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v-BBD
CACT
CAT
CHO
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CPTI
CPTII
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DTNB
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MS
NEM
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PBS
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SCHYD
SCT
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TMABA
TMABA-DH
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carnitine/acyl-carnitine transporter

carnitine acetyltransferase.

Chinese hamster ovary

coenzyme A

carnitine palmitoyl transferase |

carnitine palmitoyl transferase 11
dimethylsulfoxide

dithiobisnitrobenzoic acid
ethylenediaminetetraacetic acid
electron-transferring flavoprotein
4-aminobutyric acid

high performance liquid chromatography
3-hydroxy-6-N-trimethyllysine
immunoglobulin G

juvenile visceral steatosis

long-chain acyl-CoA dehydrogenase
long-chain 3-hydroxyl-acyl-CoA dehydrogenase
long-chain enoyl-CoA hydratase
long-chain-3-keto-acyl-CoA thiolase
medium-chain acyl-CoA dehydrogenase
medium-chain-3-keto-acyl-CoA thiolase
3-N-morpholinopropanesulfonic acid

mass spectrometry

N-ethylmaleimide
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phosphate buffered saline

polymerase chain reaction

phenylmethyl sulfonyl fluoride

peroxisome proliferator activated receptor o
short-chain acyl-CoA dehydrogenase
short-chain 3-hydroxyl-acyl-CoA dehydrogenase
short-chain enoyl-CoA hydratase
short-chain 3-keto-acyl-CoA thiolase
sodium dodecyl sulfate polyacrylamide gel electrophoresis
sucrose-EDTA-MOPS
4-trimethylaminobutyraldehyde
4-trimethylaminobutyraldehyde dehydrogenase
6-N-trimethyllysine

6-N-trimethyllysine dioxigenase

very long-chain acyl-CoA dehydrogenase
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Carnitine

Functions of carnitine

Carnitine (3-hydroxy-4-N,N,N-trimethylaminobutyrate) plays an essential role in fatty acid
metabolism. While medium- and short-chain fatty acids enter the mitochondrial matrix, where
B-oxidation takes place, as free acids, long-chain acyl-CoAs must first be converted into their
corresponding carnitine-esters in order to cross the inner mitochondrial membrane [1, 2].
Apart from its involvement in the transport of long-chain fatty acids, carnitine is also used to
transport peroxisomal 3-oxidation products to the mitochondria, to excrete accumulating acyl-
groups and to modulate the level of free CoA [3-5].

The carnitine biosynthesis pathway

Carnitine is present in most animals, as well as in several plants and microorganisms.
Mammals acquire carnitine both from the diet (meat, fish and dairy products) and through
endogenous synthesis [5]. Carnitine is ultimately synthesized from the amino acids lysine and
methionine. In some proteins (i.e. calmodulin, histones, myosin and actin), lysine residues are
trimethylated on the 6-amino group by specific methyltransferases, which use S-adenosyl
methionine as methyl donor [6]. After lysosomal degradation of these proteins, free 6-N-
trimethyllysine (TML) becomes available for carnitine biosynthesis (figure 1). First, TML is
hydroxylated by the enzyme TML-dioxygenase (TMLD) to 3-hydroxy-6-N-trimethyllysine
(HTML). HTML is subsequently cleaved by a specific aldolase to yield 4-
trimethylaminobutyraldehyde (TMABA), which is oxidized by TMABA-dehydrogenase
(TMABA-DH) to 4-trimethylaminobutyric acid (y-butyrobetaine, y-BB). Finally, y-BB is
hydroxylated to carnitine by y-BB dioxygenase (y-BBD) [5, 7, 8].
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Carnitine biosynthesis in rat

Tissues demonstrate differences both in enzyme activity and in the capacity to transport
carnitine biosynthesis metabolites. In rat, the activity of the first three enzymes of the
carnitine biosynthesis pathway can be detected in all investigated tissues, but liver and kidney
contain the highest enzyme activities [9-12]. The last enzyme, y-BBD, is expressed only in
liver and testis, making these the only tissues capable of complete carnitine synthesis in the
rat [10, 13-15]. In contrast to normal rats, however, no labeled carnitine was found in either
liver, plasma, heart or skeletal muscle of hepatectomized rats which were given labeled y-BB.
This suggests that the carnitine synthesized in testis is used in this tissue only and that this
does not contribute significantly to systemic carnitine stores [16].

When rats receive exogenous TML, the majority is taken up by the kidneys and converted
into y-BB, which is subsequently released into the circulation, taken up by the liver and
converted into carnitine [17]. In contrast to kidney, most tissues take up TML and HTML
very poorly [17, 18]. Therefore, Rebouche [19] proposed that, in the rat, part of the
intracellular TML is converted to y-BB in the tissue of origin and the remainder is released
into the circulation to be metabolized by the kidneys. Because the metabolism of exogenously
administered TML most likely differs profoundly from that of TML produced within tissues
and the metabolism of endogenous TML is difficult to investigate in model systems, it
remains unclear what amount of TML is converted into y-BB by the kidneys and how much is
converted in the tissue of origin.

Because y-BBD is not expressed in extrahepatic tissues (except testis) the y-BB produced in
these tissues must be transferred to the liver for conversion into carnitine. At least two hepatic
transport systems for y-BB exist. Christiansen and Bremer have reported a low-affinity y-BB
transporter (K, value of approximately 500 uM) in rat hepatocytes. This transporter was
shown to have a 10-fold higher K, value for carnitine (5.6 mM) than for y-BB, but y-BB
transport could be inhibited by carnitine [20]. A high-affinity y-BB transporter (K, value of
approximately 5 uM), however, was described by Berardi et al. [21]. They also showed that y-
BB transport was stimulated by sodium and chloride ions and transport could be inhibited by
propionyl-carnitine, but surprisingly not by carnitine or acetyl-carnitine.

After conversion of y-BB into carnitine, carnitine is released into the circulation mostly as
acetyl-carnitine by a yet unknown mechanism [22]. Extra-hepatic tissues take up carnitine
from the plasma via the Na'-dependent carnitine transporter OCTN2. This transporter also
mediates the intestinal uptake and renal reabsorption of both y-BB and carnitine [5].

Carnitine biosynthesis in man

In man, all tissues contain the first three enzymes of the carnitine biosynthesis pathway and,
as in rat, the highest activity is found in liver and kidney [23]. In contrast to rat, however, y-
BBD activity is detected in liver but also in brain (at approximately 50% of the activity as
found in liver) and kidney, which shows even more y-BBD activity (4-fold) than liver [23-25].
While y-BBD activity is not found in rat, guinea pig and mouse kidney, it is present in the
kidneys of hamsters, rabbits, dogs, cats, humans and several monkeys) [19]. It remains
unclear what causes the difference in y-BBD expression between rat, man and other
mammals.

When humans ingest TML, in contrast to rat, most is excreted unchanged in the urine and
only a small part is converted into carnitine [26, 27]. Intracellular TML is therefore believed
to be converted in the tissue of origin into y-BB, which is then released into the circulation,
taken up by the kidneys as well as liver (and brain), and converted into carnitine. Tissues that
do not express y-BBD take up carnitine from the plasma via OCTN2 [5]. The body carnitine
content is mainly regulated by renal carnitine reabsorption. The efficiency of carnitine



reabsorption depends on carnitine intake. When carnitine intake is low, carnitine is reabsorbed
more efficiently [28], possibly by upregulation of OCTN2. Defects in OCTN2 lead to primary
carnitine deficiency [29], which is described in a following section.

Mitochondrial B-Oxidation

Mitochondrial fatty acid transport; the carnitine shuttle

Fatty acid oxidation is very important in cellular energy homeostasis, especially during
fasting or when the energy demand is increased (during exercise or stress). Before long-chain
fatty acids can be metabolized by the mitochondrial B-oxidation system, they must be
transported into the mitochondrial matrix [30, 31]. Long-chain fatty acids are activated
outside the mitochondria by one of the many long-chain acyl-CoA synthetases [32]. Acyl-
CoAs cannot cross the inner mitochondrial membrane but must first be trans-esterified to
carnitine by Carnitine Palmitoyl Transferase I (CPTI), on the mitochondrial outer membrane
(figure 2). Subsequently, the resulting acyl-carnitines are transported across the mitochondrial
inner membrane by the Carnitine/Acyl-Carnitine Transporter (CACT). Finally, Carnitine
Palmitoyl Transferase II (CPTII) reconverts the acyl-carnitines into their CoA-esters and the
acyl-CoAs can enter the B-oxidation pathway. Carnitine is transported back into the cytosol
either as free carnitine to import another acyl-group or it can be converted into a new acyl-
carnitine by CPTII or Carnitine Acetyl Transferase (CAT) and can be exported from the
mitochondrial matrix, out of the cell, followed by excretion from the body via either urine or
bile [1, 2].

Mitochondrial g-oxidation

Once in the mitochondria, acyl-CoAs are degraded into acetyl-CoA via a 4-step pathway
called B-oxidation (figure 3), with multiple enzymes for each of the four steps. First, an acyl-
CoA-ester is dehydrogenated to yield a trans-2-enoyl-CoA. This is followed by hydratation of
the double bond. In the third step the resulting 3-hydroxy-acyl-CoA is dehydrogenated to 3-
keto-acyl-CoA. Finally, thiolytic cleavage of the 3-keto-acyl-CoA produces a 2-carbon chain-
shortened acyl-CoA and acetyl-CoA. The electrons generated in the first and third reaction are
fed into the respiratory chain via the ETF/ETF dehydrogenase system and NAD'
respectively. The produced acetyl-CoA can enter the Krebs cycle or can be used for ketone
body formation in the liver or kidney [30, 31].

Mitochondrial S-oxidation enzymes

For each B-oxidation step multiple chain-length specific enzymes exist (figure 2). The first
reaction is catalyzed either by short-chain acyl-CoA dehydrogenase (SCAD, for C4 and C6
acyl-CoAs), medium-chain acyl-CoA dehydrogenase (MCAD, for C4 to C12 acyl-CoAs),
long-chain acyl-CoA dehydrogenase (LCAD), which has activity towards C8 to C20 acyl-
CoAs, or very long-chain acyl-CoA dehydrogenase (VLCAD, for C12 to C24 acyl-CoAs)
[30]. The precise role of LCAD in mitochondrial B-oxidation, however, is unclear. Apart from
straight-chain substrates LCAD has been shown to handle branched-chain fatty acids (such as
2,6-dimethylheptanoyl-CoA, 2-methyldecanoyl-CoA, 2-methylpentadecanoyl-CoA and 2-
methyl-hexadecanoyl-CoA) and certain polyunsaturated acyl-CoAs (such as docosahexaenoic
acid, arachidonic acid, 4,7,10-cis-hexadecatrienoic acid, 5-cis-tetradecenoic acid, and 4-cis-
decenoic acid) [33-35].

For both the second and the third step there are only two separate enzymes. Short-chain
enoyl-CoA hydratase (SCHYD), also called crotonase, and short-chain 3-hydroxy-acyl-CoA
dehydrogenase (SCHAD) have activity towards fatty acids with chain-lengths up to 10 carbon
atoms. Long-chain enoyl-CoA hydratase (LCHYD) and long-chain 3-hydroxyl-acyl-CoA
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dehydrogenase (LCHAD) handle fatty acids with 8 or more carbon atoms [30, 31, 36]. There
are three 3-keto-acyl-CoA thiolases: the long-chain- (LCT), medium-chain- (MCT) and the
short-chain 3-keto-acyl-CoA thiolase (SCT) [30, 31].

Acyl-CoA
+

Acyl-carnitine Carnitine
Outer mitochondrial membrane y CPTI
Inner mitochondrial membrane .

+
CoASH

Acetyl-carnitine

n-2 Acyl-CoA

Ketone body
Acetyl-CoA production

Figure 2. Mitochondrial fatty acid transport and B-oxidation.

Long-chain acyls-CoAs are converted into a carnitine-ester by carnitine palmitoyl transferase I (CPTI) and
transported over the mitochondrial inner membrane by the carnitine/acyl-carnitine transporter (CACT). Carnitine
palmitoyl transferase II (CPTII) reconverts the acyl-carnitines into their CoA-esters, which can enter the -
oxidation pathway. Carnitine is transported back into the cytosol either as free carnitine or it can be converted
into a new acyl-carnitine by CPTII or carnitine acetyl transferase (CAT) to exported the acyl-group from the
mitochondrial matrix.

The first step of the B-oxidation pathway is catalyzed either by very long-chain acyl-CoA dehydrogenase
(VLCAD), medium-chain acyl-CoA dehydrogenase (MCAD) or short-chain acyl-CoA dehydrogenase (SCAD).
The precise role of long-chain acyl-CoA dehydrogenase (LCAD) is still unclear. The next reaction is catalyzed
by either short-chain enoyl-CoA hydratase (SCHYD) or long-chain enoyl-CoA hydratase (LCHYD), which
together with long-chain 3-hydroxyl-acyl-CoA dehydrogenase (LCHAD) constitutes the o-subunit of the
mitochondrial trifuncional protein. The B-subunit of this enzyme complex contains the long-chain-3-keto-acyl-
CoA thiolase (LCT) activity. The third reaction is catalized by LCHAD or short-chain 3-hydroxyl-acyl-CoA
dehydrogenase (SCHAD). Finally, a 2-carbon chain-shortened acyl-CoA and an acetyl-CoA are produced by
either LCT, medium-chain-3-keto-acyl-CoA thiolase (MCT) or short-chain 3-keto-acyl-CoA thiolase (SCT) and
the new acyl-CoA can enter another round of B-oxidation [30, 31].
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hydratation acyl-CoA is dehydrogenated to 3-
keto-acyl-CoA and subsequent
thiolytic cleavage produces a 2-carbon
chain-shortened acyl-CoA and acetyl-

="

OHH 0
CoA [30, 31].
R—CHZ—C:—C:—E—S—COA 3-hydroxy-acyl-CoA /13031
H H
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P 0
R—CH,—C—CH,—C—S5—CoA 3-keto-acyl-CoA
thiolysis

(=

R—CHZ—E—S— CoA + CHg—E—s— CoA
(n-2) acyl-CoA acetyl-CoA

Carnitine metabolism and B-oxidation: mouse models of human disease

Numerous human genetic deficiencies affecting the different enzymes and transporters of the
B-oxidation pathway have been described [31]. The precise pathogenesis of some of these
disorders is still mostly unclear. Recently, several mouse models for human mitochondrial f3-
oxidation defects have been developed, which can be used to elucidate the disease
mechanisms which underlie these defects.

Primary carnitine deficiency and the OCTN2-/- mouse model.

Human primary carnitine deficiency is caused by mutations in the gene coding for the plasma
membrane carnitine transporter OCTN2. As a result, dietary carnitine is taken up poorly and
urinary carnitine is not reabsorbed by the kidney which leads to severely decreased levels of
carnitine in plasma and tissues. Patients typically present in infancy with episodic hypoketotic
hypoglycemic encephalopathy, progressive cardiomyopathy and failure to thrive [29].

In 1988, Koizumi and colleagues [37] described a C3H.OH strain of mice in which
microvesicular fatty infiltration of viscera was inherited in an autosomal recessive manner.
These mice also displayed severe lipid accumulation in the liver, hypoglycemia,
hyperammonemia, cardiac hypertrophy, growth retardation and systemic carnitine deficiency.
These symptoms were shown to be caused by diminished intestinal carnitine absorption and
renal reabsorption, due to a missense mutation in the OCTN2 gene [38, 39]. Because both the
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affected gene as well as the symptoms in this mouse are similar to that of human patients, this
mouse is used as a model for human systemic carnitine deficiency [29].

VLCAD-deficiency and the (V)LCAD-/- mouse model.

Human VLCAD deficiency is a severe condition involving cardiomyopathy, fasting
hypoketotic hypoglycemia, Reye-like disease and even sudden unexpected death [31].

In the late 1990s two mouse models for human VLCAD deficiency were developed. In
contrast to the human disease, murine VLCAD deficiency is characterized by relatively mild
symptoms: mild hepatic steatosis, mild cardiac fatty change in response to fasting and cold
intolerance [40]. In 1998, Kurtz et al. [41] created an LCAD-deficient mouse, which does
show symptoms similar to human VLCAD deficiency (fasting- and cold intolerance,
hypoketotic hypoglycemia, fatty changes in liver and heart and unprovoked sudden death).
Therefore, this mouse is used as a model for human VLCAD deficiency.

To date, no human LCAD-deficient patients have been described. Several cases of LCAD
deficiency were described before 1992, but these patients were later shown to be VLCAD-
deficient [31]. The absence of LCAD-deficient subjects indicates that, in humans, LCAD is
either of minor significance or vitally important in the mitochondrial -oxidation. LCAD-
deficient subjects either experience no or very mild symptoms (like VLCAD-deficient mice)
and are therefore not recognized or LCAD deficiency could be embryonically lethal. The
latter possibility seems more likely, since there is a substantial gestational loss of LCAD-/-)
and +/- pups in the LCAD mouse model [41].

Regulation of carnitine metabolism

Various substances, including carnitine biosynthesis metabolites, hormones and
hyperlipidemic drugs, have been shown to have an effect on carnitine homeostasis, but the
precise mechanisms that lead to these changes are still mostly unknown.

The y-BBD activity in rat liver was modified by administration of both carnitine and y-BB
[42]. y-BBD activity in carnitine-fed animals was decreased, while the activity was increased
in rats on a y-BB-supplemented diet. Thyroid hormone was also shown to influence y-BBD.
Thyroid hormone administration increased y-BBD mRNA levels and enzyme activity in the
rat and doubled liver carnitine content [43, 44].

The hepatic carnitine concentration was also increased in rats with a MtT-F4 tumor, which
secretes large quantities of prolactin, growth hormone and ACTH. Which of these hormones
is responsible for the chance in liver carnitine content or via which mechanism this elevation
occurs is unknown [45].

Several observations indicate that sex hormones also influence carnitine metabolism. Male
rats had higher plasma, cardiac and skeletal muscle carnitine levels than females, but female
rats had a higher carnitine concentration in liver [46]. In humans, males were reported to have
higher plasma, but not skeletal muscle, carnitine levels, as compared to females [47-49].
Insulin has different effects on carnitine metabolism in liver and skeletal muscle. Carnitine
uptake in skeletal is stimulated by insulin via increased expression of OCTN2 [50]. In liver,
however, the carnitine level is increased by glucagon or by a decrease in the insulin
concentration [51].

PPARa and carnitine metabolism
Peroxisome Proliferator Activated Receptor oo (PPARa) is a ligand-dependent transcription

factor involved in the regulation of energy metabolism. PPARa heterodimerizes with a
Retinoid X Receptor and binds to specific response elements to stimulate expression of target
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genes. PPARa is expressed in tissues with a high rate of fatty acid oxidation (such as liver,
heart, skeletal muscle, kidney and brown adipose tissue) [52]. Most aspects of fatty acid
metabolism are regulated by PPARa; cellular uptake of fatty acids (via fatty acid translocase
and the fatty acid transport proteins), activation of fatty acids (acyl-CoA synthetases),
peroxisomal [-oxidation (straight-chain acyl-CoA oxidase, D-bifunctional protein, L-
bifunctional protein, peroxisomal 3-ketoacyl-CoA thiolase B and sterol carrier protein X),
mitochondrial B-oxidation (CPTI, CPTII, VLCAD, LCAD, MCAD, SCAD and 3-keto-acyl-
CoA thiolase), ketogenesis (hydroxymethylglutaryl-CoA synthase), m-oxidation (cytochrome
P450 4A) and lipoprotein metabolism (lipoprotein lipase and several apolipoprotiens) [52-54].
PPARa also influences carnitine metabolism. Clofibrate (a synthetic PPARa ligand) fed rats
and phytol-treated mice (a natural PPARa ligand) have elevated hepatic carnitine levels
compared to control animals [54, 55]. When mice or rats are fasted, liver carnitine levels also
rise [51, 56]. No elevation of the hepatic carnitine concentration is observed, however, upon
fasting or in phytol-fed PPARa -/- mice, which indicates that this effect is mediated via
PPARa [54, 56].

Outline of this thesis

Most studies of carnitine biosynthesis have been performed in the rat. Very little is known
about murine carnitine biosynthesis, even though this animal is frequently used as a model
system to study fatty acid metabolism and deficiencies therein. In order to study carnitine
metabolism, we first developed assays to measure the activity of the carnitine biosynthesis
enzymes (chapter 2) as well as other enzyme activities involved in carnitine metabolism
(chapter 3) and a method to determine the concentration of carnitine metabolites in tissues
(chapter 4). These assays were used to investigate the metabolism of carnitine in two mouse
models for human B-oxidation disorders (chapters 4 and 5) and to study the regulation of
carnitine homeostasis by PPARa., using the PPARa-/- mouse (chapter 6).

Very little research has been performed concerning the transport of carnitine metabolites,
although this is a very important aspect of carnitine biosynthesis and metabolism. Therefore,
we aimed to identify proteins involved in carnitine metabolite transport into the cell and
between different cellular compartments. In chapter 7 we show that TMLD is a mitochondrial
matrix enzyme and provide evidence that suggests the existence of a mitochondrial
TML/HTML transporter. In chapter 5 we describe the identification and characterization of a
liver y-BB transporter.
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Abstract

Although the mouse frequently is used to study metabolism and deficiencies therein, little is
known about carnitine biosynthesis in this animal. To this point, only laborious procedures
have been described to measure the activity of carnitine biosynthesis enzymes using
subcellular fractions as the enzyme source. We developed two simple tandem mass
spectrometry-based methods to determine the activity of three carnitine biosynthesis enzymes
(6-N-trimethyllysine dioxygenase, 4-trimethylaminobutyraldehyde dehydrogenase, and 4-
trimethylaminobutyric acid dioxygenase) in total homogenates that can be prepared from
frozen tissue. The new assays were used to characterize these enzymes in mouse liver
homogenate. Because carnitine biosynthesis has been studied extensively in the rat, we
compared the mouse tissue distribution of carnitine biosynthesis enzyme activities and levels
of the biosynthesis metabolites with those in the rat to determine which tissues contribute to
carnitine biosynthesis in these species. Surprisingly, large differences in enzyme activities
were found between the rat and the mouse, whereas carnitine biosynthesis metabolite levels
were very similar in both species, possibly due to the different kinetic properties of the first
enzyme of carnitine biosynthesis. Also, muscle carnitine levels were found to vary
considerably between these two species, suggesting that there is a metabolic dissimilarity
between the mouse and the rat.

Introduction

Carnitine (3-hydroxy-4-N,N,N-trimethylaminobutyrate) is an essential substance in fatty acid
metabolism because it enables the transport of activated long-chain fatty acids from the
cytosol into the mitochondrial matrix, where B-oxidation takes place [1-2]. Carnitine is also
involved in the transport of the peroxisomal B-oxidation products to mitochondria, modulation
of the free coenzyme A (CoA) level, and excretion of toxic acyl groups [3-7].

Mammals acquire carnitine both from their diets and through endogenous synthesis [7].
Carnitine ultimately is synthesized from the amino acids lysine and methionine. In some
proteins (calmodulin, histones, myosin, and actin), lysine residues are trimethylated on the 4-
amino group by specific methyltransferases that use S-adenosyl methionine as the methyl
donor [8]. After lysosomal degradation of these proteins, free 6-N-trimethyllysine (TML)
becomes available for carnitine biosynthesis. First, TML is hydroxylated by the enzyme TML
dioxygenase (TMLD, EC 1.14.11.8) to 3-hydroxy-6-N-trimethyllysine (HTML). HTML
subsequently is cleaved by a specific aldolase to yield 4-trimethylaminobutyraldehyde
(TMABA), which is oxidized by TMABA dehydrogenase (TMABA-DH, EC 1.2.1.47) to 4-
trimethylaminobutyric acid (y-butyrobetaine, y-BB). Finally, y-BB is hydroxylated to
carnitine by y-BB dioxygenase (y-BBD, EC 1.14.11.1) [7, 9, 10].

The first and last enzyme of the carnitine biosynthesis, TMLD and y-BBD, are very similar.
Both enzymes are dioxygenases; hydroxylation of their substrate is coupled to the conversion
of 2-oxoglutarate and molecular oxygen to succinate and carbon dioxide. Furthermore, both
enzymes use Fe’™ as cofactor and require the presence of ascorbic acid for optimal activity
[11-15]. In addition, the TMLD protein shows high homology to the y-BBD protein and both
appear to belong to a separate subfamily of the 2-oxoglutarate-dependent dioxygenases
[7,16].

