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ABSTRACT

Carnitine functions as a substrate for a family of enzymes, carnitine acyltrans-
ferases, involved in acyl-coenzyme A metabolism and as a carrier for long-chain
fatty acids into mitochondria. Carnitine biosynthesis and/or dietary carnitine ful-
fill the body’s requirement for carnitine. To date, a genetic disorder of carnitine
biosynthesis has not been described. A genetic defect in the high-affinity plasma
membrane carnitine-carrierin leads to renal carnitine wasting and primary carni-
tine deficiency. Myopathic carnitine deficiency could be due to an increase in
efflux moderated by the carnitine-carrierout. Defects in the carnitine transport sys-
tem for fatty acids in mitochondria have been described and are being examined
at the molecular and pathophysiological levels. The nutritional management of
these disorders includes a high-carbohydrate, low-fat diet and avoidance of those
events that promote fatty acid oxidation, such as fasting, prolonged exercise, and
cold. Large-dose carnitine treatment is effective in systemic carnitine deficiency.
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INTRODUCTION

Carnitine is ubiquitous in nature and is found in especially high concentration
in the muscle tissue of higher organisms, from where in 1905 it was first iso-
lated (60). While its elemental composition was quickly determined, the correct
structure of carnitine was not elucidated until 1927 (60). The discovery in the
late 1930s of the neurotransmitter acetylcholine, which has a structural similar-
ity to carnitine (carboxymethylcholine), helped to focus the first studies of the
function of carnitine (60). Despite these efforts, neither the physiological nor
the pharmacological role of carnitine or its biosynthesis or degradation were
delineated.

New interest in carnitine was elicited in 1952 when Carter et al (31) estab-
lished that carnitine was a growth factor for the meal wormTenebrio molitor.
Subsequent studies showed that when starved, carnitine-deficient larvae died,
with their lipid depot completely intact. This suggested that carnitine had a role
in lipid metabolism (60). The role of carnitine in fat metabolism was further sub-
stantiated by two observations. In 1955 Fritz (63) showed that a muscle extract
stimulated fatty acid oxidation in liver slices and liver homogenates and identi-
fied this stimulatory factor as carnitine. At the same time, Friedman & Fraenkel
discovered that carnitine can be reversibly acetylated by acetyl-coenzyme A
(CoA) (62). These studies not only established the role of carnitine in fatty acid
oxidation, they also indicated that the mechanism by which carnitine stimulates
fatty acid oxidation might involve a reversible transesterification of carnitine.
These observations provided the stimulus for the renewed interest in carnitine
research, and subsequent studies established not only the transport role of car-
nitine in mitochondrial fatty acid oxidation (19, 20, 65, 82, 131, 137, 160, 205),
but also its role in shuttling chain-shortened acyl groups from peroxisomes
into the mitochondria for further oxidation (10) and in modulating the cellular
acyl-CoA/CoASH ratio (134, 179). In conjunction with its acyl-CoA buffering
function, carnitine also plays a significant role in the elimination (detoxifica-
tion) of endogenous (32) and exogenous (xenobiotic) organic acids (136, 186).
Therefore, it is not surprising that many metabolic disorders affect carnitine
homeostasis, and inadequate carnitine availability may affect a wide variety of
metabolic reactions, leading to the diverse clinical manifestations observed in
disease states that affect carnitine metabolism.
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This review focuses primarily on the known genetic defects of cellular car-
nitine transport and on the enzymes of the mitochondrial carnitine-dependent
fatty acid entry pathway. Several clinical aspects of carnitine metabolism (nutri-
tional, physiological, pharmacological, clinical, and enzymological) have been
discussed in previous excellent reviews (4, 9, 15, 21, 23, 47, 49, 60, 64, 145,
161, 198) and books (16, 30, 57, 61, 194). The latest progress and current view
of the structural, functional, and regulatory aspects of the mitochondrial carni-
tine palmitoyltransferases are summarized in a recent review (106).

CARNITINE

Biosynthesis of Carnitine
PATHWAY The ultimate precursors of carnitine are the essential amino acids,
lysine and methionine, and the ability to synthesize carnitine seems to be as
ubiquitous as carnitine itself.S-adenosylmethionine was recognized early as
the donor of the three methyl groups (18, 195), but lysine was not recognized
as a source of nitrogen and carbon chain until the early 1970s (37, 38, 167). Al-
though the pathway of carnitine biosynthesis has been studied most extensively
in rats, the available evidence indicates that the same pathway is operative in
humans. In animals, 6-N-trimethyllysine is formed by the methylation of ly-
sine residues in proteins (129). Following proteolysis, 6-N-trimethyllysine is
converted to 3-hydroxy-6-N-trimethyllysine (48, 80, 86, 100, 124, 150), which
is then cleaved to butyrobetaine aldehyde and glycine by an aldolase that may be
identical to serine hydroxymethyltransferase (76, 86). Butyrobetaine aldehyde
is then oxidized toγ -butyrobetaine (87) byγ -butyrobetaine aldehyde dehydro-
genase that has been purified (87), and in humans, the highest activity is found
in liver and kidney (87). The final step in the biosynthetic pathway of carnitine
is the conversion of butyrobetaine toL-carnitine by butyrobetaine hydroxylase.
While most animal tissues, including brain and skeletal muscle, contain the
enzymes necessary to convert trimethyllysine to butyrobetaine (37, 141, 168),
the formation of carnitine from butyrobetaine occurs in only a few tissues. The
enzyme shows species variation in tissue distribution, but it is present in the
liver of all species. In humans, the enzyme is present in the liver, kidney, and
brain (52, 141). In both the liver and kidney, the enzyme exists in multiple
isoforms (104) and appears to be the dimeric combinations of two subunits that
differ in charge only. A genetic disorder of carnitine biosynthesis has yet to be
described. Dietary carnitine could provide sufficient carnitine to the body to
mask the deficit in synthesis.

