although the molecular structure of the individual complexes does not allow to envisage a close 
apposition of the matrix arm of Complex I, where FMN is localised, with either Complex III or IV 
(Dudkina et al.  2005 ; Schäfer et al.  2007 ; Peters et al.  2008  ) , the actual shape of the I 

1
 III 

2
 IV 

1
  super-

complex from bovine heart (Schäfer et al.  2007  )  suggests a slightly different conformation of Complex 
I in the supercomplex with a smaller angle of the matrix arm with the membrane arm showing a higher 
bending towards the membrane (and presumably Complex III), in line with the notion that Complex I 
may undergo important conformational changes (Radermacher et al.  2006  ) . Moreover, the observed 
destabilisation of Complex I in absence of supercomplex (D’Aurelio et al.  2006  )  may render the 
51 kDa subunit containing the FMN more “loose” allowing it to interact with oxygen. The elevated 
ROS production observed in  P. anserina  respiring on AOX, where the major form of Complex I is a 
I 

2
 III 

2
  supercomplex rather than the usual I 

1
 III 

2
  supercomplex (Krause et al.  2006  ) , is in line with this 

reasoning, because it is likely that the Complex I dimer may undergo a less tight interaction than a 
Complex I monomer with the Complex III dimer. 

 On the basis of their studies on rat brain mitochondria oxidizing different substrates, Panov et al. 
 (  2007  )  suggested that supercomplex organization of Complex I within the chain prevents excessive 
superoxide production on oxidation of NAD-linked substrates because the effi cient channelling helps 
maintaining the chain in the oxidized state, whereas on succinate oxidation the backward electron 
fl ow keeps the centers in Complex I more reduced favoring production of superoxide; to this purpose 
it is interesting to note that Complex II is not forming a respirasome. 

 Additional circumstantial evidence on the role of supercomplex organisation may come from 
the observation that high mitochondrial membrane potential elicits ROS generation, while uncou-
pling strongly reduces ROS production (Lenaz  2001 ; Jezek and Hlavata  2005  ) ; although likely 
explanations have been given to these observations, they are compatible with the suggestion by 
Piccoli et al.  (  2006  )  that high membrane potential may dissociate the supercomplexes into the 
individual units. 

 The possibility that loss of supercomplex organisation may induce excessive ROS formation has 
been discussed in previous publications (Lenaz and Genova  2007 ;  2009a,   b ; Dencher et al.  2007  ) , but 
still requires direct investigation.   

    5.4   ROS in Physiology: ROS and Cell Signalling 

 It is clear nowadays that ROS (and RNS) act as second messengers (Dröge  2002 ; Forman et al .  
 2008  )  by interfering with the expression of a number of signal transduction pathways and genes. At 
moderate concentrations ROS play an important role as regulatory mediators in signalling pro-
cesses. Many of the ROS-mediated responses actually protect the cell against oxidative stress and 
re-establish redox homeostasis, but several other responses act on a number of different unrelated 
systems. 

 Because ROS are oxidants, they infl uence the redox state of signalling proteins: to produce a 
redox-dependent modifi cation of an enzyme, enzymatic catalysis is usually required to allow the 
modifi cation to occur under physiological conditions; for the same reason not all ROS are equally 
suitable for signal transduction, for instance the OH° radical is too unspecifi c to undergo catalyzed 
reactions, while O 

2
 • − , H 

2
 O 

2
  and lipid peroxidation derivatives like 4-hydroxy-2-nonenal (HNE) are 

widely used. Depending on their concentration, ROS can have positive responses (cell proliferation) 
or negative responses (cell death). 

 The ROS concentration within cells is largely dependent on the redox state of glutathione 
(GSH/GSSG) and thioredoxin (Trx) that has two critical cysteine residues. GSH reduces H 

2
 O 

2
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enzymatically (glutathione peroxidase Gpx) generating the oxidized form GSSG, but the GSH/
GSSG ratio also depends on disulphide exchange with proteins catalyzed by  protein disulphide 
isomerase  (PDI).

     2 2 22GSH H O GSSG 2H O (Gpx)+ → +    (5.17)  

     Protein-SH GSSG Protein-SSG GSH (PDI)+ → +    (5.18)   

 Also Trx is involved in disposing H 
2
 O 

2
  by Trx peroxidases or  peroxiredoxins  (Prdx):

     2 2 2 2Trx (SH) H O Trx(S-S) 2H O (Prdx)+ → +    (5.19)   

 Proteins may be glutathionylated by ROS by a two-step mechanism:

     2 2 2Protein-S H O Protein-SO H O− −+ → +    (5.20a)  

     Protein-SO GSH Protein-SSG OH− −+ → +    (5.20b)   

 Glutathionylation has been proposed to act as a protective mechanism to prevent overoxidation of 
cysteines in signal transducing proteins. 

 Signalling proteins thus modifi ed include phosphoprotein phosphatases (PTPs), Ras, large 
G-proteins, serine/threonine kinases of the MAPK families, transcription factors as AP-1, NF k B, p53 
and others. The effect of oxidants is different with different proteins: PTPs are inhibited, nuclear tran-
scription factors are activated (Valko et al .   2006  ) . Thus for example activation of ERK1/2, Akt, NF k B 
promote cell survival, whereas activation of c-jun N-terminal kinases (JNK), p38 kinase, p53 would 
lead to cell cycle arrest and apoptosis. During neoplastic transformation certain signalling pathways 
bypass the programs leading to apoptosis and senescence. 

 Benefi cial effects of ROS/RNS (e.g. superoxide radical and nitric oxide) occur at low/moderate 
concentrations and involve physiological roles in cellular responses to noxia, as for example in defence 
against infectious agents, in the function of a number of cellular signalling pathways, and the induc-
tion of a mitogenic response (Valko et al.  2007  ) . Various ROS-mediated actions in fact protect cells 
against ROS-induced oxidative stress and re-establish or maintain “redox balance” termed also “redox 
homeostasis”. A growing body of evidence shows that ROS within cells act as secondary messengers 
in intracellular signalling cascades which induce and maintain the oncogenic phenotype of cancer 
cells, however, ROS can also induce cellular senescence and apoptosis and can therefore function as 
anti-tumourigenic species. 

 In addition ROS appear to activate the hypoxia-inducible factor HIF-1 a  (Kietzmann and Gorlach 
 2005  )  by inhibiting prolyl-4-hydroxylase (that hydroxylates a critical proline directing the factor to 
proteolytic digestion) similarly to what happens in anoxia for lack of O 

2
  required for HIF hydroxyla-

tion. Although some authors believe reactive oxygen species (ROS) to be essential to activate HIF-1 
(Kietzmann and Gorlach  2005  ) , others challenge this idea (Gong and Agani  2005  ) , therefore the role 
of mitochondrial ROS in the regulation of HIF-1 under hypoxia is still controversial (Bell et al.  2008  ) . 
Moreover, the contribution of functional mitochondria to HIF-1 regulation has also been questioned 
by others (Srinivas et al.  2001 ; Vaux et al.  2001 ; Guo et al.  2008  ) . 

 Numerous studies have shown that HNE at physiological concentrations stimulates cell prolif-
eration, differentiation and cytoprotective response through affecting multiple signalling pathways: 
activation of protein kinase C, of the family of MAPK, and of tyrosine kinase receptors, inhibition 
of Ca-ATPases with consequent accumulation of Ca 2+  in the cytoplasm, and others (Forman et al .  
 2008  ) . It is beyond the scope of this chapter to provide a detailed description of the signalling path-
ways modifi ed by ROS (cf e.g. Finkel  (  2006  )  for Ras signalling, also in relation to mitochondria, 
and Nakano et al.  (  2006  )  for the role of ROS in the interplay between nF k B and c-jun N-terminal 
kinase). 
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 A special mention is needed for the role of mitochondria in relation to ROS signalling (Inoue et al. 
 2003 ; Ott et al .   2007  ) . A cross-talk of molecular oxygen, superoxide anion and NO regulates the cir-
culation, energy metabolism and apoptosis, and represents a major defence system against pathogens. 
Given the fact that mitochondrial ROS appear to be only generated at specifi c sites and that particular 
ROS species display a unique chemistry and have specifi c molecular targets, mitochondria-derived 
ROS might constitute local regulatory signals (Forkink et al.  2010  ) . 

 Apoptotic stimuli induce release of protein-bound p66 Shc  (Sect.  5.2.4.1 ) that interacts with cyto-
chrome c generating H 

2
 O 

2
 . A key player of ROS signalling is p53 that is stabilized by DNA damage 

by ROS and activates the apoptotic machinery in mitochondria (Liu et al.  2008  ) : it has been shown 
that ROS act both as an upstream signal for p53 activation and a downstream factor that mediates 
apoptosis; p53 activation by ROS may be either direct or indirect  via  other signalling pathways. 

 A key event in apoptosis is the release of proapoptotic factors, among which cytochrome c, from the 
intermembrane space through permeabilization of the outer membrane. The release mechanisms 
include interactions of B-cell/lymphoma 2 Bcl2 family proteins with a mitochondria-specifi c phospho-
lipid, cardiolipin, to cause permeabilization of the outer mitochondrial membrane. Using oxidative lipi-
domics, Kagan et al.  (  2005  )  showed that cardiolipin is the only phospholipid in mitochondria that 
undergoes early oxidation during apoptosis. The oxidation is catalyzed by a cardiolipin-specifi c peroxi-
dase activity of cardiolipin-bound cytochrome c. During apoptosis, the complex induces accumulation 
of cardiolipin oxidation products that are essential for detachment of cyt c from the mitochondrial 
membrane, induction of permeability transition, and release of proapoptotic factors into the cytosol. 

 These results provide insight into the role of reactive oxygen species in triggering the cell-death 
pathway and describe an early role for cytochrome c before caspase activation, and set the basis for 
the molecular design of specifi c inhibitors (Borisenko et al.  2008  ) . 

 Direct action of mitochondrial ROS within mitochondria on the apoptotic cascade can be effected 
through opening of the  permeability transition pore , a large channel of the inner membrane activated 
by various stimuli and involved in outer membrane permeabilization and release of apoptotic factors, 
such as cytochrome c, from the intermembrane space (Rasola and Bernardi  2007  ) ; the pore is acti-
vated by ROS presumably via redox-sensitive cysteines (Fruehauf and Meyskens  2007  ) . The role of 
oxidative stress in apoptosis is out of the scope of this chapter; for important references see Ott et al. 
 (  2007  ) , Ryter et al .   (  2007  ) . Zorov et al.  (  2005  )  postulate the presence of intracellular oxygen and ROS 
sensors and the possible involvement of ROS in the process of fragmentation of mitochondrial reticu-
lum made of long mitochondrial fi laments serving in the cell as “electric cables”. 

 Finally mitochondrial damage induced by ROS or other agents and resulting in decreased mem-
brane potential may induce a retrograde response to the nucleus to activate nuclear genes involved in 
compensatory mitochondrial biogenesis via a decreased mitochondrial Ca 2+  uptake and concomitant 
rise in the cytosol (Butow and Avadhani  2004  ) .  

    5.5   Antioxidant Defences 

 ROS production and ROS-mediated damage are counteracted in cells by different mechanisms 
(Zimniak  2008  ) , that will be described here only in general terms. 

 First, cells have devised mechanisms capable of repairing damage once occurred: the best known 
example is represented by  DNA repair  that removes oxidative and other lesions from chromosomal and 
mitochondrial DNA and restores the original strands (Hazra et al .   2007  ) ; the mtDNA-repairing systems 
are usually considered less effi cient than those operating in the nucleus (de Souza-Pinto et al .   2008  ) . 

 Damaged molecules, in particular proteins, are recognized by degrading systems; oxidatively mod-
ifi ed proteins are extensively ubiquitinated and directed to the  proteasome  where their complete diges-
tion takes place (Grune et al .   1997 ; Ghazi et al .   2007  ) . Incapability of the proteasome to digest some 
proteins or accumulation of insoluble protein aggregates may lead to profound alterations in cells. 
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 Since the mitochondria is a major source of reactive oxygen species, mitochondrial proteins are 
especially exposed to oxidative modifi cation and elimination of oxidized proteins is crucial for main-
taining the integrity of this organelle. Hence, enzymatic reversal of protein oxidation and protein 
degradation are critical for protein homeostasis while protein maintenance failure has been implicated 
in the age-related accumulation of oxidized proteins. Within the mitochondrial matrix, the ATP-
stimulated mitochondrial Lon protease (Pim-1) is believed to play an important role in the degradation 
of oxidized protein (Bayot et al.  2010  )  and age-associated impairment of Lon-like protease activity 
has been suggested to contribute to oxidized protein build up in the mitochondria. (Bulteau et al .  
 2006 ; Ugarte et al.  2009  ) . 

 Oxidized protein repair in mitochondria is limited to certain oxidation products of the sulfur-con-
taining amino-acids cysteine and methionine. Oxidized protein repair systems, thioredoxin/thiore-
doxin reductase or glutaredoxin/glutathione/glutathione reductase that catalytically reduce disulfi de 
bridges or sulfenic acids and methionine sulfoxide reductase that reverse methionine sulfoxide back 
to methionine within proteins, are present in the mitochondrial matrix (Ugarte et al.  2009  ) . 

 Cellular structures and organelles undergo turnover and after a suitable life time are directed to 
 autophagy  by lysosomal digestion (Bergamini  2006 ; Chen and Gibson  2008  ) ; autophagy systems recog-
nize damaged organelles, as mitochondria, and preferentially address them to digestion. The term  mitop-
tosis  was suggested (Skulachev  2006  )  to defi ne the removal of oxidatively damaged mitochondria. 

 In a way,  apoptosis  is an extreme devise to eliminate cells where extensive damage has taken place, 
rather than allowing them to propagate the oxidative stress to other cells , e.g . by different kinds of 
plasma membrane NAD(P)H oxidases (Lambeth  2007 ;    Cho and Morré  2009  ) . The notion that ROS 
may activate apoptosis through p53 and the mitochondrial permeability transition is in line with this 
assumption. 

 Other defence mechanisms operate to reduce ROS production. In mitochondria, UCPs have been 
suggested to fulfi l this function producing mild uncoupling and limiting ROS generation by the respi-
ratory chain. Also substrate supply down-regulation and decrease of pO 

2
  would limit ROS production 

(Barja  2007  ) . 
 An opposite strategy of defence is biosynthesis of macromolecules resistant to oxidative stress 

(Pamplona and Barja  2007  ) . For instance, the presence of less unsaturated fatty acyl chains in mem-
brane lipids represents a powerful defence against lipid peroxidation. Likewise, lowering the amount 
of components highly susceptible to oxidation, as methionine in proteins and guanine in nucleic acids 
render them more resistant to alteration. On the other hand, the presence of a non essential methionine 
in proteins may represent a sink against ROS damage (Levine et al .   1996  ) : it was shown that a mtDNA 
polymorphism (mt5178C → A) substituting Leu with Met at position 237 in Complex I subunit ND2 
confers a longevity trait (Tanaka et al .   1998  )  possibly by reducing oxidative damage to other more 
functional amino acids. 

 Finally, cells and body fl uids contain molecules that neutralize or scavenge ROS, collectively termed 
 antioxidants . Antioxidants may be divided into antioxidant enzymes that neutralize ROS by forming 
less toxic species, and antioxidant small molecules: the latter may either be endogenous metabolites 
and biosynthesised cofactors, or exogenous molecules taken up from the diet. Certain antioxidants are 
able to regenerate other antioxidants establishing an  antioxidant network  (Sies et al .   2005  ) . 

    5.5.1   Enzymatic Antioxidants 

  Superoxide dismutase  catalyzes the dismutation of superoxide to H 
2
 O 

2
  and oxygen (Eq.  5.2 ); it exists 

in three isoforms in humans: cytosolic Cu,Zn-SOD, mitochondrial Mn-SOD, and extracellular SOD 
(Landis and Tower  2005  ) . SOD must work in concomitance with enzymes removing H 

2
 O 

2
 , otherwise 

accumulation of the latter in presence of reduced metal ions would activate the Fenton reaction 
(Eq.  5.5 ). 
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 The systems capable of removing H 
2
 O 

2
  are represented by catalase and peroxidases.  Catalase  

(Mates et al .   1999  )  is localized in peroxisomes and is very effi cient having one of the highest turnover 
numbers known for an enzyme:

     → +2 2 2 22H O 2H O O    (5.21)   

 Although mitochondria in most cells appear to lack catalase (Bai and Cederbaum  2001  ) , the 
enzyme has been detected in mitochondria from rat heart (Radi et al.  1991  )  and rat liver (Salvi et al. 
 2007  ) ; overexpression of mitochondrial catalase in a HepG2 cell line was able to protect cells from 
oxidative injury induced by hydrogen peroxide and antimycin A (Bai and Cederbaum  2001  ) . 

 Among the arsenal of antioxidants and detoxifying enzymes existing in mitochondria, mitochon-
drial glutathione (mGSH) emerges as the main line of defense for the maintenance of the appropriate 
mitochondrial redox environment to avoid or repair oxidative modifi cations leading to mitochondrial 
dysfunction and cell death. mGSH importance is based not only on its abundance, but also on its ver-
satility to counteract hydrogen peroxide, lipid hydroperoxides, or xenobiotics, mainly as a cofactor of 
enzymes such as glutathione peroxidase or glutathione-S-transferase (GST) (Marí et al.  2009  ) . 

  Glutathione peroxidase  (GPx) exists in two main forms, one selenium-dependent and the other not 
(Mates et al .   1999  ) ; humans have four different Se-GPx. The enzyme catalyzes Eq.  5.17  using H 

2
 O 

2
  

as an oxidant for GSH, but can also use organic peroxides:

     + → + + 22GSH ROOH GSSG ROH H O    (5.22)   

 GSH must be regenerated by  glutathione reductase  (GR) using NADPH as the reductant; the major 
source of NADPH for cytosolic GR is the pentose phosphate pathway, while in mitochondria is energy 
linked NADH/NADP +  transhydrogenation.

     
+ ++ + → +GSSG NADPH H 2 GSH NADP    (5.23)   

 Perhaps peroxiredoxins (Prdx), catalyzing reaction in Eq.  5.19 , are the most important peroxide-
removing systems (Rhee et al .   2005  ) .  Trx reductase  is a Se-enzyme that regenerates reduced Trx and 
exists in two isoforms, one cytosolic and the other mitochondrial (Conrad  2009  ) .  

    5.5.2   Non-enzymatic Antioxidants 

 Some of these are water-soluble and act in the cell’s soluble fraction or in plasma, others being lipid-
soluble act within membranes, while amphipathic molecules can act in both environments. 

  Vitamin C  (ascorbic acid) is water-soluble and cooperates with lipid-soluble Vitamin E to regener-
ate  a -tocopherol from tocopheroxyl radical produced during the Vitamin E radical scavenging activity; 
the product of the reaction is a very stable ascorbate radical (Asc° − ). 

 Although excessive doses of ascorbate may be pro-oxidant, physiological amounts have always 
been proven to be antioxidant even in presence of metal ions (Valko et al .   2006  ) . 

  Vitamin E  includes eight different derivatives, of which   a -tocopherol  is the most potent in humans; 
it is the most important lipid-soluble antioxidant, that is distributed in all cellular membranes includ-
ing mitochondria as a function of lipid content (Saito et al.  2009  )  and mainly prevents lipid peroxida-
tion; its dietary supplementation is benefi cial, however high doses may be pro-oxidant (Valko et al .  
 2006  ) . Its reaction with lipid radicals (mainly peroxyl radicals) generates the  a -tocopheroxyl radical 
that can be re-reduced to  a -tocopherol by ascorbate in the water phase or by  reduced Coenzyme Q  
(CoQH 

2
 ) in the lipid phase. CoQH 

2
  can also directly scavenge radicals like LOO° generating its 

semiquinone form (Ernster and Dallner  1995  ) 

     
° °−+ → +2QH LOO Q LOOH    (5.24)   
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 Coenzyme Q (ubiquinone, CoQ) is an essential electron carrier in the mitochondrial respiratory 
chain, but is also present in serum lipoproteins, endomembranes and the plasma membrane (Turunen 
et al .   2004  ) . Chemically, CoQ is constituted by a benzoquinone ring and a lipid side chain with several 
isoprenoid units, its number being species specifi c. Its redox reactions can be driven either by the 
simultaneous transfer of two electrons in a single step, or by two sequential steps of one electron 
transfer through a partially reduced semiquinone intermediate. CoQ is the only lipidic antioxidant that 
is synthesized in mammals, and its biosynthesis is a complex process which involves the participation 
of at least eight gene products. 

 Besides the mitochondrial respiratory chain, several enzymes catalyze CoQ reduction to achieve 
its antioxidant reduced state in eukaryotic cells.  NADH-cytochrome b  

 5 
   reductase  can reduce CoQ 

through a one-electron reaction mechanism (Arroyo et al .   1998  ) . The soluble enzyme  NAD(P)
H:quinone oxidoreductase 1 (NQO1, DT-diaphorase ) can reduce quinones by a two-electron reaction 
and maintains the reduced state of CoQ 

10
   in vitro  (Beyer et al .   1996  ) . A distinct cytosolic  NADPH-

CoQ reductase  different from NQO1 has been also described (Takahashi et al .   1995  ) . 
  Glutathione GSH  besides scavenging H 

2
 O 

2
  enzymatically can also scavenge radicals directly 

forming thiyl radicals that can dimerize generating oxidised glutathione GSSG:

     
° °+ → +GSH R GS RH    (5.25)  

     
° °+ →GS GS GSSG    (5.26)   

 GSH is also able to regenerate vitamins C and E to their active forms. 
 Another dithiol antioxidant is  lipoic acid  in its reduced form dihydrolipoic acid: it is able to quench 

ROS and to regenerate other antioxidants as described above. 
 Finally there is a great number of  dietary antioxidants  contained in fruit and vegetables that are not 

vitamins or part of coenzymes, such as  carotenoids  and  fl avonoids . They may act as quenchers of 
singlet oxygen and peroxyl radicals forming more stable radicals that do not propagate and may act 
as chain terminators by reacting with other radicals (Valko et al .   2006  ) . 

 To the end of 2011 PubMed counts 4478 reviews on dietary antioxidants. Nutritional compounds 
which display anti-infl ammatory and antioxidant effects have specifi c applications in preventing oxi-
dative stress induced injury which characterizes their pathogenesis (Soory  2009  ) . Patient control over 
diet and disease has been demonstrated in diabetes mellitus, cardiovascular disease, rheumatology, 
carcinogenesis and other diseases. Polyphenolic compounds are ubiquitous dietary components, 
mainly fl avonoids and tannins. Specifi c polyphenols are effective in scavenging reactive oxygen and 
reactive nitrogen species. Their overall effect is protective in overcoming damaging effects of chronic 
diseases and in delaying the degenerative effects of ageing. 

 Antioxidants are able to modulate genes associated with metabolism, stress defence, drug 
metabolizing enzymes, detoxifi cation and transporter proteins. Nutrients interact with the human 
genome ( Nutrigenetics)  to modulate molecular pathways that may become disrupted, resulting in 
an increased risk of developing various chronic diseases (El-Sohemy  2007  ) . Genetic polymor-
phisms affect the metabolism of dietary factors, which in turn affects the expression of genes 
involved in a number of important metabolic processes. Genetic polymorphisms in the targets of 
nutrient action such as receptors, enzymes or transporters could alter molecular pathways that 
infl uence the physiological response to dietary interventions. Among the candidate genes with 
functional variants that affect nutrient metabolism are those that code for xenobiotic-metabolizing 
enzymes (also called drug-metabolizing enzymes). These enzymes are involved in the phase I 
and II biotransformation reactions that produce metabolites with either increased or decreased 
biological activity compared to the parent compound. A number of dietary factors are known to 
alter the expression of these genes that, in turn, metabolize a vast array of foreign chemicals 
including dietary factors such as antioxidants, vitamins, phytochemicals, caffeine, sterols, fatty 
acids and alcohol.   
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    5.6   ROS in Pathology 

    5.6.1   Effects of ROS on Cellular Molecules and Cellular Structures 
with Particular Emphasis on Mitochondria 

 All biomolecules in the cell are targets of ROS and undergo chemical modifi cations that accumulate 
with age (Diplock  1994 ; Lenaz  1998  ) : protein carbonylation and methionine oxidation, advanced 
glycation end-products (AGE), lipid peroxidation, and nucleotide modifi cations. However, it is not 
completely understood which species are responsible for the damage  in vivo  and how the increased 
availability of ROS translates into the accumulation of specifi c oxidative damage (Schoneich  1999  ) : 
for instance some proteins are better targets than others for oxidative damage. 

 The damages induced by ROS depend on the extent and specifi city of their reactivity (Halliwell 
 2006  ) : if two free radicals meet, they can join their unpaired electrons to form non-radical products; 
this may lead to loss of reactivity, but in some cases the products may be even more dangerous than 
the reactants,  e.g . the reaction of O2• −  and NO• generates the toxic peroxynitrite (Eq.  5.6 ). 

 When a radical meets a non-radical species, several options are possible (Halliwell  2006  ) . If the 
radical is reactive enough it attacks the non-radical generating a new radical and initiating a chain 
reaction. There are several types of reaction: (i) The radical can add to the non-radical, forming an 
adduct still having an unpaired electron. (ii) The radical may behave as a reductant, donating a single 
electron to the non-radical. (iii) The radical may be an oxidant, taking a single electron from the non-
radical. (iv) A radical may abstract a hydrogen atom from a C–H bond, for example OH• can abstract 
H• from a hydrocarbon forming water and a carbon-centred radical. 

    5.6.1.1   Lipid Peroxidation 

 The polyunsaturated fatty acyl chains of phospholipids are very sensitive to oxidation by ROS (Balazy 
and Nigam  2003  ) . Since subcellular membranes contain high amounts of polyunsaturated fatty acids 
(PUFA), formation of carbon-centred radicals within membranes results in peroxidation of fatty acids. 

 The overall process of lipid peroxidation can be divided into three stages: (a)  Initiation, i.e . extrac-
tion of hydrogen from allylic or bis-allylic positions of PUFA; carbon radicals in presence of O 

2
  

generate peroxyl radicals (LOO•) and random mixtures of cyclic peroxides and hydroperoxides. The 
initiating species may be the OH• radical, but also a Fe 2+ -O 

2
 -Fe 3+  complex or a ADP-Fe 2+  complex 

(Valko et al .   2006  ) . (b)  Radical chain propagation : Peroxyl radicals may react with side chains of 
PUFA, yielding hydroperoxides ROOH and other carbon radicals, thus initiating a chain reaction. 
Phospholipid hydroperoxides may be cleaved by phospholipase A 

2
  to yield the free fatty acid hydroper-

oxides (Williams and Gottlieb  2002  ) . In addition, hydroperoxides can further degrade to alkoxyl 
(LO•), alkyl (L•) or OH• radicals, thereby initiating another cycle of chain reactions. (c)  Termination:  
when a radical meets another radical or an antioxidant the chain reaction is terminated. However per-
oxyl radicals can react with O 

2
  by cyclisation to produce a cyclic peroxide, that can undergo a second 

cyclisation to form a bicyclic peroxide and then an endoperoxide; the latter is cleaved to produce 
aldehyde products, the major being  malondialdehyde (MDA)  and  4-hydroxy-2-nonenal (4-HNE) , but 
including also alkadienals, crotonaldehyde, acrolein etc., all cumulatively designated as  advanced 
lipid peroxidation end products (ALE)  (Negre-Salvayre et al .   2008  ) . Oxidation of  w -6 PUFA yields 
4-HNE, while oxidation of  w -3 PUFA yields 4-hydroxy-2-hexanal. 

 MDA is a volatile molecule that reacts via Schiff base formation with amino groups of protein, 
lipid, and DNA. In addition MDA also reacts with DNA bases forming adducts that are mutagenic 
(Marnett  1999  ) . 4-HNE is more reactive than MDA with proteins; in addition the modifi ed proteins 
are not degraded effi ciently by the proteasome (Friguet and Szweda  1997  ) . 
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 Other non-enzymatic products of arachidonic acid oxidation are  isoprostanes  that are formed  in situ  
within phospholipids and are then removed by action of phospholipase A2; isoprostanes are similar to 
prostaglandins, exert numerous biological functions, but also may form protein adducts with lysine side 
chains. Isoprostanes are used as indicators of oxidative stress (Morrow  2005 ;    Dalle Donne et al .   2006 ). 

 Another class of reactive ALE precursors is represented by  a -oxoaldehydes (methylglyoxal and 
glyoxal); they are basically derived from sugars in hyperglycaemic conditions, however they are also 
generated from lipid peroxidation (glyoxal) or the catabolism of glycerol and ketone bodies (methyl-
glyoxal) (Negre-Salvayre et al .   2008  ) . Methylglyoxal metabolism is also linked to ROS production 
both in the generation and in the degradation of this compound (Kalapos  2008  ) . 

 The initial H• abstraction from polyunsaturated fatty acids can occur at different points of the car-
bon chain; thus the peroxidation of arachidonic acid (20:4) gives 6 lipid hydroperoxides, eicosapen-
taenoic acid (20:5) can give 8, and docosahexaenoic acid (22:6) 10, plus high numbers of cyclic 
peroxides and isoprostanes (Halliwell  2006  ) . 

 Cholesterol can be peroxidised at different positions (5 a , 6 a , 6 b , 7 a , 7 b ) by free radical or singlet 
oxygen attack. Subsequent breakage of the B ring will produce aldehydes (secosterols), that induce 
protein misfolding (Bieschke et al .   2006  ) . A common product in atherosclerotic plaques is 27-hydroxy-
cholesterol. 

 Metal ions may split lipid hydroperoxides to produce alkoxyl (LO•) and more peroxyl (LOO•) 
radicals, that will continue the chain reaction.

     
+ + −+ → + +2 3LOOH Fe Fe LO • OH    (5.27)  

     
+ + ++ → + +3 2LOOH Fe Fe LOO • H    (5.28)   

 Lipid hydroperoxides have relatively long lifetimes, compared with lipid radicals; for this reason 
they can easily translocate to relatively long distances (Girotti  2008  ) ; a well known example is the 
transbilayer movement of peroxidized phosphatidyl serine in cells destined to apoptosis; in addition 
ROOH can move from one to another membrane within a single cell, or from the plasma membrane 
of a cell to that of another cell or to a lipoprotein (Girotti  2008  ) . Movement of peroxides from one 
membrane to another may greatly expand their range of toxic damage, particularly if they move to a 
compartment richer in iron and/or poor in antioxidants (Vila et al .   2000  ) . 

 A distinct lipid modifi cation is the reaction of the  cis  double bonds of arachidonic acid with the 
nitrogen dioxide radical (•NO

2
) forming nitroeicosanoid derivatives that can then split to four different 

 trans  isomers; these compounds have a number of biological effects, including induction of apoptosis, 
and may be regarded as selective biomarkers of nitro-oxidative stress (Balazy and Chemtob  2008  ) . 

 At the cellular level lipid peroxidation induces changes in cell membranes with modifi cation of 
their permeability and alterations of lipid-dependent enzymes. This latter effect is well studied in 
mitochondria where oxidation of cardiolipin induces decrease of activity of respiratory complexes 
(Paradies et al .   2000,   2002  )  and loss of super-complex organization (Lenaz et al.  2007,   2010 ; Lenaz 
and Genova  2010  ) . Wenz et al.  (  2009  )  suggest that cardiolipin stabilizes respiratory supercomplex 
formation by neutralizing the charges of lysine residues in the vicinity of the presumed interaction 
domain between cytochrome bc 

1
  complex and cytochrome c oxidase. Even moderate oxidative stress 

by hypoxia/reoxygenation causes a decrease in cardiolipin that is paralleled by a decrease in active 
respiration of isolated rat heart mitochondria.(Wiswedel et al.  2010  ) .  

    5.6.1.2   Protein Oxidation 

 Hydroxyl radicals produced by ionizing radiation or by the Fenton reaction are able to attack the poly-
peptide backbone of proteins to form a carbon-centred radical which may react with O 

2
  to form peroxyl 

radical (Stadtman  1992,   2004  ) . The peroxyl radical is then converted to alkyl peroxide by reaction with 
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protonated superoxide •HO 
2
 . The alkoxyl derivatives of proteins may then undergo peptide bond 

cleavage. In absence of radiation or metal ions, superoxide and H 
2
 O 

2
  would be inactive. 

 The side chains of all amino acids in proteins are susceptible to oxidation; however some residues 
like proline, histidine, arginine, lysine, and cysteine are highly sensitive to oxidation by metal ions; 
thus it is believed that Fe 2+  binding to the above residues undergoes the Fenton reaction with H 

2
 O 

2
  to 

yield OH• at those specifi c sites. 
 The amino acid residues that are most vulnerable to attack by ROS are arginine, glutamate, histi-

dine, tyrosine, valine, cysteine, proline, threonine and methionine (Stadtman  2004  ) . Cysteine and 
methionine residues are particularly susceptible to oxidation by ROS. The oxidation of methionine 
residues by ROS forms methionine sulphoxide Met-SO. The oxidation of the amino acid residues, as 
well as the glycation of lysine groups (cf Sect. 3.3) generates carbonyl groups: protein carbonylation 
is the most widely used marker of protein oxidation both  in vitro  and in pathological conditions (Dalle 
Donne et al .  2006). 

 Peroxynitrite formed by reaction of NO• with O
2
• −  may react with cysteine SH groups, oxidizes 

methionine to methionine sulphoxide, and reacts with tyrosine forming 3-nitrotyrosine (another 
important marker of oxidative protein damage). 

 Protein oxidation by ROS is associated with the formation of many different kinds of inter- and 
intra-protein cross-linkages, such as by addition of a lysine amino group to a carbonyl group of the 
oxidized protein, by interaction of two carbon-centred radicals of polypeptide backbones, by oxida-
tion of cysteine residues to form S-S cross-links, or by oxidation of tyrosine residues to form tyr-tyr 
cross-links. The cysteine S-S cross-links are reversible since they can be repaired by disulphide 
exchange reactions. Oxidation of cysteine residues can also lead to reversible formation of mixed 
disulphides particularly with glutathione (GSH) (S-glutathionylation); S-glutathionylated proteins 
accumulate under conditions of oxidative stress (Dalle Donne et al.  2005  ) . 

 Besides being altered by direct oxidation by ROS, proteins may be  covalently  modifi ed by 
products of lipid peroxidation, such as the reactive aldehydes described in Sect. 5.6.1.1 (Bieschke 
et al .   2006  ) . 

 High levels of free radicals produced by the mitochondrial respiratory chain, with subsequent 
damage to mitochondria have been implicated in a large and growing number of diseases. The 
underlying pathology of these diseases is oxidative damage to mitochondrial DNA, lipids and pro-
teins which accumulate over time to produce a metabolic defi ciency. Murray et al.  (  2008  )  devel-
oped an antibody based immunocapture array for many important mitochondrial proteins involved 
in free radical production, detoxifi cation and mitochondrial energy production, and analyzed the 
proteomic differences in oxidative phosphorylation enzymes between human heart and liver tis-
sues, cells grown in media promoting aerobic versus anaerobic metabolism, and the catalytic/pro-
teomic effects of mitochondria exposed to oxidative stress. Protein oxidation is identifi ed as 
carbonyl formation arising from reactive oxygen species and 3-nitrotyrosine as a marker of reactive 
nitrogen species. 

 A recent proteomic study has been aimed to detect modifi ed mitochondrial proteins in Alzheimer 
disease (AD), an age-related neurodegenerative disorder, characterized histopathologically by the 
presence of senile plaques (SP), neurofi brillary tangles and synapse loss in selected brain regions. In 
the mitochondria isolated from AD brain, Abeta oligomers that correlated with the reported increased 
oxidative stress markers in AD have been reported. The markers of oxidative stress have been local-
ized in the brain regions of AD that show pathological hallmarks of this disease, suggesting the pos-
sible role of Abeta in the initiation of the free-radical mediated process and consequently to the build 
up oxidative stress and AD pathogenesis. Using redox proteomics Sultana and Butterfi eld  (  2009  )  
found a number of oxidatively modifi ed brain proteins that are directly in or are associated with the 
mitochondrial proteome, consistent with a possible involvement of the mitochondrial targeted oxida-
tively modifi ed proteins in AD progression or pathogenesis.  
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    5.6.1.3   Advanced Glycation end Products (AGE) 

 AGE are a group of heterogeneous compounds that form constantly in the body but are markedly 
increased in conditions of hyperglycaemia and oxidative stress (Vlassara  2005 ). AGE are the end-
products of the  Maillard reaction  between sugars and proteins: a sugar reacts with a protein amino 
group to form a Schiff base then stabilized in the form of an Amadori product and its subsequent 
rearrangement leads to formation of stable and irreversible AGE compounds. 

 The fi nal step of the Maillard reaction is driven by oxidative stress, and AGEs accelerate oxidation, 
thus favouring their own production. Protein adducts also arise from lipid oxidation and are often 
included among AGE, although they should be more properly called ALE. 

 For the process of AGE formation glucose is the predominant substrate, but other sugars as fruc-
tose, glucose-6-phosphate, glyceraldehyde-3-phosphate, ascorbate, and methylglyoxal may react 
with proteins and produce chemically distinct AGE (Bohlender et al .   2004 ; Soskic et al .   2008  ) . AGE-
modifi ed proteins are recognized by specifi c receptors (RAGE) whose activation is responsible for 
the cellular effects of AGE and their pathological consequences (Wendt et al .   2003  ) . Binding and 
activation of RAGE can promote further oxidative stress and AGE formation via the NADPH oxi-
dase pathway (Peppa et al .   2008  ) . 

 The diet is a major source of AGE and dietary AGE are called glycotoxins: exaggerated intake of 
thermally treated food may exert oxidative stress and pathological consequences (Vlassara and 
Striker  2007  ) . 

 AGE are also formed in mitochondria. Hamelin et al.  (  2007  )  observed a signifi cant decrease in the 
respiratory activity of rat liver mitochondria with aging, and an increase in the advanced glycation 
endproduct-modifi ed protein level in the mitochondrial matrix. Western blot analysis of the glycated 
protein pattern after 2D electrophoresis revealed that only a restricted set of proteins was modifi ed. 
Within this set they identifi ed, by mass spectrometry, proteins connected with the urea cycle, and espe-
cially glutamate dehydrogenase, which is markedly modifi ed in older animals. Moreover, mitochon-
drial matrix extracts exhibited a signifi cant decrease in glutamate dehydrogenase activity and altered 
allosteric regulation with age. Altogether, these results showed that advanced glycation endproduct 
modifi cations selectively affect mitochondrial matrix proteins, particularly glutamate dehydrogenase, 
a crucial enzyme at the interface between tricarboxylic acid and urea cycles. Furthermore, these results 
suggest a role for such intracellular glycation in age-related dysfunction of mitochondria.  

    5.6.1.4   DNA Damage 

 The hydroxyl radical reacts with all components of the DNA molecule damaging the purine and 
pyrimidine bases and the deoxyribose backbone (Dizdaroglu et al .   2002 ; Cooke et al.  2003  ) : perma-
nent modifi cations of genetic material are the fi rst step involved in mutagenesis, cancerogenesis and 
ageing. To date more than 100 products have been identifi ed from the oxidation of DNA, including 
single- or double-strand DNA breaks, purine, pyrimidine and deoxyribose modifi cations, and DNA 
cross-links (Valko et al .   2006  ) . DNA damage can result in either arrest or induction of transcription, 
induction of signal transduction pathways, replication errors and genome instability. 

 The OH• radical is able to add to double bonds of DNA bases and to abstract an H atom from the 
methyl group of thymine and each of the C atoms of deoxyribose; the formation of  8-hydroxydeoxy-
guanine  (8-OH-dG) is the most prominent example among over 20 base modifi cations. 

 8-OH-dG is the most easily formed base alteration, is mutagenic and carcinogenic and is a good 
biomarker of oxidative DNA damage; this modifi cation occurs in one in 10 5  G residues in normal cells, 
but increases in oxidative stress, ageing and a number of diseases (Halliwell and Gutteridge  1999  ) . 
Mitochondrial DNA is more susceptible than nuclear DNA to oxidative damage (Ott et al .   2007  )  
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due to the close proximity of the respiratory chain and the lack of protective histones; the incidence 
of 8-OH-dG is 10-20-fold higher in mtDNA than in nuclear DNA. The oxidative damage to mtDNA 
can lead to deletions or other rearrangements (Meissner  2007  ) . In particular the 4,977 base pair dele-
tion (“ common deletion ”) has been studied in many tissues and found to increase with ageing (Lenaz 
et al .   2006b  ) . 

 Also products of lipid peroxidation as MDA can react with DNA bases forming adducts (Marnett 
 1999  ) . 

 The “ Mitochondrial Theory of Aging ” (Linnane et al .   1989  )  is based on the hypothesis that mito-
chondrial DNA somatic mutations, caused by accumulation of oxygen radicals damage, induce 
alterations of the OXPHOS machinery culminating in an energetic failure that is at the basis of cel-
lular senescence. Moreover a  vicious circle  (Ozawa  1997  )  can be established since the accumulated 
damage to the respiratory chain would enhance ROS generation. Many reports (reviewed in Lenaz 
et al .   2006b  )  demonstrate that the rate of production of ROS from mitochondria increases with age 
in mammalian tissues and in fi broblasts during replicative cell senescence, considered to represent a 
plausible model of in vivo aging (Hayfl ick  2003  ) . 

 Compelling evidence for the mitochondrial theory of aging derives from several observations: the 
strong negative correlation existing between expected lifespan and rate of ROS production of differ-
ent species (Sohal et al .   1995 ; Barja and Herrero  2000  ) , within the same species under different 
activity conditions (Yan and Sohal  2000  ) , and between lifespan and membrane lipid unsaturation 
(Pamplona et al .   2002  ) . Furthermore the demonstration that caloric restriction while prolonging 
lifespan in mammals reduces ROS production (Barja  2004  )  provides additional points in favour of 
the role of ROS in aging. 

 A large number of large-scale deletions, point mutations, and tandem duplications have been 
observed in tissues of aged individuals (Ozawa  1997 ; Lee and Wei  1997 ; Wei and Lee  2002  ) . 
Michikawa et al .   (  1999  )  reported that a T414G transversion in the D-loop of mtDNA is accumulated 
in skin fi broblasts from old subjects, while two different point mutations (A189G and T408A) accu-
mulate in the D-loop in muscle of old individuals (Wang et al .   2001  ) . These mutations are located in 
the control region of mtDNA and may impair its replication and transcription. 

 A minimal threshold level of 50–95% mutated mtDNA is usually necessary to impair respiratory 
chain function, depending on the type of mutation and the tissue affected (Rossignol et al .   2003  ) . 
Since the proportions of mutated mtDNA within aging human tissues rarely exceed 1%, it has been 
questioned how these levels may cause signifi cant bioenergetic effects. Hayakawa et al .   (  1996  )  using 
180 kinds of PCR primers found that mtDNA in elderly subjects is extensively fragmented in minicir-
cles with different sizes. As a result, the amount of mtDNA mutations may reach such a high level to 
cause signifi cant impairment of OXPHOS. Furthermore, mutated mtDNA molecules may be distrib-
uted unevenly among the cells of affected tissues in a mosaic pattern of mtDNA segregation (Linnane 
et al .   1995  )  . Exponential accumulation of mutated mtDNA during life suggests that there is a prefer-
ential replication of the mutant genomes. 

 Point mutations and deletions of mtDNA accumulate in a variety of tissues during ageing in 
humans, monkeys and rodents (Wallace  2005 ; Lenaz et al.  2006b  )  are unevenly distributed and can 
accumulate clonally in certain cells, causing a mosaic pattern of respiratory chain defi ciency in tissues 
such as heart, skeletal muscle and brain. In terms of the ageing process, their possible causative effects 
have been intensely debated because of their low abundance and purely correlative connection with 
ageing. This question was addressed experimentally by creating homozygous knock-in mice that 
express a proof-reading-defi cient version of PolgA, the nucleus-encoded catalytic subunit of mtDNA 
polymerase (Trifunovic et al.  2004  ) , showing that the knock-in mice develop an mtDNA mutator 
phenotype with a threefold to fi vefold increase in the levels of point mutations, as well as increased 
amounts of deleted mtDNA. This increase in somatic mtDNA mutations is associated with reduced 
lifespan and premature onset of ageing-related phenotypes thus providing a causative link between 
mtDNA mutations and ageing phenotypes in mammals. Even if these mice do not have an enhanced 
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ROS production (Trifunovic  2006 ; Trifunovic and Larsson  2008  ) , it is likely that this effect results 
from the severe extent of mutation in the mutator mice, while the  natural  way to induce mutations is 
ROS attack.   

    5.6.2   Involvement of Mitochondrial ROS in Pathology 

 An overwhelming body of evidence accumulated in the last decades has demonstrated that mitochondria 
have a central role in the development of the aging process and in the etiology and pathogenesis of most 
major chronic diseases (Lenaz  1998 ; Balaban et al.  2005 ; Wallace  2005 ; Chan  2006 ; Lenaz et al.  2006a   ; 
McFarland et al.  2007 ; Zeviani and Carelli  2007 ; Di Mauro and Schon  2008 ; Reeve et al.  2008  ) ; the 
involvement of mitochondria in disease, that has generated the term “Mitochondrial Medicine” (Di 
Mauro et al.  2006 ; Smeitink et al.  2006 ; Koene and Smeitink  2009  ) , has been ascribed to their central 
role in production of ROS and to the damaging effect of ROS on these organelles. In particular, damage 
to mitochondrial DNA (mtDNA) would induce alterations of the polypeptides encoded by mtDNA in the 
respiratory complexes, with consequent decrease of electron transfer activity, leading to further produc-
tion of ROS, and thus establishing a vicious circle of oxidative stress and energetic decline (   Ozawa  1997 ; 
Lenaz et al.  1999  ) . This fall of mitochondrial energetic capacity is considered to be the cause of ageing 
and age-related degenerative diseases (Wallace  2005 ; Lenaz et al.  2006a   ; Kukat and Trifunovic  2009 ; 
Gruber et al.  2008  ) , although the picture is further complicated by the complex interplay and cross-talk 
with nuclear DNA and the rest of the cell (Calabrese et al.  2004 ; Ryan and Hoogenraad  2007  ) . This 
vicious circle might be broken by agents capable to prevent a chain reaction of ROS formation and dam-
age, such as CoQ in its reduced form (Ernster and Dallner  1995 ). 

 It is easy to foresee a deep implication of super-complex organization as a missing link between 
oxidative stress and energy failure (Lenaz and Genova  2007  ) . It is tempting in fact to speculate that 
oxidative stress induces dissociation of Complex I-III interactions, with loss of facilitated electron 
channeling and resumption of the less effi cient pool behavior of the free ubiquinone molecules. In 
such regard, the loss of effi cient electron transfer observed in experimental heart failure together with 
the loss of super-complex organization (Rosca et al.  2008  )  appears as a clear indication of the deleteri-
ous consequence of lack of supramolecular organization. 

 As predicted by Lenaz and Genova  (  2007  ) , dissociation of super-complexes might have further 
deleterious consequences, such as disassembly of Complex I and loss of electron transfer and/or pro-
ton translocation; it cannot be excluded that the consequent alteration of electron transfer may elicit 
further induction of ROS generation. The numerous observations that Complex III (and Complex IV) 
alterations prevent proper assembly of Complex I (Stroh et al.  2004 ; Schägger et al.  2004 ; Acin-Perez 
et al.  2004 ; Blakely et al.  2005 ; D’Aurelio et al.  2006 ; Diaz et al.  2006  )  has therefore deep pathologi-
cal implications beyond the fi eld of genetic mitochondrial cytopathies. Following this line of thought, 
the different susceptibility of different types of cells and tissues to ROS damage may depend, among 
other reasons, on the extent and tightness of super-complex organization of their respiratory chains, 
that depend on their hand on phospholipids content and composition of their mitochondrial mem-
branes (Lenaz et al.  2010  ) . In this regard, cardiolipin appears an essential prerequisite for supercom-
plex stabilization (Lange et al.  2001 ; Zhang et al.  2002 ; Pfeiffer et al.  2003  ) . It has been shown that 
respiratory supercomplexes are destabilized in Barth syndrome, a genetic disease characterized by a 
disturbance of cardiolipin metabolism (McKenzie et al.  2006  ) . 

 These changes may have deep metabolic consequences, as depicted in the scheme in Fig.  5.6 : an 
initial enhanced ROS generation due to different possible reasons and originating in different districts 
of the cell besides mitochondria would induce super-complex disorganization eventually leading to 
possible decrease of Complex I assembly; both the lack of effi cient electron channeling and the loss 
of Complex I would decrease NAD-linked respiration and ATP synthesis.  



124 G. Lenaz

 A study on human neutrophil mitochondria (Van Raam et al.  2008  )  clearly points out the consequences 
of lack of super-complex organization. In neutrophils, mitochondria are present but their respiration 
with NAD-linked substrates is not apparently used for ATP synthesis; the activity of individual com-
plexes is present although rather low for complexes I, III, and IV; it was shown that the individual 
complexes were present only in non-assembled form with complete absence of super-complex orga-
nization. On the other hand, the super-complexes are present in the myeloid cell line HL-60, but dur-
ing differentiation to neutrophil-like cells, HL-60 loose super-complex organization with consequent 
lack of respiration. 

 Similarly clear indications were obtained in a study (Rosca et al.  2008  )  on canine cardiac mito-
chondria in heart failure induced experimentally by micro-embolization. Although the activity of 
individual complexes I, III and IV was normal, respiration with NAD-linked substrates in State 3 or 
after treatment with uncoupler was severely affected; BN-PAGE showed a similar severe reduction of 
supramolecular organization with particular decrease of the major I 

1
 III 

2
 IV 

1
  super-complex. Clearly 

the OXPHOS defect was to be ascribed to alteration of the supramolecular assembly rather than to the 
individual components of the respiratory chain; the reason for such diminished assembly was not 
discussed in the paper by Rosca et al.  (  2008  ) , although it is tempting to speculate that enhanced ROS 
production due to ischemia and reperfusion in the micro-embolized vessels modifi es the membrane 
environment as a consequence of lipid peroxidation, thus disrupting super-complex assembly. 

 A recent study in aged rat heart (Gómez et al.  2009  )  showed by BN-PAGE and proteomic analysis 
that super-complexes decline with age, although the amounts of individual complexes stay steady. 
This fi nding may provide a rationale to the observed decline in respiration and ATP synthesis during 
aging (Lenaz et al.  2006a    ) . 

 Further evidence on the role of super-complex disruption in pathology is provided by a recent 
study from our laboratory on  K-ras -transformed fi broblasts (Baracca et al.  2010  ) . 

  Fig. 5.6     Scheme showing the possible effects of loss of supercomplex organisation on mitochondrial function.  Membrane 
phospholipid peroxidation and consequent loss of supercomplex organisation may occur due to oxidative stress induced 
by genetic changes (i.e. mitochondrial DNA mutations) or by exogenous factors (i.e. ischemia and reperfusion); the ensu-
ing destabilization of Complex I results in OXPHOS defi ciency and further oxidative stress. As a consequence of these 
changes, cells may be forced to rely on glycolysis for energy production. See text for explanations       
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 In order to critically analyze the molecular basis of the change of carbon metabolism in cancer 
cells, we compared two cell lines that had been previously characterized (Chiaradonna et al.  2006a, 
  b  ) , that is NIH3T3 mouse fi broblasts and NIH3T3 cells transformed by an activated form of the  K-ras  
oncogene. Ras proteins are intracellular switches whose activation state (i.e. their binding to GDP or 
GTP) controls downstream pathways leading to cell growth and differentiation. Mutation of the  ras  
gene is a critical event in the onset of different malignant phenotypes (Bos  1989  ) . Cells harboring 
 K-ras  mutations were consistently found to have an increased expression of the glucose transporter 
GLUT1 and an enhanced glycolytic rate, presumably as a compensation to glucose deprivation (Yun 
et al.  2009  ) . We showed that the major phenotypic change of transformed fi broblasts is a dramatic loss 
of activity and content of respiratory Complex I (50% approx.), resulting in a strong decrease of both 
NAD-linked respiration and ATP synthesis rate (Baracca et al.  2010  ) . Accordingly, a signifi cant 
change in the expression of several genes encoding subunits of the mitochondrial OXPHOS com-
plexes, and in particular a decrease of Complex I, was observed in neoplastic cells. 

 It has been shown that Complex I is unstable and becomes disassembled in absence of super-
complex organization (see above). To this purpose, it was evident from 2D-electrophoresis that the 
low residual amount of Complex I in transformed fi broblasts is mostly in isolated form rather than 
assembled with Complex III and Complex IV in high molecular weight super-complexes. In particu-
lar, the larger super-complex detected in control cells is almost absent in  ras -transformed fi broblasts. 
In addition,  ras -transformed fi broblasts also have an enhanced production of ROS (Chiaradonna et al. 
 2006b  ) . We have previously discussed evidence that enhanced ROS generation induces dissociation 
of the I-III super-complex with consequent lack of effi cient electron channeling from Complex I to 
Complex III; moreover the concomitant disruption of Complex I assembly induced by super-complex 
dissociation might also account for the decrease of NAD-linked respiration and ATP synthesis. The 
OXPHOS dysfunction in  K-ras  transformed cells might then lead to compensatory enhancement of 
glycolysis to overcome the energetic defi ciency. 

 Several other observations from the literature may fi nd a reasonable explanation in the existence of 
super-complexes and their pathological alterations. The loss of Complex I content and activity reported 
in several pathological conditions accompanied by oxidative stress, such as Parkinson’s disease (Fato 
et al.  2008  ) , schizophrenia (Ben-Shachar  2009  ) , non-alcoholic fatty liver (Petrosillo et al.  2007  ) , aging 
(Ventura et al.  2002 ; Petrosillo et al.  2009  ) , ischemia and reperfusion (Paradies et al.  2004  ) , and dia-
betes (Bonnard et al.  2008 ; Ritov et al.  2009  )  should be investigated in terms of organization of the 
respiratory chain. The involvement of cardiolipin oxidation reported in some of these changes 
(Petrosillo et al.  2007,   2009 ; Paradies et al.  2004  )  further strengthens this hypothesis. 

 In a cell line obtained from a thyroid oncocytoma, although a strong decrease of Complex I activity 
is a likely direct consequence of a point mutation in the mitochondrial gene for Complex I subunit ND1 
(Bonora et al.  2006  ) , both the presence of a concomitant heteroplasmic mutation in cytochrome  b  of 
Complex III and an extremely high ROS production together with loss of super-complex organization 
were also noticed (Genova et al.  2008 ; Bonora et al.  2006  ) , in line with the above working hypothesis. 

 Super-complex organization should be also discussed in terms of therapeutic interventions (Lenaz 
and Genova  2009b  ) . 

 Strong evidence exists that exogenous CoQ 
10

  administration is benefi cial in several disease states, e.g. 
in genetic CoQ 

10
  defi ciency (Rötig et al.  2000 ; Di Giovanni et al.  2001  ) , cardiac failure (Rosenfeldt et al. 

 2005  ) , Parkinson’s disease (Shults et al.  2002 ; Matthews et al.  1998 ; Beal  2004  )  and Friedreich ataxia 
(Hart et al.  2005  ) . There is evidence, mainly indirect, that orally administered CoQ 

10
  may be incorpo-

rated into mitochondria, at least in conditions of partial CoQ tissue defi ciency, where it may enhance 
electron transfer and ATP synthesis, besides exerting an antioxidant effect in its reduced form. 

 The existence of I-III super-complexes where only inter-complex bound CoQ is active by channel-
ing electrons from Complex I to Complex III is apparently incompatible with a dose-dependent effect 
of added CoQ 

10
 , but the notion that inter-complex bound CoQ is in chemical equilibrium with CoQ in 

the pool (Lenaz and Genova  2009a,   b  )  may explain the improved cell bioenergetics upon addition of 
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exogenous CoQ 
10

 . Nevertheless, the increasing evidence previously discussed in this section that 
super-complex assembly may be disrupted under several pathological conditions, and the demonstra-
tion that electron transfer between Complex I and Complex III may occur through CoQ pool behavior 
suggest that the benefi cial effect of exogenous CoQ 

10
  may be in supporting electron transfer by colli-

sion-mediated interactions when channeling within the super-complex is hampered.       
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  Abstract   Uncoupling proteins are a subfamily of the mitochondrial anion carrier family. They are 
widespread in the whole eukaryotic world with a few exceptions and present tissue specifi c isoforms 
in higher organisms. They mediate purine nucleotide-sensitive free fatty acid-activated proton inward 
fl ux through the inner mitochondrial membrane. This proton fl ux occurs at the expense of the proton 
motive force build up by the respiration and weakens the coupling between respiration and ATP 
synthesis. In this chapter we describe current and reliable knowledge of uncoupling proteins. A new 
methodology allowing study of their activity and regulation during phosphorylating respiration is 
described. It has entitled us to assert that all uncoupling proteins share common mechanisms of acti-
vation and regulation. This is of the utmost importance in order to understand the physiological roles 
of UCPs as well as their participation in pathological processes since every role of the UCPs in every 
cell is an integral part of their function and regulation. The central role of reduction level of ubiqui-
none in the control of their regulation is well-argued. Their potential and reliable roles in thermogen-
esis, reactive oxygen species prevention and energy fl ow are discussed as well as their role in some 
pathological disorders.  

  Keywords      Partitioning of proton electrochemical gradient • Physiological roles of uncoupling 
proteins (UCP) • Reactive oxygen species prevention and energy metabolism balance • Pathological 
implications of UCPs linked to their physiological roles • Regulation mechanisms of UCP activity 
• Widespread distribution of UCPs    

    6.1   Introduction 

 Mitochondria are the respiring entities of eukaryotic cells. They are the centre of oxidative metabolism 
in cells, coupling catabolic pathways to the respiration fi rst and second, respiration to the synthesis of 
ATP. Terminal catabolism occurs in mitochondria providing, the respiratory chain with reducing 
cofactors (NADH and FADH2). During the transfer of electrons from cofactors to molecular oxygen 
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which is catalysed by the respiratory chain (RC), an H +  electrochemical gradient is generated across 
the inner membrane. This H +  electrochemical gradient is used for many purposes, not only for ATP 
synthesis (see below). 

    6.1.1   Respiration as a H +  Electrochemical Gradient Generator 

 The respiratory chain, or electron transport chain, consists of respiratory enzyme complexes containing 
numerous electrons carriers (redox centers). These complexes have an appropriate orientation in the 
membrane in order to catalyse a vectorial H +  movement outward the mitochondrial matrix which is 
coupled to the oxidoreduction reactions. This vectorial H +  pumping generates an H+ gradient across 
the membrane (ΔpH, acidic outside). The net transport of H +  across the membrane (in to out) and 
the net movement of electrons inside the complexes (out to in) generate also an electrical potential 
difference (Δ y  negative inside). Both ΔpH, H +  concentration difference, and Δ y , electrical potential 
difference, constitute the “protonmotive force” (pmf or Δ m H +  or Δp) which is the primary form of 
redox reaction energy conversion (Mitchell  1961  ) . Once created the Δ m H +  represents a thermody-
namic constraint which controls the electron fl ow in the respiratory chain. The free energy contained 
in the H +  electrochemical gradient is available for various “works”.  

    6.1.2   H +  Electrochemical Gradient Sharing 

 Once produced the protonmotive force is mainly used to perform the ATP synthesis process. 
Consequently the pmf couples respiration and ATP synthesis. This overall energy conversion implies 
that oxidoreduction reactions in the respiratory chain and ATP hydrolysis are both coupled to H +  
pumping, thus ATP synthase must be a reversible H +  ATPase. This coupling between respiration and 
ATP synthesis implies that the H +  are free to diffuse in the aqueous phase on both sides of the mem-
brane creating a delocalized H +  circuit between RC proton pumps and ATP synthase and requires the 
inner membrane to have a low H +  conductance (Saraste  1999  ) . As the coupling is delocalized the pmf 
may be used to drive other processes. Thus the pmf can be shared, among others, between ATP synthase, 
ion carriers, metabolite carriers and uncoupling proteins.  

    6.1.3   Outline of the Chapter 

 The aim of this chapter is to gather updated understanding of uncoupling proteins. The discovery of 
“PUMP” a plant UCP in potato mitochondria, by A. Vercesi in 1995 (Vercesi et al.  1995  )  has termi-
nated the long solo life of brown fat UCP (now UCP1). Since then UCP’s have been discovered wide-
spread distributed in eukaryotic cells. The so-called UCP1 analogues are still believed to be different 
from UCP1 in their activation and regulation processes (   Azzu et al.  2010  ) . Some evidences of the 
contrary are described below and the UCPs potential physiological roles are discussed. It is also 
stressed that the precise knowledge of UCP activity-regulation mechanisms are of utmost importance 
to understand the physiological roles of UCPs as well as their participation in pathological processes. 
UCP1 is not unique by itself (see below) it has just been discovered fi rst in a specialized mammalian 
tissue devoted to heat production, the brown adipose tissue (BAT).   

    6.2   Uncoupling Protein Family 

 Uncoupling proteins form a sub-family in the mitochondrial anion carrier family (MACP) 
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    6.2.1   Mitochondrial Anion Carrier Family (MACF) 

 The metabolic compartmentalization within eukaryotic cells requires an intense traffi c of metabolites 
across the membrane of organelles closely linking metabolic pathways between organelles and the 
cytosol and between the different organelles. This traffi c of metabolites is operated by trans-mem-
brane proteins, sharing similar structure, called carriers or translocators (Sluse  1996 ; el Moualij 
et al.  1997  ) . As such metabolites are mainly polar molecules and sometimes have to move against 
a concentration gradient, free energy is required for their movement across the mitochondrial inner 
membrane. The activity of the members of MACF is linked with the H +  electrochemical gradient 
built up by the respiration. All members of MACF rely on the pmf for their activity, directly or 
indirectly, whatever their transport mode is: electrophoretic uniport or antiport, electroneutral H +  
compensated or electroneutral exchanges. For example carriers directly involved in oxidative phos-
phorylation (OXPHOS) are free energy consuming: inorganic phosphate import is electroneutral 
1H +  compensated and export of ATP 4−  in exchange of ADP 3−  is electrophoretic, total cost for both: 
1H +  reentry. Uncoupling protein which belongs to the MACF is proposed to catalyze the export of 
anionic free fatty acid (FFA − ) at the expense of electrical potential gradient (1 charge) through a 
FFA recycling process: translocated FFA − is protonated in the cytosol and crosses back the mem-
brane by diffusion into the matrix where it is deprotonated (Garlid et al.  1996  ) . This cycle results 
in a net H +  reuptake that consumes the pmf and can affect the coupling between respiration and 
ATP synthesis.  

    6.2.2   Widespread Distribution 

 For more than 20 years UCP1 of BAT was believed to be unique and a late evolutionary acquisition 
of mammals devoted to thermogenesis in newborn, cold-acclimated and hibernating animals 
(Klingenberg  1990 ; Nicholls and Rial  1999 ; Klingenberg and Echtay  2001  ) . Currently we know that 
UCP1 analogues are widespread in various tissues and in the 4 eukaryotic kingdoms: animals, plants, 
fungi and protists (Sluse and Jarmuszkiewicz  2002  ) . The discovery of UCP in  Acanthamoeba castel-
lanii  (Jarmuszkiewicz et al.  1999  )  proves that UCPs emerged as specialized proteins for H +  recycling 
soon during phylogenesis before the major radiation of phenotypic diversity in eukaryotes more than 
10 9  years ago! Since 15 years the presence of UCP1 analogues has been evidenced in several unicel-
lular eukaryotes as amoeboid and parasitic protists, non-fermentative yeast and fi lamentous fungi 
(Jarmuszkiewicz et al.  2000b  ) . “New UCP” were discovered throughout mammalian tissues (UCP2 
in several tissues, UCP3 in muscles and BAT, UCP4-5 in brain) (Ricquier and Bouillaud  2000  )  and 
are also quite ubiquitous in plant tissues with several isoforms evidenced, for review see (Vercesi 
et al.  2006  ) . Then a critical question has arose: are all these UCPs doing the same thing (increase H+ 
conductance of the membrane) in the same way (activation, inhibition, regulation) for the same 
purpose?  

    6.2.3   Brown Fat UCP1 as a Reference? 

 In brown adipose tissue UCP1 is very abundant and is by far the most studied and the best character-
ized for a review see (Cannon and Nedergaard  2004  ) . UCP1 sustains a FFA-induced purine-nucleotide-
inhibited H +  conductance that importantly decreases the pmf and therefore is responsible (by removal 
of the thermodynamic constraint) for a strong increase of the BAT mitochondrial respiration rate. 
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FFAs originate from the stimulation of lipolysis under the control of hormonal stimulus (noradrenaline). 
Thus UCP1 takes advantage of a peculiar situation into cells sensitive to sympathomimetic stimula-
tion of their beta3-adrenergic receptors. In addition to the high UCP1 content BAT mitochondria also 
exhibit peculiar properties namely, a high capacity of the respiratory chain relative to a low capacity 
of ATP synthase. In such a way, under hormonal stimulation BAT mitochondria are almost non-
phosphorylating entities. On the contrary UCP1-analogues present a low abundance in their respec-
tive cell or tissue. Activation by FFA is well documented in reconstituted systems but still debated in 
isolated mitochondria and inhibition by purine nucleotides (PN), which is considered as a diagnostic 
of UCP activity, even if observed in reconstituted proteoliposomes is rarely observed with isolated 
mitochondria under non-phosphorylating conditions. From such considerations it has been assumed 
that UCP1 and its analogues were not subjected to the same molecular regulation and perhaps did not 
share the same mechanism of uncoupling. However as UCP1-analogues are found in basically phos-
phorylating mitochondria, perhaps their study has not been undertaken in the appropriate respiratory 
conditions?   

    6.3   Energy Dissipating Systems 

 Energy dissipation is believed to be necessary for the maintenance of metabolic homeostasis by 
allowing adjustments in energy metabolic balance. Indeed energy dissipation could have a subtle 
role in energy metabolism control working as safety valves in conditions where excess of reducing 
power or in phosphate potential occur (Jarmuszkiewicz et al.  2001  ) . This point will be discussed in 
Sect.  6.3 . 

    6.3.1   Proton and Electron Leaks 

 UCPs are not the only proteins that can dissipate free energy. Two types of catalysed leaks can 
occur at the level of the respiratory chain: electron leak and proton leak. According the cell both 
systems are present or only H +  leak occurs. It must be pointed out that they are not independent as 
electron leak fi nally leads to a decrease in the rate of H +  electrochemical gradient building. In 
plant mitochondria, both energy dissipation coexist (Sluse and Jarmuszkiewicz  2000  )  thanks to 
-peripheral NADH-ubiquinol oxido-reductases and ubiquinol-oxygen oxidoreductase (alternative 
oxidase: AOX) that allow electrons to bypass Complex I and Complexes III+CIV respectively 
-and to uncoupling protein that catalyses H+ leak. Interestingly both UCP and AOX are present at 
the same time but UCP is activated by FFA whereas AOX is inhibited (Sluse et al.  1998a  ) . Animals 
have lost AOX and peripheral NADH dehydrogenases but have retained UCP during evolution as 
both types of energy dissipating proteins are present in microorganisms like fungi, trypanosomes, 
and amoeba. The only obvious physiological function of both AOX and UCP occur in specialized 
plant and animal thermogenic tissues as heat generation related to increase in temperature of a 
tissue or of the body (thermogenesis): as already mentioned UCP in BAT during cold acclimation 
and AOX in spadices of  Araceae  during reproductive processes (Meeuse  1975  ) . In other types of 
tissues and in unicellular organisms they should play no signifi cant role in thermogenesis due to 
their low abundance and in microorganisms due to the high surface/volume ratio that excludes any 
steady-state local heating because heat diffusion rate is too fast due to the important thermal 
conductivity of the medium.  
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    6.3.2   Uncoupling Protein 1 as a Heat Generator 

 UCP1 is not a thermal molecular machine: it does not produce heat by simply dissipating the H +  
electrochemical gradient built up by the respiratory chain. Indeed thermogenesis is not only restricted 
by a lower-size limit but also by the actual effect of activation of energy dissipating systems on heat 
production rate at a given overall steady-state metabolic activity  in vivo . This last point requires that 
different oxidative pathways have large differences in enthalpy changes, more exothermic for AOX-
sustained and UCP-sustained respirations compared to ADP-sustained respiration (phosphorylating 
state 3 respiration). This is not the case as combined calorimetric and respirometric data (Breidenbach 
et al.  1997  )  invalidate large difference in enthalpy change supposed above because the enthalpy of 
ATP hydrolysis is included in the balance. It would be different  in vitro  with isolated mitochondria 
devoid of ATP consuming processes. Nevertheless no local mitochondrial increase in temperature 
could be detected (size limit). These thermodynamic refl ections apply to UCP1-sustained thermogen-
esis that depends on a net increase in overall steady-state oxygen uptake rate through metabolic and 
cellular up-regulations. This is well illustrated in BAT during cold acclimation for example: stimula-
tion of adrenergic receptors stimulates lipolysis producing FFAs that activate UCP1 and are consumed 
(metabolic response), and leads to up-regulation of UCP1 expression together with recruitment of 
BAT cells (cellular response) that increase the weight of BAT. As the capacity of the respiratory chain 
is large, a strong increase in respiration rate (burst) occurs immediately after UCP1 activation. During 
acclimation an up-regulation of expression of UCP1 occurs (20 fold) together with respiratory chain 
complexes (10 fold) and upstream catabolic pathways (beta-oxidation and Krebs cycle) that provide 
the respiratory chain with reduced co-enzymes (Navet et al.  2007  ) . Thus thermogenesis hinges on 
increase of oxygen (combustive) uptake: “more fuel+ more combustive=more fi re=more heat”.  

    6.3.3   Other UCP’s 

 Low abundance of UCP1 analogues seems to exclude them from thermogenic processes. Nevertheless 
they are all H +  electrochemical gradient spendthrift as it will be shown below and when studied in 
phosphorylating mitochondria they exhibit a PN-sensitivity like UCP1 (Jarmuszkiewicz et al.  2004b  ) . 
Moreover their activation decreases the oxidative phosphorylation effi ciency.   

    6.4   Measurement of H+ Partitioning  In Vitro  

 Most researches have focused on the activation of UCPs in non-phosphorylating respiring mitochon-
dria, i.e. at a maximal state 4 pmf. In this way the FFA-activated PN-inhibited H +  conductance which 
is considered as a diagnostic of an activation of a UCP was always tested in state 4 through a so-called 
force/fl ow titration or proton-conductance curve (Voltage dependence of electron fl ux in the respiratory 
chain). Two characteristics can be tested by such titrations. First, the protonophoric effect of the addi-
tion of FFA on non-phosphorylating respiration rate and second the PN-sensitivity of this effect. Force/
fl ow titrations with BAT mitochondria exhibit the canonical behavior of UCP1 when respiratory rate 
state 4 is progressively inhibited and Δ y  is measured in the presence or in the absence of a constant 
FFA concentration and in the presence or the absence of PN: an equidistant curve (state 4 rate versus 
Δ y ) is obtained in the presence of FFA corresponding to a roughly constant drop in electrical potential 
difference (in the non-ohmic part of the titration) which is cancelled in the presence of PN. Force/fl ow 
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titrations with other mitochondria containing UCP1 analogues permit only to prove the protonophoric 
effect of increasing concentrations of FFA that is not distinguishable from the effect of a well known 
protonophore like FCCP (Jarmuszkiewicz et al.  1999,   2000b  ) . This single (FFA and FCCP) force/fl ow 
relationship (Fig.  6.1 ) indicates that FFA does not interact with the respiratory chain and has a pure 
protonophoric effect. Titration with constant FFA concentration exhibits also a drop in Δ y  but is not 
convincingly reversed by PN. The use of non-phosphorylating conditions in order to study the regula-
tion properties of UCP1 analogues may limit the understanding of their  in vitro  and  in vivo  regulation 
as they are located in mitochondria which are basically phosphorylating entities contrarily to UCP1. 
Thus another approach must be delineated in order to investigate the properties of these “new” UCPs. 
This method hinges on the partitioning of H +  electrochemical gradient between ATP synthase and 
UCP1 analogues which affects indeed the OXPHOS yield  i.e . the ADP/O ratio.  

    6.4.1   The ADP/O Method Applied to UCP1 Analogues 

 In 1996 a new method has been designed to determine the contributions of two processes in sustaining 
total respiration on isolated mitochondria (Jarmuszkiewicz et al.  1996  ) . This method was fi rst applied to 
evaluate the contributions (electron partitioning) of AOX (energy dissipating, see above) and cytochrome 
pathways (energy conserving) in overall respiration of  Acanthamoeba castellanii  isolated mitochondria 
and was based on their respective effect on the oxidative phosphorylation yield,  i.e. , the ADP/O ratio 
during a state 3 respiration (phosphorylating) titration with an inhibitor of the oxidizable substrate 
uptake. The ADP/O method, based on the non-phosphorylating property of AOX, involves pair measure-
ments of ADP/O ratios in the presence and in the absence of AOX inhibitor and measurements of the 

  Fig. 6.1    Relation between Δ y  and mitochondrial respiration rate Jo (Force/Flow relationship). Phosphorylating 
respiration i.e. full state 3 rate V3 (♦   ); State 4 rate V4 ( x ); State 4 titration with increasing concentrations of FFA (■); 
State 4 titration with increasing concentrations of uncoupler FCCP (carbonyl cyanide  p -trifl uoromethoxyphenylhydra-
zone) (Δ); State 3 titration with increasing concentrations of oligomycin (●)       
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overall respiration rate in state 3. Since 1998 the ADP/O method is applied to measure the H +  partitioning 
between ATP synthase and uncoupling protein with FFA-depleted mitochondria of several organisms: 
tomato (Jarmuszkiewicz et al.  1998,   2000a ; Sluse et al.  1998b  ) ,  Acanthamoeba castellanii  (Jarmuszkiewicz 
et al.  1999  ) , rat muscle (Jarmuszkiewicz et al.  2004b  ) , potato (Navet et al.  2005  ) . To apply this method 
several conditions must be fulfi lled merely: (1) Δ m H +  dissipation in the presence of FFA to activate UCP 
occurs only through UCP activity, (2) FFA has no effect on the intrinsic stoichiometries of oxidative 
phosphorylation (H + /O and ATP/H + ) and (3) Δ y  is constant into the titration range. Then, the two fol-
lowing equations can be used to calculate both contributions (part of respiration sustained by ATP syn-
thesis,  V   

cyt path
  and part of respiration sustained by UCP activity,  V   

UCP
 ):

     
( ) ( )−

= ×cyt path 3 FFA
ADP / O / ADP / OV V

   (6.1)  

     
= −3UCP cytpathV V V

   (6.2)   

 Where (ADP/O) 
−FFA

  is the ratio measured in the absence of FFA, (ADP/O) is the ration measured 
in the presence of FFA (UCP activated) and  V3  is the overall steady state 3 respiration rate in the pres-
ence of FFA. Equations  6.1  and  6.2  can be rearranged to give:

     
( ) ( ) ( )−

× = × −3 3FFA
ADP / O ADP / O UCPV V V

   (6.3)   

 This equation predicts a linear relationship (Fig.  6.2b ) between the rate of ATP synthesis ( J  
 P 
  =  V  

 3 
  × 

(ADP/O) and the overall state 3 respiration rate ( J  
 o 
   = V  

 3 
 ) provided that  V  

 UCP 
  remains constant when  V  

 3 
  

is decreased by inhibition of substrate uptake as it has been verifi ed (see ref. above). The linear rela-
tionship can be extrapolated to abscissa and crosses the origin if there is no basal H +  leak during state 
3 respiration (like in plant and protist mitochondria), then the measured (ADP/O)  

–FFA
  ratio is constant 

during titration and corresponds to the intrinsic (ADP/O) ratio (ratio of fi xed intrinsic H + /O and ATP/
H +  stoichiometric ratios). In mammal mitochondria it is not the case as the linear relationship between 
J 

P
  and J 

o
  crosses the abscissa axis on the right of the origin indicating that a part of the state 3 respira-

tion rate of FFA-depleted mitochondria is sustained by a constant endogenous (or basal) H +  leak. Thus 
Eq.  6.3  becomes: 

     
( ) ( ) ( )= × − = ×

intrinsic measured
ADP / O ADP / OP o o basal leak oJ J J J

   (6.4)   

 Then the measured ADP/O is decreasing when  V  
 3 
  is decreased by inhibition of substrate uptake. 

However the slope of the straight line remains the intrinsic ADP/O ratio.  

    6.4.2   Activation of UCP1 Analogues by FFA 

 Activation of UCP analogues by FFA at low concentrations ( m M range) is observed during  J  
 P 
  /J  

 0 
  titra-

tion (Fig.  6.2b ) for every type of mitochondria tested (plant, protist, animal): straight line relation-
ships are observed between J 

P
  and J 

O
  in the absence and in the presence of given concentrations of 

FFA. All the straight lines have the same slope proving that the intrinsic stoichiometric ADP/O ratio 
remains unchanged in the presence of FFA. However with increasing the FFA concentration, the 
abscissa axis intercept is shifted to the right (size of the shift =  V  

 UCP 
 ) indicating a FFA-concentration 

dependence of the UCP activity. Thus a set of parallel straight lines strongly suggest not only that FFA 
has no effect on H +  pumps employed in oxidative phosphorylation but also that the H +  conduction rate 
via UCP does not change with respiration rates. All these observation strongly suggest that UCP1 
analogues can be activated  in vitro  by FFA alone and that this activation does not require lipid 
peroxidation products (Considine et al.  2003 ; Echtay et al.  2003  ) .  
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    6.4.3   The Paradox of GTP Inhibition 

 Purine nucleotide inhibition is a diagnostic of UCP activity. The binding of PN to a high affi nity 
binding site of UCP1 inhibits the H +  conductance triggered by FFA (Gonzalez-Barroso et al.  1996  ) . 
As already mentioned above, confl icting results were obtained with UCP1 analogues. In reconsti-
tuted proteoliposomes, UCP2, UCP3 and plant UCP are inhibited by PN (Jaburek et al.  1999 ; 
Borecky et al.  2001 ; Zackova et al.  2003  )  and their affi nity to PN is in the  m M range like UCP1 
(Klingenberg and Echtay  2001 ; Jekabsons et al.  2002  ) . However results obtained with isolated 
mitochondria showed that FFA-activated H+ conductance was poorly sensitive to PN under 

  Fig. 6.2    Effect of purine nucleotide (GTP) in phosphorylating mitochondria when QH 
2
 -oxidizing or Q-reducing 

pathways are inhibited. Relationships between Δ y  ( a ), rate of ADP phosphorylation (J 
P
 ) ( b ), Q reduction level ( c ) and 

the rate of oxygen consumption during state 3 respiration (J 
O
 ). All the conditions are indicated by different symbols in 

the  inset           
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non-phosphorylating conditions (Jarmuszkiewicz et al.  1998 ; Rial et al.  1999 ; Zhang et al.  1999 ; 
Hourton-Cabassa et al.  2002  ) . Only a so-called “superoxide-activated” state of UCP homologues 
has been shown to be PN sensitive in state 4 respiration (Echtay et al.  2002 ; Considine et al.  2003 ; 
Echtay et al.  2003  ) . Anyway a paradox exists concerning PN inhibition of UCPs and PN concen-
tration in the cell. Indeed, if the measured PN affi nity is true then no UCP including UCP1 could 
be activated  in vivo  because of the large concentrations of PN present in the cell (mM range). Thus 
a physiologically relevant mechanism must exist to allow H+ conductance through UCPs to be 
regulated by PN.  

    6.4.4   Central Role of Q Reduction State 

 With the help of the ADP/O method it has been possible to clarify the PN-inhibition paradox and 
to show that PN are also very effi cient inhibitors of FFA-activated UCP1 analogues (Jarmuszkiewicz 
et al.  2004b,   2005 ; Navet et al.  2005  ) . Indeed, in 2004 (Jarmuszkiewicz et al.  2004b  )  it was shown 
in well-defi ned conditions that, with rat skeletal muscle mitochondria during state 3 respiration 
titration by n-butylmalonate (inhibitor of succinate uptake) in the presence or the absence of lino-
leic acid (LA) and of GTP (PN), we could observe at full state 3 rate no effect of GTP but, together 
with the decrease of state 3 rate, the appearance of an inhibitory effect of GTP on the LA-induced 
H +  conductance (Fig.  6.2b ). This inhibitory effect was total at about 50% inhibition of phosphory-
lating state 3 respiration rate. The same titration range of respiration with antimycin A (inhibitor of 
complex III of RC) did not lead to the appearance of an inhibitory effect by PN. At the same time 
the membrane Δ y  (Fig.  6.2a ) and the redox state of ubiquinone were monitored (Fig.  6.2c ). 
Membrane electrical potential did not change in the respiration titration range and could not explain 
the progressive inhibition of LA-induced H+ conductance by GTP. On the other hand ubiquinone 
(Q) reduction level (Q 

R
 /Q 

T
 , i.e. the ratio reduced ubiquinone versus total ubiquinone in the mem-

brane) decreased importantly during respiration titration with n-butylmalonate when GTP inhibi-
tion occurred. On the contrary inhibition with antimycin A (AA), which increased lightly the Q 
reduction level, did not lead to an inhibion by GTP during AA titration. Thus, the reduction level of 
coenzyme Q appears to monitor the PN inhibition of muscle UCP in phosphorylating mitochondria. 
Coenzyme Q or ubiquinone is a redox intermediate of the respiratory chain translocating electrons 
from dehydrogenases (electron entry) to the cytochrome pathway (in animals) and alternative oxi-
dase (in plants and protists) thus playing a central role as crossroads of electrons in the RC. The Q 
reduction level seems to be too high in non-phosphorylating (state 4 respiration) mitochondria to 
observe an inhibition of H +  conductance by PN. Similar results as those given in Fig.  6.2  were 
obtained with mitochondria from the protist  Acanthamoebe castellanii  using succinate and external 
NADH as oxidizable substrates: no inhibition of FFA-induced H+ conductance by PN in full state 
3 and state 4 but appearance of progressive inhibition related to the decrease in Q reduction level in 
inhibited state 3 at the side of electron entry. Even much better illustration of the role of Q reduction 
level in PN inhibition control was given by experiment on potato mitochondria, although the start-
ing situation (in full state 3 respiration rate) was different, the results were in perfect accordance 
with those obtained with rat and protist mitochondria. Indeed, as the initial Q reduction level of full 
state 3 respiration rate was quite low in potato mitochondria, a full inhibition of FFA-induced UCP 
activity by PN was observed without n-butylmalonate (that still decreased more the Q reduction 
level). However, an inhibition of state 3 respiration rate with AA that increases the Q reduction 
level progressively cancelled the PN inhibition which could be restored by the further titration of 
state 3 respiration rate with n-butylmalonate. These results strongly suggest that the reduction level 
of Q is a “metabolic sensor” that modulates the inhibition of FFA-induced UCP1-analogue activity 
by PN in phosphorylating mitochondria (Sluse et al.  2006  ) . Interestingly, in the case of UCP1, 
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UCP2 and UCP3, Q has been shown to be an obligatory factor for their active reconstitution in 
proteoliposomes (Echtay et al.  2000,   2001  ) . The fi nding that in phosphorylating mitochondria the 
reduction level of Q modulates the sensitivity to PN of the FFA-induced UCP1 analogue activity is 
very important as it provides not only a new key-feature of the UCP activity regulation in phospho-
rylating mitochondria but also an explanation of how UCPs could be activated in vivo despite the 
large concentrations of PN present in the cell. This regulation also reconciles the confl icting results 
obtained with reconstituted systems and isolated mitochondria as it means the PN binding site 
operational in proteoliposomes and the unlike PN inhibition in non-phosphorylating mitochondria. 
Last but not least, the occurrence of this feature in mammals, plants and protists supports the 
universality of this new regulatory mechanism.  

    6.4.5   UCP1 Is Also Under the Control of Q Reduction Level 

 If the reduction level of Q modulates universally the PN sensitivity of the FFA-induced UCP1-
analogue activity, then the following questions arise: has UCP1 the same regulatory feature implying 
Q or has UCP1 lost this feature and is able to overcome its PN inhibition simply by its interaction 
with FFA? As the study of UCP1 H +  conductance and its regulation in BAT mitochondria during 
phosphorylating respiration is seemingly impossible task two ways have been used: (1) forget state 
3 respiration and try to show in force/fl ow titration experiments in state 4 that FFA-induced H+ con-
ductance is sensitive to Q reduction state and/or (2) Study PN sensitivity regulation in state 3 with a 
heterologous yeast expression system containing low amount of rat UCP1 in its mitochondria. Both 
studies have been realized recently (Swida-Barteczka et al.  2009  )  and led to very interesting and 
convincing results. First on the yeast mitochondria expressing UCP1 at 1  m g of UCP1 per mg of 
mitochondrial protein (Douette et al.  2006  )  force/fl ow titration with malonate (inhibitor of succinate 
uptake and oxidation) exhibits the classical profi le as in BAT mitochondria,  i.e . a nearly equidistant 
shift towards lower Δ y  on the addition of oleic acid (OA) which is cancelled by 2 mM GTP (Fig.  6.3a ). 
During these titrations the reduction level of Q decreases from 82% to 43%. However when the 
reduction state of Q is increased from 83% to 98% during the titrations with cyanide the inhibitory 
effect of GTP on FFA-induced UCP1-sustained H +  leak is decreased progressively (Fig.  6.3b ) and is 
almost cancelled for the lowest Δ y  (around 160 mV). This observation suggests that the effect of Q 
reduction level on PN sensitivity threshold can be detected with UCP1 too. When the ADP/O method 
is used with phosphorylating yeast mitochondria containing low amount of UCP1 the classical J 

P
 /J 

O
  

relationship is observed (straight line through the origin), oleic acid inducing a equidistant shift to 
the right corresponding to the OA-induced UCP1-catalysed proton leak-sustained respiration rate as 
it can be inhibited by GTP during n-butylmalonate titration (decreasing Q reduction level from 60% 
to 30%) but not during antimycin A titration (increasing Q reduction level from 60% to 95%). Thus 
with heterologously low-expressed UCP1 it is possible to evidence that the reduction level of Q 
modulates the PN-inhibition of FFA-induced H +  conductance of mitochondria both in state 3 and 
state 4 respirations. The challenge was then to show that in native situation (in BAT mitochondria) it 
was also possible to detect during non-phosphorylating respiration a Q-reduction level-dependence 
of the PN-inhibition of FFA-induced UCP1-sustained H +  conductance (never observed before). This 
has been shown by force/fl ow titrations in state 4+GTP with malonate compared with cyanide: cya-
nide titration curve with respect to malonate titration curve progressively shifts to the left indicating 
a partial alleviation of PN inhibition of UCP1-sustained H +  conductance: Q reduction level decreases 
from 80% to 74% with malonate but increases to 86% with cyanide (Swida-Barteczka et al.  2009  ) . 
Thus even in BAT mitochondria Q reduction level can modulate detectibly the PN-sensitivity of 
FFA-induced UCP1-sustained proton conductance. This regulatory feature of UCPs is then proved 
to be universal.    
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    6.5   Mechanism of Regulation of All UCP’s 

 Universal does not mean unique. All UCPs seem to be activated by FFA, inhibited by PN and the latter 
inhibition be modulated by the reduction level of Q. However many papers in the literature report 
activations of UCPs by superoxide anion, other reactive oxygen species (ROS) or products of lipoper-
oxidation (Echtay  2007  ) . In fact, there is even not yet agreement with the way FFA “activate” UCP! 
Three models are currently evoked to explain the FFA-dependence of the protonophoric activity of 
UCPs. Firstly, FFA act as co-factors by adding their carboxyl groups inside UCP playing a role as 
relay for binding and releasing H + , in this model UCPs are H +  carriers (Klingenberg and Winkler 
 1985  ) . Secondly, as described under Sect.  6.2.1 , UCPs participate in a FFA cycle by exporting anionic 
FFA from the matrix and do not translocate protons, in this model UCPs are anion carrier (Garlid et al. 
 1996  ) . Thirdly, since FFA and PN seem to affect H +  conductance through a simple competitive kinet-
ics, FFA could not be directly required in UCP protonophoric activity and act as allosteric activators, 
in this model UCPs are proton carriers (Shabalina et al.  2004  ) . However this competition (mutual 
exclusion) cannot exclude anionic FFA as substrate because it is quite possible that the PN-allosteric 
binding site interacts with the anionic FFA-substrate binding site with as a consequence an apparent 
mutual competition between the allosteric negative effector and the substrate. This, of course, does 
not mean that FFAs are positive allosteric effectors. Concerning activation of UCPs by superoxide and 
its byproducts it remains quite controversial (Nicholls  2006  ) . This model is based on the observation 
that some UCPs can be activated by both superoxide (Echtay et al.  2002  )  and lipid peroxydation prod-
ucts such as hydroxynonenal (Echtay et al.  2003  ) . This suggests that superoxide reacts with mem-
brane phospholipids generating the fi nal activator hydroxynonenal (Murphy et al.  2003  ) . 

    6.5.1   The Activation by ROS 

 The current model pathway for UCP activation by superoxide anion assumes that it occurs indirectly 
through peroxidation of polyunsaturated fatty acid side chain of membrane lipids. Superoxide anion 
is the product of reduction of O 

2
  by a single electron at the level of the respiratory chain when pmf is 

  Fig. 6.3    Kinetics of proton leak in state 4 respiration (V4 versus Δ y ): effect of GTP when Q-reducing pathway is 
inhibited with malonate ( a ) or QH2-oxidizing pathway is inhibited with cyanide ( b ). All the conditions are indicated by 
different symbols in the  insets        
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high and then electron carriers very reduced. Its dismutation in H 
2
 O 

2
  is catalysed by SOD and then 

hydrogen peroxide may be either reduced into water via glutathione and thioredoxine paths or in the 
presence of ferrous ions be the source of a highly reactive hydroxyl radical:  . OH. Then the lipid per-
oxydation can proceed through a cascade of reaction with successive formation of carbon-centred 
lipid radical, peroxyl radical, hydroperoxide, alkoxyl radical (in the presence of Fe 2+ ), cyclic hydroper-
oxide and hydroxynonenal (HNE, starting from arachidinic acid). Activation of UCPs by lipid per-
oxydized derivatives (such as HNE and structurally related compounds like  trans -retinoic acid, 
 trans -retinal and 2-alkenals (Rial et al.  1999 ; Smith et al.  2004  )  as well as by superoxide itself (   with 
added superoxide anion and H 

2
 O 

2
  generating systems (Echtay et al.  2002  ))  is quite appealing possibil-

ity. Indeed if we consider the irrefutable fact that reactive oxygen species (ROS) prevention 
(see below) is a role of UCPs which is an obligatory outcome of their biochemical function (decrease 
of pmf which increases electron fl ux to oxygen and by the fact decreases the reduction state of elec-
tron carrier, namely coenzyme Q, important source of superoxide anion) a retro-positive control of 
UCP activity (stimulation) by ROS could be save for the cell components and life. However, the 
nature of the path(s) by which ROS could activate UCPs remains unknown. Moreover this would 
mean that the system of prevention would start to work effectively when damage are already done. 
Then concern about that possibility may be expressed except if we do not consider an acute ROS-
activation of the protonophoric function of UCPs but a ROS-initiated up-regulation of UCP expression 
level and protein concentration.  

    6.5.2   Connecting ROS and Q Reduction Level: A Logical Model 

 Nevertheless, function and regulation of UCPs are completely “surrounded” by PN, FFA and ROS or 
ROS source (Q reduction level). PN-inhibition is a diagnostic of H +  conductance through UCPs and 
can be currently considered as a certain property of UCPs. If FFA −  activation is not the only acute 
activation way, it is nevertheless a universal feature for all UCPs. Acute ROS-activation is currently 
very much debated as well as the pathways they could use to activate UCPs. Q reduction level 
(QH 

2
  is an important source of superoxide and derived ROS through the semiquinone form Q −  (reduced 

by a single electron)), is now proved to play an important role in the modulation of PN-inhibition of 
UCP1 and every-kingdom UCP analogues. So it is tempting to try to propose a model of UCP regula-
tion that puts together all the reliable information extracted from the huge amount of researches pub-
lished on UCPs. This attempt is not pointless (Fig.  6.4 ) as every physiological role of the UCPs in 
every cell is an integral part of their function and regulation. To sum up: -UCPs are activated by FFA 
and some ROS (superoxide anion or lipid peroxidized derivatives) and inhibited by purine nucle-
otides;- UCPs activity decreases the protonmotive force allowing an acceleration of electron fl ux in 
the respiratory chain and consequently a decrease of the reduction level of electron carriers;-This 
decrease is itself responsible of a lower level of superoxide anion production and of derived peroxi-
dised lipids together with a lower level of QH 

2
 ;-The ROS decrease could result in a UCP deactivation;-

Instead of acting directly on activity the decrease of QH 
2
  level allows PN to inhibit UCPs. The latter 

mechanism could be faster decreasing UCP activity. Thus both could be complementarily working in 
sequence: immediate inhibition by PN through increase in Q reduction level and progressive decline 
of the ROS-activated UCP activity. The model just described above corresponds to acute regulation of 
UCP activity (temporally speaking). However long term regulation of activity also occurs in which 
ROS could also play a role by acting as messengers to increase UCP expression level. Thus it appears 
clearly that UCP level and activity are tightly regulated via several ways, most of which originate in 
the Q reduction level.    
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    6.6   Physiological Roles of UCPs 

 According to their localization (cells, tissues, animals, plants, fungi, protists) UCPs could have various 
physiological roles even if they share common functional properties. In contrast to UCP1 the physi-
ological roles of UCP analogues are still under debate or completely unknown. In general the physi-
ological role of UCPs can fall into various categories: adaptive non-shivering thermogenesis (NST), 
prevention of mitochondrial ROS production, response to stress (wide meaning) and regulation of 
energy metabolism balance. 

    6.6.1   UCPs and Thermogenesis 

 Only UCP1 in BAT is implicated in adaptive non-shivering thermogenesis in a way described above 
(under Sect.  6.3.2 ), for a review see (Cannon and Nedergaard  2004  ) . UCP1 ablation in mice has revealed 
not only the expected results, like absence of non-shivering thermogenesis (Enerback et al.  1997  )  and 
loss of cold tolerance, but also an apparent role in body weight keeping. Indeed if the UCP1-ablated 
mice are hold at thermoneutrality (30°C) they become obese (Feldmann et al.  2009  ) , contrarily obesity 
is not observed at 20–22°C (Enerback et al.  1997  ) . Thus the absence of thermal stress in UCP1-ablated 
mice creates a situation that leads to attribute to UCP1 a role in body weight control. Due to their 
molecular and functional similarities with UCP1, UCP2 and UCP3 were also believed to be ther-
mogenic. However their very low level of expression that could be 1,000-fold less than UCP1 expres-
sion indicates that they do not play a signifi cant role in non-shivering thermogenesis and in adaptive 

  Fig. 6.4    Schematic model 
of UCP regulation: acute 
regulation on UCP activity 
and long term regulation on 
UCP concentration       
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response to cold. This is sustained by several studies with UCP-ablated mice. No phenotypic difference 
was evidenced between UCP1-ablated mice and  Ucp 1,3  double knockouts (Gong et al.  2000  ) . The 
effect of starvation in rat muscle where gene expression of  Ucp 2 and 3  increases (Cadenas et al.  1999  )  
together with the normal responses to cold exposure and absence of obesity of  Ucp2  and  Ucp3  knock-
out mice (Gong et al.  2000 ; Vidal-Puig et al.  2000  )  provide evidences against a role of these UCP 
analogues in body temperature and mass control in normal conditions. UCP5 mRNA is abundant in 
brain (Sanchis et al.  1998  )  and testis whereas UCP4 mRNA is present only in brain (Mao et al.  1999  ) . 
The uncoupling function of UCP4 and 5 are not yet well established and their role in local thermogen-
esis requires further studies. Plant uncoupling proteins (PUMP: plant uncoupling mitochondrial pro-
tein) form a group of 6 members in  Arabidopsis , some are ubiquitous and others are tissue-specifi c, for 
a review see: (Vercesi et al.  2006  ) . PUMPS are present in low amounts and probably play no role in 
thermogenesis even in thermogenic plant tissue (spadice of  Arum ) where heat production is related to 
the increase of AOX activity (see above Sect.  6.3.1 ). Uncoupling proteins from unicellular eukaryotes 
are up-regulated under low temperature (Jarmuszkiewicz et al.  2009  )  but this cannot be related to 
thermogenesis as already discussed (see above Sect.  6.3.2 ).  

    6.6.2   UCPs and Prevention of ROS Production 

 Skulachev has demonstrated that the production of ROS by mitochondria is tightly related to the Δ y : 
up to the Δ y  corresponding to the phosphorylating state 3 respiration the ROS production remains 
low and constant but increases with Δ y  when it moves to higher values corresponding to the non-
phosphorylating state 4 respiration (Skulachev  1991 ; Korshunov et al.  1997  ) . Thus it is tempting, if 
pmf is such a key factor modulating the superoxide anion production at complex I and III, to postulate 
that a crucial factor moderating ROS production at this level would be the activity of UCPs. A pos-
sible physiological role of UCPs is a precise monitoring of Δ y  in order to maintain optimal oxidative 
phosphorylation and minimal ROS production, ultimately attenuating the cellular damage caused by 
mitochondrial ROS production. In favor of this proposal it has been shown that inhibition of UCP2 by 
GDP increased Δ y  and mitochondrial ROS production (Negre-Salvayre et al.  1997  ) . Again regulation 
of expression have brought interesting information: mitochondria from  Ucp3  KO mice show higher 
ROS production and increased levels of oxidative damage (Brand et al.  2002  )  and myotubes over-
expressing  Ucp3  show reduced production of ROS (MacLellan et al.  2005  ) . However there are some 
discrepant results with transgenic animals (Echtay  2007  ) . For instance mice over-expressing UCP3 
have the same level of oxidative damage if compared to WT strain (Brand et al.  2002  ) . Over-expression 
of mitochondrial MnSOD which decreases ROS in mouse muscle mitochondria does not change 
GDP-sensitive proton conductance compared to WT. This would mean that expression of muscle 
UCP are not regulated by the level of ROS! Nevertheless it seems that a major role of UCP2 and 
UCP3 is to moderate the ROS production by mitochondria  in vitro  and  in vivo . Indeed, in vitro experi-
ments have clearly demonstrated that activation of UCP3 is protective against superoxide anion pro-
duction by rat skeletal muscle mitochondria. Superoxide anion generation and impairment of oxidative 
phosphorylation yield (ADP/O ratio) were studied in mitochondria submitted to anoxia/reoxygen-
ation (Navet et al.  2006  ) . Production of superoxide anion increases with the number of anoxia/reoxy-
genation cycles (A/R) together with a decrease of phosphorylating state 3 respiration rates and ADP/O 
ratios measured after A/R (9 cycles). The latter was proved to result from a proton leak. The addition 
of palmitic acid during A/R cycles was responsible for a dose-dependent inhibition of superoxide 
anion production as well as a protection of the ADP/O ratio. The decrease of ADP/O ratios after A/R 
cycles was inhibited by cyclosporine A indicating that the proton leak after A/R was due to the activa-
tion of the permeability transition induced by superoxide anion produced during A/R cycles (Di Lisa 
and Bernardi  1998  )  as it was cancelled by the spin trap (POBN), which scavenges superoxide anion 
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and by palmitic acid, which activates UCP3. Thus palmitic acid-activated UCP3-sustained proton leak 
cancels superoxide anion production during A/R and as a consequence prevents the occurrence of 
superoxide anion-induced permeability transition-mediated proton leak after A/R. The ROS/proton 
leak couple can play an important role in cell protection not only against ROS but also against energy 
wasting (Brookes  2005  ) . Indeed in the Navet’s work it is shown that, on one hand ROS generated dur-
ing A/R leads to energy wasting proton leak after A/R through a cyclosporine sensitive pathway 
(permeability transition) and on the other hand, the FFA-induced UCP3-sustained proton leak during 
A/R decreases A/R-induced superoxide anion production and consequently cancels the A/R-induced 
detrimental proton leak that impairs the ADP/O ratio after A/R. Thus, here the ROS-activated system 
is not UCP. It has been shown that heterologous expression of UCP1 in yeast affects oxygen free radi-
cal production (Douette et al.  2006  ) . Indeed it was found that most of the proteins involved in the 
cellular response to ectopically expressed UCP1 are related to energy metabolism (increase in oxida-
tive metabolism) and that the cellular H 

2
 O 

2
  release depends on the amount of ectopic UCP1. The 

results suggest that UCP1 has a dual infl uence on ROS generation, on one side FFA-activated UCP1 
decreases the superoxide anion production (obligatory outcome of UCP activation even in a heterolo-
gous context) inhibited by PN, on the other side, an increase in UCP1 content is concomitant with an 
increase in the basal release of superoxide anion by mitochondria (inhibited by PN) as a consequence 
of the overall increase in energy metabolism, for review see (Douette and Sluse  2006 ; Sluse et al. 
 2006  ) . Thus in this heterologous system two outcomes of the presence of UCP are observed: increase 
in upstream metabolism and increase in ROS production (even if activation of UCP1 diminishes ROS 
production). In plant mitochondria UCPs are supposed to prevent ROS generation by the respiratory 
chain. In unicellular eukaryotes, such as amoeba, it has been shown that FFA-induced proton-conduc-
tance sustained respiration can prevent ROS formation (Czarna and Jarmuszkiewicz  2005  ) . This role 
becomes important when amoebae are grown in stress conditions. Indeed it has been shown that in 
 Acanthamoeba castellanii  grown in cold the mitochondrial UCP protein content and activity is higher 
(Jarmuszkiewicz et al.  2004a  )  likely accompanying a higher ROS production (Avery et al.  1994  ) .  

    6.6.3   UCPs and Energy Flow 

 Tightly regulated uncoupling of mitochondria through FFA-activated PN-inhibited UCP-mediated 
proton conductance may infl uence the fl ow in upstream catabolic pathways. Of course UCP1 activa-
tion in BAT is concomitant with a well-known huge burst in catabolic activity which was also evi-
denced at the mitoproteomic level after cold acclimation (Navet et al.  2007  ) : upregulation of expression 
of enzymes of the  b -oxidation, Krebs cycle and CR complex I and III. This was also observed in 
UCP1 ectopically-expressed yeast at the mitoproteomic level (Douette et al.  2006  ) : specifi c UCP1 
dose/response upregulation of Krebs cycle enzymes, RC complex III, ATP synthase but decrease in 
fermentation. It is tempting to allocate similar role to UCP2 and UCP3 at a much lower level due to 
their lower abundance. However they could manage a little uncoupling between respiration and ATP 
synthesis that could allow increase activity of Krebs cycle in order to improve its anaplerotic role 
necessary to anabolic pathway. For example it was shown that UCP2 is upregulated in hepatocytes of 
hyperphagic obese ob/ob mice (Chavin et al.  1999  ) . Mitoproteomic study of these mice (Douette et al. 
 2005  )  versus control has shown upregulation in enzyme expression of Krebs cycle,  b -oxidation, keto-
genesis, gluconeogenesis and RC complex I and ETF oxidoreductase. All these changes are proposed 
to lead to a higher Q reduction state disabling PN inhibition of UCP2 which together with high FFA 
availability and increase in UCP2 content could result in an increase in respiration uncoupling. Thus 
UCP2 would act as an energy spendthrift to promote reducing substrate turnover and to control the 
upstream energetic fl ux. It is noteworthy that this increased metabolic turnover leads to higher ROS 
production at higher Δ y  in obese hepatocytes even though UCP2 is upregulated (Yang et al.  2000  ) . 
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The same type of modulation of the coupling between Krebs cycle activity and ATP synthesis has 
been observed with plant (potato) UCP in anabolic demand conditions (Smith et al.  2004  ) : increase in 
UCP content leads to an increase in Krebs cycle fl ux. Expression of UCP genes is strongly modifi ed 
during fruit ripening suggesting a developmental stage specifi c regulation of plant UCP (Considine 
et al.  2001  ) . Studies on tomato ripening have shown that AOX and UCP are effi cient under distinct 
physiological conditions [for review see (Vercesi et al.  2006  ) ]. The tissue and temporal specifi c 
expressions of each UCP isoforms suggest they have different roles during development of plant tis-
sues. In unicellular eukaryotes UCP is believed to play a role in the regulation of energy metabolism 
during cell growth cycle (Jarmuszkiewicz et al.  2009  ) .   

    6.7   Physiopathological Aspects 

 As mentioned above the two well-documented physiological roles of the UCPs (apart from thermo-
genesis) are prevention of ROS formation and balance of energy metabolism. All implications of 
UCPs in physiopathology is obligatory linked not only to their biochemical function and regulation, 
their physiological roles but also to the energetic and the metabolic status of the peculiar cells and 
tissues implicated in the pathology. Then physiological disorders exhibiting either an increase of ROS 
production or an impairment of the metabolic balance are suspected to be potentially linked to UCP. 
A large number of studies show some implication of UCP2 and UCP3 in a broad range of pathological 
processes like obesity, type 2 diabetes, insulin resistance and insuffi ciency, autoimmune diseases, 
atherosclerosis, tumor formation and aging, for review see (Azzu et al.  2010 ; Echtay  2007  ) . The role 
of UCP1 in the control of body weight (against-obesity appearance) is mainly sustained by the study 
of  Ucp1  knockout mice at thermoneutrality (see under Sect.  6.1 ). The ablation of UCP1 creates a situ-
ation in which the brown adipose tissue loses its metabolic properties, i.e. its ability to consume a 
large amount of metabolites. This combined with the absence of caloric demand for the maintenance 
of body temperature leads to an overall metabolic imbalance responsible for the weight gain which is 
diet dependant. Role of UCP2 in glucose sensing-cells is well documented but remains debated. 
UCP2 activity can attenuate insulin secretion by the pancreas through the peculiar role of mitochon-
drial metabolism in glucose-stimulated insulin secretion (GSIS). The very low level of lactate dehy-
drogenase in pancreatic  b  cells makes that most of the pyruvate produced by the glycolysis is 
catabolized in the mitochondria and that metabolism of glucose is supported by mitochondria. Thus 
as a direct consequence, the elevation of the glucose concentration leads to a higher reducing equiva-
lent production that leads to an elevation of the intracellular ATP/ADP ratio. This is important in the 
GSIS process since it reduces the opening probability of the plasma membrane K 

ATP
  channel respon-

sible of the depolarization of the membrane and the subsequent opening of the voltage gated Ca 2+  
channel with infl ux of Ca 2+  triggering insulin secretion. Then UCP2 can decrease insulin secretion in 
two ways: by lowering ATP production by OXPHOS and by decreasing the production of ROS which 
are important signals for GSIS (Leloup et al.  2009  ) . This negative feedback loop would prevent an 
over secretion of insulin and contribute to blood glucose homeostasis. Overexpression of  Ucp2  atten-
uates GSIS supporting this negative regulatory effect (Chan et al.  1999  ) . Conversely, in  Ucp2  knock-
out mice pancreatic islets have increased insulin secretion, clearly showing the regulatory role of 
UCP2 in GSIS (Zhang et al.  2001  ) . Downregulation of UCP2 could then improve the diabetic pheno-
type. However the absence of UCP2 could also impair  b  cell function because permanent oxidative 
stress (Pi et al.  2009  ) . In type 2 diabetes, a prolonged exposition to high glucose and lipid content 
severely impairs  b -cells functions and promotes UCP2 expression. Thus it can be assumed that UCP-2 
activation in hyperglycemic animals would impair GSIS by reducing phosphate potential and severely 
contribute to enhance insulin resistance. Consequently, in this situation, the classical “benefi cial” 
effect of the uncoupling protein activation on ROS prevention and metabolic turnover would constitute 
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an important drawback. Numerous studies have shown that UCP2 play a role in cytoprotection and its 
absence enhances colon tumor induction (Derdak et al.  2006  )  and atherosclerosis (Moukdar et al. 
 2009  ) . Role of UCP3 in ROS protection is supported by the fact that its over-expression neutralizes 
oxidative stress in mouse myotubes (Barreiro et al.  2009  ) , decrease ROS production in skeletal mus-
cle during exercise (Jiang et al.  2009  )  and in heart and skeletal muscles during aging (Nabben and 
Hoeks  2008  ) . Conversely UCP3 under-expression in mice leads to higher oxidative damage in skeletal 
muscle mitochondria (Brand et al.  2002  ) . UCP3 could also be involved in fatty acid metabolism as its 
over-expression in mice increases fatty acid transport and oxidation (Bezaire et al.  2005  )  and more-
over decreases diet-induced obesity and insulin resistance (Son et al.  2004  ) . Insulin resistance in 
skeletal muscle is a major cause of type 2 diabetes that can be promoted by obesity and aging. The 
link between mitochondrial uncoupling and aging has been carefully reviewed recently (   Mookerjee 
et al.  2010  ) . According the free radical theory of aging, ROS production and oxidative damage cause 
aging. Therefore to counteract aging long life span animals should maintain low level of ROS through 
either ROS production prevention or improved antioxidant activity or increased resistance to ROS or 
all together (Lambert et al.  2007  ) . As UCPs are widely recognized as ROS production preventing 
systems they could be suspected to play an important role in lifespan. However no consistent role for 
uncoupling in lifespan has been evidenced. This could be due to either the multifactorial character of 
lifespan and/or the inadequacy of experimental approaches. Indeed overall methodologies are neces-
sary to undertake this kind of very complex study.  