Several methods have been described to measure TMLD and y-BBD activity, and in nearly all
methods homogenates are prepared from fresh tissues followed by differential centrifugation
to partially purify the enzyme activity. In most TMLD assays, hydroxylase activity is
measured radiochemically. After incubation of the partially purified enzyme with radiolabeled
TML and appropriate cofactors, the reaction mixture is deproteinized and the substrate ([*H]-
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TML or ['*C]-TML) is separated from the produced radiolabeled HTML by ion-exchange
chromatography. The radioactivity in the HTML fraction is used as a measure for the TMLD
activity [12, 13, 17]. An alternative radiochemical method has been described where upon
hydroxylation, tritium is released as radioactive water, and after separation of the substrate
and water by ion-exchange chromatography, the radioactivity in the water fraction is used to
determine the TMLD activity [18]. The only nonradioactive TMLD assay has been described
by Davis [19]. The produced HTML is quantified by virtue of an added internal standard,
namely triethyllysine. In this procedure, the basic amino acid fraction is purified by ion-
exchange/ion-exclusion chromatography. After lyophilization of the eluate and resuspension
in an appropriate buffer, this mixture is derivatized with 1,2-benzenedicarboxaldehyde
followed by HPLC analysis and fluorescent detection of the amount of produced HTML.
Because the majority of these procedures employ either partially purified proteins or
organellar fractions as an enzyme source, these assays can only be performed using a fresh
tissue source. In addition, these methods employ elaborate purification procedures to allow
separation and quantification of the produced HTML.

Like TMLD, y-BBD activity can be determined using radiolabeled y-BB [14, 15, 17, 20]. The
most commonly used y-BBD assay, however, makes use of a two-step procedure where in the
first step carnitine is produced from unlabeled y-BB, after which carnitine-acetyltransferase is
used to convert carnitine and [14C]-acety1-C0A into [14C]-acetyl-carnitine. After separation of
['“C]-acetyl-carnitine and ['*CJ-acetyl-CoA by ion-exchange chromatography, the
radioactivity in the acetyl-carnitine fraction is used to calculate the y-BBD activity [21-23]. A
disadvantage of this procedure is the necessity to determine the concentration of endogenous
carnitine in each protein sample.

The third step of the carnitine biosynthesis is the conversion of TMABA into y-BB, which is
NAD" dependent. This property has been used to measure TMABA-DH activity by
spectrophotometric or fluorometric determination of the amount of produced NADH [24].
The disadvantage of chromogenic assays is that they are very sensitive to matrix-dependent
interference of the protein sample, and this can hamper accurate activity measurements in
tissue homogenates by spectrophotometric, and especially fluorometric, means.

In this article, we present a straightforward, nonradioactive assay where both TMLD and vy-
BBD activity can be determined simultaneously in crude homogenates by ion-pair HPLC-
tandem mass spectrometry. Based on this method, we also have developed a novel assay to
measure TMABA-DH activity by directly determining the amount of the product of this
reaction, namely y-BB. These assays were used to characterize kinetic and other properties of
TMLD, TMABA-DH, and y-BBD in mouse liver homogenate. We characterized the mouse
enzymes because this animal is used frequently as a model system to study fatty acid
metabolism and deficiencies therein, but very little is known about murine carnitine
biosynthesis. Because carnitine biosynthesis has been studied extensively in the rat, we
compared the mouse tissue distribution of the enzyme activities and the levels of the carnitine
biosynthesis metabolites with those in the rat to determine which tissues contribute to
carnitine biosynthesis in these species and to gain a better understanding of the intertissue
relationships of carnitine biosynthesis.

Materials and methods

Chemicals

TML, y-BB, and carnitine-acetyltransferase were obtained from Sigma. [*Ho]-TML and [*Hs]-
y-BB were synthesized as described previously [25]. [*Ho]-HTML was prepared
enzymatically by incubating [*Ho]-TML with Neurospora crassa TMLD, which was
expressed heterologously in Saccharomyces cerevisiae as described by Swiegers et al. [26].
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The resulting mixture of [*Ho]-HTML and [*H,]-TML was applied to Microcon YM 30 filters
(Amicon), and the deproteinized filtrate was used as internal standard for TML and HTML.
The [*Ho]-carnitine internal standard was obtained from Herman J. ten Brink (VU University
Medical Center, Amsterdam, The Netherlands). TMABA was synthesized as described by
Vaz and co-workers [27]. [14C]-Acetyl-CoA was purchased from Amersham Biosciences.
Acetyl-CoA was obtained from Roche. The AG 1-X8 resin was obtained from Bio-Rad. All
other reagents were of analytical grade.

Animals

Adult male 129/S1 mice were anesthetized and sacrificed by cervical dislocation. Tissues
were collected, frozen immediately in liquid nitrogen, and stored at -80°C until further use.
Adult male Wistar rats were anesthetized and sacrificed by decapitation. Tissues were
collected, frozen immediately in liquid nitrogen, and stored at -80°C until further use. All
experiments were approved by the local Ethical Committee.

Preparation of homogenates

Tissues were homogenized in 10 mM Mops buffer (pH 7.4) containing 0.9% (w/v) NacCl,
10% (w/v) glycerol, and 5 mM dithiothreitol (DTT). The protein concentration was
determined by the method of Bradford [28] using bovine serum albumin (BSA) as standard.

TMLD and y-BBD activity measurement

The reaction mixture (final volume 250 pl) consisted of 20 mM potassium phosphate buffer
(pH 7.4) containing 50 mM KCIl, 3 mM 2-oxoglutarate, 10 mM sodium ascorbate, 0.5 mM
DTT, 0.5 mM ammonium iron sulfate, 2.5 mg/ml BSA, 0.01% (w/v) Triton X-100, 2 mM
TML, and 200 pM [*Hs]-y-BB. The reaction was started by adding 50 ul of homogenate (final
protein concentration 1 mg/ml unless indicated otherwise) to the reaction mixture, which was
incubated for 20 min (unless indicated otherwise) at 37°C. To stop the hydroxylase reactions,
ZnCl, was added to a final concentration of 1 mM and the reaction mixtures were placed on
ice. The ZnCl, solution also contained the internal standards; 150 pmol [*Ho]-HTML and
550 pmol [*Hg]-carnitine per reaction. Subsequently, the reaction mixture was loaded onto a
Microcon 30-kDa filter and centrifuged at 14,000 x g for 20 min at 4°C; this separates the
metabolites (TML, HTML, y-BB, and carnitine) from the enzymes and removes most of the
proteins. Then 100 pl of the filtrate was derivatized with methylchloroformate, and the
produced HTML and [*Hs]-carnitine were quantified using ion-pair HPLC-tandem mass
spectrometry as described previously [25].

TMABA-DH activity measurement

The reaction mixture (final volume 250 pl) consisted of a 0.1 M sodium pyrophosphate buffer
(pH 9.0) containing 0.5 mM NAD" and 0.1 mM TMABA. The reaction was started by adding
100 ul of homogenate (final protein concentration 0.5 mg/ml unless indicated otherwise) to
the reaction mixture, which was incubated for 10 min (unless indicated otherwise) at 25°C.
The reaction was stopped by the addition of acetic acid to a final concentration of 350 uM,
and the samples were placed on ice. Each aliquot of the acetic acid solution also contained
6.25 nmol [*Hs]-y-BB internal standard. The reaction mixture was centrifuged at 16,000 x g
for 3 min at 4°C to remove protein precipitates before the mixture was loaded onto a
Microcon 30-kDa filter and centrifuged at 14,000 x g for 20 min at 4°C; this separates the
metabolites (TMABA and y-BB) from most of the remaining proteins. Then 100 pl of filtrate
was derivatized, and the produced y-BB was quantified using ion-pair HPLC-tandem mass
spectrometry as described previously [25].
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Determination of K, values

To establish K, values for substrates and cofactors of the three enzymes, the concentration of
the compounds of interest was varied while the concentration of the other substances was kept
constant. For the determination of the K., values for Fez+, endogenous Fe?" was removed from
the homogenate using a G25 gel filtration column (Amersham Biosciences).

Tissue carnitine biosynthesis metabolites
The concentration of carnitine biosynthesis metabolites in tissues was determined as
described previously [29].

Results

Combined TMLD and y-BBD assay

Most TMLD and y-BBD activity assays use either partially purified proteins or organellar
fractions as an enzyme source or employ elaborate purification procedures to allow separation
of substrate and product. To develop a less laborious method, we investigated whether we
could adapt our HPLC—tandem mass spectrometry procedure for the analysis of carnitine
biosynthesis metabolites in body fluids [25] and tissues [29] to determine TMLD and y-BBD
activity in total homogenates.

In our initial experiments, we attempted to measure TMLD activity by direct determination of
the amount of produced HTML. After incubation of mouse liver homogenate with the
substrates and cofactor of TMLD and the addition of [*Ho]-HTML as internal standard, the
amount of produced HTML could be quantified readily by ion-pair HPLC-tandem mass
spectrometry analysis (results not shown). Theoretically, the HTML produced by TMLD in
the assay could be converted into TMABA and y-BB (and in the liver into carnitine) by the
action of endogenous HTML-aldolase and TMABA-DH (and y-BBD in the liver), and this
would lead to an underestimation of the TMLD activity. When liver homogenate was
incubated with TML and the cofactors for TMLD, however, only HTML was detected. No y-
BB or carnitine was formed (results not shown). To exclude the possibility that part of the
produced HTML was converted into TMABA (which is not measured), we added purified
TMABA-DH [27] and NAD" to the incubation. Again no y-BB or carnitine was formed
(results not shown). This is possibly due to the shortage of a (yet unknown) cofactor(s) of the
HTML-aldolase, which itself remains unidentified.

Using a similar setup as for the TMLD activity measurement, we tried to measure y-BBD
activity. Instead of unlabeled y-BB, however, [2H3]—y—BB was used as substrate. This enables
the distinction between endogenous carnitine (present in the homogenate) and the carnitine
formed in the assay, making the quantification of endogenous carnitine unnecessary (needed
in the most commonly used y-BBD assay [21-23]) and reducing the number of incubations by
half. Using [*Ho]-carnitine as internal standard, the produced [*H;]-carnitine could be
quantified by HPLC-tandem mass spectrometry analysis (results not shown).

Because both TMLD and y-BBD are 2-oxoglutarate-dependent dioxygenases and have the
same cofactor requirements, we investigated whether it was possible to measure the activity
of these enzymes simultaneously. To exclude the possibility that TML or y-BB inhibits y-
BBD or TMLD, respectively, the effects of TML on y-BBD and of y-BB on TMLD were
determined. This was done by incubating liver homogenate with the complete reaction
mixture, containing both substrates, and incubating homogenate with assay mixtures
containing only TML or y-BB. As shown in table 1, 2 mM TML or 200 uM v-BB had no
effect on the activity of y-BBD or TMLD, respectively, making possible the simultaneous
determination of TMLD and y-BBD activity. The accurate and instant termination of the
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enzyme reactions, however, proved to be problematic. In initial experiments, the reactions
were terminated by centrifugation through a Microcon 30-kDa filter, separating proteins from
the substrates and products. This procedure, however, led to considerable variation between
duplicate samples. Because it was shown previously that divalent cations, particularly Zn*",
strongly inhibit TMLD and y-BBD activity [18] and [30], we investigated whether we could
use this property to stop the hydroxylase reactions. As shown in table 1, the addition of 1 mM
ZnCl, completely inhibited the activity of y-BBD and markedly diminished that of TMLD.
The addition of Zn>" together with immediate transfer of the sample into an ice/water bath (to
inhibit TMLD activity completely), therefore, was used to terminate the hydroxylase
reactions.

Table 1. TMLD and y-BBD activity

TMLD activity v-BBD activity
pmol x min" x mg !

Complete mixture 85+09 130+6.2
- TML 0 128+9.3
- y-butyrobetaine 83+0.5 0

+ 1 mM ZnCl, 0.2+0.03 0

- 2-oxoglutarate 0 0
-Fe™"? 1.7+0.3 15.6+3.1
- Ascorbic acid 2.1+0.5 7.8+1.2
- dithiotreitol 6.7+0.4 109+ 7.7
-bovine serum albumin 7.1+0.6 125+ 8.7
-KCl 8.5+0.8 117 +8.2
- Triton-X-100 8.4+0.8 130 £12.8

Values are means + standard deviations of three incubations. Substances listed were either added to (+) or
excluded from (—) the complete mixture (as described in Materials and methods). * A G25 gel filtration column
was used to remove endogenous Fe?* from the homogenate.

Characterization of the TMLD and y-BBD assay in mouse liver homogenate

To find optimal assay conditions, linearity with time and homogenate protein concentration
was examined. Both hydroxylase activities were linear with time for 20 min (figure 1A).
TMLD and y-BBD activities were also proportional to the amount of homogenate protein in
the range of 0.5-2 mg/ml (figure 1B). Activity was not completely linear, however, between 0
and 0.5 mg/ml protein. An incubation time of 20 min and a protein concentration of 1 mg/ml
were chosen as standard conditions for the combined TMLD/y-BBD activity assay.

When components of the reaction mixture were excluded from the assay, the activities of both
TMLD and y-BBD were reduced considerably (table 1). The most pronounced reduction of
activity was observed when ascorbic acid was absent from the reaction mixture, whereas
removal of DTT caused a small decrease in hydroxylase activity. The addition of Triton-X-
100 to the incubations did not alter enzyme activities, but it facilitated centrifugation of the
reaction mixtures over the Microcon filters.

As expected, absence of the enzymes’ specific substrate or 2-oxoglutarate resulted in
complete loss of activity (table 1). Absence of the cofactor Fe*", however, did not completely
abolish enzyme activity, even when endogenous Fe*" was removed from the homogenate with
a gel filtration column.

To determine K, values for Fe?*, 2-oxoglutarate, and the specific substrates of both enzymes,
the concentrations of these substances were varied consecutively. Lineweaver—Burk double-
reciprocal plots were used to calculate K, values, which are shown in table 2.
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When we compared the new y-BBD assay with the most commonly used assay [21-23] using
mouse liver homogenate, the means of the two methods were not significantly different based
on the Student’s ¢ test (old method, 94 + 16 pmol x min ' x mg ™' (n=15), and new method,
120 + 16 pmol x min ' x mg ' (n = 6), (P = 0.59).
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Figure. 1. Time and protein dependence of TMLD and y-BBD activity in mouse liver homogenate. All
measurements were performed in triplicate (mean + standard deviation). (A) Time dependence. The final protein
concentration was 1 mg/ml. (B) Protein dependence. The incubation time was 20 min.

Table 2. K,, values of TMLD and y-BBD

TMLD y-BBD
(M)
TML 164 -
y-butyrobetaine - 40
2-oxoglutarate 605 63
Fe’' 4.0 2.5

Values are means of three incubations.

Measurement and characterization of TMABA-DH in mouse liver homogenate

Initial attempts to measure TMABA-DH activity, by measuring the conversion of NAD" to
NADH using a spectrophotometric or fluorometric method, failed due to high background
activity in the liver homogenate. Because y-BB can be measured using HPLC-tandem mass
spectrometry, we determined the TMABA-DH activity by directly quantifying the y-BB
produced from TMABA using [*H;]-y-BB as internal standard (results not shown). In theory,
the y-BB produced in the TMABA-DH assay could be converted into carnitine by the action
of endogenous y-BBD, leading to underestimation of the TMABA-DH activity. When liver
homogenate was incubated with only y-BB (without exogenous cofactors for y-BBD),
however, no carnitine was formed (results not shown), demonstrating that the amount of y-BB
formed is a good measure of TMABA-DH activity.
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To find optimal assay conditions, linearity with time and homogenate protein concentration
was examined. TMABA-DH activity was linear up to 20 min (figure 2A) and was
proportional to the homogenate protein concentration in the range of 0-1 mg/ml (figure 2B).
An incubation time of 10 min and a protein concentration of 0.5 mg/ml were chosen as
standard conditions for the TMABA-DH activity assay.
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K., values of TMABA-DH for TMABA and NAD" were determined using Lineweaver—Burk
double-reciprocal plots and were 11 and 28 uM, respectively. These K, values are similar to
those determined for rat and human TMABA-DH [27].

Tissue distribution of carnitine biosynthesis enzymes in mouse tissues

To determine which organs play a role in carnitine biosynthesis, mouse liver, heart, kidney,
skeletal muscle, brain, and testis were analyzed for TMLD, TMABA-DH, and y-BBD
activity. Testis was included because two previous articles have reported that this tissue
contains y-BBD activity in the rat [31,32]. The highest TMLD activity level was found in
kidney and liver (table 3), whereas muscle and brain TMLD activity was barely detectable.
TMABA-DH activity was present in all tissues, and the activity level was considerably higher
than the TMLD activity level. High TMABA-DH activity levels were present in liver, kidney,
and testis; intermediate activity levels were present in heart and brain; and the activity level in
muscle was relatively low. The final enzyme of the carnitine biosynthetic pathway, y-BBD,
was detected only in mouse liver.

Tissue distribution of carnitine biosynthesis enzymes in rat tissues

Because differences between rodents in the tissue distribution of the carnitine biosynthesis
enzymes have been reported previously [33], and because most research on carnitine
biosynthesis is performed on the rat, we also used our new assays to investigate the activity of
carnitine biosynthesis enzymes in tissues of this animal (table 3).

As in the mouse, the rat kidney contained the highest TMLD activity. In the rat, however, the
kidney TMLD activity level is much higher than the levels of the other rat tissues (10-fold for
liver and heart and 100-fold for muscle) and is much higher than the level of the mouse
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kidney (nearly 40-fold). Rat tissues also contain considerably higher TMABA-DH activities
than do the corresponding mouse tissues, especially heart and muscle. In contrast to TMLD
and TMABA-DH activities, y-BBD activity in rat liver was comparable to that in mouse liver.
In agreement with previous results [31,32], rat testis did indeed contain y-BBD activity;
however, mouse testis did not.

Table 3. Activities of carnitine biosynthesis enzymes in mouse and rat tissues

Mouse Rat
pmol x min " x mg protein ™
Liver 8.2+0.6 59+7
Heart 32+£03 42+ 18
TMLD Kidney 134+1.2 508 + 81
Muscle 05+04 5+4
Brain 0.2+0.1 10+5
Testis 1.1+0.1 24 +3
Liver 2138 +£103 6632 + 1239
Heart 179 + 12 1765 + 427
TMABA-DH Kidney 1445 £ 37 5753 + 831
Muscle 7.7+1.3 583+ 80
Brain 298 £26 498 + 88
Testis 1698 + 89 3014 £472
Liver 120+ 16 94 £ 25
Heart ND ND
v-BBD Kidney ND ND
Muscle ND ND
Brain ND ND
Testis ND 82+1.6

Values are mean + standard deviation of three animals, each analyzed in duplicate. ND, not detectable.

Tissue distribution of carnitine biosynthesis metabolites in mouse and rat tissues

Because the large differences in carnitine biosynthesis enzyme activities between the mouse
and the rat could be related to different tissue levels of carnitine biosynthesis metabolites, we
measured the levels of these metabolites in mouse and rat tissues (table 4). Surprisingly, no
major differences in tissue metabolite concentrations were found between the mouse and the
rat. TML and y-BB were in the same range in all tissues of both animals. HTML was barely
detectable in rat heart and muscle but was clearly present in rat brain. Carnitine was much
more abundant than the other biosynthesis metabolites. Although the carnitine levels differed
among the various tissues within one species, carnitine levels in the same mouse and rat
tissues corresponded well, with the exception of muscle. Compared with other tissues, mouse
muscle contains relatively little carnitine. This is quite different in the rat, where muscle
contains the second most carnitine (after heart).

Discussion

Two new tandem mass spectrometry-based assays were developed to determine the activity of
the enzymes of the carnitine biosynthesis. In these assays, total homogenates can be used as
an enzyme source, making the partial purification or subcellular fractionation of the
homogenate and thus the need to use fresh tissues unnecessary. In the first assay, both TMLD
and y-BBD, the first and final enzymes of the carnitine biosynthesis, were measured together
in a single reaction mixture. In the second assay, TMABA-DH activity was determined by
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directly measuring the product of the reaction (y-BB) instead of measuring the concomitant
conversion of NAD" to NADH. In contrast to spectrophotometric or fluorometric TMABA-
DH assays, this assay can be used for activity measurements in total homogenates because our
method of detection is much less susceptible to matrix-dependent interference of the
homogenate.

The new assays were used to characterize TMLD, TMABA-DH, and y-BBD in mouse liver
homogenate. Mouse liver TMLD and y-BBD have a lower Ky, for the cofactor Fe*" than the
K values found for the rat liver hydroxylases [15,34]. Also, the absence of Fe*" from the
reaction mixture did not cause a complete loss of activity. This residual activity could be the
result of endogenous Fe*", which is so tightly bound to the enzymes that it could not be
removed with a gel filtration column. This is in accordance with the low K, value of both
enzymes for Fe*".

Table 4. Levels of carnitine biosynthesis metabolites in mouse and rat tissues

Mouse Rat

nmol/g wet weight

Liver 1.4+0.2 1.5+£04
Heart 25+0.6 20+04
TML Kidney 2.1+0.2 2.5+0.1
Muscle 3.0+0.1 33+£1.2
Brain 2.3+0.2 0.9+0.1
Testis 1.8+£0.3 0.5+0.1
Liver ND ND
Heart ND 0.23 £ 0.07
HTML Kidney ND ND
Muscle ND 0.27+0.11
Brain ND 0.64+0.14
Testis ND ND
Liver 10.1+1.8 63+1.5
Heart 129+1.2 16.7+ 1.6
y-butyrobetaine Kidney 106 +1.9 147+23
Muscle 6.2+1.0 114+2.8
Brain 8.1+09 8.8+3.1
Testis 12.1+1.4 5.9+0.7
Liver 280+ 58 304 + 40
Heart 805 £ 128 1287 £ 134
free carnitine Kidney 428 + 95 647 £ 140
Muscle 143 £ 26 774 + 266
Brain 89 +21 57+6.7
Testis 154 + 34 159 £ 15

Values are mean + standard deviation of three animals, each analyzed in duplicate. ND, not detectable

When we analyzed several mouse and rat tissues for carnitine biosynthesis enzyme activities,
we found considerable differences in enzyme activities not only among the various tissues but
also between the two species. Despite these differences, tissue concentrations of carnitine
biosynthesis metabolites were similar in both species. The TMLD activity in mouse tissues
(especially kidney) is substantially lower than that in rat tissues. The K, of rat TMLD for
TML, however, has been reported to be approximately 10-fold higher (1.6 mM [13] and
1.1 mM [16]) than that of the mouse enzyme (164 uM, as found in the current study). It is
possible that the inverse relation between TMLD activity and affinity for TML results in
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similar tissue levels in the rat and the mouse. In contrast, both the K;, for y-BB and the
activity of mouse liver y-BBD are comparable to those of the rat liver enzyme (as found in the
current study and [20]), as are the y-BB levels.

HTML could not be detected in any of the studied mouse tissues, and it could be detected
only in some rat tissues in low concentrations. This suggests that the enzyme responsible for
the conversion of HTML into TMABA, HTML-aldolase, is very active in vivo and not rate
limiting for the biosynthesis of carnitine. The TMABA-DH activity level was high when
compared with the other enzymes in all mouse and rat tissues, with the exception of mouse
muscle; therefore, TMABA-DH probably is also not rate limiting for carnitine biosynthesis.
Because enzyme activities do not seem to correlate with the carnitine biosynthesis metabolite
levels, it is likely that in the mouse the flux through the carnitine biosynthesis is regulated by
the availability of TML rather than carnitine biosynthesis enzyme activity, as was proposed
for the rat by Rebouche and co-workers [35] and Davis and Hoppel [36].

In contrast to the carnitine biosynthesis intermediates, free carnitine levels differed
considerably among the various tissues within one species, whereas carnitine levels in the
same mouse and rat tissues corresponded well, with the exception of muscle. Compared with
other tissues, mouse muscle contains relatively little carnitine, whereas rat muscle contains
the second most carnitine (after heart). All experimental animals received the same chow;
therefore, this difference is not due to dietary composition and must reflect a metabolic
dissimilarity.
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Abstract

Carnitine palmitoyl transferase I (CPTI), which converts acyl-CoA and carnitine into acyl-
carnitine and free CoASH, is the rate limiting enzyme of hepatic mitochondrial 3-oxidation.
CPTI-deficiency is a severe disorder characterized by Reye-like attacks with hypoketotic
hypoglycemia, hepatomegaly, elevated liver enzymes and hyperammonemia. We developed a
simple tandem-MS-based assay to measure CPTI activity in human fibroblasts. Surprisingly,
a large part of the palmitoyl—carnitine formed in our assay by CPTI was degraded into C14- to
C2-acyl-carnitines. Degradation of the product of CPTI leads to underestimation of the CPTI
activity. When we used potassium cyanide to inhibit enzymes downstream of CPTI and
thereby degradation of the product, we measured four times more CPTI activity than the
previous methods. This inhibition is essential for correct calculation of CPTI activity. In
fibroblasts of CPTI-deficient patients, CPTI activity was not detectable and this assay can be
used for the diagnosis of CPTI-deficiency.

