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L-Carnitine enhances nonoxidative glucose dis-
posal under euglycemic hyperinsulinemic conditions in both
healthy individuals and patients with type 2 diabetes, suggesting
that L-carnitine strengthens insulin effect on glycogen storage.
The plasma level of acyl-carnitine esters, primarily acetyl-
carnitine, increases during diabetic ketoacidosis, fasting, and
physical activity, particularly high-intensity exercise. Plasma con-
centration of free L-carnitine decreases simultaneously under
these conditions. © 2017 IUBMB Life, 69(8):578-594, 2017

In humans, r-carnitine is a compound facilitating transfer of
acyl groups that operates at the interface between fatty acid
metabolism and carbohydrate metabolism promoting fatty acid
oxidation and nonoxidative glucose disposal.

Acyl-coenzyme A synthetases are a family of enzymes that
catalyze the thioesterification of acyl groups and coenzyme A
(CoA) to form acyl-CoA esters. This reaction is required for
fatty acids to participate in metabolic pathways (Fig. 1). Carni-
tine acyltransferases are a family of enzymes that catalyze the
reversible transfer of acyl groups between coenzyme A and 1-
carnitine, converting acyl-CoA esters into acyl-carnitine esters
(Fig. 2). Acyl-carnitine esters represent a “dormant” pool of
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Basic acyl-coenzyme A synthetases reaction.
FIG 1

acyl groups that may be used in biochemical pathways upon
their conversion back into acyl-CoA esters by carnitine acyl-
transferases. Therefore, L-carnitine and carnitine acyltransfer-
ases modulate the intracellular level of “active” acyl groups.
For instance, when excess acetyl-CoA is generated inside the
mitochondrial matrix, r-carnitine buffers the accumulation of
acetyl groups by forming acetyl-carnitine. The formation of
acyl-carnitine derivatives allows the transport of acyl groups
across cell membranes and their excretion in urine. r-Carni-
tine and carnitine acyltransferases participate in the oxidation
of fatty acids by transporting acyl groups between cell organ-
elles and into the mitochondrial matrix, where f-oxidation
occurs. In addition, L-carnitine enhances nonoxidative glucose
metabolism and improves slightly glucose tolerance (1).

The IUPAC name for r-carnitine is (3R)-3-hydroxy-4-(tri-
methylazaniumyl)butanoate (Fig. 3). Initially named vitamin
Br, 1-carnitine binds acyl groups by establishing ester bonds
with carboxylic acids at its 3-hydroxyl position, serving as a
carrier for fatty acids.

It has been estimated that the total L-carnitine content in
the human body is about 300 mg/kg. Approximately 98% of 1-
carnitine is intracellular, existing either as free r-carnitine or
as several species of acyl-carnitine esters, predominantly in
the muscle and liver. The r-carnitine content (mmol) of extra-
cellular fluid, liver, skeletal muscle and kidney is 0.5, 1.3, 127
and 0.2, respectively. The liver contains 500-1,000 nmol total
L-carnitine per gram whereas the amount contained in the
skeletal muscle is greater, 3,000-5,000 nmol total 1-carnitine
per gram (2,3).

Endogenous Synthesis and Exogenous Provision of
L-Carnitine

L-Carnitine in humans is both endogenously synthesized and
obtained through food ingestion. The biochemical pathway to
the endogenous synthesis of 1-carnitine in humans has not
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been well-characterized. 1-Carnitine is synthesized from the
substrate 6-N-trimethyl-lysine. Lysine residues in some proteins
undergo N-methylation using S-adenosylmethionine as methyl
donor, forming 6-N-trimethyl-lysine residues. It is generally
assumed that 6-N-trimethyl-lysine is generated by degradation
of proteins and converted to 1-carnitine in four enzymatic steps,
namely hydroxylation at carbon 3, aldol cleavage, oxidation of
the aldehyde to 4-butyrobetaine and hydroxylation of 4-
butyrobetaine at carbon 3 (Fig. 4) (4).

The enzyme trimethyl-lysine dioxygenase (trimethyl-lysine
3-hydroxylase) catalyzes the hydroxylation of trimethyl-lysine
at carbon 3 to yield 3-hydroxy-trimethyl-lysine. During this
reaction, 2-oxoglutarate (o-ketoglutarate) is converted into
succinate, and carbon dioxide is released. The human gene
encoding trimethyl-lysine dioxygenase (TMLHE) maps to Xp28,

[ Lysyl residues (proteins) ]
S-adenosylmethionine ?
S-adenosylhomocysteine

6-N-trimethyl-lysine (TML)

S €.

3-hydroxy-6-N-trimethyl-
lysine (HTML)

Glycine l HTML aldolase

4-N-trimethyl-aminobutyraldehyde
(TMABA)

a-ketoglutarate

succinate

l IMABA dehydrogenase

4-N-trimethyl-aminobutyrate
(y-butyrobetaine)

0,

> |6,

L-carnitine |

a-ketoglutarate

y-butyrobetaine dioxygenase

succinate

Pathway of L-carnitine synthesis.
FIG 4
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and mutations in this gene have been found in patients with
autism disorders, suggesting that the function of the protein is
not well-known (5).

The second enzymatic step in the synthesis of r-carnitine
is the aldolytic cleavage of 3-hydroxy-trimethyl-lysine between
carbons 2 and 3 to yield glycine and 4-N-trimethyl-aminobu-
tyraldehyde. The gene coding the aldolase that catalyzes this
reaction has not been identified (4).

The third step in r-carnitine synthesis is assumed to be the
dehydrogenation of the aldehyde 4-N-trimethyl-aminobutyrate to
4-butyrobetaine (4-N-trimethyl-aminobutyrate), but the human
gene encoding the enzyme that catalyzes this step has not been
identified, and no congenital deficiency has been documented (4).

The last enzymatic step is the hydroxylation of 4-
butyrobetaine at carbon 3 by the enzyme 4-butyrobetaine dioxy-
genase (4-butyrobetaine hydroxylase) to yield r-carnitine. Like
the first reaction of the pathway, 2-oxoglutarate (x-ketoglutarate)
is converted into succinate, and carbon dioxide is released. The
enzyme 4-butyrobetaine dioxygenase adds the hydroxyl group
that 1-carnitine uses to form ester bonds with acyl moieties. The
gene BBOXI located at 11p14.2 encodes 4-butyrobetaine dioxy-
genase (2,3). A homozygous deletion containing the BBOX1 gene
has been reported in a girl with microcephaly, speech delay,
growth retardation and facial anomalies (5).

Human tissue distribution and subcellular location of the
human enzymes involved in the endogenous synthesis of r-car-
nitine have been barely investigated; therefore, the sites of 1-
carnitine synthesis have not been elucidated. In autopsy sam-
ples, 4-butyrobetaine dioxygenase activity is found in kidney,
liver and brain, being absent from skeletal muscle and heart.
The highest activity of 4-butyrobetaine dioxygenase in human
tissues is detected in the kidney (4).

Besides endogenous synthesis, humans obtain L-carnitine
through dietary food. It has been estimated that the average
adult diet provides approximately 75% of daily rL-carnitine
requirement. The bioavailability of dietary 1-carnitine ranges
from 54% to 87% while the bioavailability of pharmacological
doses of 1-carnitine is 5-18%. Therefore, intestinal absorption
of supplemental r-carnitine is less efficient than that of dietary
L-carnitine (6). Intestinal absorption of rL-carnitine occurs via
passive and active mechanisms. Studies using human intesti-
nal mucosa have detected passive diffusion of r-carnitine in
both the small intestine and the colon and active transport in
the duodenum and ileum (7).

