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Mitochondria are essential for cellular bioenergetics by way of energy production in the form of ATP through the process of

oxidative phosphorylation. This crucial task is executed by five multi-protein complexes of which mitochondrial

NADH:ubiquinone oxidoreductase or complex I is the largest and most complicated one. During recent years, mutations in

nuclear genes encoding structural subunits of complex I have been identified as a cause of devastating neurodegenerative

disorders with onset in early childhood. Here, we present a comprehensive overview of clinical, biochemical and cell physio-

logical information of 15 children with isolated, nuclear-encoded complex I deficiency, which was generated in a joint effort of

clinical and fundamental research. Our findings point to a rather homogeneous clinical picture in these children and drastically

illustrate the severity of the disease. In extensive live cell studies with patient-derived skin fibroblasts we uncovered important

cell physiological aspects of complex I deficiency, which point to a central regulatory role of cellular reactive oxygen species

production and altered mitochondrial membrane potential in the pathogenesis of the disorder. Moreover, we critically discuss

possible interconnections between clinical signs and cellular pathology. Finally, our results indicate apparent differences to drug

therapy on the cellular level, depending on the severity of the catalytic defect and identify modulators of cellular Ca2+ home-

ostasis as new candidates in the therapy of complex I deficiency.
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Introduction
Unlike any other structure in mammalian cells, mitochondria are

partially autonomous, highly dynamic organelles, which possess

their own genome with transcriptional and translational machinery

(Duchen, 2004). Together with these unique properties, mitochon-

dria hold a central position in cellular bioenergetics. The most

important mitochondrial energy-yielding reaction is performed by

the oxidative phosphorylation system (OXPHOS). This system can

be resolved into five large multi-subunit complexes (CI-CV) and is

embedded in the inner mitochondrial membrane. Thirteen of

the �80 essential OXPHOS subunits are encoded by maternally

inherited mitochondrial DNA and the remainder by nuclear DNA.

Electron transfers from OXPHOS substrates to molecular oxygen

results in the translocation of protons across the inner mitochon-

drial membrane at CI, CIII and CIV, which creates a substantial

electrochemical gradient. This gradient is utilized for ATP synthesis,

ion translocation and protein import.

The importance of mitochondria for cell viability is most

dramatically highlighted by the diseases, which are caused by

its malfunction. OXPHOS disorders range from fatal encephal-

omyopathies of early childhood (e.g. Leigh disease) to severe

diseases of adulthood (e.g. Parkinson’s disease, Alzheimer’s

disease, Type 2 diabetes mellitus) (Lin and Beal, 2006; Zeviani

and Carelli, 2007; Civitarese and Ravussin, 2008). In general,

OXPHOS disorders make a contribution of about 1 per 5–10 000

live births in man, which indicates that they can be regarded as

one of the most common groups of inborn errors of metabolism

(Thorburn, 2004). Among these disorders, isolated CI deficiency

is the most frequently encountered defect of the mitochondrial

energy metabolism (Smeitink et al., 2001). From a medical

perspective, CI malfunction caused by mutations in nuclear

genes is critically involved in severe multisystem disorders with

onset of symptoms at a young age. The dramatic impact of

mutations in these genes on neurodevelopment and patient

survival is related to critical alterations in cell metabolism, energy

homeostasis and reactive oxygen species (ROS) production

(Smeitink et al., 2004). However, the crucial interconnection of

these parameters with clinical signs and symptoms is still poorly

understood. Based on a joint effort of clinical and cell physiological

studies, this review aims to give a combined view on the

consequences of nuclear-encoded CI defects in both the affected

cell and the diseased child.

Mitochondrial complex I: as
good as its building bricks
Mammalian CI (NADH:ubiquinone oxidoreductase; EC 1.6.5.3)

is the largest protein-assembly of the respiratory chain and

forms the major entry-point of electrons into the OXPHOS

system. Structurally, it consists of 45 subunits, 7 encoded by

mitochondrial DNA and 38 by nuclear DNA (Carroll et al.,

2006). Its catalytic core comprises 14 evolutionary conserved sub-

units, which, in humans, are encoded by the nuclear NDUFV1,

NDUFV2, NDUFS1, NDUFS2, NDUFS3, NDUFS7 and NDUFS8

genes and the mitochondrial ND1–ND6 and ND4L genes

(Brandt, 2006). The complex can be dissociated into a soluble

peripheral arm containing the flavoprotein and iron protein

subunits, and a hydrophobic arm embedded in the inner mito-

chondrial membrane. To facilitate the proper buildup and stability

of CI protein, several assembly chaperones are required (Vogel

et al., 2007).

