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ABSTRACT. Cultured skin fibroblasts from patients with
lacticacidemia were incubated with glucose for 1 h and the
lactate and pyruvate production measured. Those patients
with increased lactate to pyruvate ratios were further ana
lyzed for the cause of the abnormal redox state. Two
categories of patients are described. The first contains
patients with either severe or partial cytochrome oxidase
deficiency; this group can be broken down further into
patients with Leigh's disease, Kearn s-Sayre syndrome, and
liver-specific cytochrome oxidase deficiency. In this group ,
the rise in lactate to pyruvate ratio roughly correlated with
the severity of the defect . The second patient category had
defects located in complex I of the mitochondrial respira
tory chain. This is easil y demonstrated in the most severel y
affected patients with the fatal infantile form of the disease.
Patients with severe defects in either complex I or cyto
chrome oxidase had complexes that were only partially
assembled. Patients with mitochondrial encephalopathy
with lactic acidosis and stroke-like episodes demonstrated
only minor changes in redox state and in the behavior of
the mitochondrial respiratory chain. (Pediatr Res 28: 549
555,1990)

Abbreviations

MELAS, mitochondrial encephalopathy with lactic aci
dosis and stroke-like episodes

The inborn errors of metabolism known to be primary causes
of lacticacidemia include defects in pyruvate carboxylase ( I), the
pyru vate dehydrogenase complex (2) , and the respiratory chain
(3). Although the first two produce devastating result s in early
life in those affected, the majorit y of reported cases with respi
ratory chain defects have thus far been older children or adults
(4, 5). These cases have often been diagnosed after the present a
tion of "mitochondrial myopath y" with abnormal mitochondrial
appearance in muscle, either by light or electro n microscop y.

Our approach has been somewhat different. Over the past 5
years, we have sought to ident ify patient s with respiratory chain
defects by examining the redox state of cultured skin fibroblasts.
Although this has taught us that some well-recognized respiratory
chain defects are not expressed in fibroblasts, such as fatal
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infantile cytochrome oxidase deficiency, we have clearly identi
fied a group of neonat es and infan ts with lact icacidem ia not
previously well documented (6, 7).

MAT ERIALS AND MET HODS

Skin fibroblast cultures. Human skin fibroblasts were grown
from explants of forearm skin biopsy tissue (taken with informed
parental consent). Culture medium was Eagle's a -minimal essen
tial medium supplemented with 10% FCS and extra glucose to
bring the final medium glucose to 10.5 mM.

Determ ination ofL / P ratios. Confluent skin fibroblast cultures
( I mg cell protein) were drained of culture fluid and the medium
was replaced with 2 mL of Krebs phosphate buffer.Th e fibroblast
cultures were incuba ted at 3rC for I h to deplete glycogen
reserves; at th is point the buffer was replaced by I mL Krebs
phosphate buffer con ta ining I mM glucose. After I h, 0.1 mL
1.6 M perchloric acid was added an d the cells were scraped from
the dish with acidified buffer. After centrifugation to remove the
pellet, the supernatant was assayed for lactate and pyru vate (8).
The pellet was assayed for prote in.

Determination ofrespi ratory cha in activities. Whole cell cyto
chro me oxidase was measured as described by Glerum et at. (9).
Mitochondria were isolated from cultured skin fibrobl asts an d
activities of the respiratory chain components were measured as
follows: rotenone-sensitive NADH-cytochrome c reductase by
the method of Moreadith et al. (10), cytochrome oxidase by the
method of DiMauro et al. (1 I), and succinate-cytoc hrome c
reductase by following the reduction of cytochrome c at 550 nm
( 12).

Northern and W estern blott ing. Western blotting was carri ed
out as described previously using mitochondria isolated from
fibroblasts ( I, 9). No rthern blott ing was carried out using to tal
mR NA prepared from fibroblasts, as described previously (3),
and electrophoresed in 1% agarose containing form aldehyde.
The mR NA was transferred to a Hybond support (Amersham,
Arlington Heights, IL) and probed with 32P-labeled cDNA ob
tained by rando m priming of cDNA for subunit II or IV of
cytochro me oxidase. Th e cDNA for cytochrome oxidase subunit
IV was a gift from Eric Schon , Columbia Un iversity, New York.

