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Deficiency of very-long-chain acyl-CoA dehydrogenase
(VLCAD) is the most common long-chain fatty acid oxidation
defect and presents with heterogeneous clinical manifestations. Ac-
cumulation of long-chain acylcarnitines and deficiency of free car-
nitine have often been proposed to play an important role in disease
pathogenesis. The VLCAD-deficient mouse exhibits similar clinical
and biochemical phenotypes to those observed in humans and,
therefore, represents an excellent model to study VLCAD defi-
ciency. We measured carnitine and acylcarnitine profiles in liver,
skeletal muscle (SkM), bile, and blood from VLCAD knock-out
mice and controls under nonstressed and various stress conditions.
Carnitine and acylcarnitines were extracted from body fluids with
methanol and from tissues with acetonitrile, respectively, and were
analyzed as their butyl esters using electrospray ionization tandem
mass spectrometry. Fasting combined with a cold challenge for 8 h
significantly induced liver long-chain acylcarnitine and free carni-
tine production. Acylcarnitines in SkM predominantly accumulated
during exercise with a concomitant decrease of free carnitine.
Changes in blood free carnitine did not correlate with carnitine

homeostasis in liver and SkM. Our results demonstrate different
tissue-specific long-chain acylcarnitine profiles in response to vari-
ous stressors, which may be of importance with respect to the
heterogeneous clinical manifestations of VLCAD deficiency in
humans. Furthermore, we conclude that carnitine biosynthesis in the
liver seems sufficiently active to maintain liver carnitine levels
during increased demand. Our data suggest that carnitine supple-
mentation in long-chain �-oxidation defects may not be required,
and blood carnitine concentrations do not reflect tissue carnitine
homeostasis. (Pediatr Res 57: 760–764, 2005)

Abbreviations
HZ, heterozygous
KO, knock-out
SkM, skeletal muscle
VLCAD, very-long-chain acyl-CoA dehydrogenase
VLCADD, very-long-chain acyl-CoA dehydrogenase
deficiency
WT, wild-type

Deficiency of very-long-chain acyl-CoA dehydrogenase
(VLCAD) is the most common mitochondrial �-oxidation
defect of long-chain fatty acids, with an incidence of ~1:50,000
to 1:100,000 births (1). In humans, three distinct clinical
phenotypes of different severities occur: a life-threatening,
early-onset presentation with cardiomyopathy and hepatopa-
thy; a hepatic phenotype with recurrent hypoketotic hypogly-
cemia and onset in infancy; and a milder, myopathic form with
episodic muscle weakness, myalgia, and rhabdomyolysis pre-
senting in adolescence or adulthood (2). Treatment interven-

tions such as avoidance of fasting, reduced long-chain fat
intake, and supplementation with medium-chain triglycerides
may avoid metabolic decompensation, and long-term rehabil-
itation can be achieved (3,4).
Characteristically, long-chain acyl-CoAs accumulate in

mitochondria. To leave the mitochondria, they are converted
into acylcarnitine esters, which can be assayed in blood (5).
As a result of an increased production of acylcarnitines,
blood free carnitine concentrations may decrease (5), a
condition termed secondary carnitine deficiency. Neverthe-
less, supplementation of exogenous carnitine to restore in-
tracellular carnitine pools has been controversial (6,7). An
increased supply of carnitine may result in a further increase
of long-chain acylcarnitines, compounds associated with
lethal cardiac arrhythmias (8–10).
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The VLCAD knock-out (KO) mouse is an excellent model
to study VLCAD deficiency (VLCADD) because it presents
with similar stress-induced clinical phenotypes to humans
(5,11). Previous experiments have documented severe hypo-
glycemia and cold intolerance after fasting and a cold chal-
lenge of 8 h (5). Intense physical exercise is characterized by
a significantly reduced maximal running speed (5). Long-chain
acylcarnitines in blood increase and free carnitine decreases in
KO mice in response to various stressors. In human VLCADD,
C14:0 and C14:1 acylcarnitines predominantly accumulate,
whereas in VLCAD-deficient mice, the C16 and C18:1 species
are the “signature” acylcarnitines (5,12). The low carnitine and
high acylcarnitine concentrations in blood reflect the severity
of clinical illness in mice (5). Studies on fibroblasts from
patients with long-chain fatty acid oxidation disorders also
document higher concentrations of long-chain acylcarnitine
species in cells derived from patients with severe, early-onset
phenotypes (13).
In this study, we analyzed carnitine and acylcarnitine pro-