The plasma level of total r-carnitine in healthy adults is in
the range of 25-50 uM while the plasma level of acetyl-
carnitine is 3-6 yM. Circulating r-carnitine filtered at the glo-
merulus is highly conserved by the kidney tubule, so that
approximately 98-99% of the filtered load undergoes tubular
reabsorption (6). The threshold concentration for tubular reab-
sorption is about 40-60 xM, and therefore the increase in the
renal clearance of 1-carnitine prevents from large elevations in
plasma r-carnitine level after exogenous administration (8).
The exogenous administration of r-carnitine either orally or
intravenously has little effect on skeletal muscle 1-carnitine
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content, but long-term r-carnitine supplementation associated
with high carbohydrate ingestion increases slightly the skeletal
muscle store of free L-carnitine in healthy subjects (9,10).

The Organic Cation Transporter-2

L-Carnitine enters the cells predominantly across the organic
cation transporter-2 (OCTN2), located to the plasma mem-
brane, although other transporters may also carry L-carnitine,
including OCTN3, (11) ATB (0,+), (12) and carnitine
transporter-2 (13). OCTN3 is expressed in human cultured
skin fibroblasts, being likely localized to the peroxisomal mem-
brane (11). ATB (0,+) is a sodium- and chloride-dependent
amino acid transporter able to carry carnitine, propionyl-
carnitine and acetyl-carnitine (12). Carnitine transporter-2 is
specifically located in human testis (13).

OCTN2 is a high affinity, sodium-dependent, carnitine
transporter. Human OCTN2 transcript is predominantly pre-
sent in the intestine, kidney, heart and skeletal muscle, being
also detected in the liver, central nervous system, breast and
ovary (14). In the human heart, OCTN2 is expressed primarily
in endothelial cells. In the human intestine, OCTN2 can be
identified both in the brush-border membrane of the small
intestine and in colonic epithelial cells. The expression of
OCTN2 is increased in biopsy specimens of patients affected
with inflammatory bowel disease (15). In vitro studies using
human HepG2 cells show that the expression of the OCTN2
gene is regulated by the transcription factor peroxisome
proliferator-activated receptor-o (16). In addition to OCTN2,
hepatocytes have a different low-affinity, sodium-independent
carnitine transporter (17).

Human OCTN2 has a number of substrates, including free
L-carnitine, acetyl-carnitine and some organic cations. The
uptake of L-carnitine and acetyl-carnitine by OCTN2 is sodium-
dependent with a stoichiometry 1:1. In contrast, OCTNZ2 trans-
ports organic cations without involving sodium. Acetyl-
carnitine inhibits OCTN2-mediated r-carnitine transport (14).

Cationic drugs such as verapamil and valproate also
inhibit OCTN2-mediated 1-carnitine uptake in Caco-2 cells and
human fibroblasts (15). Etoposide administration to cancer
patients is associated with an excessive loss of rL-carnitine in
urine, suggesting that this drug may inhibit OCTN2 in the kid-
ney tubule (18). In the human intestine, uptake of r-carnitine
is primarily mediated by OCTN2 being inhibited by valproate
and levofloxacin (15). Common variants of OCTN2 found in
healthy populations may contribute to variation in the han-
dling of r-carnitine and some drugs. OCTN2 haplotypes con-
taining —207G have been associated with a gain of function of
the transporter, but healthy subjects homozygous for —207G
show no appreciable effect of this single nucleotide polymor-
phism on r-carnitine metabolism (19).

Primary L-Carnitine Deficiency

The gene encoding OCTN2 (SLC22A5) maps to 5q31.2-32. Pri-
mary L-carnitine deficiency is an autosomal recessive disorder
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due to loss of function mutations in the SLC22A5 gene (20,21)
(Table 1). Reduced levels of mature OCTN2 on the plasma
membrane induce defective uptake of L-carnitine into the cells
and decreased intracellular r-carnitine concentration in the
affected tissues, including liver, skeletal muscle and heart.
Defective reabsorption of filtered ip-carnitine in the kidney
tubule leads to urinary r-carnitine wasting and low serum 1-
carnitine levels in patients with primary 1-carnitine deficiency.
Plasma concentration of acyl-carnitine esters is also low in
patients with the disease (22). Primary 1-carnitine deficiency
usually presents early in life with hypoketotic hypoglycemic epi-
sodes or later in life with cardiomyopathy or skeletal myopathy.
Episodes of hypoketotic hypoglycemia occur particularly during
fasting and have been attributed to impaired fatty acid oxidation
due to reduced intracellular r-carnitine concentration in the
hepatocyte. Defective fatty acid oxidation in the liver may atten-
uate the capacity to glucose synthesis via the gluconeogenesis
pathway (23). Skeletal myopathy and cardiomyopathy are more
frequent in older patients. In skeletal muscle, impaired fatty
acid oxidation induces intolerance to exercise with occasional
episodes of rhabdomyolysis and myoglobinuria. Plasma level of
creatine kinase at rest may be mildly elevated. Dilated cardio-
myopathy is frequently observed in patients with primary 1-car-
nitine deficiency, but hypertrophic cardiomyopathy has also
been documented. The frequency of mutations in the SLC22A5
gene is similar in patients with unselected cardiomyopathy and
the general population. Therefore, heterozygosity for primary 1-
carnitine deficiency is an unlikely cause of unselected cardiomy-
opathy (24). There is lipid accumulation in the affected tissues
including liver, heart and skeletal muscle. Hyperammonemia
may develop in patients with primary r-carnitine deficiency (25).
In some patients, the clinical onset of the disease occurs during
adulthood. Primary r-carnitine deficiency has been diagnosed in
women whose unaffected infants were identified with low free 1-
carnitine levels in plasma by newborn screening. Affected moth-
ers had minimal or no symptoms at time of diagnosis (26).
Although primary r-carnitine deficiency is considered an autoso-
mal recessive disorder, heterozygotes may display clinical fea-
tures similar to those occurring in the probands, suggesting that
they may suffer a partial dysfunction of the OCTN2 transporter.
They experience reduced 1-carnitine reabsorption in the kidney
resulting in urinary 1-carnitine wasting and slightly diminished
plasma 1-carnitine level compared to control subjects. Heterozy-
gotes for the SLC22A5 gene may show heart involvement in
adult life, including dilated cardiomyopathy and hypertrophic
cardiomyopathy (21). r-Carnitine uptake in heterozygous fibro-
blasts shows intermediate values between normal subjects and
patients with the disorder (27). Diagnosis of primary r-carnitine
deficiency is confirmed by the measurement of diminished
OCTNZ2 transporter activity in skin fibroblasts and mutational
analysis of the SCL22A5 gene. Patients with primary r-carnitine
deficiency respond to 1-carnitine supplementation, but their
response in the affected tissues is blunted (7). After r-carnitine
supplementation, the skeletal muscle remains carnitine-depleted
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whereas the hepatic carnitine store is nearly restored, due to
the presence of different carnitine transporters (28).

In addition to primary r-carnitine deficiency, low plasma
and tissue concentration of free r-carnitine may occur in other
conditions (secondary L-carnitine deficiency). Congenital defi-
ciency of enzymes involved in fatty acid oxidation causes accu-
mulation of unoxidized acyl-CoA esters, which are converted
into the respective acyl-carnitine esters, depleting the free -
carnitine pool and resulting in secondary free r-carnitine defi-
ciency. Some congenital disorders of the metabolism of
branched-chain amino acids may produce secondary 1L-carni-
tine deficiency due to a similar mechanism. Likewise, a keto-
genic diet may induce mild hypocarnitinemia usually without
clinical repercussion (3). Severe malnutrition leading to
acquired 1-carnitine deficiency and hyperammonemia has
been reported. The dialytic loss of r-carnitine during chronic
hemodialysis may contribute to a secondary deficiency (2,3).
Antibiotics containing pivalate decrease blood 1-carnitine level
due to the formation of pivaloyl-carnitine ester, which is
excreted in the urine. Zidovudine may cause r-carnitine defi-
ciency due to unclear reasons (29). Medications that inhibit
OCTNZ2 leading to secondary r-carnitine deficiency include lev-
ofloxacin, omeprazole, cefepime and etoposide (18). Valproate
is a branched-chain fatty acid that may lower plasma free -
carnitine concentration likely by inducing the formation of
acyl-carnitine derivatives (30).

