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Abstract

The function and the structure of mitochondria have been the subject of intensive research since the discovery of these organelles. Yet, the
investigation of patients with mitochondrial disease reveals that we do not understand a large part of the underlying pathogenic processes.
This has disastrous consequences in terms of the therapy possibly proposed to the patients and their family. An attempt is made in this short
review to question our present ideas on the potential consequences of mitochondrial dysfunctions and to enlighten new observations which

might be valuable in the understanding of the physiopathology of these diseases.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The identification of disease causing genes in mitochon-
drial (mt) disorders has made considerable progress in the
last decade [1]. Indeed, numerous mutations in both the
mitochondrial DNA and a number of nuclear genes have
been reported in association with a striking diversity of
clinical presentations [2]. Yet, therapy is essentially sup-
portive and prenatal diagnosis is often the only offer that can
be made to affected families [3]. After a burst of hope
triggered by reports on the successful use of peptide nucleic
acids to change mitochondrial heteroplasmy in cell models
[4], further attempts have shown the major limitation of
such an approach [5]. The idea to change the level of
heteroplasmy in the particular case of mutant mtDNA is
however still there, mostly based on the observation that
muscle satellite cells, and possibly other cell types, could
harbour less (or eliminate more) mitochondria with mutant
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mtDNA when stimulated to grow both in vivo or in vitro [6].
But so far, the only achievement in the field of therapy of mt
disorders has been obtained thanks to our understanding of
the functional impairment associated with the pathogenesis.
In 2000, depletion of ubiquinone in the respiratory chain,
despite unknown molecular basis, has been shown to be
possibly counteracted by oral supplementation with the
lacking cofactor [7]. A second example is constituted by
Friedreich ataxia, the most common recessive ataxia,
resulting from a lack of function of frataxin (a mitochondrial
protein involved in handling of the iron necessary to the
synthesis of iron—sulfur cluster in the mitochondria) [8]. The
life-threatening cardiomyopathy associated with this con-
dition has been shown to involve a severe oxidative stress
which can be partially counteracted by idebenone, a potent
antioxidant derivative of ubiquinone [9]. Beside these two
conditions, our understanding of the pathogenesis of most
mitochondrial diseases is so poor that new rationales for
therapy are badly missing. The purpose of this paper is to
briefly review a few facts and some hypotheses on the actual
or potential consequences of respiratory chain defects and
their clinical expression.
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2. ATP depletion, but to which extent?

It is often a good idea to identify a unifying factor
accounting for the consequence(s) of the impairment of one
given cellular function. In the case of mitochondrial function
in a cell, ATP production is an obvious and excellent
candidate. Its central role in almost every cellular process
could easily account for the involvement of any cell/tissue/
organ in mitochondrial diseases. In the particular case of
mutations affecting mtDNA, the heteroplasmy phenomenon
provided an additional key to explain specific organ involve-
ment. For a long time, this provided a kind of rationale
according to which variable energy demand and variable load
of mutant mtDNA concur to explain the different clinical
presentation of mitochondrial diseases [10]. Noticeably,
mutations in nuclear genes encoding respiratory chain or
Krebs cycle key proteins were then considered in textbooks
as being lethal, and thus, as highly improbable [11]. That was
the time when organs were classified using a simple scale,
according to their low or high energy demand. Accordingly,
the optic nerve, the unique one being affected in Leber
hereditary optic neuropathy (LHON), was considered to be
the Achilles’ heel of the human body in term of susceptibility
to mitochondrial dysfunction, due to a specifically high
requirement in ATP [10]. However, since the beginning of the
LHON story, there was this annoying observation that cells
harbouring homoplasmic load of LHON-causing mtDNA
mutation only had a very slight (if any) decrease in complex |
activity. This decrease would predictably hardly affect ATP
production by mitochondria (see, however Ref. [12]). A
second irritating point was that neither mtDNA mutations/
deletions affecting RC function (ATP synthesis), nor severe
complex I deficiency (with unknown molecular bases at that
time) necessarily affected the optic nerve. But we could live
with that, since a differential load in mutant mtDNA could
always be advocated as a complementary explanation to
justify sparing of the optic nerve.

