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Myopathy with abnormal mitochondria, transient
low electron transport capacity in the respiratory
chain, and absence of energy transduction at
sites 1 and 2 in vitro
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SUMMARY A male adult with exercise-related myalgia and weakness from the age of 17 years,
developed contractions after moderate exertion which were electrically silent. Triglyceride loading
or prolonged fasting provoked excessive ketosis. His isolated muscle mitochondria had severe
blockade of the respiratory chain, particularly of NADH-CoQ reductase. After 15 years a second
biopsy was performed. The electron transport capacity of the respiratory chain was much improved,
but now a lesion was observed in energy transduction of sites 1 and 2 of the respiratory chain.
The unexpected abolishment of respiratory chain blockade was paralleled by only mild clinical
improvement.

Metabolic myopathies are now recognised to be
caused by a variety of enzymatic disorders which dis-
turb cellular metabolism. Enzyme deficiencies are

found in all parts of the cell. Since the discovery of
muscular phosphorylase deficiency and of acid malt-
ase deficiency, a cytosolic and a lysosomal defect
respectively, a number of other enzymopathies have
been detected.' In the last decade the diseased mito-
chondrion has been found to be the cause of myo-
pathies or of systemic diseases also affecting the
muscular system.'-' Many patients have been re-

ported with respiratory chain defects. Those parts of
the respiratory chain involved in energy transduction
(NADH-CoQ reductase, cytochrome bc,, and cyto-
chrome aa3), are often found to be functionally dis-
turbed. In most patients the transport of reducing
equivalents was found to be lowered, while the ATP
production, that is proton pumping and ATP syn-

thetase, were not impaired.
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We describe a patient with transient electron trans-
port defects in the respiratory chain of skeletal muscle
mitochondria, who in a second biopsy specimen was
found to have a relatively normal electron transport
capacity, but a defect in energy transduction at
NADH-CoQ reductase and cytochrome bcl.

Case report

This 19-year-old male student was admitted in July 1981
with a chief complaint of muscle aching and weakness re-
lated to prolonged exercise. He was well until the age of 17,
when during canoeing he first noticed pain, weakness and
muscle cramps in the forearm muscles sufficient to prevent
him from going on. He also observed weakness and muscle
pain of his thigh muscles on cross country skiing. His pre-
vious medical and family history was unremarkable. There
was no evidence of exposure to toxic agents or drugs. On
examination he was an athletic and healthy man. Blood
pressure was 130/80mmHg and pulse rate 76/min. Mus-
cular testing revealed normal strength. At rest muscle bulk
and tone were normal. There was no focal wasting or hyper-
trophy. On repeated fist squeezing of a dynamometer (Mar-
tin, Tuttlingen, W Germany) he showed normal maximal
force (12 N), but a 50% decrease in force was seen after 30
trials when contracture of the forearm muscles occurred. Af-
ter a few minutes of complete rest, muscle strength returned
to its pre-exercise level. There was no evidence of myotonia
on percussion. Routine blood tests were normal including
CK, SGOT and SGPT and body temperature. On follow up
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examination 1 1/2 yr later the patient reported a less marked
exercise intolerance during work. Mild contractures were

still noted on prolonged exercise. Life style, nutrition, or

environmental factors had not changed. On formal testing
there was only mild weakness (less than 20%) on repeated
squeezing of the dynamometer with a mild bulking of the
forearm muscles.

Methods

Electromyography
An EMG study was done in the clinically most affected fore-
arm muscles using needle electrodes connected to a clinical
electromyograph (Medelec MS 91).

Metabolic studies
In all serum samples lactate, pyruvate, P-hydroxybutyrate
and acetoacetate were determined according to standard en-

zymatic procedures (lactate, pyruvate, CK, and triglycerides
by test kits from Boehringer-Mannheim (Mannheim,
FRG)). Free fatty acids (FFA) were determined by high
pressure liquid chromatography. The ischaemic exercise test
was performed in a modification after Munsat.8 Blood was

drawn from a cubital vein 0, 1, 2, 5, 10, and 15 min after
onset of 30 maximal squeezings of a dynamometer during 60
seconds under forearm muscle ischaemia with the distal cuff
remaining above arterial pressure throughout the procedure.
The response to long chain triglycerides was studied accord-
ing to Bertorini et al.9 Venous blood samples were taken 0,
2, 4 and 6 h after ingestion of an oil emulsion containing
1 25 g of long chain triglycerides/kg of body weight. Prior to
this test the patient was on a normal diet.
A prolonged exercise test was performed according to