    6.8   Concluding Comments 

 Study of uncoupling proteins is a very hot topic in Bioenergetics (boiling) since 15 years and UCP1 
is studied since the sixties. Amazingly, their mode of action and regulation are still debated and their 
physiological roles and pathological implications are mostly not understood. This situation hampers 
the development of fundamental knowledge in the fi eld and therapeutic aspects in molecular medicine. 
Modern overall methodologies should be introduced in this wide research fi eld.      
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  Abstract   Apoptosis is a process of programmed cell death that serves as a major mechanism for the 
precise regulation of cell numbers, and as a defense mechanism to remove unwanted and potentially 
dangerous cells. Studies in nematode,  Drosophila  and mammals have shown that, although regulation 
of the cell death machinery is somehow different from one species to another, it is controlled by 
homologous proteins and involves mitochondria. In mammals, activation of caspases (cysteine pro-
teases that are the main executioners of apoptosis) is under the tight control of the Bcl-2 family pro-
teins, named in reference to the fi rst discovered mammalian cell death regulator. These proteins 
mainly act by regulating the release of caspases activators from mitochondria. Although for a long 
time the absence of mitochondrial changes was considered as a hallmark of apoptosis, mitochondria 
appear today as the central executioner of apoptosis. In this chapter, we present the current view on 
the mitochondrial pathway of apoptosis with a particular attention to new aspects of the regulation of 
the Bcl-2 proteins family control of mitochondrial membrane permeabilization: the mechanisms 
implicated in their mitochondrial targeting and activation during apoptosis, the function(s) of the 
oncosuppressive protein p53 at the mitochondria and the role of the processes of mitochondrial fusion 
and fi ssion.  

  Keywords   Apoptosis  •  Mitochondria  •  Bcl-2 family proteins  •  p53  
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  Abbreviations  

  ANT    adenine nucleotide translocase   
  Bcl-2    B-cell lymphoma 2   
  BH    Bcl-2 homology   
  BOP    BH3 only protein   
  CARD    caspase activation and recruitment domain   
  caspase    cysteine aspartase   
  CED    cell death   
  DED    death effector domain   
  Dronc     Drosophila  nedd-2 like caspase   
  EGL-1    egg-laying-1   
  IAP    inhibitor of apoptosis protein   
  MOMP    mitochondrial outer membrane permeabilization   
  PTP    permeability transition pore   
  TOM    translocase of the outer membrane   
  VDAC    voltage-dependent anion channel       

    7.1   Introduction 

 Soon after it was recognized that organisms are made of cells, cell death was discovered as an 
important part of life. First observed during amphibian metamorphosis, normal cell death was soon 
found to occur in many developing tissues in both invertebrates and vertebrates (reviews: Clarke 
 1990 ; Clarke and Clarke  1996  ) . The term “programmed cell death” (PCD) was used to describe cell 
deaths that occur in predictable places and at predictable times during development, to emphasize that 
death can be somewhat programmed into the development plan of the organism. Subsequently it has 
been established that PCD also serves as a major mechanism for the precise regulation of cell numbers 
and as a defense mechanism to remove unwanted and potentially dangerous cells, such as self-reactive 
lymphocytes, cells that have been infected by viruses and tumor cells. In addition to the benefi cial 
effects of PCD, the inappropriate activation of cell death may cause or contribute to a variety of 
diseases, including acquired immunodefi ciency syndrome (AIDS), neurodegenerative diseases, and 
ischemic strokes. Conversely, a defect in PCD activation could be responsible for some autoimmune 
diseases and is also involved in oncogenesis. For a recent overview on PCD in development and disease 
see the review of Fuchs and Steller ( 2011 )). 

 Apoptosis is a process whereby cells activate an intrinsic cell suicide program that is one of the 
potential cellular responses, such as differentiation and proliferation. It has been defi ned in 1972 by 
Kerr et al. in contrast to necrosis, which is a cell death generally due to aggressions from the external 
medium (Kerr et al.  1972  ) . The apoptotic process is associated with characteristic morphological and 
biochemical changes, such as membrane blebbing, cell shrinkage, chromatin condensation, DNA 
cleavage and fragmentation of the cell into membrane-bound apoptotic bodies whose surface expresses 
potent triggers for phagocytosis. However, it must be kept in mind that although apoptosis is the most 
common form of PCD, dying cells may follow other morphological types (Bredesen et al.  2006  ) . This 
chapter reviews our current knowledge on the mitochondrial pathway of apoptosis with a particular 
emphasis to new aspects of the regulation of the Bcl-2 proteins family control of mitochondrial 
membrane permeabilization (MOMP) and the mechanisms implicated in their mitochondrial target-
ing and activation, the function(s) of the oncosuppressive protein p53 at the mitochondria and the role 
of the processes of mitochondrial fusion and fi ssion.  
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    7.2   The Various Roles of Mitochondria in Apoptosis 

    7.2.1   Insights from Studies in Invertebrate Models 

 Genetic screens performed in  C. elegans  have allowed the discovery of a genetic control of PCD and 
elucidation of the signaling cascade leading to cell death (for review see Lettre and Hengartner  2006  ) . 
At the heart of this pathway is the  ced-3  gene, which encodes a member of a family of cysteine pro-
teases that cleave proteins at specifi c aspartyl residues called caspases, whose activation is under the 
control of the caspase activator CED-4. In living cells, CED-4 is constantly sequestered by CED-9 on 
the mitochondrial outer membrane. Upon a proapoptotic stimuli, EGL-1 is transcriptionally activated 
and binds to CED-9 to displace CED-4 (Fig.  7.1 ). CED-4 and CED-3 can then interact through their 
CARD (caspase recruitment domain) domains to form a complex called apoptosome that leads to 
CED-3 activation (Fig.  7.1 ). Apoptosome formation and activation constitute key events for cell death 
execution in worm in a step controlled by EGL-1 and CED-9. Activated CED-3 will then cleave cel-
lular components leading to cell destruction and engulfi ng. Subsequent studies, performed in various 
species, have shown that caspases are also instrumental to the execution of apoptosis in other species. 
These enzymes are expressed in cells as inactive or low-activity zymogens that require oligomeriza-
tion and/or cleavage for activation. In  C. elegans,  CED-3 is able to autocatalyze its own cleavage 

  Fig. 7.1    Main regulators of the mitochondrial apoptotic pathway in  C. elegans ,  Drosophila  and  mammals . In all these 
species, this apoptotic pathway relies on caspase activation into an apoptosome. The apoptosome contains at least an 
oligomer of caspase activator ( CED-4, Dapaf-1 or Apaf-1 ) and several copies of a CARD-carrying initiator caspase 
( CED-3, DRONC  or  Caspase-9 ). In mammals, cytochrome c is an additional co-factor required for apoptosome forma-
tion. In these three clades, Bcl-2 family members, which are either proapoptotic ( EGL-1, Debcl, BOP  or  Bax ) or anti-
apoptotic ( CED-9, Buffy, Bcl-2 ) regulate each other at the level of the mitochondria and are involved in the regulation 
of apoptosome activation. Nonetheless, their mode of action differs: in the nematode, the antiapoptotic protein CED-9 
prevents apoptosome formation by direct binding to CED-4, and EGL-1 promotes apoptosome formation by releasing 
CED-4 from CED-9. In  Drosophila , Bcl-2 proteins are localized to mitochondria and the proapoptotic Debcl induces an 
apoptosome-dependent cell death, in which the role of cytochrome c remains unclear. In mammals, proteins of the Bcl-2 
family either promote (such as Bax or BH3-only proteins) or inhibit (such as Bcl-2) the release of apoptogenic factors 
from the mitochondrial intermembrane space to the cytosol, one of which being the Apaf-1 co-factor, cytochrome c. In 
both mammals and  Drosophila , apoptosome activity can be limited by  IAPs        
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(Hugunin et al.  1996  ) . As CED-3 is the only apoptotic caspase in the worm, it plays a central role in 
apoptosis execution in this organism (Ellis and Horvitz  1986 ; Shaham et al.  1999  ) .  

 Studies performed in  Drosophila  with p35 (a baculovirus caspases inhibitor) have shown that 
caspases are also involved in apoptosis in fruit fl ies. However, regulation of caspase activation in fl ies 
appears to be mainly controlled at another level. A genetic screen of a deletion mutant library showed 
that the H99 deletion abolishes almost all cell death during embryogenesis in  Drosophila  (White et al. 
 1994  ) . This phenotype is the consequence of the loss of three genes:  Reaper ,  Hid , and  Grim , collec-
tively called RHG proteins. In healthy cells, IAPs, caspase inhibitor proteins that contain a RING 
domain and Baculoviral IAP repeat (BIR) motifs such as DIAP1 cause the ubiquitylation of procas-
pases, thereby inactivating them (for a recent review, see Bergmann  2010  ) . In response to an apoptotic 
stimulus, RHG proteins are activated, leading to the RHG protein-dependent ubiquitylation and prote-
osomal degradation of DIAP1 (Chai et al.  2003 ; Goyal et al.  2000 ; Wilson et al.  2002 ; Yoo et al.  2002  ) . 
Overexpression of any one of the RHG genes triggers excessive cell death, indicating that the inhibition 
of IAP is suffi cient to induce caspase activation and apoptosis. Consistently, DIAP1 defi ciency leads to 
spontaneous apoptosis in most fl y cells (Goyal et al.  2000 ; Yoo et al.  2002  ) . These data led to the con-
cept that  Drosophila  caspases might not require activation, but simply relief from potent inhibitors of 
caspases. However, the  Drosophila  initiator caspase DRONC contains in its aminoterminal region a 
long prodomain that carries a CARD motif which mediates DRONC binding to Dark/Dapaf-1, the 
 Drosophila  homologue of the nematode CED-4 caspase activator, and the formation of the fl y apopto-
some (Daish et al.  2004 ; Xu et al.  2005  ) . Furthermore, analysis of the  Drosophila  genome allowed the 
discovery of two homologues of CED-9 ( i.e.  Debcl and Buffy), which are constitutively located at the 
mitochondria (Fig.  7.1 ). The fi rst one is a proapoptotic member called Debcl (Colussi et al.  2000 ; 
Brachmann et al.  2000 ; Igaki et al.  2000  ) , and the second is the antiapoptotic Buffy (Quinn et al.  2003  ) . 
These data show that regulation of caspases activation is somehow conserved between worms and 
 Drosophila  and suggest that critical events take place at the mitochondrial level.  

    7.2.2   The Mitochondrial Pathway of Apoptosis in Mammals 

 In mammals, apoptosis induction also usually leads to caspase activation even though not all of caspase 
activities are linked to cell death commitment and apoptosis can proceed in some instances without 
caspase activity (Godefroy et al.  2004  ) . Caspases can be classifi ed into two subgroups: the fi rst one is 
constituted by effector caspases which present a short prodomain and whose activating cleavage is 
performed by other proteases (such as caspases or calpain). The second group is constituted by initiator 
or apical caspases, which present a long prodomain carrying a protein/protein interaction motif dubbed 
“death domain” (Park et al.  2007  ) . This motif can either be a CARD (Caspase Activation and Recruitment 
Domain) or a DED (Death Effector Domain) domain. Initiator caspases are characterized by their abil-
ity to autoactivate within specialized complexes (Bao and Shi  2007 ; Ho and Hawkins  2005 ; Stennicke 
and Salvesen  2000  ) . Two main pathways lead to caspase activation during apoptosis in mammals. The 
fi rst one involves transmembrane receptors at the plasma membrane and is thus termed extrinsic path-
way or death-receptor pathway (for review: Guicciardi and Gores  2009  ) . The second one, which is 
more similar to the worm death pathway, is termed intrinsic or mitochondrial pathway and places mito-
chondria at the core of the signaling cascade (for review: Wang and Youle  2009  ) . 

 However, for a long time the absence of mitochondrial changes was considered as a hallmark of 
PCD (Kerr et al.  1972 ; Kerr and Harmon  1991  )  and it was thus postulated that apoptosis is controlled 
at the nuclear level. This theory was however challenged during the 1990s by several lines of evidence. 
First, the Bcl-2 protooncogene, responsible for B cell follicular lymphomas due to t(14;18) chromo-
somal translocations, and other Bcl-2 related proteins like Bcl-xL  , were found to be negative regulators 
of cell death, able to prevent cells from undergoing apoptosis induced by various stimuli in a wide 
variety of cell types (Korsmeyer  1992 ; Zhong et al.  1993  ) . Although, the mechanism(s) by which 



1617 The Mitochondrial Pathways of Apoptosis

proteins of the Bcl-2 family modulate apoptosis was not known, it was observed that most members of 
the Bcl-2 family proteins are localized to the nuclear envelope, the endoplasmic reticulum and the outer 
mitochondrial membrane. Furthermore, this membrane association seemed of functional signifi cance, 
as mutant Bcl-2 molecules lacking this membrane anchorage capacity were found less effective at 
preventing apoptosis in some systems (Borner et al.  1994 ; Nguyen et al.  1994 ; Zhu et al.  1996  ) . Second, 
several changes in mitochondrial biogenesis and function were found associated with the commitment 
to apoptosis. A fall of the membrane potential ( D  Y m) occurs before the fragmentation of the DNA in 
oligonucleosomal fragments (Vayssiere et al.  1994 ; Petit et al.  1995 ; Zamzami et al.  1995  ) . This drop 
of  D  Y m is responsible for changes in mitochondrial biogenesis and activity (Vayssiere et al.  1994  ) . 
These data showed that the nuclear fragmentation is a late event as compared to mitochondrial changes. 
Last, translocation of cytochrome c from mitochondria to cytosol has been shown to be a crucial step 
in the activation of the apoptosis machinery in various cell death models and in a cell-free system using 
 Xenopus  egg extracts or dATP-primed cytosol of growing cells (Liu et al.  1996 ; Kluck et al.  1997b  ) . 
Once released, cytochrome c, in interaction with the apoptosis protease-activating factor 1 (Apaf-1), 
triggers the initiator caspases-9 activation, which leads to the subsequent characteristic features of 
apoptosis, including chromatin condensation and nuclear fragmentation, cleavage of fodrin, PARP and 
Lamin B 

1
 . Remarkably, part of the sequence of Apaf-1 shows a striking similarity to that of CED-4, 

with the two proteins aligning over most of the CED-4 sequence. Finally, a decisive observation was 
that release of cytochrome c is blocked by overexpression of Bcl-2 (Kluck et al.  1997a ; Yang et al. 
 1997  ) . These data fi rmly established an active role of mitochondrial outer membrane permeabilization 
(MOMP) in apoptosis. Soon after this discovery, mitochondria was found to release many other pro-
teins that could participate in apoptosis. Smac/DIABLO was identifi ed simultaneously by its ability to 
enhance cytochrome c-mediated caspase-3 activation (Du et al.  2000  )  and by its interaction with XIAP 
(Verhagen et al.  2000  ) . It facilitates caspase activation by binding to IAPs, and removing their inhibi-
tory activity in a way similar to that of  Drosophila  RHG proteins. Soon after, HtrA2/Omi was found to 
be another XIAP-binding protein (Hegde et al.  2002 ; Martins et al.  2002 ; Suzuki et al.  2001  )  released 
from mitochondria during apoptosis and exhibiting proapoptotic activity (van Loo et al.  2002  ) . These 
data showed that, although regulation of caspase activation within the apoptosome is different to some 
extent between worm,  Drosophila  and mammals, it is controlled by homologous proteins (Table  7.1 ) 
and involves mitochondria (for review: Colin et al.  2009b ; Wang and Youle  2009  ) . Moreover, apart 
from this pivotal role of mitochondria in the control of caspases activation, it should be noticed that 
reactive oxygen species (ROS) produced by the mitochondria (see Chap.   5    ) can be involved in apopto-
sis signaling (for reviewed: Fleury et al.  2002  )  and that Bcl-2 has been shown to regulate mitochondrial 
respiration and the level of different ROS (for review : Chen and Pervaiz  2009a  ) , at least in part through 
a control of cytochrome c oxidase activity (Chen and Pervaiz  2009b  ) .   

    7.2.3   Evolution of the Mitochondrial Pathway of Apoptosis 

 In mammals, since apoptosome activation requires the release of cytochrome c from the mitochondrial 
intermembrane space to the cytosol, it is therefore subjected to the regulation of cytochrome c location. 
Two major models that are not mutually exclusive have been proposed to explain the Bcl-2 family 
proteins control of the MOMP (for review Desagher and Martinou  2000 ; Kroemer et al.  2007  ) . The 
fi rst model involves a regulation of the opening of the PTP (Permeability Transition Pore), a macro-
molecular channel which includes ANT, VDAC, cyclophilin D and other variable components, 
Opening of PTP leads to matrix swelling, decrease of  D  Y m, subsequent rupture of the outer mem-
brane, and nonselective release of proteins located in the intermembrane space.  In vitro  experiments 
as well as experiments on isolated mitochondria indicate that both antiapoptotic and proapoptotic 
Bcl-2 family proteins could regulate the PTP opening. However, genetic analysis of mice KO for 
VDAC or ANT suggests that in most cases PTP opening might rather be a consequence of apoptosis. 
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The second model relies on the formation in the mitochondrial outer membrane of channels formed 
by some proapoptotic members of the Bcl-2 family allowing the release of proteins of the intermem-
brane space into the cytosol. In this model other members of the family can either activate or inhibit 
the formation of these channels. Recently, as reviewed in Sect.  7.5 , a third model, involving proteins 
involved in the regulation of mitochondrial shape and dynamics, has also been proposed (see also: 
Jourdain and Martinou  2009 ; Wasilewski and Scorrano  2009 ; Autret and Martin  2009  ) . However, 
whatever the model, antiapoptotic members of the Bcl-2 family impair release of apoptogenic factors 
in the cytosol while proapoptotic ones favor this relocation. 

 In contrast to the mammalian apoptosome, the  Drosophila  apoptosome activation, although supposed 
to occur at or nearby mitochondria, has been shown to be mainly regulated by modulating its inhibition 
by IAP proteins. In fact, apoptosis induction leads to the release of the apoptosome from DIAP1 medi-
ated inhibition (Muro et al.  2002  ) . In this process of apoptosome activation, cytochrome c is clearly not 
crucial. In addition, although mammalian Bcl-2 inhibits apoptosis induced by various stimuli in 
 Drosophila  (Gaumer et al.  2000 ; Brun et al.  2002  ) ,  Drosophila  Bcl-2 family members do not seem to be 
key regulators of developmental apoptosis. Indeed, Debcl has a limited role in developmental apoptosis 
(Galindo et al.  2009  )  but could be important for stress-induced cell death (Sevrioukov et al.  2007  ) . 
Moreover, the way this protein family regulates the  Drosophila  apoptosome is still unclear. Nevertheless, 
it seems that the apoptotic cascade is inverted between fl ies and worm/mammals. Indeed, contrarily to 
what happens in these two organisms, in which apoptosis regulators are relocated from mitochondria to 
the cytosol, it seems that  Drosophila  apoptosis regulators use an opposite relocation to concentrate at or 
around mitochondria during apoptosis. Indeed, RHG proteins relocalize to mitochondria and form mul-
timeric complexes required for their full proapoptotic activity (Claveria et al.  2002 ; Olson et al.  2003 ; 
Freel et al.  2008 ; Sandu et al.  2010  ) . In the nematode, it seems that a third mode of apoptosome control 
has been selected. Once more, Bcl-2 family members are important for regulation of apoptosome activ-
ity but this regulation, although involving CED-4 release from mitochondria-bound CED-9, occurs 
directly without involving mitochondrial membrane permeabilization as a decisive step. Taken together, 
studies of apoptosome activation in these different species show that the way Bcl-2 family proteins 
bound to mitochondria regulate caspase activity has evolved during evolution.   

   Table 7.1    Conservation during evolution of proteins involved in the mitochondrial pathway of caspases activation   

 Nematode   Drosophila   Mammals 

 Caspases  Initiator caspases 
 Effector caspases 

 Adaptators 

 CED-3 
 CED-3 

 CED-4 

 DRONC 
 DrIce, DREDD … 

 Dark 

 Casp-9, -8… 
 Casp-3, -7… 

 Apaf-1 

 Bcl-2 family  Antiapoptotic proteins  CED-9  Buffy  Bcl-2, Bcl-x L … 
 Multidomain Proapoptotic 

proteins 
 Debcl*  Bax, Bak 

 Proapoptotic BH3 only 
proteins (BOP) 

 EGL-1    BID, BIM, PUMA… 

 Inhibitors of caspases  CSP-3**  DIAP1, DIAP2…  c-IAP1, c-IAP2… 

 Disruptors of the anti-caspase 
activity of IAPs 

 RPR, HID, GRIM, SICKLE  Smac/Diablo, Omi/
HtrA2 

  Three families of proteins involved in the core of the apoptotic machinery have been identifi ed in nematodes, Drosophila 
and mammals: CED-3, –4, –9 are homologous to caspases, caspase activators (such as Apoptosis activating factor 1, 
Apaf-1) and proteins of the Bcl-2 (B Cell Lymphoma 2) family. In Drosophila and mammals, caspase inhibitors (IAPs, 
Inhibitor of Apoptosis Proteins) and proteins able to abrogate this inhibition also participate in the control of caspase 
activity (Smac/Diablo, RPR, HID, GRIM…). *: Since Debcl does not seem to promote MOMP by itself and is required 
for the proapoptotic function of mammalian Bax heterologously expressed in Drosophila (Galindo et al. 2009), it not 
yet clear whether  it really belong to the multidomain proapoptotic proteins or could act as a BH3 only proteins (BOP). 
**: In C. elegans CED-3 can be inhibited by CSP-3, a partial caspase homologue unrelated to IAPs, to prevent CED-3 
auto-activation (review: (Brady and Duckett  2009  ))   
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    7.3   The Bcl-2 Family 

 The discovery that Bcl-2 was the functional homolog of  C. elegans  cell survival protein CED-9 
(Hengartner and Horvitz  1994  )  and could prevent apoptosis in many systems led to the discoveries of 
homologous proteins exhibiting structures similar to Bcl-2 albeit not identical functions. Members of 
this family of proteins (hence dubbed the Bcl-2 family protein) share homologies restricted to 1 to 4 
domains. Proteins with 4 Bcl-2 Homology domains (BH1-4) are anti apoptotic ( i.e.  Bcl-2, Bcl-xL, 
Mcl-1…), other members of this family are proapoptotic (   Chipuk et al.  2010  ) . Proapoptotic proteins 
are divided between multidomain proapoptotic proteins (Bax, Bak…), which exhibit a BH1-3 domains 
homology and proteins with homology essentially restricted to the BH3 domain and thus called the 
BH3 only proteins (BOPs) (Chipuk et al.  2010  ) . Apoptosis is tightly controlled, at early stages, by the 
interaction between members of the Bcl-2 family. If it has been clearly established that proteins such 
as Bax and Bak are responsible for the mitochondrial apoptotic permeability and that survival proteins 
like Bcl-2 are inhibitors of the latter processes, the role of BOPs is still a matter of a vivid debate 
(Chipuk et al.  2010 ; Giam et al.  2008  ) . BOPs have been shown to fall into two categories, a group of 
proteins, which interact with all multidomain antiapoptotic proteins ( i.e.  BID, BIM and PUMA), 
while a second group exhibits distinct affi nities toward antiapoptotic  proteins of the family ( i.e.  BIK, 
BMF, BAD, NOXA, HRK…) (Fig.  7.2 ). Several models depicting the roles of the members of the 

  Fig. 7.2    Interaction between BH3 only proteins and survival members of the  Bcl-2  family. A class of BOP ( i.e. BIM, 
PUMA  and  BID ) binds to all survival Bcl-2 like proteins (and most likely to the proapoptotic ones) while other  BOPs  
only bind to a subset of these proteins. Apoptosis can only be triggered when selective interactions occur following 
activation of specifi c signals. A complete database on the BCL-2 family can be found at   http://bcl2db.ibcp.fr/           

 

http://bcl2db.ibcp.fr/
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Bcl-2 family in the control of Bax/Bak activation have been proposed but after a decade of exciting 
but somehow contradictory results, the remaining questions point to the existence of a direct or 
indirect activation of proapoptotic Bax and Bak by BOPs (Fig.  7.3 ). Two theories are still discussed: 
one postulates that BOPs directly activate Bax or Bak and induce their change of conformation and 
mitochondrial integration by a “kiss and run” mechanism (Youle and Strasser  2008  ) . This has been 
shown for at least BID and BIM (Chipuk et al.  2010  ) , and appears to be also the case for PUMA 
(Cartron et al.  2004 ; Kim et al.  2009  ) . Other BOPs act as mere inhibitors of antiapoptotic proteins (a 
property also shared by activators of Bax/Bak) (Fig.  7.2 ). It is not surprising that activators of Bax and 
Bak can also bind all the antiapoptotic members of the Bcl-2 family (cf Figs.  7.1  and  7.2 ). Indeed, the 
activity of this class of BOPs might require both features (Merino et al.  2009  ) . The specifi city of other 
BOPs for subclasses of survival proteins of the Bcl-2 family are supposed to be link to the specifi city 
of these proteins to intervene in apoptosis. These BOPs are the most upstream apoptotic sensors 
because of their early and selective activation by tissue restricted and/or stress signals. For example, 

  Fig. 7.3    Two models of activation of  BAX  and  BAK . ( a ) For Bax activation, the primary event in the activation of apop-
tosis is a change of conformation induced by the transient interaction with  BID  (or PUMA or BIM) which leads to a 
change of conformation that facilitates the insertion of Bax into mitochondria. The inhibition of Bax by  Bcl-2  or other 
prosurvival proteins of the BCL-2 family is prevented by a competitive inhibition with BOPs with the specifi city 
depicted in Fig.  7.1 . Bak activation is roughly similar to Bax’s, ( b ) In this model, BOPs intervention is divided into two 
steps: fi rstly, BOPs liberate PUMA/BID/BIM complexed to prosurvival proteins and secondly, the liberated PUMA/
BID/BIM are thus able to activate Bax or Bak       

 



1657 The Mitochondrial Pathways of Apoptosis

it has been shown that BAD was especially responsive to growth factors withdrawal and/or the 
impairment of glucose metabolism (Danial  2008  ) . Similarly, proteins like PUMA and NOXA are sen-
sors of DNA damage in a p53 manner while BID is specifi cally activated by the Fas pathway (Youle 
and Strasser  2008  ) . However, in the past years, it has become evident that these proteins could also be 
involved in other cellular functions as diverse as cell cycle regulation, DNA repair and metabolism. 
For example, BAD resides in and controls the formation of a glucokinase complex that regulates 
mitochondria respiration (Danial et al.  2003  ) . BAD is active in this complex as a phosphorylated pro-
tein and a glucose defi cit triggers dephosphorylation of BAD and disassembly of the complex, which 
thus in turn amplifi es BAD-induced death signal (Danial et al.  2003  ) . This function appears to be 
playing an important role in the insulin secretion in beta cells, favoring physiological adaption of 
these cells to high fat diet (Danial et al.  2008  ) . Proapoptotic BOP activity has been particularly studied 
in the case of BID, which upon cleavage by caspase 8 becomes tBID, a very effi cient direct activator 
of BAX and BAK (Luo et al.  1998 ; Li et al.  1998  ) . As such, tBID conveys the apoptotic signal form 
cell surface death receptors to mitochondria (Youle and Strasser  2008  ) . However, it should be noted 
that BID, under its native form, has been involved in “life” functions and more particularly in cell 
cycle progression into S phase (Yin  2006 ; Gross  2006  ) . It is thus likely that other functions of BOPs, 
especially mitochondrial ones, will be revealed in the future. One might suggest that members of the 
Bcl-2 family have evolved and adapted from specifi c functions to the control of apoptosis.   

 Mitochondria have been considered to be passive actors during apoptosis beyond the activation of 
PTP. However, in the past years, it has become obvious that this organelle could play an active role in 
its BAX/BAK-mediated permeabilization. Kuwana et al.  (  2002  )  using a simple liposome system ,  have 
suggested that mitochondrial proteins are dispensable for BID-mediated insertion of Bax, as long as 
cardiolipin, a lipid mainly located in the inner membrane of the mitochondria, was added in important 
proportion. Cardiolopin is important for the insertion of BID in liposomes or mitochondria in con-
junction with mitochondrial carrier homolog 2, a mitochondrial inner membrane transporter (Grinberg 
et al.  2005 ; Schug and Gottlieb  2009  ) . In that respect, it is important to note that this cardiolipin 
requirement was not found with BIM or oligomerized BAX (Schafer et al.  2009  ) , suggesting that 
other agents such as proteins are needed in this process as discussed in Petit et al .   (  2009  ) . Indeed, 
several groups have postulated the existence of mitochondrial proteins involved in the docking and/or 
the insertion of Bax into mitochondria (reviewed in Petit et al.  2009  ) . 

 The majority of mitochondrial proteins is encoded in the nucleus and thus is imported into mito-
chondria  via  different translocation complexes such as the translocase of the outer membrane (called 
the TOM complex) and the translocase of the inner membrane (called the TIM complex), as well as 
the sorting and the assembly machinery (the SAM complex) (Becker et al.  2009  ) . The question of the 
involvement of the TOM complex in the docking of BAX during apoptosis has been raised by recent 
studies (Petit et al.  2009 ; Ott et al.  2009  ) . This point is of importance as the signal of Bax addressing 
has not been clearly established yet (Petit et al.  2009  ) . Nevertheless, several proteins of the Bcl-2 fam-
ily have been shown to interact with proteins of the TOM complex namely Bcl-2 with TOM20 
(Schleiff et al.  1997 ; Motz et al.  2002  ) , Mcl-1 with TOM70 (Chou et al.  2006  )  and Bax with TOM22 
(Bellot et al.  2007 ; Colin et al.  2009a  )  and TOM40 (Ott et al.  2007 ; Cartron et al.  2008  ) . It should be 
noted that an unnatural C–terminal mutant of Bax ( i.e.  Bax Ser184Val) constitutively associates with 
mitochondria and does not interact with the TOM complex during TNF alpha-induced apoptosis 
(Ross et al.  2009  ) . This result suggests that either the forced localization of Bax through mutations 
abrogated the requirement for TOM complex or that BAX interaction with TOM depends on the 
nature of the apoptotic signal. The exact implication of mitochondrial translocases during apoptosis 
remains thus to be established as well as its impact with mitochondrial physiology. 

 Contrary to BAX, which is a cytosolic protein in resting cells, BAK permanently resides at the 
mitochondrion. Cheng et al .   (  2003  )  have found that Bak complexes with a low abundant isoform of 
VDAC (VDAC2) in viable cells and that this association keeps BAK inactive. This step might provide 
a connection between the PTP and the Bcl-2 family members.  
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    7.4   Functions of p53 on Mitochondria 

 The p53 protein, fi rst described about 30 years ago, was characterized as a tumor suppressor at the 
beginning of 1990 decade, and is nowadays the subject of almost 50,000 articles. 1  The p53 tumor sup-
pressor protein plays a central role in the regulation of apoptosis, cell cycle and senescence as a 
response to a broad range of stresses such as DNA damage, oncogene activation and hypoxia;  p53  
gene or its product was found to be inactivated in more than 50% of all human cancers. The crucial 
tumor suppressor activity of p53 involves both transcription-dependent and -independent mechanisms 
(Fridman and Lowe  2003  ) . Thus, p53 activates the transcription of genes that encode apoptotic effec-
tors, such as PUMA, NOXA, BID, Bax, p53AIP1 proteins (Miyashita and Reed  1995 ; Oda et al. 
 2000  ) , and it represses the transcription of antiapoptotic genes such as  bcl-2  and  survivin  (Shen and 
Shenk  1994 ; Hoffman et al.  2002  ) . Beside these well-known activities, p53 has lately been described 
as regulating a wide spectrum of processes such as the metabolism (glycolysis, ROS homeostasis), 
autophagy, cell invasion and motility, angiogenesis, bone remodeling, etc. (for review see Vousden 
and Lane  2007  ) . For more than a decade now, many papers emerged describing the transcription-
independent proapoptotic activities of p53, and its capacity to regulate the function of proteins involved 
in apoptosis commitment. Indeed, transactivation-incompetent p53 mutants can induce apoptosis in 
human cells as effi ciently as wild type p53 (Caelles et al.  1994 ; Kakudo et al.  2005  ) . Moreover, p53 
can promote apoptosis when the nuclear import of p53 (and thereby its transcriptional activity) is 
inhibited (Chipuk et al.  2004  ) . Transcription-independent pathways induced by p53 could play a pri-
mary role in gamma irradiation-induced apoptosis in mouse (Erster et al.  2004  ) . Similarly, it was 
shown that upregulation of proapoptotic targets can be insuffi cient to induce apoptosis and requires 
further transcription-independent p53 signaling (Johnson et al.  2008  ) . 

 The intensive study of these surprising pathways has identifi ed mitochondria as a major site of 
transcriptional-independent apoptotic activity of p53. Indeed, numerous publications report that p53 
itself relocates and induces apoptosis directly at mitochondria,  via  the interaction with members of the 
Bcl-2 family (Marchenko et al.  2000 ; Moll and Zaika  2001  ) . Moreover, some data suggest that p53 
could also act in altering mitochondrial physiology to promote apoptosis. Last but not least, recent 
studies have revealed the importance of p53 under conditions of apparent normal growth and develop-
ment,  i.e.  in the absence of chronic or severe stress (Vousden and Lane  2007  ) . For example, basal or 
low levels of p53 were shown to contribute to the maintenance and the activity of mitochondria 
(Bensaad and Vousden  2007  ) , in part through nuclear transcription-dependent mechanisms. 

    7.4.1   Mitochondrial Localization of p53 in Stress Condition 

 A new paradigm for the transcription-independent apoptotic activities of p53 fi rst emerged with the 
evidence of the possible accumulation of p53 in the cytosol or mitochondria in response to stress 
(Green and Kroemer  2009  ) . It was reinforced by the demonstration that p53 could activate the intrin-
sic apoptotic pathway by directly inducing mitochondrial outer membrane permeabilization (MOMP) 
and triggering the release of proapoptotic factors from the intermembrane space. Indeed, the accumu-
lation of mitochondrial p53 was described in a variety of experimental systems - from transformed 
cell lines to animal models - and was shown to correlate with transcription-independent mechanisms. 
For example, irradiation of mice or ischemic damage of the brain promotes the translocation of p53 
to the mitochondrion. Similarly,  in vitro  studies illustrated the ability of p53 to interact with isolated 
mitochondria and to promote MOMP. 

 Numerous data suggest that the transcription-independent activity of p53 at the mitochondrial level 
is dependent on a primary interaction with members of the Bcl-2 family that leads to the induction of 

  1   A search in PubMed database, with “p53” as query target, returns more than 52,000 results as of February 2010. 
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MOMP; p53 acting somehow as a BH3 only protein. The direct or indirect activation of Bak and Bax 
proapoptotic members plays a central role in this mechanism. Binding of p53 to Bak, an intrinsic outer 
mitochondrial membrane, was found to catalyze Bak activation and cytochrome c release (Leu et al. 
 2004  ) . Characterization of the p53–Bak interaction revealed the crucial importance of the DNA-
binding domain of p53 for interacting and oligomerizing with Bak (Leu et al.  2004 ; Pietsch et al. 
 2008  ) . However, some results indicate that binding of p53 to Bak is not suffi cient to induce apoptosis 
 in vivo . Indeed, overexpression in human cancer cell lines of a transcriptionally impaired p53 showed 
that although p53 was able to bind to Bak it did not exhibit apoptotic activity (Mihara et al.  2003 ; 
Pietsch et al.  2008  ) . Cytosolic accumulation of p53 was also shown to promote transcription-indepen-
dent activation of Bax  in vivo  (Tan et al.  2005 ; Speidel et al.  2006 ; Akhtar et al.  2006 ; Geng et al. 
 2007  )  according to a ‘hit-and-run’ model involving the proline-rich domain of p53 that is located near 
its N-terminus (Chipuk et al.  2004  ) . In addition to the interactions with Bax and Bak, p53 was reported 
to bind with the antiapoptotic Bcl-2 family proteins Bcl-xL and Bcl-2 through its DNA-binding 
domain (Petros et al.  2004 ; Tomita et al.  2006 ; Sot et al.  2007  ) . Mutations within this domain abolish 
the binding of p53 to Bcl-xL/Bcl-2 (Mihara et al.  2003  ) . Distinct models have been proposed to 
explain the function of the Bcl-xL/Bcl-2–p53 interactions. Some data suggest that binding of p53 to 
these proteins counteracts their inhibitory action on proapoptotic members of the Bcl-2 family (Bak 
and Bax) (Mihara et al.  2003  ) . In this way, p53 mutants that are defective in the ability to bind Bcl-xL/
Bcl-2 also lack apoptotic activity, which is in agreement with the fact that p53 abolishes the antiapop-
totic function ability of Bcl-2 and Bcl-xL (Jiang et al.  2006 ; Fletcher et al.  2008  ) . Conversely, other 
results point to a model in which complexes between p53 and antiapoptotic Bcl-2 proteins are rather 
a sequestering mechanism that inhibits apoptotic functions of p53. Indeed, apoptosis induction has 
correlated with disruption of the Bcl-xL –p53 complex rather than an increase in its formation (Chipuk 
et al.  2005  ) . Expression of a Bcl-xL unable to bind proapoptotic Bcl-2 members inhibited p53-induced 
apoptosis suggesting that Bcl-xL can inhibit apoptotic function of p53. 

 The importance of p53 activity at the mitochondrial level was underscored by the observed effect 
of pifi thrin- m , a drug that reduces the binding of p53 to mitochondria but has no apparent effect on 
p53-dependent transactivation (Strom et al.  2006  ) . This drug probably blocks the interaction of p53 
with anti- and proapoptotic Bcl-2 family members. Pifi thrin- m  can protect thymocytes from otherwise 
lethal irradiation although the upregulation of p53 target genes was not affected. In the same way, this 
drug reduces apoptosis of human embryonic stem cells upon UV irradiation (Qin et al.  2007  ) . 
Conversely, it was shown that the proapoptotic effect of a drug as CP-31398 correlated with the trans-
location of p53 to mitochondria and the induction of a p53-dependent MOMP (Tang et al.  2007  ) . 

 Several studies have confi rmed the  in vivo  and physiological relevance of transcription-independent 
mechanisms in p53-mediated apoptosis. It has been shown that upregulation of proapoptotic p53 tar-
get genes is not suffi cient to induce apoptosis following irradiation of mouse fi broblasts. The tran-
scription-independent signaling,  i.e.  the activation of Bax by cytosolic p53, provides the decisive 
signal for the onset of cell death (Speidel et al.  2006  ) . Similarly, mouse embryo fi broblasts expressing 
a p53 variant that was transcriptionally active but unable to interact with Bax were resistant to geno-
toxic stress although proapoptotic target genes were strongly activated (Johnson et al.  2008  ) . 
Furthermore, it was described that the onset of apoptosis correlated with the translocation of p53 to 
mitochondria in sensitive tissues after gamma irradiation of mice (Erster et al.  2004  ) . 

 Besides the evidences of a direct proapoptotic action of p53 on mitochondria, some results add 
complexity to the signifi cance of the mitochondrial location of p53 in stress condition. First, mito-
chondrial p53 has been detected not only in apoptotic conditions but also associated to a growth arrest 
response to drug treatment; however the connection between the two events is not yet well established 
(Mahyar-Roemer et al.  2004 ; Essmann et al.  2005  ) . Second, most data indicate that p53 is located to, 
or near, the outer membrane where it interacts with proteins of the Bcl-2 family to promote MOMP 
and apoptosis, but some publications suggest that a part of p53 is found within the mitochondria, in 
the matrix or associated to the inner membrane. Localization of p53 into the mitochondrion could 
be correlated to a transcription-independent role of p53 in the maintenance and stability of the 
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mitochondrial genome. Indeed, p53 was shown to directly interact with mtDNA polymerase  g  and to 
consequently enhance the DNA replication function of polymerase  g  (Achanta et al.  2005  ) . Moreover, 
p53 could bind directly to the mitochondrial base excision repair machinery (mtBER) (Chen et al. 
 2006  )  to remove damaged bases and stimulate repair mechanisms. Moreover, p53 is also able to bind 
the mitochondrial transcription factor A (mtTFA) in order to regulate both transcription and repair of 
mtDNA (Yoshida et al.  2003  ) . Altogether, these data suggest that p53 can also exert a protective effect 
on mitochondria thanks to mechanisms that are independent of its nuclear transcriptional activities. In 
this model, p53 would reduce the risk of mtDNA mutations and mitochondrial malfunctions in the 
presence of ROS or DNA-damaging agents. This would explain both the increased genetic instability 
associated with the loss of p53 function in the late stage of cancer development and that mtDNA 
mutations promote aggressive tumor behavior (Petros et al.  2005 ; Shidara et al.  2005  ) .  

    7.4.2   Mitochondrial Localization of p53 in the Absence of Stress 

 If the localization of p53 in conditions of stress is now relatively well documented, there are few litera-
ture data concerning the localization of p53 in the absence of stress. In this condition, p53 is assumed 
to be maintained at a basal protein level  via  Mdm2-induced poly-ubiquitination and degradation (Haupt 
et al.  1995 ; Grossman et al.  2003  ) . Some studies have shown that Mdm2-mediated mono-ubiquitina-
tion leads to the export of p53 from the nucleus to the cytoplasm (Li et al.  2002 ; Brooks and Gu  2006  ) . 
Once in the cytoplasm the major part of p53 is degraded by the proteasome. However, low levels of p53 
are still present in normal tissues. According to the authors, in such conditions p53 is exclusively local-
ized either in the nucleus or in the cytoplasm, depending on the cell status (normal or tumor/trans-
formed cells). Some data suggest a cytoskeleton associated location of wild type p53 either with the 
actin fi laments (Katsumoto et al.  1995  ) , or with the microtubule network (Giannakakou et al.  2000  ) . 
The interaction with microtubules is mediated by a motor protein (dynein), which in conditions of 
stress participates to the transport of p53 toward the nucleus using the microtubule network as a “high-
way”. In certain human cancers such as breast cancers, colon cancers and neuroblastoma, wild type p53 
is only detected in the cytoplasm (Moll et al.  1995 ; Bosari et al.  1995  ) . Shuttling the protein out of the 
nucleus is an effi cient way to control the activity of a tumor suppressor protein that acts as a transcrip-
tion factor. Cytoplasmic sequestration of wild type p53 in these cancers has been associated with their 
poor response to chemotherapy and radiation therapy. In this case, proteins such as Parc have been 
shown to be cytoplasmic anchors for wild type p53, that prevent p53 transport to the nucleus (Nikolaev 
et al.  2003  ) . Nevertheless, cytoplasmic sequestration of p53 can also be associated to a physiological 
occurrence in some cell types such as in the mammary gland during lactation (Moll et al.  1992  )  or in 
embryonic stem cells (Aladjem et al.  1998  )  to permit transient proliferation. 

 Furthermore, some data indicate that p53 could be located at mitochondria in the absence of stress. 
A fi rst report showed a direct positive infl uence of a mitochondria targeted p53 on mitochondrial 
biogenesis and function (Donahue et al.  2001  ) . We demonstrate that wild type p53 can be localized at 
mitochondria in living and proliferative cells issued from different species and regardless of the cell 
status (tumor, immortalized or primary cells) (Ferecatu et al.  2009  ) . This mitochondrial localization 
of p53 in normal conditions agrees with recent observations of a direct positive infl uence of p53 on 
the biogenesis and the activity of mitochondria in part through nuclear transcription-dependent mech-
anisms (Bensaad and Vousden  2007  ) . 

 Besides a role in mitochondria biogenesis, we cannot rule out the possibility that mitochondrial 
p53 represents a pool of p53 at the outer membrane; which could induce outer membrane permeabi-
lization through physical interaction with members of the Bcl-2 family members following induction 
of apoptosis. Organelle location of p53 may also represent a way to sequestrate the tumor suppressor 
under normal conditions.  
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    7.4.3   Mitochondrial Targeting of p53 

 p53 stabilization and activation depend on a series of post-translational modifi cations that include 
phosphorylation, acetylation, methylation, ubiquitination, sumoylation neddylation, glycosylation 
and rybosylation. Post-translational modifi cations also provide key signals for the cellular traffi cking 
of p53 between organelles, although interaction with specifi c factors may also be involved in this 
process. Because p53 seems to be primarily a nuclear protein, its nuclear export and abundance in the 
cytosol could determine its ability to interact with mitochondria. 

 p53’s ubiquitination is crucial in its nucleo-cytoplasmic shuttling, and is mediated by the Mdm2 
protein. p53 is ubiquitinated by Mdm2 within the nucleus, unmasking the nuclear export signal (NES) 
of p53 and permitting p53 exit through the nuclear pores into the cytoplasm (Gottifredi and Prives 
 2001 ; Geyer et al.  2000  ) . Mdm2 alone only catalyzes monoubiquitination of p53 (at one or multiple 
sites) and p53 poly-ubiquitination, which addresses p53 to the proteasome, involves a cytosolic cofac-
tor, p300, which mediates the formation of a complex containing both p53 and the proteasome 
(Grossman et al.  2003 ; Lai et al.  2001  ) . Moreover, low levels of Mdm2 induce monoubiquitination 
and nuclear export of p53 whereas high levels of Mdm2 promote polyubiquitination and degradation 
by nuclear proteasomes (Li et al.  2002  ) . 

 Acetylation regulates both the stability of p53 by inhibiting Mdm2-induced ubiquitination as 
they occur at the same sites (Li et al.  2002  )  and the sub-cellular localization of p53. It was shown 
that p53 hyperacetylation prevents p53 oligomerization and determines the cytoplasmic accumula-
tion of p53 by exposing the NES (Kawaguchi et al.  2006  ) . The acetylation of more than four lysines 
promotes p53 export to the cytoplasm but no functional role has yet been associated to such hyper-
acetylation of p53. 

 Since the structure of p53 does not harbor a typical mitochondrial targeting sequence, the mecha-
nisms responsible for p53 mitochondrial localization remain unclear. Only few studies concern sig-
nals that address p53 to mitochondria in conditions of stress and that govern its interaction with 
members of the Bcl-2 family members to promote MOMP. Post-translational modifi cations have been 
studied as putative mitochondria translocation signals. Primary data indicate that neither acetylation 
nor phosphorylation seems to be involved in p53 targeting to mitochondria (Mahyar-Roemer et al. 
 2004 ; Nemajerova et al.  2005  ) . However, it was recently shown that Ser15 phosphorylation contrib-
utes to p53 interaction with Bcl2 and Bcl-xL (   Park et al.  2005 ) and that Lys120 acetylation promotes 
the binding of p53 to Mcl-1 (Sykes et al.  2009  ) . Up to this date, there is no data about p53 mitochon-
drial targeting in proliferative and living cells. 

 Monoubiquitylation of p53 was recently described as a possible mechanism for mitochondrial 
translocation (Marchenko and Moll  2007  ) . Upon arrival at mitochondria, p53 undergoes deubiquitina-
tion by HAUSP, a process essential for complex formation with Bcl-2 family members, because only 
non-ubiquitinated p53 forms such complexes. The formation of these complexes and consequently the 
ability of p53 to associate with mitochondria are also conditioned by the status of its binding partners. 
Notably, post-translational modifi cation of these partners could play an important role; for example, 
dephosphorylation of Bcl-2 was shown to enhance the formation of the Bcl-2–p53 complex (Deng 
et al.  2006,   2009  ) . Moreover, non-Bcl-2 proteins could also interfere with mitochondrial binding of 
p53 and apoptosis induction. Indeed, hepatic IGFBP1 was found to bind to Bak, thus preventing Bak 
interaction with p53 and apoptosis (Leu et al.  2007 ). Similarly, ASC (Ohtsuka et al.  2004  ) , clusterin 
(Zhang et al.  2005  )  and humanin (Guo et al.  2003  )  were shown interacting with Bax and Bak and 
affecting their activation, possibly through the inhibition of their interaction with p53. 

 Most results concerning the mitochondrial localization of p53 assumed that Bcl-2 family members 
are crucial mediators of p53 binding to mitochondria, more precisely at the outer membrane, and of 
its transcription-independent apoptotic activity. However, some studies indicate on the one hand that 
p53 could localize at a more inner compartment to prevent stress damages and, on the other hand, 
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that p53 could be tightly associated to mitochondria in living and proliferative cells. Clearly, the 
study of mechanisms which regulate p53 mitochondrial targeting is one of the key areas in the fi eld 
that requires further work.   

    7.5   Mitochondrial Dynamics and Apoptosis 

    7.5.1   Mitochondrial Fission and Apoptosis 

 There is compelling evidence that the eukaryotic organelles, chloroplasts and mitochondria, are evolu-
tionarily derived from bacteria (Gray  1993 ; Lutkenhaus  1998  ) . Mitochondria are dynamic organelles 
that continually move, fuse and divide. Thus, the distribution of mitochondria to daughter cells during 
cell division is an essential feature of cell proliferation and cell survival. These dynamic processes are 
also believed to ensure an adequate provision of ATP to those cytoplasmic regions where energy con-
sumption is particularly high. Indeed, mitochondria are essential in ensuring ATP production, the 
usable energy molecule that is required for most of the endoergonic processes (Ernster and Schatz 
 1981  ) . This highly effi cient process is provided by the oxidative phosphorylation, and allows the gen-
eration of an electrochemical gradient across the inner mitochondrial membrane. ATP synthase gener-
ates ATP from ADP and phosphate. Tubular mitochondrial network can be also engaged in calcium 
signaling. Therefore, perturbations of mitochondrial dynamics have tremendous consequences on cell 
metabolism and therefore on cell life (Benard et al.  2007 ; Westermann  2008  ) . In many senescent cell 
types, an extensive elongation of mitochondria occurs (   Mai et al.  2010  ) , and mice defective in mito-
chondrial fusion cannot sustain development and die (Wakabayashi et al.  2009 ; Ishihara et al.  2009  ) . 
Yeast mutants also defective in mitochondrial fusion lose their mitochondrial DNA and cannot run 
oxidative phosphorylations (Okamoto and Shaw  2005 ; Dimmer et al.  2002  ) . Similar perturbations of 
human cell mitochondria dynamics lead to numerous disorders such as Charcot-Marie-Tooth 2A or 
4A or autosomal dominant optic atrophy. 

 The dynamic nature of mitochondria appears to be dependent upon the cytoskeleton and mecha-
noenzymes, including kinesins and dynamins (Yoon and McNiven  2001  ) . Dynamins are a family of 
GTPases that participate in multiple membrane transport processes, and some of them such as Dnm1p 
or Mgm1p control mitochondrial morphology. Interestingly, homologs of these GTPases have been 
identifi ed in higher eukaryotes, including fl ies, worms and mammalian cells, indicating that this pro-
cess of mitochondrial morphology maintenance is evolutionarily conserved (Hales and Fuller  1997 ; 
Labrousse et al.  1999 ; Pitts et al.  1999 ; Smirnova et al.  1998 ; Bleazard et al.  1999  ) . Another non-
dynamin GTPase called Fzo1p was demonstrated to function in mitochondrial morphogenesis (Yoon 
and McNiven  2001  ) . In mammalian cells, at least two proteins, DLP1 and Fis1, are required for fi s-
sion. The dynamin-related protein DLP1 is a large cytosolic GTPase that is translocated to the mito-
chondria, where it couples GTP hydrolysis with scission of the mitochondrial tubule (Smirnova et al. 
 2001  ) . Fis1p is anchored in the outer mitochondrial membrane with its amino-terminus exposed to the 
cytoplasm and a short carboxy-terminal tail protruding into the mitochondrial intermembrane space 
(Yoon et al.  2003  ) . When the normal function of DLP1 was inhibited in cultured mammalian cells, 
mitochondrial tubules became elongated and entangled, collapsing around the nucleus. Further 
insights have come from work on the  C. elegans  homolog DRP1 showing that DRP1 functions in fi ssion 
of the mitochondrial outer membrane (MOM). 

 Post-translational modifi cations are rapid, effective and reversible ways to regulate protein stabil-
ity, localization, function, and their interactions with other molecules. Post-translational modifi ca-
tions usually occur as chemical modifi cations at amino acid residues, including for example, 
phosphorylation, SUMOylation, and S-nitrosylation. It has been shown that Drp1 phosphorylation 
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participates in the control of mitochondrial shape integrating cAMP and calcium signals (Taguchi 
et al.  2007 ; Chang and Blackstone  2007 ; Cribbs and Strack  2007 ; Han et al.  2008  ) . The modifi cation 
of proteins by the small ubiquitin-like modifi er (SUMO) is known to regulate an increasing array of 
cellular processes. Ubc9 and Sumo1 are specifi c DRP1-interacting proteins and DRP1 is a Sumo1 
substrate (Harder et al.  2004  ) . SUMOylation of DRP1 stimulates mitochondrial fi ssion. Furthermore, 
the mitochondrial-anchored protein ligase (MAPL), the fi rst mitochondrial-anchored SUMO E3 
ligase, was shown to link MAPL and the fi ssion machinery (Braschi et al.  2009  ) . Prominent among 
these post-translational modifi cations are the addition of ubiquitin moieties that confer new binding 
surfaces and conformational states on the modifi ed proteins. MARCH5, a mitochondrial E3 ubiquitin 
ligase has been identifi ed as a molecule that binds mitochondrial Fis1 and mitofusin 2 (Nakamura 
et al.  2006 ; Karbowski et al.  2007  ) . MARCH5 RNA interference induces an abnormal elongation and 
interconnection of mitochondria. Other clues suggest a role of Drp1 in neurodegenerative diseases. 
Indeed, mutations in PTEN-induced kinase 1 (PINK1) or PARKIN are the most frequent causes of 
recessive Parkinson’s disease. Genetic studies in  Drosophila  indicate that PINK1 acts upstream of 
Parkin in a common pathway that infl uences mitochondrial integrity. Thus, the loss of the E3 ubiquitin 
ligase Parkin or the serine/threonine kinase PINK1 promotes mitochondrial fi ssion and/or inhibits 
fusion (Poole et al.  2008 ; Deng et al.  2008  ) . Notably, Pink1 interacts with Drp1, and knocking down 
Pink1 increases the ratio of mitochondrial fi ssion over fusion proteins, leading to fragmented mito-
chondria (   Cui et al.  2010  ) . 

 Because it remains unclear how the MOM is permeabilized during apoptosis, several models 
potentially accounting for MOMP have been put forward. Based on the discovery that fragments of 
the mitochondrial network associated with remodeling of the cristae are generated during cell death, 
it has been proposed that the actors of the fi ssion machinery regulate cell death (Bossy-Wetzel et al. 
 2003 ; Frank et al.  2001 ; Karbowski et al.  2002  ) . Interestingly, mitochondrial fragmentation has also 
been reported during apoptosis of  Drosophila  cells (Goyal et al.  2007 ; Abdelwahid et al.  2007  ) . 
However, other observations are disagreeing with the view that mitochondrial fi ssion/fragmentation is 
important for apoptosis. Studies of mitochondrial dynamics during apoptosis suggest that mitochon-
drial fragmentation follows, rather than precedes, mitochondrial cytochrome c release after ActD 
treatment (Arnoult et al.  2005a  ) . Inhibition of  Drp1  expression failed to block apoptosis in response 
to a number of proapoptotic stimuli (Parone et al.  2006 ; Estaquier and Arnoult  2007  ) . Inhibition of 
 Fis1  expression, another major regulator of mitochondrial fi ssion, has been reported either to inhibit 
apoptosis (Lee et al.  2004  )  or to have little effect on this process (Parone et al.  2006  ) . Furthermore, 
Ced-9, the  C. elegans  Bcl-2 homolog, promotes mitochondrial fusion upon overexpression in mam-
malian cells, but failed to prevent cytochrome c release or apoptosis (Delivani et al.  2006  ) . Similarly 
a chemical inhibitor of DRP1, mdivi-1 (for mitochondrial division inhibitor) uncouples mitochondrial 
fi ssion and apoptosis (Cassidy-Stone et al.  2008  ) .  

    7.5.2   Mitochondrial Fusion and Apoptosis 

 Mitochondrial fusion in mammalian cells involves a different set of proteins: the large transmembrane 
GTPase mitofusins (Mfn1, Mfn2) anchored to the MOM and the dynamin-like GTPase OPA1 (optic 
atrophy 1, Mgm1p) located in the IMS (Ishihara et al.  2004 ; Chen et al.  2003 ; Cipolat et al.  2004 ; 
Griparic et al.  2004  ) . Despite a high level of homology, Mfn1 and Mfn2 show functional differences. 
Mfn1 has a center role in mitochondrial docking and fusion, while Mfn2 could participate in the sta-
bilization of the interaction between adjacent mitochondria (Chen et al.  2003 ; Koshiba et al.  2004  ) . 
Mice lacking  Mfn1  are viable and display no major defects. On the contrary,  Mfn2  knockout mouse 
present a degeneration of Purkinje cells (Chen et al.  2007  ) . In yeast, Ugo1p – an adaptor protein – is 
required to couple fusion of the outer membrane, mediated by the Mfns orthologue Fzo1p, and that of 
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the inner membrane, which also requires the Opa1 orthologue Mgm1p (Sesaki and Jensen  2004  ) . 
Opa1 is so far the only dynamin-related protein targeted to the inner membrane of mitochondria, via 
a specifi c N-terminal targeting sequence, followed by a hydrophobic stretch that allows its insertion 
into the membrane (Olichon et al.  2002  ) . Mutations in Opa1 are associated with Dominant Optic 
Atrophy (DOA), the Kjer optic neuropathy, a non-syndromic neurological disease specifi cally affect-
ing the retinal ganglion cells (RGCs), leading to reduced visual acuity, and sometimes to legal blind-
ness (Delettre et al.  2000 ; Alexander et al.  2000  ) . Opa1 exists in eight splice variants in humans (fi ve 
in mouse) (Akepati et al.  2008 ; Delettre et al.  2001  )  and is further regulated by posttranslational cleav-
age that generates short and long forms of the protein. OPA1 contributes to the Inner Mitochondrial 
Membrane (IMM) structures, i.e. cristae, cristae junction and domains of interaction with the OMM. 
Strong evidences suggest that OPA1 is required in maintaining respiratory chain integrity. Thus, OPA1 
was recently found physically interacting with Complex-I, Complex-II and Complex-III, but not 
Complex-IV of the respiratory chain, suggesting a possible connection between cristae structure and 
organization of the respiratory chain C-I to C-III that exchange electrons through the membrane, 
while electron transfer from C-III to C-IV occurs out of the IMM via cytochrome c (Zanna et al. 
 2008  ) . Interestingly, fi broblast strains with deleterious OPA1 mutation showed a coupling defect of 
oxidative phosphorylation as well as a faint decrease in ATP production driven by C-I substrates 
(Zanna et al.  2008  ) . Therefore, a central OPA1 function consists in maintaining IMM integrity to 
prevent proton leakage and to facilitate effi cient electron transport inside this membrane between 
respiratory chain complexes. Moreover, OPA1 down-regulation evidenced perturbation of the IMM 
structure and induces drastic fragmentation of the network (Misaka et al.  2006 ; Olichon et al.  2007 ; 
Legros et al.  2002  )  that correlated to a strong dissipation of the membrane potential (Olichon et al. 
 2003,   2007  ) . OPA1 has been shown to interact with the mitofusins MFN1 and MFN2 (Cipolat et al. 
 2006 ; Guillery et al.  2008  ) . In  Caenorhabditis elegans , mutation in the  eat-3  gene, the  OPA1  ortho-
logue, induces mitochondrial fragmentation, and shorter and scarce cristae. These worms are smaller, 
grow slower and show oxidative phosphorylation defects (Kanazawa et al.  2008  ) . In  Drosophila mela-
nogaster , mutations in  dOpa1  cause haploinsuffi ciency and heterozygous fl ies show no discernable 
phenotype, but a reduced life span (Tang et al.  2009  ) . 

 Several proteolytic machineries have been implicated in the cleavage of OPA1. Rhomboids are 
among the most conserved family of polytopic membrane proteins known to date, sequenced in bacte-
rial, archaeal and eukaryotic genomes (Koonin et al.  2003  ) . In mammalian cells, Parl – for presenilin-
associated rhomboid-like protein – was discovered following a yeast two-hybrid screening using as 
bait Presenilin-2 (PSEN2), a proapoptotic familial Alzheimer’s disease protein (Wolozin et al.  1996  ) . 
Subsequent studies indicated, however, that the reported interaction between Parl and the presenilin 
proteins was artifactual (Pellegrini et al.  2001  ) . Parl is localized in the inner mitochondrial membrane, 
with the N-terminus exposed to the matrix and the C-terminus to the IMS (Jeyaraju et al.  2006  ) . In  
S. cerevisiae , two rhomboid genes exist,  Rbd1  and  Rbd2  (Esser et al.  2002  ) .  Rbd1 , encodes a mito-
chondrial rhomboid protease, which is required for the processing of cytochrome c peroxidase 
(Ccp1p). Ablation of  Pcp1/Rbd1  activity has a profound effect on mitochondrial shape. Yeast lacking 
Pcp1p are missing the 90-kDa short-Mgm1 (OPA1) form but have the 100 kDa long-Mgm1 form 
(Esser et al.  2002  ) . Mice lacking Parl die between weeks 8 and 12 from cachexia sustained by multi-
systemic atrophy. However, Parl +/−  mice do not show any obvious phenotype, suggesting the existence 
of compensatory mechanisms to gene dosage effects. Moreover,  Parl  ablation did not alter the mor-
phology of the mitochondrial reticulum or mitochondrial respiration, irrespective of the substrate used 
by the organelle; loss of  Parl  expression did not affect mitochondria fusion (Cipolat et al.  2006  ) . 

 Although some groups have proposed that in steady state conditions the function of Parl is to 
execute the cleavage of Opa1 which is dependent on ATP, to either directly or indirectly liberate an 
IMS-soluble form of the protein (IMS-Opa1) that assembles in macromolecular complexes with Parl 
and with the uncleaved IMM-bound form of Opa1 (Herlan et al.  2003 ; Lemberg et al.  2005 ; Cipolat 
et al.  2006  ) , other groups have reported a lack of PARL involvement in OPA1 processing and have 
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implicated other metalloproteases – the m-AAA proteases (matrix of mitochondria oriented; homo- or 
heteromeric complexes containing paraplegin and/or Afg3L1 and Afg3L2 subunits) and the i-AAA 
protease Yme1L (intermembrane space oriented) (Griparic et al.  2007 ; Ishihara et al.  2006 ; Song et al. 
 2007  ) . Thus, the bivalent metal chelator, 10-phenanthroline (o-phe) was reported to inhibit m-AAA 
proteases and OPA1 processing (Ishihara et al.  2006  ) . However, the effects of paraplegin siRNA were 
modest in preventing OPA1 processing (Duvezin-Caubet et al.  2007  ) . Thus, down-regulation of indi-
vidual subunits of m-AAA protease isoenzymes did not affect the processing of OPA1. Some confu-
sion may have also arisen from the fact that OPA1 is controlled by complex patterns of alternative 
splicing and proteolysis. Thus, the scenario proposed is that the i-AAA protease Yme1L generates the 
short form of OPA1 (S-OPA1) whereas the remaining isoforms – the long isoforms of OPA1 
(L-OPA1)– are normally not cleaved by m-AAA proteases. S-and L-OPA1 are both required for 
fusion. There is also evidence suggesting that a decrease in mitochondrial ATP levels upon inhibition 
of the F1F0-ATP synthase with oligomycin or upon the dissipation of  D  Y m with the uncoupler CCCP, 
is crucial in the control of L-OPA1 processing (Baricault et al.  2007  ) . Thus, it has been proposed that 
another protease mediates processing and degradation of the L-OPA1 isoforms. Two other groups 
have recently identifi ed another peptidase, OMA1 (Oma1 for overlapping activity with m-AAA pro-
tease 1) (Head et al.  2009 ; Ehses et al.  2009  ) . Mammalian OMA1 is similar in sequence to the yeast 
mitochondrial Oma1 (Kaser et al.  2003  ) . Interestingly, down-regulation of OMA1 before the addition 
of CCCP or oligomycin inhibits L-OPA1 processing. However, the implication of OMA1 merits fur-
ther analysis. Indeed, the substrate specifi city of OMA1 is distinct in mammalian and yeast (Duvezin-
Caubet et al.  2007  ) . Furthermore, no OMA1-like peptidase can be found in  Caenorhabditis elegans  
and  Drosophila melanogaster,  although mitochondrial morphology depends on OPA1 in both organ-
isms. Finally, down-regulation of OMA1 does not affect mitochondrial morphology suggesting that 
OMA1 is dispensable for the formation of S- and L-OPA1 isoforms (Ehses et al.  2009  ) . Thus, OMA1 
should be responsible for stress-induced OPA1 cleavage. Thus, it is likely that several proteases par-
ticipate in the regulation of OPA1 processing. 

 Prohibitin complexes assemble with  m -AAA proteases in the mitochondrial inner membrane, 
increasing the complexity of protein interaction controlling mitochondrial dynamics (Steglich et al. 
 1999  ) . PHB complex acts as a chaperone for newly synthesized mitochondrial proteins and is required 
for a correct yeast replicative lifespan (Coates et al.  1997 ; Nijtmans et al.  2000  ) . Thus, the sequence 
similarity of prohibitins to lipid raft–associated proteins of the SPFH family (Browman et al.  2007  )  is 
consistent with a scaffolding function of prohibitin complexes in the inner membrane. Multiple copies 
of two homologous subunits, PHB1 (BAP32, often simply termed prohibitin) and PHB2 (BAP37, 
REA), form large complexes within the mitochondria (Ikonen et al.  1995 ; Coates et al.  1997 ; Berger 
and Yaffe  1998  ) . PHB2 is a highly conserved, ubiquitously expressed protein and its homologs are 
found in bacteria, yeast, plants,  Drosophila  and mammals (Nijtmans et al.  2000  ) . Interestingly, it has 
been shown an essential role of the prohibitin complex for the processing of OPA1 within mitochon-
dria that results in impaired cell proliferation, resistance toward apoptosis, and mitochondrial cristae 
morphogenesis. Deletion of  PHB2  leads to the selective loss of L-OPA1 isoforms (Merkwirth et al. 
 2008  ) . Finally, although prohibitins are required for embryonic development in mice,  Caenorhabditis 
elegans , and  Drosophila melanogaster , deletion of prohibitin genes in yeast leads to premature ageing 
but does not affect cell survival (Merkwirth et al.  2008  ) . Recently, SLP-2 has been identifi ed as a 
mitochondrial member of a superfamily of putative scaffolding proteins (Da Cruz et al.  2003 ; Morrow 
and Parton  2005  ) . SLP-2 interacts with MFN2 (Hajek et al.  2007  )  and with PHB1/2 (Da Cruz et al. 
 2008  ) . In SLP-2-defi cient stressed cells, mitochondria are fragmented, and it has been proposed that 
SLP-2 is required for stress-induced mitochondrial hyperfusion (Tondera et al.  2009  ) . 

 Growing evidences suggest that proteins involved in the control of fusion are also key actors in the 
control of apoptosis. Thus, fuzzyonions/Mitofusins are reported to antagonize cytochrome c release 
and to inhibit apoptosis upon transient overexpression (Lee et al.  2004 ; Sugioka et al.  2004 ; Jahani-Asl 
et al.  2007  ) . However, the role of cristae remodeling in the full release of cytochrome c and cell death is 
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also much debated (Parone et al.  2006 ; Yamaguchi et al.  2008 ; Sheridan et al.  2008  ) . The downregulation 
of OPA1 or its cleavage by PARL favors the release of cytochrome c by inducing mitochondrial frag-
mentation and remodeling of the cristae (Arnoult et al.  2005a ; Cipolat et al.  2006 ; Frezza et al.  2006 ; 
Olichon et al.  2003  ) . However, it has been suggested that mitochondrial fi ssion/fragmentation occurs 
as a consequence of apoptosis-associated permeabilization of MOM and subsequent loss of intermem-
brane space proteins, such as Opa1, Arnoult et al.  (  2005a , b). Moreover, Youle and colleagues have 
found that Bax/Bak-defi cient cells show constitutive defects in mitochondrial morphology and contain 
mitochondria that are shorter than normal (Karbowski et al.  2006  ) . Thus, in these different models 
mitochondrial fragmentation is uncoupled with apoptosis. OMA1 siRNA slows the onset of apoptosis 
associated with the absence of L-OPA1 processing. This preventive effect on OPA1 cleavage was stron-
ger for ActD than for Staurosporine-mediated apoptosis. Intriguingly, OMA1 siRNA prevents cyto-
chrome C release and cell death following ActD treatment. This may appear paradoxical given that loss 
of OPA1 is more a consequence of MOMP-mediated by ActD (Sheridan et al.  2008  ) . Like  OPA1  
knockout cells,  PHB2  defi cient cells are more sensitive to apoptotic stimuli involving both the intrinsic 
and the extrinsic pathways (Merkwirth et al.  2008  ) . Altogether, these observations suggest that mito-
chondrial fragmentation is not the main driving force  per se , but the absence of or defect in those 
proteins within the mitochondria increases mitochondria sensitivity to apoptotic insults. 

 Because as mentioned Bax/Bak are the gate keepers controlling mitochondria, it remains unclear 
whether Bax/Bak is required for mitochondrial fragmentation, given that this process is systemati-
cally reported during Bax/Bak-dependent apoptosis (Arnoult et al.  2005a ; Parone et al.  2006 ; 
Yamaguchi et al.  2008 ; Sheridan et al.  2008  ) . Several groups have described Bax/Bak-independent 
release of cytochrome c (Scorrano et al.  2003 ; Claveria et al.  2004 ; Lei et al.  2006 ; Majewski et al. 
 2004 ; Mizuta et al.  2007  ) . Thus, whether defective expression of  OPA1  or  PHB2  sensitizes cells to 
apoptotic insults that do not depend on Bax and Bak proteins could be an interesting question.   

    7.6   Concluding Remarks 

 In conclusion, mitochondria appears today at the heart of apoptosis signaling. However, although 
MOMP appears as a decisive step during mammalian cells apoptosis, the role of mitochondria in nema-
todes and fl ies remains more elusive. Moreover, in spite of the growing amount of data concerning the 
mechanisms and regulations of MOMP in mammals, several concurrent non-exclusive hypotheses still 
coexist and a unifying model (if pertinent) remains to be established. Mechanisms involved in Bcl-2 
family proteins mitochondrial translocation and activation, as well as their relationship with other 
proteins constitutively or transiently located to mitochondria that are critical for the survival/death 
behavior of cell populations remain to be fully understood. The answers to these questions should allow 
designing new chemotherapeutic drugs for cancer and other apoptosis-related diseases treatment.      
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  Abstract   Though inherited mitochondrial disorders (MIDs) are most well known for their syndromic 
forms, for which widely known acronyms (MELAS, MERRF, NARP, LHON etc.) have been coined, 
the vast majority of inherited MIDs presents in a non-syndromic form. Since MIDs are most frequently 
multisystem disorders already at onset or during the disease course, a MID should be suspected if 
there is a combination of neurological and non-neurological abnormalities. Neurological abnormali-
ties occurring as a part of a MID include stroke-like episodes, epilepsy, migraine-like headache, 
movement disorders, cerebellar ataxia, visual impairment, encephalopathy, cognitive impairment, 
dementia, psychosis, hypopituitarism, aneurysms, or peripheral nervous system disease, such as myo-
pathy, neuropathy, or neuronopathy. Non-neurological manifestations concern the ears, the endocrine 
organs, the heart, the gastrointestinal tract, the kidneys, the bone marrow, and the skin. Whenever 
there is an unexplained combination of neurological and non-neurological disease in a patient or kin-
dred, a MID should be suspected and appropriate diagnostic measures initiated. Genetic testing should 
be guided by the phenotype, the biopsy fi ndings, and the biochemical results.  

  Keywords   Neuromuscular  •  Encephalomyopathy  •  Metabolic disease  •  Multisystem disease  •  Genetics  
•  Mitochondrial DNA    

    8.1   Introduction    

 Inherited mitochondrial disorders (MIDs) can be classifi ed as single-system or multisystem or as 
syndromic or non-syndromic conditions (Chinnery  2010 ; Chinnery and Turnbull  1999 ; DiMauro and 
Schon  2003 ; Finsterer et al.  2009 ; Leonard and Schapira  2000a,   b ; McFarland et al.  2010  ) . Inherited 
MIDs may be caused by mutations in genes located in the mitochondrial DNA (mtDNA) or the 
nuclear DNA (nDNA) (Chinnery  2010 ; Leonard and Schapira  2000a,   b ; McFarland et al.  2010  ) . MIDs 
may present at any age and are characterized by extensive phenotypic and genetic heterogeneity. 
Mutations in mtDNA genes impair the respiratory chain exclusively, whereas mutations in nDNA 
genes impair various mitochondrial molecules, structures, or pathways in addition to the respiratory 
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chain, such as the mtDNA-replication, beta-oxidation, the coenzyme-Q metabolism the pyruvat-dehy-
drogenation, the mitochondrial biogenesis, carrier-proteins, or pore-proteins. Since MIDs most fre-
quently derive from respiratory chain dysfunction, this chapter will focus on MIDs directly or 
indirectly impairing the function of respiratory chain complexes (RCC) I-V including the oxidative 
phosphorylation (OXPHOS). The chapter will be divided into a description of syndromic and non-
syndromic MIDs. Each mitochondrial syndromes will be presented in form of a vignette, following 
the structure trait of inheritance, clinical presentation, instrumental fi ndings, onset of the manifesta-
tions, and pathogenesis. Since treatment of MIDs is largely symptomatic and supportive, it will not be 
covered in this review.  

    8.2   Syndromic MIDs 

 Syndromic MIDs will be classifi ed into those predominantly due to mtDNA mutations, due to both 
mtDNA and nDNA mutations, and those predominantly due to nDNA mutations. MIDs predominantly 
due to mtDNA mutations will be further divided into those due to point mutations and those due to 
rearrangements, such as single deletions or duplications (Table  8.1 ). Syndromic MIDs predominantly 
due to nDNA mutations will be divided into those due to affection of RCC subunits, assembly factors 
of RCCs, the machinery responsible for the maintenance of the mtDNA, the coenzyme-Q metabolism, 
the machinery responsible for mitochondrial bioenergetics, and the lipid milieu (Table  8.1 ).  

   Table 8.1    Inherited syndromic MIDs due to predominantly mtDNA mutations or predominantly nDNA mutations   

 mtDNA mutations 
 Point mutations 

 tRNAs 
 MELAS, MERRF, MIDD 

 rRNA 
 Aminoglycosid-induced deafness 

 Protein-encoding 
 LHON, NARP 

 Deletions/duplications 
 Pearson-syndrome, mtPEO, KSS 

 nDNA mutations affecting 
 Subunits or assembly factors of RCCs 

 Leigh-syndrome, Leigh-like syndrome, GRACILE syndrome 
 Machinery for mtDNA maintenance 

 Breakage syndromes (multiple deletions) 
 adPEO, arPEO, MNGIE, ANS (SANDO, MIRAS), MEMSA, AHS, MCHS 

 Depletion syndromes 
 Myopathic MDD (myopathy), encephalomyopathic MDD (Leigh-syndrome, Leigh-like syndrome, IOSCA), 

encephalohepatic MDD 
 Translation defects (protein synthesis machinery) 

 PCH, LBSL, MLASA 
 Coenzyme-Q metabolism 

 Pure ataxia, pure myopathy, Leigh syndrome, cardio-facio-cutaneous syndrome 
 Lipid milieu 

 Barth syndrome 
 Mitochondrial transport machinery 

 DDS/Mohr-Tranebjaerg–syndrome, XLASA/A 
 Mitochondrial biogenesis (fusion/fi ssion) 

 ADOA/ADOAD, CMT2A, DIDMOAD 
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    8.2.1   Syndromic MIDs Resulting Predominantly 
from mtDNA Mutations 

    8.2.1.1   mtDNA Point Mutations 

      MIDs predominantly due to tRNA mutations 

      MELAS 

 MELAS (mitochondrial encephalomyopathy, lactacidosis, and stroke-like-episodes) syndrome is a 
maternally-inherited, multi-system disorder clinically presenting with stroke-like-episodes (SLEs), 
which usually occur before age 40 years and impair motor abilities, vision (cortical blindness), and cog-
nition (mentation), tonic-clonic seizures, which frequently accompany SLEs, migraine-like headache, 
confusional state, dementia, psychosis, deafness, and recurrent vomiting (Goto et al.  1990  ) . Short stature 
is common. Less common features include episodic coma, ophthalmoparesis, myoclonus, cerebellar 
ataxia, heart failure, hirsutism, gastrointestinal dysmotility, or renal insuffi ciency. Instrumental investi-
gations include elevated lactate in the serum and CSF, elevated CSF-protein, optic atrophy, pigmentary 
retinopathy, diabetes, or intestinal pseudo-obstruction. MRI of the brain typically shows T2-hyperintense 
lesions, most frequently in an occipito-temporal distribution, which are also hyperintense on ADC and 
spread slowly during the weeks following the onset of a SLE. CT scans of the cerebrum may show uni- 
or bilateral basal ganglia calcifi cations. Nerve conduction studies and electromyography may show 
neuropathy or myopathy in up to one quarter of the cases. Muscle biopsy typically shows ragged-red 
fi bers (RRF) or ragged-blue fi bers (hyper-reactive succinate dehydrogenase (SDH) stain). RRF are typi-
cally positive for cytochrome-c-oxidase (COX), contrary to myoclonus epilepsy with RRF (MERRF) 
syndrome and Kearns-Sayre syndrome (KSS). Additionally, the number of mitochondria is increased in 
smooth muscle and endothelial cells of intramuscular blood vessels, best seen as strongly SDH-reactive 
blood vessels on SDH. Biochemical investigations of the muscle homogenate may show multiple partial 
defects, predominantly complex I or complex IV defects, or may be normal. Cardiologic examination 
may show cardiac conduction defects or cardiomyopathy. Onset is typically between age 2–10 years or 
occasionally in early adolescence. Early psychomotor development is usually normal. Frequent initial 
manifestations include seizures, headache, and vomiting. 

 In ~80% of the cases MELAS-syndrome is caused by the heteroplasmic transition m.3243A>G in 
the  tRNA(Leu(UUR))  gene (Goto et al.  1990  ) . The second most frequent mtDNA mutation is the tran-
sition m.3271T>C occurring in ~8% of the patients. The third most frequent mutation is the transition 
m.3252A>G. Other mtDNA genes mutated in MELAS-syndrome include the  tRNA(Phe), tRNA(Val), 
tRNA(Lys), COXII, COXIII, ND1, ND5, ND6,  or  rRNA  gene. Though MELAS mutations are present 
in all tissues the heteroplasmy rate may vary between tissues. This may impede the detection of the 
mutation in blood lymphocytes why investigations of other tissues may be helpful in such cases. The 
genotype-phenotype correlation of the m.3243A>G mutation is weak, since it also causes maternally-
inherited progressive external ophthalmoplegia (PEO), KSS, maternally inherited diabetes and deaf-
ness (MDD), Leigh-syndrome (LS), cluster headache, isolated myopathy, isolated cardiomyopathy, 
renal failure, or pancreatitis. In single cases polymerase-gamma (POLG1) mutations may cause 
MELAS (Deschauer et al.  2007  ) . The phenotypic heterogeneity may be explained with the variable 
heteroplasmy rates and tissue distribution of the m.3243A>G mutation but not with the threshold 
level, which is assumed constant among individuals.  

      MERRF 

 MERRF syndrome is a maternally-inherited, multisystem disorder clinically characterized by myoclo-
nus, generalized epilepsy, myopathy, neuropathy, cerebellar ataxia, deafness, short stature, or dementia 
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(Hirano and DiMauro  1996  ) . Myocloni are often the initial manifestation. Occasionally, patients 
develop SLEs, spasticity, ophthalmoparesis, lipomatosis (Ekbom syndrome), or depression (Naini et al. 
 2005 ; Nishigaki et al.  2003  ) . A rare phenotypic variant may be multiple systemic lipomatosis (MSL), 
which is accompanied by PEO, deafness, cerebellar ataxia, myopathy, and neuropathy (Naumann et al. 
 1997  ) . Rare clinical manifestations include spasmodic dysphonia, myalgia, Parkinsonism, or sudden 
respiratory failure (van de Glind et al.  2007 ; Horvath et al.  2007 ; Peng et al.  2003 ; Wiedemann et al. 
 2008  ) . Blood chemical investigations may show lactacidosis at rest, which increases after moderate 
exercise. The cerebrospinal fl uid (CSF) protein may be mildly elevated. Cerebral imaging may show 
basal ganglia atrophy. Other instrumental investigations may reveal optic atrophy, pigmentary retin-
opathy, polyneuropathy, cardiomyopathy (histiocytoid cardiomyopathy), cardiac conduction abnor-
malities, including pre-excitation (Wolff-Parkinson-White syndrome or sudden cardiac death), or 
pancytopenia. EEG may show generalized spike-wave discharges or focal epileptiform discharges with 
background slowing. Cerebral imaging may reveal atrophy of the putamina, brainstem, or cerebellum, 
or basal ganglia calcifi cation. Muscle biopsy typically shows RRF, SDH hyper-reactivity, and COX-
negative RRF. The diagnosis is based on the four canonical features myoclonus, generalized epilepsy, 
ataxia, and RRF. Onset is usually in childhood after normal early development. 

 The most common mtDNA mutation causing MERRF-syndrome is the  tRNA(Lys)  transition 
m.8344A>G. It is responsible for the phenotype in >80% of the cases. Though the mutation can be 
found in all tissues, it may be detected only in skin fi broblasts, urinary epithelial cells, oral mucosa, 
hair follicles, or most reliably, muscle cells. The three transitions m.8356T>C, m.8361G>A, or 
m.8363G>A are responsible for about 10% of the MERRF cases. The remaining 10% of the MERRF 
cases may be due to the transitions m.611G>A in the  tRNA(Phe)  gene or m.15967G>A in the 
 tRNA(Pro)  gene (Mancuso et al.  2004  ) . Although the genotype-phenotype correlation of the 
m.8344A>G mutation is tighter than that of other mtDNA mutations, it also causes phenotypes as 
different as LS, isolated myoclonus, familial lipomatosis, or isolated myopathy (Finsterer et al.  2009  ) . 
Patients with the transition m.8356T>C may present as MELAS/MERRF overlap syndrome. MSL 
may not only be due to the m.8344A>G mutation but also due to multiple mtDNA deletions.  

      MIDD 

 MIDD    (maternally inherited diabetes and deafness) is clinically characterized by the combination of 
inherited diabetes mellitus and hypoacusis following a maternal trait of inheritance (Van den Ouweland 
et al.  1995  ) . Single patients may additionally present with seizures, migraine, short stature, mental 
retardation, stroke-like-episodes (Chen et al.  2004  ) , or hypertrophic cardiomyopathy with or without 
heart failure (Nijveldt et al.  2004  ) . 

 Genes mutated in MIDD include the  tRNA(Leu)  or  tRNA(Lys)  genes. The most frequently reported 
mutation causing MIDD is the transition m.3243A>G (Chen et al.  2004 ; Chinnery et al.  2000 ; Van 
den Ouweland et al.  1995  ) . In single patients MIDD was due to large-scale mtDNA tandem duplica-
tions or deletions/duplications.   

      MIDs due to rRNA mutations 

      Aminoglycoside-induced deafness 

 Mitochondrial rRNA mutations are only rarely responsible for MIDs. One of these disorders is the 
aminoglycoside-induced deafness (Guan  2011  ) . Aminoglycoside-induced deafness is clinically char-
acterized by the occurrence of hearing loss during or after aminoglycoside treatment or by deteriora-
tion of pre-existing impaired hearing after antibiotic treatment with aminoglycosides (Rydzanicz 
et al.  2010  ) . 
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 Aminoglycoside-induced deafness is due to the point mutation m.1555A>G in the  12SrRNA  gene. 
The frequency of the mutation varies between different ethnia. The  12SrRNA  gene is not only a hot 
spot of aminoglycoside-induced hearing loss but also non-syndromic hearing loss. Homoplasmic 
mutations most frequently associated with non-syndromic hearing loss are the m.1555A>G and the 
m.1494C>T in a highly conserved region of the gene (Guan  2011  ) . Putative other pathogenic variants 
include the substitutions m.669T>C, m.827A>G, or m.961 delT + C(ins) (Rydzanicz et al.  2010  ) .   

      MIDs due to Protein-encoding Gene Mutations 

      LHON 

 LHON (Leber’s hereditary optic neuropathy) follows a maternal trait of inheritance but in about 40% of 
the cases the family history is negative. LHON is clinically characterized by bilateral, acute or subacute 
loss of vision in young adults (Man et al.  2002  ) . In about three quarters of the cases visual loss is unilat-
eral at onset but becomes bilateral within 6 months. Males are four times more frequently affected than 
females. Occasionally, patients additionally develop postural tremor, Parkinsonism, or cardiomyopathy 
with cardiac conduction abnormalities (Man et al.  2002  ) . Women may present with a phenotype mim-
icking multiple sclerosis (Kellar-Wood et al.  1994 ; Jansen et al.  1996 ; Bhatti and Newman  1999  ) . 
Ophthalmologic investigations may show retinal ganglia degeneration or demyelination or optic nerve 
atrophy. Other abnormal instrumental fi ndings include disc swelling, edema of the peripapillary nerve 
layer, retinal teleangiectasias, or increased vascular tortuosity. Also abnormal may be the fl uorescin 
angiography, perimetry, visually-evoked potentials, or retinography (Sadun et al.  2006  ) . Some patients 
develop polyneuropathy or myopathy (Nikoskelainen et al.  1995  ) . In other studies affection of the myo-
cardium and the cardiac conduction system have been reported (Nikoskelainen  1994  ) . Onset is usually 
in the second or third decade. Until then affected individuals are entirely asymptomatic. More than 90% 
of the cases manifest by age 50 years. In females onset is usually a few years later than in males. 

 LHON is caused by ~20 different mtDNA mutations but three are most commonly found in all 
human populations, m.3460G>A ( ND1 , 60–80% of the cases), m.11778G>A ( ND4 , 0–50% of the 
cases (most common LHON-mutation)), and m.14484T>C ( ND6,  0–65% of the cases), and consid-
ered as high-risk (primary LHON mutations) (Finsterer et al.  2009  ) . The majority of the LHON muta-
tions are homoplasmic. Only 10–15% of the mutations are heteroplasmic. The m.11778G>A mutation 
causes the most severe phenotype and the m.14484T>C mutation has the best long-term prognosis. 
The penetrance of LHON is ~50% in males and ~10% in females and varies within a single family. 
The most frequent secondary LHON mutations are the transitions m.4216T>C, m.13708G>A, and 
m.15257G>A (Howell et al.  1995  ) . LHON may overlap with MELAS in case of the  ND1 mutations 
m.3376G>A and m.3697G>A (Blakely et al.  2005 ; Spruijt et al.  2007  ) .  

      NARP 

 NARP (neurogenic weakness, ataxia, and retinitis pigmentosa) is a maternally-inherited, multisystem 
disease, clinically characterized by proximal neurogenic muscle weakness, ataxia, and visual impair-
ment (Holt et al.  1990  ) . Some patients may additionally present with short stature, ophthalmoplegia, 
learning diffi culties, dementia, sleep apnea, or seizures (Santorelli et al.  1997  ) . Instrumental fi ndings 
include axonal sensorimotor polyneuropathy and cerebellar atrophy on MRI. Ophthalmologic inves-
tigations may show optic atrophy, salt and pepper retinopathy, bull’s eye maculopathy, or retinitis 
pigmentosa with bone spicule formation (Ortiz et al.  1993  ) . The electroretinogram may show pre-
dominantly cone dysfunction in some pedigrees and predominantly rod dysfunction in others (Chowers 
et al.  1999  ) . EMG may be myopathic. Muscle biopsy may show myopathic alterations but no RRFs. 
ECG may show cardiac conduction defects. Onset is in early childhood with ataxia and learning 
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diffi culties (Thorburn and Rahman  2006  ) . Patients may remain stable for years but experience episodic 
deterioration during infections. 

 NARP arises from the heteroplasmic transversion m.8993T>G or the transition m.8993T>C in the 
 ATP6  gene (Thorburn and Rahman  2006  ) . If the heteroplasmy rate exceeds 95% the mutation mani-
fests as maternally inherited LS (MILS). NARP and MILS may coexist within the same family. The 
mutation load may vary among different tissues and may increase or decrease with age. In some 
patients the mutation may be undetectable in blood lymphocytes and may be only detectable in hair 
follicles, urine sediment, skin fi broblasts or, most reliably, in the skeletal muscle.    

    8.2.1.2   Single Deletions or Duplications 

      KSS 

 KSS is a sporadic, severe MID clinically characterized by the invariant triad of PEO, pigmentary 
retinopathy, and onset <20 years. Frequent additional features include short stature, progressive cer-
ebellar syndrome, limb weakness, cognitive impairment, or dysphagia due to cricopharyngeal achala-
sia. In single cases ataxia may even dominate the presentation (Zoccolella et al.  2006  ) . Rare additional 
features include glaucoma, deafness, dementia, primary amenorrhea, or pyramidal signs (Riera et al. 
 2008 ; Zoccolella et al.  2006  ) . Epilepsy and SLE are extremely rare. Instrumental investigations may 
show myopathy, endocrine dysfunction (growth hormone defi ciency, diabetes, hypothyroidism, 
hypoparathyroidism, irregular menses) atrio-ventricular-block, increased CSF protein, or lactacido-
sis. Low light vision is compromised. Cerebral MRI may show cerebellar atrophy, supratentorial 
atrophy, or T2-hyperintensities in the deep gray matter nuclei, the cerebellar white matter, or the sub-
cortical white matter (Hourani et al.  2006  ) . KSS is associated with general choroid plexus failure 
(Spector and Johanson  2010  ) . Muscle biopsy shows COX-negative RRF. Onset is per defi nition before 
age 20 years but usually in childhood. KSS is slowly progressive and patients die in early adulthood. 

 In >90% of the cases, KSS is due to sporadic, single large-scale mtDNA deletions ranging between 
2 and 10 kb (common deletion) (Hourani et al.  2006  ) . These deletions are often undetectable in blood 
lymphocytes, why other tissues, in particular muscle, are the preferred tissues for genetic testing. In 
some individuals duplications coexist with large-scale deletions (   Poulton et al.  1998  ) . The family his-
tory is usually negative for the disease. Rarely, the deletion is maternally transmitted. mtDNA dele-
tions occur most likely during germline development in the mothers’ oocytes or in the embryo during 
early embryogenesis. Deleted mtDNA from the blastocyst may enter all three germ layers causing 
KSS, may predominantly enter the hematopoietic lineage causing Pearson syndrome, or the muscle 
causing PEO (DiMauro and Schon  2003  ) .  

      Pearson-Syndrome 

 Pearson-syndrome initially presents with tiredness and liability to infectious diseases (Lee et al. 
 2007  ) . With progression of the disease patients additionally develop muscle weakness and hypotonia, 
tremor, ataxia, hepatopathy, renal insuffi ciency, or exocrine pancreas dysfunction (Lee et al.  2007 ; 
McShane et al.  1991  ) . Instrumental investigations include pancytopenia, or sideroblastic anemia, and 
exocrine pancreas insuffi ciency. Some patients develop hepatopathy and metabolic acidosis. Muscle 
biopsy may show typical features of mitochondrial myopathy (McShane et al.  1991  ) . Bone marrow 
biopsy may show vacuolization of marrow progenitor cells, including ringed sideroblasts or normo-
blasts with excessive deposition of iron within the mitochondria. Onset is in early infancy. Affected 
patients usually die in infancy from intractable infections, kachexia, stroke, or renal failure. Infants 
surviving into childhood develop features of KSS (Lee et al.  2007  ) . 
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 Pearson syndrome is due to rare sporadic single, large-scale mtDNA deletions or duplications, why 
the family history is usually negative for the disease (Lee et al.  2007 ; McShane et al.  1991  ) .MtDNA 
deletions are usually more frequent in blood than in other tissues.    

    8.2.2   MIDs Resulting from mtDNA or nDNA Mutations 

    8.2.2.1   PEO 

 PEO follows an autosomal recessive, autosomal dominant (PEO plus) or maternal trait of inheritance, or 
may occur sporadically. Sporadic PEO is clinically characterized by bilateral ptosis and ophthalmople-
gia and is frequently associated with weakness and exercise-intolerance. Occasionally, patients addition-
ally present with ataxia or hearing loss. Instrumental investigations may reveal cataract, retinitis 
pigmentosa, or cardiomyopathy (Finsterer et al.  2009  ) . Autosomal recessive and autosomal dominant 
PEO may additionally present with axonal neuropathy and sensory disturbances, dysarthria, seizures, 
migraine, Parkinsonism, ataxia, hearing loss, mental retardation, or hypogonadism (Luoma et al.  2004  ) . 
Rarely, affected patients develop cardiomyopathy or gastrointestinal dysmotility. Instrumental investiga-
tions may show neuropathy, myopathy, or hepatopathy. Onset of Mendelian PEO is in adulthood. 

 Sporadic PEO is due to single large-scale mtDNA deletions, which may be detected only in the 
muscle. In less than 20% of the cases PEO is due to the common  tRNA(Lys)  mutation m.3243A>G. In 
single patients PEO arised from mutations in the  tRNA(Ala)  and  tRNA(Val)  genes (Hirano and DiMauro 
 2001  ) . Mendelian PEO is due to heterozygous mutations in four different genes:  POLG1  encoding the 
catalytic subunit of the mtDNA-specifi c polymerase-gamma (Van Goethem et al.  2001  ) ;  PEO1  encod-
ing the mtDNA helicase twinkle (Spelbrink et al.  2001  ) ;  SLC25A4  encoding the muscle-heart-specifi c 
mitochondrial adenine nucleotide translocator ANT1 (Kaukonen et al.  2000  ) ; or ECGF1 encoding the 
thymidine phosphorylase (see MNGIE).  POLG1  mutations are the most common cause of Mendelian 
PEO.  POLG1 -associated PEO is characterized by accumulation of multiple mtDNA deletions (break-
age syndrome).   

    8.2.3   MIDs Predominantly Resulting from nDNA Mutations 

    8.2.3.1   MIDs Due to Mutations in Genes Encoding Respiratory Chain 
Subunits or Assembly Factors of RCCs 

      Leigh Syndrome 

 LS (Leigh syndrome), also termed subacute necrotizing encephalomyopathy, is clinically character-
ized by severe, developmental psychomotor delay, cerebellar ataxia, pyramidal signs, myoclonic or 
generalized tonic-clonic seizures, movement disorders including chorea, dystonia, respiratory abnor-
malities, ophthalmoparesis, or muscle weakness and hypotonia (fl oppy infant). Involvement of the 
brain stem may cause respiratory insuffi ciency (hyperventilation, irregular ventilation, hypoventila-
tion, or apnea), dysphagia, recurrent vomiting, or abnormal thermoregulation (hypo/hyperthermia) 
(Rahman et al.  1996  ) . Patients with MILS may additionally present with dysmorphism or SLEs. 
Lactate may be elevated in the serum and CSF. Cerebral MRI typically shows focal, symmetric 
lesions of the basal ganglia, thalamus, brainstem, cerebellum, or posterior columns of the spinal cord 
(Rossi et al.  2003  ) . These lesions typically spread, contrary to Alpers-Huttenlocher disease (AHS), 
centrifugally from the brainstem and basal ganglia to the cortex. Histologically, these lesions show 
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demyelination, gliosis, and vascular proliferation. Nerve conduction studies and electromyography 
may indicate myopathy or polyneuropathy. Muscle biopsy shows non-specifi c alterations (accumu-
lation of intracytoplasmic lipid droplets) and RRF and COX-negative fi bers are consistently absent, 
except for cases with MILS (Tsao et al.  2003  ) . Biochemical investigations most commonly reveal 
RCCI or RCCIV defects, multiple RCC defects, or may be normal. About 10–20% of the cases with 
normal biochemical results of the muscle may have RCC defects in the myocardium, liver, skin 
fi broblasts, or white blood cells. Ophthalmologic investigations may show optic atrophy or retinitis 
pigmentosa. Cardiologic examination may reveal hypertrophic cardiomyopathy. Some patients may 
also develop hepatopathy or renal insuffi ciency (Tay et al.  2005  ) . Onset is usually in early infancy 
between 3 and 12 months of age often following an infection. Patients usually die by age 2–3 years 
from respiratory or heart failure and only few survive into childhood or adulthood. The course is 
characterized by episodic deterioration and interspersed plateaus. Leigh-like syndrome is diagnosed 
if patients present with features strongly suggestive of LS but do not exactly fulfi ll the diagnostic 
criteria because of variable distribution (cortical) or character of the cerebral lesions or normal imag-
ing or serum lactate. 

 LS is genetically heterogeneous. In 10–20% of the cases LS is due to the m.8993T>G or m.8993T>C 
mutation in the  ATP6  gene (NARP/MILS overlap) (Makino et al.  1998  ) . In another 10–20% it is due 
to mutations in other mtDNA genes such as the  tRNA(Leu(UUA), tRNA(Lys), tRNA(Try), tRNA(Val), 
ND1, ND3, ND4, ND5, ND6,  or  COXIII . More frequently, however, LS arises from an autosomal 
dominant, autosomal recessive, or X-linked defect, or occurs sporadically. Mendelian LS with RCCI 
defi ciency may be due to mutations in genes encoding RCCI subunits  NDUFV1, NDUFS1, NDUFS2, 
NDUFS3, NDUFS4, NDUFS7, NDUFS8  (Finsterer  2008  ) . Recently also mutations in the RCCI 
assembly factors  NDUFA12L ,  NDUFAF1, NDUFAF2,  or  C6ORF66 .  NDUFA12L  manifesting as leu-
cencephalopathy have been described (Finsterer  2008  ) . LS with RCCII defect may be due to  SDHA  
mutations. LS with RCCIV defect arise from mutations in genes encoding COX assembly-factors 
such as  SCO1, SCO2, COX10,  or  COX15 . Mutations in the  SCO1, SCO2, COX10,  or  COX15 gene may 
be also associated with non-syndromic MIDs such as encephalopathy with cardiomyopathy ( SCO2, 
COX15 ), nephropathy ( COX10 ), or hepatopathy ( SCO1 ). The French-Canadian Saguenay-Lac-Saint-
Jean type of LS is due to mutations in the  LRPPRC  gene (Mootha et al.  2003  ) . Only in two RCCV 
assembly genes pathogenic mutations have been identifi ed so far. A mutation in the  ATP12  gene was 
associated with congenital lactacidosis and fatal infantile multisystem disease, involving brain, liver, 
heart, and muscle.  TMEM70  mutations caused isolated ATP-synthase defi ciency and neonatal enceph-
alo-cardiomyopathy. In case LS is X-linked or sporadic it is most frequently due to mutations in the 
E1-alpha-subunit of the pyruvate-dehydrogenase complex ( PDHA1  gene) (Lissens et al.  2000  ) . 
Recently mutations in the  TACO1  gene encoding a translation factor of COXI has been reported to 
cause LS (Weraarpachai et al.  2009  ) . All defects described in patients with LS affect the terminal 
oxidative metabolism and are likely to impair ATP-production. 

 Defects in mitochondrial translation are among the most common causes of mitochondrial dis-
ease, but the mechanisms that regulate mitochondrial translation remain largely unknown. In the 
yeast Saccharomyces cerevisiae, all mitochondrial mRNAs require specifi c translational activators, 
which recognize sequences in 5 ¢  UTRs and mediate translation. As mammalian mitochondrial 
mRNAs do not have signifi cant 5 ¢  UTRs, alternate mechanisms must exist to promote translation. 
A recent study identifi ed a specifi c defect in the synthesis of the mitochondrial DNA (mtDNA)-
encoded COX I subunit in a pedigree segregating late-onset Leigh syndrome and cytochrome c oxi-
dase (COX) defi ciency. The authors mapped the defect to chromosome 17q by functional 
complementation and identifi ed a homozygous single-base-pair insertion in CCDC44, encoding a 
member of a large family of hypothetical proteins containing a conserved DUF28 domain. CCDC44, 
renamed TACO1 for translational activator of COX I, shares a notable degree of structural similarity 
with bacterial homologues, and our fi ndings suggest that it is one of a family of specifi c mammalian 
mitochondrial translational activators.  
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      GRACILE 

 GRACILE (growth retardation, aminoaciduria, cholestasis, iron overload, lactacidosis, and early 
death) syndrome is a lethal infantile disorder in which fetal growth retardation, short stature, and 
hepato-encephalopathy are the dominant clinical fi ndings (Morán et al.  2010  ) . Cognitive functions are 
intact. Instrumental fi ndings include aminoaciduria, cholestasis, iron overload, and lactacidosis. 
Biochemical investigations may reveal a RCCIII defect. Onset is in early childhood. 

 GRACILE syndrome is genetically due to mutations in a RCCIII assembly protein, known as 
 BCS1L. BCS1L  is an assembly factor that facilitates the insertion of the catalytic Rieske Fe-S subunit 
into RCCIII (Morán et al.  2010  ) .  BCS1L  mutations disrupt the assembly of RCCIII.  BCS1L  mutations 
may also cause Bjornstad syndrome, characterized by sensorineural hearing loss and pili torti. The 
variable phenotypic expression of  BCS1L mutations is attributed to the variable amount of reactive 
oxygen species resulting from these mutations (Hinson et al.  2007  ) .   

    8.2.3.2   MIDs Due to Mutations in Genes Encoding Components 
of the mtDNA Maintenance Machinery 

      Breakage Syndromes 

 Breakage syndromes are characterized by multiple deletions and include MNGIE and the POLG1-
related disorders. POLG1-related disorders include Mendelian PEO, the ataxia neuropathy spectrum 
(ANS), childhood myo-cerebro-hepathopathy spectrum (MCHS), myoclonic epilepsy, myopathy, and 
sensory ataxia (MEMSA), and AHS (Spinazzola and Zeviani  2007  ) . ANS comprises the sensory 
ataxia, neuropathy, dysarthria, and ophthalmoplegia (SANDO) syndrome and the mitochondrial 
recessive ataxia syndrome (MIRAS) syndrome. Recently, also POLG1 mutations were made respon-
sible for distal myopathy of the upper limbs (Giordano et al.  2010  ) . 

      MNGIE 

 MNGIE (mitochondrial neuro-gastrointestinal encephalopathy) is a multisystem MID, which follows 
an autosomal recessive mode of inheritance. The clinical presentation is dominated by severe gastro-
intestinal dysmotility associated with nausea, postprandial emesis, early satiety, dysphagia, gastro-
intestinal refl ux, episodic abdominal distensive pain, ascites, diarrhea, and kachexia (Debouverie 
et al.  1997 ; Hirano et al.  1994  ) . Additional manifestations include short stature, PEO, dysphonia, 
dysarthria, neuropathy with sensory disturbances and distal weakness predominantly affecting the 
lower limbs, confusional state, and hypoacusis. The initial manifestation is gastrointestinal dysmotil-
ity in about two thirds of the cases, PEO in one fi fth of the cases, and hypoacusis in about 10% of the 
cases (Teitelbaum et al.  2002  ) . Carriers are not affected. Instrumental fi ndings include hepato-spleno-
megaly, steatosis hepatis, leucencephalopathy on MRI, mixed polyneuropathy, and myopathy with 
RRF and COX-negative muscle fi bers. Highly variable fi ndings include anemia, diverticulosis, auto-
nomic nervous system dysfunction (arterial hypotension, sweating, bladder dysfunction), cardi-
omoypathy, increased CSF protein, and lactacidosis. Serum thymidine concentrations are increased 
>3  m mol/l and deoxyuridine concentrations >5  m mol/l (Martí et al.  2004  ) . The thymidine phosphory-
lase activity in leucocytes is reduced to < 10% of normal (Nishino et al.  1999  ) . Onset of the clinical 
manifestations is between the fi rst and fi fth decade, but in about two thirds of the cases onset is before 
age 20 years (Nishino et al.  2000  ) . The prognosis is poor and most patients die between age 26–58 years 
(Nishino et al.  2000  ) . 

 MNGIE is due to homozygous or compound homozygous mutations (missense mutations, splice-
site mutations, microdeletions, insertions) in the  TYMP/ECGF1  gene.  TYMP  encodes the thymidine 



196 J. Finsterer

phosphorylase, which promotes the phosphorylation of thymidine to thymine and deoxyribose-
phosphate.  TYMP  mutations result in systemic accumulation of thymidine and deoxyuridine, leading 
to deoxynucleotide pool imbalance and mtDNA instability. mtDNA instability results in mtDNA 
point mutations, multiple mtDNA deletions, or partial mtDNA depletion in the skeletal muscle 
(Nishigaki et al.  2004  ) . mtDNA depletion or duplications may be found in any tissue by Southern blot 
or long-range PCR.  TYMP  mutations are detected by sequencing of the gene. Alternative splicing 
from splice-site mutations may be detected by reverse transcriptase PCR assay. A MNGIE-like phe-
notype due to  POLG1  mutations has been recently reported (van Goethem et al.  2001  ) .  

      SANDO 

 SANDO follows an autosomal recessive trait of inheritance and is clinically characterized by the triad 
of cerebellar or sensory ataxia, dysarthria, and ophthalmoparesis (Fadic et al.  1997 ; Gago et al.  2006  ) . 
Single patients may also present with dysphagia, muscle weakness, or neuropathy (Milone et al. 
 2008  ) . Neuropathy may be motor, sensory, or mixed, and is severe enough to contribute to ataxia 
(sensory ataxia). Some patients may present with seizures. Up to one quarter of the patients develops 
muscle cramps. More rare manifestations include myoclonus, visual impairment, psychiatric abnor-
malities, headache, or hepatopathy (Wong et al.  2008 ; Tzoulis et al.  2006  ) . Muscle biopsy may be 
normal or may show COX-negative fi bers. Onset is usually in adulthood between age 16 and 40 years. 
Though SANDO shares features with AHS, it tends to be milder and more slowly progressive. 

 SANDO is due to  POLG1  mutations, which secondarily cause multiple mtDNA deletions (Gago 
et al.  2006 ; Milone et al.  2008  ) . In single cases SANDO may be due to mutations in the  PEO1  gene 
(Hudson et al.  2005  ) .  

      MIRAS 

 MIRAS (mitochondrial autosomal recessive ataxia syndrome) is characterized by cerebellar ataxia as 
the dominant phenotypic feature (Hakonen et al.  2008  ) . In addition to ataxia affected patients present 
with polyneuropathy, dysarthria, mild cognitive impairment, involuntary movements, psychiatric 
abnormalities, and seizures (Hakonen et al.  2005  ) . Biochemical investigations of the muscle homoge-
nate may reveal reduced activity of RCCI and RCCIV. Onset of MIRAS is in juvenile age or early 
adulthood (Rantamäki et al.  2007  ) . 

 MIRAS is caused by homozygous or compound heterozygous mutations in the  POLG1  gene, 
which secondarily cause multiple mtDNA deletions and to some extent also mtDNA depletion 
(Hakonen et al.  2008  ) . Multiple mtDNA deletions are particularly present in the brain of these patients 
(Hakonen et al.  2008  ) . In Northern Europe MIRAS should be considered as a fi rst-line differential 
diagnosis of progressive ataxia since the carrier frequency in Finland and the number of patients in 
Norway are high (Hakonen et al.  2005  ) .  

