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Carnitin ee biosynthesis and transport in mammals 

Fredericc M . Vaz and Ronald J.A. Wanders 

Laboratoryy for Genetic Metabolic Diseases, Departments of Clinical Chemistry and 
Paediatrics,, Emma Children's Hospital, Academic Medical Centre, University of Amsterdam, 
POO Box 22700, 1100 DE Amsterdam, The Netherlands 

SUMMARY Y 

Carnitinee is indispensable for energy metabolism, since it enables activated fatty acids to 
enterr the mitochondria where they are broken down via fi-oxidation. Carnitine is most likely 
presentt in all animal species, and in numerous micro-organisms and plants. In mammals, 
carnitinee homeostasis is maintained by a modest rate of endogenous synthesis, absorption 
fromm dietary sources and efficient tubular reabsorption by the kidney. This review aims to 
coverr the enzymological, molecular and regulatory aspects of mammalian carnitine 
biosynthesiss and transport, with emphasis on human and rat. 

11 DISCOVERY OF CARNITINE 

Carnitine,, a name derived from the Latin caro (flesh), was first discovered in muscle extracts 
inn 1905 (1,2). Soon thereafter, the chemical formula C7H15N03 was established and, in 1927, 
itss structure, a trimethylbetaine of 4-amino-3-hydroxybutyric acid, was resolved (3). In 
19622 the configuration of the physiological enantiomer was determined as L(-) or R(-)-3-
hydroxy-4-N,N,N-trimethylaminobutyratee (4) (FIG. 1). 

CH33 OH 
++ 1 I 

CH3—NN —CH2 —CH—CH2 

CH3 3 

FIG.. 1: The chemical structure of carnitine: 3-hydroxy-4-N,N,N-trimethylaminobutyrate, a zwitterionic 
quaternaryy amine with a molecular mass of 161.2 g/mol (inner salt). 

Betweenn 1948 and 1952 Fraenkel and colleagues demonstrated that carnitine is essential for 
thee beetle Tenebrio molitor, and assigned the term vitamin Bj. (T for Tenebrio) to carnitine 
(5,6).. When Tenebrio molitor larvae were grown on a synthetic diet without carnitine, they 
greww slowly and died after 3-4 weeks. A minimum amount of 0.35 ug carnitine per gram of 
dryy diet, however, was sufficient for normal growth and survival. This requirement of 
carnitinee for growth of the larvae was used as an assay to determine the carnitine levels in a 
varietyy of biological materials (6). By adding different dilutions of the analyte (for example 
urine)) to the synthetic diet, followed by determination of the dilution at which the larvae 
startedd to die, allowed calculation of the carnitine content. The fact that in the absence of 
dietaryy carnitine these larvae died without using their fat stores, suggested a role for 
carnitinee in fatty acid metabolism. 

22 FUNCTIONS OF CARNITINE 

Inn 1955, Friedman and Fraenkel (7) discovered that carnitine can be acetylated reversibly 
withh acetyl-coenzyme A (CoA), and Fritz (8) showed that carnitine stimulates fatty acid 
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oxidationn in liver homogenates. These studies led to the discovery that carnitine is involved 
inn the transport of activated long-chain fatty acids from the cytosol to the mitochondrial 
matrix,, where P-oxidation takes place (FIG. 2). Cytosolic long-chain fatty acids, which are 
presentt as CoA esters, are transesterified to L-carnitine in a reaction catalysed by carnitine 
palmitoyltransferasee I (CPT I) at the mitochondrial outer membrane. In this reaction, the 
acyl-moietyy of the long-chain fatty acids is transferred from CoA to the hydroxyl group of 
carnitine.. The resulting long-chain acyl-carnitine esters are transported over the inner 
mitochondriall  membrane via a specific carrier, carnitine-acylcarnitine translocase (CACT). 
Att the matrix side of the mitochondrial membrane the long-chain fatty acids are 
transesterifiedd to intramitochondrial CoA, a reaction catalysed by carnitine 
palmitoyltransferasee II (CPT II). The released carnitine can then leave the mitochondrion via 
CACTT for another round of transport. For an extensive review of this carnitine shuttle 
systemm see (9). 

Long-chain n 
Acyl-CoA A 

Long-chainn ' 
Acylcarnitine e 

Cytosol l 

p-oxidation n 

Long-chainn Acyl-CoA 

Mitochondrial l 
Matrix x 

FIG.. 2: Carnitine function in transport of mitochondrial long-chain fatty acid oxidation and regulation 
off  the intramitochondrial acyl-CoA/CoA ratio. 

Inn the mitochondrial matrix, the enzyme carnitine acetyl-transferase (CAT) is able to 
reconvertt short- and medium-chain acyl-CoAs into acyl-carnitines using intramitochondrial 
carnitine.. These acyl-carnitines can then leave the mitochondria via CACT. Through this 
mechanismm of reversible acylation, carnitine is able to modulate the intracellular 
concentrationss of free CoA and acyl-CoA. It has been suggested that this mechanism is also 
usedd to store acetyl units as acetyl-carnitine, which can be converted into acetyl-CoA upon 
energyy shortage, especially in heart and sperm (10). 

Carnitinee can also modulate the toxic effects of poorly metabolised acyl-groups of either 
xenobioticc origin (e.g. pivalic acid and valproate) or those arising from various inborn errors 
off  metabolism (e.g. propionic acid in propionic acidemia). Since these compounds are 
convertedd to CoA-esters, the cellular pool of free CoA is depleted. By transesterifying the 
acyl-moietyy of these CoA-esters to carnitine, followed by excretion of the resulting acyl-
carnitinee esters out of the cell, the free CoA-pool is replenished (11-14). Finally, carnitine is 
involvedd in the transport of products of the peroxisomal P-oxidation system from 
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peroxisomess to mitochondria (15). Very long-chain fatty acids (>C22) and certain branched-
chainn fatty acids are partially degraded in this organelle, and the resulting products are 
transportedd as carnitine esters to the mitochondrion for further degradation. For this 
purpose,, peroxisomes also contain carnitine acyl-transferases including CAT and carnitine 
octanoyltransferasee (COT). Like the mitochondrial enzyme, peroxisomal CAT converts short-
andd medium-chain acyl-CoAs into acyl-carnitines for transport to mitochondria. The 
peroxisomall  and mitochondrial CATs are produced from the same gene by differential 
splicingg of the mRNA (16). COT is involved in the conversion of partially degraded 
branched-chainn fatty acids into acyl-carnitines for further p-oxidation in mitochondria (17). 
Thee reader is referred to several excellent reviews that discuss areas of carnitine metabolism 
andd functions not covered here (10,18-21,14). 

33 OCCURRENCE AND DISTRIBUTIO N 

Carnitinee is most likely present in all animal species, and in numerous micro-organisms and 
plantss (22,23,14). The concentration of carnitine in different tissues and in different species 
variess greatly. The highest concentration of carnitine is found in horseshoe crab muscle and 
inn rat epididymal fluid, in which carnitine can reach a concentration of 60 mM. Animal 
tissuess contain relatively high amounts of carnitine, varying between 0.2 and 6 umol/g, 
withh the highest concentrations in heart and skeletal muscle (24,25,10,26). Certain bacteria, 
includingg strains of Pseudomonas and Acinetobacter can use carnitine as sole carbon and 
nitrogenn source (23,14). Other bacteria use carnitine and its derivatives as osmoprotectants 
(14).. For reviews on the role of carnitine in bacteria see (23,14). Plants contain very littl e 
carnitine,, except avocados and asparagus, which contain some carnitine, but not nearly as 
muchh as animal tissues (22,20). Although animals primarily acquire carnitine from the diet, 
mostt mammals are capable of synthesising carnitine endogenously. 

44 IDENTIFICATIO N OF THE METABOLITE S INVOLVE D LN CARNITIN E BIOSYNTHESIS 

Thee discovery of the crucial function of carnitine in energy metabolism created an interest 
inn the biosynthetic origin of this compound. In the period from 1960 to 1980, several groups 
contributedd to the elucidation of the sequence of metabolites leading to carnitine, which is 
describedd below. The complete carnitine biosynthetic pathway, including the chemical 
structuree of the intermediates, is shown in FIG. 3. 