RESULTS AND DISCUSSION

Approach to dia gn osis of resp iratory chain def ects. When cul
tured skin fibroblasts are grown in Eagle's a-minimal essential
medium bicarbonate buffered medium with a 5% CO2 95% air
atmosphere, they initially derive much of their energy for growth
from converting glucose to pyruvic and lactic acids. Within a
few days of subculture in medium containing 5.5 mM glucose,
the glucose disappears from th e culture med ium with 84% of it
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Fig. 2. Lactate and pyruvate production in cultured skin fibrob lasts.
Confluen t skin fibroblast cultures were incubated with Krebs phosphate
buffer for I h, then with Krebs phosphate buffer plus glucose as described
in Materials and Methods. After I h, the reaction was stopped by the
addit ion of perchloric acid, and lactat e and pyruvate were measured.
The lactate measured and the pyruva te measured for each cell line is
shown followed by the calculated L/ P ratio. Fibroblast cell lines were as
follows: 1. 2. 3. and 4 were control cell lines 1228, 1685, 1206, and 806;
5 was pyruvate dehydrogenase-deficient cell line 1373; and 6- 14 were
cell lines later shown to have respiratory chain defects, cell lines 1630,
1680, 1909, 1489, 2288, 2020, 1895, 2207, and 2233. Values are ex
pressed as the mean of at least five determ inat ions ± SEM.

500 nmol of lactate and about 25 nmol of pyruvate, giving an
L/ P ratio between 20:1 and 30:1. When the pyruvate dehydro
genase complex is deficient, higher rates of lactate and pyruvate
production are seen, with an L/P ratio that is norm al or low
(19). When the mitochondrial respiratory chain is defective, the
lactate output is increased, whereas the pyruvate output is de
creased, giving an elevated L/P ratio (6, 7, 9). Those patients
with elevated L/P ratios can be divided into two basic groups,
those with defects in the cytochrome oxidase complex (complex
IV of the respiratory chain) and those with defects in NADH
coenzymeQ oxidoreductase (complex I of the respiratory chain).

Defects ill cytochrome oxidase. In the cytochrome oxidase
deficiencies, there was a surprisingly good correlation between
the severity of the defect and the magnitude of the L/ P ratio.
Figure 3 shows that an increasing L/ P ratio is associated with
decreasing residual whole cell cytochrome oxidase activity.
Twelve patients with Leigh's disease (subacute necrotizing en
cephalomyelopathy) had low «25 %) cytochrome oxidase activi
ties and L/P ratios of greater than 100:1 in skin fibroblasts.
Another cluster of patients with partial defects of cytochrome
oxidase had varied clinical presentations. One patient had
Kearns-Sayre syndro me, two had hepatomegaly and severe liver
cytochrome oxidase deficiency, and five had Leigh's disease. One
patient died at 3 mo with a severe ventricular cardiomyopathy.

In the patient s with partial cytochrome oxidase deficiency and
Leigh's disease, the enzyme had abno rmal kinetics with respect
to both oxidized and reduced cytochrome c (Fig. 4). There
appeared to be inhibition by both high concentrations of the
substrate, reduced cytochrome c, and the product, oxidized
cytochrom e c (7), that were not seen in cytochrome c oxidase
from norm al fibroblasts. In the partial defect seen in Kearns
Sayre syndrome, we analyzed mitochond rial DNA and found no
detectable deletions in these cells, despite the presence of cyto
chrome oxidase deficiency. Isolated liver cytochrome oxidase
deficiency suggests that a defect is present in a subun it with a
liver-specific isoform, such as subunits VII, IX, and ASA (the N
terminal amino acids of cytochrome oxidase subunit alanine
serine-alanine are used to designate the identity of this subunit).

We have examined extensively the synthesis of cytochrome
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where K W H is the equilibrium constant of the lactate dehydro
genase. Because the L/ P ratio observed in fibroblast cultures after
incubation with glucose is approximately 25:1, it follows that 25
x 1.11 x 10-4 = NADH/ NAD; therefore, NAD/NADH = 360.

This value for NAD/NADH of 360 is similar to that seen in
other mammalian cells, and reflects the redox state in the cyto
solic compartment, a state maintained in an equilibrium with
pyridine nucleotide redox state of the mitochondrial compart
ment. These couples are linked by the glutamate/aspartate shut
tle system (Fig. 1; 14), such that the mitochondrial NAD/NADH
ratio favors the reduced form , being between 10:1 and 30:1 (15).
This difference in cytosolic and mitochond rial pyridine nucleo
tide redox states is maintained by the electrogenic expulsion of
aspartate from the mitochondrial to the cytosolic compartment
(16). In turn, the mitochondrial NAD/ mitochondrial NADH
ratio is in equilibrium with the oxidized-reduced cytochrome c
couple as modulated by the ratio ATP/ (ADP) (inorganic phos
phate) in the cell (17, 18).