      MEMSA 

 Myoclonic epilepsy, myopathy, and sensory ataxia (MEMSA), formerly known as spinocerebellar 
ataxia with epilepsy (SCAE), is clinically characterized by myopathy, epilepsy and ataxia but without 
ophthalmoparesis. The phenotype resembles that of a spinocerebellar ataxia but additionally includes 
epilepsy (Galassi et al.  2008  ) . Ataxia is usually followed by focal epilepsy, which generalizes with 
progression of the disease. Seizures may be so severe that they become refractory to conservative 
therapy including barbiturate anesthesia. Interictally, a progressive encephalopathy may develop. 
Single patients may additionally present with polyneuropathy, Parkinsonism, or depression. Myopathy 
is usually diffuse and manifests only as exercise intolerance. Onset is in early adulthood and the initial 
manifestation is most frequently cerebellar ataxia. 
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 The syndrome is most frequently due to  POLG1  mutations, which secondarily cause multiple 
mtDNA deletions. Only in single cases mutations in the  PEO1  or  SLC25A4  genes have been described 
as causal (Galassi et al.  2008  ) .  

      AHS 

 AHS (Alpers-Huttenlocher disease) is clinically characterized by severe, progressive encephalopathy 
with developmental delay and psychomotor regression, intractable epilepsy, headache, ataxia, neuropa-
thy, hepatopathy, renal tubulopathy, fasting hypoglycemia, and early death (Gordon  2006 ; Naviaux and 
Nguyen  2005 ; Davidzon et al.  2006  ) . Some patients additionally present with SLEs with cortical blind-
ness (Gordon  2006  ) . In half of the patients seizures are the initial clinical manifestation and may be 
focal, generalized, myoclonic, or may manifest as epilepsia partialis continua (Hakonen et al.  2005 ; 
Horvath et al.  2006 ; Naviaux and Nguyen  2005 ; Tzoulis et al.  2006  ) . Another common initial manifesta-
tion is headache associated with visual sensations or visual auras (Hakonen et al.  2005 ; Tzoulis et al. 
 2006  ) . Some patients develop Parkinsonism, which responds to L-DOPA (Luoma et al.  2004 ; Mancuso 
et al.  2004  ) . Motor impairment may include weakness with hypotonia and spasticity predominantly of 
the lower limbs (Gordon  2006  ) . There is cognitive impairment, which lastly evolves into dementia. More 
rare fi ndings include retinitis pigmentosa and impaired hearing (Di Fonzo et al.  2003 ; Hakonen et al. 
 2005 ; Horvath et al.  2006  ) . Liver enzymes and ultrasound investigations may indicate hepatopathy. CSF 
protein is usually normal or occasionally elevated. Nerve conduction studies may reveal polyneuropathy. 
Muscle biopsy usually shows COX-negative fi bers (Kollberg et al.  2006  ) . EEG may show slow, high-
amplitude activity with small polyspikes or intermittent spike-wave activity (Worle et al.  1998  ) . In case 
of epilepsia partialis continua the EEG may be normal, may show focal background slowing, or focal 
paroxysmal activity. Neuroimaging may show gliosis with progression of the disease, starting from the 
cortex (usually the occipital cortex) and progressing to the brainstem (contrary to LS). Neuropathological 
investigations may show cortical gliosis and subcortical neuronal loss, particularly in the thalamus 
(Kollberg et al.  2006  ) . Onset is usually between 2 and 4 years but ranges from 1 month to 36 years. 
Psychomotor development is usually normal during the fi rst few months. 

 AHS is most frequently due to mutations in the  POLG1  gene (Davidzon et al.  2005 ; Kollberg 
et al.  2006  ) . It is the disorder with the most severe phenotype among the  POLG1 -related disorders. 
Recently,  PEO1  mutations have been described to cause a phenotype resembling that of AHS 
(Hakonen et al.  2007  ) .  

      MCHS 

 The myo-cerebro-hepatopathy-spectrum (MCHS) disorders are clinically characterized by mitochon-
drial myopathy with hypotonia, lactacidosis and failure to thrive, developmental delay, dementia, and 
liver dysfunction (Wong et al.  2008  ) . Additional features of MCHS disorders may be liver failure, 
renal tubular acidosis, pancreatitis, cyclic vomiting, or hearing loss. Seizures are no feature of the 
clinical presentation at least during the fi rst few years. Onset of MCHS disorders is in the fi rst few 
months up to three years. They are all due to POLG1 mutations and are thus part of the spectrum of 
POLG1 disorders (Wong et al.  2008  ) .   

      Mitochondrial Depletion Disorders (MDDs) 

 MDDs are characterized by reduction of the mtDNA copy number, which is due to mutations in eight 
different genes ( DGUOK, MPV17, POLG1, RRM2B, SUCLA2, SUCLG1, TK2,  and  PEO1 ). Their 
products are involved in mtDNA replication or regulation of the mitochondrial deoxy-ribo-nucleoside 
triphosphate (dNTP) pool. Genes most frequently mutated in MDDs are the  DGUOK  and the  POLG1  
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gene (18% each). Mutations in these genes may manifest in a single tissue (preferably muscle or 
liver), or in multiple tissues (heart, brain, kidney) (Ricci et al.  1992  ) . All MDDs follow an autosomal 
recessive trait. mtDNA depletion may be confi rmed by real-time quantitative PCR (qPCR) or by oligo-
nucleotide array comparative genomic hybridization (oligo-aCGH). 

      Myopathic MDD 

 Myopathic MDD is clinically characterized by a pure myopathy. Myopathic MDD is most frequently 
due to mutations in the  TK2  gene (Saada et al.  2001  ) . Mutations in this gene reduce the dNTP pool. 
 TK2  mutations are responsible for only approximately 20% of the cases. Urinary methylmalonic acid 
levels are normal.  

      Encephalo-Myopathic MDD 

 Encephalo-myopathic MDD is due to mutations in the  SUCLA2  gene, the  SUCLG1  gene, or the 
 RRM2B  gene.  SUCLA2  encodes the ß-subunit of the adenosine diphosphate-forming succinyl-
CoA-ligase (Bourdon et al.  2007 ). Mutations in this gene manifest phenotypically as Leigh-like syn-
drome starting in early infancy with muscle hypotonia and myopathy preventing head and trunk 
control and ambulation. Later, patients develop progressive scoliosis, dystonia, athetosis, chorea, epi-
lepsy (infantile spasms, generalized convulsions), hearing loss, and growth retardation. There may be 
moderate methyl-malonic-aciduria, lactacidosis, elevated CSF-lactate, increased C3-carnitine, or 
increased C4-dicarboxylic-carnitine. EMG may show enlarged motor units. Cerebral imaging may 
show atrophy, basal ganglia abnormalities, and delayed myelination. Muscle biopsy shows increased 
number of mitochondria and biochemical investigations RCCI, RCCIII, or RCCIV defects. Onset is 
between birth and 5 months. The disorder is lethal in early infancy. Mutations in the  SUCLG1  gene, 
encoding the alpha-subunit of the GDP-forming succinyl-CoA-ligase, manifest as fatal infantile lact-
acidosis, dysmorphism, or methyl-malonic-aciduria with muscle and liver mtDNA depletion. Muscle 
biopsy may reveal multiple RCC defects. The phenotype is indistinguishable from MDD due to 
 SUCLA2  mutations. mtDNA depletion may also derive from mutations in the p53-dependent ribonu-
cleotide reductase ( RRM2B ) gene (Ostergaard et al.  2007  ) .  RRM2B  encodes the p53-inducible subunit 
of the ribonucleotide reductase, which consists of a large catalytic subunit (R1) and a small R2 sub-
unit, which is either maximally expressed during the S-phase or responsible for the DNA-repair and 
mtDNA-synthesis in non-proliferating cells .  Ribonucleotide reductase is involved in the production of 
nucleotide precursors.  RRM2B  mutations manifest clinically as developmental delay, microcephaly, 
seizures, myopathy, muscle hypotonia, respiratory insuffi ciency, persistent lactacidosis, renal insuf-
fi ciency with proximal tubulopathy, and diarrhea (Bourdon et al.  2007  ) .  

      Hepato-Cerebral (Encephalo-Hepatic) MDD 

 Hepato-cerebral MDD is due to mutations in the  PEO1 ,  POLG1 ,  DGUOK , or  MPV17  genes 
(Spinazzola and Zeviani  2007  ) . Most frequently, hepato-cerebral MDD is due to  DGUOK  mutations 
(Sarzi et al.  2007  ) .  DGUOK  mutations reduce the dNTP pool and either manifest as hepato-cerebral 
syndrome in neonates or as isolated hepatopathy (intrahepatic cholestasis, ascites, edema, hemor-
rhage) in infancy or childhood. The hepato-cerebral form manifests with developmental regression, 
typical rotatory nystagmus, which evolves into opsoclonus, and muscle hypotonia. Contrary to AHS, 
DGUOK-defi ciency does not go along with seizures or abnormal cerebral imaging (Dimmock et al. 
 2008  ) . Patients with isolated liver disease may also develop renal involvement. Liver enzymes and 
bilirubine are elevated. Morphology of liver mitochondria is abnormal on electron microscopy. Muscle 
biopsy may show subsarcolemmal accumulation of mitochondria, COX-negative RRF, and lipid drop-
lets in RRFs (Mancuso et al.  2005  ) . Biochemical investigations of the liver may show reduced RCCI, 
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RCCII, or RCCIV activity. Cause of death is usually hepatic failure. Mutations in  PEO1  impair 
mtDNA replication and cause an autosomal recessive AHS-like phenotype. Phenotypes of  POLG1  
mutations, which cause mtDNA depletion, have been described above.  MPV17  encodes a protein of 
unknown function located at the inner mitochondrial membrane.  MPV17  mutations manifest as 
hepatic failure, hypoglycemia, muscle hypotonia, ataxia, dystonia, or polyneuropathy. Hepato-cerebral 
MDD from  MPV17  mutations is allelic to Navajo neuro-hepatopathy, clinically characterized by 
hepatopathy, severe sensory polyneuropathy, corneal anesthesia and scarring, acral mutilation, leuc-
encephalopathy, failure to thrive, recurrent metabolic acidosis, and intercurrent infections (Spinazzola 
et al.  2006  ) . In all hepato-cerebral MDDs urinary methylmalonic acid is normal.  

      IOSCA 

 IOSCA (infantile-onset spinocerebellar ataxia) is an autosomal recessive MID, which is clinically char-
acterized by cerebellar ataxia, epilepsy, athetosis, muscle hypotonia, hypoacusis, PEO, sensory neu-
ropathy, and hypogonadism (Lönnqvist et al.  1998 ; Nikali et al.  2005  ) . Cerebral imaging may show 
progressive atrophy of the cerebellum, brainstem, or spinal cord (Nikali et al.  2005  ) . Pathoanatomic 
studies confi rm atrophy of the cerebellum, brainstem, and, most severely, spinal cord (Lönnqvist et al. 
 1998  ) . Biochemical investigations may show defi ciency of RCCI or RCCIV (Hakonen et al.  2008  ) . 

 IOSCA is caused by mutations in the  PEO1  gene, which encodes the mitochondrial helicase twin-
kle (Hakonen et al.  2008  ) .  PEO1  mutations secondarily cause mtDNA depletion in the brain and liver 
but also in other organs (Hakonen et al.  2008  ) .   

      Translation Defects (Protein Synthesis Machinery) 

      Pontocerebellar Hypoplasia 

 Recently, a new autosomal recessive syndrome, pontocerebellar hypoplasia (PCH), comprising severe 
infantile encephalopathy associated with microcephaly, cerebral atrophy, thinning of the pons and gross 
atrophy and fl attening of the cerebellar hemispheres, and multiple RCC defects has been described in 
three members of a consanguineous Sephardic Jewish family (Edvardson et al.  2007  ) . Patients may 
manifest profound developmental delay with increased respiratory rate, poor feeding, edema of the 
hands and face, and transiently elevated blood and CSF-lactate (Rankin et al.  2010  ) . Muscle biopsy may 
be normal including biochemical investigations or may show multiple RCC defects (Rankin et al.  2010  ) . 
Meanwhile six subtypes have been described (Rankin et al.  2010  ) . Onset of PCH is already prenatally. 

 Types 1 and 6 are due to missplicing intronic mutations in the  RARS2  gene encoding the mitochon-
drial tRNA(Arg) synthetase.  RARS2  mutations result in a marked reduction of the tRNA(Arg) tran-
script in fi broblasts. The CNS is assumed to be preferentially affected because of a tissue-specifi c 
vulnerability of the splicing machinery (Edvardson et al.  2007  ) . Mutations in the transfer RNA splic-
ing endonuclease subunit genes  TSEN54, TSEN2, TSEN34  were found to be associated with types 2 
and 4 (Namavar et al.  2011  ) . Mutations in the  TSEN54  gene manifest with a pathognomonic dragon-
fl y-like cerebellar MRI-pattern, in which the cerebellar hemispheres are fl at and severely reduced in 
size but the vermis is relatively spared (Namavar et al.  2011  ) .  TSEN54  mutations additionally mani-
fest with dyskinesia, dystonia, or generalized spasticity.  

      LBSL 

 Leucencephalopathy with brainstem and spinal cord involvement and lactacidosis (LBSL) is a recently 
described autosomal recessive syndromic MID clinically characterized by slowly progressive cerebel-
lar ataxia, spasticity, and dorsal column dysfunction (Scheper et al.  2007  ) . Some patients additionally 
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develop mild cognitive impairment. There is a highly characteristic constellation of abnormalities on 
MRI (Scheper et al.  2007  ) . 

 LBSL is caused by heterozygous mutations in the  DARS2  gene, which encodes the mitochondrial 
aspartyl-tRNA synthetase (Scheper et al.  2007  ) . Homozygous  DARS2  mutations have not been 
reported and are assumed to be lethal (Isohanni et al.  2010  ) . Though the activity of this enzyme is 
reduced in affected patients, the function of the respiratory chain is not impaired (Scheper et al.  2007  ) . 
Multiple sclerosis, which is a differential of LBSL and MIDs in general (Bhatti and Newman  1999 ; 
Horvath et al.  2000 ; Jansen et al.  1996 ; Kellar-Wood et al.  1994  ) , is not associated with DARS muta-
tions (Isohanni et al.  2010  ) .  

      MLASA 

 MLASA (myopathy, lactacidosis, and sideroblastic anemia) is a rare MID clinically characterized by 
the combination of sideroblastic anemia, mitochondrial myopathy, and lactacidosis (Fernandez-
Vizarra et al.  2007 ; Patton et al.  2005 ; Scharfe et al.  2000 ; Zeharia et al.  2005  ) . Additionally, patients 
may present with mental retardation or dysmorphic features, such as microcephaly, high palate, high 
fi ltrum, distichiasis, or micrognathia (Zeharia et al.  2005  ) . Biochemical investigations may demon-
strate reduced activity of RCCI-IV. Electron microscopy may show paracristalline inclusions or iron 
deposition in almost all mitochondria (Inbal et al.  1995  ) . 

 MLASA is genetically heterogeneous and most frequently due to homozygous point mutations in 
the  PUS1  gene encoding the pseudouridine synthase I (Zeharia et al.  2005  ) . Mutations in this gene 
result in the absence of any enzyme activity in cell lines of these patients (Patton et al.  2005  )  and in a 
complete lack of pseudouridylation at the corresponding sites in mitochondrial and cytoplasmic 
tRNAs. Meanwhile it has been shown that MLASA may be also due to mutations in the  YARS7  gene, 
which encodes the mitochondrial tyrosyl-tRNA synthetase (Riley et al.  2010  ) .    

    8.2.3.3   Coenzyme-Q (CoQ)-Defi ciency 

 CoQ-defi ciency is a genetically and phenotypically heterogeneous group of MIDs, characterized by 
primary or secondary defi ciency of CoQ. Phenotypically, primary CoQ-defi ciency presents as a pure 
myopathy, as severe infantile neurologic syndrome with nephritis, as LS, or as pure ataxia (Montero 
et al.  2007  ) . Among these four phenotypes, the ataxic variant is the most common dominated by cer-
ebellar ataxia and cerebellar atrophy. Additionally, these patients may present with epilepsy, weak-
ness, migraine, myoglobinuria, or developmental delay (Leshinsky-Silver et al.  2003  ) . The second 
most frequent phenotype of primary CoQ-defi ciency is characterized by a severe infantile multisys-
tem MID with encephalomyopathy, recurrent myoglobinuria, and myopathy with RRF. CoQ-defi ciency 
may also present as cardio-facio-cutaneous syndrome. Biochemically, there is defi ciency of CoQ in 
muscle or fi broblasts (Montero et al.  2007  ) . Defects of CoQ biosynthesis represent one of the few 
treatable mitochondrial diseases. 

 Primary CoQ-defi ciency is due to mutations in genes encoding enzymes of the CoQ-biosynthesis, 
such as  COQ2  (nephropathy),  COQ4, COQ8 (ADCK3, CABC1), COQ9, PDSS1,  or  PDSS2  (Casarin 
et al.  2008 ; Mollet et al.  2008 ; Quinzii et al.  2008  ) . Secondary CoQ-defi ciency is due to mutations in 
genes not directly involved in the CoQ biosynthesis, which nonetheless cause secondary CoQ-
defi ciency. Genes mutated in secondary CoQ-defi ciency include  APTX ( cerebellar ataxia ), ETFDH 
( pure myopathy), or  BRAF, PTPN11, HRAS, KRAS, MEK1,  or  MEK2  (cardio-facio-cutaneous syn-
drome). In the majority of the cases, however, the causative mutation remains undetected. CoQ func-
tions as a lipid-soluble component of virtually all cell membranes, transports electrons from RCCI 
and RCCII to RCCIII, and is essential for stabilizing RCCIII. Most cases with primary or secondary 
CoQ-defi ciency respond favorably to CoQ-supplementation.  
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    8.2.3.4   MIDs Due to Altered Lipid Milieu 

      Barth Syndrome 

 Barth syndrome is a rare, X-linked disorder, involving the heart, the skeletal muscles, and the hematologic 
system (Barth et al.  2004  ) . Barth syndrome affects almost exclusively young males. Barth syndrome is 
clinically characterized by proportionate short stature and occasionally mild cognitive impairment. 
Congenital Barth syndrome additionally manifests with poor sucking, lethargy, hypotonia, and hypo-
thermia. Single patients may experience ischemic, embolic stroke from noncompaction (hypertrabecula-
tion) of the left ventricular apex and lateral wall (Ances et al.  2006  ) . Instrumental investigations may 
demonstrate cardiomyopathy, which goes along with noncompaction in about half of the cases, cyclic 
neutropenia, low carnitine levels, increased urinary excretion of methyl-glutaconic acid, moderate hypo-
cholesterolemia, and myopathy with mitochondrial abnormalities on muscle biopsy (Bleyl et al.  1997  ) . 
Creatine-kinase may be mildly elevated in up to 15% of the patients (Spencer et al.  2006  ) . Onset ranges 
from 1 to 49 years and peaks around puberty. Untreated boys die at infancy or early childhood from 
septicemia or cardiac failure (Bleyl et al.  1997  ) . Mortality is highest in the fi rst 4 years of life. 

 Barth syndrome is due to mutations in the G4.5 gene encoding taffazine (Bleyl et al.  1997  ) . The 
gene product plays a crucial role in the mitochondrial cardiolipin metabolism (Osman et al.  2010  ) . 
Cardiolipin itself is a dimeric phosphoglycerol-lipid predominantly present in mitochondrial mem-
branes. Cardiolipin plays a pivotal role in the cellular energy metabolism, mitochondrial dynamics, 
and in the initiation of apoptotic pathways (Osman et al.  2010  ) .   

    8.2.3.5   MIDs Due to Mutations in Genes Involved in the Mitochondrial 
Transport Machinery 

      Deafness Dystonia Syndrome (DDS, Mohr-Tranebjaerg-Syndrome (MTS)) 

 MTS is a rare MID clinically characterized by early-onset postlingual sensorineural hearing loss, 
dystonia, cortical blindness, cataract, spasticity, dysphagia, and mental retardation (Tranebjaerg et al. 
 2000  ) . Muscle biopsy is structurally and biochemically normal, but MRI and PET studies reveal 
hypometabolic areas in the right striatum and parietal cortex and atrophy of the occipital lobes. 

 MTS is due to mutations in the  DDP1  gene encoding the deafness-dystonia protein TIMM8a 
(Aguirre et al.  2008  ) . Mutations in this gene affect the binding of Zn(2+) via the Cys(4) motif 
(Hofmann et al.  2002 ; Roesch et al.  2002  ) . DDP1 mutations result in misfolding of the protein and 
consecutive inability of the protein to assemble with its cognate partner Tim13 to hetero-hexameric 
complexes. MTS may be also due to mutations in the ATG start codon of the  DDP1  gene leading to 
the absence of TIMM8a and marked reduction of Tim13 (Binder et al.  2003  ) . In the allelic Jansen 
syndrome also a one-basepair deletion and a nonsense mutation have been described (Tranebjaerg 
et al.  2000  ) . The phenotypic variability in MTS suggests the involvement of modifi er factors infl u-
encing the phenotype (Aguirre et al.  2008  ) .  

      X-Linked Sideroblastic Anemia with Ataxia (XLSA/A) 

 XLSA/A is a rare syndromic MID, characterized by mild sideroblastic anemia with hypochromia and 
microcytosis and cerebellar ataxia (Allikmets et al.  1999 ; Hellier et al.  2001 ; Pondarre et al.  2007  ) . 
Cerebral imaging shows severe cerebellar atrophy. Only few cases have been reported so far. 

 XLSA/A is due to mutations in the mitochondrial  ATP-binding cassette transporter ABC7  gene 
(Pondarre et al.  2007 ; Maguire et al.  2001  ) .   
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    8.2.3.6   MIDs Due to Mutations in Genes Involved in the Mitochondrial 
Biogenesis (Fusion/Fission) 

      Autosomal Dominant Optic Atrophy and Deafness (ADOAD) 

 Autosomal dominant optic atrophy (ADOA) and deafness (ADOAD) is clinically characterized by 
ataxia, axonal, sensorimotor neuropathy, PEO, and myopathy (dominant optic atrophy “plus” syndrome) 
(Amati-Bonneau et al.  2008  ) . Muscle biopsy may show mosaic COX-defi ciency (Hudson et al.  2008  ) . 
Biochemical investigations of the muscle may show defective ATP-production, similar to LHON, 
which is independent of the amount of multiple mtDNA deletions (Lodi et al.  2011  ) . 

 The syndrome is due to mutations in the  OPA1  gene, encoding a dynamin-related GTPase, involved 
in mitochondrial fusion, fi ssion, cristae organization, and apoptosis (Amati-Bonneau et al.  2008 ; 
Hudson et al.  2008 ; Liguori et al.  2008  ) . Affected patients also harbor multiple mtDNA deletions, 
suggesting that  OPA1  is involved in mtDNA stability (Amati-Bonneau et al.  2008  ) .  OPA1  appears to 
be generally responsible for mitochondrial quality control (Fuhrmann et al.  2010  ) . At onset OPA1 
mutations may manifest exclusively as isolated optic atrophy (ADOA) but during the disease course 
most patients develop ADOAD (Hudson et al.  2008  ) .  

      CMT2A 

 MIDs may also manifest as one of the most common inherited neuropathies, CMT2A. CMT2A is a 
classical autosomal dominant axonal sensorimotor neuropathy characterized by earlier and more 
severe involvement of the lower extremities than the upper extremities, distal upper-extremity 
involvement as the neuropathy progresses, more prominent motor defi cits than sensory defi cits, and 
normal (>42 m/s) or only slightly decreased nerve conduction velocities. Postural tremor is common 
(Loiseau et al.  2007  ) . The phenotype is characterized by degeneration of long peripheral axons, but 
the nature of this tissue selectivity remains unknown. Most affected individuals develop symptoms 
in the fi rst or second decade. Although some individuals become dependent on crutches or a wheel-
chair, most do not. 

 CMT2A is due to mutations in the mitofusin 2 (MFN2) gene. Mitofusins (MFN1, MFN2) are outer 
mitochondrial membrane proteins involved in regulating mitochondrial dynamics. There is increasing 
evidence that mitofusins play a key role in the regulation of the axonal transport of mitochondria. 
Importantly, both MFN1 and MFN2, interact with mammalian Miro (Miro1/Miro2) and Milton 
(OIP106/GRIF1) proteins, members of the molecular complex that links mitochondria to kinesin 
motors (Misko et al.  2010  ) .  

      DIDMOAD (Diabetes Insipidus, Diabetes Mellitus, Optic Atrophy, and Deafness) 

 DIDMOAD or Wolfram syndrome (WFS) is a rare autosomal recessive neuro-degenerative disorder 
with juvenile onset (Medlej et al.  2004  ) . The phenotype is characterized by diabetes and optic atrophy. 
Other less frequent features comprise psychiatric abnormalities, ataxia, urinary tract atony, joint con-
tractures, cardiovascular and gastrointestinal autonomic neuropathy, hyper-gonadotropic hypogonad-
ism, cardiac malformations, or pituitary dysfunction (Medlej et al.  2004  ) . WFS is due to mutations in 
the  WFS1  gene encoding an endoplasmic reticulum membrane-embedded protein or due to mutations 
in the  CISD2  gene encoding a protein involved in mitochondrial integrity and aging (Ajlouni et al. 
 2002 ; Chen et al.  2010 ; Cryns et al.  2003  ) .  WSF1  mutations secondarily cause single or multiple 
mtDNA deletions (Barrientos et al.  1996  ) .  
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      Non-syndromic MIDs 

 In the vast majority of the cases, MIDs typically exhibit wide genotypic and phenotypic heterogeneity. 
Due to the effects of tissue distribution, threshold effect and heteroplasmy a single mtDNA mutation 
may present with a broad spectrum of different clinical manifestations within a kindred or population. 
Because of the weak genotype-phenotype correlation of most mtDNA mutations, phenotypes of a 
specifi c mtDNA mutation are quite variable and patients display a cluster of clinical features, which 
either fall or mostly due not fall into a distinct clinical syndrome. Simultaneously, a distinct phenotype 
may be due to a number of different mutations, most well known in LS. Already in 2008 more than 
40 mtDNA mutations and more than 20 mutated nDNA genes have been reported, which were associ-
ated with a LS phenotype (Finsterer  2008  ) . Because of the complex genetic background and highly 
variable phenotypic expression it is frequently not possible to classify a certain phenotype as syndro-
mic. In the majority of the MIDs, however, the phenotype does not neatly fi t into one of the categories 
described above but represents a unique form within a continuum of phenotypic expression. 

 Though non-syndromic MIDs do not correspond to distinct phenotypes, they present with clusters of 
clinical manifestations. Non-syndromic MIDs may present as pure neurological problem, as pure non-
neurological disease, or as both a neurological and non-neurological disorder. Pure neurological disorders 
include non-syndromic, fl uctuating encephalopathies, encephalo-myopathies, or pure myopathies, classi-
cal mitochondrial myopathies, manifesting as exercise intolerance, easy fatigability, ptosis, ophthalmopa-
resis, bulbar weakness, limb weakness, axial weakness, or muscular respiratory insuffi ciency (Fig.  8.1 ). 
Pure cerebellar ataxia, epilepsy, spasticity, dystonia, migraine, cluster headache, or psychiatric abnormali-
ties including confusional state, dementia, autism, or psychosis may be phenotypic expressions of an 
underlying mitochondrial defect. There may be also optic atrophy, pigmentary retinopathy, or pituitary 

  Fig. 8.1    Thirty-eight years-old patient with non-syndromic MID manifesting as epilepsy, stroke-like episodes, myopa-
thy predominantly affecting the lower limbs, anarthria, and noncompaction of the left ventricular myocardium. The 
phenotype was due to the transition m.8381A>G       
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adenoma. Non-neurological manifestations of a non-syndromic MID include isolated cataract, hearing 
impairment, sicca syndrome, thyroid dysfunction, arrhythmias, cardiomyopathy, hepatopathy, liver cysts, 
pancreatitis, diabetes, vomiting, pseudoobstruction, diarrhea, renal insuffi ciency, renal cysts, dermato-
logical disease, anemia, thrombocytopenia, thrombocytosis, or leucopenia. Even arteriopathy may be a 
non-neurological manifestation of a non-syndromic MID (Finsterer  2007  ) . Frequently, there are also 
combinations of neurological and non-neurological manifestations such as hepato-encephalopathies or 
cardio-myo-encephalopathies. There are also indications that an increased number of pregnancy losses, 
the development of cysts in parenchymatous organs, and a tendency to develop aneurysms or diverticles 
represent manifestations of non-syndromic mitochondrial defects (Tay et al.  2006  ) . Rarely, non-syndro-
mic MID may manifest as vasculopathy resulting in arterial dissection or even rupture of an artery (Tay 
et al.  2006  ) . If patients with an MID carry an increased risk to develop malignancy is so far unproven.  

 Because of the complexity and variable clinical presentation, a non-syndromic MID or syndromic 
MID in the early stages should be always suspected if there is isolated unexplained neurological dis-
ease, isolated unexplained non-neurological disease, or a combination of both. Suggestive of a MID are 
the presence of unexplained short stature, facial dysmorphism, a history of migraine, stroke-like epi-
sodes, seizures, cognitive decline, confusional state, psychosis, impaired hearing, impaired ocular 
motility, impaired vision, thyroid dysfunction, hypoparathyroidism, diabetes, hyponatriemia, hypogo-
nadism, cardiomyopathy, cardiac conduction abnormalities, dry mouth and eyes, vomiting, gastrointes-
tinal pseudoobstruction, diarrhea, hepatopathy, anemia, leucopenia, thrombocytopenia, thrombocytosis, 
renal insuffi ciency, renal cysts, myopathy, neuropathy, neuronopathy, or skin changes such as psoriasis. 
The suspicion of a non-syndromic MID is further supported if instrumental investigations additionally 
show recurrently elevated creatine-kinase, lactacidosis, reduced urine levels of aminoacids or organic 
acids, elevated lactate in the cerebro-spinal fl uid, delayed visually-evoked potentials, or pigmentary 
retinopathy. Neuroimaging may show stroke-like lesions with cytotoxic or vasogenic edema, laminar 
cortical necrosis, basal ganglia necrosis, focal or diffuse white matter lesions, focal or diffuse atrophy, 
intra-cerebral calcifi cations, cysts, lacunas, microbleeds, cerebral hypoperfusion, intra-cerebral artery 
stenoses, intracranial dissection, aneurysms, or moyamoya syndrome (Fig.  8.2 ) (Finsterer  2009  ) . 

  Fig. 8.2    Thirty-fi ve years 
female with non-syndromic 
MID initially manifesting with 
intractable series of generalised 
seizures and epileptic states 
over 4 months. Biochemical 
investigations of the muscle 
homogenate revealed a RCCI 
defect. MRI of the cerebrum 
showed T2-hyperintense lesions 
in the thalamus and putamina 
bilaterally       
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MR-spectroscopy may show intracerebral hypometabolism or lactacidosis. Muscle biopsy may show 
COX-positive or COX-negative RRF, COX-negative muscle fi bers, SDH-hyper-reactivity, or increased 
number of or abnormally shaped or structured mitochondria. Most important for diagnosing non-
syndromic MIDs is the biochemical investigation of the most severely affected tissue. It may reveal a 
single RCC defect, multiple RCC defects, or may be normal. Normal biochemical investigations, as 
well as normal muscle biopsy investigations do not exclude the presence of a MID.  

 Non-syndromic MIDs are best classifi ed according to the mutated genes (Table  8.2 ). A number of 
genes has been reported during recent years of which mutations cause either syndromic or non-
syndromic MIDs (m.1555A > G in  12SrRNA ) or only non-syndromic MIDs. Mutated genes, which 
cause only non-syndromic MIDs are listed in Table  8.2 . Most recently, mutations in the  FOXRED1  
gene, encoding a molecular chaperone responsible for the steady-state of RCCI, have been described 
(Fassone et al.  2010  ) . Phenotypically, these mutations presented as infantile encephalopathy (Fassone 
et al.  2010  ) . A non-.syndromic MID manifesting as developmental delay, cerebral atrophy, epilepsy, 
and myopathy with COX-defi ciency was attributed to mutations in the  FASTKD2  gene, of which the 
product is involved in apoptosis. MIDs may also arise from mutations in the SLC29A3 gene encoding 
the mitochondrial and lysosomal nucleoside transporter hENT3 (Morgan et al.  2010  ) . Phenotypically, 
these mutations express as scleroderma, hyperpigmentation, hypertrichosis, hepatomegaly, cardiac 

   Table 8.2    Genes mutated in syndromic and non-syndromic MIDs   

 Mutated gene  Phenotype  Reference 

 mtDNA genes 
 tRNA(Met)  tRNA misfolding  Jones et al.  (  2008  )  
 tRNA(Trp)  Late-onset encephalopathy  Malfatti et al.  (  2010  )  
 tRNA(Phe)  Psychosis, dementia, Parkinsonism  Young et al.  (  2010  )  
 12SrRNA  Non-syndromic hearing loss  Pupo et al.  (  2008  )  
 ATP6  Hereditary spastic paraplegia-like  Verny et al.  (  2011  )  
 tDNA deletion  Endocrinopathy, deafness  Nicolino et al.  (  1997  )  

 nDNA genes 
 AIF  X-linked, encephalomyopathy, multiple RCC defects  Ghezzi et al.  (  2010  )  
 C6orf66  Infantile encephalopathy  Saada et al.  (  2008  )  
 C20orf7  Lethal neonatal MID  Sugiana et al.  (  2008  )  
 DLP1  Microcephaly, optic atrophy, lactacidosis  Waterham et al.  (  2007  )  
 EFG1  Infantile encephalopathy  Valente et al.  (  2007  )  
 ETHE1  Retardation, diarrhea, acrocyanosis, petechiae  Barth et al.  (  2010  )  
 FASTKD2  Developmental delay, epilepsy, atrophy, myopathy  Ghezzi et al.  (  2008  )  
 FOXRED1  Infantile encephalopathy  Fassone et al.  (  2010  )  
 GFER  Myopathy, cataract, multiple RCC defects  Di Fonzo et al.  (  2009  )  
 GFM1  Leigh syndrome, hepatopathy, lactacidosis  Smits et al.  (  2011  )  
 LIS1  Lissencephaly, mtDNA insertion  Millar et al.  (  2010  )  
 MECP2  Rett syndrome  Condie et al.  (  2010  )  
 MRPS16  Lactacidosis, dysmorphism, developmental delay  Miller et al.  (  2004  )  
 NDUFS6  Neonatal lactacidosis in Caucasus Jews  Spiegel et al.  (  2009a  )  
 NDUFV2  Parkinsonism  Nishioka et al.  (  2010  )  
 NUBPL  RCCI defi ciency  Calvo et al.  (  2010  )  
 POLG2  adPEO  Ferraris et al.  (  2008  )  
 POLG2  Ptosis, myopathy  Walter et al.  (  2010  )  
 SCO1  Hepatopathy, severe encephalopathy  Valnot et al.  (  2000  )  
 SLC25A3  Cardiomyopathy, lactacidosis  Mayr et al.  (  2007  )  
 SLC25A19  Neuropathy, bilateral striatal necrosis, Amish microcephaly  Spiegel et al.  (  2009b  )  
 SLC29A3  Scleroderma, hepatopathy, cardiac dysfunction  Morgan et al.  (  2010  )  
 TRMU  Reversible hepatopathy  Zeharia et al.  (  2009  )  

  Some of the mutated genes causing syndromic MIDs may also cause non-syndromic MIDs but are not mentioned in this 
list again  
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abnormalities, or musculoskeletal deformities, as pigmented hypertrichotic dermatosis with insulin-
dependent diabetes syndrome, or as familial Rosai-Dorfman disease (short stature, familial histiocy-
tosis, sinus histiocytosis with massive lymphadenopathy (SHML) (Kang et al.  2010  ) . The number of 
mutated genes causing non-syndromic MIDs is further expanding and regular updates are required to 
meet and refl ect the fast growing developments in the fi eld.      

    8.3   Conclusion 

 The fi eld of mitochondrial medicine is still expanding but the implications on the management of 
affected patients in health care systems is still poorly recognized and underestimated. Those involved 
in the management of these patients need to consider a MID whenever there is a progressive, multi-
system disorder of unknown etiology. Diagnosing these conditions is challenging particularly in the 
early stages of the disease when there is often only a single organ affected. If the MID is not consid-
ered as a differential at this stage, these patients may be misdiagnosed and may become “fi bromyal-
gia” patients, neurotic patients, or doctor shoppers during years until other manifestations arise and 
more clearly suggest the correct diagnosis. The diagnosis is facilitated when the clinical picture falls 
into one of the maternally-inherited or Mendelian syndromic forms. If the phenotype is complex or 
suggests a non-syndromic MID more comprehensive investigations are required. Since MIDs are 
increasingly recognized by physician involved in the management of MIDs their prevalence is mount-
ing. The increasing prevalence of MIDs should urge the responsible political decision makers and 
managers of healthcare systems and those involved in the care of patients and education of students 
and physicians to establish specifi c units with multi-professional teams exclusively dedicated to the 
management of patients of this fastly growing fi eld.      
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  Abstract   The obesity pandemic increases the prevalence of type 2 diabetes (DM2). 
 DM2 develops when pancreatic  b -cells fail and cannot compensate for the decrease in insulin sen-

sitivity. How excessive caloric intake and weight gain cause insulin resistance has not completely 
been elucidated. 

 Skeletal muscle is responsible for a major part of insulin stimulated whole-body glucose disposal 
and, hence, plays an important role in the pathogenesis of insulin resistance. 

 It has been hypothesized that skeletal muscle mitochondrial dysfunction is involved in the accumu-
lation of intramyocellular lipid metabolites leading to lipotoxicity and insulin resistance. However, 
fi ndings on skeletal muscle mitochondrial function in relation to insulin resistance in human subjects 
are inconclusive. Differences in mitochondrial activity can be the result of several factors, including a 
reduced mitochondrial density, differences in insulin stimulated mitochondrial respiration, lower 
energy demand or reduced skeletal muscle perfusion, besides an intrinsic mitochondrial defect. The 
inconclusive results may be explained by the use of different techniques and study populations. Also, 
mitochondrial capacity is in far excess to meet energy requirements and therefore it may be ques-
tioned whether a reduced mitochondrial capacity limits mitochondrial fatty acid oxidation. Whether 
reduced mitochondrial function is causally related to insulin resistance or rather a consequence of the 
sedentary lifestyle remains to be elucidated.  

  Keywords   Mitochondrial function  •  Oxidative phosphorylation  •  Obesity  •  Insulin resistance  •  Free 
fatty acids  •  Lipotoxicity    

    9.1   Introduction 

 The obesity pandemic is associated with an increase in the prevalence of type 2 diabetes mellitus 
(DM2). DM2 is characterized by insulin resistance and  b -cell failure. Insulin sensitivity decreases 
during weight gain. This decrease in insulin sensitivity is accompanied by increased insulin secretion 
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to compensate for the insulin resistance. DM2 develops when  b -cell function fails to further increase 
insulin secretion (Bergman     2007 , 1489–501). The skeletal muscle is responsible for the major part 
(80%) of insulin-stimulated whole body glucose disposal, and hence plays an important role in the 
pathogenesis of insulin resistance (Boden  2002 , 545–49; DeFronzo et al.  1985 , 149–55). Insulin resis-
tance precedes the onset of DM2. Therefore it is of great importance to gain more insight in the 
pathophysiology of insulin resistance. 

 Obese insulin resistant individuals are characterized by increased plasma free fatty acids (FFA) 
concentrations, an elevated basal rate of lipolysis and impaired suppression of lipolysis by insulin 
(Koutsari and Jensen  2006 , 1643–50). Increased levels of FFA may directly mediate the development 
of insulin resistance since it was shown that plasma FFA concentration correlates with the degree of 
insulin resistance and experimental elevation of plasma FFA in young healthy individuals induces 
insulin resistance (Belfort et al.  2005 , 1640–48). How increased FFA cause insulin resistance has not 
been completely elucidated. A growing body of evidence shows that nutrient overload causes accu-
mulation of specifi c intramyocellular FFA metabolites. These metabolites interfere with the insulin 
signalling cascade and the glucose transporter GLUT 4 resulting in decreased insulin-mediated glucose 
uptake (Shulman  2000 , 171–76). 

 Over the last decade it has been hypothesized that mitochondrial dysfunction is involved in the 
accumulation of these intramyocellular lipid metabolites leading to lipotoxicity and insulin resistance 
(Roden  2005 , S111–S115). However not all studies report decreased mitochondrial capacity in rela-
tion to insulin resistance (Hancock et al.  2008 , 7815–20; Holloway et al.  2007 , E1782–E1789; 
Karakelides et al.  2010 , 89–97; Nair et al.  2008 , 1166–75; Toledo et al.  2008 , 987–94; De Feyter et al. 
 2008 , 643–53). This may be explained by the use of different techniques and study populations. In 
addition, insulin stimulates mitochondrial activity. This stimulation is decreased in obese individuals, 
and has been reported to be blunted in DM2 subjects (Asmann et al.  2006 , 3309–19; Stump et al. 
 2003 , 7996–8001). Therefore, decreased mitochondrial activity may not be an intrinsic mitochondrial 
defect but a functional defect related to an impaired insulin response. Furthermore, lower mitochon-
drial capacity in insulin resistant subjects could be a refl ection of decreased mitochondrial content 
instead of an impaired mitochondrial function (Boushel et al.  2007 , 790–96; Rabol et al.  2010 , 857–63). 
A reduction in mitochondrial content may be caused by a decline in physical activity. Therefore 
decreased mitochondrial function could be more a consequence then a cause of the obese insulin-
resistant state (Holloszy  2009 , 463S–6S). 

 In this chapter we will summarize recent fi ndings on mitochondrial function in DM2, obese and 
lean human subjects measured by different methods, and discuss whether impaired mitochondrial 
function is a cause or a consequence of obesity-induced insulin resistance. 

    9.1.1   Mitochondrial Function 

 Mitochondria are the energy producing organelles of the cell. All human cells, except the red blood 
cell, depend on the aerobe degradation of nutrients in the mitochondria for suffi cient energy supply. 
A mitochondrion consists of a lipid bilayer of membranes: the inner and the outer mitochondrial 
membrane. The space between both layers is called the intermembrane space, the space surrounded 
by the inner membrane is called the matrix. The inner membrane is heavily folded into so-called cris-
tae, possibly facilitating the coupling between the respiratory chain complexes (Wittig and Schagger 
 2009 , 672–80). 

 In the matrix two important biochemical processes occur, i.e. (1) degradation of fatty acids ( b -oxi-
dation) and (2) oxidation of pyruvate and acetyl-coA in the tricarboxylic acid cycle (TCA cycle). 
These processes generate the energy-rich molecules NADH and FADH2. 
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 The energy of these molecules is used by the electron transport chain located in the inner 
mitochondrial membrane to transport protons (H + ) into the intermembrane space. The proton gradient 
over the inner mitochondrial membrane is the driving force for the mitochondrial ATP production. 
When protons return to the matrix via the ATP-synthase complex (complex V), ADP is phosphory-
lated on the matrix side of complex V. 

 The ATP formed is transported over the inner mitochondrial membrane by the enzyme adenine 
nucleotide translocator (ANT). This enzyme exchanges cytosolic ADP for mitochondrial ATP. The 
rate of mitochondrial ATP production largely depends on the energy demand of the cell and the tight-
ness of coupling of mitochondrial electron transport to ATP synthesis via the proton gradient across 
the inner mitochondrial membrane. Therefore mitochondrial function  in vivo  is defi ned as activity of 
the oxidative phosphorylation to produce ATP. 

 It should be noted that much of our knowledge on mitochondrial oxidative phosphorylation is 
derived from  in vitro  experiments with isolated mitochondria or isolated mitochondrial complexes, 
and that relative little information has become available on  in vivo  functioning of mitochondria. 

 Mitochondrial function is always the product of mitochondrial content and oxidative activity. 
Decreased mitochondrial function, i.e. mitochondrial dysfunction, can then be explained as an intrin-
sic abnormality in the respiratory chain or a decreased number of mitochondria, or both. 

 However, it is not always clear whether reported total mitochondrial function is corrected for 
differences in mitochondrial content. Furthermore, several other terms have been introduced; mito-
chondrial capacity, intrinsic mitochondrial function and basal mitochondrial function. Mitochondrial 
capacity means the capacity to upregulate mitochondrial activity under certain physiological condi-
tions. Intrinsic mitochondrial function refers to the function of the isolated mitochondrion regard-
less of the regulating cellular processes. And basal function means mitochondrial function in the 
basal state, i.e. in a non-insulin stimulated condition. The use of these several terms in literature can 
be confusing. 

 In most studies relevant for this chapter, mitochondrial function has been measured  ex vivo  in per-
meabilized muscle fi bers or isolated mitochondria purifi ed from these muscle biopsies. Several tech-
niques have been used to measure mitochondrial function.   

    9.2   Ex Vivo Mitochondrial Function 

    9.2.1   Functional Measurements 

  Ex vivo  mitochondrial function can be measured by either oxygen consumption or ATP production. 
As stated above, mitochondrial ATP production depends on local energy demand. The advantage of 
 ex vivo  functional measurements is that mitochondrial function can be measured under specifi c and 
standardized substrate conditions. Therefore also energy demand by the addition of standardized ADP 
concentrations can be controlled. Furthermore, by addition of specifi c substrates, activity of the dif-
ferent complexes of the electron transport chain can be measured (Gnaiger  2009  ) . 

 ATP production can be quantifi ed in suspensions of isolated mitochondria using a bioluminescent 
technique that involves luciferin–luciferase ATP monitoring (Wibom et al.  2002 , 139–51). 

 Mitochondrial ATP production measured using this latter technique in subjects with DM2 and non-
diabetic obese subjects has been shown similar (Wibom et al.  2002 , 139–51; Stump et al.  2003 , 
7996–8001; Asmann et al.  2006 , 3309–19). Also in lean, insulin sensitive versus obese insulin resis-
tant subjects matched for age no difference in mitochondrial ATP production has been found 
(Karakelides et al.  2010 , 89–97). 
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 Oxygen consumption can be measured in permeabilized muscle fi bers or in isolated mitochondria 
by measuring the disappearance of oxygen using an oxygraph. Four different studies that measured 
mitochondrial function by oxygen consumption in DM2 subjects reported decreased oxidative respi-
ration rates (Boushel et al.  2007 , 790–96; Mogensen et al.  2007 , 1592–99; Phielix et al.  2008 ; Rabol 
et al.  2010 , 857–63). 

 In intact mitochondria (with a low permeability for protons) the amount of oxygen consumption 
accurately refl ects the amount of ATP synthesis. However, mitochondria may also respire in the 
absence of ADP due to proton leak over the inner mitochondrial membrane. This is called uncoupled 
respiration. In rats the contribution of uncoupled respiration is signifi cant and accounts for 16–31% of 
the resting metabolic rate (Rolfe and Brand  1996 , C1380–C1389). In humans, the role of mitochon-
drial uncoupling is still unclear. It has been suggested that uncoupling is an additional process super-
imposed on the basic chemiosmotic model to control ATP synthesis (Boss et al.  2000 , 143–56). 
Furthermore, mitochondrial uncoupling may serve to protect mitochondria against lipid-induced oxi-
dative damage. It has been shown that in muscle expression of the mitochondrial uncoupling protein 
3 (UCP3) is induced under high fat conditions (Schrauwen  2007 , 33–41; Krook et al.  1998 , 1528–31; 
Khalfallah et al.  2000 , 25–31). This suggests that UCP3 is important in FFA-activated proton conduc-
tance, and might decrease the effi ciency of oxidative phosphorylation when fatty acid supply does not 
match fatty acid oxidation and thereby preventing lipotoxicity. In pre-diabetic men UCP3 expression 
in muscle is reduced which suggests that lower expression of UCP3 might play a role in altered mito-
chondrial function and skeletal muscle insulin resistance (Schrauwen and Hesselink  2004 , 1412–17). 
However, the exact physiological role of uncoupling proteins is human skeletal muscle has not been 
elucidated (Bao et al.  1998 , 1935–40). The measurement of mitochondrial coupling can be estab-
lished by either calculation of the P/O ratio or the respiratory control index. The relationship between 
ATP synthesis and oxygen consumption, the P/O ratio, can be measured by the addition of a known 
ADP concentration during the  ex vivo  measurement of mitochondrial oxygen consumption. The mean 
P/O ratio in isolated human quadriceps mitochondria is 3.0 (Tonkonogi and Sahlin  1997 , 345–53). 
ATP production calculated from oxygen consumption and mitochondrial ATP synthesis as measured 
by the bioluminescent technique highly correlate (Tonkonogi and Sahlin  1997 , 345–53). Another pos-
sibility to express the degree of coupling between oxygen consumption and ADP phosphorylation is 
the respiratory control index. This index compares respiration in the presence of ADP (state 3 respiration) 
and respiration after all the ADP has been phosphorylated (state 4 respiration). In subjects with DM2, 
state 4 respiration was not signifi cantly different while state 3 respiration was decreased compared 
to obese controls (Mogensen et al.  2007 , 1592–99). UCP3 expression in muscle was not different in 
this study suggesting no signifi cant difference in uncoupled respiration between DM2 and obese 
individuals. 

 A third possibility to measure the amount of uncoupled respiration is to add a selective complex V 
inhibitor to the respiration medium. This abolishes ADP-stimulated respiration in intact mitochon-
dria, while the remaining oxygen consumption refl ects uncoupled respiration. Oligomycin and 
aurovertine are such phosphorylation inhibitors. Phielix et al.  (  2008  )  used this technique and reported 
that the uncoupled respiration in skeletal muscle of DM2 patients did not differ compared to BMI and 
age matched control subjects and fi rst degree relatives of DM2 subjects (Phielix et al.  2008  ) , support-
ing the earlier observations by Mogensen et al.  (  2007 , 1592–99). 

 ATP production, oxygen consumption, the respiratory control index and the mitochondrial P/O 
ratio depend not only on the degree of uncoupling, but also on the specifi c substrate(s) used in the 
experiment. Succinate for instance has a lower P/O ratio then substrates that deliver electrons to com-
plex I. The use of physiological substrates is mandatory and optimization of the assay conditions is 
essential to prevent limitations (Gnaiger  2009 ; Rasmussen and Rasmussen  2000a , 37–44). Therefore 
to compare studies that measured  ex-vivo  mitochondrial function by these ex-vivo functional methods, 
one has to pay attention to differences in substrate fuelling. 
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 In conclusion, direct measurement of  ex vivo  ATP synthesis as well as measurement of  ex vivo  
oxygen consumption yields no signifi cant differences in mitochondrial uncoupling while state 3 res-
piration seems to be reduced in DM2 subjects.  

    9.2.2   Mitochondrial Membrane Potential (MMP) 

 Mitochondrial function is driven by the proton motive force over the inner mitochondrial membrane 
which provides the energy for ATP synthesis. Numerous indicators have been used to monitor the 
membrane potential of mitochondria. These measurements are based on the distribution of a posi-
tively charged probe across the inner membrane that follows the Nernst equation (Scaduto and 
Grotyohann  1999 , 469–77). In respiring mitochondria, such an indicator will be taken up by the mito-
chondria due to the negative potential inside. 

 Recently, fl uorescent dyes have been developed for the measurement of the mitochondrial mem-
brane potential instead of either electrodes or radioactive tracers (Scaduto and Grotyohann  1999 , 
469–77). This method provides a semiquantitative measurement of inner mitochondrial membrane 
potential and mitochondrial content in intact cells or tissue. However, this method generally only 
yields qualitative data and not a true estimation of the magnitude of the MMP. 

 We are not aware of any studies that used this method to compare insulin sensitive versus obese 
insulin resistant subjects. One study did, however, use this technique to measure the effect of a lipid 
infusion on mitochondrial function in healthy lean young men (Chavez et al.  2010 , 422–29). 

 This study showed that a physiological increase in plasma FFA concentration during 6 h decreases 
the inner mitochondrial membrane potential, without altering gene expression, mitochondrial mor-
phology, or content. Whether increased FFA indeed have a deleterious effect on mitochondrial func-
tion will be discussed below.  

    9.2.3   Measurement of Mitochondrial Enzymes 

 Mitochondrial function may also be studied by measuring the amount or activity of the enzymes 
involved in the respiratory chain complex. The electron transport chain (ETC) in the mitochondria 
consists of 5 large enzyme complexes. Each complex consists of at least 4 or more protein subunits. 

 The protein subunits from these complexes can be measured by immunoblotting. In overweight 
insulin resistant subjects the subunit protein levels in skeletal muscle were lower compared with the 
insulin sensitive group for each subunit measured. However, this was only statistically signifi cant for 
complexes I and III (Heilbronn et al.  2007 , 1467–73). 

 Also the enzyme activity of the different complexes can be measured. The assay for NADH oxida-
tion by muscle mitochondria can be useful for an estimation of the activity of the entire electron 
transport chain and for estimation of the activity of complex I (Ritov et al.  2004 , 27–38; Wibom et al. 
 2002 , 139–51). A major challenge with the measurements of complex I and complex I + III activities 
is to suffi ciently permeabilize the mitochondrial inner membrane to give NADH full access to its 
binding site at the matrix side of complex I without disrupting the integrity of the respiratory chain 
complexes (Rasmussen and Rasmussen  2000b , 473–80; Wibom et al.  2002 , 139–51). Succinate oxi-
dase represents mitochondria ETC activity from complexes II to IV. The enzyme-activity of NADH:O2 
oxidoreductase and succinate oxidase in muscle mitochondria of DM2 patients and obese subjects 
compared with lean subjects has been reported to be decreased (Kelley et al.  2002 , 2944–50; Ritov 
et al.  2005 , 8–14). 
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 Cytochrome C oxidase (COX, Complex IV) is the fi nal electron acceptor of the mitochondrial 
respiratory chain. This enzyme complex catalyzes the four-electron reduction of O 

2
  to H 

2
 O, while 

actively pumping protons from the matrix into the inter-membrane space. COX activity has been 
reported not to be statistically different between overweight and obese insulin resistant subjects 
matched for physical fi tness and percentage body fat to insulin-sensitive subjects. Although, in the 
same study the expression of the mitochondrial encoded gene COX-1 was signifi cantly decreased in 
the insulin resistant subjects (Heilbronn et al.  2007 , 1467–73). 

 Other enzyme activities that are frequently measured regarding mitochondrial function are: cre-
atine kinase (CK), citrate synthase (CS), succinate dehydrogenase (SDH) activity and beta-hydroxy-
acyl-CoA dehydrogenase (HAD). 

 Activity of creatine kinase (CK) is measured as an index of muscle fi ber content in biopsy samples 
(Kelley et al.  2002 , 2944–50). Potential inclusion of connective tissue, fat, or blood could signifi cantly 
affect the results of measurements of enzyme activity. Therefore, correction for CK activity instead of 
correction for mg wet muscle weight may be preferable (Kelley et al.  2002 , 2944–50;Chi et al.  1983 , 
C276–C287). 

 CS activity is a marker of nuclear expression of mitochondrial proteins, and hence a marker of 
mitochondrial content. However this measurement is not without limitations which will be discussed 
below. SDH activity is as an index for oxidative capacity. Skeletal muscle from obese and DM2 sub-
jects had lower SDH activity than muscle from lean subjects. Furthermore lean individuals had a 
lower glycolytic-to-oxidative ratio. The latter was assessed by comparing the activity of the glycolytic 
enzyme α-GPDH to SDH activity (He et al.  2001 , 817–23). 

 HAD is a mitochondrial enzyme that acts as an indicator of mitochondrial  b -oxidation capacity. 
One of the fi rst studies that measured oxidative enzyme activity in muscle of DM2 patients compared 
to obese normal-glycemic controls found a 30% reduction in CS activity but HAD was similar (Vondra 
et al.  1977 , 527–29). 

 In conclusion, several studies found lower maximal activity of oxidative enzymes in skeletal muscle 
biopsies of DM2 and obese insulin resistant subjects compared to lean control subjects. Whether this 
relates to decreased mitochondrial capacity or mitochondrial function is not clear.  

    9.2.4   Mitochondrial Morphology and Density 

 The number, shape, and size of mitochondria are different for each cell type (Ogata and Yamasaki 
 1997 , 214–23). Cells with high energy demand, like the skeletal muscle, contain up to 2,000 mito-
chondria while a platelet contains only 6–12 mitochondria. 

 Mitochondria are dynamic structures that constantly fuse and divide with other mitochondria. 
 Fusion serves to unify mitochondria. This enables mixing of compartments during cell develop-

ment, energy dissipation, and regulation of the oxidative phosphorylation. Fission is required to pro-
mote transmission of the mitochondrial genome during mitochondrial replication and also participates 
in the distribution of the organelle throughout the cell (Civitarese and Ravussin  2008 , 950–54). 
Furthermore, fi ssion followed by selective fusion segregates dysfunctional mitochondria and permits 
their removal by autophagy. Fusion and fi ssion events are strictly regulated and occur in pairs. 
Therefore, under most physiological conditions, mitochondrial shape and size remain relatively con-
stant (Twig et al.  2008 , 1092–97). 

 Electron microscopy (EM) allows quantifi cation of mitochondrial density, size and shape. 
 It has been shown that mitochondrial size and total area are reduced in DM2 subjects and obese 

individuals compared to lean controls (Kelley et al.  2002 , 2944–50). In addition, mitochondria in 
muscle from lean healthy volunteers have a more clearly defi ned internal membrane structure, including 
wider cristae, than those from obese and DM2 subjects (Kelley et al.  2002 , 2944–50). 
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 To conclude on impairment of mitochondrial function, the reduction in ETC activity has to be 
proportional greater than the decrease in mitochondrial content. Besides electron microscopy other 
measurements have been used to quantify mitochondrial content/density.

    1.    Mitochondrial-DNA (mt-DNA) content refl ects the number of mitochondria (Puntschart et al. 
 1995 , C619–C625). Mitochondrial proteins are encoded by nuclear genes, but 13 proteins that are 
critical in the electron transport chain are encoded in the mt-DNA. In trained athletes mt-DNA is 
1.55 fold higher, but genomic DNA is not changed compared to sedentary men (Puntschart et al. 
 1995 , C619–C625). In DM2 subjects mt-DNA content is similar to age, BMI and physical fi tness 
matched non diabetic subjects (Phielix et al.  2008  ) .  

    2.    Citrate synthase is a nuclear encoded mitochondrial enzyme that is active in the mitochondrial 
matrix where it catalyses the fi rst step of the Krebs cycle (Wang et al.  1999 , 22–27). 

 Citrate synthase activity and mt-DNA content in the vastus lateralis muscle from healthy sub-
jects are positively correlated (Wang et al.  1999 , 22–27). Endurance training increases citrate syn-
thase activity, in parallel with mitochondrial content in healthy and DM2 subjects. However citrate 
synthase also increases following acute exercise (Tonkonogi et al.  1997 , 435–36) or insulin stimu-
lation (Stump et al.  2003 , 7996–8001). These acute effects do not refl ect changes in mitochondrial 
content. Therefore, measurement of mt-DNA is a more reliable marker as this is probably less 
sensitive to acute metabolic changes.  

    3.    Cardiolipin is a specifi c lipid component of the inner mitochondrial membrane. Because its pres-
ence within this membrane is unique and in a relatively fi xed ratio to protein and other lipids, 
determination of the amount of cardiolipin provides a quantitative assessment of the amount of 
inner mitochondrial membrane. Cardiolipin can be measured in small muscle biopsies from 10 to 
20 mg wet weight (Ritov et al.  2006 , 63–71). In a study of Toledo et al. cardiolipin, EM, and mt-
DNA were used to measure mitochondrial content in 9 overweight/obese individuals before and 
after an intervention of weight loss by diet and exercise (7% weight loss within 16–20 weeks of 
intervention). After the intervention, mitochondrial density measured by EM increased while mito-
chondrial size did not differ. Cardiolipin increased together with an increase in ETC activity, mea-
sured as NADH oxireductase. Surprisingly however, mt-DNA did not increase (Toledo et al.  2008 , 
987–94).     

 In conclusion, the plasticity and number of mitochondria have an effect on mitochondrial function. 
Mitochondrial content can be measured reliably by different methods. However, EM is the only 
method to distinguish mitochondrial size from number. In obese insulin resistant DM2 subjects, it has 
been shown that the appearance of mitochondria differs from those in lean individuals. Whether this 
relates to disturbed function has to be elucidated in future studies.  

    9.2.5   Mitochondrial Morphology and Density: Subsacrollemal 
vs Inter Myofi brillar Mitochondria 

 The distribution of mitochondria within the skeletal muscle cell depends on local energy demand. 
It has been demonstrated that there are two different regions for mitochondrial localisation in the 
skeletal muscle. Sub-sarcolemmal (SS) mitochondria reside near the sarcolemma, and inter-myo-
fi brillar (IMF) mitochondria are located between the myofi brils. The physiological role of these 
two mitochondrial populations may be different (Cogswell et al.  1993 , C383–C389). IMF mito-
chondria supply energy for the muscle contractions, while SS mitochondria provide energy for 
membrane-related events including cell signalling, substrate and ion transport (Hood  2001 , 
1137–57). 
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 Electron microscopy also allows analysis of mitochondrial distribution between the subsarcolemmal 
and intermyofi brillar space. Ritov et al. showed that in lean active subjects abundant subsarcolemmal 
mitochondria can be identifi ed, while there is a striking decrease in obese and DM2 subjects. Although 
IMF mitochondria were also reduced, the defi cit within the subsarcolemmal mitochondrial fraction in 
DM2 was greater. Furthermore, the reduction in electron transport chain activity in the subsarcolemmal 
mitochondrial fraction was nearly twofold greater than the reduction in mitochondria number com-
pared to lean individuals, showing functional impairment of SS mitochondrial function (Ritov et al. 
 2005 , 8–14). Compared to the obese individuals, IMF mitochondrial content and electron chain activity 
were similar, while ETC activity in SS mitochondria was signifi cantly decreased in DM2. 

 It has been proposed that the observed preferential proliferation of subsarcolemmal vs. IMF mito-
chondria and the increase in intracellular lipid deposits during endurance training are two possible 
mechanisms by which muscle cells adapt to an increased use of fat as a fuel (Hoppeler et al.  1985 , 
320–27;Koves et al.  2005 , C1074–C1082). This suggests that reduction in SS mitochondrial function 
may contribute to insulin resistance. 

 However, a 16-week physical activity intervention in 14 sedentary, obese men and women increased 
ETC activity in both SSM and IMF mitochondrial fractions by the same proportion (Menshikova et al. 
 2005 , E818–E825). 

 Future research should focus on differences in the SS and IMF mitochondria between obese insulin 
resistant individuals and well matched controls (Holloway et al.  2009 , 455S–62S).  

    9.2.6   Muscle Fiber Type 

 Human skeletal muscle consists of a mixed fi ber type composition (Simoneau and Bouchard  1989 , 
E567–E572). Mitochondrial shape and confi guration are distinctive for each human skeletal muscle 
fi ber type (Ogata and Yamasaki  1997 , 214–23). Type 1 fi bers, also known as red oxidative fi bers, are 
slow in contraction time and have a high resistance to fatigue. Mitochondrial density in these fi bers is 
high. Type 2 fi bers, also known as white glycolytic fi bers, are characterized by a short contraction 
time and a low resistance to fatigue. The mitochondria of this fi ber type are more slender (Ogata and 
Yamasaki  1997 , 214–23). Fast-twitch fi bers are further divided into fast-twitch A (Type 2A) and fast- 
twitch B (Type 2B) fi bers. Type 2A fi bers are moderate resistant to fatigue, while type 2B two fi bers 
are very sensitive to fatigue and therefore only used for short term activities. Mitochondrial density in 
type 2B fi bers is low and they have a reduced oxidative enzyme activity. 

 The majority of the human studies assessed mitochondrial function in the vastus lateralis muscle. 
This muscle is known to be very homogenous with about 55% type I oxidative fi bres and the content 
of connective tissue is modest (Tonkonogi and Sahlin  1997 , 345–53). 

 Fiber type can be determined in small muscle biopsies by myosin staining. A study in 418 muscle 
biopsies obtained from vastus lateralis muscle of 270 healthy sedentary and 148 physically active 
Caucasian individuals of both sexes showed that there is a large inter-individual variation and gender 
difference in fi ber type composition. On average, females have a slightly higher proportion of type 1 
fi bers, smaller fi ber areas and a lower glycolytic capacity. The variability found in men and women 
was similar (Simoneau and Bouchard  1989 , E567–E572). The determination of muscle fi ber type is 
infl uenced by tissue sampling. Repeated measurements showed a 5–10% variation within the same 
muscle (Simoneau and Bouchard  1989 , E567–E572). 

 Difference in fi ber type composition may contribute to the lower mitochondrial content in subjects with 
DM2. Indeed, several studies found an increased proportion of type 2B and decreased proportion of type1 
fi bers in obese and DM2 subjects (Tanner et al.  2002 , E1191–E1196; Oberbach et al.  2006 , 895–900). 

 Although the different types of fi ber cannot interconvert, training can cause selective hypertrophy of 
fi bers based on the type of training. Also long term inactivity or immobilisation in former active sub-
jects results in changes in muscle fi ber type composition (Larsson and Ansved  1985 , 714–22; Pette and 
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Staron  1997 , 143–223). Differences in mitochondrial function between lean and obese subjects may 
therefore be related to a difference in fi ber type composition caused by differences in physical activity and 
genetic predisposition. It has been shown that lean but insulin resistant fi rst-degree relatives of DM2 
patients are characterized by an increased number of type 2B muscle fi bers (Nyholm et al.  1997 , 1822–
28). This may suggest that differences in fi ber type composition are of primary genetic origin. He et al. 
 (  2001  )  showed that oxidative enzyme activity in muscle of DM2 and obese subjects is reduced within 
all fi ber types compared to lean controls (He et al.  2001 , 817–23). This result, however, can be infl u-
enced by the signifi cant difference in age between the groups. During ageing there is a progressive 
decline in mitochondrial function (Menshikova et al.  2006 , 534–40; Short et al.  2005 , 5618–23). 

 Age related decline in mitochondrial function is probably neither related to adiposity nor insulin 
sensitivity. It has been shown that lean elderly physically active subjects display lower mitochondrial 
function while being equally insulin sensitive compared to lean young subjects (Karakelides et al. 
 2010 , 89–97). The fact that men had a higher mitochondrial capacity, while women were more insulin 
sensitive, further dissociated the relation between insulin sensitivity and muscle mitochondrial func-
tion (Karakelides et al.  2010 , 89–97). 

 In conclusion, differences in skeletal muscle fi ber type may in part explain the differences in mito-
chondrial content and function described in obese insulin resistant DM2 subjects. A difference in fi ber 
type composition can be of primary genetic origin or caused by selective physical training. Ageing 
causes a progressive decline in mitochondrial function.  

    9.2.7   Gene Expression 

 Mitochondria are inherited maternally, contain their own circular DNA and replicate them selves. However 
the majority of the mitochondrial proteins needed for ATP production and mitochondrial biogenesis 
are encoded in the nuclear genome (Hood  2001 , 1137–57; Shoffner and Wallace  1992 , 1179–86). 

 DNA microarrays can be used to identify changes in gene expression in human disease. Using this 
approach it was found that the expression of genes involved in the oxidative phosphorylation pathway 
were decreased in human muscle of DM2 patients (Mootha et al.  2003 , 267–73; Sreekumar et al. 
 2002 , 1913–20). 

 Peroxisome proliferator-activated receptor gamma coactivator 1-alpha ( PGC -1 a ) is a very impor-
tant transcription factor that regulates the activity of the oxidative phosphorylation pathway (Wu et al. 
 1999 , 115–24). Expression of PGC-1α was found to be decreased by 36% in DM2 subjects and by 
34% in non-diabetic subjects with a positive family history of DM2 (Patti et al.  2003 , 8466–71). 

 More recent studies however, did not fi nd changes in the expression of PGC-1 a  and other down-
stream PGC-1–regulated mitochondrial biosynthetic genes in DM2 offspring (Morino et al.  2005 , 
3587–93) and myotubes established from DM2 subjects (Frederiksen et al.  2008 , 2068–77). 

 In conclusion, although the use of microarray’s to identify changes in gene expression encoding 
mitochondrial proteins is of interest, controversial results have been published on lower expression of 
OXPHOS genes in obese insulin resistant subjects compared to controls.   

    9.3   In Vivo Measurement of Mitochondrial Function 

    9.3.1   Magnetic Resonance Spectroscopy (MRS) 

 The concentration and fl ux of intracellular metabolites can be measured non-invasively using nuclear 
magnetic resonance (NMR). Naturally-occurring isotopes of hydrogen (H), carbon (C) and phosphorus 
(P) are magnetically susceptible and detectable by nuclear magnetic resonance spectroscopy (Gadian 
and Radda  1981 , 69–83; Shulman and Rothman  2001 , 15–48). 
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 Magnetic Resonance Spectroscopy ( 31 P-MRS) has been applied in two ways to assess mitochondrial 
ATP synthesis rates. In the magnetization saturation transfer method the unidirectional ATP synthe-
sis rate is calculated from the fractional reduction of phosphate magnetization upon saturation of 
the  g -phosphate in ATP. Petersen et al. ( 2004  )  was the fi rst to show an impaired ATP synthesis rate 
in skeletal muscle of insulin-resistant offspring of patients with DM2 using this method. 

 The same group developed a new method to also measure the TCA activity  in vivo ; during an intra-
venous infusion of [2- 13 C]acetate,  13 C MRS was used to monitor the incorporation of the  13 C label into 
the muscle glutamate pool. Computer modelling of the enrichments of plasma [2- 13 C]acetate and 
muscle [4- 13 C]glutamate yielded the TCA cycle fl ux and provided a direct measure of muscle mito-
chondrial substrate oxidation rates (Befroy et al.  2007 , 1376–81). Using this approach, it was shown 
that rates of muscle mitochondrial substrate oxidation were 30% lower in lean insulin resistant off-
spring compared with insulin-sensitive control subjects. 

 In DM2 subjects however, ATP synthesis measured by  31 P-MRS in the fasting state was 27% lower 
compared to lean young control subjects but did not differ compared to age and BMI matched controls 
(Szendroedi et al.  2007 , e154). Moreover, the ATP saturation transfer method has been questioned as 
indicator of mitochondrial function due to the signifi cant contribution of glycolytic ATP production 
(van den Broek et al.  2010 , 1354–64). 

 Phosphocreatinine is an energy rich molecule that serves as a rapid energy source. In the fi rst sec-
onds of intense muscle exercise this energy is used to rapidly regenerate ATP. 

 During rest the muscle cell can quickly regenerate phosphocreatinine. This re-synthesis of phos-
phocreatine in human muscle after exercise is driven almost entirely by oxidative phosphorylation 
(Sahlin et al.  1997 , C172–C178). Therefore the rate of phosphocreatine (PCr) recovery after exercise 
measured by  31 P MRS is an estimate of net oxidative ATP synthesis (Kemp et al.  1993 , 66–72). Post-
exercise PCr recovery half-time (PCrt1/2) using  31 P has been shown to be prolonged in DM2 patients 
when compared with BMI matched normoglycaemic control subjects (Schrauwen-Hinderling et al.  2007 , 
113–20; Phielix et al.  2008  ) . However, when a more intense exercise protocol was used resulting in a 
larger PCr depletion, PCr recovery was not different between insulin-treated DM2 patients, subjects 
with early stage DM2 and sedentary, normal glycaemic BMI matched controls (De Feyter et al.  2008 , 
643–53). 

 The ATP-saturation transfer method measures the momentary fl ux of ATP-synthesis in the resting 
state, while PCr recovery measures mitochondrial capacity to produce extra ATP for recovery. This 
may explain the opposing fi ndings. 

 In conclusion,  in vivo  measurement of ATP synthesis using NMR is a very promising method to 
measure mitochondrial function non-invasively. So far, it has been shown that ATP synthesis is 
reduced in insulin resistant offspring of DM2 patients but this has not convincingly been shown in 
obese insulin resistant or diabetic subjects and the results obtained may also have indicated a lower 
ATP demand in the insulin resistant group studied.  

    9.3.2   Oxygen Uptake 

 Indirect calorimetry using gas analysis is frequently used to measure indirect whole body resting 
energy expenditure and substrate oxidation (Frayn  1983 , 628–34). Spiro-ergometry during the 
assessment of maximal exercise capacity yields rates of maximum whole body O 

2
  uptake (VO 

2
 max). 

In subjects with normal cardiac and pulmonary function VO 
2
 max is positively associated with mito-

chondrial content. Also the increase in mitochondrial volume upon endurance training is linearly 
correlated with the increase in VO 

2
 max (Carter et al.  2001 , 386–92; Hoppeler et al.  1985 , 320–27). 

Therefore screening for VO 
2
 max to match study participants has been used, especially because 

assessing physical fi tness by questionnaires introduces more variation as the same quantity or quality 
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of physical exercise may seem more or less strenuous to different individuals. VO 
2
 max scores can 

improve with training and decrease with age, however the degree of trainability varies very widely 
and includes a signifi cant genetic component: conditioning may double VO 

2
 max in some individuals 

but will have only minimal effects in others (Bouchard et al.  1999 , 1003–08). 
 A study in healthy young normal glucose tolerant men with either a fi rst-degree relative (FDR) 

with DM2 ( n  = 183) or no family history of DM2 (control subjects,  n =  147) showed that VO2 max 
was reduced in FDRs (40.5 ± 0.6 vs. 45.2 ± 0.9 ml O2/kg lean body mass respectively). This was 
despite identical physical activity scores (derived from a questionnaire) (Thamer et al.  2003 , 2126–32). 
This might suggest that a family history of DM2 is associated with reduced maximal oxidative capac-
ity, and is in agreement with the fi nding that mitochondrial content and ATP synthesis in FDR subjects 
is reduced. 

 Uptake of O2 by skeletal muscle can be used as an indirect estimate of mitochondrial function. 
This can be measured by assessment of arteriovenous differences in O 

2
  partial pressure and blood 

fl ow, or by kinetic analyses of dilution of [ 15 O]O 
2
 , [ 15 O]H 

2
 O by position electron tomography (PET 

scan). Resting rates of oxygen consumption measured with the latter method were comparable 
between subjects with normal and high insulin sensitivity (Nuutila et al.  2000 , 1084–91). No studies 
have been performed on insulin resistant subjects. 

 The muscle capillary network supplies oxygen to the mitochondria. Capillary hematocrit, erythro-
cyte spacing and oxygen saturation of myoglobin are critical variables that infl uence oxygen release 
from microvessels. During exercise good circulatory supply of oxygen and substrates (lactate, glucose 
and fatty acids) is important not to limit mitochondrial function. Differences in the microcirculation 
may therefore infl uence mitochondrial function. Under hyperinsulinemic conditions muscular perfu-
sion is stimulated. In healthy humans, in response to hyperinsulinemia, both cardiac output and leg 
blood fl ow increased approximately 37% and 80% (p < 0.01), respectively (Baron et al.  1993 , 129–35). 
This insulin effect was blunted in obese insulin resistant humans (Baron et al.  1993 , 129–35). This 
may hamper mitochondrial function. 

 In conclusion, maximal oxygen uptake is frequently used to match participants on physical activity. 
This seems to be more accurate than questionnaires. VO 

2
 max correlates with mitochondrial content. 

Mitochondrial function measured by local oxygen uptake can be infl uenced by differences in the 
microcirculation which supplies oxygen and substrates to the myocyte. Changes in microcirculation 
may therefore have an independent effect on mitochondrial function and measurements of mitochon-
drial function.   

    9.4   Mitochondrial Dysfunction: Cause or Consequence 
of Insulin Resistance? 

    9.4.1   Direct Effect of Insulin on Mitochondrial Function 

 Insulin stimulates anabolic energy consuming processes, and hence stimulates mitochondrial ATP 
synthesis, both shown  in vivo  (Brehm et al.  2006 , 136–40; Szendroedi et al.  2007 , e154) and  in vitro  
(Asmann et al.  2006 , 3309–19; Stump et al.  2003 , 7996–8001). In subjects with DM2, insulin-stimulated 
ATP synthesis was blunted during a hyperinsulinemic euglycemic clamp, while ATP synthesis 
increased by 11% in control subjects matched for age and BMI, and by 26% in young lean healthy 
subjects (Szendroedi et al.  2007 , e154). The smaller increase in ATP synthesis in diabetic muscle in 
response to insulin can be the result of a lower rate of glucose transport into the insulin resistant 
muscles (Holloszy  2009 , 463S–6S). To further study whether insulin stimulates mitochondrial function, 
Asmann et al. measured mitochondrial ATP production rate (MAPR) and expression of mitochondrial 
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genes after 7 h of low dose and high dose insulin infusion. After the low-dose insulin infusion, muscle 
MAPR was not different between DM2 and non-diabetic subjects .  Increasing insulin to postprandial 
levels by a 7-h high-dose insulin infusion showed a signifi cant increase in MAPR only in non-diabetic 
subjects. This increase was associated with an increase in the expression of PGC-1, citrate synthase, 
and cytochrome c oxidase (Asmann et al.  2006 , 3309–19). The latter fi nding suggests that insulin 
either directly or indirectly stimulates mitochondrial biogenesis. Indeed, in healthy individuals insulin 
stimulates mitochondrial protein turn-over, while in obese-insulin resistant subjects this stimulation is 
blunted (Guillet et al.  2009 , 3044–50). In addition, in hyperglycaemic diabetic patients, a decrease in 
the expression of several key enzymes involved in mitochondrial energy metabolism was observed in 
skeletal muscle. This was reversed by insulin treatment and normalisation of blood glucose (Sreekumar 
et al.  2002 , 1913–20). 

 In conclusion, these studies on insulin in relation to mitochondrial function indicate that differ-
ences in muscle mitochondrial function between DM2 patients and non-diabetic subjects may be 
related to an impaired insulin response.  

    9.4.2   Impaired Function or Reduced Mitochondrial Content? 

 Lower mitochondrial activity in DM2 and obesity suggests either a reduced mitochondrial function or 
reduced mitochondrial density in skeletal muscle. The latter is caused by either downregulation of 
mitochondrial biogenesis or by a difference in predominant fi ber type. 

 Rabol et al. showed that mitochondrial content in skeletal muscle of DM2 subjects, compared to 
BMI matched controls, is reduced and that this reduction explains the lower total mitochondrial res-
piration rates. In skeletal muscle of the upper arm, mitochondrial function and content did not differ 
between these groups while mitochondrial respiration and content were signifi cantly higher in leg 
muscle of the control subjects compared to DM2 subjects. This suggests that mitochondrial capacity 
is only reduced in muscles used for locomotor activity (Boushel et al.  2007 , 790–96; Rabol et al. 
 2010 , 857–63). 

 Differences in mitochondrial content between DM2 subjects and control subjects may be caused 
by a difference in physical activity. Endurance exercise-training results in an increase in mitochon-
drial content in skeletal muscles which are involved in exercise. A single bout of exercise or stimula-
tion of muscle contractions induces a rapid increase in transcription of genes encoding proteins 
involved in mitochondrial biogenesis (Pilegaard et al.  2003 , 851–58). Exercise physiologists recogn-
ised that a higher steady-state mitochondrial content can be reached upon a 6 week endurance training 
(Hood  2001 , 1137–57). Trapolonsky et al. suggested that this increase in mitochondrial content is 
mainly an increase in the size of mitochondrial fragments (Tarnopolsky et al.  2007 , R1271–R1278) 
while others showed increased number and size of mitochondria (Hoppeler et al.  1985 , 320–27). 

 In the study of Kelley et al. mitochondrial oxidative enzyme activity was reduced in DM2 patients. 
However when the authors would have corrected for the reduction in CS activity, or the reduction in 
mitochondrial area found in the same study, the differences in oxidative capacity may have been less 
pronounced (Kelley et al.  2002 , 2944–50). 

 Karakalides et al. measured MAPR in 24 obese and 24 lean participants matched for age and physical 
activity. It was shown that muscle mitochondrial function was neither related to adiposity nor to insu-
lin sensitivity. Of interest, a higher mitochondrial ATP production capacity was noted in the men 
while the women were more insulin sensitive, demonstrating further dissociation between insulin 
sensitivity and muscle mitochondrial function (Karakelides et al.  2010 , 89–97). 

 It is well known that exercise increases mitochondrial capacity. It has been shown that a 12 week 
endurance training program can restore mitochondrial function in DM2 to control levels, while the 
same training program had a less profound effect on the control subjects. Insulin sensitivity tended to 
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improve in control subjects (rate of glucose disappearance (Rd) delta Rd 8% increase; P = 0.08) and 
improved signifi cantly in type 2 diabetic subjects (Meex et al.  2010 , 572–79). 

 A combined intervention of weight loss and physical activity in previously sedentary obese adults 
increased skeletal muscle mitochondrial content and this was highly correlated with improvements in 
insulin sensitivity (Toledo et al.  2006 , 3224–27; Toledo et al.  2008 , 987–94). However, weight loss by 
dietary restriction improved insulin sensitivity to the same extent, while mitochondrial function was 
not altered (Toledo et al.  2008 , 987–94). 

 Differences in mitochondrial content between lean and obese subjects may be related to a differ-
ence in fi ber type composition caused by differences in physical activity and genetic predisposition 
(Oberbach et al.  2006 , 895–900; Tanner et al.  2002 , E1191–E1196). 

 In conclusion, mitochondrial function/capacity and content are highly associated with physical 
activity and fi ber composition of skeletal muscle. Therefore, alterations in mitochondrial function in 
obese and DM2 subjects may be mainly related to differences in physical activity and fi ber type.  

    9.4.3   Is Mitochondrial Dysfunction an Inherited Defect? 

 The development of DM2 is in part explained by genetic factors with a strong environmental infl u-
ence. First-degree relatives (FDR) of DM2 patients have an approximately 40% lifetime risk of devel-
oping diabetes (Perseghin et al.  1997 , 1001–09). 

 In 2004 Petersen et al. showed that mitochondrial function was decreased in FDR of DM2 patients 
by approximately 30%. This was associated with an increase in intramyocellular lipid and reduction 
in insulin sensitivity (Petersen et al.  2004 , 664–71). It was suggested that insulin resistance in these 
young lean subjects was caused by an inherited defect in mitochondrial oxidative phosphorylation, 
resulting in a dysregulation of intramyocellular fatty acid metabolism. However by selecting only 
subjects with insulin resistance in the FDR-group, the insulin sensitive FDR were not studied. 
Therefore whether insulin-sensitive FDR have the same reduction in mitochondrial function in the 
presence of preserved insulin sensitivity is not known. Also, maybe this subgroup of FDR-subjects 
may represent another phenotype than the obese insulin resistant phenotype because rates of lipolysis 
and hepatic insulin sensitivity were normal in the insulin resistant FDR group while this is mostly 
disturbed in the obesity-induced insulin resistance phenotype. 

 In a study in 34 young sedentary men with ( n  = 16) or without ( n  =34) a family history of DM2, 
insulin sensitivity and mitochondrial content were measured. It was found that insulin sensitivity 
measured as glucose uptake during a hyperinsulinemic euglycemic clamp was not different while 
mitochondrial content (measured as mt-DNA) was decreased in FDR (Ukropcova et al.  2007 , 
720–27). Mean VO 

2
  max was not signifi cantly different in this study, while another study in 183 

FDR versus 142 controls showed a signifi cantly lower VO 
2
  max in FDR (Thamer et al.  2003 , 

2126–32). 
 Another study reported a 38% decrease in mitochondrial content in FDR of DM2 subjects (Morino 

et al.  2005 , 3587–93). Differences in mitochondrial content may be related to difference in muscle 
fi ber type, as it was shown that FDR of DM2 patients are characterized by an increased number of 
type 2B muscle fi bers (Nyholm et al.  1997 , 1822–28). 

 Controversial results have been published on lower expression of OXPHOS genes in FDR. 
Moreover, recent genome-wide association studies in DM2 subjects indicate that the hits are almost 
entirely for impaired beta-cell function instead of for insulin resistance (Florez  2008 , 1100–10). 

 In conclusion, genetically determined decreased mitochondrial content as well as muscle fi ber type 
may contribute to insulin resistance in FDR of DM2 patients. However, whether this can be translated 
to an obese insulin resistant individual without family history of DM2 is not known.  
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    9.4.4   Nutrient Overload and Mitochondrial Dysfunction 

 In obese insulin resistant subjects, excess fl ow of fatty acids from adipose tissue to insulin sensitive 
organs like liver and skeletal muscle occurs. Over the last decade it has been hypothesized that this 
increased lipid availability could induce a mitochondrial defect which leads to impaired substrate 
oxidation and amplifi es intramyocellular lipid accumulation. Several mechanisms have been postu-
lated to explain how increased lipid availability could have a deleterious effect on mitochondrial 
function:

   Firstly, increased supply of lipid substrate, in the absence of energy requiring processes (i.e., physical 
activity or anabolic processes), induces an imbalanced environment which encourage incomplete 
β-oxidation and intra-mitochondrial accumulation of acyl-CoAs. Their respective acylcarnitines 
and perhaps other as yet unidentifi ed metabolites could contribute to mitochondrial dysfunction 
(Koves et al. 2008, 45–56).  

  Secondly, in cultured skeletal muscle cells it has been demonstrated that treatment with high concen-
trations of glucose or fatty acids induced mitochondrial damage via increased reactive oxygen 
species (ROS) production (Brownlee 2005, 1615–25; Costford et al. 2009, 2405–15).  

  Thirdly, obese individuals display elevated levels of muscle lipid peroxides (Russell et al. 2003, 104–
06). Lipid peroxidation refers to the oxidative degradation of lipids. Free radicals “steal” electrons 
from the lipids in cell membranes, resulting in cell damage. This process proceeds by a free radical 
chain reaction mechanism (Schrauwen and Hesselink 2004, 1412–17).  

  Fourthly, increased concentration of cytosolic long-chain fatty acyl-CoA esters inhibits the mitochon-
drial adenine nucleotide translocator (Ciapaite et al. 2005, 944–51).  

  Finally, in healthy individuals prolonged lipid infusion for 48 h or 3 days of high fat feeding down-
regulates the transcription of genes involved in mitochondrial biogenesis (Richardson et al. 2005, 
10290–97). These mechanistic data suggest that exposure to increased lipid availability has a det-
rimental effect on mitochondrial biogenesis and functioning.    

 Recently a few studies have been published on mitochondrial ATP synthesis in skeletal muscle 
during nutrient-induced insulin resistance. Brehm et al studied 10 healthy young men during a hyper-
insulinemic euglycemic clamp with concomitant infusion of a lipid emulsion or control saline.  In vivo  
ATP production was 30% lower during the lipid emulsion compared to the control saline infusion. 
During the saline infusion, ATP production increased during the 6 h of hyperinsulinemia by 30%. 
During the lipid infusion this increase was blunted. A recent study from our group showed that after 
6 h of infusion of a lipid emulsion during a hyperinsulinemic euglycemic clamp  ex vivo  mitochondrial 
respiration was not different from the control situation, indicating decreased insulin signalling and 
decreased substrate uptake may be responsible for the decreased ATP production  in vivo  (Brands et al. 
 2011  ) . However, short term elevation of plasma FFA by means of infusion of a lipid emulsion does 
not necessarily refl ect or is representative for the chronic elevation of FFA in obese insulin resistant 
subjects. Studies in animals on the effect of prolonged lipid overload on mitochondrial function and 
insulin sensitivity show contradictory results. 

 In rats, a fl axseed/olive oil diet for 5 weeks, increased mitochondrial content in muscle and capac-
ity of muscle to oxidize fat while insulin sensitivity signifi cantly decreased (Hancock et al.  2008 , 
7815–20). 

 Bonnard et al.  (  2008  )  studied mice on a high fat high sugar (HFHS) diet for 16 weeks. After 
4 weeks insulin resistance was already present whereas there was no change in mitochondrial function 
or content. After 16 weeks however both subsarcolemmal (31%,  P  < 0.05) and IMF (41%,  P  < 0.01) 
mitochondrial content in oxidative fi bers were lower in the HFHS mice than in the control mice. 
Mitochondrial density measured by mtDNA and the expression of OXPHOS genes were also 
decreased. Respiration rates measured ex-vivo in permeabilized fi bers were not altered after 4 weeks, 
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but after 16 weeks a signifi cant decrease in oxidative capacity was observed. Electron microscopy 
showed structural abnormalities: a number of mitochondria appeared swollen, with fewer cristae, and 
the inner and/or outer membranes were sometimes disrupted in the muscle of HFHS mice at 16 weeks. 
These results suggest that an alteration in mitochondrial function is a consequence of a hypercaloric 
diet and develops after alterations in insulin sensitivity occur (Bonnard et al.  2008 , 789–800). 

 In has been hypothesized that disruption of the balance between fi ssion and fusion can be an 
important etiologic factor in mitochondrial alterations found in diabetic subjects (Civitarese and 
Ravussin  2008 , 950–54). 

 Mfn2 (mitofusin 2), a mitochondrial membrane protein that participates in mitochondrial fusion in 
mammalian cells, is induced during myogenesis and contributes to the maintenance and operation of 
the mitochondrial network (Bach et al.  2003 , 17190–97). In the study of Bonnard expression of Mfn 
was signifi cantly decreased in the HFHS group (Bonnard et al.  2008 , 789–800). 

 At the moment there are no studies available that studied mitochondrial function during prolonged 
hyper caloric or high fat intake in humans. So far many studies compared obese insulin resistant indi-
viduals or DM2 patients to a selected control group. One study has shown the morphological altera-
tions in obese insulin resistant individuals (Kelley et al.  2002 , 2944–50). These morphological 
alterations improve after physical training (Toledo et al.  2006 , 3224–27). 

 A common fi nding is that skeletal muscle of insulin resistant subjects has 30% decreased mito-
chondrial content. The capacity of skeletal muscle to up regulate mitochondrial activity is high. 
In healthy men, muscle oxygen uptake during strenuous exercise increases 150 fold, measured by 
femoral arterial-venous differences (Andersen and Saltin  1985 , 233–49). Because the capacity of 
muscle to oxidize substrate is so far in excess of what is needed to supply the energy needs of resting 
muscle, it is questionable whether a 30% decrease in mitochondrial content has a signifi cant effect on 
the ability of resting muscle to oxidize fat (Holloszy  2009 , 463S–6S). 

 Increased storage of metabolites of fatty acids is associated with reduced insulin sensitivity. 
In obese insulin resistant subject intramyocellular lipid (IMCL) is increased and whole body fatty acid 
oxidation is decreased compared to lean individuals (Berggren et al.  2008 , E726–E732). In difference 
with trained individuals the distribution of the lipid droplets is more central (Malenfant et al.  2001 , 
1316–21). Exercise endurance training increases mitochondrial capacity and IMCL, but also the pro-
portion of IMCL in physical contact with mitochondria (Tarnopolsky et al.  2007 , R1271–R1278). It 
is conceivable that close proximity between IMCL and mitochondria improves substrate fl ux from 
storage to metabolic use and reduces toxic metabolic by-products which may interfere with insulin 
signalling. Interestingly, the lower ability to oxidize fat persisted after massive weight loss, but 
improved after exercise in obese and extreme obese individuals (Berggren et al.  2008 , E726–E732). 
This indicates again that reduction in mitochondrial function and fatty acid oxidation can be related 
to inactivity in the obese insulin resistant state.   

    9.5   Conclusion 

 Many different methods have been used to measure mitochondrial function. Methodological differ-
ences between studies make it diffi cult to conclude whether reduced mitochondrial capacity is associ-
ated with the insulin resistant state. The sensitivity of ex-vivo mitochondrial analysis is affected by 
processing of the muscle biopsy. To keep these infl uences as little as possible it’s preferable to measure 
mitochondrial function in fresh permeabilized muscle fi bers instead of isolated mitochondria or 
frozen biopsies (Szendroedi and Roden  2008 , 2155–67). 

 The advantage of the ex-vivo functional measurement of mitochondrial capacity is that mito-
chondrial function can be measured under similar substrate conditions in all participants. 
Furthermore it allows studying intrinsic mitochondrial capacity of the different ETC complexes 
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(Gnaiger  2009  ) . However ex-vivo mitochondrial function does not necessarily refl ect metabolic 
mitochondrial activity  in vivo . 

 Nuclear magnetic resonance makes it possible to non-invasively measure ATP synthesis in-vivo. In 
addition, in combination with labelled isotopes the activity of the TCA cycle can be assessed. Future 
research in which in-vivo and ex-vivo experiments will be combined, will give more insight in the role 
of mitochondrial function in relation to insulin sensitivity. 

 Differences in mitochondrial function can be the result of several factors, including a reduced 
mitochondrial density, differences in insulin stimulation, lower energy demand and, lower muscle 
blood perfusion, but also a true mitochondrial dysfunction (i.e. lower mitochondrial respiratory 
capacity per mitochondrion). To compare study results one should always be aware of the conditions 
under which mitochondrial function is measured and which groups are compared. This makes it dif-
fi cult to make a simplifi ed table with an overview of all the studies on mitochondrial function in 
human subjects. 

 A common fi nding in studies is that mitochondrial content is decreased in obese insulin resistant 
subjects. This may be related to differences in fi ber type composition and lower physical activity. 
Exercise improves mitochondrial function and insulin sensitivity in insulin resistant subjects, while 
insulin sensitivity can also be improved solely by weight reduction. Moreover young obese and 
elderly obese individuals have preserved mitochondrial function while having lower insulin sensitivity 
compared to age matched lean controls. The age related decline in mitochondrial function could not 
be related to decrease in insulin sensitivity. This dissociates mitochondrial function and insulin resis-
tance and indicates that reduction in mitochondrial function is probably a consequence of the seden-
tary life style. 

 It is unlikely that decreased mitochondrial function causes decreased fat oxidation capacity in the 
resting state leading to intracellular lipid accumulation. Moreover high caloric intake in combination 
with low physical inactivity causes lipid/energy storage and progression to obesity and diabetes. 
Whether prolonged overload of fat causes mitochondrial damage and therefore decreased function is 
not clear. From animal studies we can conclude that during nutrient overload insulin resistance develops 
far before the onset of mitochondrial alterations. 

 In FDR of DM2 patients, decreased mitochondrial content may be of primary genetic origin. 
 In combination with a high fat diet and low physical activity; this may favour lipid/energy storage 

and progression to obesity and diabetes at an earlier stage.      
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  Abstract   Mitochondria play a key role in energy metabolism and ATP production in many tissues, includ-
ing skeletal muscle, cardiac muscle, brain and liver. Inherent disorders of mitochondria such as mDNA 
deletions cause major disruption of metabolism and can result in severe disease phenotypes. However, the 
incidence of such mDNA based disorders is extremely rare and cannot account for the dramatic rise in 
human metabolic diseases, which are characterised by defects in energy metabolism. Mitochondrial dys-
function characterized by reduced ATP generation and reduced mitochondrial number in skeletal muscle 
or reduced ATP generation and mitochondrial stimulus-secretion coupling in the pancreatic beta cell has 
been implicated in the pathology of chronic metabolic disease associated with type 2 diabetes mellitus and 
also with aging. Additionally the generation of ROS from mitochondria and other cellular sources may 
interfere in insulin signaling in muscle, contributing to insulin resistance. Reduced mitochondrial oxidative 
capacity coupled with increased ROS generation underlies the accumulation of intramuscular fat, insulin 
resistance and muscle dysfunction in aging. We will review the molecular basis for optimal mitochondrial 
function or mechanisms of dysfunction and correlate with pathology of identifi ed diseases and aging.  

  Keywords   Insulin resistance and diabetes  •  Mitochondrial DNA  •  Mitochondrial dysfunction  
•  Muscle dysfunction in aging  •  Reactive Oxygen Species (ROS)    

    10.1   Introduction 

 Mitochondria are abundant where effi cient biological energy generation is required, such as skeletal 
and cardiac muscle and brain. The primary role of mitochondria is to convert the products of carbo-
hydrate, protein, and fat metabolism to CO 

2
  and water, using key enzymes of the TCA cycle to generate 
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NADH and FADH 
2
  and of the electron transport chain including; NADH dehydrogenase (Complex I), 

succinate dehydrogenase (Complex II), cytochrome bc 
1 
 (Complex III), and cytochrome  c  oxidase 

(Complex IV). During reactions specifi c to the electron transport chain, protons (H + ) are pumped from 
the matrix to the space between the inner and outer membranes, establishing a proton gradient. Protons 
moving down this gradient drive the synthesis of ATP by the enzyme ATP synthase (Complex V). The 
coupling of substrate oxidation with ATP formation in the mitochondria is called oxidative phospho-
rylation and is central to energy generation in a variety of tissues and organs. Dysfunction of these 
mitochondrial complexes may also play an important role in the pathogenesis of some chronic dis-
eases. However, it is not clear whether mitochondria responsible for, or victims of, metabolic dysregu-
lation. In this chapter, we will present and review data supporting the hypothesis that mitochondrial 
dysfunction underlies the metabolic abnormalities associated with type 2 diabetes and aging.  

    10.2   Overview of Mitochondrial Oxidative Phosphorylation 

 Mitochondria generate cellular energy through TCA cycle activity and the associated electron trans-
port chain of the inner membrane. The reducing equivalents [NADH and FADH 

2
 ] that are produced 

from the TCA cycle are reoxidized via a process that involves transfer of electrons through the elec-
tron transport chain (ETC) and associated translocation of protons across the mitochondrial inner 
membrane, creating the transmembrane electrochemical gradient (estimated as 150–200 mV negative 
to the cytosol). This gradient provides the electrochemical potential to make ATP from ADP and P 

i
 , 

driven by proton movement back through the ATP synthase complex. Under normal conditions, the 
proton gradient is also diminished by H +  ‘leak’ to the matrix. The ‘leak’ occurs either via non-protein 
membrane pores, protein/lipid interfaces (H +  leak), or by proton channels known as uncoupling pro-
teins (UCPs) (Fig.  10.1 ).  

 However, mitochondria can generate signifi cant ROS (reactive oxygen species) and reactive nitro-
gen species because of unavoidable oxidative phosphorylation chemistry. Superoxide anions (O  

2
  −  ) are 

a byproduct of single electron reduction of ubiquinone. Furthermore, these anions are the major con-
tributors to other reactive species inside mitochondrion (Evans et al.  2002  ) , for example, the reaction 
of O  

2
  −   with nitric oxide produces peroxynitrite. Superoxide anions, peroxynitrite, and other reactive 

species are very powerful chemical oxidants (Evans et al.  2002 ; Turrens  2003  ) . 
 The electron transport chain dependent movement of protons across the inner mitochondrial mem-

brane establishes an electrochemical gradient of which mitochondrial membrane potential ( D  y  
m
 ) is an 

important component. An increase in  D  y  
m
  will result in elevated ATP production but reduced electron 

transport capability thus leading to increased ROS production (Korshunov et al.  1997  ) . Uncoupling 
agents (for example, UCPs) reduce the proton gradient across the mitochondrial inner membrane and 
decrease  D  y  

m
 , causing decreased ATP and ROS production but increased ADP concentration. Between 

0.2% and 2% of oxygen taken up by cells is converted into ROS (Harper et al.  2004  ) . 
 Cells require antioxidant systems to neutralize ROS. For example, O  

2
  −   are enzymatically converted 

to hydrogen peroxide by a manganese-superoxide dismutase (MnSOD) within mitochondria. 
Hydrogen peroxide can then be rapidly removed by the mitochondrial enzyme glutathione (GSH) 
peroxidase. The inner mitochondrial membrane also contains vitamin E, which is a powerful antioxi-
dant as it can accept unpaired electrons to produce a stable product. A further antioxidant enzyme, 
catalase, is the major hydrogen peroxide detoxifying enzyme found exclusively in peroxisomes (Evans 
et al.  2002  )  (Fig.  10.2 ).  

 However, while cells have a number of antioxidant mechanisms available, it is still possible for 
ROS to evade antioxidant defense mechanisms, resulting in a slow accumulation of chronic damage. 
Both the mitochondrion and nucleus contain a variety of DNA repair enzymes to correct oxidant 
induced modifi cations (Evans et al.  2002,   2004  )  but damage most likely occurs when the endogenous 
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antioxidant network and repair systems are overwhelmed (Hutter et al.  2007 ; Maiese et al.  2007 ; 
Rachek et al.  2007  ) . However, it is essential to repair oxidant induced damage to DNA or mutations 
may result in impaired transcription. Damaged mitochondria may be removed by autophagy, but 
many aspects of this process are obscure (Evans et al.  2004  ) . However, it is known that mitochondrial 
biogenesis is regulated by some specifi c transcriptional activators and co-activators as well as by 

  Fig. 10.1     General view of the mitochondrial metabolism in pancreatic  b -cells.  Products of carbohydrate, protein, and 
fat metabolism can be converted to CO 

2
  and water by the mitochondria, using key enzymes of TCA cycle and the elec-

tron transport chain; NADH dehydrogenase (Complex I), succinate dehydrogenase (Complex II), cytochrome bc 
1 
 

(Complex III), and cytochrome  c  oxidase (Complex IV). During these reactions, protons (H + ) are pumped from the 
matrix to the space between the inner and outer membranes, establishing a proton gradient. Protons diffusing back along 
this gradient drive the synthesis of ATP by the enzyme ATP synthase (Complex V). Mitochondria generate cellular 
energy through TCA cycle activity and the associated electron transport chain of the inner membrane. The reducing 
equivalents [NADPH and FADH 

2 
] produced from the TCA cycle are reoxidized via a process that involves transfer of 

electrons through the electron transport chain (ETC) and associated translocation of protons across the mitochondrial 
inner membrane, creating the transmembrane electrochemical gradient which is used to provide the electrochemical 
potential to make ATP through the ATP synthase complex. In the case of  b -cells, the increased ATP/ADP ratio leads to 
the closure of the K  

ATP
  +   channels leading to membrane depolarization followed by calcium infl ux that, together with 

other co-factors (such as glutamate, NADPH, Malonyl-CoA, cAMP, GTP) induces the translocation and exocytosis of 
the insulin vesicles. Under normal conditions, the proton gradient formed across the mitochondrial inner membrane can 
be diminished by H + leak to the matrix via non-protein membrane pores or by proton channels known as uncoupling 
proteins (UCPs). Since superoxide anions (O2 -

 
) are a byproduct of single electron reduction of ubiquinone, mitochon-

dria can also generate signifi cant ROS by the unavoidable oxidative phosphorylation chemistry. UCPs reduce the proton 
gradient across the mitochondrial inner membrane and decrease  D  y m, causing decreased ATP and ROS production but 
increased ADP concentration. �    Pyruvate Dehydrogenase, � Pyruvate carboxylase, � Citrate synthase, � Isocitrate 
dehydrogenase, �   a -ketoglutarate dehydrogenase � Succinate thiokinase 	 Succinate dehydrogenase, 
 Fumarase, 
� Malate dehydrogenase,  ANT  adenine nucleotide translocator       

 



238 P. Newsholme et al.

hormones (Goffart and Wiesner  2003  ) . Any imbalance in these processes will lead to cell dysfunction 
and possibly death resulting in oxidative stress-related diseases. However, the molecular and bio-
chemical mechanisms that link oxidative stress-related processes and diseases remain elusive.  

    10.3   ROS and Insulin Resistance 

 Excessive levels of reactive oxygen species not only directly damage cells by oxidizing DNA, protein, 
and lipids, but indirectly damage cells by activating a variety of stress-sensitive intracellular signalling 
pathways such as NF-kB, p38 MAPK, JNK/SAPK, hexosamine, and others. Activation of these path-
ways results in the increased expression of numerous gene products that may cause cellular damage 
and play a major role in the etiology of the late complications of diabetes. In addition, recent data 
 in vitro  and  in vivo  suggest that activation of the same or similar stress pathways results in insulin resis-
tance and impaired insulin secretion (Newsholme et al.  2007  ) . Accordingly, it has been proposed the 
existence of a link among the hyperglycemia- and FFA-induced increases in ROS and oxidative stress, 

  Fig. 10.2     Superoxide production and the major antioxidant mechanisms in pancreatic  b -cells.  Superoxide anions can 
be synthesized by the activation of the membrane NADPH oxidase and also in normal conditions by the electron trans-
port chain. An increased mitochondrial membrane potential ( D  y m) can result in elevated ATP production but reduced 
electron transport capability thus leading to increased ROS production. The excess of superoxide anions are enzymati-
cally converted to hydrogen peroxide by a manganese-superoxide dismutase (MnSOD) within mitochondria. Hydrogen 
peroxide can then be rapidly removed by the mitochondrial enzyme glutathione (GSH) peroxidase, which uses glutathi-
one as the electron donor forming glutathione disulphide (GSSG). Glutathione can be resynthesized by the action of the 
enzyme glutathione reductase (using NADPH as substrate). The inner mitochondrial membrane also contains vitamin E, 
which is a powerful antioxidant as it can accept unpaired electrons to produce a stable product. Also, catalase is the 
major hydrogen peroxide detoxifying enzyme found exclusively in peroxisomes       
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activation of stress-sensitive pathways and the eventual development of not only the late complications 
of diabetes but also insulin resistance and beta-cell dysfunction (Newsholme et al.  2007  ) . Although our 
understanding of how hyperglycemia induced oxidative stress ultimately leads to tissue damage has 
advanced considerably in recent years (Rolo and Palmeira  2006 ; Vincent et al.  2005  ) , effective thera-
peutic strategies to prevent or delay the development of this damage remain limited. 

 The involvement of ‘non-damaging’ levels ROS in signal transduction is now fi rmly accepted and 
examples include roles in cell growth or programmed cell death (apoptosis) (Burdon  1995 ; Irani 
 2000 ; Irani et al.  1997  ) , kinase activation (Lo et al.  1996 ; Lu et al.  1993  ) , immune responses (Valko 
et al.  2007  ) , cell calcium signaling (Bedard and Krause  2007  )  and gene expression (Schoonbroodt 
and Piette  2000  ) . For example, increased inducible nitric oxide synthase (iNOS) expression in 
response to redox-dependent transcription factor NF k B activation is a specifi c example of ROS regu-
lated gene expression. Vascular tone and inhibition of platelet adhesion is regulated by a nitric oxide 
and hydrogen peroxide dependent activation of guanylate cyclase. Angiotensin II, Thrombin, PDGF 
(platelet-derived growth factor) and TNF- a  (tumor necrosis factor- a ) are known to increase ROS 
production in vascular smooth muscle cells through activation of an isoform of the NOX family 
NADPH oxidase. 

 However, since expression levels of antioxidant enzymes such as catalase, and glutathione peroxi-
dase are very low in beta-cells compared to other tissues (Lenzen et al.  1996 ; Tiedge et al.  1997  ) , 
beta-cells are thought as targets for oxidative stress-mediated tissue damage (Evans et al.  2002 ; 
Maechler et al.  1999 ; Robertson et al.  2003 ; Tanaka et al.  2002  ) . Thus it is likely that infl ammatory 
cytokine or saturated fatty acid production of ROS and subsequent oxidative stress is involved in beta-
cell deterioration in type 2 diabetes. Whether the source of ROS in the beta cell is mainly mitochon-
drial or membrane associated NADPH oxidase is open to debate, but the authors have recently 
published evidence in favour of a key role for NADPH oxidase (Michalska et al.  2010  ) . 

 There is strong evidence for oxidative stress dependent changes in intracellular signalling, result-
ing in chronic infl ammation and insulin resistance  in vivo  as reported by others (Brownlee  2005 ; 
Fridlyand and Philipson  2005 ; Katakam et al.  2005  ) . While mitochondrial ROS generation may be 
important for regulation of mitochondrial UCP activity and thus cellular energy metabolism (see 
below) the NADPH oxidase associated ROS may  specifi cally  alter parameters of signal transduction, 
insulin secretion, insulin action and cell proliferation or cell death. From a mechanistic perspective, 
an increase in reactive molecules can trigger the activation of stress-sensitive serine/threonine kinase 
signalling pathways such as JNK, NF-kB, p38 MAPK (and others) that in turn phosphorylate multiple 
targets, including the insulin receptor and IRS proteins. Increased serine phosphorylation of IRS 
reduces its ability to undergo tyrosine phosphorylation and may accelerate the degradation of IRS-1, 
offering a plausible explanation for the molecular basis of oxidative stress-induced insulin resistance. 
There are convincing data to support an important role for the activation of JNK, IKK, PKC, and 
perhaps other stress and infl ammation-activated kinases in the pathogenesis of oxidative stress-
induced insulin resistance, and suggest that they might be attractive pharmacological targets to 
increase insulin sensitivity. The use of antioxidants and pharmacological inhibitors in suppressing the 
chronic activation of these pathways is consistent with this idea. Moreover, identifi cation of the 
molecular basis and sites of action for the protection afforded by a variety of antioxidants against 
oxidative stress-induced damage might lead to the discovery of additional pharmacological targets for 
novel therapies to prevent, reverse, or delay the onset of oxidative stress-induced insulin resistance. 

