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T A B L E  I 

Distribution of the polarographically determined biochemical defects in 
patients with mitochondrial myopathy 

These  groups have been subclassified according to the activity of  
N A D H  CoQ t reductase (D, decreased; N, normal; NA, not assayed). 
The coding regions deleted were; ND, complex 1; COX, complex IV; 
ATP, complex V. Data obtained from; ~' [23, 25]; h [52]. 

Number  of patients 

Polarographic defect: 1 I - I l l  I - IV  normal 
NQIR  activity: D / N /  D / N /  D / N /  D / N /  

NA NA NA NA 

mtDNA Deletion involving 
N D s o n l y  a 4 / - / I  - - - 
N D / C O X / A T P  a 1 / - / -  2 / - / 3  - / - / 3  - / 5 / 3  
mtDNA Point mutat ion 
tRNA ~cu (MELAS) t, 4 / - / 2  1 / - / 2  - - / 2 / 1  
tRNA lys (MERRF)  h _ - / - / 1  - - 
None detected 5 / - / 5  1 / 1 / 4  I / - / 8  - / 4 / -  

1 4 / - / 8  4 / 1 / 1 0  1 / - / 1 1 - / 1 1 / 4  
Total 22 15 12 15 

observed in a variety of clinical conditions, including 
mitochondrial myopathies [3,17], Parkinson's disease 
[18-20], Lebers hereditary optic neuropathy (LHON) 
[21], and ageing [22]. This predominance of complex I 
dysfunction suggests that its structure and/or  function 
is relatively easily perturbed, although the underlying 
causes of the complex I dysfunction are not always 
apparent. 

Mitochondrial myopathies and encephalomyopathies 

Dysfunction of the mitochondrial respiratory chain 
is classically recognised in patients with a variety of 
neurological disorders, typically presenting some of the 
following features: lactic acidosis, muscular weakness, 
ataxia, dementia, chronic progressive external opthal- 
moplegia (CPEO), myoclonus and stroke-like episodes. 
The morphological hallmark of the mitochondrial my- 
opathies is the 'ragged red' muscle fibre, seen with the 
modified Gomori trichrome stain, which represents 
subsarcolemmal mitochondrial proliferation. 

Patients with mitochondrial myopathy can be classi- 
fied using molecular genetic data according to whether 
the disease is associated with defects of mtDNA, either 
deletions or point mutations. Polarographic analysis of 
isolated mitochondria can be used to Iocalise the posi- 
tion of the abnormality [23] (Table I). 

mtDNA point mutations 

The biochemical expression of these mtDNA de- 
fects is quite diverse, even between patients with ap- 
parently the same molecular defect. This can be most 
easily observed in 12 patients with the same point 

mutation of the tRNA I~u gene (MELAS), who present 
with different functional defects of the respiratory 
chain. In 6 of these patients the defect is localised to 
complex I, 3 have a defect involving several complexes, 
and 3 have normal respiratory chain function (Table I). 
This particular point mutation of the tRNA ~u gene (A 
to G conversion at position 3243) could have two 
possible effects: either alteration of the function of the 
tRNA ~u or interference with the binding of the mt- 
TERM [24] transcription termination protein and 
therefore with the levels of rRNA. However, these two 
mechanisms do not explain the variability in the bio- 
chemical defect, nor why complex I deficiency should 
predominate. 

mtDNA deletions 

Patients with a deletion in mtDNA fell into two 
broad categories: those in which the deletion involved 
only ND products (+ intervening tRNAs) and those 
which involved subunits from complexes I, IV and V, 
as well as various tRNAs [25]. The former group has a 
complex I defect in good agreement with the subunits 
involved in the deletion. However, in the latter group 
the biochemical abnormality was variable, affecting 
either only complex I, several of the complexes or, in 
approximately half the group, no detectable functional 
defect. Consequently, there was no correlation be- 
tween the site of the deletion and the biochemical 
defect. 