REGULATION Carnitine is not considered an essential nutrient for adult humans
because it can be synthesized. Although the individual steps of the overall
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pathway and the enzymes catalyzing the reactions have been identified, the
regulation of carnitine biosynthesis in mammals is less clear. Butyrobetaine
hydroxylase is developmentally regulated in the liver but not kidney of rats
and humans (128), and in humans the hepatic enzyme activity at birth is about
25% of that in adults. However, subsequent studies in which butyrobetaine was
administered to human infants with their diet demonstrated that butyrobetaine
hydroxylase is not rate limiting in carnitine biosynthesis (140). Although in
rats the rate of carnitine biosynthesis is determined by the availability of 6-N-
trimethyllysine (39, 143), whether it is the same in humans has not been conclu-
sively established. Supplementation of a carnitine-free diet with trimethylly-
sine caused a 1.5-fold increase in carnitine excretion in infants, whereas the
same amount of butyrobetaine resulted in a 30-fold increase (128). Likewise,
in adults a 4-fold increase was observed with trimethyllysine whereas a 43-fold
increase was demonstrated with half the amount of butyrobetaine (140). This
does not rule out the possibility that in humans the rate of carnitine biosynthesis
is determined by one of the enzymes subserving the conversion of trimethylly-
sine to butyrobetaine, but the data must be interpreted with the knowledge that
trimethyllysine is only poorly taken up by tissues (197) and that trimethylly-
sine is not reabsorbed in the kidney of humans (102). Consequently, the modest
increase in carnitine excretion with trimethyllysine supplementation has been
interpreted as meaning that substrate availability rather than the activity of the
pathway enzymes is the determinant in carnitine biosynthesis. If this is the case,
the only way carnitine biosynthesis could be increased would be through in-
creased methylation of protein-bound lysine and/or increased protein turnover.
Thus, the ability of humans to adapt to changes in the need for carnitine would
be severely restricted, consequently increasing dependence on exogenous car-
nitine in conditions of increased demand.

Homeostasis of Body Carnitine
Carnitine is available from dietary sources and from endogenous biosynthe-
sis, as discussed above. The body distribution of carnitine is determined by
a series of systems that transport carnitine into cells against a concentration
gradient, an independent efflux process, and an exchange mechanism in a
tissue-specific fashion. Under physiological conditions, plasma carnitine con-
centration is maintained within a narrow range. The dominant factor in maintain-
ing plasma carnitine concentrations is renal clearance, which is determined by
the kinetic properties of the brush border carnitine transport system (51, 144).

TRANSPORT OF CARNITINE Liver Liver plays a unique role in whole-body
carnitine homeostasis. Not only is liver the major site of butyrobetaine hy-
droxylation, but the transport system shows a higher affinity for butyrobetaine
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(Km
∼= 0.5 mM) (34) than for carnitine (Km

∼= 5.0 mM) (34, 96), favoring bu-
tyrobetaine transport into the liver and the efflux system acylcarnitine over
carnitine (77, 153). Thus, the liver contains systems that favor its role of pro-
viding synthesized carnitine to the body. Additionally, orally available carnitine
is presented to the liver via the portal vein.

The system described above has been studied in isolated hepatocytes (34)
and perfused liver (77, 96, 152, 153) and is temperature, energy, and sodium
dependent, as well as saturable, consistent with a carrier-mediated process.
Additionally, the transporter shows weak stereospecificity. The transporter
studied in liver from fasted rats demonstrated a decreasedKm for carnitine
(2.6 mM) without a change inVmax (96, 152). It has been suggested that this
kinetic response is the mechanism for enhanced carnitine transport into livers
from fasted rats. However, because as a substrate the transport ofD-carnitine
changes similarly, a metabolic reason for enhanced carnitine sequestration in
liver is not supported.

A separate system for carnitine efflux has been demonstrated that is saturable,
energy independent, and inhibited by mersalyl but not by ouabain (77, 153). It
has been suggested that acylcarnitines are transported out of hepatocytes faster
than is carnitine. In contrast to other tissues, stimulation of carnitine efflux by
extracellular carnitine could not be demonstrated, which suggests an exchange
carrier system is not present in the liver (77).

Other tissues Heart (3, 11, 97, 117, 116, 181–183), skeletal muscle (105, 114,
138, 142), kidney (69, 144, 166), and fibroblasts (29, 53, 54, 171, 173–175, 177)
all have a temperature- and sodium-dependent saturable uptake system of a
high-affinity type (Table 1), which contrasts with the low-affinity type in the
liver. The high-affinity uptake of carnitine in the heart is not energy dependent,
whereas uptake in skeletal muscle or cultured skin fibroblasts is inhibited by
uncouplers or respiratory chain inhibitors. The apparent differences in these
studies have not been clarified. Detailed mechanistic studies of the kidney have
led to the notion that Na+-dependent transport of carnitine in brush border
membrane vesicles is not directly energy dependent (144). It is noteworthy
that fibroblasts from patients with cytochrome oxidase deficiency demonstrated
decreased carnitine transport, corresponding to values obtained in heterozygotes
of primary deficiency (174).

A different system for efflux of carnitine out of cells has been described
in cultured heart cells and skeletal muscle (115, 138). Additionally, an ex-
change carrier system has been demonstrated in heart tissue and skeletal mus-
cle (138, 154, 155). In maintaining the content of tissue carnitine, this system
would be of little significance because net uptake is not affected unless plasma
carnitine is exchanged for tissue butyrobetaine.
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Table 1 Tissue distribution of carnitine transporter systemsa

High-affinity Low-affinity
Tissue uptake uptake Efflux Exchange

Liver perfused — 4.2 mM (96) 0.27 mM (152) No (77)
Hepatocytes — 5.6 mM (34) Yes (96) —
Heart perfused 24µM (181–183) — — —
Heart slices — — — Yes (154, 155)
Cardiomyocytes ∼=5.0µM (11, 117) — Yes (115) Yes (115)
Muscle strips 60µM (138) — Yes (138) Yes (138)
Myocytes 1.9µM, 1.5µM 80–175µM Yes (114) —

(142, 105) (142, 105, 114)
Kidney-bbmvb 80µM, 20 µM 3.7 mM (166) — —

(144, 166)
Fibroblasts 2–8µM (53, 142, 68.5 (142) — —

165, 173, 174, 177)

aReferences in parentheses. Yes/No, transport type present or absent but not investigated in detail; —, not
found or not investigated.

bBrush border membrane vesicles.

DEFECTS IN CARNITINE TRANSPORT We have elected to categorize what has
been called primary carnitine deficiency according to the carnitine carrier in-
volved. As outlined in the previous section and Table 1, tissue carnitine home-
ostasis is maintained by a series of transport systems, e.g. carnitine-carrierin
(uptake), carnitine-carriedout (efflux), and carnitine-carrierexchange(stoichiomet-
ric exchange). The exchange system is not discussed in this review because
a genetic defect has not been described. Defects in either of the two former
systems will result in decreased carnitine concentration in the affected tissue. A
defect in the carnitine-carrierout leads to an increased loss of tissue carnitine and
may form the underlying mechanism of the myotonic form of primary carnitine
deficiencies (50, 114), whereas a defect in carnitine-carrierin results in systemic
carnitine deficiency.