 Despite considerable advances in technology to measure parameters of human mitochondrial func-
tion, we are still unable to determine whether impaired function occurs because of alterations in the 
function of individual mitochondria, a reduction in mitochondrial density (number and/or size of 
normally functioning mitochondria), differences in O 

2
  delivery to the mitochondria, or decreased cel-

lular energy demand (Szendroedi and Roden  2008  ) . However, mitochondrial dysfunction is associ-
ated with the pathogenesis of insulin resistance related to type 2 diabetes. Using isolated mitochondria 
from muscle biopsy tissue of insulin-resistant individuals, reduced levels of mRNA for mitochondrial 
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genes (Patti et al.  2003 ; Heilbronn et al.  2007 ; Mootha et al.  2003 ; Morino et al.  2005  ) , decreased 
mtDNA (Ritov et al.  2005 ; Boushel et al.  2007  ) , lower protein expression of respiratory chain subunits 
(Heilbronn et al.  2007  ) , reduced oxidative enzyme activities and decreased mitochondrial size and 
density (Heilbronn et al.  2007 ; Kelley et al.  2002 ; Morino et al.  2005 ; Ritov et al.  2005  )  have been 
reported. Impaired basal and insulin-stimulated mitochondrial metabolism  in vivo  was also demon-
strated in patients with type-2 diabetes (Schrauwen-Hinderling et al.  2007  )  and fi rst-degree relatives 
of type-2 diabetes patients (Petersen et al.  2004 ; Befroy et al.  2007  ) . Therefore it is generally well 
accepted that muscle mitochondrial capacity to produce ATP is reduced in type-2 diabetes patients 
and insulin-resistant offspring. What remains to be determined is whether this is a result of mitochon-
drial dysfunction or is secondary to the diabetic or insulin-resistant state.  

    10.4   Pancreatic Beta Cell Mitochondrial Function 

 In the pancreatic beta cell the end product of glycolysis, pyruvate, is metabolised by either pyruvate 
dehydrogenase (PDH; the glucose oxidation pathway) or pyruvate carboxylase (PC; the anaplerosis/
cataplerosis pathway) to acetyl-CoA or oxaloacetate, respectively, resulting in enhanced mitochon-
drial tricarboxycylic acid (TCA) cycle activity. Among the enzymes responsible for glucose metabo-
lism, glucokinase (GK), PC, and PDH appear to play particularly important regulatory roles in the 
insulin-secretory pathway. Beta cell PC activity is high even though the cell does not participate in 
gluconeogenesis, which suggests this enzyme exerts anaplerotic functions. Note that beta cells lack 
phosphoenolpyruvate carboxykinase (   an essential enzyme for gluconeogenesis, converting oxaloac-
etate to phosphoenol pyruvate). A recent study has highlighted that siRNA targeted to PC resulted in 
a reduction of insulin secretion from INS-1 cells (Xu et al.  2008  ) , consistent with the observation that 
PC activity may be reduced in type 2 diabetes (MacDonald et al.  1996  ) . Conversely, overexpression 
of PC in INS-1 cells resulted in increased insulin release (Xu et al.  2008  ) , again supporting an impor-
tant role for this enzyme in the maintenance of glucose stimulated insulin secretion (GSIS). 

 Transfer of electrons from TCA cycle to the mitochondrial electron transport chain is mediated by 
NADH and FADH 

2
  formation, resulting in ATP generation. The increase in intracellular ATP to ADP 

ratio leads to the characteristic closure of K 
ATP

  channels, membrane depolarization, opening of volt-
age-gated Ca 2+  channels, and rapid rise in intracellular Ca 2+  concentration, leading to mobilization and 
ultimately fusion of insulin-containing granules with the plasma membrane and insulin release. The 
primary actions of glucose are mediated by potentiation of ATP concentration by enhanced TCA 
cycle substrate (oxidative and anaplerotic) supply. Generation of other additive factors derived from 
glucose metabolism might also be promoted by mitochondrial Ca 2+  elevation. 

 Pyruvate may be converted in the beta cell to both acetyl-CoA and oxaloacetate, as discussed 
above. A number of possibilities for mitochondrial metabolism of pyruvate exist: (i) generation of 
CO 

2
  via TCA cycle activity; (ii) export from the mitochondria as glutamate (due to 2-oxoglutarate 

conversion to glutamate via transamination or glutamate dehydrogenase activity); (iii) export from the 
mitochondria as malate to be converted back to pyruvate by NADP +  dependent malic enzyme; and (iv) 
export from the mitochondria as citrate to be acted on by ATP citrate lyase and subsequently acetyl 
CoA carboxylase to form malonyl-CoA which is an inhibitor of carnitine palmitoyl transferase-1 and 
thus an inhibitor of fatty acid oxidation (malonyl-CoA can subsequently be used for fatty acid synthe-
sis via the action of fatty acid synthase). 

 One of these pathways, the so-called pyruvate-malate cycle, predicts a role for malate in insulin 
secretion via generation of the stimulus-secretion coupling factor NADPH (Jensen et al.  2008  ) . 
Flow of the cycle requires oxaloacetate derived from pyruvate (via PC) to be converted to malate 
via a reversal of the malate dehydrogenase reaction, consuming NADH and generating NAD +  in the 
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mitochondrial matrix. Following this, malate is exported to the cytosol, converted to pyruvate via 
NADP +  dependent malate dehydrogenase, generating NADPH. Glucose stimulation of beta cells or 
isolated rodent islet cells increases malate levels and while it is theoretically possible for the malate-
pyruvate cycle to operate in the pancreatic beta cell (recently reviewed Jensen et al.  2008  )  concerns 
have been raised as to the activity and impact of this cycle under physiologic conditions. 

 Normal TCA cycle activity ensures the malate → oxaloacetate direction of fl ux, thus generating 
NADH in the mitochondrial matrix. In addition, malate → oxaloacetate conversion forms part of the 
malate-aspartate shuttle, which has a high activity in the beta cell, and is essential for transfer of cyto-
solic NADH to the mitochondrial matrix (for review Bender et al.  2006b  ) . In beta cells, reducing 
equivalents may be transported to the mitochondrial matrix by either the glycerol-phosphate or the 
malate-aspartate shuttle (Eto et al.  1999  ) . Inhibition of the malate-aspartate shuttle by amino-oxyacetate 
(which acts on transamination reactions and inhibits cytosolic NADH reoxidation) has been demon-
strated to attenuate the secretory response to nutrients, thus highlighting the dominance of this latter 
shuttle in the beta cell. Most recently Aralar1, a mitochondrial aspartate-glutamate carrier which is an 
integral component in the malate-aspartate shuttle, has been demonstrated to play an important role in 
glucose-induced insulin secretion, as its deletion in INS-1 cells leads to a complete loss of malate-
aspartate shuttle activity in mitochondria, and to a 25% decrease of insulin release in response to 
glucose (Marmol et al.  2009  ) . 

 As described above, one key constituent of the malate-aspartate NADH shuttle is the mitochondrial 
aspartate-glutamate transporter, with its two Ca 2+ -sensitive isoforms, Citrin and Aralar1, expressed in 
excitatory tissue. However, Aralar1 is the dominant aspartate-glutamate transporter isoform expressed 
in beta cells. Adenoviral-mediated overexpression of Aralar1 in INS-1E beta cells and rat pancreatic 
islets enhanced glucose-evoked NAD(P)H generation, electron transport chain activity, and mito-
chondrial ATP formation, and Aralar1 was demonstrated to exert its effect on insulin secretion 
upstream of the TCA cycle (Rubi et al.  2004  ) . Indeed, the capacity of the aspartate-glutamate trans-
porter appeared to limit NADH shuttle activity and subsequent mitochondrial metabolism. Thus, it is 
highly  improbable  that a malate-pyruvate cycle is active and important to insulin secretion, if the 
malate-aspartate shuttle is indeed an active component of stimulus-secretion coupling. 

 An alternative pyruvate cycling pathway has been proposed, where generation of citrate from con-
densation of oxaloacetate (OAA) and acetyl-CoA occurs in the TCA cycle, followed by export of 
citrate from the mitochondria via the citrate-isocitrate carrier, cleavage of citrate by ATP citrate lyase 
to OAA and acetyl-CoA, and recycling to pyruvate via a cytosolic malate dehydrogenase and NADP + -
dependent malic enzyme (Jensen et al.  2008  ) . In this proposed cycle, OAA to malate formation occurs 
in the cytosol, similar to the malate-aspartate shuttle. Acetyl-CoA can also serve a substrate for acetyl-
CoA carboxylase, leading to formation of long-chain acyl-CoA accumulation in the cytosol via mal-
onyl-CoA. In beta cells, glucose stimulation increases malonyl-CoA levels before insulin release and 
addition of long-chain acyl-CoA results in a stimulation of insulin secretion. 

 While current research is exploring the capacity of each of the above mitochondrial pathways, 
shuttles and cycles in the beta cell, relatively little is known about their impairment in type-2 diabetes. 
It is highly probable that impairment of metabolic stimulus-secretion coupling at multiple sites does 
occur in the beta cell leading to impaired insulin secretion, hyperglycaemia and type 2 diabetes.  

    10.5   Mitochondrial DNA Mutations and Type 2 Diabetes 

 Type 2 diabetes is the most common metabolic disease in the world, but the primary mechanism(s) 
leading to the development of the disease is still unknown. Insulin resistance plays an early role in 
the pathogenesis of the disease, eventually leading to defects in insulin secretion by pancreatic 
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beta-cells and progression to hyperglycemia. As full mitochondrial function is required to achieve 
normal glucose-stimulated insulin secretion from pancreatic beta-cells, both dysfunction of the 
mitochondrial oxidative pathway and/or defects in mitochondrial DNA (mtDNA) can be involved in 
the development of type 2 diabetes. 

 Deletions occurring in mtDNA cause the formation of mutant mtDNA and lead to the development 
of the most widely recognised mitochondrial diseases, such as Kearns-Sayre syndrome and Pearson 
syndrome. These neuromuscular disorders result in severe impairment in muscle coordination, car-
diac and respiratory functions, and even lead to death, usually in infancy or early childhood. These 
conditions are rare, but ask the question of the possible contribution of mutations in mtDNA to a more 
common disease such as type 2 diabetes. 

 A number of studies have described reduced levels of mRNA for mitochondrial genes (Patti 
et al.  2003 ; Heilbronn et al.  2007 ; Mootha et al.  2003 ; Morino et al.  2005  ) , decreased mtDNA 
(Ritov et al.  2005 ; Boushel et al.  2007  )  and lower protein expression of respiratory chain subunits 
(Heilbronn et al.  2007  )  in mitochondria isolated from muscle biopsy of insulin-resistant individu-
als. Moreover mitochondrial mutations are known to be present in 2% of T2DM patients (particu-
larly in regions affecting the replication and transcription process), and several mtDNA 
polymorphisms have been observed, particularly in the NADH and cytochrome c oxidase genes, 
two important components of the respiratory chain. A non-silent polymorphism of the mitochon-
drial coding region of the  ND1  gene (a subunit of the NADH dehydrogenase enzyme) has been 
reported in a large ( n  = 245) group of non-diabetic Pima Indians, a population highly susceptible to 
developing T2DM (Jackman et al.  2008  ) . More precisely, a single-nucleotide polymorphism leading 
to a change from isoleucine to valine at amino acid 81 (site 3,457) is associated with a signifi cantly 
lower resting metabolic rate (RMR), meaning that this ND1 polymorphism could alter respiratory 
capacity, electron transport or the proton gradient across the inner mitochondrial membrane. 
However, further investigation into the functional mitochondrial consequences in a small sub-sample 
of this group revealed no detrimental effect of the ND1 polymorphism on the functional capacity of 
isolated skeletal muscle mitochondria, indicating that the observed association between a lower 
RMR and the ND1 polymorphism was not related to mitochondrial function (Jackman et al.  2008  ) . 
Mitochondrial deletions and myopathies can result in major metabolic disruption but it is still not clear 
whether less signifi cant mitochondrial mutations can cause mitochondrial and thus cellular dysfunction. 

 Mutations occurring at levels other than mitochondrial DNA can also result in mitochondrial 
dysfunction and T2DM. One example is the mitochondrial inner membrane protein known as uncou-
pling protein 2 (UCP2). When activated, this membrane protein allows protons to move across the 
inner membrane into the matrix, uncoupling glucose oxidative metabolism from ATP production 
(Vina et al.  2009  ) . Because it decreases the amount of ATP generated from metabolic fuels, UCP2 
negatively regulates glucose-stimulated insulin secretion. Indeed it has been demonstrated that over-
expression of UCP2 in cultured pancreatic beta-cells decreased glucose-stimulated insulin secretion 
(Chan et al.  2001  ) , while targeted inactivation of the UCP2 gene in mice had the opposite effect 
(Zhang et al.  2001  ) .  

    10.6   Mitochondrial Dysfunction and Mutations Associated with Aging 

 Aging is commonly described as a progressive decline in the condition and function of an organism, 
including important changes in the body composition associated with a progressive decrease in physi-
ologic activity and an increased susceptibility to diseases (Troen  2003  ) . Among these diseases, type 2 
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diabetes appears to be the most common chronic metabolic disease in the elderly. A recent study 
comparing healthy young and elderly people has shown that the elderly group developed insulin 
resistance, mostly evident in the skeletal muscle. Insulin resistance is the result of an age-associated 
reduction in both mitochondrial oxidative and phosphorylation activity and number (Petersen et al.  2003  ) . 
Aging has also been associated with accumulation of mutations in control sites for mitochondrial 
replication (Michikawa et al.  1999  ) . Many other studies also support the idea that a decline in mito-
chondrial oxidative and ATP generating activity may have an important role in the decline in muscle 
function in aging (Petersen et al.  2003 ; Short et al.  2005 ; Barazzoni et al.  2000 ; Menshikova et al. 
 2006 ; Rooyackers et al.  1996 ; Muller-Hocker et al.  1992 ; Trounce et al.  1989 ; Tonkonogi et al.  2003 ; 
Conley et al.  2000  ) . The decrease of the number of cardiac muscle mitochondria appears to be also 
important in the aging process as the level of old rat mitochondrial proteins were lower than in the 
heart of young animals, suggesting mitochondriogenesis is impaired with aging (Vina et al.  2009  ) . 
In humans, the maximal ATP production rate in muscle appears to decline by 8% per decade (Short 
et al.  2005  ) , due to a combination of reduced mitochondrial content and a functional alteration of the 
existing mitochondria. 

 However, dysfunction is not the unique mitochondrial defect associated with aging. In the early 
1980s the mitochondrial theory of aging was fi rst published, postulating that during a lifetime a 
progressive accumulation of somatic mutations in mtDNA occurs, leading to an inevitable decline 
in mitochondrial function (Miquel et al.  1980  ) . In neurones from patients with Parkinson’s disease 
it has been shown an age-related high level of accumulation of mtDNA deletions compared with 
the age-matched controls (Bender et al.  2006a ; Kraytsberg et al.  2006  ) . In skeletal muscle from 
Rhesus monkeys, the number of cytochrome c oxidase defi cient fi bres strongly increases with age 
and high levels of mtDNA deletions have been found in the areas of cytochrome c oxidase defi -
ciency (Lee et al.  1993  ) . The same observation has been made in skeletal muscle from aging rats 
(Herbst et al.  2007  )  correlating sarcopenia to mtDNA mutations. Moreover, animal models of 
aging have been used to study this accumulation of mtDNA mutations during the aging process 
and also link it to type 2 diabetes. Indeed, by disrupting the nuclear gene encoding mitochondrial 
transcription factor A (TFAM) specifi cally in pancreatic beta-cells to reduce mtDNA expression, 
Silva et al. observed altered mitochondrial membrane potential, impaired insulin signalling, 
reduced insulin secretion and an age-associated beta-cell loss (Silva et al.  2000  ) . Therefore it is 
possible that both mitochondrial oxidative dysfunction and mtDNA mutations play a role in the 
aging process associated with the development of type 2 diabetes.  

    10.7   Conclusion 

 In conclusion, a number of underlying mechanisms responsible for impaired mitochondrial function 
in metabolic disorders such as insulin resistance and type 2 diabetes have been described while others 
remain to be discovered. Prospective clinical trials investigating mitochondrial function in various 
ethnic populations (at rest and during exercise) and the impact on muscle metabolism and develop-
ment of insulin resistance and type 2 diabetes need to be conducted to delineate the complex interplay 
between these variables. Reductions in pancreatic beta cell insulin secretion and correlation with beta 
cell mitochondrial dysfunction including aspects of impaired metabolic stimulus-secretion coupling, 
needs further exploration in the context of reduced insulin action and muscle dysfunction associated 
with type 2 diabetes and aging (Fig.  10.3 ).       
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  Abstract   Mitochondria play a key role in the normal functioning of the heart, and in the pathogenesis 
and development of various types of heart disease. Physiologically, mitochondrial ATP supply needs 
to be matched to the often sudden changes in ATP demand of the heart, and this is mediated to a large 
extent by the mitochondrial Ca 2+  transport pathways allowing elevation of mitochondrial [Ca 2+ ] 
([Ca 2+ ] 

m
 ). In turn this activates dehydrogenase enzymes to increase NADH and hence ATP supply. 

Pathologically, [Ca 2+ ] 
m
  is also important in generation of reactive oxygen species, and in opening of 

the mitochondrial permeability transition pore (MPTP); factors involved in both ischaemia-reperfusion 
injury and in heart failure. The MPTP has proved a promising target for protective strategies, with 
inhibitors widely used to show cardioprotection in experimental, and very recently human, studies. 
Similarly mitochondrially-targeted antioxidants have proved protective in various animal models of 
disease and await clinical trials. The mitochondrial Ca 2+  transport pathways, although in theory prom-
ising therapeutic targets, cannot yet be targeted in human studies due to non-specifi c effects of drugs 
used experimentally to inhibit them. Finally, specifi c mitochondrial cardiomyopathies due to muta-
tions in mtDNA have been identifi ed, usually in a gene for a tRNA, which, although rare, are almost 
always very severe once the mutation has exceeded its threshold.  

  Keywords   Ischaemia  •  Ischemia  •  Reperfusion  •  Cardiomyopathy  •  Hypertrophy  •  Congenital heart 
disease  •  Heart failure  •  Calcium  •  Permeability transition pore  •  Mitochondrial DNA  •  Calcium 
uniporter  •  Cyclosporine A  

  Abbreviations  

  mCU    Mitochondrial calcium uniporter   
  mNCX    Mitochondrial sodium calcium exchanger   
  MPTP    Mitochondrial permeability transition pore   
  ROS    Reactive oxygen species   
  RuR    Ruthenium red       
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    11.1   Introduction: Heart Diseases and Mitochondria 

 Mitochondria provide over 90% of the ATP required for the heart to function normally (Harris and 
Das  1991  ) . The heart also has to have a way of increasing ATP supply rapidly upon increases in 
demand, such as occurs during increased workload or adrenergic stimulation. To give and idea of how 
quickly this has to happen, in a canine heart the entire ATP pool is turned over in 1 min under normal 
conditions, and in about 10 s under conditions of high workload (Khouri et al.  1965 ; Balaban  2009 ; 
Katz et al.  1989  ) . Oxygen is not rate limiting for ATP synthesis until below about 20  m M (McCormack 
et al.  1990  ) , a level much lower than that occurring physiologically. Pathologically, however, O 

2
  levels 

can decrease for a variety of reasons, leading to partial or total ischaemia, which will then impair ATP 
synthesis. This occurs when arteries become narrowed during atherosclerosis, either causing angina 
or a heart attack, in the case of unstable plaques that rupture and block the artery completely. Ischaemia 
also occurs during cardiac surgery when the aorta is cross-clamped, the heart stopped and the body 
placed on a heart-lung bypass machine. Reperfusion of the heart is obviously necessary but paradoxi-
cally can cause further damage. Clinically reperfusion damage can therefore occur during cardiac 
surgery, spontaneously following a myocardial infarction (MI), and in patients undergoing throm-
bolysis or angioplasty for treatment of MI. 

 Mitochondria, in particular mitochondrial Ca 2+  overload and oxygen free radical formation, are 
associated with the transition from reversible to irreversible damage following ischaemia: The discov-
ery that the mitochondrial permeability transition pore (MPTP) plays a key role in the development 
of reperfusion injury has opened the way for protective strategies targeted at the pore – these are dis-
cussed below. Similarly the oxidative stress cause by reactive oxygen species (ROS) has been shown 
to contribute to the pathogenesis of both reperfusion injury and lately to the development of heart 
failure; free radical scavengers have been used experimentally to prevent such damage, and recently 
scavengers targeted specifi cally at the mitochondria have been designed that afford better protection; 
see Sect.  11.3.1 . 

 Some specifi c cardiomyopathies arising from defects in mitochondrial DNA (mtDNA) have been 
identifi ed, and these will be highlighted below. However, there are a myriad of other diseases arising 
from defects in mtDNA that affect the nervous system and muscular tissue. This chapter will not deal 
with these non heart-specifi c defects, which are covered in the chapter on inherited diseases (see Chap   . 8 
by Finsterer). Neither will I cover congenital heart disease arising from defects in cardiac structure or 
function during development since these are not specifi cally mitochondrial; for reviews see Bruneau 
 (  2008  ) , Nemer  (  2008  ) .  

    11.2   The Central Role of Mitochondria in Cardiac 
Ischaemia/Reperfusion Injury 

    11.2.1   Regulation of ATP Supply and Demand in the Heart 

 Normal mitochondrial physiology including oxidative phosphorylation is covered in Chap.   1     (by 
Papa) of this volume and has been reviewed recently (Balaban  2009 ; Denton  2009 ; Griffi ths  2009  ) . 
However, I will discuss the parts relevant to understanding the role of mitochondria in heart disease, 
particularly the mitochondrial Ca 2+  transport pathways. 

 Oxygen acts as the fi nal electron acceptor in the respiratory chain; as oxygen becomes limiting, 
electron carriers can no longer be re-oxidised, resulting in a build up of NAD(P)H and FADH 

2
  gener-

ated by dehydrogenases in the citric acid cycle. This has been measured using autofl uorescence at the 
relevant wavelength in both whole hearts and isolated myocytes (Katz et al.  1987 ; Heineman and 
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Balaban  1993 ; White and Wittenberg  1993 ; Griffi ths et al.  1997  ) . The importance of ensuring adequate 
O 

2
  supply for maintaining supply-demand balance was illustrated when initial studies on whole hearts 

found an increase in the NAD(P)H/NAD(P) +  ratio fl uorescence upon increased workload – however, 
this was subsequently found to be due to inadequate perfusion of the hearts; in vivo and in well-
oxygenated hearts, there was no such increase (Katz et al.  1987 ; Heineman and Balaban  1993  ) . 

 Thus there has to be a mechanism of ensuring that ATP supply is matched exactly to demand, and 
early studies in isolated mitochondria found that the ADP/ATP ratio was the main regulator of ATP 
production (Chance and Williams  1956  ) . However later studies in beating hearts found that the ratio 
did not change in well-oxygenated hearts even during large increases in workload (Katz et al.  1989 ; 
Neely et al.  1972  ) . In support of this, we found recently, using targeted luciferase, that ATP levels in 
beating cardiomyocytes were remarkably constant in both cytosolic and mitochondrial compartments 
(Bell et al.  2006  ) ; and see Fig.  11.1 . The discovery by Denton and McCormack that Ca 2+  could acti-
vate the mitochondrial dehydrogenases – pyruvate dehydrogenase (PDH), oxoglutarate dehydroge-
nase (OGDH) and isocitrate dehydrogenase (ICDH) – in the physiological range lead them to propose 
a parallel activation model where an increase in intramitochondrial free [Ca 2+ ] ([Ca 2+ ] 

m
 ) activated the 

dehydrogenases to increase NADH and hence ATP production (McCormack et al.  1990 ; Denton 
 2009  ) ; see Fig.  11.2 . The observation that ATP levels do not change on a beat to beat basis, or under 
conditions of increases workload in the heart imply that [Ca 2+ ] 

m
  plays the key role under physiological 

conditions in the heart. However, Balaban has argued that, given the importance of ensuring a rapid 
response system of ATP synthesis in the myocardium, more than one mechanism is likely to operate 
to coordinate ATP supply and demand (Balaban  2009  ) . This can be seen under conditions where the 
heart was stimulated to beat rapidly from rest when there is an initial drop in ATP before it recovers, 
the timecourse of which correlates with the time taken for mitochondria to take up Ca 2+  (Fig.  11.2 ).   
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  Fig. 11.1     ATP and mitochondrial [Ca   2+   ] levels in beating cardiomyocytes.  ( a ) [ATP] 
m
  was measured using targeted 

luciferase in synchronously beating adult cardiomyocytes stimulated to contract at 0.2 Hz. Parallel cell length measure-
ments were taken from a single cell to highlight the lack of change in [ATP] 

m
  during a single contraction, ( b ) [Ca 2+ ] 

m
  

and [ATP] 
m
  were measured using targeted aequorin and luciferase, respectively, in parallel experiments on small popu-

lations of cells stimulated to contract at 2 Hz from rest in presence of isoproterenol. In this fi gure the average [Ca 2+ ] 
m
  is 

shown – see text for discussion (Figure based on work of the author data fi rst published in Bell et al.  2006  )        

 



252 E.J. Griffi ths

 Role of Ca 2+  in regulating mitochondrial function is discussed in more detail in Chap.   3     (by Brini), 
and in recent reviews (Griffi ths  2009 ; Maack and O’Rourke  2007 ; Dedkova and Blatter  2008  ) . Briefl y, 
mitochondrial Ca 2+  uptake occurs by a uniporter (mCU), and effl ux via a sodium calcium exchanger 
(mNCX); a summary of the mitochondrial pathways for Ca 2+  transport together with known inhibitors 
is shown in Fig.  11.3 . Studies using isolated mitochondria found that the kinetics of the channels 
indicated they were too slow to play any role in intracellular Ca 2+  signalling during excitation-contrac-
tion (EC) coupling of the heart (reviewed in Nicholls and Crompton  1980 ; Gunter and Pfeiffer  1990  )  
and it was predicted that net Ca 2+  infl ux would occur only when external [Ca 2+ ] rose above about 
500 nM (Nicholls and Crompton  1980 ; Gunter and Pfeiffer  1990  ) , much higher than the resting 
cytosolic free [Ca 2+ ] ([Ca 2+ ] 

c
 ) of 100–200 nM. However, evidence from non-cardiac and more recently 

cardiac cells has revealed that the mCU is located in close proximity to the sarcoplasmic reticular 
(SR) Ca 2+  release channel, at least in some subcellular populations of mitochondria, and therefore is 
exposed to a much higher but very localised [Ca 2+ ] 

c
  than previously thought (Griffi ths  2009 ; Maack 

and O’Rourke  2007 ; Dedkova and Blatter  2008  ) . It therefore may change on a rapid timescale and be 
able to modulate EC coupling.  

 The Ca 2+ -induced mitochondrial permeability transition pore (MPTP), fi rst described as an 
increase in inner membrane permeability in 1976 (Hunter et al.  1976  ) , can act as a Ca 2+  effl ux 
mechanism but is not specifi c for Ca 2+ , allowing transport of small molecules with a molecular 
weight of less than about 1.5 kDa   . The MPTP also requires additional factors such as adenine nucle-
otide depletion, oxidative stress and elevated phosphate; this makes a physiological role for the 
MPTP unlikely but these conditions are exactly those that occur during ischaemia/reperfusion injury; 
this is discussed further below.  

    11.2.2   Mitochondrial Dysfunction and Ca 2+  Transport During 
Ischaemia and Reperfusion 

 Whether the result of gradual or sudden ischaemia, mitochondrial ATP production will become pro-
gressively less as oxygen levels and substrate supply decrease. The ionic changes that result from 
reduced ATP supply are summarised in Fig.  11.3 , and reviewed in Suleiman et al.  (  2001  ) , Murphy and 
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  Fig. 11.2     Parallel activation model of dehydrogenase activation by mitochondrial [Ca   2+   ].  Increases in cytosolic Ca 2+  
resulting form increases in heart workload or adrenergic stimulation are relayed to the mitochondrial matrix via the 
mitochondrial Ca 2+  uniporter (mCU). [Ca 2+ ] 

m
  activates dehydrogenase of the citric acid cycle and possibly the ATP 

synthase to increase ATP supply in line with the increased demand. See text for further details       
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Steenbergen  (  2008a  ) . The reduced ATP levels lead to failure of the Na + /K + -ATPase, Na +  loading (Haigney 
et al.  1994  ) , and subsequently Ca 2+  loading via reversal of the Na + /Ca 2+  exchanger (Silverman and Stern 
 1994  ) , and build up of lactic acid causes intracellular acidosis. The ionic changes occurring during 
ischaemia/reperfusion and the role of mitochondria are summarised in Fig.  11.4  and reviewed in 
Suleiman et al.  (  2001  ) , Murphy and Steenbergen  (  2008b  ) . In isolated myocytes, [Ca 2+ ] 

m
  only increased 

following ATP depletion-dependent rigor contracture. Reperfusion of hearts or myocytes before rigor-
contracture causes reversible damage “stunning”, but usually recovery with time. Whether or not cardio-
myocytes recovered from hypoxia depended on the level of [Ca 2+ ] 

m
  achieved at the end of the hypoxic 

period: cells having [Ca 2+ ] 
m
  greater than about 250–300 nM invariably hypercontracted upon reperfusion 

(Miyata et al.  1992 ; Griffi ths et al.  1998  ) . Similar increases have been observed in mitochondria isolated 
from whole hearts following ischaemia/reperfusion – [Ca 2+ ] 

m
  rose from pre-hypoxic values of 160–360 

and 570 nM after 50 and 80 min of hypoxia, respectively (Allen et al.  1993  ) . But a much greater increase 
in [Ca 2+ ] 

m
  occurs upon reperfusion (Delcamp et al.  1998 ; Chacon et al.  1994  ) , for example in whole 

hearts following 80 min hypoxia, reperfusion led to a 10-fold increase in [Ca 2+ ] 
m
  (Allen et al.  1993  ) . 

Although normally mitochondria have the capacity to take up huge amounts of Ca 2+  (Nicholls and 
Crompton  1980 ; Gunter and Pfeiffer  1990  )  and thus could potentially remove toxic levels of Ca 2+  from 
the cytosol, such accumulation of Ca 2+  can eventually damage mitochondria both by competing for ATP 
production and more importantly by inducing the mitochondrial permeability transition pore (MPTP). 
Other factors upon reperfusion also lower the threshold of [Ca 2+ ] 

m
  needed for the MPTP to open; for 

example low adenine nucleotides, free radical generation, and return to normal pH. Hence the MPTP can 
open at values of [Ca 2+ ] 

m
  that may not be much higher than physiological.  

 But it should be remembered that limited (rather than excessive) Ca 2+  uptake by mitochondria on 
reperfusion has the capacity to be protective: for example, by activation of PDH. Increased glucose 
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  Fig. 11.3     Ca   2+    transport pathways of mitochondria. mCU  Calcium uniporter,  mNCX  mitochondrial sodium calcium 
exchanger,  MPTP  mitochondrial permeability transition pore,  RuR  ruthenium red.  D  y  

m
  – mitochondrial membrane poten-

tial, approximately −180 mV in actively respiring mitochondria (inside negative).  Solid oval  depicts the inner membrane and 
 dashed oval  the permeable outer membrane. The MPTP is probably closed under physiological conditions but when 
open can act as an effl ux pathway for Ca 2+ ; is also permeable to other small molecules of less than about 1,500 Da. The 
MPTP is shown here as consisting of both inner and outer membrane proteins; see text for a discussion of pore components       

 



254 E.J. Griffi ths

oxidation on reperfusion improves recovery of the heart, and drugs like ranolazine, which increase PDH 
activity, can improve post-ischaemic recovery (Clarke et al.  1993  ) . So in designing protective strategies, 
it is a matter of getting the balance right between benefi cial versus harmful effects of mitochondrial Ca 2+  
uptake. The situation is further complicated by the fact that many other factors on reperfusion affect 
this balance. 

 Although several studies had reported an increase in [Ca 2+ ] 
m
  during hypoxia (see above), the mech-

anism of entry of the Ca 2+  was either not discussed, or assumed to be the mCU. But mitochondrial 
membrane potential ( D  Y  

m
 ) depolarises during hypoxia (Di Lisa et al.  1995  ) , and this would be expected 

to inhibit Ca 2+  uptake through the mCU. However, we found that the increase in myocyte [Ca 2+ ] 
m
  during 

hypoxia could  not  be prevented by RuR (at concentrations of RuR, 20  m M, that could inhibit [Ca 2+ ] 
m
  

increases in response to a cytosolic Ca 2+  load) but instead the [Ca 2+ ] 
m
  increase could be prevented by 

clonazepam, an inhibitor of mNCX. By contrast, upon reoxygenation, RuR once again inhibited Ca 2+  
uptake, whilst clonazepam inhibited effl ux (Griffi ths et al.  1998  ) . This allowed us to propose the 
following model: during hypoxia Ca 2+  entry into mitochondria occurs via mNCX, and the mCU is 
largely inactive. Upon reoxygenation, however, the transporters regain their normal directionality. 
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  Fig. 11.4     Ionic changes during ischaemia and reperfusion injury showing central role of mitochondrial [Ca   2+   ] and the 
MPTP. Ischaemia  leads to an inhibition of oxidative phosphorylation, the resulting decrease in ATP causes ion channel 
dysfunction, leading to increases in [Na + ] 

i
 , [Ca 2+ ] 

c
  and [Ca 2+ ] 

m
 . Of ischaemia is of short duration, the cell can recovery 

as the changes will not be severe enough to cause opening of the MPTP, although stunning (reversible injury) may 
occur. However, following prolonged ischaemia, the increase in [Ca 2+ ] 

m
 , reactive oxygen species and low ATP levels 

cause opening of the MPTP. ATP levels can then not recover and ROS production is exacerbated, leading to cell death. 
Agents that either prevent the increase in [Ca 2+ ] 

m
 , inhibit pore components (SfA and CsA), or inhibit the pore indirectly 

(low pH and free radical scavengers), will allow the pore to close, or prevent opening, shifting the balance towards cell 
recovery. See text for further discussion       
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We have provided further evidence that entry of Ca 2+  during hypoxia occurs via mNCX by showing, 
using a model of simulated hypoxia, that the process is Na + -dependent (Griffi ths  1999  ) . And a reversal 
of the mNCX under conditions of metabolic inhibition was also found in a study on cultured renal 
epithelial cells, supporting our hypothesis (Smets et al.  2004  ) .  

    11.2.3   The Mitochondrial Permeability Transition Pore 

 It has been known for many years that Ca 2+ -induced mitochondrial dysfunction during ischaemia is 
associated with the transition from reversible to irreversible cell damage; see above and Bush et al. 
 (  1980  ) , Sordahl and Stewart  (  1980  ) , Fleckenstein et al.  (  1983  ) : Mitochondria accumulate deposits of 
calcium phosphate, become swollen, and eventually rupture. This sequence of events, whereby mito-
chondrial Ca 2+  uptake leads to mitochondrial dysfunction and prevents oxidative phosphorylation was 
later found to be due to Ca 2+ -induced opening of the MPTP. The MPTP plays a key role in cell death by 
both necrosis and apoptosis, and has been discussed in recent reviews (Hajnóczky et al.  2006 ; Rasola 
and Bernardi  2007 ; Roy and Hajnóczky  2008 ; Leung and Halestrap  2008 ; Pinton et al.  2008  ) . In absence 
of specifi c inhibitors of mitochondrial Ca 2+  uptake that can be used on reperfusion, which, as mentioned 
above, may not be ideal since some Ca 2+  would be needed to activated mitochondrial dehydrogenases, 
the discovery of relatively specifi c inhibitors of the MPTP have provided fi rstly a useful tool for investi-
gation of the role of the MPTP, and secondly as therapies for ischaemia/reperfusion damage. 

 However, the exact components of the MPTP are still not known; for a number of years the MPTP 
was generally thought to consist of the outer membrane voltage-dependent anion channel (VDAC), 
the inner membrane adenine nucleotide translocase (ANT) and the matrix protein cyclophilin D (CyP-D). 
Studies on transgenic mice confi rmed the role of CyP-D as having a critical regulatory role in pore-
opening (Baines et al.  2005  ) , but have shown that neither the ANT (Kokoszka et al.  2004  )  nor VDAC 
(Baines et al.  2007  )  are essential components of the pore, though they may also play a regulatory role; 
the composition and regulation of the pore are discussed fully in recent reviews (Di Lisa and Bernardi 
 2006 ; Halestrap  2009 ; Javadov et al.  2009  ) . The latest and more compelling evidence indicates that 
the inner membrane phosphate carrier (PiC) rather than the ANT is likely to be a pore component 
(Leung et al.  2008  ) , and a working model has been proposed by Halestrap  (  2009  ) . There is a sugges-
tion that there is no single protein responsible for pore formation, but rather it is due to aggregation of 
misfolded proteins, or proteins damaged by oxidative stress (He and Lemasters  2002  ) . However, the 
specifi c properties of the pore; Ca 2+  activation, inhibition by CsA, and modulation by activators and 
inhibitors of the ANT or PiC make this unlikely (Halestrap  2009  ) .  

    11.2.4   Mitochondria as a Target for Cardioprotection During 
Ischaemia and Reperfusion 

    11.2.4.1   Studies Using Inhibitors of Mitochondrial Ca 2+  Transport 

 Ruthenium red (RuR) has been shown to protect hearts or myocytes from reperfusion/reoxygenation 
damage at concentrations ranging from 0.1 to 6  m M (Peng et al.  1980 ; Leperre et al.  1995 ; Miyamae et al. 
 1996 ; Grover et al.  1990 ; Benzi and Lerch  1992 ; Figueredo et al.  1991 ; Park et al.  1990 ; Carry et al.  1989 ; 
Stone et al.  1989  ) . However, at these concentrations RuR can also inhibit Ca 2+  channels of the SR and 
myocyte contraction (Griffi ths  2000  ) , whereas much higher levels are required to inhibit mitochondria 
Ca 2+  uptake in myocytes (Griffi ths et al.  1998  ) . It therefore seems more likely that the protective effects 
were due to an energy sparing effect as a result of reducing [Ca 2+ ] 

c
  (Benzi and Lerch  1992  ) . Unfortunately 

at higher concentrations RuR has non-specifi c damaging effects on hearts, making it unsuitable to 
accurately assess the contribution of mitochondrial Ca 2+  uptake to reperfusion-induced damage. 
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 Ru360 is a more specifi c inhibitor of the mCU, although there are problems with permeability in 
isolated myocytes (Bell et al.  2006 ; Robert et al.  2001  ) . It has, however, been reported to protect 
whole hearts against ischaemia/reperfusion injury: pre-treatment of isolated rat hearts with 10  m M 
Ru360 provided protection against reperfusion injury, as determined from infarct size and enzyme 
release (Zhang et al.  2006  ) . But in another study lower concentrations of Ru360 were required: recov-
ery of rat hearts from ischaemia was optimal between 0.25–1  m M Ru360 and declined at higher con-
centrations (de Jesus et al.  2005  ) . [Ca 2+ ] 

m
  (as measured following isolation of mitochondria at the end 

of the perfusion protocol) was also decreased in Ru360 treated hearts (de Jesus et al.  2005  ) . 
 With regard to inhibitors of the mNCX, diltiazem can protect hearts from ischaemia/reperfusion 

damage, but this has mainly been attributed to its effects on sarcolemmal L-type Ca 2+ -channels 
(Winniford et al.  1985  )  or Na +  channels (Takeo et al.  2004  ) ; both of which would indirectly preserve 
mitochondrial integrity. Clonazepam cannot be used in whole hearts as it appears to inhibit contractil-
ity by a non-myocyte effect (Griffi ths, unpublished observation), even though it was protective and 
prevented the ischaemia-induced increase in [Ca 2+ ] 

m
  in isolated myocytes (Griffi ths et al.  1998 ; 

Sharikabad et al.  2004  ) , as discussed above. There have been no reports of the effects of CGP37157 
in whole hearts; it has been used to inhibit Ca 2+  entry in isolated myocytes (Maack et al.  2006  ) , 
although there can be problems with solubilising the compound (Griffi ths et al.  1997  ) ; it has not been 
used in any models of ischaemia/reperfusion injury. 

 Intracellular acidifi cation, such as occurs during ischaemia, can also decrease the rate of Ca 2+  uptake, 
probably as a consequence of reduced  D  Y  

m
  (Gursahani and Schaefer  2004  ) . Maintaining an acid pH 

upon reperfusion is known to delay intracellular Ca 2+  accumulation and protect against reperfusion 
injury (Panagiotopoulos et al.  1990  ) , and additionally inhibits opening of the MPTP (Halestrap  1991  ) .  

    11.2.4.2   Inhibitors of the Permeability Transition Pore 

 A non-specifi c pore in the mitochondrial inner membrane that allowed permeability of molecules up 
to 1.5 kDa was fi rst identifi ed in the 1970s by Haworth and Hunter (Hunter and Haworth  1979a,   b ; 
Haworth and Hunter  1979  ) . Crompton then determined that the MPTP was being regulated by Ca 2+  
and oxidative stress (Crompton et al.  1987  ) , and realised its implications for myocardial reperfusion 
injury (Crompton and Costi  1990  ) . The discovery that opening of the MPTP could be inhibited by 
cyclosporine A (Crompton et al.  1988  )  suggested a possible protective strategy, and Crompton subse-
quently showed that cyclosporine A (CsA), a potent inhibitor of the pore in isolated mitochondria, 
was protective in a myocyte model of hypoxia/reoxygenation (Nazareth et al.  1991  ) . We found CsA 
to be cardioprotective in a perfused rat heart model of IR injury (Griffi ths and Halestrap  1993  ) , and 
further that the MPTP opened only upon reperfusion, not during ischaemia (Griffi ths and Halestrap 
 1995  ) ; see Fig.  11.4    . Opening occurred during the fi rst 5 min of reperfusion (Kerr et al.  1999  ) , and 
giving CsA on reperfusion was also protective (Hausenloy et al.  2003  ) . Cyclosporine A is an immu-
nosuppressant commonly used in transplant operations. However its effect on the MPTP is by an 
entirely separate mechanism – it inhibits the peptidyl-prolyl cis-trans isomerase activity of CyP-D, an 
effect that greatly decreases the sensitivity of the pore to Ca 2+ , although the inhibition by CsA can be 
overcome at high enough Ca 2+ . We found that analogues of CsA that inhibit the MPTP but are not 
immunosuppressive are still cardioprotective (Griffi ths and Halestrap  1993  ) , indicating it is the mito-
chondrial effect that is important. Other inhibitors of the pore have subsequently been found to be 
cardioprotective, such as sanglifehrin A (SfA), which also acts on CyP-D, Debio-025(Gomez et al. 
 2007  ) , pyruvate (a free radical scavenger and which maintains low pH), propofol (an anaesthetic and 
free radical scavenger), and low pH – more information on these compounds is given in recent reviews 
(Di Lisa and Bernardi  2006 ; Halestrap and Pasdois  2009  ) . 

 It has nevertheless taken some time for these fi ndings to be translated to a clinical setting: in a 
pilot trial patients presenting with acute ST-elevation following myocardial infarction (STEMI) were 
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given CsA or control saline before undergoing PCI, and administering CsA at the time of reperfusion 
was associated with a smaller infarct (Piot et al.  2008  ) . Another study investigated the effect of a 
single dose of CsA administered at the time of reperfusion following MI on LV remodelling and 
function 5 days and 6 months following the MI; there was a reduction in infarct size at 6 months 
follow up in the CsA-group (Mewton et al.  2010  ) . Both studies are promising but require a further 
large scale trial.  

    11.2.4.3   Ischaemic Pre- and Post-conditioning 

 Ischaemic preconditioning is a protective strategy that has been widely used experimentally, where 
short periods of ischaemia protect against a prolonged period. Various end-effectors and mediators of 
the pathway have been proposed, including different signalling pathways and kinases, plus the mito-
chondrial ATP-sensitive K +  (mK 

ATP
 ) channels (reviewed in    Hausenloy and Yellon  2007 ; Ardehali and 

O’Rourke  2005 ; Lawrence et al.  2001  ) . Ischaemic postconditioning (IPost) is another protective strat-
egy that may be more clinically relevant (Hausenloy and Yellon  2007  ) , since the short ischaemia 
episodes are applied following reperfusion. A full discussion of these pathways is beyond the scope 
of this review, but IPC is associated with a reduction in MPTP opening (Javadov et al.  2003  ) , and so 
is relevant here. Several studies have now found IPC to be associated with a reduced [Ca 2+ ] 

m
  (Wang 

et al.  2001 ; Crestanello et al.  2000 ; Murata et al.  2001 ; Hausenloy et al.  2004a ; Smart et al.  2006  ) , 
which may then lead to a reduction in MPTP opening (reviewed in Halestrap et al.  2007  ) . IPC and 
IPost both cause suppression of MPTP opening upon reperfusion (Javadov et al.  2003 ; Hausenloy 
et al.  2004b ; Argaud et al.  2005  ) . 

 As mentioned above, mice defi cient in CyP-D are resistant to pore opening, and have smaller infarcts 
in response to IR injury (Baines et al.  2005 ; Nakagawa et al.  2005 ; Lim et al.  2007  ) . However, the 
CyP-D defi cient mice could not be further protected by IPC, IPost, or pharmacological agents such as 
bradykinin (that mimics IPC), CsA or SfA (Lim et al.  2007  ) , confi rming the MPTP as essential in the 
cardioprotection afforded by either type of conditioning, and proposing it as an end-effector of the two 
pathways (Lim et al.  2007  ) . The mechanism of this protection is not known, though various signalling 
pathways have been proposed, including involvement of Akt, GSK-3 and PKC -see review (Hausenloy 
and Yellon  2007  ) . However, it appears unlikely that these act directly to phosphorylate mitochondrial 
proteins, but rather by reducing oxidative stress (Clarke et al.  2008  ) . There is also evidence that 
transient opening of the MPTP may act as the trigger for IPC, since including CsA or SfA during the 
preconditioning ischaemia reduced the infarct-limiting effects of IPC (Hausenloy et al.  2004a  ) . 

 Despite all the experimental studies showing protective effects of pre and post-conditioning, their 
translation to the clinical setting has been disappointing (Ludman et al.  2010  ) . IPC (Murry et al.  1986  )  
is clearly limited by the fact that it has to be applied before ischaemia, but IPost (Zhao et al.  2003  )  
seems more promising. Clinically, IPost has been used by infl ating/defl ating an angioplasty balloon 
following insertion of a stent in the affected artery; reported to reduce infarct size at 6 months and 
improve function after 1 year (Thibault et al.  2008  ) .    

    11.3   Mitochondria and Heart Failure 

    11.3.1   Role of Reactive Oxygen Species (ROS) 

 Heart failure is a major cause of morbidity and mortality in developed countries (Cleland et al.  2001  ) , 
and an increasing problem in aging populations (Tsutsui et al.  2008  ) . It can result from a variety of 
causes, such hypertension or coronary artery disease, progressing from compensated hypertrophy 
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through to failure, or result from inherited or acquired valvular disease or cardiomyopathy. A link 
between mitochondrial dysfunction and heart failure was observed as early as 1962 using a guinea-
pig model of heart failure induced by aortic banding, where a reduced oxidative phosphorylation 
capacity of mitochondria was observed. Although the authors could not prove a causal relationship, 
they suggested that mitochondria played a critical role in the development of the disease (Schwartz 
and Lee  1962  ) . 

 Heart failure progresses by cardiac remodelling, where the myocytes enlarge, often preceded by 
compensated hypertrophy, followed by deterioration in pump function. Many experimental and clin-
ical studies have now shown that the remodelling proceeds by myocyte loss via apoptosis – reviewed 
in van Empel et al.  (  2005  ) . The role of mitochondria in apoptosis is well known, and covered by Chap. 
7 in this volume (Mignotte). However, the role of oxidative stress induced by the generation of reac-
tive oxygen species (ROS) in the pathogenesis of heart failure appears is also becoming increasingly 
well accepted (Tsutsui et al.  2008  ) ; these damaging species can causes deleterious effects on DNA 
(mitochondrial and nuclear), protein and cell structure, as well as acting as signalling molecules in 
their own right that contribute towards the development of the remodelling process, in hypertrophy 
and heart failure (Tsutsui et al.  2008 ; Seddon et al.  2007  ) . 

 Mitochondria are a major source of ROS in the heart since the respiratory chain generates the super-
oxide anion, O  

2
  −  , as part of normal respiration, and this can then trigger formation of other ROS 

(Murphy  2009  ) . Mitochondria are more susceptible to ROS damage than nuclear DNA since they have 
poor DNA repair mechanisms and no protective histones; additionally O  

2
  −   generated by the respiratory 

chain is not easily membrane permeable so may become trapped within the mitochondriua (Tsutsui 
et al.  2009  ) . The mutation rate of mtDNA is more than ten times that of nuclear DNA (Chen et al. 
 2006  ) . Increased O  

2
  −   production by mitochondria was found in a canine model of heart failure (Ide 

et al.  2000  ) , and markers of ROS generation in blood of patients with heart failure (Mallat et al.  1998  ) . 
However ROS from other sources may also play a role, such as xanthine oxidase, NADPH oxidase, or 
uncoupled nitric oxide synthase in either myocytes or endothelial cells in the heart (Seddon et al.  2007  ) . 
mtDNA encodes essential subunits of respiratory chain proteins (see below), and so damage to a mito-
chondrial gene can rapidly lead to deleterious effects on the whole cell. Recently, mitochondrially-
targeted antioxidants have been produced, to try and effectively combat ROS-induced diseases (James 
et al.  2005 ; Murphy and Smith  2007  ) . MitoQ 

10
  is a ubiquinol antioxidant with a triphenylphosphonium 

lipophilic tail that accumulates several 100-fold in mitochondria because of their highly negative mem-
brane potential (James et al.  2005  ) . In experimental studies, mostly on rat models of heart disease so 
far, MitoQ 

10
  has been shown to be benefi cial in protecting against ischaemia/reperfusion damage 

(Adlam et al.  2005  ) , hypertension and hypertrophy (Graham et al.  2009  ) , and sepsis-induced cardiac 
dysfunction (Supinski et al.  2009  ) . However, MitoQ 

10
  did not completely prevent hypertension, indicat-

ing that mitochondrial ROS production is not the only contributing factor (Graham et al.  2009  ) . 
 The heart has various antioxidant defence mechanisms; these do not appear to be downregulated in 

heart failure, rather it is the increase in ROS production that overwhelms the anti-oxidant capacity 
(Tsutsui et al.  2008  ) . Mitochondria contain several enzymes that detoxify ROS: manganese superoxide 
dismutase (Mn-SOD) converts O  

2
  −   to H 

2
 O 

2
 , and glutathione peroxidase and peroxiredoxins convert H 

2
 O 

2
  

to water (Murphy  2009  ) . So as well as adding exogenous anti-oxidants, strategies that upregulate the 
endogenous defence pathways are candidates for the prevention or treatment of heart failure. One such 
enzyme is glutathione peroxidase, present in both cytosol and mitochondria, which scavenges H 

2
 O 

2
  and 

prevents formation of hydroxyl radicals: overexpression of this enzyme in mice prevented the develop-
ment of heart failure following myocardial infarction (Shiomi et al.  2004  ) . Using a similar model in rats, 
dietary supplementation with vitamin E also protected against cardiac dysfunction leading to heart fail-
ure; this was associated with increased activities of catalase and glutathione peroxidase (Hill et al.  2005  ) . 
Knocking out Mn-SOD in mitochondria similarly leads to dilated cardiomyopathy in mice, which die 
within 10 days of birth (Li et al.  1995  ) . The role of oxidative stress in the heart is covered in more detail 
by recent reviews (Tsutsui et al.  2008 ; Seddon et al.  2007  )  and in Chap.   5     of this volume (by Lenaz). 
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 Pacing induced heart failure is a common model of human dilated cardiomyopathy (Moe and 
Armstrong  1999  ) , and is associated with defects in mitochondrial function such as reduced respiratory 
chain activity and beta-oxidation, and depletion of high energy phosphates (Marin-Garcia et al.  2001  ) . 
A time course study in this model revealed parallel increases in markers of oxidative stress, apoptosis, 
and respiratory chain dysfunction (Marin-Garcia et al.  2009  ) . Defects in complexes I, III and V were 
found in the left ventricle whereas in the left atrium only complex V was defi cient, and markers of 
apoptosis were also found in both left ventricle and atrium (Marin-Garcia et al.  2009  ) . However, there 
were no differences in the level of citrate synthase (a common marker of mitochondrial content), 
complex II or complex IV, indicating that the changes were specifi c for certain enzymes only, and not 
due simply to an overall decrease in mitochondrial content – rather there were selective changes in 
both nuclear-encoded and mitochondrial-encoded components of the respiratory chain. Thus it is 
clear that mitochondrial dysfunction occurs in heart failure and that mitochondrially generated ROS 
contribute to the development of the disease.  

    11.3.2   Mitochondrial [Ca 2+ ] and Heart Failure 

 In a rabbit model of heart failure, mitochondrial Ca 2+  uptake was unchanged during the early stages of 
hypertrophy, but this was followed by a decrease in Ca 2+  uptake as the disease progressed (Sordahl 
et al.  1973  ) . There was a parallel initial increase in respiratory chain activity in hypertrophy but which 
decreased on progression to failure (Sordahl et al.  1973  ) ; this decline in respiration fi ts with a lower 
[Ca 2+ ] 

m
 , although that was not directly shown in this study. In myocytes isolated from hearts of cardio-

myopathic hamsters that develop heart failure, there was a reduction in PDH activity, and also a 
reduced [Ca 2+ ] 

m
  in response to rapid electrical stimulation compared with control hearts (Di Lisa et al. 

 1993  ) . This seemed likely due to a reduction in the systolic Ca 2+  transient, leading to reduced [Ca 2+ ] 
m
  

and failure to activate PDH. The hearts also exhibited reduced developed pressure and adenine nucle-
otide content (Wikman-Coffelt et al.  1986  ) . Mitochondria isolated from the hearts also showed a 
reduced Ca 2+  uptake (Lin et al.  2007  )  and this was associated with a lower  D  y  

m
  and reduced activities 

of complexes I and IV. It is possible but untested that inhibiting the mNCX in these hearts would be 
benefi cial in restoring [Ca 2+ ] 

m
  and activating PDH. 

 Recent work from O’Rourke’s group has shown that dysregulation of Na +  homeostasis in heart 
failure may be a primary cause of mitochondrial dysfunction (Maack et al.  2006 ; Liu and O’Rourke 
 2008  ) : in a guinea-pig model of heart failure (induced by aortic constriction), intracellular [Na + ] was 
16 mM compared with 5 mM in control cells (Liu and O’Rourke  2008  ) . Rapid pacing of the cells 
induced a decrease in NAD(P)H fl uorescence, an indirect indicator of respiratory chain activity, 
whereas this was maintained in controls. An inhibitor of mNCX, CGP 37157, was able to prevent the 
decrease in NADH in the failing myocytes. It is thus likely to restore ATP levels in the failing hearts: 
earlier work showed that the mNCX is capable of regulating [Ca 2+ ] 

m
  and dehydrogenase activity since 

adding Na +  to isolated mitochondria shifts the activation curves for PDH and OGDH by Ca 2+  to the 
right (Denton et al.  1980  ) . 

 [Ca 2+ ] 
m
  may also play a role in regulating levels of oxidative stress: In the model of guinea-pig 

heart failure used above, increased workload resulted in a transient oxidation of NAD(P)H, but which 
was re-reduced as [Ca 2+ ] 

m
  increased (Kohlhaas et al.  2010  ) . Concomitant with this was a rise in H 

2
 O 

2
 , 

measured using the fl uorescent indicator CMH 
2
 -DCF-DA. The ROS production was enhanced in the 

presence of Ru360 to block mitochondrial Ca 2+  uptake, or when Ca 2+ -efl ux was accelerated using 
increased [Na + ] 

i
 . Myocytes from failing hearts showed elevated basal ROS production by the mito-

chondria, and this was prevented by inhibiting mNCX (Kohlhaas et al.  2010  ) . The transient oxidation 
of NAD(P)H was closely associated with an increase in mitochondrial H 

2
 O 

2
  formation. The authors 

argue that since NAD(P)H levels correlate positively with the glutathione redox state but inversely 
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with ROS formation (Aon et al.  2007  ) , prevention of recovery of NAD(P)H by the reduced [Ca 2+ ] 
m
  is 

the underlying cause of the observed increase in ROS in these myocytes. They suggest therefore that 
mitochondrial Ca 2+  uptake is not just important for balancing energy supply with demand, but also for 
the ability of the mitochondria to scavenge free radicals by maintaining the redox state of the matrix 
(Kohlhaas et al.  2010  ) . 

 However, the benzodiazepine inhibitors of the mNCX like clonazepam and diltiazem cannot be 
used in the whole heart as specifi c antagonists of mitochondrial Ca 2+  effl ux, because of their effects 
on coronary vessels (diltiazem, for example, is used to reduce high blood pressure). Design of more 
specifi c inhibitors of the mNCX may be of benefi t in states where ATP synthesis is impaired, such as 
in heart failure, since maintaining [Ca 2+ ] 

m
  at higher levels could in turn increase ATP production, and 

also reduce ROS formation by mitochondria (Kohlhaas et al.  2010  ) . There is some precedent for the 
idea that inhibiting the mNCX can enhance [ATP]: in pancreatic islets CGP37157 increased oxidative 
phosphorylation, and potentiated glucose-stimulated insulin release (Lee et al.  2003  ) , prompting 
the authors to suggest it as a novel insulin secretagogue.   

    11.4   Mitochondria and Inherited Cardiomyopathies 

    11.4.1   Mitochondrial DNA and Disease 

 Mitochondrial DNA (mtDNA) is circular, double stranded, and encodes 13 subunits of oxidative 
phosphorylation, (in complexes I, III, IV and V), 2 rRNA subunits and 22 tRNA’s; this is covered in 
detail in Chap. 2 of this volume (by Bai) and reviewed in (Tuppen et al.  2010  ) . Mutations in mtDNA 
lead to diseases that predominantly affect the nervous system, skeletal and cardiac muscle. Defects in 
mitochondrial proteins, whether nuclear or mitochondrially encoded, can cause cardiomyopathy but 
also myopathy and neuropathy – this is not surprising and has been known for many years – for more 
information see reviews (Li et al.  1995 ; Naviaux  2000 ; Fosslien  2003  ) . Although cardiac defects often 
form a part of the “mitochondrial disease”, I will restrict this section to specifi c cardiomyopathies 
arising from mitochondrial defects – other diseases of mitochondria are the subject of another chapter 
in this issue (Chap. 8 by Finsterer).  

    11.4.2   Mitochondrial Cardiomyopathies 

 Cardiomyopathies are diseases that cause cardiac dysfunction such as heart failure, arrhythmia, and sud-
den death; they represent a major cause of morbidity and mortality in both children and adults (Hughes 
and McKenna  2005  ) . Types of cardiomopathy include dilated cardiomyopathy (DCM) and hypertrophic 
cardiomyopathy (HCM) (Hughes and McKenna  2005  ) . DCM is the most common cause of heart failure, 
affecting 40 people out of every 100,000 (Towbin and Bowles  2002  ) . About 50% of individuals die 
within 5 years of diagnosis, either from pump failure or sudden death, although the situation us improv-
ing with development of new drugs. Although the aetiology is not always known, about 30–40% of cases 
of DCM have the familial form, with autosomal dominant inheritance the main form of inheritance. 
DCM and HCM can be cause by defects in contractile and structural proteins, for example in HCM most 
mutations are small (single point or small deletions/insertions) in genes for  b -myosin heavy chain, car-
diac troponin T or I, and myosin binding protien C (Marian et al.  2001  ) . HCM is also a main cause of 
sudden death in young and apparently healthy individuals and athletes (Towbin and Bowles  2002  ) . 

 Mitochondrial inheritance of cardiomyopathy like all mitochondrial diseases is complicated 
(Goldstein et al.  1999  ) : inheritance is by the maternal line, since mitochondria in the embryo 
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derive almost entirely from oocyte mitochondria. However, manifestation of a disease varies due to 
heteroplasmy – the presence of different populations of mitochondrial DNA within the same cell. The 
offspring may inherit all, none, or intermediate amounts of the damaged mitochondrial genome from 
the mother. The disease may therefore not become apparent until the mutated mtDNA reaches a cer-
tain amount – the threshold effect (Chen et al.  2006  ) . 

 mtDNA diseases that only affect the heart are rare and often fatal, but specifi c cardiomyopathies 
have been reported (Goldstein et al.  1999  ) . More than 50 point mutations have now been identifi ed 
that lead to diseases with cardiomyopathy; these are usually within genes for tRNA, and affect mul-
tiple systems since more than one mitochondrial protein is affected. Large deletions of mtDNA are 
present in patients with Kearns-Sayre syndrome, who also have a cardiac conduction block (rather 
than cardiomyopathy) (Goldstein et al.  1999  ) . 

 An example of a point mutation causing disease occurred in two families with hypertrophic cardio-
myopathy where clinical abnormalities were confi ned to the heart: an A to G transition in the tRNA Ile  
gene caused severely depressed respiratory chain enzyme activity (in complexes I and IV) (Terasaki 
et al.  2001  ) . All family members had hypertrophy, some had or went on to develop LV dilation and fail-
ure; there were two childhood deaths, one heart transplant recipient and another family member awaiting 
one. Another study on an infant with cardiomyopathy found a mutation (C to T) in the mitochondrial 
tRNA Leu  gene that lead to partial defi ciencies of complexes I and IV (Goldstein et al.  1999  )  Although the 
same mutation could be detected in mother and siblings, they were asymptomatic, despite having up to 
74% of the mutant genomes, whereas mitochondria from the infant with the cardiomyopathy contained 
100% of the abnormal gene. The infant died aged 6 months following cardiac failure, and microscopic 
examination on autopsy revealed major abnormalities confi ned to the heart – hypertrophic cardiomyo-
pathy; enlarged mitochondria but abnormal cristae – “whorls” (Goldstein et al.  1999  ) . 

 Another patient with congestive heart failure showed a novel point mutation in the gene for mito-
chondrial tRNA Lys  (Terasaki et al.  2001  ) . In a biopsy taken from the left ventricular wall during an 
operation, electron microscopy showed that the failing tissue contained giant mitochondria surrounded 
by numerous smaller mitochondria, which had concentric circular cristae (Kanzaki et al.  2010  ) . The 
giant mitochondria had possibly occurred via fusion of several mitochondria, possible in an attempt 
to compensate for the reduced function. By contrast normal tissue contained continuous rows of 
uniform mitochondria with the classical cristae appearance. 

 As well as mutations in mtDNA genes themselves, defective transcription can also have severe 
consequences: mitochondrial transcription factor (TFAM) is a nuclear-encoded transcription factor 
that binds to mitochondrial DNA. Cardiac-specifi c knockout of TFAM in mice caused dilated cardio-
myopathy in addition to reduced mitochondrial copy number (Wang et al.  1999  ) . Conversely, overex-
pressing TFAM in mice prevented the decline in mitochondrial copy number and attenuated heart 
failure following myocardial infarction (Ikeuchi et al.  2005  ) . The restored respiratory chain activity 
could then reduce ROS production and the increases in mitochondrial copy number also maintained 
ATP synthesis (Tsutsui et al.  2009  ) . 

 Mutations in nuclear DNA can also cause mitochondrial cardiomyopathies resulting from severe 
enzyme defects, since most proteins in mitochondria are encoded by the nuclear genome. Defi ciencies 
in cytochrome c oxidase caused infantile hypertrophic cardiomyopathy (Servidei et al.  1994  ) , and 
cardiomyopathy is the most common cause of death in infants with complex I defi ciency associated 
with severe lactic acidosis (Goldstein et al.  1999  ) . A cardiomyopathy was also seen in two patients 
with ATPase defi ciency (Holme et al.  1992  ) . Diseases associated with defects in nuclear-encoded 
mitochondrial proteins, including those involved in fatty acid synthesis or citric acid cycle enzymes 
are discussed more fully in Chap. 8 (by Finsterer). 

 There is an X-linked cardiomyopathy, Barth syndrome, which affects mitochondrial function: Barth 
syndrome is caused by a defect in the cardiolipin transacylase enzyme, tafazzin. Cardiolipin is a phos-
pholipid characteristic of the mitochondrial inner membrane and synthesised in mitochondria but then 
remodeled to produce cardiolipin rich in unsaturated fatty acids, particularly linoleic acid (Hauff and 
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Hatch  2006 ; Claypool et al.  2008  ) . Mitochondria have membrane protein contents much higher than 
those of other membranes (Claypool et al.  2008  ) , and optimal cardiolipin content is essential for correct 
function and organisation of many mitochondrial enzymes, including those of the respiratory chain, the 
ATP synthase and adenine nucleotide translocase. Various mutations in the tafazzin gene have been 
described (Hauff and Hatch  2006  ) , and lead to a reduced cardiolipin content of mitochondria, more 
saturated fatty acids in the cardiolipin, and an accumulation of monolysocardiolpin. Patients all show 
alterations in mitochondrial structure, and depressed oxidative phospgorylation (Claypool et al.  2008  ) . 
Infants have LV dysfunction and dilation, and can succumb to sudden death although most survive 
infancy (Towbin and Bowles  2002  ) . 

 There are also inherited diseases that cause electrophysiological disturbances in the heart, causing 
arrhythmias, long QT syndrome, and Brugada syndrome amongst others (Marcus  2000  ) . However, 
although mitochondria, in particular mitochondrial Ca 2+  signalling, is becoming increasingly recogn-
ised as being capable of modulation EC coupling in the heart, few of the mitochondria ion transporters 
have been characterised, and there are as yet no known mutations in mitochondrial proteins that lead 
directly to arrhythmias.   

    11.5   Conclusions 

 It is clear that mitochondria play a major role in both normal and pathological heart function, either 
as a primary cause or in the development of heart disease. Very recently clinical trials utilising probes 
acting on mitochondria have begun: CsA, which acts on the MPTP, and the mitochondrially-targeted 
antioxidants. Particularly promising are strategies like CsA and IPost that can be used at the point of 
reperfusion. 

 Thus these carefully targeted strategies should give better clinical outcomes, than for example, 
generally antioxidants that may not reach the main site of ROS production, the mitochondria, effec-
tively. It is essential to continue our basic research in this area: the MPTP was a curious phenomenon 
observed initially in isolated mitochondria, but it is now generally agreed to be a critical mediator of 
reperfusion injury, and targeted as the end-effector of various protective strategies. However, basic 
science fi ndings need to be shaped by the constraints and practicalities of clinical applications, hence 
despite the numerous studies on IPC, it has proved limited as a clinical tool. 

 Finally, design of specifi cally targeted drugs against the MPTP or mitochondrial Ca 2+  transport 
pathways have I believe, tremendous potential, but fi rst these elusive proteins need to be fully identi-
fi ed and characterised. There may also be as yet unidentifi ed cardiomyopathies due to inheritance of 
abnormal genes for these proteins.      
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  Abstract   Many neurodegenerative diseases demonstrate abnormal mitochondrial morphology and 
biochemical dysfunction. Alterations are often systemic rather than brain-limited. Mitochondrial dys-
function may arise as a consequence of abnormal mitochondrial DNA, mutated nuclear proteins that 
interact directly or indirectly with mitochondria, or through unknown causes. In most cases it is 
unclear where mitochondria sit in relation to the overall disease cascades that ultimately causes neu-
ronal dysfunction and death, and there is still controversy regarding the question of whether mito-
chondrial dysfunction is a necessary step in neurodegeneration. In this chapter we highlight and 
catalogue mitochondrial perturbations in some of the major neurodegenerative diseases including 
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and 
Huntington’s disease (HD). We consider data that suggest mitochondria may be critically involved in 
neurodegenerative disease neurodegeneration cascades.  

  Keywords   Cybrid  •  Mitochondria  •  Mitochondrial DNA  •  Neurodegenerative disease    

    12.1   The Quintessential Neurodegenerative Diseases 

 Neurodegenerative diseases are characterized by gradually progressive, selective loss of anatomically 
or physiologically related neuronal systems. The clinical syndromes associated with particular neuro-
anatomical patterns of cell dysfunction and loss are typically categorized by whether they initially 
affect cognition, movement, strength, coordination, sensation, vision, or autonomic control. 
Prototypical examples include AD, PD, ALS, and HD. HD is strictly an autosomal dominant disorder. 
With AD, PD, and ALS most cases are age-related and show sporadic epidemiology, although rare 
Mendelian variants do occur. As life expectancy continues to advance in developed countries the 
incidence of these disorders increases and will continue to do so. 

 Mitochondrial dysfunction is a common theme in these diseases. Mitochondria are known to play 
a central role in many cell functions including ATP generation, intracellular Ca 2+  homeostasis, reactive 
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oxygen species (ROS) formation, and apoptosis. Neurons are particularly dependent on mitochondria 
because of their high energy demands. It seems reasonable to hypothesize neurons are relatively intol-
erant of mitochondrial dysfunction. This assumption is supported by the fact that maternally inherited 
diseases with known homoplasmic or near-homoplasmic mitochondrial DNA (mtDNA) mutations 
tend to affect the central nervous system and muscle, the body’s two most aerobic tissues.  

    12.2   Alzheimer’s Disease 

 AD is the most common neurodegenerative disease and the most frequent cause of dementia. By far 
the greatest risk factor for AD is ageing, and approximately one in ten persons over 65 and nearly 
half of those over 85 have AD (Antuono and Beyer  1999  ) . With such high prevalence rates among 
the oldest old it is diffi cult to not consider AD pathology from outside the context of aging itself 
(Swerdlow  2007a  ) . 

 AD can be divided into early versus late onset forms as well as sporadic and autosomal-dominant 
variants. Autosomal dominant AD represents the minority of AD cases and typically presents before 
the age of 65. It is caused by mutations in genes encoding for either the amyloid precursor protein 
(APP), presenilin 1 (PS1), or presenilin 2 (PS2), and these mutations appear to alter processing of 
APP towards the 42 amino acid beta amyloid (A b ) derivative (Scheuner et al.  1996  ) . A b  is the major 
constituent of amyloid plaques observed in particular brain regions of AD patients, including neocortex, 
hippocampus, and other subcortical regions essential for cognitive function. In 1992 the “amyloid 
cascade hypothesis” was proposed (Hardy and Higgins  1992  ) . This hypothesis states altered process-
ing of APP or changes in A b  stability result in a chronic imbalance between A b  production and clear-
ance. Gradual accumulation of aggregated A b  initiates a complex, multistep process that includes 
gliosis, infl ammatory changes, neuritic/synaptic change, neurofi brillary tangles, reductions in neu-
rotransmitters, and fi nally neurodegeneration and neuronal cell death. 

 However, it is not quite clear how A b  might induce neurodegeneration. One possible mechanism 
is that A b  interferes with mitochondrial function. When maintained in the presence of A b , isolated 
mitochondria show diminished respiratory capacity in general, and specifi cally inhibition of several 
key enzymes including cytochrome oxidase,  a -ketoglutarate dehydrogenase, and pyruvate dehydro-
genase (Pereira et al.  1998 ; Canevari et al.  1999 ; Casley et al.  2002  ) . Brief exposure of cultured rat 
hippocampal neurons to sub-lethal A b  concentrations resulted in rapid and severe impairment of 
mitochondrial transport without inducing apparent cell death (Rui et al.  2006  ) . At concentrations 
insuffi cient to kill cells, A b  appears to induce an increase in mitochondrial DNA (mtDNA) levels and 
reduces the number of normal appearing mitochondria (Diana et al.  2008  ) . Cells depleted of endog-
enous mtDNA ( r 0) cells, which lack functional electron transport chains (ETC), are impervious to A b  
(Cardoso et al.  2001  ) . A further study reports a positive correlation between levels of soluble A b  and 
hydrogen peroxide in brain mitochondria isolated from APP transgenic mice (Manczak et al.  2006  ) , 
which supports the view that mutant APP or soluble A b  impairs mitochondrial metabolism. Physical 
associations between mitochondria and APP as well as between mitochondria and A b  have been 
reported in transgenic mice (Manczak et al.  2006  ) . A b  binds to a mitochondrial protein called A b -
binding alcohol dehydrogenase (ABAD), and it has been demonstrated that blocking the interaction 
of A b  and ABAD can suppress A b -induced apoptosis and free-radical generation in neurons (Lustbader 
et al.  2004  ) . These physical associations have also been supported by human AD studies (Lustbader 
et al.  2004 ; Anandatheerthavarada et al.  2003 ; Crouch et al.  2005 ; Caspersen et al.  2005 ; Devi et al. 
 2006  ) . Physical associations between PS1 and mitochondria are also reported (Hansson et al.  2004  ) . 

 Besides functional changes, extensive literature indicates mitochondrial structural dynamics are 
also altered in AD patients. Quantitative ultrastructural morphometric analysis shows that compared 
to age-matched control group brains AD brains contain a signifi cantly lower percentage of normal 
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mitochondria (de la Monte et al.  2000  )  and a signifi cantly higher percentage of mitochondria with 
broken cristae (Hirai et al.  2001  ) . Also, in fi broblasts from sporadic AD patients mitochondria are 
longer, with two or more mitochondria often joined together, while those of age-matched normal 
human fi broblasts are much shorter and appear sausage-shaped or rounded (Wang et al.  2008a  ) . 
Similar morphological changes are also found in neurons over-expressing wild-type APP. APP over-
expressing cells actually show mitochondria with heterogeneous morphologies; approximately 50% 
of cells contain fragmented, punctiform mitochondria and the mitochondria in some cells show elon-
gated, net-like structures (Wang et al.  2008b  ) . 

 It is known that the activities of several mitochondrial enzymes including complex IV (cytochrome 
c oxidase; COX), pyruvate dehydrogenase complex, and  a -ketoglutarate dehydrogenase complex are 
reduced in AD (Swerdlow and Kish  2002  ) . COX is the last enzyme in the respiratory ETC of mito-
chondria and receives electrons from cytochrome c. It contains several metal prosthetic sites and 13 
protein subunits of which ten are encoded by nuclear and three by mtDNA genes. In 1990, defi cient 
COX activity was found in platelets of AD patients. A similar fi nding was made in AD brains in 1992 
(Parker et al.  1990a ; Kish et al.  1992  ) . Subsequently, the fi nding of reduced COX activity in AD 
patients has been replicated in platelets (Parker et al.  1994 ; Bosetti et al.  2002 ; Cardoso et al.  2004a  ) , 
fi broblasts (Curti et al.  1997  ) , focal brain regions (Bosetti et al.  2002  ) , and large parts of the brain 
(Mutisya et al.  1994 ; Wong-Riley et al.  1997  ) . These reports indicate mitochondrial dysfunction 
occurs in AD and that AD mitochondrial dysfunction is systemic rather than brain-limited. 

 COX reduction has also been reported at all stages of the disease, including mild cognitive impair-
ment (MCI) (Swerdlow and Kish  2002 ; Valla et al.  2006  ) . APP transgenic mice also develop early signs 
of mitochondrial perturbation; expression of mitochondrial genes is altered when these mice are only 
2 months old, which precedes by months the appearance of cognitive signs (Manczak et al.  2006  ) . 

 Cytoplasmic hybrid (cybrid) studies suggest mtDNA is at least partly responsible for the reduced 
activity of COX in AD patients (Swerdlow et al.  1997  ) . A diagram that provides an overview of the 
cybrid technique is shown in Fig.  12.1 . When platelet mtDNA from AD patients is expressed within 
neuronal cell lines grown in culture (cytoplasmic hybrid cell lines, or cybrids), the resulting cells 

  Fig. 12.1     The cybrid technique.  The  black circles  represent nuclei in parental cells. The  ovals  represent mitochondria. 
The  black dots within the ovals  represent mitochondrial DNA       
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continue to manifest reduced COX activity and this specifi c biochemical defect persists over time in 
the cybrid lines (Swerdlow et al.  1997 ; Swerdlow  2007b  ) . It also has been observed that AD cybrid 
cell lines containing AD subject mitochondria/mtDNA overproduce free radicals, accumulate A b , and 
have decreased ATP levels (Swerdlow  2007b ; Khan et al.  2000 ; Cardoso et al.  2004b  ) . Since three of 
the 13 COX subunits are encoded by mtDNA, this phenomenon suggests mtDNA differs between AD 
patients and control subjects, and indirectly supports the view that mtDNA contributes to the 
AD-associated COX activity reduction.  

 It remains unclear how mtDNA from AD subjects specifi cally differs from that of control sub-
jects. Several studies show oxidative modifi cation of both nuclear DNA and mtDNA are increased 
in AD brains (Gabbita et al.  1998 ; Mecocci et al.  1994 ; Wang et al.  2005  ) . Levels of 8-hydroxy-2-
deoxyguanosine (8-OHdG) are widely considered to refl ect levels of oxidative stress (Valavanidis 
et al.  2009  ) , and mtDNA 8-OHdG is increased in AD patient cortical brain regions (Mecocci et al.  1994  ) . 
It is known that mtDNA with large mtDNA deletions (including a 4,977 base-pair deletion that 
involves mtDNA cytochrome oxidase subunit genes) preferentially accumulates in human AD 
brains compared to control aged brain (Corral-Debrinski et al.  1994 ; Hamblet and Castora  1997  )  
and the frequency of point mutations are also higher in several brain regions including parietal 
gyrus, hippocampus, and cerebellum of AD subjects (Chang et al.  2000  ) . Although AD mtDNA 
sequences contain a higher number of substitutions in tRNA genes, without a corresponding bio-
chemical analysis it is hard to know whether these mtDNA mutations constitute a major etiological 
factor in sporadic AD (Elson et al.  2006  ) . 

 Mitochondrial genes contain frequent polymorphic variations, and mtDNA gene products function 
in the context of nuclear-encoded proteins that also contain polymorphic variations. It is possible that 
polymorphism-defi ned ETC subunit combinations do not function identically. If so, this could explain 
why epidemiologic associations between mtDNA polymorphisms and AD risk are diffi cult to establish 
(Swerdlow and Kish  2002  ) . 

 Although clear mtDNA features contributing to the pathogenesis of AD are still not known, the 
possibility that maternal mitochondrial inheritance may infl uence disease risk and pathology has been 
considered. While several studies actually conclude there is no evidence of a maternal effect in AD, 
or even that there is predominant paternal transmission (Ehrenkrantz et al.  1999 ; Payami and Hoffbuhr 
 1993  ) , other epidemiological studies fi nd maternal inheritance strongly infl uences AD risk (Duara 
et al.  1993 ; Edland et al.  1996  ) . Among AD patients with one affected parent, the ratio of mothers to 
fathers affected is 3:1; for cases in which affected proband relations include one affected parent and 
at least sibling, the mother to father ratio increases to 9:1 (Edland et al.  1996  ) . Recently, a genetic 
study indentifi ed new possible regions of linkage on chromosome 10 and 12 only among families with 
maternal transmission of late-onset AD (Bassett et al.  2002  ) . Brain imaging techniques also provide 
evidence of maternal transmission of AD risk. Positron emission tomography (PET) imaging, when 
using 2-[ 18 F] fl uoro-2-deoxy-D-glucose (FDG) as the tracer, can be used to determine the cerebral 
metabolic rate of glucose (CMR 

glc
 ). It has been demonstrated that in AD patients, CMR 

glc
  is reduced 

in several neuroanatomic areas including the parietotemporal, posterior cingulate, and to a smaller 
extent frontal cortex and medial temporal lobe regions (Mosconi  2005  ) . These reductions occur years 
before AD symptom onset. One FDG-PET study reported that cognitively intact subjects (aged from 
46 to 80) with AD mothers but not AD fathers had AD-like patterns of CMR 

glc
  reduction even after 

accounting for other possible AD risk factors (Mosconi et al.  2007,   2009  ) . 
 The amyloid cascade hypothesis, which assumes AD is always a primary amyloidosis, has domi-

nated thinking in the AD research fi eld for decades but other etiologic hypotheses have been formu-
lated. The “mitochondrial cascade hypothesis” was proposed in 2004 (Swerdlow and Khan  2004  ) . In 
the mitochondrial cascade hypothesis, mitochondria sit at the apex of AD histopathology and neuro-
degeneration. It assumes AD mitochondrial dysfunction drives amyloidosis, tau phosphorylation, and 
cell cycle re-entry (Swerdlow and Khan  2009 ; Swerdlow  2007c  ) . As mentioned above, since AD 
mitochondrial dysfunction is systemic altered mitochondrial function in AD cannot simply represent 
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a consequence of neurodegeneration. Although many investigators believe that mitochondrial 
dysfunction is a downstream event in the development of AD and may play a minor role in the dis-
ease, the results of several studies including cell culture and transgenic mouse studies support that 
brain mitochondrial bioenergetic defects (such as oxidative damage, COX activity, oxygen consump-
tion, and H 

2
 O 

2
  production) precedes or drives A b  production/deposition and plaque formation (Khan 

et al.  2000 ; Manczak et al.  2006 ; Praticò et al.  2001 ; Yao et al.  2009  ) . The mitochondrial cascade 
hypothesis also takes aging phenomena into account. It postulates inheritance determines mitochon-
drial baseline function and durability, which in turn infl uences how mitochondria change with age. It 
is presumed more durable mitochondria adequately function for more decades than less durable mito-
chondria. When mitochondrial change reaches a threshold and bioenergetic homeostasis can no lon-
ger be maintained, AD histopathology and symptoms may ensue (Swerdlow  2007c  ) . 

 In summary, mounting evidence indicates altered mitochondrial function associates with AD. If 
mitochondrial dysfunction is critical for the initiation and progression of AD, the susceptibility of 
mitochondria to environmental and genetic risk factors should play a role in the development of AD 
and mitochondria need to be considered in late-onset, sporadic AD prevention and treatment develop-
ment efforts.  

    12.3   Parkinson’s Disease 

 PD is the most common neurodegenerative movement disorder. It affects ~1% of the population 
above the age of 60 (Abou-Sleiman et al.  2006  )  and 1–3% of those over 80 years of age (Tanner and 
Goldman  1996  ) . PD is clinically characterized by rigidity, resting tremor, bradykinesia and postural 
instability. The key symptoms and signs arise from a preferential loss of dopaminergic neurons of the 
substantia nigra pars compacta, although early neurodegeneration also occurs in other discrete brain-
stem and basal forebrain nuclei. Another hallmark is that surviving nigral neurons may contain Lewy 
bodies, intracytoplasmic inclusions that are mainly composed of fi brillar  a -synuclein protein 
(Spillantini et al.  1997  ) . The presence of nigral Lewy Bodies establishes the histological diagnosis of PD. 

 Like AD, PD is clinically partitioned into early versus late onset variants and Mendelian versus 
non-Mendelian forms. With advancing age the percentage of cases caused by Mendelian gene muta-
tions declines. Most PD (~90%) is sporadic and does not show Mendelian inheritance (Trimmer and 
Bennett  2009  ) . 

 Mitochondrial dysfunction has long been implicated in the pathogenesis of PD. Evidence fi rst 
emerged in the 1980s that drug abusers developed an acute and irreversible parkinsonian syndrome 
after using 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). The active metabolite of MPTP, 
1-methyl-4-phenylpyridinium (MPP + ), is transported intracellularly by the dopamine transporter 
(DAT). Perhaps because of DAT uptake it accumulates in dopaminergic neurons and inhibits com-
plex I (Nicklas et al.  1985  ) . MPP + -induced complex I inhibition further leads to increased free radi-
cal production/oxidative stress, decreased ATP production, increased intracellular calcium 
concentration, excitotoxicity, nitric oxide-related cellular damage, and ultimately the death of dop-
aminergic neurons (Beal  1998 ; Hantraye et al.  1996 ; Mizuno et al.  1988 ; Ng et al.  1996 ; Sheehan 
et al.  1997 ; Smith et al.  1994 ; Ali et al.  1994  ) . MPTP has been extensively used for PD cell culture 
and animal modeling. 

 In 1989, several groups reported that complex I activity was reduced in the substantia nigra, 
platelets, and skeletal muscle of patients with idiopathic PD (Parker et al.  1989 ; Schapira et al. 
 1989 ; Bindoff et al.  1989  ) . Since then altered complex I activity was also reported in fi broblasts and 
frontal cortex (Mytilineou et al.  1994 ; Parker et al.  2008  ) . It has been hypothesized that this PD 
systemic complex I activity reduction may be a consequence of exposure to exogenous inhibitors, 
systemic endogenous production of an inhibitory factor, or mtDNA-encoding of complex I subunits 
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(Swerdlow  2000  ) . Data supporting all of these possibilities are published. For example, the complex 
I inhibitor rotenone has been used to model PD in rats. Rats administered rotenone develop a 
PD-like syndrome characterized by loss of substantia nigra neurons and the formation of  a -synuclein-
rich inclusion bodies (Betarbet et al.  2000 ; Cannon et al.  2009  ) . 

 Several nuclear gene mutations associated with autosomal dominant and recessive forms of 
Mendelian PD have also been identifi ed (Table  12.1 ). Examples of such genes are  a -synuclein, Parkin, 
phosphate and tensin homologue-induced kinase 1 (PINK1), DJ1, leucine-rich repeat kinase 2 
(LRRK2), and Htr A serine peptidase 2 (HTRA2). Genetically modifi ed organisms based on knock-
out, over-expression, or mutant versions of these genes have since been generated for purposes of PD 
animal modeling. Interestingly, many of these nuclear genes also implicate a role for mitochondria in 
PD pathogenesis.  

 In transgenic mice over-expressing  a -synuclein, mitochondrial function is impaired, oxidative 
stress increases, and in the face of complex I inhibitors the threshold for nigral degeneration is reduced 
(Song et al.  2004  ) . In another study of mice that over-express mutant  a -synuclein,  a –synuclein immu-
nostaining suggested this protein directly affects mitochondria (Martin et al.  2006  ) . 

 Parkin, a ubiquitin ligase, is believed to protect neuron mitochondria (Palacino et al.  2004  ) . It has 
been reported in  drosophila  and mouse models that parkin defi ciency or mutations lead to increased 
oxidative stress and mitochondrial impairment (Palacino et al.  2004 ; Pesah et al.  2004  ) . It is important 
to note that mitochondrial dysfunction and oxidative stress also affect parkin function and exacerbate 
the consequences of parkin mutations (Chung et al.  2004  ) . 

 PINK1, a mitochondria-localized kinase, appears to protect against cell death (Silvestri et al.  2005  ) . 
This protective effect is abrogated by PD-related mutations that disable its kinase function (Petit et al. 
 2005  ) . PINK defi ciency increases the sensitivity of mitochondria to rotenone and induces degenera-
tion of dopaminergic neurons in  drosophila  (Yang et al.  2006  ) . These reports and others provide 

   Table 12.1    Interactions between mitochondria and proteins encoded by genes that are mutated in Mendelian 
Parkinson’s Disease   

 Locus  Gene product  Inheritance & comments 
 Direct or indirect interaction with 
mitochondria 

 PARK1/4   a -Synuclein  AD  Mutant  a -synuclein sensitizes neurons to 
oxidative stress and damage. 

 PARK2  Parkin  AR, most common cause of 
recessive juvenile PD 

 Parkin mutations lead to increased oxidative 
stress and in turn mitochondrial 
dysfunction can affect parkin function. 

 PARK6  PINK1  AR, second most common cause 
of recessive juvenile PD 

 A mitochondria-localized kinase; its 
defi ciency sensitizes mitochondria to 
rotenone and induces degeneration of 
dopaminergic neurons. 

 PARK7  DJ-1  AR  A possible redox sensor; binds to mitochon-
drial complex I and maintain its activity. 

 PARK8  LRRK2  AD, most common cause 
of dominant PD 

 Associates with the outer mitochondrial 
membrane and can bind parkin. 

 PARK13  OMI/HTRA2  AD? a   A mitochondrial protease; acts downstream 
of PINK1; loss of HtrA2 results in the 
accumulation of unfolded proteins in the 
mitochondria and increased production 
of ROS. 

   AD  autosomal dominant,  AR  autosomal recessive 
  a Not uniformly accepted  
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strong evidence that mitochondrial dysfunction plays an important role in the pathogenesis of 
Mendelian PD, and are consistent with an important role for mitochondrial function in sporadic PD. 

 As mentioned above, reduced complex I activity is a systemic event in PD. Complex I is a large 
multimeric enzyme containing 46 known protein subunits. At least seven of these subunits are encoded 
by genes on mtDNA. Because mtDNA makes such an important contribution to the structure and 
function of complex I and mtDNA abnormalities can produce sporadic disease, in 1989 it was hypoth-
esized that mtDNA alteration might constitute a key risk factor for the development of idiopathic PD 
(Parker et al.  1989  ) . An early study found levels of the common mtDNA deletion were increased in 
PD brains, but this study did not use age-matched controls (Ikebe et al.  1990  ) . Other studies using 
DNA isolated from brain homogenates found that relative to age-matched controls, mtDNA deletions 
were not increased (Schapira et al.  1990 ; Lestienne et al.  1991  ) . More recently it was shown that 
mtDNA deletion burdens increase with advancing age and are further increased in nigral neurons 
from PD subjects (Bender et al.  2006 ; Kraytsberg et al.  2006  ) . 

 Multiple groups have used the cybrid technique to show transfer of mitochondria and mtDNA from 
sporadic PD subject platelets produces cell lines with persistently reduced complex I activity 
(Swerdlow et al.  1996a ; Gu et al.  1998 ; Esteves et al.  2008,   2010  ) . PD cybrid cell lines also have 
increased reactive oxygen species production, reduced mitochondrial calcium storage, less ATP pro-
duction, depolarized mitochondria, and higher caspase 3 activity. PD cybrid cell lines generate Lewy 
body-like inclusions without the need for exogenous protein expression or toxin-mediated inhibition 
of mitochondrial or proteasomal function (Trimmer et al.  2004  ) . Mitochondrial respiration and path-
ways infl uenced by aerobic metabolism are also altered in PD cybrid cell lines. A recent study reported 
PD cybrid mitochondria have an increased proton leak and decreased respiratory reserve capacity. In 
these cybrid cell lines levels of the transcriptional co-activator PGC1- a , which coordinates mitochon-
drial biogenesis, were reduced (Esteves et al.  2010  ) . 

 Although the actual mtDNA alterations that account for these fi ndings are still unknown, these 
results strongly suggest mtDNA contributes to reduced complex I activity in sporadic PD. This 
mtDNA contribution could derive from inherited or somatic mtDNA mutations. Several lines of 
investigation support a role for mtDNA inheritance. Epidemiologic studies suggest for non-Mendelian 
cases who nevertheless have a PD-affected parent, the affected parent is more likely to be the mother 
(Wooten et al.  1997 ; Swerdlow et al.  2001  ) . Mitochondrial haplogroup and polymorphism asso-
ciation studies demonstrate mtDNA variations alter PD risk as well (Swerdlow  2000 ; van der Walt 
et al.  2003  ) . The systemic nature of the PD complex I defect, in conjunction with the fact that expres-
sion of PD subject platelet mtDNA probably accounts for the results of PD cybrid studies, also sug-
gests mtDNA inheritance is more likely to play a key role than somatic mutation acquisition 
(Swerdlow  2009  ) . 

 As discussed above, the use of PD tissues and a number of experimental PD models has contrib-
uted to our recognition and understanding of how mitochondria are important to PD pathogenesis.  
In vivo  human studies also contribute to this knowledge base. Proton and phosphorus magnetic reso-
nance spectroscopy ( 1 H and  31 P MRS) are powerful, noninvasive techniques that facilitate quantitative 
 in vivo  measurements of metabolism pathway intermediates.  31 P MRS allows quantitative measure-
ments of high energy phosphates such as adenosine triphosphate and phosphocreatine, and can be 
used to provide an indication of brain energy stores (Henchcliffe et al.  2008  ) . One study using these 
techniques found high-energy phosphates were reduced in the putamen and midbrain of both early 
and advanced PD patient groups (Hattingen et al.  2009  ) . 

 Most would agree mitochondria play an important role in PD pathogenesis. Abundant evidence 
supports this view. Although identifying the actual mtDNA features that associate with sporadic PD 
warrants further investigation, at this point targeting mitochondrial function in PD treatment development 
efforts is well-justifi ed.  



276 Lezi E and R.H. Swerdlow

    12.4   Amyotrophic Lateral Sclerosis 

 ALS is a neurodegenerative disease that primarily affects strength. It is characterized by upper and 
lower motor neuron degeneration. Weakness and muscle atrophy usually begin asymmetrically and 
distally in a single limb, spreads within the neuro-axis to involve contiguous muscle groups inner-
vated by nearby motor neurons, and eventually also affects more rostral motor neurons. Approximately 
10% of ALS cases are familial and the rest are sporadic. Similar to AD and PD, the incidence of ALS 
increases with increasing age, and the older the age of onset the less likely Mendelian inheritance is 
responsible. Among familial cases, the most common mutations occur in the copper-zinc superoxide 
dismutase (SOD1) gene on chromosome 21. SOD1 mutations account for about 20% of the familial 
cases and 2% of all cases. More recently, mutations in two RNA processing proteins, TDP-43 and 
FUS/TLW (Kabashi et al.  2008 ; Sreedharan et al.  2008 ; Vance et al.  2009 ; Kwiatkowski et al.  2009  ) , 
have also been found in kindreds with familial ALS variants. 

 Mitochondrial alterations have been described in sporadic ALS as well as in models of familial 
ALS. Mitochondrial morphological changes, such as bizarre giant mitochondria and spiny or stubby 
mitochondria, are found at greater than normal frequencies (Hirano et al.  1984 ; Masui et al.  1985 ; 
Nakano et al.  1987  ) . Abnormal mitochondria accumulate in the axon hillock and initial segment of 
axons (Sasaki and Iwata  1996  ) . Changes are observed in both neural and non-neural tissues (Swerdlow 
et al.  2000  ) . Changes in mitochondrial electron transport chain activities have been noted by several 
groups using biopsies from patients with ALS and animal models of ALS. While the overall results of 
many different studies support the overall view that mitochondria and mitochondrial function are 
altered in ALS, particular results from these studies are not homogeneous. In one study, complex I 
activity was increased in postmortem brain tissue from a patient with familial ALS (Bowling et al. 
 1993  ) . Reduced complex IV activity was shown in patients with sporadic ALS (Fujita et al.  1996  ) . 
Complex I and II-III defi ciencies were observed in patients with familial ALS due to SOD1 mutations 
and also in an SOD1 transgenic mouse model (Browne et al.  1998  ) . 

 When the cybrid technique was used to study the function of mitochondria obtained from ALS 
subject platelets, ALS cybrids produced on a neuroblastoma nuclear background showed a signifi cant 
reduction in complex I activity and non-signifi cant trends towards reduced complex III and IV activities 
(Swerdlow et al.  1996b,   1998  ) . In another study that used spinal cord tissue from patients with ALS, 
it was reported that activity of citrate synthase, which is often used as a marker of mitochondrial mass, 
was signifi cantly lower than it was in control subjects. Along with the decreased activities of respira-
tory chain complexes I + III, II + III, and IV this paper reported, low citrate synthase activity suggests 
there is a loss of mitochondria from spinal cords of ALS patients (Wiedemann et al.  2002  ) . 

 Cell ROS levels may increase when mitochondrial respiration is impaired, although ROS itself 
may impair mitochondrial function (Bacman et al.  2006  ) . There is certainly abundant evidence that 
indicates oxidative stress in increased in ALS. In sporadic ALS cases both lipid and protein oxidation 
are enhanced in spinal cord motor neurons and glia (Shibata et al.  2001  )  .  Also, the percentage of oxi-
dized CoQ10 in sporadic ALS subject cerebrospinal fl uid exceeds that of age-matched controls and 
positively correlates with illness duration (Murata et al.  2008  ) . Markers of immune system activation 
are signifi cantly elevated in ALS postmortem CNS tissue (Simpson et al.  2004  )  ,  and increased blood 
ROS and lactate production levels suggests a close relationship between mitochondrial function and 
oxidative stress in ALS (Siciliano et al.  2002  )  .  Some propose oxidation-induced DNA damage con-
tributes to sporadic ALS pathogenesis (Murata et al.  2008  ) . 

 As to whether alterations in mtDNA are associated with ALS, diminished levels of mtDNA were 
observed in skeletal muscle of patients with sporadic ALS (Vielhaber et al.  2000  ) . Mitochondrial 
DNA haplogroups also appear to infl uence ALS risk (Mancuso et al.  2004  ) . Other studies suggest 
levels of the 4,977-base pair mtDNA common deletion are elevated in sporadic ALS (Ro et al.  2003 ; 
Dhaliwal and Grewal  2000  ) . Since correlation does not establish causality, though, further investigation 
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is needed to determine whether mtDNA somatic mutations play a causal role in sporadic ALS or are 
merely a byproduct of upstream events. 

 Most ALS laboratory modeling is accomplished using transgenic rodents that express an ALS-
associated SOD1 mutation. The SOD1 gene was the fi rst gene recognized to cause autosomal domi-
nant ALS, and more than 100 different mutations have been mapped to it (Bacman et al.  2006  ) . SOD1 
protein functions as a ubiquitous antioxidant enzyme that catalyzes the dismutation of superoxide 
radicals to hydrogen peroxide, which can be converted to molecular oxygen by additional antioxidant 
enzymes such as catalase and glutathione peroxidase. It localizes predominantly to the cytoplasm, but 
both wild type and mutant SOD1 protein have been found in the intermembrane space, matrix and 
outer membrane of mitochondria of ALS-affected tissues (Higgins et al.  2002 ; Velde et al.  2008 ; 
Vijayvergiya et al.  2005 ; Liu et al.  2004  ) . It is postulated that mutant SOD1 accumulates and aggre-
gates in the outer mitochondrial membrane, that this impairs mitochondrial protein import, and dis-
rupting mitochondrial protein import perturbs mitochondrial function (Liu et al.  2004  ) . 

 Extensive mitochondrial fragmentation occurs in cell models of mutant SOD1 overexpression 
(Raimondi et al.  2006 ; Menzies et al.  2002  ) . Mitochondrial vacuolation is another abnormal morpho-
logic feature characteristic of SOD1 ALS models. This is seen in spinal motor neurons from these 
mice, and it occurs in conjunction with expansion of the intermembrane space and the mitochondrial 
outer membrane (Higgins et al.  2003  ) . A transient explosive increase in vacuoles is observed in mutant 
SOD1-expressing transgenic mice just prior to motor neuron demise (Kong and Xu  1998  ) , which sug-
gests mitochondrial dysfunction may trigger ALS cell death cascades. 

 SOD1-induced mitochondrial membrane damage discharges the mitochondrial membrane poten-
tial, impairs mitochondrial respiration, and reduces the ability of mitochondria to buffer cytosolic 
calcium (Borthwick et al.  1999 ; Jung et al.  2002 ; Carri et al.  1997  ) . In SOD1 mice these changes 
precede the onset of motor signs (Damiano et al.  2006  ) . 

 Substantial evidence suggests mitochondrial dysfunction plays a crucial role in ALS motor neuron 
degeneration. Where mitochondrial dysfunction sits in the ALS pathologic cascade is unclear and 
where mitochondria sit in the degeneration hierarchy of Mendelian and sporadic ALS variants may 
differ. In the Mendelian forms mitochondrial dysfunction certainly must occur downstream of the 
causative mutation, but even in Mendelian ALS mitochondrial dysfunction may play a fairly upstream 
role. In sporadic ALS it is possible that mitochondrial dysfunction occupies the apex of the ALS 
pathology pyramid, but this remains unproven (Beal  1995  ) .  

    12.5   Huntington’s Disease 

 HD is a degenerative movement disorder clinically characterized by choreiform movements, psychi-
atric disturbances, and dementia. Symptoms may develop in childhood or young adulthood but usu-
ally manifest in middle age. Clinical changes refl ect neuron dysfunction and loss that preferentially 
affects GABAergic medium spiny striatal neurons (Vonsattel and DiFiglia  1998  ) . The disease becomes 
less neuroanatomically specifi c during later stages as it extends to other brain regions. HD is strictly 
an autosomal dominant disorder and it is caused by a CAG triplet repeat expansion (>35 CAGs) in the 
fi rst exon of the Huntingtin (HTT) gene on chromosome 4 (Huntington’s Disease Collaborative 
Research Group  1993  ) . 

 Impaired cell energy production and metabolism in HD were recognized before the responsible 
gene mutation was identifi ed. Energy metabolism-related defi cits were predicted in the early 1980s 
following observations of excessive weight loss and defi cient brain FDG uptake on PET (Sanberg et al. 
 1981 ; Kuhl et al.  1982  ) . In the early 1990s proton nuclear magnetic resonance spectroscopy further 
revealed increased lactate in the cortex and basal ganglia of HD subjects (Jenkins et al.  1993  ) . 
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 Several electron transport chain enzyme activities are defi cient in HD tissues. Complex II, III and 
IV activities are signifi cantly reduced in HD subject brains (Gu et al.  1996 ; Browne et al.  1997  ) . 
Additional data suggest the complex II defect is particularly relevant to the demise of neuron popula-
tions affected in HD (Benchoua et al.  2006  ) . Complex II inhibitors have successfully been used to 
model HD; systemic administration of the complex II inhibitors 3-nitropropionic acid and malonate 
to rodents and primates recreates an HD-like pattern of neurodegeneration and an HD-consistent 
behavioral phenotype (Beal et al.  1993 ; Brouillet et al.  1995  ) . Surprisingly, though, for two non-brain 
tissues (platelets and muscle) complex I activity is reduced but complex II, III, and IV activities are 
not (Arenas et al.  1998 ; Parker et al.  1990b  ) . 

 Since HTT polyglutamine repeat expansion is the primary cause of HD, the question arises as to how 
and why mitochondrial dysfunction arises in HD. This could conceivably result from direct or indirect 
effects that HTT may have on mitochondria. Another question that requires consideration is whether 
mitochondrial dysfunction plays an important intermediary role in HD dysfunction and neurode-
generation cascades. These questions have been studied using transgenic mice that express all or part of 
the mutant huntingtin gene, but despite considerable efforts decisive conclusions remain elusive. 

 Available data do indicate polyglutamine-expanded HTT directly associates with mitochondria. 
A study of mice expressing a 72 glutamine-long expansion found brain mitochondria had lower mito-
chondrial membrane potentials and depolarized at lower calcium exposures than did mitochondria 
from control mouse brains. These biochemical defects preceded the onset of structural and behavioral 
abnormalities by months (Panov et al.  2002  ) . This study further found that when normal mitochondria 
were incubated with a fusion protein containing an abnormally long polyglutamine repeat, the mito-
chondria developed calcium handling defi cits consistent with those seen in human HD subject tissues 
and HD transgenic animal models. A different study also found mitochondria from HD transgenic 
mice were overly sensitive to calcium-induced mitochondria permeability transitions. This phenom-
ena was also observed in normal mitochondria exposed to mutant HTT (Choo et al.  2004  ) . 

 Other data indicate mutant HTT may indirectly infl uence mitochondrial function by altering mito-
chondria-relevant transcription events. HTT appears to interact with several transcription factors, includ-
ing p53, CREB-binding protein, Sp1, and PGC1- a  (Bae et al.  2005 ; Sugars and Rubinsztein  2003 ; 
Weydt et al.  2006 ; Cui et al.  2006  ) . p53 is a tumor suppressor protein that also regulates genes involved 
in mitochondrial function and oxidative stress. A recent study reported mutant HTT binds p53, upregu-
lates nuclear p53 levels and transcriptional activity, and through these effects causes mitochondrial 
membrane depolarization. p53 suppression prevented mitochondrial depolarization and HTT-induced 
cytotoxicity (Bae et al.  2005  ) . PGC-1 a  is a transcription coactivator that regulates mitochondrial biogen-
esis and metabolic pathways relevant to cell bioenergetics. PGC-1 a  knock-out mice have an HD-like 
phenotype (Lin et al.  2004  ) , and reduced expression of PGC-1 a  target genes is seen in HD patient and 
HD transgenic mouse striatum (Weydt et al.  2006  ) . Crossing PGC-1 a  knock-out mice with HD trans-
genic mice exacerbates striatal neurodegeneration and motor abnormalities, while lentivirus-mediated 
delivery of PGC-1 a  to the striatum is neuroprotective in HD transgenic mice (Cui et al.  2006  ) . 

 Resveratrol, an activator of the sirtuin Sir2 homolog 1 (SIRT1) may also protect against mutant 
HTT-induced metabolic dysfunction (Parker et al.  2005  ) . SIRT1 deacetylates and activates PGC-1 a  
(Nemoto et al.  2005 ; Rodgers et al.  2005  ) . PGC-1 a  activation is under consideration for its potential 
as an HD therapeutic target.  

    12.6   Conclusions 

 Depicting the hierarchical cascades that drive and mediate neuron dysfunction and death in neurode-
generative diseases is extremely complex (Fig.  12.2 ). Identifying individual pathologies is easier than 
defi ning how they interact. Strong evidence acquired over decades shows mitochondrial abnormalities 
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occur in persons with various neurodegenerative diseases, and further shows distinct mitochondrial 
abnormalities are characteristic of particular disorders. This is the case for very rare neurodegenera-
tive diseases and also for very common age-related disorders such as AD and PD. It has been consid-
ered for some time that mitochondria might play a quite upstream role in sporadic neurodegenerations. 
It is now also known that a remarkable number of proteins that cause neurodegeneration in their 
mutant forms interact with mitochondria or affect mitochondrial function. It is important that studies 
of the mitochondria-neurodegeneration nexus continue for many reasons. Such studies could yield 
insights into and treatments for diseases that devastate millions of people.       
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  Abstract   At the beginning of the twentieth century, Otto Warburg demonstrated that cancer cells 
have a peculiar metabolism. These cells preferentially utilise glycolysis for energetic and anabolic 
purposes, producing large quantities of lactic acid. He defi ned this unusual metabolism “aerobic gly-
colysis”. At the same time, Warburg hypothesised that a disruption of mitochondrial activities played 
a precise pathogenic role in cancer. Because of this so-called “Warburg effect”, mitochondrial physi-
ology and cellular respiration in particular have been overlooked in pathophysiological studies of 
cancer. Over time, however, many studies have shown that mitochondria play a fundamental role in 
cell death by apoptosis or necrosis. Moreover, metabolic enzymes of the Krebs cycle have also recently 
been recognised as oncosuppressors. Recently, a series of studies were undertaken to re-evaluate the 
role of oxidative mitochondrial metabolism in cancer cell growth and progression. Some of these data 
indicate that modulation of mitochondrial respiration may induce an arrest of cancer cell proliferation 
and differentiation (pseudodifferentiation) and/or or death, suggesting that iatrogenic manipulation of 
some mitochondrial activities may induce anticancer effects. Moreover, studying the role of mito-
chondria in cancer cell dedifferentiation/differentiation processes may allow further insight into the 
pathophysiology and therapy of so-called cancer stem cells.  

  Keywords   Neoplasm metabolism  •  Warburg effect  •  Tumor markers  •  Cell Transformation  
•  Neoplastic/genetics  •  Antineoplastic agents  •  Cancer stem cell    

    13.1   Introduction    

 The role of mitochondria in cancer has been disregarded for a long time because of laudable research by 
Otto Warburg (1883–1970), who was awarded the Nobel Prize in Physiology for his discovery of the 
nature and mode of action of the respiratory enzymes in 1931. Specifi cally, Warburg showed evidence 
for increased glycolysis both in solid tumour cells and leukaemia cells cultured in the presence of oxy-
gen. Cancer cells process glucose through lactic acid fermentation, bypassing the entry of pyruvate into 
the citric acid cycle. These observations led Warburg to the hypothesis that such a metabolic alteration 
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was due to bona fi de respiratory disruption, and this critical metabolic event could be considered “the 
origin of the cancer cell” (Warburg  1925  ) . Importantly, this increased glycolytic activity was similar to 
that observed in early embryonic cells. This latter observation led Warburg to conclude that cancer cells 
somehow resume a more primitive metabolic pattern (Warburg  1925  ) . Intriguingly, this could be consid-
ered the original hypothesis of so-called cancer stem cells or stem-like cancer cells (CSCs).  

