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Mitochondrial transmembrane carrier deficiencies are a recently discovered group of disorders,
belonging to the so-called mitochondriocytopathies. We examined the human tissue distribution
of carriers which are involved in the process of oxidative phosphorylation (adenine nucleotide
translocator, phosphate carrier, and voltage-dependent anion channel) and some mitochondrial
substrate carriers (2-oxoglutarate carrier, carnitine-acylcarnitine carrier, and citrate carrier).
The tissue distribution on mRNA level of mitochondrial transport proteins appears to be
roughly in correlation with the dependence of these tissues on mitochondrial energy production
capacity. In general the main mRNA expression of carriers involved in mitochondrial energy
metabolism occurs in skeletal muscle and heart. Expression in liver and pancreas differs
between carriers. Expression in brain, placenta, lung, and kidney is lower than in the other
tissues. Western and Northern blotting experiments show a comparable HVDAC1 protein and
mRNA distribution for the tested tissues. Patient's studies showed that cultured skin fibroblasts
may not be a reliable alternative for skeletal muscle in screening for human mitochondrial
carrier defects.

KEY WORDS: Mitochondrial transmembrane carrier; tissue distribution; mitochondriopathy; adenine
nucleotide translocator; phosphate carrier; voltage-dependent anion channel; citrate carrier; oxoglutarate
carrier; carnitine-acylcarnitine carrier.

INTRODUCTION

When studying mitochondrial disorders it is
worthwhile to consider the mitochondrial transmem-
brane carriers because a defective functioning of such
carriers may lead to a disturbed mitochondrial energy
generation (Ruitenbeek et al., 1995; Huizing et al.,
1996a). Of particular interest are the carriers which
are directly involved in the process of oxidative phos-
phorylation, such as the adenine nucleotide transloca-

tor (ANT3) and the phosphate carrier (PiC). However,
also defects in mitochondrial carriers for transport of
specific substrates (such as pyruvate, 2-oxoglutarate,
malate, carnitine, and glutamate), directly or indirectly
involved in mitochondrial energy metabolism, have to
be considered. Many of these carriers have been iso-
lated and some of them have been cloned and
sequenced (Palmieri, 1994; Palmieri and Van Ommen,
1998). Defects in transmembrane cation transporters
may also induce imperfect energy metabolism proba-
bly as a result of osmotic disturbances within the mito-
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chondrial matrix. In this respect, the voltage-dependent
anion channel (VDAC) and the cation carriers have to
be taken into consideration, although so far few cation
carriers have been isolated from mammalian tissues,
and none has been cloned and sequenced (Li et al.,
1992; Garlid, 1994; Jung and Brierly, 1994).

Up to now, defects in some mitochondrial trans-
port systems have been established or suggested,
among which are ANT deficiencies (Bakker et al.,
1993; Schultheiss et al, 1996; Smeitink et al., 1997),
a VDAC deficiency (Huizing et al., 1996b), a defect
in the protein import machinery (Schapira et al, 1990),
disturbances in the aspartate-malate shuttle (Hayes et
al., 1987;Brivet et al., 1997), deficiencies of the pyru-
vate carrier (Selak et al., 1997), defects in the carnitine-
acylcarnitine carrier (Stanley et al., 1992; Pande and
Murthy, 1994; Huizing et al., 1997), and defects in
the ornithine carrier (Inoue et. al, 1988).

Subjects lacking ANT or VDAC were diagnosed
applying immunochemical techniques with specific
antibodies (Bakker et al, 1993; Huizing et al, 1996b;
Smeitink et al, 1997). Both VDAC and ANT deficien-
cies were detected in skeletal muscle mitochondria,
while the deficiencies were not present in cultured skin
fibroblasts of these patients, a finding highly sugges-
tive for tissue-specific expression of deficiencies in
these transporters.