Carnitine deficiencies Carnitine deficiency represents a heterogeneous group
of diseases with widely varying clinical symptoms. Given that carnitine not
only is required for fatty acid oxidation but also plays a crucial role in cellular
homeostasis of free and acyl-CoA, the wide variety of clinical manifestation
of carnitine deficiency is not unexpected. This is further complicated by the
fact that the carnitine requirement depends on several other factors, such as age,
diet, metabolic conditions, and tissue dependence on fatty acid oxidation (139).
Carnitine deficiency is defined as decreased tissue carnitine concentration that
is below the requirement for normal cellular metabolism. Since the initial
description of human muscle carnitine deficiency syndrome (50), more than
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100 cases with different forms of carnitine deficiency have been reported. It is
now clear that many of the reported carnitine deficiency syndromes are due to
inherited and acquired diseases and that carnitine deficiency (or insufficiency)
is the consequence rather than the cause of the disease. Because of the different
etiologies of carnitine deficiencies, they are classified as primary and secondary
carnitine deficiencies and discussed briefly below. (For comprehensive reviews
on this topic, see References 2, 23, 45, 49, 135, 161.)

Primary carnitine deficiency Two different entities of primary carnitine de-
ficiency syndromes have been described: muscle carnitine deficiency and sys-
temic carnitine deficiency.

The myopathic form (possible carnitine-carrierout deficiency) is more re-
stricted and is characterized by progressive muscle weakness and lipid storage
myopathy, primarily in type I fibers. The carnitine content in skeletal muscle
is severely reduced but is normal in plasma and the liver, with no sign of renal
carnitine leak (49). Plasma acylcarnitine concentrations were normal, and no
organic aciduria was observed. OralL-carnitine treatment has been of benefit
in some patients but did not replenish the muscle carnitine stores (45, 135).
Although some patients with the myopathic form have been shown to have
fatty acid oxidation defects, for others no definitive biochemical defect has
been discovered. Direct studies in cultured myoblasts from a patient affected
with muscle carnitine deficiency demonstrated normal carnitine uptake (114).
However, increased carnitine efflux was found in these myoblasts, resulting
in reduced intracellular carnitine content. Intermediate levels of carnitine in
skeletal muscle of some parents suggests autosomal recessive inheritance (1).

Primary systemic carnitine deficiency (carnitine-carrierin deficiency) was first
described by Karpati et al in 1975 (94). Since this first report, over 20 cases
with systemic carnitine deficiency have been described (135). The onset of
the clinical symptoms ranges from 1 month to 7 years, with different types
of presentation: progressive cardiomyopathy, myopathy, and hypoketotic hy-
poglycemic encephalopathy. In some cases, all forms of presentation may
exist (67, 162, 174). Progressive cardiomyopathy is the most common and usu-
ally occurs in older people. Myopathy, manifesting in hypotonia or slowly
progressive proximal weakness, is commonly associated with cardiomyopathy
or encephalopathy. Acute encephalopathy associated with hypoketotic hypo-
glycemia is more commonly seen in infants (135). In contrast to the myotonic
form of primary carnitine deficiency, systemic carnitine deficiency is char-
acterized by low plasma carnitine concentrations (54, 165, 173, 177). Dicar-
boxylic aciduria is usually absent, indicating no primaryβ-oxidation enzyme
defect (173). Carnitine concentration is severely reduced in all affected tissues
(heart, skeletal muscle, liver) (6, 54, 147, 165, 173, 177). Patients with systemic
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carnitine deficiency also demonstrate a severe renal carnitine leak because of
a defect in the renal carnitine transporter (148, 165, 173, 177, 188). The diag-
nosis of systemic carnitine deficiency is made by determination of carnitine
uptake in fibroblasts (6, 35, 53, 54, 147, 165, 173, 174, 177), or in cultured lym-
phoblasts (176), when a compatible clinical picture and laboratory evidence
of carnitine deficiency exist. Based on similar kinetic parameters for carnitine
uptake in cultured muscle cells (142), heart (11), and fibroblasts (173, 177), it
is suggested that these tissues share a common transporter. The concept that
primary systemic carnitine deficiency is due to a defect in the specific high-
affinity carnitine transporter that is expressed by fibroblasts, muscle, the heart,
the kidney, and leukocytes, but not by the liver, is supported by clinical and
laboratory findings from patients with symptoms of systemic carnitine defi-
ciency (53, 162, 173, 177). Carnitine-uptake determinations of cultured fibrob-
lasts from parents with affected children demonstrate an autosomal recessive
inheritance pattern (6, 53, 165, 173, 174). Given the frequent history of previ-
ously unexplained sibling death in families with affected children (135) and the
lethal nature of the disease in some early onset cases (6, 54, 147), early identi-
fication of the syndrome and institution of oral carnitine therapy may decrease
immediate and long-term morbidity and mortality.

Treating primary systemic carnitine deficiency syndromes with carnitine re-
versed or attenuated the clinical symptoms in most patients without restoring
tissue carnitine stores. To reconcile this apparent discrepancy, it was suggested
that during carnitine supplementation, a transient increase in plasma carnitine
concentration occurs that is sufficient to allow carnitine uptake by the low-
affinity transporter to restore function (2).

Secondary carnitine deficienciesSecondary carnitine deficiency, or carnitine
insufficiency, is associated with a wide variety of genetic and acquired diseases
and is manifested by decreased plasma or tissue carnitine concentrations. The
most characteristic causes of secondary carnitine deficiencies are metabolic dis-
orders associated with impaired oxidation of acyl-CoA intermediates in the mi-
tochondria; these are discussed in several previous reviews (2, 23, 45, 161). Be-
low are described two other genetic diseases associated with decreased plasma
and/or tissue carnitine concentrations.

1. Defects in the mitochondrial respiratory chain. A few patients with respira-
tory chain defects have been reported to have low carnitine concentrations in
plasma and/or muscle. Marked lipid excess with reduced carnitine levels has
been noted in a minority of patients with complex I deficiency (28, 36) and in
a 2-year-old female patient with succinate cytochromec reductase activity
(157). Mild-to-moderate decreases in total carnitine and increased acylcar-
nitine have been noted in a few patients also with cytochromec oxidase
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defects (5, 118, 146, 158). The significance of these observations is unclear,
as is the underlying mechanism of the reduced tissue carnitine concentration.
As was recently shown, fibroblasts from patients with cytochrome oxidase
deficiency have carnitine uptake rates approximately 50% that of normal
fibroblasts (174). A shortage of ATP needed to establish and maintain the
Na+ gradient could explain the moderately reduced skeletal muscle carnitine
concentrations.