One possible explanation for the lack of correlation 
between the molecular and functional defects may lie 
in the fact that, in all cases studied with abnormal 
mtDNA, the mtDNA populations are heteroplasmic 
with a variable ratio of mutant vs. wild-type mtDNA. 
Consequently, the variability in functional expression 
of these mtDNA abnormalities may reflect (a) the 
differences in the percentage of wild-type and mutant 
mtDNA, or (b) the distribution of the mutant mtDNA. 
These two variables could lead to different levels of 

T A B L E  II 

Analysis of the compl~r I polypeptide composition of patients with 
mitochondrial myopathy 

The specific polypeptide deficiency invariably involved the 24 kDa 
a n d / o r  the 13 kDa subunits  of  complex I. Data obtained from; ~ [23, 
25]; b [521. 

m t D N A  
mutation 

Pattern of complex I polypeptides 

normal general gen+spec i f ic  not analysed 
decrease decrease 

Deletion a 8 4 - 10 
tRNAl~U b 2 5 3 2 
tRNAlY~ b _ _ 1 - 

None defined 5 5 2 17 
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normal mtDNA products and, through varying degrees 
of complementation between mutant and wild-type 
DNA, varying levels of mutant products [26]. Unfortu- 
nately, the lack of any correlation between the propor- 
tion of deleted DNA and either the severity of the 
clinical or biochemical abnormalities [25] does not sup- 
port this suggestion. An alternative hypothesis is that 
these mutations are only partially responsible, and 
there is a second factor which could involve either 
mtDNA or nuclear DNA, as suggested for LHON [27]. 

The relatively high occurrence of complex I dysfunc- 
tion in patients with defects of mtDNA may reflect a 
greater vulnerability of the function of this complex (at 
least as measured polarographically) to the absence or 
partial deficiency of some, or all, of its mtDNA prod- 
ucts. The importance of the ND products in complex I 
function is supported by the involvement of ND1 in the 
binding site for both rotenone [28] and MPP ÷ [29]. 

Normal mtDNA 

A mtDNA abnormality has not yet been observed in 
approximately half the cases studied (Table I). While it 
is possible that all these patients have an as yet unde- 
fined mtDNA mutation, some are likely to be due to 
defects of nuclear genes. The localisation of the bio- 
chemical defect in this group is similar to that seen in 
patients with a mtDNA abnormality, with a predomi- 
nance of cases having a defect of complex I activity. 

Complex I polypeptide analysis 

Analysis of a number of nuclear encoded complex I 
subunits by Western blotting has revealed three main 
patterns of cross-reactive complex I polypeptides in the 
mitochondria from patients with mitochondrial respira- 
tory chain dysfunction: (a) normal patterns, (b) general 
decrease in all cross-reactive proteins and (c) a general 
decrease in conjunction with the absence of one or two 
specific nuclear encoded proteins (24 kDa a n d / o r  13 
kDa subunits) [3]. There  was a broad correlation be- 
tween the severity of the biochemical defect and the 
severity of the polypeptide deficiency. 

In patients with a mtDNA deletion the complex I 
polypeptide patterns fell into categories (a) or (b). 
However in patients with the tRNA ~u mutation all 
three patterns (a, b and c) have been observed. This 
implies that if the tRNA ~u mutation is acting by de- 
creasing the levels of mtDNA protein products, then 
decreased levels of ND products must also result in the 
failure of the complex to assemble correctly resulting 
in a deficiency of nuclear encoded subunits. The spe- 
cific absence of several nuclear encoded subunits, in 
three cases (and also the tRNA ~y' case), may reflect a 
greater reliance on the presence of the ND products 
for the assembly of these subunits into the complex. 

The patients with an as yet undefined genetic abnor- 
mality show the same immunoreactive pattern of com- 
plex I subunits as those observed for the tRNA ~u 
patients (a, b and c). The  interpretation of this could 
be that either these patients have a similar underlying 
primary abnormality (i.e., a mutation of a tRNA gene), 
or an abnormality that disrupts the assembly/stability 
of the complex in a similar manner, which could be due 
to either a nuclear or mtDNA abnormality. 

