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It is now widely acknowledged that a large number of human
diseases originate from respiratory-chain dysfunctions. Because
the molecular bases of these diseases are still poorly known, a
biochemical approach has to be used in the screening procedures
for the diagnoses of these conditions. Assessment of respiratory-
chain function in human samples faces several problems: (i) the
small size of available samples, (ii) the determination of dis-
criminating parameters, and (iii) the interfering factors, such as
age and physical activity. The present study focuses on isolated
mitochondria prepared from a minute amount (100-200 mg) of
skeletal-muscle biopsies from 201 patients between 0 and 65
years. Whereas 42 patients presented an isolated complex (C)I,
CII, CIII or CIV deficiency, no respiratory-chain dysfunction or

indirect evidence for a mitochondrial disorder could be attested
in 159 of these patients. In this reference group, there was little
correlation between enzyme activities and age, whatever the age
class considered, 0—3 or 065 years of age. However, a confident
handling of data points was largely hampered by the marked
scattering of enzyme activities measured in the reference popu-
lation. Activity ratios between the various respiratory-chain
complexes presenting a much reduced scattering may be con-
sidered as diagnostic tools. As to the effect of age, no correlation
with any of the enzyme-activity ratios could be shown. Use of
age-matched controls for the diagnosis of respiratory-chain
disorders may therefore be avoided, enzyme-activity ratios being
highly discriminating and age-independent parameters.

INTRODUCTION

The five multi-subunit complexes (CI-CV) of the mitochondrial
respiratory chain (RC), co-enzyme Q,, and cytochrome ¢ catalyse
the energy transduction from respiratory substrates to a proton-
motive gradient further used for ATP synthesis. Deficiencies of
the different RC complexes and co-enzyme Q,, have been shown
to cause numerous human diseases with a striking variety of
presentation and evolution [1,2]. Although underlying mutations
(deletions or point mutations of the mitochondrial DNA) have
been identified in several of these diseases [2,3], their molecular
bases remain largely unknown, particularly in childhood. The
dual genetic origin of the RC-complex subunits, nuclear or
mitochondrial, and the large number of genes interacting in the
synthesis and assembly of the RC all probably account for the
small proportion of elucidated cases. As a result, direct molecular
screening for underlying mutations is not currently feasible, and
a biochemical approach has to be used for the diagnosis of this
condition.

Although part of the enzyme assays can be performed on
frozen human samples or detergent-permeabilized cells, com-
prehensive information, including kinetic studies on enzyme
parameters, cytochrome spectra, etc., is obtained only by studying
isolated mitochondria [4,5]. In the last few years, the scaling-
down of the investigation methods greatly extended the possi-
bility of studying isolated mitochondria from human tissues
[5,6]. For a long time, several grams of skeletal-muscle tissues
were used to assess RC-enzyme activities in mitochondria isolated
from fresh biopsies. Fortunately, equivalent information is now
routinely obtained by using 100-200 mg of muscle tissue [5].
However, there are still problems encountered in these measure-

ments, and no general agreement has been reached on parameters
to be used so as to diagnose confidently RC-enzyme deficiencies
in humans.

It is generally assumed that the mitochondria content in a cell
closely depends on its requirement for oxidative metabolism [7].
In patients, and healthy individuals as well, this demand varies
under the action of numerous, usually uncontrollable, interfering
factors. In particular, physical training strongly affects the level
of RC activity in human skeletal muscle [8,9]. Furthermore, an
accumulation of mitochondria often happens in the RC-deficient
tissues of adult patients. Accordingly, the occurrence of mito-
chondria-enriched ragged-red fibres is a hallmark for a RC
deficiency in skeletal-muscle tissue [1]. As a result of these
physiological and/or pathological variations, even the use of
standardized biochemical methods does not reduce the extremely
large ranges of RC-enzyme activities in the control populations,
and the analysis of RC-enzyme residual activities is often
unsuitable for discriminating between patients and controls [10].
Consequently, only patients presenting extremely low activity of
one or more of the RC complexes in their tissues could be
confidently diagnosed, if focusing on residual activity values
only. In order to cope with this problem, we have previously
suggested considering the activity ratios between the different
components of the RC as well [10,11]. The rationale was that a
balanced RC was required for an efficient, low-free-radical-
generating, electron-transfer activity, and this may be reflected in
the consistency of these ratios among individuals and among
tissues for a given individual. Thus the detailed analysis of the
RC-enzyme-activity ratios allowed the identification of several
CllI-defective patients and led to the consecutive determination
of the first mutation of a nuclear gene encoding an RC-complex