2. Excessive renal loss of carnitine. The renal tubular Fanconi syndrome
is a generalized transport defect affecting tubular reabsorption of small
molecules, including carnitine. It is manifested by low plasma and mus-
cle carnitine concentrations and moderate-to-massive lipid accumulation in
muscle (8, 66, 121, 126). Patients with renal Fanconi syndrome have an in-
creased fractional excretion of both free carnitine and acylcarnitine, 33%
and 26%, respectively, compared with 3% and 5% in normal individuals (8).
Plasma-free carnitine concentrations in affected children were low (11.7µM
and 13.2µM) compared with control values (42µM), but the esterified frac-
tion was unchanged (8, 66). Skeletal muscle–free carnitine in 12 patients
was found to be 37% that of control values (66). Though most of the Fan-
coni syndrome patients were deficient in plasma-free carnitine to the same
extent as reported in systemic carnitine deficiency (51), hepatic fatty acid
oxidation was not affected (8). OralL-carnitine treatment normalized the
plasma-free and total carnitine concentrations within 2 days and reduced the
initially high plasma-free fatty acid concentration after long-term (7–20 mo)
treatment (66). Muscle carnitine content remained low in all patients, even
though cystinotic muscle cells in culture took upL-carnitine normally, but
muscle lipid accumulation, which varied directly with duration of carnitine
deficiency, improved significantly withL-carnitine therapy (66).

NUTRITIONAL ASPECTS OF CARNITINE Dietary carnitine provides more than
half of available carnitine in adult humans (139). Although absorption of car-
nitine in humans has not been studied directly, in vitro experiments established
an active transport process across the human proximal small intestinal mucosa
(73). The transport of carnitine across this membrane was Na+ dependent, with
an apparentKmof 974µM andVmaxof 27.4 nmol/ml of intracellular water/min.
A passive, diffusional process was also identified, which may be important for
absorption of large doses of carnitine. Studies from the same laboratory demon-
strated an active transport for carnitine on biopsy specimens in the duodenum
and the ileum but not in the colon (74). The uptake against a concentration gra-
dient was abolished by anoxia and by replacement of sodium with potassium.
The kinetics of carnitine transport was consistent with a two-component sys-
tem: a saturable system with aKmof 558µM, and a linear component probably
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representing passive diffusion. The transport ofL-carnitine was diminished by
D-carnitine and acetyl-L-carnitine, which suggests that these substrates utilize
the same transport system. Two-component transport systems have also been
demonstrated in different animal models of intestinal carnitine transport. Using
everted rat intestinal rings and sacs, Shaw et al (159) demonstrated a saturable
carnitine uptake in the duodenum and the jejunum but not in the ileum. The
saturable uptake with aKm between 206 and 316µM was inhibited by anoxia,
2,4-DNP, cyanide, and removal of Na+, andD-carnitine and acetyl-L-carnitine
were competitive inhibitors of the carnitine uptake. The linear component was
presumed to represent diffusion. Active intestinal uptake of carnitine has also
been described in more complex in vivo models using a combination of segmen-
tal perfusion techniques and bolus intraluminal injection and intestinal vascular
perfusion (69, 71, 72). In contrast to the studies above, only passive diffusion
could be demonstrated using rat jejunal brush border membrane vesicles (103)
and in enterocytes isolated from adult guinea pigs (70). Recently, the mecha-
nism ofL-carnitine uptake was studied using a human-derived intestinal epithe-
lial cell line (Caco-2) (113). When grown to confluency, Caco-2 cells undergo
enterocyte-like differentiation and develop well-defined intracellular junctions
that separate the apical and basolateral membranes into distinct compartments.
They also attain many of the absorptive characteristics of villus absorptive cells.
These cells demonstrated a temperature- and energy-dependent saturable up-
take of carnitine with an apparentKm of 45.5µM andVmax of approximately
17 nmol/min/mg of protein. The uptake process was Na+ dependent and in-
hibited by structural analogs such as butyrobetaine andD-carnitine but not by
structurally unrelated compounds.

While the Na+-dependent, saturable component of the carnitine uptake sys-
tem very likely represents the physiological process by which dietary carnitine
is taken up from the intestine, the significance of the diffusional component is
uncertain. At physiological pH, carnitine forms a zwitterion with no net charge,
potentially permitting passive diffusion. However, the significance of diffusion
of carnitine as a mechanism of uptake is presumably small under physiological
conditions but may assume importance during therapeutic intervention with
high oral doses ofL-carnitine.

ACYLCARNITINES

In mammals, all known functions of carnitine involve the reversible acylation
of the 3-hydroxyl group of carnitine, with subsequent translocation of these
acylcarnitines from one cellular compartment to another. The enzymes respon-
sible for the formation of acylcarnitines are the carnitine acyltransferases with
wide and overlapping chain-length specificity, different cellular localization,
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and metabolic function (e.g. mitochondrial and peroxisomal fatty acid oxid-
dation, cellular CoASH homeostasis) (9, 21). Inherited defects in any of the
enzymes will affect not only the metabolic pathway the enzyme subserves, but
indirectly the cellular metabolism in general through the accumulation of po-
tentially toxic acyl-CoA and acylcarnitine intermediates and by lowering the
free CoASH and tissue carnitine concentration. The known genetic defects of
the mitochondrial carnitine palmitoyltransferase system, their metabolic con-
sequences, and potential therapeutic intervention are described briefly below.

Mitochondrialβ-Oxidation of Fatty Acids—The Role
of Mitochondrial Carnitine System
The mitochondrialβ-oxidation of fatty acids occurs within the mitochondrial
matrix and is catalyzed by the sequential action of acyl-CoA dehydrogenase,
enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl-CoA
thiolase enzyme families with substrate specificities of short-, medium-, long-,
and very long-chain acyl-CoAs (22, 99). The successiveβ-oxidative chain-
shortening event in the matrix is preceded by the activation of long-chain fatty
acids via the catalytic action of long-chain acyl-CoA synthetase on the mi-
tochondrial outer membrane and by the carnitine-dependent transport of the
activated fatty acids into the mitochondrial matrix. This process requires the
sequential action of carnitine palmitoyltransferase (CPT)-I, the acylcarnitine-
carnitine translocase, and CPT-II (9, 21, 78, 79, 112, 151).