In the present communication we report on the
steady-state mRNA levels of mitochondrial transmem-
brane carriers in different human tissues. Also the
immunochemically established distribution of the
HVDAC1 protein in different tissues is reported,
whereas antibodies against other human carriers are not
available. The consequences of mitochondrial carrier
tissue distribution in the diagnostic evaluation of
patients suspected to suffer from a mitochondriocyto-
pathy will be discussed.

The human VDAC cDNAs for isoforms
HVDAC1 and HVDAC2 were a gift from Dr. M. Forte
(Blachly-Dyson et al, 1993). The HVDAC1 and
HVDAC2 probes were prepared by cloning the total
cDNAs in a BlueScript plasmid vector and isolating a
679 bp HindIII restriction fragment from the HVDAC 1
plasmid and a 796 bp HeaIII restriction fragment from
the HVDAC2 plasmid.

We cloned and sequenced the two alternatively
spliced human PiC isoforms (Dolce et al., 1994, 1996).
Specific parts of both cDNAs (PiC-A and PiC-B) were
amplified by PCR: primers for PiC-A corresponded
to nucleotides 1719-1743 (forward) and 1785-1809
(reversed) of the human PiC gene sequence, and prim-
ers for PiC-B corresponded to nucleotides 2013-2037
(forward) and 2076-2100 (reversed) of the same gene
sequence (Dolce et al., 1994). The two products were
each cloned into a pGEM-4 vector. A 421 bp PvuII
restriction fragment for PiC-A and a 418 bp PvuII
restriction fragment for PiC-B were prepared from
these plasmids and used as hybridization probes.

We previously cloned and sequenced the human
cDNAs for the 2-oxoglutarate carrier (OGC) (laco-
bazzi et al., 1992) and for the citrate carrier (CIC)
(Iacobazzi et al, 1997). Parts of these sequences were
prepared as hybridization probes for the Northern blot
experiments. The OGC probe (330bp long) and the
CIC probe (284 bp long) corresponded to the coding
sequences of their human genes from nucleotide 1066
to 1646 for OGC (Iacobazzi et al, 1992), and from
nucleotide 127 to nucleotide 585 for CIC (Iacobazzi
et al, 1997), respectively. For normalization of the
hybridization signals on the blot, a probe encoding
part of the human actin (Clontech, Palo Alto, Califor-
nia) was employed. Quantification of the hybridization
signals was performed by visual (intra- and
interblot) comparison.

MATERIALS AND METHODS

Northern Blot Studies

Multiple poly(A)+ RNA Northern blot (Clontech,
Palo Alto, California), loaded with 2 Ug poly(A) RNA
per tissue, was probed with cDNA probes (100 ng).
The probes were labeled by random priming with [A-
32P]dCTP, according to the manufacturer's protocol
(Boehringer-Mannheim, Germany). The filters were
autoradiographed at –70°C.

Western Blot Studies

Western blots were loaded with fibroblasts and
biopsy samples of different human tissues (liver, kid-
ney, heart, brain, and skeletal muscle) as previously
described for fibroblasts and skeletal muscle tissue,
respectively (Huizing et al, 1996b). Each loaded tissue
contained 100 mU) of the reference enzyme cytochrome
c oxidase, determined according to the method of Coop-
erstein and Lazarow (Cooperstein and Lazarow, 1951).
The blots were incubated with monoclonal antiserum
against the human VDAC1 isoform (anti-Porin31HL,
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CalBiochem/Novabiochem, La Jolla, California).
Antigen-antibody complexes were detected using the
Enhanced Chemiluminescence (ECL) method (Amers-
ham International plc, Buckinghamshire, England)
with biotinylated horseradish peroxidase as detection
ligand (Dako, Glostrup, Denmark).