Measurements of cellular L/ P ratio are summarized in Figure
2. The cells were incubated in a buffer containing glucose for 1
h, as described earlier, and the lactate and pyruvate measured a
number of times for each cell line. Control cells produce about

reappearing in the medium as lactate and pyruvate (13).If culture
is continued without further glucose supplem entation, the lactate
and pyruvate are then metabolized oxidatively to provide energy
(13). This reliance of cultured fibroblasts on glycolysis does not
make them an ideal system for studying oxidative metabolic
defects.

However, the ratio of accumulated lactic to pyruvic acid can
give important information about the redox state of the cell and
thu s reveal problems in respiratory chain function. The lactate
dehydrogenase reaction is at equilibrium in normal fibroblasts
such that

Fig. I. The linking of the L/P equilib rium to the intramitochondrial
redox state. The equilibrium between pyruvate and lactate at lactate
dehydrogenase and between malate and oxaloacetate at malate dehydro
genase is linked through the NAD/ NADH redox couple in the cytosol.
The intra- and extramitochondrial asparta te am inotransferases and the
malate , oxoglutarate, glutamate, and aspartate transporting systems in
the mitochondri al membrane permit the metabolites of the intra - and
extra mitocho ndrial malate dehydrogenases to comm unicate. The intra
mitochon drial and extram itochond rial NAD/ NADH couples are there
fore in communication. However, the cytosolic coup le remains much
more oxidized because of electrogenic expu lsion of aspartate from the
mitochondrial compartment.
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oxidase in the deficient fibroblast cultures (9, 20). The majority
of those with severe cytochrome oxidase deficiency did not
assemble the complex. Those with partial defects either under
went partial assembly or full assembly of the complex (Fig. 5),
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Fig. 3. Th e correlation of cytochrome oxidase activ ity with LjP rati o.
The activity ofwhole cell fibroblast cytochrome oxidase is plotted against
the LjP rati o determined by incubation with glucose. Each point repre
sents one cell line . e, cont rol cell lines; 0, patients with various forms of
cytochrome oxidase deficiency.
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Fig. 5. Western blotting of fibroblast mitochondrial extracts with
an ticytochrorn e oxidase subunit antisera. The blot was performed as
desc ribed in Mate rials and Methods, blotting with ant iseru m for subunit
II and IV of cytoc hro me oxidase. Th e mito chondrial extracts were
electroph oresed before blotting from ; lane C, co ntrol cell line 1685; lane
I , parti ally deficient cell line 1630; lane 2, severely deficient cell line
216 1; and lane 3, severely deficient cell line 1909 .

Fig. 6. No rthern blotting of total RN A preparation from cytochrome
oxidase-deficient fibrobl asts. Total RNA (20 Jtg per cell line) was electro
phore sed on a 2.2 M formaldehyde / I% agarose gel and transferred to a
Hybond support membrane. This blot was then probed with a 32P-Iabeled
eDNA probe for subunit II of cytochrome oxidase. L ane C is control cell
line 1206 ; lanes 1,5. 8. 9 and 12, severel y deficient cell lines 1489,2161 ,
2417,2435, and 26 12; and lanes 2.3, 4, 6. 7, 10 and 11, partially deficient
cell lines 1630, 1947 , 2130,2233, 2288, 2440 , and 2576.
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Fig. 4. The dependence of cytoc hrome oxidase activity on the con
centration of redu ced cytochro me c (top) and oxidized cytoch rom e c
(bollom) in a patient with partial cytochrome oxidase deficien cy and
Leigh's disease. Determinations were carried out using a soni cated mi
toc ho ndrial preparation from either the control or pati en t' s cells; 6,
control cell line 1286; 0, complex I defici ent cell line 1680; D, partially
deficient cell line 1630; e, severely deficient cell line 1909. In the bottom
half of the figure, who le cell cytochrome oxidase was measured as a
func tion of oxidized cytochrome c concentration at a substrate con cen
tration of 80 Jtm reduced cytochrome c.
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as shown by Western blott ing with antibodies specific for subunit
II and IV of cytochrome oxidase. On the other hand , immuno
precipitation of subunits using antibody against ind ividual com
ponents or antibody against the whole complex showed that,
even in the fibroblast cultures with nonassembly, as ju dged by
Western blotting, newly synthesized 35S-labeled subunit IV can
easily be demo nstrated. This was confirmed by Northern blott ing
experiments in which the mRNA for subunits II (mitocho ndria l
encoded) and IV (nuclear encoded) were present in both part ial
and nonassembl ing cytochrome oxidase-deficient fibroblasts
(Figs. 6 and 7).