4.14.1 4-N-trimethylaminobutyrate (butyrobetaine) 
Alreadyy in 1929, Linneweh had shown that injection of butyrobetaine into dogs led to an 
increasedd excretion of carnitine in the urine, suggesting that butyrobetaine is a precursor of 
carnitine.. This was confirmed in 1961 by experiments involving the administration of 
[14C]-butyrobetainee to rats, which resulted in the appearance of radiolabeled carnitine in 
tissuess and urine (27-29). Lindstedt subsequently showed that butyrobetaine was 
hydroxylatedd to carnitine by a partially purified soluble protein fraction from rat liver (30). 
Inn an attempt to identify the origin of butyrobetaine and carnitine, several radiolabeled 
compoundss were tested as precursors by injecting them in rats and mice, and determining 
whetherr the label was incorporated into carnitine. None of the tested compounds, including 
acetate,, formate, glycine, glucose, various butyrate derivatives and essential amino acids 
resultedd in carnitine labelling (31,32). Only long term experiments with methyl-labelled 
methioninee showed slow incorporation of radioactivity into the 4-N-methyl groups of 
carnitinee (31). 
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2-Oxoglutaratee Succinate 

CH,, O +0> +f°>  CH, O 

CH3—N—CH2—CH2-CH2—CH22 — C H - Cv —=*—«^— CH3—N—CH2—CH2—CH,—CH—CH-C 
'' +1 VOH Ascorbate, Fe2+ ! I +1 Y)H 
CH33 lm, CH, OH NH3 

6-N-trimethyllysinee (TML) 3-hydroxy-6-N-tr imethylIysine (HTML ) 

22 PLP 
Glycine e 

+11 II 

CH3—N—— CH2— C H 2 - CH2— C s 

CH, , 

1.. 6-N-Trimethyllysine dioxygenase 

2.. 3-Hydroxy-6-N-trimethyIlysine adlolase 

3.. 4-N-Trimethylaminobutyraldehyde dehydrogenase 

4-N-trimethylaminobutyraldehydee (TMABA) 
4.. 4-N-Trimethylaminobutyrate dioxygenase 

^  ̂ NAD4 

33 , 
Succinatee 2-Oxoglutarate ^ NADH + H 
+CO,, +0, 

CH33 OH 0 v2 * CH, O 
+ii  i ii v y +i H 

C H , — N - C H2 - C H - C H2 - CNN » ^— C H , — N - C H2 - C H 2 - C H 2 - C 
II  OH Ascorbate, Fê  I m 

*-" 33 CH, 

4 4 
L-carnitinee 4-N-trimethylaminobutyrate (butyrobetaine) 

FIG.. 3: Carnitine biosynthesis from 6-N-trimethyllysine (TML). TML is first hydroxylated at the 2-posi-
tionn by TML dioxygenase, after which the resulting 3-hydroxy-6-N-trimethyllysine (HTML) is cleaved 
byy a specific aldolase, which uses pyridoxal 5'-phosphate (PLP) as co-factor, into 4-N-trimethylaminobu-
tyraldehydee (TMABA) and glycine. Subsequently, TMABA is oxidised by TMABA dehydrogenase to form 
4-N-trimethylaminobutyratee (butyrobetaine). In the last step, butyrobetaine is hydroxylated at the 3-
positionn by a second dioxygenase, 4-N-butyrobetaine, 2-oxoglutarate dioxygenase, yielding L-carnitine. 

4.24.2 6-N-Trimethyllysine, 3-hydroxy-6-N-trimethyllysine and4-N-trimethylaminobutyraldehyde 

Afterr the establishment of butyrobetaine as a precursor of carnitine and the finding that 
methioninee is the source of the 4-N-methyl groups, the biosynthetic origin of the butyrate 
carbon-chainn and 4-nitrogen atom remained obscure for several years. Based on structural 
similaritiess of 6-N-trimethyllysine (TML) and 3-hydroxy-6-N-trimethyllysine (HTML) with 
butyrobetainee and carnitine, however, Broquist and co-workers hypothesised that 
butyrobetaine,, and consequently carnitine, might derive from lysine metabolism. Using a 
seriess of isotopic labelling experiments in lysine auxotrophs of the mold Neurospora crassa, 
thiss group demonstrated that the carbon-chain of carnitine indeed originates from lysine 
(33,34).. These strains of Neurospora crassa converted both [6-14C]-lysine and [4,5-3H]-lysine 
intoo carnitine, whereas administration of [l-14C]-lysine or [2-14C]-lysine did not result in 
incorporationn of label into carnitine. In addition, in an experiment employing [6-15N]-lysine 
itt was demonstrated that the 6-N-nitrogen atom of lysine becomes the nitrogen atom of 
carnitine.. These experiments suggested that lysine is cleaved, losing carbon atoms 1 and 2, 
andd that the remainder of the molecule then serves as the source of butyrobetaine (35,36). In 
subsequentt isotope dilution experiments, where unlabeled TML was added in addition to 
labelledd lysine, it was shown that the incorporation of radioactivity in biosynthesised 
carnitinee was repressed almost completely. Moreover, direct administration of 
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6-N-[methyl-3H]-TMLL resulted in high carnitine yields, strongly suggesting that TML is a 
precursorr of carnitine. By the same methods, the authors showed that butyrobetaine is also a 
goodd precursor of carnitine in Neurospora crassa. Using lysine-deficient rats and the same 
labelledd compounds, Broquist and co-workers next demonstrated that the synthesis of 
carnitinee in rat is highly similar to that of Neurospora crassa (34,36). The results obtained in 
thee experiments with Neurospora crassa and rat were consistent with the following 
metabolitee sequence: 

Lysinee + methionine —» —>  TML —> —> butyrobetaine —>  carnitine 

Inn an attempt to identify the 2-carbon fragment arising from the cleavage of TML, Hochalter 
andd Henderson administered [1-14C]-TML to rats together with sodium benzoate and 
showedd that 25% of the label was incorporated into hippuric acid (N-benzoylglycine). This 
suggestedd that the 2-carbon fragment lost from TML was glycine (37). Therefore, it was 
proposedd that TML is first hydroxylated on the 3-position to yield HTML, followed by 
aldoliticc cleavage of HTML into glycine and 4-trimethyllaminobutyraldehyde (TMABA). 
Dehydrogenationn of the latter compound would result in the intermediate butyrobetaine, 
whosee hydroxylation to carnitine already had been established (27-30). The suggestion that 
HTMLL is an intermediate of carnitine biosynthesis was supported by the observation that 
ratt liver slices converted this compound to carnitine efficiently (38,39). Subsequent 
experimentss performed in Neurospora crassa demonstrated that both postulated precursors, 
HTMLL and TMABA, effectively blocked synthesis of labelled carnitine from 
6-N-[methyl-3H]-TML .. In addition, both 6-N-[methyl-3H]-HTML and 4-N-[methyI-3H]-
TMABAA were used efficiently as carnitine precursors (40). The involvement of HTML in 
carnitinee biosynthesis was confirmed by Novak et al. who resolved the identity of an 
unknownn compound isolated from urine of rats treated with TML as HTML, using chemical 
methodss in combination with lH- and 13C-nuclear magnetic resonance spectroscopy (41). 
Withh respect to the configuration of the chiral carbon atoms bearing the 2-amino and 
3-hydroxyy groups, HTML can exist as two diastereoisomeric pairs of enantiomers, either as 
thee erythro or the threo isomer (41). Novak et al. showed that, in vivo, HTML most likely is 
presentt as the L-erythro isomer. 

4.34.3 The origin of TML 
Inn 1977, an enzyme was purified from Neurospora crassa that catalyses the stepwise 
methylationn of free lysine using S-adenosylmethionine as methyl donor resulting in the 
formationn of TML (42,43). Since S-adenosylmethionine is derived from methionine, this 
explainedd the incorporation of radiolabeled methionine into carnitine in the isotope 
labellingg experiments in Neurospora crassa (35). 
Inn the same period it was discovered that in mammalian systems, methylation of lysines is a 
post-translationall  event catalysed by specific methyltransferases that also use 
S-adenosylmethioninee as methyl donor (44,45). Proteins containing TML residues include 
calmodulin,, myosin, actin, cytochrome c, and histones ((46,47) and references therein). 
Unlikee in Neurospora crassa, methylation of free lysine could not be detected in 
homogenatess of various mammalian tissues (45). It was suggested therefore that free TML 
destinedd for carnitine biosynthesis originates solely from protein-bound TML. This view 
wass supported by an elegant series of experiments in rats by Englard and co-workers who 
showedd that intravenous injection of 6-N-[methyl-14C]-TML-labelled asialo-fetuin, a 
glycoproteinn that is rapidly taken up into liver cells and degraded in lysosomes, resulted in 
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efficientt carnitine labelling (48,49). Monomethyl- and dimethyllysine residues were not 
convertedd to carnitine, suggesting that rat liver could not further methylate these residues 
afterr protein hydrolysis. The protein methylation pathway is considered to be the primary, 
iff  not the only pathway leading to TML in mammals. 