Introduction

Before activated long-chain fatty acids can be catabolized by the mitochondrial -oxidation
system, they must be first transported into the mitochondrial matrix. Since acyl-CoAs cannot
cross the inner mitochondrial membrane, acyl-CoAs are first converted into the corresponding
acyl-carnitine ester by Carnitine Palmitoyl Transferase | (EC 2.3.1.21, CPTI), an integral
mitochondrial outer membrane protein. Subsequently, the acyl-carnitines are transported
across the mitochondrial inner membrane by the carnitine/acyl-carnitine transporter (CACT).
Finally, the acyl-carnitines are reconverted into their CoA-esters by Carnitine Palmitoyl
Transferase 11 (CPTII) and the acyl-CoAs can enter the B-oxidation pathway [1, 2].

In liver, the activity of CPTI largely controls the flux through the mitochondrial B-oxidation
pathway [3]. Hepatic CPTI activity is regulated by the concentration of malonyl-CoA, the
first metabolite of fatty acid synthesis, which is produced from acetyl-CoA by the enzyme
acetyl-CoA carboxylase. When glucose is plentiful, malonyl-CoA is produced and used for
lipogenesis. The newly formed fatty acids are protected from oxidation through inhibition of
CPTI by the high level of malonyl-CoA. Inhibition of CPTI, and therefore B-oxidation, is
relieved when glucose levels fall and the hepatic malonyl-CoA concentration decreases [4].
Three genetically distinct isoforms of CPTI have been identified [5-9]. CPTI-a is the main
isoform in liver, kidney, lung, spleen, intestine, pancreas, ovary, lymphocytes, and fibroblasts.
CPTI-b is predominantly expressed in skeletal muscle, heart, adipose tissue, and testis. In
brain both CPTI-a and CPTI-c are found. Low levels of the latter isoform are also detected in
intestine, ovary and, testis [1, 9-12].

To date, only deficiencies of the CPTI-a isoform have been described. Patients typically
present in infancy with Reye-like attacks with hypoketotic hypoglycemia, hepatomegaly,
elevated liver enzymes and hyperammonemia [13]. CPTI-deficient patients usually have
elevated levels of free carnitine accompanied by the absence of medium- and long-chain acyl-
carnitines in plasma and blood [14, 15]. Definite diagnosis of CPTI deficiency requires
enzyme analysis followed by sequence analysis of the CPTI-a gene. Patient’s fibroblasts
usually show 0-20% of control CPTI activity [13].

To date, one mass spectrometric method [16] and several radiometric methods [1, 11, 17, 18]
have been described to measure CPTI activity. Unfortunately, these methods are rather
laborious; samples are repeatedly extracted with butanol to separate the product, palmitoyl-
carnitine, from the substrate, palmitoyl-CoA.

Here we report a novel, fast tandem-mass spectrometric (MS) assay without elaborate
extraction procedures. Furthermore, we show that in most of the previously described
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methods CPTI activity has been underestimated and that inhibition of the mitochondrial -
oxidation pathway is essential for reliable and accurate measurement of CPTI activity.

Materials and methods

Chemicals

[U-3C]-Palmitate was purchased from Advance Research Chemicals, COASH from Roche,
digitonin from Boehringer Mannheim. Carnitine, malonyl-CoA and D/L-octanoyl-carnitine
were purchased from Sigma. D-Decanoyl-carnitine was a kind gift from the late J.D. McGarry
(University of Texas Southwestern Medical Center, USA). The [?H3]-C3, [°H3]-C8 and [*Hs]-
C16-acyl-carnitines internal standards were obtained from Dr. Herman J. ten Brink (VU
Medical Hospital, The Netherlands). [U-*C]-palmitoyl-CoA was synthesized as described by
Rasmussen et al. [19]. All other reagents were of analytical grade.

CPTI activity measurement

Human skin fibroblasts were cultured as described before [20]. Cells were harvested by
trypsinization and were washed twice with phosphate buffered saline. The cell pellet was
resuspended in 0.5 ml phosphate buffered saline and the protein concentration was
determined using bicinchoninic acid [21], with bovine serum albumin as standard. The cell
suspension was diluted with phosphate buffered saline to a concentration of 0.5 mg/ml.

The reaction mixture (final volume 250 pl) consisted of 150 mM KCI, 25 mM Tris, 2 mM
EDTA, 20 mM potassium phosphate, 1 mg/ml bovine serum albumin, 4.5 mM reduced
glutathione, 5 mM KCN, 50 pg/ml digitonin, 0.5 mM carnitine and 25 uM [U-'*C]-palmitoy!-
CoA, pH 7.0. Reactions were started by adding 50 ul of fibroblast suspension (final protein
concentration of 0.1 mg/ml, unless indicated otherwise) to the reaction mixture, followed by
an incubation period of 10 min (unless indicated otherwise) at 37°C. To stop the reaction, 800
ul of acetonitrile was added and the reaction mixtures were placed on ice. Subsequently, the
reaction mixtures were centrifuged at 16,000 x g for 5 min at 4°C and the supernatant was
collected. 100 pmol [?H3]-C3-acyl-carnitine, 100 pmol [?Hs]-C8-acylcarnitine and 300 pmol
[?H3]-C16-acyl-carnitine internal standard was added to the supernatant, which was
subsequently evaporated under a stream of nitrogen. 100 ul of propylation reagent (a 4:1 (v/v)
mixture of 1-propanol and acetylchloride) was added to the residue, vortexed and incubated at
65°C for 15 min. The propylation reagent was evaporated under a stream of nitrogen and the
residue was taken up in 100 pul acetonitrile, which was stored at -20°C until analysis. On the
day of analysis 70 ul of the acetonitrile solution was mixed with 30 ul of distilled water and
the samples were analyzed using tandem-MS.

Tandem-MS analysis

Each sample was analyzed twice. In the first run, the complete acyl-carnitine spectrum was
analyzed, as described [22], to verify that only [U-"*C]-C16-carnitine was formed during the
incubation. In the second run, the scan range for parent ions of 85 m/z was narrowed to 440—
460 m/z, to accurately measure the [?Hs]-C16-acyl-carnitine internal standard (445m/z) and
the produced [U-*C]-C16-carnitine (458m/z).

The ratio of the peak-height of [U-*C]-C16-carnitine to the peak-height of [?Hs]-C16-acyl-
carnitine internal standard was determined using MassLynx NT software version 4.0 (Waters
(Micromass), Manchester, UK). This ratio was used to calculate the concentration of [U-*C]-
C16-carnitine in each sample.
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Validation

To determine the variation of the tandem-MS analysis, several control samples were pooled
and this sample was analyzed 10 times in the same analytical run. To determine the intra-
assay (within day) variation, CPTI activity was measured in one control fibroblast cell line
cultured in 10 different flasks of the same passage number. For practical reasons,
measurements were performed sequentially on the same day. To determine inter-assay
(between day) variation, the CPTI activity was measured in the same control fibroblast cell
line during 5 consecutive weeks (different passage numbers).

The detection limit was established by analyzing mixtures of a fixed concentration of [*Hs]-
palmitoyl-carnitine internal standard with unlabelled palmitoyl-carnitine in decreasing
concentrations, assuming an identical response for palmitoyl-carnitine and [U-**C]-palmitoyl-
carnitine. 25 pg of fibroblast protein was added to these mixtures (in a final volume of 250
ul). Subsequently, 800 ul acetonitrile was added and the samples were processed as described
above. To determine the recovery of the procedure, a known quantity of palmitoyl-carnitine
was added to five reaction mixtures immediately after incubation (before the addition of
acetonitrile) and to five reaction mixtures just before propylation.

In order to establish Ky, values for palmitoyl-CoA and carnitine, the concentration of one
compound was varied while the concentration of the other was kept constant.

Results

Development of the CPTI assay

The CPTI activity assays described to date are all rather laborious and usually involve the use
of radio labeled substrate [1, 11, 16-18]. Because the product of CPTI, i.e., palmitoyl-
carnitine, can be easily measured using tandem-MS [23], we investigated if we could develop
a non-radioactive tandem-MS-based CPTI activity assay without elaborate extraction
procedures.

In our assay we used intact fibroblasts, rather than sonicated cell homogenates as used by
others [11, 16], and permeabilized the plasma membrane by adding digitonin in the reaction
mixture. In initial experiments, no KCN was added to the reaction mixtures and unlabelled
palmitoyl-CoA was used as substrate. After incubation, significant quantities of C14-, C12-,
C10-, C8-, C6-, C4-, and C2-carnitine were observed, in addition to palmitoyl-carnitine
(results not shown). These acyl-carnitines either could be endogenous acyl-carnitines or could
be formed during the incubation. We synthesized [U-*C]-C16-CoA to obtain a non-
physiological substrate, which is converted into products (i.e. [U-**C]-labeled acyl-carnitines)
that can be discriminated from endogenous acylcarnitines. Surprisingly, considerable
quantities of [U-**C]-C14-, C12-, C10-, C8-, C6-, C4- and C2-carnitine were detected after 10
min incubation with 25 uM [U-"*C]-C16-CoA (figure 1). The fibroblasts also contained some
endogenous C2-carnitine, but very low amounts of other acyl-carnitines.

While [U-'*C]-C16-carnitine is the product of CPTI, the other [U-'*C]-labeled acyl-carnitines
are products of the combined actions of CPTI, CACT, CPTII and the enzymes of the B-
oxidation pathway. The observed processing of the C16-carnitine, formed by CPTI, would
lead to underestimation of the CPTI activity, because some of the product is converted into
other substances. Therefore, we investigated if we could inhibit enzyme activities downstream
of CPTL.

We used CACT-deficient fibroblasts (thereby ensuring that acyl-carnitines could not enter the
mitochondria) to investigate whether it is possible to inhibit the degradation of C16-carnitine
without inhibiting CPTI activity.
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*C16 Figure 1.  Acyl-carnitine
spectrum of CPTI activity
assay with [U-**C]-palmitoyl-
CoA as substrate. IS=internal
standard. Acyl-carnitines
denoted with * are [U-*C]-
*C2 IS labeled acyl-carnitines. The
IS peak corresponding to
endogenous acetyl-carnitine
IS is indicated with ‘C2e’. The
peak indicated with # is not
an acylcarnitine but derives
c2 . C12 wc1a from glutathione, which is
8 present in the reaction

*C4 jﬁ / *c10 mixture.
—M.A. Al mIZ
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D-octanoyl-carnitine and D-decanoyl-carnitine, both claimed to be specific CACT inhibitors
[24], and NEM, a non-specific inhibitor of mitochondrial carriers, all diminished CPTI
activity (Table 1) and therefore were not suitable. Rotenone, antimycine A and KCN,
inhibitors of the electron transport chain at the level of Complex I, 11l and IV, respectively,
did not decrease CPTI activity, but in incubations with antimycine A or rotenone some [U-
3C]-C16- acyl-carnitine was converted into [U-*C]-C14-acylcarnitine and [U-*C]-C2-acyl-
carnitine (approximately 1/5 of the amount of C16-carnitine, results not shown). Both
antimycine A and rotenone were dissolved in DMSO, which may lead to permeabilization of
the mitochondrial inner membrane and cause entry of the C16-acyl-carnitine into the
mitochondrial matrix in the CACT-deficient fibroblasts. Indeed, when CPTI activity was
measured in these fibroblasts in the presence of DMSO alone (final concentration 1%) [U-
3C]-C14-acyl-carnitine and [U-*3C]-C2-acylcarnitine were formed also (results not shown).
Taken together, KCN was the only substance that did not affect CPTI activity or membrane
integrity.

Table 1. CPTI activity in CACT-deficient fibroblasts with different inhibitors

% C16-carnitine measured

No inhibitors 100
NEM (10 mM) 72
Antimycine A (0.5 mM) 100
KCN (2.5 mM) 100
Rotenone (0.5 mg/ml) 100
D-decanoyl-carnitine (1 mM) 42
D/L-octanoyl-carnitine (1mM) 84

Values are mean of two incubations. CPTI activity, measured when no inhibitors were added, was set at 100%.

Next, we used control fibroblasts to test if KCN in fact could inhibit degradation of C16-
carnitine by incubating with increasing amounts of KCN. Considerable quantities of [U-**C]-
C14- to [U-*C]-C2-acyl-carnitine could be measured when less than 1.25 mM KCN was
added to the incubations (figure 2A). With 2.5 mM KCN or more, the amount of [U-**C]-
C14- to [U-13C]-C2-acyl-carnitine formed decreased below 1% of the amount formed in the
absence of KCN (figure 2A and B). For this reason, 5 mM KCN was added in subsequent
experiments.
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Characterization and validation of the CPTI assay
To find optimal assay conditions, linearity with time and protein concentration was
determined. CPTI activity in permeabilized fibroblasts was linear up to 20 min and
proportional to the amount of protein up to 200 ug/ml (figure 3). In subsequent experiments
fibroblasts were added to a final concentration of 100 pug/ml and incubated for 10 min.

Figure 2. (A) KCN titration. Values are
means + standard deviation of two
incubations. CPTI activity with 10 mM
KCN was set at 100%. (B) Acyl-
carnitine spectrum of CPTI activity assay
with [U-*C]-palmitoyl-CoA as substrate
and 5 mM KCN in the reaction mixture.
IS=internal standard. Acyl-carnitines
denoted with * are [U-**C]-labeled acyl-
carnitines. The peak corresponding to
endogenous acetyl-carnitine is indicated
with ‘C2e’. The peak indicated with # is
not an acyl-carnitine but derives from
glutathione, which is present in the
reaction mixture.

Figure 3. Protein and time dependence. Values are means +
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two incubations.

The intra-assay variation of the tandem-MS acyl-carnitine analysis was determined by
injecting the same sample 10 times and was 6.7%. The intra-assay variation of the CPTI assay
was determined by analyzing 10 samples on the same day, resulting in a variation of 11%.
The inter-assay variation was determined by measuring the CPTI activity in the same control
fibroblast cell line on 5 different days and was 15%. The detection limit (lowest signal with a
signal to noise ratio of 3) of the tandem mass spectrometer was established to be 5 pmol
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(which corresponds with 0.9% of control CPTI activity). The recovery of palmitoyl-carnitine
was 85%.

In literature, CPTI activity is defined as the carnitine palmitoyl-CoA transferase activity that
can be inhibited by malonyl-CoA. Therefore, samples are usually incubated with and without
malonyl-CoA to correct for other transferase activities, such as CPTII (although in the
digitonin-solubilized fibroblasts the inner mitochondrial membrane is intact [20] and CPTII
should not have access to the substrate) and the peroxisomal Carnitine Octanoyl Transferase
(EC 2.3.1.137).

100
Figure 4. Malonyl-CoA titration. Values are
mean * standard deviation of two incubations.
CPTI activity without malonyl-CoA was set at
100%.

CPTI activity (%)
(2]
o

N —#

e

15
malonyl-CoA (mM)

When we measured CPTI activity in five control fibroblasts cell lines, 5% of the transferase
activity could not be inhibited, even with 2 mM malonyl-CoA (figure 4). A CPTI activity of
2.18 + 0.33 nmol x min™ x mg™ was measured in these control fibroblasts cell lines, which is
considerably higher than the activity measured in two previously described CPTI activity
assays in control fibroblasts (0.6 and 0.3 nmol x min® x mg™ [16, 18]). Ky values for
palmitoyl-CoA and carnitine were calculated using Lineweaver—Burk double-reciprocal plots
and were 15 and 85 uM, respectively.

To test whether our new assay can be used to diagnose CPTI-deficient patients, we analyzed
CPTI activity in fibroblast cell lines of five patients with CPTI-a deficiency [14, 18, 25]. No
CPTI activity could be detected in these fibroblasts. Like in control fibroblasts, we did
measure some residual transferase activity (approximately 5% of total transferase activity as
measured in control fibroblasts), which also could not be inhibited by 2 mM malonyl- CoA
(results not shown).

Discussion

Here we describe the development of a fast and easy tandem-MS based CPTI activity assay.
When we compared our new method with a radiometric and the other mass spectrometric
CPTI activity assay [16, 18] we found a 4-fold higher CPTI activity with our new method.
The lower activity measured in the other methods is possibly due to enzymatic degradation of
the palmitoyl-carnitine produced during incubation. When this degradation is not inhibited,
the CPTI activity is underestimated considerably. Firstly, when B-oxidation is not inhibited,
only half of the observed acyl-carnitines are palmitoyl-carnitine, the other acyl-carnitines are
C14- to C2-carnitine, which originate from the palmitoyl-carnitine formed by CPTI. C2- and
other short-chain acyl-carnitines are lost during butanol extraction, which is used in the CPTI
assays described in literature for the extraction of palmitoyl-carnitine, and therefore do not
contribute to the calculated CPTI activity. Secondly, even when the short-chain acyl-
carnitines would be included in the calculation of the CPTI activity, underestimation can
occur because not all acetyl-units generated by the B-oxidation of palmitoyl-carnitine are
necessarily converted into acetyl-carnitine, but might enter the Krebs cycle. Degradation of
the produced palmitoyl-carnitine, and thereby underestimation of CPTI activity, can be
inhibited with KCN, a potent inhibitor of Complex IV of the respiratory chain. This inhibition
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is essential for correct calculation of CPTI activity. We did not anticipate this to be so
important, since the permeabilized fibroblasts constitute only a minor part in terms of volume
of the 250 ul incubation volume. In fact, we had expected that the palmitoyl-carnitine
produced by CPTI would diffuse into the incubation mixture instead of immediately entering
the mitochondrial matrix and be converted into other substances. This suggests that in the
permeabilized fibroblasts CPTI is in close contact with CACT, CPTII and the enzymes of the
mitochondrial B-oxidation, as was shown for rat liver mitochondria by Fraser and Zammit
[26].

When B-oxidation is not inhibited, the acyl-carnitine spectrum shows not only the product of
CPTI but also the products of different B-oxidation enzymes. Therefore, this assay might also
be used to identify mitochondrial B-oxidation defects; when the activity of one of the -
oxidation enzymes is absent or decreased specific acyl-carnitines are likely to accumulate.

In summary, we have developed a rapid and reliable assay for the measurement of CPTI
activity, which will help in the identification of CPTI-deficient patients. An adaptation of this
assay could also be used to identify other mitochondrial B-oxidation defects. This is currently
under investigation.
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Abstract

In the present paper, we describe a novel method which enables the analysis of tissue acyl-
carnitines and carnitine biosynthesis intermediates in the same sample. This method was used
to investigate the carnitine and fatty acid metabolism in wild-type and long-chain acyl-CoA
dehydrogenase-deficient (LCAD-/-) mice. In agreement with previous results in plasma and
bile, we found accumulation of the characteristic C14:1-acyl-carnitine in all investigated
tissues from LCAD-/- mice. Surprisingly, quantitatively relevant levels of 3-hydroxy-acyl-
carnitines were found to be present in heart, muscle and brain in wild-type mice, suggesting
that, in these tissues, long-chain 3-hydroxy-acyl-CoA dehydrogenase is rate-limiting for
mitochondrial B-oxidation. The 3-hydroxy-acyl-carnitines were absent in LCAD-/- tissues,
indicating that, in this situation, the B-oxidation flux is limited by the LCAD deficiency. A
profound deficiency of acetyl-carnitine was observed in LCAD-/- hearts, which most likely
corresponds with low cardiac levels of acetyl-CoA. Since there was no carnitine deficiency
and only a marginal elevation of potentially cardiotoxic acyl-carnitines, we conclude from
these data that the cardiomyopathy in the LCAD-/- mouse is caused primarily by a severe
energy deficiency in the heart, stressing the important role of LCAD in cardiac fatty acid
metabolism in the mouse.

Introduction

Carnitine (3-hydroxy-4-N,N,N-trimethylaminobutyrate) is a vital compound that plays an
indispensable role in fatty acid metabolism. Before activated fatty acids, i.e. acyl-CoAs, can
be broken down, they must first be transported into the mitochondrial matrix, where [3-
oxidation takes place. Because cytosolic acyl-CoAs cannot cross the inner mitochondrial
membrane, acyl-units are transferred from CoASH (reduced CoA) to carnitine and transported
as acyl-carnitine esters into the matrix by a dedicated carrier protein [1, 2]. In the matrix, the
acyl-groups of the acyl-carnitines are transferred back from carnitine to CoASH, and the
resulting acyl-CoAs can then undergo [-oxidation. Free carnitine can be transported back to
the cytosol for another round of import, but can also be used to transport acyl-units out of the
mitochondria [1, 3, 4]. This reversible acylation of carnitine allows replenishment of the free
CoA pool when acyl-CoAs accumulate, for example in the case of mitochondrial B-oxidation
disorders. Additionally, production of acyl-carnitines can be used to export toxic acyl-groups
as acyl-carnitines, first out of mitochondria and cell, followed by excretion from the body via
urine or bile [5, 6].

Omnivorous humans obtain carnitine both via the diet (meat and dairy products) and through
endogenous synthesis. The first step in the carnitine biosynthesis in the hydroxylation of 6-N-
trimethyl-lysine (TML) to 3-hydroxy-6-N-trimethyllysine (HTML), which is subsequently
cleaved to yield 4-trimethylaminobutyraldehyde (TMABA). TMABA is converted into 4-
trimethylaminobutyric acid (y-butyrobetaine), which then is hydroxylated to carnitine [4]. The
role of the carnitine biosynthetic pathway in overall carnitine homeostasis, especially in case
of disturbed fatty acid metabolism, such as in mitochondrial -oxidation disorders, remains
poorly understood.

In recent years, several mouse models for mitochondrial B-oxidation defects have been
generated [7] including the long-chain acyl-CoA dehydrogenase-deficient (LCAD-/-) mouse.
LCAD is one of five enzymes that catalyse the a,-dehydrogenation of acyl-CoAs, the initial
step of mitochondrial B-oxidation. LCAD has been shown to be involved in the degradation of
branched-chain fatty acids originating from peroxisomal catabolism of phytanic acid, but
LCAD is also able to handle straight-chain and certain monounsaturated acyl-CoAs [8—10].
The phenotype of the LCAD-/- mouse is most similar to human very-long-chain acyl-CoA
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dehydrogenase (VLCAD) deficiency, and is characterized by unprovoked sudden death,
fasting and cold intolerance, hypoketotic hypoglycaemia, and marked fatty changes in liver
and heart [7, 11]. No human deficiency of LCAD has been described so far. LCAD-/- mice
have been shown to accumulate C12- and Cl4-acyl-carnitines in bile and serum [7, 12].
Although plasma and bile acyl-carnitine levels were determined in LCAD-/- mice, it is not
known how LCAD deficiency affects carnitine metabolism in tissues, since no method is
available to determine the tissue levels of carnitine metabolites, i.e. acyl-carnitines and
carnitine biosynthesis intermediates.

To investigate carnitine metabolism and its regulation in normal and pathological conditions,
quantification of the metabolites involved in carnitine metabolism in body fluids and tissues is
of great importance. Several methods have been described for the measurement of acyl-
carnitines in plasma, urine, bile and tissues [13—18]. Tissue acyl-carnitine analysis, however,
has been restricted to the measurement of large subsets, e.g. free carnitine and short-,
medium- and long-chain acyl-carnitines [13, 14]. Until now, no method has been described to
determine the whole tissue acyl-carnitine spectrum. We devised a novel sample work-up
procedure, and slightly modified the established tandem-MS detection method, which now
enables the determination of discrete acyl-carnitines in tissues by tandem-MS. We also
adapted this procedure to measure the levels of the carnitine biosynthesis intermediates in the
same tissue sample, using a modification of our recently developed method for the analysis of
carnitine biosynthesis intermediates in urine [19].

This new method was used to determine the effects of LCAD deficiency on carnitine
metabolites in tissues and plasma. Our results show considerable differences in tissue
carnitine content and acylation between the wild-type and LCAD-/- mice. In addition to the
expected Cl4:1-acyl-carnitine accumulation, the acyl-carnitine pattern in wild-type and
LCAD-/- mice in the different tissues unveils some of the specific metabolic conditions that
exist in different tissues.