    13.2   Mitochondria and Cancer Cell Metabolism 

 It is now evident that cancer cells show various degrees of increased glycolysis, depending on the cell 
types and growth conditions. Generally, in the presence of oxygen, cancer cells produce about 60% of 
their ATP through glycolysis (Nakashima et al.  1984 ; Chen    et al.  2007a,   b  ) , whereas normal cells 
seem to generate most of their ATP through mitochondrial oxidative phosphorylation using glucose, 
fatty acids, and other metabolic intermediates as energy sources. This increased dependency of cancer 
cells on the glycolytic pathway represents an important metabolic difference between normal and 
malignant cells and has been utilised for developing therapeutics and strategies to preferentially target 
cancer cells (Vander Heiden et al.  2010 ; Scatena et al.  2008  ) . Interestingly, the Warburg effect repre-
sents the biological basis of positron emission tomography (PET), a nuclear medicine imaging tech-
nique widely used in the clinical diagnosis of cancer that is based on the fact that cancer cells have 
elevated glucose uptake (Koppenol et al.  2011  ) . 

 Intriguingly, the real pathogenic role of this increased glycolysis, which is consistently observed in 
cancer cells, still remains controversial (Vander Heiden et al.  2009  ) . A careful explanation of the real 
metabolism of cancer cells could represent a signifi cant step in identifying more effi cacious and spe-
cifi c targets for diagnostic and therapeutic purposes. 

 Various authors have suggested that switching to glycolysis could represent an advantageous 
adaptation for cancer cells; the following constitute the logic behind this hypothesis:

   glycolysis alone generates ATP more rapidly than glycolysis coupled to OXPHOS, although with • 
a low effi ciency (Jezek et al.  2010 ; Smolková et al.  2010  ) ;  
  glycolysis generates carbon intermediates that are used for various anaplerotic pathways, such as • 
fatty acid synthesis, maintenance of the non-essential amino acid pool during cell growth, and 
synthesis of nucleotide precursors for RNA and DNA (Bellance et al.  2009  ) ;  
  more rapid glycolysis coupled to lowered OXPHOS effi ciency triggers the accumulation of pyru-• 
vate and formation of lactate, which results in cellular acidifi cation, and seems to favour cancer cell 
invasion (Wu et al.  2007  ) ;  
  some of the accumulated pyruvate can be also redirected for lipid synthesis (Moreno-Sanchez • 
et al.  2007  ) ;  
  similarly, the decreased OXPHOS leads to citrate accumulation and export from the matrix, where • 
it is converted to cytosolic acetyl-CoA and can be utilised for fatty acid and cholesterol synthesis 
(Moreno-Sanchez et al.  2007 ; Wellen et al.  2009  ) ;  
  lower OXPHOS in cancer cells is accompanied by a decrease in mitochondrial biogenesis in • 
general and of OXPHOS components in particular, achieving signifi cant energetic savings for 
highly proliferating cells (Scatena et al.  2008,   2010  ) .    

 The increased glucose uptake associated with the lowering of OXPHOS permits a greater utilisa-
tion of the pentose phosphate pathway. This produces ribose for  de novo  nucleic acid synthesis and 
NADPH, the main source of reducing equivalents for all anabolic pathways (Moreno-Sanchez et al. 
 2007 ; Marín-Hernández et al.  2011  ) . 

 In summary, this altered metabolic state was considered to be the result of adaptation of cancer 
cells to the new, potentially anoxic environment of the neoplastic lesion via Hypoxia-inducible factor 
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(HIF) and/or Akt, implicating a reduction/damage of mitochondrial metabolism (Naumov et al.  2006 ; 
Deberardinis et al.  2008b  ) . It is becoming clear that aerobic glycolysis in cancer cells is an epiphe-
nomenon that results from a more complex metabolic rearrangement in which mitochondria play an 
active role. Thus, glycolysis and the Krebs cycle, beta oxidation, and anabolic metabolism in general 
adapt to respond to the new primary function of this cell (i.e., uncontrolled proliferation) by providing 
energy and building blocks for the synthesis of nucleotides and amino and fatty acids (Moreno-
Sánchez et al.  2009  ) . 

 Further data has demonstrated that glycolytic enzymes that are highly expressed in cancer cells 
(i.e., hexokinase II, lactate dehydrogenase A, glucose-6-phosphate isomerase) may possess different 
biological functions, acting as both facilitators and gatekeepers of malignancy (Kim and Dang  2005 ; 
Kondoh et al.  2005  ) . 

 It has been postulated that cellular stress can induce expression of isoform II of hexokinase 
(HK II) in cancer cells, and this isoform plays a particular role in mitochondrial oxidative metabolism. 
In fact, HK II typically binds to voltage-dependent anion channels (VDAC), which are located on the 
outer mitochondrial membrane, allowing direct access of enzyme to ATP generated by ATP synthase 
that is transported across the inner-mitochondrial membrane by the adenine nucleotide translocator. 
In this way, rapid synthesis of glucose-6-phosphate can maintain a highly glycolytic metabolic fl ux in 
malignant cells (Scatena et al.  2003 ; Gatenby and Gillies  2004 ; Mathupala et al.  2006 ; Moreno-
Sanchez et al.  2007  ) . Accordingly, hexokinase has rapid access to mitochondria-generated ATP, is 
protected against feedback inhibition by glucose-6-phosphate and against proteolytic degradation, 
and above all, inhibits Bax-induced cytochrome-c release and apoptosis. Interestingly, binding of 
HK-II to VDAC in the outer mitochondrial membrane is enhanced by overexpression of the onco-
genic kinase Akt due to negative regulation of the activity of glycogen synthase kinase-3- b  (GSK-3- b ) 
(Robey and Hay  2009  ) . 

 These molecular data are consistent with clinical observations regarding a poorer prognosis in 
cancers with high glycolytic activity. In fact, much research has indicated that the aggressiveness of a 
cancer can be estimated by its bioenergetic signature, a protein ratio that correlates the expression of 
 b -F1-ATPase of oxidative phosphorylation relative to the glycolytic GAPDH (Cuezva et al.  2002, 
  2004 ;    Sánchez-Aragó and Cuezva  2011 ). 

 Therefore, we are proposing the re-evaluation of the Warburg effect because recent evidence relat-
ing glycolysis to the pentose phosphate pathway and to mitochondrial metabolism suggests the exis-
tence of abnormal metabolic status that is typical of proliferating cells. This altered metabolism in 
which glycolysis only represents the central metabolic signal transduction pathway would fi nely adapt 
overall cancer cell metabolism to the selection pressures of the cancer milieu, thus maintaining the 
homeostasis of the transformed cells and permitting to them to survive and proliferate (Costello and 
Franklin  2005 ; Shaw  2006 ; Kroemer and Pouyssegur  2008 ; Deberardinis et al.  2008a,   b  ) . 

 The oversimplifi ed concept of enhanced glycolysis accompanied by negligible oxidative phospho-
rylation has too often been indiscriminately applied to all types of cancer. It is important to note that 
the fundamental genetic, biochemical and morphological heterogeneity of tumour cells may allow the 
application of the Warburg effect to all cancers, but not all areas of all tumours. Tumour cell types 
such as glioblastoma multiforme, astrocytoma, and certain forms of hepatomas utilise both glycolysis 
and oxidative phosphorylation to an equal extent for energy production (Lowry et al.  1983 ; Liu et al. 
 2001 ; Zu and Guppy  2004 ; Chen et al.  2009 ). More importantly, tumours such as bone sarcoma, lung 
carcinoma, breast cancer, skin melanoma, cervical, ovarian and uterine carcinomas all primarily use 
oxidative phosphorylation for the generation of ATP (Chen et al.  2009 ; Balaban and Bader  1984 ; 
Rodríguez-Enríquez et al.  2006 ; Kallinowski et al.  1989  ) . However, some cancer cells can modify and 
adapt their energy metabolism in the passage from primary tumour to metastasis (Chen et al.  2007a,   b  ) . 

 The original hypothesis of a hypoxia-mediated disruption of oxidative phosphorylation is problem-
atic because the concentration of oxygen in hypoxic regions of most human tumours seems to be 
above the Km O 

2
  of cytochrome c oxidase (Frezza and Gottlieb  2009  ) . Therefore, it is likely that 
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tumour oxidative metabolism should be unaffected by the level of hypoxia within the tumour 
microenvironment. Thus, it should be accepted that fast-growing tumours show a large increase in 
glycolytic fl ux even in the presence of high oxygen concentrations, and this increase in glycolytic 
capacity may not necessarily depend on a primary defect of the oxidative phosphorylation system 
(Bellance et al.  2009 ; Frezza and Gottlieb  2009 ; Marín-Hernández et al.  2011 ). In fact, enhanced 
tumour glycolysis may be operating in tandem with oxidative phosphorylation, with preferential utili-
sation of one pathway determined on the basis of the microenvironment energy requirements and 
biosynthetic capabilities (Frezza and Gottlieb  2009 ; Marín-Hernández et al.  2011 ). It is generally 
accepted that when rapidly growing tumours shift their ATP production to glycolysis in response to 
HIF-1 or other factors, mitochondrial activity slows down. Under these circumstances, mitochondria 
consume less oxygen, and their ATP production decreases. Interestingly, analysis of possible alterations 
in the oxidative phosphorylation machinery in some tumours revealed downregulation of the catalytic 
subunit of the mitochondrial ATP synthase (beta-F1-ATPase). This was observed in most human carci-
nomas. Remarkably, the expression level of the beta-F1-ATPase protein correlated inversely with the 
rate of aerobic glycolysis (Gogvadze et al.  2008  ) . In fact, HIF-1 seems to suppress mitochondrial func-
tion in cancer cells, suggesting that it modulates the reciprocal relationship between glycolysis and 
oxidative phosphorylation. In our opinion, this dichotomy is an artefact: cancer cells have altered metab-
olism with a strong preference towards anaplerotic reactions, and mitochondrial metabolism fi nely 
adapts to the needs of proliferating transformed cells. In this situation, some metabolites are not progres-
sively oxidated to CO 

2
  and water but utilised as substrates for various biosynthetic pathways; the levels 

of NADH and FADH2 go down, signifi cantly reducing OXPHOS. In this case, proliferating cells do not 
always require high OXPHOS, and the level of oxygen consumption can be low. 

 A series of molecular studies have been performed to elucidate the mechanisms of this altered 
metabolism of cancer cells. For example, it has been demonstrated that HIF-1 stimulates expression of 
the lactate dehydrogenase A gene, which facilitates conversion of pyruvate into lactate. Moreover, muta-
tion of p53 can suppress mitochondrial respiratory activity through downregulation of the Synthesis of 
Cytochrome c Oxidase 2 (SCO2) gene, the product of which is required for the assembly of cytochrome 
c oxidase (COX) of the mitochondrial respiratory chain (Gogvadze et al.  2008  ) . Thus, mutations in p53 
can suppress mitochondrial respiration and facilitate the shift of cellular energetic metabolism towards 
glycolysis. Moreover, p53 has recently been reported to block the pentose phosphate metabolic pathway 
that diverts glucose away from bioenergetic and into biosynthetic routes (Jiang et al.  2011  ) . 

 Interestingly, Parra-Bonilla et al.  (  2010  )  showed that normal proliferating cells (pulmonary 
microvascular endothelial cells, PMVEC) display aerobic glycolysis during their growth, including 
glucose consumption and lactic acidosis, and this was dependent on the expression of LDH-A. This 
distinctive metabolic strategy seems necessary to sustain rapid growth, as limiting glucose or replac-
ing glucose abolishes lactic acidosis and prevents rapid proliferation. Moreover, lactate plays a key 
role is sustaining PMVEC growth, as replenishing lactate even in the absence of extracellular glucose 
is suffi cient to restore ATP levels and partially rescue cell growth. 

 Intriguingly, pharmacological inhibition of LDH-A has been shown to trigger oxidative stress in 
cancer cells similar to gene knockdown mediated by siRNA, resulting in necrotic cell death (Le et al. 
 2010  ) . Reduction of LDHA activity is associated with elevation of the NADH/NAD + ratio, which is 
linked to increased reactive oxygen (Dang et al.  2011  ) . Specifi cally, excess NADH could diminish 
upstream glycolytic fl ux, which requires recycled NAD+. Moreover, it may increase inappropriate 
respiratory complex I activity, ROS production, and consequently induce cell death. 

 Similar results have been published by Fantin et al.  (  2006  ) . These authors showed that knockdown 
of lactate dehydrogenase A (LDH-A) expression by LDH-A short hairpin RNAs in tumour cell lines 
reactivates mitochondrial respiration, as measured by proton leakage and ATP turnover, and restores 
the normally depolarised state of mitochondrial membranes. In this situation, cancer cells can no 
longer oxidise NADH via LDH but must rely on the mitochondrial respiratory chain. Interestingly, 
this abrupt change in metabolism inhibits cell growth. 
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 The complexity in the relationships between mitochondrial oxidative metabolism and glycolysis, 
in which HIF-1 is the key factor, was further emphasised by Semenza  (  2007  ) . Semenza stressed that 
under hypoxic conditions, the subunit composition of COX is altered to optimise its activity; expres-
sion of the COX4–2 subunit is increased, whereas the COX4–1 subunit, which optimises COX 
activity under aerobic conditions, is degraded by activation of the mitochondrial protease LON. 

 Importantly, HIF-1alpha is also involved in the activation of numerous cellular processes includ-
ing resistance to apoptosis, overexpression of drug effl ux membrane pumps, vascular remodelling, 
angiogenesis and metastasis (Marín-Hernández et al.  2009 ). In cancer cells, HIF-1alpha induces 
overexpression and higher activity of several glycolytic protein isoforms that differ from those found 
in non-malignant cells, including transporters (GLUT1, GLUT3) and enzymes (HKI, HKII, PFK-L, 
ALD-A, ALD-C, PGK1, ENO-alpha, PYK-M2, LDH-A, PFKFB-3). The enhanced tumour glyco-
lytic fl ux triggered by HIF-1alpha also involves changes in the kinetic patterns of isoforms of key 
glycolytic enzymes. The HIF-1alpha-induced isoforms provide cancer cells with reduced sensitivity 
to physiological inhibitors, lower affi nity for products and higher catalytic capacity (Vmax) (Robey 
and Hay  2009 ; Marín-Hernández et al.  2011  ) . 

 In conclusion, we have the following unanswered questions: is the Warburg effect really unique to 
cancer cells? And, above all, are mitochondria unnecessary organelles in cancer cells? 

 As mentioned, many studies have demonstrated a reduction in OXPHOS in different types of 
cancer cells. In contrast, other studies have revealed upregulation of OXPHOS components and a 
larger dependency of cancer cells on oxidative energy substrates for anabolism and energy produc-
tion. This apparently confl icting data seems to fi nd justifi cation in differences in tumour size, hypoxia, 
and the sequence of oncogenes activated. In this respect, the roles of p53, C-MYC, Oct and RAS in 
the control of mitochondrial respiration and glutamine utilisation has been extensively validated 
(Bensaad and Vousden  2007 ; Yeung et al.  2008 ; Semenza  2009 ; Fan et al.  2010  ) . 

 Thus, tumours of various bioenergetic types, from exclusively glycolytic to mainly OXPHOS, have 
been found with differing tumour stage, serial oncogene activation and microenvironment conditions. 
The importance of mitochondria in a dynamic view of tumour bioenergetics is clear. 

 In conclusion, if glycolysis really represents the key to cancer cell metabolism, mitochondria have 
a precise role in the metabolic fl exibility of cancer cells that allows them to circumvent hostile 
microenvironments. The complexity of the interplay of this metabolism is, in some ways, demon-
strated by the confl icting results obtained in experimental and clinical studies that have adopted glyco-
lysis and/or mitochondrial inhibitors for therapeutic purposes (Scatena et al.  2008 ; Fulda et al.  2010 ; 
Martinez-Outschoorn et al.  2011 ; Alvero et al.  2011 ; Zhang et al.  2011 ; D’Souza et al.  2011  ) . 

  Glutamine metabolism, mitochondria and cancer . Interestingly, the role of mitochondria in metabolic 
cancer fl exibility was, in some way, already underscored by the well-known role of glutamine (Gln) in 
cancer cell proliferation. In fact, glutaminolysis and the Warburg effect are the two most noticeable 
metabolic features of tumour cells, but the biological signifi cance of these processes in cell prolifera-
tion remains unknown. A widely-accepted hypothesis is that cancer cells use glutamine as a preferred 
carbon source for energy and reducing power. Specifi cally, since the 1950s, cancer biologists have 
recognised the importance of glutamine as a tumour nutrient. Glutamine contributes to essentially 
every core metabolic task of proliferating tumour cells, participating in bioenergetics, supporting cell 
defences against oxidative stress, and complementing glucose metabolism in the production of macro-
molecules. Interest in glutamine metabolism has been heightened further by the recent fi nding that 
c- myc  controls glutamine uptake and degradation and that glutamine itself exerts infl uence over a num-
ber of signalling pathways that contribute to tumour growth (DeBerardinis and Cheng  2010  ) . 

 It is well known that Gln, the most abundant free amino acid in humans, has a plasma concentration 
of about 1 mM, and this abundance allows it to serve as a major source of carbon and nitrogen. Gln can 
be appropriated by tumours and used as a substrate for proliferation of tumour cells to maintain pools 
of citric acid cycle (TCA) cycle intermediates, and its nitrogen can be used to produce nonessential 
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amino acids, hexosamine, nucleotides, and other molecules. Thereby, many tumour cells may use 
glutamine to feed their anaplerotic reactions, as recently shown by Cheng et al.  (  2011  ) ; importantly, 
mitochondria have a central role in these anabolic pathways. In fact, the proximal reactions of glu-
taminolysis occur in the mitochondria. The fi rst step is catalysed by phosphate-dependent glutami-
nases, which deamidate glutamine to form glutamate and ammonia. Physiologically, interconversion of 
glutamine and glutamate is typically bidirectional, with glutamine formation catalysed by glutamine 
synthetase. In tumours, however, the forward (toward glutamate) reaction is favoured by overexpres-
sion of glutaminases and/or suppression of glutamine synthetase (Shanware et al.  2011 ; Meng et al. 
 2010  ) . Thereby, as alternative and/or better complement to glucose as the fuel for bioenergetic path-
ways, glutamine feeds the TCA cycle by providing  a -ketoglutarate from glutamate. Recently, one 
isoform of the enzyme glutaminase (GLS1/KGA) was shown to act as an oncogene (Maddocks and 
Vousden  2011  ) . Importantly, utilisation of glutamine as an anaplerotic precursor and source of NADPH 
results in the secretion of a large fraction of glutamine-derived carbon and nitrogen. Some of the 
secreted molecules (lactate, alanine) may subsequently be used as precursors for hepatic gluconeogen-
esis, ultimately providing more fuel for tumour metabolism (Deberardinis et al.  2008b ). 

 Little is known about how tumour cells regulate glutaminase expression. Mammals have two major 
glutaminase activities, K-type (low Km for glutamine, inhibited by glutamate) and L-type (high Km, 
glutamate resistant) (Deberardinis et al.  2008b ). 

 The human K-type enzyme is encoded by the GLS gene, which yields several mRNAs owing to 
alternative polyadenylation and splicing, and the L-type enzyme is encoded by GLS2. In general, tumour 
cells have K-type activity, although most cell lines express transcripts from both genes (Deberardinis et 
al.  2008a ; Elgadi et al.  1999  ) . This suggests that tumours can modulate glutaminase kinetics through 
relative levels of GLS and GLS2 gene products, resulting in the ability to optimise glutaminase activity 
despite local fl uctuations in glutamine and glutamate concentrations (Deberardinis et al.  2008b ). 

 Interestingly, the high rate of glutamine uptake in glutamine-dependent cells does not appear to 
solely result from its role as a nitrogen donor in nucleotide and amino acid biosynthesis. In addition, 
glutamine plays a required role in the uptake of essential amino acids and in maintaining activation of 
TOR (target of rapamycin) kinase. Moreover, in many cancer cells, glutamine is the primary mitochon-
drial substrate and is required for maintenance of mitochondrial membrane potential and integrity and 
for support of the NADPH production needed for redox control and macromolecular synthesis. 

 Recently, Gao et al.  (  2009  )  reported that the oncogenic transcription factor c-Myc, which is known 
to regulate microRNAs and stimulate cell proliferation, transcriptionally represses miR23a and 
miR23b, resulting in greater expression of their target protein, mitochondrial glutaminase (GLS) in 
human P-493 B lymphoma cells and PC3 prostate cancer cells. This effect leads to upregulation of 
glutamine catabolism. Glutaminase converts glutamine to glutamate, which is further catabolised 
through the TCA cycle for the production of ATP or serves as substrate for glutathione synthesis. Gao 
et al.  (  2009  )  concluded that the unique means by which Myc regulates glutaminase uncovers a previ-
ously unknown link between Myc regulation of microRNAs, glutamine metabolism, and energy and 
reactive oxygen species homeostasis. Intriguingly, these new data show that whereas cell cycle arrest, 
apoptosis, and senescence are traditionally thought to be the major functions of the tumour suppressor 
p53, this study revealed two further functions for this protein: regulation of cellular energy metabo-
lism and antioxidant defence maintenance. Importantly, these latter activities seem to be related to 
glutaminase 2 (GLS2), a mitochondrial phosphate-activated glutaminase that is a previously unchar-
acterised p53 target gene. p53 seems to increase GLS2 expression under both non-stressed and stressed 
conditions. GLS2 regulates cellular energy metabolism by increasing production of glutamate and 
alpha-ketoglutarate, which in turn results in enhanced mitochondrial respiration and ATP generation. 
Furthermore, GLS2 regulates antioxidant defence function in cells by increasing reduced glutathione 
(GSH) levels and decreasing ROS levels, which in turn protects cells from oxidative stress-induced 
apoptosis. Consistent with these functions of GLS2, the activation of p53 increases the glutamate, 
alpha-ketoglutarate, and GSH levels and the mitochondrial respiration rate and decreases reactive 
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oxygen species (ROS) levels in cells. Furthermore, GLS2 expression is lost or greatly decreased in 
hepatocellular carcinomas, and the overexpression of GLS2 greatly reduces tumour cell colony for-
mation. These results demonstrated that GLS2 is a mediator of p53 ¢ s role in energy metabolism and 
antioxidant defence, and this likely contributes to its role in tumour suppression (Puzio-Kuter  2011  ) . 

 In conclusion, it is important to stress that Gln, which is regulated metabolically by mitochondria, 
is more than simply fuel for the cell growth engine, but rather a multi-functional regulator of several 
cellular activities linked to both physiological and pathological processes in mammals. In fact, Gln 
import supports mTORC1 activation by leucine and other amino acids, and Gln metabolism via glu-
taminolysis generates products that protect cells from the deleterious effects of ROS. Finally, Gln 
metabolism generates a diffusible product, ammonia, which may increase stress resistance in tumour 
tissues (Shanware et al.  2011  ) . 

  Mitochondrial enzymes and cancer . The discoveries of oncogenic mutations in mitochondrial meta-
bolic enzymes, such as fumarate hydratase (FH), succinate dehydrogenase (SDH) and isocitrate dehy-
drogenase 2 (IDH2), represents bona fi de proof for a role of altered mitochondrial metabolism in 
cancer pathogenesis. 

 Fumarate hydratase is an enzymatic component of the TCA cycle. It catalyses the conversion of 
fumarate to malate. 

 Succinate dehydrogenase (SDH) (or succinate-coenzyme Q reductase or Complex II) is an enzyme 
complex that is bound to the inner mitochondrial membrane of mammalian mitochondria. SDH is the 
only enzyme that participates in both the citric acid cycle and the electron transport chain, and it cataly-
ses the oxidation of succinate to fumarate with concomitant reduction of ubiquinone to ubiquinol. 

 Isocitrate dehydrogenase 2, also known as IDH2, is another enzyme of the TCA cycle. It catalyses 
the third step of the cycle, the oxidative decarboxylation of isocitrate, producing  a -ketoglutarate and 
CO 

2
  while converting NAD+ to NADH. Other isoforms (IDH1 and 3) of the enzyme catalyse the same 

reaction; however, this reaction is unrelated to the TCA cycle and is carried out in the cytosol and uses 
NADP+. 

 Pollard et al.  (  2005  )  stated that the nuclear-encoded Krebs cycle enzymes FH and SDH act as 
tumour suppressors, and germline mutations in these genes predispose individuals to leiomyomas and 
renal cancer and to pheochromocytoma/paragangliomas. Pollard also showed that FH-defi cient cells 
and tumours accumulated fumarate and, to a lesser extent, succinate. Fumarate competitively inhibits 
HIF prolyl hydroxylase, preventing prolyl hydroxylation of the HIF oxygen-dependent degradation 
domain and allowing HIF- a  to escape recognition by the von Hippel-Lindau protein. Moreover, 
HIF- a  stabilisation enables transcriptional activation of HIF target genes that promote tumour growth 
and vascularisation. 

 Somatic mutations of IDH1 (which is cytosolic) and IDH2 (which is mitochondrial) have been found 
in 80% of low-grade gliomas and 30% of karyotypically normal acute myelogenous leukaemias (Yan 
et al.  2009 ; Green and Beer  2010  ) . Mutations affecting the catalytic sites of IDH1 and IDH2 are thought 
to be functionally equivalent. Interestingly, mutant IDH1 and IDH2 exhibit neo-enzymatic activity 
because they convert  a -ketoglutarate to 2-hydroxyglutarate (2-HG), which in turn alters the homeostasis 
of  a -ketoglutarate and reduces its availability as a substrate for the enzymes that methylate DNA and 
histones. Thus, tumourigenesis seems to be enhanced through the modifi cation of the epigenome. 

 In conclusion, alterations in three enzymatic reactions have been reported to have genetically 
causal links to cancer formation: (1) Germline mutations in FH are associated with leiomyoma 
and renal cancer and potentially with other tumours. (2) Both germline and somatic mutations in 
any of the four subunits of SDH (SDHA, SDHB, SDHC, and SDHD) or the SDH assembly factor 
SDHAF2 are associated with paraganglioma, pheochromocytoma, and/or renal cancer. (3) Somatic 
mutations in either IDH1 or IDH2 are associated with gliomas or acute myelogenous leukaemia. 
While the FH and SDH mutations are typically loss-of-function mutations, and the genes involved 
behave genetically like tumour suppressors, the IDH mutations lead to a gain of NADPH-dependent 
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 a -ketoglutarate-reductase activity, which generates 2HG. Because one wild-type IDH allele is 
retained in tumours with IDH mutations, and no signifi cant changes in  a -ketoglutarate or isocitrate 
levels were observed in these tumours, it is safe to propose that IDH1/IDH2 mutations are onco-
genic gain-of-function mutations (Yan et al.  2009  ) . 

 Importantly, in all three types of these genetic-metabolic events, it appears that the underlying 
mechanism of tumourigenesis involves the accumulation of metabolites that convey oncogenic sig-
nals (oncometabolites). Some of this oncogenic activity might be attributed to hormone-like effects of 
these molecules. In fact, strong evidence indicates that the principal oncometabolic activities of suc-
cinate, fumarate and 2HG are related to the inhibition of the  a -ketoglutarate-dependent dioxygenases, 
including:

   (i)    JMJd3, which regulates chromatin structure;  
   (ii)    PHD3, which is involved in promoting neuronal apoptosis in response to NGF withdrawal;  
    (iii)    PHD2, which primarily regulates HIF a  stability;  
    (iv)    aKG-dependent dioxygenase TET2, which is involved in hematopoietic cell differentiation 

(Frezza et al.  2011 ; Cairns et al.  2011  ) .     

 Recently, Frezza et al.  (  2011  )  validated a new linear metabolic pathway beginning with glu-
tamine uptake and ending with bilirubin excretion using a newly characterised genetically-modifi ed 
kidney mouse cell line in which the FH gene ( Fh1)  is deleted. Specifi cally, this pathway for the 
biosynthesis and degradation of haem enables  Fh1 -defi cient cells to use the accumulated TCA 
cycle metabolites, permitting partial mitochondrial NADH production. Interestingly, targeting this 
pathway renders  Fh1 -defi cient cells non-viable while sparing wild-type  Fh1 -containing cells. This 
work, beyond identifying a new metabolic pathway that is induced in  Fh1 -defi cient cells, stresses 
the role of fumarate as an oncometabolite and showed that inhibition of haem oxygenation is syn-
thetically lethal when combined with  Fh1  defi ciency, providing a new potential target for treating 
patients with renal cancer. 

 In conclusion, mitochondrial metabolism enzymes play a signifi cant pathogenic role in cancer. 
This theory suggests interesting clinical applications in terms of prevention, early diagnosis and iden-
tifi cation of more selective therapeutic targets. Moreover, these data underline the dynamic and bidi-
rectional interactions between the metabolic status of the cell and its genetic profi le and suggest that 
small metabolites may be novel and unexplored signalling units (Frezza et al.  2011  ) . However, it 
should be stressed that such mitochondrial enzyme mutations are associated with different types of 
cancer with very different grades of aggressiveness. From a molecular point of view, studies must 
consider the relationships with other potential oncogenetic hits in cells that cooperate to determine the 
level of malignancy. 

    13.3   Mitochondrial Apoptosis and Cancer 

 Type I programmed cell death, also known as apoptosis, is a genetic pathway for rapid and effi cient 
physiological killing of unnecessary or damaged cells; it was initially described by Kerr et al.  (  1972  ) . 
It is well known that mitochondria have a well-defi ned role in the induction of the intrinsic pathway 
of apoptosis. Intrinsic apoptosis is characterised by the release of cytochrome c and SMAC (Second 
Mitochondrial Activator of Caspases) from the mitochondrial intermembrane space in response to a 
variety of noxious stimuli, including DNA damage, loss of adherence to the extracellular matrix 
(ECM), oncogene-induced proliferation, and growth factor deprivation, which causes the subsequent 
activation of caspases. Perturbations in the release of apoptosis-inducing proteins, which are regulated 
by pro- and anti-apoptotic members of the Bcl-2 family (e.g., Bcl-2, Bcl-XL, and Mcl-1), may have a 
role not only in the etiopathogenesis but also in the prognosis and therapy of different forms of cancer. 
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Indeed, it is well known that the permeability transition pore (PTP) and electrochemical gradient can 
play a role in the release of these apoptotis-inducing proteins. 

 There are about 20 known members of the BCL2 family, some of which are pro-apoptotic and 
others that are anti-apoptotic. They share common domains, termed BH1 to BH4. The fi rst to be dis-
covered, BCL2, was discovered as the oncogene at the common translocation site t(14;18) in follicu-
lar B-cell lymphoma. This translocation places the BCL2 gene under the control of the immunoglobulin 
heavy chain enhancer. Overexpression of BCL2 prevents apoptosis of follicular B-cells and is the 
initiating event in this relatively slow-growing cancer. 

 Interestingly, a fundamental mitochondrial step in the intrinsic pathway mediated by BAX and BAK 
consists of a change in the mitochondrial structure and function designated ‘mitochondrial permeabil-
ity transition’ (MPT). At the contact sites between the outer and the inner mitochondrial membrane, 
pores are formed by a multiprotein complex, to which proteins from all mitochondrial compartments 
contribute. One crucial component is the adenine nucleotide translocator (ANT), which exchanges 
ADP/P for ATP across the inner mitochondrial membrane. The pores allow molecules smaller than 
1,500 Da    to pass through. This leads to a break-down of the mitochondrial transmembrane potential, 
since protons and other ions including Ca2+ can move freely across the membrane. In conjunction with 
the mitochondrial permeability transition, mitochondria release several proteins, mostly from the inter-
membrane compartment, such as cytochrome c, SMAC/Diablo and the apoptosis-inducing factor (AIF, 
a caspase-independent death effector that also functions as an NADH and NADPH oxidase). 

 In the cytoplasm, molecules of cytochrome c associate with an equal number of APAF-1 proteins 
and form a large structure resembling the spokes of a wheel. It is therefore called the ‘wheel of death’ 
or ‘apoptosome’. The apoptosome binds a stoichiometric number of the pro-protease pro-caspase 9 
and supports its autocatalytic activation in an ATP-dependent process. 

 Importantly, induction of apoptosis by the intrinsic pathway requires inactivation of BCL2 and 
other anti-apoptotic proteins such as BCL-XL. These proteins are located at the mitochondrial mem-
brane, probably forming heterodimers with BAX and BAK, pro-apoptotic members of the BCL2 
family. Other members of the family are distinguished by containing only a BH3 domain and none of 
the other motifs. 

 As already mentioned, cellular stress of various kinds can induce apoptosis. In many cases, activa-
tion of TP53 is involved. Activated TP53 induces transcription of one or several pro-apoptotic BCL2 
signalling proteins, such as NOXA or PUMA, and increases BAX while downregulating BCL2. The 
precise mechanisms by which the balance between proapoptotic and anti apoptotic factors is modifi ed 
may differ according to cell type and type of cellular stress. The pro-apoptotic proteins induced by 
TP53 override anti-apoptotic signals to initiate the next step in the intrinsic apoptotic pathway, forma-
tion of pores in the mitochondria. 

 Cancers often have defects in the intrinsic apoptosis pathway. In fact, as already mentioned, Bcl-2 
was discovered as an oncogene in human cancers. BCL-2 inhibits mitochondrial pathways of apopto-
sis through local effects at the mitochondrial and endoplasmic reticulum membranes. Increased 
expression of BCL-2 and the related anti-apoptotic proteins BCL-X(L), MCL-1, and BCL-W occurs 
in signifi cant subsets of common cancer types and is generally correlated with poor responses to 
therapy. In human cancers, mechanisms to disable apoptosis include loss of function of the pro-
apoptosis p53 tumour suppressor and gain of function of the anti-apoptotic and oncogenic Bcl-2. 

 In the last decade of the twentieth century, mitochondria from cancer cells were shown to be resis-
tant to the induction of mitochondrial outer membrane permeabilisation (MOMP). Some authors 
hypothesised a mechanistic link between aerobic glycolysis and MOMP resistance. 

 The following hypothetical explanation may explain the simultaneous presence of the Warburg 
effect. Suppression of MOMP is provided by induced hexokinase II, which simultaneously increases 
glycolysis and inhibits MOMP when it associates with the voltage-dependent anion channel (VDAC) 
in the mitochondrial outer membrane. This interaction may be favoured by the cancer-specifi c over-
expression of mitochondrion-binding hexokinase isoenzymes (Mathupala et al.  2006  )  or by activation 
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of the Akt pathway, which stimulates the interaction between hexokinase and VDAC (Robey and 
Hay  2009 ). 

 Many drugs have been designed to induce apoptosis in cancer cells (Gogvadze et al.  2009 ). Indeed, 
it is conceivable to therapeutically induce MOMP (and hence apoptosis) in cancer cells by targeting 
mitochondrial membranes, members from the Bcl-2 family and components of the permeability tran-
sition pore complex (Debatin et al.  2002  ) . 

 In addition, molecules can be designed that mimic the action of the pro-apoptotic mitochondrial 
protein Smac/DIABLO (Fulda and Debatin  2006  )  or that release the pro-apoptotic mitochondrial 
protein AIF from its inhibition by heat shock protein 70 (HSP70) (Galluzzi et al.  2006  ) . Moll et al. 
( 2006 ) proposed a particularly intriguing strategy to target anti-MOMP proteins such as Bcl-2, caus-
ing them to switch from an anti-apoptotic to a pro-apoptotic function. Another fascinating possibility 
is the development of drugs that target cytotoxic agents to a tumour specifi c surface receptor and then 
to mitochondria to induce MOMP (Fantin and Leder  2006 ). Several MOMP inducers or facilitators 
are currently undergoing clinical evaluation, but the fundamental problem of this class of powerful 
anticancer agents is selectivity. In fact, the therapeutic use of molecules capable of activating the 
apoptotic pathway must exclusively induce it in the target cells because the abnormal activation of 
apoptosis in healthy cells could cause dramatic and irreversible side effects. Because of this, it is 
necessary to understand the mechanisms of apoptosis resistance in cancer cells, specifi cally at the 
mitochondria level, to have a specifi c target for apoptosis-inducing anti-cancer therapy.  

    13.4   Mitochondria, Cancer, Reactive Oxygen Species (ROS) 
and Reactive Nitrogen Species (RNS) 

 Historically, it has been assumed that oxidative stress contributes to tumour initiation and progression 
mainly by inducing genomic instability. The main sources of free radicals in cells are by-products of 
oxidative metabolism. Free radical damage may affect nuclear and mitochondrial DNA, proteins, and 
lipids. Interestingly, recent data support a re-evaluation of free radical toxicity, suggesting that physi-
ological levels of these chemical species can function as intracellular signal transducers and even 
oncosuppressors (Takahashi et al.  2006  ) . 

 Most ROS are generated in cells by the mitochondrial respiratory chain. Mitochondrial ROS pro-
duction is modulated largely by the rate of electron fl ow through respiratory chain complexes. 
Recently, it has become clear that under hypoxic conditions, the mitochondrial respiratory chain also 
produces nitric oxide (NO), which can generate other reactive nitrogen species (RNS). Although 
excess ROS and RNS can lead to oxidative and nitrosative stress, it is important to stress that moderate 
to low levels of both function in cellular signalling pathways. Especially important are the roles of 
these mitochondria-generated free radicals in hypoxic signalling pathways, which have important 
implications in cancer, infl ammation and a variety of other diseases. 

 Thereby, the hypothetical pathogenic role of free radicals in degenerative diseases in general and 
cancer in particular may have been overestimated, and some conclusions may have been made based 
on laboratory artefacts (Herrnstadt et al.  2003 ; Salas et al.  2005  ) . 

 Importantly, ROS and RNS acting as biological mediators can modulate mitogen activated protein 
kinases (MAPKs), fundamental components of phosphorylation signalling pathways involved in cell 
survival, proliferation and differentiation (Moncada and Erusalimsky  2002 ; Cadenas  2004  ) . 

 In terms of cytotoxicity, the oxidation products formed during normal metabolic processes in cells 
include superoxide (O  

2
  −  ), hydrogen peroxide (H 

2
 O 

2
 ), and hydroxyl radicals (OH). These are also pro-

duced in cells by radiation, and they are capable of damaging DNA and causing mutagenesis. Of 
these, the hydroxyl radical appears to be the primary DNA-damaging species, but it has a short half-
life and high reactivity, so it must be generated in close proximity to DNA. 



29713 Mitochondria and Cancer: A Growing Role in Apoptosis, Cancer Cell Metabolism…

 Singlet oxygen, which is produced by lipid peroxidation or by respiratory bursts from neutrophils, 
is also mutagenic and has a much longer half-life than the hydroxyl radical. Lipid peroxidation can 
also give rise to mutagenic products such as lipid epoxides, hydroperoxides, alkanyl and peroxyl 
radicals, and alpha and beta unsaturated aldehydes. 

 Cells have developed multiple mechanisms (enzymatic and non-enzymatic) to protect themselves 
from oxidative damage, including superoxide dismutase, catalase, glutathione peroxidase, glutathione-
S-transferases, glutathione, ascorbic acid, tocopherols, and others. Hence, in cancer physiopathogene-
sis related to ROS, it is necessary to stress the pathophysiological role of the repair mechanisms as well. 
It is estimated that the human genome suffers about 10,000 “oxidative hits” to the DNA per cell per day. 
Moreover, parallel to cancer incidence, mutations accumulate with age, so that an “old” rat (2 years 
old) has twice as many DNA lesions per cell as a young rat. Furthermore, the frequency of somatic 
mutations found in human lymphocytes is about ninefold higher in the aged than in neonates. 

 Interestingly, caloric or protein restriction in the diet slows oxidative damage to proteins and DNA 
and decreases the rate of formation of neoplasms in rodents. Similar results are seen by dietary sup-
plementation with antioxidants such as tocopherol (vitamin E), ascorbate (vitamin C), and carote-
noids such as b-carotene, leading to the hypothesis that dietary intake of such substances could 
decrease the incidence of human cancer. This is supported by epidemiological data in humans. It 
should also be noted that one of the major sources of exogenous oxidant exposure is the oxides of 
nitrogen found in cigarette smoke. 

 Interestingly, oxidative and nitrosative stress may not only have a role in cancer pathogenesis but 
also in therapy. In fact, many anti-cancer agents utilise their molecular properties to generate high 
levels of reactive radical species that are capable of inducing lethal oxidative/nitrosative stress in can-
cer cells directly and/or indirectly by mitochondria disruption. 

 Recently a series of interesting studies have been published that have revisited the role of ROS/
RNOS in the pathophysiology of cancer. For example, Martinez-Outschoorn et al.  (  2010  )  showed that 
an acute loss of stromal fi broblast Caveolin-1 expression causes a “lethal tumour micro-environment” 
by leading to mitochondrial dysfunction, oxidative stress and aerobic glycolysis in cancer-associated 
fi broblasts. This oxidative stress in these abnormal fi broblasts seems suffi cient to induce genomic insta-
bility in adjacent cancer cells via a bystander effect. Interestingly, nitric oxide over-production, second-
ary to Cav-1 loss, seems to be the main cause for mitochondrial dysfunction in cancer-associated 
fi broblasts. In fact, treatment with anti-oxidants (such as N-acetyl-cysteine, metformin and quercetin) 
or NO inhibitors (L-NAME) was suffi cient to reverse many of the cancer-associated fi broblast pheno-
types. Importantly, these authors concluded that the effects of stromal oxidative stress can be laterally 
propagated and amplifi ed and are effectively “contagious”. They suggested that the effects spread from 
cell-to-cell like a virus and create an “oncogenic/mutagenic” fi eld, thus promoting widespread DNA 
damage and facilitating the mutator phenotype of cancer cells. 

 As previously mentioned, the provocative research of Takahashi et al. ( 2006 ) showed that ROS 
have an unexpected role in inducing and maintaining senescence-induced tumour suppression. 
Specifi cally, the authors showed that the p16(INK4a)/Rb-pathway cooperates with mitogenic signals 
to induce elevated intracellular levels of ROS, thereby activating protein kinase C delta (PKCdelta) in 
senescent human cells. Once activated by ROS, PKCdelta promotes further generation of ROS, thus 
establishing a positive feedback loop to sustain ROS-PKCdelta signalling. This sustained activation 
of ROS-PKCdelta signalling irreversibly blocks cytokinesis, at least partly through reducing the level 
of WARTS (also known as LATS1). 

 Additionally, another study indicated that ROS are upregulated in tumours and can lead to aberrant 
induction of signalling networks that cause tumourigenesis and metastasis. In fact, Weinberg et al. 
 (  2010  )  showed that generation of ROS by mitochondrial metabolism allowed Kras-induced anchor-
age-independent growth in different experimental models of cancer growth through regulation of the 
ERK MAPK signalling pathway. Moreover, the major source of ROS generation required for this 
abnormal anchorage-independent growth was the Q(o) site of mitochondrial complex III. Furthermore, 
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disruption of mitochondrial function by loss of the mitochondrial transcription factor A (TFAM) gene 
reduced tumourigenesis in an oncogenic Kras-driven mouse model of lung cancer, demonstrating that 
mitochondrial metabolism and mitochondrial ROS generation were essential for Kras-induced cell 
proliferation and tumourigenesis. 

 An interesting therapeutic approach exploiting relationships among cancer cells, ROS and abnor-
mal antioxidant defences was suggested by Raj et al.  (  2011  ) . Because malignant transformation 
frequently results in enhanced cellular oxidative stress, the authors tested a molecule capable of selec-
tively inducing cancer cell death by increasing the level of ROS only in cells with a cancer genotype. 
Indeed, piperlongumine enhanced ROS accumulation only in cancer cells by targeting the stress 
response to ROS. Independent of the therapeutic implications, this study underlines an often neglected 
aspect of cancer cells, the induction of different antioxidant mechanisms. According to the authors, 
this induction does not appear to be related to the level of cell proliferation. 

 Finally, it is important to stress that the relationships among mitochondria, redox imbalance/ROS and 
cancer should be evaluated from the point of view of the so-called cancer stem cells or “stem-like cancer 
cells” hypothesis. These cells in fact possess properties similar to those of normal stem cells, in which 
redox balance plays an important role in the maintenance of self-renewal and, above all, differentiation.  

    13.5   Mitochondria, Mitochondrial DNA (mtDNA) Mutations and Cancer 

 Mitochondria contain circular molecules of DNA reminiscent of bacterial chromosomes, but the mito-
chondrial genome is much smaller. The mitochondrial DNA only codes for a few of the proteins and 
ribosomal RNA molecules needed in the mitochondrion, and most components are encoded by the 
nucleus. A dissertation about mitochondrial DNA is the subject of a different chapter in this mono-
graph. Here, it should be stressed that the mitochondrial DNA of humans accumulates mutations much 
faster than the nuclear genes. In particular, mutations accumulate rapidly in the third codon position of 
structural genes and even faster in the intergenic regulatory regions. Specifi cally, most of the variability 
in human mitochondrial DNA occurs within the D-loop segment of the regulatory region. This means 
that mitochondrial DNA is frequently used for phylogenetic and forensic purposes. 

 The role of mtDNA mutations (intragenic deletions, missense and chain-terminating point muta-
tions, alterations of homopolymeric sequences, etc.) in the pathophysiology of cancer is still contro-
versial. In fact, some authors do not consider these mutations signifi cant pathogenetic noxae in cancer 
but simply associated lesions or even effects of laboratory malpractice. Thus, the role of these mtDNA 
mutations and of their related mitochondrial respiratory dysfunctions in terms of ROS induction in 
carcinogenesis is not clear (Brandon et al.  2006  ) . 

 The following examples demonstrate the contrasting data available on mtDNA. In gastrointestinal 
cancers, somatic mitochondrial D-loop mutations have been identifi ed in 48% (15/31) of gastric 
tumour specimens (Wu et al.  2005  )  and in 39% (24/61) and 68% (13/19) of hepatocellular carcinomas 
by two different groups, respectively (Nomoto et al.  2002 ; Lee et al.  2004  ) . In renal cancer, Horton 
et al.  (  1996  )  showed that 48.7% (19/39) of renal adenocarcinoma tissues contained a 294 bp in-frame 
deletion in the ND1 gene, resulting in truncated mRNA. In another study, depletion of mtDNA and 
loss of mRNA coding for ND3 was reported in 62% (8/13) of renal cell carcinoma samples. In another 
study, somatic mutations in the D-loop region were detected in 23% (7/31) of bladder cancer speci-
mens and in 14% (3/21) of renal cancer specimens (Wada et al.  2006  ) . 

 In breast cancer, somatic mtDNA mutations were found in fi ne needle aspirates from primary 
breast tumours in 61% (11/18) of patients (Parrella et al.  2001  ) . Among these, 42% were deletions or 
insertions within the D-loop region, whereas the remaining were single-base substitutions throughout 
the genome. In an interesting comparative study on prostate, researchers sequenced the entire mito-
chondrial genome from 24 prostatectomy samples, including tumour, adjacent benign, and distant 
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benign samples, and compared them with mtDNA from 12 histologically benign control samples and 
paired blood as the non-disease germline control (Parr et al.  2006 ). The authors found that 16 of 24 
(66.7%) patients had mutations in all three tested prostate tissues: 22 of 24 (91.7%) had mutations in 
tumour samples, 19 of 24 (79.2%) had alterations in adjacent benign samples, and 22 of 24 (91.7%) 
displayed changes in distant benign samples. Analysis of the D-loop showed 34 substitution muta-
tions in 21 of 29 (72%) prostate biopsy samples, although there were no differences in mutation load 
between malignant and symptomatic benign specimens. 

 Finally, an investigation of D-loop repetitive regions in melanoma by Deichmann et al.  (  2004  )  
showed that 12% (4/34) of melanoma primary tumours and 20% (7/35) of cutaneous and subcutane-
ous metastases contained somatic mutations, seven of which were insertions, and two were deletions. 
These last data, in particular, do not suggest a direct role of mtDNA mutations in cancer pathogenesis. 
In fact, in melanoma, a particularly aggressive type of cancer, about 80% of metastasis and 82% of 
primary tumours did not contain signifi cant mtDNA mutations. Further, in other cancers, mtDNA 
mutations are observed in less than 60% of cases. 

 However, some recent studies have taken the “bystander” point of view for mitochondrial DNA 
mutations. In the study of Ishikawa et al.  (  2008  ) , the authors showed that by replacing the endogenous 
mtDNA in a mouse tumour cell line that was poorly metastatic with mtDNA from a cell line that was 
highly metastatic by cytoplasmic hybrid (cybrid) technology, the recipient tumour cells acquired the 
metastatic potential of the transferred mtDNA. Moreover, the mtDNA conferring high metastatic 
potential contained G13997A and 13885insC mutations in the gene encoding ND6. These mutations 
produced a defi ciency in respiratory complex I activity and were associated with overproduction of 
reactive oxygen species (ROS). Pre-treatment of the highly metastatic tumour cells with ROS scaven-
gers suppressed their metastatic potential in mice. These debated results seem to indicate that mtDNA 
mutations can contribute to tumour progression by enhancing the metastatic potential of tumour cells 
by promoting genetic instability directly and/or indirectly. Finally, for a diagnostic point of view, we 
should note the study of He et al.  (  2010  ) . By digital sequencing of mtDNA genomes with a massively 
parallel sequencing-by-synthesis approach, the authors showed that the mtDNA of human cells, which 
was considered to be homogeneous, actually contains widespread heterogeneity (heteroplasmy). 
Moreover, the frequency of heteroplasmic variants varied considerably between different tissues in 
the same individual. In addition to the variants identifi ed in normal tissues, cancer cells harboured 
further homoplasmic and heteroplasmic mutations that could also be detected in patient plasma, and 
this mutated mtDNA could be used as a cancer biomarker. 

 The study of Lueth et al.  (  2010  )  supported this data, identifying somatic mutations in 6 of 15 
medulloblastoma samples by temporal temperature gel electrophoresis and direct sequencing. These 
changes were insertions, deletions, or substitutions restricted to the 303–315 bp poly-C tract of the 
D-loop region. Interestingly, three were changes from heteroplasmy to homoplasmy, two were changes 
from heteroplasmy to heteroplasmy and one mutation represented a change from homoplasmy to het-
eroplasmy. In addition, 25 distinct germline variations were identifi ed. These results are in support on 
the high frequency of somatic mitochondrial mutations in medulloblastoma, but there are no data on 
the frequency of mitochondrial mutation in normal nervous tissue. Importantly, these somatic altera-
tions were found only in the hypervariable D-loop region, supporting the idea that these control regions 
contain hot spots for both germline variations and somatic alterations of the mitochondrial genome.  

    13.6   Mitochondria, Heat Shock Proteins (HSPs) and Cancer 

 The complicated pathophysiology of HSPs in cancer seems particularly worthy of potential clinical 
targeting. In cancer, HSPs seem to have fundamental tumour promoting activities. HSP90 family 
members protect and maintain functionally aberrant conformations of point mutated or grossly altered 
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proteins with oncogenic functions (i.e., the products of chromosomal translocation, such as Bcr-Abl, 
or point mutations, such as variants of the epidermal growth factor receptor). Another fundamental 
tumour-promoting activity of HSPs, which is mainly related to the HSP70 and −27 families, depends 
upon the strong inhibitory activities of these proteins in both mitochondrial and extra-mitochondrial 
programmed cell death (apoptosis) and cell senescence (Smith et al.  1998 ; Wang et al.  2000 ; Sur et al. 
 2008  ) . This very effi cient road block to programmed cell death not only synergises with the other 
tumour-promoting activities of HSPs (specifi cally chaperone properties) but has a signifi cant role in 
the development of resistance to various cancer therapeutics (Ritossa  1962 ; Pockley  2001 ; Soti et al. 
 2005 ; Chen et al.  2007a,   b  ) . 

 Importantly, the ability of HSPs to interact with various signal transduction pathways, their chap-
erone properties and their anti-apoptotic effects render them facilitators of genetic variation in cancer. 
These attributes of HSPs favourably infl uence the promotion of other cancer properties, including 
local invasion, angiogenesis and, although somewhat contested, metastasis (Smith et al.  1998 ; Schmitt 
et al.  2007 ; Powers and Workman  2007 ; Zhou et al.  2004 ; Keezer et al.  2003 ; Hoang et al.  2000  ) . In 
fact, HSPs are strongly induced in many different cancer cells and function to protect cells by block-
ing apoptosis during tumour progression. HSPs may also function to protect cells from other cancer 
characteristics such as genetic instability, ischemic stroma, the Warburg effect, and invasion and meta-
static potential. This suggests a role in carcinogenesis also for mtHSPs, such as prohibitin, mortalin, 
HSP60/HSP10 complexes, and HSP-70 (Calderwood et al.  2006 ; Czarnecka et al.  2006  ) . Specifi cally, 
mortalin, which is also known as mitochondrial HSP70, is known to be involved in cell cycle regula-
tion, cellular senescence and immortalisation pathways. In fact, mortalin overexpression in colorectal 
adenocarcinoma was found to correlate with a poor prognosis (Dundas et al.  2005  ) . 

 However, the relationships among HSPs, mitochondria and cancer are far from being clarifi ed, as 
recently demonstrated by the study of Wadhwa et al.  (  2010  ) , which found that the Drosophila melano-
gaster mitochondrial Hsp22 (DmHsp22) is preferentially up-regulated during aging. It is well known 
that its overexpression results in an extension of life span (>30%) (Morrow et al.  2004  ) . Moreover, long 
lived fl ies expressing Hsp22 have increased resistance to oxidative stress and maintain locomotor activ-
ity longer. The authors evaluated the cross-species effects of Hsp22 expression in human cells. The 
results showed that DmHsp22 was functionally active in human cells. It extended the life span of normal 
fi broblasts, slowing the aging process as evidenced by lower levels of the senescence-associated beta-
galactosidase. Further, DmHsp22 expression in human cancer cells increased their malignant properties 
including anchorage-independent growth, tumour formation in nude mice, and resistance to a variety of 
anti-cancer drugs. Finally, DmHsp22 interacts with and inactivates the tumour suppressor protein p53.  

    13.7   Mitochondria, Calcium and Cancer 

 It is well known that mitochondria can accumulate calcium (Ca 2+ ). However, unlike the other organ-
elles, such as the sarcoplasmic or endoplasmic reticula, mitochondria do not have large stores of Ca 2+ . 
These concentrations, however, are suffi cient for mitochondria to couple the cellular metabolic state 
with Ca 2+  transport processes. They therefore control not only their own intra-organelle [Ca 2+ ], but 
they also infl uence the entire cellular network of cellular Ca 2+  signalling, including the endoplasmic 
reticulum, the plasma membrane, and the nucleus. That defi nes a central mitochondrial role in Ca 2+  
signalling and in inter-organelle communication as well. Moreover, by this fi ne tuning of the Ca 2+  
signal, mitochondria can modulate various enzymatic activities. In turn, these Ca 2+  oscillations permit 
specifi c outcomes, such as regulation of gene transcription, cell cycle, apoptosis or proliferation and 
angiogenesis, all aspects relevant for tumourigenesis and tissue homeostasis. 

 The physiology and pathophysiology of calcium in mitochondria is the topic of a different chapter. 
Here, it is useful just to stress that some cancers are associated with the up- or downregulation of 
specifi c Ca 2+  channels or pumps. For example, TRPM8 is upregulated in prostate cancer and SERCA3 
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is downregulated in colon cancer. These observations are stimulating signifi cant research on various 
potential pharmacological agents that can modulate Ca 2+  channels, pumps and exchangers with the 
aim of selectively targeting calcium-related cancer proliferation and/or cancer-induced inhibition of 
apoptosis. However, it is still unclear if these changes in the expression or activity of Ca 2+  channels 
and pumps at the cellular and mitochondria levels have a causal role in cancer or not. For example, 
increased expression of plasma membrane Ca 2+  channels may increase Ca 2+  infl ux and promote Ca 2+ -
dependent proliferative pathways. Alternatively, altered activity or expression of specifi c Ca 2+  chan-
nels and pumps might be an adaptive response or might offer a survival advantage, such as resistance 
to apoptosis. Indeed, caspase-resistant PMCA exogenously expressed in CHO cells results in a 
reduced rate of apoptosis and necrosis after treatment with staurosporine. 

 But is it really possible hypothesise a pathogenetic link among mitochondria, calcium and cancer? 
 It should be stressed that location, degree and temporal aspects of changes in free Ca 2+  may infl u-

ence different pathways related to carcinogenesis, such as:

   Motility: Ca • 2+  is implicated in cellular motility (an important aspect of tumour invasion and 
metastasis);  
  Angiogenesis: Ca • 2+  is a key regulator in different signalling pathways that is important in angio-
genesis (i.e., vascular endothelial growth factor (VEGF) can increase intracellular Ca 2+  by inducing 
Ca 2+  release from its stores);  
  Genotoxicity: Ca • 2+  can modulate some aspects of DNA damage response pathways, which infl u-
ence genomic stability and cell survival (i.e., it is a modulator of poly-(ADP-ribose) polymerase-1 
(PARP1) activity);  
  Transcription: Ca • 2+  levels directly and/or indirectly regulate transcription by infl uencing the down-
stream regulatory element antagonist modulator (DREAM) and the transcription factor NFAT 
(nuclear factor of activated T cells);  
  Telomerase activity: The Ca • 2+  effector S100A8 can inhibit the activity of telomerase;  
  Differentiation: Ca • 2+  signalling is implicated in differentiation/dedifferentiation processes either 
through the extracellular Ca 2+ -sensing receptor and/or through alterations in intracellular Ca 2+  ;  
  Cell cycle: Ca • 2+  is a key regulator of the cell cycle, and hence proliferation, through various path-
ways including regulation of RAS activity, control of PTEN nuclear localisation, transcription of 
immediate early genes important in the G0–G1 transition, and last but not least facilitating the 
phosphorylation of the retinoblastoma protein in late G1;  
  Apoptosis: programmed cell death is often linked to accumulation of excessive Ca • 2+  by the mito-
chondria with activation of mitochondrial membrane permeabilisation, while reduction in the Ca 2+  
content of the intracellular stores is associated with resistance to apoptosis.    

 However, the molecular mechanisms of the possible alterations in calcium level oscillations are not 
understood, particularly at the mitochondrial level. Interestingly, the recent identifi cation of a 40 kDa 
protein that may be a mitochondrial calcium uniporter has opened new ideas on the role of mitochon-
dria in cellular Ca 2+  signalling. In fact, by characterisation of this protein, a better understanding of the 
physiology and pathophysiology at the molecular level would be possible. This would permit a better 
analysis, in addition to animal models, of all processes regulated by mitochondrial Ca 2+  signals, such 
as aerobic metabolism and cell death, aspects that are typically altered in cancer cells.   

    13.8   Mitochondria and Cancer Cell Differentiation: 
An Illustrative Example 

 It is well-known that cancer cell can be induced to differentiate, which lowers proliferation, by differ-
ent physical (temperature) and chemical agents (DMSO, retinoic acid, hybrid polar agents, HDCA 
inhibitors, and so on). The molecular mechanisms of this differentiation are debated. For some agents 
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with potential therapeutic use, some molecular mechanisms have been elucidated. Although the 
connection between mitochondrial respiration and cancer cell dedifferentiation (i.e., pleomorphism, 
resistance to apoptosis, cell proliferation, metabolic shift, cell invasion, and genetic instability) is 
fundamental to cancer pathogenesis, the precise molecular relationships and regulatory processes are 
far from understood. Recent studies are re-examining mitochondrial function, especially cellular 
respiration, in cancer. However, a consensus among the fi ndings has yet to be achieved (Modica-
Napolitano and Singh  2004 ; Scatena et al.  1999,   2003,   2007 ; Felty and Roy  2005  ) . 

 Herein we summarise important fi ndings linking cellular respiration to cell differentiation in cancer. 
It is worth noting that this putative link may have crucial pharmacologic and clinical implications. For 
example, the work of Amuthan et al.  (  2002  )  showed mechanistic insight into how cancer progression 
and tumour invasion may be directly related to chemical damage of mtDNA that results in mitochon-
drial respiratory chain dysfunction, loss of mitochondrial membrane potential, and reduction of ATP 
synthesis. This mitochondrial derangement also causes calcium release into the cytoplasm, which acti-
vates a cell dedifferentiation program. This study showed in C2C12 myoblasts and human pulmonary 
carcinoma A549 cells that a mitochondrial stress-induced cell dedifferentiation program (by mtDNA 
depletion) can transform cells into a more aggressive phenotype with the following properties:

   induction of hexokinase, the enzyme that primes glucose by consuming ATP;  • 
  induction of phosphoenolpyruvate carboxykinase (PEPCK), which regulates gluconeogenesis, • 
glyceroneogenesis, and many other anaplerotic reactions;  
  induction of tumour invasion markers (i.e., cathepsin L, TGF- • b 1, ERK1, ERK2, and calcineurin);  
  induction of anti-apoptotic proteins (Bcl2 and Bcl-XL) and reduction of levels of the pro-apoptotic • 
proteins Bid and Bax;  
  reduction of cell growth and signifi cant morphologic changes.    • 

 In summary, the fi ndings of Amuthan et al.  (  2002  )  demonstrate that, at least in this set of experi-
mental conditions, generic mitochondrial stress caused by mtDNA depletion alters cellular respiration 
and patterns of nuclear gene expression, thereby inducing tumourigenic properties. 

 Generally, mtDNA depletion renders cells more sensitive to apoptotic stimuli. Interestingly, 
Amuthan et al.  (  2002  )  explained that the outcome of the stress (cell dedifferentiation vs. apoptosis) 
could be related to the relative resistance to apoptosis and/or to the capacity of the adopted cellular 
models to effi ciently buffer the secondary metabolic stresses. Furthermore, this combination of meth-
odological approaches demonstrated mitochondria-to-nucleus stress signalling, through which altera-
tions in cellular respiration have the ability to change nuclear gene expression and selectively promote 
the growth of more aggressive clones. 

 Other studies suggest that mitochondria can mediate the proliferative or inhibitory actions of phys-
iologic or pharmacologic molecules that infl uence cellular respiration. It was recently reported that 
some “non-genomic” effects of oestrogens (i.e., effects mediated by mitochondria rather than oestro-
gen receptors) modulate the expression of nuclear cell cycle genes and human breast tumour growth. 
Specifi cally, oestrogens cause increased transcription of various complex subunits of the electron 
respiratory chain in mitochondria. Oestradiol treatment (0.5 nM for 6 days) caused a 16-fold increase 
in cytochrome oxidase II (COII) mRNA in rat pituitary tumour cells. Similarly, ethinyl oestradiol 
treatment (0.5–10 M for 40 h) caused a two- to three-fold increase in cytochrome oxidase I (COI), 
COII, and NADH dehydrogenase subunit I. Oestrogens seem to negatively affect mitochondria at the 
protein level as well. Several studies have shown that oestrogens can inhibit mitochondrial respiratory 
complexes I, II, III, IV, and V. This perturbation of the electron respiratory chain can induce mito-
chondrial ROS production, which promotes the generation and progression of some cancers via oxi-
dative stress and/or ROS-related signalling pathways (Felty and Roy  2005  ) . Given the suggested role 
of oestrogens in some cancers (i.e., breast cancer) and their carcinogenic activity, further evidence 
should be gathered to determine the relevance of these fi ndings, particularly at the mitochondrial and 
nuclear levels. 
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 The ability of lipophilic molecules to alter cellular respiration and cell differentiation/dedifferentiation 
processes is a neglected pathophysiologic facet of the mitochondrial respiratory chain. In fact, fi brates 
and their thiazolidinedione derivatives interact with many hydrophobic protein domains and especially 
with complex I subunits of the mitochondrial electron respiratory chain. This molecular interaction 
occurs both  in vitro  and  in vivo , and it is rapid ( < 1 h from administration) and occurs in numerous cell 
types to varying degrees. 

 Specifi cally,  in vitro , the following human cell lines have shown alteration of complex I and cell 
differentiation: K-562 human erythroleukaemia, HL-60 human myeloid leukaemia, U-937 human 
monocytic leukaemia, TE-671 human rhabdomyosarcoma, HepG2 human hepatocarcinoma, and 
SK-N-BE[2] human neuroblastoma (Scatena et al.  1999,   2003 ; Bottoni et al.  2005  ) . 

 Importantly, the lipophilic properties of these molecules allow them to diffuse freely into lipid 
bilayers and especially mitochondria because of the interplay between their logD and mitochondrial 
electrochemical gradient, thereby altering the function of proteins embedded in membranes. One of 
the larger protein components of the mitochondria membranes is complex I (NADH-ubiquinone oxi-
doreductase, subunits  > 30, MW 850 kDa), which because of these features may act as the main lipo-
philic molecular sink in mitochondria (Scatena et al.  2007  ) . 

 The rapid iatrogenic respiratory disruption caused by introduction of these lipophilic molecules 
has been shown to induce metabolic- and ROS-mediated stress that promotes differentiation in human 
tumour cell lines; mitochondrial HSPs have also been shown to be involved (Bottoni et al.  2009  ) . In 
particular, the disruption of mitochondrial complex I may induce ROS production and impair NADH 
oxidation, resulting in an energetic shortage in cancer cells. Importantly, because complex I is only 
partially disrupted, the oxidative and energetic stress are generally non-lethal. Under these conditions, 
cell growth is hampered, and phenotypic features of differentiation may reappear. This suggests that 
these agent do not cause bona fi de differentiation (i.e., by epigenetic modifi cations), but, by simply 
inducing signifi cant metabolic and energetic stress, they impair the proliferative capacity of cancer 
cells. In this case, molecular activities typical of a their differentiated state return. 

 These observations necessitate a re-evaluation of the differentiation/dedifferentiation defi nition 
with signifi cant pharmacological implications. In fact, the so-called drug-induced differentiation 
should be better defi ned as a drug induced “pseudodifferentiation”. These results may justify the poor 
results obtained with some so-called differentiating agents (i.e., HDAC inhibitors) (Mai et al.  2005 ). 

 Moreover, these data confi rm that fi brates and thiazolidinediones may inhibit complex I via excess 
PPAR activity, thus impairing NADH oxidation at the mitochondrial level, and may explain some of 
the pharmacologic activities of this class of drugs (i.e., anti-hyperlipidemia, insulin sensitisation). 
These fi ndings also may account for some of the adverse side effects of fi brates and thiazolidinediones, 
including myocardiotoxicity, hepatotoxicity, and, most relevant to this discussion, peroxisome prolif-
eration, carcinogenicity, and cancer differentiating properties, which are considered typical peroxisome 
proliferator activated receptor (PPAR)-alpha–mediated effects in rodents (Michalik et al.  2004  ) . 

 In conclusion, stress-related differentiation in human tumour cell lines, including some human 
leukaemia cell lines, is a well-known occurrence (Richards et al.  1988 ). The differentiating activity of 
fi brates and thiazolidinediones on human tumour cell lines has been shown to be tightly correlated 
with the level of mitochondrial complex I disruption. This differentiating activity is independent of 
the expression level of PPARs, as well as the embryonic origin of the tissue. 

 Interestingly, fi brate/thiazolidinedione-induced differentiation is unusual; it is linked to the met-
abolic status of differentiated cells that shift toward a more glycolytic metabolism (paradoxical 
Warburg effect), thus demonstrating that the original neoplastic phenotype utilised mitochondria 
for energy. Moreover, metabolic parameters recorded during drug-induced cell differentiation 
(residual activity of the mitochondrial electron respiratory chain components glycerol 3-phosphate 
dehydrogenase and succinate dehydrogenase and levels of glycolytic and nonglycolytic acetate, 
pyruvate, and alanine) suggest that the so-called Warburg effect is really an epiphenomenon of a 
more complex metabolic rearrangement of the neoplastic cell. Notably, this cancer-associated 



304 R. Scatena

metabolic rearrangement, induced by the cancer’s rigid genetic selection program, is characterised 
by a high level of cell proliferation and diffusion. This high proliferation and diffusion is normally 
present only during embryonic and foetal development and seems to re-activate in cancer cells, 
underscoring the importance of the cancer stem cells hypothesis (i.e., stem-like cancer cells) and 
the original hypothesis of Warburg.  

    13.9   Conclusions 

 Discussing all that is known on the relationship between mitochondria and cancer is quite diffi cult. 
It is only possible to stress some aspects that underline the potential translational applications of 
intriguing pathophysiological links. Mitochondria are not innocent bystanders in cancer progression. 
They have various important pathogenetic roles with fundamental diagnostic, prognostic and thera-
peutic implications. 

 In particular, experimental and clinical data seem to confi rm:

   A more active role of mitochondria in modulating the differentiated cellular phenotype and the • 
pathogenetic signifi cance of disruptions in oxidative metabolism in carcinogenesis  
  The importance of the shift of cellular metabolism in cancer, resembling stem cell metabolism, to • 
ensure that the new energetic and structural needs of neoplastic cells are met  
  The role of NADH and the NADH/NAD+ ratio in the modulation of a signal transduction pathway • 
that controls differentiation/dedifferentiation status  
  The interplay of complex I and complex II of the mitochondrial respiratory chain to adapt cell • 
metabolism to different physiopathologic conditions  
  The value of an accurate morphofunctional defi nition of the so-called cancer stem cell, which may • 
represent the real reservoir of a tumour    

 Elucidating the relationship between cancer cell oxidative metabolism and cellular differentiation 
state is fundamental not only for the fi eld of oncology but also for stem cells.      
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  Abstract   Aging is a degenerative process that is associated with progressive accumulation of deleterious 
changes with time, reduction of physiological function and increase in the chance of disease and 
death. Studies in several species reveal a wide spectrum of alterations in mitochondria and mitochon-
drial DNA (mtDNA) with aging, including (1) increased disorganization of mitochondrial structure, 
(2) decline in mitochondrial oxidative phosphorylation (OXPHOS) function, (3) accumulation of 
mtDNA mutation, (4) increased mitochondrial production of reactive oxygen species (ROS) and 
(5) increased extent of oxidative damage to DNA, proteins, and lipids. In this chapter, we outline the 
common alterations in mitochondria of the aging tissues and recent advances in understanding the 
role of mitochondrial H 

2
 O 

2
  production and mtDNA mutation in the aging process and lifespan deter-

mination. In addition, we discuss the effect of caloric restriction on age-associated mitochondrial 
changes and its role in longevity. Taking these fi ndings together, we suggest that decline in mitochon-
drial energy metabolism, enhanced mitochondrial oxidative stress, and accumulation of mtDNA 
mutations are important contributors to human aging.  

  Keywords   Aging  •  mtDNA  •  Mitochondria  •  ROS  •  Oxidative damage  •  Caloric restriction    

    14.1   Introduction 

 Aging is a degenerative process that is characterized by a time-dependent decline in physiological 
function and an increase in the chance of disease and death. The deleterious changes with time occur 
in all organisms that are believed to be associated with the metabolic activity and are infl uenced by 
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genetic and environmental factors. In the early 1950s, Harman considered factors which infl uenced 
aging and searched for factors capable of causing death that was present in every living organism, and 
proposed the “free radical theory of aging”. He contended that free radicals, produced from normal 
metabolism, could be the cause of aging and aging-related degenerative diseases (Harman  1956  ) . 
In 1972, he modifi ed his theory and proposed that mitochondria are both the main source and a major 
target of free radicals, and the accumulation of damage with time leads to aging (Harman  1972  ) . 
In 1980, Miquel and associates suggested that the progressive membrane damage in mitochondria of 
postmitotic cells by free radicals and lipid peroxides, as by-products of the reduction of oxygen during 
respiration, could cause an age-related decrease in the amount of functionally competent mitochon-
dria with concomitant decline in cellular production of ATP and increased peroxide generation 
(Miquel et al.  1980  ) . Linnane et al.  (  1989  )  further proposed that accumulation of somatic mutations 
in mitochondrial DNA (mtDNA) is a major contributor to human aging and degenerative diseases. 
The free radical theory of aging has thus been extended to the “Mitochondrial theory of aging”. 

 Mitochondria are the main cellular energy sources that generate ATP through the process of respi-
ration and oxidative phosphorylation (OXPHOS) in the inner membrane of mitochondria. The respi-
ratory chain of the OXPHOS system is also the primary intracellular source of reactive oxygen species 
(ROS) and free radicals under normal physiological and pathological conditions. In addition, mito-
chondria play a central role in a variety of cellular processes, including  b -oxidation of fatty acids, 
phospholipid biosynthesis, calcium signaling, and apoptosis. 

 Mitochondria contain their own DNA (mtDNA) and the mitochondrial genome is important in the 
maintenance of functionally competent organelle. Although the majority of the proteins involved in 
the OXPHOS are encoded by nuclear DNA, translated in the cytoplasm and are imported into the 
mitochondria, the mitochondrial genome codes for 2 rRNAs and 22 tRNAs which are required for 
intramitochondrial protein synthesis, and 13 polypeptides of the respiratory enzyme complexes 
required for normal function of the OXPHOS system. Distinct from nuclear DNA, mtDNA can be 
replicated independently of the cell cycle and is present in multiple copies within each cell. The actual 
number of mtDNA varies between cell types and is dependent on the energy demands within each 
cell. Any mutations in the mtDNA can co-exist with wild-type copies, a condition called hetero-
plasmy. The mutant mtDNAs do not exert a biochemical phenotype on a cell until the mutant load 
reach a certain level. The threshold of mutant/wild type can vary depending on the specifi c mutation 
and the cell type. 

 Mitochondrial theory of aging proposes that progressive accumulation of somatic mutations in 
mtDNA during an individual’s lifetime causes a decline in mitochondrial bioenergetic function and is 
a contributory factor of aging. Under normal physiological conditions ROS are generated at very low 
levels during mitochondrial respiration. The complexes I and III of the respiratory chain are the main 
sites that electrons are leaked out to generate superoxide anions, which can be further converted to 
H 

2
 O 

2
  and hydroxyl radicals. It has been estimated that 2–5% of oxygen consumed by mitochondria 

can be converted to ROS. Most of these ROS can be removed by antioxidants and free radical scav-
enging enzymes. However, some leakage in the antioxidant protection can damage DNA, proteins and 
lipids. Oxidative damage to mtDNA may lead to strand breaks of DNA and the occurrence of muta-
tions in mtDNA. Accumulation of these mtDNA mutations could result in dysfunction of the respira-
tory chain, leading to increased ROS production in mitochondria and subsequent accumulation of 
more mtDNA mutations. This vicious cycle has been proposed to account for an increase in oxidative 
damage during aging, which leads to the progressive decline of cellular and tissue functions as a result 
of insuffi cient supply of energy and increased susceptibility to apoptosis (Linnane et al.  1989 ; Wei 
 1992 ; Lee and Wei  2007  ) . 

 In the past decades, these aging theories have been extensively tested by many approaches and 
substantial supportive evidence has been gained from molecular and cellular biological studies. 
Studies from aging humans and animals have shown good correlations between aging, mitochondrial 
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function decline, and accumulation of mtDNA mutations. However, although it is clear that oxidative 
damage increases during aging, the role of mitochondrial oxidative stress in the aging process remains 
controversial. This chapter reviews recent advances in the understanding of the roles that alterations 
of mitochondria and mtDNA may play in aging. In addition, the roles of ROS in aging-associated 
mitochondrial function decline and somatic mtDNA mutation, and the effect of caloric restriction on 
mitochondria in aging are discussed.  

    14.2   Changes of Mitochondrial Morphology with Age 

 Evidence based on electron microscopic studies has shown that mitochondrial disorganization accu-
mulated with age in a variety of tissues, especially postmitotic cells such as neurons and muscle cells. 
Age-related changes in the muscle mitochondria of insects (e.g., fl ies) have been described, including 
a decrease in the number of mitochondria accompanied by an enlargement and more irregular struc-
ture of the remaining mitochondria, a loss of the stacked arrays of mitochondrial cristae, and a disrup-
tion of crystal packing with expansion of the intracristal space (Miquel et al.  1980  ) . Similar age-related 
changes were also observed in the myocardium, the skeletal muscle, liver, kidney, and the cerebral 
cortex of mammals (e.g., mice, rats, and human subjects). The mitochondrial structural changes in 
these old organisms included a decrease in the total number of mitochondria, an increase in their size, 
and a decrease in the number of mitochondrial cristae (Miquel et al.  1980  ) . 

 Recent work has shown that mitochondria are very dynamic organelles and maintain a constant 
remodeling of mitochondrial architecture, allowing morphological transitions from individual struc-
tures to complex tubular networks through fusion and fi ssion (Chen and Chan  2009  ) . It has been 
established that this dynamic structure is regulated by proteins controlling fi ssion, such as hFis1 and 
Drp1, and fusion, such as mitofusin 1 and 2 (MFN1 and 2) and OPA1. These proteins appear to be 
critical for normal mitochondrial function and abnormalities in mitochondrial dynamics play an 
important role in the pathophysiology of neurodegenerative diseases (Chen and Chan  2009  ) . Evidence 
reveals that the fi ssion-related protein hFis1 has been associated with the process of senescence in 
mammalian cells (Lee et al.  2007  ) . Using RNA interference to reduce hFis1 in mammalian cells, it 
was found that mitochondria become enlarged and fl attened and these morphological changes are cor-
related with increased  b -galactosidase activity, a marker of cell senescence, and decreased mitochon-
drial membrane potential, increased ROS generation and DNA damage. This suggests that hFis1 plays 
an important role in cell senescence and both the structure and dynamics of mitochondrial architecture 
are important factors involved in the cell senescence program. However, the role of proteins that regu-
late fi ssion/fusion in aging warrants further investigation.  

    14.3   Mitochondrial OXPHOS Function Declines with Age 

 Bioenergetic studies of the human and animals have suggested that respiratory function of mitochon-
dria declines in aging post-mitotic tissues. Immunohistochemical staining showed that cytochrome  c  
oxidase (COX)-negative cardiomyocytes and muscle fi bers are present in the heart, limb, diaphragm 
and extraocular muscle of normal elderly subjects, and that the number of COX-negative muscle 
fi bers is increased with age in the human subjects (Müller-Höcker  1989,   1990 ; Müller-Höcker et al. 
 1993  ) . Moreover, a decrease of COX proteins was observed in aged human brain (Ojaimi et al.  1999a  ) . 
An age-related increase in the number of COX-negative muscle fi bers was also found in fruit fl ies, 
 Drosophila melanogaster  (DiMauro et al.  2002  ) . 
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 Numerous biochemical studies on isolated mitochondria revealed that the electron transport 
activities of respiratory enzyme complexes gradually decline with age in the brain, skeletal muscle, 
liver and skin fi broblasts of normal human subjects (Trounce et al.  1989 ; Yen et al.  1989 ; Cooper et al. 
 1992 ; Hsieh et al.  1994 ; Boffoli et al.  1994 ; Ojaimi et al.  1999b ; Greco et al.  2003 ; Short et al.  2005  ) . 
Similar age-related decline in the activities of respiratory enzymes was also demonstrated in the fl ight 
muscle of fl ies (Bulos et al.  1972,   1975  ) , as well as in skeletal muscle, heart, liver of rats (   Torii et al. 
 1992a,   b ; Takasawa et al.  1993 ; Sugiyama et al.  1993 ; Lesnefsky and Hoppel  2006  )  and dogs 
(Sugiyama et al.  1993  ) , and in brain of rhesus monkeys (Bowling et al.  1993  ) . 

 Age-related decrease in ADP-stimulated (State 3) respiration and respiratory control of isolated 
mitochondria were reported in fl ies (Martinez and McDaniel  1979  )  and in the myocardium of old rats 
(Murfi tt and Sanadi  1978  ) . The respiratory control ratio, OXPHOS effi ciency, the rates of resting and 
ADP-stimulated respiration and ATP synthesis of isolated mitochondria were all found to decline, 
although with different degrees, with age in the skeletal muscle and liver (Trounce et al.  1989 ; Yen 
et al.  1989  )  and in human skin fi broblasts (Greco et al.  2003  ) . The age-associated decrease in mito-
chondrial membrane potential, the driving force for OXPHOS and the increase in proton leakage of 
the respiratory chain were found to correlate with reduced ATP synthesis in tissues of old animals 
(Pieri et al.  1993 ; Hagen et al.  1997 ; Harper et al.  1998  )  and in skin fi broblasts from elderly subjects 
(Greco et al.  2003  ) . A study further confi rmed that the activities of mitochondrial respiratory enzymes 

  Fig. 14.1    Mitochondrial role in the aging process. There is increasing amount of evidence to suggest that accumulation 
of mitochondrial DNA ( mtDNA ) mutations with age plays a role in cellular dysfunction in many tissues. MtDNA muta-
tions could be caused by increased oxidative stress. If a mutated mtDNA molecule is replicated and clonally expanded 
within a cell, this cell may become defi cient in respiration and oxidative phosphorylation ( OXPHOS ). The compromised 
energy production could lead to cellular dysfunction and/or cell death, which may result in tissue dysfunction and onset 
of aging. Recent studies revealed that overexpressing human catalase localized to mitochondria ( mCAT ) can reduce 
mtDNA mutations in tissues during aging and increase the lifespan of transgenic mice. Mitochondrial DNA polymerase 
 g -mutated mice ( Polga  mut/mut ) can accumulate high level of mtDNA mutations and increased apoptosis in tissues and 
develop premature aging phenotype. In addition, caloric restriction has been demonstrated to be able to delay the onset 
of age-associated phenotypes and extend lifespan in diverse living organisms. It has also been found that caloric restric-
tion is able to reduce the rate of mitochondrial ROS production, mtDNA mutations, and the abnormalities in the mito-
chondrial OXPHOS system. These lines of evidence have supported the concept that the decline in energy metabolism, 
ROS overproduction and accumulation of mtDNA mutations in tissue cells are important factors that contribute to the 
aging process       
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and that mitochondrial ATP production rate are declined with age in muscle biopsies from 146 healthy 
subjects (Short et al.  2005  ) . 

 One study assessed  in vivo  rates of mitochondrial oxidative metabolism by  13 C nuclear magnetic 
resonance (NMR) spectroscopy and phosphorylation activity by  31 P NMR and found approximately 
40% reduction in oxidative phosphorylation activity of mitochondria in skeletal muscle of healthy 
elderly subjects as compared with that of the young controls (Petersen et al.  2003  ) . 

 The age-associated decreases in mitochondrial respiratory proteins and OXPHOS function could 
be resulted from the decline in the rates of mtDNA transcription and mitochondrial protein synthesis. 
Many lines of evidence revealed that steady-state levels of mitochondrial RNA transcripts are 
decreased in old  D. melanogaster  (Calleja et al.  1993  )  and in various aging tissues of the human and 
animals (Gadaleta et al.  1990 ; Fernandez-Silva et al.  1991 ; Barrientos et al.  1997a,   b  ) . Moreover, an 
age-dependent decline in the rate of protein synthesis was observed in  D. melanogaster , mouse liver 
and kidney (Marcus et al.  1982 ; Bailey and Webster  1984  ) , and human skeletal muscle (Rooyackers 
et al.  1996  )  as well as skin fi broblasts (Greco et al.  2003  ) . The age-related decrease in mitochondrial 
gene transcripts and proteins of human skeletal muscle was found to closely relate to the reduction of 
mtDNA content and the ATP production rate of mitochondria (Short et al.  2005  ) . 

 Different lines of evidence from immunohistochemical staining, biochemical studies and  in vivo  
investigations have supported the central idea that the decline in bioenergetic function of mitochon-
dria plays an important role in aging (Fig.  14.1 ). The decline in mitochondrial respiratory function can 
lead to lower ATP production and more ROS formation in aged tissues.   

    14.4   MtDNA Mutations Accumulate with Age 

 Numerous molecular studies using polymerase chain reaction (PCR) or quantitative PCR techniques 
demonstrated that somatic mutations in mtDNA progressively accumulate with age in a variety of 
tissues of humans (Yen et al.  1991 ; Torii et al.  1992a,   b ; Lee et al.  1994a  ) , rhesus monkeys (Schwarze 
et al.  1995  )  and rodents (Khaidakov et al.  2003  ) . These age-related mtDNA mutations include large-
scale deletions (Yen et al.  1991 ; Zhang et al.  1992 ; Lee et al.  1994a  ) , tandem duplications (Lee et al. 
 1994b ; Wei et al.  1996  )  and point mutations (Zhang et al.  1993 ; Münscher et al.  1993 ; Michikawa 
et al.  1999 ; Wang et al.  2001 ; Khaidakov et al.  2003  ) . Many lines of studies have revealed that 
multiple deletions of mtDNA occur in the skeletal muscle, heart, and brain of aged human subjects 
and mice, and suggest that a broad spectrum of mtDNA deletions is accumulated with age. Many 
types of tandem duplications in the D-loop region of mtDNA were identifi ed in a variety of tissues of 
elderly subjects (Lee et al.  1994b ; Wei et al.  1996  ) . Some pathogenic point mutations in the tRNA 
genes of mtDNA (Münscher et al.  1993 ; Zhang et al.  1993  )  and high levels of point mutations in the 
D-loop region of mtDNA (Michikawa et al.  1999 ; Wang et al.  2001  )  have also been found to accumu-
late with age in human tissues and cultured human skin fi broblasts. 

 It has been observed that terminally differentiated tissues with active oxidative metabolism, such 
as skeletal muscle, heart, and brain, accumulate relatively higher levels of mutant mtDNA during the 
aging process. Many of these mtDNA mutations start to occur after mid-1930s and accumulate with 
age in post-mitotic tissues of humans (Yen et al.  1991 ; Lee et al.  1994a  ) . It is noteworthy that occur-
rence of mtDNA deletions was correlated with the reduction of mitochondrial respiratory chain 
enzyme activities in aging human skeletal muscles (Hsieh et al.  1994 ; Lezza et al.  1994  ) . 

 Initially, most studies showed that the overall proportion of a specifi c mutant mtDNA is lower than a 
level of approximately 0.1% of total mtDNA molecules in any somatic tissue examined (Wei and Lee 
 2002  ) . The levels are far lower than a threshold of mtDNA mutation (~80–100% of the mtDNA) required 
for the expression of a defective electron transport system in patients with mitochondrial myopathies 
(Shoubridge et al.  1990 ; Schon et al.  1994 ; He et al.  2002  ) . However, it could be because most investigators 
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screened for mtDNA mutations in the whole tissue rather than individual cells. The mutated mtDNA 
molecules may be unevenly distributed and can accumulate clonally in certain cells, causing a mosaic 
pattern of respiratory chain defi ciency in somatic tissues during aging. Besides, the unevenly distributed 
mutant mtDNA molecules were largely diluted by wild-type mtDNA when the whole tissue was used to 
screen for mtDNA mutations. The idea was supported by some evidence that the proportion of mtDNA 
with a large-scale deletion was well correlated with that of COX-negative fi bers in the same subjects 
(Kovalenko et al.  1997 ; Pesce et al.  2001  ) . Using a single fi ber PCR method or the laser-capture micro-
dissection technique (Kopsidas et al.  1998 ; Cao et al.  2001 ; Wanagat et al.  2001  ) , it was further demon-
strated that COX-negative fi bers in the skeletal muscle of normal elderly subjects and aged rats contain 
reduced levels of full-length mtDNA and high levels of mtDNA deletions. 

 Using both histological and polymerase chain reaction (PCR) analyses, it was shown that mtDNA 
deletions clonally accumulate to high levels within COX − /SDH +  regions (>90% of total mtDNA) in 
vastus lateralis muscle of human subjects aged 49–93 years (Bua et al.  2006  ) . Moreover, the ampli-
tude of decline in the levels of the deletion-containing mtDNA in the transition regions and in mito-
chondrial electron transport chain-normal regions immediately adjacent to the transition regions 
suggest that the accumulation of mtDNA deletions precedes the electron transport chain defi ciency 
(Bua et al.  2006  ) . The high levels of accumulated mtDNA deletion were also observed to link to enzy-
matic and morphological abnormalities of mitochondria such as fi ber splitting, atrophy, and breakage 
in muscle fi bers from aged rats (Herbst et al.  2007  ) . These observations strongly support the notion 
that mtDNA deletions play a causal role in mitochondrial dysfunction of skeletal-muscle fi bers with 
age, a process that ultimately leads to fi ber loss. 

 Studies on the dissected substantia nigra of post-mortem human brains further revealed that very 
high levels of mtDNA deletions are present in dopaminergic neurons from very old individuals 
(Bender et al.  2006 ; Kraytsberg et al.  2006  ) . Importantly, the proportion of mtDNA with deletions 
increased signifi cantly with age and neurons containing over 60% of deleted mtDNA molecules were 
associated with a striking loss of COX activity. These fi ndings suggest that mtDNA mosaic seems to 
parallel the occurrence of the bioenergy mosaic, and mtDNA mutations can reach rather high levels 
in the cells of elderly subjects. The accumulation of mtDNA mutations with age in tissues of human 
and rodents can cause adverse effects and may play a causal role in aging (Fig.  14.1 ). 

 Although actual mechanism for the formation of mtDNA deletions has remained unclear, oxidative 
damage-associated single- or double-strand DNA breaks might be involved in their formation. It has 
been shown that the proportion of mtDNA with deletions correlates with the level of oxidative modifi ca-
tion (8-OHdG content) of mtDNA (   Hayakawa et al.  1992 ). It has also been demonstrated that treatment 
of human skin fi broblasts with sublethal dose of oxidative stress results in the formation and accumula-
tion of the common 4,977 bp deletion in mtDNA (Dumont et al.  2000  ) . In addition to normal aging, 
environmental insults, such as UV irradiation (Pang et al.  1994 ; Yang et al.  1995 ; Berneburg et al.  1999  ) , 
cigarette smoking (Fahn et al.  1998 ; Lee et al.  1999  ) , and betel quid chewing (Lee et al.  2001  ) , have 
been demonstrated to increase the levels of mtDNA with large-scale deletion. These studies suggest that 
oxidative damage to mtDNA is a major cause of instability and mutations (point mutation and deletion) 
of the mitochondrial genome in the tissues of elderly subjects (Linnane et al.  1989 ; Beckman and Ames 
 1998  ) . These fi ndings provided evidence to support the notion that ROS and free radicals play an impor-
tant role in the mechanism underlying aging-associated somatic mutation of mtDNA.  

    14.5   Mitochondrial ROS Production Increases with Age 

 A majority of intracellular ROS are thought to be generated as byproducts of oxidation-reduction 
reactions in mitochondrial respiratory chain (Beckman and Ames  1998  ) . Knowledge of how mito-
chondria produce ROS is based on the evidence from isolated mitochondria. During respiration, 
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superoxide anions (O 
2
   ·−  ) and organic free radicals (e.g., ubisemiquinone and fl avosemiquinone) are 

generated from mitochondria, mainly through Complex I and Complex III in the respiratory chain 
(Chance et al.  1979 ; Wei et al.  1981  ) . Although it is still not clear about the actual rate of mitochon-
drial ROS production  in vivo , it was estimated that about 2% of the oxygen consumed by isolated 
mitochondria from mammalian tissues is converted to ROS, including superoxide anions, hydrogen 
peroxide (H 

2
 O 

2
 ), and hydroxyl radicals (Chance et al.  1979 ; Beckman and Ames  1998  ) . 

 Evidence supporting the link of mitochondrial generation of superoxide anions and H 
2
 O 

2
  to aging 

is provided by studies on isolated mitochondria of tissues from insects and mammals (Ku et al.  1993 ; 
Sohal et al.  1995  ) . It was reported that the average lifespan of different species of fl ies is inversely 
correlated with the rate of mitochondrial superoxide anions and H 

2
 O 

2
  generation (Sohal et al.  1995  ) . 

Similar correlations were also observed in the comparison among different mammalian species, 
including mouse, hamster, rat, guinea pig, rabbits, pig, and cow (Ku et al.  1993  ) . Moreover, the rates 
of ROS production from mitochondria are increased with age in the brain, heart, and kidney of mice 
(Sohal et al.  1994  ) . 

 It has become clear that under resting conditions in which mitochondria are not actively making 
ATP, mitochondria exhibit a low rate of oxygen consumption, high membrane potential across the 
inner membrane, and high proportion of reduced electron carriers (NADH/NAD +  ratio and CoQH 

2
 /

CoQ ratio), the rates of ROS production from isolated mitochondria are high (Murphy  2009  ) . This 
suggests that  in vivo  factors leading to these conditions will favor ROS production. However, the 
extent to which these situations arise  in vivo  with age is not clear.  

    14.6   Oxidative Damages Accumulate with Age 

 Several antioxidant enzymes and small-molecular-weight antioxidants within the cell and mitochon-
drion can cope with and dispose of most of ROS generated by aerobic metabolism under normal 
physiological conditions. The important antioxidant enzymes include manganese superoxide dis-
mutase (MnSOD), copper/zinc superoxide dismutase (Cu/ZnSOD), glutathione peroxidase (GPx) and 
catalase. Superoxide anions can be dismutated to H 

2
 O 

2
  by MnSOD and Cu/ZnSOD. MnSOD is located 

in the mitochondrial matrix and CuZnSOD is localized in the mitochondrial intermembrane space and 
cytosol (Okado-Matsumoto and Fridovich  2001 ; O’Brien et al.  2004 ; Inarrea et al.  2007  ) . H 

2
 O 

2
  can be 

scavenged by either GPx in the mitochondrial matrix or catalase in the cytosol. Although several stud-
ies on age-related changes in antioxidant enzymes have generated confl icting results (Sohal et al. 
 1994 ; Beckman and Ames  1998 ; Lu et al.  1999  ) , it is generally accepted that a leakage of ROS from 
mitochondria and an excess production of ROS that overwhelms the antioxidant defense system can 
cause oxidative damage to cellular constituents, including nucleic acids, lipids, and proteins. As the 
major intracellular source of ROS, mitochondria are subjected to direct attack by ROS in animal and 
human cells. Moreover, superoxide anions in the intermembrane space might be released into the 
cytosol through the voltage-dependent anion channel (VDAC) (Han et al.  2003  ) , and H 

2
 O 

2
  can move 

across mitochondrial membranes into the cytosol to damage extra-mitochondrial constituents. 
 Many lines of evidence suggest that oxidative damage to nuclear DNA and mtDNA of tissue 

cells are increased with age of the mammals (Beckman and Ames  1998 ; Hamilton et al.  2001a,   b  ) . 
Some characteristics of mammalian mtDNA were thought to render it to be highly susceptible to 
oxidative damage, including its close proximity to the sites of ROS production from the respira-
tory chain, lack of protection by histones, and limited capacity for repair of DNA damage. It has 
been documented that the steady-state levels of oxidative modifi cations observed in mtDNA, espe-
cially 8-OH-dG, are several-fold higher than those in nuclear DNA (Richter et al.  1988 ; Ames 
et al.  1993 ; Barja and Herrero  2000 ; Hamilton et al.  2001a,   b  ) . The levels of oxidative modifi ca-
tions in mtDNA of the diaphragm and heart muscle were found to increase with the age of human 
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subjects (Hayakawa et al.  1991,   1992  ) . The age-associated oxidative damage to mtDNA was 
shown to correlate with mitochondrial glutathione oxidation in the liver, kidney and brain of rats 
and mice (de la Asuncion et al.  1996  ) . In addition to modifi cations of the purine and pyrimidine 
bases, oxidative damage to DNA can lead to abasic sites, single- and double-strand breaks as well 
as cross-links to other DNA molecules. DNA damage accumulation can block the progression of 
DNA polymerase resulting in decreased amplifi cation of the target sequence. Studies using a gene-
specifi c DNA damage assay based on quantitative PCR revealed that mtDNA is more susceptible 
to oxidative damage than is nuclear DNA (Yakes and van Houten  1997  ) , and that the mtDNA dam-
age accumulates with age in post-mitotic tissues (Lin et al.  2003  ) . 

 The hydroxyl radical is one of the most potent inducers of lipid peroxidation. It has been shown 
that the content of lipid peroxides in mitochondria is increased with age (Hruszkewycz  1992  ) . The 
extent of lipid peroxidation was also correlated with alterations in mitochondrial respiration and 
OXPHOS activity, inner membrane barrier properties, maintenance of mitochondrial membrane 
potential, and mitochondrial Ca 2+  buffering capacity (Britton et al.  1990 ; Albano et al.  1991 ; Bacon 
et al.  1993  ) . Cardiolipin resides primarily in the inner membrane of mitochondria and the highly 
unsaturated nature of the fatty acyl chains in cardiolipin is required for optimal function of many of 
the proteins involved in mitochondrial respiratory chain. It has been shown that increased ROS pro-
duction from mitochondria may result in oxidation and depletion of cardiolipin, as well as inhibition 
of COX activity (Paradies et al.  2000  ) . Peroxidation of cardiolipin can impair the barrier function of 
the inner membrane and facilitate the detachment of cytochrome  c  from mitochondrial respiratory 
chain and contribute to apoptosis (Petrosillo et al.  2001  ) . 

 On the other hand, it has been shown that the amounts of proteins with oxidative modifi cations, 
such as oxidation of the sulfhydryl groups of proteins or the formation of protein carbonyls, in mito-
chondria are increased with age (Sohal et al.  1994 ; Agarwal and Sohal  1995 ; Sohal  2002  ) . The age-
related increase in the level of oxidized proteins was also observed in human skin fi broblasts and the 
mitochondrial fraction accumulated higher levels of protein carbonyl than the whole-cell lysate of 
these skin fi broblasts (Miyoshi et al.  2006  ) . This increase in the level of proteins with oxidative modi-
fi cation correlated with a decline in the intracellular ATP level (Miyoshi et al.  2006  ) . Aconitase and 
adenine nucleotide translocase (ANT) have been found to be the preferred targets of oxidative damage 
to mitochondrial proteins during aging of the animals (Gardner et al.  1994 ; Yan et al.  1997 ; Yan and 
Sohal  1998  ) . In addition, DNA polymerase  g  was shown as one of the major targets of oxidative dam-
age in mitochondrial matrix, which may contribute to a reduction in mtDNA replication and DNA 
repair activities in mitochondria (Graziewicz et al.  2002  ) . Oxidative modifi cation of proteins can alter 
protein structure and/or result in a loss of their normal function, which might lead to further ROS 
production from mitochondria.  

    14.7   Role of Mitochondrial ROS in Aging 

 The evidence that mitochondrial ROS production and accumulation of oxidative damage increase 
with age corroborates the possibility that mitochondrial ROS cause adverse effects in aging. To inves-
tigate the importance of mitochondrial ROS in aging, several genetics approaches have been used. 

 Studies of animals defi cient in MnSOD have provided evidence to substantiate the role of mito-
chondrial superoxide anions in aging. Mice defi cient in the MnSOD exhibited neonatal lethality in 
association with dilated cardiomyopathy and lipid accumulation in the liver (Li et al.  1995 ; Melov 
et al.  1999  ) . These mice also displayed severe mitochondrial dysfunction and enhanced oxidative 
damage to mitochondria (Li et al.  1995 ; Melov et al.  1999  ) . The Sod2 +/−  mice showed partially 
reduced (30–80%) scavenging activity for superoxide anions in all tissues throughout life and had an 
increased oxidative damage to mitochondria as compared with the Sod2 +/+  mice (Williams et al.  1998 ; 
Kokoszka et al.  2001 ; Van Remmen et al.  2003 ; Mansouri et al.  2006  ) . However, the activities of 
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respiratory enzyme Complex I and ATP synthase were not signifi cantly reduced in old Sod2 +/−  mice 
compared with age-matched wild-type mice (Mansouri et al.  2006  ) . In addition, several aging bio-
markers, such as cataract formation, defective immune response, and formation of glycoxidation 
products such as carboxymethyl lysine and pentosidine in skin collagen, change with age in the simi-
lar extent in both wild-type mice and the Sod2 +/−  mice (van Remmen et al.  2003  ) . Importantly, the 
life spans of the Sod2 +/−  mice were not shorter than those of wild-type mice, which suggest that 
increased mitochondrial superoxide anions production is not suffi cient for acceleration of the aging 
process (van Remmen et al.  2003  ) . 

 On the other hand, it was shown that transgenic mice that over-expressed a mitochondrially local-
ized version of the human catalase (mCAT) exhibit prolonged median and maximum lifespan (Schriner 
et al.  2005  ) . The extension of lifespan was associated with a specifi cally increased H 

2
 O 

2
 -scavenging 

activity in mitochondria and attenuated oxidative damage to mtDNA, as well as reduced accumula-
tions of deletion and point mutation of mtDNA in heart and muscle tissues (Schriner et al.  2005 ; 
Vermulst et al.  2007,   2008  ) . The results suggest that mitochondrial H 

2
 O 

2
  plays an important role in 

aging and determination of lifespan of the animals (Fig.  14.1 ).  

    14.8   Consequences of Somatic mtDNA Mutations in Aging 

 Human mitochondrial genome codes for 13 polypeptides, which are crucial components of the 
OXPHOS system, and two rRNAs (12S and 16S) and 22 tRNAs essential for protein synthesis in 
mitochondria. Because of the crucial role of mitochondrial genome in the OXPHOS function, accu-
mulation of mtDNA mutations can result in energy crisis, oxidative stress or cell death, which may 
contribute to aging phenotype. 

 The causal role of mtDNA mutations in mammalian aging is supported by the studies using mtDNA 
mutator mice harboring homozygous genetic defects in the proofreading exonuclease activity of mito-
chondrial DNA polymerase  g  (Polg A) (Trifunovic et al.  2004 ; Kujoth et al.  2005  ) . These mtDNA 
mutator mice were found to accumulate elevated levels of mtDNA mutations, including point muta-
tions and deletions. There was a mosaic pattern with COX defi ciency, an accumulation of abnormal 
mitochondria, and a progressive reduction of respiratory chain enzyme activities and mitochondrial 
ATP production rate in the hearts of the mtDNA mutator mice (Trifunovic et al.  2004  ) . Importantly, 
the mtDNA mutator mice had a reduced lifespan and exhibited accelerated onset of aging-related 
phenotypes such as weight loss, reduced subcutaneous fat, alopecia (hair loss), kyphosis (curvature of 
the spine), loss of muscle mass (sarcopenia), osteoporosis, anemia, thymic involution, testicular atro-
phy associated with the depletion spermatogonia, reduced fertility, loss of intestinal crypts, heart 
enlargement and hearing loss (Trifunovic et al.  2004 ; Kujoth et al.  2005  ) . These fi ndings have pro-
vided strong evidence to support the notion that accelerating the mtDNA mutation rate can result in 
premature aging. 

 According to the mitochondrial theory of aging, these accumulated mtDNA mutations may com-
promise the integrity of the electron transport chain and increase the formation of ROS, creating a 
vicious cycle of mutagenesis that continuously amplifi es the production of cytotoxic oxygen free radicals. 
However, it was found that despite increased mutational load in mtDNA, mitochondria from 
these mtDNA mutator mice did not show increased oxidative stress (Kujoth et al.  2005  ) . Levels of 
H 

2
 O 

2
 , markers of oxidative damage to DNA (8-OH-dG), proteins (protein carbonyls) and lipids 

(F2-isoprostanes) were not signifi cantly different in the somatic tissues between mutant and wild-type 
mice. In addition, mouse embryonic fi broblasts from mtDNA mutator mice exhibited normal rate of 
ROS production and did not show increased sensitivity to oxidative stress (Trifunovic et al.  2005  ) . 
There were no signifi cant changes in the levels of antioxidant enzymes, protein carbonyls, and 
aconitase enzyme activity in tissues from the mtDNA mutator mice. These fi ndings indicate that 
there was no or only minor oxidative stress in tissues from these mice (Trifunovic et al.  2005  ) . 
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Therefore, although the mtDNA mutator mice accumulated mtDNA mutations and exhibited severe 
respiratory chain dysfunction, accelerated development of aging phenotype through mtDNA muta-
tions can occur in the absence of increased ROS production or oxidative stress. However, this does not 
rule out the possibility that mtDNA mutation is downstream of mitochondrial ROS generation. 

 Evidence from mouse embryonic fi broblasts derived from the mtDNA mutator mice revealed that 
accelerated aging in the mice is not associated with an intrinsic defect in cellular proliferation or 
accelerated cellular senescence (Kujoth et al.  2005  ) . Instead, the tissue dysfunction and pathological 
changes in the mtDNA mutator mice were found to associate with the extent of apoptosis (Kujoth 
et al.  2005  ) . The levels of apoptotic markers (e.g., caspase 3 activation) were found to increase more 
rapidly during aging in the mutator mice as compared with wild-type mice. These results suggest that 
age-related accumulation of mtDNA mutations in normal or Plog A mutant mice promote apoptosis 
and contribute to the decline of physiological function, which may be an important mechanism of 
aging in mammals (Fig.  14.1 ). 

 The mtDNA mutator mice have high levels of point mutations and deletions of mtDNA. Recent 
studies debated whether point mutations or deletions of mtDNA are the driving force behind premature 
aging in the mtDNA mutator mice (Vermulst et al.  2007,   2008 ; Edgar et al.  2009  ) . Distinct from the 
mtDNA mutator mice with homozygous defects in the proofreading-defi cient  Polga  allele ( Polga  mut/mut ), 
heterozygous mice ( Polga  +/mut ) did not show the features of accelerated aging and a signifi cant reduc-
tion in the mean lifespan (Trifunovic et al.  2004 ; Kujoth et al.  2005  ) . Using a more sensitive assay, 
Vermulst et al .   (  2007  )  found that heterozygous mice ( Polga  +/mut ) displayed more than 100-fold increase 
in the point mutation frequency without manifesting features of premature aging and thus suggested 
mtDNA point mutations do not limit the lifespan of normal mice. The same group further reported 
that mtDNA deletions are associated with a number of age-related pathologies of the mtDNA mutator 
mice, which suggest that mtDNA deletions drive premature aging in the mtDNA mutator mice 
(Vermulst et al.  2008  ) . On the other hand, Edgar et al.  (  2009  )  reported that mitochondrial protein 
synthesis is unimpaired but the stability of several respiratory chain complexes is severely impaired in 
the mtDNA mutator mice. They suggested that random point mutations in mtDNA are the driving 
force behind premature aging in mtDNA mutator mice through causing amino acid substitutions in 
mtDNA-encoded respiratory chain subunits, which leads to decreased stability of the respiratory 
enzyme complexes and progressive decline of respiratory chain function (Edgar et al.  2009  ) . In addition, 
it was found that the mtDNA mutator mice harbor linear mtDNAs (Trifunovic et al.  2004  ) . Bailey 
et al .   (  2009  )  provided evidence that the linear mtDNAs were derived from replication intermediates 
and suggested that the mtDNA mutator mice display elevated replication pausing and chromosomal 
breakage at fragile sites of mtDNA and the perturbed mtDNA replication is likely to contribute to the 
pathophysiologic features of the mtDNA mutator mice. 

 The mtDNA mutator mice provided genetic evidence linking mtDNA mutations to aging pheno-
types and shortened lifespan. However, the mechanism by which accelerated mtDNA mutation rate 
results in premature aging has remained unclear. It is an open question whether certain types of 
mtDNA mutations are particularly important for human aging and whether the functional impact of 
mtDNA mutations in mice is the same as those observed in the mammals and humans (Khrapko and 
Vijg  2009  ) .  

    14.9   Effect of Caloric Restriction on Mitochondria in Aging 

 Caloric restriction, a reduction in caloric intake of 20–40% without malnutrition, is the only experi-
mental manipulation that could delay the onset of age-associated phenotypes and extend the average 
and maximum lifespan in several living organisms ranging from yeast and nematodes to rodents 
and monkeys (Bordone and Guarente  2005  ) . Caloric restriction could also reduce the incidence of 
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age-related diseases including diabetes, cancer, cardiovascular disease, brain atrophy, immune 
defi ciencies and mortality in rhesus monkeys (Roth et al.  2004 ; Colman et al.  2009  ) . 

 Studies using oligonucleotide-based microarrays to analyze age-associated transcriptional changes 
in different species revealed that genes involved in mitochondrial energy metabolism showed similar 
age-related changes (Park and Prolla  2005 ; Zahn et al.  2007  ) . A meta-analysis of age-related gene 
expression profi les using 27 datasets from mice, rats, and the human has identifi ed several common 
signatures of aging, including increased expression of genes involved in infl ammation and immune 
responses, and reduced expression of genes associated with mitochondrial energy metabolism 
(de Magalhães et al.  2009  ) . Importantly, most of the age-associated alterations in gene expression can 
be completely or partially prevented by caloric restriction (Park and Prolla  2005  ) . These studies in 
diverse species suggest that dysregulation of mitochondrial energy metabolism is a hallmark of aging, 
and that caloric restriction-induced metabolic reprogramming plays a critical role in its retardation of 
the aging process. 