55 THE ENZYME S OF CARNITIN E BIOSYNTHESIS 

Thee characterisation of the carnitine biosynthesis enzymes paralleled the discovery of the 
metabolitess involved in this pathway. Several of the enzymes were isolated and 
characterised,, although the identification of the encoding genes has been realised only 
recentlyy in our laboratory and that of Demarquoy (50-53). The enzymes involved in 
carnitinee biosynthesis and their co-factors are depicted in FIG. 3 and discussed below. 

5.11 6-N-Trimethyllysine, 2-oxoglutarate dioxygenase (TMLD), EC 1.14.11,8 
Afterr the identification of TML as a precursor of carnitine, Hulse et al. demonstrated that 
ratt liver mitochondria are capable of hydroxylating this compound to produce HTML (54). 
Thee enzyme responsible for this conversion was shown to be a non-heme ferrous-iron 
dioxygenase,, which requires 2-oxoglutarate, Fe2+ and molecular oxygen as cofactors (54-57). 
Inn this class of enzymes, the hydroxylation of the substrate is linked to the oxidative 
decarboxylationn of 2-oxoglutarate to succinate and C02. Molecular oxygen reacts at the 
activee site of the enzyme to form an oxo-ferryl intermediate (Fe4+=0), and this iron-bound 
oxygenn atom is used to hydroxy late the substrate. The other oxygen atom is incorporated 
intoo 2-oxoglutarate resulting in the formation of succinate and the release of C02. TMLD 
requiress the presence of ascorbate (vitamin C) for enzymatic activity, presumably to 
maintainn the iron in the ferrous state. Reducing agents other than ascorbate are also 
effectivee (dithiothreitol, 3-mercaptoethanol), but ascorbate works best in each of the 
reactionss (54,58). 
Inn most experiments, TMLD activity is measured by using radiolabeled TML and counting 
thee radioactivity of the product HTML after its isolation from the incubation medium by 
ionn exchange chromatography (54,58-61,57). An alternative assay was reported by Davis, 
whoo used unlabeled TML and detected the product, after ion exchange chromatography, by 
reversed-phasee HPLC using pre-column derivatization with o-phtalaldehyde. We recently 
developedd a new method to measure the concentration of the carnitine biosynthesis 
metabolitess in urine (62) and adapted it to measure TMLD activity in tissue homogenates. 
Thiss method wil l be reported elsewhere. 
Inn both man and rat, TMLD activity is present in liver, skeletal muscle, heart and brain but 
thee highest activity is found in kidney (59,57). TMLD was purified previously from bovine 
kidneyy by Henderson et al. who reported that the pure enzyme was very unstable, losing all 
activityy overnight (58,61). We recently purified TMLD from rat kidney to apparent 
homogeneityy and found that the presence of 2 mM ascorbate, 5 mM dithiothreitol and 10 g/1 
glyceroll  was essential for preserving the enzymatic activity during the later purification-
stepss and subsequent storage at -80°C. We characterised TMLD kinetically and showed that 
thee native enzyme is a homo dimer with a mass of approximately 87 kDa, as determined by 
gell  filtration and blue native PAGE analysis (53). 
Wee subsequently sequenced two internal peptides of the purified enzyme by Q-TOF mass 
spectrometry.. These peptide sequences were used to search the Expressed Sequence Tag 
dataa base, which led to the identification of a rat cDNA of 1218 basepairs encoding a 
polypeptidee of 405 amino acids with a calculated molecular mass of 47.5 kDa. Using the rat 
sequencee we also identified the homologous cDNAs from human and mouse. Heterologous 
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expressionn of both the rat and human cDNAs in COS-cells confirmed that they encode 
TMLDD (53). Further data base searching showed that the human TMLD gene is localised at 
Xq28. . 
Subcellularr localisation experiments by differential centrifugation indicated that the 
enzymee is predominantly associated with mitochondria (54,56) in contrast to the other three 
carnitinee biosynthetic enzymes, which are cytosolic. We confirmed the mitochondrial 
localisationn of TMLD by experiments using Nycodenz density gradient analysis (53). 
Currently,, we are investigating the submitochondrial localisation of TMLD since this wil l 
havee consequences for the regulation and substrate flow through the carnitine biosynthesis 
pathway. . 

5.25.2 3-Hydroxy-6-N-trimethyllysine aldolase (HTMLA) EC 4J.2.X 
Veryy littl e is known about HTMLA, which catalyses the aldolitic cleavage of HTML into 
TMABAA and glycine. Rebouche and Engel reported that in human tissues, HTMLA activity 
iss found almost exclusively (>90%) in the soluble fraction. The highest activity was found 
inn liver but varied greatly ranging from 8-140 pmol/min per mg protein (59). HTMLA may 
bee identical to serine hydroxymethyltransferase (SHMT, EC 2.1.2.1) since it has been shown 
thatt crystalline SHMT from rabbit liver acts upon HTML yielding TMABA and glycine 
(58,61).. SHMT catalyses the tetrahydrofolate-dependent interconversion of serine and 
glycine,, a reaction that generates one-carbon units for methionine, thymidylate and purine 
biosynthesiss (63). SHMT also catalyses the aldol cleavage of other P-hydroxyamino acids in 
thee absence of tetrahydrofolate (64), including HTML. Two isoforms of SHMT are present in 
eukaryoticc cells: one localised in the cytoplasm and one localised in mitochondria. In 
humans,, the gene encoding the cytosolic SHMT is located on chromosome 17pll.2 and the 
genee encoding the mitochondrial isoenzyme on chromosome 12ql3.2 (65). The human 
cytosolicc SHMT is predominantly expressed in kidney, liver and skeletal muscle, whereas 
mitochondriall  SHMT is ubiquitously expressed (63). If HTMLA is identical to one of the 
twoo SHMTs, the cytosolic isoenzyme is the most likely candidate since cytosolic SHMT is 
expressedd predominantly in tissues reported to contain HTMLA activity and HTMLA is 
localisedd in the cytoplasm (59). Like many aldolases, SHMT uses pyridoxal 5'-phosphate, a 
derivativee of pyridoxine (vitamin B6), as cofactor. The involvement of a pyridoxal 
5'-phosphate-requiringg enzyme in carnitine biosynthesis is supported by the observation 
thatt synthesis of butyrobetaine and carnitine from protein-bound trimethyllysine is 
inhibitedd by 1-amino-D-proline, an antagonist of vitamin B6. This compound repressed 
carnitinee biosynthesis by as much as 60-80% and leads to the accumulation of HTML (66). 
Furthermore,, rats maintained on a vitamin B6-deficient diet showed a significant decrease of 
thee carnitine levels in extrahepatic tissues. Moreover, when these rats were fasted for 3 
days,, liver carnitine was significantly lower, as compared to fasted control rats (67). 
Repletionn of vitamin B6 resulted in normalisation of the carnitine levels in all tissues, further 
supportingg the requirement of this vitamin in carnitine biosynthesis (67). Whether HTMLA 
iss identical to SHMT, however, remains to be established. 