RESULTS AND DISCUSSION

At present, knowledge about mitochondrial trans-
membrane carriers in human physiology and patho-
physiology is limited. Few carrier proteins have been
isolated from animal tissues and have functionally been
tested in reconstituted systems (Palmieri, 1994). DNA
of the encoding genes of only six human mitochondrial
carriers has been cloned and sequenced (Cozens et al.,
1989; Cassard et al., 1990; Iacobazzi et al., 1992;
Dolce et al., 1994; Iacobazzi et al., 1997; Huizing et
al., 1997). In order to get a rather complete picture of
human tissue distribution of transmembrane carriers
involved in mitochondrial energy metabolism, we
tested the mRNA distribution of OGC, CIC, PiC-A,
PiC-B, HVDAC1, and HVDAC2 in eight human tis-
sues (Fig. 1). Their transcript levels together with those
of the CAC and of the three ANT isoforms are summa-
rized in Table I.

Fig. 1. Multiple tissue Northern blots, incubated with [A-32P]dCTP
labeled probes of mitochondrial transmembrane carriers HVDAC1,
HVDAC2, PiC-A, PiC-B, OGC, and CIC. Together with an actin
probe, mRNA expression is shown for human heart, brain, placenta,
lung, liver, skeletal muscle, kidney, and pancreas.

Voltage-Dependent Anion Channel (VDAC)

VDAC is an abundant channel-forming protein
present in the outer mitochondrial membrane. Lack of
VDAC may cause a mitochondriocytopathy, since this
leads to a disturbed transport of ATP and ADP across
the outer mitochondrial membrane (Mannella, 1992;
Benz, 1994; Huizing et al., 1996b). Also an abnormal
ion composition of the mitochondrial matrix can deteri-
orate the process of oxidative phosphorylation (Man-
nella, 1992; Benz, 1994; Huizing et al., 1996b). With
respect to human VDAC (HVDAC), five genes encod-
ing different isoforms have been reported. The cDNAs
of HVDAC1 (on chromosome X) and HVDAC2 (chro-
mosome 21) are completely sequenced (Blachly-
Dyson et al., 1993), as well as HVDAC2' (chromo-
some 21), which is very closely related to HVDAC2
(Ha et al., 1993). HVDAC3 (chromosome 12) and
HVDAC4 (chromosome 1) are only partially
sequenced (Blachly-Dyson et al., 1994), and may be
pseudogenes. Until now, only HVDAC1 and HVDAC2
have been shown to be expressed at protein level,
HVDAC1 being the most abundantly expressed (Win-
kelbach et al., 1994; Yu et al., 1995). We first examined
the tissue distribution of HVDAC1 and HVDAC2 iso-
forms at the transcript level (Fig. 1). The HVDAC1
mRNA is found to have an ubiquitous distribution,
with most pronounced expression in heart, liver, and
skeletal muscle. On the contrary, the HVDAC2 isoform
appears to be only expressed in heart. The mobility of
the HVDAC2 band seems to be greater (mRNA size
smaller in Fig. 1) in skeletal muscle than in heart. This
might imply cross reactivity of HVDAC2 mRNA with
another HVDAC isoform, which means that HVDAC2
is only poorly expressed in skeletal muscle. The tissue
distribution of HVDAC1 protein was also investigated
by immunodecoration of SDS-lysates of different
human tissues with a monoclonal antiserum against
HVDAC1 (Fig. 2). The HVDAC1 has the highest
expression levels in heart, skeletal muscle, and liver,
and lower levels in kidney and brain. The differences
in protein levels seem to be smaller than the differences
in mRNA levels (Figs. 1 and 2). It is noteworthy that
fibroblasts show a high HVDAC1 content as compared
to that in skeletal muscle (Fig. 2).