L-Carnitine Acyltransferases

1-Carnitine acyltransferases catalyze the reversible transfer of
acyl groups between coenzyme A and 1-carnitine, converting
acyl-CoA esters into acyl-carnitine esters. Human r-carnitine acyl-
transferases include carnitine acetyltransferase (CRAT), carnitine
octanoyltransferase (CROT), carnitine palmitoyltransferase-1
(CPT1) and carnitine palmitoytransferase-2 (CPT2). Each one of
them displays typical subcellular location and substrate prefer-
ence for specific chain-length acyl-CoA esters. CRAT is present in
the nucleus, peroxisomes and mitochondrial matrix and prefers
short-chain acyl-CoA esters. CROT is a peroxisomal enzyme most
active with medium-chain substrates. CPT1 and CPT2 favor lon-
ger substrates including medium- and long-chain fatty acids
(Table 2). CPT1 is a transmembrane protein sited on the outer
mitochondrial membrane while CPT2 is anchored from the
matrix side on the inner mitochondrial membrane. During the
transfer of acyl groups, the His 343 residue in the active site of
carnitine acyltransferases acts as a general base to extract the
proton from the 3-hydroxyl group of 1-carnitine or the thiol group
of CoA, depending on the direction of the reaction. This nucleo-
philic interaction leads to the formation of a tetrahedral interme-
diate anion that may be stabilized by the positive charge on the
trimethylammonium group of r-carnitine (31).

Carnitine Acetyltransferase. Human CRAT catalyzes the revers-
ible transfer of short-chain acyl groups between coenzyme A and
i-carnitine. The X-ray structure of human CRAT has been
reported, revealing a monomeric protein of two domains N and
C, the active site of the enzyme being located at the interface
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between the two (32). CRAT has been purified from human liver.
Valproate induces an eight-fold increase in CRAT activity (33).
The relative amount of r-carnitine and acetyl-carnitine may be
measured by 'H-magnetic resonance spectroscopy (34).

CRAT is active with a number of substrates, including
some fatty acids, ketone bodies, benzoate, salicylate and some
intermediates of branched-chain amino acid catabolism
whereas this enzyme has no activity with short-chain dicar-
boxylic acyl-CoA esters, including malonyl-CoA, methylma-
lonyl-CoA, succinyl-CoA and glutaryl-CoA.

Among fatty acids, CRAT is active toward short- (C2-C6)
and medium-chain (C8-C10) acyl-CoA esters. The maximum
activity is obtained with propionyl-CoA (C3-CoA). CRAT shows
some activity with C12- and C14-CoAs, but no activity is
observed with long-chain species such as C16-CoA. CRAT is
necessary for the complete oxidation of pristanic acid, as per-
oxisomal p-oxidation of pristanic acid produces acetyl-CoA
(C2-CoA) and propionyl-CoA (C3-CoA) that have to be con-
verted to their respective L-carnitine esters (acetyl-carnitine
and propionyl-carnitine) to be transported into the mitochon-
drial matrix for further oxidation. Acyl-CoA esters with the
same chain length but with a trans double bond at the C2 posi-
tion are poor substrates for CRAT showing a catalytic effi-
ciency approximately 100-fold lower than the corresponding
straight chain acyl-CoA (33).

The degradation pathways of branched-chain amino acids
produce various branched-chain acyl-CoA intermediates. The
branched-chain acyl-CoA esters have a much lower affinity
towards CRAT than the straight-chain equivalents. A decrease
in CRAT activity is observed with acyl-CoA esters in which a
methyl group is located at the second position of the acyl unit,
suggesting that a methyl group located at this position may
interfere with the catalytic mechanism of CRAT, similarly to
the double bond at the same position. Among intermediates of
valine catabolism, CRAT is active toward isobutyryl-CoA and
3-hydroxy-isobutyryl-CoA, generating the corresponding acyl-
carnitines (isobutyryl-carnitine and 3-hydroxy-isobutyryl-car-
nitine). In the isoleucine degradation pathway, the highest
CRAT activity is observed with 2-methyl-butyryl-CoA. Tiglyl-
CoA and 2-methyl-3-hydroxy-butyryl-CoA are poor substrates
for CRAT, but some conversion to the respective acyl-
carnitines may occur. In the leucine catabolism pathway,
isovaleryl-CoA is a good substrate for CRAT. The enzyme
shows intermediate activity towards 3-methyl-crotonyl-CoA
but none towards 3-hydroxy-3-methylglutaryl-CoA. Among
ketone bodies, CRAT is active with acetoacetyl-CoA and 3-
hydroxybutyryl-CoA (35). CRAT is active with salicylyl-CoA and
benzoyl-CoA, derived from salicylate and benzoate, respec-
tively (36).

In human liver, CRAT activity is detected both in mito-
chondria and in peroxisomes. Both mitochondrial and peroxi-
somal CRAT display identical substrate specificity profiles
(33,37). CRAT activity has been identified in the nuclei from
HEK293 cells (38).
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CRAT has been found in human liver, skeletal muscle,
brain and fibroblasts (33,39). Skeletal muscle from trained
athletes show more abundant CRAT protein compared to
untrained subjects (40). In patients with type 2 diabetes, there
is a higher transcriptional level of CRAT. Higher expression of
CRAT may explain the elevated levels of acetyl-carnitine (C2-
carnitine) observed in these patients (41).

The reversible conversion between acetyl-CoA esters and
acetyl-carnitine esters by CRAT serves to several biological
processes, including buffering of acetyl groups and acetylation
reactions.

Acetyl-CoA is produced in the mitochondrial matrix pri-
marily from fatty acid oxidation and pyruvate decarboxylation
by the pyruvate dehydrogenase (PDH) complex. Ketone bodies
and some amino acids (lysine, leucine and isoleucine) also gen-
erate acetyl-CoA (Fig. 5).

Conditions that increase acetyl-CoA production include
enhanced fatty acid oxidation (fasting and diabetic ketoacido-
sis) and PDH activation (high-intensity exercise and high-
carbohydrate diets). Acetyl-CoA from any source enters the tri-
carboxylic acid cycle to generate energy. When accelerated
production of acetyl-CoA exceeds the capability of the tricar-
boxylic acid cycle to use it, CRAT transfers acetyl groups from
acetyl-CoA to r-carnitine, releasing free coenzyme A (CoA-SH)
and forming acetyl-carnitine. Free coenzyme A is required to
maintain operative the PDH reaction and the functioning of
the tricarboxylic acid cycle (9,38,39,42). In vitro studies with
primary human skeletal myotubes show that CRAT can use
acetyl-CoA originated from either glucose or fatty acids as sub-
strate. Induction of CRAT activity in these myotubes leads to
enhanced acetyl-carnitine efflux from the cells and increased
PDH activity. Addition of fatty acids to the culture medium
causes a pronounced shift in the carbon source of acetyl-
carnitine in favor of fatty acids (43). Incubation of cultured pri-
mary human myocytes with increasing doses of long-chain
fatty acids (oleate and palmitate) reduces intracellular free
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carnitine concentration and results in a dose-dependent
decrease in acetyl-carnitine formation. The exposure to excess
long-chain fatty acids leads to accumulation of long-chain
acyl-carnitines, depleting free carnitine level and thus inhibit-
ing CRAT activity (44).

CRAT is necessary for esterification of acetyl groups. The
formation of acetyl-carnitine allows the export of acetyl groups
from the mitochondria into the nucleus, where they may be
involved in histone acetylation reactions and epigenetic
regulation.