 It has been proposed that caloric restriction increased longevity by metabolic changes linking to 
reducing ROS production and decreasing cellular damage (Sohal and Weindruch  1996 ; Gredilla and 
Barja  2005  ) . It was reported that mitochondria isolated from caloric-restricted rodents exhibited a 
reduction in ROS production and a lower steady-state levels of oxidative stress as compared with 
animals fed on the ad libitum diet (Sohal et al.  1994 ; Gredilla et al.  2001 ; López-Torres et al.  2002 ; 
Sanz et al.  2005 ; Hagopian et al.  2005  ) . Aging-related increases in the levels of oxidative damage to 
mtDNA, proteins and lipids in mitochondria were attenuated or prevented in caloric-restricted animals 
(Lass et al.  1998 ; Gredilla et al.  2001 ; López-Torres et al.  2002 ; Sanz et al.  2005  ) . 

 In addition, caloric restriction signifi cantly reduced the age-dependent decline of mitochondrial 
respiratory capacity (Sohal et al.  1994 ; Hagopian et al.  2005  ) . It was demonstrated that caloric restric-
tion attenuated the abnormalities of mitochondrial electron transport chain, but did not affect the 
length or associated fi ber atrophy of the muscle with mitochondrial abnormalities (Bua et al.  2004  ) . 
This suggests that calorie restriction affects the onset but not the progression of electron transport 
chain abnormalities, which thus limits a process that ultimately results in fi ber breakage and fi ber loss. 
Moreover, it was reported that caloric restriction reduces age-related accumulation of mtDNA dele-
tions in skeletal muscle and liver of caloric-restricted rats (Lee et al.  1998 ; Cassano et al.  2004  ) . 

 Based on the above-mentioned studies in several species, we suggest that caloric restriction changes 
energy metabolism, and this altered metabolic state can reduce mitochondrial ROS production and 
oxidative damage, prevent the formation of mtDNA mutation, and reduce abnormalities in mitochon-
drial electron transport chain as well as ATP synthesis, which retard the aging process and extend life 
span (Fig.  14.1 ). It awaits further study to elucidate the underlying mechanism by which caloric 
restriction leads to the reprogramming of energy metabolism.  

    14.10   Concluding Remarks 

 In this chapter, we have outlined several common mitochondrial changes in the aging process, which 
include increased disorganization of mitochondrial structure, progressive decline in mitochondrial 
OXPHOS function, accumulation of mtDNA mutations, as well as increased mitochondrial ROS pro-
duction and oxidative damage. These age-associated changes in mitochondria are well correlated with 
the deteriorative processes of tissues in aging. Convincing evidence from several genetic approaches 
supports the causal role of mitochondrial H 

2
 O 

2
  production and mtDNA mutation in the aging process 

and determination of lifespan of animals. In addition, it has been shown that caloric restriction without 
malnutrition can modulate energy metabolism of mitochondria and prevents or attenuates most of 
these age-associated mitochondrial changes, and thereby slow down the aging process and extends 
lifespan in diverse organisms. 
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 Although abundant experimental data have been gathered in the past decade to support the concept 
that decline in mitochondrial energy metabolism, ROS overproduction and accumulation of mtDNA 
mutations in tissue cells are important contributors to human aging, the detailed mechanisms by 
which these biochemical events cause human aging have remained to be established. Gaining insights 
into the execution and regulation of these key events in aging will help us to better understand the 
age-related alterations in the structure and function of mitochondria as well as dysregulation of 
mtDNA metabolism in the aging process. It is also crucial to unravel the changes in the signaling 
pathways between the nucleus and mitochondria in aging tissue cells in order to elucidate the molecu-
lar mechanism of aging and to better manage aging and age-related diseases in the human.      
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  Abstract   Mitochondria play a central role in the life and death of cells. They are not merely the centre 
for energy metabolism, but are also the headquarters for different catabolic and anabolic processes, 
calcium fl uxes, and various signalling pathways. Mitochondria maintain homeostasis in the cell by 
interacting with reactive oxygen-nitrogen species and responding adequately to different stimuli. In 
this context, the interaction of pharmacological agents with mitochondria is an aspect of molecular 
biology that is too often disregarded, not only in terms of toxicology but also from a therapeutic point 
of view, especially considering the potential therapeutic applications related to the modulation of 
mitochondrial activity. 

 At the mitochondrial level, there are several potential drug targets that can lead to toxicity, but only 
for few of them, a real clinical counterpart has been demonstrated. Recently, antiviral nucleoside 
analogues have shown mitochondrial toxicity through the inhibition of DNA polymerase-gamma. 
Other drugs targeted to different components of the mitochondrial channels can disrupt ion homeosta-
sis or affect the mitochondrial permeability transition pore. Many molecules are known inhibitors of 
the mitochondrial electron transport chain, interfering with one or more of the complexes in the respi-
ratory chain. Some drugs, including non-steroidal anti-infl ammatory drugs (NSAIDs), may lead to 
uncoupling of oxidative phosphorylation, while the mitochondrial toxicity of other drugs seems to 
depend on the production of free radicals, although this mechanism has yet to be defi ned. Besides 
toxicity, other drugs have been targeted to mitochondria to treat mitochondrial dysfunctions. Many 
drugs have been recently developed to target the mitochondria of cancer cells in order to trigger apop-
tosis or necrosis. The aim of this chapter is to underline the role of mitochondria in pharmacology and 
toxicology, stressing all the potential therapeutic approaches being due to iatrogenic modulation of 
the multitude of mitochondrial activities  
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    15.1   Introduction    

 In recent years, there has been extraordinary progress in mitochondrial science that has further outlined 
the critical role of mitochondria in cell biology, cell and tissue pathophysiology, and the diagnosis and 
therapeutic treatment of different human diseases, such as ischaemic diseases, diabetes, some forms 
of neurodegeneration, and cancer (Duchen  2004 ; Scatena    et al.  2007a,   b ; Giorgi et al.  2011  ) . 

 Mitochondrial physiology and pathophysiology is notably complex, and the role of these organelles 
in bioenergetics is also linked to other essential functions, such as anabolic metabolism, the balance 
of redox potential, cell death and differentiation, and mitosis. In addition to these basic functions, 
mitochondria are associated with more specialized cell activities, including calcium homeostasis and 
thermogenesis, reactive oxygen species (ROS) and reactive nitrogen species (RNS), signalling, main-
tenance of ion channels, and the transport of metabolites. The basis of different congenital mitochon-
drial diseases on a molecular level is equally complex and heterogeneous, making mitochondrial 
pathophysiology diffi cult to investigate (Hamm-Alvarez and Cadenas  2009 ; Cardoso et al.  2010  ) . 

 This fi eld is made even more challenging by recent evidence that suggests mitochondrial structure 
and function is dynamic. Specifi cally, mitochondria possess many interesting properties, such as the 
ability to fuse or divide, move along microtubules and microfi laments, or undergo turnover, and these 
unique properties are often overlooked in research. Undoubtedly, much is still unknown about the 
mutual interactions between mitochondrial energetics, biogenesis, dynamics and degradation (Lenaz 
et al.  2006 ; Detmer and Chan  2007  ) . 

 In the clinic, research has shown a signifi cant relationship between mitochondrial metabolic 
abnormalities and tumours found in renal carcinomas, glioblastomas, paragangliomas or skin leio-
myoma, which has led to the discovery of new genes, oncogenes and oncometabolites involved in the 
regulation of cellular and mitochondrial energy production with a particular focus on reevaluating the 
Warburg effect (Fulda et al.  2010 ; Ralph et al.  2010 ; Solaini et al.  2011  ) . Furthermore, the examina-
tion of rare neurological diseases, such as Charcot-Marie Tooth type 2a, autosomal dominant optic 
atrophy, lethal mitochondrial and peroxisomal fi ssion, and spastic paraplegia have suggested the 
involvement of MFN2, OPA1/3, DRP1 or paraplegin in the auxiliary control of mitochondrial energy 
production (Benard et al.  2010 ; Du and Yan  2010 ; Zhu  2010  ) . Advances in the understanding of mito-
chondrial apoptosis have suggested a supplementary role for Bcl2 or Bax in the regulation of mito-
chondrial respiration and dynamics, which has led to the investigation of alternative mechanisms of 
energy regulation (Benard et al.  2010  ) . Finally, different metabolic diseases, such as diabetes, obesity, 
non-alcoholic fatty liver disease (NAFLD) and the more general metabolic syndrome underline the 
role of a dysfunctional uncoupling protein (UCP)-mitochondria relationship in pathogenesis (Dalgaard 
 2011 ; Richard and Picard  2011 ; Pessayre  2007 ; De Souza et al.  2007  ) . 

 Because mitochondria can be either primary or secondary targets of therapeutic compounds, 
(Szewczyk and Wojtczak  2002 ; Wallace  2003  )  it is often diffi cult to foresee and understand all of the 
drugs’ potential effects on mitochondrial pathophysiology, and some aspects of drug-mitochondria 
interactions are often underestimated. 

 A poor understanding of mitochondrial pharmacology can lead to increased or aggravated toxicity, 
but it can also camoufl age positive effects induced by therapeutic drugs that target mitochondria. 

 More attention should be devoted to the toxic and therapeutic effects of drugs on mitochondria, due 
to these peculiar aspects of mitochondrial pharmacology. 

 Although there is a growing consensus of the vital role mitochondria play in medicine, a relatively 
small number of translational studies on the diversifi ed pathophysiology of these organelles has been 
carried out. 

 In the future, the design of unique mitochondrial drug targets will allow for the manipulation 
of mitochondrial function and the selective protection or destruction of affected cells in a variety of 
diseases.  
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    15.2   Mitochondria: The Structural and Functional Characteristics 
of Mitochondria as Potential Targets in Pharmacotoxicology 

 Many structural and functional properties of mitochondria should be considered as drug targets of 
particular pharmacotoxicological value, such as:

   Peculiar metabolic pathways (e.g., the Krebs cycle, fatty acid metabolism, the urea cycle, haem • 
biosynthesis, cardiolipin and lipid biosynthesis and metabolism, ubiquinol biosynthesis, and the 
biosynthesis of Fe–S centres).  
  Peculiar transport mechanisms inside and outside of the organelle (e.g., voltage-dependent anion • 
channels (VDAC), the ADP/ATP translocator, various mitochondrial carrier proteins, cation trans-
port, calcium transport, and the mitochondrial permeability transition pore).  
  The system of uncoupling proteins (UCPs).  • 
  The mitochondrial genome, which consists of a small circular chromosome and a total of 37 genes.  • 
  The characteristic two-lipid bilayer membrane in which the outer membrane delineates the organ-• 
elle and is structurally similar to other cell membranes (i.e., rich in cholesterol and permeable to 
ions), while the inner membrane, which isolates the matrix, is virtually devoid of cholesterol, is 
rich in cardiolipin (which binds electron transport chain proteins) and is impermeable to ions.    

 Maintaining the impermeability of the inner mitochondrial membrane is critical for mitochondrial 
function. This impermeability enables the generation of the electrochemical gradient that supplies the 
proton motive force for ATP generation. The peculiar structure of the mitochondrial matrix (i.e., an 
alkaline and negatively charged interior with a series of specifi c channels and carrier proteins) is orga-
nized to perform and fi nely coordinate distinct mitochondrial activities. Interestingly, the unique physi-
cochemical characteristics of the mitochondrial matrix (mainly Δ y  and a pH  »  8) may facilitate the 
selective accumulation of different xenobiotics in the matrix and/or in the inner mitochondrial mem-
brane by an effi cient trapping effect (Murphy and Smith  2000 ; Szewczyk and Wojtczak  2002 ; Suski 
et al.  2011  ) . As a consequence, lipophilic compounds of cationic character and even weak acids in 
anionic forms can accumulate in mitochondria. In particular, weak acids in undissociated forms can 
penetrate the inner mitochondrial membrane freely, while, once inside the alkaline matrix, their protons 
dissociate, rendering them less membrane-permeable and trapping them inside the organelle (Scatena 
et al.  2004a,   b  ) . This effect of mitochondrial drug storage may impact the determination of pharma-
cokinetic parameters (e.g., the distribution volume, plasma concentration and half-life). Moreover, as 
these acidic and lipophilic xenobiotics progressively accumulate inside mitochondria, they can inhibit 
mitochondrial function and affect membrane permeability. Depending on the extent of damage and the 
number of mitochondria affected, the cell could then undergo a loss in energy, leading to localized 
damage of the  D  y  of some mitochondria or even necrosis. The build-up of weak acids in the mitochon-
drial matrix and subsequent decrease in pH could result in the protonation of xenobiotics, rendering 
them freely permeable in the cell and capable of entering other mitochondria, causing a chain reaction 
that leads to increased mitochondrial damage (Scatena et al.  2003,   2004a,   b  ) . 

 Another fundamental aspect of mitochondria is their unique DNA, which contains a total of 37 
genes. Thirteen of these genes encode proteins that are unique components of the electron transport 
chain, while the remaining genes encode for 22 tRNAs and two ribosomal RNAs that are used in the 
two subunits of the mitochondrial ribosome. The presence of its own DNA renders the mitochondrion 
fully capable of synthesizing at least some of the proteins needed for energy generation (the remaining 
are the products of translocation of nuclear proteins synthesized in the cytosol), but this condition also 
makes mitochondria susceptible to DNA damage (Lewis et al.  2006  ) . 

 Unlike nuclear DNA, mitochondrial DNA is not protected by histone proteins, and it is located in 
close proximity to sites at which reactive oxygen species (ROS) are routinely generated. In general, 
DNA repair processes are less effi cient in mitochondria compared with nuclear DNA repair. The result 
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is that mitochondrial DNA is more likely to undergo mutation than nuclear DNA; in fact, the mutation 
rate is estimated to be at least 10–20 times higher for mitochondrial DNA than for nuclear DNA 
(Brandon et al.  2006  ) . 

 Mitochondrial DNA does undergo replication, and, to a certain extent, DNA repair is performed 
by base excision. A single DNA polymerase (pol- g ) is responsible for both DNA replication and base 
excision in mitochondria (as compared to nuclear DNA, which is maintained by at least nine differ-
ent polymerases). Although pol- g  is a nuclear protein, it does not function outside of mitochondria; 
thus, any mutation or inhibition of this enzyme is manifested only in mitochondrial DNA (Brandon 
et al.  2006  ) . 

 All of these fi ndings underscore the fact that mitochondria are potential primary or secondary 
targets of xenobiotics. However, the interaction between mitochondria and their components (i.e., 
mitochondrial DNA, respiratory chain complexes, biomembranes with different transporters, or 
matrix metabolic enzymes) with xenobiotics should not always be considered negative. In fact, recent 
data show an unexpected therapeutic potential for the pharmacological modulation of mitochondrial 
activity (Murphy and Smith  2000 ; Don and Hogg  2004 ; Drose et al.  2006 ; Duchen  2004 ; Scatena 
et al.  2003,   2004a,   b  ) . 

 Many chemicals have been shown to interact with different mitochondrial molecules (Wallace and 
Starkov  2000 ; Szewczyk and Wojtczak  2002 ; Don and Hogg  2004 ; Oliveira  2011  ) , but a thorough 
description of all the known interactions is beyond the scope of this chapter. Here, our aim is to underline 
the role of mitochondria and their subcompartments in pharmacotoxicology, describing, when possible, 
the molecular basis of the adverse and/or therapeutic effects. Knowledge of the role mitochondria play 
in pharmacotoxicology could be used to understand better the incidence of iatrogenic mitochondriopa-
thies, and eventually provide therapeutic indications for many diseases, such as ischaemia/reperfusion 
injury, neurodegenerative diseases, cancer, metabolic syndromes, and hyperlipidaemia.  

    15.3   The Toxicological Aspect of Mitochondria and Drugs 

 Mitochondrial dysfunction has been shown to be a signifi cant adverse effect for a variety of currently-
marketed drugs 

 One example, idiosyncratic drug-induced liver injury (DILI) is a major clinical problem and poses 
a considerable challenge for drug development, as an increasing number of successfully launched 
drugs or new potential drugs have been implicated in DILI in subsets of susceptible patients. Although 
the incidence of DILI for a particular drug treatment is low, the outcome of the disorder can be serious 
(as shown dramatically in the case of troglitazone and cerivastatin) (   Scatena et al.  2003 ; Schaefer 
et al.  2004 ; Jaeschke  2007 ; Ong et al.  2007  ) . Unfortunately, the prediction of DILI has remained poor, 
both in terms of patients at risk and the effect of new chemical entities, and this topic has interesting 
ramifi cations for pharmacogenetics. The underlying mechanisms and determinants of susceptibility 
have remained largely ill-defi ned. The mitochondrial hypothesis suggests that mitochondrial damage 
in heteroplasmic cells, although initially silent, gradually reaches a critical threshold and abruptly 
triggers liver injury. This hypothesis is consistent with fi ndings indicating that the onset of idiosyn-
cratic DILI is typically delayed (by weeks or months), that older patients, especially women, are at 
risk, and that these drugs are targeted to the liver and clearly exhibit a hazard to mitochondria both 
in vitro and in vivo (Russmann et al.  2010  ) . 

 In general, mitochondria play a critical role in supplying the cell with the bulk of its ATP via oxida-
tive phosphorylation; thus, any cell type or tissue with a high aerobic energy requirement (such as the 
liver) is more likely to be affected by mitochondrial damage. 

 Additionally, there are several specialized metabolic processes (fatty acid  b  oxidation, urea synthe-
sis, haem synthesis) that are conducted by enzymes in the mitochondrial matrix, and tissues that rely 
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heavily on these processes are also frequently targeted by mitochondrial toxins. For these reasons, 
common syndromes associated with mitochondrial toxicity include lactic acidosis, cardiac and 
skeletal myopathy, peripheral, central and optic neuropathy, retinopathy, ototoxicity, enteropathy, 
pancreatitis, diabetes, hepatic steatosis, and haematotoxicity. Combinations of these disorders (or dif-
ferent manifestations of toxicity in different individuals treated with the same compound) are not 
uncommon and are strong indicators that the underlying mechanism of toxicity involves the mito-
chondria. In addition, when cells are divided, the apportionment of mitochondria between them is 
random, a condition referred to as heteroplasmy. As such, one daughter cell may contain primarily 
normal mitochondria, while the other cell receives a disproportionate share of damaged mitochondria, 
resulting in an uneven distribution of damaged cells within a tissue. 

 As discussed previously, different functional and/or structural targets that could be affected by 
drug toxicity can be identifi ed at the mitochondrial level: 

    15.3.1   Mitochondrial DNA (mtDNA) 

 Research on the mitochondrial genome has provided tremendous insight into mitochondrial replica-
tion, mitochondrial disorders, and, subsequently, mitochondrial drug toxicity. However, some aspects 
of the latter topic remain unclear. For example, it is still unclear how impairment of the mitochondrial 
polymerase by nucleoside analogues results in drastically different phenotypes (Lewis et al.  2003  ) . 

 Moreover, there are many drugs capable of targeting the mitochondrial genome, but the molecular 
mechanism for damage is less understood. 

 Because of its similarity to translation in bacteria, mtDNA translation is similarly vulnerable to 
inhibition by some antibiotics. In addition, ethanol is a well-known exogenous agent capable of oxida-
tive damage of mtDNA (Deschamps et al.  1994  ) . In the last few years, it has become evident that the 
mechanism of mtDNA replication, which is required for normal mitochondrial maintenance and dupli-
cation, is inhibited by a relatively new class of drugs used to treat AIDS, the so-called nucleotide 
reverse transcriptase inhibitors (NRTI). These drugs damaged mtDNA by inhibiting its synthesis. The 
biomedical value of this topic alone deserves a specifi c chapter in this book; here, we briefl y stress 
the effect of the uptake of these nucleoside analogue compounds into cells and their phosphorylation 
to the triphosphate active form (Lewis et al.  2006  ) . Thus, these active nucleotide triphosphates can be 
used as substrates by retroviral reverse transcriptase, but it is their incorporation into nascent DNA 
chains that results in chain termination and DNA damage. The triphosphate forms of these analogues 
have also been shown to be potential substrates for  g  polymerase, the unique mitochondrial DNA poly-
merase, and incorporation of these analogues can similarly result in chain termination during mito-
chondrial DNA replication (Lewis et al.  2006  ) . The additional effects on mitochondrial DNA synthesis 
result from the fact that conversion of the monophosphorylated forms to the triphosphates is extremely 
ineffi cient within mitochondria, leading to a strong (millimolar) build-up of these monophosphorylated 
forms in the mitochondrial matrix and adverse effects on mitochondrial DNA synthesis. These effects 
include inhibition of the exonuclease function of  g  polymerase (resulting in decreased replication fi del-
ity) and also, as was recently shown for the drug azidothymidine (AZT), a signifi cant inhibition of 
thymidine phosphorylation, depleting reserves of thymidine triphosphate (Lewis et al.  2006  ) . This dys-
function in DNA pol- g , inducing a progressive depletion of mtDNA, disrupts the synthesis of essential 
proteins in the mitochondrial respiratory chain (Lewis et al.  2003  ) . Consequently, this disruption results 
in a drop in ATP synthesis and leaking of electrons with an increased production of free radical species. 
Studies of NRTIs in enzyme assays and cell culture demonstrate that these drugs affect mitochondrial 
DNA polymerase in the following order: zalcitabine > didanosine > stavudine > lamivudine > zidovudine >
 abacavir (Lewis et al.  2006  ) . In vitro investigations have also documented the impairment of mitochon-
drial adenylate kinase and the adenosine diphosphate/adenosine triphosphate translocator by NRTIs 
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(Lund and Wallace  2004  ) . Inhibition of DNA polymerase gamma and other mitochondrial enzymes 
can gradually lead to serious mitochondrial dysfunction and cytotoxicity. The clinical manifestations 
of NRTI-induced mitochondrial toxicity resemble those of inherited mitochondrial diseases, such as 
hepatic steatosis, lactic acidosis, myopathy, peripheral neuropathy, and, intriguingly, nephrotoxicity. 
Fat redistribution syndrome, also known as HIV-associated lipodystrophy, is another side effect that is, 
in part, attributed to NRTI therapy (Lewis et al.  2003,   2006  ) . The morphological and metabolic com-
plications of HIV-associated lipodystrophy are similar to those of the mitochondrial disorder known as 
multiple symmetric lipomatosis, suggesting that mitochondrial toxicity may be the underlying mecha-
nism for this disorder (Lewis et al.  2003 ; White et al.  2005  ) . 

 Recent evidence has shown that the telomerase enzyme and its catalytic subunit, the telomerase 
reverse transcriptase (TERT), are further possible genomic targets in mitochondria. The telomerase is 
important for the maintenance of telomere length in the nucleus. Haendeler et al.  (  2009  )  provided 
evidence for a mitochondrial localization of TERT, and these authors showed that mitochondrial 
TERT exerted a novel protective function by binding to mtDNA and protecting it against oxidative 
stress-induced damage. These protective effects positively infl uenced complex I activity.  

    15.3.2   Mitochondrial Respiratory Chain (MRC) 

 In spite of the peculiar physicochemical and biological properties of the electron respiratory chain, direct 
drug-induced disruption of the MRC is often overlooked in the pathogenesis of drug-related disorders. 
In reality, drugs can target all four of the protein complexes in the respiratory chain. Often, disruption of 
the MRC is associated with a signifi cant generation of free radical species, as the electron transport chain 
becomes unstable, which, in turn, may cause serious cellular damage. In fact, reactive oxygen species 
(ROS) and reactive nitrogen species (RNS) are closely linked to degenerative diseases, such as 
Alzheimer’s disease, Parkinson’s disease, neuronal death, including ischaemic and haemorrhagic stroke, 
acute and chronic degenerative cardiac myocyte death, and cancer. As a byproduct of oxidative phospho-
rylation, a steady stream of ROS and RNS is produced in mitochondria, and these species can potentially 
cause damage to all cellular components. ROS- and RNS-mediated alteration and fragmentation of 
biomolecule structure and oxidation of amino acid side chains are tangible risks of oxidative phospho-
rylation. Escape of ROS and RNS from the MRC results in the activation of cytosolic stress pathways, 
DNA damage, and upregulation of JNK, p38, and p53. Moreover, incomplete scavenging of ROS and 
RNS particularly affects the mitochondrial lipid cardiolipin (CL), triggering the release of mitochondrial 
cytochrome c and activating the intrinsic death pathway (Hatefi   1985 ; Harold  1986 ; Ho et al.  2005  ) . 

 Many molecules that are well-known inhibitors of different mitochondrial complexes may be 
involved in iatrogenic mitochondriopathies. Some of these toxic compounds (rotenone, antimycin, 
cyanide, oligomycin, and mixothiazol) have been widely used in research to analyse the function of 
bio-energetic machinery in mitochondria and the electron transport chain and have already been the 
subject of numerous and exhaustive reviews and books (Fleischer  1979 ; Ernster  1984 ; Hatefi   1985 ,). 
Interactions of clinical interest include drugs that interact with the MRC, and these drugs have been 
less studied, but several drugs are well-known to act by partially inhibiting, either directly and/or 
indirectly, metabolites and different components of the MRC, particularly the drugs amiodarone, 
perhexiline, fl utamide, and anthralin (Deschamps et al.  1994 ; Fromenty et al.  1990 ; Fau et al.  1994 ; 
Foody et al.  2006  ) . However, the molecular mechanisms by which these drugs impair the MRC are 
not fully clear. Two hypotheses have been postulated: (1) a direct inhibition of a protein subunit of one 
(or more than one) of the enzyme complexes, and (2) scavenging of electrons from the MRC by drugs 
that act as electron acceptors (Krahenbuhl  2001 ; Scatena et al.  2003 ,  2007 ). 

 To further clarify the importance of this phenomenon, it is useful to discuss the evidence for 
 chemically induced Parkinson’s disease by accidental poisoning from MPTP (1-methyl-4-phenyl-
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1,2,5,6-tetrahydropiridine), which is produced as an impurity in batches of the illegally made “synthetic 
heroin” MPPP (1-methyl-4-phenyl-4-propion-oxypiperidine). In particular, the metabolite of MPTP, 
MPP+, seems to affect preferentially complex I of the mitochondrial oxidative phosphorylation path-
way in dopaminergic neurons (Krueger et al.  1990  ) . Experimental and clinical data showed that iatro-
genic Parkinson’s disease is characterized by the same neuropathological features of the idiopathic 
form (i.e., loss of substantia nigra dopaminergic neurons, formation of Lewy bodies, accumulation of 
neuromelanin in microglia and the extracellular matrix) (Fahn and Sulzer  2005  ) . Many other miscel-
laneous molecules are considered complex I inhibitors, some of which are well-established drugs, 
such as papaverine, meperidine, cinnarizine, amytal, haloperidol, ketoconazole and its analogues 
(Singer and Gutman  1971 ; Filser and Werner  1988 ; Subramanyan et al.  1990 ; Veitch and Hue  1994 ; 
Morikawa et al.  1996 .). These molecules have been described as having the common structural motif 
of a cyclic head plus a hydrophobic tail (Degli Esposti  1998 ; Miyoshi  1998 ; Drose et al.  2006 ; Duchen 
 2004  ) . Interestingly, this typical structure is also present in another class of therapeutic agents, the 
so-called fi brates (clofi bric acid, bezafi brate, and gemfi brozil) and in some of their derivatives, the 
thiazolidinediones (ciglitazone, troglitazone, and pioglitazone). Our studies (Scatena et al.  2003 , 
 2004a, b ,  2005 ,  2007 ), recently confi rmed by Brunmair et al.  (  2004a,   b  ) , showed that these com-
pounds can also induce inhibition of mitochondrial complex I that leads to the metabolic conse-
quences typical of their pharmacological activities (hypolipidaemic and hypoglycaemic effects), and 
this could, in turn, explain some of their toxic effects (rhabdomyolisis, acute liver failure), which 
resemble inherited mitochondriopathies. 

 In conclusion, more than 60 different types of compounds are well-known inhibitors of complex I, 
and this number continues to grow. Interestingly, this tendency of xenobiotics to disrupt complex I 
(mitochondrial NADH ubiquinone oxidoreductase; EC 1.6.5.3) could depend on the intricate struc-
ture of this enzymatic complex, which consists of at least 40 different polypeptides that are strongly 
embedded in the inner mitochondrial membrane. This characteristic predisposes complex I to vulner-
ability to lipophilic molecules (Degli Esposti  1998 ; Miyoshi  1998 ; Don and Hogg  2004 ). 

 In addition to being susceptible to inhibition by drugs, complex I is also a secondary target of nitric 
oxide in general and nitrogen radical species in particular, and this property should be kept in mind 
when patients are treated with NO-donor drugs, particularly those that are new (Moncada and 
Erusalimsky  2002 ; Brown and Borutaite  2004 ; Carreras et al.  2004 ; Scatena et al.  2005  ) . 

 Complex II of the electron respiratory chain (succinate dehydrogenase, or SDH) is less commonly 
studied in mitochondrial pharmacotoxicology, which is surprising, considering that it plays an additional 
role in the Krebs cycle. Apart from the common inhibitors usually employed in experimental studies 
(e.g., malonate, carboxin, 3-nitropropionic acid, etc), it is important to point out that some cis- crotonalide 
fungicides, diazoxide, chloramphenicol succinate, anthracycline drugs, and, more recently, some fl uoro-
quinolones are complex II inhibitors, which are also inhibitory to other mitochondrial components, as 
previously reported (Wallace and Starkov  2000 ; Szewczyk and Wojtczak  2002 ). Recent reports about 
the role of SDH (or one of its subunits B, C or D) in susceptibility to tumours sheds opens up the 
 possibility of oncosuppression and/or oncopromotion by mitochondria (Bayley et al.  2005 ; Gottlieb and 
Tomlinson  2005 ; Perumal et al.  2005 ; Stenthilnathan et al.  2006 ). The mechanism behind tumour 
 promotion by SDH (and also by fumarate hydratase, or FH) has been ascribed to an intriguing metabolic 
signalling pathway, which starts with the physiological substrates of these enzymes (e.g., succinate and 
fumarate). In fact, these metabolites accumulate in mitochondria, owing to the inactivation and/or low 
activity of SDH and FH; therefore, they leak out to the cytosol and inhibit a family of prolyl hydroxylase 
enzymes (PHDs). This inhibition, in turn, may render neoplastic cells more resistant to apoptotic signals 
and activate a pseudohypoxic response (mediated by hypoxia inducible factor, HIF) that enhances 
 glycolysis (Pollard et al.  2005  ) . Other authors point to a different pathogenic mechanism which mainly 
involves oxidative stress. In particular, dysfunction of SDH seems to cause a mitochondrial overproduc-
tion of superoxide anion (O  

2
  −  ), and this mitochondrially generated oxidative stress can contribute to 

nuclear DNA damage, mutagenesis and, ultimately, tumourigenesis (Ishii et al.  2005  ) . 
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 Considering the potential value of these fi ndings for pathophysiology and pharmacotoxicology, 
together with the recent publication describing a role of ROS as tumour suppressors and senescent 
inducers (Takahashi et al.  2006  ) , a more defi ned understanding of the molecular mechanisms at the 
basis of SDH- and FH-mediated tumour suppression will lead to better insight into the link between 
cancer and mitochondria and carcinogenesis in general. 

 For complex III (ubiquinol and cytochrome c oxidoreductase; EC 1.10.2.2), there is a large number of 
inhibitors acting at different levels (myxothiazol, antimycin A), which until now, have not shown any 
outstanding clinical value (Wallace and Starkov  2000 ; Szewczyk and Wojtczak  2002 ), although complex 
III is reputed to be the major site for superoxide production in normal conditions and in disease states. 

 On the contrary, there are a number of well-known entities that fatally inhibit complex IV (cyto-
chrome c oxidase), such as cyanide or hydrosulfi de poisoning or carbon monoxide intoxication. More 
important, although not yet fully understood, are the effects arising from the interaction of nitric oxide 
(NO) and peroxynitrite (ONOO-) with cytochrome c oxidase, as well as with all of the other mito-
chondrial components in general (Scatena et al.  2010  ) . NO mainly interacts at physiological levels 
with cytochrome c oxidase by competitively and reversibly inhibiting its activity (Brown and Borutaite 
 2004  ) , thus altering the electrochemical gradient, which could affect calcium uptake, regulating such 
processes as mitochondrial transition pore (MTP) opening and the release of pro-apoptotic proteins 
(Ho et al.  2005  ) . However, it is generally accepted that NO has a direct effect on the permeability 
transition pore complex (Figueroa et al.  2006  ) . Moreover, high or persistent levels of NO in mitochon-
dria could also promote the formation of mitochondrial oxidants, such as peroxynitrite, either extra- 
or intra-mitochondrially, leading to oxidative damage, most notably in complexes I and II of the 
electron transport chain, but also in ATPase, aconitase and Mn-superoxide dismutase (Moncada and 
Erusalimsky  2002 ; Radi et al.  2002  ) . These fi ndings should be taken into account during pharmaco-
logical treatment with new and old NO donors because the kinetics of NO-release in these drugs is 
rather diffi cult to regulate, which can result in abrupt changes in NO concentration to levels higher 
than normal (Brown and Borutaite  2004 ; Scatena et al.  2010  ) . 

 The inhibition of complex IV by local anaesthetic drugs, such as dibucaine and lidocaine, appears 
less important from a clinical point of view; however, drug inhibition does show an interesting positive 
correlation with the degree of lipophilicity (Don and Hogg  2004 ; Krahenbuhl  2001 ). 

 Some polycationic molecules can interact with mobile electron carriers, leading to potential mito-
chondrial dysfunction induced by the interplay between biomembranes and/or cytochrome oxidase 
with cytochrome c (Indig et al.  2000 ; Callahan and Kopecek  2006 ; Yip et al.  2006  ) . As an example of 
this, a dramatic toxic effect related to cerivastatin was characterized by severe episodes of rhabdomy-
olysis and secondary acute renal failure and was caused by the high dosage formulation of this statin 
(administered alone or in association with fi brates). Cerivastatin is an HMG-CoA reductase inhibitor 
but also reduces the endogenous synthesis of coenzyme Q, an effect that is often disregarded and may 
promote mitochondrial dysfunction of both complex I and II in predisposed patients with bioenergetic 
mitochondrial dysfunction from concomitant diseases, concurrent mitoxicant pharmacological treat-
ment (e.g., treatment with fi brates), slow drug inactivation, or other pharmacogenomic conditions 
(Schaefer et al.  2004 ; Foody et al.  2006 ; Davidson et al.  2006  ) . 

 Another class of chemical agents capable of MRC disruption are claimed to act as alternate elec-
tron acceptors (AeA) by extracting electrons from intermediates in the respiratory chain in competi-
tion with their natural substrates. These substances may also alter the redox cycle, passing electrons 
back to the respiratory chain at a later point, thus bypassing sites in the chain essential for energy 
generation. Compounds that are known to do this are the quinones, such as doxorubicin, menadione 
and paraquat. In particular, menadione, or vitamin K3, is a well-known electron respiratory chain 
uncoupling agent which functions by shunting electrons from complex I directly to complex IV, and 
its toxicity comes from the production of free radicals and a dramatic decrease in ATP (Shneyvays 
et al.  2005  ) . Doxorubicin, a potent and broad-spectrum antineoplastic agent, is characterized by an 
intriguing myocardiotoxicity that seems to depend, at least in part, on its capability to trigger a redox 
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cycle by interacting with components of the mitochondrial respiratory chain. Doxorubicin, or one of 
its metabolites, can accept one electron from complex I, generating a highly unstable semiquinone 
free radical intermediate that, in turn, can undergo three possible fates: (1) reduction to the corre-
sponding hydroquinone, (2) formation of a covalent adduct with DNA and proteins, and (3) transfer 
of the unpaired electron to another acceptors (i.e., glutathione, thiol groups, haem proteins, tocopherols, 
ascorbic acid, and/or oxygen directly) (Wallace et al. 2000, 2003). 

 Importantly, many of the drugs capable of disrupting the MRC also induce the formation of reac-
tive intermediates by mitochondrial-specifi c processes, many of which are often considered to be the 
molecular basis for cellular and/or molecular damage. There are also xenobiotics capable of inducing 
ROS generation without directly disrupting the MRC, examples of which are haloalkenyl cysteine 
conjugates, such as hexachlorobutadiene (which forms reactive thiols after activation by the mito-
chondrial enzyme  b  lyase), 4-thiaalkanoates (activated by fatty acid  b  oxidase) and valproic acid 
(activated by acyl-CoA synthase) (Nadanaciva and Will  2011 ; Price et al.  2011  ) .  

    15.3.3   Mitochondrial Oxidative Phosphorylation 

 Compounds that dissipate the proton gradient between the intramembrane space and the mitochon-
drial matrix interact at the oxphos level. They can, in fact, act as direct protonophores, shuttling 
hydrogen ions into the matrix (2,4-dinitrophenol is the classic example), or they may act as iono-
phores and exchange hydrogen ions for other mono- or divalent cations, or they may even increase the 
permeability of the inner membrane in general. The dissipation of the proton gradient without ATP 
generation can result in the generation of heat and, in extreme conditions, the onset of malignant 
hyperthermia syndrome (Duchen  2004  ) . In this set of compounds that dissipate the proton gradient, 
we can include most of the NSAIDs, such as aspirin, diclofenac, and nimesulide (the pathogenesis of 
NSAID-related enteropathy involves intestinal damage from alteration of the intercellular junctions 
by uncoupling of mitochondrial oxidative phosphorylation) (Leite et al.  2001  ) , but also some anti-
tumour drugs and anti-psychotic, hypolipidaemic, and anti-mycotic compounds, as well. Interestingly, 
for all these drugs the main structure-activity relationship is based on the presence of a lipophilic 
weak acid moiety (Fleischer  1979 ; Moreno-Sanchez et al.  1999 ; Raza et al.  2011  ) . 

 Other xenobiotics may disrupt oxphos by direct inhibition of the ATP synthase. The majority of these 
molecules are mycotoxins, such as oligomycin, but there are other well-known drugs that have this 
effect, such as propanolol, local anaesthetics and diethylstilbestrol. In particular, the pharmacological 
activities of propanolol should be carefully reevaluated, especially considering its typical side effect of 
reduction in cardiac output (Wagner et al.  2008 ; Minamiyama et al.  2010 ; Nadanaciva and Will  2011  ) .  

    15.3.4   Mitochondrial Metabolic Processes 

 Catabolic and anabolic pathways in mitochondria can certainly be affected by different xenobiotics. 
In this chapter, we previously described some drugs that are able to induce tricarboxylic acid cycle 
dysfunction by interacting with SDH and FH. The potential toxicological value of these adverse inter-
actions should not be underestimated, considering the etiopathogenic role of congenital abnormalities 
of these enzymes in serious forms of neurodegenerative diseases and cancer. 

 Evidence reported by Nulton-Persson et al.  (  2004  )  showed that treatment with salicylic acid and, 
to a lesser extent, acetylsalicylate increased the rate of uncoupled respiration in isolated cardiac mito-
chondria in agreement with previous fi ndings (Moreno-Sanchez et al.  1999  ) . However, under the 
experimental conditions employed, a loss in state 3 respiration resulted from inhibition of the Krebs 
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cycle enzyme  a -ketoglutarate dehydrogenase (KGDH). In particular, kinetic analysis revealed that 
salicylic acid acts as a competitive inhibitor at the  a -ketoglutarate binding site. On the contrary, ace-
tylsalicylate inhibited the enzyme in a non-competitive manner, consistent with interaction with the 
 a -ketoglutarate binding site followed by enzyme catalysed acetylation. 

 Furthermore, it was also observed that cyclosporine reduced the concentrations of Krebs cycle 
intermediates in a time-dependent manner and inhibited mitochondrial oxidative phosphorylation 
at the level of ATP synthase. The real mechanism of such metabolic dysfunctions is still debated, 
and hypotheses include energetic failure, reduced protein synthesis and real enzymatic inhibition 
(Christians et al.  2004  ) . 

 Isoniazid overdosage is an example of a drug interaction that may be related to metabolic dysfunc-
tion in mitochondria. At fi rst glance, the effects of isoniazid overdosage are easily mistaken for a case 
of diabetic ketoacidosis, but further analysis suggests that the inhibition of pyruvate conversion to 
lactate and the interference with NADH synthesis in the Krebs cycle could contribute to the lactic 
acidosis observed in isoniazid intoxication, although the exact mechanism is still controversial. 
Surprisingly, serum isoniazid levels are not found to correlate with isoniazid toxicity and treatment 
(Alvarez and Guntupalli  1995 ; Tafazoli et al.  2008  ) . 

 Another fundamental metabolic pathway that is often affected by xenobiotics is beta-oxidation. 
Numerous drugs (tetracycline derivatives, some NSAIDs such as ibuprofen and irprofen, glucocorti-
coids, antidepressants such as amineptine and tianeptinesome, some statins, fi brates, estrogens, and 
some antiarrhythmics and antianginal drugs, such as amiodarone and perhexiline) can either directly 
and/or indirectly disrupt mitochondrial fatty acid oxidation with considerable safety concerns, espe-
cially those affecting the liver (Szewczyk and Wojtczak  2002 ; Wallace  2003 ; Scatena et al.  2003 , 
 2007 ; Vickers  2009  ) . The precise molecular mechanisms serving as the basis of this dysfunction are 
not, however, clearly established. The pathogenesis associated with adverse effects of these drugs 
often appears secondary to MRC disruption that heavily hampers NADH and/or FADH 

2
  oxidation. 

Regarding the aforementioned fi brates and thiazolidinediones, it is interesting to note that our data, 
confi rmed by Brunmair et al.  (  2004a,   b  ) , showed that the disruption of glucose metabolism and/or 
beta-oxidation correlates signifi cantly with the level of complex I inhibition. In addition, Vickers et al. 
 (  2006  )  showed a direct inhibition by etomoxir of the mitochondrial beta-oxidation rate-limiting 
enzyme carnitine palmitoyltransferase I, and this inhibition was associated with oxidative stress, 
infl ammation and apoptosis in the liver.  

    15.3.5   Mitochondrial Protein Synthesis 

 The close similarity between bacterial and mitochondrial ribosomes makes the latter a potential target 
for bacteriostatic antibiotics, such as chloramphenicol, aminoglycosides, tetracycline, and the newest 
family, the oxazolidizones (McKee et al.  2006  ) . For the latter class, a direct correlation has been dem-
onstrated between the bacterial MIC90, the IC50 for mitochondrial protein synthesis, and the poten-
tial for mammalian toxicity seen both in the clinical and toxicological studies, suggesting that this 
toxicity is manifested as a consequence of effects on mitochondria (Wallace and Starkov  2000 ; McKee 
et al.  2006  ) . Interestingly, since the FDA approval of the oxazolidinone antibiotic linezolid, a number 
of papers surfaced reporting of lactic acidosis, peripheral and optic neuropathy, thrombocytopenia and 
pure red cell aplasia resulting from prolonged use, all of which are syndromes commonly associated 
with mitochondrial injury (McKee et al.  2006  ) . It is worth noting that antibiotic inhibition of mamma-
lian mitochondrial protein synthesis is often disregarded by not considering synergistic pharmaco-
logical interactions with other mitochondria toxicants. 

 A conclusion could be that the development of future antibiotics will have to evaluate potential 
mitochondrial toxicity.  
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    15.3.6   Mitochondrial Channels and the Mitochondrial 
Permeability Transition Pore 

 A number of well-known drugs (e.g., potassium channel openers such as nicorandil and diazoxide, 
antidiabetic and antitumor sulphonylureas) modify the activity of different mitochondrial channels 
with fundamental roles of maintaining electrolyte homeostasis in mitochondria. These drugs interact 
with different components of the various ion channels, but the potential toxic effects and/or therapeu-
tic applications of these mitochondrial channel alterations are not yet clearly defi ned. Similar consid-
erations could be made for drugs interacting with or modulating components of the mitochondrial 
permeability transition pore, such as binding of cyclophilin D by cyclosporine A, binding of loni-
damine to adenine nucleotide transferase (ANT), or drugs that bind to the mitochondrial benzodiaz-
epine receptor, the toxic effects of which are still controversial in the clinic. The permeability transition 
pore is a high conductivity, nonspecifi c pore in the inner mitochondrial membrane that is composed 
of proteins that link the inner and outer mitochondrial membranes. When opened as a result of expo-
sure to high calcium or inorganic phosphate, NAD(P)H, alkaline compounds, reactive oxygen species, 
and low molecular weight substrates can freely penetrate the mitochondrial matrix, carrying along 
water and resulting in mitochondrial swelling and the release of cytochrome c to the cytosol. 
Cytochrome c release triggers a cascade of events that lead either to apoptosis (in ATP-replete cells) 
or necrosis (in ATP-depleted cells). The toxicity of t-butyl-hydroperoxide and valproic acid and the 
chronic hepatotoxicity of diclofenac and other NSAIDs are mediated by this mechanism (Renner 
et al.  2003 ; Bouchier-Hayes et al.  2005  ) , but, in general, the opening of this peculiar mitochondrial 
pore is a common end event brought on by different cell and mitochondrial toxicants. 

 Specifi cally, a recent study showed that NSAIDs, including low-dose aspirin, can induce small 
bowel injury by uncoupling of oxidative phosphorylation, and this uncoupling depends on the open-
ing of the mitochondrial permeability transition pore. Interestingly, bile acids and tumour necrosis 
factor- a  also seem to cooperate to open the permeability transition pore. The opening of the perme-
ability transition pore induces the release of cytochrome c from the mitochondrial matrix into the 
cytosol, which triggers a cascade of events that leads to cell death. In conclusion, these mitochondrial 
disorders may play particularly important roles in early stages of bowel injury caused by NSAIDs 
(Scarpignato and Hunt  2010  ) . 

 The controversy in the literature surrounding is an example of the debate on drugs and mito-
chondrial channels. According to Sklaska et al. (2005), sulphonylureas induce mitochondrial swell-
ing, lower the mitochondrial membrane potential, and allow for the effl ux of calcium from the 
matrix, mostly by activating the mitochondrial permeability transition pore. In contrast, Fernandes 
et al.  (  2004  )  suggest that sulphonylureas interfere with mitochondrial bioenergetics mainly by per-
meabilizing the inner mitochondrial membrane to chloride and promoting the transport of chloride 
and potassium into mitochondria.   

    15.4   Mitochondria and Drugs: The Therapeutic Potential 

 Indeed, recent advances in mitochondrial biology have allowed for the selective targeting of drugs to 
mitochondria to modulate and manipulate their function and genomics for therapeutic purposes. 
A wide range of seemingly unrelated disorders (schizophrenia, bipolar disease, dementia, Alzheimer’s 
disease, epilepsy, migraine headaches, strokes, neuropathic pain, Parkinson’s disease, ataxia, transient 
ischaemic attack, cardiomyopathy, coronary artery disease, chronic fatigue syndrome, fi bromyalgia, 
retinitis pigmentosa, diabetes, hepatitis C, and primary biliary cirrhosis) have similar underlying 
pathophysiological mechanisms, namely, the aberrant production of reactive oxygen species that results 
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in mitochondrial DNA damage and ultimately, mitochondrial dysfunction. Therefore, antioxidant 
therapies hold promise for improving mitochondrial performance. 

 Due to the active redox environment and the excess of NADH and ATP at the inner mitochondrial 
membrane, a broad range of agents, including electron acceptors, electron donors, and hydrid accep-
tors can be used to infl uence the biochemical pathways related to the release of ROS and RNS. For 
example, a key therapeutic value could be used to enrich for selective redox modulators at their target 
sites. Hoye et al.  (  2008  )  used conjugating nitroxides with relatively high affi nity for mitochondrial 
membranes to prevent superoxide production. Specifi cally, a modifi ed gramicidin S segment was used 
for this purpose and was proven to be effective in cells and with cardiolipin oxidation in mitochondria 
and protected cells against a range of pro-apoptotic triggers, such as actinomycin D, radiation, and 
staurosporine. More importantly, these mitochondria-targeted nitroxide/gramicidin conjugates were 
able to protect against apoptosis in vivo by preventing cardiolipin oxidation induced by intestinal 
haemorrhagic shock. The authors also proposed an alternative chemistry-based approach to targeting 
mitochondria with proteins and peptides, as well as by attaching therapeutic payloads to lipophilic 
cationic compounds, such as sulfonylureas, anthracyclines, and other agents with proven or hypotheti-
cal affi nities for mitochondria. 

 A more classical therapeutic approach is based on the use of antioxidants. In particular, coenzyme 
Q10 (CoQ10, 2,3-dimethoxy-5-methyl-6-decaprenyl-1,4-benzoquinone), a fat-soluble quinone with a 
side chain of 10 isoprenoid units, was the fi rst drug adopted for targeting mitochondria. In fact, besides 
its physiological function as an electron carrier, CoQ10 also seems to stabilize mitochondrial respira-
tory chain complexes and to act as a potent scavenger of oxygen free radicals. Based on these molecu-
lar activities, CoQ10 has been applied with benefi cial effects to the therapy of different congenital 
oxidative phosphorylation diseases. Interestingly, some positive effects have also been reported with 
neurodegenerative disorders in general and with Alzheimer disease in particular, although these results 
have not been confi rmed (Kooncumchoo et al.  2006 ; Schaars and Stalenhoef  2008 ). Also, menadione 
and phylloquinone (vitamin K compounds that are well-known uncouplers of the electron respiratory 
chain), either alone or in combination with ascorbate, have been adopted for use in different congeni-
tal oxidative phosphorylation diseases, particularly in complex III dysfunctions, presumably because 
their mechanism of action consists of shunting electrons from complex I directly to complex IV 
(Scatena et al.  2007a,   b  ) . 

    15.4.1   Mitochondrial Channel Modulators 

 Many mammalian cells have two distinct types of ATP-sensitive potassium/K 
ATP

  channels: the classic 
ones involve the surface membrane (sK 

ATP
 ), while the others involve the mitochondrial inner mem-

brane (mitoK-ATP). Cardiac mitoK-ATP channels play a pivotal role in ischaemic preconditioning 
and, thus, are interesting drug targets. Unfortunately, the molecular structure of mitoK-ATP channels 
is not well-known, in contrast to sK 

ATP
  channels, which consist of pore-forming subunits (Kir6.1 or 

Kir6.2) and a sulfonylurea receptor (SUR1, SUR2A, or SUR2B). Recently, it has been observed that 
some drugs behave as potassium channel openers (KCOs) that are capable of acting at the level of 
cellular membranes, including mitochondrial membranes, meaning that their pharmacological activ-
ity can be ascribed to mitochondrial ion modulation, as well (O’Rourke  2000 ; Szewczyk et al.  2010  ) . 
These compounds, which include cromakalim, nicorandil and pinacidil, were found to modulate K1 
channels, both in smooth muscle cell membranes and in mitochondria that displayed anti-anginal 
(nicorandil) or antihypertensive (cromakalim and pinacidil) profi les. Therapeutic activity at the mito-
chondrial level has also been reported for a variety of older antihypertensive agents, notably diazoxide 
and minoxidil sulphate, which may infl uence the activity of mitoK-ATP channels. Moreover, it has 
been recently observed that diazoxide decreases succinate oxidation in a dose-dependent manner, 
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albeit at higher concentrations than those necessary to activate mitoK-ATP. Thus, it has been proposed 
that the cardioprotective effects of diazoxide may result from inhibition of SDH and a decrease in 
respiration, rather than from the opening of mitoK-ATP channels (Wang et al.  2001  ) . Consistent with 
the fi ndings that SDH is part of a protein complex capable of transporting K+, it has also been pro-
posed that SDH regulates mitoK-ATP by physical interaction with the ionophore and not by its role in 
oxidative phosphorylation. Such data, once confi rmed, could allow for the development of therapeutic 
strategies for different degenerative diseases and would underline the potential therapeutic role of 
mitoK-ATP modulation (Eguchi et al.  2009 ; Frantz and Wipf  2010  ) .  

    15.4.2   Drug Targeting of Mitochondria as Anticancer Therapy 

 At present, there is an ongoing reevaluation of cell metabolism in general and cancer cell oxidative 
metabolism. The Warburg effect has been used to explain the metabolism of cancer since 1920. Some 
assumptions of Otto Warburg have been misinterpreted. In particular, aerobic glycolysis is errone-
ously thought to be upregulated in cancer cells because mitochondrial respiration in these cells is 
seriously impaired. It is becoming clear that the amount of lactic acid produced by cancer cells is two 
orders of magnitude higher than that produced by normal tissue, and this enhanced production of 
lactic acid is not at the expense of respiration. The interaction between drugs and mitochondria is 
worth mentioning in this section, as it could have striking possibilities for cancer therapy. 

 In fact, if the physicochemical and biological properties of mitochondria predispose them to 
damage by toxic agents, then these same properties could be used to target mitochondria as a selective 
anticancer therapy. 

 There are many potential anticancer targets in mitochondria, and their dysfunction could trigger 
cell apoptosis or necrosis pathways. Mitochondria are the main regulators of apoptotic cell death, 
mediating both extrinsic (cell-surface receptor mediated) and intrinsic apoptotic pathways. 

 Several molecular mechanisms are the basis for mitochondrial toxicity by different xenobiotics, 
and some of these can be and/or already are being utilized in cancer therapy, such as:

    1.    The inhibition of mtDNA synthesis by targeting of topoisomerase II with etoposide and its ana-
logues, cisplatin, and 5-fl uorouracil and analogues, or by targeting polymerase  g  with the afore-
mentioned NRTIs.  

    2.    Disruption of the electron respiratory chain either by: (a) directly altering a single complex with 
drugs such as rotenone and analogues, arsenic trioxide (for Complex I), tamoxifen (for complexes 
III and IV), or genistein, 17 a , and  b -estradiol (for ATP synthase); (b) indirect generation of free 
radical species by the same agents that disrupt the electron respiratory chain, by impairing complex 
I and III; and (c) using photosensitizers or inhibitors of intrinsic antioxidant defences of mitochon-
dria (i.e. as the SOD inhibitor 2 metoxyestradiol) (Dias and Bailly  2005 ).  

    3.    Alteration of the mitochondrial permeability transition pore (MPTP) by interfering in different 
ways with the physiological function of this fundamental mitochondrial structure (i.e., using loni-
damine and arsenic trioxide for adenine nucleotide translocase, cyclosporine A for cyclophilin D, 
or PK 11195 for the peripheral benzodiazepine receptor)  

    4.    Inhibition of metabolic pathways other than glycolysis, such as the Krebs cycle and/or beta oxidation;  
    5.    Opening of potassium channels by analogues of dequalinium, diazoxide, and amiodarone, which 

increase the permeability of the mitochondrial membrane to protons or potassium and induce a 
decrease of the mitochondrial membrane potential, resulting in the swelling of mitochondria, a 
decrease in ATP synthesis and the release of cytochrome c .  

    6.    Bcl-2/Bcl-X 
L
  inhibition or Bax/Bak activation by antisense Bcl-2/ Bcl-X 

L
  drugs or by a single 

chain antibody which can sensitize apoptosis resistant cancer cells to chemotherapy (Don and 
Hogg  2004 ; Fulda et al.  2010 ; Ralph et al.  2010 ; Rohlena et al.  2011 ; Solaini et al.  2011  ) .     
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 The last two classes of anticancer targets represent interesting and innovative therapeutic approaches 
in which mitochondria are the primary targets. However, these therapies are not yet in the preclinical 
phase, and the real therapeutic index must be accurately evaluated before speculations can be made 
about their applications to cancer. 

 Before anticancer drugs target the induction of apoptosis and/or necrosis in cancer cells, experi-
ments should be carried out fi rst with neoplastic cells and to confi rm the effect on mitochondria. As 
discussed previously in this chapter, some authors suggest that positively charged amphipathic mol-
ecules can be attracted by and penetrate into mitochondria in response to their highly negative mem-
brane potential, and this response should be even more apparent in neoplastic cells, which have a more 
elevated cytoplasma/mitochondrial membrane potential than differentiated cells. This strategy repre-
sents the best compromise to target specifi cally pro-apoptotic drugs to cancer cells, but it should be 
kept in mind that the in vivo situation in cancer presents an extreme variability in the biological envi-
ronment, thus risking exposure of patients to possible dangerous and dramatic side effects (Renner 
et al.  2003 ; Fulda et al.  2010 ; Giorgi et al.  2011 ; Lemarie and Grimm  2011  ) . 

 Last, but not least, we envisage that the discovery of the so called “cancer stem cell” will revolu-
tionize research on cancer cell metabolism because these cells, which may exhibit peculiar functional 
characteristics, could show a metabolism completely different from that of differentiated high cells 
(Scatena et al.  2011  ) .   

    15.5   Conclusions 

 The structural and functional complexity of mitochondria justifi es the growing pharmacological inter-
est in this organelle. However, although many interesting and exhaustive reviews have been published, 
experimental studies with real clinical applications are scarce. 

 The future of mitochondrial pharmacology appears committed to the treatment of glucidic and 
lipidic metabolism and energy expenditure disorders. In fact, recent experimental and clinical research 
has been focused on molecular disruption of mitochondria and the pathogenesis of some of these 
inherited or acquired metabolic diseases (some mitochondrial forms of non-insulin-dependent diabe-
tes mellitus, metabolic syndrome, and hyperlipoproteinaemias). The data from these studies seem to 
be confi rmed by experimental evidence showing that it is possible to modulate glucose and /or fatty 
acid oxidation at the cellular level by pharmaceuticals. A similar approach to modulation of the 
expression and/or activity of the so-called UCPs (uncoupling proteins) of different tissues in general, 
or of adipose tissue in particular, could represent a new and revolutionary approach to pharmacologi-
cal treatment of obesity (Harper et al.  2001 ; Woo et al.  2009  ) . On this note, it is interesting that phar-
macological research is developing new and more potent PPAR-ligands (type  d , in particular) for this 
specifi c clinical indication that exploit the capability to induce the expression of genes required for 
fatty acid catabolism and adaptive thermogenesis (Wang et al.  2003 ; Ooi et al.  2011  ) . Considering the 
adverse side effects of some PPAR-ligands, an accurate analysis of the potential interactions of these 
compounds with mitochondria seems obligatory (Lopez-Soriano et al.  2006  ) . 

 Recent data seem to indicate that mitochondria in cancer do not merely represent effectors of apop-
tosis, but have a more complex role in oncogenesis and oncosuppression (Scatena et al.  2008 ; de 
Moura et al.  2010 ; Czarnecka et al.  2010  ) . Specifi cally, analysis of cancer cell metabolism is leading 
to a modifi cation of the original concept of the Warburg effect that regarded mitochondria as simply 
damaged cell structures that cause a toxic release of ROS. At present, researches are rethinking the 
role of mitochondria in cancer metabolism, as an oxidative metabolism capable of adapting itself to 
the demands of uncontrolled cell proliferation. Experimental data (Scatena et al.  2003 ,  2004 ) clearly 
indicate that an iatrogenic disruption of the electron respiratory chain can induce differentiation or, 
more interestingly, a pseudo-differentiation in various human neoplastic cell lines, suggesting there 
are even more potential roles of mitochondria in the regulation of cancer cell homeostasis. 
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 The possibility of modulating the activity of the mitochondrial electron respiratory chain by the 
so-called NO-releasing drugs can be further expanded to include potential therapeutic applications in 
mitochondrial medicine, although we should always be wary of causing undesired toxic effects, as 
drug-mitochondria interactions often are not carefully considered (Moncada and Erusalimsky  2002 ; 
Scatena et al.  2005  ) . 

 In conclusion, aside from its functional role as an organelle, mitochondria represent, from a phar-
macological point of view, a potential drug target with unexplored therapeutic and toxicological 
potential. The progress of mitochondrial medicine in the near future will shed light on this particular 
topic and provide a rich scientifi c background from which valid translational research can be 
realized.      
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  Abstract   The use of nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs) has revolutionized 
the treatment of infection by human immunodefi ciency virus (HIV) and hepatitis-B virus. NRTIs can 
suppress viral replication in the long-term, but possess signifi cant toxicity that can seriously compro-
mise treatment effectiveness. The major toxicity of NRTIs is mitochondrial toxicity. This manifests as 
serious side effects such as myopathy, peripheral neuropathy and lactic acidosis. In general, it is 
believed that the mitochondrial pathogenesis is closely related to the effect of NRTIs on mitochondrial 
DNA polymerase- g . Depletion and mutation of mitochondrial DNA during chronic NRTI therapy may 
lead to cellular respiratory dysfunction and release of reactive oxidative species, resulting in cellular 
damage. It is now apparent that the etiology is far more complex than originally thought. It appears to 
involve multiple mechanisms as well as host factors such as HIV  per se , inborn mitochondrial muta-
tion, and sex. Management of mitochondrial toxicity during NRTI therapy remains a challenge. 
Interruption of NRTI therapy and substitution of the causative agents with alternative better-tolerated 
NRTIs represents the mainstay of management for mitochondrial toxicity and its clinical manifesta-
tions. A range of pharmacological approaches has been proposed as treatments and prophylaxes.  

  Keywords   NRTIs  •  Mitochondrial toxicity  •  Polymerase- g   •  DNA depletion  •  Reactive oxygen 
species    

    16.1   Introduction 

 All cells except erythrocytes contain mitochondria. Mitochondria are small organelles located in the 
cellular cytoplasm. A single cell may contain hundreds-to-thousands of mitochondria (particularly 
cells with high-energy demands). Each mitochondrion contains 2–10 copies of mitochondrial DNA 
(mtDNA), which is almost exclusively maternally inherited (Wiesner et al.  1992  ) . mtDNA is particu-
larly susceptible to mutation due to the lack of several enzymes for DNA repair (   Graziewicz et al. 
 2006 ). The mutation rate of mtDNA can be more than tenfold higher than that of nuclear DNA 
(Wallace  1992  ) . Each mitochondrion has a double-lipid membrane, with an inner membrane folded into 
numerous cristae surrounding the matrix space. The inner membrane of the mitochondrion contains 

    Chapter 16   
 Iatrogenic Mitochondriopathies: A Recent 
Lesson from Nucleoside/Nucleotide Reverse 
Transcriptase Inhibitors       

     George   P.  H.   Leung         

    G.  P.  H.   Leung (�) 
          Department of Pharmacology and Pharmacy ,  The University of Hong Kong ,   Hong Kong ,  China
e-mail: gphleung@hkucc.hku.hk    



348 G.P.H. Leung

an oxidative phosphorylation (OXPHOS) system that provides most of the energy to cells (~95% of 
the ATP requirements of the cell). Mitochondria also play an important part in the progression and 
regulation of apoptosis as well as calcium homeostasis. 

 Mitochondrial dysfunction has been implicated in numerous disorders (e.g., neurological and car-
diovascular) as well as drug-induced toxicities (Amacher  2005  ) . A typical example of the latter occurs 
during treatment of infection by the human immunodefi ciency virus (HIV) (Moyle  2005  ) . Current 
guidelines in the United States recommend highly active antiretroviral therapy (HAART) in HIV 
patients. The regimen involves two nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs) 
with a protease inhibitor. An alternative regimen involves three NRTIs. HAART has reduced morbid-
ity and mortality due to HIV as well as the incidence of opportunistic infections, but the adverse 
effects associated with HAART (particularly with the use of NRTIs) are likely to pose a signifi cant 
obstacle to long-term pharmacotherapy. 

 As early as 1988, it was found that HIV patients treated with high doses of the NRTI zidovudine 
developed skeletal muscle myopathies (Gertner et al.  1989  ) . These adverse drug reactions were 
shown to be mitochondria-related after histological and electron microscopic examination of biopsy 
tissues. Tagged red fi bers were evident, as was accumulation of mitochondria with paracrystalline 
inclusion in the subsarcolemmal space (Dalakas et al.  1990  ) . Reduced levels of mitochondrial 
DNA, RNA and proteins were also observed in these patients, but these problems were reversible 
in 50% of patients withdrawn from the drug (Dagan et al.  2002  ) . These fi ndings led to the hypoth-
esis that inhibition of mtDNA replication due to NRTIs may be the principal cause. In addition to 
myopathy, lactic acidosis, cadiomyopathy, hepatic steatosis, nephrotoxicity and neuropathy have 
been associated with NRTI therapy (Table  16.1 ). The clinical and morphological manifestations of 

   Table 16.1    Clinical syndromes reported to be associated with NRTIs-induced mitochondrial toxicity   

 NRTIs 
 Clinical syndromes reported associated 
with mitochondrial toxicity  References 

 Abacavir  Negligible  Hervey and Perry  (  2000  )  
 Adefovir  Nephotoxicity  Izzedine et al.  (  2004  ) , Tanji et al.  (  2001  )  
 Didanosine  Skeletal myopathy  Allaouchiche et al.  (  1999  ) , Bissuel et al.  (  1994  )  

 Lactic acidosis and hepatic steatosis  Dalakas et al.  (  1990  )  
 Peripheral neuropathy  Cepeda and Wilks  (  2000  ) , Dolin et al.  (  1995  ) , 

Famularo et al.  (  1997  )  
 Pancreatitis  Allaouchiche et al.  (  1999  ) , Dolin et al.  (  1995  )  

 Emtricitabine  Negligible  Modrzejewski and Herman  (  2004  )  
 Entecavir  Negligible  Amarapurkar  (  2007  )  
 Lamivudine  Rare myopathy and pancreatitis  Adani et al.  (  2005  ) , Tuon et al.  (  2008  )  
 Stavudine  Skeletal myopathy  Miller et al.  (  2000  ) , Mokrzycki et al.  (  2000  )  

 Lactic acidosis and hepatic steatosis  Miller et al.  (  2000  ) , Mokrzycki et al.  (  2000  )  
 Peripheral neuropathy  Cepeda and Wilks  (  2000  ) , Ronan et al.  (  2000  )  

 Telbivudine  Rare myopathy and neuropathy  Fleischer and Lok  (  2009  ) , Zhang et al.  (  2008  )  
 Tenovir  Nephrotoxicity  Izzedine et al.  (  2009  )  
 Zalcitabine  Skeletal myopathy  Benbrik et al.  (  1997  )  

 Lactic acidosis and hepatic steatosis  Vrouenraets et al.  (  2002  )  
 Peripheral neuropathy  Famularo et al.  (  1997  ) , Fichtenbaum et al.  (  1995  )  

 Zidovudine  Skeletal myopathy  Chariot et al.  (  1999  ) , Dalakas et al.  (  1990  ) , 
Dolin et al.  (  1995  )  

 Lactic acidosis and hepatic steatosis  Bissuel et al.  (  1994  ) , Blanche et al.  (  1999  ) , 
Chariot et al.  (  1999  )  

 Peripheral neuropathy  Dolin et al.  (  1995  ) , Famularo et al.  (  1997  )  
 Cardiomyopathy  Domanski et al.  (  1995  ) , Lipshultz et al.  (  2000  )  
 Pancreatitis  Chariot et al.  (  1999  ) , Dolin et al.  (  1995  )  
 CNS degenerative disease  Blanche et al.  (  1999  )  
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these diseases very closely resemble those observed in various genetic mitochondrial disorders 
(Zeviani and Di Donato  2004  ) .  

 This chapter aims to review the pharmacological mechanisms and pathways involved in the mito-
chondrial toxicity associated with NRTI use. Strategies to manage these sequelae and the future direc-
tion of pharmacological research are also outlined.  

    16.2   Pharmacology of NRTIs 

 The drug target of NRTIs is the RNA-dependent DNA polymerase viral reverse transcriptase. This 
enzyme is essential for viral replication because the virus can use it to copy the RNA retrovirus 
genome into double-stranded DNA. Once the viral DNA is integrated, cellular RNA polymerase cop-
ies it back into RNA to make full-length genomic RNA and mRNAs that encode the various viral 
proteins. The commonest NRTIs used clinically are abacavir, adefovir, didanosine, emtricitabine, 
entecavir, lamivudine, stavudine, telbivudine, tenofovir, zalcitabine and zidovudine (Fig.  16.1 ). 
Abacavir, didanosine, emtricitabine, stavudine, zalcitabine and zidovudine demonstrate effi cacy for 
HIV infection, whereas adefovir, entecavir and telbivudine are used in the therapy of hepatitis-B 
infection. Lamivudine and tenofovir are used in the treatment of infection by HIV and hepatitis-B.  

  Fig. 16.1    Chemical structures of the nucleic acids and nucleoside/nucleotide reverse transcriptase inhibitors       
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 NRTIs are derivatives of adenosine, cytidine, guanosine, and thymidine. As such, they provide an 
alternative substrate for viral reverse transcriptase. The important chemical modifi cation of these 
compounds is the 3 ¢ -OH group of the deoxyribose sugar, which normally forms the 5- to 3-phosphoester 
bond with the next nucleic acid. The lack of an available 3 ¢ -OH group (or in the case of zidovudine, 
modifi cation to an azido group (N 

3
 )), prevents the attachment of subsequent nucleic acids by viral 

reverse transcriptase. Therefore, NRTIs can impair reverse transcription in two ways by: (i) compet-
ing with endogenous nucleic acids for incorporation; and (ii) prematurely terminating chain elonga-
tion once incorporated. 

 To serve as the substrates for viral reverse transcriptase, NRTIs must be in triphosphorylated forms. 
Metabolic activation (phosphorylation) occurs only if NRTIs are transported across plasma mem-
branes and accumulate intracellularly. In general, NRTIs are too hydrophilic to diffuse into cells in 
large quantities. Most NRTIs (except tenofovir and adefovir) are nucleoside analogs, so are probably 
transported into cells by unique nucleoside transport systems rather than by diffusion (Leung and Tse 
 2007  ) . Characterization of nucleoside uptake into human cells has led to the assumption that nucleo-
side transport can be mediated by at least nine systems. There are four equilibrative nucleoside trans-
porters (ENTs); these are sodium-independent-facilitated systems and transport nucleosides down the 
concentration gradient. There are fi ve human concentrative nucleoside transporters (CNTs); these are 
sodium-dependent systems and can transport nucleosides against a concentration gradient. Besides 
their thermodynamic properties (equilibrative or concentrative), these systems differ in their relative 
substrate specifi city, pharmacological properties, and expression patterns in tissues and cells (Leung 
and Tse  2007  ) . It has been reported that ENT1 can transport low concentrations of the antiviral drugs 
zalcitabine and didanosine but does not transport zidovudine. ENT2 transports zidovudine, zalcit-
abine and didanosine at a greater level than ENT1. ENT3 is a transporter of intracellular organelles, 
so its role in transporting nucleoside across plasma membrane is negligible. ENT4 mainly transports 
adenosine and organic cations across the plasma membrane, but the selectivity of nucleoside drugs to 
ENT4 has not been investigated. CNT1 can transport zidovudine and didanosine, but not lamivudine 
and zalcitabine. Didanosine is a substrate of CNT2, but zidovudine and zalcitabine are not substrates. 
CNT3 can transport zidovudine, zalcitabine and didanosine. In addition to CNT1-3, there are two 
other concentrative nucleoside transport systems: N4 and N5. The selectivity of the N4 and N5 systems 
to nucleoside drugs is not known. 

 Besides ENTs and CNTs, organic anion transporters (OATs), organic cation transporters (OCTs), 
peptide transporters (PEPTs) and multidrug-resistant proteins (MRPs) can transport NRTIs such as 
zidovudine, didanosine and zalcitabine (Chen and Nelson  2000 ; Han et al.  1998 ; Leung and Bendayan 
 1999 ; Wada et al.  2000  ) . Tenofovir and adefovir are nucleotides so they are poor substrates of ENTs 
or CNTs. Evidence has demonstrated that adefovir and tenofovir can be transported by OAT1 and 
OAT3 (Uwai et al.  2007  )  as well as MRP4 (Imaoka et al.  2007  ) . The relative contributions of ENTs, 
CNTs, OATs, OCTs, PEPTs and MRPs to the cellular transport of NRTIs has yet to be investigated, 
but is probably dependent upon the abundances and affi nities of the transporters involved. 

 A schematic diagram of the intracellular phosporylation and activation of NRTIs is shown in 
Fig.  16.2 . This stepwise activation process is mediated by a coordinated series of enzymes. Zidovudine, 
stavudine and telbivudine are initially phosphorylated by thymidine kinase to their monophosphory-
lated (MP) derivatives zidovudine-MP, stavudine-MP and telbivudine-MP, respectively; the corre-
sponding diphosphate (DP) of zidovudine, stavudine and telbivudine is formed by deoxythymidine-MP 
kinase (Hsu et al.  2007  ) . The fi rst step in the phosphorylation of emitricitabine, lamivudine, and zal-
citabine is catalyzed by deoxycytidine kinase. The second step is catalyzed by deoxycytidine-MP 
kinase to form the corresponding DP (Balzarini  1994  ) . Cytidylyl transferase can add choline or etha-
nolamine to zalcitabine-DP, forming the liponucleotide adducts zalcitabine-DP choline and zalcit-
abine-DP ethanolamine, respectively (Rossi et al.  1999  ) . These metabolites appear to be unique to 
zalcitabine. Didanosine is initially phosphorylated by 5 ¢ -nucleotidase to form didanosine-MP. It is 
then deaminated to form dideoxyadenosine-MP. Phosphorylation of dideoxyadenosine-MP to 
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dideoxyadenosine-DP is catalyzed by adenosine-MP kinase (Johnson and Fridland  1989  ) . Unlike 
nucleoside analogs which are converted into nucleotide analogs by the body, tenofovir and adefovir 
are monophosphates already so they are directly phosphorylated by adenosine-MP kinase to form 
tenofovir-MP and adefovir-MP, respectively (Merta et al.  1992  ) . Entecavir is phosphorylated by deox-
yguanosine kinase (dGK) to form entecavir-MP, which is subsequently converted to entecavir-DP by 
deoxyguanosine-MP kinase (Yamanaka et al.  1999  ) . Abacavir has a unique intracellular phosphoryla-
tion pathway that fi rst involves addition of a phosphate group by adenosine phosphotransferase to 
form abacavir-MP; deamination of abacavir-MP forms carbovir-MP, which is subsequently phospho-
rylated to form carbovir-DP (Faletto et al.  1997  ) . The fi nal step in phosphorylation (which is probably 
common to all NRTIs) is catalyzed by nucleoside diphosphate kinase (Balzarini  1994  ) . The triphos-
phate forms of NRTIs are the active moieties that carry out the antiviral action.  

 The intracellular phosphorylation of NRTIs is subject to enzymatic and cellular regulation. For 
example, deoxythymidine-MP kinase is the rate-limiting enzyme for zidovudine activation (Balzarini 
et al.  1989  ) . Nucleoside diphosphate kinase may represent a second rate-limiting enzyme in the fi nal 

  Fig. 16.2     Host-cell-mediated sequential enzymatic phosphorylation steps required for activating the nucleoside/nucle-
otide reverse transcriptase inhibitors to the triphosphate moieties .  ABV  abacavir,  AMPD  adenosine monophosphate 
deaminase,  AMPK  adenosine monophosphate kinase,  APT  adenosine phosphotransferase,  CBV  carbovir,  dCK  deoxycy-
tidine kinase,  dCMPK  deoxycytidine monophosphate kinase,  ddA  2,3-dideoxyadenosine,  ddC  zalcitabine,  ddI  didanos-
ine,  DP  diphosphate,  dGK  deoxyguanosine kinase,  dGMPK  deoxyguanosin monophosphate kinase,  d4T  stavudine, 
 FTC  emtricitabine,  INN  entecavir,  MP  monophosphate,  LdT  telbivudine,  PMEA  adefovir (PMEA-MP and PMEA-DP 
are a diphosphate and triphosphate analogues, respectively),  PMPA  tenofovir (PMPA-MP and PMPA-DP are a diphos-
phate and triphosphate analogues, respectively),  TK  thymidine kinase,  dTMPK  deoxythymidine monophospahte kinase, 
 TP  triphosphate,  ZDV  zidovudine,  3TC  lamivudine,  5 ¢ -NDPK  5 ¢ -nucleoside diphosphate kinase,  5 ¢ -NT  5 ¢ -nucleotidase       
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production of zidovudine-TP (Bourdais et al.  1996  ) .  In-vitro  studies have demonstrated that the 
intracellular concentration is zidovudine-MP >> zidovudine-DP > zidovudine-TP (Balzarini et al. 
 1989  ) , refl ecting the “enzymatic bottlenecks” that occur with this drug. Unlike zidovudine, the rate-
limiting enzyme for stavudine phosphorylation is thymidine kinase. Intracellular concentrations of 
stavudine-MP, stavudine-DP, and stavudine-TP  in vitro  are similar and relatively low because the 
rate-limiting enzyme occurs at the initial phosphorylation step (Balzarini et al.  1989  ) . The difference 
in rate-limiting enzymes has important clinical implications. For instance, increases in the plasma 
concentrations of stavudine are unlikely to cause further elevation of intracellular stavudine-MP 
concentrations, whereas increases in the plasma concentrations of zidovudine can probably cause an 
increase in intracellular formation of zidovudine-MP. The formation of zidovudine-MP plays a cru-
cial role in inhibiting the proofreading function of DNA polymerase- g , resulting in mtDNA mutation 
(please see Sect.  16.4.2 ). 

 Cellular regulation of NRTI activation is also dependent upon whether the cell is post-mitotic (resting) 
or active. Resting cells preferentially phosphorylate lamivudine, zalcitabine, and didanosine, whereas 
activated cells preferentially phosphorylate thymidine analogs such as stavudine and zidovudine (Gao 
et al.  1993,   1994  ) . Cytosolic thymidine kinase-1 (TK1) is highly expressed during the S-phase of the cell 
cycle and probably accounts for the latter effect (Munch-Petersen and Tyrsted  1977 ; Sakamoto et al. 
 1984  ) . There have been no reports of cell cycle-regulated expression of thymidine kinase-2 (TK2), and its 
activity appears to be constitutively expressed (Munch-Petersen and Tyrsted  1977  ) . In dividing cells, only 
l–5% of the activity of thymidine kinase is TK2 but, in quiescent cells (e.g., non-proliferating lympho-
cytes), all thymidine kinase activity is reliant upon TK2 (Arnér et al.  1992 ; Munch-Petersen  1984  ) .  

    16.3   Entry of NRTIs into Mitochondria 

 The existence of phosphorylated NRTIs in mitochondria may explain the toxicity profi le of this drug 
class. Phosphorylated NRTIs in the mitochondria can be derived from two sources. First, it is known 
that the NRTIs can be phosphorylated in the cytosol by the mechanisms described above, and these 
phosphorylated derivatives can be transported into the mitochondria by the deoxynucleoside carriers 
(DNCs) (Dolce et al.  2001  )  or by as-yet-unidentifi ed transport systems (Bridges et al.  1999  ) . Several 
studies have suggested that DNCs link the mitochondrial toxicity of NRTIs to their mitochondrial 
import. An  in-vitro  study showed that zidovudine could not generate mitochondrial toxicity during 
exposure of isolated mitochondria to zidovudine. Instead, zidovudine was extremely toxic to mito-
chondria in activated whole cells compared with resting whole cells, which may indicate signifi cant 
NRTI phosphate shuttling into mitochondria to elicit toxicity (Sales et al.  2001  ) . Studies in transgenic 
mice have shown that overexpression of DNCs in the heart enhances zidovudine-, didanosine- and 
lamivudine-induced mitochondrial dysfunction in cardiomyocytes (Lewis et al.  2005,   2006  ) . However, 
confl icting results have also been reported. Lam and co-workers demonstrated that overexpression of 
DNCs did not sensitize cells to the depletion of mtDNA caused by zalcitabine and didanosine (Lam 
et al.  2005  ) . Downregulation of DNC expression by small interfering RNA was also ineffective in 
changing the effects of NRTIs on mtDNA depletion (Lam et al.  2005  ) . These results argued the con-
tribution of DNCs to the mitochondrial toxicity of NRTIs, so further investigation is required. 

 Some phosphorylating enzymes are specifi c to the mitochondria (e.g., TK2 and dGK) (Al-madhoun 
et al.  2004 ; Jullig and Eriksson  2000 ; Wang and Eriksson  2003  ) . Therefore, an alternative source of 
NRTI phosphate in mitochondria is the non-phosphorylated NRTIs that may be directly transported 
into the mitochondria and then phosphorylated there (Barile et al.  1997  ) . ENT1 is present on mito-
chondrial membranes (Lai et al.  2004  ) . One study demonstrated that overexpression of ENT1 facili-
tates the entry of fi aluridine (a NRTI that was originally designed as a therapy for hepatitis-B virus 
infection but was withdrawn because of high toxicity) into mitochondria and enhances mitochondrial 
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toxicity (Lai et al.  2004  ) . The presence of ENT1 on mitochondrial membranes can explain the 
mitochondrial toxicity of NRTIs that are substrates of ENT1, but it cannot fully account for the mito-
chondrial toxicity of other NRTIs (such as zidovudine) that are poor substrates of ENT1. Therefore, 
other nucleoside transporters are probably located on the mitochondrial membrane. It has been 
reported that part of the uridine uptake into human liver mitochondria is resistant to 10 nM nitroben-
zylthioinosine, but is inhibited by 10  m M nitrobenzylthioinosine (Lai, et al.  2004  ) , which is a typical 
characteristic of ENT2 and ENT3 (Ward et al.  2000 ; Baldwin et al.  2005  ) . ENT3 was recently found 
to be localized to mitochondria and certain NRTIs such as lamivudine, zalcitabine zidovudine, stavu-
dine and didanosine were good substrates for this transporter (Govindarajan et al.  2009 ; Baldwin et al. 
 2005  ) . In addition to ENT1 and ENT3, mitochondria may contain other novel transporters, but further 
study is required to confi rm this possibility.  

    16.4   Mechanisms of Mitochondrial Toxicity Induced by NRTIs 

    16.4.1   Inhibition of DNA Polymerase- g  and mtDNA Depletion 

 In addition to viral reverse transcriptase, it is well established that NRTIs can incorporate and inhibit 
human cellular DNA polymerase. There are fi ve major human cellular DNA polymerases:  a ,  b ,  s ,  e  
and  g . DNA polymerase- g  is located in the mitochondrion, but the remaining polymerases are located 
in the nucleus. DNA polymerase- a  and DNA polymerase- e  are responsible for nuclear DNA tran-
scription, whereas the primary function of DNA polymerase- b  and DNA polymerase- s  is DNA repair. 
Each of these polymerases can inadvertently incorporate NRTIs instead of endogenous nucleotides. 
The general affi nity of NRTIs to these polymerases is DNA polymerase- g  > DNA polymerase- b  > DNA 
polymerase- a  = DNA polymerase- e  (Kakuda  2000  ) . 

 The major and most widely accepted hypothesis accounting for NRTI-induced mitochondrial tox-
icity is the inhibition of DNA polymerase- g  (Lewis et al.  2003  ) . Phosphorylated forms of NRTIs 
hamper mtDNA synthesis by acting as competitive substrates to endogenous nucleotides and chain 
terminators at the nucleotide-binding site of DNA polymerase- g  because NRTIs lack the 3 ¢ -OH group 
necessary for further elongation of the mtDNA strand (Lim and Copeland  2001  ) . The mtDNA poly-
merase- g  is crucial for mtDNA replication (Graziewicz et al.  2006  ) , so inhibition of DNA polymerase-
 g  leads to mtDNA depletion. Depletion of mtDNA has been detected in cell models and animal models 
exposed to NRTIs (Lewis et al.  1992 ; Gerschenson and Poirier  2000 ; Walker et al.  2002  ) . Reductions 
in mtDNA levels in tissues such as subcutaneous adipose tissue (Shikuma et al.  2001  ) , skeletal muscle 
(Casademont et al.  1996  ) , peripheral blood monocytes (Cherry et al.  2003  ) , liver (Chariot et al.  1999 ; 
Walker et al.  2003  )  and placenta (Shiramizu et al.  2003  )  were also found in HIV-infected patients 
undergoing NRTI treatment. This mtDNA depletion coincides with aberrant mitochondrial morphol-
ogy (Dagan et al.  2002  ) . 

 A reduction of mtDNA content decreases the synthesis of mtDNA-encoded protein subunits of the 
OXPHOS system (Duong Van Huyen et al.  2006  ) . A disruption of the OXPHOS system causes a 
reduction in ATP production and an increase in electron leakage from the electron-transport chain, 
which enhances the generation of reactive oxygen species (ROS) (Lewis and Dalakas  1995 ; Velsor 
et al.  2004  ) . The increase in the concentration of ROS damages proteins, lipids and mtDNA, setting 
off a cascade of further oxidative damage to cells (Fig.  16.3 ).  

 Among the seven NRTIs approved for treatment of HIV infection, the relative potency in inhibiting 
mitochondrial DNA polymerase- g  is zalcitabine >> didanosine > stavudine > zidovudine >>>> tenofi -
vir, lamivudine, emtricitabine and abacavir (Birkus et al.  2002 ; Martin et al.  1994  ) .  In-vitro  studies 
have demonstrated that, with respect to the fi ve NRTIs approved for treatment of hepatitis-B (lamivu-
dine, adefovir, entecavir, telbivudine and tenofovir), their strengths of inhibition of DNA polymerase- g  
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are substantially lower than those seen with zalcitabine, didanosine, stavudine and zidovudine (Birkus 
et al.  2003 ; Mazzucco et al.  2008 ; Venhoff et al.  2007  ) . In particular, entecavir has demonstrated little 
evidence of mitochondrial toxicity compared with other NRTIs even at concentrations as high as 100-
fold of the maximum concentration observed in humans (Mazzucco et al.  2008  ) . Except for one case 
report (Fodale et al.  2005  ) , lamivudine is, in general, believed to exhibit no signifi cant mitochondrial 
toxic effect, and only causes mild myopathy and neuropathy. One factor that may be important for the 
lower toxicity profi le of lamivudine is related to the exonuclease activity of DNA polymerase- g . DNA 
polymerase-  g  consists of a catalytic subunit of polymerase and 30–50 exonuclease activity (Falkenberg 
et al.  2007  ) . NRTIs can usually persist in the mtDNA strands because of the ineffi cient activity of 
DNA polymerase- g  exonuclease (Hanes and Johnson  2008 ; Lewis et al.  2003 ; Kakuda  2000  ) . An 
exception is lamivudine, which is more effi ciently removed by DNA polymerase- g  exonuclease activ-
ity than other NRTIs (Gray et al.  1995  ) . 

 It has been argued that the relatively less effective incorporation of zidovudine-TP into mtDNA 
cannot fully explain the mitochondrial toxicities of zidovudine (Elimadi et al.  1997  ) , so zidovudine 
may have other cellular targets. Zidovudine has been shown to inhibit TK2 (McKee et al.  2004 ; Rylova 
et al.  2005  )  and nucleoside diphosphate kinase (Valenti et al.  1999  ) , thus preventing the complete 
conversion of thymidine to deoxythymidine triphosphate (dTTP). It is known that dTTP concentra-
tions are critical and rate-limiting to mtDNA replication (Song et al.  2005  ) . Therefore, reduction in 
dTTP pools by inhibition of TK2 may explain the reduced mtDNA content in zidovudine-treated cells 
and tissues (Morris et al.  2009  ) . Nevertheless, confl icting results also showed the lack of an effect of 
zidovudine on the dTTP pool in preadipocyte 3T3-F442a cells (Lynx et al.  2009  ) .  

  Fig. 16.3     Mechanism leading to the mitochondrial toxicity of nucleoside and nucleotide reverse transcriptase inhibi-
tors.  Nucleoside/nucleotide reverse transcriptase inhibitors ( NRTIs ) are transported into the mitochondria. They are 
phosphorylated by the mitochondrial-specifi c thymidine kinase-2 ( TK2 ) or deoxyguanosine kinase ( dGK ), and then by 
other nucleotide kinases.  DNA polymerase- g  , the mitochondrial DNA polymerase, is inhibited by the 5 ¢ -triphosphate 
derivatives of NRTIs. The resultant depletion and/or mutation of mitochondrial DNA then interferes the synthesis of 
essential proteins of the mitochondrial respiratory chain ( MRC ). The consequent disruption of the electron respiratory 
chain leads to the decreased  ATP synthesis  and causes electron leakage, resulting in the increase generation of reactive 
oxygen species ( ROS ). ROS damage the mitochondria and cause cell death       
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    16.4.2   Mutation of mtDNA 

 The hypothesis of mtDNA mutation is supported by studies showing that certain NRTIs can effi ciently 
inhibit the exonuclease function of DNA polymerase- g  (Lim and Copeland  2001 ; Wu et al.  2009  ) . For 
instance, zidovudine-MP is known to accumulate at high concentrations intracellularly, whereas the 
concentrations of the triphosphate form are found to be only 2  m M (Frick et al.  1988 ; Furman et al. 
 1986  ) . This zidovudine-MP inhibits the exonuclease function as effi ciently as its normal counterpart 
deoxythymidine-MP at concentrations predicted to occur in the cell (Lim and Copeland.  2001  ) . 
Inhibition of DNA polymerase- g  proofreading by inactivation of exonuclease activity may result in 
lower replication fi delity, and an increase in mutations within mtDNA (Kunkel and Mosbaugh  1989  ) . 
Zidovudine has been reported to be mutagenic in animal and cellular models (Meng et al.  2000 ; 
Sussman et al.  1999  ) . Mutations of mtDNA were also demonstrated in 5 out of 26 patients undergoing 
NRTI therapy in which novel variations in the mtDNA sequence were found to arise within individu-
als (Martin et al.  2003  ) . Similar to mtDNA depletion, mutations of mtDNA cause a wide range of 
mitochondrial diseases owing to the resulting defects in the OXPHOS system (Wallace  1992  ) . When 
the OXPHOS system is disrupted, electrons can leak into the mitochondrial matrix, react with oxygen, 
and form ROS (Esposito et al.  1999  ) .  

    16.4.3   Oxidative Stress 

 ROS are produced physiologically by the OXPHOS system of mitochondria in which ~2–4% of electron 
fl ux results in the reduction of oxygen to superoxide. In addition to superoxide, another ROS gener-
ated from mitochondria is hydrogen peroxide, which is rapidly formed from superoxide by dismuta-
tion. ROS are very reactive towards biomolecules. Upon oxidative attack of biomolecules, various 
types of damage can be generated: (1) lipid peroxidation (which leads to the generation of highly reac-
tive aldehyde byproducts); (2) oxidation of SH groups (which causes protein aggregation); (3) oxida-
tion of amino-acid side-chains form carbonyl groups (which target proteins for degradation); (4) 
oxidation of the sugar in nucleic acids (which leads to breakage of the phosphodiester backbone); and 
(5) oxidation of the bases in nucleic acids, with the concomitant formation of a plethora of base modi-
fi cations that can be mutagenic or cytotoxic. 

 It has been reported that ROS, peroxynitrite formation, lipid peroxidation, and oxidation of cellular 
proteins are increased in the hearts of zidovudine-treated rats (Szabados et al.  1999  ) . Via measure-
ment of 8-hydroxyguanosine levels, oxidative stress has been demonstrated in cells isolated from the 
urine of zidovudine-treated patients or mice (de la Asuncion et al.  1998  ) . Zidovudine also induces 
ROS formation in choriocarcinoma cells and primary explant cultures from human placentas (Collier 
et al.  2003  ) . The increase in ROS production is probably due to the depletion and/or mutation of 
mtDNA as described above. Nonetheless, zidovudine can also directly cause a decrease in the expres-
sion of complex IV of the OXPHOS system, even in the absence of mtDNA depletion (Pan-Zhou 
et al.  2000  ) . Besides, zidovudine may stimulate production of superoxide anion via inhibition of 
phosphate transport in rat heart mitochondria (Valenti et al.  2002  ) . In addition, zidovudine may com-
pete with nicotinamide adenine dinucleotide (NADH) directly at complex I (Lund and Wallace 
 2004  ) . Zidovudine consistently exerted a dose-dependent inhibitory effect on NADH-linked respira-
tion and cytochrome  c  reductase activity (Modica-Napolitano  1993  ) . One study has shown that the 
short-term cardiotoxicity of zalcitabline may be partially induced by ROS-mediated signaling 
through activation of the poly- and mono-ADP-ribosylation reaction and depression of levels of 
heat-shock protein 70 (Skuta et al.  1999  ) . This represents a new mtDNA-independent mechanism for 
NRTI-induced cellular damage.  
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    16.4.4   Inhibition of Energy-Supplying Reactions 

 Depletion and mutation of mtDNA, and oxidative stress are incorporated into a pathophysiological 
continuum related to energy depletion. Mitochondrial bioenergetics can also be impaired by NRTIs 
via other mechanisms. For instance, complex I activity and superoxide production are modulated 
through cAMP-dependent phosphorylation, suggesting a mechanism through which NRTIs may 
affect mitochondrial respiration via kinase-dependent protein phosphorylation (Lund and Wallace 
 2008  ) . It has been reported that zidovudine can bind to adenylate kinase, an enzyme involved in ATP 
formation (Barile et al.  1994  ) . In addition, zidovudine may competitively inhibit ADP/ATP antiports 
in mitochondria (Barile et al.  1997  ) .  

    16.4.5   Apoptosis 

 NRTIs may trigger mitochondrial-induced apoptosis (Hashimoto et al.  1997  ) . A signifi cant reduction 
in the levels of the anti-apoptotic protein Bcl-2, release of cytochrome  c , and an increase in levels of 
caspase-3 protein have been demonstrated if mitochondria are treated with zalcitabine (Opii et al. 
 2007  ) . These results suggest that oxidative stress-induced apoptosis may be a possible mechanistic 
pathway to explain the role of NRTIs in cellular toxicity. A possible pathway of apoptosis may involve 
the stimulation of apoptotic protease activating factor-l (Apaf-1) by cytochrome  c . Activation of 
Apaf-1 is known to stimulate caspase-9, which can cleaves procaspase-3 to form caspase-3, an apop-
tosis-related cysteine peptidase (Thornberry and Lazebnik  1998  ) .   

    16.5   Risk Factors for the Development of Mitochondrial 
Toxicity Induced by NRTIs 

    16.5.1   Advanced HIV Disease 

 Increased intracellular concentrations of NRTIs have been found in patients with low CD4+ T-cell 
counts, and the concentrations were seen to decrease if the CD4+ T-cell count and immune activation 
improved (Anderson et al.  2004 ; Barry et al.  1994  ) . Consistently, NRTI-associated peripheral neu-
ropathy is twofold more common in persons with CD4+ T-cell counts of <100 cells/mm 3  than it is in 
persons with higher CD4+ T-cell counts (Moyle  2000  ) . An elevated state of cellular activation in 
patients with advanced disease may be a biological mechanism for increased NRTI phosphorylation. 
In line with this notion, increased total TK activity has recently been associated with cellular activa-
tion of NRTIs in HIV infection (Turriziani et al.  2005  ) . 

 HIV infection and advanced HIV disease are also associated with highly elevated concentrations 
of pro-infl ammatory and cell-activation markers such as pro-infl ammatory serum cytokines and mol-
ecules, interferon, tissue necrosis factor (TNF), and soluble TNF receptor type-2 (Godfried et al. 
 1993 ; Hestdal et al.  1997 ; Kestens et al.  1994  ) . Treatment of advanced disease signifi cantly reduces 
the concentration of these cell-activation markers, which corresponds well to the reduction in the 
intracellular level of NRTI phosphate (Anderson et al.  2003 ; Behbahani et al.  2000  ) . It points to a 
possible relationship between pro-infl ammatory cellular activation and the intracellular pharmacol-
ogy and toxicity of NRTIs. To add weight to this notion, one study assessed the total levels of zidovu-
dine phosphate in the PBMCs of patients who were initially treated with zidovudine alone followed 
by the cytokine granulocyte-macrophage colony-stimulating factor (GM-CSF) + zidovudine. A trend 
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of increase in zidovudine phosphate levels was observed during GM-CSF + zidovudine combination 
therapy (Scadden et al.  1996  ) . In line with this,  in-vitro  studies have shown that cells treated with 
phytohemagglutinin or GM-CSF can generate 2- to 1,150-fold higher triphosphate concentrations of 
zalcitabine, lamivudine, stavudine, zidovudine, and didanosine than resting cells (Gao et al.  1993, 
  1994 ; Perno et al.  1992  ) . In a clinical trial on fi aluridine (investigational nucleoside analog for hepa-
titis-B treatment), 7 out of 15 patients suffered serious fi aluridine toxicity: patients required liver 
transplantation or died. Analyses of liver biopsy specimens obtained before initiation of fi aluridine 
treatment showed that the infl ammation scores for these seven patients were signifi cantly higher 
(McKenzie et al.  1995  ) .  

    16.5.2   Inborn Mitochondrial Variant 

 Pre-existing mutations in mtDNA and nuclear DNA may predispose mitochondria to toxicity. 
A R964C mutation in the gene encoding DNA polymerase- g  has been found in a woman with stavudine-
associated lactic acidosis, suggesting a higher risk of mitochondrial toxicity due to the pre-existing 
mutation in this gene (Yamanaka et al.  2007  ) . This R964C mutation may affect the ability of DNA 
polymerase- g  to discriminate between natural nucleotide substrates and nucleotide analogs such as 
stavudine-TP (Bailey et al.  2009  ) . In addition, studies have shown that mitochondrial haplogroup T is 
associated with a higher risk for peripheral neuropathy in patients treated with stavudine and 
didanosine (Hulgan et al.  2005  ) , whereas mitochondrial haplogroup J possibly protects patients from 
lipoatrophy (Hendrickson et al.  2009 ; Hulgan et al.  2008  ) . A recent study in the Indonesian population 
demonstrated that TNF- a  1,031*2 variant may be a risk factor for NRTI-associated peripheral neu-
ropathy (Affandi et al.  2008  ) .  

    16.5.3   Sex 

 One study found that intracellular zidovudine-TP and lamivudine-TP concentrations were 2.3- and 
1.6-fold higher in women than in men, respectively (Anderson et al.  2003  ) . These data provide insight 
that is consistent with epidemiological studies showing a higher incidence of NRTI-induced lip-
odystrophy, lactic acidosis and pancreatitis in women than in men (Bolhaar and Karstaedt  2007 ; 
Currier  2007 ; Moyle et al.  2002  ) .  

    16.5.4   Comorbidities and Concomitant Medications 

 It has been reported that patients co-infected with HIV and hepatitis-C treated with ribavirin in com-
bination with didanosine have a substantial risk for lactic acidosis (Bani-Sadr et al.  2005 ; Butt  2003 ; 
Moreno et al.  2004  ) . In addition, interferon- a  may aggravate myalgia due to telbivudine treatment 
(Zhang et al.  2008  ) . Protease inhibitors may also act synergistically with NRTIs to enhance the neu-
rotoxic effects of the latter (Lichtenstein et al.  2005 ; Smyth et al.  2007  ) . 

 A higher incidence of NRTI-induced pancreatitis and peripheral neuropathy was observed in 
patients receiving hydroxyurea (a ribonucleotide reductase inhibitor sometimes used as an adjunct to 
didanosine in combination antiretroviral therapies) (Frank et al.  2004  ) . An  in-vitro  study showed that 
hydroxyurea increases pancreatic cell toxicity in the presence of a high concentration of didanosine 
(Foli et al.  2001  ) . The mechanism underlying this interaction may involve the production of endogenous 
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deoxynucleotides. Endogenous deoxynucleotides are produced from two sources: (i) reduction of 
nucleotides to form deoxynucleotides (the  de-novo  pathway) and (ii) sequential phosphorylation of 
deoxynucleosides to deoxynucleotides (the salvage pathway). Hydroxyurea inhibits ribonucleotide 
reductase (the enzyme responsible for the reduction of nucleotides to deoxynucleotides), thereby 
halting the  de-novo  pathway. Corresponding decrease in endogenous deoxynucleotide pools in the 
cytoplasm may create a condition favoring NRTI triphosphates to incorporate to DNA polymerase- g  
(Moore et al.  2000 ; Kewn et al.  2000  ) . This hypotheisis was critisized by Hoggard and co-workers 
(Hoggard et al.  2002  ) , who claimed that hydroxyurea does not affect measurable pools of endogenous 
nucleosides  in vivo .  

    16.5.5   Other Risk Factors for NRTI Toxicity 

 Older age is a risk factor of NRTI-associated peripheral neuropathy, and is probably associated with 
accumulated mtDNA mutations (Hill et al.  2007 ; Hulgan et al.  2005  ) . Other proposed risk factors for 
NRTI-associated toxicity include white race, diabetes mellitus, and decreased creatinine clearance 
(Anderson et al.  2004 ; Peltier and Russell  2006 ; Smyth et al.  2007  ) .   

    16.6   Treatment and Prevention of NRTI-Associated Mitochondriopathy 

 Maintaining a high index of suspicion for NRTI-induced mitochondrial toxicities is critical. Early 
detection of symptoms such as myopathy and lactic acidosis may be ensured by close monitoring of 
muscle enzymes, liver enzymes and lactate levels in blood. Hepatic steatosis can be detected by com-
puted tomography. Supportive care is necessary if patients are severely ill. For instance, in the case of 
lactic acidosis, hemodialysis and intravenous administration of bicarbonate are needed to improve 
acidosis. Patients often develop respiratory failure due to the severe acidosis, so ventilation may also 
be required. 

 Development of inexpensive, simple and non-invasive diagnostic tests for routine screening and 
monitoring of mitochondrial toxicity is essential for patients on NRTI therapy. Quantity and quality 
(i.e., level of mutations) of mtDNA can be assessed by sequencing, analyses of deletions, or real-time 
polymerase chain reaction. These techniques have shown that mtDNA levels were signifi cantly lower 
in patients with “symptomatic hyperlactatemia” taking NRTIs, and that discontinuing therapy led to 
an increase in mtDNA (Côté et al.  2002  ) . Other data indicated that a signifi cant decrease in mtDNA 
copies per cell was detected in placenta and cord blood from HIV-positive women on NRTI therapy 
(Shiramizu et al.  2003  ) . Although mtDNA content can be precisely measured in almost all human 
cells, quantifi cation of mtDNA content must only address if the therapy infl uences DNA polymerase-
 g . As mentioned above, NRTIs may affect mitochondrial functions by altering mitochondrial enzymes 
other than DNA polymerase- g , so the impact of these alterations on mitochondria will be missed if 
only mtDNA content is assessed. Most importantly, reduced mtDNA content along with normal 
mtRNA levels encoded by mitochondrial genes has been observed, suggesting possible upregulatory 
mechanisms for mitochondrial transcription (Miró et al.  2004  ) . Therefore, even though quantitative 
assays are, in general, technically simple, functional assays for mitochondria are equally important 
and necessary. Additionally, NRTI-induced mitochondrial injury is tissue- and drug-specifi c (Cherry 
et al.  2006  ) , probably due to variable activation of NRTIs in different tissues (Rylova et al.  2007  ) . 
Therefore, measurement of the changes in mtDNA in one tissue may not accurately refl ect conditions 
in other tissues. In theory, determination of mtDNA levels in easily accessible PBMCs may permit 
prediction of the risk of symptoms such as polyneuropathy, liver steatosis, and hyperlactatemia. 
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Unfortunately, studies have not shown an association between mtDNA levels in PBMCs and the 
development of NRTI-induced toxic symptoms such as lipoatrophy or lactic acidosis (Cherry et al. 
 2002 ; McComsey et al.  2002,   2005  ) . Tissue sampling (e.g., muscle and liver) is invasive and impracti-
cal for routine clinical use. There is a lack of convenient and reliable non-invasive diagnostic tests for 
predicting mitochondrial toxicities. 

 Management of mitochondrial toxicity during antiviral therapy with NRTIs remains a challenge 
but fortunately mitochondrial toxicity is usually reversible. The major treatment option for patients 
suffering from NRTI-induced toxicity is a change of antiretroviral agents. Change of NRTIs has been 
effective in reducing toxicity for zidovudine-associated anemia, neuropathy and even lipodystrophy 
(Carr et al.  2002 ; McComsey et al.  2004  ) . Abacavir, lamivudine, emtricitabine and tenofovir have not 
been associated with signifi cant mitochondrial toxicity based on  in-vitro  and clinical experience and 
may therefore represent the best replacement drugs. An alternative is to use a NRTI-sparing regimen 
such as dual protease inhibitors + non-NRTIs (Negredo et al.  2009  ) . For lactic acidosis or other pro-
gressive and severe symptoms that carry considerable morbidity and mortality, NRTIs as well as the 
entire regimen should be stopped immediately for a certain period before restarting the antiviral treat-
ment with other, less toxic NRTIs (Lonergan et al.  2004  ) . Nevertheless, recurrence of lactic acidosis 
was reported in one patient immediately after the introduction of an alternative antiviral regimen 
(Brinkman and ter Hofstede  1999  ) . Such cases should (if possible) be cared for with a longer therapy 
interruption to enable more complete resolution. 

 A range of nutritional supplements such as ribofl avin, thiamine, ubiquinones (i.e., co-enzyme 
Q10), and L-carnitine has been proposed to reduce the incidence of NRTI-induced mitochondrial 
toxicity. Ribofl avin is a precursor to important cofactors in the electron transport chain. Theoretically, 
ribofl avin defi ciency could impair oxidative phosphorylation, whereas its administration could 
improve respiratory-chain activity (Fouty et al.  1998  ) . Thiamine is a coenzyme to pyruvate dehydro-
genase that catalyzes formation of acetyl CoA from pyruvate for entry into the citric acid cycle. Thus, 
defi ciency of this cofactor could also impair oxidative phosphorylation. It has been reported that 
serum lactate levels were normalized after the administration of thiamine in a patient with hepatic 
steatosis and severe lactic acidosis receiving NRTIs (Schramm et al.  1999  ) . Similar to thiamine, 
dichloroacetate (activator of pyruvate dehydrogenase) has been reported to be a potential therapeutic 
agent for reducing NRTI-associated hyperlactatemia (Shaer and Rastegar  2000  ) . Coenzyme Q is an 
important carrier of electrons in the respiratory chain. Coenzyme Q was shown to resolve symptoms 
in a patient treated with NRTIs and who developed moderate lactic acidosis and hepatic steatosis 
(Lenzo et al.  1997  ) . Patients with NRTI-associated peripheral neuropathy had reduced levels of serum 
L-carnitine, which was not seen in asymptomatic HIV-positive controls (Famularo et al.  1997  ) . The 
protective effect of L-carnitine against NRTI toxicity has been demonstrated in  in-vitro  models (Rossi 
et al.  1999 ; Semino-Mora et al.  1994  ) . A randomized clinical study also demonstrated that L-carnitine 
could reduce oxidative stress and maintain mitochondrial membrane potential, thereby providing a 
protective effect against apoptosis in lymphocytes of individuals receiving zidovudine and didanosine 
(Moretti et al.  2002  ) . Treatment with L-carnitine also results in a signifi cant reduction in neuropathic 
pain experienced by patients after long-term NRTI treatment (Hart et al.  2004  ) . Treatment with 
L-Carnitine may counteract NRTI toxicity by two major mechanisms: (i) it may reduce mtDNA dam-
age by a direct antioxidant effect (Tesco et al.  1992  ) , and (ii) it facilitates mitochondrial homeostasis 
of acetyl CoA and promotes long-chain free fatty-acid transport across mitochondrial membranes 
(Bremer  1990  ) . 

 An association was found between ROS and mitochondrial toxicity, so antioxidants are thought to 
be benefi cial in reducing mitochondrial toxicity. A pilot trial of antioxidants such as vitamin C, vita-
min E and N-acetyl cysteine was carried out in HIV-infected subjects with lipoatrophy. The results 
showed that the waist-to-hip ratio was signifi cantly decreased (although other anthropometric mea-
surements were unchanged) (McComsey et al.  2003  ) . Vitamins C and E were shown to reduce zido-
vudine-induced myopathy (McComsey and Morrow  2003  ) . In addition to the nutritional supplements 
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and antioxidants mentioned above, the cardioprotective drug mildronate can effectively prevent 
zidovudine-induced degenerative and infl ammatory events in cardiac muscle in experimental animals 
(Klusa et al.  2006  ) . Mildronate has been shown to inhibit carnitine palmitoyl transferase-1 in rat mito-
chondria (Dambrova et al.  2002  ) , and it therefore lowers the amount of activated free fatty acids which 
have detergent-like activity. It is proposed that mildronate may protect mitochondrial membranes 
from damage by free fatty acids. 