Respiratory chain dysfunction in other clinical pheno- 
types 

There  are indications that mitochondrial respiratory 
chain dysfunction may play a role in other disorders 
which do not possess the classical ragged red muscle 
fibres and therefore fall outside the strict definition of 
the mitochondriai myopathies. These include ageing, 
Parkinson's disease (PD) and Leber's hereditary optic 
neuropathy (LHON). 

Ageing 

There  are numerous theories to explain the ageing 
phenomenon. However, the pivotal role mitochondria 
play in cellular metabolism has focused attention on 
the involvement of the mitochondrial respiratory chain 
in ageing. 

Analyses of respiratory chain function in purified 
human muscle mitochondria revealed declining rates of 
oxygen utilisation using pyruvate ( r = - 0 . 7 6 7 ,  P =  
0.016) and glutamate (r  -- -0 .767,  P -- 0.026) with age. 
This was matched by a similar decline in N A D H  CoQ t 
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Fig. 1. Correlation of complex I dependent parameters in control 
human muscle mitochondria with age. Oxygen utilisation rates using 
pyruvate (closed circle), or glutamate (open triangle) and rotenone 
sensitive NADH-CoQ 1 reductase activities (closed square). Lines of 
correlation are; pyruvate, solid line; glutamate, dashed line; NADH- 

CoQ 1 reductase dotted line. 



reductase activity ( r - - -0 .677 ,  P=0.032) (Fig. 1). 
There was also a statistically significant decline in 
cytochrome c oxidase activity with age ( r = - 0 . 8 0 3 ,  
P--  0.005). However, the decline in the rates of succi- 
nate oxidation (r-- -0.288, P > 0.6, data not shown) 
and succinate cytochrome c reductase activity (rffi 
-0.344, P = 0.35) with age were not statistically signif- 
icant and the activity of a non-respiratory-chain en- 
zyme, citrate synthase, did not change with age (r-- 
0.201, P > 0.35, data not shown). 

The somatic cell mutation theory of ageing proposes 
that the ageing process is due to the accumulation of 
DNA mutations with age. With subunits encoded by 
nuclear DNA and mtDNA the function of the respira- 
tory chain is vulnerable to the mutation of either 
genome. MtDNA is particularly susceptible to muta- 
tion because of its location in the mitochondrial matrix 
in the vicinity of the respiratory chain, a known genera- 
tor of potentially mutagenic free radicals [30]. This, in 
addition to a lack of histone proteins [31], a lack of 
some of the repair mechanisms associated with nuclear 
DNA [32], a high turnover rate [33], and a high error 
rate of the DNA polymerase-gamma [32], makes 
mtDNA a candidate for the accumulation of mutations 
with age. There are indications that there is an accu- 
mulation of mutant mtDNA with age [34]; however, the 
levels of deleted mtDNA are small (less than 5%) 
relative to those seen in patients with mitochondrial 
myopathy (20-80%), some of which do not show any 
functional abnormality (Table I). However, mtDNA 
dysfunction may still participate in the ageing process 

5OO 

"~ 45O 
L~ 

o 4 0 0  

a~ 
~ 350 

~ 300 

E 250 

q "6 ~5o 

~ ~ 1 0 0  

'~ 50 

0 

o 

" . • •  o 
" ' - .  • 

" " • " ' " • " "  

o " ' • - .  
• i ' - .  o 

o "'.o. 
"'-m 

i i i i i i i 0 
I 0 20 30 40 50 60 70 80 90 

AGE (years) 

60 

..n 

40 ~ v 

u 
aJ 

E E 
20 o ~  

Fig. 2. Correlation of complex I I / I I I  and complex IV activities in 
control human muscle mitochondria with age. Spectrophotometric 
analyses of succinate cytochrome c reductase (open circle) and 
cytochrome c oxidase (closed square) activities. Lines of correlation 
are; succinate cytochrome c reductase, solid line; cytochrome c 

oxidase, dashed line. 
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Fig. 3. Rotenone sensitive NADH-CoQ t reductase activities in brain 
regions and isolated muscle mitochondria from control (hatched 
bars), Parkinson's disease (solid bars) and MSA (open bar) patients• 

Mann Whitney U-test, * p < 0.002. 

as both transcription and translation of mtDNA have 
been reported to decline significantly with age [35,36] 
and could be responsible for the decline in the activi- 
ties of both complexes I and IV. 