Recently we described the first patient in whom
a HVDAC1 deficiency was established (Huizing et al.,
1996b). This patient showed psychomotor retardation,
macrocephaly, macrosomia, and impaired substrate
oxidations in muscle mitochondria. Western blot stud-
ies with anti-HVDACl antiserum showed a 10-fold
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Fig. 2. Multiple tissue immunoblot, incubated with a monoclonal
antiserum against HVDAC1. 600 g supernatants of different human
tissues, containing 100 mU of cytochrome c oxidase, were loaded
on each lane. HVDAC1 protein expression is shown for: liver,
kidney, heart, brain, skeletal muscle, fibroblasts, and human VDAC
(35 kD) isolated from human B lymphocytes (Babel et al., 1991).

decreased amount of HVDAC1 in skeletal muscle,
while fibroblasts showed an almost normal VDAC
amount. We sequenced the patient's HVDAC1 and
HVDAC2 cDNA, but found no mutations. The
HVDAC1 defect in the patient's muscle material might
be caused by a secondary defect, i.e., a disturbed ace-
tylation of the immature VDAC protein (Huizing et
al., 1996b).

Phosphate Carrier (PiC)

The availability of inorganic phosphate for oxida-
tive phosphorylation mainly depends on PiC activity
in the inner mitochondrial membrane (Ferreira and

Pedersen, 1993). A full-length cDNA encoding the
precursor of the human heart PiC has been synthesized
and characterized (Dolce et al., 1991). The gene encod-
ing human PiC is located on chromosome 12q23
(Marsh et al., 1995) and is spread over 7.9 kb of DNA,
consisting of nine exons (Dolce et al, 1994). Two
alternatively spliced rnRNAs for PiC (IIIA and IIIB)
have been uncovered by comparing the human and
bovine genomic sequences with the corresponding
cDNAs (Dolce et al., 1994) and have been demon-
strated in some bovine tissues (Dolce et al., 1996). The
alternative splicing mechanism introduces a different
region of 13 amino acids into the human carrier protein,
the functional consequences of which are not yet
understood (Dolce et al., 1994). In this study the
mRNA levels of isoforms A and B of the PiC were
investigated in eight human tissues by Northern blot
analysis using two probes that are specific for human
exon IIIA and exon IIIB, respectively (Fig. 1). These
investigations show that PiC-A mRNA is expressed
in heart, skeletal muscle, and pancreas in high amounts,
while PiC-B mRNA is poorly expressed in all tissues.
The observed tissue distribution of the PiC isoforms
may be used to modulate the rate of ATP production
by oxidative phosphorylation for tissue-specific energy
demand. The ubiquitously distributed PiC-B isoform
might match the basic energy requirement of the tis-
sues, and isoform PiC-A might become operative in
case of energetic stress, i.e., at contraction of striated
muscle fibers.

So far, we screened 150 muscle specimens from
patients suspected of a mitochondrial carrier defect
(patients with decreased substrate oxidations and ATP

Table I. mRNA Expression Levels of Mitochondrial Membrane Proteins in Different Human Tissuesa

HVDAC1
HVDAC2
PiC-A
PiC-B
OGC
CIC
CAC
ANT1
ANT2
ANT3

Heart

+ + +b

+ +
+ + +
+ +

+ + +
+

+ +
+ + +
-

+ +

Brain

+
-
-
+
+
-
+
-
-

+ +

Placenta

+
-
-
+
+
+
+
U
U
U

Lung

+
-
-
+
-
-
-
U
U
U

Liver

+ +
-
-
+
+

+ +
+ +
-
+
+

Skeletal muscle

+ + +
+

+ + +
+

+ + +

Kidney

+
-
-
+

+

Pancreas

+
-

+ +
+
+

± ++ + +
+ +
+ +
-
+

+
+
+

+ + +

+ +
U
U
U

a Visual estimation of the transcript levels shown in Fig. 1, and of the described transcript levels of the CAC (Huizing et al, 1997) and the
ANT isoforms (Stepien et al., 1992).

b -, no detectable expression; ±, low expression level; +, moderate expression level; + + , high expression level; + + + , very high expression
level; U, unknown.
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production rates, and no detected mitochondrial
enzyme deficiencies), but no PiC deficiencies were
found.