Materials and methods

Chemicals

The [*H;]-carnitine and [*H3]-C3-, C8- and Clé6-acyl-carnitine internal standards were
obtained from Dr Herman J. ten Brink (VU Medical Hospital, Amsterdam, The Netherlands).
The [*Ho]-TML and y-[*H;]-butyrobetaine internal standards were synthesized as described
previously [19]. [*Ho]-HTML was prepared enzymatically by incubating [*Ho]-TML with
Neurospora crassa TML dioxygenase, which was heterologously expressed in
Saccharomyces cerevisiae as described by Swiegers et al. [20]. The resulting mixture of
[*Ho]-HTML and [*Ho]-TML was applied to Microcon YM30 filters, and the deproteinized
filtrate was used as an internal standard for TML and HTML. All other reagents were of
analytical grade.

Animals

B6,129-Acadl-/- (LCAD-/-) and B6,129 Acadl+/+ (wild-type) mice were produced in a
breeding colony at the University of Alabama at Birmingham. All experiments were approved
by the local ethical committee. They were genotyped as described previously [12]. All
experimental mice were male and 7-9 weeks of age at the time of sample collection. All mice
were fed with a standard rodent diet (LM-485; Harlan Teklad). Mice were fasted for 7 h
during the dark cycle and humanely killed for tissue collection. Tissues were immediately
flash-frozen in liquid nitrogen.
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Sample preparation for acyl-carnitine and carnitine biosynthesis intermediate determination
in tissues

Approx. 20 mg of cardiac left ventricle and 60 mg of the other tissues (liver, kidney, brain,
muscle and testis) were placed in 1.5 ml Eppendorf vials, and the exact mass of the sample
was determined using a microbalance. The internal standards for both the acyl-carnitines and
the carnitine biosynthesis intermediates were added (see table 1). [*Hs]-carnitine was used as
internal standard for free carnitine, [*Hs]-C3-acyl-carnitine for C2- to C5-acyl-carnitines,
[2H3]-C8-acyl-carnitine for C6- to C10-acyl-carnitines and [2H3]-C16-acy1-carnitine for C12-
to C22-OH-acyl-carnitine. Because of the lack of a commercially available labelled very-
long-chain acyl-carnitine internal standard, the [*H3]-C16-acyl-carnitine internal standard was
used to approximate the levels of the C20- to C22-OH-acyl-carnitines. [*Ho]-TML, [*Ho]-
HTML and y—[2H3]—butyr0betaine were used as internal standards for TML, HTML and y-
butyrobetaine, respectively. The samples were freeze-dried overnight. The freeze-dried tissues
were kept on ice and grounded to powder using an Eppendorf micropestle. A 1 ml volume of
an 8:2 (v/v) acetonitrile/water solution (80% acetonitrile) was added to the tissue powder, and
this suspension was sonicated twice for 20 s at 2.5 W with a probe-tip vibra-cell sonicater
(Sonics & Materials, Danburry, CT, U.S.A.). Subsequently, the samples were centrifuged at
16000 x g for 5 min at 4°C, and the supernatant was collected. Half of this 80% acetonitrile
supernatant was used for the acyl-carnitine analysis, and the other half was used for the
analysis of carnitine biosynthesis intermediates (see below).

Table 1. Internal standards added to the different tissues

Liver/Heart/Testis Kidney/ Muscle Brain Plasma
[*H;]-Carnitine 16.25 6.25 6.25 1.175
[*H;]-Cs 0.25 0.125 0.125 0.25
[*H;]-Cs 0.1 0.05 0.05 0.1
[’H3]-Ci6 0.05 0.25 0.1 0.1
[’Ho]-TML 0.375 0.11 0.11 0.18
[*Hy]-HTML 0.18 0.18 0.18 0.075
[*H;]-y-BB 0.075 0.075 0.075 0.11

Values are in nmol.

Acyl-carnitine analysis in tissues, plasma and urine

Half of the 80% acetonitrile supernatant was evaporated under a stream of nitrogen at 40 °C.
A 100 pl volume of propylation reagent, a 4:1 (v/v) mixture of 2-propanol and acetylchloride,
was added to the residue, vortex-mixed and incubated at 65°C for 15 min. The propylation
reagent was evaporated under a stream of nitrogen at 40°C, and the residue was taken up in
300 pl of acetonitrile, which was stored at -20°C until analysis. Plasma and urine samples
were prepared as described previously [15], except that propylation reagent was used instead
of butylation reagent, and samples were stored in acetonitrile at -20°C until analysis. On the
day of analysis, 70 pul of the acetonitrile solution was mixed with 30 ul of distilled water. A
Quattro II triple-quadrupole mass spectrometer (Micromass, Manchester, U.K.), using a
Gilson 231XL autosampler and a Hewlett-Packard HP-1100 HPLC pump was used for
detection of the acyl-carnitines. Collision energies, cone voltages and other mass
spectrometric details are described by Rashed et al. [21]. To detect all the propylated acyl-
carnitines, the scan range for parent ions of m/z 85 was enlarged to m/z 180-600. For the
quantification of the acyl-carnitine levels, the area under each acyl-carnitine peak (Aac) and
that under the added internal standard (Ajs), used for that particular acyl-carnitine, was
quantified using MassLynx 3.3 (Micromass). If appropriate, the peak areas were corrected for
the contribution of naturally occurring isotopes. Assuming identical response to the
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appropriate internal standard, semi-quantitative analysis of acyl-carnitines and hydroxyacyl-
carnitines was carried out by determining the ratio (Aac/Ais) and multiplying this by the
amount of added internal standard. To compare individual samples, the result was normalized
for creatinine concentration in the case of urine, and for wet tissue mass in the case of tissues.

Carnitine biosynthesis intermediate analysis in tissues, plasma and urine

To extract the carnitine biosynthesis intermediates efficiently, the remaining tissue powder
pellet (after the 80% acetonitrile extraction) was extracted for a second time with 500 ul of an
2:8 (v/v) acetonitrile/water solution (20% acetonitrile) as described in the previous section.
Half of the 20% acetonitrile supernatant was pooled with the remaining half of the 80%
acetonitrile supernatant, and this solution was evaporated under a stream of nitrogen at 40°C.
The residue was resuspended in 100 ul of distilled water, and carnitine biosynthesis
intermediates were analysed with ion-pair HPLC tandem MS and quantified as described
previously [19].

To determine the concentration of the carnitine biosynthesis intermediates in plasma, internal
standards (see table 1) were added to 100 pl of plasma, and this mixture was partly
deproteinized by loading it onto a Microcon 30 kDa filter, which was centrifuged at 14000 x
g for 20 min at 4°C. An 80 ul volume of filtrate was derivatized and analysed with tandem
MS as described previously [19]. This method, without the filtration step, was also used for
the analysis of the carnitine biosynthesis intermediates in urine.

Validation

For the determination of the recovery of the internal standards, six pieces of each tissue were
prepared, and both acyl-carnitine and carnitine biosynthesis intermediate internal standards
were added to three of these, after which the extraction procedure was performed as described
above for all six samples. Before the first evaporation step, internal standards for acyl-
carnitines and carnitine biosynthesis intermediates were added to the three samples where
addition of internal standard had been omitted. The recovery of the internal standards was
used as a measure for the recovery of the endogenous compounds.

The variation within one mouse was determined by analysing the acyl-carnitine and carnitine
biosynthesis intermediate levels in six different pieces of each tissue of a single mouse. The
variation between mice was determined by analysing each tissue (in duplicate) in six different
mice.

Enzyme assays

Carnitine Palmitoyl Transferase II (CPTII) activity was measured as described by Slama et al.
[22]. Carnitine Acetyl Transferase (CAT) activity was measured as described by Barth et al.
[23]. TML dioxygenase was measured as described by Vaz et al. [24] and the y-butyrobetaine
dioxygenase assay was reported previously by Vaz et al. [25].

Comparison of wild-type and LCAD-/- mice

Carnitine metabolites (acyl-carnitines and carnitine biosynthesis intermediates) were analysed
in duplicate in tissues of six LCAD-/- mice, and results were compared with the wild-type
data obtained in the validation experiments. In a separate experiment, three wild-type and
three LCAD-/- mice were fasted as described above, and urine and plasma were collected for
carnitine metabolite analysis.

Immunoblot analysis

A Multiphor II Nova Blot electrophoretic transfer unit (Amersham Biosciences) was used to
transfer proteins on to a nitrocellulose sheet (Schleicher & Shuell, Dassel, Germany) as

43



described by the manufacturer of the transfer unit. After blocking of non-specific binding sites
with 50 g/l Protifar and 10 g/l BSA in PBS with Tween 20 (1 g/) for 1 h, the blot was
incubated for 2 h with a 1:5000 dilution of rabbit polyclonal antibody against VLCAD in the
same buffer without Protifar. The anti-VLCAD antibody [26] was a gift from Dr T.
Hashimoto (Shinshu University, Mastumoto, Japan). Goat anti-rabbit IgG antibodies
conjugated to alkaline phosphatase were used for detection, according to the manufacturer's
instructions (Bio-Rad, Hercules, CA, U.S.A.).

Statistical analysis
The Mann—Whitney test was used to evaluate whether significant differences exist between
the LCAD-/- and wild-type carnitine metabolite levels.

Results and Discussion

Method development

To develop a new method for the extraction and efficient measurement of acyl-carnitines from
tissues, several issues had to be addressed. In initial experiments, aqueous homogenates were
prepared followed by simultaneous deproteinization and extraction with acetonitrile. Besides
the fact that preparing aqueous homogenates of tissues such as muscle and heart is difficult
and not practical for large-scale sample work-up, the extraction efficiency of long-chain acyl-
carnitines was poor. Freeze-drying of the sample turned out to solve both problems. This
procedure results in a brittle sample, which can be ground easily to powder and used for
immediate solid—fluid extraction with a high percentage acetonitrile solution. This method
resulted in an efficient extraction of all acyl-carnitines.

Another problem was the interference of glutamic acid with the quantification of acetyl-
carnitine, a quantitatively important acyl-carnitine. When samples are butylated, as in the
commonly used plasma method [15], both acetyl-carnitine and glutamic acid produce a parent
ion of m/z 260, with a daughter fragment of 85 Da upon collision. Using the parent-scan for
m/z 85, the abundance of m/z 260 can result from both compounds. Since tissues (especially
brain) contain considerable amounts of glutamic acid, reliable quantitative analysis of acetyl-
carnitine is impossible using butylation. When samples are propylated instead, acetyl-
carnitine and glutamic acid produce parent ions which differ by 14 Da in mass: glutamic acid
is a dicarboxylic acid and is propylated at two carboxylic groups, which results in a molecule
with an [M+H]" ion of 232 Da. Acetyl-carnitine, however, only contains one carboxylic
group, and its propylation yields an [M+H]" ion of 246 Da. Both compounds can now be
detected separately in the parent-scan of m/z of 85.

Beside acyl-carnitines, we also wanted to analyse the carnitine biosynthesis intermediates in
different tissues. Preliminary experiments showed that extraction of carnitine biosynthesis
intermediates was most efficient with low concentrations of acetonitrile, whereas extraction
with high concentrations of acetonitrile was best for acyl-carnitines. Initial extraction of the
tissue powder with high concentrations of acetonitrile, however, did not affect the subsequent
low-acetonitrile extraction of the carnitine biosynthesis intermediates. This enabled analysis
of both acyl-carnitines and carnitine biosynthesis intermediates in the same tissue sample.

Validation

As an estimation of the recovery of the endogenous acyl-carnitines and carnitine biosynthesis
intermediates, we investigated the recovery of the internal standards. By adding the internal
standards, either at the beginning or at the end of the work-up procedure, and analysing the
difference between the internal standard levels in these samples, the recovery of the internal
standards was determined for each tissue. The amount of internal standard, added at the end
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of the procedure, was set at 100%. For [*Ho]-TML, [*Ho]-HTML and y-[2H3]-butyrobetaine
internal standards, the recovery was more than 75% in all tissues. The recovery of [*H3]-
carnitine and [*H3]-C3-, [*H3]-C8- and [*H3]-C16-acyl-carnitines was more than 70% in all
tissues except testis, where 40—70% of all acyl-carnitine internal standards were recovered.
The inter-assay variation for the different tissue acyl-carnitines and carnitine biosynthesis
intermediates was determined to be 30% or less for most compounds. The intra-assay
variation was within acceptable limits (<30%). No intra-assay variation could be determined
for plasma due to the small quantity of plasma available; however, previous studies have
shown that the variation of acyl-carnitine analysis in plasma is small [15].

After validation, this new method was used to investigate the differences in carnitine
metabolism between wild-type and LCAD-/- mice. First, the results of the acyl-carnitine and
carnitine biosynthesis intermediates analysis from the wild-type mice will be discussed, after
which these will be compared with the results obtained for the LCAD-/- mice.

Tissue distribution of carnitine metabolites in wild-type mice

In the wild-type mouse, considerable differences exist between tissues with respect to the
carnitine content and acylation pattern, as can be seen in figures 1 and 2 (grey bars).
Normalized per gram of wet mass, most carnitine (both free and acylated) is found in heart,
followed by kidney, muscle, testis, liver and brain. In heart, approx. 25% of total carnitine is
present as acyl-carnitines, primarily as acetyl-carnitine. In muscle, more than 50% of total
carnitine is present as acyl-carnitines, of which half is acetyl-carnitine. A striking difference
in both the percentage of acylation and the spectrum of long-chain acyl-carnitines exists
between heart and muscle. The latter tissue contains primarily C16- and C18:1-acyl-
carnitines, which are present in high amounts (28.7 = 7.8 and 19.2 = 9.7 nmol/g respectively).
Heart, however, contains less acyl-carnitine (individual acyl-carnitines are in the range 1-3
nmol/g), but these encompass the whole spectrum of medium-/long-chain acyl-carnitines,
varying from Cl12- to even C20- and C22-acyl-carnitines (figure 2, grey bars). The
accumulation of long-chain acyl-carnitines in muscle could perhaps reflect the discontinuous
activity of muscle as opposed to the continuous work of the heart and the corresponding
energy demand. The muscle acyl-carnitines could represent stored energy units which can be
readily used upon muscle activity.
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Figure 2: Tissue and plasma acyl-carnitine levels in wild-type and LCAD-/- mice. Grey bars and white bars
represent wild-type and LCAD-/- mice, respectively. Values are average + standard deviation of six mice, where
each tissue was analyzed in duplicate. Only one plasma analysis per mouse was performed due to the small
amount of sample available. * indicates p<0.05 and # indicates p<0.01.

An interesting finding was the presence of relatively high amounts of long-chain hydroxyl-
acyl-carnitines in heart (figure 3, grey bars), which, in most cases, were even more abundant
than the corresponding acyl-carnitines. Hydroxy-acyl-carnitines were also found in muscle
and brain (figure 3, grey bars). Surprisingly, in brain, C12-OH-, C14:1-OH- and C18-OH-to
C22-OH-acyl-carnitines were present, whereas their corresponding acyl-carnitines were not
detectable. The observed hydroxyl-acyl-carnitines most likely represent 3-hydroxy J-
oxidation intermediates, but mass spectrometric detection does not allow identification of the
position of the hydroxyl-group.
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A B Figure 3: Hydroxy-acyl-
carnitine levels in heart,
muscle and brain in wild-
type and LCAD-/- mice.
A; Grey bars and white
bars represent wild-type
and LCAD-/- mice,
respectively. Values are
average +  standard
deviation of six mice,
where each tissue was
analyzed in duplicate.
All  the differences
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1004 141 LCAD -/- LCAD-/- mice were
determined to be
significant (p<0.01). B;
Parent scan of m/z 85,
showing the
acylcarnitine spectrum of
wild-type and LCAD-/-
mice in heart. Note the
presence of high levels
of hydroxyl-
acylcarnitines in the
wild-type heart and their
dramatic reduction in
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As in previous studies, plasma acyl-carnitines represent approx. 40% of total plasma carnitine
and consist mostly of acetyl-carnitine and C16-acyl-carnitine. Liver has the smallest fraction
of acyl-carnitines, followed by kidney and brain.

The levels of the carnitine biosynthesis intermediates are shown in figure 4 (grey bars). The
TML content is similar in all tissues except for kidney, where this compound is more
abundant. In mice, TML is readily reabsorbed from the urine [27], which could explain the
higher levels of this compound in kidney. No HTML was found in any of the tissues studied,
which is probably caused by rapid conversion of HTML into TMABA and y-butyrobetaine. y-
butyrobetaine levels do not differ much between the studied tissues, but are the lowest in
liver. This might be explained by the presence of y-butyrobetaine dioxygenase in this organ,
which rapidly converts y-butyrobetaine into carnitine.

Comparison of wild-type and LCAD-/- mice

Although free carnitine levels are somewhat decreased in muscle and brain (see figure 1), the
LCAD-/- mice do not display carnitine deficiency, which has been reported in several human
[-oxidation disorders, supposedly as a result of the excretion of non-metabolizable acyl units
as acyl-carnitines [28]. Liver, testis and, especially, kidney even show an increase in free
carnitine content. Possibly hepatic carnitine biosynthesis is increased and the renal
reabsorption of carnitine is enhanced in LCAD-/- mice, which would counteract the loss of
carnitine due to elimination of accumulating acyl-carnitines. This is supported by the
observation that the kidney has a significantly higher carnitine content, suggesting that
carnitine is efficiently reabsorbed. Also, tissue TML levels are generally lower in the LCAD-
/- tissues (figure 4), indicating that this compound is used for carnitine synthesis. The TML
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levels in kidney are dramatically reduced. This could be a result of increased TML
dioxygenase activity, which is present in this tissue. We excluded this possibility by
measuring TML dioxygenase activity in wild-type and LCAD-/- kidney, which did not differ
between wild-type and LCAD-/- mice (12.0 + 2.0 (n=6) and 11.6 + 0.7 (n=6) pmol x min™' x
mg, respectively). Alternatively, TML excretion could be enhanced, resulting in lower tissue
and kidney TML levels. Unfortunately, urine was not available to measure carnitine and TML
excretion. Therefore we repeated the experiment, collected urine and plasma, and analysed
carnitine metabolites in these samples. As in the previous experiment, the same metabolic
abnormalities were found in the plasma of LCAD-/- mice. Analysis of carnitine biosynthesis
intermediates in urine of wild-type and LCAD-/- mice showed no enhanced excretion of TML
in the LCAD-/- group (results not shown), indicating that urinary loss is not the reason for the
low tissue and kidney TML levels. Based on this experiment, however, we cannot exclude the
possibility that a low, but persistent, urinary loss of TML cumulatively results in TML
deficiency.
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—

Figure 4: Carnitine biosynthesis intermediates in plasma and
T tissues of wild-type and LCAD-/- mice. Grey bars and white
bars represent wild-type and LCAD-/- mice, respectively.
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analysis per mouse was performed due to the small amount of
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Except in plasma, no major differences can be seen in tissue y-butyrobetaine levels between
wild-type and LCAD-/- mice (figure 4). The reduction of plasma y-butyrobetaine might result
from increased hepatic y-butyrobetaine uptake and subsequent conversion into carnitine.

Figure 1 shows that there is a profound deficiency of acetyl-carnitine in LCAD-/- heart. To a
lesser extent, this is also observed in testis, but not in the other investigated tissues, where
acetyl-carnitine levels are comparable with wild-type values. Normally, the heart's energy
need is met primarily by fatty acid B-oxidation. LCAD is highly expressed in heart [29], and
the fact that LCAD-/- mice suffer from cardiomyopathy [11, 12] indicates that LCAD plays
an important role in cardiac fatty acid metabolism. There are several possible explanations for
the shortage of acetyl-carnitine in the LCAD-/- heart: (1) carnitine deficiency, (2) shortage of
acetyl-CoA or (3) decreased activity of CAT, which transfers acetyl groups from CoA to
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carnitine. Since there is no carnitine deficiency in LCAD-/- hearts (figure 1), we measured
CAT activity in homogenates of three wild-type and three LCAD-/- hearts to discriminate
between the two latter possibilities. CAT activity did not differ between wild-type (242 + 45
nmol x min" x mg"') and LCAD-/- heart (259 + 11 nmol x min"' x mg™), eliminating the
possibility that lower CAT activity caused the observed acetyl-carnitine deficiency. This
strongly suggests that there is a profound deficiency of acetyl-CoA in LCAD-/- hearts,
implying a severe energy shortage which could result in the observed cardiomyopathy in
LCAD-/- mice [12]. Previously, it was speculated that the accumulation of heart acyl-
carnitines may be an important factor in the development of cardiomyopathy or cardiac
arrhythmia in the LCAD-/- mice; however, the total acyl-carnitine levels in heart are only
marginally elevated. This raises the important point that the deficiency of acetyl-CoA in the
LCAD-/- heart is primarily responsible for the occurrence of the cardiomyopathy.

The deficiency of acetyl-CoA could be caused by low levels of mitochondrial free CoA,
which in turn could result from the accumulation of non-metabolizable acyl-CoAs. A lack of
free CoA would inhibit pyruvate dehydrogenase and thereby the formation of acetyl-CoA.
Alternatively, if the mitochondrial free CoA levels are sufficient to sustain oxidation of
pyruvate, the acetyl-CoA formed by pyruvate dehydrogenase would immediately enter the
citric acid cycle (because of the energy shortage in the LCAD-/- heart caused by impaired (3-
oxidation), resulting in low levels of acetyl-CoA.

The most prominent difference between the wild-type and the LCAD-/- tissue and plasma
acyl-carnitines (figure 2) is the increase of the characteristic C14:1-acyl-carnitine in the
LCAD-/- samples. In plasma, C12- and C14- to C18:1-acyl-carnitines are also elevated, but to
a lesser extent than C14:1-acyl-carnitine, which is in agreement with previous observations
[11, 12]. Although the levels of C14:1-acyl-carnitine in tissues are considerably higher than in
wild-type mice, this accumulation is not as dramatic as observed in plasma, suggesting that
excess C14:1-acyl-carnitines are transported out of the tissues into the circulation.

In LCAD-/- muscle, a highly significant accumulation (approx. 5-fold higher than wild-type
levels; P<0.01) of C9-, C9:1- and Cll-acyl-carnitines was observed (results not shown).
Although we cannot distinguish between straight-chain and branched-chain acyl-carnitines
using our tandem-MS method, it is likely that these acyl-carnitines represent 2,6-
dimethylheptanoyl-carnitine, 2,6-dimethylheptenoyl-carnitine and 4,8-dimethylnonanoyl-
carnitine respectively, which could originate from peroxisomal catabolism of phytanic acid,
since LCAD has been shown previously to be involved in the complete degradation of these
compounds [8, 11]. Further studies with a diet enriched in branched-chain fatty acids could
confirm that these acyl-carnitines indeed accumulate due to LCAD deficiency. These studies
are currently under way.

In addition to the elevated tissue levels of C14:1-acyl-carnitine, C14- to C18-acyl-carnitines
were also elevated to variable extents in all LCAD-/- tissues, except for heart and muscle,
which show similar or even decreased levels respectively (figure 2). Heart does show a
decrease of the very-long-chain acyl-carnitine levels, e.g. C20- to C22, in the LCAD-/-
mouse. There are several mechanisms which could account for the decreased levels of (very-)
long-chain acyl-carnitines in muscle and heart, including: (1) carnitine deficiency, (2) reduced
activity of CPT2, which transfers acyl groups from CoA to carnitine, (3) increased VLCAD
activity, (4) increased triacylglycerol synthesis or (5) excretion of acyl-carnitines from tissues
into the circulation.

Since both LCAD-/- muscle and heart are not carnitine deficient (figure 1), CPT2 activity was
measured in muscle and heart homogenates of three wild-type and three LCAD-/- mice. CPT2
activity in wild-type muscle (18.0 + 3.3 nmol x min™' x mg™") was similar to that in LCAD-/-
muscle (18.5 + 6.5 nmol x min"' x mg™). CPT2 activity even was slightly elevated (P<0.05)
in LCAD-/- heart (218 + 20 nmol x min" x mg™') when compared with wild-type heart (157 +
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8 nmol x min"' x mg™), excluding this as a cause of the decreased levels of (very-) long-chain
acyl-carnitines in LCAD-/- heart and muscle.