Nuclear histone acetyltransferases catalyze the transfer of
acetyl groups to lysine residues on histones using acetyl-CoA
as substrate whereas histone deacetylases catalyze the
removal of acetyl residues from histones. In the mitochondria,
CRAT catalyzes the formation of acetyl-carnitine from acetyl-
CoA. Acetyl-carnitine exits the mitochondria and enters the
nucleus, where is reconverted to acetyl-CoA. Nuclear acetyl-
CoA provides acetyl groups for acetylation reactions. In vitro
studies using HEK293 cells and primary skin fibroblasts show
that L-carnitine inclusion in the incubation increases histone
acetylation, which is abolished when the transport of either 1-
carnitine or pyruvate across the mitochondrial membrane is
inhibited. Thus, pyruvate-derived mitochondrial acetyl-CoA
leaves mitochondria in the form of acetyl-carnitine and enters
nucleus where it is converted to acetyl-CoA and becomes a
substrate for histone acetyltransferase. Acetylation may also
affect to non-histone proteins such as transcription factors and
modulate their function (38).

Mitochondrial acetyl-CoA may be an indicator of nutrient
excess signaling the storage of fat via lysine acetylation of
some proteins. Excess mitochondrial acetyl-CoA is produced
when an oversupply of fuel (predominantly glucose or fatty
acids) enters the cell and mitochondrial oxidative capacity is
saturated. The elevated concentration of acetyl-CoA may facili-
tate acetylation of lysine residues on mitochondrial enzymes,
modulating their activity. Among the mitochondrial enzymes
that might be controlled by lysine acetylation are acetyl-CoA
synthetase 2, long-chain acyl-CoA dehydrogenase, 3-hydroxy-
3-methylglutaryl-CoA synthetase-2 and ornithine transcarba-
mylase. Enzyme acetylation may inhibit fuel utilization when
energy is in excess, favoring lipogenesis (45).

The gene encoding CRAT, CRAT, has been mapped to
chromosome 9q34.11. Only one case of CRAT deficiency has
been reported, being unclear whether the reduced CRAT activ-
ity is a primary genetic defect or a secondary acquired defect.
The patient was a 3-year-old girl who presented with liver
dysfunction and a progressive encephalopathy with episodes of
ataxia associated with oculomotor palsy, hypotonia, mental
confusion and disturbances of consciousness. The activity of
CRAT was markedly decreased in cultured fibroblasts, liver,
kidney and particularly in the brain (39).

Carnitine Octanoyltransferase. Human CROT is a peroxisomal
enzyme that catalyzes the reversible transfer of medium-chain acyl
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groups between coenzyme A and 1-carnitine. This enzyme has
higher affinity with fatty acyl groups from C4 to C10.

Human peroxisomes are involved in the initial f-oxidation
of very long-chain fatty acids and in the «-oxidation of phytanic
acid, a branched-chain fatty acid present in the diet. Peroxi-
somal CROT is required to oxidize these fatty acids. Very long-
chain fatty acids undergo initial f-oxidation in the peroxisomes
to shorten their chain. The peroxisomal f-oxidation of very
long-chain fatty acids leads to the formation of medium-chain
acyl-CoA esters such as octanoyl-CoA (C8-CoA), which are
exported from the peroxisomes and then imported into the
mitochondrial matrix for further g-oxidation. The exit from the
peroxisomes of these shortened fatty acids requires their con-
version into their respective acyl-carnitines, which is accom-
plished by CROT. In vitro studies using HepG2 cells, a model of
human hepatic cells, show that decreased CROT activity
increases the amount of medium-chain saturated fatty acids
while no major change is observed in C18 and C20 fatty acids.
Conversely, an increase in CROT activity reduces medium-
chain and very long-chain fatty acid levels in the cell (46). Phy-
tanic acid is a branched-chain fatty acid that possesses a
methyl group in the f position that blocks f-oxidation. Instead,
phytanic acid undergoes o-oxidation in peroxisomes yielding
pristanic acid. Peroxisomal f-oxidation of pristanic acid produ-
ces C11-CoA (4,8-dimethyl-nonanoyl-CoA), which is converted
into C11-carnitine by CROT to exit the peroxisomes (37).

The gene encoding CROT (CROT) is located to 7q21.12.
Human CROT mRNA is found in the brain, liver and kidney.
Hepatic and kidney CROT transcripts represent 24% and 59%
of the amount recovered in the brain, respectively (46).

Carnitine Palmitoyltransferase-1. Human CPT1 catalyzes the
reversible transfer of acyl groups from specific chain-length
acyl-CoA esters to 1-carnitine to form acyl-carnitine esters in the
outer mitochondrial membrane. Then, carnitine acyl-carnitine
translocase transports acyl-carnitines through the inner mem-
brane in exchange for free carnitine (Fig. 6).

The highest activity of human CPT1 has been observed
with C12-CoA while there is virtually no activity toward acyl-
CoA esters of chain length C20 or more (47). Decanoic acid
(C10:0) may use CPT1 to access the mitochondrial matrix,
although this fatty acid is also able to enter the mitochondrion
by diffusion (48).

There are three isoforms of human CPT1, CPT1A (the liver
isoform), CPT1B (the muscle isoform) and CPT1C (the brain
isoform) (49). The brain isoform expressed in yeast does not
display catalytic activity with common acyl-CoA esters that are
substrates for both liver and muscle CPT1. The structure of
the regulatory domain of CPT1C has been determined by
nuclear magnetic resonance spectroscopy (50). In vitro studies
using human HeLa cell lines show that the C-terminus of the
muscle isoform of human CPT1 (CPT1B) is located on the cyto-
solic face of the outer mitochondrial membrane (51). The
brain isoenzyme of CPT1 (CPT1C) localizes to the endoplasmic
reticulum (52).
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Transfer of acyl groups by the carnitine system. Acyl
groups are transferred from coenzyme A to carnitine
by CPT1 on the outer mitochondrial membrane.
CACT exchanges acyl-carnitine and carnitine across
the inner mitochondrial membrane. In the mitochon-
drial matrix, acyl groups are transferred back to
coenzyme A by CPT2.
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Northern blot analyses of mRNA from different human tis-
sues reveal that the muscle isoform of CPT1 (CPT1B) shows a
restricted distribution, being confined to skeletal muscle and
heart. By contrast, the liver isoform (CPT1A) displays a wider
distribution in the human body, being predominantly detected
in liver, heart and pancreas, although other tissues such as
endothelium, lung, skeletal muscle and kidney also contain
significant amounts of CPT1A transcript. The level of CPT1A
transcript is especially high in human pancreas (49). The brain
isoform (CPT1C) is present in brain tissue with lower levels in
testis and ovary (53). CPT1C is mainly expressed in motor neu-
rons, which are thought to have a limited capacity for lipid -
oxidation in humans. This isoform may play a role in some
human brain functions, such as feeding behavior (52).

Endurance training increases the activity of CPT1 in skele-
tal muscle of healthy individuals and obese patients, and this
is associated with an increased rate of mitochondrial fatty acid
oxidation (54,55). Proteomic analyses of mitochondria from
skeletal muscle show that the protein abundance of the muscle
isoform of CPT1 (CPT1B) is lower among obese insulin-
resistant patients compared to lean insulin-sensitive individu-
als (55). In vitro studies using HepG2 cell lines show that daid-
zein and genistein, the most abundant isoflavones in soy,
enhance the activity of the liver isoform of CPT1 (CPT1A).
These isoflavones increase the mRNA expression of CPT1A,
suggesting that they can upregulate CPT1A activity through
upregulation of CPT1A transcription. L-carnitine also enhances
CPT1A activity in HepG2 cells (56).