The discovery in early 1995 that deleterious mutations in
typical housekeeping nuclear genes encoding Krebs cycle
[13] or respiratory chain [14] key components do exist in
humans raised the immediate question: how affected
patients with such mutations could possibly see, and have
no optic nerve problem? The question is evidently
reinforced nowadays by the report of a number of mutations
in Cl-subunit encoding genes not resulting in blindness
[15,16]. Thus ATP production was not “the” unifying factor
accounting for optic nerve involvement (or various clinical
involvements as well). But hopefully, the superoxide-
triggered apoptosis would come to our help.

3. Superoxide overproduction?
Mitochondrion is known to work similarly to an atomic

powerhouse in a cell by providing ATP through a dangerous
oxygen-dependent system. Indeed since Fridovich’s [16]

pioneer work, it is known that superoxides are produced in
vivo in cells. They mostly escape the respiratory chain with
a number of potential deleterious consequences, if not kept
under tight control. A number of specialized enzymes are
required to process these dangerous molecules. Among
these consequences, triggering of apoptosis provides an
alternative (concurrent) element to ATP depletion to account
for tissue-specific involvement in OXPHOS diseases.
Indeed, it has been shown that (i) impaired respiratory
chain can produce more superoxides, depending on the type
of deficiency, (ii) superoxide overproduction can override
superoxide dismutase activity, and (iii) superoxides or their
derivatives can readily trigger apoptosis [17]. In keeping
with this, these processes can be controlled in vitro by a
superoxide-reactive spin-trap [17]. According to this view,
the differential ability of cells to handle oxygen and get rid
of dangerous oxygen species would be a determining factor
and apoptotic features a hallmark for superoxide-triggered
insult. Armed with this conviction, Tfam-knocked out mice
with severe mtDNA depletion in specific organs targeted
thanks to the Cre-Lox technology were analyzed for
apoptotic features. In both heart and brain, massive
apoptotic features were noticed [18,19]. A similar type of
investigation was carried out in Frataxin-knocked out mice
with severe respiratory chain deficiency as well, but, to our
surprise, no sign of significant apoptotic process could be
observed in the brains of these mice [20]. Again, super-
oxide-triggered apoptosis was not “the” general unifying
mechanism.

If ATP depletion, and if superoxide overproduction, are
not providing the magic key, what could be the other
factors? The answer is that we simply do not know. We can
only mention intriguing observations which might—or
not—be relevant but deserve our full attention.

4. Metabolic imbalance

Mitochondrion is often presented as the energy-providing
organelle of the cell, but it is also a fantastic factory where
hundreds of compounds are processed for further use in the
cell. The role of a secondary blockade of mitochondrial
metabolic pathways has often been postulated in mitochon-
drial pathology but indeed seldom demonstrated. The
demonstration by L. Colleaux and collaborators in this
meeting that mutant GC1 causes neonatal myoclonic
epilepsy is in this view quite interesting. GCl is a
mitochondrial glutamate-proton symporter recently charac-
terized in human [21]. Its activity tested in vitro in human
cells, or in isolated mitochondria from mouse brain, heart
and liver, appears rather negligible (low oxidation rate) in
terms of mitochondrial ATP-providing substrate. Yet, its
impairment presumably causes mishandling of glutamate,
possibly affecting the ability to manage excitotoxicity in
brain. This illustrates that impairing a “minor”, yet
unsuspected, mitochondrial pathway can have devastating
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consequences in some specific cells. To which extent such
mechanism occurs in relation with respiratory chain impair-
ment in the brain is yet unknown, but this surely deserves
our attention.