5.35.3 4-N-Trimethylaminobutyraldehyde dehydrogenase (TMABA-DH), EC 1.2.1.47 
TMABA-DH ,, which catalyses the dehydrogenation of 4-N-trimethylaminobutyraldehyde to 
butyrobetaine,, was first isolated by Hulse et al. from the cytoplasmic fraction of bovine 
liverr (68). No activity was detected in either the mitochondrial or microsomal fractions. The 
samee group also reported purification of this enzyme from rat liver (69). TMABA-DH has an 
absolutee requirement for NAD+ and is easily measured spectrophotometrically or 
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fluorometricallyfluorometrically by following the appearance of NADH (68). In human tissues, the rate of 
TMABAA dehydrogenation is highest in liver, substantial in kidney, but low in brain, heart 
andd muscle (59). We recently reported the purification and characterisation of TMABA-DH 
fromm rat liver cytosol and the identification of the corresponding rat cDNA (52). With this 
informationn we were able to identify the homologous mouse cDNA. When the rat cDNA was 
expressedd in E. coli, it exhibited high TMABA-DH activity, which confirmed its identity as 
TMABA-DH .. The translated coding sequence of rat TMABA-DH cDNA is highly 
homologouss to the previously identified human aldehyde dehydrogenase 9 (ALDH9, EC 
1.2.1.19),, which is mapped to lq22-23 (gene name: ALDH9A1). This cytosolic aldehyde 
dehydrogenasee has been reported to act on substrates that resemble TMABA, including 
4-aminobutyraldehydee and 2-trimethylaminoethanal (betaine aldehyde). The resulting 
productss of ALDH9, 4-aminobutyrate (the neurotransmitter 4-aminobutyric acid, GABA) 
andd betaine, have been implicated in various cellular functions (70-74). ALDH9 is 
predominantlyy expressed in liver, kidney, heart and muscle (73,74), which are tissues that 
alsoo contain high TMABA-DH activity (59). Heterologous expression of ALDH9 in E. coli 
showedd that the recombinant protein had the highest activity with TMABA as substrate. In 
addition,, comparison of the kinetic properties for a variety of substrates of rat TMABA-DH 
withh heterologously expressed human ALDH9 showed that these enzymes have highly 
similarr substrate specificities. Therefore, we proposed that ALDH9 is the human 
TMABA-D HH (52). 

5.45.4 4-N-Butyrobetaine, 2-oxoglutarate dioxygenase (BBD), EC 1.14.11.1 

Afterr the identification of butyrobetaine as a precursor of carnitine, BBD was the first 
enzymee of carnitine biosynthesis studied in detail (28,29,32). BBD catalyses the 
stereospecificc hydroxylation of butyrobetaine to L-carnitine (75). The group of Lindstedt 
wass the first to partially purify a BBD from Pseudomonas sp. AK I, a bacterial strain that can 
groww on butyrobetaine as the sole source of carbon and nitrogen. They showed that BBD 
activityy was stimulated considerably by 2-oxoglutarate and that the enzyme required 
molecularr oxygen, Fe2+ and ascorbate for activity (76-78). Subsequently, it was 
demonstratedd that a partially purified soluble protein fraction from rat liver was able to 
hydroxylatee butyrobetaine to carnitine, and required the same co-factors as the bacterial 
enzymee (30). Experiments using an 1802-atmosphere showed that the enzyme incorporates 
onee atom of molecular oxygen into carnitine and the other into succinate, which 
demonstratedd that BBD, like TMLD, is a dioxygenase (79). BBD has been purified from 
variouss sources including rat liver (80,81), calf liver (82), human kidney (83) and the 
bacteriumm Pseudomonas (84). The complete primary structure of the Pseudomonas sp. AK1 
BBDD was determined by Edman degradation (85). Both the Pseudomonas sp. AK I and bovine 
enzymee are homo dimers of two 43 kDa subunits (84,82). Lindstedt and Nordin showed by 
isoelectricc focussing and column chromatography that BBD from human kidney, rat and calf 
liverr are present in three isoforms (86). However, we could not reproduce these results with 
purifiedd rat liver BBD, which eluted as a single peak from a chromatofocussing column used 
forr purification (81). The significance of the observations of Lindstedt and Nordin remains 
too be established. 

Inn all mammals studied, BBD is localised in the cytosol (77,87,83,80,81) although one group 
reportedd the presence of BBD activity in peroxisomes, which could be stimulated by 
clofibrate,, a peroxisome proliferator (88). In our own hands, clofibrate treatment did not 
stimulatee BBD activity in rat liver. Furthermore, peroxisomal fractions prepared by 
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Nycodenzz density gradient centrifugation were completely devoid of BBD activity 
(unpublishedd data). 

Simkhovichh et al. discovered that 3-(2,2,2-trimethylhydrazinium)propionate (mildronate) is 
aa competitive inhibitor of BBD and has cardioprotective properties during ischaemia (89). 
Thee cardioprotective effect is proposed to be based on lowering of the carnitine levels in the 
heart,, which results in inhibition of fatty acid oxidation, decreased levels of harmful long-
chainn acyl-carnitines and conservation of ATP (90,91). It has been shown recently that the 
reductionn of tissue carnitine levels is not based solely on BBD inhibition since mildronate 
alsoo inhibits tubular reabsorption of carnitine in the kidney, which results in carnitine loss 
throughh urinary excretion (92-94). 

BBDD activity usually is measured radiochemically using labelled butyrobetaine (95). The 
enzymee activity can also be determined by measuring the butyrobetaine-dependent release 
off  [14C]-carbon dioxide that is produced from the decarboxylation of 2-oxo-[l-14C]-glutarate 
too succinate. This method, however, requires the measurement of butyrobetaine-
independentt activity since the mitochondrial 2-oxoglutarate dehydrogenase complex also 
producess C02 from 2-oxoglutarate. Alternatively, BBD activity can be measured using a two 
stepp procedure in which carnitine produced from unlabeled butyrobetaine is measured in a 
radioisotopicc assay (96,50). The disadvantage of this assay is that, when tissue homogenates 
aree used, the endogenous carnitine content also needs to be determined. Similarly to TMLD, 
wee developed a new assay for BBD that does not require the use of radioactive compounds, 
butt uses detection of carnitine produced from deuterium-labelled butyrobetaine by tandem 
masss spectrometry (MS). This method makes correction for the endogenous carnitine 
unnecessaryy (unpublished results). 

Inn mammals, BBD is expressed differentially and its activity has been found in liver, kidney, 
brainn and possibly in testis and epididymis, but not in other tissues. Butyrobetaine is 
hydroxylatedd readily to carnitine in kidney extracts from human, cat, cow, hamster, rabbit 
andd Rhesus monkey, and exceeds or equals the BBD activity in the corresponding liver 
extracts.. In contrast, BBD activity is not present, or very low, in kidney of Cebus monkey, 
sheep,, dog, guinea pig, mouse and rat (87,97,98,83), in which BBD activity is predominant 
inn liver. The reason for this species-dependent difference in kidney/liver expression of BBD 
iss not clear. There does not appear to be any evolutionary pattern since even very closely 
relatedd species (Rhesus and Cebus monkey) already have a different expression pattern. 

Erflee reported BBD activity in sheep muscle (87). However, this could not be reproduced by 
Cederbladd and co-workers (99). In contrast to other mammals, the human brain has been 
shownn to contain some BBD activity (59). We recently identified the human BBD cDNA and 
showedd that it contains an open reading frame of 1161 basepairs which encodes a protein of 
44.77 kDa (the corresponding BBOX1 gene is localised on llql4-15). Using the BBD cDNA, 
wee demonstrated by Northern blot analysis that BBD is expressed in kidney (high), liver 
(moderate)) and also in brain (very low) (50). 

Theree is some evidence which suggests that BBD activity is also present in rat testis and 
epididymiss (100-104). This was supported by Galland et al. who identified the rat BBD 
cDNAA and showed that the BBD mRNA is present in liver, testis and epididymis (51). The 
sizee of the mRNA in testis and epididymis, however, is significantly larger than in liver (1.9 
kb)) and differs from testis (3.5 kb) and epididymis (4.5 kb). These either represent 
alternativelyy spliced BBD mRNAs or non-specific cross hybridisations. Other reports, in 
whichh radioactive butyrobetaine or carnitine was administered to rats showed that the 
caudaa epididymis has a high capacity to take up carnitine but not to synthesise it from 
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butyrobetainee (103,105). The capacity of (rat) testis/epididymis to synthesise carnitine thus 
remainss controversial. 
Gallandd et al. also investigated the expression of BBD in the liver during development. The 
BBDD mRNA appeared after weaning and reached maximal values at the adult stage. These 
dataa are in agreement with that of Hahn and Novak, who showed that BBD activity in liver 
homogenatess increased from low values in the foetus to adult values on the 8th day after 
birthh (106). In human liver, BBD activity is also low at birth and increases to adult values 
duringg puberty, however, kidney BBD activity is already present at birth (107). 

66 QUANTIFICATION OF THE METABOLITES INVOLVED IN CARNITINE BIOSYNTHESIS 

Severall  methods have been described to measure the concentration of the carnitine 
biosynthesiss metabolites in biological fluids and tissues. These methods and the 
concentrationn of the metabolites in plasma and urine are described below. 