The recognition thatL-carnitine stimulates the mitochondrial oxidation of
long-chain fatty acids was soon followed by the proposed mechanism of the
carnitine-dependent entry of fatty acids into the mitochondria (19, 20, 63–65).
This hypothesis took into account the known impermeability of the inner mi-
tochondrial membrane toward acyl-CoAs and two facts: that activated fatty
acids are transesterified by CPT-I from CoA to carnitine at the outer face of the
mitochondrial inner membrane, and that the acylcarnitines formed traverse the
inner membrane into the matrix where the acyl groups are transferred back to
CoA by CPT-II before entering theβ-oxidation spiral (64). The question of
how acylcarnitines enter the mitochondrial matrix and how free carnitine exits
from mitochondria was answered with the discovery of acylcarnitine:carnitine
translocase, a protein present in the mitochondrial inner membrane (131, 137).
Although this conception of the mechanism of fatty acid transport has prevailed
some 30 years, understanding about several important aspects has been refined:
(a) malonyl-CoA is a potent inhibitor of CPT-I but not CPT-II (107, 108, 111);
(b) CPT-I has been reassigned to the mitochondrial outer membrane (120);
(c) the catalytic activities of CPT-I and CPT-II reside in structurally and im-
munologically different polypeptides (40, 98, 191, 193); (d ) CPT-II is likely to
be expressed as the same protein within the same organism (191); (e) CPT-I is
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expressed in at least two tissue-specific isoforms (the liver and skeletal mus-
cle form) (189, 191, 193): and (f ) the acylcarnitine:carnitine exchange activity
seems to reside in a single polypeptide (90, 92).

CPT-I: ISOENZYMES AND TISSUE SPECIFIC DISTRIBUTION CPT-I catalyzes the
formation of long-chain acylcarnitines from long-chain acyl-CoAs and free car-
nitine. However, a catalytically active form of CPT-I has not been isolated. The
existence of a liver-specific (L-CPT-I) and muscle-specific (M-CPT-I) isoform
was suggested by differing IC50 values for malonyl-CoA andKm values for car-
nitine (109) and, following covalent labeling with specific active-site–directed
CPT-I inhibitors, by the differing subunit size of the labeled polypeptides for rat
liver and skeletal muscle mitochondria (189, 191, 193). Formal proof of the dis-
tinction came with the isolation and expression of the liver (44, 55) and skeletal
muscle cDNAs (56, 202). The predicted primary structures show 62.6% homol-
ogy with calculated molecular masses of 88,150 (773 amino acids) and 88,227
(772 amino acids) for the liver and skeletal muscle isoform, respectively. The
expressed proteins showed catalytic activity with kinetic parameters similar to
those obtained with the respective intact mitochondria. In like manner, the
human counterparts were isolated, characterized, and found to be similar to the
rat isoforms (25, 203). The genes encoding human liver and skeletal muscle
CPT-I have been assigned to chromosome 11q13 (24, 25) and 22q13.3 (24, 180),
respectively, and their structural features have been elucidated (25, 180, 204).

The tissue-specific expression of L-CPT-I and M-CPT-I has been investigated
in several organs in the rat (56, 106, 202) and somewhat more selectively in
humans. Using specific cDNA probes, the human M-CPT-I form is expressed
in skeletal muscle and the heart but not in the kidney and liver, whereas the
liver form demonstrates high expression in the kidney but is absent in skeletal
muscle (203). The heart predominantly expresses M-CPT-I but also has a
relative significant expression of the L-CPT-I isoform (203). From a diagnostic
standpoint, human fibroblasts express the liver-type enzyme (25, 106).

CPT-I deficiency The metabolic consequences of a selective CPT-I deficiency
would be a decrease in long-chain acylcarnitine content in tissue and an increase
in cytoplasmic long-chain acyl-CoA concentration. Long-chain acyl-CoA es-
ters are potent inhibitors of the adenine nucleotide translocase and could inhibit
oxidative phosphorylation, leading to a generalized energy deficit. A metabolic
alternative for long-chain acyl-CoA esters is incorporation into triglycerides,
leading to lipid deposition in the affected tissue. Since CPT-I is expressed
as tissue-specific isoforms (106, 203), the phenotypic expression of CPT-I
deficiency will depend on whether the muscle or liver isoform is affected.
The diagnosis is made by measurement of CPT activity under conditions that
allow discrimination between CPT-II (malonyl-CoA insensitive) and CPT-I
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(malonyl-CoA sensitive) activity either on biopsy material (tissue homogenate
or isolated mitochondria) or in fibroblasts. In humans, fibroblasts express only
the liver isoform of CPT-I (25); consequently, activity measurement in these
cells is useful in hepatic CPT-I deficiency.

CPT-I deficiency appears to be rare, or potentially lethal and underdiagnosed;
only a few cases have been reported (7, 12, 14, 17, 41, 43, 46, 81, 83, 149, 156,
164, 172, 185). With a few exceptions (46, 81, 83, 149), in the small number of
cases reported to date the affected enzyme is the liver isoform.

CPT-I deficiency with symptoms of hepatic involvement has been described
in seven patients (7, 12, 14, 17, 41, 43, 156, 164, 172, 185). The diagnosis was
made by CPT activity determination of cultured fibroblasts and was found to
be decreased by approximately 85–90% as compared with control fibroblasts,
whereas CPT-II activity was within the range of control values. The prominent
clinical feature is hypoketotic hypoglycemia, typically precipitated by fast-
ing in infancy, but usually without myopathy or cardiomyopathy, and if not
treated is fatal. The absence of myopathic or cardiomyopathic involvement is
reflected biochemically by the presence of an enzyme defect only in the liver
and in fibroblasts, not in muscle (14, 43, 172). The low capacity for hepatic
fatty acid oxidation also explains the concomitant hypoketonemia. The defect
affects long-chain fatty acid oxidation only because the ketogenic response
to medium-chain triglycerides was normal (7, 43). The biochemical findings
included triglyceride accumulation in the liver (7, 43, 156), with normal liver
carnitine (43) but elevated plasma-carnitine content (156, 164, 185). Despite
the increased total plasma-carnitine concentration, the acylcarnitine fraction
remained low. The organic acid profile is normal, and dicarboxylic aciduria is
not associated with CPT-I deficiency.