The main task of CI is to take over electrons from NADH to trans-

fer them to ubiquinone, a lipid-soluble carrier of the inner mitochon-

drial membrane. The energy that originates from this process is used

to move protons across the inner membrane, creating an inside

negative membrane potential. Importantly, during this process,

premature electron leakage to oxygen may occur, which makes CI

a main site of cellular superoxide production (Duchen, 2004).

Obviously, structural integrity of CI is essential to maintain its

functionality. Therefore, alterations in one of its ‘building bricks’

may lead to catalytic problems or instability of the complete

assembly. Up to now, disease causing mutations have been

described in all 7 mitochondrial DNA-encoded subunits and

12 of the nuclear DNA-encoded subunits (van den Heuvel

et al., 1998; Loeffen et al., 1998, 2001; Schuelke et al., 1999;

Triepels et al., 1999; Bénit et al., 2001, 2003, 2004; Kirby et al.,

2004; Fernandez-Moreira et al., 2007; Berger et al., 2008; Hoefs

et al., 2008). Most of these defects are inherited in an autosomal

recessive manner; however, X-linked inheritance has also been

described (Fernandez-Moreira et al., 2007). Finally, mutations in

the CI assembly factors NDUFAF2, NDUFAF1, C6orf66, C8orf38,

and C20orf7 have been described (Ogilvie et al., 2005; Dunning

et al., 2007; Pagliarini et al., 2008; Saada et al., 2008; Sugiana

et al., 2008). The increasing knowledge of CI composition and its

regulation illustrates the complexity of this biochemical system.

In our research, we mainly investigate the consequences of muta-

tions in nuclear DNA-encoded CI subunits and therefore, will focus

on this aspect in this article.

Complex I deficiency: a fragile
condition
Mutations in nuclear genes encoding structural subunits of CI

have a dramatic effect on neurodevelopment and overall patient

survival (Shoubridge, 2001; Janssen et al., 2006). The majority of

children present with Leigh disease, an early-onset, fatal neurode-

generative disorder that is typically characterized by symmetrical

lesions of necrosis and capillary proliferation in variable regions of

the central nervous system. Clinical signs and symptoms include

muscular hypotonia, dystonia, developmental delay, abnormal eye

movements, seizures, respiratory irregularities, failure to thrive

and lactic acidemia (Loeffen et al., 2000). Additional clinical

phenotypes that have been described in the context of nuclear-

encoded CI deficiency are the syndromes of fatal infantile lactic

acidosis (FILA), neonatal cardiomyopathy with lactic acidosis,

leucodystrophy with macrocephaly and hepatopathy with renal

tubulopathy (Pitkänen et al., 1996; Loeffen et al., 2000).

However, the significance of such classifications might be a

matter of debate (see below).
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In our effort to gain a better understanding of these devastating

diseases, we collected clinical information and investigated tissue

specimens of such patients over the last decades. In 15 of these

children (four girls and 11 boys), with enzyme deficiency in both

muscle tissue and cultured skin fibroblasts, we were able to

uncover disease-causing mutations in nuclear genes encoding CI

subunits (P14 and 15 see Schuelke et al., 1999; P11 see Triepels

et al., 1999; P2, 3 and 4 see Loeffen et al., 2001; P6, 7, 8 and 10

see Budde et al., 2003; P1 see Visch et al., 2004; P9, 12 and 13

see Koopman et al., 2005; P5 see Visch et al., 2005). The detailed

overview in Table 1 illustrates the various clinical features that

were observed in these children, whereas Table 2 depicts the

mutations and crucial parameters of cellular and mitochondrial

function. As indicated by the red patterns, certain clinical abnorm-

alities were common in this group and appeared to be important

features of nuclear-encoded CI deficiency. These included basal

ganglia and/or brainstem lesions, respiratory abnormalities, mus-

cular hypotonia, failure to thrive, seizures and lactic acidemia.