Abbreviations used: Cl, Cll, Clll and ClV, the various complexes of the respiratory chain; RC, respiratory chain.
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Figure 1 RC-enzyme activities as a function of age in human skeletal-muscle mitochondria

Regression plots for (A) cyanide-sensitive cytochrome ¢ oxidase (COX), (B) antimycin-sensitive decylubiquinol:cytochrome ¢ reductase (QCCR), (C) malonate-sensitive succinate : cytochrome ¢
reductase (SCCR) and (D) rotenone-sensitive NADH : cytochrome ¢ reductase (NCCR) with age. Enzyme activities were assayed as described previously [5]. prot, protein.

subunit [12]. CII deficiencies are generally very partial (ranging
between 30 and 50 9, of control mean values) and may remain
easily undetected by considering residual CII activity only.
However, the maintenance of RC ratio values with age has been
indirectly questioned. On the one hand, a differential decrease of
RC-enzyme activities in elderly people has been reported [13-15]
that would result in an alteration of the RC-enzyme-activity ratio
values. However, other studies did not confirm such a differential
decrease [16—-18], and variations in the overall activity of the RC
were shown to be associated with interfering variables (physical
training and tobacco consumption) not related to age [16,17]. On
the other hand, it has been recently claimed that the specific
activity of the different RC complexes differentially increases in
muscle tissue, concomitant with the muscular-mass increment of
the first years of life [19,20].

This was an incentive to collect results obtained from more
than 200 subjects with the aim both to strengthen the grounds for
the use of RC ratios as diagnostic parameters and to examine the
potential effects of age on the RC activities and their ratios,
particularly in childhood.

MATERIALS AND METHODS
Samples

Biopsy samples from the deltoid muscle were obtained from 218
patients between 1 day and 66 years of age, among which 17
underwent orthopaedic surgery. The other patients (201/218)
presented with clinical symptoms, a metabolic profile and/or a

family history, suggestive of a mitochondrial disorder. A mito-
chondrial RC deficiency could be diagnosed in the skeletal
muscle of 219, of the patients (42/201). Besides a few cases of
clinically defined entities recognized as originating often from a
mitochondrial dysfunction (myoclonic epilepsy with ragged red
fibres, one case; Leigh syndrome, six cases), a large variety of
clinical presentations was encountered in these patients, resulting
from different organ involvement, isolated or in association. The
prominent features of these various clinical presentations have
been previously reported [2].

In 809, of the patients (159/201), the RC-enzyme activities
were not different from control values measured in biopsies
obtained during orthopaedic operations from 17 patients without
metabolic diseases. None of these 159 patients had muscle
morphological abnormalities. Major rearrangements of the mito-
chondrial DNA or point mutations commonly found in as-
sociation with myoclonic epilepsy with ragged red fibres, mito-
chondrial encephalomyopathy, lactic acidosis and stroke-like
episodes, and neurogenic muscle weakness, ataxia and retinis
pigmentosa were also excluded. Investigation of cultured skin
fibroblasts and/or circulating blood lymphocytes of the patients
did not reveal any RC deficiency. These 159 patients were
therefore regarded as non-affected by a mitochondrial RC disease
and were included in this study as the reference population.