CPT-I deficiency involving the skeletal muscle isoform of the enzyme has
been reported in three patients (46, 81, 83, 149). The clinical manifestation in
all cases was recurrent rhabdomyolysis. Consistent with selective muscle in-
volvement there was a normal ketogenic response to fasting (83), lipid de-
position in skeletal muscle (83, 149), and partially reduced CPT activity in
skeletal muscle (46, 81, 83, 149). The selective CPT-I defect was confirmed
by the lack of carnitine-dependent palmitate (46) or palmitoyl-CoA oxidation
(81, 149) in skeletal muscle homogenate or isolated mitochondria. The oxida-
tion of palmitoyl-L-carnitine, which is not dependent on CPT-I, was normal in all
three cases. The symptoms were precipitated by fasting or exercise (46, 81, 83)
and, in one patient, by ibuprofen therapy (149). In the latter case there was
also a marked decrease in muscle-carnitine content, which following recovery
returned to normal, though muscle CPT activity remained abnormally low. It
was concluded that the transiently low muscle-carnitine content combined with
the partial deficiency of CPT led to the development of the clinical symptoms.
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The molecular basis of both forms of CPT-I has yet to be elucidated. From
the limited information available, CPT-I deficiency seems to follow autosomal
recessive inheritance (84). With the recent emergence of the relevant cDNA
structures (25, 203) and characterization of the genes (25, 180, 204), such in-
formation is expected to be forthcoming.

Nutritional intervention Because of the small number of patients affected, a
systematic clinical trial is not available. However, there is strong testimonial
evidence that frequent feedings, night-time snacks, and avoidance of fasting
eliminate or ameliorate the development of the clinical symptoms. Medium-
chain triglyceride supplementation in the treatment has been proposed, but its
role is unclear. For the less clearly defined muscle form, in one patient avoidance
of fasting, a high-carbohydrate/low-fat diet, and modification of exercise pattern
were reported to almost eliminate clinical deterioration, to prevent attacks, and
to markedly reduce episodes of rhabdomyolysis.

MITOCHONDRIAL ACYLCARNITINE-CARNITINE TRANSLOCASE The mitochon-
drial acylcarnitine-carnitine translocase was the last member of the mitochon-
drial carnitine-dependent fatty acid transport pathway to be discovered (131,
137). The properties of the transporter have been extensively investigated in in-
tact mitochondria (88, 133, 179, 196). In addition to the unidirectional transport
of carnitine, it catalyzes a 1:1 exchange between acylcarnitines of different chain
lengths and carnitine. The transporter protein has been isolated and purified
to apparent homogeneity from rat liver mitochondria, and its physical, kinetic,
and inhibitory properties determined (90–92). It has an apparent molecular
mass of 32.5, and when functionally reconstituted the transporter demonstrates
the same properties as in intact mitochondria. The mechanism of transport
appears to be of the ping-pong type, which makes the carnitine carrier unique
among all the mitochondrial metabolite transporters characterized (91, 130).
The amino acid sequence of the rat liver acylcarnitine-carnitine translocase has
recently been deduced from sequences of overlapping cDNA clones (89). The
full-length translation product consists of 301 amino acid residues with a calcu-
lated molecular mass of 33.133, which is in good agreement with the value of
32.5 estimated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis,
and consists of three homologous tandem repeats, a feature common to other
mitochondrial transporters. Post-translational modification of the transporter is
indicated by the fact that the mature transporter is amino-terminally modified.
The proposed secondary structure suggests an asymmetric orientation of the
membrane-embedded carnitine carrier, a feature previously suggested on the ba-
sis of functional studies, indicating different substrate-binding sites on the inner
and outer faces both of intact mitochondria (88) and reconstituted liposomes
(91). Southern blot analysis of rat and human genomic DNA suggests that both
rat and human genomes contain a single gene for the transporter (89).
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Deficiency The acylcarnitine-carnitine translocase deficiency results in defec-
tive intramitochondrial transport of acylcarnitines formed by CPT-I and is one
of the most severe disorders of fatty acid oxidation. Although the occurrence
of translocase deficiency as a clinical entity has been speculated earlier based
on indirect evidence (178), a direct diagnosis was made possible only recently,
with the development of an assay for translocase activity (119). Only five pa-
tients with acylcarnitine-carnitine translocase deficiencies have been reported
in the literature (26, 33, 122, 125, 132, 163). The disease shows autosomal re-
cessive inheritance with very early onset and lethal outcome in the perinatal
and early infantile period of life. Most of the patients show signs of multiorgan
involvement, e.g. liver, heart, and skeletal muscle. The symptoms are triggered
by fasting or by ingestion of fat and include hyperammonemia, hypoketotic hy-
poglycemia, and hypocarnitinemia. A characteristic feature of the disease is a
persistent elevation of plasma long-chain acylcarnitines with very low free car-
nitine. In one patient, elevated plasma short- and medium-chain acylcarnitines
were demonstrated (163). This finding would be consistent with one transporter
(92). As a consequence, acylcarnitine-carnitine translocase deficiency affects
not only mitochondrial fatty acid oxidation, it also severely impairs mitochon-
drial metabolism in general as a result of its acyl-CoA buffer function. This
may explain the severity and the lethal nature of the disease. Clinically and
biochemically, acylcarnitine-carnitine translocase deficiency appears similar in
presentation and severity to multiorgan (generalized) CPT-II deficiency (42, 85).
All reported so far have been diagnosed by measurement of the acylcarnitine-
carnitine translocase in the patients’ fibroblasts. Direct measurement of CPT-II
activity demonstrated that CPT-II is not affected in these cases.

Because of the early and lethal nature of the disorder and the lack of a
pathophysiological mechanism, nutritional or other interventions have not been
studied. A recent report describes a nonfatal translocase deficiency (6% activity
remaining) (127) that was successfully treated with intravenous glucose and
carnitine; follow-up treatment was a high-carbohydrate, low-fat diet. The use
of carnitine in these patients must be reconsidered because the accumulation of
long-chain acylcarnitines are thought to be toxic.

CPT-II CPT-II catalyzes the last step of the carnitine-dependent entry of acti-
vated long-chain fatty acids into mitochondria forβ-oxidation, i.e. the recon-
version of long-chain acylcarnitines to the respective CoA esters. The enzyme
is localized on the matrix side of the mitochondrial inner membrane (9, 79, 82)
and, in disrupted mitochondria, can be functionally distinguished from CPT-I by
its insensitivity toward malonyl-CoA and etomoxiryl/tetradecylglycidyl-CoA
inhibition. The enzyme is easily solubilized in the presence of detergents. It
has been isolated in catalytically active form from a variety of tissues of dif-
ferent species, and its physical and kinetic properties determined (reviewed in

A
nn

u.
 R

ev
. N

ut
r.