6.16.1 6-N-Trimethyllysine (TML) 
Kakimotoo and Akazawa were the first to identify TML in human urine. They isolated the 
basicc amino acid fraction by ion exchange chromatography and analysed this by standard 
aminoo acid analysis (108). In general, all methods to assay TML in either plasma, urine or 
tissuess samples use the same sample work-up. After deproteinisation of the sample, TML is 
purifiedd by ion exchange chromatography followed by (ion pair) HPLC analysis with pre- or 
post-columnn derivatisation and fluorometric detection (109-113). Agents used for 
derivatisationn of TML include o-phtalaldehyde (110-112), phenylisothiocyanate (113) and 
l-fluoro-2,4-dinitrobenzenee (109). More recently, a method to measure TML in plasma by 
tandemm MS has been described (114). This method uses two subsequent derivatisations, 
propylationn and acetylation, to circumvent the interference of homoarginine, followed by 
tandemm MS analysis. In our laboratory we recently developed a fast and easy method to 
determinee the concentrations of the metabolites of the carnitine biosynthesis in urine (62). 
Withoutt prior purification, the urine sample is derivatised with methyl chloroformate, 
followedd by separation of the analytes by reversed-phase ion-pair HPLC using 
heptafluorobutyricc acid as an ion pairing agent, and detection by electrospray tandem MS. 
Withh this method, TML, HTML, butyrobetaine and carnitine can be quantified in a single 
analysis.. This new method is highly reproducible and has a detection limit of 0.25 pmol for 
eachh compound. We are adapting this assay now to measure the carnitine biosynthesis 
metabolitess in plasma, full-blood and cells/tissues. 
Thee concentration of TML in plasma is relatively constant in both human (115,112,114) and 
ratt (110,116), ranging from 0.2-1.3 uM. Plasma levels of TML have been shown to correlate 
withh body mass (115). In man, urinary excretion of TML is proportional to that of 
creatinine,, and TML is not reabsorbed by the kidney (117,118,62). In contrast, the rat is 
capablee of tubular reabsorption of TML (116,119). Urinary TML concentrations in man have 
beenn reported to range from 2 to 8 umol/mmol creatinine (108,120,117,112,121,62). 

6.26.2 3-N-Hydroxy-6-N-Trimethyllysine (HTML) 
HTMLL has never been reported in plasma and its urinary excretion has only very recently 
beenn investigated in our laboratory. With our new method we were able to determine the 
levelss of endogenous HTML in human urine amounting to 0.45  0.15 umol/mmol 
creatininee (62). The excretion of HTML shows a similar profile as that of TML and is 
proportionall  to creatinine excretion, which would suggest that HTML, like TML, is not 
reabsorbedd by the human kidney. 
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6.36.3 Butyrobetaine 
Previously,, the concentration of butyrobetaine in plasma and tissues was determined by 
isolatingg butyrobetaine via HPLC or ion exchange chromatography and using BBD to 
convertt it into carnitine, which could be quantified readily by established procedures 
(122,123).. Others have reported methods where butyrobetaine is derivatised with 
4-bromophenacyll  trifluoromethanesulfonate followed by HPLC analysis with UV detection 
(124,125).. These methods, however, are rather labour-intensive and require considerable 
amountss of sample. More recently, the group of Sawada and our group have described assays 
basedd on tandem MS to measure butyrobetaine in plasma (126,114) and urine (62), 
respectively.. The use of this technique makes prior purification of butyrobetaine 
unnecessary.. In addition, these methods require a small amount of sample (20 ul plasma 
(126,114),, 100 ul of urine (62)) and are considerably more sensitive than previous methods. 
Noo assay has been described to measure the tissue content of butyrobetaine by tandem MS. 
Inn humans, the level of butyrobetaine in urine is low (~0.3 umol/mmol creatinine, (62)) 
comparedd to the concentrations in plasma (4.8 uM (123), 1.8 uM (126,114)). This can be 
explainedd by the high activity of BBD in human kidney, which converts most of the 
butyrobetainee into carnitine. Additionally, butyrobetaine is reabsorbed efficiently by the 
renall  tubules, which further lowers urinary excretion of butyrobetaine. 

6.46.4 Carnitine 
Numerouss methods have been developed to determine the carnitine concentration in 
biologicall  fluids and tissues. Since the first assay for carnitine using Tenebrio molitor larvae 
(6),, several (more convenient) assays have been published using enzymatic and 
radiochemicall  methods (for review see (127)). A method which has been used extensively, is 
basedd on the conversion of carnitine to [14C]-acetyl-carnitine by CAT using [I4C]-acetyl-CoA 
ass substrate (99). At present, the most common method to determine (acyl-)carnitine 
concentrationss in biological fluids employs tandem MS (128,129). This procedure is fast, 
sensitivee and requires a small amount of sample (<100 ul). 
Plasmaa carnitine concentration in both human and rat is age- and sex-dependent. In 
humans,, plasma carnitine concentration increases during the first year of lif e (from ~15 to 
~400 uM) and remains the same for both sexes until puberty (130-134). From puberty to 
adulthood,, plasma carnitine concentrations in males increase and stabilise at a level, which 
iss significantly higher than those in females (50 vs. 40 uM) (135,131,136). This suggests that 
sexx hormones play a role in the regulation of carnitine plasma concentrations (135,131). The 
differencee in rat is even more pronounced, where the adult male has a plasma carnitine 
concentration,, which is more than two times higher than that in females (50 vs. 20 uM). 
Likee butyrobetaine, carnitine is reabsorbed efficiently by the kidney. However, urinary 
carnitinee excretion is largely dependent on the diet, and the kidney has been shown to 
adaptt to a higher carnitine intake by reducing the efficiency of carnitine reabsorption 
(119,137).. This results in a variable urinary carnitine excretion with values of 15  12 
umol/mmoll  creatinine (107,138,62). Like the plasma carnitine concentration, urinary 
excretionn in rat has also been shown to be sex- and age-dependent. Male rats excrete less 
carnitinee than female rats, which is another mechanism that could account for the different 
plasmaa carnitine concentrations between sexes (130). 
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77 CARNITINE BIOSYNTHESIS IN RAT 

7.17.1 Sites of carnitine biosynthesis 
Mostt of the research on carnitine biosynthesis has been performed in rat. The primary site 
off  carnitine biosynthesis in this animal is the liver, since this is the only tissue which 
containss BBD activity. Although testis has been reported to have a limited capability to 
convertt butyrobetaine to carnitine, it remains unclear whether BBD activity is present in the 
testiss (100-104,51). Even if testis is capable of carnitine synthesis, the contribution to total 
carnitinee synthesis wil l be small, which is supported by the fact that when the liver is 
excludedd from the circulation, no conversion of labelled butyrobetaine to carnitine is 
observedd (139). 
Experimentss by Tanphaichitr and Broquist led to the assumption that all rat tissues produce 
butyrobetainee from TML, after which butyrobetaine is transported to the liver for 
conversionn to carnitine (102). Subsequently, Carter and Frenkel showed that in normal rats, 
intravenouslyy administered [methyl-3H]-TML rapidly (15-60 min) accumulated in the kidney 
andd was converted to butyrobetaine and HTML (140). After longer time periods (60-240 
min)) labelled carnitine appeared in the liver, while the hepatic levels of radiolabelled TML 
levelss remained low. Bilateral nephrectomy resulted in a marked decrease in the 
incorporationn of label into the liver, showing that initial conversion of TML to 
butyrobetainee occurs predominantly in the kidney and that, after transport to the liver, 
butyrobetainee is converted to carnitine (140). These experiments also suggested that the 
liverr has a low capacity to take up TML from the circulation, in contrast to the kidney, 
whichh appears to acts as a scavenger of TML. The results obtained by Carter and Frenkel 
weree confirmed by subsequent vascular perfusion experiments with liver, kidney and small 
intestinee (141). Both small intestine and kidney were capable of absorbing TML and HTML, 
andd converted both compounds to butyrobetaine, but not to carnitine. TML and HTML 
weree not taken up readily by the liver. In contrast, TMABA and butyrobetaine were 
absorbedd rapidly by the liver and converted to carnitine (141). After synthesis, carnitine is 
releasedd into circulation by the liver, primarily as acetyl-carnitine (142,143), and imported 
intoo tissues. 