Brooke et al. 0 Blood samples were taken after 15, 30, 45, 60,
and 120 min of cycling on a bicycle ergometer, 15 min after
onset, the work-load was reduced from maximal to half
maximal. Exercise was finished after 120 min and the last
blood sample was drawn 180 min after starting exercise.
Afasting test was performed for 38 h. Blood samples were

taken after 14, 20, and 38 h. Blood gas was analysed in the
second and third blood sample.

Muscle biopsy
Two muscle biopsy specimens were obtained I 1/2 yr apart,

Trockel, Scholte, Toyka, Busch, Luyt-Houwen, Berden

from the left and the right biceps. Samples were processed
for histochemistry and in vitro mitochondrial studies.
Electron microscopy was performed on the second biopsy
specimen.

Light and electron microscopy One sample was rapidly fro-
zen and 6-8 um cryostat sections were processed by routine
histological and enzyme histochemical stains according to
standard methods." One sample was fixed in 2 5% glu-
taraldehyde phosphate buffer, pH 72, embedded in Spurr's
medium and cut in semithin and ultrathin sections for stan-
dard electronmicroscopy.

Biochemical Methods
The preparation of homogenates, isolation of mitochondria
and the assays of oxidative phosphorylation, beta oxidation,
other enzyme activities, carnitine, and protein has been de-
scribed in Barth et al12 and Mooy et al. 3 The measured P/O
ratios were corrected for mitochondrial adenine nucleotides
by taking an extra sample just before the addition of ADP.
Control values were derived from biopsy samples of patients
without evidence of neuromuscular or metabolic disorder.

Results

Clinical studies
Electromyography On insertion no myotonic or

pseudomyotonic discharge was recorded, nor was

there spontaneous activity at rest. On minimal voli-
tional muscular activity action potentials of normal
duration, amplitude, and shape were seen. The inter-
ference pattern appeared normal on maximal con-

traction. After 1 0- 15 repeated maximal fist closures a

contraction occurred which was electrically silent. On
follow-up examination a similar but much less pro-
nounced contracture could be elicited after 20 max-

imal contractions with electrical silence on EMG.

Metabolic studies
The ischaemic exercise test showed a normal rise of
blood lactate. Long-chain triglyceride loading and

Table I Carnitine, protein, and activities ofcytosolic and mitochondrial enzymes in skeletal muscle homogenate

Patient Controls n

Biopsy I Biopsy 2

Total carnitine (pmol) 3 96 4 81 3 96 + 009 59
Protein (mg) 160 257 174 + 6 53
Creatine kinase (pmol/min) 317 305 307 + 12 50
AMP deaminase (pmol/min) 114 94 + 6 34
Adenosine deaminase (nmol/min) 94 95 + 6 34
Palmitoyl-CoA synthetase (nmol/min) 280 312 + 18 47
Carnitine palmitoyltransferase I (nmol/min) 65 77 + 3 55
Carnitine palmitoyltransferase II (nmol/min) 85 96 + 4 57
Succinate dehydrogenase (nmol INT+/min) 605 1035 723 + 40 58
Antimycin-sensitive succinate-cytochrome c

reductase (pmol cytochrome c/min) 3 97 4 36 249 + 0-28 10
Cytochrome c oxidase (nmol cytochrome c/min) 65 100 94 + 11 9

The amount and activities are given per g wet weight. The average control values are given + SE. n = the number of controls.
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Myopathy with abnormal mitochondria

Table 2 Oxygen uptake by muscle mitochondria

Patient Controls n

Biopsy I Biopsy 2

Pyruvate + malate 6 48 84 + 6 17
Glutamate + malate 26 57 86 + 8 17
Palmitoylcarnitine + malate 6 33 71 + 5 17
Succinate + rotenone 38 63 111 + 9 17
Ascorbate + TMPD IW 244b 344 ± 16 17

The oxidation rates are in nat oxygen/min/mg protein.
"The oxygen uptake was not constant in time. It decreased at 43% of the initial oxygen concentration.
"This activity was stimulated by uncoupler to 334 nat oxygen/min/mg.
The stimulation factor of 1 37 is in the control range.