Most of these abnormalities were linked to the affection of the

nervous system and skeletal muscles, which are tissues with a high

demand for OXPHOS-derived energy. In general, children had a

normal prenatal development were born at term and did not show

obvious organ anomalies or dysmorphic features. The only excep-

tion was patient 12, who was born preterm with a low birth

weight and who presented with low set ears, single palmar creases

and wide sutures. Most children developed symptoms during the

first year of life and then suffered from rapid disease deterioration.

In all cases the disease was fatal (two children died already in the

neonatal period, another six did not reach the age of one and the

longest survival was only 60 months).

During recent years, at least 26 additional patients (17 boys,

nine girls) with nuclear-encoded CI deficiency have been reported

in the literature (Bénit et al., 2001, 2003, 2004; Petruzzella

et al., 2001; Kirby et al., 2004; Procaccio et al., 2004; Martı́n

et al., 2005; Laugel et al., 2007; Lebon et al., 2007; Moiera et al.,

2007; Hoefs et al., 2008; Anderson et al., 2008). Mutations

were established in the NDUFV1 (four patients), NDUFV2

(three patients), NDUFS1 (four patients), NDUFS3 (one patient),

NDUFS4 (six patients), NDUFS6 (three patients), NDUFS7

(one patient), NDUFS8 (one patient), NDUFA1 (two patients)

and NDUFA2 (one patient) genes. In general, disease course

and clinical symptoms were as severe as those observed in our

patients. Twenty-three patients had a disease onset during the

first year of life, mostly characterized by psychomotor retarda-

tion, failure to thrive, muscular hypotonia, atypical eye move-

ments and seizures. Seventeen patients died before the age of

one year. In 20 patients elevated blood lactate levels were

reported and almost all patients had rather typical lesions on

MRI or CT, located mainly in the basal ganglia and brainstem.

Three patients suffered from extensive white matter lesions.

Unusual exceptions were a boy with an NDUFS3 mutation and

a girl with a NDUFS8 mutation who had a late disease onset (9

and 7 years, respectively; Bénit et al., 2004; Procaccio et al.,

2004) and who were still alive at the time of the report. In

addition, one boy with mutation in the NDUFA1 gene and one

boy with mutation in the NDUFV1 gene were relatively old at

the time they were reported (10 and 7 years, respectively;

Fernandez-Moiera et al., 2007; Laugel et al., 2007).

Nevertheless, in a combined view of the information about our

patients and the data of those other children reported so far, it

appears that, although mitochondrial disorders are generally

regarded as very heterogeneous, a more consistent clinical pic-

ture is obtained for isolated, nuclear-encoded CI deficiency.

This observation appears to be in contrast to CI deficiency

caused by mutations in the mitochondrial DNA. These defects

may present at any age, ranging from early childhood to late

adolescence and there is a broader variability in clinical symptoms

and organ affections (for more details see Loeffen et al., 2000;

Janssen et al., 2006). This variability is influenced by the balance

between wild-type and mutant mitochondrial DNA (hetero-

plasmy), which may be different between tissues and may

change during cell division (mitotic segregation). Importantly, in

view of the above findings, it remains questionable whether

atypical features like dysmorphia—as observed in our patient

12—in children with established mutations in nuclear CI genes

may be indicative of an additional gene defect that has not yet

been uncovered. This idea gains importance against the back-

ground that patients with CI deficiency frequently come from

consanguineous families where unusual genetic constellations

may be suspected (seven children in our group including P12).

Apart from the ‘normal’, non-syndromic appearance of CI

deficient patients it also appears to be striking that affected

children mostly have an uneventful pregnancy and normal birth

parameters. This aspect is not only highlighted by our patient

group but also by the other children described in the literature,

where 19 patients had normal pregnancy and birth parameters

and only one girl was reported to be small for gestational age

(Bénit et al., 2003). Apparently, the organism is especially well

protected and supplied during the prenatal period (which might

also explain the usually normal morpho- and organogenesis).

This idea is supported by studies, describing a marked increase

of respiratory chain activities and mitochondria content in postna-

tal compared to prenatal tissues, which indicates a higher demand

for OXPHOS derived energy after birth (Smeitink et al., 1992;

Minai et al., 2008). As soon as a CI deficient child is challenged

by infections or a period of fasting the situation might rapidly

deteriorate. In this context, it is also important to note that

in most children, reported here, the first symptoms and further

episodes of deterioration were triggered by a respiratory or

gastrointestinal infection.