files in liver, skeletal muscle (SkM), bile, and blood from
wild-type (WT), heterozygous (HZ), and VLCAD KO mice
under nonstressed as well as under various stress conditions to
determine where acylcarnitine production takes place and
whether specific stressors such as fasting and exercise selec-
tively affect different organs. Analysis of carnitine and acyl-
carnitines in liver and SkM together with blood may demon-
strate to what extent acylcarnitines in blood reflect tissue levels
differentially and whether low blood free carnitine concentra-
tions reflect their deficient status in tissues.

METHODS

Concentrations of carnitine and acylcarnitines in body fluids and tissues
were measured in VLCAD KO mice, HZ, and WT littermates under well-fed,
nonstressed conditions. Each group consisted of six mice of age 6–8 wk. For
determining acylcarnitine levels in liver, bile, SkM, and blood in response to
stress, mice from all three genetic variants were subjected either to treadmill
exercise testing or to a cold challenge at 4°C, the latter in combination with
fasting. For each stress condition, six mice of each genetic variant were used.
The mice were sacrificed immediately after the stress situation was terminated.
Liver and SkM (M. gastrocnemius) were removed and frozen immediately in
liquid nitrogen. Blood samples were collected by heart puncture. The gallblad-
der was removed, and bile was collected and dried on a filter paper card.

All animal studies were performed with the approval of the Vanderbilt
University Institutional Animal Care and Use Committee. The care of the
animals was in accordance with the Vanderbilt University Medical Center and
Institutional Animal Care and Use Committee guidelines.

Generation and genotyping of VLCAD-deficient mice. VLCAD KO mice
were generated as described (11,14). Genotypes were determined by duplicate
PCR analyses (11).

Exercise on a treadmill. Six VLCAD KO, six HZ, and six WT mice were
subjected to exercise on a treadmill equipped with an electric shock grid (2
mAmp, frequency of 4�/min). This experiment was performed as previously
outlined (5). The mice had to run at 80% of their individual maximum running
speed until exhaustion occurred after 45–60 min. The maximum running speed
for each mouse was defined as the speed that could be maintained without
falling back onto the electric shock grid for �15 s/min. Exhaustion was defined
as resting �15 s/min on the electric shock grid or as falling back onto the
electric shock grid �15 times per minute.

Cold challenge with fasting. Six VLCAD KO, six HZ, and six WT mice
were fasted for 8 h in a cold room at 4°C as previously reported (5). During the
first 6 h of this fasting in cold stress, the mice were observed hourly, then every
15 min. This experiment was terminated after 8 h because at that time, severe
lethargy or death occurred in the VLCAD KO mice. Measurement of carnitine
and acylcarnitines was performed in mice that did not die.

Analysis of carnitine and acylcarnitines. For analysis in blood and bile,
carnitine and acylcarnitines were extracted with methanol from dried filter

paper spots (equivalent to 25 �L of blood or bile) and analyzed as their butyl
esters using electrospray ionization tandem mass spectrometry as previously
described (15,16). Free carnitine (C0) and all even-chain C2-C24 acylcar-
nitines (saturated and unsaturated) were measured. Analysis of carnitine and
acylcarnitines in tissues was performed according to van Vlies et al. (16a).
Liver and SkM pieces of ~60 mg were lyophilized for 12 h. The lyophilized
tissues were made into a powder that was dissolved into 1 mL of 80%
acetonitrile. After sonification and centrifugation, the supernatant was dried.
As previously described (15,16), carnitine and acylcarnitines were analyzed as
their butyl esters by tandem mass spectrometry.

Statistical analyses. Analyses for the significance of differences were
performed using t test (p � 0.05).