 1
99

8.
18

:1
79

-2
06

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 S
t. 

M
ar

y'
s 

U
ni

ve
rs

ity
 -

 S
an

 A
nt

on
io

, T
X

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



    

P1: DPI/njh P2: ARS/vks QC: ARS/anil T1: ARS

May 5, 1998 16:21 Annual Reviews AR058-08

194 KERNER & HOPPEL

9, 79). All preparations have an apparent subunit size of 66–68 kDa, were
not inhibited by malonyl-CoA, and displayed immunological crossreactivity,
which indicates a great degree of homology (191). The full-length cDNA of
rat liver mitochondrial CPT-II predicted a protein of 658 amino acid residues
(74,119 Da) and contained a 25-amino-acid amino-terminal leader sequence
that is cleaved upon mitochondrial import, yielding a mature protein of 71 kDa
(27, 192). Expression of the full-length cDNA in a variety of systems (COS
cells, insect cells, and yeast lacking endogenous CPT) resulted in the overpro-
duction of malonyl-CoA–insensitive CPT, which had the same properties as the
original CPT-protein purified from rat liver mitochondria (44, 93, 192). Since
CPT-II mRNA was found to be identical in size (approximately 2.5 kb) and
the product was immunologically indistinguishable, it was suggested that the
CPT-II protein is the product of a single gene (110, 191). Simultaneously with
the isolation of rat liver mitochondrial CPT-II cDNA, the human counterpart
was isolated by Finocchiaro et al (59) based on amino acid sequence informa-
tion obtained from isolated human liver CPT-II (58). The human cDNA also
predicted a nascent product of 658 amino acids, and the two proteins showed
strong similarity (85% and 82% identity at the nucleotide and amino acid level,
respectively). The gene encoding the human liver CPT-II has been localized
to chromosome 1p32 (59, 68), and the structure of the gene analyzed in detail
(184). The availability of the human CPT-II cDNA and the known structural
features of the gene provided the necessary tools and information for the anal-
ysis of the molecular basis of CPT-II deficiencies in humans.

CPT-II deficiencies In contrast to the few patients with documented CPT-I
deficiency, CPT-II deficiency is more frequent. Although it is generally ac-
cepted that CPT-II is expressed as a single protein, the deficiency manifests
itself in several clinical phenotypes. Although the typical adult muscle form
is by far the most frequent (198), during the past few years a number of new
complex phenotypes have been ascribed to CPT-II deficiency. Lethal neona-
tal CPT-II deficiency presenting with myopathy has been described by Land
et al (101); cases of CPT-II deficiency with hypoketotic hypoglycemia, car-
diomegaly, dysorganogenesis, and early death have occurred in four neonates
and one child (85, 123, 190, 200); and CPT-II deficiency with hepatic involve-
ment in a female and male infant has been reported by Yamamoto et al (201).
The phenotypic heterogeneity of CPT-II deficiency is not understood. It has
been suggested that the clinical and metabolic consequences of CPT-II de-
ficiency might depend on the residual enzyme activity (42). However, this
suggestion does not explain the clinical heterogeneity. For example, residual
skeletal muscle CPT-II activity was 7% in a patient with neonatal CPT-II defi-
ciency with an Arg631Cys substitution (170), as well as in one with typical adult
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muscular form with a Ser113Leu substitution (169). Furthermore, residual ac-
tivity of a similar percentage was also found in both patients’ lymphoblasts and
fibroblasts. A more complex pathogenic mechanism for the different pheno-
typic expression has been proposed by Taroni et al (169), who considered an
altered interaction of the mutated CPT-II with other enzymes of the fatty acid
oxidation pathway, or a yet undefined tissue-specific metabolic role of CPT-II.
Further research directed toward the identification of other mutations combined
with in vitro expressions of the different mutations will be needed to reveal the
molecular basis underlying the clinical heterogeneity of the disease.

Muscle form of CPT-II deficiencyCPT-II deficiency is the most common
disorder of lipid metabolism affecting skeletal muscle, and more than 60 patients
have been reported with this disorder (see 198, and references therein, for
an extensive review). Classically, the disease presents in young adulthood
with recurrent episodes of exercise-induced myoglobinuria. In some, massive
myoglobinuria may occur, leading to acute renal failure. Fasting, exposure to
cold, or high-fat intake can precipitate the symptoms even without exercise or
can contribute to the effects of exercise. Although the enzyme defect is evident
in tissues other than skeletal muscle (198), the disease usually presents only
with muscular symptomatology.

For the typical adult phenotype, four missense mutations have been re-
ported (169, 184). Three amino acid substitutions (Arg631Cys, Pro50His, and
Asp553Asn) appear to be rare, whereas the Ser113Leu mutation appears to
be prevalent (169). Of 25 patients studied, 8 were homozygous and 13 het-
erozygous for the Ser113Leu mutation (169). Two subsequent studies of 22
and 20 patients, respectively, confirmed the high frequency of the Ser113Leu
mutation (95, 199). The effect of the Ser113Leu mutation on CPT-II activ-
ity was investigated by introducing the substitution into the human CPT-II
cDNA and expressing the mutated CPT in COS-1 cells (169). The transfec-
tion experiments revealed that the catalytic activity of the mutant enzyme was
drastically reduced. The mutation resulted in normal synthesis but a markedly
reduced steady-state level of the protein, indicating decreased stability of the
mutant CPT-II. Similar transfection experiments with the three rare mutations
(Pro50His, Asp553Asn, and Arg631Cys) also demonstrated that these muta-
tions cause a decreased stability of CPT-II, resulting in a markedly reduced
steady-state level of enzyme protein and, hence, enzyme activity (170, 184).
Kinetic analysis of CPT-II activity in the patients’ lymphoblasts carrying the
Arg631Cys mutation (170) or in fibroblasts with the Pro50His mutation (184)
revealed an unalteredKm for all substrates in both the forward and reverse di-
rection of the reaction. However, in some patients who present with the typical
adult-type muscular form of CPT-II deficiency, the molecular basis is not so
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clear. Three other CPT-II–deficient patients with typical adult-type muscular
form have been described recently (156, 187). Two patients studied were het-
erozygous for the common Ser113Leu mutation, and a third was heterozygous
for the rare Pro50His mutation. In addition, in a consanguineous family with
four members affected with CPT-II deficiency and the homozygous Ser113Leu
mutation, the clinical presentation varied from asymptomatic to fatal (75). One
member had the typical adult muscular presentation. The combined molecu-
lar and functional approaches to the defect are essential in understanding the
underlying genetic and pathophysiological basis for CPT-II deficiency.