For clinical identification and classification of CI deficient

children, it appears desirable to establish genotype–phenotype

correlations and to describe specific constellations of signs and

symptoms as syndromes. However, although some mutations

have a great share in certain clinical features, obvious mutation-

related phenotypes are not apparent. For example, features like

cardiomyopathy have been reported to be rather characteristic in

the context of NDUFS2 mutations (Loeffen et al., 2001); however,

we also observed this abnormality in children with mutations

in NDUFS4 and NDUFS8 (Table 1). Moreover, hypertrophic

cardiomyopathy has been reported in patients with NDUFV2

and NDUFA2 mutations (Bénit et al., 2001; Hoefs et al., 2008).

Another example is patients with extensive leucodystrophy instead

of delimited lesions in the basal ganglia or brainstem. This feature
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Table 1 Clinical symptoms and organ lesions observed in complex I deficient children

Red boxes = abnormal; green boxes = normal; grey boxes = information not available; X = feature present; - = feature absent; M = male; F = female; AO = age of onset;
AD = age of death; T = term; P = preterm; #= small for gestational age; *These children were brothers. ep. = episodic; C. = cardiomyopathy; resp. = respiratory; a. = age;

les. = lesions. Laboratory parameters: blood lactate levels in mmol/l: N = normal (1.06–1.89); "= mildly elevated (1.9–4.0); ""= moderately elevated (4.1–7.0);
"""= severely elevated (47.0); cerebrospinal fluid (CSF) lactate in mmol/l: N = normal (1.2–2.1); "= mildly elevated (2.1–4.0); ""= moderately elevated (4.1–7.0);
"""= severely elevated (47.0); lactate/pyruvate (LP) ratio: N = normal (11.5–16.5); "= elevated; alanine in mmol/l: NE = not elevated (4 450); E = elevated (4450);
OAB = organic acids in blood; OAU = organic acids in urine; AAB = amino acids in blood; AAU = amino acids in urine; E = elevated/abnormal pattern; NE = not elevated/
normal pattern; RRF = ragged red fibres; FTT = failure to thrive; ODA = optic disc atrophy.
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has been described in patients with NDUFV1 mutations (Schuelke

et al., 1999) but has also been observed in children with NDUFS1

defects (Bénit et al., 2001 and our P1). Therefore, we currently do

not support the idea that certain clinical features can be clearly

linked to defects in specific CI subunits.

In view of the summarized findings, we regard it as very difficult

and sometimes even arbitrary to establish clinical phenotypes or

syndromes for nuclear-encoded CI deficiency other than Leigh or

Leigh-like disease. Based on the nuclear origin of the defect, every

organ system will be affected and may, therefore, display abnor-

malities to a variable extent, which is most likely determined by its

specific demand for OXPHOS-derived energy and a bioenergetic

threshold, which depends on the residual, tissue-specific CI activity

and also on the individual genetic background (Rossignol et al.,

2003). The tissue variability of CI activity was clearly illustrated by

our patient 13 with a mutation in the NDUFS8 subunit. In this

case, CI activity was 39% in muscle tissue and 69% in fibroblasts,

whereas the activity was completely absent in heart muscle

tissue. In addition to the tissue variability, organ abnormalities

and development of symptoms might depend on the clinical

course and progression of the disease (e.g. subtle/slowly progres-

sing symptoms may be overshadowed by a very rapid and severe

clinical course).

Our difficulties in understanding the pathophysiology of CI defi-

ciency is also reflected by current treatment options, which so far

are purely empirical and mainly unsatisfactory. Treatment strate-

gies in our group of CI deficient children were highly variable and

sometimes inconsistent. Drugs administered included coenzyme Q,

riboflavin, vitamin B1, B12, C, E, K, L-carnitine, dichloroacetate

and ketogenic diet. A verified therapeutic success was not achieved

in any of the children. These observations are clearly pointing to

the necessity of organized clinical trials. However, in view of the

rarity of the disease and the time that is usually needed until a

diagnosis is established and a gene defect is found, undertakings

like this are difficult to accomplish. In addition, rethinking and

re-evaluation of our treatment concepts of CI deficiency are

necessary. This also requires a better understanding of the cell

physiological alterations which are caused by the defects.