The observed changes in the acyl-carnitine pattern in muscle and heart could also result from
increased VLCAD activity, which has a broad substrate specificity ranging from C14- to C24-
CoA [26]. Therefore the amount of VLCAD protein in heart, muscle, kidney and liver was
analysed by Western blot using an anti-VLCAD antibody (figure 5). The last two tissues were
included to compare the heart and muscle VLCAD levels with tissues where long-chain acyl-
carnitines did accumulate. As expected, there was no difference in the VLCAD protein levels
in kidney and liver between the two genotypes. In LCAD-/- heart, however, there is a small
increase in VLCAD protein levels, which could contribute to the decreased levels of very-
long-chain acyl-carnitines. The expression of VLCAD in muscle is very low, and, in contrast
to heart, does not differ between wild-type and LCAD-/- mice, suggesting that other
mechanisms are responsible for the decreased long-chain acyl-carnitine levels in muscle.

LCAD4/+ LCAD-/

— —— Heart
Figure 5: Western blot analysis of VLCAD in

- 1 Muscle heart, muscle, kidney and liver of three wild-type
and LCAD-/- mice. Each lane represents 100 pg
of tissue homogenate.

r———
——— —  Kidney

e s —————— Liver

Another possible mechanism to dispose of accumulating acyl-CoA esters is the production of
triacylglycerols. Indeed, this is supported by the observations that triacylglycerol droplets
accumulate in heart and liver of fasted LCAD-/- mice [12]. Although it is likely that, in the
fasted LCAD-/- heart, triacylglycerols are synthesized to reduce the build-up of non-
metabolizable acyl units, no accumulation of triacylglycerols is seen in muscle of fasted
LCAD-/- mice (P.A Wood, unpublished work), which is in agreement with the fact that
muscle has a very low capacity to synthesize triacylglycerols [30]. Since we have excluded
the other mechanisms that could account for the decrease in LCAD-/- muscle long-chain acyl-
carnitine levels, the only remaining possibility is that these acyl-carnitines are secreted into
the circulation. Although there is no experimental evidence to support this, the fact that the
acyl-carnitines which are lacking in LCAD-/- muscle are found in plasma (figure 2) agrees
with this hypothesis.

Closer examination of the acyl-carnitine profiles revealed that the hydroxyl-acyl-carnitines
observed in wild-type heart, muscle and brain were nearly absent in LCAD-/- mice (figure 3).
The absence of these hydroxyl-acyl-carnitines in the LCAD-/- mice indicates that they most
likely represent 3-hydroxy-acyl-carnitines and are indeed derived from 3-hydroxy-fatty acyl-
CoAs. CPT2 is very likely to be responsible for the formation of these 3-hydroxy-acyl-
carnitines, since it has been shown previously that this enzyme is capable of handling 3-
hydroxy-fatty acyl-CoAs as substrates [31]. The production of hydroxyl-acyl-carnitines from
exogenous hexadecanoate or its corresponding carnitine/CoA-ester was shown previously in
rat muscle [32] and heart [33]. In the present study, we show the presence of endogenous
hydroxyl-acyl-carnitines in these two mouse tissues and brain. The fact that these hydroxyl-
acyl-carnitines are present in the wild-type situation suggests that, in these three tissues, the
dehydrogenation of 3-hydroxy-acyl-CoA, catalysed by long-chain hydroxyl-acyl-CoA
dehydrogenase, is rate-limiting. In an LCAD-/- situation, however, where only VLCAD is
able to catalyse the first step of the B-oxidation, the formation of the enoyl-CoA determines
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the flux through the B-oxidation pathway, which results in reduction of the hydroxyl-acyl-
carnitine levels.

In conclusion, we developed and validated a novel method which enables the analysis of
tissue acyl-carnitines and carnitine biosynthesis intermediates in the same sample. This
method was used to investigate the carnitine and fatty acid metabolism in wild-type and
LCAD-/- mice. As was reported previously for plasma and bile [11, 12], we found
accumulation of the characteristic C14:1-acyl-carnitine in all investigated tissues. The most
striking finding of the present study was the severe deficiency of acetyl-carnitine in heart,
which most likely results from an acetyl-CoA deficiency. Since there was no carnitine
deficiency and only a marginal elevation of potentially cardiotoxic acyl-carnitines, we
conclude that cardiomyopathy in the LCAD-/- mouse is caused primarily by a severe energy
deficiency in the heart, stressing the important role of LCAD in cardiac fatty acid metabolism
in the mouse. LCAD-/- muscle showed accumulation of odd-number acyl-carnitines (C9 and
C11). These acyl-carnitines could represent peroxisomal oxidation products of phytanic acid,
which are confirmed LCAD substrates. This is in agreement with previous data, which show
that LCAD is involved in branched-chain fatty acid metabolism [8, 11].
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Abstract

Carnitine plays an essential role in fatty acid metabolism. While most mouse tissues can
synthesize its direct precursor y-butyrobetaine, this compound can only be converted into
carnitine by the liver. Extra-hepatic y-butyrobetaine must therefore be transported into the
liver for complete carnitine biosynthesis and previous experiments indeed have demonstrated
that hepatic y-butyrobetaine transport systems exist. In order to identify this transport system,
we expressed two candidate transporters. The studies reported in this paper show that y-
butyrobetaine is transported very efficiently by SLC6A13, which was originally described as
a y-aminobutyric acid transporter. y-Aminobutyric acid inhibited y-butyrobetaine transport,
however, plasma y-aminobutyric acid concentrations are most likely too low to inhibit
SLC6A13-mediated hepatic y-butyrobetaine transport significantly. We also report that both
carnitine biosynthesis enzyme activities as well as the hepatic expression of SLC6A13 is
elevated in mice with primary carnitine deficiency (JVS mice). This indicates that carnitine
biosynthesis is enhanced in these mice and supports the role of SLC6A13 as a hepatic -
butyrobetaine transporter.

Introduction

Carnitine (3-hydroxy-4-N,N,N-trimethylaminobutyrate) is an essential compound in fatty acid
metabolism. Mammals acquire carnitine both from the diet (meat, fish and dairy products)
and through endogenous synthesis [1]. The first metabolite of the carnitine biosynthesis
pathway is 6-N-trimethyllysine (TML) and is generated by lysosomal degradation of proteins
containing trimethylated lysine residues. TML is hydroxylated by TML-dioxygenase (EC
1.14.11.8, TMLD) to 3-hydroxy-6-N-trimethyllysine (HTML), which is converted to 4-
trimethylaminobutyraldehyde (TMABA) by HTML-aldolase. TMABA-dehydrogenase (EC
1.2.1.47, TMABA-DH) oxidizes TMABA to 4-trimethylaminobutyric acid (EC 1.14.11.1, vy-
butyrobetaine, y-BB), which is hydroxylated to carnitine by y-BB dioxygenase (y-BBD). y-
BB is synthesized in all tissues [2], but in the mouse y-BBD is only expressed in liver, which
readily takes up circulatory y-BB, converts it into carnitine and releases this into the
circulation [2-4]. Extra-hepatic tissues take up carnitine via the plasma membrane carnitine
transporter OCTN2, which apart from carnitine, can also transport y-BB [1]. OCTN2 also
mediates the dietary carnitine uptake and renal reabsorption [1]. A deficiency of OCTN2
leads to primary systemic carnitine deficiency. Patients typically present in infancy with
episodic hypoketotic hypoglycemic encephalopathy, progressive cardiomyopathy and failure
to thrive [5]. In 1988, Koizumi and colleagues [6] described a C3H.OH strain of mice in
which microvesicular fatty infiltration of viscera was inherited in an autosomal recessive
manner. These mice, named Juvenile Visceral Steatosis (JVS) mice, displayed symptoms
similar to those of OCTN2-/- patients, had very low plasma and tissue carnitine levels and
were shown to have a missense mutation in the OCTN2 gene [7, 8]. Although the hepatic y-
BBD activity is increased in OCTN2-/- mice, the carnitine biosynthesis pathway apparently
does not produce enough carnitine to compensate for the defect in renal carnitine reabsorption
[9]. Although frequent high-dose carnitine administration ameliorates the symptoms of
OCTN2-deficiency in both mice and human patients, plasma and tissue carnitine levels are
not restored to normal levels [5, 6]. Higashi ef al. showed, however, that y-BB administration
resulted in higher brain, liver and kidney carnitine concentrations and lower liver free fatty
acid levels as compared to carnitine administration [10]. This indicates that in the OCTN2-/-
mouse, y-BB is used more efficiently than carnitine and that y-BB is imported into the liver
via a transport system that is different from OCTN2.
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Little is known about hepatic y-BB transport. However, two distinct hepatic transport systems
for y-BB have been characterized biochemically. Christiansen and Bremer reported a low-
affinity y-BB transporter (K., value of approximately 500 uM) using primary rat hepatocytes.
This transport system had a 10-fold higher K,, value for carnitine (5.6 mM) than for y-BB and
could be inhibited by carnitine [11]. A high-affinity y-BB transporter (K,, value of
approximately 5 uM) was described by Berardi et al. [12]. Using rat liver basolateral plasma
membrane vesicles, they demonstrated that y-BB transport was stimulated by sodium and
chloride ions and transport could be inhibited by propionyl-carnitine, but surprisingly not by
carnitine or acetyl-carnitine.

In contrast to the low expression of OCTN2 in liver [13], renal y-BB reabsorption is most
likely mediated via OCTN2. This transporter is highly expressed in mouse kidney, handles -
BB very efficiently [13] and OCTN2-/- mice have diminished y-BB reabsorption [9].

In order to identify the liver y-BB transporter we selected known transporters that (1) are
expressed in liver and kidney, tissues that are known to contain y-BB transport activity [3] and
(2). transport compounds that have structural resemblance to y-BB, such as y-aminobutyric
acid (GABA) and betaine. GABA contains a primary amino group at the position where y-BB
(4-trimethylaminobutyric acid) has a quaternary amino group but has the same carbon-chain
length and carboxylic acid function. Betaine (2-trimethylamino-ethanoic acid) is two carbon
atoms shorter but contains both a quaternary amino group and a carboxylic acid function.

Two transporters were found that best matched these criteria: SLC6A12 and SLC6A13. Both
transporters are expressed in liver and kidney and transport GABA. SLC6A12 also transports
betaine [14-16]. SLC6A12 and SLC6A13 were originally cloned and described as GABA
transporters and named GABA transporter (GAT) 2 and 3. Four distinct GATs exist;
SLC6A1, SLC6AI11, SLC6A12 and SLC6A13 and the nomenclature of these transporters is
somewhat complicated. While SLC6A1 is designated GATI in both mice, rats and humans,
SLC6A11 is called GAT3 in rats and humans but GAT4 in mice. Mouse SLC6A12 is termed
GAT2 and is the homolog of the human betaine/GABA transporter 1 (BGT1). SLC6A13,
labeled GAT2 in man and rat, is mouse GAT3. SLC6A12 and SLC6A13 differ considerably
from the other two GATs. SLC6A1 and SLC6A11 are present only in the central nervous
system and the retina, and display different substrate/inhibitor specificities when compared to
SLC6A12 and SLC6A13 [14-16].

In this paper we report the identification and characterization of SLC6A13 as a y-BB
transporter and showed that this transporter is upregulated in livers of OCTN2-/- mice which
probably contributes to the enhanced carnitine biosynthesis in these mice.

Materials and Methods

Chemicals

Carnitine was obtained from Sigma-Aldrich. DMEM and DMEM:F12 medium were obtained
from BioWhittaker, the ‘Human Dermal Fibroblast transfection kit’ from Amaxa. CHO cells,
Trizol reagent and the pcDNA3, pcDNAS/FRT, pog44 and peGFP vertors were purchased
from Invitrogen. Microcon 30kD filters were from Amicon. The [*Ho]-carnitine internal
standard was obtained from Dr. Herman J. ten Brink, VU Medical Center Amsterdam, the
Netherlands. The [*Hs3]-y-BB was synthesized as described earlier [17]. All other reagents
were of analytical grade.

Animals.

Until the age of 7 weeks C3H.OH JVS (OCTN2-/-) mice [6] were supplemented with
carnitine either via their drinking water (300 mg carnitine/L) or were injected intraperitonially
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with 5 pmol of carnitine-HCL, dissolved in physiological saline and neutralized with sodium
hydroxide, every 2 days from the age of 5 days. At 8 weeks of age wild type and OCTN2-/-
mice were anesthetized with isoflurane and blood was collected by cardiac puncture. Tissues
were collected and a small piece was immediately submerged in Trizol reagent and placed on
ice for RNA isolation, the rest was immediately frozen in liquid nitrogen and stored at -80°C
until further use. All animal experiments were approved by the local ethical committee.

Cloning of candidate y-BB transporters

The complete open reading frame (ORF) of both mouse SLC6A12 and SLC6A13 were
amplified by the polymerase chain reaction from mouse liver cDNA using 7ag DNA
polymerase, Hindlll-tagged forward primers and an EcoRV-tagged reverse primers
containing a  histidine-tag  (5’-aagcttATGTCATCAAGAGCTTGGGA-3> and 5°-
gatatcCTAatggtgatggtgatgatg CAAATGAGTCTCCTTCTCCC-3’ for SLC6AI2 and 5°-
aagcttATGGAGAACAGGGCCTCGG-3’ and 5’-
gatatcCTAatggtgatggteatgatg GCAGTTAGACTCCAGTTCTGT-3’ for SLC6A13). The PCR
products were cloned downstream of the Pcyy promoter into the HindIIl and EcoRYV sites of
the mammalian expression vector pcDNA3. Both ORFs were sequenced to exclude sequence
errors introduced by Tag DNA polymerase during the PCR.

The SLC6A13 ORF was subsequently subcloned downstream of the Pcyy promoter into the
HindIIl and EcoRV sites of the mammalian expression vector pcDNAS/FRT for stable
expression in CHO/Flipln cells.

Transfection of fibroblasts and CHO cells

Human skin fibroblasts were cultured as described before [18]. Cells were harvested by
trypsinisation and washed twice with phosphate buffered saline (PBS). The fibroblasts were
transfected using the Human Dermal Fibroblast Nucleofector kit as described in the
manufacturer’s manual (Amaxa) with pcDNA3, pcDNA3+OCTN2 [19], pcDNA3+SLC6A12,
pcDNA3+SLC6A13, or pEGFP-C3 and cells were seeded in 6-wells plates. Transfection
efficiencies were determined using the pEGFP-C3 vector, which leads to expression of the
green fluorescent protein. Transfection efficiencies were usually > 50%. After 24 hours,
expression of the recombinant proteins was checked by immunoblot analysis using a
polyclonal anti-histag antibody (Santa Cruz Biotechnology)

CHO/Flipln cells were cultured and transfected with pcDNAS/FRT and pOG44 vector,
pcDNAS/FRT+SLC6A13 and pOG44 or with pcDNAS/FTR+SLC6A13 or pOG44 alone, as
described in the manufacturer’s manual (Invitrogen). To obtain a monoclonal cell line, cells
were harvested two weeks after transfection and seeded in 96-wells plate with one cell per
well. After 6 days the wells containing only one colony per well were selected. These cell
lines were analyzed for y-BB transport activity and those with high y-BB transport activity
were used for subsequent experiments

BB transport in fibroblasts and CHO cells

v-BB transport in fibroblasts was measured one day after transfection. Cells were washed
twice with PBS, followed by the addition of 1 ml DMEM medium containing 50 uM [*H3]-y-
BB per well. After 4 hours of incubation at 37°C or 4°C cells were washed twice with 2 ml
ice-cold PBS and taken up in 200 ul PBS containing 0.2% Triton-X-100. The [*Ho]-carnitine
internal standard (100 pmol) was added to 100 ul of the cell solution and the mixture was
loaded on a Microcon 30 kDa filter and centrifuged at 14,000 x g for 20 minutes at 4°C,
which removes most of the proteins. One hundred microliters of the filtrate was derivatized
with methylchloroformate and the amount of transported [*H;]-y-BB was quantified using
ion-pair HPLC-Tandem mass spectrometry as described previously [17]. The protein
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concentration of the cell solution was determined using bicinchoninic acid [20] with bovine
serum albumin as standard.

For the y-BB transport activity measurements in CHO cells, cells were harvested and seeded
in 6-wells plates (approximately 100 pg protein per well, unless indicated otherwise). The
following day the cells were washed twice with PBS and 1 ml of Krebs-Henseleit medium
(1.2 mM potassium phosphate buffer, containing 118 mM NaCl, 5 mM KCI, 1.2 mM MgSOQOy,,
25 mM NaHCO;, 2.5 mM CaCl,, 20 mM Hepes and 10 mM glucose, pH 7.4) supplemented
with 400 pM [*H;]-y-BB, was added to each well. Instead of using 50 pM y-BB as done
previously, we used 400 uM y-BB in order to measure optimal rates of y-BB transport, since
the Ky, value of SLC6A13 for y-BB was found to be 50 uM. The cells were incubated at 37°C
or 4°C for 3 minutes (unless indicated otherwise). Subsequently, the cells were washed twice
with 2 ml ice-cold PBS and taken up in 200 pl PBS containing 0.2% Triton-X-100. The [*Ho]-
carnitine internal standard (100 pmol) was added to 100 ul of the cell solution and samples
were processed as described for the fibroblasts samples.

Characterization of y-BB transport by SLC6A413

In order to establish the K, values of SLC6A13 for y-BB, pcDNAS/FRT+SLC6A13
transfected cells and cells transfected with pcDNAS/FRT were incubated with varying
concentrations of [*Hs]-y-BB. The latter cell line was included to correct for diffusion at high
[*H;]-y-BB concentrations. Import activity of this cell line was subtracted from the import
activity of the pcDNAS/FRT+SLC6A13 transfected cell line. A Lineweaver-Burk double-
reciprocal plot was made from the resulting transport activities.

To investigate the ionic dependency of the y-BB transport, sodium was replaced by potassium
in the transport medium and vice versa, to test for sodium or potassium dependence and
chloride was replaced by acetate to test for chloride dependence.

Carnitine metabolites and biosynthesis enzymes
Levels of carnitine biosynthesis intermediates/acylcarnitines in tissues and activities of
carnitine biosynthesis enzymes were determined as described previously [21, 22].

Quantitative real-time RT-PCR analysis

Total RNA was isolated from mouse tissues using Trizol extraction, after which cDNA was
prepared using a first-strand cDNA synthesis kit for RT-PCR (Roche). Quantitative real-time
PCR analysis of SLC6A13 and B-actin was performed in these tissues using the LightCycler
FastStart DNA Master SYBR Green I kit (Roche). The following primers were used: 5°-
GGAACTGGTCCTGTGCCTC-3” and 5’-GGCGATGCAGTCCCTGTAG-3" for SLC6A13
and 5’-GTGGGCCGCTCTAGGCACCAA-3’ and 5’-
CTCTTTGATGTCACGCACGATTTC-3* for B-actin, as described previously [23]. To
confirm the generation of a single product both melting curve analysis and agarose gel
electrophoresis was carried out. All samples were analyzed in duplicate. Data were analyzed
using linear regression calculations as described by Ramakers et al. [24]. To compare the
SLC6A13 expression between different samples, values were normalized against the values
for the housekeeping gene P—actin.

Statistical analyses

Data are expressed as means + standard deviation. Statistical significance was evaluated using
an unpaired Student's 7-test. The results were considered significant at P < 0.05.
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Results

y-BB transport by SLC6A12 and SLC6A13

We first tested whether control fibroblasts, which express OCTN2, are able to import y-BB.
These studies revealed a low rate of y-BB transport (250 + 77 pmol x mg™ x hour™). For this
reason OCTN2-deficient fibroblasts were transfected with either pcDNA3+SLC6A12 or
pcDNA3+SLC6A13 to test whether SLC6A12 and SLC6A13 are able to transport y-BB.
Expression of SLC6A12 and SLC6A13 was verified by SDS-PAGE and subsequent

immunoblot analysis using an anti-his antibody (Santa Cruz Biotechnology) (figure 1A)
which confirmed the expression of both recombinant proteins.
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Very little y-BB import was observed in fibroblasts which were transfected with either
pcDNA3 or pcDNA3+SLC6A12, in mock transfected cells or when cells were incubated at
4°C (figure 1B). The fibroblasts transfected with pcDNA3+SLC6A13, however, did show

considerable y-BB import (400 + 94 pmol x mg"' x hour’, figure 1B). The fibroblasts
transfected with pcDNA3+OCTN2 were used as positive control and, as expected, transported

v-BB very well. These results show that SLC6A13 transports y-BB, whereas SLC6A12 does
not.

Table 1. Ionic-dependency of y-BB transport.

% y-BB transport

Complete transport medium 100+5
-Na' 4+2
-K 100 £ 8
-CI 40+3
-Na"and CI 2+4

Values are means + standard deviation of three incubations. Transport activity in the complete transport medium
was set at 100%.
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Table 2. Inhibitors of y-BB transport.

% v-BB transport

No inhibitors 100 +4
Carnitine (1 mM) 100+ 6
Acetyl-carnitine (1 mM) 100+ 6
Propionyl-carnitine (1 mM) 100+ 5
Dinitrophenol (1 mM) 100+ 10
Betaine (30 uM) 100+ 7
Betaine (240 puM) 78+7
GABA (30 uM) 50£2
GABA (240 uM) 20+3

Values are means =+ standard deviation of three incubations. Transport activity with no inhibitors was set at
100%.

Characterization of y-BB transport by SLC6A13

To further characterize the y-BB transport by SLC6A13, we produced stable transfectants of
SLC6A13 in CHO cells. Only cells transfected with pcDNAS/FRT+SLC6A13 incubated at
37°C transported y-BB (figure 1C), confirming the results of the fibroblast transfection
experiment. Next, we analyzed the time- and protein dependence of the y-BB transport. y-BB
transport was linear with time up to 3 minutes (figure 2A) and linear with protein up to 100
ug per well (figure 2B). With our optimized assay, we determined the K, the ionic
dependency of SLC6A13-dependent y-BB transport and whether selected compounds inhibit
v-BB transport. The K,,, value of y-BB transport, as determined in CHO cells transfected with
SLC6A13, was 50 uM (results not shown). Table 1 shows the results of the ionic dependency
experiments, which indicate that y-BB transport by SLC6A13 is Na'- and CI'-dependent,
which is in agreement with the results of Berardi ef al. for y-BB transport into rat liver plasma
membrane vesicles [12]. The y-BB transport in our CHO cell expression system, however,
displayed a 10-fold higher K, value for y-BB (50 uM) than the K,, value that was determined
using the vesicle system (5 uM [12]). Table 2 shows that the addition of carnitine (I mM),
acetyl-carnitine (1 mM), propionyl-carnitine (1 mM) or dinitrophenol (1 mM) to the transport
medium had no effect on y-BB transport activity. Because the addition of dinitrophenol did
not influence y-BB transport, it appears that y-BB transport is not dependent on the proton
gradient. y-BB transport as determined previously by Berardi et al. [12] could be inhibited by
propionyl-carnitine, whereas this compound had no effect on y-BB transport into the CHO
cells expressing SLC6A13. Betaine did inhibit y-BB transport by approximately 20% at
concentrations of 240 uM. GABA, however, already decreased the y-BB transport activity at

low GABA concentrations (table 2). A
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Carnitine and y-BB in the OCTN2-/- mouse

As was shown by Higashi et al. [10], y-BB is used very efficiently by OCTN2-/- mice which
indicates that OCTN2 deficient liver cells import y-BB efficiently. To investigate if SLC6A13
is indeed involved in this process, we measured SLC6A13 mRNA levels in liver, carnitine
metabolites levels in tissues, urine and plasma and carnitine biosynthesis enzyme activities in
tissues of wild type and OCTN2-/- mice.

OCTN2-/- mice had very low plasma and tissue carnitine levels compared to wild type mice
(table 3). The relative excretion of carnitine in OCTN2-/- mice, however, was considerably
higher than in wild type mice, even though their urinary carnitine content was only half that
of wild type mice (figure 3). Considerable quantities of y-BB were also excreted by OCTN2-/-
mice. 17-fold more y-BB was excreted by OCTN2-/- mice, compared to wild type mice
(figure 3), which suggests that renal y-BB reabsorption is mediated primarily by OCTN2.

Also, the high urinary y-BB excretion in JVS mice suggests that total body y-BB synthesis is
increased.
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Table 3. Carnitine levels in tissues and plasma of wild type and OCTN2-/- mice.

Wild type mice OCTN2-/- mice
nmol/g
Liver 441 + 104 194+£3.6*
Kidney 500 + 30 21.8 +2.7*
Heart 1363 £71 21.0+5.1*
Muscle 344 + 88 40+1.2%*
uM
Plasma 409+49 2.8+0.7*

Values are means + standard deviation. * indicates a significant difference (p <0.05) between wild type and
OCTN2-/- mice.