In vitro studies suggest that CPT1 may be inhibited by
malonyl-CoA, which is produced in the cytosol from carboxyla-
tion of acetyl-CoA. The muscle isoform (CPT1B) is 30-100-fold
more sensitive to malonyl-CoA inhibition than the liver isoform
(CPT1A) (57). It has been speculated that variations in the
amount of malonyl-CoA produced in skeletal muscle during

586

\\| /.

TN
IUBMB LIFE

exercise might influence CPT1 activity and fat oxidation. How-
ever, no substantial change in the concentration of malonyl-
CoA during exercise of any duration at any power output has
been demonstrated in human skeletal muscle and therefore
malonyl-CoA cannot regulate CPT1 activity during exercise
(42,58).

In vitro studies suggest that CPT1 activity may indirectly
participate in cell proliferation. Oxidation of fatty acids produ-
ces acetyl-CoA that enters the tricarboxylic acid cycle, supply-
ing carbons that are incorporated into aspartate, which is a
nucleotide precursor required to synthesize DNA. The block-
ade of fatty acid oxidation via silencing of CPT1A reduces
aspartate levels and compromises de novo DNA synthesis in
human umbilical venous endothelial cells. Endothelial loss of
CPT1A impairs proliferation of endothelial cells (59).

Three separate loci encode human isoenzymes of CPT1.
The CPT1B gene encodes the muscle isoform of CPT1 (CPT1B)
and maps to 22q13.33 (57). The gene CPT1A maps to 11q13.3
and encodes the liver isoenzyme of CPT1 (CPT1A) (60). The
gene CPT1C encodes the brain isoform of CPT1 (CPT1C), being
found on 19¢13.33 in the human genome (53).

Epigenetic regulation may modulate the transcriptional
activation of CPT1A and CPT1B genes, affecting the activity of
CPT1. There is an association between DNA methylation in the
CPT1A gene with very low density lipoprotein (VLDL) and low
density lipoprotein (LDL) phenotypes. Increased methylation in
the CPT1A gene is associated with decreased concentration of
VLDL and small LDL particles. As smaller LDL particles are
considered atherogenic, greater methylation of the CPT1A
gene might be associated with a favorable lipid profile. DNA
methylation marks in the CPT1A gene may be detected in
peripheral blood, suggesting that such marks could serve as
surrogate for methylation at other cells such as hepatocytes
(61,62).

In a large healthy population of Caucasians adults, there is
an association between variable methylation in CPTIA and
multiple cardiovascular disease-related traits, including fasting
concentration of triacylglycerols, VLDL-cholesterol, adiponec-
tin, insulin and homeostasis model assessment-insulin resis-
tance (HOMA-IR) (63). In primary skeletal muscle cultures
from severely obese women, the expression of the CPT1B gene
in response to lipid is blunted compared with their lean coun-
terparts. This attenuated response is associated with changes
in DNA methylation and histone acetylation. These epigenetic
modifications might cause reduced expression of CPTIB in
response to lipid contributing to the pathogenesis of severe
obesity (64).

Congenital deficiency of CPT1. Congenital deficiency of the
liver isoenzyme of CPT1 (CPT1A) is a rare disease identified in
a few families. A mutation in the CPT1C gene causing a neuro-
logical disorder has been detected in one family. Disease-
causing molecular defects in the CPTIB gene encoding the
muscle isoform of CPT1 have not been reported.
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Congenital deficiency of the liver isoenzyme of CPT1 (CPT
1A). Congenital deficiency of CPT1A is an autosomal recessive
disorder of hepatic fatty acid oxidation that usually presents in
infancy with episodes of hypoketotic hypoglycemia often trig-
gered by fasting that may induce seizures and coma. Other clin-
ical features include hepatomegaly and hyperammonemia. Ele-
vated creatine kinase, cardiomegaly and arrhythmia indicate
that muscle is also affected. Renal tubular acidosis suggesting
kidney involvement may be present (47). During pregnancy
with unaffected fetuses, women with CPT1A deficiency may
experience liver disease associated with hemolysis and low pla-
telets (65). CPT1A deficiency confers risk for sudden unexpected
death in infancy. Alaska Native newborns show a high preva-
lence of the sequence variant ¢.1436C—T in the CPT1A gene
that may contribute to explain the high infant mortality rate in
this population. Children harboring this variant suffer an abnor-
mal metabolic response to fasting. The increase in plasma free
fatty acids in response to fasting is similar to that produced in
healthy children, but the generation of ketone bodies is blunted
(66). CPT1A deficiency is detectable through newborn screen-
ing, but not all infants are identified using the standard cut-off
values (65). Analysis of free L-carnitine and acyl-carnitines pro-
file in plasma and dried blood spots may be useful to diagnose
CPT1A deficiency. The characteristic profile is elevated ratio of
free r-carnitine (CO) to the sum of the C16 and C18 acyl-
carnitines (C0/C16 + C18). Plasma concentration of free r-carni-
tine may be normal, and the level of long-chain acyl-carnitines
is usually low. Baseline levels of total and free r-carnitine are
normal in children homozygous for the ¢.1436C—T sequence
variant in the CPT1A gene, but the ratio CO/C16 + C18 is ele-
vated, reflecting CPT1A deficiency (66,67). Whole body palmi-
tate oxidation is markedly reduced (less than 10% of normal) in
patients affected with CPT1A deficiency. The diagnosis may be
confirmed by sequence analysis of the CPT1A gene. Treatment
for CPT1A deficiency is based on avoidance of fasting to prevent
hypoglycemia and a high-carbohydrate, low-fat diet. Supple-
mentation with medium-chain triglycerides is controversial, as
CPT1A is active with medium-chain length substrates (47).

Congenital deficiency of the brain isoenzyme of CPT1 (CPT
1C). A disease-causing mutation in the CPT1C gene has been
found in a family affected with a novel form of pure autoso-
mal dominant hereditary spastic paraplegia. On overexpres-
sion in cells, the mutation reduces the average number and
size of lipid droplets (52).

Carnitine Palmitoyltransferase-2. Human CPT2 catalyzes the
reversible transfer of acyl groups from specific chain length
acyl-CoA esters to L-carnitine to produce the respective acyl-
carnitine esters on the matrix side of the inner mitochondrial
membrane. CPT2 is a homotetrameric protein (68).

Like CPT1, CPT2 is active with medium-chain (C8-C12)
and long-chain (C14-C20) acyl-CoA esters whereas no activity
is found with short- and very long-chain acyl-CoA esters. Pre-
ferred substrates for CPT2 range from C10- to C14-CoA esters
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(69). Acyl-CoA esters with the same chain length but with a
trans double bond at the C2 position (trans-2 enoyl-CoA inter-
mediates) are poor substrates for CPT2. These intermediates
are also poor substrates for CRAT, suggesting that the trans-2
double bond may interfere with the catalytic mechanism of
carnitine acyltransferases (37). CPT2 is not active with
branched-chain amino acids oxidation intermediates (69).

Human tissue distribution of CPT2 has been barely investi-
gated (49). A case of neonatal CPT2 deficiency showed defi-
ciency of the enzyme activity in heart, liver, skeletal muscle
and kidney (70). In vitro studies using fibroblast cell lines
show that 1-aminocarnitine, an 1-carnitine analog, inhibits
CPT2 but not CPT1 (71).