RESULTS

Long-chain acylcarnitines. We were able to identify all
relevant acylcarnitine species by tandem mass spectrometry
after extraction from liver and SkM. Typical acylcarnitine
profiles in liver and SkM are shown in Figs. 1 and 2. Mice with
VLCADD accumulated the long-chain acylcarnitine species
with chain lengths of 14–18 carbons in liver, SkM, blood, and
bile. Under well-fed, unstressed conditions, the sum of the
C14–C18 acylcarnitines was 2- to 3-fold higher in liver, SkM,
and blood and 5-fold higher in bile from VLCAD KO mice,
compared with WT mice (Fig. 3). The predominant acylcarni-
tine species that occurred in highest concentrations in WT, HZ,
and KO mice were the C16 and the C18:1 acylcarnitines.
Despite elevated acylcarnitines in all tissues, no specific clin-
ical phenotype was observed at 6–8 wk of age under non-
stressed conditions. Later, however, nonstressed KO mice
developed an increase in body weight in comparison with WT
littermates under the same diet. In addition, KO mice displayed
tissue steatosis, abdominal tumors, and unexpected sudden
death (5).
During physical exercise, C14–C18 acylcarnitines accumu-

lated predominantly in SkM in all WT, HZ, and KO mice. In
VLCAD KO mice, these long-chain acylcarnitines reached
concentrations of ~200 nmol/g wet wt and were 2.5-fold higher
than under nonstressed conditions and �6-fold higher than

Figure 1. Acylcarnitine profiles in liver. Acylcarnitine profiles in liver from
(A) a single knock-out mouse after fasting at 4°C, (B) a knock-out mouse under
nonstressed conditions, and (C) a wild type mouse under nonstressed condi-
tions are shown. Concentrations are given as intensity in % of d3-C0 carnitine
that has been added as an internal standard. The identification of each mass is
shown in the figure.
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concentrations in nonstressed WT mice. This accumulation of
long-chain acylcarnitines in SkM was not adequately reflected
in blood (Fig. 3). In liver, no significant changes in long-chain
acylcarnitine concentrations after exercise were observed. In
bile, C14–C18 acylcarnitines were significantly (p � 0.05)
reduced compared with nonstressed conditions.
After fasting in the cold at 4°C for 8 h, C14–C18 acylcar-

nitines significantly increased in liver from WT, HZ, and KO
mice, reaching concentrations of 100 nmol/g wet wt in
VLCAD KO mice. These were 2-fold higher than under non-
stressed conditions and ~10-fold higher than concentrations in
nonstressed WT mice. These highly elevated liver acylcar-
nitines were well reflected in bile and blood (Fig. 3). In WT
and HZ mice, C14–C18 acylcarnitines also significantly in-
creased in SkM as a result of the fasting in the cold stress (Fig.
3).
The bile-to-blood ratios that were calculated for WT, HZ,

and KO mice for all C12–C18 acylcarnitine species revealed
higher concentrations in bile (Fig. 4). Bile-to-blood ratios were
always higher in KO mice than in WT or HZ controls. Well-
fed, nonstressed KO mice presented with bile-to-blood ratios
of 10 and 30. After fasting, this ratio increased for the C12
acylcarnitine species to 130 (Fig. 4). The predominant long-
chain acylcarnitines in bile, as in tissues and blood, were the
C16 and C18 species (Fig. 5).
Free carnitine. Free carnitine concentrations in WT mice

under nonstressed conditions in liver and SkM were ~200–300
nmol/g wet wt (Fig. 6). In KO mice, with a reduced blood free
carnitine of 72% under normal living conditions compared
with WT littermates, liver free carnitine was 400 nmol/g wet
wt, significantly higher (p � 0.05) than in WT mice (Fig. 6).
After fasting at 4°C, liver free carnitine significantly in-

creased (p � 0.05) in all three mouse genotypes, whereas free
carnitine in SkM remained unchanged. Despite stable free
carnitine concentrations in tissues after fasting at 4°C, blood
free carnitine was significantly reduced in WT, HZ, and KO

mice compared with unstressed conditions and did not reflect
the tissue levels (Fig. 6). The increase in liver free carnitine
after fasting in the cold was not accompanied by increased bile
levels.
After physical exercise, a significant decrease in free carni-

tine was observed in SkM of HZ and KO mice (p � 0.05),
coinciding with a great increase of the long-chain acylcar-
nitines (Figs. 3 and 6). At the same time, liver free carnitine
significantly increased in these two genetic mouse variants.
Blood free carnitine concentrations remained unchanged,

Figure 2. Acylcarnitine profiles in skeletal muscle after exercise. Acylcarni-
tine profiles in skeletal muscle from (A) a single knock-out mouse and (B) a
wild type mouse after physical exercise are shown. Concentrations are given as
intensity in % of d3-C0 carnitine that has been added as an internal standard.
The identification of each mass is shown in the figure.