5. Disturbed signalling pathways

Succinate dehydrogenase deficiency is known to cause
either severe encephalomyopathy [14] or tumor formation
[22]. To reconcile these observations, a primary role of
improper superoxide handling has been postulated by us and
others [23]. This was mainly based on the idea that
superoxide signalling is actually able to trigger both cell
death and proliferation, and that SDH defect affects super-
oxide production by the respiratory chain [24]. However, an
alternative view is now emerging that possibly discloses a
new mitochondrial signalling pathway. Investigations pre-
sented in this meeting by Briére et al. show extensive
succinate accumulation in both succinate dehydrogenase-
lacking tumors and in succinate dehydrogenase defective
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cultured cells. The predictable consequence of this huge
succinate accumulation is the feedback inhibition of the
hydroxyprolyl oxidase enzyme which produces succinate
(see Selak et al., this meeting), with the stabilisation of the
HIF transcription factor as a direct consequence and with a
dysregulation of the cell proliferation (Fig. 1). Although it is
still too early to choose between these two mechanisms,
these observations again point to a major impact of
disturbed signalling through metabolic mishandling in
mitochondrial diseases.

Even if with somewhat unsuspected consequences,
metabolic blockade is still a “known territory”, but there is
predictably much more to come based on the many
questions which remain open in our field of research.

6. How is the whole thing organised?
Although the discussion on the organisation and structure

of mitochondria has been going on for years and years, our
view progressively changes to include new information. The
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Fig. 1. The succinate connection in tumor formation. The schema features the potential consequences of mitochondrial succinate dehydrogenase (complex IT)
loss of activity on the cytosolic prolyl hydroxylase governing the stability of the HIF-1a factor which in turn controls the expression of a number of hypoxia-
induced genes. Noticeably, both succinate and superoxides are susceptible to inhibit the prolyl hydroxylase. HIF: hypoxia-inducing factor; VHL: von Hippel—
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Fig. 2. Our changing view on mitochondrial structure. (A) The mitochondria in the cells, from punctuated to a network organisation. (B) The varying number of
intra-mitochondrial compartments depending on cristae isolation from outer membrane. (C) The respiratory chain from a pseudo-linear organisation to an
organisation as supercomplexes. (D) Respiratory chain complex I, a simple electron/proton carrier or a multifunctional complex.

overall structure of the mitochondrial network, the definition
of the compartments defined by the inner membrane [25],
the organisation of the respiratory chain itself into super-
complexes forming a respirasome [25,26], all concur to add

more difficulty in predicting the actual in vivo consequences
of primary anomalies (Fig. 2). Finally, while the organ-
isation of the mitochondrial network is known to continu-
ously change, with fusion/fission being frequently observed,

Table 1

Examples of recognized mitochondrial bifunctional proteins

Protein Function 1 Function 2 Reference
Cytochrome ¢ electron transfer apoptosis-inducing factor [32]

AIF protein

GRIM-19 protein

Dihydrolipoamide succinyltransferase (DLST)
Succinate dehydrogenase

Fumarase

NADH dehydrogenase subunit 2 (ND2)

apoptosis-inducing factor
apoptosis-inducing factor
TCA cycle enzyme

TCA cycle enzyme

TCA enzyme cycle

CI activity

CI assembly/maintenance

CI component

biogenesis of respiratory chain
tumor suppressor

tumor suppressor

control of Src signalling

this meeting
[33]
[30]
[34]
[35]
[36]




176 J.-J. Briere et al. / Biochimica et Biophysica Acta 1659 (2004) 172—177

a static organisation of the RC is also questionable. As
photosystems upon light-stimulation of thylakoids [27], it
might associate differently upon solicitation of its function
by respiratory substrates.

7. What codes for what?

Since the recognition of the occurrence of DNA in the
mitochondria, we know that respiratory chain build-up
requires the concerted action of both the nuclear and the
mitochondrial genomes [28]. Now we also know that
dysfunction of a cytosolic protein can also affect the
build-up of the RC for example by perturbing nucleotide
precursors provided to the mitochondrion [29]. Even more
recently, it has been reported that a mitochondrial gene
(ND2) encodes a protein addressed and recruited at the cell
membrane where it plays a role as a Src unique domain-
interacting protein [30]. Src is known as a protein tyrosine
kinase critical for controlling diverse cellular functions,
regulating the synaptic NMDA receptor activity.