2-Oxoglutarate Carrier (OGC)

The 2-oxoglutarate carrier (OGC) transports 2-
oxoglutarate across the inner mitochondrial membrane
in exchange for malate or other dicarboxylic acids
(Palmieri et al., 1993). This carrier is part of the aspar-
tate-malate shuttle (Indiveri et al., 1987). The human
OGC gene has been cloned and sequenced (Iacobazzi
et al., 1992). It consists of six exons and five introns;
the chromosomal localization is unknown.

The results of Northern blots performed on total
RNA derived from eight human tissues are shown in
Fig. 1 The OGC transcript was expressed very strongly
in heart and skeletal muscle, less in liver, kidney, pan-
creas, brain, and placenta. No OGC mRNA was found
in lung. Therefore, the observed mRNA level of OGC
seems to correlate with the required capacity of the
carrier in the various tissues. No patient with a defect
in OGC has been described. We studied skeletal muscle
tissue of patients with 2-oxoglutaric acidemia, not due
to a 2-oxoglutarate dehydrogenase deficiency, for a
possible deficiency of the OGC. So far, we did not
identify a patient with a deficiency of this carrier using
an immunochemical method. But it has to be stressed
that identification of such a deficiency may have been
hampered by the low intensity of the immunochemical
signal observed in control muscle samples.

Citrate Carrier (CIC)

The mitochondrial citrate carrier (CIC), or tricar-
boxylate carrier, is responsible for the transport of
citrate across the inner mitochondrial membrane. CIC
plays an important role in fatty acid and sterol synthe-
sis, gluconeogenesis, and the transfer of reducing
equivalents across the membrane (Bisaccia et al, 1989;
Kaplan et al., 1993). The complete human CIC gene
has been sequenced (Iacobazzi et al., 1997) and has
been mapped to chromosome 22ql 1 (Heisterkamp et
al., 1995). The CIC mRNA expression pattern is
unique in that it differs from the distribution pattern
of all other carriers (Fig. 1) Thus, Northern blot experi-
ments (Fig. 1) reveal high steady-state levels of CIC
mRNA in liver, kidney, and pancreas, lower levels in
heart, skeletal muscle, and placenta, and no detectable
mRNA in brain and lung.

High CIC mRNA levels in liver and kidney can
be associated with the processes of gluconeogenesis,
which mainly occurs in these tissues, and the fatty
acid synthesis, which mainly occurs in liver. So far,
no clear explanation can be given for the relatively
high CIC mRNA level in heart and pancreas. On the
other hand, the low CIC mRNA level in skeletal muscle
correlates to the very low activity of gluconeogenesis
and fatty acid synthesis in this tissue. Because CIC is
not very expressed in skeletal muscle tissue, there is
no reason to screen muscle biopsies of patients with
a mitochondrial myopathy for a defect in CIC. So far,
no patients with a defect in CIC have been reported.

Carnitine-Acylcarnitine Carrier (CAC)

The carnitine-acylcarnitine carrier (CAC) shuttles
long-chain acylcarnitine esters in exchange for free
carnitine across the inner mitochondrial membrane
(Pande, 1975; Ramsay and Tubbs, 1975; Indiveri et
al., 1990). This transport is an essential step in the
process of the mitochondrial long-chain fatty acid B-
oxidation (Coates and Tanaka, 1992; Stanley et al.,
1992). Very recently we determined the nucleotide
sequence of the human CAC cDNA and the corres-
ponding amino acid sequence as well as the distribution
of CAC mRNA in human tissues (Huizing et al., 1997).
Although the structure of the complete human CAC
gene is not yet known, it has been mapped to chromo-
some 3p21.31 (Viggiano et al., 1997). A high level of
CAC mRNA transcripts was found in heart, skeletal
muscle, and liver while much lower levels were found
in brain, placenta, kidney, pancreas, and especially
in lung.