Inn all the experiments described above, exogenous TML was used, which was introduced 
viaa the circulation. Circulatory TML is metabolised primarily by the kidney (140,144,141). 
Normally,, TML is released from proteins intracellularly within lysosomes and converted 
intoo butyrobetaine in the tissue of origin. The experiments discussed earlier, in which 
labelledd TML residues of asialo-fetuin were efficiently (>56%) converted to carnitine, are in 
agreementt with this view (48,49). However, with another labelled protein, agalacto-
orosomucoid,, only 18% of the radioactivity was converted to carnitine and 70% of the 
radioactivityy was released into the medium as TML (49). Therefore, Rebouche suggested 
thatt part of the intracellularly generated TML is converted to butyrobetaine in the tissue of 
origin,, and the rest is released into the circulation. The kidney would then act as a 
scavengerr of circulating TML, since this organ (in rat) actively reabsorbs TML and has a 
highh capacity to convert it to butyrobetaine (145). 

7.27.2 Regulation of carnitine biosynthesis 
Administrationn of butyrobetaine or TML to rats resulted in markedly increased urinary 
carnitinee excretion (65- and 100-fold, respectively) as well as increased tissue carnitine 
levelss (146,119). This suggests that hydroxylation of either butyrobetaine or TML is not rate 
limitingg for carnitine biosynthesis. This observation led Rebouche et al. (119) and Davis and 
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Hoppell  (116) to propose that the availability of TML, which is determined by the extent of 
peptide-linkedd lysine methylation and the rate of protein-turnover, limits the rate of 
carnitinee biosynthesis. Liver and muscle together produce approximately 2 nmol of TML in 
244 h from protein breakdown (145). The carnitine produced by an adult rat per day has 
beenn estimated to be approximately 3 umol (135). Since liver and muscle together account 
forr about one-seventh of whole-body protein turnover, total protein turnover provides 
sufficientt substrate for carnitine biosynthesis ((145) and references therein). 
Experimentss in which carnitine and its precursors were administered to rats suggested that 
thee metabolites of carnitine biosynthesis regulate the enzyme activity of the biosynthetic 
enzymess to some extent. Hepatic BBD activity in rats fed a 1 % carnitine-supplemented diet 
wass reduced significantly (37%) when compared to the activity in livers of rats fed a 
non-supplementedd diet. In contrast, in rats fed 1% (but not 0.1%) butyrobetaine, the 
specificc activity of BBD was increased 57%. Renal TMLD specific activity was unaffected 
byy both carnitine and butyrobetaine (146). In the normal diet, carnitine and butyrobetaine 
contentt is much lower, and it is therefore probable that under physiological conditions feed-
backk inhibition by carnitine and/or stimulation of BBD activity by butyrobetaine is not an 
importantt regulatory mechanism of carnitine biosynthesis. The high levels of carnitine 
synthesiss from exogenous carnitine precursors suggest that the enzymatic capacity to 
synthesisee carnitine from TML and butyrobetaine is much greater than normally is utilised. 
Thiss is in agreement with the view that only the availability of TML is rate limiting for 
carnitinee biosynthesis. 

Byy an unknown mechanism, long-term starvation of rats causes a considerable increase in 
liverr carnitine levels, which parallels the ketogenic capacity of the liver (147,148,9). During 
fasting,, urinary levels of TML drop to 2-6% of the fed values (116,149). Urinary excretion 
off  carnitine and butyrobetaine is also decreased upon fasting to 13% and 33% of the level 
inn fed animals, respectively (149). The conservation of carnitine precursors could lead to 
enhancedd carnitine biosynthesis, which would explain the higher levels of carnitine in liver. 
However,, this increase might also result from redistribution of carnitine from tissues to the 
liver.. Further studies are needed to understand this phenomenon. 
Paull  et al. showed that clofibrate, a peroxisome proliferator and ligand for the nuclear 
receptorr peroxisome proliferator-activated receptor a (PPARa), greatly increased liver 
carnitinee (6-fold) and acyl-carnitine (5-fold) concentrations (150). Carnitine and 
acyl-carnitinee levels in skeletal muscle, heart, kidney and plasma did not change 
significantly.. The authors clearly showed that these increases were a result of enhanced 
hepaticc carnitine biosynthesis and not of redistribution of carnitine among tissues or of a 
decreasee in urinary excretion (150). Clofibrate treatment did increase urinary TML levels 
andd since clofibrate has been shown to increase protein-turnover (151), it was suggested 
thatt the increased carnitine synthesis is due to an increased availability of TML (150). 
Recentt studies have shown that PPARa plays a major role in orchestrating the events during 
fastingg by regulating the expression of genes involved in mitochondrial and peroxisomal 
fattyy acid oxidation, including CPT1 and peroxisomal acyl-CoA oxidase (152). Since 
carnitinee is required for efficient fatty acid oxidation, it would seem physiologically 
beneficiall  to increase carnitine biosynthesis during fasting. However, it remains to be 
establishedd whether PPARa is involved in the regulation of carnitine biosynthesis. 
Experimentss are underway to resolve this. 
Duringg late gestation liver carnitine increases considerably (~6-fold), most probably to 
providee a source of carnitine to the newborn in order to allow it to obtain energy from fatty 
acidss of milk fat (153). This high level of carnitine is maintained until three days post partum 
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butt then falls abruptly and returns to normal values at day nine (147). Injection of labelled 
butyrobetainee into the mother after delivery has shown that butyrobetaine is completely 
convertedd to carnitine by the mother's liver and then reaches the pup via the milk (147). The 
mechanismm behind this rapid rise and subsequent normalisation of liver carnitine levels 
remainss unclear. Further study is necessary to determine how carnitine biosynthesis and/or 
transportt is regulated in this situation. 
Thyroxine,, a thyroid hormone, has been reported to increase liver carnitine levels too. Both 
liverr carnitine concentration and BBD activity were increased two-fold in thyroxine treated 
ratss (154). Serum carnitine concentrations were increased moderately, whereas levels in 
heart,, skeletal muscle and urine were not affected. Effects of sex hormones (103), pituitary 
hormoness (155), insulin, and glucagon (147,148,156) on carnitine levels have been 
documented;; their direct influence on carnitine biosynthesis per se, however, has not been 
investigated. . 

88 CARNITINE BIOSYNTHESIS IN MA N 

Majorr sources of carnitine in the human diet are meat, fish and dairy products. Omnivorous 
humanss generally ingest 2 to 12 umol carnitine per kg body weight per day (20). This is 
moree than the carnitine produced endogenously, which has been estimated to be 1.2 umol 
perr kg body weight per day (20,13). In omnivorous humans approximately 75% of body 
carnitinee sources comes from the diet and 25% from de novo biosynthesis (26). Since 
carnitinee is primarily present in food of animal origin, strict vegetarians obtain very littl e 
carnitinee from their diet (<0.1 umol per kg body weight per day). Therefore, strict 
vegetarianss obtain more than 90% of their carnitine through biosynthesis (20). Plasma 
carnitinee levels of strict vegetarians and lacto-ovo-vegetarians have been shown to be 
significantlyy lower than in normal omnivorous adults (157,158). This difference, however, is 
nott of any clinical significance. The requirement of carnitine during the life cycle has been 
excellentlyy reviewed by Rebouche (18,20). 

8.18.1 Tissue distribution of carnitine biosynthesis enzymes 
Thee tissue distribution of carnitine biosynthesis enzymes in humans has been investigated 
byy Rebouche and Engel (59). TMLD activity is highest in kidney, but also present in liver, 
heart,, muscle and brain. HTMLA activity is found predominantly in liver. In the other 
investigatedd tissues the HTMLA activity is low. The rate of TMABA oxidation is greatest in 
liver,, with substantial activity found in kidney, but is low in brain, heart and muscle. These 
resultss show that all the investigated tissues contain the enzymes necessary to convert TML 
intoo butyrobetaine. However, only kidney, liver and brain are capable of converting 
butyrobetainee into carnitine (59). A schematic representation of carnitine homeostasis in 
mann is shown in FIG. 4. BBD activity is 3- to 16-fold higher in kidney than in liver (98,59). 
Activit yy in brain only has been reported by Rebouche and Engel, and is 50% of the activity 
measuredd in liver (59). As in rat (106), liver BBD activity is regulated developmentally in 
humanss (59,107). In contrast, renal BBD activity is not age-dependent since BBD activity is 
alreadyy present at adult levels in newborns (107). No evidence was found that the activity of 
thee other three enzymes in liver is age-dependent (59). 