36 h fasting caused a much higher level of ketone bod- shape with regularly arranged cristae (second biopsy).
ies in the patient than in controls. " A test for urinary
ketone bodies was positive after 24 h fasting. After Biochemical studies in vitro
36 h, blood pH was 7-36, the base excess -7-3 and the Table 1 shows the amount of total carnitine, the activ-
PCO2 30-4 mm Hg. The prolonged exercise test ities of cytosolic and mitochondrial enzymes in the
showed a higher increase of FFA than in controls. two biopsies, which were all in the normal range. Also
The increase of lactate was like in controls. The other the electron transport capacity of the cytochrome
data obtained by the tests were normal except for CK system as reflected by the activity of antimycin-
after 36 h of fasting, which increased from 65 to sensitive succinate-cytochrome-c reductase and of
180 U/I. cytochrome-c-oxidase were normal. This is in sharp

contrast with the polarographic measurement of the
Muscle Morphology respiratory capacity of the isolated mitochondria with
On light microscopy both muscle specimens appeared the various substrates, which was found to be
completely normal. On enzyme histochemistry the markedly decreased, especially in the first prepara-
fibre type distribution was within the normal limits. tion. The oxidation of pyruvate, glutamate, pal-
Cytochrome-c-oxidase staining was normal. The mitoylcarnitine, succinate and ascorbate were 7, 30, 8,
Gomori trichome stain was not indicative of mito- 34, and 32% of the average control rates. Sur-
chondrial abnormalities. With oil-red-O and PAS prisingly, in the second biopsy specimen the velocities
stains no abnormal increase in glycogen or lipid drop- were much higher. The respective percentages were
lets was seen. On electronmicroscopy no changes were now 57, 66, 46, 57, and 71 of control (table 2). The
noted. The mitochondria were normal in size and oxidative phosphorylation in the first preparation was

Table 3 Stimulation ofoxygen uptake by ADP in muscle mitochondria

Patient Controls n

Biopsy I Biopsy 2

Pyruvate + malate 100 1-83 2 58 ± 020 17
Glutamate + malate 143 191 248 ± 016 17
Palmitoylcarnitine + malate 050 190 2 18 ± 019 17
Succinate + rotenone 1 12 2-06 2-22 + 0-13 17
Ascorbate + TMPD 1-31 1-61 1-71 + 0-08 17

Table 4 PIO ratios in muscle mitochondria

Patient Controls n Theoretical

b x l b.x 2

Palmitoylcarnitine + malate * 0-48 1-76 ± 0-42 5 2-80 - 250
Succinate + rotenone * 0-65 1-29 ± 0-27 5 2-00
Ascorbate + TMPD * 057 0 56 + 0 11 5 1 00

The P/O ratios were corrected for glucose--phosphate formation before the addition of ADP. The theoretical ratios are calculated on the
assumption that one high energy bond is formed per energy transducing site of the respiratory chain. The highest theoretical P/O with
paliitoylcarnitine is based upon complete oxidation to CO and the lowest upon oxidation to acetylcarnitine.
The P/O ratios in the first preparation were unreliably higA since they were not corrected for mitochondrial adenine nucleotides.
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Table 5 Enzyme activities and yield ofmuscle mitochondria

Patient Controls n

b x I b x 2

U-14C palmitate oxidation (nmol/min) 011 0-39 + 0-09 10
+ KCN 1mM 0.12 0-25 + 003 8
+ carnitine 1/2 mM - 147 1 88 + 009 10
Mg2+-ATPase-albumin-uncoupler-oligomycin (nmol/min) 64 _ 92 + 15 9
,,-,,+ ,, - ,, 390 - 588 + 64 9

+ ,, ,, ,, 16 58 63 + 22 9
+,, +,, ,, 432 477 605 + 84 9

,,+ ,, - ,, + ,, - 17 12 + 3 4
+,, +,, +,, - 61 32 + 4 4

Glycerol-3-phosphate dehydrogenase (FAD) (nmol INT+/min) 0 57 0 80 1-33 + 0 16 12
+ ImM Ca2+ - 1-35 241 + 037 10