Several cases of CAC deficiency have been
reported (see Huizing et al., 1997). The main features
in these severely affected patients with onset in the
neonatal period are hypoketotic hypoglycemia, mild
hyperammonemia, unspecific dicarboxylic aciduria,
lethargy/coma, hepatomegaly with abnormal liver
functions, cardiomyopathy with or without dysryth-
mias, and skeletal muscle weakness. The tissue distri-
bution pattern of the CAC is in fair agreement with
the clinical involvement of heart, skeletal muscle, and
liver in patients with CAC deficiency (Huizing et al.,
1997). Recently the first mutations in the CAC cDNA
of two patient have been established (Huizing et al.,
1997, 1998).
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Adenine Nucleotide Translocator (ANT)

ANT catalyzes the transmembrane exchange of
cytosolic ADP and matrix ATP, which is essential for
the oxidative phosphorylation of ADP inside the mito-
chondria and for the extramitochondrial utilization of
ATP (Klingenberg, 1981; Brandolin et al., 1993).
Three human ANT isoforms (ANT1, ANT2, and
ANT3) have been identified and their genes have been
sequenced. They are expressed in a tissue-specific
manner which seems to be related to their function
(Battini et al, 1987; Neckelmann et al., 1987; Hould-
sworth and Attardi, 1988). Human ANT1 may permit
for rapid exchange of ADP and ATP to accommodate
to the high energy demand associated with contraction
of striated muscle fibers. ANT1 has a high mRNA
expression level in heart and skeletal muscle and is
induced during myoblast differentiation (Neckelmann
et al., 1987). The mRNA of the ANT2 isoform is
induced in rapidly dividing cells such as fibroblasts,
human leukemic cells (Battini et al., 1987), and
myoblasts (Stepien et al., 1992), whereas it is either
absent or weakly expressed in all other tissues. ANT3
mRNA is expressed in all tissues, mainly in kidney,
heart, and brain (Torroni et al., 1990; Stepien et al.,
1992).

A deficiency of ANT in human muscle (likely of
the ANT1 isoform) has been reported (Bakker et al.,
1993). This patient showed severe myopathy with lac-
tic acidosis. The patient's impaired substrate oxidation
in muscle mitochondria can readily be explained by a
defect in the transport protein. The fibroblasts showed
a normal immunochemical signal, probably caused by
normal levels of ANT2 and/or ANT3.

Schultheiss et al. (1996) demonstrated a
decreased ANT transport capacity accompanied by an
elevation in total ANT protein content in heart tissue
of patients suffering from myocarditis and dilated car-
diomyopathy. The alteration in ANT protein amount
was due to a mutual shift in ANT isoforms: an increase
in ANT1, a decrease in ANT2, the ANT3 content being
unchanged. The isoform shift in these patients is not
a progressive process but occurs in the early period
of illness and becomes permanent. The underlying
mechanism and pathognostic significance are still
obscure.

Very recently, we examined skeletal muscle speci-
mens from patients with the Sengers syndrome (McKu-
sick 212350), clinically presenting with congenital
cataract, hypertrophic cardiomyopathy, mitochondrial
myopathy, and lactic acidosis (Sengers et al., 1975;

Smeitink et al., 1989). In the muscle specimens a
diminished amount of ANT was demonstrated on
Western blots (Smeitink et al., 1997). The molecular
analysis of the ANT defect(s) in patients with the
Sengers syndrome is in progress.

Coordination in Expression

ANT1 mRNA expression pattern is comparable
with that of HVDAC2 and PiC-A (Table I). All three
are almost exclusively expressed in heart and skeletal
muscle. These proteins also have a ubiquitously
expressed isoform: ANT3, HVDAC1, and PiC-B.
Probably the skeletal muscle and heart isoforms
accommodate to the high metabolic turnover rate in
these tissues (due to the high energy demand), while
the ubiquitous isoforms stand for a continuous basal
transport of metabolites in all tissues.