Another patient was described with an early onset lethal myopathic CPT-II
deficiency (101). Total CPT activity in isolated skeletal muscle mitochondria
was decreased 75% compared with controls, and the residual activity was inhib-
ited by malonyl-CoA. Thus, the CPT-II enzyme activity was essentially absent
with retention of CPT-I. In contrast, total activity in liver mitochondria was
inhibited about 52% by malonyl-CoA. Quantitative immunoblotting of CPT-II
protein showed that the protein is expressed in skeletal muscle mitochondria.
In this patient, the CPT-II deficiency was restricted to skeletal muscle, where a
lethal functional loss of activity in a structurally conserved region existed. The
molecular defect has not been described.

Because in patients with CPT-II deficiency the enzyme activity is reduced
in fibroblasts and lymphoblasts (42, 169, 170, 184) as well as in muscle, the
diagnosis can be made by measuring CPT-II activity (malonyl-CoA insensitive)
on any of the above tissues.

Early onset hepatic and multiorgan formsNeonatal presentations of CPT-II
deficiency in the first few days of life has been described (85, 123, 190, 200).
A common feature is the increased long-chain acylcarnitine content of plasma
and tissues with marked lipid accumulation. The activity of CPT-II is markedly,
but variably, decreased with normal CPT-I activity. Cystic dysplasia has been
described in three of these patients (123, 190, 200).

The original description of a fatal infantile multiorgan CPT-II deficiency
documented impaired long-chain fatty acid oxidation in lymphoblasts and fi-
broblasts (42). The activity of CPT-II was 10% of control, with normal CPT-I
activity. The CPT-II protein was barely detectable by immunoprecipitation,
and biosynthesis of the CPT-II protein in fibroblasts was reduced. Recently,
a Tyr628Ser substitution was identified (13). The expressed protein with this
defect has only 10% of activity consistent with the activity determinations in
the patient’s material.

The molecular basis of the early onset form of CPT-II deficiency has been
studied by Taroni et al (170) in a 5-year-old patient presenting with hypoke-
totic hypoglycemia and cardiomyopathy. Oxidation of palmitate was decreased
(less then 25% of normal), but oxidation of octanoate and butyrate was normal.
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Although there was no impairment of CPT-I activity, CPT-II activity was re-
duced to 16%, 9%, and 7% of normal controls in fibroblasts, lymphoblasts, and
skeletal muscle, respectively. CPT-II activity was also reduced in the parent’s
fibroblasts by 40% and 35%, which suggests an autosomal recessive inheri-
tance. Kinetic analysis of CPT-II activity in lymphoblast homogenate from the
patient revealed a significant reduction of the estimatedVmaxbut no changes in
the apparentKm values, determined both in the forward and backward direc-
tion. Metabolic labeling studies showed normal biosynthesis of CPT-II protein;
however, the stability of the mutant enzymes was greatly reduced. Genomic
and cDNA analysis demonstrated that the patient was homozygous for a mu-
tant CPT-II allele (ICV allele) carrying three missense mutations, resulting in
the following substitutions: Val368Ile, Arg631Cys, and Met647Val. Although
the mutations Val368Ile and Met647Val represent sequence polymorphism, the
Arg631Cys was not detected in 22 healthy individuals nor in 12 of 14 patients
with the adult muscular form of CPT-II deficiency. To correlate these muta-
tions with the CPT-II activity, the three mutations were individually expressed
in COS cells, and the enzyme activity determined. The Arg631Cys substitution
resulted in drastic reduction of CPT-II activity, whereas neither of the two other
mutations affected the CPT-II activity. However, they exacerbated the effects
of the Arg631Cys if all three were coexpressed.

Additional examples of nonfatal early onset CPT-II deficiency with hepatic
presentation were described in two siblings by Yamamoto at al (201). Both
patients were hospitalized by an illness triggered by fever and had hepatomegaly
with hypoglycemia and hypoketonemia. In one patient, a liver biopsy revealed
macrovesicular steatosis. The CPT-I activity in the lymphoblasts of the female
patient was normal (for the male patient the activity was not reported), whereas
CPT-II activity was 3% of the control value for both patients. Both recovered
after intravenous treatment with glucose and fluid. cDNA sequence analysis
revealed four single-base substitutions, with three (Phe352Cys, Val368Ile, and
Phe383Tyr) on one allele and the fourth (Glu174Lys) on the other. Two of
these mutations (Val368Ile and Phe352Cys) represent sequence polymorphism
(169); the other two mutations (Glu174Lys and Phe383Tyr) are probably related
to the pathogenesis of the disease. Based on prediction analysis, the authors
suggested that a change in the secondary structure of CPT-II due to extension
of the length of theα-helix (Glu174Lys) and change in the direction of turn
(Phe383Tyr) could cause the hepatic form of CPT-II deficiency.

NUTRITIONAL INTERVENTION

There are no systematic controlled therapeutic trials in CPT-I, CPT-II, or translo-
case deficiency. Avoidance of the triggering events is generally recommended.
Glucose and fluids are the mainstay in the emergent hypoglycemia of these
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disorders or the presentation of rhabdomyolysis. Most patients with hepatic
CPT-I, presumed muscular CPT-I, and muscular CPT-II deficiency benefit from
high-carbohydrate and low-fat diets with moderation of life style, including
avoidance of fasting. Recent report of a nonfatal translocase deficiency (6%
activity remaining) (127) also utilized this approach but added carnitine. It
seems that treatment with carnitine of the translocase and CPT-II deficiency
is contraindicated because long-chain acylcarnitines are already increased and
further increases in these potential toxic compounds should be avoided.

SUMMARY AND FUTURE DIRECTIONS

The molecular basis for most genetic disorders of carnitine metabolism is not
known, because the carnitine carrier proteins and their genes have yet to be iso-
lated and characterized. The recent descriptions and expression of the cDNAs
for the liver and muscle isoforms of CPT-I, even though a catalytically active
protein is still not available, and additionally for the carnitine-acylcarnitine
translocase forecast a rapid characterization of the defects in the carnitine-
dependent transport of long-chain fatty acids into mitochondria. Advances in
the molecular analysis of CPT-II defects are occurring rapidly and highlight
our incomplete understanding. The integration of the mitochondrial carnitine-
dependent transport system should be elucidated from these exciting studies.
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