Table 2 Cell-physiological features of complex I deficient patient fibroblasts

Parameters measured in control (CT) and patient (P) cell lines; subunit and mutation at protein level; CI = complex I activity (% control); MMP = mitochondrial
membrane potential; NAD(P)H autofluorescence; ERCa = resting calcium content of the endoplasmic reticulum; [Ca]C peak = bradykinin (Bk)-induced peak increase in
cytosolic free Ca2+ concentration; [Ca]M peak = Bk-induced peak increase in mitochondrial free Ca2+ concentration; [ATP]M peak = Bk-induced peak increase in
mitochondrial ATP concentration; t1/2 = half-time of the decay of the cytosolic free Ca2+ concentration following its peak increase in Bk-stimulated cells; Et = rate of
ethidium formation as a measure of superoxide levels; CM-DCF = rate of 5-[and -6]-chloromethyl-20,70-dichlorofluorescein formation as a measure of superoxide-derived
ROS levels; Nc = number of mitochondria; F/Nc = mitochondrial ‘complexity’; F = formfactor as a measure of mitochondrial morphology. Statistics: significant differences

with CT1 (P50.05) are indicated by red boxes; NA = not appropriate; ND = not determined; NDUF = NADH Dehydrogenase Ubiquinone Flavoprotein.
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On the (sub)cellular level
Clinical symptoms observed in patients should be traceable back

to impaired cell metabolism caused by failure of mitochondrial

energy-yielding reactions. OXPHOS-dependent cell populations

that are post-mitotic are especially vulnerable to CI defects as

exemplified by brain, nerve and muscle tissue (Smeitink et al.,

2001). However, biopsy material from these tissues is rarely avail-

able for research purposes. This especially holds true for nuclear-

encoded CI deficiency since children with this disorder usually die

at an early age (Table 1) and muscle biopsy material is barely

sufficient for routine diagnostics. For these reasons, we use

primary skin fibroblasts from the above mentioned children.

Using blue-native polyacrylamide gel electrophoresis

(BN-PAGE), we showed that fully assembled CI, as detected

with an antibody against the NDUFA9 subunit (Verkaart et al.,

2007a; Koopman et al., 2008), and its in-gel activity, as deter-

mined by the reduction of nitro-blue tetrazolium in the presence

of NADH (Koopman et al., 2008), were significantly decreased

(patients labelled P1, P3, P4, P11, P12, P14 and P15 in this

review) or even absent (patients labelled P6, P7, P8, P9 and

P10 in this review) in mitochondria-enriched fractions from

patient fibroblasts. For the first group of patients, a linear corre-

lation was observed between the spectrophotometrically measured

CI activity (Table 2) and the in-gel CI activity (R = 0.94; P = 0.002).

For the second group of patients, all carrying a mutation in

the NDUFS4 gene, only an inactive subcomplex was found after

blue-native-PAGE (Verkaart et al., 2007a). In contrast to the

absence of any in-gel activity, an obvious albeit significantly

reduced, CI activity was measured in the spectrophotometric

assay (Table 2; P6–P10). These results may point to a critical

role of the NDUFS4 subunit in maintenance of the functional

integrity of the complex, which, in case of a mutation in this

subunit, might be disturbed during the BN-PAGE procedure.

They indicate that, apart from a catalytic defect and an assembly

problem, the stability of CI may also be affected by mutations

in its subunits.

Interestingly, according to the current CI assembly model (Vogel

et al., 2007; Dieteren et al., 2008; Remacle et al., 2008; Lazarou

et al., 2009), biogenesis of the complex starts with the formation

of the initial subcomplex-1 of unknown composition. Addition of

NDUFS2 (mutated in P2, P3, P4 and P6), NDUFS3, NDUFS7 (P11)

and NDUFS8 (P12 and P13) leads to formation of subcomplex-2

and subsequent addition of other subunits to the formation of

subcomplexes-3 to -6. Finally, addition of NDUFV1 (P14 and

P15), NDUFV2, NDUFS1 (P1) and NDUFS4 (P6–P10) to subcom-

plex-6 leads to formation of fully assembled and active holo-CI.