We therefore face a situation that can hardly be more
complex: both genomes potentially encoding proteins
targeted in or out of the mitochondria, affecting—or not—
intra-mitochondrial processes. . . but yes, it can be even more
complex! Indeed, it progressively appears that a number of
long-known mitochondrial proteins are indeed bifunctional
(Table 1). The difficulty lies here in the fact that the “second”
(?) alternative function is just unpredictable. Such is the case
for the recent discovery reported during this meeting that
apoptosis-inducing factor (AIF), previously known as a
mitochondrial cell death-promoter protein, is also involved
in the building/maintenance of an active complex 1.

8. Concluding remarks

The picture that emerges from this plethora of informa-
tion makes it very important to have an integrated view on
mitochondrial structure and function. Once considered as
largely over with the detailed description of the respiratory
chain and the major metabolic pathways, mitochondrial
science has more and more questions in front of it. We
urgently need to reinvestigate all these aspects and their
interrelation in order to have a better chance to understand
the phenotypic complexity of mitochondrial diseases and to
identify new targets for therapy. In keeping with this, the
growing number of animal models covering more and more
aspects of mitochondrial diseases or physiology constitutes
an invaluable help [31].

References

[1] M. Zeviani, V. Carelli, Mitochondrial disorders, Curr. Opin. Neurol.
16 (2003) 585—-594.

[2] J. Finsterer, Mitochondriopathies, Eur. J. Neurol. 11 (2004) 163—186.

[3] P.F. Chinnery, New approaches to the treatment of mitochondrial
disorders, Reprod. Biomed. Online 8 (2004) 16—23.

[4] R.W. Taylor, P.F. Chinnery, D.M. Turnbull, R.N. Lightowlers,
Selective inhibition of mutant human mitochondrial DNA replication
in vitro by peptide nucleic acids, Nat. Genet. 15 (1997) 212-215.

[5] A. McGregor, PM. Smith, G.F. Ross, R.W. Taylor, D.M. Turnbull,
R.N. Lightowlers, Bridging PNAs can bind preferentially to a deleted
mitochondrial DNA template but replication by mitochondrial DNA
polymerase gamma in vitro is not impaired, Biochim. Biophys. Acta
1629 (2003) 73-83.

[6] T. Taivassalo, E.A. Shoubridge, J. Chen, N.G. Kennaway, S.
DiMauro, D.L. Arnold, R.G. Haller, Aerobic conditioning in patients
with mitochondrial myopathies: physiological, biochemical, and
genetic effects, Ann. Neurol. 50 (2001) 133—141.

[7]1 A. Rotig, E.L. Appelkvist, V. Geromel, D. Chretien, N. Kadhom, P.
Edery, M. Lebideau, G. Dallner, A. Munnich, L. Ernster, P. Rustin,
Quinone-responsive multiple respiratory-chain dysfunction due to
widespread coenzyme Q10 deficiency, Lancet 356 (2000) 391—395.

[8] P. Rustin, Frataxin and mitochondrial iron, in: D.M. Templeton (Ed.),
Molecular and Cellular Iron Transport, Marcel Dekker, New York,
2002, pp. 255-272.

[9]1 A.O. Hausse, Y. Aggoun, D. Bonnet, D. Sidi, A. Munnich, A. Rotig,
P. Rustin, Idebenone and reduced cardiac hypertrophy in Friedreich’s
ataxia, Heart 87 (2002) 346—349.

[10] D.C. Wallace, Diseases of the mitochondrial DNA, Ann. Rev.
Biochem. 61 (1992) 1175-1212.

[11] D. Tyler, The Mitochondria in Health and Disease, VCH Publishers,
New York, 1992.

[12] A. Majander, K. Huoponen, M.L. Savontaus, E. Nikoskelainen, M.
Wikstrom, Electron transfer properties of NADH:ubiquinone reduc-
tase in the ND1/3460 and the ND4/11778 mutations of the Leber
hereditary optic neuroretinopathy (LHON), FEBS Lett. 292 (1991)
289-292.