Succinate dehydrogenase (nmol INT+/min) 38 28 + 4 16
Malonyl-CoA decarboxylase (nmol malonyl-CoA/min) - 0-02 0-18 + 0-16 5

+ detergens - 058 1-69 + 042 5
Yield (mg/g wet weight) 8-8 8-8 445 + 043 16

n denotes number of control values.

more loosely coupled, compared with the second bi-
opsy and to the controls, as reflected by the low stim-
ulation of respiratory rates by ADP. This value
decreases in mitochondria from controls and patients
when the respiratory rate is below 30 nat oxygen per
min/mg protein, but in the first preparation, it was
also depressed with succinate and ascorbate as sub-
strate (table 3).

Recently we changed our measurement of P/O ra-
tio, since we found too high ratios, especially when
the oxygen consumption was low. After the cor-
rection for mitochondrial adenine nucleotides the P/O
ratios were more reliable, and lower than the calcu-
lated ratios. In the mitochondria from the second bi-
opsy the P/O ratio with ascorbate was found to be
identical to the average control value. In contrast to
the controls, we found that the P/O ratios with suc-
cinate, palmitoylcarnitine and ascorbate were the
same. This implies that there was no ATP production
during electron transport catalysed by NADH-CoQ
reductase and CoQ-cytochrome-c-reductase, while
electron transport catalysed by cytochrome-c-oxidase
was accompanied by a normal ATP production (table
4). We found this same abnormality in a girl and her
brother (patients of Dr R Rodrigues Pereira, un-
published results). Table 5 shows that the cyanide-
Table 6 The cytochrome content ofmuscle mitochondria
(first biopsy only)

Patient Controls n

Cytochrome b 0 10 0-25 + 0 02 5
Cytochrome cl + c 0-32 042 + 004 5
Cytochrome aa3 0-17 0-27 + 002 5

The cytochrome content is given in nmol/mg protein.

insensitive palmitate oxidation, residing in the
peroxysomes, was lowered in the patient, while the
mitochondrial beta-oxidation measured in the pres-
ence of carnitine, was normal. This implies normal
functioning of the mitochondrial beta-oxidation en-
zymes and of intramitochondrial coenzyme A and
NAD+. The mitochondrial ATP synthetase, mea-
sured as Mg2 +-ATPase was normally latent, and
stimulated by uncoupler. The latent activity was sub-
stantially lowered by the addition of albumin, possi-
bly indicating the presence of fatty acid derivates. The
bulk of the uncoupler-stimulated activity was
inhibited by oligomycin. The activity of glycerol-3-P
dehydrogenase (FAD) was somewhat decreased com-
pared with the controls, but normally activated by the
addition of Ca2 , indicating the absence of calcium
overload in the second preparation. The activity of
succinate dehydrogenase was normal in the first prep-
aration. In the second preparation the integrity of the
mitochondrial inner membrane was measured by the
detergent stimulation of malonyl-CoA decarboxylase,
a matrix enzyme which is not able to decarboxylate
added malonyl-CoA when the inner membrane is in-
tact. Only 3% of the mitochondria were found to be
damaged.

In the first preparation we were able to study the
concentration of cytochromes. Cytochrome b, aa3,
and c, were lowered to 40, 63, and 76% respectively,
on protein basis. The observed decrease in cyto-
chrome aa3 agrees very well with the activity of
cytochrome-c-oxidase, which was found to be 69% of
control. Since the activity of cytochrome-c-oxidase
was normal in the second preparation, it can be con-
cluded that the concentration of cytochrome aa3 had
returned to normal.
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Discussion