Using BN-PAGE of patient fibroblasts, we observed that subunits

that were incorporated during a late stage in CI assembly either

displayed: (i) a reduced amount of holo-CI and a subcomplex

of lower molecular weight (NDUFS1 and NDUFV1); or (ii) only

a subcomplex (NDUFS4). In contrast, subunits incorporated at an

early stage in CI assembly (NDUFS2, NDUFS7 and NDUFS8) had

a lower amount of holo-CI and no subcomplex. The functional

relevance of these findings needs to be investigated in more

detail and may help to identify gene defects in affected patients.

In our live cell assays with cultured skin fibroblasts we investi-

gated a number of mitochondrial key parameters that are thought

to be affected by CI malfunction (Table 2). One of these para-

meters is cellular reactive oxygen species production, which has

been implicated in the pathology of CI deficiency, based on the

fact that the respiratory chain is a major source of oxygen radicals

(Luo et al., 1997; Duchen, 2004; Balaban, 2005). As depicted in

Table 2, our studies clearly demonstrated that reactive oxygen

species levels were elevated in all but one of the patient cell

lines, indicated by both the oxidation of hydroethidine (Et, indicat-

ing superoxide; Verkaart et al., 2007a) and CM-H2DCF (indicating

superoxide-derived ROS; Verkaart et al., 2007b). Importantly,

linear regression analysis revealed that cellular reactive oxygen

species production was inversely correlated with the spectropho-

tometrically determined CI activity for a large cohort of patient cell

lines (e.g. the less CI activity the more reactive oxygen species

production). Of note, reactive oxygen species levels in patient

fibroblasts were also tightly related to cellular NAD(P)H levels,

which is indicative of substrate accumulation due to impaired CI

function (Verkaart et al., 2007b).

Based on the idea that cellular reactive oxygen species levels

and reactive oxygen species-related damage have important

influence on mitochondrial morphology (Koopman et al., 2005,

2007; Yoon et al., 2006; Yu et al., 2006), we measured these

parameters in the patient fibroblast lines. Strikingly, we found

two distinct subgroups of patient cell lines regarding mitochondrial

structure: (i) a group with normal or even more elongated mito-

chondria compared to healthy controls; and (ii) a group with a

fragmented mitochondrial morphology (Koopman et al., 2007).

When correlating these morphological parameters with the values

obtained for cellular reactive oxygen species, we were able to find

these subgroups. Thus, patient cell lines with a very low CI activity

had high reactive oxygen species levels and a fragmented mito-

chondrial morphology, whereas, on the other hand, patient cell

lines with a rather ‘mild’ deficiency had lower levels of excessive

reactive oxygen species and a normal mitochondrial morphology.

We hypothesize that, depending on the level of cellular reactive

oxygen species, patient cells with a rather elongated and intercon-

nected mitochondrial network are able to partially compensate/

counteract reactive oxygen species, whereas cell lines with a frag-

mented morphology have possibly surpassed a certain threshold of

oxidative stress and are less able to compensate for this problem.

Since oxidative stress may lead to protein damage and altera-

tions in membrane integrity it might also impair the proper main-

tenance of the mitochondrial membrane potential (�c), which is

created by the OXPHOS complexes I, III, and IV (Dröge, 2002).

To access this parameter, we developed a sensitive method to

measure �c in living cells (Komen et al., 2007; Distelmaier

et al., 2008). As indicated in Table 2, almost all patient cell lines

had a significantly depolarized �c compared to healthy fibro-

blasts. The observed changes appeared to be small but it is crucial

to note that even small alterations of this parameter may have

drastic effects on ATP production and protein transport across

mitochondrial membranes (Nicholls et al., 2004). Importantly,

we recently demonstrated that �c can be normalized by baculo-

viral introduction of the wild-type protein in skin fibroblasts of a

patient with a mutation in the NDUFA2 gene of CI, indicating that
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the observed depolarization of �c was indeed caused by CI mal-

function (Hoefs et al., 2008). In view of cellular reactive oxygen

species production, we established a linear correlation between the

decrease in �c and the increase in superoxide-derived reactive

oxygen species levels (R = –0.84; P50.001) (Distelmaier et al.,

2009).