[13] T. Bourgeron, D. Chretien, J. Poggi-Bach, S. Doonan, D. Rabier, P.
Letouze, A. Munnich, A. Rotig, P. Landrieu, P. Rustin, Mutation of
the fumarase gene in two siblings with progressive encephalopathy
and fumarase deficiency, J. Clin. Invest. 93 (1994) 2514-2518.

[14] T. Bourgeron, P. Rustin, D. Chretien, M. Birch-Machin, M.
Bourgeois, E. Viegas-Pequignot, A. Munnich, A. Rotig, Mutation
of a nuclear succinate dehydrogenase gene results in mitochondrial
respiratory chain deficiency, Nat. Genet. 11 (1995) 144—149.

[15] P. Benit, S. Lebon, M. Chol, 1. Giurgea, A. Rotig, P. Rustin,
Mitochondrial NADH oxidation deficiency in humans, Curr.
Genomics 5 (2004) 137-146.

[16] 1. Fridovich, Superoxide anion radical (O, ), superoxide dismutases,
and related matters, J. Biol. Chem. 272 (1997) 18515-18517.

[17] V. Geromel, N. Kadhom, I. Cebalos-Picot, O. Ouari, A. Polidori, A.
Munnich, A. Rotig, P. Rustin, Superoxide-induced massive apoptosis
in cultured skin fibroblasts harboring the neurogenic ataxia retinitis
pigmentosa (NARP) mutation in the ATPase-6 gene of the mitochon-
drial DNA, Hum. Mol. Genet. 10 (2001) 1221-1228.

[18] J. Wang, J.P. Silva, C.M. Gustafsson, P. Rustin, N.G. Larsson,
Increased in vivo apoptosis in cells lacking mitochondrial DNA gene
expression, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 4038—4043.

[19] L. Sorensen, M. Ekstrand, J.P. Silva, E. Lindqvist, B. Xu, P. Rustin, L.
Olson, N.G. Larsson, Late-onset corticohippocampal neurodepletion
attributable to catastrophic failure of oxidative phosphorylation in
MILON mice, J. Neurosci. 21 (2001) 8082—8090.

[20] D. Simon, H. Seznec, A. Gansmuller, N. Carelle, P. Weber, D.
Metzger, P. Rustin, M. Koenig, H. Puccio, Friedreich ataxia mouse
models with progressive cerebellar and sensory ataxia reveal
autophagic neurodegeneration in dorsal root ganglia, J. Neurosci. 24
(2004) 1987—-1995.

[21] G. Fiermonte, L. Palmieri, S. Todisco, G. Agrimi, F. Palmieri, J.E.
Walker, Identification of the mitochondrial glutamate transporter.
Bacterial expression, reconstitution, functional characterization, and



J.-J. Briere et al. / Biochimica et Biophysica Acta 1659 (2004) 172—-177 177

tissue distribution of two human isoforms, J. Biol. Chem. 277 (2002)

19289—-19294.

B.E. Baysal, On the association of succinate dehydrogenase mutations

with hereditary paraganglioma, Trends Endocrinol. Metab. 14 (2003)

453-459.

P. Rustin, Mitochondria, from cell death to proliferation, Nat. Genet.

30 (2002) 352-353.

P. Rustin, A. Munnich, A. Rotig, Succinate dehydrogenase and human

diseases: new insights into a well-known enzyme, Eur. J. Hum. Genet.

10 (2002) 289-291.

[25] C.A. Mannella, D.R. Pfeiffer, P.C. Bradshaw, Moraru II, B.
Slepchenko, L.M. Loew, C.E. Hsieh, K. Buttle, M. Marko, Topology
of the mitochondrial inner membrane: dynamics and bioenergetic
implications, [IUBMB Life 52 (2001) 93—100.

[26] H. Schagger, Respiratory chain supercomplexes of mitochondria and
bacteria, Biochim. Biophys. Acta 1555 (2002) 154—159.

[27] A. Borodich, 1. Rojdestvenski, M. Cottam, J. Anderson, G. Oquist,
Segregation of the photosystems in higher plant thylakoids and short-
and long-term regulation by a mesoscopic approach, J. Theor. Biol.
225 (2003) 431-441.