Biochemical and statistical analyses

Mitochondria were isolated from 100-200 mg of deltoid muscle
biopsies as previously described [S5]. Intactness of the mito-
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Figure 2 RC-enzyme activities as a function of age in children (3 days—3 years old) skeletal-muscle mitochondria

Regression plots for (A) cyanide-sensitive cytochrome ¢ oxidase (COX), (B) antimycin-sensitive decylubiquinol: cytochrome ¢ reductase (QCCR), (C) malonate-sensitive succinate : cytochrome ¢
reductase (SCCR) and (D) rotenone-sensitive NADH : cytochrome ¢ reductase (NCCR) for 3-day—3-year-old children. Enzyme activities were assayed as previously [5]. prot, protein; NS, not significant.
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Figure 3 Correlations between RC-enzyme activities in human skeletal-muscle mitochondria

Regression lines for correlation between (A) malonate-sensitive succinate: cytochrome ¢ reductase (SCCR) and cyanide-sensitive cytochrome ¢ oxidase (COX), (B) antimycin-sensitive decylubiquinol:
cytochrome ¢ reductase (QCCR) and COX; (G) NADH : cytochrome ¢ reductase (NCCR) and COX, and (D) NCCR and SCCR. Experimental conditions were as described previously [5]. prot, protein.
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chondria obtained by this procedure was always higher than
90 9%, as estimated by the measurement of the permeability of the
outer membrane to cytochrome c¢ [5]. Accordingly, respiratory
control values associated with succinate oxidation were always
higher than 4.0. Although the yield of mitochondria extraction
was roughly similar among experiments (about 409, of total
mitochondrial activities was pelleted in the mitochondria-
enriched fraction), the specific activities of mitochondrial
enzymes in the mitochondrial pellet were generally slightly
decreased (i.e. more contamination) when using a very small
sample biopsy (100 mg). Therefore, enzymes were systematically
assayed on both initial homogenates and mitochondria-enriched
fractions, with quite similar trends observed for changes of
enzyme activities as a function of age in both types of fraction.
Consequently, only data obtained from the study of the
mitochondria-enriched fractions are presented here.
KCN-sensitive cytochrome ¢ oxidase (CIV; EC 1.9.3.1),
antimycin-sensitive decylubiquinol:cytochrome ¢ reductase
(CIII; EC 1.10.2.2), rotenone-sensitive NADH : cytochrome c¢ re-
ductase (CI + CIII) and malonate-sensitive succinate : cytochrome
¢ reductase (CII+ CIII) were spectrophotometrically measured
according to standard procedures [5]. Correlations between age
and mitochondrial enzyme activities, or between various enzyme
activities, were studied by simple linear-regression analyses [21].

RESULTS

The RC-enzyme activities in mitochondria isolated from 159
deltoid-muscle biopsies from individuals between 0 and 66 years
of age were very poorly correlated with age (reference population;
Figure 1), as indicated by the low r? values (0.048 < r? < 0.12)
[21]. Incidentally, both the lowest and the highest values of RC
activities were observed among the young individuals, casting
additional doubts on the meaning of the correlation between age
and RC activity level and suggesting the implication of other
variables. Finally, no significant changes in RC activities could
be observed in the group of 48 individuals between 0 and 3 years
of age (Figure 2).