In the OCTN2-/- liver, y-BB levels were decreased when compared to the levels in livers of
wild type animals (figure 4). This could be caused by (1) decreased y-BB biosynthesis, (2)
increased y-BB conversion into carnitine or by (3) decreased hepatic y-BB uptake. Several
observations indicate that hepatic y-BB synthesis is not decreased in the OCTN2-/- mice. In
fact, it is more likely that y-BB synthesis is actually increased. Liver TMLD activity in these
mice was more than twice the activity found in wild type mice (table 4), resulting in
somewhat lower hepatic TML levels (1.1 £ 0.2 nmol/g wet weight) compared to wild type
animals (1.7 £ 0.3 nmol/g wet weight). TMABA-DH activity did not differ between groups
(table 4). The lower hepatic y-BB levels in the OCTN2-/- mice could result from an increased
conversion of y-BB into carnitine. Indeed, the y-BBD activity in OCTN2-/- liver indeed was
2-fold higher than the activity found in wild type mice (table 4) which agrees with previous
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results [9]. If there is enhanced y-BB transport into the liver of OCTN2-/- mice and SLC6A13
is involved in this process, one would expect that expression of SLC6A13 is increased. We
therefore measured SLC6A 13 mRNA levels in livers of wild type and OCTN2-/- mice. Liver
SLC6A13 expression was 3.6-fold higher in the OCTN2-/- livers when compared to wild type
(2.5 £ 0.6 vs. 0.7 £0.2, figure 5). These data suggest that, most likely, y-BB uptake in
OCTN2-/- livers is higher due to the increased SLC6A13 expression and, in combination with
the elevated y-BBD activity, leads to enhanced hepatic carnitine biosynthesis.
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In contrast to the hepatic y-BB concentration, y-BB levels are elevated in heart and skeletal
muscle of OCTN2-/- mice (figure 4). While in skeletal muscle this might be caused by
increased activity of biosynthetic enzymes (table 4), no differences in cardiac TMLD and
TMABA-DH activity was found between wild type and OCTN2-/- mice (table 4). It is
possible that the export of y-BB is impaired in these tissues, as proposed by Horiuchi et al.
[9], which could contribute to the elevated heart and skeletal muscle y-BB levels. Another
possibility is that y-BB uptake is increased in hearts and skeletal muscle of OCTN2-/- mice.
The profound carnitine deficiency in these mice may lead to upregulation of transporters that
handle carnitine-like compounds and upregulation of these transporters could result in
enhanced y-BB uptake. This putative process, however, is unlikely to be mediated by
SLC6A13, since we could not detect SLC6A13 expression in heart or skeletal muscle of both
wild type and OCTN2-/- mice (results not shown).

Table 4. Carnitine biosynthesis enzyme activities in tissues of wild type and OCTN2-/- mice.

Wild type mice OCTN2-/- mice
pmol X min™ X mg
Liver TMLD 176 £2.2 39.0+£2.1*
TMABA-DH 3843 +490 4455 + 497
y-BBD 126.7+8.3 256.9+£27.2 *
Kidney TMLD 23.7+£2.6 289+ 1.8*
TMABA-DH 2914 + 644 4065 + 1087
Heart TMLD 42.6 £2.8 348 +5.1
TMABA-DH 324 +34 167 £41 *
Muscle TMLD 1.9+04 63+04*
TMABA-DH 10.8 £5.8 50.1+1.0*

Values are means + standard deviation. * indicates a significant difference (p <0.05) between wild type and
OCTN2-/- mice.
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Discussion

By analyzing the y-BB transport activity in CHO cells transfected with candidate y-BB
transporters, we have demonstrated that SLC6A13 transports y-BB very effectively. The ionic
dependence of y-BB transport in CHO cells transfected with SLC6A13 was similar to that
observed for y-BB transport into rat liver plasma membrane vesicles. The apparent K, value
and inhibitor specificity of the y-BB transport in CHO cells transfected with SLC6A13 were
different as compared to the results previously reported by Berardi et al. [12]. The plasma
membrane vesicles used by Berardi et al., however, likely contain more than one transporter
that contributes to the observed y-BB transport. It is probable that liver plasma membrane
vesicles contain OCTN2 since this transporter is expressed in liver and transports y-BB. In
fact, y-BB is one of the best inhibitors of OCTN2-mediated carnitine transport [13, 25]. Our
expression system solely measures SLC6A13 transport activity since any background y-BB
transport activity (which in fact was very low) was corrected for using the cell line
transformed with the vehicle only. This could explain the discrepant K, values and inhibitory
studies.

4 -

Figure 5. SLC6A13 mRNA levels in livers of wild type (n=4) and
OCTN2-/- mice ( n=4). Values are means + standard deviation. *
indicates a significant difference (p <0.05) between wild type and
OCTN2-/- mice.

ratio SLC6A13/B-actine
N

HH

wild type OCTN2-/-

Although y-BB transport could be inhibited by GABA and betaine, it is unlikely that these
substances influence hepatic y-BB transport by SLC6A13 in vivo. The plasma concentration
of betaine is only 35 uM [26], which is very likely too low to inhibit SLC6A13 mediated -
BB transport. In humans, the y-BB concentration in plasma ranges between 1.8 uM and 4.8
uM [1], which is at least 10-fold higher than the plasma GABA concentration (approximately
0.19 uM [27]). Although SLC6A13 has a higher affinity for GABA (K, value of 18 uM,
[14]) than for y-BB, when considering the very low plasma GABA concentrations it is likely
that liver SLC6A13 primarily transports y-BB and not GABA. Also, the fact that hepatic
SLC6A13 expression is increased in OCTN2-/- mice compared to wild type mice strongly
suggests that SLC6A13 functions as a liver y-BB transporter and contributes to the enhanced
carnitine biosynthesis in these mice.

Besides SLC6A13, other transporters may also contribute to hepatic y-BB import. Even
though OCTN2 expression in liver is low in the fed state (chapter 6), OCTN2 surely
contributes to y-BB import into the liver. When mice are fasted, hepatic OCTN2 expression
increases approximately 4-fold (chapter 6) which very likely enhances hepatic y-BB uptake.
In the absence of OCTN2, SLC6A13 expression is enhanced to provide the carnitine-deficient
liver with carnitine equivalents. Also, other unknown transporters could mediate y-BB import,
for instance the low-affinity y-BB transporter activity described by Christiansen and Bremer
[11], however, this low affinity transporter is not likely to contribute to y-BB transport in vivo
since the K, is very high when compared to the plasma y-BB concentration. The interplay of
different transporters is likely to influence carnitine homeostasis during different
physiological situations
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In summary, we have shown that SLC6A13 transports y-BB. Although this transporter was
originally described as a GABA transporter, it is likely that in the liver SLC6AI13 acts
primarily as a y-BB transporter. The plasma GABA concentration is probably too low to
inhibit hepatic y-BB transport and the function of GABA in the liver remains unclear.
Importantly, hepatic expression of SLC6A13 is increased in OCTN2-/- mice which may well
contribute to the enhanced carnitine biosynthesis in these mice and thus supports the role of
SLC6A13 as a hepatic y-BB transporter.
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PPARa-activation results in enhanced
carnitine biosynthesis and OCTN2-
mediated hepatic carnitine accumulation
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Abstract

In fasted rodents hepatic carnitine concentration increases considerably which is not observed
in PPARa-/- mice, indicating that PPARa is involved in carnitine homeostasis. To investigate
the mechanisms underlying the PPARa-dependent hepatic carnitine accumulation we
measured carnitine biosynthesis enzyme activities, levels of carnitine biosynthesis
intermediates, acyl-carnitines and OCTN2 mRNA levels in tissues of untreated, fasted or
Wy14643-treated wild type and PPARa-/- mice. Here we show that both enhancement of
carnitine biosynthesis (due to increased y-butyrobetaine dioxygenase activity), extra-hepatic
y-butyrobetaine synthesis and increased hepatic carnitine import (OCTN2 expression)
contributes to the increased hepatic carnitine levels after fasting and that these processes are
PPARa-dependent.

Introduction

Peroxisome Proliferator Activated Receptor oo (PPARa) is a ligand-dependent transcription
factor. Upon ligand binding, PPARa heterodimerizes with the Retinoid X Receptor and binds
to specific response elements (PPARa response elements, PPREs) to stimulate expression of
target genes. PPARa is expressed in tissues with a high rate of fatty acid oxidation (such as
liver, heart, skeletal muscle, kidney and brown adipose tissue) [1] and several aspects of fatty
acid metabolism are regulated by PPARa, including the cellular uptake of fatty acids, the
activation of fatty acids, peroxisomal and mitochondrial -oxidation, ketogenesis, m-oxidation
and lipoprotein metabolism [1-6].

Several observations suggest that PPARa is involved in carnitine homeostasis. Carnitine is an
essential compound in fatty acid metabolism due to its role in the transfer of long-chain fatty
acids into the mitochondrial matrix, where B-oxidation takes place [7, 8]. Carnitine is also
used to transport peroxisomal [-oxidation products to the mitochondria, to export
accumulating acyl-groups and to modulate the level of free CoA in different subcellular
compartments [9, 10].

Carnitine can be absorbed from the diet and synthesized endogenously [10]. OCTN2 is the
sodium-dependent carnitine transporter responsible for the dietary absorption of carnitine.
This transporter also mediates cellular uptake and renal reabsorption of both carnitine and its
precursor, 4-trimethylaminobutyric acid (y-butyrobetaine, y-BB) (figure 1) [10, 11]. The first
metabolite of the carnitine biosynthesis pathway (figure 1) is 6-N-trimethyllysine (TML),
which is generated by lysosomal degradation of proteins containing trimethylated lysine
residues (such as calmodulin, histones, actin and myosin). Free TML is hydroxylated by the
enzyme TML-dioxygenase (EC 1.14.11.8, TMLD) to 3-hydroxy-6-N-trimethyllysine
(HTML). HTML is subsequently converted to 4-trimethylaminobutyraldehyde (TMABA),
which is oxidized by TMABA-dehydrogenase (EC 1.2.1.47, TMABA-DH) to y-BB. Finally,
v-BB is hydroxylated to carnitine by y-BB dioxygenase (EC 1.14.11.1, y-BBD), which in
mice is only present in liver [12], (figure 1) [10, 13, 14].

In both rat and mouse, treatment with PPARa agonists has been shown to influence liver
carnitine metabolism [5, 15]. Upon treatment, hepatic carnitine concentration increased
considerably in two independent studies [5, 15]. Based on experiments with clofibrate-fed rats
(a synthetic PPARa ligand) Paul et al. proposed that the increase was due to an increase in the
rate of hepatic carnitine synthesis [15]. More recently, however, we could not demonstrate
increased activity of carnitine biosynthesis enzymes in phytol-treated mice (phytanic acid and
its precursor phytol, are natural PPARa ligands [16, 17]), despite an obvious increase in
hepatic carnitine concentration [5]. When mice or rats are fasted, which also results in PPARa
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activation, liver carnitine levels also rise considerably [6, 18]. This is not observed in fasted or
PPARa agonist-fed PPARa-/- mice, indicating that this effect is mediated via PPARa [5, 6].
To investigate the role of PPARa in carnitine metabolism and determine what mechanism
underlies the hepatic increase of carnitine concentration we used wild type and PPARa-/-mice
which were either fed normal chow, chow containing the potent PPARa agonist Wy14643 [1]
or were fasted for 48 hours. Our results show that both enhanced carnitine biosynthesis and
differential OCTN2 expression contribute to the PPARa-dependent changes in carnitine
metabolism.
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Materials and Methods

Chemicals

RNAlater reagent was obtained from Qiagen, the Trizol reagent from Invitrogen, The first-
strand cDNA synthesis kit and the LightCycler FastStart DNA Master SYBR Green I kit from
Roche and Wy14643 was purchased from Tocris Bioscience.

Animals

Control diet was produced by soaking pelleted mouse chow (CRM(pl), Technilab SDS) in
ethanol (33 ml ethanol per 100 g pellets) and the pellets were left to dry. For the 0.1% (w/w)
Wy14643-diet, 100 g pellets were soaked in 33 ml ethanol containing 3 mg/ml (e.g. 100 mg)
Wy14643. Subsequently, the pellets were left to dry.

All mice were obtained from the Jackson Laboratory. Male 129 wild type and PPARa.-/- mice
were fed normal mouse chow until 9 weeks of age. Next, mice were divided into three groups.
The first group (wild type n=5 and PPARa-/- n=5) was fed control food for two weeks. The
second group (wild type n=5 and PPARa-/- n=5) received chow supplemented with 0.1%
Wy14643 for two weeks. The last group (wild type n=5 and PPARa-/- n=4) was fed control
diet for two weeks and subsequently fasted for 48 hours. All mice had free access to water
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and were killed at the same time of day. At the end of the experiment, mice were anesthetized
with isoflurane and blood was collected by cardiac puncture. Tissues were collected and a
small piece was treated with RNAlater reagent according to the manufacturer’s instructions
and stored at -80°C until RNA isolation, the rest was immediately frozen in liquid nitrogen
and stored at -80°C until further use. All experiments were approved by the local ethical
committee.

Carnitine metabolites and biosynthesis enzymes
Levels of carnitine biosynthesis intermediates, acylcarnitines and activities of carnitine
biosynthesis enzymes were determined as described previously [12, 19].

Immunoblot analysis
Immunoblot analysis of peroxisomal straight-chain acyl-CoA oxidase was performed as
described previously [5].

Quantitative real-time RT-PCR analysis

Total RNA was isolated from RNAlater-treated tissues using Trizol extraction. cDNA was
produced using a first-strand cDNA synthesis kit. For the quantitative real-time PCR the
LightCycler FastStart DNA Master SYBR Green I kit was used and the following primers:
5’GTGGGCCGCTCTAGGCACCAA3’ and 5’CTCTTTGATGTCACGCACGATTTC3’ for
B-actin [20] and 5’ACCCCACTGTGGTCAGAAAC3’ and
5’CACCAAAGCTCTCAGGGAAG3’ for OCTN2. All samples were analyzed in duplicate.
To confirm that a single product was formed during PCR, melting curve analysis and agarose
gel electroforesis were performed. The data were analyzed using linear regression calculations
as described previously [21] and values for OCTN2 were normalized against the values for
the housekeeping gene [-actin to adjust for variations in the amount of input RNA.

Statistical analyses
Data are expressed as means + standard deviation. Statistical significance was evaluated using
an unpaired Student's t-test. The results were considered significant at P < 0.05.

Results

The involvement of PPARa in carnitine metabolism has been shown both in experiments with
rats [15] and mice [5, 6]. PPARa activation alters tissue carnitine concentration but the
underlying mechanism is still unknown. Carnitine homeostasis can be altered either by
changes in: 1. biosynthetic activity, 2. transport of carnitine or its precursors (between tissues,
intestinal absorption or renal reabsorption) or 3. degree of acylation. To investigate which of
these mechanisms are involved in the observed changes in carnitine homeostasis, we used
wild type and PPARa-/-mice, which were either fed normal chow, Wy14643-supplemented
chow or were fasted for 48 hours. We measured carnitine biosynthesis enzyme activities,
levels of carnitine biosynthesis intermediates, acylcarnitines and OCTN2 mRNA levels in
selected tissues and compared the data from the different treatment groups.

Activation of PPARa

First, we used immunoblot analysis of peroxisomal straight-chain acyl-CoA oxidase, a known
PPARa target, to confirm activation of PPARa and enhanced expression of its target genes
by the 0.1% Wy14643 diet and the 48 hour fasting period. Compared to wild type mice on the
control diet, straight-chain acyl-CoA oxidase was much more abundant in livers of fasted wild
type mice and wild type mice on the Wyl4643-diet (figure 2), demonstrating that both
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treatment protocols activate PPARa and induce expression of this target gene. As expected,
the Wy14643-diet had no effect in PPARa-/- mice. Fasting does appear to increase the
quantity of straight-chain acyl-CoA oxidase in PPARa-/- mice, indicating that the abundance
of this protein is also regulated in a PPARa-independent manner. This effect has been
observed previously [5].

Wild type PPARG-/-

Control Wy14643 Fasted Control  Wy14643 Fasted

SlULID I ——— - - ———

Figure 2. Western blot analysis of peroxisomal straight-chain acyl-CoA oxidase in livers of wild type and
PPARa-/- mice on control diet, on Wy14643-diet or fasted for 48 hours.

Wild type mice versus PPARa-/- mice on control diet

Measurement of carnitine levels showed that they differ profoundly between wild type and
PPARa-/- mice on the control diet (figure 3). Because the differences in free carnitine levels
between the groups were very similar when compared to the differences observed in total
carnitine levels, we only show results for free carnitine. This also implies that the degree of
acylation is not different, which was confirmed by analysis of the acylcarnitine spectra
(results not shown). Compared to wild type mice, PPARa-/- mice had lower plasma carnitine
concentration (16 =4 uM vs. 30 = 4 uM) and lower carnitine levels in all investigated tissues
(figure 3). Since the carnitine biosynthesis enzyme activities (table 1) and the levels of
carnitine biosynthesis intermediates (figure 4) are similar for both groups, the lower carnitine
levels in the PPARa-/- group were probably not due to diminished carnitine biosynthesis. The
activity of the different enzymes involved in carnitine biosynthesis only was lower in skeletal
muscle and kidney of the PPARa-/- mice (table 1). In skeletal muscle, however, the y-BB
production probably is minimal even in wild type mice, given the very low TMLD and
TMABA-DH activity in this tissue. TMABA-DH activity is always much higher than the
TMLD activity, which suggests that the lower TMABA-DH activity observed in PPARa-/-
kidney probably has no effect on y-BB production in this tissue. This conclusion is supported
by the fact that the y-BB levels in muscle and kidney do not differ significantly between wild
type and PPARa-/- mice (figure 4). As shown previously [12], HTML is not detectable in any
of the investigated mouse tissues and plasma. Because no differences in carnitine biosynthetic
capacity (enzyme activity and metabolite levels) or degree of carnitine acylation were
observed, we investigated whether differences in OCTN2 mRNA levels could explain the
differences in tissue carnitine levels. In liver and heart, PPARa-/- mice had considerably
lower levels of OCTN2 mRNA (5-fold and 3.5-fold, respectively) compared to the wild type
mice (figure 5). This could contribute to the lower carnitine levels in these tissues in the
PPARa-/- mice. Surprisingly, no significant difference in kidney or skeletal muscle OCTN2
expression was found between wild type and PPARo-/- mice (results not shown).

Wild type mice on control diet versus wild type mice on Wy14643 supplemented diet

When wild type mice are fed Wy14643, the carnitine levels in plasma, liver, kidney, and heart
rise significantly when compared to mice fed the control diet (figure 3). Concomitantly, the y-
BB levels decrease in all tissues and plasma compared to the control diet (figure 4). This is
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most likely caused by enhanced conversion of y-BB into carnitine, because there is a highly
significant increase in liver y-BBD activity after the Wy14643-diet (208 + 19 vs. 141 + 17
pmol x min™ x mg™, table 1). The lower y-BB levels in the Wy14643 group were probably
not caused by a decrease in y-BB synthesis, because TML levels (figure 4) and TMLD
activity (table 1) were similar to those of the control group in all tissues except heart, which
showed a lower TMLD activity. Tissue TMABA-DH activity was similar in both groups
except in kidney, where a higher TMABA-DH was measured after the Wy14643-diet. In our
previous experiments, no increase in y-BBD activity was found upon phytol treatment of wild
type mice, despite a clear phytol-dependent increase in hepatic carnitine levels [5]. This
difference is most likely due to the fact that phytol-derived metabolites (including phytanic
acid) are less potent PPAR« ligands than Wy 14643 [1].
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In addition to the
increase in hepatic y-BBD activity, OCTN2 mRNA analysis showed a 6-fold higher
expression in liver after Wy14643 treatment (figure SA). This most likely contributes directly
to the increased hepatic carnitine level, but also indirectly given that OCTN2 also transports
v-BB, which (via y-BBD) also yields carnitine. Surprisingly, OCTN2 expression was
unchanged in kidney, heart and skeletal muscle by Wyl4643 (results not shown).
Unfortunately, neither urine nor intestine was collected, so we can not exclude the possibility
that renal carnitine reabsorption or increased intestinal carnitine uptake also contributes to the
increased carnitine levels. However, because the kidney OCTN2 mRNA levels (the main
transport system for carnitine reabsorption) were unchanged after Wy14643 treatment, it is
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unlikely that there is enhanced renal reabsorption of carnitine contributing to the higher tissue
carnitine levels.

As expected, none of these effects were observed in PPARa-/- mice on the Wy14643 diet,
indicating that the enhanced hepatic y-BBD activity and increase in OCTN2 mRNA are

PPARa-dependent processes.
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Fed versus fasted wild type and PPARa-/- mice

Although Wy14643 supplemented chow strongly activates PPARaq., this treatment does not
reflect the physiological situation since PPARa normally is activated in the fasted, and not in
the fed state. Therefore, we also investigated the effects of fasting on carnitine homeostasis in
both wild type and PPARa-/- mice.

In fasted wild type mice, liver carnitine levels were elevated 1.5-fold compared to fed mice
(figure 3). This is most likely caused by the increase in liver y-BBD activity (table 1) and
OCTN?2 expression (figure SA). This is supported by the fact that y-BB levels were decreased
in plasma, liver and kidney of fasted mice (figure 4), whereas y-BB synthesis does not appear
to be reduced given the normal plasma, kidney and liver TML levels (figure 4) and TMLD
and TMABA-DH activity (table 1)). In brief; y-BB appears to be taken up by the liver via
OCTN2 and converted into carnitine by y-BBD.

In agreement with previous results [6], fasted PPARa-/- mice did not show an increase in
liver carnitine concentration (figure 3). Also, hepatic y-BBD activity in these mice was similar
to that of fed PPARa-/- mice (table 1). Hepatic OCTN2 mRNA levels, however, did increase
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upon fasting, when compared to fed PPARa-/- mice (figure 5A). Nevertheless, expression of
OCTN?2 in the liver of fasting PPARa-/- mice was still lower (~2-fold) than in wild type mice
on control diet and therefore probably too low to increase the liver carnitine concentration.

An interesting observation is that the TML levels in heart and skeletal muscle of fasted wild
type and PPARa-/- mice were considerably elevated (1.5-fold in heart and 4-fold in skeletal
muscle) compared to fed mice (figure 4). TML originates from protein breakdown [13, 22],
and for this reason this increase most likely reflects fasting-induced proteolysis. The elevated
levels of TML indirectly, via extrahepatic conversion to y-BB, provide the liver with
additional carnitine precursors. In heart, the higher TML levels are accompanied by an
increase in y-BB, but this is not observed in skeletal muscle (figure 4). This could be
explained by the very low muscle TMLD activity and the almost complete absence of
TMABA-DH activity (table 1).

Table 1. Activity of carnitine biosynthesis enzymes in tissues of wild type and PPARa-/-mice.

Wild type mice PPARa.-/- mice
Control diet ~ Wyl14643 diet  fasted Control diet ~Wyl14643 diet  fasted
Liver TMLD 21.7+69 19.4+5.3 19.0+3.4 374487° 377420 40.0+72°
TMABA-DH 4654 + 712 5137 + 981 4015 + 587 4218 + 368 4340 + 608 3259 + 271 *°
y-BBD 1408172 2077+194%  260.1+344% 1514+21.1 1768+ 136" 147.6£192°
Kidney TMLD 45.1+6.0 522+8.0 435+72 44.0+6.0 512+158 52.0+17.7
TMABA-DH 2241+314 3753 +93 2 28384120 % 1632+167° 1732+ 189° 2109 +315 %
Heart TMLD 30.5+55 181460 ° 212+44% 339433 349+55° 33.0+46"
TMABA-DH 189 +87 225+ 86 166 + 20 250+ 70 207 £ 48 156 +31°2
Muscle TMLD 36421 3.6+1.1 18403° 0.6+04" 09+07° 1412
TMABA-DH 102 + 61 64+ 13 36+18 ND ND ND

All activities are given in pmol x min" x mg protein™. Values are means + standard deviation. * indicates a
significant difference (p <0.05) between mice with the same genotype on the control diet and another treatment.
® indicates a significant difference (p <0.05) between mice with a different genotype but the same treatment.
indicates a significant difference (p <0.05) between Wyl14643-treated mice and fasted mice with the same
genotype. ND = not detectable.