Problems in mitochondrial energy supply are encoun-
tered in an increasing number of patients with myo-
pathies and multisystem diseases. Although the
clinical picture varies considerably, muscular weak-
ness and exercise intolerance are striking features.
This is also the case in the patient described in this
communication.
The metabolic studies revealed an excessive in-

crease of ketone bodies during a 38 h fasting period,
compared with normal controls,14 while the exercise
study showed a relative increase in FFA levels during
exercise. These observations can be explained by a
normal fatty acid oxidation in liver, and a decreased
consumption of both ketone bodies and fatty acids in
muscle. The prominent finding in the mitochondrial
preparation from the first biopsy was a reduction in
respiratory capacity. Particularly, the oxidation rates
with pyruvate and palmitoylcarnitine were very low,
which is compatible with a lesion at an early level of
the redox system, probably at the NADH-CoQ re-
ductase level. The mitochondrial oxidation of U-'4C-
palmitate with carnitine into '4CO2 and '4C-labelled
perchloric acid-soluble intermediates was normal. We
have encountered this in a number of other patients
with NADH-CoQ reductase deficiency (for example
ref 15). In the first mitochondrial preparation a de-
crease was found in cytochrome b and to a lesser ex-
tent in cytochrome aa3, but this finding cannot
explain the very low rate of ascorbate oxidation. A
possible explanation for this is that temporarily in-
creased long-chain acyl-CoA in the mitochondrial
matrix had inhibited the adenine nucleotide trans-
locator.'6 -18 An indication of this is the decrease in
the stimulation of the oxygen uptake rates by ADP
(table 3). The adenine nucleotide translocator in-
hibitor carboxyatractylate also causes this phenom-
enon. We think that in the patient's muscle
mitochondria the primary defect in NADH oxidation
caused an accumulation of long-chain acyl-CoA in
the mitochondrial matrix. The patient had a sufficient
amount of carnitine to sustain acyl-group transport
into the matrix. That the presence of carnitine is es-
sential is suggested by the fact that the oxidation of
ascorbate is not much affected in patients with multi-
ple acyl-CoA dehydrogenase deficiency, who were
deficient in carnitine.13 19
An inhibition of the adenine nucleotide trans-

locator can be verified by uncoupler-stimulation of
ascorbate oxidation. Unfortunately this was not tried
in the experiments with the first mitochondrial prepa-
ration, because we thought at that time that the ob-
served decrease in mitochondrial respiratory capacity
was caused by cytochrome-c-oxidase deficiency.
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Later this was excluded by measurement of this
activity in muscle homogenate (table 1) and of the
cytochrome levels in the mitochondrial preparation
(table 6).
The second mitochondrial preparation showed

an increased capacity of the respiratory chain,
although the oxidation rates with the different
substrates were lower than the control range.
The activities of succinate-cytochrome-c-reductase
and of cytochrome-c-oxidase in the homogenate were
completely normal (table 1). The adenine nucleotide
translocator functioned like in controls, as indicated
by the modest uncoupler stimulation of ascorbate ox-
idation (table 2), and by the normal ADP stimulation
of the oxygen uptake rates (table 5).
A completely unexpected finding in the second mi-

tochondrial preparation was not only that the elec-
tron transfer capacity of the respiratory chain had
increased, but also that the first two energy trans-
ducing sites of the respiratory chain were unable to
produce ATP. Probably there is a defect in proton
pumping by these complexes. Since coenzyme Q is the
shuttle between these complexes, there may be an ab-
normality in this cofactor. This cannot be proven by
the present data, since the control strength of co-
enzyme Q on mitochondrial oxidation is low.20 The in
vitro absence of proton pumping at site 1 and 2 and
the presence of electron transport, implies that the
energy must be set free as heat. This apparently did
not induce clinical hyperthermia in the patient during
exercise possibly owing to intact temperature regu-
lation in vitro.

Biochemical science has greatly advanced our un-
derstanding of normal mitochondrial metabolism,
but it took lengthy extensive investigations by many
expert groups to come at this stage of knowledge. We
are only in the beginning of understanding patholo-
gical processes in mitochondria. The first reversible
defect in cytochrome-c-oxidase has been described in
a young child.2' In contrast to our adult patient who
had ultrastructurally normal mitochondria, in the
child's muscle some abnormal mitochondria were
seen. The functional and partially reversible defect of
our patient lies in the respiratory chain. It is con-
ceivable that in the future more such patients will be
discovered. Up to the present most multiple biopsied
patients have shown permanent or even progressive
mitochondrial defects.

We thank Drs G Stoll and G Schwendemann for
performing the electronmicroscopical investigation
and Professor M Berger for cooperation, Professor
WC Hiilsmann for helpful discussion, and the Willem
H Kr6ger Stichting, Rotterdam, for financial sup-
port.
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