 Theoretically, therapeutic agents that have an effect on purine pools and pyrimidine pools should 
be avoided in HIV-infected patients treated with NRTIs. Examples of such substances are lefl uno-
mide, and inhibitors of tetrahydrofolate reductase (e.g., methotrexate, aminopterin, pyrimethamine, 
and trimethoprim). The anti-herpes drug brivudin-A should not be used with NRTIs because one 
study showed that one of its metabolites inhibits dihydropyrimidine dehydrogenase, and thus may 
adversely affect the intracellular balance of natural pyrimidines and stavudine (De Clercq  2004  ) . 
It has been reported that uridine may attenuate the mtDNA depletion and prevent apoptosis caused 
by pyrimidine-type NRTIs such as stavudine and zidovudine (Lebrecht et al.  2008 ; Setzer et al.  2008  ) . 
The mechanism of the protective effects of uridine is incompletely understood (Walker and Venhoff 
 2005  ) . Severe depletion of mtDNA and secondary respiratory chain dysfunction is thought to 
diminish the availability of intracellular pyrimidines because a normal electron fl ux through the 
respiratory chain is required for the activity of dihydroorotate dehydrogenase (DHODH), an enzyme 
that is essential for  de-novo  synthesis of pyrimidine (Gattermann et al.  2004  ) . Intramitochondrial 
defi ciency of pyrimidine could then induce or contribute to even more profound mtDNA depletion 
by allowing triphosphorylated pyrimidine NRTIs to compete more effi ciently with their natural 
pyrimidine counterparts at DNA polymerase- g . It is hypothesized that exogenous uridine supple-
mentation may replenish the intracellular pyrimidine pools distal from DHODH through the sal-
vage pathway (Walker and Venhoff  2005  ) . Alternatively, uridine and/or its metabolites may compete 
with pyrimidine NRTIs at carriers permitting their intramitochondrial import, or at enzymes respon-
sible for their intracellular activation (Kakuda  2000  ) . Uridine is well tolerated by humans, and data 
have not indicated any negative effect of uridine on the antiretroviral effi cacy of NRTIs. Therefore, 
supplementation with uridine may be a promising strategy to prevent or treat problems caused by 
NRTI-induced toxicity. 

 Prevention of mitochondrial dysfunction could be possible using knowledge of the pharmacology 
of NRTIs. The discovery and use of abacavir, emtricitabine and entecavir (which are specifi c to viral 
reverse transcriptase but not to host mitochondrial DNA polymerase- g ) has been a great step for-
ward. Several amino-acid residues in the active site of DNA polymerase- g  are known to be respon-
sible for the selection of incoming endogenous nucleotides and NRTIs. The Tyr951 residue has the 
largest role in selection of dideoxynucleosides, stavudine-TP, and possibly lamivudine-TP and car-
bovir-TP. Tyr955 and Glu895 appear to interact to form a steric block against endogenous nucle-
otides, as well as to interact with the rigid sugar rings of stavudine-TP and carbovir-TP (Lim et al. 
 2003  ) . In addition, slight modifi cation of the chemical structure of NRTIs can have a signifi cant 
impact on their affi nity for DNA polymerase- g . For instance, NRTIs with a fl uoro substitution at the 
ribose showed a markedly reduced effect on mtDNA compared with that of unsubstituted NRTIs 
(Cihlar et al.  2008 ; Tsai et al.  1994  ) . This information could be very useful for the rational design of 
more effective antiviral inhibitors that do not cause deleterious effects on mtDNA replication. 
Another possible measure to prevent mitochondrial toxicity is to prevent the entry of NRTIs into 
mitochondria. To achieve this, we must fi rst identify the difference between nucleoside transporters 
in the plasma membrane and in the mitochondrial membrane. A good example is ENT3, which is a 
nucleoside transporter predominantly localized on the mitochondria but not on the plasma mem-
brane (Govindarajan et al.  2009  ) . Consequently, we could design nucleoside analogs that are specifi c 
to nucleoside transporters in the plasma membrane and do not interact with those in the mitochon-
dria. Alternatively, specifi c inhibitors could be used to block mitochondrial nucleoside transporters 
(Leung and Tse  2007 ).  
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    16.7   Conclusion 

 Most of the clinical manifestations of NRTI toxicities resemble mitochondrial diseases, and histologic 
evidence demonstrates abnormal mitochondria and/or mtDNA depletion in affected tissues. 
Several studies have shown that NRTI triphosphates can competitively inhibit mtDNA polymerase- g . 
This effect may in turn decrease the number and functions of mitochondrial respiratory chain pro-
teins, cause energy depletion, induce oxidative stress, increase mutation in mtDNA, and result in 
mitochondrial and/or tissue failure. Clinical syndromes that may be mediated by NRTI-induced 
mitochondrial toxicity include myopathies, hyperlactatemia, hepatic steatosis, peripheral neurop-
athy, and cardiomyopathy. 

 The mechanisms involved and the clinical relevance of NRTI-induced mitochondrial toxicity is 
more complicated than we may expect. To fully understand the pathogenesis of mitochondrial dys-
function, correlation between clinical observations, tissue biopsies, and assessment of mitochondrial 
function in humans is necessary. Risk factors for NRTI-associated toxicity also warrant further study 
because their clinical implications are important. For instance, current guidelines in the United States 
recommend a strategy of early administration of NRTIs to NRTI-naive patients (Panel on Antiretroviral 
Guidelines for Adults and Adolescents  2008  ) . However, according to these guidelines, patients may 
also choose to postpone therapy, and providers may elect to defer therapy, based on clinical and/or 
psychosocial factors on a case-by-case basis. Postponing therapy may predispose patients with 
advanced HIV disease to increased NRTI toxicity. More studies are required to address the possible 
association between infl ammatory cytokines and cellular NRTI pharmacology in patients. Drug–drug 
interactions involved in the treatment regimen of infection by HIV and hepatitis is another important 
topic. Further studies are also required to confi rm if NRTI triphosphate levels are higher in women 
than in men. These issues may become more signifi cant because women constitute most of the HIV-
infected population in certain regions (e.g., sub-Saharan Africa) (Dabis and Ekpini  2002  ) . 

 Patients established on therapy must be monitored closely for emerging signs and symptoms of 
mitochondrial toxicity. Various nutritional supplements and drugs such as ribofl avin, co-enzyme Q10, 
L-carnitine, thiamine, dichloroacetate, antioxidants, uridine and mildronate have been proposed to 
reduce NRTI-associated toxicity. In general, the manifestations of NRTI-associated mitochondrial tox-
icity are (at least in part) reversible upon discontinuation of the causative agents. However, choosing 
agents that appear to have a low risk of these toxicities and avoiding use of combinations with overlap-
ping mitochondrial toxicities remains the best means of limiting the incidence of these problems.      
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  Abstract   This chapter covers genetic and biochemical aspects of mitochondrial bioenergetics 
dysfunction in neurological disorders associated with complex I defects. Complex I formation and 
functionality in mammalian cells depends on coordinated expression of nuclear and mitochondrial 
genes, post-translational subunit modifi cations, mitochondrial import/maturation of nuclear encoded 
subunits, subunits interaction and stepwise assembly, and on proteolytic processing. Examples of 
complex I dysfunction are herein presented: homozygous mutations in the nuclear  NDUFS1  and 
 NDUFS4  genes for structural components of complex I; an autosomic recessive form of encephalopathy 
associated with enhanced proteolytic degradation of complex I; familial cases of Parkinson associated 
to mutations in the  PINK1  and  Parkin  genes, in particular, homoplasmic mutations in the  ND5  and 
 ND6  mitochondrial genes of the complex I, coexistent with mutation in the  PINK1  gene. This knowledge, 
besides clarifying molecular aspects of the pathogenesis of hereditary diseases, can also provide hints 
for understanding the involvement of complex I in neurological disorders, as well as for developing 
therapeutical strategies  

  Keywords   Complex I  •  mtDNA mutation  •  NDUFS4  •  NDUFS1  •  Parkin  •  PINK1    

    17.1   Introduction 

 With more than 1,000 contributions to its proteome, it is conceivable that a remarkable number of defects 
may be disclosed within mitochondria, though the term “mitochondrial disease” is scholastically restricted 
to defects of oxidative phosphorylation (OXPHOS OxPhos) and energy metabolism. The concept of 
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“mitochondrial disease” was initially introduced in  1962  by Luft et al .  but only in the late 1980s, the 
fi rst group of disorders related to mutations in the mitochondrial DNA (mtDNA) was identifi ed. After 
20 years, we defi ne a novel fi eld that goes by the name of “Mitochondrial Medicine”. Combining the 
epidemiological data on paediatric and adult population it can be estimated that the minimum preva-
lence of a primary mitochondrial diseases is at least 1 in 5,000 (Scheffl er et al.  2004  ) . It is believed 
that best estimates predict that at least one individual in 200 may harbour a pathogenic mtDNA point 
mutation (Elliott et al.  2008  ) . Since mitochondria are ubiquitous, any organ of the body can be affected; 
neuropathies, myopathies, or their combination are typical, and injures to the hepatic, gastrointestinal, 
renal, hematopoietic and endocrine systems may also occur. 

 Importantly, it emerged in the past decade that an increasing number of degenerative diseases of the 
central nervous system, are associated with defects of mitochondrial function. Although the underlying 
genetic bases of well-known disorders such as Huntington disease (HD), hereditary spastic paraplegia 
(HSP), Friedreich ataxia (FRDA), familial forms of Parkinson disease (PD), Alzheimer disease (AD), 
and amyotrophic lateral sclerosis (ALS), have been in part identifi ed, the associated pathogenetic 
mechanisms giving rise to the various clinical features of these diseases remain largely unclear. Since 
neurons are highly dependent on oxidative energy metabolism, a unifi ed mechanism of neurodegenera-
tion based on dysfunction in mitochondrial energy metabolism has been proposed (Lin and Beal  2006  ) . 
The correct functioning of the OXPHOS OxPhos system is fundamental for the generation of most of 
the cellular ATP and its impairment may have consequences on other functions such as the mainte-
nance of calcium homeostasis and production of reactive oxygen species (ROS). Relevant to these 
aspects are the documented defects of Complex I in sporadic (Orth and Schapira  2001 ; Pagliarini et al. 
 2008  )  and familial Parkinson disease (PD) (Piccoli et al.  2008a,   b ; Papa et al.  2009a  ) , HSP (Atorino 
et al.  2003  ) , FRDA (Orth and Schapira  2001  ) , as well as in ageing (Papa  1996 ; Ventura et al.  2002  )  and 
type 2 non insulin-dependent diabetes mellitus (NIDDM) (Civitarese and Ravussin  2008  ) . 

 Isolated complex I (NADH-ubiquinone oxidoreductase; EC 1.6.5.3) defi ciency is the most fre-
quently encountered among the so called “primary” defects of mitochondrial energy metabolism 
(Smeitink et al.  2001  )  and the spectrum of clinical and neuroimaging manifestations grows rapidly. The 
involvement of complex I in many diseases can be due to the following: (i) it is the largest among the 
respiratory chain complexes; (ii) the NADH-ubiquinone oxidoreductase activity of the complex con-
tributes for 40% to the generation of the mitochondrial proton-motive force, utilized for ATP synthesis 
and transport processes; (iii) it is a major contributor to reactive oxygen species production in the cell. 

 Complex I is the largest enzyme of the mammalian OXPHOS OxPhos system. With a molecular 
weight of ~1 × 10 6  Da, it contains a series of redox centers (one FMN, seven FeS-centers and two 
protein bound semiquinone/quinol couples) which catalyze the stepwise transfer of electrons from 
NADH to ubiquinone, coupled to the translocation of 4H + /2e −  from the mitochondrial matrix to the 
cytosol (Walker  1992 ; Ohnishi  1998 ; Papa et al.  1999,   2007 ; Yagi and Matsuno-Yagi  2003 ; Friedrich 
and Böttcher  2004 ; Ohnishi and Salerno  2005 ; Brandt  2006 ; Sazanov and Hinchliffe  2006  ) . During 
this process, direct electron leakage to oxygen may occur, which makes complex I a main site of cel-
lular superoxide production (Duchen  2004  ) . The catalytic core of the complex comprises 14 evolu-
tionary conserved subunits which can be divided in two distinct groups: seven predominantly 
hydrophilic subunits of the membrane-extrinsic arm, which in humans are encoded by the nuclear 
 NDUFV1 ,  NDUFV2 ,  NDUFS1-3 ,  NDUFS7  and  NDUFS8  genes, and seven highly hydrophobic sub-
units of the membrane intrinsic arm dominated by transmembrane helices, encoded by the mitochon-
drial ND1–ND6 and ND4L genes (Hirst et al.  2003 ; Yagi and Matsuno-Yagi  2003 ; Brandt  2006 ; Papa 
et al.  2007  ) . The other subunits are termed “accessory”, though a few appear to be essential for the 
assembly of the complex and may vary between species (Scacco et al.  2003 ; Antonicka et al.  2003 ; 
Hirst et al.  2003 ; Scheffl er et al.  2004  ) . Several assembly chaperones have also been identifi ed in the 
eukaryotic enzyme, which facilitate the proper build-up and stability of the complex (Vogel et al.  2007  ) . 
Complex I activity in mammalian cells depends on: (i) coordinated expression of nuclear and mito-
chondrial genes; (ii) post-translational subunit modifi cations; (iii) mitochondrial import/maturation of 
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nuclear encoded subunits; (iv) subunits interaction and stepwise assembly; (v) proteolytic processing. 
Understanding the mechanisms of the biogenesis of complex I, energy transduction, and reactive 
oxygen species production in complex I is crucial for understanding its role in disease, and for the 
development of effective therapies.  

    17.2   Complex I Dysfunction in Primary Mitochondrial 
Neurological Diseases 

 Complex I defi ciency starts mostly at birth or early childhood, and in general this failure results in 
multisystem disorders with a fatal outcome (Robinson  1998 ; Kirby et al.  1999 ; Loeffen et al.  2000  ) . 
The most affected tissues are usually those with a high-energy demand, such as brain, heart, kidney, 
and skeletal muscle. Leigh syndrome (LS) (Leigh  1951  )  and Leigh-like disease are the most common 
phenotypes associated with an isolated complex I defi ciency, totalling up to 50% of the cases (Rahman 
et al.  1996 ; Robinson  1998 ; Loeffen et al.  2000 ; Janssen et al.  2004  ) . Leigh disease is an early-onset, 
generally fatal neurodegenerative disorder that is typically characterized by the observation of sym-
metrical necrosis lesions and capillary proliferation in the brainstem, medulla oblongata, and variable 
regions of the central nervous system. Neuroradiological evidence at brain Magnetic Resonance 
Imaging (MRI) of bilateral, symmetric hyperintensities in basal ganglia along with white matter 
hyperluciencies offers the possibility of a premortem diagnosis. Clinical signs and symptoms include 
muscular hypotonia, dystonia, developmental delay, abnormal eye movements, seizures, respiratory 
distress, failure-to-thrive and lactic acidemia (Loeffen et al.  2000  ) . In addition to LS, isolated complex 
I defi ciency is associated with progressive leukoencephalopathy, fatal infantile lactic acidosis, neonatal 
hypertrophic cardiomyopathy with lactic acidosis, leucodystrophy with macrocephaly and hepatopa-
thy with renal tubulopathy (Pitkanen et al.  1996 ; Loeffen et al.  2000 ; Bugiani et al.  2004  ) . Although 
for clinical purpose the identifi cation and classifi cation of complex I defi cient children is extremely 
desirable, it is very diffi cult or even arbitrary to establish clinical phenotypes or syndromes for nuclear-
encoded complex I defi ciency other than Leigh or Leigh-like disease and it is not accepted that certain 
clinical features can exclusively be linked to specifi c defects in complex I subunits. 

 Structural integrity of complex I is essential to maintain its functionality. Therefore, alterations in one 
of its ‘building bricks’ may lead to catalytic problems or instability of the complete assembly. To date, 
disease causing mutations have been described in all of the seven mtDNA-encoded subunits and 12 of 
the nuclear DNA (nDNA)-encoded subunits (van den Heuvel et al.  1998 ; Loeffen et al.  1998,   2001 ; 
Schuelke et al.  1999 ; Triepels et al.  1999 ; Petruzzella et al.  2001,   2003 ; Bénit et al.  2001,   2003,   2004 ; 
Kirby et al.  2004 ; Berger et al.  2008 ; Hoefs et al.  2008 ; Papa et al.  2009b  ) . Whilst variants occurring in 
mtDNA-encoded subunits are maternally inherited or seem to arise  de novo , most of the defects in 
nDNA-subunits are inherited in an autosomal recessive mode of transmission. However, X-linked inher-
itance has also been described (Fernandez-Moreira et al.  2007  ) . Mutations in assembly factors NDUFAF2, 
NDUFAF1, C6orf66, C8orf38, and C20orf7 have also been reported (Ogilvie et al.  2005 ; Dunning et al. 
 2007 ; Pagliarini et al.  2008 ; Saada et al.  2008 ; Sugiana et al.  2008  ) . An even wider genetic heterogeneity 
and an ever expanding number of mutations are expected in both mtDNA  ND  genes and in nDNA 
 NDUF  genes as well as in supporting chaperone genes. 

 Genetic and biochemical observations on the pathogenic mechanism of mutations of  NDUFS4  and 
 NDUFS1  genes (Papa et al.  2001 ; Petruzzella et al.  2001 ; Scacco et al.  2003 ; Iuso et al.  2006  )  have 
highlighted different mechanisms by which the mitochondrial bioenergetic function may be altered in 
hereditary neurological diseases. Mutations in the  NDUFS4  and  NDUFS1  genes are each associated 
with encephalopathies with different clinical features (Bugiani et al.  2004  ) . Missense mutations in 
 NDUFS1  (75 kDa FeS subunit) seem to be associated with a less severe encephalopathy, as result of 
signifi cant but incomplete depression of the content and enzymatic activity of complex I and enhanced 
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ROS production, effects which are partially counteracted by cAMP addition. Mature complex is found 
to be partially converted to a small form, apparently by proteolytic degradation promoted by the same 
ROS produced as a consequence of the mutated 75 kDa subunit (Papa et al.  2009b  ) . Under this 
 scenario , treatment with  b -adrenergic agonists and antioxidants could exert a benefi cial effect on the 
clinical course of the disease. 

 The consequences of mutations in the nuclear gene  NDUFS4  of complex I have been studied at 
transcriptional and protein levels in cultured fi broblasts from children affected by severe encephalo-
myopathies (Petruzzella et al.  2001 ; Papa et al.  2001 ; Scacco et al.  2003 ; Iuso et al.  2006  ) . The muta-
tions were: a base duplication at position 466–470 in exon 5 (van den Heuvel et al.  1998  ) , which 
destroyed the RVSTK phosphorylation site in the carboxy terminus; a single base deletion at position 
289/290 in exon 3, introducing a premature termination codon (PTC) (Budde et al.  2000  ) ; and a non-
sense mutation in the fi rst exon causing premature termination of the protein (Petruzzella et al.  2001  ) . 
At protein level, not only in the case of the premature termination but also in the other two cases, the 
entire NDUFS4 subunit was not detectable in the patient’s fi broblasts thus resulting in a non-
functional lower molecular weight subcomplex, not responsive to cAMP activation (Papa et al.  2001  ) . 
At transcriptional level, a different behaviour was observed for the three mutations in  NDUFS4  gene: 
the deletion at position 289/290 in exon 3 elicited the mRNA degradation by nonsense mediated 
decay (NMD), a mechanism of quality control of transcription (Isken and Maquat  2007  ) . The 5 bp 
duplication at position 466/470 in the fi fth-exon, did not have any effect on transcript abundance 
although the overall protein was not detected (Papa et al.  2001  ) ; lastly, the 44G → A non sense muta-
tion in the fi rst exon, leaded to the disappearance of the mature protein, as expected, but the introduc-
tion of a PTC very close to the AUG start codon, rather than eliciting NMD degradation, upregulated 
three PTC containing alternative transcripts (Petruzzella et al.  2005 ; Panelli et al.  2008  ) . These three 
alternative transcripts are normally produced in normal cells but their level is kept low by RNA sur-
veillance mechanisms. Two of them are degraded in the cytosol by NMD, whereas the level of a third 
transcript is down-regulated directly in the nucleus (Panelli et al.  2008  ) . In another patient, harbouring 
a homozygous splice acceptor site mutation in intron 1 (IV Snt-1, G → A) in the  NDUFS4  gene, only 
an exon 2 skipped-transcript was detected (Panelli et al.  2008  ) . Overall, these data suggest that the 
accumulation of the aberrant alternative transcripts can represent another deleterious event contribut-
ing to the pathogenetic mechanism of the mutations in neurological patients. In summary, the  NDUFS4  
mutations, which were associated with earlier onset and severe disease course resulted in: (i) disap-
pearance of the 18 kDa (AQDQ) protein; (ii) block of the last step in the assembly of the complex; 
(iii) full suppression of the NADH-ubiquinone oxidoreductase activity; (iv) loss of cAMP promotion 
of the activity; (v) loss of Pasteur effect with enhanced glycolitic activity and chronic lactic acidosis; 
(vi) accumulation of unproductive alternative transcripts of the gene. 

 Two male sibs affected by inherited progressive cerebral atrophy with lactic acidosis and drug resis-
tant epilepsy, have highlighted a new phenotype of isolated complex I defi ciency (Papa et al.  2009b  ) . 
In primary fi broblast cultures from both children, along with decline of the NADH-ubiquinone 
oxidoreductase activity, a low content of a complete complex I, but no free subcomplexes, were detected. 
Mutational analysis of all the 45 structural genes of complex I did not show any causative mutation. 
The addition to the patient’s fi broblast culture of a cocktail of protease inhibitors did rescue the steady 
state level of complex I subunits as well as the NADH-ubiquinone oxidoreductase activity. Experiments 
of  in vitro  import of the NDUFS4 precursor in mitochondria isolated from fi broblasts of the two chil-
dren showed that although the binding of the precursor at the organelle surface was only partially 
affected, the mature form of the imported protein within mitochondria was detectable only when the 
import assay was carried out in the presence of protease inhibitors (Papa et al.  2009b  ) . These results 
indicate that in the patients’ fi broblasts complex I is exposed to protease digestion within mitochondria. 
The genetic determinants and the biochemical mechanisms leading to this enhanced proteolytic activity 
remain to be elucidated.  
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    17.3   Complex I Dysfunction in Parkinson’s Disease 

 Parkinson disease (PD), one of the most common neurodegenerative disease, is characterized by loss 
of dopaminergic neurons in  substantia nigra  and complex movement disorders (Lang and Lozano 
 1998  ) . For most cases of PD, which are sporadic and age-related, the causes of the disease remain 
unclear although involvement of genetic and environmental factors is evident (Farrer  2006  ) . Mutations 
in more than ten genes have, so far, been identifi ed as responsible for familial forms of Parkinsonism 
(Thomas and Beal  2007 ; Fitzgerald and Plun-Favreau  2008  ) . These mutations are associated with 
rare autosomal dominant (ADP) or autosomal recessive Parkinsonism (ARP). There is substantial 
evidence pointing to a critical role of mitochondrial dysfunction in the pathogenesis of Parkinson. 
Some of the genes associated with familial Parkinsonism do in fact impinge, directly or indirectly, on 
mitochondrial dynamics and function (Papa et al.  2009a  ) . It has, on the other hand, been known for 
long time that exposure of animal laboratories to inhibitors of the mitochondrial NADH-ubiquinone 
oxidoreductase reproduces characteristic PD features, like nigrostriatal dopaminergic degeneration 
and  a -synuclein citoplasmatic aggregates (Büeler  2009  ) . Decreased activity of complex I and oxidative 
damage of subunits of the complex (Keeney et al.  2006  )  have been found in  substantia nigra , as well 
as other brain regions (Parker et al.  2008  ) , in autoptic samples from PD patients (Schapira  2008 ; 
Büeler  2009  ) . Oxidative damage of complex I might be promoted in  substantia nigra  by the increased 
level of free radicals generated in dopamine metabolism (Chinta and Andersen  2008  ) . Oxidative 
damage of mitochondria and defects in their autophagic degradation can be particularly detrimental 
in dopaminergic neurons of  substantia nigra , if, like in mice, also in humans, these cells have  per se  
a low mitochondrial content (Büeler  2009  ) . 

    17.3.1   PINK1 Familial Parkinson 

 Recent work provides evidence showing contribution of mitochondrial dysfunction, in particular of 
complex I, in the onset and clinical course of familial cases of Parkinson associated to mutations in 
the  PINK1  (Fig.  17.1 ) and  Parkin  genes. The PINK1 kinase appears to be involved in the degrada-
tion of unfolded or oxidized mitochondrial proteins (Gandhi et al.  2006 ; Pridgeon et al.  2007 ; Plun-
Favreau et al.  2007  ) , autophagy of damaged mitochondria (Clark et al.  2006 ; Schapira  2008 ; 
Narendra et al.  2008 ; McBride  2008  )  and mitochondrial fi ssion/fusion (Yang et al.  2008  ) . PINK1 
with an N-terminal mitochondrial targeting sequence (Fig.  17.1 ) is essentially localized in mito-
chondria. It has been reported from time to time that PINK1 is associated with the inner membrane 
(Silvestri et al.  2005 ; Gandhi et al.  2006 ; Pridgeon et al.  2007  ) , the intermembrane space (Silvestri 
et al.  2005 ; Pridgeon et al.  2007 ; Plun-Favreau et al.  2007  )  and the outer membrane (Zhou et al. 
 2008  ) . The catalytic domain of the outer membrane PINK1 faces the cytosolic space (Zhou et al. 
 2008  )  where it phosphorylates the E3 ubiquitin ligase Parkin (Kim et al.  2008 ; Matsuda et al.  2010  ) , 
product of the  PARK2  gene, whose mutations represent the fi rst most common cause of autosomal 
recessive Parkinsonism (Kitada et al.  1998  ) . Parkin phosphorylation promotes its translocation 
from cytosol to mitochondria (Kim et al.  2008 ; Matsuda et al.  2010  ) , where it appears to participate 
to autophagy of damaged mitochondria (Clark et al.  2006 ; Schapira  2008 ; Narendra et al.  2008 ; 
McBride  2008  ) . PINK1 has also been reported to phosphorylate TRAP1 (HSP75) (Pridgeon et al. 
 2007  )  and to regulate, through an indirect phosphorylation mechanism, the protease HtrA2 (Plun-
Favreau et al.  2007  ) , both these proteins being involved in quality control of oxidized mitochondrial 
proteins. Since TRAP1 and HtrA2 reside in the intramitochondrial space, it is possible that PINK1 
can partition between the outer and the inner mitochondrial location in response to the prevailing 
cellular conditions (see also Plun-Favreau et al.  2007  ) .  
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 Different mutations in the  PINK1  gene have been detected in ARP and PD cases with an early 
onset (Valente et al.  2004 ; Bonifati et al.  2005 ; Criscuolo et al.  2006 ; Zadikoff et al.  2006  )  (Fig.  17.1 ). 
Even if the heterozygous state of subjects carrying  PINK1  mutations does not generally evolve towards 
the disease, in some cases it does, albeit with a later onset (Zadikoff et al.  2006 ; Abou-Sleiman et al. 
 2006a  ) . This would suggest that dysfunction of PINK1 may promote the disease in combination with 
other acquired or inherited defect(s). Papa et al. have characterized the mitochondrial genotype and 
function in a female patient carrying a homozygous W437X  PINK1  mutation (Piccoli et al.  2008a,   b  ) , 
which results in a C-terminus truncated kinase with depressed activity (Fig.  17.1 ) (Sim et al.  2006  ) . 
The same mutation was present in the heterozygous state in both the patient’s parents (Piccoli et al. 
 2008b ; Papa et al.  2009b  )  (see Fig.  17.1c ). The fi broblasts of the homozygous W437X patient showed 
a signifi cant depression of the endogenous respiratory activity. The patient’s fi broblasts exhibited nor-
mal specifi c activities of complex I and III of the respiratory chain. The specifi c activity of complex 
IV was also normal when assayed with added cytochrome c, but depressed when assayed with ascorbate 
plus TMPD, a condition that depends on the endogenous mitochondrial content of cytochrome  c . The 
content of cytochrome  c  was, in fact, markedly reduced in the patient’s fi broblasts (Piccoli et al.  2008a  ) . 

  Fig. 17.1    Structure of the gene ( PARK6 ) ( a ) coding for the PTEN induced kinase 1 (PINK1) protein ( b ) localized in 
the inner mitochondrial membrane. In ( b ), the domains of the PINK1 protein (from ExPASy Proteomics Server;   http://
www.expasy.org/    ) and the mutations found in patients with familial Parkinson are shown. ( c ) PINK1 G1311A (W437X) 
mutation in the alleles and  ND5  and  ND6  mutations in the patient studied and her parents. Onset age of clinical mani-
festations of the disease is also shown (See also Papa et al.  2009b  )        

 

http://www.expasy.org/
http://www.expasy.org/


37717 Dysfunction of Mitochondrial Respiratory Chain Complex I in Neurological Disorders…

Patient’s fi broblasts presented signifi cant accumulation of H 
2
 O 

2
  and of oxygen superoxide in the 

mitochondrial matrix (Piccoli et al.  2008a  ) . DPI, which binds irreversibly to the prosthetic fl avin 
moiety of redox enzymes, including complex I (Majander et al.  1994  ) , prevented the accumulation of 
H 

2
 O 

2
  in the patient’s fi broblasts (Piccoli et al.  2008a  ) . Depressed production of ATP by mitochondrial 

oxidative phosphorylation and the concomitant ROS accumulation, detected in the patient’s fi bro-
blasts, could both result from the combined impact of complex I dysfunction (Piccoli et al.  2008b  ) , 
and the decreased mitochondrial content of cytochrome c (Piccoli et al.  2008a  ) . The  PINK1  mutation 
can be responsible for the decrease of mitochondrial cytochrome  c  content. Defective phosphorylation 
by the mutated PINK1 kinase activity of TRAP1 has been reported to abrogate a protective effect 
exerted by this chaperone protein in preventing cytochrome c release from mitochondria (Pridgeon 
et al.  2007  ) . 

 Sequence analysis of mtDNA of the homozygous patient’s fi broblasts showed a number of single 
nucleotide changes (SNCs) disseminated throughout the entire mtDNA (Fig.  17.2 ). All but two were 
already reported as known polymorphisms (  http://www.mitomap.org    ). These two SNCs were m.
A12397G and m.T14319C in the  ND5  and  ND6  genes, respectively. Notably, both were homoplasmic 
(Piccoli et al.  2008b  ) . The  ND5  and  ND6  mutations were also found in the homoplasmic state in the 
mtDNA of the patient’s mother blood. Conversely, the same analysis carried out on the patient’s father 
blood resulted in a normal ND5 and ND6 genotype (Piccoli et al.  2008b  ) . Collectively these results 
demonstrate that the homoplasmic mtDNA mutations found in the patient coexisted with the  PINK1  
mutation at birth and were inherited from the mother, who carried the same homoplasmic mtDNA 
mutations. The mother, heterozygous for the  PINK1  mutation, presented a Parkinson syndrome in her 
50s. Thus the mtDNA mutation predisposed the  PINK1  heterozygous subject to a relatively late devel-
opment of the disease. In the patient, the homozygous  PINK1  mutation, anticipated the decay of 
mitochondrial functions associated with the coexistent homoplasmic mutations in the  ND5  and  ND6  

  Fig. 17.2    Results of the mutational analysis of the entire mtDNA of the Parkinson patient with homozygous G1311A 
mutation in the  PINK1  gene. The SNCs m.A12397G and m.T14319.C, identifi ed in the  ND5  and  ND6  genes respec-
tively, are  underlined  (See also Piccoli et al.  2008b  )        
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genes, with an early PD onset (age 22 years). The  PINK1  heterozygous mutation, in the absence of 
 ND5  and  ND6  mutations, would not result in Parkinsonism, as the case of the father still exempt from 
the disease in his 70s.  

 Various  ND6  mutations leading to aminoacid changes have been found, associated with mitochon-
drial diseases (Carelli et al.  1999 ; Chinnery et al.  2001  ) . Some of these mutations result in changes in 
the kinetics parameters of complex I (Carelli et al.  1999 ; Chinnery et al.  2001  )  and/or production of 
oxygen free radicals (Gonzalo et al.  2005 ; Ishikawa et al.  2008  ) . Site directed mutagenesis in the NuoJ 
subunit (counterpart of the mammalian ND6) of E.  coli  complex I, indicated that the NuoJ subunit 
delineates the binding site of ubiquinone (Pätsi et al.  2008  ) . The mt T14319C mutation changes an 
asparagine in aspartic acid at position 119 of the ND6 subunit. Enzyme kinetic analysis of the NADH-
ubiquinone oxidoreductase activity of complex I in normal and patient’s fi broblasts showed an almost 
fi vefold decrease of the apparent Km for both ubiquinone and NADH in the patient’s sample (Piccoli 
et al.  2008b  ) . The high affi nity for the substrates in the patient’s NADH: ubiquinone oxidoreductase, 
without compromising the overall electron transfer in the mitochondrial respiratory chain, may be, 
nevertheless, responsible for the enhanced production of ROS (see also Refs. Gonzalo et al.  2005 ; 
Ishikawa et al.  2008  ) .  

    17.3.2   Parkin Familial Parkinson 

 Many different  Parkin  mutations have been reported (Abbas et al.  1999 ; Lücking et al.  2000 ; 
Hedrich et al.  2004  ) . All types of mutations, including missense mutations leading to amino acid 
changes, nonsense mutations resulting in premature termination of translation, and exonic rearrange-
ments (deletions, duplications and triplications) were identifi ed (Lücking et al.  2001  ) . Mutations have 
been found in several different ethnic populations (Hedrich et al.  2004  ) . It is diffi cult to evaluate 
prevalence rates in these studies, as the frequency of  Parkin  mutations identifi ed in a given cohort, 
depends on the age at onset of disease (Periquet et al.  2003  ) . The various combinations of exon deletions, 
exon multiplications, and newly identifi ed point mutations increase the already wide variety of disease-
related mutations identifi ed in  Parkin  gene (Lücking et al.  2000  ) . 

 Parkin is made up of 465 amino acids, has a molecular weight of 52 kDa (Kitada et al.  1998  )  and has 
amino acid sequence homology with ubiquitin at the N-terminal end and two RING fi nger motifs at 
the C-terminal end, which could be responsible for adding ubiquitin to proteins. Because of these 
structural features, Parkin functions as an E3-ubiquitin ligase targeting misfolded proteins to the ubiq-
uitin proteasome pathway for degradation (Tanaka et al.  2001  ) . The position of the mutations indi-
cates the functional importance of the protein regions such as the UBIQUITIN and RING–IBR–RING 
domains (Fig.  17.3 ).  

 Recently, there has been growing evidence indicating impaired mitochondrial function and mor-
phology in Parkin defi ciency in different model systems (Abou-Sleiman et al.  2006b  ) . Mitochondrial 
respiratory defects and morphological abnormalities have been noted in brains of corsivo Parkin-
knockout and corsivo Parkin-mutant transgenic mice (Palacino et al.  2004 ; Stichel et al.  2007  )  as well 
as in leukocytes from PD patients with  Parkin  mutations (Muftuoglu et al.  2004  ) . Primary fi broblasts 
from patients carrying mutations in  Parkin , or control fi broblasts treated with siRNA against  Parkin , 
exhibited lower mitochondrial membrane potential and complex I activity, lower ATP level, decreased 
complex I-dependent ATP production, and increased susceptibility to rotenone toxicity (Mortiboys 
et al.  2008  ) . The fi broblasts also exhibited mitochondrial morphological abnormalities, revealing 
mitochondria that were longer and more highly branched (Mortiboys et al.  2008  ) . Investigations in the 
author’s laboratory have detected a marked decrease in the activity of complex I and IV, in the fi broblasts 
of two patients with familial Parkinson, one with homozygous deletions of exons 3–4 (depression higher 
than 50%), the other with compound heterozygous for deletions of exon 5 and point mutation in the 
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exon 7 leading to substitution Cys253Tyr (30% depression). In the fi rst case there was also a 50% 
decrease in the cellular level of ATP. How these Parkin mutations can impair the activity of respiratory 
chain complexes is under investigation. As already pointed out Parkin can be phosphorylated by 
PINK1 (Keeney et al.  2006  ) . Phosphorylated Parkin appears to migrate into mitochondria where it 
stimulates autophagy (Narendra et al.  2008 ; Matsuda et al.  2010  ) . 

 Recent works show that PINK1 kinase activity and its mitochondrial localization are prerequisites 
to induce translocation of the E3 ligase Parkin in depolarized mitochondria (Geisler et al.  2010 ; 
Matsuda et al.  2010  ) . Once Parkin is recruited to the mitochondria, damaged mitochondria are deliv-
ered to the perinuclear area, where they are degraded by autophagy (Vives-Bauza et al.  2010  ) . This 
mechanism can explain the functional interplay between ubiquitylation promoted by Parkin and mito-
chondrial quality control by PINK1. Mutations in either Parkin or PINK1 may alter mitochondrial 
turnover with accumulation of defective mitochondria.   

    17.4   Remarks and Perspectives 

 The genetic and biochemical observations reported in the present chapter highlight different mecha-
nisms by which genetic defects of complex I may alter mitochondrial bioenergetics. Mutations in the 
 NDUFS4  and  NDUFS1  nuclear genes are associated with various forms of encephalopathies. The 
 NDUFS4  mutations have more unfavourable cell consequences—disappearance of the protein, block 
of the last step of complex I assembly, loss of the enzymatic activity and its response to cAMP-acti-
vation, accumulation of unproductive alternative transcripts—leading to a fatal outcome of the dis-
ease. The  NDUFS1  mutation resulting at cellular level, in an incomplete depression of complex I 
content and activity, enhancement of ROS production, both effects reversible by cAMP, is associated 
with a less severe encephalopathy. In this case, treatment with  b -adrenergic agonists and antioxidants 

  Fig.17.3    Structure of the gene ( PARK2 ) ( a ) coding for the Parkin protein ( b ). In ( b ), the domains of the Parkin protein 
(  http://www.uniprot.org    ) and the mutations found in patients with familial Parkinson are shown. The Parkin protein is 
made up of 465 amino acids, it has amino acid sequence homology with ubiquitin at the N-terminal end and two RING 
fi nger motifs at the C-terminal end, which could be responsible for binding of ubiquitin to proteins. Parkin IBR domain 
(in between RINGs) is also denominated as DRIL domain (double ring fi nger link)       

 

http://www.uniprot.org


380 V. Petruzzella et al.

could exert a benefi cial effect on the clinical course of the disease. The case of familial chronic 
epilepsy and progressive encephalopathy is paradigmatic of cases of complex I defi cit not associated 
to mutations in structural genes. In this case an enhanced proteolytic degradation of the complex by a 
mitochondrial protease is observed but the genetic determinants and the biochemical mechanisms 
remain to be elucidated. 

 Genetic and functional analysis of mitochondria in familial PD associated with  PINK1  mutation 
revealed that co-segregation of mutations in the mitochondrial genes of complex I are determinant in 
developing the clinical course of the disease. This fi nding underscores the importance of mutational 
analysis of mitochondrial DNA in patients with hetero or homozygous familial forms of Parkinsonism 
as well as in sporadic PD. This would help not only in better understanding the pathogenesis of this 
devastating neurodegenerative disease but also in preventing its progress by earlier diagnosis. 

 The involvement of mitochondria in human diseases may be currently underestimated. In “primary” 
defects of respiratory chain, a phenotypic variability can exist both in the cases of mtDNA and nDNA 
mutations: thus mitochondriopathies fall outside the model of “one gene-one disease”. In addition, it 
emerges that defects of the respiratory chain can be “secondary” and almost invariably at the basis of 
the progressive dysfunction observed in common neurodegenerative disorders. 

 A deeper understanding of cellular and clinical consequences associated to complex I defi ciency is 
fundamental to develop therapeutic strategies. Treatment regimens of complex I defi cient patients are 
so far purely empirical and unsuccessful. Although important links between clinical features and 
cellular dysfunction are still missing, any therapeutic strategy must combine clinical, genetic and cell 
physiology investigations to provide useful approaches to open new perspectives for treatments that 
could implement current strategies.      
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  Abstract   Anthracyclines remain the cornerstone in the treatment of many malignancies including 
lymphomas, leukaemias, and sarcomas. Unfortunately, the clinical use of these potent chemothera-
peutics is severely limited by the development of a progressive dose-dependent cardiomyopathy that 
irreversibly evolves toward congestive heart failure. The molecular mechanisms responsible for 
anthracycline anticancer activity as well as those underlying anthracycline-induced cardiotoxicity are 
incompletely understood and remain a matter of remarkable controversy. Anthracyclines have long 
been considered to induce cardiotoxicity by mechanisms different from those mediating their antican-
cer activity. In particular, anthracycline antitumor effi cacy is associated with nuclear DNA intercala-
tion, topoisomerase II inhibition and drug-DNA adducts formation, whereas the cardiotoxicity is 
prevalently ascribed to oxidative stress and mitochondrial dysfunction. At present, however, the view 
that distinct mechanisms are implied in anticancer and cardiotoxic responses to anthracycline therapy 
does not seem fully convincing since benefi cial (anticancer) and detrimental (cardiotoxic) effects are 
to some extent overlapping, share the subcellular organelle targets, the molecular effectors and the 
pathophysiological processes (i.e. DNA strand breaks, oxidative stress, signalling pathways, mito-
chondrial dysfunctions, apoptosis etc.). 

 Here, we review the potential role of mitochondria in the molecular mechanisms underlying anthra-
cyclines anticancer activity as well as in the pathogenesis of anthracycline-induced cardiotoxicity  

  Keywords   Anthracycline  •  Cardiotoxicity  •  Mitochondria    

    18.1   Anthracyclines: Anticancer Activity Versus Cardiotoxicity 

 Anthracyclines remain among the most potent anticancer drugs ever developed and, despite their 
extensive and long-standing (about half a century) clinical use, they continue to play, alone or in com-
bination with other chemotherapeutics, an undisputed role in the treatment of a variety of solid tumours 
like carcinomas and sarcomas and haematological malignancies as leukemias and lymphomas (Minotti 
et al.  2004 ; Ewer and Ewer  2010 ; van Dalen et al.  2011  ) . Unfortunately, the therapeutic potential of 
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anthracyclines and, consequently, their clinical utility are severely limited by their selective toxicity 
for myocardial tissue which may lead to a progressive cardiomyopathy that can be neither predicted 
nor prevented and that irreversibly evolves to congestive heart failure (CHF) (Gianni et al.  2008 ; Ewer 
and Ewer  2010 ; Lipshultz and Adams  2010 ; Peng et al.  2010 ; Chen et al.  2011 ; Menna et al.  2011  ) . 
Despite recent medical progress, current therapies for CHF are still limited and the prognosis for heart 
failure is disappointing (Eschenhagen et al.  2011 ; Larsen et al.  2011  ) . 

 The molecular mechanisms responsible for anthracycline anticancer activity as well as those underly-
ing anthracycline-induced cardiotoxicity remain not yet completely understood, thus constituting a 
matter of considerable controversy (Gewirtz  1999 ; Minotti et al.  2004 ; Chen et al.  2007a ; Mordente et al. 
 2009 ; Peng et al.  2010 ; Menna et al.  2011  ) . Anthracyclines have long been considered to induce cardio-
toxicity by mechanisms different from those mediating their anticancer activity, a concept that has raised 
hopes to design new strategies for protecting the heart without diminishing the drug’s antitumor effi -
ciency (Gewirtz  1999 ; Minotti et al.  2004 ; Tokarska-Schlattner et al.  2006 ; Mordente et al.  2009 ; Sawyer 
et al.  2010  ) . In particular, the antitumor activity of anthracyclines is commonly attributed to their ability 
to rapidly diffuse to the nucleus and interact with DNA by intercalation of their planar rings between 
nucleotide base pairs thus poisoning topoisomerases II a  (Nitiss  2009 ; Pommier et al.  2010  )  and/or by 
formation of anthracycline-DNA covalent adducts (Cutts et al.  2005 ; Swift et al.  2006  ) . Anthracycline-
DNA interactions result in inhibition of DNA, RNA, and protein synthesis, leading ultimately to cell 
death (Gewirtz  1999 ; Swift et al.  2006 ; Chen et al.  2007a  ) . Conversely, the prevailing pathogenetic 
mechanism underlying anthracycline-induced cardiotoxicity provides a harmful cycle constituted by 
reactive oxygen species (ROS) overproduction, mitochondrial dysfunction, impairment of energy 
metabolism, and cardiomyocytes apoptosis (Gewirtz  1999 ; Minotti et al.  2004 ; Tokarska-Schlattner 
et al.  2006 ; Menna et al.  2011  ) . At present, however, the view that anticancer and cardiotoxic effects rely 
on distinct molecular mechanisms in response to anthracycline therapy can be however questioned 
(Tokarska-Schlattner et al.  2006  ) . 

 Here, we review: ( a ) chemistry, subcellular distribution and metabolism of anthracyclines; ( b ) the 
molecular mechanisms of anthracyclines anticancer activity; ( c ) the pathogenic mechanisms of 
anthracycline-induced cardiotoxicity; ( d ) the potential mechanistic role of mitochondria in anthracy-
cline anticancer activity as well as in anthracycline-induced cardiotoxicity; ( d ) the role of different 
apoptotic pathways on the anthracycline antineoplastic and toxic activity.  

    18.2   Anthracyclines: Chemistry, Subcellular Distribution and Metabolism 

 The main anthracyclines approved by Food and Drug Administration for clinical use are doxorubicin 
(DOX; the best recognized and most frequently used agent in this group), daunorubicin (DNR), epi-
rubicin (EPI) and idarubicin (IDA) (Fig.  18.1 ). DOX and DNR are natural compounds isolated for the 
fi rst time in the early 1960s from the actinobacterium  Streptomyces peucetius  var . caesius . Conversely, 
EPI (4 ¢ -epidoxorubicin) and IDA (4-demethoxydaunorubicin) are synthetic analogues (second-generation 
anthracyclines) of DOX and DNR, respectively, from which the former two drugs differ by relatively 
small chemical modifi cations.  

 Structurally all the anthracyclines share aglyconic and sugar moieties. The aglycone consists of a 
planar tetracyclic ring (7,8,9,10-tetrahydrotetracene-5, 12-quinone) structure, with adjacent quinone-
hydroquinone moieties in rings C-B, a methoxy substituent at C-4 in the ring D and a short side chain 
at C-9 with a carbonyl group at C-13. The sugar, daunosamine, is an amino-substituted trideoxyl 
fucosyl moiety attached to the C-7 of ring A by a glycosidic bond. 

 DOX differs from DNR only by a single hydroxyl group in the side chain (Fig.  18.1 ); DOX termi-
nates with a primary alcohol at C-14, whereas DNR terminates with a methyl group. Despite the 
minor difference in structure, DOX and DNR present a different spectrum of anticancer activity. 
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While DOX is an essential component in the treatment of breast cancer, childhood solid tumours, soft 
tissue sarcomas, and aggressive lymphomas, DNR shows activity in acute lymphoblastic and myelo-
blastic leukemias. 

 EPI differs from DOX in an axial-to-equatorial epimerization of the hydroxyl group at C-4 ¢  in 
daunosamine sugar. This positional change has little effect on the mode of action and spectrum of 
activity of EPI compared with DOX, but renders EPI a much better substrate than DOX for human 
liver UDP-glucuronosyltransferase 2B7 and consequently facilitates the formation of glucuronides 
that are excreted in bile and urine (Innocenti et al.  2001  ) . Furthermore, such a limited modifi cation 
favours EPI sequestration in cytoplasmic acidic organelles as recycling endosomes, lysosomes, and 
vesicles of the  trans -Golgi network; hence, EPI fails to reach mitochondria and forms essentially no 
ROS compared with DOX (Salvatorelli et al.  2006  ) . EPI also exhibits an impaired two-electron reduc-
tion of its side-chain carbonyl group in such a way that the levels of formation of its secondary alcohol 
metabolite always average  £ 50% of those of DOX (Salvatorelli et al.  2006  ) . 

 IDA differs from DNR in the absence of the 4-methoxy group in ring D, and it is widely used to 
treat acute myeloid leukemia (AML) and relapsed/refractory acute lymphoblastic leukaemia (ALL) 
because it is more effective in multi-drug-resistant cell lines and has a high penetration rate into the 
central nervous system compared to DNR or DOX. The broader spectrum of activity of IDA in respect 
to DNR is attributed to increased lipophilicity and cellular uptake and improved stabilization of a 
ternary drug-topoisomerase II-DNA complex (Binaschi et al.  2001  ) . 

 Since most of the data regard DOX, this drug has been here assumed to represent all the anthracy-
clines unless otherwise specifi ed whenever data regarding the other compounds are available. 

 Anthracyclines are cationic (the pK 
a
  value of DOX, DNR, EPI and IDA is 8.34, 8.46, 8.08, and 8.5, 

respectively), lipophilic drugs. Consequently, a substantial fraction of the molecules is uncharged at 

  Fig. 18.1    Chemical structure of anthracyclines approved for clinical use and effects of substituents on the clinical 
spectrum of antitumor activity       
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normal intracellular pH, allowing them to freely penetrate the membranes of cytoplasmic organelles 
and vesicles. Anthracyclines have a relatively high volume of distribution (V 

d
 ) ranging from 700 to 

1,100 l/m 2  and a plasma protein binding ranging from 50% to 85% (Morotti et al.  2011  ) . They are 
rapidly cleared from plasma through liver metabolism (Danesi et al.  2002  )  and are excreted primarily 
through the hepatobiliary route (Wildiers et al.  2003  ) . Approximately 50% DOX is eliminated from 
the body unchanged (Joerger et al.  2005  ) . The pharmacokinetics of anthracyclines is most commonly 
described by a triphasic model, with half-life values for each phase of approximately 3–5 min, 1–3 
and 24–48 h (Robert and Gianni  1993  ) . Anthracycline pharmacokinetics exhibits large interpatient 
and intrapatient differences that may be important both for the individual antitumor response and for 
the anthracycline-related cardiotoxicity (Robert and Gianni  1993 ; Lal et al.  2010  ) . The reasons for the 
interindividual variability are unknown but they may be due to functional polymorphisms in genes 
encoding proteins involved in anthracycline transport and metabolism (Lal et al.  2010  ) . 

 Different tissues (Houba et al.  2001  )  and intracellular structures (Nicolay et al.  1986 ; Tokarska-
Schlattner et al.  2005,   2006  )  accumulate the chemotherapic antibiotics at various degrees. The highest 
accumulation of anthracyclines among tissues is seen in the liver, heart, white blood cells and bone 
marrow (Lal et al.  2010  ) . 

 The mechanisms underlying anthracyclines uptake by the cells are not completely understood. 
Anthracyclines are generally believed to be transported into the cells through passive diffusion 
(Frezard and Garnier-Suillerot  1991  ) , but other studies indicate that specifi c transport proteins might 
be involved in cellular anthracycline uptake (Nagasawa et al.  2001  ) . Furthermore, evidence for such 
transport mediated uptake were not found in normal mononuclear blood cells (Nagasawa et al.  2001  )  
opening up the possibility of different uptake mechanisms in normal and malignant cells. 

 Intracellularly, anthracyclines accumulate primarily in two distinct sites (Fig.  18.2 ): nucleus and 
mitochondria (Nicolay et al.  1986 ; Jung and Reszka  2001 ; Wallace  2003 ; Tokarska-Schlattner et al. 

  Fig. 18.2    Anthracyclines major cellular targets with their relative pathophysiological effects       
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 2005,   2010  ) , which therefore represent the major subcellular targets of anthracyclines cytotoxic 
activity. It should always be kept in mind that the nucleus and mitochondria selectively accumulate 
DOX up to concentrations much higher than plasma levels (Tokarska-Schlattner et al.  2006 ; Lal 
et al.  2010  ) . Under clinically relevant plasma DOX concentrations of 0.5–1.0  m M, intramitochon-
drial concentrations can reach approximately 50–100  m M (Sokolove  1994 ; Tokarska-Schlattner 
et al.  2006  ) . Analogously, nuclear concentrations of DOX are 50-fold higher than in the cytoplasm, 
reaching 340  m M at saturation, representing one molecule intercalated every fi ve base pairs of DNA 
(Lal et al.  2010  ) .  

 In cells, anthracyclines may undergo at least three major metabolic pathways (Licata et al.  2000 ; 
Mordente et al.  2001,   2009 ; Salvatorelli et al.  2006 ; Menna et al.  2011  ) : (1) one-electron reduction to 
anthracycline semiquinone radicals; (2) two-electron reduction to secondary alcohol metabolites; (3) 
deglycosidation to anthracycline aglycones. 

 The quinone moiety in ring C of anthracyclines can be reduced by several mono-electronic 
oxidoreductases producing a semiquinone radical that quickly regenerates its parent quinone by 
reducing oxygen to reactive oxygen species (ROS) that are still considered the main (or sole) responsible 
for anthracycline-induced cardiotoxicity (Doroshow and Davies  1986 ; Gewirtz  1999 ; Menna et al. 
 2011  )  (see Sect.  18.4.3.1 ). 

 Alternatively, anthracyclines may undergo two-electron reduction of the C-13 carbonyl group in 
the side chain yielding anthracycline secondary alcohol metabolites, which are strongly implied in 
anthracycline-induced cardiotoxicity (Minotti et al.  1999,   2004 ; Licata et al.  2000 ; Mordente et al. 
 2003,   2009 ; Menna et al.  2007,   2011  )  (see Sect.  18.4.3.2 ). The C-13 hydroxy metabolites of DOX, 
DNR, EPI or IDA are known as doxorubicinol (DOXol), daunorubicinol (DNRol), epirubicinol 
(EPIol) and idarubicinol (IDAol), respectively. This reductive pathway is catalyzed by cytoplasmic 
oxidoreductases that exhibit a variable expression pattern in different human tissues (Penning and 
Drury  2007 ; Bains et al.  2009,   2010a,   b  ) . 

 Lastly, anthracyclines can be metabolized by deglycosidation reactions catalyzed by poorly char-
acterized NADPH-dependent reductase- and hydrolase-type glycosidases into hydroxyaglycones 
(hydrolytic deglycosidation) or deoxyaglycones (reductive deglycosidation), respectively (Licata 
et al.  2000 ; Mordente et al.  2009 ; Menna et al.  2011  ) . It is noteworthy, however, that in human myo-
cardium DOX hydroxyaglycone is quickly reduced to DOXol hydroxyaglycone whereas DOX 
7-deoxyaglycone is scarcely (or not at all) converted to DOXol 7-deoxyaglycone, thus representing a 
poor substrate for myocardial carbonyl reductases (Licata et al.  2000  ) . Moreover, anthracycline 
7-deoxyaglycone can also be produced by the oxidation of the glycosidic bond between ring A and 
the sugar daunosamine by anthracycline semiquinone radical (Minotti et al.  2004  ) . Unlike C-13 
hydroxy metabolites, anthracycline aglycones may cause cell damage in virtue of their prominent 
oxidizing properties (Sokolove  1994 ; Licata et al.  2000 ; Minotti et al.  2004 ; Salvatorelli et al.  2006  )  
(see Sect.  18.4.3.1 ).  

    18.3   Anthracyclines as Antitumor Agents 

 The potential mechanisms of cytotoxicity of anthracyclines towards cancer cells are diverse (critically 
reviewed in Gewirtz  1999  )  including: (1) inhibition of both DNA replication and RNA transcription, 
leading to inhibition of macromolecules biosynthesis; (2) generation of reactive oxygen species 
(ROS), leading to DNA damage and/or lipid peroxidation; (3) DNA adduct formation; (4) DNA cross-
linking; (5) interference with DNA unwinding or DNA strand separation and helicase activity; 
(6) direct membrane damages; (7) inhibition of topoisomerase II. In response to some or all of these 
effects, tumor cell growth is inhibited, and cells are likely prone to die by one (or more than one) 
mechanism (apoptosis or necrosis or autophagy?) (Sawyer et al.  2010  ) . 
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 Although the precise mechanisms by which anthracyclines kill tumor cells still remain poorly 
understood, compelling evidence (consistent with the high DNA affi nity and nuclear localization of 
anthracyclines) suggest that anthracyclines anticancer activities (particularly at clinically relevant 
drug concentrations) are mainly due to their abilities to intercalate between nuclear DNA base pairs 
thus poisoning topoisomerase activity and/or to form toxic anthracycline-DNA adducts, which trigger 
the death of rapidly dividing cancer cells (Cutts et al.  2005 ; Swift et al.  2006 ; Coldwell et al.  2008 ; 
Nitiss  2009 ; Pommier et al.  2010  ) . 

    18.3.1   Anthracyclines as Topoisomerase Poisons 

 The anthracyclines are normally classifi ed as “topoisomerase II poisons”. DNA topoisomerases are 
ubiquitous, highly conserved enzymes involved in maintaining genomic integrity of the cell. 
Mechanistically, topoisomerases regulate the topology of cellular DNA by modulating the degree of 
DNA supercoiling through DNA strand cleavage, strand passage and religation without altering its 
structure and sequence (Nitiss  2009 ; Pommier et al.  2010  ) . Therefore, topoisomerases supervise 
numerous nuclear processes such as replication, transcription, chromatin remodeling, chromosome 
condensation/decondensation, recombination, and repair. Topoisomerases, moreover, are also impli-
cated in apoptotic DNA degradation. In accordance with their reaction mechanism, topoisomerases 
are broadly divided into two distinct families: type I (Top1) and type II (Top2) topoisomerases. Type 
I topoisomerases cleave a single strand of DNA and relax a supercoil either by passing the other strand 
through an enzyme-DNA linked intermediate (type IA) or by a strand-swivel mechanism (type IB). 
Type II topoisomerases cleave duplex DNA and then relax the supercoil by passing a second duplex 
DNA through the transient enzyme-DNA linked intermediate (Koster et al.  2010  ) . The two families 
are further divided into subfamilies, which can be distinguished on the basis of protein architecture 
(monomer versus oligomer), DNA substrate preference (duplex versus single-strand), reaction out-
comes (net loss or gain of supercoils; complete or partial supercoil removal), and requirements for 
metals and ATP (Koster et al.  2010  ) . Human cells contain six different topoisomerases: two type IA 
(Top3 a  and Top3 b ), two type IB (Top1 and Top1mt), and two type IIA topoisomerases (Top2 a  and 
Top2 b ), each enzyme being coded by a different gene (Pommier et al.  2010  ) . It is noteworthy, that fi ve 
different human enzymes (Top1, Top2 a , Top2 b , Top3 a  and Top3 b ) provide topoisomerase activity 
for the nucleus and one (Top1mt) for mitochondria. Actually, two (i.e. Top3 a  and Top2 b ) of the fi ve 
topoisomerases are also targeted to the mitochondria via posttranscriptional mechanisms: mitochon-
drial Top3 a  is created by alternative translation initiation of the same mRNA that encodes nuclear 
Top3 a  (Wang et al.  2002  ) ; mitochondrial Top2 b  seems derived directly from the nuclear enzyme 
Top2 b  by proteolysis (Low et al.  2003  ) . Up to date, the pathophysiological role of mitochondrial 
topoisomerases and their putative involvement in anthracycline anticancer activity are completely 
unknown and warrant further studies. 

 Among topoisomerases, Top2 a  is widely considered the primary molecular target for anthracycline 
antibiotics, which inhibit the enzymes by stabilizing a normally transient intermediate (termed the 
“cleavable or cleavage complex”) in the enzyme’s catalytic cycle where the topoisomerase remains 
covalently attached to DNA after strand cleavage. Through the stabilization of the topoisomerase 
cleavable complex, anthracyclines convert Top2 a  into a potent toxin and cause the accumulation of 
DNA double-stranded breaks (DSBs), which, if not repaired, lead to cell death. Moreover, anthracy-
clines as well as other topoisomerase-directed anticancer drugs (i.e. etoposide, amsacrine, and mitox-
antrone) target both Top2 a  and Top2 b  isozymes (Toyoda et al.  2008  ) . Despite similar structural 
features (~70% homology at the amino acid level) and biological properties, the two human enzyme 
isoforms are differently regulated and play distinct roles in living cells. Top2 a  is a nuclear isozyme 
highly expressed in rapidly growing tissues (i.e. tumor cells) and its expression is cell cycle-regulated, 
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peaking in G 
2
 /M phase. Top2 a  has been shown to be essential for embryonic development and cell 

proliferation (Akimitsu et al.  2003 ; Carpenter and Porter  2004  )  and the high effi cacy of anthracyclines 
chemotherapy is thought to be due to the highly elevated expression of Top2 a  in cancer cells 
(Mukherjee et al.  2010 ; Desmedt et al.  2011  ) . By contrast, Top2 b  is expressed throughout the cell 
cycle in virtually all tissues, including postmitotic cells, where it seems to play a key role in transcrip-
tion and differentiation (Lyu et al.  2007  ) . It is unclear, however, whether these two isozymes play 
different roles in tumor-cell killing and/or in the development of secondary malignancies during the 
course of Top2-based chemotherapy (Azarova et al.  2007 ; Lyu et al.  2007  ) . Interestingly, Top2 b , but 
not Top2 a , is highly expressed in adult heart (Capranico et al.  1992  )  suggesting a possible involve-
ment of Top2 b  in anthracyclines cardiotoxicity. To date, however, the role of Top2 b  in anthracyclines 
cardiotoxicity can be only presumed. Nevertheless, the idea that Top2 b  targeting may be involved in 
anthracyclines cardiotoxicity has signifi cant clinical implications. It provides the rationale for devel-
oping Top2 a -specifi c anticancer drugs to prevent tissue toxicities (i.e. cardiotoxicity) in patients 
receiving Top2-based chemotherapy (Lyu et al.  2007  ) .  

    18.3.2   Anthracycline-DNA Adducts 

 In addition to the primary anticancer role as Top2 a  poisons, anthracyclines are also capable of form-
ing covalent adducts with DNA that result more cytotoxic than the lesions (i.e. DSBs) induced by 
topoisomerase II a  inhibition (Swift et al.  2006  ) , thereby contributing to the anticancer activity of 
anthracyclines. Anthracycline-DNA adducts were fi rst reported in 1979 by Sinha and Chignell  (  1979  ) , 
but adducts were diffi cult to isolate and characterize (unless at supraclinical levels of anthracyclines, 
typically  ³ 10  m M) due to the limited sensitivity of pre-existing assays. Recently, however, the use of 
accelerator mass spectrometry (which exhibits over fi ve orders of magnitude higher sensitivity for 
detection of radio-carbon labelled anthracycline than other routinely-used assays) has provided the 
fi rst direct evidence of anthracycline-DNA adducts formation in cells at clinically relevant anthracy-
cline concentrations (10–500 nM) (Coldwell et al.  2008  ) . These results confi rm that anthracycline-
DNA adducts formation is a realistic mechanism of action of anthracyclines that may be active during 
the clinical use of these anticancer drugs. 

 The anthracycline-induced adducts are formed predominantly at 5 ¢ -GC-3 ¢  sites in DNA (Cullinane 
and Phillips  1990  )  where daunosamine, the sugar group of anthracyclines, is covalently linked to the 
N-2 amino group of guanine via an aminal (N–C–N) bond (Wang et al.  1991 ; Zeman et al.  1998 ; 
Ugarenko et al.  2010  ) . The central carbon atom in the aminal bond is derived from formaldehyde 
(i.e. formaldehyde supplies a methylene group which links the 3 ¢ -amino group of DOX to the 2-amino 
group of deoxyguanosine residues of DNA via Schiff base chemistry) (Wang et al.  1991  ) , that is, 
hence, absolutely essential for anthracycline-DNA adduct formation. These DNA lesions are in fact 
mono-adducts attached covalently to one strand of DNA, but they are stabilized through intercalation 
and hydrogen bonding with the second strand of DNA (Zeman et al.  1998 ; Ugarenko et al.  2010  ) . The 
term “virtual crosslink” has been also used to describe this mode of DNA binding (Taatjes et al.  1997  ) . 
All four clinically important anthracyclines can be activated by formaldehyde to form drug-DNA 
adducts, although EPI forms only low levels of adducts (Cutts et al.  2007  ) . Notably, anthracycline-
DNA adducts occur in both nuclear and mitochondrial DNA at similar rates (Cullinane et al.  2000 ; 
Swift et al.  2008  ) . 

 Apoptosis resulting from anthracycline-DNA adducts formation does not depend on topoisomerase 
status, refl ecting an independent mechanism of cell killing and highlighting that formaldehyde avail-
ability switches the mechanism of anthracyclines action from topoisomerase impairment to the for-
mation of more cytotoxic DNA adducts (Swift et al.  2006  ) . 
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 Seminal works by Taatjes, Koch, and associates (Taatjes et al.  1997 ; Taatjes and Koch  2001  )  have 
already shown that formaldehyde can be produced from carbon cellular sources (e.g. lipid and spermine) 
under oxidative stress conditions induced by anthracycline iron-catalyzed free radical reactions. 
Formaldehyde levels are often higher in tumor cells (1.5–4.0  m M) than in normal cells or in anthracycline-
resistant cancer cells equipped with higher levels of ROS-detoxifying enzymes (Kato et al.  2000  ) . 

 The fi nding that formaldehyde is an absolute requirement for adduct formation prompted the syn-
thesis of new anthracycline derivatives conjugated to formaldehyde (named doxoform, daunoform, and 
epiform, for DOX, DNR, and EPI, respectively) (Taatjes and Koch  2001  )  or the use of formaldehyde-
releasing prodrugs in combination with the classical anthracyclines (Cutts et al.  2007  ) . Compared to 
the parent drugs plus formaldehyde, new anthracycline derivatives conjugated to formaldehyde form 
the same adducts with DNA oligomers but at a greatly enhanced rate. Although these new anthracy-
clines exhibit greater growth inhibitory effects than their parent drugs, further development of these 
compounds as chemotherapeutics is impaired because of poor solubility characteristics, short lifetime 
in the vascular system, hydrolytic instability and non-specifi c toxicity (Burke and Koch  2004  ) .   

    18.4   Anthracycline-Induced Cardiotoxicity: An Old, Evergreen Problem 

 The clinical effi cacy of anthracyclines is seriously hampered by the development of a progressive, 
dose-dependent, dilated (a restrictive cardiomyopathy is occasionally observed in children) cardio-
myopathy, which may become evident even years after completion of therapy and that leads to an 
irreversible and life threatening congestive heart failure. 

 Endomyocardial biopsies from anthracycline-treated patients show: vacuolar degeneration, cell 
loss (apoptosis and/or necrosis), compensatory hypertrophy, and interstitial fi brosis even at a low dose 
of anthracyclines, suggesting that all doses of anthracycline cause cardiac damage on a cellular level 
(Bernaba et al.  2010  ) . Electron microscopy studies evidence: myofi brillar disarray and dropout, dila-
tion of the sarcoplasmic reticulum, cytoplasmic vacuolization, mitochondrial swelling, disordered 
nuclear chromatin, increased lysosomal number (Peng et al.  2005 ; Chen et al.  2007a ; Gianni et al. 
 2008  ) . This morphologic pattern is seen almost universally in patients and laboratory animals, indicat-
ing a non species-specifi c mechanism of toxicity (Robert  2007  ) , although the underlying molecular 
mechanisms and/or chemical mediators may be species-specifi c. 

    18.4.1   Dimension of the Problem 

 Formal estimates of the worldwide prevalence of anthracycline-induced cardiotoxicity are still 
lacking. In addition, differences between paediatric, adult, and elderly patients and the lack of uni-
formity in detecting and reporting cardiac events make such estimates even more diffi cult to carry 
out (Gianni et al.  2008  ) . However, anthracycline-induced cardiotoxicity remains a serious and 
remarkable problem whose incidence will continue to grow because more than 50% of long-term 
cancer survivors (the term “cancer survivor” refers to an individual who has been diagnosed with 
cancer, starting from the time of diagnosis throughout his or her life) has received at least one treat-
ment with anthracycline during their chemotherapy. 

 The advent of anthracyclines in chemotherapy regimens has greatly contributed to markedly 
improve cancer survival, particularly among childhood cancers, with an increase in the 5-year survival 
rates from 30% in the 1960s to about 80% today (Jemal et al.  2010 ; Lipshultz and Adams  2010 ; 
Trachtenberg et al.  2011  ) . In the United States, the overall number of cancer survivors has been esti-
mated to 11.7 million in 2007 (3.9% of the U.S. population) with a marked increase compared to 3.0 
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million in 1971 (1.5%) and to 9.8 million in 2001 (3.5%) (Cancer survivors–United States  2007  
(2011)). Among them, there are currently an estimated 328,000 long-term childhood cancer survivors 
(Mariotto et al.  2009  ) , namely 1 in 640 young adults between the ages of 20 and 39 is a survivor of 
childhood cancer (Armstrong et al.  2009  ) . This ever-increasing population of cancer survivors is actu-
ally considered “a testament to the enormous progress made by modern anticancer therapeutics and 
medical care” (Chen et al.  2011  ) . 

 Nevertheless, childhood or adulthood cancer survivors are at a substantial risk for anthracycline-
induced complications that can markedly affect their mortality, morbidity and quality of life. Childhood 
Cancer Survivor Study (CCSS) reveals that 30 years after the cancer diagnosis, 73% of long term 
survivors has a chronic illness, 42% of which has a severe disabling, life threatening or fatal illness 
such as cardiovascular disease, stroke, pulmonary fi brosis, kidney failure or a second malignancy 
(Oeffi nger et al.  2006  ) . Cardiac complications are the leading noncancerous cause of severe complica-
tions in this group (Trachtenberg et al.  2011  ) . When compared with their contemporaries who do not 
suffer from cancer, survivors have 8.2-fold higher rates of cardiac death (Mertens et al.  2001  ) , 15-fold 
higher rates of CHF, 10-fold higher rates of cardiovascular disease, and 9-fold higher rates of kidney 
failure or stroke (Oeffi nger et al.  2006  ) . Similar fi ndings have been reported in long-term survivors of 
childhood cancer from the Nordic countries (Moller et al.  2001  ) .  

    18.4.2   Types, Clinical Presentations and Risk Factors 
of Anthracycline-Induced Cardiotoxicity 

 Anthracycline-induced cardiotoxicity has been termed type I chemotherapy related cardiac dysfunc-
tion (type I CRCD) (Ewer and Lippman  2005  ) , which, in contrast to type II CRCD, is characterized 
by defi ned, although unspecifi c, ultra-structural changes of cell morphology and has a greater tendency 
to become irreversible. 

 Clinically, the cardiotoxic effects of anthracyclines manifest in distinct forms that are commonly 
classifi ed by the time of onset as: (a) acute, (b) early-onset and (c) late-onset chronic progressive 
cardiotoxicity (Franco et al.  2011  ) . Acute anthracycline-induced cardiotoxicity occurs within the fi rst 
week of the anthracycline treatment and often manifests itself as disturbances in intracardiac conduc-
tion and/or transient arrhythmias (Franco et al.  2011  ) . Acute cardiotoxicity is rarely observed with the 
current therapeutic schemes, it is usually reversible, not dose-dependent and does not preclude further 
anthracycline use. However, single cases of acute dilated cardiomyopathy and sudden cardiac death 
were also reported (Floyd et al.  2005  ) . Early-onset chronic progressive cardiomyopathy refers to heart 
damage that develops during anthracycline therapy or in the fi rst year after it is completed while late-
onset chronic progressive cardiomyopathy refers to heart damage that occurs when more than 1 year 
has elapsed after the completion of anthracycline therapy (Franco et al.  2011  ) . Both early- and late-onset 
cardiotoxicity are characterized by a dose-dependent, symptomatic or asymptomatic, progressive 
decrease in left ventricular function often resulting in CHF (Swain et al.  2003 ; van Dalen et al.  2006 ; 
Pinder et al.  2007  ) . It is noteworthy that adults typically develop a dilated cardiomyopathy whereas 
children at the end of anthracycline treatment have a dilated cardiomyopathy, which may then prog-
ress to a restrictive cardiomyopathy (Giantris et al.  1998  ) . However, the true limit between early and 
late toxicity is actually arbitrarily set because, as it will be seen hereafter, myocardial damage may 
just start with the fi rst dose of the drug and each administration constitutes additive or sequential dam-
age since this cardiomyopathy is to be considered a progressive disease (Elliott  2006  ) . 

 Early retrospective studies identifi ed total cumulative dose as a major risk factor for anthracy-
cline-related CHF (Lefrak et al.  1973 ; Von Hoff et al.  1979  ) . In particular, Von Hoff and colleagues 
(Von Hoff et al.  1979  )  reported that the overall incidence of doxorubicin-induced CHF was rather 
low and the probability of developing CHF increased exponentially after doses of anthracycline of 
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450–550 mg/m 2  of body surface area. Therefore, an empirical dose limit of 500 mg/m 2  has been 
suggested as a strategy to minimize the risk of doxorubicin-induced cardiomyopathy (Lefrak et al. 
 1973 ; Von Hoff et al.  1979  )  and most treatment protocols for adults and childhood cancer still limit 
the maximum cumulative dose of doxorubicin to this value. However, several risk factors depend-
ing on patient and treatment characteristics may increase the incidence and severity of anthracy-
cline-related cardiotoxicity (Carver et al.  2007  ) . Age at treatment (children-adolescents and the 
elderly had long been considered to be more vulnerable to anthracyclines but recent studies have 
shown that late-onset cardiotoxicity could occur independently of age of fi rst treatment) (Swerdlow 
et al.  2007  ) , sex (female), race (black), pre-existing cardiovascular disease (coronary artery disease, 
left ventricular dysfunction, hypertension etc.), metabolic (diabetes) or genetic (trisomy 21) dis-
eases, meanwhile higher administration rates, concomitant radiation therapy, and combination che-
motherapy are known to increase the risk of developing anthracycline-induced cardiotoxicity at 
much lower cumulative doses. 

 However, a more recent retrospective analysis conducted by Swain and colleagues  (  2003  )  demon-
strates that the doxorubicin-induced CHF occurs with greater frequency (5.1%) and at lower doses 
( £ 300 mg/m 2 ) than those previously reported by Von Hoff et al.  (  1979  ) . Again, data obtained from 
longitudinal studies examining morbidity and mortality in anthracycline-treated survivors of child-
hood cancer reveal that asymptomatic cardiac abnormalities (i.e. reduction of left ventricular mass 
and dimension) are common, persistent and, for many patients, progressive even at low (45 mg/m 2 ) 
cumulative doses of doxorubicin (Lipshultz et al.  2005  ) . These observations suggest that there is no 
completely “safe” dose of anthracyclines for cardiomyocytes (Lipshultz et al.  2005  ) . Then, the fi nal 
question is: when and why do these subclinical cardiac abnormalities become symptomatic? 

 As already suggested (Menna et al.  2008  ) , anthracycline-induced cardiac abnormalities can became 
symptomatic when the subclinical myocardial damage overlaps with changes in lifestyle, comorbidi-
ties or environmental stressors that would be harmless to age-matched normal individuals.  

    18.4.3   Mechanisms of Anthracycline-Induced Cardiotoxicity 

 The pathophysiology of anthracycline cardiotoxicity is complex and, despite decades of research, 
incompletely defi ned. Over the years, different molecular mechanisms have been proposed to account 
for the cardiotoxicity of anthracyclines but, actually, no single mechanism seems to comprehend all 
the existing experimental and clinical data. 

 Anthracycline-induced cardiotoxicity is considered a complex multifactorial process (Minotti et al. 
 2004 ; Salvatorelli et al.  2006  ) . The current thinking is that anthracyclines are toxic  per se  but gain 
further toxicity after intracellular reductive metabolism. One-electron reduction of the quinone moiety 
of anthracyclines and the subsequent semiquinone redox-cycling results in the formation of ROS 
(Davies and Doroshow  1986 ; Doroshow and Davies  1986  )  that cause oxidative stress and energy 
depletion (Minotti et al.  2004 ; Tokarska-Schlattner et al.  2006 ; Menna et al.  2011  )  in cardiomyocytes 
(see Sect.  18.4.3.1 ). Two-electron reduction of the side-chain C-13 carbonyl group converts anthracyclines 
to secondary alcohol metabolites (see Sect.  18.4.3.2 ) that are remarkably more potent than the parent 
compound at impairing calcium (Gambliel et al.  2002 ; Wallace  2007  )  and iron homeostasis (Minotti 
et al.  1998,   1999,   2004  ) . 

 Oxidative stress (Minotti et al.  2004 ; Berthiaume and Wallace  2007 ; Chen et al.  2007b ; Swift 
et al.  2007  ) , mitochondrial dysfunction and energy depletion (Minotti et al.  2004 ; Tokarska-Schlattner 
et al.  2006  ) , ion dysregulation (Minotti et al.  1998,   1999,   2004 ; Wallace  2007  )  and concomitant 
alterations of the cardiac-specifi c signalling pathways (Minotti et al.  2004 ; Sawyer et al.  2010 ; 
Spallarossa et al.  2010  )  may eventually combine at inducing cardiomyopathy. 
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    18.4.3.1   Role of Oxidative/Nitrosative Stress in Anthracycline-Induced Cardiotoxicity 

 Anthracyclines can induce ROS generation through two major molecular pathways: an enzymatic 
mechanism catalyzed by several mono-electronic oxidoreductases and a non-enzymatic mechanism 
involving anthracycline–iron complexes. 

 In the enzymatic mechanism, one electron reduction of the quinone moiety in anthracycline C ring 
results in formation of a semiquinone radical that quickly regenerates its parent quinone by reducing 
molecular oxygen to superoxide anion (O 

2
  • −  ) and its dismutation product hydrogen peroxide (H 

2
 O 

2
 ), 

thus increasing ROS concentration above the physiologic levels generated during normal aerobic 
metabolism (Doroshow and Davies  1986 ; Minotti et al.  1999,   2004 ; Mordente et al.  2001  ) . This futile 
cycle is catalyzed by a number of oxidoreductases located primarily in mitochondria (NADH-
ubiquinone oxidoreductase; see also Sect.  18.5.1 ) (Davies and Doroshow  1986 ; Doroshow and 
Davies  1986  ) , as well as in microsomes (NADPH-cytochrome P450 or NADPH-cytochrome b 

5
  

reductases) (Cummings et al.  1992 ; Pawlowska et al.  2004  ) , nucleus (NADPH-cytochrome b 
5
  

reductases) and cytosol (xanthine dehydrogenase, nitric oxide synthase) (Vasquez-Vivar et al.  1997 ; 
Yee and Pritsos  1997 ; Garner et al.  1999 ; Neilan et al.  2007  ) . Alternatively, ROS production may also 
occur via a non-enzymatic pathway triggered by anthracycline-iron complexes. Anthracyclines, 
indeed, bind avidly Fe 3+ , forming a drug-metal complex that, in the presence of oxygen, can cycle 
between the Fe 2+  and Fe 3+  oxidation states forming O 

2
  • −   and H 

2
 O 

2
  (Minotti et al.  1999,   2004  ) . 

 Anthracycline aglycones may generate ROS as well (Sokolove  1994  ) . Due to their higher lipophi-
licity, aglycones can intercalate into mitochondrial membranes better than the parent anthracyclines 
and thus divert more electrons towards oxygen thereby generating ROS in the closest proximity to 
sensitive targets (Sokolove  1994  ) . Although neither O 

2
  • −   nor H 

2
 O 

2
  are particularly toxic  per se , cell 

damage occurs rapidly when they react with redox-active iron generating more damaging radical spe-
cies like hydroxyl radicals ( • OH) and/or iron-centered perferryl or perferryl radicals (Minotti et al. 
 1999  ) . On the whole, one-electron redox cycling of anthracyclines increases the intracellular levels of 
both O 

2
  • −  , H 

2
 O 

2
  and redox-active iron, setting the stage for the formation of more damaging radical 

species (Minotti et al.  1999,   2004  ) . 
 Numerous evidence, furthermore, show that anthracycline treatment also increases nitric oxide (NO) 

production by up-regulating the expression of the inducible isoform of nitric oxide synthase (iNOS) 
(Aldieri et al.  2002  ) . The concurrent overproduction of O 

2
  • −   and NO yields, in its turn, peroxinitrite 

(ONOO  −  ) (Weinstein et al.  2000 ; Mihm et al.  2002 ; Fogli et al.  2004  ) , a powerful oxidant which, like 
 • OH or species of equivalent reactivity, may directly damage every type of cellular macromolecules, 
resulting in lipid peroxidation, protein covalent modifi cations and DNA strand breaks. At this regard, 
anthracycline-related oxidative and nitrosative stress may interfere with many aspects of cardiac 
function, particularly by inducing mitochondrial dysfunction (Wallace  2003,   2007 ; Oliveira et al.  2006 ; 
Oliveira and Wallace  2006 ; Tao et al.  2006 ; Xiong et al.  2006  ) , energy imbalance (Tao et al.  2006 ; 
Tokarska-Schlattner et al.  2006  ) , disruption of the cardiac-specifi c gene expression program (Minotti 
et al.  2004  ) , and apoptosis (Kalyanaraman et al.  2002 ; Clementi et al.  2003 ; Minotti et al.  2004  ) . 

 In most cells, the chances to form  • OH, iron-centered radicals and ONOO  −   are kept to a minimum 
by the presence of detoxifying enzymes, namely superoxide dismutase, catalase, and glutathione 
peroxidase, that concur in reducing O 

2
  • −   and H 

2
 O 

2
  to water. Unfortunately, cardiomyocytes are more 

susceptible than other tissues to ROS injury for several reasons, among which their high metabolic 
activity (Goffart et al.  2004  ) , the high concentration of cardiolipin, and relatively weak defences against 
oxidative damage (Doroshow et al.  1980 ; Chen et al.  1994  ) . In fact, cardiomyocytes contain low levels 
of catalase (Chen et al.  1994 ; Li et al.  1997  )  and glutathione peroxidase (Chen et al.  1994  ) , whose activity, 
moreover, diminishes readily after DOX administration (Doroshow et al.  1980 ; Siveski-Iliskovic et al. 
 1995  ) . In addition, DOX also decreases the protein levels and enzymatic activity of cytosolic superoxide 
dismutase, suggesting that inhibition of different antioxidant enzymes represents a common response 
to anthracycline treatment (Doroshow et al.  1980 ; Li and Singal  2000 ; Li et al.  2002  ) . 
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 In this view, a recent study (Tokarska-Schlattner et al.  2010  ) , by applying a genome-wide tran-
scriptome analysis, has shown that DOX reduces several transcripts related to antioxidant response as: 
heme oxygenase, glutamate-cysteine ligase (the rate-limiting enzyme in glutathione biosynthesis) and 
glutathione S-transferase (GST) M4. The last isoenzyme is a member of the large, multifunctional 
GST family that catalyses the conjugation of reduced glutathione to electrophilic compounds, thereby 
detoxifying xenobiotics, including anthracyclines (L’Ecuyer et al.  2004  ) , and protecting cells from 
oxidative stress. 

 Although ROS overproduction, and consequently oxidative stress, can probably explain several 
aspects of anthracycline-induced cardiotoxicity (i.e. acute cardiotoxicity), it is nonetheless unsatisfac-
tory if applied uncritically to explain chronic progressive cardiomyopathy (Olson and Mushlin  1990 ; 
Minotti et al.  1999  ) . In fact, it has been demonstrated that: (a) anthracycline cardiotoxicity can develop 
in the absence of biological indices of oxidative damage (Rajagopalan et al.  1988 ; Keizer et al.  1990  ) , 
and DOX can even decrease the myocardial release of conjugated dienes and hydroperoxides (Minotti 
et al.  1996  ) ; and (b) ROS scavengers and/or antioxidants, that afford protection in small animals, fail in 
preventing or decreasing chronic cardiac dysfunction in large animals (e.g. dogs) (Van Vleet et al. 
 1980 ; Herman et al.  1985  )  or in patients treated with multiple doses of anthracycline (Legha et al.  1982 ; 
Myers et al.  1983  ) . In particular, as far as vitamin E protection against anthracycline-induced cardio-
toxicity is concerned, only one study out of four published trials has found that vitamin E could prevent 
a decrease in left ventricular ejection fraction (LVEF); however, the effect of vitamin E is moreover 
confounded by concomitant administration of the calcium antagonist, nifedipine, which likely contrib-
utes protective effects such as, for example, reduced cardiac afterload (Ladas et al.  2004  ) .  

    18.4.3.2   Role of Secondary Alcohol Metabolites in Anthracycline-Induced Cardiotoxicity 

 Anthracyclines may gain cardiotoxicity also after a two-electron reduction of the side-chain carbonyl 
group at C-13 and formation of a secondary alcohol metabolite (Minotti et al.  1998,   2004 ; Forrest 
et al.  2000 ; Licata et al.  2000 ; Mordente et al.  2003 ; Menna et al.  2008  ) . The production mechanisms 
(Mordente et al.  2001,   2009 ; Minotti et al.  2004  ) , the different outcomes in single nucleotide polymor-
phisms of aldo-keto and carbonyl reductase superfamilies (Hoffmann and Maser  2007 ; Jin and 
Penning  2007 ; Penning and Drury  2007 ; Bains et al.  2009,   2010a,   b  ) , the involvement of secondary 
alcohol metabolites in the pathogenesis of anthracycline-induced cardiomyopathy (Forrest et al.  2000 ; 
Mordente et al.  2001,   2009 ; Minotti et al.  2004 ; Menna et al.  2011  )  are treated exhaustively in several 
reviews and/or articles to which the reader is strongly recommended to refer.    

    18.5   Anthracyclines and Mitochondria 

 “Mitochondria are truly the Dr. Jekyll and Mr. Hyde of the cell” (Halestrap and Pasdois  2009 ; Baines 
 2010  ) . On the one hand, mitochondria are essential for the cell’s survival providing the vast majority 
of energy required for cellular functions. On the other hand, they also possess the power to kill the cell. 
In response to a variety of stress, mitochondria can quickly shut off the energy supply, produce vast 
amounts of damaging ROS, and release an array of death-inducing proteins into the cellular milieu 
(Baines  2010  ) . Mitochondrial dysfunctions have been observed in the heart and in tumours of animal 
treated with anthracyclines (Solem et al.  1996 ; Bellarosa et al.  2001 ; Zhou et al.  2001b ; Childs et al. 
 2002  ) . The main ultra-structural changes observed within mitochondria following treatment with 
anthracyclines include: mitochondrial swelling, membrane and mitochondrial cristae disruption and 
the presence of myelin fi gures (Yen et al.  1996 ; Chaiswing et al.  2004  ) . Numerous evidence (Sokolove 
 1994 ; Ashley and Poulton  2009  )  demonstrate that anthracyclines rapidly penetrate into mitochondria 
and interact with several molecular targets including: (1) multienzyme complexes of the electron 
transport chain (ETC)/oxidative phosphorylation system (OXPHOS); (2) mitochondrial DNA 
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(mtDNA); (3) mitochondrial permeability transition pore (MPTP). Anthracycline-mediated mito-
chondrial damage results in energy metabolism impairment and/or in apoptosis. Mitochondria, there-
fore, emerge as an intriguing (or primary?) cellular target for both anthracycline anticancer activity 
and anthracycline-induced cardiotoxicity. 

    18.5.1   Anthracyclines and Electron Transfer Chain/Oxidative 
Phosphorylation System 

 Numerous reports based on studies either with isolated mitochondria exposed to anthracycline or with 
mitochondria isolated from chemotherapeutic-treated animals demonstrate that anthracyclines can 
affect mitochondrial function by inhibiting/inactivating the different components of ETC (Muhammed 
et al.  1983 ; Bianchi et al.  1987 ; Ji and Mitchell  1994  )  with a particular vulnerability of NADH-
ubiquinone oxidoreductase (complex I) and cytochrome c oxidase (complex IV)(Bianchi et al.  1987 ; 
Nicolay and de Kruijff  1987 ; Marcillat et al.  1989 ; Trapp et al.  1989 ; Tokarska-Schlattner et al.  2006 ; 
Berthiaume and Wallace  2007 ; Chandran et al.  2009 ; Lebrecht et al.  2010  ) . 

 The impairment of mitochondrial ETC components, rather than a direct anthracycline-protein 
interaction actually demonstrated only in the case of cytochrome c oxidase (Chandran et al.  2009  ) , 
is probably due to indirect damaging mechanisms (Goormaghtigh et al.  1990  )  as: (a) protein (and/or 
membrane phospholipid) oxidative damage induced by ROS overproduction and (b) membrane cha-
otropic effects caused by the formation of electrostatic complexes between anthracyclines and 
cardiolipin. 

 As suggested (Pointon et al.  2010  ) , anthracyclines have redox potentials (DOX redox potential 
is −328 mV) that, while not ideal for redox activity (Land et al.  1983  ) , do actually allow them to be 
reduced slowly by a number of oxidoreductases within the cell (Wallace  2003  ) . Additionally, anthra-
cyclines have a high affi nity for cardiolipin (Goormaghtigh et al.  1986,   1990  ) , an acidic phospho-
lipid that is localized exclusively in the inner mitochondrial membrane and that facilitates the drugs 
accumulation in the inner mitochondrial membrane where they can be easily reduced by complex 
I of ETC, thereby triggering ROS overproduction and then ETC complexes oxidative damages. 
Alternatively, the interaction of anthracyclines with cardiolipin can provoke ETC dysfunctions, as 
cardiolipin is required for enzyme activity of mitochondrial complexes playing an important role in 
their allosteric regulation (Fry and Green  1980,   1981 ; Nicolay and de Kruijff  1987  ) . Clustering of 
cardiolipin due to the presence of anthracyclines can therefore lead to the formation of local non-
bilayer arrangements within the mitochondrial membranes and consequently to changes in fl uidity 
and functionality of ETC complexes (Jung and Reszka  2001  ) . 

 In the mammalian mitochondria, furthermore, each multienzyme complex helps to maintain the 
assembly and stabilization of the other complexes; therefore, damages to a single complex can easily 
spread to all the other ETC complexes (Li et al.  2007b ; Hiraumi et al.  2009  ) . Indeed, complex IV 
(Diaz et al.  2006  )  or complex III (Schagger et al.  2004  )  defi ciency results in a marked decrease in the 
level of complex I. The reciprocal action of each ETC complex seems to be more pronounced in 
rapidly dividing than in post-mitotic cells (Li et al.  2007b ; Hiraumi et al.  2009  ) . Cardiomyocytes, that 
have almost completely lost the ability to divide, might be therefore “the exception that proves the 
rule” (Hiraumi et al.  2009  ) .  

    18.5.2   Anthracyclines and Mitochondrial DNA 

 Human cells contain thousands copies of mitochondrial DNA (mtDNA), approximately 2–10 copies 
of mtDNA for mitochondrion (Santos et al.  2008  ) . The human mitochondrial genome consists of a 
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double-stranded circular DNA molecule of 16,569 nucleotide pairs, containing 37 genes encoding for 
13 essential ETC/OXPHOS polypeptide subunits, plus 2 ribosomal RNAs and 22 transfer RNAs, 
required for mitochondrial protein synthesis (Calvo and Mootha  2010  ) . 

 In cells, mtDNA is arranged in discrete, punctate structures termed “nucleoids” (Ashley and 
Poulton  2009  )  constituted by several copies of mtDNA bound to nucleoid proteins. Although the 
functional signifi cance of nucleoids remains obscure, in yeast these structures seem to protect mtDNA 
from damage occurring in response to metabolic stress (Kucej et al.  2008  ) . 

 Mitochondria are the primary sites of ROS generation (Schagger et al.  2004 ; Selivanov et al. 
 2011  )  and human mtDNA is exquisitely sensitive to oxidative damage induced by ROS and this 
sensitivity is related to: (a) the close proximity of mtDNA (located in the mitochondrial matrix close 
to the inner mitochondrial membrane) to the electron transport chain (the major source of ROS); 
(b) the lack of introns and protective histone proteins; and (c) the limited DNA repair capacity of 
mitochondria, partially compensated by the increased number of mtDNA copies (Rohan et al.  2010 ; 
Wallace et al.  2010  ) . 

 As a consequence, mtDNA has a high mutation rate (10–200 times higher than that of nuclear 
genomic DNA) and defects in mtDNA (together with mitochondrial decline) have been involved in 
the pathogenesis of numerous degenerative and metabolic diseases (Medikayala et al.  2011  )  as well 
as in cancer and aging (Wallace et al.  2010  ) . In particular, increased frequencies of mtDNA mutations 
characterize the aging heart and are also found in idiopathic dilated cardiomyopathy and end-stage 
heart failure (Zaragoza et al.  2011  ) . 

 A recent study (Ashley and Poulton  2009  ) , by exploiting the fl uorescent DNA intercalating dye 
PicoGreen that selectively labels both nDNA and mtDNA within living cells, has evidenced for the 
fi rst time that anthracyclines, at clinically relevant concentrations, rapidly penetrate into the mito-
chondrial matrix where they directly interact with mtDNA. Quantitative (copy number depletion) and/
or qualitative (mutations and/or deletions) mtDNA damages have been identifi ed in cancer cells 
(Cullinane et al.  2000 ; Sharples et al.  2000 ; Kluza et al.  2004  )  as well as in animal (Palmeira et al. 
 1997 ; Serrano et al.  1999  )  and in human cardiomyocytes treated with anthracyclines (Lebrecht et al. 
 2003,   2005,   2010 ; Lebrecht and Walker  2007  ) . 

 The anthracycline-mediated mitochondrial heart toxicity results strictly tissue specifi c, as no 
detectable mtDNA lesions have been reported in the skeletal muscle (Lebrecht et al.  2003,   2005  ) . 
Furthermore, mtDNA injuries are not secondary to apoptosis because they largely precede anthracy-
cline-induced cell death and can be mimicked by nontoxic doses of DNA intercalating probe ethidium 
bromide, but not induced by the apoptosis inducer staurosporine. 

 Anthracyclines can damage mtDNA through a variety of mechanisms (Lebrecht and Walker  2007  ) . 
First of all, anthracyclines can directly intercalate into mtDNA causing large-scale deletions within 
the molecule (Adachi et al.  1993  ) , or can form a covalent bond with mtDNA after metabolic transfor-
mation of anthracycline quinone ring into quinone methide (Abdella and Fisher  1985  ) . Conversely, 
anthracyclines can also damage the mitochondrial genome indirectly by increasing ROS production 
(Lebrecht et al.  2005 ; Lebrecht and Walker  2007  ) . 

 Mitochondrial DNA damages initiate, although in an unapparent form, early during short-term 
anthracyclines exposure and accumulate with time and ultimately impinge on the bioenergetics capac-
ity of the organelles even when the initial anthracycline insult is no longer present, thus representing 
an important factor in the delayed onset of the anthracycline-induced cardiomyopathy (Lebrecht and 
Walker  2007  ) . This mechanism hinges on the fact that the ETC dysfunction, associated with the 
mtDNA-damage, can subsequently lead to ROS overproduction, which, in turn, may either attack the 
multienzyme complexes itself or damage the mitochondrial genome. ROS therefore close a “vicious 
circle” (Fig.  18.3 ) composed of interconnected mtDNA and reverberating respiratory chain insults 
(i.e., ROS production, mtDNA mutations, ETC dysfunction, further stimulation of ROS production, 
etc.). This vicious circle explains the observation that oxidative stress can persist and even accumulate 
for weeks after acute anthracycline exposure (Zhou et al.  2001a  ) . The clinical onset of anthracycline 
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cardiomyopathy may occur when the mtDNA-damages and/or ETC dysfunctions exceed a threshold. 
Ultimately, mtDNA lesions appear to be pivotally associated with the fi xation and temporal propaga-
tion of the anthracycline-induced lesions and thus are likely to represent the molecular mechanism of 
dose memory (Lebrecht and Walker  2007  ) .   

    18.5.3   Anthracyclines and Mitochondrial Permeability Transition Pore 

 The mitochondrial permeability transition pore (MPTP) is a non-selective (permeable to any molecule 
of less than 1.5 kDa), high conductance channel that spans the inner and outer mitochondrial mem-
branes (Halestrap and Pasdois  2009 ; Baines  2010  ) . The precise structural identity of the MPTP is still 
controversial but recent data provide the strongest evidence for an involvement of at least three pro-
teins in the molecular composition of this channel: a matrix protein, cyclophilin-D (CYPD), and two 
inner membrane proteins, the adenine nucleotide translocase (ANT) and the phosphate carrier (PIC) 
(Halestrap and Pasdois  2009 ; Baines  2010  ) . 

 The opening of MPTP can be induced by a myriad of effectors among which, in particular, mito-
chondrial de-energization, high mitochondrial levels of Ca 2+  or P 

i
  (Varanyuwatana and Halestrap  2011  )  

and, most important, ROS overproduction (Halestrap and Pasdois  2009 ; Baines  2010  ) . The opening 
of MPTP leads to mitochondrial swelling with release of proapoptotic proteins and uncoupling of 
mitochondrial oxidative phosphorylation because of the increased permeability to protons. The result-
ing ATP deprivation causes disruption of ionic homeostasis, ROS overproduction, and ultimately 
ruptures of cell membrane and necrosis (Halestrap and Pasdois  2009 ; Kinnally et al.  2011  ) . The opening 
of the MPTP is now recognized as a major cause of necrotic cell death (Halestrap and Pasdois  2009 ; 
Kinnally et al.  2011  ) . 

 There is now considerable biochemical, pharmacological, and genetic evidence that the MPTP 
plays an essential role in the pathogenesis of multiple cardiac diseases, including cardiomyopathies 
(Halestrap and Pasdois  2009 ; Halestrap  2010  )  and, accordingly, the inhibition of the MPTP appears 
to be protective against numerous heart pathologies. On the other hand, an increasing number of studies 
on a variety of animal tumor models and cancer cell lines demonstrate that induction of MPTP 

  Fig. 18.3    Anthracycline-induced mitochondrial dysfunction. The “vicious circle” linking ROS overproduction, mtDNA 
damages, and ETC dysfunction       
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opening by pharmacological interventions initiates cell death and prevents cell differentiation in tum-
origenesis (Fulda et al.  2010  ) . 

 A growing body of evidence demonstrates that MPTP is one of the primary molecular targets of 
anthracyclines (Montaigne et al.  2011  ) , involved in mitochondrial dysfunction that characterizes 
anthracycline-induced cardiotoxicity as well as drug-related anticancer activity (Kluza et al.  2004  ) . 
Studies with mitochondria exposed to the drug  in vitro  and with mitochondria isolated from animals 
treated with the drug  in vivo  do show that anthracyclines induce MPTP opening (Zhou et al.  2001b ; 
De Oliveira et al.  2006  ) . Accordingly, cyclosporine A, which blocks the MPTP opening by binding to 
matrix CYPD, prevents the mitochondrial failure and cell killing caused by anthracyclines (Zhou 
et al.  2001b  ) . Moreover, deletion of CYPD protects the mouse myocardium against doxorubicin 
induced myocyte death, fi brosis, and contractile dysfunction.   

    18.6   Anthracyclines and Apoptosis 

 Apoptosis is a highly regulated genetic program of cell death that, in multi-cellular organisms, plays 
a pivotal role in the removal of transformed, damaged or infected cells as well as in a variety of bio-
logical processes including morphogenesis, tissue homeostasis, and aging (Tait and Green  2010  ) . 
Accordingly, dysregulation of apoptotic signalling pathways contributes not only to the pathogenesis 
of diverse human diseases (e.g. cardiovascular, immune and neurodegenerative diseases) but also to 
the development of cancer and to the resistance to anti-cancer therapies (Tait and Green  2010 ; 
Kepp et al.  2011  ) . 

 In mammals, two distinct, but interconnected, molecular signalling pathways mediate apoptosis: 
the intrinsic and extrinsic pathways both of which converge on activating the executioner caspases 
(i.e. caspases 3, 6 and 7). 

 The intrinsic or mitochondrial apoptotic pathway is activated by various developmental cues or 
cytotoxic insults such as viral infection, DNA damage and growth factor or cytokine deprivation and 
is strictly regulated by the B cell lymphoma-2 (BCL-2) family proteins. The crucial event in triggering 
the intrinsic pathway is mitochondrial outer membrane permeabilization (MOMP), which leads to the 
release of cytochrome  c  and other pro-apoptotic proteins, such as second mitochondrial activator of 
caspase (SMAC; also known as DIABLO) and a serine protease named high temperature requirement 
A2 (HTRA2; also known as OMI), from the mitochondrial intermembrane space into the cytosol. 
Following its release from mitochondria, cytochrome  c  binds apoptotic protease-activating factor-1 
(APAF-1) inducing its oligomerization and leading to the formation of a caspase activation platform 
termed the apoptosome. The apoptosome recruits, dimerizes and activates an initiator caspase, 
caspase 9, which, in turn, cleaves and activates the executioner caspases 3, 6 and 7. Concurrently, 
mitochondrial release of SMAC/DIABLO and HTRA2/OMI block cytosolic inhibitor of apoptosis 
proteins (IAP) and thus relieves the IAP-mediated inhibition of caspase 3 and caspase 9 activity 
(Wang and Youle  2009  ) . 

 Although the molecular events controlling the execution phase of this pathway are well character-
ized, those prior to the mitochondrial dysfunction and, in particular, the mechanisms underlying 
MOMP remain both elusive and controversial (Baines  2010 ; Lopez-Royuela et al.  2010  ) . Nevertheless, 
MOMP results in a highly regulated process, primarily controlled through interactions between 
pro- and anti-apoptotic members of the BCL-2 family proteins. 

 Conversely, the extrinsic apoptotic pathway is triggered upon binding of proapoptotic “death 
ligands” to their respective “death receptors” on the surface of a target cell (Gonzalvez and Ashkenazi 
 2010 ; Wiezorek et al.  2010  ) . 

 Death receptors are members of the tumor necrosis factor (TNF) receptor superfamily, and are 
characterized by cysteine-rich extracellular domains. The best-described death ligands belong to the 
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TNF family of cytokines. These TNF family death ligands comprise: FS-7-associated surface antigen 
ligand (FASL), TNF a , and TNF related apoptosis inducing ligand (TRAIL), which are predominantly 
produced by cells of the immune system. 

 Once activated, death receptors undergo clusterization and oligomerization thereby facilitating the 
recruitment of the adapter protein, FAS-associated protein with death domain (FADD) or TNF recep-
tor type 1-associated death domain (TRADD), the binding of which further promotes the recruitment 
and the activation of initiator procaspases 8 and 10 within a death inducing signalling complex (DISC). 
If activation of these initiator caspases is suffi ciently robust, they directly activate effector caspases 
3, 6, and 7, which in turn result in cellular demise by the so-called Type I death receptor pathway of 
apoptosis (Johnstone et al.  2008 ; Kurita et al.  2011  ) . However, if the magnitude of caspases 8 and 10 
activation is not suffi cient to directly activate effector caspases, they may still induce apoptosis through 
cleavage of the proapoptotic BCL-2 homology 3 (BH3)-interacting domain death agonist (BID) to 
generate truncated BID (tBID). tBID protein triggers MOMP by promoting oligomerization of either 
BCL-2-associated X protein (BAX) or BCL-2 antagonist or killer (BAK) within this membrane. The 
dependence on mitochondrial dysfunction for cell death is referred as the Type II death receptor path-
way of apoptosis (Johnstone et al.  2008 ; Kurita et al.  2011  ) . 

 Until a few years ago, apoptosis was disregarded as a possible mechanism underlying anthracy-
cline-induced cardiomyopathy (Minotti et al.  2004  ) . This picture is now changed dramatically and 
numerous evidence demonstrate that anthracyclines are able to activate both intrinsic (see Sect.  18.6.1 ) 
and extrinsic (see Sect.  18.6.2 ) pathways of apoptosis. 

    18.6.1   Effects of Anthracyclines on Intrinsic Apoptotic Pathway 

 The mechanisms whereby anthracyclines promote intrinsic, mitochondrial apoptosis are still incom-
pletely understood. Nevertheless, anthracyclines, their metabolic derivatives (alcohol metabolites and 
aglycones) and/or by-products (ROS and RNS) may trigger intrinsic apoptosis pathway by regulating 
(activating or inhibiting) the activity of several components of the apoptotic machinery and in particular: 
( a ) p53 tumor suppressor protein, ( b ) mitogen-activated protein kinases (MAPKs) superfamily and 
( c ) BCL-2 family proteins. 

 The p53 tumor suppressor protein (referred as a “cellular gatekeeper” or “the guardian of the 
genome”) is a pivotal transcription factor that plays a crucial role in maintaining genomic stability and 
preventing tumor formation by integrating and coordinating the cellular responses to a variety of 
intrinsic and extrinsic stress signals. Depending upon the cell type, the transformed state of a cell and 
the type or degree of stress placed upon a cell, activated p53 induces cell cycle arrest, DNA repair, 
apoptosis or senescence to prevent the propagation of damaged or mutant cells that could potentially 
become cancerous (Feng and Levine  2010  ) . 

 Normally, p53 has a short half-life and it is maintained at low concentrations and in an inactive 
state in unstressed mammalian cells through a negative feedback loop with murine double minute 2 
(MDM2). MDM2 is an E3 ubiquitin ligase that binds to and polyubiquitinates p53 thereby promoting 
its rapid proteolysis by proteasome. The expression of MDM2 is in its turn regulated by p53 at the 
transcription level so closing a negative feedback loop to maintain p53 protein at low levels under 
normal conditions. Moreover, p300 protein, acting as specifi c ubiquitin E4 ligase for p53 (Shi et al.  2009  ) , 
cooperates with MDM2 in catalyzing p53 polyubiquitination, thus facilitating p53 degradation and 
inhibiting p53-mediated apoptosis. 

 The stability of p53 and consequently its functional role strictly depends on an array of protein 
post-translational modifi cations (e.g. phosphorylation, methylation, acetylation, glycosylation etc.) 
effective both during normal homeostasis and in stress-induced responses. Phosphorylation of p53 is 
classically regarded as the fi rst crucial step of p53 stabilization. p53 can be phosphorylated by a broad 
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range of kinases (Chua et al.  2006  )  mainly of the MAPKs superfamily (Wu  2004  ) . p53 protein phos-
phorylation, diminishing p53/MDM2 interactions, decreases p53 ubiquitination and leads to the sta-
bilization and accumulation of p53 protein in the cytoplasm and/or in mitochondria (Liu et al.  2008  ) . 

 p53 may control intrinsic mitochondria-mediated pathway of apoptosis in two ways: by transacti-
vating nuclear genes involved in apoptosis ( transcription-dependent actions ) and/or by physically and 
functionally interacting with mitochondrial proteins that carry out apoptosis ( transcription-indepen-
dent actions ). As a nuclear transcription factor, p53 stimulates the expression of several pro-apoptotic 
BCL-2 family genes including BAX, p53 up-regulated modulator of apoptosis (PUMA), NOXA, and 
BID and represses the transcription of certain anti-apoptotic BCL-2 genes including BCL-2, BCL-2-
like protein 1 (BCL-XL). Moreover, p53 upregulates the MAPK superfamily genes and APAF-1, a 
scaffolding protein for caspase-9 activation, whereas it downregulates MnSOD expression thereby 
increasing ROS production from mitochondria. Finally, p53 accumulation induces the expression of 
FAS receptor gene so affecting the extrinsic apoptotic pathway, too. 

 In addition to its complex function as a nuclear transcription factor, p53 can also act in the cytosol 
and, prevalently, in mitochondria promoting apoptosis through transcription-independent mecha-
nisms. This alternative pro-apoptotic function of p53 relies on its capabilities of physically interacting 
with several members of the BCL-2 family proteins that regulate mitochondrial cell death by control-
ling MOMP. 

 Numerous studies prove that anthracyclines increase the expression and/or promote the activation 
of p53 tumor suppressor protein in cardiomyocytes (Chua et al.  2006 ; Liu et al.  2008 ; Sardao et al. 
 2009 ; Venkatesan et al.  2010  )  as well as in cancer cell lines (Panaretakis et al.  2002 ; Zantl et al.  2007 ; 
Lopez-Royuela et al.  2010 ; Misra and Pizzo  2010  ) . Moreover, anthracycline treatment is also capable 
of increasing p53 levels in mitochondria (Nithipongvanitch et al.  2007a,   b  ) , an event that occurs early 
and may participate in mtDNA repair as a rapid adaptive response to oxidative stress (Nithipongvanitch 
et al.  2007b  ) . Accordingly, pharmacological inhibition (by treatment with pifi thrin- a , a chemical 
inhibitor of p53 activity) (Liu et al.  2004 ; Misra and Pizzo  2010  )  or genetic deletion of p53 (Shizukuda 
et al.  2005  )  abrogates anthracycline-induced cell death, thus confi rming the crucial role of p53 in 
anthracycline-mediated apoptosis. 