Any conclusion that could be drawn from such analyses is,
however, largely hindered by the huge scattering of values
observed within each class of age for all the measured enzyme
activities. Therefore additional parameters to detect potential
changes in enzyme activities with age better were examined. We
have previously suggested the use of the ratios between RC-
enzyme activities as a tool to detect confidently even partial RC
deficiency in human samples [10]. The statistical relationships
between several of these activities were examined (Figure 3).
Highly significant correlations (0.90 < r? < 0.94) were observed
whatever the considered pair of RC enzyme activities. The
striking alignments of data points contrasted with the high
scattering of absolute values measured in the same mitochondrial
preparations (compare Figures 1 and 3). The close linear relation-
ship between RC activities further supported our previous claim
that the analysis of these ratios actually provided a tool to
detect confidently specific changes in any of the RC-enzyme
activities. We next compared the values of the ratios measured in
skeletal-muscle mitochondria of patients presenting either CI,
CII, CIII or CIV deficiency with those measured in the reference
population (Figure 4). An unequivocal discrimination between
patient and reference values was found when considering for
each type of enzyme deficiency the appropriate enzyme-activity
ratios. Thus cytochrome ¢ oxidase/NADH : cytochrome ¢ reduc-
tase activity ratios measured in CI-, CIII- or CIV-deficient
mitochondria markedly differed from reference values, whereas
values measured for ClI-deficient mitochondria were included in
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Figure 4 Comparison of cyanide-sensitive cytochrome ¢ oxidase
(COX)/NADH : cytochrome ¢ reductase (NCCR) and COX/malonate-sensitive
succinate:cytochrome ¢ reductase (SCCR) activity ratios measured in
skeletal-muscle mitochondria of patients presenting Cl, Cll, ClIl or CIV
deficiency and of the reference population

The normal distributions of (A) COX/NCCR and (B) COX/SCCR activity ratios in the reference
population were compared with the values measured in patients presenting a RC deficiency. [,
Cl deficiency; O, Cll deficiency; I, CllIl deficiency; @, CIV deficiency. RC-complex
deficiencies were all established by the concurrent deficiencies of the individually measured
complex activities and of the concerned grouped assays. Experimental conditions were as
described previously [5].

the reference values (Figure 4A). Similarly, cytochrome ¢ oxidase/
succinate:cytochrome ¢ reductase ratios measured in CII-, CIII-
and CIV-deficient mitochondria similarly differed from reference
values, whereas values measured in Cl-deficient patients were
included in the reference values (Figure 4B).

Potential age-related changes in the values of these dis-
criminating ratios were also sought. Values were plotted as a
function of age (Figure 5). None of the activity ratios was found
to vary between 0 and 66 years of age. As shown above (Figure
3), none of the RC activities changed with age in the population
between 0 and 3 years of age. Accordingly, none of the activity
ratios varied with age in this group (results not shown).

DISCUSSION

The potential relationships between age and RC-enzyme activities
in human skeletal muscle is a quite controversial issue that might
determine our ability to diagnose confidently patients with an RC
deficiency. There are advocates that a significant decrease in
RC-enzyme activity occurs with age [13-15,22-24]. Depending
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Figure 5 RC-enzyme-activity ratios as a function of age in human skeletal-muscle mitochondria

Regression plots of (A) cyanide-sensitive cytochrome ¢ oxidase (COX)/antimycin-sensitive decylubiquinol:cytochrome ¢ reductase (QCCR), (B) COX/malonate-sensitive succinate: cytochrome ¢
reductase (SCCR), (C) COX/NADH:cytochrome c¢ reductase (NCCR) and (D) SCCR/NCCR activity ratios with age (0—66 years). Experimental conditions were as described previously [5].

on the study, experimental assay conditions and the number of
subjects included, from 25-309, (n = 34) [13] to up to 709
(n = 63) [14] of the CIV activity measured in mitochondria from
20-year-old individuals might be lost in 60-year-old individuals.
A dramatic and specific loss of 50 9%, of the CIV activity was even
reported to take place between 4 and 20 years (n = 43) [22].
Accordingly, cumulative decreases might then lead to an impres-
sive, life-threatening, 159, residual CIV activity at the age of
60. Another study reported on a specific loss of CI activity, with-
out significant alteration of CIV activity (n = 31) [23]. However,
in good agreement with the present report, other studies failed
to disclose convincing correlations between changes in RC
activities and age in human skeletal muscle {(n = 132) [16],
(n=51), [17] and (n = 14) [18]}. These studies also established
that any potential decline in mitochondrial oxidation with age
should rather be ascribed to reduced physical activity [16,17],
and/or to the detrimental effect of tobacco consumption, tested
among many potential confusing variables [17].