Wy14643-treated versus fasted wild type and PPAR a-/- mice

Although Wy14643-supplemented chow and fasting both stimulate PPARa., these treatments
have different effects on carnitine homeostasis. As described above, stimulation of PPARa in
fed mice does not reflect the physiological situation and during fasting carnitine metabolism
is also influenced by other factors than PPARa. This is apparent in figure 4, which shows
considerable differences between Wy14643-treated and fasted mice. For instance, heart and
skeletal muscle TML and y-BB levels are elevated in fasted animals compared to Wy14643
treated mice (figure 4). These differences are PPARa-independent because they are also
observed in PPARa-/- mice and likely reflect fasting-induced proteolysis as mentioned above.
In Wy14643-treated wild type mice, plasma, liver, kidney and heart carnitine levels were
higher when compared to fasted wild type mice (figure 3). Since there was no significant
difference in carnitine acylation (results not shown) or carnitine biosynthesis enzyme
activities between these two groups, the difference in free carnitine level is probably due to
the difference in length of the treatment. Mice were treated with Wy14643 for 2 weeks but
fasted for “only” 48 hours. In both situations carnitine synthesis was enhanced, y-BBD
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activity after fasting was even more increased than after Wy14643-treatment (table 1), but
Wy14643-treated mice had more time to accumulate carnitine than fasted mice. We cannot
exclude, however, that differences in urinary carnitine excretion contribute to the observed
carnitine levels.

A liver
201 02 abc
fuol 1 |l
[+ -
§' LS Y Figure 5. (A) OCTN2 mRNA levels in livers of wild type (+/+)
5 101 8 & g and PPARa-/- (-/-) mice on control diet, on Wy14643-diet or
9 S g a fasted for 48 hours. (B) OCTN2 mRNA levels in hearts of
§ 057 abe wildtype (+/+) and PPARa-/- (-/-) mice on control diet. Values
0.0 20 I = are means * standard deviation. ° indicates a significant
$ $ $ ~ o+ 0+ difference (p <0.05) between mice with the same genotype on
8 £ ¥ 8 <f g the control diet and another treatment. ° indicates a significant
g' 2 3 & & & difference (p <0.05) between mice with a different genotype
8 < but the same treatment. ° indicates a significant difference (p
<0.05) between Wyl14643-treated mice and fasted mice with
B . the same genotype.
eart
0.25
£ 00 {
®
S 015
Z
o
g o0 l
i<l b
B 005 {
0.00

[OIUOD +/+
[0J3U0D -/

PPAR a-dependent changes in TMLD activity

In contrast to liver y-BBD, which appears to be upregulated in a PPARa-dependent manner,
TMLD activity was not altered by Wy14643-treatment, except in heart (table 1). In this tissue
TMLD activity was decreased in both fasted and Wyl4643-fed wild type mice when
compared to the control diet (tablel). This was not observed in the PPARa-/- mice, indicating
that the reduction in heart TMLD activity is PPARa-dependent. In contrast, liver TMLD
activity is not altered by Wy14643-treatment or fasting in both wild type and PPARo-/- mice
(table 1). PPARa-/- mice, however, have an almost 2-fold higher basal TMLD activity as
compared to wild type mice, indicating that like in heart, TMLD activity is negatively
influenced by PPARa. Oddly, the opposite was observed in skeletal muscle, where the TMLD
activity in PPARa-/- mice on control or on Wy14643-diet was lower than in wild type mice.
Given these discrepancies, it seems that TMLD is not only regulated by PPARa, but also by
other factors.

Discussion
Fasting or treatment with PPARa agonists increases the carnitine concentration in liver. The

reason for this increase in hepatic carnitine content is still a matter of speculation however, it
seems logical to increase the liver carnitine levels during fasting when B-oxidation is
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enhanced, since carnitine is an important buffer of acyl-groups and thereby ensures that there
is enough free CoA to sustain the high metabolic flux.

We have shown that in fasted and Wy14643-fed wild type mice the elevation of the liver
carnitine level is caused by an enhancement of both biosynthesis (primarily by increasing -
BBD activity) and hepatic carnitine uptake (OCTN2 expression). In PPARa-/- mice, neither
the Wy14643-treatment nor fasting induced liver y-BBD activity. This indicates that y-BBD
activity is regulated by PPARa.

Previously, we did not observe higher y-BBD activity in phytol treated mice [5], despite a
clear elevation of the liver carnitine content. Although we did not measure OCTN2 mRNA
levels in these mice, it is very likely that enhanced hepatic carnitine uptake was the cause of
the increased liver carnitine concentration after the phytol diet. Because phytol metabolites
are much weaker PPARa agonists than Wy14643, a difference in PPAR« sensitivity between
OCTN?2 and y-BBD might explain the fact that we did not find increased y-BBD activity in
our phytol-treated mice.

In contrast to y-BBD activity, fasting (but not Wyl4643-treatment) did lead to a relatively
large increase (3-fold) in liver OCTN2 expression in PPARa-/- mice, although OCTN2
mRNA levels only increased to half of wild type levels on control diet. This indicates that
OCTN?2 expression is regulated both by a PPARa-dependent and independent mechanism. In
fed rats (where levels of endogenous PPARc agonists are low) treatment with glucagon or
anti-insulin serum (which mimics the levels of these hormones during fasting) led to an
increase in liver carnitine [18]. Although this experiment does not differentiate between
elevation of the carnitine concentration by biosynthesis or by hepatic carnitine uptake, these
results together with the observed increase in OCTN2 expression in the fasted PPARa-/- mice
suggest that liver OCTN2 levels could be influenced by high glucagon or low insulin levels.
More studies are needed to investigate whether this relation indeed exists.

During preparation of this manuscript Luci et al. reported that OCTN2 expression is increased
in the liver of clofibrate-fed rats [23]. The authors did not find an increase in mRNA levels
coding for carnitine biosynthesis enzymes after PPARa agonist treatment. Based on this
observation and the fact that TML levels in medium of rat hepatoma cells did not decrease
upon Wy14643 treatment they concluded that the increase in liver carnitine levels was solely
mediated by enhanced OCTN2 expression and not by enhanced carnitine biosynthesis. This is
in contrast to our results with Wy14643-fed wild type mice, where an increase in both y-BBD
activity and OCTN2 expression was found, which both contribute to elevated carnitine levels.
The fact that we did find an increase in y-BBD activity could be the result of the difference in
treatment periods (2 weeks of Wy14643 treatment vs. 4 days of clofibrate treatment [23]), the
difference in species (mice vs. rats) or because clofibrate is a weaker PPARa ligand when
compared to Wy14643. Although the studies of Luci et al. are well designed, the authors
forgot to take into account several aspects of carnitine homeostasis. Firstly, y-BB is an
excellent substrate for OCTN2 [11]. For this reason, upregulation of this transporter also
enhances the delivery of carnitine equivalents to the liver and given the very large capacity of
the liver to convert y-BB into carnitine [24], the upregulation of OCTN2 enhances the flux
through the carnitine biosynthesis pathway. Secondly, TML is poorly absorbed by the liver
[25]. The kidney converts most of the circulatory TML into y-BB, which is subsequently
imported into the liver and converted into carnitine [26]. The fact that TML levels in medium
of rat hepatoma cells remain the same after Wy14643 treatment [23] does not disprove that
the increase of the carnitine concentration in livers of rodents treated with PPARa agonists is
caused by an increased hepatic carnitine synthesis. In general, experiments in cell culture
systems are not suited to draw conclusions concerning whole organism metabolism. As
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mentioned above, treatment with PPARo agonists in fed animals does not represent the
physiological situation of PPARa activation. For instance, muscle TML concentrations are
greatly increased after fasting and are likely to contribute to enhanced carnitine biosynthesis.
This is in contrast to muscle TML levels in Wy14643 treated animals, which are similar to
untreated mice. Additionally, y-BBD activity is significantly higher in fasted animals when
compared to the Wyl4643-treated group. These observations stress the importance of
investigating PPARa stimulation in its physiological context.

In conclusion, we show that the observed increase in liver carnitine levels upon fasting or
PPARa agonist treatment is mediated by a PPARa-dependent increase in hepatic transport of
both carnitine and its precursor y-butyrobetaine, as well as enhanced systemic carnitine
biosynthesis.
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Abstract

The first enzyme of carnitine biosynthesis is the mitochondrial 6-N-trimethyllysine
dioxygenase, which converts 6-N-trimethyllysine into 3-hydroxy-6-N-trimethyllysine. Using
progressive membrane solubilization with digitonin and protease protection experiments we
show that this enzyme is localized in the mitochondrial matrix. Latency experiments showed
that 3-hydroxy-6-N-trimethyllysine formation is limited by 6-N-trimethyllysine transport over
the mitochondrial inner membrane. The transport of 6-N-trimethyllysine appears to be tightly
coupled to hydroxylation by 6-N-trimethyllysine dioxygenase. Because the subsequent
carnitine biosynthesis enzymes are cytosolic, a mitochondrial 6-N-trimethyllysine/3-hydroxy-
6-N-trimethyllysine transporter system must exit. This transport system represents an
additional step in the carnitine biosynthesis, which could have considerable implication for
the regulation of carnitine biosynthesis.

Introduction

Carnitine (3-hydroxy-4-N,N,N-trimethylaminobutyrate) is a vital compound in fatty acid
metabolism since it enables the transport of activated long-chain fatty acids and peroxisomal
B-oxidation products into the mitochondrial matrix, where 3-oxidation takes place [1, 2].
Mammals acquire carnitine both from their diet and through endogenous synthesis [3-5].
Carnitine is ultimately synthesized from the amino acids lysine and methionine. In some
proteins (e.g. calmodulin, histones, myosin and actin) lysine residues are trimethylated on the
g-amino group by specific methyltransferases, which use S-adenosyl methionine as methyl
donor [6]. After lysosomal degradation of these proteins free 6-N-trimethyllysine (TML) can
be used for carnitine biosynthesis: The first step is the hydroxylation of TML to 3-hydroxy-6-
N-trimethyllysine (HTML) by the enzyme 6-N-trimethyllysine dioxygenase (EC 1.14.11.8,
TMLD). HTML is subsequently converted to 4-trimethylaminobutyraldehyde, which is
oxidized to yield 4-trimethylaminobutyric acid (y-butyrobetaine). Finally 4-
trimethylaminobutyric acid is converted to carnitine [3-5].

Hulse et al. were the first to show that rat liver mitochondria are able to convert TML into
HTML [7]. Further studies revealed that TMLD is a 2-oxoglutarate-depended non-heme
ferrous-iron dioxygenase, which requires the presence of ascorbate for activity [7, 8]. Because
the other three carnitine biosynthesis enzymes are cytosolic [4], the exact location of TMLD
in the mitochondrion could have considerable implications for the biosynthesis of carnitine. If
TMLD resides in the inter membrane space or on the outer mitochondrial membrane, which is
permeable for small molecules, diffusion would suffice to deliver cytosolic TML to TMLD
and return the HTML produced to the cytosol. If TMLD is localized in the mitochondrial
matrix, however, a transport system for TML and HTML is required, since these metabolites
are not very likely to pass the inner mitochondrial membrane by diffusion. Additionally, such
a transport system could be involved in the regulation of carnitine biosynthesis by controlling
the concentrations of TML and HTML in the cytosol and mitochondrial matrix [9].

In this article we show that TMLD is localized in the mitochondrial matrix. Furthermore, we
provide presumptive evidence in favor of a transport system for TML (and HTML).

Materials and Methods
Chemicals
Digitonin was obtained from Merck, Darmstadt, FRG. TML and proteinase K were purchased

from Sigma. St. Louis, USA. All other reagents were of analytical grade. The Microcon 30
filters were obtained from Millipore, Billercia, USA. Nitrocellulose membranes were
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purchased from Schleicher & Schuell, Sanford, USA. [*Ho]-TML and [*He]-TML were
synthesized as described earlier [10]. ["Ho]-HTML was prepared enzymatically by incubating
[*Ho]-TML with Neurospora crassa TMLD, which was heterologously expressed in S.
cerevisiae as described by Swiegers et al. [11]. The resulting mixture of [*Ho]-HTML and
[*Ho]-TML was applied to Microcon YM 30 filters to deproteinize the solution.

The goat-anti-rabbit IgG was from Biorad. The anti-TMLD polyclonal antibody was
generated as described previously [9]. The anti-crotonase antibody was generated against
crotonase purchased from Sigma Chemical Co. The anti-AcylCoA-synthetase antibody was a
kind gift from Dr. T. Hashimoto, Shinshu University, Matsumoto, Japan [12].

Animals

Adult male Wistar rats were anesthetized and sacrificed by decapitation. The kidneys were
excised and immediately suspended in ice cold 5 mM MOPS buffer containing 250 mM
sucrose and 2 mM EGTA, pH 7.4 (Sucrose-EGTA-MOPS; SEM). All experiments were
approved by the local ethical committee.

Preparation of mitochondria

Rat kidneys were homogenized in SEM-buffer with 3 strokes of a teflon pestle in a Potter-
Elvehjem glass homogenizer at 500 rpm. The crude homogenate was centrifuged at 800 x ¢
for 10 minutes at 4°C to remove nuclei and whole cells. The supernatant was centrifuged at
5,000 x g for 10 minutes at 4°C. The mitochondrial pellet was washed twice in SEM and
finally resuspended in 5 ml SEM. The mitochondrial protein concentration was determined
according to the method of Bradford, using bovine serum albumin as standard [13].

Determination of mitochondrial membrane integrity

As a measure for membrane integrity at the metabolite level, citrate synthase activity was
measured in an aliquot of mitochondria using an adapted DTNB-based assay as described
previously [14]. Briefly, the reaction was started by adding the mitochondria (80 pg
mitochondrial protein/ml, final concentration) to the reaction mixture, which contained 0.1
mM DTNB, 0.2 mM oxaloacetic acid and 0.1 mM acetylCoA, all dissolved in SEM.
Subsequently, the increase in A4jz, due to DTNB-CoASH complex formation, was measured
for 3 minutes at room temperature. Next, 0.1% (w/v) Triton-X-100 in SEM was added, to
disrupt the mitochondrial membranes and the increase in A4, was measured again for 3
minutes. The citrate synthase activity determined after the addition of Triton—X-100 was set at
100%. Only mitochondria which showed < 1% of total citrate synthase activity before the
addition of Triton-X-100 were used in the experiments.

Digitonin titration/preparation of mitoplasts

One milligram of mitochondrial protein was incubated in 0.5 ml SEM for 10 minutes on ice
with 0, 1, 1.25, 1.5, 1.75, 2, 2.25, 2.5, 2.75, 3, 3.5, 4, 4.5 or 5 mg/ml digitonin (final
concentration) followed by centrifugation at 12,000 x g for 10 minutes at 4°C. The
supernatants were collected and the activity of TMLD and marker enzymes was determined.
Mitochondria which showed the same release of marker enzymes as was seen with 1.25
mg/ml digitonin (65% release of adenylate kinase and only 3% release of citrate synthase
(figure 1)) were used as mitoplasts. To remove the digitonin, the mitoplast-pellet was washed
three additional times with 1.5 ml of ice-cold SEM. Subsequently, the mitoplasts were used
for the protease protection assay, as described below.
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TMLD activity and marker enzyme activity

TMLD activity was measured as described previously [15]. The activity of monoamine
oxidase, an outer membrane marker, was measured as described by Youdim et al. [16].
Adenylate kinase, an intermembrane space marker, was measured as described by Criss et al.
[17]. Citrate synthase, a mitochondrial matrix marker, was measured as described by Srere
[14] The activity of cytochrome € oxidase, a marker for the mitochondrial inner membrane,
was determined by incubating the samples with 65 uM reduced cytochrome € in a 30 mM
potassium phosphate buffer, pH 7.4 at 37°C and measuring the decrease in absorbance at 550
nm for ten minutes.

Proteinase K protection assay

Prior to the proteinase protection assay, an aliquot of mitochondria or mitoplasts was
incubated with 1% (w/v) Triton-X-100 in SEM on ice for three minutes. Two hundred
micrograms protein equivalent of Triton-X-100-treated or untreated mitochondria or
mitoplasts were incubated for 15 minutes at 37°C with 0, 0.5, 0.75, 1, 1.25, 1.5, 2 or 2.5
mg/ml (final concentration) proteinase K, dissolved in SEM (final volume of 100 ul). The
reaction was stopped by adding 10 pl of a 200 mM Phenylmethyl sulfonyl fluoride (PMSF)
solution (in propanol) after which the sample was placed on ice for 20 minutes. Subsequently,
100 pl of SDS-PAGE loading buffer (0.125 M Tris/HCI buffer, containing 4% (w/v) SDS,
20% (w/v) glycerol, 4% (v/v) B-mercaptoethanol, 5% (w/v) broomphenol blue and 8§ M
ureum, pH 6.8) was added. The samples were boiled for 3 minutes after which another 10 pl
of PMSF solution was added. The samples were analyzed using SDS-PAGE and subsequent
Western blotting with antibodies against TMLD and two marker enzymes.

TMLD activity latency

Prior to the TMLD latency test, the membrane integrity of mitochondria suspended in the
reaction mixture (1 mM 2-oxoglutarate, 0.5 mM ammonium iron sulfate and 2 mM TML, all
dissolved in SEM) was checked with the citrate synthase assay, as described above. Only
mitochondria with at least 98% membrane integrity (i.e. mitochondria that showed < 2% of
total citrate synthase activity) were used.

An aliquot of mitochondria was incubated with 1% (w/v) Triton-X-100 in SEM on ice for
three minutes for the determination of the maximal TMLD activity. Subsequently, 1 mg
mitochondrial protein equivalent of Triton-X-100-treated or untreated mitochondria was
incubated with 2 mM TML or with the complete reaction mixture (total volume 250 pl) at
25°C. For the Triton-X-100 treated mitochondria, the TMLD reaction was stopped by
addition of 1 mM ZnCl, (final concentration) and internal standards (360 pmol [*Hs]-TML
and 150 pmol [*Ho]-HTML) and samples were placed on ice. At the end of the incubation
time the reaction mixtures with untreated mitochondria were centrifuged for 15 seconds at
16,000 x g at 4°C. The supernatant was collected, placed on ice and 1 mM ZnCl, and internal
standards were added. The pellet was washed twice with ice-cold SEM, kept on ice and
resuspended in 250 ul SEM to which 1 mM ZnCl, and internal standards were added.
Subsequently, all samples were loaded on a Microcon 30 kDa filters and centrifuged at 14,000
x g for 20 minutes at 4°C. One hundred microliters of the filtrate was derivatized and the
quantities of TML and HTML were analyzed by HPLC-Tandem MS as described previously
[10].

Results and Discussion

Previously, TMLD has been shown to be localized in mitochondria [7], whereas the other
three enzymes of the carnitine biosynthesis pathway are presumed to be cytosolic (see [4] for
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review). The exact sub-mitochondrial localization of TMLD, however, has remained
unknown. In order to resolve whether TMLD is localized in the outer or inner mitochondrial
membrane or in the mitochondrial matrix, we first performed digitonin-titration experiments,
which are based on the notion that the cholesterol content of the outer membrane is higher as
compared to that of the inner mitochondrial membrane. In order to determine the sub-
mitochondrial localization of TMLD, intact freshly isolated rat kidney mitochondria were
incubated in an isotonic medium supplemented with increasing concentrations of digitonin to
dissolve the mitochondrial membranes sequentially. After 10 minutes at 4° C, samples were
centrifuged, followed by enzyme activity measurements. Figure 1 shows that monoamine
oxidase and adenylate kinase, the outer membrane and inter-membrane space markers, were
released into the supernatant already at low concentrations of digitonin, whereas higher
concentrations of digitonin were required to release citrate synthase into the medium. Release
of the inner mitochondrial membrane enzyme cytochrome € oxidase required even higher
concentration of digitonin. The fact that the release of TMLD coincides with that of citrate
synthase, a soluble matrix enzyme, indicates that TMLD is localized in the mitochondrial
matrix.
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Proteinase K protection assay

To confirm the results of the digitonin-experiment, we performed proteinase K protection
assays. Proteinase K is a protease, which cannot penetrate the outer and inner mitochondrial
membranes, at least under isotonic conditions. In the experiment of figure 2 rat kidney
mitochondria were incubated in the standard medium supplemented with proteinase K at
increasing concentrations. After 15 minutes at 37°C PMSF was added to block proteinase K
activity, followed by SDS-PAGE and Western blot analysis. The results of figure 2 show that
the mitochondrial matrix protein crotonase is resistant to proteinase K treatment unless
Triton-X-100 is added which dissolves the mitochondrial membranes. On the other hand the
outer mitochondrial membrane enzyme acyl-CoA synthetase was completely degraded
already at the lowest concentrations of proteinase K used. Importantly, as for crotonase,
TMLD was degraded only when the membranes were dissolved by Triton-X-100, indicating
that TMLD is either an inter membrane space protein or a matrix protein To differentiate
between these two possibilities digitonin was used to produce mitochondria without an outer
membrane (mitoplasts). When proteinase K is added to the mitoplasts remaining outer-
membrane and inter-membrane space proteins will be degraded, while matrix proteins will
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still be protected by the inner membrane. As expected, crotonase was not degraded when
mitoplasts were incubated with the protease unless Triton-X-100 was added to disrupt the
inner membrane (figure 2B). Western blot analysis using an anti-TMLD antibody showed the
same pattern as for crotonase. These findings support the results of the digitonin titration
experiment and indicate that TMLD is located in the mitochondrial matrix.

A - Triton-X-100 + Triton-X-100
mg/ml protease K
0 05 075 1.0 125 1.5 2.0 2.5 0 05 075 1.0 1.25 1.5 2.0 2.5
o-Synthetase e - - Fig.2. Western blot analysis of
- mitochondria (A) and mitoplasts
B) with various concentrations
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Latency of TMLD activity

When enzymes are surrounded by an impermeable membrane, they usually exhibit latency;
less enzyme activity is measured in the intact organelle compared to the activity measured
after the membrane is disrupted. The enzyme activity is limited by the transfer of
substrate/product over the membrane. If TMLD is indeed localized in the mitochondrial
matrix, then the rate of HTML formation should display latency. To test this, the membrane
integrity of mitochondria suspended in an iso-osmotic reaction mixture (1 mM 2-oxoglutarate,
0.5 mM ammonium iron sulfate and 2 mM TML, all dissolved in SEM) was determined first,
since addition of these substances could effect membrane integrity. When mitochondria were
incubated in this reaction mixture, membrane integrity was more than 98% at three minutes in
the DTNB-citrate synthase assay and this time point was chosen as maximal incubation time.
When mitochondria (either intact or lysed) were incubated with only TML, no HTML
formation could be detected (results not shown). The endogenous levels of 2-oxoglutarate and
Fe®" most likely are too low to drive HTML formation. We have shown previously that the
presence of Triton-X-100 does not influence TMLD activity [15].

When 2-oxoglutarate and Fe*" were added to the reaction mixture, a substantial quantity
(approximately 550 pmol/mg protein) of HTML was formed in 3 minutes by lysed
mitochondria (figure 3A). In contrast, in intact mitochondria the TMLD activity was only 90
pmol/mg protein which amounts to 16% of the activity of lysed mitochondria (figure 3A).
This implies that TMLD activity is indeed limited by TML import and confirms the matrix
localization of TMLD, although it can not be excluded that the low apparent TMLD activity
in intact mitochondria is due to low intra-mitochondrial levels of Fe2" and/or 2-oxoglutarate.
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Transport of TML into mitochondria

Next, we investigated the import of TML into intact mitochondria. To this end, intact freshly
isolated mitochondria were incubated in the standard medium and supplemented with
increasing concentrations of TML. Subsequently, the samples were centrifuged to separate the
mitochondria (pellet fraction) from the reaction mixture (supernatant fraction), the pellet was
washed twice and the amount of TML in this fraction was determined. No time-dependent
TML import was observed when mitochondria were incubated with only TML. At both t=0
and t=3 minutes approximately 35 pmol TML was found in the pellet fraction (figure 3B). To
investigate if these 35 pmol TML represent endogenous TML or TML from the reaction
mixture, we repeated the experiment using [*He]-TML. In this experiment also approximately
35 pmol [*He]-TML was found in the pellet fraction at both t=0 and t=3 minutes (results not
shown). Therefore, this most likely represents aspecific binding to the mitochondria and not
endogenous TML.