Congenital deficiency of CPT2. Human CPT2 gene has been
assigned to human chromosome 1p32.3. Congenital defi-
ciency of CPT2 is more frequent than CPT1A deficiency,
being a relatively common disorder of fatty acid oxidation
(60). Although it is an autosomal recessive disease, cases of
symptomatic carriers have been reported, suggesting that
single CPT2 gene mutations may exert a dominant-negative
effect on the CPT2 protein (68). Congenital deficiency of
CPT2 may cause three clinical phenotypes according to the
age of presentation. The neonatal form of the disease is
rare, being usually lethal during the first month of life.
Patients suffer dysmorphic features, cardiomyopathy, micro-
cephaly and cystic displasia of the brain and kidney. At
autopsy, diffuse lipid accumulation is found (70). Clinical
presentation of CPT2 deficiency in infants is severe and
includes cardiomyopathy and episodes of hypoketotic hypo-
glycemia. Sudden death has been reported. It has been sug-
gested that the F352C variant of CPT2 could be a genetic
risk factor for sudden death in infancy (72). The adult form
of CPT2 deficiency is called the myopathic form, being char-
acterized by recurrent episodes of muscle pain, rhabdomyol-
ysis and myoglobinuria triggered by prolonged exercise. The
adult form is more frequent than the other two being a com-
mon cause of rhabdomyolysis and myoglobinuria in adults.
Skeletal muscle biopsy reveals lipid accumulation and
reduced CPT2 activity (68). The adult type of CPT2 defi-
ciency may rarely present with severe hypoglycemia (73). In
patients with congenital deficiency of CPT2, oxidation of pal-
mitate is normal at rest but severely impaired during pro-
longed low-intensity exercise. Carriers who display symp-
toms of CPT2 deficiency have a fatty acid oxidation defect
comparable with the patients (68). The capacity to oxidize
medium-chain fatty acids in the mitochondrial network is
partially preserved in patients with CPT2 deficiency, likely
due to CPT2-independent uptake. After medium-chain tri-
glyceride loading, patients show dicarboxylic aciduria, sug-
gesting that extramitochondrial pathways of fatty acid oxi-
dation are used when the limited capacity of the CPT2-
independent uptake is exceeded, leading to the production of
dicarboxylic acids (47). In patients with CPT2 deficiency, the
enzyme activity in fibroblasts is approximately 19% of
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normal whereas the activity of CPT2 is 58% of normal in
carriers with single CPT2 gene mutations. Fibroblasts from
patients with severe manifestations of CPT2 deficiency gen-
erally show very low levels of residual enzyme activity
whereas appreciable activity is detected in fibroblasts from
patients with mild manifestations. Molecular analysis detects
mutations in the CPT2 gene (68). Patients with CPT2 defi-
ciency should follow a carbohydrate-rich diet avoiding pro-
longed fasting. Medium-chain triglycerides supplementation
should not be recommended, as medium-chain fatty acids
are substrates for the enzyme (47). Bezafibrate normalizes
palmitate and myristate oxidation rates in cultured skin
fibroblasts from patients with mild CPT2 deficiency and sig-
nificant residual enzyme activity, but the drug does not cor-
rect fatty acid oxidation in fibroblasts from patients with
severe phenotype. In a pilot trial conducted in six patients
with the myopathic form of CPT2 deficiency, bezafibrate
improves the oxidation rates of palmitate, being associated
with a decline in muscular pain and an increase in physical
activity (74).

Carnitine-Acylcarnitine Translocase

Carnitine acyl-carnitine translocase (CACT) or carnitine acyl-
carnitine carrier is located to the inner mitochondrial mem-
brane and transports acyl-carnitine esters across the mem-
brane in exchange for free r-carnitine that exits from the mito-
chondrial matrix (75). Its primary structure has been reported
(76). CACT is needed for oxidation of medium- and long-chain
saturated fatty acids. Fatty acid oxidation studies in a patient
with CACT deficiency show deficient oxidation of saturated
fatty acids at all chain lengths from C10:0 to C24:0 with par-
tially reduced oxidation of C26:0 fatty acid, suggesting that
CACT is required for the mitochondrial transport of these
medium- and long-chain fatty acyl moieties. The oxidation of
short-chain and medium-chain fatty acids with less than 10
carbons is normal, indicating that these fatty acids do not
require CACT to be imported into the mitochondria (77).

In human skin fibroblasts from patients with a defect in
CACT, oxidation of pristanic acid is reduced to about 30% of
control levels, suggesting that complete oxidation of pristanate
requires the participation of CACT (78). In vitro studies using
human fibroblast cell lines reveal that CACT is required for
the mitochondrial export of medium-chain acyl-carnitines (C8-
carnitine) (48). Supply of acetyl groups for nuclear histone
acetylation requires the activity of CACT, as histone acetylation
is reduced in skin fibroblasts from a patient with CACT defi-
ciency compared to normal subjects (38).

Congenital CACT Deficiency. The CACT gene (SLC25A20) has
been assigned to human chromosome 3p21.31, and its exon-
intron structure has been described. Congenital CACT deficiency
is an autosomal recessive disease with high mortality rate that
usually presents in the neonatal period or early infancy. Typical
clinical features include severe fasting-induced hypoketotic hypo-
glycemia, myopathy with muscle weakness and high plasma
creatine kinase, cardiac involvement with hypertrophic or dilated
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cardiomyopathy, auriculo-ventricular block, arrhythmia and
hyperammonemia. Liver dysfunction and hepatomegaly may
occur. Increased serum lactate levels have been reported. Some
patients present with sudden cardiac arrest and death in the neo-
natal or infantile period. Pre-eclampsia may occur in the mother
of affected patients (77,79,80). Post-mortem examination of
patients with CACT deficiency reveals fatty infiltration of the liver,
kidney, heart and skeletal muscle. Histological examination con-
firms extensive lipid infiltration of these tissues. Stainable glyco-
gen could not be demonstrated in liver, heart or skeletal muscles
in one patient with CACT deficiency (77,80). Patients with CACT
deficiency show low plasma level of free 1-carnitine, marked ele-
vation of the long-chain acyl-carnitines and dicarboxylic aciduria.
Approximately 92% of the total carnitine in plasma is acyl-
carnitine. The species of acyl-carnitine elevated in plasma are
C16:0, C18:1 and C18:2. Dicarboxylic aciduria affects C6-C10 fatty
acids (79). CACT activity is deficient in cultured fibroblasts from
patients with CACT deficiency. An elevated level of palmitoyl-
carnitine is present in these cells (80). Definitive diagnosis of
CACT deficiency by molecular analysis of the SLC25A20 gene
should be performed. CACT deficiency has a broad mutation spec-
trum, molecular changes being distributed along the entire gene
without a hot spot. Therapy includes avoidance of fasting with fre-
quent carbohydrate-rich meals, restriction of long-chain fatty
acids in the diet, and likely supplementation with 1-carnitine and
medium-chain triglycerides. Bezafibrate has been used in one
patient with no success (79).

L-Carnitine and Glucose Metabolism

L-Carnitine administration improves insulin-stimulated glucose
disposal, suggesting that this metabolite functions at the inter-
face between fatty acid metabolism and glucose metabolism.
Conditions associated with insulin deficiency or insulin resis-
tance show abnormal levels of plasma 1-carnitine.

Plasma L-Carnitine Concentration in Diabetes and Fasting. The
plasma level of free rL-carnitine and acyl-carnitine esters is
altered in situations associated with accelerated fatty acid oxi-
dation, including diabetes mellitus and fasting.

In patients with diabetic ketoacidosis, there is a striking
change in the distribution of plasma free r-carnitine and acyl-
carnitine esters. The plasma level of free 1-carnitine is mark-
edly reduced while the plasma concentration of acyl-carnitine
esters, particularly short-chain acyl-carnitine species, is ele-
vated compared to healthy controls. This abnormal distribu-
tion is promptly returned to normal by insulin therapy (81,82).
Acetyl-carnitine (C2-carnitine) accounts for a major fraction of
the acyl-carnitine species generated during diabetic ketoacido-
sis (83). Insulin deficiency promotes adipose lypolysis and fatty
acid oxidation, increasing the formation of acyl-carnitine
esters and depleting the pool of free L-carnitine.