The HVDAC1 immunodecorations of the West-
ern blot (Fig. 2) were all loaded with the same amount
of the mitochondrial reference enzyme cytochrome c
oxidase. The differences detected in HVDAC1 mRNA
expression levels are thus due to differences in
HVDAC1 levels per unit of cytochrome c oxidase. So,
in tissues with a high metabolic turnover, the
HVDAC1/cytochrome c oxidase ratio is higher than
in other tissues.

Multi-carrier Structures

Mitochondrial energy metabolism is not only
influenced by individually functioning transmembrane
carriers but also by complicated structures in which
several types of transport proteins and other compo-
nents are present. In these structures, i.e., contact sites
and megachannels, VDAC, ANT, mitochondrial cre-
atine kinase (Mi-CK), hexokinase, glycerol kinase, and
the benzodiazepine receptor are involved (McEnery et
al., 1993; Benz, 1994; Brdiczka and Walliman, 1994).
These structures are thought to facilitate among others
the ADP and ATP transport across the inner and outer
mitochondrial membranes. The occurrence of these
multi-protein structures in various tissues has not yet
been established, but a high content of these "mega-
channels" might be expected in tissues with high
energy demand. Therefore, the isoforms ANT1,
HVDAC2, and sarcomeric Mi-CK (Wyss et al., 1992)
might be components of these megachannels, while the
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ubiquitous isoforms ANT2, HVDAC1, and ubiquitous
Mi-CK might function in mitochondria independently.

Diagnostic Approach

The Northern blots showed high expression levels
of mRNA of all carriers in skeletal muscle and heart
(except for CIC). Therefore, and because skeletal mus-
cle tissue is often clinically involved, skeletal muscle
is the most suitable tissue to examine in patients sus-
pected to suffer from a mitochondrial carrier defect. In
those cases in which it is impossible to obtain skeletal
muscle material from patients, measurements in cul-
tured skin fibroblasts may be considered. We showed
more or less similar expression levels for HVDAC1
mRNA and protein for the investigated tissues. This
points to a comparable mRNA tissue expression and
translation for HVDAC1. From the fact that the
HVDAC1 signal is comparable in fibroblast and skele-
tal muscle on Western blot, we assume that HVDAC1
mRNA is also highly expressed in fibroblasts. There-
fore, fibroblasts should be suitable for diagnosis of
mitochondrial carrier deficiencies. However, immuno-
chemical studies on the recently described ANT-defi-
cient (Bakker et al., 1993) and VDAC-deficient
(Huizing et al., 1996b) patients showed the deficiency
in skeletal muscle, and not in fibroblasts. For the ANT-
deficient patient this tissue-dependent deficiency can
be explained by different expression of the isoforms in
fibroblasts and muscle tissue. For the VDAC-deficient
patient, isoforms may also play a role, but a tissue-
specific defect (in muscle tissue) in a post-translational
modification step may have caused this phenomenon,
too (Huizing et al., 1996b). Whatever the molecular
origin, normal contents of transport proteins in fibro-
blasts do not exclude a deficiency in skeletal muscle.
This limitation in using fibroblasts for diagnostic aims
is well known for detection of defects in mitochondrial
enzymes (Trijbels et al., 1993).

In this paper, the tissue distribution of mitochon-
drial membrane carriers under physiological conditions
is described. Expression might, however, change under
pathophysiological conditions, as recently described
for patients with myocarditis and dilated cardiomyopa-
thy (Schultheiss et al., 1996). Possible occurrence of
such pathophysiological changes should be kept in
mind in interpreting diagnostic findings.

CONCLUDING REMARKS

In the present study we showed that human
mRNA tissue distribution levels of mitochondrial
metabolite carriers are roughly related to the metabolic
needs of the tissues. The presence of isoforms of sev-
eral carriers in man requires a critical selection of the
tissue(s) for diagnostic investigation. Based on isoform
distribution and on practical availability, skeletal mus-
cle appears to be the most suitable tissue. On the
contrary, based on examination of carrier deficiencies
with specific antibodies, the use of fibroblasts for diag-
nostic aims is doubtful.
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