[28] N.G. Larsson, D.A. Clayton, Molecular genetic aspects of human
mitochondrial disorders, Annu. Rev. Genet. 29 (1995) 151-178.

[29] I. Nishino, A. Spinazzola, A. Papadimitriou, S. Hammans, 1. Steiner,
C.D. Hahn, A.M. Connolly, A. Verloes, J. Guimaraes, 1. Maillard, H.
Hamano, M.A. Donati, C.E. Semrad, J.A. Russell, A.L. Andreu, G.M.
Hadjigeorgiou, T.H. Vu, S. Tadesse, T.G. Nygaard, 1. Nonaka, L.
Hirano, E. Bonilla, L.P. Rowland, S. DiMauro, M. Hirano, Mitochon-
drial neurogastrointestinal encephalomyopathy: an autosomal reces-
sive disorder due to thymidine phosphorylase mutations, Ann. Neurol.
47 (2000) 792—-800.

[30] T. Kanamori, K. Nishimaki, S. Asoh, Y. Ishibashi, 1. Takata, T.
Kuwabara, K. Taira, H. Yamaguchi, S. Sugihara, T. Yamazaki, Y.

[22

—

23

[}

[24

=

lhara, K. Nakano, S. Matuda, S. Ohta, Truncated product of the
bifunctional DLST gene involved in biogenesis of the respiratory
chain, EMBO J. 22 (2003) 2913-2923.

[31] N.G. Larsson, P. Rustin, Animal models for respiratory chain disease,
Trends Mol. Med. 7 (2001) 578—-581.

[32] G. Kroemer, B. Dallaporta, M. Resche-Rigon, The mitochondrial
death/life regulator in apoptosis and necrosis, Annu. Rev. Physiol. 60
(1998) 619—642.

[33] M. Fearnley, J. Carroll, R.J. Shannon, M.J. Runswick, J.E. Walker, J.

Hirst, GRIM-19, a cell death regulatory gene product, is a subunit of

bovine mitochondrial NADH:ubiquinone oxidoreductase (complex I),

J. Biol. Chem. 276 (2001) 38345-38348.

B.E. Baysal, R.E. Ferrell, J.E. Willett-Brozick, E.C. Lawrence, D.

Myssiorek, A. Bosch, A. van der Mey, P.E. Taschner, W.S.

Rubinstein, E.N. Myers, C.W. Richard 3rd, C.J. Cornelisse, P.

Devilee, B. Devlin, Mutations in SDHD, a mitochondrial complex

II gene, in hereditary paraganglioma, Science 287 (2000) 848—851.

[35] L.P. Tomlinson, N.A. Alam, A.J. Rowan, E. Barclay, E.E. Jaeger, D.

Kelsell, I. Leigh, P. Gorman, H. Lamlum, S. Rahman, R.R. Roylance,

S. Olpin, S. Bevan, K. Barker, N. Hearle, R.S. Houlston, M. Kiuru, R.

Lehtonen, A. Karhu, S. Vilkki, P. Laiho, C. Eklund, O. Vierimaa, K.

Aittomaki, M. Hietala, P. Sistonen, A. Paetau, R. Salovaara, R. Herva,

V. Launonen, L.A. Aaltonen, Germline mutations in FH predispose to

dominantly inherited uterine fibroids, skin leiomyomata and papillary

renal cell cancer, Nat. Genet. 30 (2002) 406—410.

J.R. Gingrich, K.A. Pelkey, S.R. Fam, Y. Huang, R.S. Petralia, R.J.

Wenthold, M.W. Salter, Unique domain anchoring of Src to synaptic

NMDA receptors via the mitochondrial protein NADH dehydrogenase

subunit 2, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 6237—-6242.

[34

=

[36

[}



	Respiratory chain defects: what do we know for sure about their consequences in vivo?
	Introduction
	ATP depletion, but to which extent?
	Superoxide overproduction?
	Metabolic imbalance
	Disturbed signalling pathways
	How is the whole thing organised?
	What codes for what?
	Concluding remarks
	References