Spectrum ofcytochrome oxidase deficiency. How then can we
relate these fibroblast observations to the accumulated knowledge
of cytochrome oxidase deficiency? Leigh's disease appears to be
the major presentation for cytochrome oxidase deficiency. This
deficiency has been present in all tissues tested (2 I), and has
been extensively reported (22). Although the majority of Kearns
Sayre syndrome cases carry mitochondrial DNA deletions (23),
they do not exhibit cytochrome oxidase deficiency in fibroblasts,
despite the fact that they do so in muscle. The case we report
here is an exception. Although liver-specific cytochrome oxidase
deficiency is also rare, we have detected it here in cultured skin
fibroblasts (24, 25). We have investigated skin fibroblasts from
several cases of fatal infanti le cytochrome oxidase deficiency
(26). There is neither a raised LIP ratio nor a decrease in
cytochrome oxidase activity detectable in these cells.

C 1 2 3 4 5 6 7 8 9 10 1"\

c IV

Fig. 7. Northern blotting of total RNA from cu ltured skin fibroblasts
with cytochro me oxidase defic ienc y for subunit IV. Blotting was carried
out as desc ribed for Figure 6, except th at a cDNA probe for cytochrome
oxid ase subunit IV was used . Lane C is control cell line 1206; lanes 2.
J. 6. 7. 9 and 11, severel y de ficient cell lines 2 16 1, 24 17, 2434, 2550 ,
and 2612 ; and lanes 2, 4, 5, 8, and 10, partially deficient cell lines 2 130,
2233, 2288, 2446 , and 2576,

Defects in complex I. When a cultured fibroblast cell line
demonstrates an altered redox state by virtue of an increased
LIP ratio but no cytochrome oxidase defect, further analysis is
necessary. Initially, we measure whole cell succinate-cytochrome
c reductase; we have never found this activity to be deficient in
skin fibroblasts. This then means that any remaining cell line
with increased LIP ratio has a defect in either complex I, complex
V (the oligomycin-sensitive ATPase) or the adenine nucleotide
tra nsporter. To date, most patient cell lines falling in th is category
have com plex I defects, although this is sometimes difficult to
demonstrate.

To illustrate this problem, we will exami ne the case of Mo
readith et al. (l0). This patient presented on the 1st day of life
with respirato ry distress and hypoglycemia. He was hypotonic,
fed poorly, had poor respiratory effort, and was intubated from
3 wk of age until his death at 16 wk. The serum lactic acid
increased from 5 mM in the neonatal period to greater than 20
mM toward the end of his life. Detailed studies performed on
mitochondria isolated from various tissues at the tim e of his
death showed a comple x I defect that varied in severity among
the tissues, residual activities being 2% in skeletal muscle, I 1%
in liver, 16% in heart, and 33% in kidney. Our studies of his
skin fibroblast mitochondria showed that complex I activity in
fibroblasts was normal, as was the rest of the respiratory chain
(Table I). However, the LIP ratio was elevated in fibroblasts,
indicati ng that the defect was present, although in an occult
form. We then checked the rate of ATP synthesis in isolated
mitochondri a from various substrates and found it normal both
with NAD-linked substrates and with succinate. Thus, a complex
I defect can alter the redox state without altering either the
measured enzyme activity or the function of the complex in
oxidative phosphorylation. This makes it difficult to diagnose
some complex I defects definitively in fibroblasts, although we
have demonstrated several to have deficient enzyme activity.