Based on the idea that an increase in cellular reactive oxygen

species levels caused by CI malfunction, leads to altered mitochon-

drial structure and mitochondrial depolarization, we studied the

effects on mitochondrial ATP production. The oxidative generation

of ATP is thought to constitute a key parameter in the pathology

of CI deficiency; however, it is difficult to access. We investigated

mitochondrial ATP production in living cells using a mitochondrial-

targeted luciferase. Our experiments revealed that the rate

of mitochondrial ATP production ([ATP]M peak) after maximal

stimulation with bradykinin (Bk), a hormone that increases this

parameter in a Ca2+-dependent manner by promoting the transfer

of Ca2+ from intracellular stores through the cytosol into the

mitochondrial matrix, was severely impaired in the majority of

patient cell lines (Visch et al., 2006a). Again, linear correlation

analysis revealed a close relationship between this parameter and

cellular reactive oxygen species as well as �c.

Finally, cellular ATP supply is crucial for the fuelling of various

cellular processes, in particular, the ATPases on the membranes of

intracellular Ca2+ stores are dependent on mitochondrial ATP

supply (Landolfi et al., 1998). Therefore, we investigated cellular

Ca2+ homeostasis by measuring the cytosolic free Ca2+ concentra-

tion ([Ca2+]C) and the Ca2+ content of the endoplasmic reticulum

(ERCa) under resting and Bk-stimulated conditions. Moreover,

we assayed mitochondrial Ca2+ uptake ([Ca]M peak) with a mito-

chondrial-targeted variant of the photoprotein aequorin and

photomultiplier tube detection. Using these techniques, several

important observations were made. Firstly, differences between

patient cell lines and healthy controls were mostly visible under

stimulated conditions, whereas several parameters were unaltered

under resting conditions (Visch et al., 2004, 2006a,b; Willems

et al., 2008). Interestingly, the main exception was the resting

endoplasmic reticulum Ca2+ content, which was reduced in the

patient cell lines that showed a decrease in Bk-stimulated mito-

chondrial ATP production (Visch et al., 2006a). In agreement with

this reduction in resting endoplasmic reticulum Ca2+ content,

we observed smaller increases in cytosolic ([Ca]C peak) and, as a

consequence, in mitochondrial Ca2+ ([Ca]M peak) concentration

after Bk stimulation. The latter result explains the decrease in

Bk-stimulated mitochondrial ATP production in these patient cells

(see above). Most importantly, the rate of Ca2+ removal from the

cytosol following the Bk-induced [Ca]C peak was considerably

lower in these cells, indicating that mitochondrial ATP supply to

nearby Ca2+ pumps of endoplasmic reticulum and plasma mem-

brane was seriously hampered (Visch et al., 2006b). Based on

these findings, the idea emerged that impaired ATP production,

via OXPHOS, leads to a reduced fuelling of the ATPases of

the intracellular Ca2+ stores which disturbs Ca2+ homeostasis.

Importantly, during cell activation, mitochondrial Ca2+ uptake is

a crucial stimulus for ATP production via OXPHOS, which

again has an impact on cellular energy supply in CI deficiency

Figure 1 Affected cellular pathways in nuclear-encoded complex I deficiency. The figure illustrates the main cellular systems, which are

altered by CI malfunction. PMF = proton motive force; TCA = tricarboxylic acid cycle; IMM = inner mitochondrial membrane;

�c= mitochondrial membrane potential.
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(details are reviewed in Willems et al., 2008). An overview of

cellular systems involved in CI deficiency is depicted in Fig. 1.

Taken together, we are beginning to unravel the complex (sub)-

cellular alterations which are caused by CI deficiency. Although

the role of oxidative stress in mitochondrial diseases is still a

matter of debate we support the idea that altered reactive

oxygen species levels have a central regulatory role in the pathol-

ogy of CI deficiency. Nevertheless, disentangling cause and effect

of altered cellular parameters in CI deficiency remains a difficult

task and certainly requires more research. Importantly, our find-

ings underline that although skin fibroblasts are not among the

most vulnerable tissues in CI deficient patients, they are certainly

affected by the defect, which makes them an important cellular

system to study the cell physiological consequences of the disease.

Finally, although it has been suggested that mutations in certain

subunits might cause distinctly different cellular phenotypes (Iuso

et al., 2006), our overview does not support this idea. Again, the

tissue specific differences in CI activity and the individual genetic

background might be more important in this context.