 Preclinical and clinical studies seem to support this suggestion (Penault-Llorca et al.  2003 ; Ruiz-
Ruiz et al.  2003 ; Stearns et al.  2003  ) , but reports expressing opposite considerations have been also 
published (Inoue et al.  2000 ; Perego et al.  2001 ; Bertheau et al.  2002 ; Gariboldi et al.  2003 ; Manna 
et al.  2011  ) . Uncertainties about the role of p53 in anthracycline-induced apoptosis may be attributed 
to a variety of factors as heterogeneity of the tumours examined or the methods used for assessing p53 
status and tumor response (Bertheau et al.  2002 ; Minotti et al.  2004  ) . 

 The molecular mechanisms whereby anthracyclines promote p53 activation, its translocation 
to mitochondria as well as the pathways underlying p53-mediated mitochondrial apoptosis are 
not clearly defi ned. However, the involvement of MAPK signalling transduction pathways in 
p53-mediated anthracycline-induced apoptosis has been widely suggested (Lou et al.  2005 ; Chua 
et al.  2006 ; Venkatakrishnan et al.  2006 ; Nithipongvanitch et al.  2007b ; Venkatesan et al.  2010  ) , 
although confl icting data actually exist in literature (Spallarossa et al.  2006 ; Tokarska-Schlattner 
et al.  2010  ) . 

 MAPKs are highly conserved serine/threonine kinases that are activated in response to a wide 
variety of stimuli and that, therefore, play important roles in cell growth, proliferation, differentiation 
and death (Rose et al.  2010  ) . MAPK signaling pathways, moreover, are the primary intermediators for 
the induction of apoptotic program by oxidative stress (Lou et al.  2005  ) . There are three major MAPK 
family members: extracellular signal-regulated kinases (ERKs), p38 MAPKs, and c-Jun N-terminal 
kinases (JNKs). In the cardiomyocytes, ERKs are potently and rapidly activated by growth factors and 
hypertrophic agents thereby mediating cell survival and cytoprotection (Lou et al.  2005  ) . In contrast, 
JNKs and p38 MAPKs are activated by cellular stresses, including oxidative stress, correlating with 
the cardiac pathophysiology and the cardiomyocyte apoptosis (Lou et al.  2005  ) . 
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 Anthracyclines activate MAPKs in cardiomyocytes (Zhu et al.  1999 ; Lou et al.  2005,   2006 ; 
Tokarska-Schlattner et al.  2010 ; Venkatesan et al.  2010  )  as well as in different human cancer cell 
lines, including: epidermoid carcinoma (Osborn and Chambers  1996  ) , T leukemia (Yu et al.  1996  ) , 
lung adenocarcinoma (Zhao et al.  2004  ) , breast carcinoma (Small et al.  2003,   2007  ) , and neuroblas-
toma (Guise et al.  2001  ) . 

 All the three major MAPK families are activated by phosphorylation following DOX treatment 
although different activation patterns are described for the three kinase members (Lou et al.  2005, 
  2006  ) . ERKs, indeed, are upregulated early (this activation is considered an adaptive and/or protective 
response), but transiently and downregulated during the heart failure stage. Conversely, phosphoryla-
tion of p38 MAPKs and JNKs increases early and persists until the heart failure stage, suggesting that 
these kinases may play a dominant role in the progression of anthracycline-induced cardiomyopathy 
and heart failure (Lou et al.  2005,   2006  ) . 

 In contrast to previous fi ndings, a more recent study on H9c2 cells and neonatal rat cardiomyocytes 
shows that, at clinically relevant DOX concentrations (i.e. 1  m M), anthracycline-induced cytotoxic 
effects are strictly associated with the increased activation and nuclear translocation of ERKs and p53, 
while no effect is observed on the phosphorylation levels of p38 MAPKs and JNKs (Liu et al.  2008  ) . 
However, when the dose of DOX is increased fi vefold (5  m M), signifi cant increases also in p38 
MAPKs and JNKs phosphorylation are reported in H9c2 cells (Chua et al.  2006  ) . Ultimately, this 
study indicates that the cardiotoxic effects of DOX seem mediated by ERKs/p53 signal transduction 
pathway rather than by p38 MAPKs or JNKs cascades and the discrepancies found in the involvement 
of the three major MAPKs family members may be related, at least in part, to the differences in the 
doses of anthracyclines and experimental conditions. However, evidences for a predominant or exclu-
sive role of p38 MAPKs and/or JNKs signal transduction pathways in anthracycline-induced apopto-
sis in cardiomyocytes (Thandavarayan et al.  2010 ; Chang et al.  2011 ; Das et al.  2011 ; Ghosh et al. 
 2011 ; Velez et al.  2011  ) , in endothelial progenitor cells (Spallarossa et al.  2010  )  and in cancer cells 
(Nelyudova et al.  2007 ; Lagadinou et al.  2008 ; Aroui et al.  2010 ; El Btaouri et al.  2011 ; Feng et al. 
 2011  )  have been recently reported. 

 Anyway, whatever the MAPKs (i.e. ERKs, p38 MAPKs and/or JNK) signal transduction pathway 
is involved in anthracycline-induced apoptosis, p53 activation is often associated with the upregula-
tion of pro-apoptotic BCL-2 proteins and/or downregulation of anti-apoptotic BCL-2 members 
(Lou et al.  2005 ; Chua et al.  2006 ; Liu et al.  2008  )  as well as with the disruption of mitochondrial 
potential and caspase activation. 

 The BCL-2 family proteins consist of more than 20 members characterized by the presence of one 
or more of four BCL-2 homology (BH) domains. The BCL-2 family proteins are divided into three 
subfamilies based on their structure and function: ( a ) pro-apoptotic BCL-2 proteins (BAX, BAK) 
contain three BH domains and promote apoptosis by inducing MOMP through the formation of the 
proteolipid pores on outer mitochondrial membrane; ( b ) anti-apoptotic members (chiefl y BCL-2, 
BCL-XL, BCL-W, and MCL-1) contain BH1-4 domains and suppress apoptosis by antagonizing 
MOMP through the sequestration of their pro-apoptotic counterparts in an inactive state; ( c ) a third 
subfamily of BCL-2 proteins, the so-called BH3-only-domain proteins (chiefl y BAD, BIK, BID, 
NOXA and PUMA), contains a single conserved BH3 domain that binds and regulates both the pro-
and the anti-apoptotic BCL-2 family members. The BH3-only proteins are largely responsible for 
sensing the apoptotic signals and then transmitting them to other BCL-2 family members. Functionally, 
BH3-only proteins fall into two subgroups: “activators” and “derepressors”, according to how they 
trigger apoptosis. Activators (BID and BIM) trigger MOMP by direct activation of BAX and BAK, 
while derepressors such as PUMA, NOXA and BAD inhibit the antiapoptotic BCL-2 family members 
to release pro-apoptotic members from their inhibition (e.g. BAX from BCL-XL and BAK from 
MCL1) (reviewed in Kroemer et al.  2007  ) . 

 In this view, the activation of BAX and/or BAK is the ‘point of no return’ in the intrinsic apoptotic 
pathway; cells from BAX and BAK double knockout mice are highly resistant to drug-induced apop-
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tosis. Upon activation, BAK (located within OMM) and BAX (translocating from the cytosol to 
OMM) oligomerize so forming dynamic proteolipid pores that promote MOMP and trigger apoptotic 
cascade. Nevertheless, the biochemical nature of such pores and how anti-apoptotic BCL-2 family 
proteins regulate them remains a key and controversial issue in the fi eld of cell death (Youle and 
Strasser  2008  ) . 

 Consistent with the scenario outlined above, treatment with anthracyclines induces upregulation/
activation of BAX (Liu et al.  2004 ; Tikoo et al.  2011  ) , BAK (Lopez-Royuela et al.  2010  )  or both BAK 
and BAX (Lopez-Royuela et al.  2010  )  in cardiomyocytes and in leukemia cells (Lopez-Royuela et al. 
 2010  )  as well as inhibits BCL-2 and BCL-XL in cardiomyocytes (Venkatesan et al.  2010  ) . Accordingly, 
the ratio of BAX to BCL-XL increases with the progress of apoptotic death. In these cells lines, BAX/
BAK upregulation is caspase-independent, suggesting that caspase activation occurs exclusively 
downstream mitochondria and that the caspase amplifi cation loop is not involved in BAX/BAK 
activation (Lopez-Royuela et al.  2010  ) . Finally, in cells exposed to anthracyclines, PUMA and/or 
NOXA are upregulated, too (Kurata et al.  2008 ; Wang et al.  2009 ; Lopez-Royuela et al.  2010  ) .  

    18.6.2   Effects of Anthracyclines on Extrinsic Apoptosis Pathway 

 Standard chemotherapy and radiotherapy for cancer predominantly initiate apoptosis via the intrin-
sic mitochondrial pathway. However, it has been suggested that death receptor signalling also con-
tributes to the overall anti-tumor response to diverse chemotherapeutic drugs, including anthracyclines 
(Sayers  2011  ) . 

 The extrinsic apoptosis pathway transmits signals from extracellular death ligands through the 
appropriate death receptors to the cells’ apoptotic machinery (Gonzalvez and Ashkenazi  2010  ) . The 
most extensively studied receptor-ligand signalling systems are ( a ) FAS (also called CD95, APO-1)-
FASL; ( b ) TNF receptor 1 (TNFR1)-TNF a ; ( c ) TRAIL receptor 1 (TRAILR1)-TRAIL, and TRAIL 
receptor 2 (TRAILR2)-TRAIL (Guicciardi and Gores  2009 ; Gonzalvez and Ashkenazi  2010  ) . 

 Anthracyclines promote extrinsic apoptosis pathway by altering the expression of death receptors 
and/or potentiating the activity of death receptors ligands. 

 The FAS/FASL system is one of the key regulators of the apoptotic pathway in many cell types, 
particularly in cells related to the immune system. The FAS/FASL system has been implicated in 
chemotherapy-induced tumor cell death and FAS/FASL down-regulation seems to be involved in 
cancer drug resistance (Gonzalvez and Ashkenazi  2010  ) . Moreover, FAS/FASL is abundantly 
expressed in the heart (Setsuta et al.  2004  ) , playing an important role in the development and progres-
sion of anthracycline-induced cardiomyopathy (Miyata et al.  2010  ) . In experimental models, myocar-
dial FAS expression and cardiomyocyte apoptosis are concomitantly increased in response to DOX 
administration (Nakamura et al.  2000 ; Lien et al.  2006a,   b  ) . Accordingly, blocking of the FAS/FASL 
interaction with FASL-neutralizing antibody inhibits both FAS overexpression and DOX-induced 
cardiotoxicity (Nakamura et al.  2000 ; Wu et al.  2002a  ) . In addition, FAS/FAS ligand interaction 
increases the susceptibility of cultured neonatal cardiomyocytes to DOX-induced apoptosis (Yamaoka 
et al.  2000  ) . Furthermore, DOX upregulates FAS expression in cancer cell lines and in solid tumor 
(Massart et al.  2004 ; Yoshimoto et al.  2005 ; Kim et al.  2009  ) . In addition, in MCF-7 breast cancer cell 
line, DOX enhances FAS oligomerization (i.e. activation) without increasing the level of FAS, in a 
FAS/FASL-independent manner (Li et al.  2007a  ) . Again, the apoptotic levels of hepatocellular carci-
noma (HCC) cells treated with FASL plus DOX are signifi cantly higher than those treated with FASL 
or DOX alone, suggesting that a combined treatment of FASL with anthracyclines may be an useful 
approach to improve the effi cacy of chemotherapy for HCC (Liu et al.  2009  ) . 

 In contrast to the previous data, other reports show that DOX-induced apoptosis in cardiomyocytes 
(Jeremias et al.  2005 ; Malugin et al.  2006  )  or in several different cancer cell lines (Eischen et al.  1997 ; 
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Gamen et al.  1997 ; Bellarosa et al.  2001 ; Wieder et al.  2001 ; Malugin et al.  2006  )  is independent from 
FAS signal pathway. Therefore, the role of FAS/FASL-dependent apoptosis in the mechanisms of 
anthracycline citotoxicity remains controversial. Recent studies indicate that FAS signalling also 
exerts biological effects unrelated to apoptosis, such as induction of infl ammation and fi brosis, ROS 
generation, acceleration of proliferation/differentiation, and induction of hypertrophy (Miyata et al. 
 2010  ) . Indeed, its proinfl ammatory and hypertrophic effects have been noted in both heart and cardio-
myocytes. It has been therefore hypothesized that FAS signalling might contribute to the pathogenesis 
of anthracycline-induced cardiotoxicity through mechanisms unrelated to induction of cardiomyocyte 
apoptosis (Miyata et al.  2010  ) . 

 TNF- a  is a potent proinfl ammatory cytokine locally produced by many cell types including cardio-
myocytes where it elicits a variety of responses ranging from cardioprotective to pathological ones 
(Wang et al.  2007 ; Kleinbongard et al.  2010,   2011  ) . Chronically elevated levels of TNF- a  have been 
identifi ed as a risk factor for coronary heart disease and congestive heart failure (Wang et al.  2007 ; 
Kleinbongard et al.  2010,   2011  ) . In particular, TNF- a  seems to play an important role in the develop-
ment of heart failure by contributing to depression of myocardial contractile function, induction of 
cardiomyocyte apoptosis, as well as induction of proinfl ammatory signalling (Wang et al.  2007 ; 
Kleinbongard et al.  2010,   2011  ) . TNF- a  transduces its signal through two distinct surface receptors, 
TNFR1 and TNFR2, which are both expressed in cardiac myocytes (Wang et al.  2007 ; Kleinbongard 
et al.  2010,   2011  ) . It has been reported that through TNFR1, TNF a  exerts negative inotropic effects 
on the myocardial contractile function and induces cardiac myocyte apoptosis. 

 DOX stimulates TNF- a  expression by immune cells (Ujhazy et al.  2003  )  and cardiomyocytes 
(Mukherjee et al.  2003  )  and increases serum TNF- a  levels in patients undergoing chemotherapy 
(Morsi et al.  2006  )  and in rodent models of chemotherapy (Tangpong et al.  2006 ; Gilliam et al.  2009  ) . 
A recent study (Gilliam et al.  2011  )  demonstrates that TNF- a /TNFR1 system mediates diaphragm 
weakness induced by DOX. Etanercept, a soluble TNF- a  receptor, prevented the depression in force 
caused by DOX. No change in circulating or muscle-derived TNF- a  is detected but DOX, rather, 
appears to stimulate expression and sarcolemmal localization of TNFR1 (Gilliam et al.  2011  ) . Genetic 
TNFR1 defi ciency protects the diaphragm against DOX-induced weakness, confi rming an essential 
role for TNF- a /TNFR1 signalling (Gilliam et al.  2011  ) . 

 TRAIL is another member of the TNF superfamily that selectively triggers apoptotic cell death in 
a wide variety of human and mouse tumor cell lines by interacting with its proapoptotic receptors, 
TRAILR1 (also termed as DR4) and TRAILR2 (or DR5), while exhibiting low toxicity towards most 
of normal cells or tissues (Humphreys and Halpern  2008 ; Johnstone et al.  2008 ; Yang et al.  2010  ) . 
Accordingly, TRAIL is considered a promising anticancer agent, currently tested in phase I clinical 
trials (Johnstone et al.  2008 ; Abdulghani and El-Deiry  2010  ) . In addition to TRAIL, agonistic anti-
bodies against TRAILR1 and/or TRAILR2 have been also developed (Wiezorek et al.  2010  ) . These 
antibodies mimic TRAIL’s function by activating death receptor-mediated apoptosis with potential as 
cancer therapeutic agents and have progressed to phase I (Ashkenazi and Herbst  2008 ; Herbst et al. 
 2010 ; Wiezorek et al.  2010  )  or phase II (Ashkenazi and Herbst  2008 ; Herbst et al.  2010 ; Trarbach 
et al.  2010  )  trials in treatment of multiple types of cancers. 

 Nonetheless, growing evidence suggest that many primary tumors are resistant to TRAIL-induced 
apoptosis despite the expression of the death-inducing TRAIL receptors on the surface of the tumor 
cells (Dyer et al.  2007  ) . The cause of TRAIL resistance is under investigation and several mechanisms 
underlying TRAIL sensitivity/resistance have been proposed (Dyer et al.  2007  ) . This has prompted 
intense interest in the identifi cation of compounds that can sensitize cancer cells to TRAIL. 

 Among cytotoxic agents tested, anthracyclines have proved to be really effi cient in sensitizing vari-
ous human cancer cell lines to TRAIL or to agonistic antibodies to TRAIL death receptors, potentiating 
their proapoptotic activity and thereby overcoming tumor cell resistance towards these agents. 
In particular, DOX pre-treatment signifi cantly enhances TRAIL-induced citotoxicity in various cancer 
cell lines including: breast (Singh et al.  2003 ; Aroui et al.  2009a,   b ; Malin et al.  2011  ) , colon (Xu et al. 
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 2003,   2011  ) , gastric (Xu et al.  2011  ) , hepatocellular (Koehler et al.  2009  ) , ovarian (Cuello et al.  2001  ) , 
prostate (Kelly et al.  2002 ; Voelkel-Johnson et al.  2002 ; Wu et al.  2002b ; Kang et al.  2005  ) , renal 
(Wu et al.  2003  ) , small cell lung carcinoma (Vaculova et al.  2010 ; Guo et al.  2011  ) , glioblastoma 
multiforme (Guo et al.  2011  ) , rhabdomyosarcoma (Komdeur et al.  2004  ) , osteosarcoma and soft tis-
sue sarcoma (Bouralexis et al.  2004 ; Wang et al.  2010  ) , all of which, vice versa, result resistant to 
either one of the above said agents when used alone. 

 Analogously to TRAIL, DOX (but not 5-fl uorouracil, vinblastine, paclitaxel, or docetaxel) enhances 
proapoptotic and cytotoxic activity of human agonistic TRAIL-receptors antibodies in various human 
solid cancer cells, including renal, prostate, bladder, and lung carcinoma (Voelkel-Johnson et al.  2002 ; 
Wu et al.  2007  ) . The synergistic cytotoxicity of DOX and TRAIL-receptor antibody requires rela-
tively low concentrations of both agents, thus minimizing drug toxicity and maximizing potential 
therapeutic applications in vivo. 

 The molecular mechanisms underlying these synergistic effects are not well defi ned. Although the 
sensitivity of cancer cells to TRAIL does not seem to be a simple function of TRAIL death receptor 
expression level, the augmentation of TRAIL-induced apoptosis by chemotherapeutic drugs has been 
suggested to be, at least in part, the result of anthracycline-induced upregulation of death receptors 
(Wang et al.  2010  ) . Low concentrations of DOX (0.1 and 1  m g/mL), indeed, signifi cantly upregulated 
TRAILR1 and/or TRAILR2 expression in several cancer cells at both the mRNA and protein levels in 
a dose- and time-dependent manner (Wu et al.  2007  ) .   

    18.7   Conclusions 

 Anthracyclines perform a wide repertoire of biological activities in cancer cells as well as in the car-
diomyocytes. The long-held assumption that anthracyclines exert their pharmacological/toxicological 
effects by distinct molecular mechanisms in cancer or in heart tissue does not seem fully convincing 
because benefi cial (antitumoral/therapeutic) and detrimental (cardiotoxic) responses to drug treat-
ment are to some extent overlapping, sharing the subcellular organelle targets (i.e. mitochondrion and/
or nucleus), the molecular effectors (i.e. anthracycline by-products and/or metabolites) and the 
pathophysiological processes (i.e. DNA strand breaks, oxidative stress, signalling pathways, mito-
chondrial dysfunctions, apoptosis etc.) (Tokarska-Schlattner et al.  2006  ) . The speculation that anthra-
cyclines may damage cancer and myocardial cells by impairing the same molecular pathways still 
leaves unresolved some important questions, namely: why cancer and heart are more vulnerable than 
other tissues to anthracyclines treatment or, in other words, what do tumor cells and cardiomyocytes 
have in common that render them the preferential targets of anthracyclines? 

 In  2002  Hoshijima and Chien drew, for the fi rst time, an intriguing theoretical parallel between the 
dysregulation of the signalling pathways driving cancer and those driving cardiac hypertrophy. 

 Lessons from cardiotoxicity associated with modern anticancer therapies with new “targeted thera-
peutics” which target specifi c protein kinases that are dysregulated (mutated and/or overexpressed) in 
cancer, confi rm that there are really numerous parallels between signalling pathways that drive tumor 
growth and survival and signalling pathways that regulate functional homeostasis and hypertrophic 
responses in cardiomyocytes (Cheng and Force  2010a,   b  ) . Hence, inhibition of the “key” kinases that 
drive cancerogenesis could potentially compromise the survival of cardiomyocytes. 

 Recently, moreover, in reviewing emerging anticancer therapeutic targets (i.e. c-Met receptor 
tyrosine kinase, Notch and Hedgehog signalling, insulin-like growth factor receptor pathway, phos-
phoinositide-specifi c phospholipase C isozyme, epigenetic modulators, transcription factor, and 
microRNAs, and so on) Peng et al.  (  2010  )  have highlighted that many of these pathways, in addition 
to being involved in the proliferation, angiogenesis and differentiation of neoplasm, are also expressed 
in the cardiovascular system. Hence, heart cells share signalling pathways and biological processes 
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with cancer cells. Therefore, understanding the molecular mechanisms and function of those targets 
in the cardiovascular system and other vital tissues becomes an important step in the development of 
newer anticancer therapies (Peng et al.  2010  ) . 

 May be ultimately assumed that novel targeted therapeutics and anthracyclines share similar cel-
lular targets? 

 In a recent study, aimed at a global characterization of the cardiac transcriptomic response to a low 
DOX dose, Tokarska-Schlattner et al.  (  2010  ) , have evidenced that many of the genes sensitive to DOX 
not only respond similarly in heart and cancer, but they also encode proteins that are putative targets 
of new anticancer therapies: heat shock proteins (Peng et al.  2010 ; Subjeck and Repasky  2011  ) , 
MAPK (Pratilas and Solit  2010  ) , certain G proteins (Tang et al.  2008  ) , IGF (Clemmons  2007  ) , HIF 
(Welsh et al.  2006  ) , VEGF (Kerbel  2008  ) , and TGF- b , the latter playing a dual role as tumor suppressor 
and prooncogenic factor (Jakowlew  2006  ) . Moreover, as further suggested by Tokarska-Schlattner 
et al.  (  2010  ) , DOX exhibits certain mechanistic details in common with the tyrosine kinase inhibitors 
(i.e. imatinib and gefi tinib), a novel class of anticancer drugs. DOX, indeed, represses transcripts of 
pathways targeted by imatinib and, like gefi tinib, induces expression of quiescin Q6, a gene that may play 
a role in tissue growth by affecting repartition between cells in the proliferative cycle, in quiescence, 
and in apoptosis (Yano et al.  2006  ) . It is also worthy to note that targeting these genes, which is supposed 
to be benefi cial for cytotoxic action in cancer, may be rather detrimental to the heart. 

 Finally, mitochondria are emerging as one the major cellular targets for both anthracycline antican-
cer activity and drug-induced cardiotoxicity for their pivotal role in oxidative stress, bioenergetics 
impairment, disruption of Ca 2+  homeostasis, and apoptotic pathways.      
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  Abstract   Mitochondrial dysfunction and mutations in mitochondrial DNA have been implicated in a 
wide variety of human diseases, including cancer. In recent years, considerable advances in genomic, 
proteomic and bioinformatic technologies have made it possible the analysis of mitochondrial pro-
teome, leading to the identifi cation of over 1,000 proteins which have been assigned unambiguously 
to mitochondria. Defi ning the mitochondrial proteome is a fundamental step for fully understanding 
the organelle functions as well as mechanisms underlying mitochondrial pathology. In fact, besides 
giving information on mitochondrial physiology, by characterizing all the components of this subcel-
lular organelle, the application of proteomic technologies permitted now to study the proteins involved 
in many crucial properties in cell signaling, cell differentiation and cell death and, in particular, to 
identify mitochondrial proteins that are aberrantly expressed in cancer cells. An improved under-
standing of the mitochondrial proteome could be essential to shed light on the connection between 
mitochondrial dysfunction, deregulation of apoptosis and tumorigenesis and to discovery new thera-
peutic targets for mitochondria-related diseases.  

  Keywords   Biomarkers  •  Cancer  •  Mitochondria  •  Mitochondrial proteome  •  Oncoproteomics    

    19.1   Introduction 

 Mitochondria represent the main intracellular source of energy, playing a key role in cellular bioener-
getics, ion omeostasis, carbohydrate and fatty acid metabolism. Most of cellular energy is producted 
by the mitochondrial complexes in the oxidative phosphorylation system (OXPHOS). During beta 
oxidation of lipids and Krebs cycle, reducing equivalent derived from oxidation of substrates are 
transferred to NAD +  and FAD (forming NADH and FADH 

2
 ) which are oxidized by a system of elec-

tron carriers located in the inner membrane, the electron transport chain. This process generate a 
proton gradient between the mitochondrial matrix and the intermembrane space, that is used to pro-
duce ATP. The oxidative phosphorylation is not the sole metabolic pathway located in mitochondria. 
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These subcellular organelles host other metabolic processes, including the tricarboxylic acid cycle 
(TCA cycle),  b -oxidation of fatty acid, steroid synthesis, heme biosynthesis. In addition, two of the 
fi ve reactions of urea cycle are located within mitochondria, as well as several reactions of ketogen-
esis and gluconeogenesis (Michal  1999  ) . Mitochondria play a crucial role not only for energy produc-
tion (obtained by breaking down carbohydrates and lipids), but also in controlling intracellular Ca ++  
homeostasis and in regulating apoptosis by releasing cytochrome c, procaspases and other proapop-
totic factors. Moreover, the majority of reactive oxygen species (ROS) are by-products of oxidative 
metabolism. Physiological levels of ROS are involved in the regulation of numerous cellular pro-
cesses, acting as intracellular signaling transducers and even as oncosuppressors (Takahashi et al. 
 2006  ) . If produced excessively, ROS can be noxious to the cell, leading to the activation of the intrin-
sic apoptotic pathway. 

 One of the major targets of ROS is mitochondrial DNA (mtDNA), a circular 16.5 Kb genome, of 
which each human cell may contain several hundred of copies. The mitochondrial genome contains 
13 protein-coding genes and encodes several proteins essential for the function of mitochondrial 
respiratory chain, such as 13 Krebs cycle and respiratory-chain subunits, 22 transfer RNAs and 2 
ribosomal RNAs (rRNAs)-12S and 16S (Fliss et al.  2000  ) . Owing to its closeness to the mitochondrial 
electron transfer chain and a lack of protective histones, mtDNA is extremely sensitive to oxidative 
damage induced by ROS which is probably a major source of mitochondrial genomic instability causing 
respiratory dysfunction.  

    19.2   Role of Mitochondria in Cancer 

 Considering the essential involvement of mitochondria in cellular bioenergetic and in various impor-
tant cellular processes such as apoptosis and cellular oxidative stress responses, it is not surprising that 
mitochondria dysfunction could contribute to the development of numerous human diseases including 
the genesis and/or progression of cancer. The fi rst hypothesis of the possible existence of tight connec-
tion between mitochondrial bioenergetics and tumourigenesis was advanced several decades ago by 
Otto Warburg  (  1956  )  who demonstrated that cancer cells, contrary to normal cells, use glycolysis to 
generate energy even when oxygen is available. He assumed that this particular metabolic shift charac-
terized by high glucose uptake and elevated lactate production was caused by mitochondrial impair-
ment and was the origin of malignant transformation. Warburg’s brilliant observation has had a great 
impact, profoundly stimulating the investigation of mitochondrial function in tumor cells and has now-
adays important clinical applications in the visualization of tumors by positron emission tomography 
(PET) imaging technique. However, in light of recent fi ndings, there must be at present a signifi cant 
re-evaluation of the role of mitochondria in cancer cell metabolism. Recent studies, in showing that 
mutations in the nuclear genes encoding succinate dehydrogenase (SDH) and fumarate hydratase (FH), 
both enzymes of the TCA cycle, predispose to development of hereditary paraganglioma or leiomyoma 
and papillary renal cell cancer (Baysal et al.  2000 ; Tomlinson et al.  2002  ) , revealed the existence of an 
important link between mitochondrial malfunctioning and tumourigenesis. Consequent changes in the 
expression and activity of enzymes that determine the rate of metabolic fl uxes can promote metabolic 
reprogramming which confers replicative advantages to rapidly proliferating cancer cells (De Berardinis 
et al.  2008a  ) . In reality, it is becoming evident that “aerobic glycolysis” typical of cancer cell is only an 
aspect of a more complex metabolic shift aimed to provide not only energy by increasing ATP produc-
tion in an oxygen independent manner, but also to convert extracellular nutrients into biosynthetic 
precursors required for synthesize nucleotides, proteins and lipids necessary for the rapidly growing 
cells (Hammerman et al.  2004 ; Garber  2006 ; Moreno-Sanchez et al.  2007 ; Kim and Dang  2007  ) . 
Increasing evidences have implicated mitochondria in the pathogenesis of cancer, showing the pres-
ence of somatic mutations in the mitochondrial genome (mtDNA) that has been observed in a wide 
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variety of tumors (Brandon et al.  2006  ) , with a frequency that was reported to be ten times higher than 
that of nuclear DNA mutations (Verma et al.  2003  ) . The six hallmark that characterize the malignant 
transformations (limitless proliferative potential, self-suffi cient in growth signals, insensitivity to anti-
proliferative signals, disabled apoptosis, sustained angiogenesis and invasiveness/metastatic potential) 
that have been described in a milestone article by Hanahan and Weinberg  (  2000  )  may be directly or 
indirectly related to mitochondrial dysfunction (Galluzzi et al.  2010  ) . Notwithstanding a growing num-
ber of evidences suggesting a more active role for mitochondrial physiology in cancer cell metabolism, 
it is complex issue to defi ne how the different mitochondrial activities and functions could be associ-
ated to cancer and to identify the mechanisms by which mitochondria can contribute to malignant 
transformation and tumor progression.  

    19.3   Proteomic Strategies for Studying Mitochondrial Proteome 

 The important role that mitochondria dysfunction seems to play in several diseases, including cancer, 
has aroused great interest in studying mitochondrial proteome, in an attempt to identify new potential 
diagnostic markers and therapeutic targets (Gaucher et al.  2004  ) . Several tools exist to study mito-
chondria and, among them, proteomics technologies are becoming to play an ever more active role in 
investigating mitochondrial physiology in cancer cell metabolism. The most direct approach to obtain 
the complete mitochondrial proteome is to isolate highly purifi ed mitochondria and determine the 
subset of mitochondrial proteins by mass spectrometry. Once isolated these organelles by classical 
differential centrifugation, gradient ultracentrifugation or free-fl ow electrophoresis, mitochondria can 
be solubilized and the proteins can be separated in various ways (Pfl ieger et al.  2002 ; Mootha et al. 
 2003 ; Sickmann et al.  2003 ; Taylor et al.  2003  ) . As recently reviewed by Mathy and Sluse  (  2008  ) , the 
techniques available to carry out valid comparative proteomics are fundamentally based on two dif-
ferent approaches: two-dimensional electrophoresis (2-DE electrophoresis) and peptide mass fi nger-
printing (PMF) or shotgun proteomics. These methods differ by the means utilized to separate and 
identify proteins and involve a series of advantages and disadvantages intrinsically related to the 
method of choice and to the type of sample to analyze. A classical proteomic approach frequently 
applied by researchers working in proteomic fi eld is conducted by using 2-DE as powerful separation 
method and mass spectrometry (MS spectrometry) as effi cacious identifi cation method. In short, 
2-DE, the most popular proteomic technology that separates proteins based on their isoelectric point 
and molecular weight, is a method that offers several advantages, giving the best resolution in terms 
of separation and permitting also to identify post-translationally modifi ed forms of proteins, such as 
phosphorylation that are responsible for the appearance of trains of spot in 2-DE map (Mathy and 
Sluse  2008  ) . Therefore, at least theoretically, it should be able to resolve the estimated 1,500 mito-
chondrial proteins on a single gel. However, this technique presents several limits in its ability to 
analyze the mitochondrial proteome for various reasons. A large percentage of mitochondrial proteins 
(such as the complexes of the respiratory chain) are integral or peripheral membrane proteins which, 
due to their extremely hydrophobic character, tends to precipitate during electrophoresis. In addition, 
mitochondria contain many low molecular weight proteins (<10 kDa), and very basic proteins (pI > 9), 
which are diffi cult to resolve by standard 2-DE (Wilkins et al.  1998  ) . Some of these problems was 
recently solved with the introduction of labelling methodologies like DIGE that has enhanced notably 
the versatility of 2-DE, allowing not only the identifi cation of low abundant proteins but also sup-
pressing the inter-gel variability and considerably improving the reproducibility of the quantitative 
proteomic analysis (Unlu et al.  1997  ) . All protein spots of interest can be excised from the gel, digested 
by a specifi c protease and identifi ed by MS spectrometry. 

 In another type of proteomic approach, commonly named shotgun proteomics, the protein separa-
tion is not carried out by the traditional 2-DE electrophoresis but by liquid chromatography. Peptides 
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resulting from specifi c protease’s digestion are separated and then identifi ed by injecting them into a 
mass spectrometer via electrospray ionization (ESI) or by spotting them onto a MALDI (matrix-
assisted laser desorption ionization-mass spectrometry) plate. Besides having the advantage of the 
extreme rapidity of execution, the shotgun strategy permits to overcome some important limits of the 
traditional approach with 2-DE, such as the identifi cation of proteins with extreme hydrophobicity, 
mass, or isoelectric point. However, in same cases of particular complexity of the sample, it could be 
appropriate to carried out a cellular fractionation to obtain a better separation and consequently an 
undoubted identifi cation of a major number of proteins. Several methods of comparative proteomics 
have been introduced for shotgun proteomics. In one of the fi rst technique used, the ICATs (Isotope-
coded affi nity tags), proteins or peptides derived from two different samples are labeled with heavy 
and light stable isotopic probes. Both samples are then mixed, digested with a protease and subjected 
to avidin affi nity chromatography to isolate peptides labeled with isotope-coded tagging reagents. The 
ICAT peptides are then analyzed by liquid chromatography-mass spectrometry (LC-MS) to calculate 
the relative abundance levels by comparing signal intensities of the labeled peptides (Gygi et al.  1999  ) . 
The method, however, is applicable only to cysteine-containing proteins, which make up about 30% 
of the total proteome. Differently from ICAT, SILAC (stable isotope labeling by amino acids in cell 
culture) technique avoids any chemical modifi cation of proteins in the process of encoding quantita-
tive information. Protein labeling is not carried out after protein extraction, but directly in cell culture, 
by metabolic incorporation of the heavy and light amino acids into the proteins that results in a mass 
shift of the corresponding peptides which can be detected by a mass spectrometer. This technique, that 
obviously presents all the advantages of shotgun proteomics, allows comparison samples from differ-
ent conditions or treatments which are combined and treated as a single sample throughout subse-
quent purifi cation and analyses (Ong and Mann  2006  ) . This approach has been applied to study cell 
signaling, post translational modifi cations such as phosphorylation (Ibarrola et al.  2004 ;    Harsha et al. 
 2008 ), protein-protein interaction and regulation of gene expression. Moreover, some tags used in this 
type of approach offer the possibility of simultaneously analyzing relative protein levels from multiple 
complex samples, such as the iTRAQ (isobaric tag for relative and absolute quantitation) and the 
ExacTag reagent, that permit to compare up to eight and up to ten samples respectively (Griffi n et al. 
 2007 ; Parman et al.  2007  ) . More recently, SELDI-TOF, an extension of MALDI-TOF has been intro-
duced as powerful tool for rapid identifi cation of cancer-specifi c biomarkers and proteomic signa-
tures. This technology has been applied to a wide variety of cancers, but needing raw samples it is not 
very suitable for the application on isolated mitochondria. 

 As discussed previously, each of these methods suffers from intrinsic technical limitations and can 
be suitable for some type of samples rather than others. Undoubtedly the advent of new techniques of 
comparative proteomics offers new possibility for investigating mitochondrial proteome. However at 
present there is no single proteomic technology that has the analytical capacity to permit the complete 
coverage of proteome of a whole cell or organelle, including mitochondria. Generally, each strategy 
has been found to successfully resolve a particular type of cellular components, then, depending on 
the aim of the study that is undertaken, one technique can be better performing for the analysis rather 
than others. Therefore to minimize the biases and problems associated with the individual methods it 
is often appropriate to combine various proteomic technologies in an attempt to obtain the maximum 
of proteome coverage. That is the approach carried out by McDonald et al.  (  2006  ) , who compared 
the ability of three protein separation methods (two dimensional liquid chromatography with 
ProteomeLabTM PF 2D Protein Fractionation System, one-dimensional reversed phase high perfor-
mance liquid chromatography, and 2-DE) to determine the relative overlap in protein separation for 
these technologies. In particular, isolating mitochondria and using the inner mitochondrial membrane 
(IMM) subproteome as model of proteome, the authors obtained a little overlap (7%) between the 
proteins observed by the three different separation technologies and less than 24% of proteins com-
mon between any two methods, highlighting how an integrative approach can allow a major coverage 
of the IMM proteome.  
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    19.4   Mitochondrial Proteome 

 Although the mitochondria possess their own independent genome, the majority of the recently estimate 
1,500 human mitochondrial proteins (Meisinger et al.  2008  )  are transcribed from the nuclear genome, 
translated in the cytoplasm and imported into the mitochondria, where they carry out their specifi c 
function. The proteins encoded by the mtDNA include a subset of OXPHOS components, ribosomal 
RNAs and transfer RNAs. Therefore the mitochondrial proteome is a dynamic program (Balaban 
 2010  )  defi ned both by the nuclear and the mtDNA, that can vary signifi cantly depending on specifi c 
cellular requirements and consequently can be reprogrammed in many different pathologic condi-
tions, such as numerous genetic defects (Pagliarini et al.  2008  ) , metabolic diseases such as diabetes 
(Johnson et al.  2009  )  and, not least, the cancer (Krieg et al.  2004  ) . Really, the important role that 
mitochondria play in a wide spectrum of human diseases is well known, typically reported in meta-
bolic and neuromuscular diseases. By matching the 1,100 proteins from MitoCarta, a collection of 
nuclear and mtDNA genes encoding proteins, against genetic disorders using the Online Mendelian 
Inheritance in Man database (OMIM), an online catalog of human genes and genetic disorders, it has 
been esteemed that approximately 170 mitochondrial proteins in OMIM are involved in about 160 
diseases (Huynen et al.  2009  ) . The important association of mitochondria with various pathologies 
profoundly stimulated the proteomic research, leading to an increasing interest in investigating the 
mitochondrial proteome. During the last decade, considerable advances in genomics, proteomics and 
bioinformatics have made it possible to characterize the mitochondrial proteome and to systematically 
identify a list of over 1,000 proteins that constitute them. In particular, the human mitochondrial 
proteome has been extensively studied in highly purifi ed heart mitochondria. 

 One of the fi rst study on the mammalian mitochondrial proteome has been published by Taylor 
et al.  (  2003  ) , who by analyzing highly purifi ed mitochondria from human heart by one-dimensional 
SDS-PAGE and LC MS/MS, identifi ed a set of 615 distinct proteins and estimated the total human 
mitochondrial proteome to be about 1,500 proteins. One year later, the same group published another 
study where multidimensional liquid chromatography MS/MS was investigated as an alternative 
means for characterizing the same sample (Gaucher et al.  2004  ) . Taken together, the gel- and non gel-
based methods applied to human heart mitochondrial proteome permitted to identifi ed 680 proteins 
likely to be present in or closely associated with the mitochondria. Interestingly, a good coverage of 
the OXPHOS machinery was obtained. Considering that all the OXPHOS complexes were reported to 
be involved in one or more diseases states, these results are of particular interest and could be useful 
as a basis for differential expression studies of these subunits in various disease states. 

 This paper was followed by other interesting studies, investigating mitochondrial proteome in rat 
tissues by using both 2D-DIGE and quantitative mass approaches (Forner et al.  2006 ; Johnson et al. 
 2007  ) . More recently ,  Pagliarini and coworkers  (  2008  )  performed a MS-based proteomics study on 
both highly purifi ed mitochondrial preparations to discover genuine mitochondrial proteins and dis-
tinguish them from cytosolic contaminants. By integrating MS data with other genome-scale data-
sets of mitochondrial localization, they created a mitochondrial compendium of 1,098 genes and 
their protein expression across 14 mouse tissues. Additionally, by analyzing MS data together with 
a study of the evolutionary aspects of the respiratory chain formation, the authors are able to predict 
19 proteins to be important for the normal function of Complex I of the electron transport chain and 
whose defects can cause diseases. This database represents an accurate and comprehensive molecular 
characterization of the organelle. 

 With the wealth of data arriving from wide-genomic and large-scale proteomics approaches, 
numerous databases have been created, that combine information on genetic, functional and pathoge-
netic aspects of nuclear-encoded mitochondrial proteins (MitoP2, Mitomap, MitoProteome, Human 
Mitochondrial Protein Database, and so on). Among these, MitoP2 (Andreoli et al.  2004  )  is one of the 
most comprehensive database, providing all relevant data on mitochondrial proteomic studies and 
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making them readily accessible via search tools and links (  http://www.mitop2.de    ). This database, 
released in 2004 in replace of an earlier version called MITOP (Scharfe et al.  2000  )  and regularly 
updated, collects results from proteome mapping, mutant screening, expression profi ling, protein-
protein interaction and cellular sublocalization studies, with the aim to provide a comprehensive list 
of mitochondrial proteins of various species, including human, also giving information about putative 
mitochondrial proteins identifi ed by homology search tools. 

 Recently, the increasing number of identifi ed mitochondrial protein sequences and completed 
mitochondrial genomes together with the need of gain an in-depth understanding of the molecular 
functions and processes of mitochondria has lead to the creation of the MitoInteractome, a compre-
hensive multi-species database containing a wealth of information on predicted protein-protein inter-
actions, physico-chemical properties, polymorphism and diseases related to the mitochondrial 
proteome (Reja et al.  2009  ) . MitoInteractome database contains 6,549 protein sequences which were 
extracted from the SwissProt, MitoP, MitoProteome, HPRD and Gene Ontology databases, and aims 
to offer aid in understanding of the molecular functions and interaction networks of mitochondrial 
proteins and help in identifying biomarkers for diagnosis and new molecular targets for drug develop-
ment related to mitochondria. Another more recent freely accessible database, the InterMitoDatabase 
(Gu et al.  2011  )  integrates information from a wide range of resources including PubMed, KEGG, 
BioGRID, HPRD, DIP and IntAct. 

 Taken together, these databases are valuable tools for all researchers who are investigating mitochon-
drial physiology and dysfunction, notwithstanding they comprise only part of the estimated 697–4,532 
total mitochondrial proteins (Calvo et al.  2006  ) . It is evident that the completion of the mitochondrial 
proteome and the in-depth knowledge of its functions is essential not only for the possible discovery of 
new mitochondrial disease proteins, but also for study how the mitochondrial functional capacity could 
adapt to the different needs of the cell in disease state.  

    19.5   Proteomic Approach to Study Mitochondria and Cancer 

 Generally, the two major lines of research currently under investigations in mitochondrial proteomic fi eld 
are: (i) a structural proteomics, which aims to identify a complete list of components of subcellular pro-
teomes and is supported by the development of subproteome databases and (ii) a comparative proteomics, 
which describes proteome variations induced under various conditions (Douette and Sluse  2006  ) . 

 Comparative proteomic analysis has frequently reported extensive protein alterations between 
normal and transformed cells, including qualitative and/or quantitative differences in several mito-
chondrial proteins, confi rming that multiple cellular pathways were involved in the complex process 
of tumorigenesis. For example, in the article published by Chen and co-workers  (  2004  ) , a number of 
proteins were found to be signifi cantly over-expressed in squamous cell carcinoma of the oral mucosa, 
such as glycolytic enzymes, heat-shock proteins, tumor antigens, cytoskeleton proteins, enzymes 
involved in detoxifi cation and anti-oxidation systems, and proteins involved in mitochondrial and 
intracellular signaling pathways.  

    19.6   Mitochondria, Warburg Effect and Proteomics 

 The proteomic approach to cancer cell metabolism seems to confi rm the Warburg’s original hypoth-
esis, regarding a characteristic hyperactivation of glycolysis. In fact, a number of studies have been 
published describing a great heterogeneity of alterations in protein expression patterns that confi rm a 
particular metabolic state in different neoplasias. 

http://www.mitop2.de
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 As recently reviewed by Scatena et al.  (  2010  ) , these studies showed an altered expression of glycolytic 
enzymes in cancer (HK, LDH-A, aldolase – ALD-A and C, pyruvate kinase – PK-M2), even if in 
some case there are evident contradictory data in term of up- or down-regulation of some of them. In 
addition to induction of glycolytic enzymes, it is observed also an enzymes elevation of the pentose 
phosphate pathway, a signifi cant reduction in the levels of components of the Krebs cycle and oxida-
tive phosphorylation, and an increase in glucose transporter (GLUT) levels (i.e. GLUT-1). Moreover, 
various studies have shown induction of the HIF-1a, HIF-2a and phosphatidyl inositol 3-kinase 
(PI3K)/Akt. All these altered protein expression patterns, even if confi rm the Warburg effect, suggest 
that it could be only an aspect of a more complex functional adaptation of which the cancer cell needs 
to fulfi ll the new metabolic requests. 

 Of particular relevance in the study of the metabolic alterations occurring in cancer cells is the role 
of hexokinase II (HKII), an enzyme that is physically associated to the outer surface of the external 
membrane of mitochondria through specifi c binding to a porin (voltage-dependent anion channel). 
This association confers HK direct access to mitochondrially generated ATP, which is one of the two 
substrates of HK. Importantly, mitochondrial HK is strongly elevated in rapidly growing tumour cells, 
being its gene promoter sensitive to typical tumour markers such as HIF-1 and P53. (Mathupala et al. 
 2010  ) . These fi ndings indicate hexokinase II as an important tool used by cancer cells to survive and 
proliferate under even adverse conditions, including hypoxia, being able to inhibit programmed death 
in cancer cells by modulating the interplay, directly and indirectly via Akt, between pro- and anti-
apoptotic factors related to the Bcl-2 family (Kim and Dang  2005 ; Robey and Hay  2006  ) . These 
observations render HK in general and mitochondrial HK in particular an interesting target for the 
investigation of cellular and molecular basis for the association of mitochondrial bioenergetics with 
tumours and could have important implications for glycolysis inhibition in cancer treatment, as 
demonstrated by the introduction of multiple HK inhibitors in preclinical and clinical Phase trials 
(for review: Scatena et al.  2008  ) . 

 A number of oncoproteomic studies reported overexpression of HK in cancer cells, but few of these 
have correlated this induction to a specifi c pathogenetic mechanism involving mitochondrial physiol-
ogy. For example, Danial et al.  (  2003  )  used proteomic analysis to show that BAD, a pro-apoptotic 
BCL-2 family member, resides in mitochondria in a functional holoenzyme complex together with the 
catalytic subunits of protein kinase A and protein phosphatase 1, Wiskott-Aldrich family member 
WAVE-1 (an A kinase-anchoring protein) and glucokinase (HK IV). This complex is fundamental for 
regulating the activity of this HK isoform in response to glucose, and it links the molecular mechanisms 
which modulate glycolysis to those which regulate apoptosis. Interestingly, in a following proteomic 
study, Miller et al.  (  2007  )  hypothesised that the high levels of HK present in rapidly growing tumours 
may serve not only to sustain elevated glycolytic rates, but also to minimize protein oxidative damage 
that might result in a decline in cellular activity, thereby compromising energy metabolism. 

 Similarly, in renal cancer, a proteomic approach based on 2-DE and MS confi rmed the overexpres-
sion of proteins involved in the majority of steps in the glycolytic pathway and decreases in gluconeo-
genic reactions and in the levels of several mitochondrial enzymes (Unwin et al.  2003  ) . In particular, 
among the various alterations reported, this study showed a tumor-specifi c elevation of pyruvate kinase 
M2. Interestingly, the dimeric form of M2-PK is predominant in cancer cells and seems to be caused 
by direct interaction of M2-PK with several oncoproteins (Du et al.  2007  ) . The M2 isoform of this 
glycolytic protein has been studied by Christofk et al.  (  2008  ) , who, by using a novel proteomic screen-
ing approach to identify phosphotyrosine-binding proteins, observed that the activity of M2-PK can be 
regulated by tyrosine kinase signalling pathways. In particular, binding of phosphotyrosine peptides to 
M2-PK results in release of the allosteric activator fructose-1,6-bisphosphate, which in turn leads to 
inhibition of M2-PK enzymatic activity. The authors suggest that cancer cells, by reexpressing M2-PK, 
acquire the ability to use glucose for anabolic processes. In addition to already cited protein modifi -
cations, the study by Unwin et al.  (  2003  )  reported an increased expression of LDH-A in renal cancer 
compared to normal kidney cortex. This fi nding is in accordance with results from other studies 
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demonstrating that LDH-A is strongly up-regulated in neoplasia in response to intratumoural hypoxia 
(Fantin et al.  2006  ) , being controlled by HIF, which binds DNA, thereby infl uencing transcription 
(Pelicano et al.  2006  ) . It is recently demonstrated in cancer cells a shift from A/B isoenzyme pattern to 
the LDH-A form, that better support the conversion of pyruvate into lactate particularly under hypoxic 
conditions, thereby conferring a metabolic advantage to tumour cell. Conversely, a lack of LDH-B 
expression has been identifi ed by MS/MS in human prostate metastatic cancer (Leiblich et al.  2006  )  
and confi rmed by an iTRAQ facilitated proteomic analysis in human prostate cancer cells with differ-
ent metastatic potential (Glen et al.  2008  ) . This a loss of LDH-B expression seems to involve promoter 
hypermethylation, an event frequently associated with development of prostate cancer (Leiblich et al. 
 2006  ) . Interestingly, an involvement of LDH-B in tumour progression and metastasis is demonstrated 
also in a differential proteome analysis of hepatocellular carcinoma cells showing a downregulation of 
this subunit in the clone with high metastatic potential (Ding et al.  2004  ) . Although the silencing 
of LDH-B has been demonstrated in a variety of tumours (Balinsky et al.  1983 ; Kawamoto  1994 ; 
Koukourakis et al.  2005,   2006  ) , the underlying molecular mechanism has not been elucidated in detail. 
Further investigations are needed to clarify how loss of LDH-B contributes to tumour progression.  

    19.7   Mitochondrial Oxidative Metabolism and Oncoproteomics 

 After the Warburg’s observation on the changes of energetic metabolism of cancer cells, an enormous 
amount of studies have been carried out to focus on the metabolic and structural alterations of mito-
chondria in many different tumours. These data have typically shown a characteristic derangement of 
mitochondrial metabolism in the genesis and progression of cancer (Gottschalk et al.  2004 ; Shaw 
 2006 ; Moreno-Sanchez et al.  2007 ; De Berardinis et al.  2008b  ) . 

 From an oncoproteomic point of view, it is interesting to note that several mitochondrial proteins 
have been observed to be altered in a variety of tumour types. 

 In analyzing the protein expression profi les of poorly or moderately differentiated gastric carci-
noma as well as those of adjacent normal tissues from 14 surgical patients, Nishigaki et al.  (  2005  )  
reported several mitochondrial proteins that are differentially expressed in the tumors. Among them, 
three proteins, namely CLPP, COX5A, and mitochondrial enoyl coenzyme-A hydratase (ECH1), are 
known to play a role in mitochondrial metabolism, including redox regulation, suggesting a possible 
novel link between changes in mitochondrial metabolism and gastric carcinogenesis. In particular an 
altered expression of ECH1, that is localized to the mitochondrial matrix and functions in the second 
step of the mitochondrial fatty acid beta-oxidation pathway, has been reported in hepatocellular 
carcinoma and in prostate cancer (Wozny et al.  2007  ) . 

 Similarly, a proteomic approach involving two-dimensional electrophoresis and mass spectrometry 
revealed that a notable group of enzymes involved in cellular redox balance results signifi cantly 
altered by Ras-mediated oncogenic transformation of ovarian epithelial cell lines (Young et al.  2004  ) . 
This up-regulation of the overall antioxidant capacity of transformed cells may constitute a common 
mechanism for tumor cells to evade apoptosis induced by high levels of ROS. 

 One year later, a more systematic approach to characterize mitochondrial proteome from human 
T leukemia cells was carried out by Rezaul et al.  (  2005  )  who identifi ed 227 known mitochondrial 
proteins (membrane and soluble) and 453 additional proteins likely to be associated with mitochon-
dria. Most of these proteins are known to functionally participate in various processes such as respira-
tion, TCA cycle, amino acid and nucleotide metabolism, glycolysis, protection against oxidative 
stress, mitochondrial assembly, molecular transport, protein biosynthesis, cell cycle control, and other 
known cellular processes. 

 An altered energy metabolism in cancer cells is observed also in a study of Kim et al.  (  2007  ) . 
Interestingly, two-dimensional electrophoresis proteomics on the mitochondria-enriched frac-
tion in the human gastric cancer cell line AGS revealed high expression of four mitochondrial 
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 proteins: ubiquinol-cytochrome c reductase, mitochondrial short-chain ECH1, heat shock protein 60, 
and mitochondria elongation factor Tu. The increased levels of stress-related and chaperoning pro-
teins (i.e. HSP70, HSP60, and mitochondrial translation elongation factor Tu protein) provide evi-
dence of translational machinery remodelling in the gastric cancer cells, that requires not only an 
alternative source of energy but also an adequate support of chaperone systems. Interestingly, the 
mitochondrial elongation factor Tu was reported to be up-regulated also in a more recent proteomic 
analysis of tumorigenic and metastatic breast cancer cells (Chen et al.  2011  ) . 

 Another metabolic adaptation frequently observed in cancer cells is the accelerated rate of fatty 
acid degradation, showed by the overexpression ECH1, which catalyzes the second step of the 
 b -oxidation pathway. This emphasizes how the cancer cell exploit also this energy source for its altered 
metabolism and represent only an aspect of a more complex metabolic rearrangement that the cancer 
cell puts into practice to respond to the new primary requests of its uncontrolled proliferation. 

 Consistent with previous studies reporting a decrease of cytochrome oxidase in different neopla-
sias, Krieg et al.  (  2004  )  demonstrated a specifi c association between altered cytochrome c oxidase 
subunit levels and tumor-altered metabolism in normal and tumor prostate-derived cell lines. 

 Oncoproteomic studies have shown a downregulation of mitochondrial proteins in hepatocellular 
carcinoma tissues (Sun et al.  2007  )  and of two mitochondrial ATPase subunits (ATP5a1 and ATP5b) 
(Chafey et al.  2009  )  in mice with liver-specifi c deletion of Apc resulting in acute activation of beta-
catenin signaling. Mitochondrial isocitrate dehydrogenase subunit  a  was reported overexpressed more 
strongly in cancer tissues than normal ones in oral squamous cell carcinoma (Hayashi et al.  2009  ) . 

 The comparison of membrane fraction proteomic profi les of normal and cancerous human colorectal 
tissues performed with a gel-assisted digestion method and iTRAQ labeling mass spectrometry high-
lights various changes of protein profi les associated with the process of colorectal tumorigenesis. Among 
the differentially expressed proteins is SLC25A4, a member of mitochondrial solute carrier family 25A4, 
which consists of a number of proteins transporters of a large variety of molecules, that is signifi cantly 
increased in colorectal cancer tissues compared with matched normal tissues. This protein is suggested 
to be one of the potential biomarkers for monitoring colorectal carcinoma (Chen et al.  2010  ) . 

 In order to thoroughly understand the molecular mechanisms associated with tumorigenesis and 
metastasis, a subcellular proteomic strategy has been applied by Chen et al.  (  2011  )  to identify specifi c 
tumor-related markers in mitochondria. To this aim, mitochondrial proteins has been purifi ed from 
three breast cells, MCF10A, MCF7, and MDA-MB-231, respectively corresponding to the normal 
luminal epithelial cells, the non-invasive breast cancer cells derived from luminal duct, and the invasive 
breast cancer cells derived from the same tissues, and subjected to 2D-DIGE and MALDI-TOF mass 
spectrometry. Among the numerous differentially expressed spots identifi ed by their peptide fi nger-
print, 33 proteins belonged to mitochondrial proteins, most of which are involved in electron transport, 
metabolism and protein folding. These include cytochrome c oxidase subunit 5B, malate dehydroge-
nase and elongation factor Tu which are highly expressed in both low invasive and aggressive breast 
cancer cells. Interestingly, several of the identifi ed proteins such as calcium-binding mitochondrial car-
rier protein SCaMC-1 is overexpressed in common non-invasive and invasive breast cancer cells.  

    19.8   Mitochondria, Oncoproteomics and HIFs 

 It is well known that the cancer cells are frequently exposed to reduced availability of nutrient and 
inadequate O 

2
  concentrations, which decline as the distance from the vessel increases (Harris  2002 ; 

Brahimi-Horn et al.  2007  ) . This may lead to epigenetic and genetic adaptation of clones that, escaping 
this oxygen defi cient microenvironment, acquire increased invasiveness and metastasis. 

 A major mechanism mediating adaptive responses to reduced O 
2
  availability is the regulation of tran-

scription by hypoxia-inducible factor 1 (HIF-1) (Semenza  2009  ) . The levels of HIF-1a itself can be regu-
lated by hypoxia transcriptionally and posttranslationally through ubiquitination. In addition, adaptive 
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response mediated by HIF-1 complex involves the regulation of genes that respond to changes in available 
oxygen in the cellular environment, specifi cally to decreases in oxygen concentration. The hundreds of 
genes that are induced by hypoxia in an HIF-1-dependent manner encode proteins that have key roles in 
every critical aspect of cancer biology. Among these functions, the most fundamental may be angiogen-
esis (Liao and Johnson  2007  ) , which has been a major focus of cancer biology and therapy over the past 
decade, and glucose/energy metabolism (Swietach et al.  2007 ; Chiche et al.  2009 ; Semenza  2009  ) , which 
is already being studied and probably will be more extensively investigated in the next decade. 

 In response to hypoxia, HIF-1 is up-regulated, which enhances expression of glycolytic enzymes 
and concurrently it down regulates mitochondrial respiration through up-regulation of pyruvate dehy-
drogenase kinase 1 (PDK1) (see recent reviews Semenza  2009 ; Solaini et al.  2010  ) . Specifi cally, 
HIF-1 induces expression of PDK1, PDK1 phosphorylates and inactivates PDH, the mitochondrial 
enzyme that converts pyruvate into acetyl-CoA. Thereby, in combination with the hypoxia-induced 
expression of LDH-A, which converts pyruvate into lactate, PDK1 reduces the delivery of acetyl-CoA 
to the tricarboxylic acid cycle. Moreover, the subunit composition of cytochrome oxidase (COX) is 
altered in hypoxic cells by increased expression of the COX4-2 subunit, which optimises COX activ-
ity under hypoxic conditions, and increased degradation of the COX4-1 subunit, which optimises 
COX activity under aerobic conditions (Semenza  2007  ) . 

 Proteomic studies have confi rmed the fundamental role for HIF-1a in breast and prostate cancer 
biology, specifi cally in the early stages of mammary and prostate carcinogenesis (Kimbro and Simons 
 2006  ) . Moreover, its expression is correlated with diagnostic and prognostic indicators for early 
relapse and metastatic disease. For these reasons, HIF-1a is considered a potential prognostic bio-
marker in proteomic assessments of breast, prostate, lung and gastric cancers (Vaupel  2004 ; Kimbro 
and Simons  2006 ; Semenza  2007 ; Denko  2008 ; Vander Heiden et al.  2009  ) . 

 Interestingly, Liu et al. showed in gastric cancer a novel thyroid hormone-mediated tumourigenic 
signaling pathway in which T(3)-induced overexpression of HIF1-a was mediated by fumarate accu-
mulation (Liu et al.  2009  ) . It could be interesting to evaluate the potential role of succinate accumula-
tion in stabilizing HIF-1a (due to mutations in the succinate dehydrogenase B or succinate 
dehydrogenase D genes that inhibit HIF prolylhydroxylase) via a proteomic approach to clarify the 
complex protein modulation mediating this important phenomenon (Frezza and Gottlieb  2009  ) . 

 Taken together, these experimental and clinical data delineate an important role for HIF-1 in medi-
ating radiation resistance and provide a therapeutic rationale for clinical trials that combine radiation 
therapy with HIF-1 inhibitors (Semenza  2010  ) . 

 One aspect that has been partially disregarded in the analysis of cancer cell metabolism in general 
and in that of the Warburg effect in particular is the pentose phosphate pathway. Interestingly, oncopro-
teomic studies have already detected the enzymes induction of this metabolic in liver cancers, breast 
cancer metastases and in different prostate cancer cell lines (Vaupel  2004 ; Lee et al.  2005 ; Shaw  2006 ; 
Bottoni et al.  2009  ) . As previously noted, some proteomic studies showed an impaired tricarboxylic 
acid cycle in certain types of cancers, while it was variable in others. However, the meaning of this 
impairment should be carefully evaluated. In fact, the Krebs cycle, such as mitochondrial oxidative 
metabolism in general, could be reduced simply due to the shifting of some substrates towards anabolic 
pathways (Moreno-Sanchez et al.  2007 ; De Berardinis et al.  2008a ; Scatena et al.  2008  ) .  

    19.9   Mitochondrial HSP-70 and Oncoproteomics 

 Another interesting mitochondrial protein over-expressed in cancer is mortalin, also known as mito-
chondrial heat-shock protein 70, to which have been ascribed numerous cellular functions, such as 
the control of cell proliferation, cellular senescence and immortalisation. Different proteomic 
approaches have confi rmed the correlation between HSP70 overexpression and the differentiation 
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level and/or aggressiveness of various types of cancer. As examples, we cite proteomic studies of 
gastric adenocarcinoma (He et al.  2004  ) , hepatocarcinoma (Bottoni et al.  2009  )  and oesophageal 
cancer (Jazii et al.  2006  ) . Interestingly, in colorectal adenocarcinoma mortalin overexpression was 
found to correlate with a poor prognosis (Dundas et al.  2005  ) . More interestingly from a therapeutic 
point of view for potential clinical applications, various oncoproteomics studies correlate elevated 
levels of HSP70 with therapeutic resistance (Voss et al.  2001 ; Castagna et al.  2004 ; Allal et al.  2004 ; 
Smith et al.  2007 ; Short et al.  2007  ) . A useful example is the study of Pocaly et al.  (  2008  ) , which 
utilised a proteomic approach to analyse the molecular basis of resistance to imatinib, a tyrosine 
kinase inhibitor that is used as a front-line therapy in chronic myeloid leukaemia. Among the identi-
fi ed proteins, the authors observed a differential expression of HSP70 suggesting a role for these 
proteins in the development of imatinib resistance. Of note, elevated levels of mortalin have also 
been observed in many in vitro-immortalized and tumor-derived cells, and tumor tissues and has 
been evidenced to signifi cantly contribute to cancerogenesis. Interestingly, this protein is mainly 
found in mitochondria, but also in cytosol. Depending on its intracellular distribution and on its 
interactions with other proteins, numerous different effects have been ascribed to mortalin. In cyto-
sol this protein is able to sequester the tumor suppressor protein p53 (Wadhwa et al.  2002  ) , as well 
as to activate the oncogenic Ras-Raf signaling pathway  ( Wadhwa et al.  2003  ) , which controls cell 
proliferation and is often deregulated in tumors.  

    19.10   Mitochondria, Oncoproteomics and Resistance 

 Another important consequence of malignant transformation of the cells is their acquired resistance 
to apoptotic cell death. As well known, two are the major apoptotic pathways. The extrinsic one 
(receptor-mediated) involves formation of a death-inducing signal complex (DISC) consisting of Fas, 
Fas-associated death domain (FADD), and procaspase 8, which subsequently activates procaspase 3 
and other effector caspases. By contrast, the permeabilization of the outer mitochondrial membrane 
followed by release of cytochrome c is considered a key event during the early phase of the mitochon-
dria-mediated apoptotic process. The resulting cascade of events, involving the activation of procas-
pase 9 and other effector caspases, determine the cleavage of a variety of cellular proteins, leading to 
cell death via intrinsic apoptosis. In addition, mitochondrial production of ROS also seems to play a 
role in cell death, in regulating the process involved in the initiation of apoptotic signaling. Most 
chemotherapeutic agents induce apoptosis through at least one of these pathways. Several functional 
proteomic studies were undertaken in an attempt to investigate the mechanisms by which chemothera-
peutic agents perform their antineoplastic action. For example, by applying 2-DE approach on human 
nasopharyngeal carcinoma cell lines exposed to gold(III) porphyrin 1a, Wang et al.  (  2005  )  identifi ed 
a number of altered proteins, including enzymes participating in energy production and proteins 
involved in cellular redox balance. These alteration suggest that gold(III) porphyrin 1a induced apop-
tosis by mitochondrial death pathways related to ROS. 

 In evaluating the variation of proteomic profi le in the mitochondrial fraction of adrenocortical 
carcinoma cell line after exposure to mitotane, Stigliano et al.  (  2008  )  observed an alteration of pro-
teins involved in energetic metabolism, stress response, cytoskeleton structure, and tumorigenesis. In 
particular, owing to drug-treatment, aldolase A, peroxiredoxin I, heterogenous nuclear ribonucleopro-
tein A2/B1, tubulin-beta isoform II, heat shock cognate 71 kDa protein, and D, and heat shock 70 kDa 
protein 1A were up regulated. 

 In addition to analyze the modulation of protein expression profi les in cancer cells induced by 
antineoplastic drugs, the knowledge of signaling pathways and proteins that contributes to the resis-
tance against apoptosis-inducing therapeutic regimens is fundamental for establish new therapeutic 
protocols aimed to selectively target rapidly proliferating cancer cells. To this aim, various researchers 
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deemed advantageous to use a proteomic approach. In fact, from an oncoproteomic point of view, it is 
reasonable to expect that drug radioresistance reveals a global changes in expression levels of proteins 
involved in various intracellular pathways. Various proteomic studies have been recently published 
investigating molecular mechanisms by which cancer cells overcome the cytotoxic effects of radiation 
and showing alterations in protein expression levels associated with anticancer drug-resistances. 

 Changes in mitochondrial protein abundances were found in MCF-7 human breast cancer cells 
selected for resistance to adriamycin accompanied by verapamil (Strong et al.  2006  ) . Specifi cally, 
the increased abundance detected for two key enzymes involved in fatty acid oxidation, 3,2 trans-
enoyl CoA isomerase and the trifunctional enzyme  a -subunit, suggests that this metabolic alteration 
could favor drug-resistant cancer cells in supporting ATP synthesis. Moreover increased levels of 
proteins involved in ATP production, such as adenylate kinase 2 and three truncated  a -ATP synthase 
isoforms were reported in this study, whereas decreased levels of cytochrome c oxidase subunit Vb 
were also detected. 

 Another study investigating the alterations of mitochondrial proteome induced in non-Hodgkin 
lymphoma by adriamycin reported increased levels of HSP70, ATP-binding cassette transporter 
isoform B6 (ABCB6) and prohibitin (PHB), that seem to be closely related to chemoresistance 
(Jiang et al.  2009  ) . 

 By shotgun analysis, alterations in the abundances of proteins in soluble mitochondrial fractions of 
a mitoxantrone-resistant MCF-7 cell line and its parental drug susceptible cell line were investigated 
by Wang et al.  (  2007  )  to provide enhanced understanding of drug resistance. Of particular interest are 
several proteins shown to have altered abundances in the drug-resistant cell line, such as apoptosis 
inhibitor 5 and PHB, that are reported to be potent suppressors of the E2F-dependent apoptotic path-
way. Also galectin-3 binding protein, which is involved in regulation of tumor proliferation, angio-
genesis and apoptosis, was found increased in MX cells, thereby contributing to evasion of apoptosis 
and cell survival. 

 Consistent with previous results reporting a bioenergetic dysfunction of mitochondria in many 
types of cancers, Shin et al.  (  2005  ) , to screen for proteins possibly responsible for 5-fl uorouacil (5-FU) 
resistance, showed a down-regulation of the alpha subunit of mitochondrial F(1)F(0)-ATP synthase 
(ATP- a ) that results in decreased ATP synthase activity in drug-resistant cells compared with parent 
cells. They also established a positive correlation between ATP synthase expression and 5-FU sensi-
tivity in human colorectal cancer cell lines. Other fi ndings supporting a link between chemoresistance 
and ATP synthase down-regulation, probably imputable to reduced oxidative phosphorylation capa-
bility that hampers the apoptotic potential of the cancer cell (Dey and Moraes  2000  ) , were provided 
by Dai et al.  (  2010  ) . In mitochondrial comparative proteomics of human ovarian cancer cells and their 
platinum-resistant sublines, they identifi ed a list of differentially expressed spots, among which fi ve 
mitochondrial proteins involved energy metabolism and electron transfer respiratory chain, including 
such as ATP- a , thioredoxin-dependent peroxide reductase, mitochondrial precursor (PRDX), PHB, 
ETF (electron transfer fl avoprotein), and ALDH (aldehyde dehydrogenase) that were all downregu-
lated platinum-resistant cell lines. In particular, the differential expression in tumor cells of one of 
them, the PHB, has been examined in several studies, many of which reported elevated levels in trans-
formed cells in respect to normal. The precise molecular function of the PHB complex is not clear, but 
a growing body of evidence suggests for PHB a role in apoptosis, by modulation of transcription 
(Fusaro et al.  2003  )  or by inhibition of the intrinsic apoptotic pathway (Gregory-Bass et al.  2008  ) , in 
addition to its action as chaperone for respiration chain proteins. It is recently showed by a proteomic 
approach that PHB1 levels are signifi cantly elevated in membrane fractions isolated from paclitaxel-
resistant sublines compared to their normal drug-sensitive sublines, but whole cell levels of protein 
were unchanged (Patel et al.  2010  ) . Also a comparative analysis of the proteome of ribosomal proteins 
of human colon cancer cell line and its 5-FU-resistant subline showed a signifi cative upregulation 
of PHB, whose modulation may be related to 5-FU resistance (Kimura et al.  2010  ) . In the already 
cited study, Chen et al.  (  2011  )  reported that PHB was is downregulated in mitochondrial fractions of 
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non-invasive and invasive breast cancer cells, but appears confi ned in their nucleous. Moreover it has 
been demonstrated that PHB may accumulate on the cell membrane where it can interact with pep-
tides and endogenous ligands. Then, these apparently contrasting results could be explain with a dif-
ferential distribution of the PHB not only between normal and tumor cells, but also between various 
intracellular compartments. Intriguingly, this protein has been shown to migrate from an intracellular 
compartment to one on the cell surface that mediates the drug-resistant phenotype (Fusaro et al.  2003  ) . 
This suggests that the cellular localization of the PHB rather than the total amount of this protein in 
the cell, may be relevant to drug-resistance phenotype (Patel et al.  2010  ) . 

 From a therapeutic point of view, considering that mitochondria are the cellular powerhouse and 
the primary source of energy for the cell, there is an increasing interest in developing compounds 
selectively targeting mitochondria for the treatment of neoplasia. Proteomic methods and bioinfor-
matics tools are currently utilized also for preclinical evaluation of a series of novel, small molecule 
compounds with presumed anti-cancer activities, to assess their anti-proliferative effi cacy in a panel 
of cancer cell lines as well as in a mouse model of human breast cancer (Millard et al.  2010  ) . The 
mechanism of action of these compounds containing a triphenylphosphine, that are able to signifi -
cantly affected signaling pathways relevant to growth and proliferation, includes mitochondrial 
localization that causes decreased oxygen consumption, with concomitant increase in superoxide 
production and attenuation of growth factor signaling.  

    19.11   Mitochondrial Phosphoproteome and Cancer 

 Protein phosphorylation is the posttranslational modifi cation commonly more investigated by pro-
teomic analysis. As well know reversible phosphorylation of proteins is an important regulatory 
mechanism which plays a signifi cant role in a wide range of cellular processes, including in the sig-
naling process targeting proteins to the mitochondria. One of the fi rst examples of systematic docu-
mentation of mitochondrial phosphoproteome in cancer was provided by the research of Guo et al. 
 (  2011  ) . The integration of LC-MS/MS-based and protein antibody array-based proteomics with 
genomics approaches permitted to investigate the phosphoproteome and transcriptome of gastric can-
cer cell lines and endoscopic gastric biopsies from normal subjects and patients suffering from benign 
gastritis or gastric cancer (Guo et al.  2011  ) . Of note, a percentage of overexpressed phosphoproteins 
were associated with mitochondria, including proteins of the electron transfer chain, mitochondrial 
permeability transition pore, mitochondrial ribosomal proteins, as well as various enzymes involved 
in apoptosis and metabolism. These results support the role of the poorly understood regulation of the 
posttranslational signaling network within the mitochondria, further confi rming (providing additional 
evidence of) as critical is their role in oncogenic process in general and in cancer oncogenesis in par-
ticular. It could be advantageous to explore also this interesting area of mitochondrial posttransla-
tional modifi cations to have an expansive view of key regulatory mechanisms that control oncogenesis 
and to better understand the role and function of the mitochondria in health and disease.  

    19.12   Concluding Remarks 

 In last years, it is becoming clear the importance of the proteomic approach as a useful tool to gain 
valuable information on mitochondrial physiology. Advances in proteomic technologies have made 
possible not only to carry out a structural proteomic analysis on complete set of proteins which com-
poses the mitochondrial proteome, but also to perform a quantitative analysis of protein expression in 
mitochondria cancer cells, in an attempt to obtain differential mitochondrial protein profi les in normal 
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and cancer cells. In addition, the recent creation of mitochondrial proteomic databases permits to 
integrate information on genetic, functional and pathogenetic aspects of nuclear-encoded mitochon-
drial proteins. We believe that, besides providing data on up- or down-regulation of one or a number 
of proteins that result altered in carcinogenesis process, the mitochondrial proteomics, if compared to 
data obtained from the cell proteome, can give more interesting information on the true mitochondrial 
status in the cell. Undoubtedly these integrative studies can lead to the identifi cation of markers for 
clinical detection of cancer, and contribute to an better understanding of how differential protein 
expression might infl uence the development of the disease. Additionally, integrative analysis of the 
phosphoproteome and transcriptome could provide a more complete picture of molecular signaling 
pathways and of key regulatory mechanisms that control oncogenesis. At present, the proteomic 
approach to cancer cell metabolism seems to confi rm the Warburg’s subtle observation regarding an 
hyperactivation of glycolysis. However, continuing to consider glycolysis as the sole energetic meta-
bolic pathway that neoplastic cell uses for its remarkable metabolic request will never permit to fully 
understand the mechanisms regulating the environmental adaptation of cancer. In fact, it is becoming 
ever more evident that the aerobic glycolytic state of cancer cells is only an aspect of a more complex 
metabolic rearrangement that occurs into neoplastic cell. Also oncoproteomic fi eld, in demonstrating 
all the complexity of cancer cell metabolism, confi rmed the results of other studies in suggesting a 
more active role of mitochondria in cancer and requiring a revision of so-called Warburg effect. 
Importantly, accumulating evidence of a strict correlation among glycolysis, oxidative phosphoryla-
tion and cancer cell phenotype underlines that cancer cell adopts, by a strong selective program, a 
particular metabolic profi le that tends to utilize every available metabolic pathway to fulfi ll its only 
purpose, (i.e. uncontrolled proliferation). Finally, a more systematic approach to the defi nition of the 
mitochondrial proteomic profi le of normal and neoplastic cell could have important biological and 
clinical implications, not only for evaluating new and more effective anticancer therapies, but also for 
biomarker identifi cation and monitoring of disease progression.      
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  Abstract   Mitochondria’s role in crucial metabolic pathways is probably the fi rst answer which 
comes to our minds for the question: what do these tiny organelles serve for? However, specifi c fea-
tures of their DNA made them extremely useful also in the fi eld of anthropology and forensics. 
MtDNA analyses became a milestone in the complex task of unraveling earliest human migrations. 
Evidence provided by these experiments left no doubts on modern humans origins pointing to Africa 
being our cradle. It also contributed to interpretation of putative ways of our dispersal around Asia 
and Americas thousands years ago. On the other hand, analysis of mtDNA is well established and 
valuable tool in forensic genetics. When other defi nitely more popular markers give no answer on 
identity, it is the time to employ information carried by mitochondria. This chapter summarizes not 
only current reports on the role of mitochondria in forensics and reconstruction of modern humans 
phylogeny, but also calls one’s attention to a broad range of diffi culties and constraints associated 
with mtDNA analyses.  

  Keywords   Anthropology  •  Forensic genetics  •  mtDNA analysis  •  Phylogenetics    

    20.1   Mitochondrial DNA Polymorphism in Anthropology 

 Soon after deciphering the entire sequence of mitochondrial DNA (Anderson et al.  1981  )  this tiny 
molecule let us reveal more and more of its potential. Alas, it has one “drawback” among plenty of 
indisputable advantages – sometimes it cannot replicate itself perfectly. Though, this relatively high 
rate of mutation changes makes mtDNA a good source of knowledge about recent history of  Homo 
sapiens  spanning 150,000 years back or even more. The only marker that played almost as important 
role as mtDNA in unraveling our species phylogeny is Y chromosome. 

 Obviously it is not possible to fully reconstruct phylogeny of any species using a single DNA 
marker, yet realizing that today’s variation refl ects past events – although seemed a challenge at fi rst – 
allowed drawing reasonable conclusions concerning genetic history of  Homo sapiens . 
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    20.1.1   Introduction 

 While for most geneticists mtDNA sequence is fairly enough for subsequent inferences, phylogeneticist 
seeks for special features of the polynucleotide chain to fi rstly assign molecule under study to specifi c 
group, called haplogroup. Haplogroup is a cluster of closely related haplotypes that share mutations 
inherited from common ancestor. Term “haplotype”, in turn, embraces all molecules that are charac-
terized by the same order of nucleotides and fell into defi nite haplogroup. It is worth noting that muta-
tions in mtDNA sequence are usually reported as deviations from the revised Cambridge Reference 
Sequence (rCRS, Andrews et al.  1999  ) . 

 Skeleton of the world mtDNA phylogeny has been quite well reconstructed and most of the major 
haplogroups have been characterized quite deeply (Fig.  20.1 ). Nevertheless, any new haplogroup has 
to be named according to specifi c rules. Nomenclature of haplogroups is fi xed and imposes using 
letters and numbers by turns beginning with a letter, for example U5a1b (Macaulay et al.  1999  ) .  

 Mutual relationships of haplotypes can be depicted as trees – kind of graphs (as seen by mathematics) 
in which each pair of vertices is connected by exactly one straight path. Each path represents at least 
one mutation event. According to this theorem, haplotype can be found in almost every vertex and in 
every leaf (in case it has no offspring). Sometimes, when sequence under study has extremely high 
mutation rate, i.e. mtDNA control region, it is reasonable to present phylogeny in a form of cyclic 
graphs which are called networks by phylogeneticists. Their major attribute, which serves as a key 
factor for discriminating them from trees, is possibility of presenting various plausible simultaneous 
ways of evolution, including specifi c events like parallel and back-mutations. 

 Given a tree, one is able to estimate evolutionary age of each lineage and sometimes also its dis-
persal time. What has to be utilized is so called human mitochondrial molecular clock, which for 
general purposes might be treated as a direct assumption of mutation rate in certain mtDNA regions. 
There are several molecular clocks available, although no uniform calibration has been proposed, that 
would take both coding and non-coding regions into account. On the basis of human-chimp diver-
gence time of 6.5 MYBP Mishmar et al.  (  2003  )  calculated mutation rate of 1 nucleotide change per 
5,138 years that was probably most widely used so far. Its major drawback, however, is exclusion of 
infl uence of selection on shaping mtDNA diversity. Other authors (e.g. Kivisild et al.  2006  )  pointed 
out signifi cant excess of non-synonymous mutations in younger mtDNA clades and therefore sug-
gested counting only synonymous mutations for the calculations. According to their estimations one 
mutation event takes place in mtDNA coding region every 6,764 years, on average. Although the 
clock took effects of selection into account, it still didn’t seem to be accurate enough since it excluded 
a signifi cant portion of mtDNA genome from calculations. Problem of evident time-dependency of 
mutation rate was solved partially by Soares et al.  (  2009  ) . Their calibration also utilizes human-chimp 
splitting time, yet is based on most recent fossil evidence. According to Soares et al.  (  2009  ) , substitu-
tion rate in the whole molecule accounts to 1 per 3,624 years, while in coding region itself 1 mutation 
arises every 3,533 years.  

    20.1.2   MtDNA and the Origins of Modern Humans 

 It is widely accepted now that all modern humans derive from African populations. The most convinc-
ing proof was given by Alan Wilson’s group (Cann et al.  1987  )  of the University of California, who 
used 12 restriction enzymes in their study to digest mtDNA taken from as little as 147 donors repre-
senting various contemporary populations – Americans (both of European and African origins), East 
Asia and New Guinea inhabitants and Australian Aborigines. Restriction mapping results allowed 
construction of a maximum parsimony phylogenetic tree (MP) depicting evolutionary relationships 
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between all haplotypes. Two deepest roots in this tree were representing mtDNA of exclusively 
African origin and a mixture of African and non-African lineages. Surprisingly, most signifi cant 
diversity was noted among purely African lineages. These observations were interpreted as a strong 
evidence supporting so called “out of Africa” hypothesis suggesting that  H. sapiens  is of African 
origin. Performing molecular dating of the tree has shown, that the last common ancestor of the all 
mtDNA sequences under study (so called “mitochondrial Eve”) must have lived in Africa about 
140,000–200,000 years ago. Many subsequent mtDNA analyses confi rmed Wilson’s conclusions 
(Vigilant et al.  1991 ; Mishmar et al.  2003 ; Macaulay et al.  2005  ) . Global mtDNA tree can be divided 
into two daughter branches, L0 and L1’5 (Behar et al.  2008  ) . The L1’5 branch encompasses sub-
Saharan L3 that is dated 50,000–84,000 years back (Macaulay et al.  2005 ; Kivisild et al.  2006  ) . Two 
macrohaplogroups, M and N, deriving directly from L3 cover all mtDNA molecules noted in all popu-
lations beyond Africa. Part of N haplogroup evolved into another numerous and also very divergent 
haplogroup – R. 

 Phylogenetic tree reconstructed on the basis of single nucleotide polymorphisms (SNPs) found on 
non-recombining part of Y chromosome (NRY) has a topology that highly resembles the one created 
for mtDNA. They both support the ‘out of Africa’ hypothesis, which assumes gene pool of  Homo 
sapiens  was dramatically reduced as a result of founder effect.  

    20.1.3   Earliest Human Migrations from Africa to Eurasia 

 The time and routes of earliest migrations of our ancestors from Africa to Eurasia were most widely 
reconstructed on the basis of mtDNA analyses. All non-African mtDNA lineages are classifi ed as 
belonging to one out of two major macrohaplogroups M and N – both deriving from sub-Saharan L3 
haplogroup. West Eurasian mitochondrial genomes fall almost exclusively into macrohaplogroup N. 
On the contrary, mtDNAs of inhabitants of East Eurasia belong both to M and N macrohaplogroups, which 
originate most probably from East Africa (Quintana-Murci et al.  1999 ; Kivisild et al.  2003 ; Metspalu 
et al.  2004  ) . They reached Asia via so called southern route, during earliest waves of migration of  Homo 
sapiens sapiens  taking place ca. 70,000 years ago. Existence of the southern route, conducted from 
East Africa through Bab-el-Mandeb and southern part of Arabian Peninsula (Yemen), through tropical 
coasts of the Indian Ocean to Southeastern Asia and Oceania, is supported mostly by the M macrohap-
logroup phylogeny. It’s important to notice that its highest diversity and frequencies are noticed in 
India, while in the Near East and Southwest Asia it is very scarce (Kivisild et al.  2003 ; Metspalu et al. 
 2004 ; Sun et al.  2006 ; Chandrasekar et al.  2009  ) . Distribution of frequencies and diversity of macro-
haplogroup M indicates that existence of the ca. 45,000 years ago so called northern route of Eurasian 
colonization, presumed to lead along the Nile river, through Sinai to the Near East, is less plausible. 
Evolutionary ages of M and N haplogroups are similar – 50,000–70,000 years, respectively (Soares 
et al.  2009  ) . Since all mtDNA lineages descending from African L3 haplogroup in India belong to M 
and N haplogroups that are of similar age, one may expect all founder lineages of both macrohaplo-
groups reached Eurasia via southern route during fi rst migrations of  Homo sapiens  from Africa. First 
division into west- and east-Eurasian took place in the region between the Indus Plain and territories 
encompassing southwestern Asia (Metspalu et al.  2004  ) . Haplogroup R arose from macrohaplogroup 
N relatively early (Kivisild et al.  2003  ) . In eastern Eurasia it was divided into B and R9 and in western 
Eurasia – into HV, TJ and U clades. This scenario is refl ected by the results of entire mtDNA genomes 
sequencing experiments encompassing some populations inhabiting regions adjacent to the southern 
route. For example, results of entire mtDNA genomes sequencing from indigenous peopling of 
Malaysia, named  Orang Asli,  showed existence of two haplogroups M21 and M22 of advanced age 
(ca. 57,000 years ago). Its appearance is limited almost exclusively to  Orang Asli  and a few Thailand 
inhabitants (Macaulay et al.  2005  ) . Similar geographical specifi city of some mtDNA clades, derived 
directly from M, N and R haplogroups, was spotted during full mtDNA sequencing experiments among 
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Australian Aborigines and Papua New Guinea inhabitants (Ingman and Gyllensten  2003  ) . Age and 
geographical specifi city of the abovementioned haplogroups indicate that they are regional relicts of 
earliest migrations of modern humans. According to these facts it seems obvious that no matter if fi rst 
colonizers chose northern or southern route, they must have reached the Indian Ocean coasts soon after 
leaving Africa. Some authors assume that there was one wave of migration leading through the south-
ern route which made all three M, N and R haplogroups reach Eurasia. On the basis of molecular dating 
of these clades (TMRCA) in the region between India and Australia it is assessed that fi rst colonizers 
got to India, Eastern Asia (China) and Australia 66,100 ± 5,700, 64,500 ± 3,800 and 63,400 ± 5,200 years 
ago, respectively. Assuming that route of migration adjacent to the Indian Ocean coasts numbered ca. 
12,000 km it can be estimated that the speed of dispersal of modern humans came to 0.7–4 km per year. 
Population which left Africa about 60,000 years ago probably wasn’t numerous and consisted of as 
little as 500–2,000 women (Macaulay et al.  2005  ) . 

 It seems that the results concerning scenario of colonization of Eurasia, as revealed by entire 
mtDNA sequencing, are consistent with the data obtained from population analyses based on the 
nonrecombining part of chromosome Y (NRY). Vital for the inference is the observation of C, D and 
F haplogroups of Y chromosome in populations of South Asia. It is probable that founders of these 
three clades reached Eurasia as a result of single migration event via the southern route. However, 
some authors suggest that beside the earliest wave of migration along southern route, which brought 
C and D clades to Europe, second wave also existed – one that led north, across the Near East, which 
took haplogroup F to West and East Eurasia (Richards et al.  2006  ) . 

 One should be aware, however, that these discrepancies in opinions concerning Eurasia coloniza-
tion events may be only apparent. Colonizing of west Eurasia, which according to soma anthropolo-
gists, archeologists and geneticist was carried out along northern route from Africa, across Sinai and 
the Near East, could be the result of early modifi cation of the chosen direction of migration by some 
group of founders, who fi nally took the southern route. This hypothesis is supported by similar age of 
N and R mtDNA haplogroups in India and Europe (66,100 ± 5,700 and 66,300 ± 5,600 years, respec-
tively) (Macaulay et al.  2005  ) . In compliance with this scenario, ancestors of contemporary Europeans 
would be this group of colonizers, which after having left Africa changed the route and sidetracked 
into north-western direction. Wanderers were restrained from further conquests by the harsh weather 
conditions, yet fi nally entered Near East and Europe 45–50 k years ago. There is also an evidence of 
back-migrations from the Near East into North Africa, based on the presence of haplogroups U6 and 
M1 in North and East Africa (Olivieri et al.  2006  ) .  

    20.1.4   Time and Routes of the Americas Colonization in the Light 
of mtDNA Testing 

 Perfect climatic and topological conditions for conquering America by the modern humans were 
noticed in a period of time between 30,000 and 13,000 years ago due to existence of mainland 
between Siberia and Alaska. If fi rst colonizers took a chance of migrating across the Bering Strait, 
they would run into unexpected obstacle, which blocked the main route into the continent for the vast 
part of Pleistocene. This barrier was an ice-cap lingering huge part of the North America. In the 
times between 55 and 30,000 years ago and about 13,500 y.a. the abovementioned obstacle was 
probably cut with the ice-free corridor between today’s Yukon River, through Canada reaching 
Montana state. This piece of human-friendly ground could serve the colonizers as the promenade 
into America (Jobling et al.  2004  ) . 

 Last decade was abound with intense genetic analyses which aimed in searching for Asian territo-
ries, which were associated with entering the New World. So far, most advanced research concern-
ing mtDNA is currently made with maximum resolution – on the entire mitochondrial genome 
sequencing level. 
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 After migration through Bering Strait was visualized, may scientists naturally paid their attention 
to Central Siberia populations, scarcely studied so far. In fact in the 1990s it was stated that the vari-
ety of mtDNA pool of Native Americans constitutes some part of diversity seen in Central-Asian and 
Siberian populations – in all three linguistic groups of American Indians (Amerindian, Na-Dene and 
Eskimo-Aleut) only four main founder mtDNA haplogroups were noted – A, B, C and D – and all 
that are also seen in Asia (Wallace  1995  ) . Undoubtedly, these sought-after “founder territories” for 
the New World must be located somewhere in Central Asia and/or Siberia. The fi fth founder clade 
seen among Native Americans is X – one that is spotted almost exclusively among some north 
Amerindian groups (i.e. Ojibwa speaking Algonquin language) and Navajo belonging to Na-Dene 
linguistic group (Brown et al.  1998  ) . What characterizes the X haplogroup, and particularly its sub-
clade X2 is its wide range of occurrence in Europe (Reidla et al.  2003  ) . On the contrary, not much is 
known about its existence in Asian populations. Therefore, quite interesting was the discovery of its 
occurrence in southern Siberian populations – among Altaians and Buryats. On this basis it has been 
suggested that Siberian haplogroup X could have been one of the Asian founders for Paleoindian 
mtDNA pool (Derenko et al.  2001  ) . Subsequent analyses of coding region sequence of mtDNA using 
PCR-RFLP technique and entire genome sequencing have shown that Altai, who were assigned to X 
haplogroup, belong to its subclade X2e, which seems much different from X2a typical for Native 
Americans (Reidla et al.  2003 ; Derenko et al.  2007  ) . The latter hasn’t been found in any Eurasian 
population so far. 

 Number and time periods of the fi rst  Homo sapiens  migrations from Asia to the New World are still 
a matter of heated discussion. First hypothesis assumed existence of three waves corresponding to 
three main linguistic groups of Native Americans. Yet, it hasn’t been proven to be true according to 
data obtained from various genetic markers analyses. Arguments against existence of these three 
waves come i.a. from mtDNA analyses, which demonstrate no correlation between genetic structure 
of Native Americans and their affi nity to linguistic groups. More light has been shed on this issue by 
the mtDNA experiments held just 2–3 years ago. 

 Thanks to entire mtDNA genomes sequencing, phylogeny of Native American (A-D) haplogroups 
could be resolved in detail, distributions of frequencies of certain haplogroups were analyzed and 
their evolutionary age was assessed. It turned out that indigenously American origin characterizes 
only subclades A2, B2, C1 and D1 and their evolutionary age is very close (about 20,000 years), what 
suggests that they reached deeper American lands in just one wave of migration from Beringia (Tamm 
et al.  2007 ; Achilli et al.  2008  ) . Until now, it is not clearly explained what was the number of founder 
haplotypes for these haplogroups that took part in colonizing the America. Each of the haplogroups 
could have been represented by single haplotype (its founder node) or multiple haplotypes – as 
suggested for C1 haplogroup, which is said to have three founder haplotypes among the New World 
colonizers (Achilli et al.  2008  ) . 

 Irrespective of the number of founder haplotypes, molecular dating results (TMRCA) for A2, B2, 
C1 and D1 indicate that these haplogroups were brought to the North American continent about 
19,000 years ago, right after the last glacial maximum (LGM). The data gathered so far support the 
hypothesis of an early settlement of modern humans in America, preceding Clovis culture. mtDNA 
sequencing results are absolutely consistent here with archeological data which points to arrival of 
modern humans to the South America (Monte Verde, Chile) at least 12,500 years ago.  

    20.1.5   Colonization of Europe as Revealed by mtDNA Analysis 

 After having left Africa, modern humans manned all the remaining continents and genetic drift in 
populations inhabiting geographically distant areas led to development of a kind of subdivision (structure) 
of the global population. It is refl ected by the results of molecular variance analyses (AMOVA) 
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performed for data coming from various genetic markers. For example, for autosomal biallelic loci 
(single nucleotide polymorphisms, SNPs), about 91% of diversity is observed within population, 
whereas as little as 9% is seen between main continental groups of populations (Li et al.  2008  ) . For 
non-recombinant markers (mtDNA, NRY) part of diversity that is observed between continents is 
considerably higher (12–52%), what is a result of smaller effective population size (1/4 as compared 
to autosomal loci) and related increased impact of genetic drift favoring formation of stratifi cation in 
global population (reviewed by Jobling et al.  2004  ) . It is worth to notice that this structure is more 
evident in the case of Y chromosome than in mtDNA (about 12–22% and 16–52% between continents, 
respectively). To some extent, this difference follows patrilocality that is responsible for higher genetic 
distances between populations as inferred from Y chromosome analyses than mtDNA. 

 While intercontinental differences are easily noticed in a variety of markers, differences between 
populations inhabiting the same continent are defi nitely harder to be spotted. One of the existing 
exceptions is a clear structure of African populations (Tishkoff et al.  2009  ) . The autosomal gene pool 
in Europe is homogeneous but at the same time small genetic differentiation that is present between 
subpopulations (an average of 0.17% of the total genetic variance) is characterized by a signifi cant 
correlation between genetic and geographic distance (Lao et al.  2008  ) . 

 Mitochondrial DNA pool of Europeans is even more homogenous (Simoni et al.  2000 ; McEvoy 
et al.  2004  ) . As a result of early founder analyses of mtDNA in the Near East in Europe is was shown 
that the majority of mtDNA haplogroups in Europe shared a common regional ancestry from the 
Upper Paleolithic and Neolithic (Richards et al.  2000  ) . The pioneer colonization of the Upper 
Paloolithic might have been marked by the most ancient haplogroups in Europe, U8 and U5, dated 
back to ca. 50,000 and 30,000 years, respectively (Soares et al.  2010 ; Malyarchuk et al.  2010  ) . 
During the Last Glacial Maximum (LGM, between 19,000 and 22,000 YBP) human populations 
became concentrated in refugial areas in the western Caucasus and southern European peninsulas. 
Thus, re-colonisation of the continent from southern refugia in the wake of the major warming phase 
after 15 kya appears to be a major concept to explain the mtDNA diversity of the present-day 
Europeans. Recent analyses of the complete mitochondrial genomes point to the postglacial expan-
sion times for most of the lineages spreading from south-west Europe. This re-expansion time frame 
is refl ected mainly in the age of haplogroups V, H1 and H3 which all appear to have originated in 
south-west Europe and date to 11–11.5 kya—the end of the Younger Dryas glacial relapse (Soares 
et al.  2010  ) . Near Eastern Neolithic contribution to the mtDNA pool of Europeans is probably minor 
and includes selected subclusters of haplogroups J and K, namely, J2a1a and K2a, both dating to 
8–9 kya within Europe (Soares et al.  2010  ) . One may predict that future analyses of complete mito-
chondrial genomes accompanied by dating with improved mtDNA clock will shed more light on the 
archeogenetics of Europe.   

    20.2   Mitochondrial DNA as a Tool in Forensic Investigations 

    20.2.1   Introduction 

 Solving many criminal cases is dependent on determining the origin of material evidence by the 
means of molecular biology techniques. Individual identifi cation is a multidisciplinary fi eld, gather-
ing most exciting achievements of molecular biology, genetics, informatics, genomics and many more 
under just one name. The techniques that are currently in use in forensics, are mostly based on DNA 
analyses, so it is not surprising why so much emphasis is put on development of these. 

 The real breakthrough in forensic genetics took place when in vitro amplifi cation of DNA was 
proposed. PCR technique revolutionized virtually all fi elds of experimental biology, but it is not an 
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exaggeration to say that for forensics the new era began. It fi nally turned possible to draw DNA 
profi les from tiny amounts of biological stains and individual DNA identifi cation, thanks to its 
improved (in order of several magnitudes) sensitivity, became fi rst-line method in solving criminal 
cases where any biological trace is involved. Nevertheless, scientifi c aspects of individual identifi ca-
tion are still evolving. 

 One may expect that the commonly used autosomal microsatellite (STR) profi les obtained from 
DNA analysis would be suffi cient for individual identifi cation in all cases, yet quite surprisingly it is 
not true. In certain cases, i.e. when it comes to maternity testing or the collected material is degraded 
or available from hair shaft only, the only hope for forensics expert is utilizing mtDNA analyses.  

    20.2.2   Mitochondrial DNA Analyses in Forensics 

 Although autosomal miniSTRs and single nucleotide polymorphism (SNP) loci are very effective 
tools in identifi cation of most types of specimens, they face some restrictions when analyzed material 
spent some time in unfavorable conditions making nuclear DNA degrade. However, degraded DNA is 
not a deadlock anymore, as mitochondrial DNA testing works quite effi ciently even if material under-
went major damage. 

 Mitochondrial genome has some specifi c features making it more resistant than nuclear DNA. First 
of all, it is of circular shape, which ensures its small vulnerability to exonucleases that usually quite 
easily degrade DNA chains. Secondly, it is present in each somatic cell in high numbers – each mito-
chondrion contains up to 11 mtDNA particles (Cavalier et al.  2000  ) , while there are 1,000–100,000 
mitochondria in each cell (depending on its type) (Lightowlers et al.  1997  ) . Therefore, it is more likely 
to survive under unfavorable conditions than nuclear DNA. Human mtDNA is inherited along maternal 
lineage and undergoes no recombination. Therefore, when used in identifi cation, it doesn’t allow 
pointing to a single person, but rather a group of relatives, descending from a single woman. 
Nevertheless, even if it is not as discriminating as set of microsatellite autosomal loci, it has other 
interesting yet unique attribute – it is quite clearly distinguishable between populations representing 
various continents and even specifi c regions. Therefore, in many cases mtDNA analysis results may 
serve as an important information concerning biogeographic ancestry of the donor. 

 Lack of recombination in mtDNA causes certain haplotypes to get fi xed in population and muta-
tions are the main source of diversity. Quite luckily, mutations occur there ten times more frequently, 
on average, that in nuclear genome (Brown et al.  1979,   1982  ) . High rate of mutation is the main cause 
of high mtDNA diversity, that is noticed in human population, which in turn makes mtDNA highly 
useful tool in forensic genetics. Clear-cut differences are spotted when examining evolution rate in 
various mitochondrial DNA regions. They occur most frequently per unit of time in so called hyper-
variable regions of the D-loop – HVSI in region 16,024–16,400, HVSII between 44 and 340 nucle-
otide and HVSIII from 438 to 576 nucleotide. The highest mutation rate is seen in HVSI region 
(Brandstätter et al.  2004 ; Lutz et al.  1998  ) . 

 In forensic genetics mtDNA analyses are performed usually when other methods are expected to 
or already failed, for example to identify human remains especially when they are old, skeletal remains 
or when the only available material is a hair deprived of bulb. It seems useful also in Disater Victims 
Identifi cation (DVI) teams work, where it serves as a mean of determination of maternal kinship. 

 How it works? Specifi c fragments of mtDNA (usually hypervariable regions HVSI and HVSII) are 
amplifi ed in PCR reaction followed by sequence analysis on automatic analyzers. Sequences obtained 
are tagged with haplotypes variants as a result of comparison with Anderson’s reference sequence 
(rCRS) (Anderson et al.  1981 ; Andrews et al.  1999  ) . If the expert observes conformity of the haplo-
type extracted from material evidence and from the suspect, he or she performs statistical analyses on 
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the basis of population databases consisting of thousands of records representing haplotypes from 
persons unrelated in maternal lineage. The more seldom in the database the haplotype from evidence 
is seen, the more likely it actually belongs to the suspect. However, the strength of mtDNA haplotype 
frequency estimations is still limited by the size of the current forensic databases, especially for rare 
mtDNA sequences that have not been observed in databases. For rare types, the apparent frequency in 
the database will underestimate the true population frequency (Holland and Parsons  1999  ) . Therefore, 
the painstaking efforts are currently being made to increase the size of control region population data-
sets and their geographical coverage (Pereira et al.  2004 ; Behar et al.  2007  ) . 

 It is worth noting that forensic mtDNA analysis has recently been expanded by development of 
minisequencing strategies enabling haplogroup assignment of casework and reference samples. These 
could be extremely helpful in the preselection of samples deriving from suspects and crime scenes in 
high-volume cases (Brandstätter et al.  2006  ) . Several systems of this kind, based on typing of haplo-
group-specifi c SNPs have been proposed – e.g. the one allowing dissection of the most frequent in 
Europe haplogroup H into its subclades (Brandstätter et al.  2006  )  or multiplex minisequencing reac-
tion for genotyping 32 selected coding region SNPs representing main and derived branches of the 
East Asian and Native American mtDNA phylogeny (Alvarez-Iglesias et al.  2007  ) . In the near future 
one may envisage the introduction of complete genome sequencing in forensics, accompanied by a 
development entire mtDNA genome reference population data suitable for forensic comparisons 
(Irwin et al.  2010  ) . 

 It is widely known that not only human genetic material is found on crime scene. When species of 
the donor of DNA has to be determined, mtDNA testing can be a method of choice. The point is to get 
to know  cytb  sequence. Why this particular one? It has been shown that  cytb  gene is characterized by 
high level of diversity between species and remains quite uniform in animals belonging to the same 
species. Therefore, simple PCR followed by sequencing reaction and aligning to  cytb  gene sequence 
entries in nucleotide databases using the program BLAST let expert witnesses answer questions 
concerning donor species with high confi dence (Parson et al.  2000  ) .  

    20.2.3   Quality Control 

 One of the absolutely most important issues in forensic genetics is appropriate and strict quality control. 
Although it is not that obvious at a fi rst glance, molecular phylogenetics has a lot to do when it comes 
to assessing value of the data obtained and in forensics in general. 

 Undoubtedly when an attorney provides forensics expert with material evidence, he or she is usu-
ally interested not in evolutionary history but the identity of the donor of DNA to be found. Nevertheless, 
getting to know haplogroup’s affi nity of the donor, makes it possible to check the correctness of the 
results of the DNA analyses – to some extent. It is particularly important if the biological material is 
old and degraded and the analyses have to be performed in several time-consuming steps – each pro-
viding only a subset of the total DNA sequence. Good Laboratory Practice (GLP) justifi ably forces 
experts to work in two independent groups yet nobody has a right to assume, that it would be enough 
for assuring top class analyses. 

 Haplotype which is obtained during the analyses has to make some “phylogenetic sense” – in other 
words, it has to conform to some haplogroup. All the mutations that are found have to be interpreted 
with known evolutionary events in expert’s mind. If there are some deviations like presence of diag-
nostic mutations typical for two or more haplogroups in one specimen, it should arouse suspicion. In 
most cases such result arises as a consequence of contamination of the sample. In fact, experienced 
geneticist should be able to predict almost entire mtDNA sequence on the basis of its small fragment. 
If his/her predictions are inconsistent with the actual results, analysis should be repeated. 
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 Forensic genetics are usually familiar with phylogenetics and use this knowledge in verifi cation 
of the data  a posteriori  (Bandelt et al.  2001 ;    Salas et al.  2007  ) . Nevertheless, many older mtDNA 
databases created in Europe and USA contained some data that in the light of subsequent phyloge-
netics analyses turned out to be partially incorrect and had to be wiped off (Yao et al.  2004 ; 
Bandelt et al.  2004  ) .  

    20.2.4   Databases 

 Publicly accessible DNA databases are of great importance in forensic genetics. They allow making 
statistical inferences on the results generated by automated sequencers. Defi nitely, the most reliable 
and most widely used mtDNA haplotypes’ database is EMPOP (www.empop.org) maintained by The 
European DNA Profi ling Group (EDNAP). It is an initiative towards gathering control region haplo-
types from various world’s populations in just one place and making them as credible as possible by 
harsh quality control procedures (Parson et al.  2004  ) . 

 The fi rst release of EMPOP, that turned online in October 2006, contained 16121 (Dec 2011) 
haplotypes (   Parson and Dür  2007 ). The second release (EMPOP2, available from May, 2010) includes 
more than 5,000 new mtDNA haplotypes from more than 30 populations and thus contains now 10,970 
haplotypes. The database is divided into two separate parts – fi rst, “forensic”, containing data obtained 
by collaborating forensic laboratories and second, “literature”, built up with reliable data from litera-
ture. All haplotypes included in forensic part were submitted in the form of raw database fi les subse-
quently assembled into consensus sequences. For each new haplotype sequence of the both strands had 
to be confi rmed and further verifi ed by three separate scientifi c teams also by the means of phylogenet-
ics. Similar testing concerns literature data, that undergoes  a posteriori  check for correctness before 
being published. 

 EMPOP database, although managed by Institute of Legal Medicine (GMI), Innsbruck Medical 
University, fruits from partnership of several forensic laboratories, that are into mtDNA analyses and 
passed special verifi cation procedures. 

 Yet, EMPOP is not only well-shaped collection of haplotypes but also bioinformatics tools allow-
ing to check any population dataset. One of the available tools is Network – an algorithm created by 
mathematicians that allows clear, graphical presentation of numerical input data. In fact, it serves as a 
mean to verify correctness of the data (Bandelt and Dür  2007  ) .  

    20.2.5   Casework Examples 

 It has already been mentioned here that mtDNA plays a crucial role in individual identifi cation espe-
cially if the available evidence seems to be degraded, destroyed by fi re or simply old. Geneticists that 
cooperate with DVI teams are often performing mtDNA analyses as this is the only hope for obtaining 
satisfactory results. Humankind history is full of mass disasters like terrorist attack on WTC, tsunami 
in Indonesia or earthquake on Haiti, to name only a few. Sometimes identifi cation by recognition by 
family member is not possible – this in an open gate for DNA testing. Probably the most extensive 
mass identifi cation was held by ICMP (International Commission on Missing Persons) in former 
Yugoslavia (Huffi ne et al.  2001  ) . It was assessed that in Bosnia and Herzegovina there were over 
30,000 missing persons. ICMP had to create a network of fully functional forensic laboratories that 
would cope together with this huge identifi cation challenge. Considerable part of human remains 
were bare scattered bones – material unsuitable for testing on the basis of nuclear DNA. In this cases 
the only choice was to perform mtDNA analyses and compare the results with the before-created 
database of genetic profi les of families seeking their missing relatives. 
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 MtDNA testing can be also a useful tool for identifi cation of historical remains. In 2005 at 
Frombork Cathedral (Poland) remains of a man were exhumed from area proximal to the altar Nicolaus 
Copernicus was responsible for during his life (Bogdanowicz et al.  2009  ) . All the remains – three 
molar teeth and femurs – had the same mtDNA haplotype. In case of Copernicus it was very hard to 
fi nd descendants, whose DNA could serve for comparative purposes. Nevertheless, an attempt was 
made to search for other biological material that would help answer the question whether what have 
been found are the remains of famous astronomer. In collections of Museum Gustavianum in Uppsala 
(Sweden) there was a book, “Calendarium Romanum Magnum”, which was presumed to belong to 
Copernicus for the vast part of his life. It was a subject of thorough examination that let scientists 
reveal several hairs caught between the pages. MtDNA analysis gave surprising results – the haplo-
type found was identical to the one from remains from cathedral! It is very likely that these remains 
belong to Nicolas Copernicus as the haplotype observed was noticed only four times in the EMPOP1 
database – once in Denmark and three times in Germany (Bogdanowicz et al.  2009  ) .       
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