Spectrum of complex I deficiency. We examined the clinical
histories of 25 patients with lacticacidemia in whose cells we had
demonstrated an increased LIP ratio (Fig. 8). The patients fell
into roughly four categories. The first group had lacticacidemia
from birth associated with acidosis. Death always occurred in
the first 4 mo of life and all had hypotonia and anorexia. Three
had a ventricular cardiomyopathy and two showed mitochon
drial hypertrophy in muscle. There were two groups with the
diagnosis of Leigh's disease. The first had unusually early onset
and rapid progression ; death occurred at 10 wk in one case
(Table 2). Three of these children had a ventricular cardiomy
opath y. The other group had a more typical Leigh's disease
progressive neurodegeneration ; all initially progressed reasonably
well, altho ugh most presented at I y of age because of stalled
development. They, like the other Leigh's disease group, had
mild lacticacidemia, with values rarely above 5 mM. Another

Tab le I. Exp ression ofcomplex I defici ency in cultured skin fibroblast*
NA D H-cyt c reductase (rotenone sensitive)

(nrnol/ m in/rng protein)

Patient Control %

16
33
11
2

128
327

347
i07
131
206

53 ± 7 (7)
26.9 ± 1.6 (I i)

56
35
15
5

68 ± 21 (4)
88 ± 11 (6)

Heart ]
Kidneyt
Livert
Skele tal m uscle ]
Fibroblasts
Lactate/pyruvate ratio
Rate of ATP synthesis (isolated fibroblast mitchondri a)

Pyruv ate 5' m M/ L mal ate I mM II i 7 ± 36 (3) 746 ± 68 (4) 149
Isocitrate I mM / L ma late 1 m M 1577 ± i55 (3) 1043 ± 113 (4) 140
Succinate 5 mM / ant imycin I I'M 1i 76 ± 69 (3) i0 63 ± i02 (5) III

* Respiratory chain acti vit ies and lactate to pyruvate ratio in skin fibrob last cultures were determ ined as described in Materials and Methods.
Rate of AT P synthesis was determined as described by Robinson et at. (3). Number of determinations in parentheses.

t Values taken from Moreadith et at. ( 10).
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group demonstrated spastic quadriplegia from the neonatal
period onward. These patients had moderate acidosis, with blood
lactate levels in the range of 5-7 mM. Two of these patients had
optic atrophy and two had translucencies visible in the basal
ganglia on CT scanning.

Are these groups, as classified by clinical presentation, that
much different from each other? Two pieces of information
suggest strongly that there is overlap, if not contiguity, between
these groups. First, one of the patients who presented with spastic
quadriplegia had a sibling who, after a slow neurodegenerative
course, died at 19 y of age with the pathology of Leigh's disease.
Second, two cases of fatal neonatal lacticacidemia had docu
mented postmortem pathology with degenerative changes in the
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Fig. 8. Corre lation of the LI P ratio in cultured cells with clinical
present ation in pat ients with normal fibroblasts cytochro me oxidase
activity. Th e patients divide into four clinical groups: those who presented
in the neonatal period with lacticacidosis, those who presented early with
Leigh's disease, those with a later presentat ion for Leigh's disease, and
those with spastic quadriplegia. LIP ratio was determined for fibroblast
cultures as described in Materia ls and Methods.

brainstem, spinal cord, basal ganglia, thalamus, and cerebellum,
also overlapping with the early Leigh's disease group. However,
other cases in the fatal neonatal group had only a spongiform
encephalopathy at post-mortem. Thus, our classification may
have to be reevaluated as further inform ation about the nature
of these defects becomes available. An interesting case reported
by Hoppell et al. (27), like the report of Moreadith et at. (10),
also documents complex I deficiency in a baby who presented
with lactic acidosis, biventricular cardiomyopathy, anorexia, and
hypotonia. Th is baby survived for 2 mo but showed spongiform
changes in the cortex, putamen, globus pallidus, and hypothala
mus. Th is patient , like most patients identified in our neonatal
group, had an increased blood LIP ratio.

We have completed analysis of the respiratory chain activities
in some members of this group (Table 3). The fatal infantile
group seemed to have the most deficient activities, with the one
exception shown earlier having normal activity. The one spastic
quadriplegia patient also had quite deficient activity, whereas a
case with late onset Leigh's disease had only mild deficiency.
The isolated mitochondria from some of these cell lines were
subjected to Western blotting using an anti-complex I anti body.
The only consistent abnormalities in many severely affected fatal
infantile (neonatal presentation ) patients were very decreased
amounts or absence of a number of proteins, including the 75,
39, 24, 20, and 13 kD proteins (Fig. 9).