In patients with type 2 diabetes, fasting plasma concentra-
tion of total L-carnitine (free L-carnitine + acyl-carnitine esters)
is similar to healthy controls. However, the ratio of acyl-
carnitine esters to free L-carnitine is increased (0.6 vs. 0.3),
suggesting that the plasma level of free r-carnitine is lower
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while plasma concentration of acyl-carnitine esters is higher
in diabetic patients compared to healthy controls (84). Consis-
tently, fasting plasma concentration of acyl-carnitine esters
has been found elevated in patients with type 2 diabetes
(85,86). Acetyl-carnitine (C2-carnitine), C6-carnitine, C8-carni-
tine and C10-carnitine represent the most abundant acyl-
carnitine species in African American women with type 2 dia-
betes compared with nondiabetic controls (85). Similarly, fast-
ing plasma concentration of C4-carnitine, C6-carnitine and C8-
carnitine is elevated in another population of patients with
type 2 diabetes relative to healthy controls. Fasting levels of
plasma long-chain acyl-carnitine species (C14:1-carnitine,
C16-carnitine and C18-carnitine) are also increased (86). Fast-
ing plasma concentration of propionyl-carnitine (C3-carnitine)
has been found lower (85) and higher (86) in type 2 diabetes
patients relative to healthy controls.

Insulin infusion reduces plasma concentration of acyl-
carnitine esters in both healthy subjects and type 2 diabetic
patients, but this reduction is blunted in type 2 diabetes so
that the decrease in plasma level of acyl-carnitine esters is
less pronounced than that observed in healthy controls (86).

In a cross-sectional analysis, patients with impaired glu-
cose tolerance show elevated fasting serum acetyl-carnitine
(C2-carnitine) concentration as compared to those with normal
glucose tolerance. However, baseline plasma level of C2-
carnitine does not predict the risk of developing type 2 diabe-
tes in prospective analysis (41). In a case—control study,
plasma level of total and free rL-carnitine is lower in neonates
who later develop type 1 diabetes compared to control neo-
nates (87).

Similarly to diabetic ketoacidosis, fasting is associated with
a marked reduction in the plasma level of free L-carnitine
while the plasma concentration of acyl-carnitine esters
increases, particularly acetyl-carnitine (88,89). Serum long-
chain acyl-carnitine esters also increase during fasting but to
a lesser extent than the short-chain acyl-carnitine species
(83,89). Refeeding corrects the abnormal pattern of 1-carnitine
and acyl-carnitine esters associated with fasting (89). The ele-
vation of acetyl-carnitine (C2-carnitine) triggered by fasting is
blunted in obese individuals, so that the magnitude of the
increase is greater in normal-weight subjects compared to
obese during the same period of fasting (83). In lean humans,
plasma long-chain acyl-carnitine esters level is higher after
62 h of fasting compared with 14 h of fasting. However, skele-
tal muscle content of long-chain acyl-carnitine esters is simi-
lar, suggesting that the liver is a likely source of plasma long-
chain acyl-carnitine species (90).

A few studies have analyzed plasma concentration of 1-
carnitine and acyl-carnitine esters in obesity with inconsistent
results. In obese individuals, fasting levels of plasma long-
chain acyl-carnitine species are increased relative to lean sub-
jects (86). Plasma concentration of short-chain acyl-carnitine
esters (C2-carnitine, C4-carnitine and C6-carnitine) is similar
in obese and lean subjects (86,89). Plasma level of free L-carni-
tine is similar in obese and normal-weight subjects (89). In
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obese subjects, the plasma level of acyl-carnitine esters
increase after weight loss achieved with calorie restriction
compared to baseline values (91,92). However, this elevation is
not observed when weight loss is achieved with calorie restric-
tion plus exercise (92). Plasma total r-carnitine level is lower
in lean and obese women with polycystic ovary syndrome, a
condition frequently associated with insulin resistance, com-
pared to healthy controls (93,94).

Effect of L-Carnitine on Glucose Metabolism in Healthy Subjects
and Type 2 Diabetes. 1-Carnitine administration is effective at
improving insulin-mediated glucose disposal and storage both
in healthy subjects and type 2 diabetic patients. r-Carnitine
infusion to healthy subjects attenuates the increase in plasma
glucose level induced by a glucose solution (95,96). L-Carnitine
administration stimulates nonoxidative glucose disposal in
healthy volunteers. During a euglycemic hyperinsulinemic
clamp, 1-carnitine increases from 8% to 17% the whole-body
glucose disposal rate owing to an increase in nonoxidative
metabolism (9,97). Chronic administration of r-carnitine pre-
vents the increase in body fat associated with high ingestion of
carbohydrates. Healthy subjects supplemented with carbohy-
drate without L-carnitine endure a 1.9 kg increase in body
mass accounted for by an increase of 1.8 kg in body fat mass.
Simultaneous administration of r-carnitine with carbohydrate
prevents the increase in body fat (10).

There is a correlation between L-carnitine concentration
and glycogen content in skeletal muscle from healthy subjects.
A 15% increase in L-carnitine content is associated with a 30%
increase in glycogen content, suggesting that an increase in
muscle r-carnitine content may divert glucose uptake toward
glycogen storage in healthy subjects (98). Chronic administra-
tion (6 months) of oral acetyl-carnitine improves glucose toler-
ance among nondiabetic individuals with baseline glucose dis-
posal rate <7.9 mg/kg/min. However, this treatment has no
appreciable effect on subjects with higher baseline glucose dis-
posal rate (>7.9). The mechanisms mediating the differential
effect of acetyl-carnitine according to the degree of glucose
disposal are unclear (99,100). A meta-analysis of randomized
controlled trials analyzing the effect of 1-carnitine on weight
loss might suggest that r-carnitine supplementation results in
weight loss in adults (101,102).

In patients with type 2 diabetes, the improvement on glu-
cose disposal induced by 1-carnitine is similar to that observed
in healthy individuals. 1-Carnitine infusion enhances whole body
glucose utilization compared to saline infusion. The improve-
ment of total glucose metabolism is accounted for by an
increase in nonoxidative glucose disposal and glycogen store in
skeletal muscle increases during 1-carnitine infusion (97).
Short-term (10 days) and prolonged (6 months) oral administra-
tion of rL-carnitine to insulin-resistant patients reduces plasma
insulin level and HOMA-IR, suggesting that oral L-carnitine sup-
plementation improves insulin resistance (43,103). In patients
with type 2 diabetes, infusion of acetyl-carnitine increases
whole-body glucose storage compared to placebo (104).
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Similarly, in patients with mildly impaired glucose tolerance
(fasting blood glucose 100-125 mg/dl), administration of acetyl-
carnitine results in slight improvement in HOMA-IR (105).

In patients with nonalcoholic hepatic steatosis, oral L-car-
nitine supplementation for 6 months reduces plasma insulin
concentration and improves HOMA-IR, compared to control
subjects. The association of r-carnitine to metformin in
patients with impaired glucose metabolism and nonalcoholic
fatty liver improves serum levels of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) compared with
metformin alone (106).

L-Carnitine and Exercise

Human skeletal muscle oxidizes glucose and fatty acids to gen-
erate ATP during physical exercise. These metabolites are
derived from plasma and from intramyocellular stores of gly-
cogen and triacylglycerol. The workload of the working
muscles determines in part the fuel consumed. During short-
lived exercise at high-intensity (above 75% of peak oxygen
consumption), carbohydrates are the preferred fuel while fatty
acids are favored as source of energy during prolonged low-
intensity (below 50% of maximal oxygen consumption) physical
activity. At moderate-intensity workload (between 50% and
75% of maximal rate of oxygen consumption), both glucose
and fatty acids may be used, being a gradual increase in glu-
cose over fat consumption with incremental exercise intensity.
Accordingly, the respiratory exchange ratio rises in healthy
subjects with increasing power output, being 0.84, 0.92 and
>1 at 35%, 65% and 90% maximal rate of oxygen consumption
(VO2max), respectively, indicating a gradual change of energy
source from fatty acids to glucose as the workload becomes
more intense. Exercise at 35% and 65% VO.,,.x is associated
with a larger energy contribution from fat oxidation (58). The
rate of fat oxidation increases from rest to exercise at 60%
and 85% VOgzmax While decreasing at 100% VOzpmax. By con-
trast, carbohydrate oxidation increases progressively from rest
to exercise at 60%, 85% and 100% VOy,.x (107).