8.28.2 TML and butyrobetaine loading studies 
Carnitinee biosynthesis was investigated by supplementing adults, which where fed a low 
carnitinee diet, excess amounts of the carnitine precursors lysine plus methionine, TML or 
butyrobetainee (121). Lysine plus methionine supplementation for 20 days led to an 
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increasedd carnitine production. However, the effect was small and the underlying 
mechanismm was not determined. A rise in plasma TML was not observed, in contrast to 
anotherr study in which oral administration of lysine resulted in a 5-fold increase in plasma 
TMLL concentration (159). Although TML significantly increased carnitine synthesis, the 
increasee was small when compared to that resulting from TML-loading in rats. Similarly, the 
excretionn of carnitine only doubled in infants, who were fed TML for 14 days (107). TML is 
takenn up poorly by both rat (141) and human tissues (144). Rat kidney is capable of tubular 
reabsorptionn of TML, whereas human kidney does not reabsorb this compound. The less 
efficientt use of TML as a carnitine precursor in humans could therefore be ascribed to the 
loww capacity of tissues to take up TML and the inability of the human kidney to reabsorb 
thiss compound. Moreover, TMLD is a mitochondrial enzyme, and its localisation also may 
limi tt the utilisation of TML for carnitine synthesis since this depends on whether the exact 
submitochondriall  localisation of TMLD requires transmembrane transport of TML. 

Otherr  tissues 

Circulation n 

TML L 
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HTML L 
V V 

TMABA A 

Liver r Kidney y 

Resabsorption n 

off  BB and 

carnit ine e 

FIG.. 4: Schematic representation of carnitine homeostasis in man. Carnitine is synthesised in kidney, liver 
andd brain (not shown). Other tissues depend on active uptake of carnitine from the circulation (uptake is 
indicatedd by arrows, excretion by dashed arrows). Protein degradation yields TML, which can be con-
vertedd into butyrobetaine (BB) in every tissue. However, only liver, kidney and brain are able to convert 
butyrobetainee into carnitine because BBD is expressed only in these tissues. Butyrobetaine is excreted 
fromm tissues which lack BBD and transported via the circulation to liver and kidney where it is converted 
too carnitine. The kidney efficiently reabsorbs carnitine and butyrobetaine, thereby minimising urinary 
losss of both compounds. 

Moree recently, Melegh et al. performed a single-day loading study in premature infants 
usingg orally administered deuterium-labelled TML. They could not detect incorporation of 
thee deuterium label into urinary carnitine using fast atom bombardment MS (160,161). As 
ann extension of this study, we performed a similar experiment with 7 full-term newborns, 
whoo received deuterium-labelled TML for five days, and used our novel assay for the 
analysiss of the carnitine biosynthesis metabolites in urine. After loading, all the metabolites 
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off  carnitine biosynthesis could be detected in urine in deuterium-labelled form, except 
TMABA .. In addition, deuterium-labelled carnitine was also incorporated into acyl-
carnitiness (62). Most of the TML (>75%),, however, was excreted unchanged in urine, which 
iss in agreement with previous findings that humans do not use exogenous TML efficiently 
ass a precursor for carnitine biosynthesis (144,160,161). Our results show that newborns 
havee the capability to synthesise carnitine from exogenous TML, albeit at a low rate. 
Ass in rat, dietary butyrobetaine dramatically increased urinary carnitine excretion and 
doubledd plasma carnitine concentration in humans (107). Muscle carnitine concentrations 
remainedd constant suggesting that the higher carnitine levels were a result of actual 
biosynthesiss and did not originate from release of tissue storages. The same group obtained 
similarr results in human infants, in whom the rate of carnitine excretion increased 30-fold 
whenn the infants were fed butyrobetaine (107). The authors concluded that BBD activity is 
nott rate limiting for biosynthesis of carnitine in adults as well as in infants. 
Althoughh TML loading studies have made an important contribution to our understanding 
off  carnitine biosynthesis, it should be noted that in these experiments the intracellular 
metabolismm of TML is bypassed. Tissues like heart and muscle normally synthesise TML, 
butt do not readily absorb it from the circulation. It is believed that TML produced 
intracellularyy is converted to butyrobetaine in the tissue of origin, after which 
butyrobetainee is excreted into circulation and converted to carnitine in tissues that contain 
BBDD (FIG. 4). Unlike TML, butyrobetaine is absorbed readily by the liver and converted to 
carnitine.. These processes could be significant for carnitine biosynthesis. 
Anotherr important observation made by the group of Melegh and our group (160,161,62), is 
thatt administration of deuterium-labelled TML considerably increased unlabelled carnitine 
andd butyrobetaine excretion. In previous studies in which unlabelled precursors were used 
(107,121),, the carnitine excretion was used to calculate the rate of carnitine biosynthesis 
assumingg that this carnitine was a result of actual biosynthesis. Especially in the case of 
TMLL these results should be re-evaluated, and additional experiments performed using 
stable-isotopee labelled carnitine precursors. 

99 TRANSPORT OF CARNITIN E AND BUTYROBETAIN E 

9.19.1 Carnitine and butyrobetaine transport 
Tissuess including heart, muscle, liver, and kidney are highly dependent on the energy 
generatedd by (5-oxidation, and it is therefore essential that these tissues have sufficient 
amountss of carnitine. Because the carnitine concentration in tissues is generally 20-fold to 
50-foldd higher than in plasma (10,162), and since in man only kidney, liver, and brain have 
thee complete set of enzymes to synthesise carnitine, most tissues depend on carnitine 
uptakee from the blood via active transport. Kinetic studies of the plasmalemmal carnitine 
transporterr have demonstrated similar Km values of 2-60 \iM for carnitine transport in 
musclee (163-165), heart (166,167), placenta (168), and fibroblasts (165,169,170,26) 
suggestingg that they share a common transporter. This high affinity carnitine transport 
systemm is also involved in the tubular reabsorption of carnitine in the kidney (144) and is 
dependentt on sodium ions (26). 
Inn 1998, the cDNA sequence and genomic organisation of a new member of the organic 
cationn transporter family (reviewed in (171)), organic cation transporter 2 (OCTN2), was 
reportedd by Wu et al. (172). Subsequently, the same group showed that the OCTN2 gene 
{SLC22A5){SLC22A5) codes for a high affinity (Km ~ 4.3 uM), sodium ion-dependent, carnitine 
transporterr (173). Carnitine transport is strongly inhibited by acetyl-carnitine and 
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butyrobetaine,, suggesting that OCTN2 also transports these compounds (173). Northern 
blott analysis and in situ hybridisation studies in rat and human tissues showed that OCTN2 
iss expressed in the proximal and distal tubules and in the glomeruli of the kidney, in the 
myocardium,, valves and arterioles of the heart, in the labyrinthine layer of the placenta, and 
inn the cortex, hippocampus, and cerebellum of the brain (173,174). Further studies showed 
thatt OCTN2 is localised on the apical membrane of renal tubular epithelial cells, 
demonstratingg that OCTN2 is important in the concentrative reabsorption of carnitine after 
glomerularr filtration in the kidney (175). 
Muchh higher Km values for carnitine transport have been reported for human liver (500 uM) 
andd brain (>1000 uM) and the existence of a low affinity carnitine transporter therefore has 
beenn suggested (19). Recently, two additional proteins, OCTN1 and ATB0+, have been 
identifiedd which also are able to transport carnitine. OCTN1, a homologue of OCTN2, has 
beenn shown to be predominantly expressed in liver, kidney and small intestine. (176,177). 
Thee unrelated amino acid transporter ATB0+ has been identified in mouse colon and has a 
highh Km for carnitine (0.83 mM) (178). ATB0 + could therefore, like OCTN1, represent the 
loww affinity carnitine transporter in liver and brain. 
Recentt studies have shown that butyrobetaine is transported actively across the basolateral 
plasmaa membrane of hepatocytes (Km ~ 5 uM) and that this transport is, like OCTN2, also 
drivenn by sodium ions (179). Butyrobetaine transport is inhibited significantly by 
propionylcarnitine,, but not by TML, D- or L-carnitine, or other acyl-carnitines (179). These 
resultss suggest that in liver, which does not express OCTN2, another transport system is 
presentt that specifically transports butyrobetaine, which is destined for carnitine synthesis. 
Althoughh carnitine transport into the cell has been documented relatively well, it remains 
unclearr how de novo synthesised carnitine is exported from the site of biosynthesis (liver 
andd kidney), into the circulation. Since ATB0+, OCTN1 and OCTN2 all transport carnitine 
intoo the cell, the export of carnitine and its metabolites likely is mediated by another 
transportt system or possibly by passive diffusion. Further research is needed to resolve this 
issue. . 