Table 3. Fibroblast respiratory chain activity"

(I + 1II)
NADH-Cyt c reduc tase LIP rat io

Fata l infantile
1680 7.6 ± 1.6 (4)t 99 ± 15 ( I)t
1895 10.0 ± 2.3 (5)t 169 ± 68 (4)t
2020 14.6 ± 2.1 (6)t 182 ± 45 (7)t
2038 11.6 ± 4.7 (3)t 107 ± 2 1 (4lt
1581 2.8 ± 1.4 (2lt 142 ± 40 (4lt
2649 23.8 ± 8.4 (2)t 151 ± 42 (6)t
2224 67.8 ± 2 1 (4) 88 ± II (6)t

Spastic quadrip legia
2212 16.3 ± 4.8 (4lt 131±22 (5)t

Leigh's disease
(early onset)

2574 12.4 ± 1.2 (2)t 102 ± 9 (6)t
Leigh's disease

(late onset)
2249 32.3 ± 3.5 (3)t 57 ± 8 (5lt

Controls
1286 53.4 ± 6.8 (7) 23.4 ± 2.5 (8)
1685 52.7 ± 7.9 (6) 26.9 ± 1.6 ( I I)

MELAS
2611 36.8 ± 9.4 (3) 31.9 ± 3.4 (6)

* NAD H cytochrome reductase (roteno ne sensitive) was measured in
fibroblast mitochondria as described previously (3). LIP ratio in fibro
blasts after incubation with glucose was determined as in Materials and
Methods. Values are given as mean ± SEM.

t P < 0.01 with respect to control s.

Table 2. Clinical presentation of patients with high fibr oblasts L jP ratio (putative complex I defi ciency)

Fatal infantile Moderate spastic quad Leigh's (early) Leigh's (late)

3
2

n
LIP ratio
Ou tcom e
Degree of acidosis
Associated sympt oms

Cardiomyo pathy (n)
Basal ganglia disease

CT (n)

8 4 4 8
124 ± 13 119 ± 34 84 ±1 0 75 ± 14

All died before 4 mo age Two died before 4 y One died at 10 wk All alive
Severe Moderate Mild Mild
Hypoto nia, anorexia Spastic quadriplegia, pyschomotor Nystagm us, psychomotor 2 Hypertonic. 6 Hypoton ic,

retard at ion retardation psychom otor retardation
130

2 2 4
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75 -

M L L L 8 c N Thus, although the MELAS complex I defect may be at least
partially expressed in fibroblasts, the level of expression is not
the same as that seen in muscle. This would be compatible with
a mitochondri al DNA-encoded defect in which heteroplasmy
could account for familial and tissue differences (31, 32).

REFERENCES

Fig. 9 . W estern b lo tt ing of c u ltured skin fibrob las t m ito chond rial

p rotein with a nt i-co m plex I antibody. Mitoch ondria (100 flg protei n )

we re isolated from skin fibroblast cult u res of patients wi th putative
co mplex I d eficiency a nd the protein s run ou t o n a 10% pol yacrylamide

gel. This ge l was elec troblo tted o n to a H ybo nd su pport m atri x and
b lotted with anti-complex I a ntibody. Im munoreactive p ro teins were
visual ized w ith a biotinylated IgG-strepta vidin peroxid ase system (Bio

R ad La boratories, M ississauga , Ontario). Lane J, human muscle mi to
cho nd ria (co n tro l) (NJ). Lanes 2, 3. a nd 4, pat ients wi th Leigh 's disease

(L) (lane 4 has 50 flg prot ein instead of 100 flg prote in ). Lane 5, patient
with spastic quadriplegia . La ne 6, co ntro l cell line . Lane 7, patient with

the neonatal lactic acido sis (fa tal infa n tile) .

The fibroblast complex I proteins identified on the blot were
almost identical to those seen in muscle mitochondri a. Thus , the
situation is analogous to severe complex IV deficiency, where
many of the components of the complex fail to assemble, result
ing in low activity.

Is respiratory chain defect seen in muscle biopsies f rom ME
LAS patients expressed in fibrob lasts?Patients with MELAS (28)
have values for the LIP ratio either in or just above the normal
range (Fig. 8). Decreased activity of complex I is the most
common defect in muscles of MELAS patients, accompanied
variably by decreased activity of cytochrome oxidase (29, 30).
We investigated two cases of MELAS by Western blotting and
found that the fibroblast mitochondrial complex I was indistin
guishable from that in controls. However, complex I in muscle
mitochondri a had several missing subunits (29, 30). The activity
of complex I in fibroblasts was insignificantly lower than that in
controls in the one MELAS patient cell line tested (Table 3).