Transport of TML into mitochondria in the presence of TMLD cofactors

Mitochondria incubated with TML only did not import TML. In the presence of all TMLD
cofactors, however, HTML was produced in intact mitochondria (figure 3A). Because we
have shown that TMLD is a mitochondrial matrix enzyme, TML must first be imported
before it can be converted to HTML. No time-dependent TML accumulation was observed in
the pellet fraction (figure 3B) suggesting efficient intra-mitochondrial conversion into HTML.
These results suggest that TML import is coupled to HTML formation by TMLD. HTML did
accumulate in a time-dependent manner in the pellet fraction and this effect was even more
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pronounced in the supernatant fraction (figure 3C). This suggests that, after TML is converted
into HTML, it is efficiently exported from the mitochondria either by a distinct transporter or
possibly by a dedicated TML/HTML antiporter (figure 4). Unfortunately, we could not test
whether HTML was imported into mitochondria or whether HTML-loaded mitochondria
exported HTML in exchange for TML since the chemical purity of (not commercially
available) HTML did not allow experiments with intact mitochondria.

Concluding remarks

Because TMLD is localized in the mitochondrial matrix a transport system for TML (and
HTML) must exist. This transport system represents an additional step in the carnitine
biosynthesis (figure 4) and the activity of this transporter very likely influences the flux
through this pathway. Several experiments have demonstrated that the capacity of the
carnitine biosynthesis enzymes to generate carnitine greatly exceeds the daily carnitine
production [18, 19]. Experiments where exogenous carnitine precursors (TML, y-
butyrobetaine) were administered to rats also showed that the availability of the precursors
appeared to be the only rate-limiting factor for carnitine synthesis [20, 21]. Therefore,
Rebouche proposed that the availability of TML, and not the activity of the carnitine
biosynthesis enzymes, is rate-limiting for carnitine biosynthesis [19]. Our results have shown
that the formation of HTML in intact mitochondria was limited by the transport of TML over
the mitochondrial inner-membrane. This suggests that not just the availability of TML, but
also the intra-mitochondrial TML availability and therefore the activity of the TML transport
system is rate-limiting for the biosynthesis of carnitine. The specific properties of the TML
(and HTML) transport system could be investigated using mitochondrial membrane protein-
containing proteoliposomes. This is currently under investigation.

carnitine

ond 3rd g Ath cytOSOI
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Figure 4. Carnitine biosynthesis. Free 6-N-trimethyllysine (TML), released upon lysosomal degradation of
proteins containing trimethylated lysine residues, must first be transported into the mitochondrial matrix where
6-N-trimethyllysine dioxygenase (TMLD) is localized. Next, TML is hydroxylated by TMLD to 3-hydroxy-6-N-
trimethyllysine (HTML). Subsequently, HTML must be transported back to the cytosol where it is converted
into carnitine via three consecutive enzyme reactions. TML and HTML could be handled either by distinct
transporters or possibly by an antiporter.
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Discussion



Discussion

In order to study carnitine metabolism, assays to measure carnitine biosynthesis enzyme
activities and carnitine metabolites levels are indispensable. Therefore, we developed tandem-
MS based assays to measure TMLD, TMABA-DH, y-BBD and CPTI activity. In addition to
enzyme activity assays, a method to simultaneously determine the levels of carnitine
biosynthesis intermediates and acyl-carnitines in tissues was developed. These assays were
used to investigate carnitine biosynthesis in mouse and rat, the regulation of carnitine
homeostasis and carnitine metabolism in two mouse models for human p-oxidation disorders.

Because it was speculated that the cardiomyopathy or cardiac arrhythmia observed in
VLCAD-deficient patients results from accumulation of long chain acyl-carnitines and
concomitant carnitine deficiency in the heart, we investigated carnitine metabolism in the
LCAD-/- mouse. After 7 hours fasting the LCAD-/- mice did not have carnitine deficiency.
Also, after 16 hours fasting these mice did not display carnitine deficiency. Plasma and heart
carnitine levels in LCAD-/- mice were decreased, but were still approximately 60% of the
levels found in wild type mice (unpublished results). Acyl-carnitine levels in hearts of LCAD-
/- mice, which were fasted for 7 hours, were only mildly elevated. The cardiac acetyl-carnitine
level, however, was severely decreased, which most likely was due to an acetyl-CoA
deficiency. Therefore, the cardiomyopathy in the LCAD-/- mouse is caused primarily by a
severe energy deficiency in the heart and not by carnitine deficiency or accumulating long-
chain acyl-carnitines.

In contrast to VLCAD deficiency, which indirectly influences carnitine metabolism, OCTN2
deficiency directly affects carnitine homeostasis and, compared to other human p-oxidation
disorders, has the most drastic effect on carnitine homeostasis. OCTN2-deficient patients and
mice demonstrate profound carnitine deficiency [1]. OCTN2-deficient patients and mice are
treated with high-dose oral carnitine therapy, which ameliorates their symptoms but does not
restore their plasma and tissue carnitine content to normal levels [1]. Experiments where
OCTNZ2-/- mice were given y-BB instead of carnitine have demonstrated that endogenously
synthesised carnitine (from exogenously administered y-BB) is used more efficiently than
exogenously administered carnitine [2]. Also, experiments using rats [3, 4], perfused rat liver
[5], hepatocytes [6] or liver plasma membrane vesicles [7], have demonstrated that y-BB is
very effectively taken up by the liver and that this transport is mediated via specific y-BB
transporters. We have identified a liver y-BB transporter and showed that the carnitine
biosynthesis and the hepatic expression of this transporter is increased in OCTN2-/- mice.
These results substantiate the results of Higashi et al. [2] that suggest that endogenous
carnitine synthesis is enhanced. This might have implications for the treatment of OCTN2
deficiency. Indeed, orally administered y-BB therapy might be more effective than carnitine
therapy. Before changes in treatment of OCTN2 deficiency can be made, however, the
differences in metabolic fate of exogenous carnitine and y-BB have to be investigated more
thoroughly.

Although the studies described here provide new insights in the homeostasis of carnitine,
several important questions concerning whole body carnitine metabolism and its precise
molecular components remain unanswered.

Firstly, the carnitine biosynthesis pathway is a multi-tissue pathway and both inter-cellular
and intra-cellular metabolite transport is necessary for the production of carnitine. Apart from
the fact that various tissues are capable of transporting different carnitine metabolites, very
little is known about the transporter systems that are involved in carnitine homeostasis, such
as the plasma membrane TML import system, which is present in rat and mouse kidney, the
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mechanism via which carnitine and its acyl-derivatives are exported from cells and the
mitochondrial TML/HTML transporter. These and other transporters could be involved in the
regulation of the biosynthesis and homeostasis of carnitine. Their identification and
characterization is, therefore, necessary for a complete understanding of this pathway.
Furthermore, still only three of the four carnitine biosynthesis enzymes have been purified
and their genes identified (for review, [8]). The gene encoding the HTML-aldolase remains to
be identified.

Recent studies performed in collaboration with the group of Dr. Distel, Department of
Medical Biochemistry, Academic Medical Center, have shown that the yeast Candida
albicans expresses genes homologous to the genes encoding the human carnitine biosynthesis
enzymes. This opens up the possibility to investigate the carnitine biosynthesis pathway in an
organism that can be easily manipulated and may provide new ways to identify missing
carnitine biosynthesis genes, such as the HTML-aldolase and the mitochondrial TML/HTML
transporter.

Secondly, it is still not precisely clear how carnitine homeostasis is regulated. We have shown
that the effects of hyperlipidemic drugs were mainly due to an increase in hepatic y-BBD
activity and OCTNZ2 expression. It is not clear, however, from our results if these effects are
directly induced by PPARa or that y-BB activity and/or OCTN2 expression are stimulated
indirectly, via other factors. Also, not only PPARa-agonists, but also several hormones affect
carnitine metabolism. For instance, insulin stimulates OCTN2 expression in skeletal muscle
[9], but probably has the opposite effect in liver [10]. A decrease in insulin level is
accompanied by an increase in hepatic carnitine content [10] and fasted PPARa-/- mice also
show a relative increase in OCTN2 expression. Many more regulatory factors, besides
PPARa and the insulin/glucagon system, could affect carnitine metabolism under different
physiological conditions (feeding, fasting, exercise). Therefore, more studies have to be
performed to completely unravel the regulation of carnitine metabolism. Especially studies
into the promoter regions of the genes coding for the different enzymes involved in carnitine
homeostasis should clarify this subject.

In addition, various aspects of carnitine metabolism appear to be regulated differently
between species. The tissue distribution of y-BBD, for instance, varies significantly between
rats, mice, hamsters, rabbits, dogs, cats, humans and monkeys. In rats, mice and guinea pigs y-
BBD is present only in liver, while in the other animals this enzyme is also expressed in
kidney [11]. Furthermore, we have demonstrated that the activity of TMLD and TMABADH
in various tissues greatly varies between rat and mouse, two closely related rodent species.
The inter-tissue relationship of the carnitine biosynthesis pathway probably differs greatly
between humans and rodents due to the fact that rodents can reabsorb urinary TML and
humans can not [8]. In man TML is probably converted into y-BB in the tissue of origin,
while it was proposed that in rat part of the produced TML is released into the circulation and
taken up and metabolized by the kidney [12]. This is supported by our finding that TMLD and
TMABA-DH activity in rat muscle, which is the major source TML, are very low. Although
mouse kidney can also transport TML, the role of the kidney is much less clear in this animal.
Mouse muscle has even less biosynthetic capacity, compared to rat, but kidney TMLD
activity is also much lower. Because TML originates from protein turnover, it is very
complicated to study the metabolism of endogenously synthesized TML. Studies using rats
and mice fed a lysine deficient diet supplemented with labeled lysine for different periods of
time may well reveal how different tissues contribute to the production of y-BB and if there
are indeed differences between mouse and rat.

The mechanisms which underlie all the observed inter-species differences in tissue
distribution and carnitine biosynthesis enzyme activity are unknown. By studying and
comparing the promoter regions of the genes coding for the various components of carnitine
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metabolism and/or studying the expression of possible transcript-variants of these genes in
different species, the observed differences in carnitine metabolism might be explained.

One of the most intriguing aspect of carnitine homeostasis is the precise role of the carnitine
biosynthesis. Possibly the most important mechanism via which plasma carnitine levels are
regulated is the rate of renal carnitine reabsorption [1]. Consequently, OCTN2-deficient
patients and mice, which have impaired carnitine uptake and renal reabsorption but normal
carnitine biosynthesis, are severely carnitine deficient [1]. Although both the extrahepatic y-
BB synthesis, possibly the hepatic y-BB uptake, and the hepatic y-BBD activity are increased
in OCTN2-/- mice, the biosynthesis pathway can not compensate the urinary loss of carnitine
and y-BB.

There are no patients known with a defect in carnitine biosynthesis. A defect in the
biosynthesis of carnitine probably does not lead to carnitine deficiency when dietary carnitine
intake is high. In omnivorous humans approximately 75% of total body carnitine originates
from dietary sources [8] and an increase in renal carnitine reabsorption might very well
compensate for the absence of biosynthetic carnitine. In strict vegetarians, however, the
dietary carnitine content is low and 90% of total body carnitine originates from biosynthesis
[8]. It is possible that the combination of a defect in carnitine biosynthesis and a vegetarian
diet leads to carnitine deficiency.

To test this hypothesis an animal model with a defect in the biosynthesis of carnitine, for
instance a y-BBD knock-out mouse, must be developed. Possibly, when fed enough carnitine,
the y-BBD-/- mouse may well show no distinct phenotype. On a carnitine-free diet, however,
this mouse would become carnitine deficient and may well show symptoms similar to those of
OCTN2-/- mice.

In conclusion, although the studies described here provide new insights in the homeostasis of
carnitine, several questions concerning whole body carnitine metabolism and its precise
molecular components remain unanswered. More experiments have to be performed to
resolve these issues for a complete understanding of the carnitine biosynthesis pathway and
its role in carnitine homeostasis.
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Summary

Carnitine (3-hydroxy-4-N-trimethylaminobutyric acid) is an essential substance in fatty acid
metabolism. It enables the transport of activated long-chain fatty acids from the cytosol into
the mitochondrial matrix, where p-oxidation takes place, via the subsequent actions of
Carnitine Palmitoyl Transferase I (CPTI), the Carnitine/Acyl-Carnitine Transporter and
Carnitine Palmitoyl Transferase II (CPTII). Carnitine is also used to transport peroxisomal 3-
oxidation products to the mitochondria, to excrete accumulating acyl-groups and to modulate
the level of free CoA.

Carnitine can be both absorbed from the diet and synthesized endogenously. Dietary carnitine
is taken up via the sodium-dependent carnitine transporter OCTN2. This transporter also
mediates cellular uptake and renal reabsorption of both carnitine and its precursor, 4-
trimethylaminobutyric acid (y-butyrobetaine, y-BB). Carnitine biosynthesis starts with 6-N-
trimethyllysine (TML), which is generated by lysosomal degradation of proteins containing
trimethylated lysine residues. Free TML is hydroxylated by the enzyme TML-dioxygenase
(TMLD) to 3-hydroxy-6-N-trimethyllysine (HTML), which is subsequently converted to 4-
trimethylaminobutyraldehyde (TMABA). Next, TMABA-dehydrogenase (TMABA-DH)
produces y-BB, which is hydroxylated to carnitine by y-BB dioxygenase (y-BBD).

In order to study carnitine metabolism, assays to measure carnitine biosynthesis enzyme
activities and carnitine metabolites levels are indispensable. We developed tandem-MS based
assays to measure TMLD, TMABA-DH, y-BBD and CPTI activity. In addition to enzyme
activity assays, a method to simultaneously determine the levels of carnitine biosynthesis
intermediates and acyl-carnitines in tissues was developed. These assays were used to
investigate (1) carnitine biosynthesis in mouse and rat, (2) carnitine metabolism in two mouse
models for human B-oxidation disorders and (3) the regulation of carnitine homeostasis.
Considerable differences were found in the activities of the various enzymes involved in
carnitine biosynthesis between mouse and rat. Indeed, mouse tissues contain much less
TMLD and TMABA-DH activity than rat tissues. In contrast to these enzyme activities, the
levels of carnitine biosynthesis intermediates are similar in mouse and rat tissues. Differences
in rat and mouse TMLD activity and affinity for TML could possibly lead to the observed
tissue levels of carnitine biosynthesis intermediates.

Because it was speculated that the cardiomyopathy or cardiac arrhythmia observed in
VLCAD-deficient patients results from accumulation of long chain acyl-carnitines and
concomitant carnitine deficiency in the heart, we investigated carnitine metabolism in the
LCAD-/- mouse, because, in contrast to the VLCAD-/- mice, LCAD-/- mice display
symptoms similar to VLCAD-deficient patients. The LCAD-/- mice did not have carnitine
deficiency. Acyl-carnitine levels in hearts of LCAD-/- mice were only mildly elevated. The
cardiac acetyl-carnitine level, however, was severely decreased, which most likely was due to
an acetyl-CoA deficiency. Therefore, the cardiomyopathy in the LCAD-/- mouse is caused
primarily by a severe energy deficiency in the heart and not by carnitine deficiency or
accumulating long-chain acyl-carnitines.

OCTN2-deficient patients and mice demonstrate profound carnitine deficiency. OCTN2-
deficient patients and mice are treated with high-dose oral carnitine therapy, which
ameliorates their symptoms but does not restore their plasma and tissue carnitine content to
normal levels. Several experiments have demonstrated that y-BB is taken up by the liver very
effectively, that this transport is mediated via specific y-BB transporters and that
endogenously synthesised carnitine (from exogenously administered y-BB) is used more
efficiently than exogenously administered carnitine. To identify this hepatic y-BB transporter
and investigate its role in the carnitine biosynthesis in the OCTN2-/- mouse, we first selected
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transporters, which are (1) expressed in tissues that transport y-BB and (2) transport
compounds similar to y-BB. By determining their y-BB transport activity, we identified and
characterized SLC6A13 as a y-BB transporter. Furthermore, we show that the carnitine
biosynthesis is increased in OCTN2-/- mice and that SLC6A13 is possibly involved in the
enhanced carnitine biosynthesis in these mice.

Little is known about the regulation of carnitine homeostasis. In both rats and mice hepatic
carnitine levels increase upon fasting or after activation of Peroxisome Proliferator Activated
Receptor o (PPAR), a transcription factor involved in the regulation of energy metabolism.
This effect is not observed in PPARa -/- mice, which indicates that it is mediated via PPARa.
We have demonstrated that both liver OCTN2 mRNA levels and y-BBD activity are highly
increased by fasting and PPARa-agonist treatment in wild type mice, suggesting that
enhanced carnitine import and synthesis contribute to the hepatic carnitine accumulation.
These effects were not observed in the PPARa-/- animals suggesting that OCTN2 and y-BBD
are regulated by PPARa..

Apart from studies concerning whole body carnitine metabolism, we have also investigated
the submitochondrial localisation of TMLD. We have demonstrated that TMLD is localized
in the mitochondrial matrix. Because the other three biosynthesis enzymes reside in the
cytosol and TML and HTML are not very likely to pass the inner mitochondrial membrane by
diffusion, this result indicates that a mitochondrial TML/HTML transport system must exist.
The properties of this transport system might have considerable implications for the flux
through the carnitine biosynthesis pathway which is supported by our finding that HTML
formation is limited by the transfer of TML over the mitochondrial inner membrane. This
transport system, therefore, represents an additional step in the carnitine biosynthesis.

Although the studies described here provide new insights in the homeostasis of carnitine,

more experiments have to be performed to gain complete understanding of the carnitine
biosynthesis and homeostasis.
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Chapter 10

Samenvatting



Samenvatting

Carnitine is een essentieel onderdeel van het vetzuurmetabolisme. Om afgebroken te worden
moeten vetzuren naar de matrix van het mitochondrion getransporteerd worden. Lang-keten
vetzuren kunnen alleen als carnitine-ester, d.w.z. acyl-carnitine, getransporteerd worden. Eerst
wordt een acyl-CoA omgezet tot acyl-carnitine door Carnitine Palmitoyl Transferase I
(CPTI), op het mitochondriele buitenmembraan. Daarna wordt de acyl-carnitine over het
mitochondriele binnenmembraan getransporteerd door de Carnitine/Acyl-Carnitine
Transporter. Vervolgens wordt, in de mitochondriele matrix, de acyl-carnitine omzet in een
acyl-CoA door Carnitine Palmitoyl Transferase II, waarna de acyl-CoA kan worden
afgebroken in de mitochondriele B-oxidatie. Carnitine wordt ook gebruikt om de verhouding
vrij CoA/geacyleerd CoA te veranderen en om stapelende vetzuren te binden zodat deze
uitgeschieden kunnen worden in de urine of gal.

Carnitine wordt zowel opgenomen uit de voeding (vlees en zuivelproducten bevatten veel
carnitine) als door het lichaam zelf gesynthetiseerd. Carnitine wordt uit de voeding
opgenomen via OCTN2, de plasmamembraan carnitine transporter. Opname van carnitine uit
de circulatie en renale reabsoptie loopt ook via OCTN2. De eerste metaboliet in de carnitine
biosynthese is 6-N-trimethyllysine (TML). TML wordt omgezet in 3-hydroxy-6-N-
trimethyllysine (HTML) door TML-dioxygenase (TMLD). HTML wordt vervolgens omgezet
in 4-trimethylaminobutyraldehyde (TMABA), waarna TMABA-dehydrogenase (TMABA-
DH) TMABA omzet in 4-trimethylaminobutyraat (y-butyrobetaine, y-BB). De laatste stap is
de omzetting van y-BB naar carnitine door y-BB dioxygenase (y-BBD).

Om de carnitine biosynthese en homeostase te kunnen bestuderen, hebben we methoden
ontwikkeld om TMLD, TMABA-DH, y-BBD en CPTI activiteit en de concentratie van
carnitine metabolieten in weefsels te kunnen meten. Deze methoden hebben we gebruikt om
de carnitine homeostase te onderzoeken in twee muismodellen voor humane p-oxidatie
defecten, te weten OCTN2 deficiéntie en zeer lang-keten acyl-CoA dehydrogenase (VLCAD)
deficiéntie.

OCTN2 deficiénte (OCTN2-/-) patiénten en muizen hebben hele lage plasma en weefsel
carnitine concentraties en lijden aan cardiomyopathie, hypoketotische hypoglycemie en
blijven achter in groei. De behandeling van OCTN2 deficiéntie bestaat uit het dagelijks
innemen van grote hoeveelheden carnitine. Dit vermindert de symptomen wel, maar leidt niet
tot normale plasma en weefsel carnitine concentraties. Wanneer OCTN2-/- muizen echter -
BB i.p.v. carnitine werd toegediend, steeg hun weefsel carnitine concentratie méér dan na
toediening van carnitine. Dit suggereert dat y-BB efficiénter wordt gebruikt dan carnitine.
Experimenten in o.a. ratten en levercellen hebben aangetoond dat y-BB goed wordt
opgenomen door de lever via een specifieke transporter. Om deze transporter te identificeren
hebben we transporters uitgezocht die (1) voorkomen in weefsels die y-BB transporteren en
(2) y-BB-achtige stoffen transporteren. Door de y-BB transport activiteit van deze transporters
te meten hebben we SLC6A13 geidentificeerd als y-BB transporter. Daarnaast hebben we
laten zien dat in de OCTN2-/- muis de biosynthese van carnitine verhoogd is en dat de
expressie van SLC6A13 in de lever ook hoger is in de OCTN2-/- muis t.0.v. normale muizen.
Dit suggereert dat SLC6A 13 betrokken is bij de verhoogde omzetting van y-BB naar carnitine
in de OCTN2-/- muis.

Vervolgens hebben we het carnitine metabolisme onderzocht in het muismodel voor humane
VLCAD deficiéntie. VLCAD is het eerste enzym in de mitochondriele B-oxidatie van lang-
keten vetzuren en wanneer dit enzym defect is kunnen lang-keten vetzuren niet worden
afgebroken waardoor ze ophopen in de cel. VLCAD deficiéntie wordt gekenmerkt door
cardiomyopathie, hypoketotische hypoglycemie na vasten en plotseling overlijden. Voor ons
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onderzoek hebben we de lang-keten acyl-CoA dehydrogenase deficiente (LCAD-/-) muis
gebruikt omdat de symptomen van deze muis meer lijken op die van VLCAD deficiénte
patiénten dan de symptomen van de VLCAD-/- muis. De carnitine concentratie in het hart van
LCAD-/- muizen was normaal en er was slechts een milde stapeling van lang-keten acyl-
carnitines. De acetyl-carnitine concentratie in LCAD-/- hart was echter zeer laag. Dit werd
waarschijnlijk veroorzaakt door een zeer lage acetyl-CoA concentratie, hetgeen duidt op een
aanzienlijk energie tekort. De cardiomyopathie in de LCAD-/- muis wordt dus waarschijnlijk
veroorzaakt door energie tekort en niet door carnitine deficiéntie of stapeling van lang-keten
acyl-carnitines.

Er is nog weinig bekend over de regulatie van de carnitine homeostase. Carnitine
metabolisme wordt beinvloed door Peroxisome Proliferator Activated Receptor a (PPAR),
een transcriptie factor in de energie huishouding. Wanneer ratten en muizen vasten of
PPARa-liganden innemen stijgt hun lever carnitine concentratie. Deze reactie blijft
achterwege in muizen met een defect in PPARa (PPARa-/-). Dit suggereert dat dit effect tot
stand gebracht wordt via PPARca. Wij hebben laten zien dat tijdens vasten de lever carnitine
concentratie stijgt door zowel een verhoogde OCTN2 expressie in de lever, waardoor er meer
carnitine geimporteerd wordt, als ook een verhoging van de y-BBD activiteit, waardoor er
meer carnitine geproduceerd wordt. Deze effecten bleven achterwege in de PPARo-/- muizen,
hetgeen suggereert dat OCTN2 en y-BBD gereguleerd worden door PPARa.

Behalve de carnitine homeostase en regulatie hebben we ook de sub-mitochondriale
localizatie van TMLD, het eerste enzym in de carnitine biossynthese, onderzocht. We hebben
laten zien dat TMLD zich bevindt in de mitochondriale matrix. Omdat de andere biosynthese
enzymen zich in het cytosol bevinden en TML en HTML niet zomaar door het mitochondriale
binnen-membraan kunnen, moet er een transport systeem voor TML en HTML zijn. Dit
transport systeem heeft waarschijnlijk invloed op de flux door de carnitine biosynthese. Dit
wordt ondersteunt door het feit dat de snelheid van HTML productie geremd wordt wanneer
TML eerst over het binnen membraan getransporteerd moet worden voordat het omgezet kan
worden in HTML. Dit transport systeem is dus een extra stap in de carnitine biosynthese.

Het hier beschreven onderzoek verschaft nieuwe kennis over het carnitine metabolisme. Er zal

echter nog meer onderzoek gedaan moeten worden om alle aspecten van de carnitine
biosynthese en homeostase aan het licht te brengen.
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