Figure 3. C14-C18 acylcarnitines in tissues and body fluids under different
stress conditions. The sum of the most important long-chain acylcarnitines
(C14-C18) that accumulate in VLCAD deficiency is demonstrated in liver (A),
skeletal muscle (B), bile (C) and blood (D). These long-chain acylcarnitines
consist of C14:2, C14:1, C14:0, C16:2, C16:1, C16:0, C18:2, C18:1, and
C18:0. The three left-sided columns represent wild type mice (n � 6); the three
middle columns heterozygous mice (n � 6); and the three right-sided columns
knock-out mice (n � 6). In each mouse group, concentrations are given under
nonstressed conditions (black), after intense exercise of 1 hour (white), and
after an eight-hour fast in the cold (gray). The asterisks indicate significant
differences (p � 0.05) as compared to nonstressed conditions in the respective
mouse group.
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whereas in bile, a reduced level of free carnitine was observed
in WT, HZ, and KO mice, together with a reduced excretion of
long-chain acylcarnitines. This suggested reduced flux of car-
nitine and long-chain acylcarnitines into bile during exercise
(Figs. 3 and 6).

DISCUSSION

This study documents increased tissue-specific long-chain
acylcarnitine production in response to different stressors in
VLCAD-deficient mice. Severe stress as a result of fasting in
the cold significantly led to a marked induction in hepatic
long-chain acylcarnitine production, as previously suggested
from flux studies (17), whereas acylcarnitines in SkM accu-
mulated predominantly during intense physical activity. The
increased production of long-chain acylcarnitines in SkM from

WT and HZ mice during fasting in the cold is likely due to an
increased muscle activity needed for shivering thermogenesis
that is not observed in KO mice (5). The tissue-specific acyl-
carnitine production that we observed in mice was associated
with heterogeneous, tissue-specific phenotypes, as described in
humans with VLCADD (2). Adult-onset VLCADD presents
with skeletal myopathy and rhabdomyolysis that are frequently
preceded and induced by intense physical exercise (2,18,19),
whereas in infants, reduced tolerance to fasting may allow
more stress to the liver, inducing hepatic accumulation of
acylcarnitines and hypoglycemia.
The elevated liver C14–C18 acylcarnitines of 100 nmol/g

are closely reflected in blood and bile, suggesting that the liver
efficiently catalyzes acylcarnitine export, whereas the obvious
increase of acylcarnitines in SkM up to 200 nmol/g after 1 h of
exercise is not reflected in blood. In fact, severe, episodic
rhabdomyolysis in myopathic VLCADD with markedly ele-
vated creatine kinase up to 60,000 U/L suggests muscle cell
destruction that may be attributed to accumulation of long-
chain acylcarnitines. In contrast, the liver presents with mildly
to moderately elevated transaminases during episodes of met-
abolic derangement but without signs of severe cell lysis (7).
The exact mechanisms of how long-chain acylcarnitines might
impair physiologic processes in SkM and liver are not known.
The increase in acylcarnitines in patients with VLCADD as

a result of stress was accompanied by reduced free carnitine
concentrations in blood, leading to the concept of “secondary
carnitine deficiency.” Importantly, however, our data show that
changes in blood free carnitine do not correlate with carnitine
homeostasis in liver and SkM. Liver free carnitine significantly
increased after fasting combined with a cold challenge, and
under nonstressed conditions, liver free carnitine is signifi-
cantly higher in KO than in WT mice, whereas blood free
carnitine is significantly lower in KO mice (5). These results
suggest that carnitine biosynthesis in liver is induced to supply
enough carnitine for conjugation with accumulating acyl-CoA.
Previous studies have shown that, during an 8-h fasting period,
blood free carnitine especially decreases during the first 4 h and
then remains constant (5), suggesting an uptake of carnitine

Figure 5. Acylcarnitine profiles in bile from knock-out and wild type mice.
All bile acylcarnitines with an even chain length of 4 to 24 carbons from
knock-out (A) and wild type (B) mice are shown under nonstressed conditions
(black), after intense exercise (white), and after fasting combined with a cold
challenge (gray). Concentrations are given in �mol/l and are mean values in
the different mouse groups of 6 animals. All C12 to C18 acylcarnitines species
are significantly higher (p � 0.05) in knock-out as compared to wild type mice.