I. Robinson BH, Oei J, Sherwood WG, Applegarth D, Wong L, Haworth J,
Goodyer P, Casey R, Zaleski LA 1984 The molecular basis for the two
different clinical presentations of classical pyruvate carboxylase deficiency.
Am J Hu m Genet 36:283- 294

2. Robinson BH, MacMilla n H, Petrova -Benedict R, Sherwood WG 1987 Vari
able clinical presentation in patients with deficiency of the pyru vate dehy
drogenase complex. A review of 30 cases with a defect in the E, component
of the complex. J Pediatr 111:525- 533

3. Rob inson BH, Ward J, Goodye r P, Baudet A 1986 Respiratory chain defects
in the mitochondria of cultured skin fibroblasts from three pati ents with
lacticacidemi a. J Clin Invest 77:1422-1427

4. DiMauro S, Bonilla E, Zeviani M, Nakagawa M, Dev ivo DC 1985 Mitochon
drial Myopat hies. Ann Neur ol 17:521-538

5. Sengers RCA, Stadh ouders AM, Trijbels JMF 1984 Mitochondrial myopathi es.
Clinical , morph ological and biochemical aspects. Eur J Pediat r 14 1:192-204

6. Robinson BH, De Meirleir L, Glerum M, Sherwood G, Becker L 1987 Clinical
presentation of patients with mitoch ondri al respiratory chain defects in
NADH Coe nzyme Q reductase and cytochro me oxidase: clues to the path
ogenesis of Leigh Disease. J Pediatr 110:216-222

7. Gler um M, Robinson BH, Spratt C, Wilson J, Patrick D 1987 Abnorm al
kinetic behav iour of cytoch rome oxidase in a case of Leigh' s disease. Am J
Hum Genet 41:594-503

8. Rob inson BH, MacKay N, Goodyer P, Lancaster G 1985 Defective intrami
tochondria l NADH oxidation in skin fibroblasts from an infant with fatal
neonatal lacticacidemia. Am J Hu m Genet 37:938-946

9. Glerum M, Yanamu ra W. Capaldi R, Robinson BH 1988 Characterisation of
cytochrome oxidase mutan ts in human fibrob lasts. FEBS Lett 236:100-104

10. Moreadith RW, Batshaw ML, Ohni shi T, Kerr D, Knowx B, Jackson D, Hruba
R, Olson J, Reynafarse B, Lehni nger AL 1984 Deficiency of the iron-sulfur
clusters of mitocho ndrial reduced nicotinamide-adenine din ucleotide -ubi 
quino ne oxidoreductase (Com plex I) in an infant with congenital lactic
acidosis. J Clin Invest 74:685- 697

11. DiMauro S, Nicholson JF , Hays AP, Eastwood AB, Pap adim itriou A, Koen
ingsberger R, DeVivo DC 1983 Benign infantil e mi tocho ndrial myopath y
due to reversible cytochrome c oxidase deficiency. An n Neurol 14:226-234

12. Fischer JC, Ruitenbeek W, Stadh ouders AM, T rijbels JM F, Sengers RCA,
Janssen AJM , Veerkamp JH 1985 Investigation of mitochondrial metabo
lism in small hum an skeletal mu scle biopsy specimens. Improvement of
prepara tion procedu re. Clin Chim Acta 145:89-94

13. MacKa y ND, Robin son BH, Brodie R, Rooke-Allert N 1983 Glucose transport
and metaboli sm in cultured human skin fibroblasts. Biochim Biophys Acta
762:I98- 204

14. Robinson BH, Halperin ML 1970 Transp ort of reduced nicotinamid e adenine
dinucl eotide in mitochondria of rat with adipose tissue. Biochem J 116:229
234

15. Krebs HA 1973 Pyridine nucleotides and rate con trol. Syrnp Soc Exp Bioi
17:299- 318

16. William son JR , Safer B, laNoue K, Smith CM, Walajtys E 1973 Mitochondrial
cytosolic interacti on in cardiac tissue: role of the malate-aspartate cycle in
the removal of the glycolytic NADH from the cytosol. Symp Soc Exp Bioi
17:24 1-271