Parkinson's disease 

Parkinson's disease (PD) results from the degenera- 
tion of the dopaminergic neurones in the substantia 
nigra. The mechanism underlying this neurodegenera- 
tion is unknown. However, analysis of respiratory chain 
function in the substantia nigra of patients dying with 
PD revealed a 37% decrease in NADH CoO1 reduc- 
tase activity in comparison to age matched control 
samples (Fig. 3), suggesting that complex I may be 
involved in the underlying causes of PD. This finding 
correlates with an earlier finding that a Parkinson-like 
disorder was caused by MPTP, a byproduct of an illicit 
merperidine analogue, which was taken by drug ad- 
dicts. The cause of the Parkinson-like symptoms was 
due to the active MPTP metabolite MPP +, whose 
mode of action has been shown to be via inhibition of 
complex I activity [37]. 

The underlying cause of complex I dysfunction in 
PD substantia nigra is not known. The specificity of the 
defect for both the substantia nigra and PD is sup- 
ported by normal complex I activities in other PD brain 
regions, and in multiple system atrophy (MSA), an- 
other neurodegenerative disease that involves the sub- 
stantia nigra (Fig. 3). 
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Mitochondrial respiratory chain function in freshly 
isolated muscle mitochondria failed to reveal any ab- 
normality of complex I activity in comparison to age 
matched control values (Fig. 3). This is in contrast to 
other reports which found defects of several complexes 
in muscle mitochondria [38,39]. However, the severity 
of these reported abnormalities in muscle function are 
surprising given the absence of muscle weakness and 
exercise induced lactic acidosis in PD expected from 
such abnormalities. 

A severe defect of complex I activity was reported in 
platelet mitochondria prepared from patients with 
Parkinson's disease [19]. Using platelet homogenates 
we failed to confirm this finding [40]. However, in 
recent studies using mitochondrial fractions prepared 
from platelets, we have observed a small but statisti- 
cally significant decrease (16%) in complex I activity in 
Parkinson patients (Krige et al., unpublished data). 

The vulnerability of complex I function to abnormal- 
ities of mtDNA has led to speculation that this genome 
may be abnormal in PD. Southern blot analyses of 
mtDNA in PD failed to detect any abnormality [41]. 
Using the polymerase chain reaction (PCR), Ikebe et 
al. [42] reported an increase in the levels of a 5kb 
deletion of mtDNA in PD striatum, commonly ob- 
served in patients with a mitochondrial myopathy [25] 
and observed to increase with age [43]. This phe- 
nomenon was not confirmed when compared to age- 
matched controls [44]. 

It is becoming increasingly clear that the causes of 
PD may be multi-factorial, possibly involving both envi- 
ronmental and genetic factors. 

Relevant observations in PD include increased inci- 
dence of abnormal xenobiotic metabolism [45], in- 
creased iron in PD brain [46], markers of increased 
oxidative stress in the substantia nigra [47], and evi- 
dence for genetic factors [48]. At present there is no 
direct link between the deficiency of complex I activity 
and any of these other observations, although complex 
I inhibition has been shown to generate oxygen racticals 
[49], which could contribute to the oxidative stress 
observed in the substantia nigra. Conversely experi- 
mentally induced oxidative stress has been demon- 
strated to inhibit all the respiratory chain complexes 
[50], unless the generation of free radicals is localised 
as in the case of MPP + inhibition, which specifically 
results in complex I inhibition [51]. 

Abnormal xenobiotic metabolism in some cases of 
PD could result in abnormally high levels of some 
environmental toxins. If any of the toxins have uptake, 
conversion and inhibition characteristics similar to 
MPTP, this could result in inhibition of complex I 
activity. 

Genetic factors could play a role in conferring sus- 
ceptibility to PD. This could relate to abnormal xenobi- 
otic metabolism, abnormal iron metabolism or to the 

susceptibility of complex I to ageing or free radical 
generation. 
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