Figure 4. Bile-to-blood ratios of carnitine and acylcarnitines. Bile-to-blood
ratios under nonstressed conditions (A) and after fasting combined with a cold
challenge (B) are given for wild type mice (e), heterozygous mice (f), and
knock-out (u). Each mouse group consists of 6 animals. Carnitine and the C12
to C18 acylcarnitine species are demonstrated. Significant differences (p �
0.05) between nonstressed conditions and fasting at 4°C are indicated by
asterisks.

Figure 6. Free carnitine concentrations in body fluids and tissues. Mean free
carnitine concentrations in liver (A), skeletal muscle (B), bile (C) and blood (D)
are demonstrated. The three left-sided columns represent wild type mice (n �
6), the three middle columns heterozygous mice (n � 6) and the three
right-sided columns are knock-out mice (n � 6). In each group, concentrations
are given under nonstressed conditions (black), after intense exercise of 1 hour
(white), and after an eight-hour fast in the cold (gray). The asterisks indicate
significant differences (p � 0.05) as compared to nonstressed conditions in the
respective mouse group.
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from blood until the increased carnitine demand can be met by
carnitine biosynthesis. Studies in vegans revealed a significant
positive correlation of blood carnitine levels with methionine
and lysine intake, indicating that a significant portion of car-
nitine requirement is covered by endogenous synthesis (20).
Whether an increased carnitine demand can be met by endog-
enous synthesis over a longer period of time needs further
investigation. In contrast to the stable liver carnitine concen-
trations, free carnitine in skeletal muscle significantly de-
creased after intense exercise. Reduced free carnitine in SkM
and constant blood free carnitine suggest that carnitine import
from blood into SkM or carnitine biosynthesis is insufficient
during 1 h of exercise to stabilize intramuscular carnitine
levels.
It is well known that the primary site of carnitine biosyn-

thesis is the liver (21–24). Whereas all tissues produce buty-
robetaine from N6-trimethyl-lysine, the last conversion step
into carnitine catalyzed by �-butyrobetaine dioxygenase takes
place only in the liver, resulting in butyrobetaine transport
from other tissues via the blood to the liver for subsequent
conversion (21). In fact, our data demonstrate a significant
increase of free carnitine in liver after 1 h of exercise in HZ and
KO mice compared with unstressed conditions, consistent with
activation of liver carnitine synthesis also during physical
exercise. Studies with longer exercise periods and longer fol-
low-up investigations after exercise are necessary to confirm
whether carnitine homeostasis can also be endogenously main-
tained in SkM. We speculate that the SkM overall is prone to
carnitine import rather than acylcarnitine export in contrast to
liver.
In infants with unexplained sudden death, bile has been used

for analysis of acylcarnitine profiles as part of a metabolic
autopsy, and 3- to 20-fold higher concentrations of long-chain
acylcarnitines have been observed compared with blood
(14,25). In our study, the sum of the C14–C18 long-chain
acylcarnitines in bile was ~10-fold higher than blood concen-
trations in VLCAD KO mice (Fig. 3). In contrast to tissues and
blood, the C12 and C14 species in bile were present in remark-
ably high concentrations, and the C12 bile-to-blood ratio in-
creased to 130 after prolonged fasting in the cold (Fig. 4),
suggesting a nonselective excretion of all long-chain acylcar-
nitine species from liver to bile. The transporters and regulat-
ing mechanisms involved are not yet known.
In conclusion, tissue-specific long-chain acylcarnitine pro-

duction in response to various stressors may explain the het-
erogeneous clinical manifestations of VLCADD in humans.
Importantly, the low carnitine concentrations in blood associ-
ated with increased production and accumulation of long-chain
acylcarnitines do not reflect carnitine homeostasis in tissues. In
fact, free carnitine in the liver seems to be provided in sufficient
amounts by carnitine biosynthesis during conditions of in-
creased demand. Whether liver carnitine biosynthesis is suffi-
cient to supply skeletal muscle with free carnitine during
exercise needs further investigation. Our results suggest that
carnitine supplementation in mitochondrial long-chain �-oxi-
dation defects may not be required, and blood carnitine con-
centrations do not adequately reflect carnitine homeostasis.
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