From cellular to clinical
phenotype?
In view of the above findings we asked whether the observed

clinical features corresponded to certain cellular abnormalities

and vice versa. However, as it appeared to be true for the

genotype–phenotype correlations, we generally did not find back

specific patient subgroups with certain cellular abnormalities that

were reflected by specific clinical features. In general, it is an

obvious difficulty to link data from a cell culture system, which

is separated from its original organic context and which is main-

tained under artificial conditions such as, for example, a higher

oxygen tension, to biochemical processes in a living organism as

a whole. Moreover, in our studies we focused on skin fibroblasts

and, as mentioned earlier, there is a broad range of tissues which

may all react differently to the CI defect. These difficulties were

highlighted by the cell lines derived from the two brothers with

identical mutations in the NDUFV1 gene (P14 and 15). These

children had a comparable clinical course but the fibroblast lines

showed striking differences for several cell physiological param-

eters (Table 2). In view of these observations, secondary factors

and/or genetic modifiers on the cellular level must be considered.

Moreover, tissue specific effects of the mutation may be respon-

sible for these differences and newly established animal models

hold great promise to increase our knowledge of CI deficiency

(Kruse et al., 2008). Nevertheless, cellular parameters might still

indicate specifically severe problems as exemplified by the two

children with neonatal lactic acidosis who died during their first

day of life (P3 and P12). The fibroblast lines derived from these

children showed the highest cellular reactive oxygen species levels

and were also among the most severely affected cell lines in

several other assays (Table 2). Despite the above mentioned

problems and limitations of our research, we are convinced that

studying patient-derived cell lines is crucial to understand

the effects of a mutation in its specific and unique genetic

background. As discussed further below, this may gain special

importance in view of the development of therapeutic strategies

for CI deficiency.

Perspectives
A better understanding of clinical and cell physiological

alterations—caused by CI deficiency—is crucial to develop thera-

peutic strategies. As mentioned above, treatment regimens of CI

deficient children are purely empirical and most lack success.

Although important links between clinical features and cellular

problems are still missing, our strategies with combined clinical,

genetic and cell physiological investigations provide a useful

approach to study critical aspects of CI deficiency. In recent cell

studies, we have investigated the drug CGP-37157, which specif-

ically influences cellular Ca2+ homeostasis. This substance, which is

a potent blocker of mitochondrial Ca2+ export, thereby promoting

Ca2+-stimulated mitochondrial ATP production, evoked a complete

restoration of cellular energy production in patient-derived skin

fibroblasts (Visch et al., 2004). These promising results may

open new perspectives for treatment approaches that could

complement current strategies. Moreover, the findings highlight

additional aspects of cellular physiology, such as Ca2+ handling,

which should be considered in theoretical treatment concepts of CI

deficiency. Importantly, our live cell studies also provided crucial

lines of evidence that not every patient cell line reacts in a similar

way to a specific drug treatment (Koopman et al., 2008). Using

the water-soluble vitamin E analogue Trolox, we observed that

pretreatment with this established antioxidant increased the

amount of fully assembled CI in both healthy control cells and

several patient cell lines (P1, P3, P4, P11, P12, P14 and P15 in

this review). However, only in cells of P11 and, to a lesser extent,

P14 and P15, was this increase in fully assembled complex paral-

leled by a marked increase in in-gel enzymatic activity, indicating

that these patients mainly had a CI expression as opposed to an

intrinsic catalytic activity defect. On the other hand, in cells of P1,

P4 and P12, only a minor increase in in-gel activity was observed,

suggesting that these patients had both a CI expression and intrin-

sic catalytic activity problem. Preliminary experiments revealed

that in the group of patients with a mutation in the NDUFS4

gene (P6–P10), chronic Trolox treatment increased the amount

of inactive subcomplex without causing the appearance of any

complex with in-gel activity. When extrapolated to CI deficient

patients, these data suggest that only patients with a reduction

in CI expression, rather than a decrease in CI intrinsic catalytic

activity, may benefit from antioxidant treatment. This information

may help to increase our understanding of different treatment

responses in CI deficient children and may point to the importance

of individualized treatment approaches that should not only

consider genetic aspects but also cell physiological parameters. It

remains an important future task to extend our current knowledge

of the effects and interactions of potentially beneficial drugs

on the cellular level and to translate this information to clinical

practice. This will hopefully lead to the development of new

disease-adapted therapeutic strategies.
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