17. Ericinska M, Wilson DF 1982 Regulation of cellular energy metab olism. J
Membr Biol 70:1-1 4

18. Sussman I, Ericinska M, Wilson DF 1980 The regulation of cellula r energy
metabolism. The Crabtree effect. Biochim Biophys Acta 59 1:209-223

19. Robinson BH 1988 Cell cultures studies on patients with mitocho ndrial
diseases. J Bioenerg Membranes 20:3 13-323

20. Glerum DM, Robinson BH, Capaldi R 1989 Fibroblasts and cytochrome c
oxidase deficiency. In: Azzi A, Drahota Z, Pepa S (eds) Molecular Basis of
Membrane-Associate d Diseases. Springer Verlag, Berlin, pp 228-238

2 1. Miyabayashi S, Ito T, Abukawa D, Nari sawa K, Tada K, Tanaka M, Ozawa
T, Droste M, Kadenbach B 1987 Immunochemical study in three patients
with cytochrome c oxidase deficiency present ing Leigh's encephalomyelop
athy. J Inh erited Metab Dis 10:289- 292

22. DiMauro S, Servidei S, Zevian i M, DiRocco M, DeVivo DC, DiDonato S,
Uziel G, Berry K, Hoganson G, Joh nsen S, Johnson PC 1987 Cytochrom e
c oxidase deficiency in Leigh syndrome. Ann Neurol 22:498- 506

23. Holt IJ, Harding AE, Morga n-Hughes JA 1988 Deletions of muscle mitochon
drial DNA in pat ien ts with mitochondrial myopat hies. Nature 331:717- 719

24. Boustany RN, Aprille JR, Halperin J , Levy H, Delong GR 1983 Mitochondrial
cytochrome deficiency presenting as a myo pathy with hypotonia, externa l
ophthalmoplegia and lactic acidosis in an infant and as fata l hepatopath y in
a second cousin . Ann Neurol 14:462- 467

25. Sengers RCA, T rij bels JMF, Bakkeren JAJM , Ruite nbeek W, Fisher JC,
Janssen AJM, Stadhouders AM, Ter Laak HJ 1984 Deficiency of cytochrome
band aaJ in muscle from a floppy infan t with cytochro me oxidase deficiency.
EurJ Pediatr 141:178-1 80



RESPIRATOR Y CHAIN DEFECTS IN CULTURED FIBROBLASTS 555

26. DiMau ro S, Zeviani M, Bonilla E, Bresolin N, Nakagawa M, Miranda AF,
Moggio M 1985 Cytochrome c oxidase deficiency. T rans Biochem Soc
13:651-653

27. Hoppel CL. Kerr DS, Dahm s B, Roessmann U 1987 Deficiency of the reduced
nicotinamide adenine dinucleotide dehydrogenase component of co mplex I
of mitochondrial electron transpo rt. J Clin Invest 80:71-77

28. Pavlakis SG, Phi llips PC, DiMauro S, De vivo DC, Rowland LP 1984 Mito
chondrial myopathy, encephalopathy, lactic acido sis and strokel ikc episodes:
a distinctive clinical syndrome . Ann Neurol 16:48 1-488

29. Tanaka M, Nishikimi M, Suzu ki H, Ta da M, Ozawa T , Koga Y, Nonaka I
1987 Deficiency of subunits ofco mplex I or IV in mitochondrial myopathies:
imm unochem ical and im mu nohistochemical study. J Inhe rited Metab Dis

10:284- 288
30. Koga Y. Nonak a I, Kobayashi M, Tojyo M, Nihei K 1988 Findings in m uscle

in complex I (NADH coen zyme Q redu ctase) deficiency. Ann Neurol
24:749- 756

31. Wallace DC, Zheng X, Loh MT, Shoffner JM, Hodge JA, Kelley RI, Epstein
CM, Hopkins LC 1988 Fam ilial m itochondrial encep halomyopathy
(MERRF): genetic, path o-physiological and biochem ical cha racterization of
a mitochondrial DNA disease. Cell 55:601-616

32. Ozawa T. Yo neda M, Tan aka M, Ohno K, Sato W, Suzuk i H, Nishikim i M,
Yam am oto M, Non aka I, Horai S 1988 Matern al inherit ance of dele ted
mitochondrial D NA in a fam ily with mitochondrial myopat hy. Biochem
Biophys Res Commun 154:1240- 1247


	The Use of Skin Fibroblast Cultures in the Detection of Respiratory Chain Defects in Patients with Lacticacidemia