Few studies have dealt with potential age-related evolution of
RC activities in neonates, infants or children. One study reported
a statistically significant and considerable increase (from 5- to 10-
fold) in the activity of all the RC, including CII and CIV,
between neonates (n =4) and adults (n = 20) [19]. A second
study reported a low (although significant) correlation between
age and CII+ CIII activity (r* = 0.18; n = 23) and between age
and CI+CIII (r* = 0.20; n = 23) in the first 3 years of life, but
without increase of CII and CIV [20]. The present data obtained

on a larger group of children of the same age (0-3 years; n = 48)
did not confirm age-related changes of the RC-complex specific
activities in mitochondria isolated from the skeletal muscle.
The marked scattering of RC specific activities in human
skeletal muscle, which obviously hampers the handling of data,
may well account for the discrepancies between these statistically
significant, although contradictory, results. Noticeably, such a
marked scattering of RC specific values as that reported here for
a diseased population was quite similarly observed in healthy-
people control populations [14,16,22]. This scattering might also
mask an actual correlation of RC activities with age. However,
even a detailed examination of additional parameters routinely
used in the context of the screening procedure for the RC
deficiency (i.e. enzyme-activity ratios) failed to reveal a signifi-
cant variation of any RC activity along with age. It therefore
appears safe to conclude the lack of age-related changes of these
highly discriminating parameters for RC activities during both
the first years of life and old age. As a direct practical conse-
quence, it appears meaningless to use age-matched controls in
the biochemical diagnosis of mitochondrial disease in human
when using these parameters. Noticeably, the measurement of
non-varying RC activities with age does not rule out a potential
impairment of RC function in a cell sub-population during a
decrement of the muscle mass. It has been hypothesized that an
RC impairment might act as a signal for apoptosis (and/or
necrosis) [18]. In keeping with this, two recent studies report on
the role of mitochondrial cytochrome ¢ release as an early event
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triggering the apoptotic cascade [24,25]. As a result, RC-deficient
cells may be eliminated, as they appear in senescing tissues. The
non-varying RC enzyme activities actually measured in tissues
may correspond to the activities of respiratory-competent cells.

A second aspect of the present study deals with parameters to
be used to diagnose RC deficiencies in humans. The use of
residual activity rates is obviously quite constrained, in view of
the huge scattering of control values. Null values are indeed
often included in the 2 S.D. from the mean values of the reference
population [11]. Why RC activity differs so strongly among
individuals remains an open question. Beside methodological
problems, numerous physiological interfering factors may be
advocated (physical activity, smoking, nutrition, etc.). In this
context, the above data noticeably extended, and statistically
strengthened, our previous observation that RC-enzyme-activity
ratios constitute remarkably consistent features allowing de-
tection of even partial defects of the RC [10,11].

We thank Dr. C. Moraes for helpful comments and C. Mussou for help in preparing
the manuscript. This work was supported by Association Francaise contre les
Myopathies and Caisse Nationale d’Assurance Maladie, by grants DGICYT PB93-
0019 of Ministerio de Educacion y Ciencia, and by Consejo Superior de Investigaciones
Cientificas.

REFERENCES

1 Di Mauro, S., Hirano, M., Bonilla, E. and De Vivo, D. C. (1996) in Principles of Child
Neurology (Berg, 0., ed.), pp. 1201=1232, McGraw-Hill, New York

2 Munnich, A, Rdtig, A., Chretien, D., Saudubray, J. M., Cormier, V. and Rustin, P.
(1996) Eur. J. Pediatr. 155, 262—274

3 Wallace, D. C. and Lott, M. T. (1993) in Mitochondrial DNA in Human Pathology
(DiMauro, S. and Wallace, D. C., eds.), pp. 63—83, Raven Press, New York

4 Birch-Machin, M. A., Briggs, H. L., Saborido, A. A., Bindoff, L. A. and Turnbull, D. M.
(1994) Biochem. Med. Metab. Biol. 51, 3542