9.29.2 Primary systemic carnitine deficiency; OCTN2 deficiency 
Thee dependence on carnitine uptake is evident from patients, who suffer from primary 
systemicc carnitine deficiency (CDSP; OMIM: 212140). These patients show excessive renal 
andd intestinal wastage of carnitine resulting in very low plasma and tissue carnitine 
concentrations.. Clinically, CDSP patients usually present with cardiomyopathy, 
hepatomegaly,, myopathy, recurrent episodes of hypoketotic hypoglycemia, 
hyperammonemiaa and failure to thrive. Studies of cells of CDSP patients have indicated that 
thiss disorder is caused by a defect in the active cellular uptake of carnitine into the cell 
(180,181,169,182,183).. The disorder is autosomal recessive and has been mapped to human 
chromosomee 5q (184). Shortly after the identification of the high affinity carnitine 
transporterr OCTN2, which is located on chromosome 5q33.1, it was demonstrated that 
mutationss in this gene cause primary systemic carnitine deficiency (185-189). In addition, 
thee murine orthologue of OCTN2 has been shown to be mutated in the juvenile steatosis 
(JVS)) mouse, which presents with similar symptoms as CSPD patients and which is 
consideredd to be the murine equivalent of human CSPD (190-194). 
Thee observation that the butyrobetaine excretion in the JVS mouse is four times that of 
controll  mice, supports the concept that OCTN2 also mediates the reabsorption of 
butyrobetainee (192). Interestingly, the activity of BBD in liver was twice that of control 
mice.. However, the butyrobetaine content was lower in JVS mice, presumably due to the 
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disturbedd reabsorption of this compound in the kidney. The urinary loss of the carnitine 
precursorr butyrobetaine therefore aggravates the carnitine deficiency in the JVS mouse 
(192)) and probably also in OCTN2 deficiency in man. 

9.39.3 Defects in carnitine biosynthesis 
Att present, the importance of carnitine biosynthesis for energy homeostasis remains unclear 
andd no patients have been identified in which one of the enzymes of carnitine biosynthesis 
iss deficient. Furthermore, no mutant mice or other organisms with a defect in carnitine 
biosynthesiss have been described. Since omnivorous humans ingest sufficient carnitine 
fromm the diet, a defect in carnitine biosynthesis would most probably not manifest itself as 
systemicc carnitine deficiency, perhaps only when the dietary intake is interrupted by illness 
forr a prolonged period. In vegetarians, however, carnitine intake is low and therefore a 
defectt in carnitine biosynthesis in these individuals might result in symptoms of carnitine 
deficiency.. As previously stated by Rebouche (13), TMLD and BBD are the most likely 
candidatess for genetic defects that would result specifically in carnitine deficiency. These 
enzymes,, unlike others in the pathway, are specific for carnitine biosynthesis alone. Since 
thee enzymes for protein methylation and degradation, HTMLA (possibly identical to SHMT) 
andd ALDH9 probably participate in multiple metabolic pathways, a defect in these enzymes 
wouldd result in a much more serious phenotype (13). 
AA secondary defect in carnitine biosynthesis could result from restriction of its precursors, 
lysinee and methionine or a reduced availability of one or more of the co-factors involved in 
carnitinee biosynthesis, namely; iron and vitamin C (TMLD and BBD), vitamin B6 (HTMLA) 
andd NAD+ (TMABA-DH). 
Severall  groups have performed experiments in which rats or guinea pigs were fed a diet 
limitedd in carnitine precursors or one of the carnitine biosynthesis co-factors, to investigate 
thee effects on carnitine status and fatty acid metabolism. Rats fed a lysine-deficient diet 
indeedd had moderately lowered carnitine levels in heart and skeletal muscle (65% of 
control)) (195). Surprisingly, the carnitine level in liver was significantly higher when 
comparedd to rats fed a lysine-supplemented diet (195,196). In addition to reduced carnitine 
levels,, lysine-deficient rats exhibited poor growth, anaemia, hypoproteinaemia, fatty liver 
syndromee and concomitant impairment of (5-oxidation (195,197,198). Supplementation of 
carnitinee to lysine-deficient rats restored carnitine levels, fatty acid oxidation and reduced 
thee triglyceride levels, without normalising growth and/or hypoproteinaemia (197,198). 
Bartholmeyy et al. reported that iron deficiency in rat pups reduced liver carnitine with 
30%,, increased liver triglyceride levels and impaired ketogenesis (199). Oral 
supplementationn with carnitine or ferrous sulphate corrected the impaired ketogenesis in 
iron-deficientt liver mitochondria without returning liver triglycerides concentrations to 
controll  levels (199). Others have shown that in humans the serum ferritin concentration is 
correlatedd linearly with the serum carnitine concentration (200). As mentioned above, rats 
maintainedd on a vitamin B6-deficient diet showed a significant decrease of the carnitine 
levelss in extrahepatic tissues, which could be normalised by vitamin B6-repletion (67). 
Severall  studies with ascorbate-deficient or severely scorbutic guinea pigs have shown that 
carnitinee levels are significantly decreased in liver, heart and skeletal muscle ((201,49) and 
referencess therein). Nelson et al. observed a sharp reduction in the capacity of the kidneys 
off  scorbutic guinea pigs to convert injected 6-N-[methyl-14C]-TML to labelled butyrobetaine 
(201).. An effect on liver TMLD, however, could not be determined since less than 2% of the 
administeredd radioactive TML was absorbed by the liver. Upon injection of radiolabelled 
butyrobetaine,, which is taken up readily by the liver, no differences were noted between 
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controll  and scorbutic animals in the production of labelled carnitine by the liver (201). 
Becausee exogenous TML is taken up poorly by the liver, Dunn et aL perfused guinea pig 
liverss with glycoproteins containing radioactive TML residues, which are taken up 
efficientlyy (>80%) and converted to carnitine (48,49). When comparing normal and 
scorbuticc livers, the authors showed that hydroxylation of butyrobetaine to carnitine was 
depressed,, whereas hydroxylation of TML to HTML was unaffected. Prior administration of 
ascorbatee to the perfusion medium caused carnitine biosynthesis from all examined 
precursorss to return to control values (49). 
Otherr reports from Rebouche, however, dispute the influence of ascorbate-deficiency on the 
twoo hydroxylases involved in carnitine biosynthesis. He showed that urinary carnitine 
excretionn in ascorbate-deficient guinea pigs is four times higher than in normal animals, 
whichh would account for the tissue-carnitine depletion (202). In addition, the rate of 
carnitinee biosynthesis from either TML or butyrobetaine was identical or even higher in 
scorbuticc animals when compared to normal animals (203). Previous studies of this group 
showedd that oral administration of butyrobetaine to humans and rats resulted in a 30- and 
250-foldd increase in carnitine synthesis, respectively (146,121). Moreover, rats were shown 
too have an increase in the rate of carnitine biosynthesis of at least 100-fold when provided 
withh oral TML (119). Thus, these species apparently possess a large excess of enzymatic 
activity,, and sufficient ascorbate to sustain that activity, relative to the capacity used for 
normall  rates of carnitine biosynthesis (203). 
Itt should be noted, however, that since lysine, iron, vitamin B6 and vitamin C are involved 
inn many physiological processes other than carnitine biosynthesis, the results of the studies 
discussedd above are difficult to interpret. To determine unambiguously the effects of a 
defectivee carnitine biosynthesis, a mouse model where one of the carnitine biosynthesis 
geness has been disrupted wil l be required. 

100 CONCLUSIONS 

Despitee considerable progress in our understanding of carnitine biosynthesis and 
metabolismm many questions remain concerning the regulation of carnitine metabolism and 
thee role of carnitine biosynthesis in homeostasis. The recent identification of three of the 
fourr genes of this pathway and the development of an easy method to measure the 
concentrationn of the carnitine biosynthesis metabolites allows both the creation and 
characterisationn of a mouse model in which one of the carnitine biosynthesis genes has been 
disrupted.. Such a mouse model is expected to give more insight in the role of this pathway 
inn carnitine and fatty acid metabolism. 
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