Glucose and fatty acids availability may modify the fuel
consumed by skeletal muscle at rest and during exercise. Dur-
ing exercise at 65% of peak oxygen consumption, glucose oxi-
dation increases as the amount of dietary carbohydrate
increases. Reciprocally, fat oxidation is lower on high-
carbohydrate diet compared to low-carbohydrate diet. When
less glucose is available (low-carbohydrate diet), glucose use
decreases whereas fat consumption increases (42). Likewise,
augmenting the provision of fatty acids to skeletal muscle with
a lipid infusion leads to glycogen sparing during low-intensity
(40%), moderate-intensity (65%) and high-intensity (85% maxi-
mal oxygen uptake) exercise in healthy subjects, indicating
greater consumption of the available fatty acids over glucose
(108).

Training increases the capability to store glucose (glyco-
gen) and fat (triacylglycerols) inside the skeletal muscle. Fuel
store in skeletal muscle (glycogen and triacylglycerols) repre-
sents a reserve of energy source to be used predominantly
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during high-intensity exercise. In trained subjects, adipose
lipolysis is high whereas little intramuscular lipolysis occurs
during low-intensity exercise compared with moderate- and
high-intensity exercise. Lipolysis of intramuscular triacylgly-
cerol store is stimulated only at higher intensities (109).

At rest, approximately 77% of L-carnitine present in
human skeletal muscle is free r-carnitine. Physical activity,
particularly high-intensity exercise, increases the production
of acyl-carnitine esters, predominantly acetyl-carnitine, in
healthy subjects. Short-chain acyl-carnitine concentration in
skeletal muscle increases from approximately 8% at rest to
39% after 30 min of high-intensity exercise. Free L-carnitine
concentration is reduced. Plasma concentration of free r-carni-
tine and acyl-carnitine esters shows similar profile than that
observed in skeletal muscle. With 30 min of high-intensity
exercise, plasma short-chain and long-chain acyl-carnitine
level increases by 46% and 23%, respectively (110). The
increase in acetyl-carnitine (and free r-carnitine reduction)
during exercise at 65% peak oxygen consumption is greater in
subjects receiving a high-carbohydrate diet compared to indi-
viduals on low-carbohydrate diet. When the availability of glu-
cose is higher (high-carbohydrate diet), more acetyl-CoA and
acetyl-carnitine are produced in skeletal muscle during
moderate-intensity exercise. Correspondingly, the decline in
free carnitine concentration is greater among subjects on
high-carbohydrate diet than in those on low-carbohydrate diet
at the same workload (42).

The increase in acetyl-carnitine production during high-
intensity exercise is not consistently modified by r-carnitine sup-
plementation prior to exercise. Among healthy volunteers, 1-
carnitine supplementation versus placebo has no effect on fuel
selection either at high-intensity or low-intensity workloads.
Short-term r-carnitine supplementation neither enhances lipid
oxidation during exercise at 70% VOznax nor spares skeletal
muscle glycogen during exercise of any intensity (42). However,
long-term (24 weeks) L-carnitine supplementation in combina-
tion with carbohydrate reduces skeletal muscle glycogen utiliza-
tion during low-intensity exercise (50% of maximal oxygen con-
sumption), suggesting an increase in lipid utilization (10).

The concentration of acetyl-carnitine (C2-carnitine) in
skeletal muscle determined by proton magnetic resonance
spectroscopy correlates with insulin sensitivity in endurance-
trained athletes, lean and obese sedentary subjects and type 2
diabetic patients (111). In patients with type 1 diabetes melli-
tus postexercise levels of skeletal muscle acetyl-carnitine mea-
sured by proton magnetic resonance spectroscopy are higher
than pre-exercise values. In addition, the increase in intramyo-
cellular acetyl-carnitine post-exercise is greater in euglycemia
as compared to hyperglycemia whereas pre-exercise concen-
tration of skeletal muscle acetyl-carnitine does not differ
according to the glycemic level (112).

L-Carnitine and Blood Ammonium Concentration
Hyperammonemia has been documented in primary r-carni-
tine deficiency and some conditions associated with secondary
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L-carnitine deficiency such as malnutrition and valproate
administration. Hyperammonemia also occurs among patients
with congenital deficiency of CPT1A and CACT. The occur-
rence of hyperammonemia in these conditions suggest a link
between metabolism of fatty acids, glucose and amino acids,
but the mechanism underlying the increase in plasma ammo-
nium concentration associated with these conditions is
unclear. In the mitochondrial matrix of hepatocytes, acetyl-
CoA is required to synthesize urea. The enzyme N-acetylgluta-
mate synthase generates N-acetylglutamate from acetyl-CoA
and glutamate. N-Acetylglutamate activates the enzyme carba-
moylphosphate synthetase-1 that combines bicarbonate and
ammonia to produce carbamoylphosphate initiating the urea
cycle. Impaired mitochondrial fatty acid oxidation due to defi-
ciency of r-carnitine, CPTA1 or CACT might reduce acetyl-CoA
production, inhibiting N-acetylglutamate synthesis. Shortage of
N-acetylglutamate may induce hyperammonemia by inhibiting
the urea cycle (25).

Summary

L-Carnitine receives fatty acids (acyl groups) from acyl-CoA
esters to create a reservoir of acyl-carnitine esters that can be
used in metabolic reactions by being converted back into acyl-
CoA esters. In addition, r-carnitine facilitates the transport of
acyl groups across cell membranes. Humans may synthesize L-
carnitine from trimethyl-lysine and obtain it via dietary food.
Most L-carnitine is intracellular, being present predominantly
in skeletal muscle, heart, liver and kidney. In muscle, intestine
and kidney, L-carnitine enters the cells predominantly across
the organic cation transporter-2. In hepatocytes, a sodium-
independent L-carnitine transport is also operative. Carnitine
acyltransferases catalyze the reversible transfer of acyl groups
between coenzyme A and L-carnitine. Among them, carnitine
acetyltransferase is active toward short- and medium-chain
acyl-CoA esters, being located to the mitochondrial matrix,
nucleus and peroxixomes. Carnitine octanoyltransferase is a
peroxisomal enzyme active with medium-chain length sub-
strates. Carnitine palmitoyltransferase-1 is a transmembrane
protein located to the outer mitochondrial membrane while
carnitine palmitoytransferase-2 lies on the matrix side of the
inner mitochondrial membrane. Both favor longer substrates
including medium- and long-chain fatty acids and allow the
transport of these fatty acids across the mitochondrial mem-
brane to be oxidized. Carnitine acyl-carnitine translocase
transports acyl-carnitine esters across the inner mitochondrial
membrane in exchange for free r-carnitine that exits the mito-
chondrial matrix, being required for oxidation of medium- and
long-chain saturated fatty acids. (L-Carnitine improves whole-
body glucose disposal by enhancing nonoxidative glucose
metabolism in both healthy subjects and patients with type 2
diabetes. In addition, chronic administration of rL-carnitine pre-
vents the increase in body fat associated with high ingestion of
carbohydrates. The production of acyl-carnitine esters, pre-
dominantly acetyl-carnitine, is markedly increased during
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diabetic ketoacidosis, fasting and physical activity, particularly
high-intensity exercise.
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