5 Rustin, P., Chretien, D., Gerard, B., Bourgeron, T., Rétig, A., Saudubray, J. M. and
Munnich, A. (1994) Clin. Chim. Acta 228, 35-51

Received 23 June 1997/26 August 1997; accepted 4 September 1997

20

21

22

23
24

Rustin, P., LeBidois, J., Chretien, D., Bourgeron, T., Piechaud, J.-F., Rdtig, A.,
Munnich, A. and Sidi, D. (1994) J. Pediatr. 124, 224-228

Tyler, D. (ed.) (1992) The Mitochondrion in Health and Disease, VCH Publishers,
New York

Coggan, A. R., Spina, R. J., King, D. S., Rogers, M. A., Brown, M., Nemeth, P. M.
and Hollozy, J. 0. (1992) J. Appl. Physiol. 72, 17801786

Zamora, A. J., Teissier, F., Marconnet, P., Margaritis, I. and Marini, J. F. (1995)
Eur. J. Appl. Physiol. 71, 505-511

Rustin, P., Chrétien, D., Bourgeron, T., Wucher, A., Saudubray, J. M., Rotig, A. and
Munnich, A. (1991) Lancet 338, 60

Chretien, D., Rustin, P., Bourgeron, T., Rétig, A., Saudubray, J. M. and Munnich, A.
(1994) Clin. Chim. Acta 228, 53—70

Bourgeron, T., Rustin, P., Chretien, D., Birch-Machin, M., Bourgeois, M., Munnich, A.
and Rdtig, A. (1995) Nature Genet. 11, 144—149

Trounce, I., Byrne, E. and Marzuki, S. (1989) Lancet 11, 637—639

Boffoli, D., Scacco, S. C., Vergari, R., Solarino, G., Santocroce, G. and Papa, S.
(1994) Biochim. Biophys. Acta 1226, 73—82

Lezza, A. M. S., Boffoli, D., Scacco, S., Cantatore, P. and Gadaleta, M. N. (1994)
Biochem. Biophys. Res. Commun. 30, 772—779

Barrientos, A., Casademont, J., Rétig, A., Miro, 0., Urbano-Marquez, A., Rustin, P.
and Cardellach, F. (1996) Biochem. Biophys. Res. Commun. 229, 536—539
Brierley, E. J., Johnson, M. A., James, 0. F. and Turnbull, D. M. (1996) Q. J. Med.
89, 251-258

Zucchini, C., Pugnaloni, A., Palloti, F., Solmi, R., Crimi, M., Castaldini, C., Biagini, G.
and Lenaz, G. (1995) Biochem. Mol. Biol. Int. 37, 607—616

Smeitink, J. A. M., Sengers, R. C. A., Trijbels, J. M. F., Ruitenbeek, W., Daniéls, 0.,
Stadhouders, A. M. and Kock-Jansen, M. J. H. (1989) Eur. J. Pediatr. 148, 656—659
Majander, A., Rapola, J., Sariola, H., Suomalainen, A., Pohjavuori, M. and Pihko, H.
(1995) J. Neurol. Sci. 134, 95-102

Snedecor, G. W. and Cochran, W. G. (eds.) (1971) Statistical Methods, 6th edn.,
lowa State University Press, Ames

Lefai, E., Terrier-Cayre, A., Vincent, A., Boespflug-Tanguy, 0., Tanguy, A. and Alziari,
S. (1995) Biochim. Biophys. Acta 1228, 43-50

Cardellach, F., Galofre, J., Cusso, R. and Urbano-Marquez, A. (1989) Lancet ii, 44
Kluck, R. M., Bossy-Wetzel, E., Green, D. R. and Newmeyer, D. D. (1997) Science
275, 1132-1136

Yang, J., Liu, X,, Bhalla, K., Kim, C. N., lbrado, A. M., Cai, J., Peng, T. I, Jones,

D. P. and Wang, X. (1997) Science 275, 1129-1132



