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Abstract Background: Primary carnitine deficiency (PCD)
is a disorder of fatty acid oxidation with a high prevalence
in the Faroe Islands. Only patients homozygous for the
c.95A>G (p.N32S) mutation have displayed severe symp-
toms in the Faroese patient cohort. In this study, we
investigated carnitine levels in skeletal muscle, plasma, and
urine as well as renal elimination kinetics before and after
intermission with L-carnitine in patients homozygous for
c.95A>G.

Methods: Five male patients homozygous for c.95A>G
were included. Regular L-carnitine supplementation was
stopped and the patients were observed during five days.

Blood and urine were collected throughout the study.
Skeletal muscle biopsies were obtained at 0, 48, and 96 h.

Results: Mean skeletal muscle free carnitine before
discontinuation of L-carnitine was low, 158 nmol/g (SD
47.4) or 5.4% of normal. Mean free carnitine in plasma
(fC0) dropped from 38.7 (SD 20.4) to 6.3 (SD 1.7) mmol/L
within 96 h (p < 0.05). Mean T1/2 following oral supple-
mentation was approximately 9 h. Renal reabsorption of
filtered carnitine following oral supplementation was 23%.
The level of mean free carnitine excreted in urine correlated
(R2 ¼ 0.78, p < 0.01) with fC0 in plasma.

Conclusion: Patients homozygous for the c.95A>G
mutation demonstrated limited skeletal muscle carnitine
stores despite long-term high-dosage L-carnitine supplemen-
tation. Exacerbated renal excretion resulted in a short T1/2 in
plasma carnitine following the last oral dose of L-carnitine.
Thus a treatment strategy of minimum three daily separate
doses of L-carnitine is recommended, while intermission
with L-carnitine treatment might prove detrimental.

Introduction

Primary carnitine deficiency (PCD, OMIM #212140) is an
autosomal recessive disorder of fatty acid beta-oxidation
caused by a dysfunctional OCTN2 carnitine transporter,
coded by the SLC22A5 gene on chromosome five (Shoji
et al. 1998; Nezu et al. 1999; Longo et al. 2006). Patients
continually lose large amounts of carnitine in urine leading
to low blood and tissue levels of carnitine (Scaglia et al.
1998; Tein 2003; Longo et al. 2006). PCD has a relatively
high prevalence in the Faroe Islands (1:300) and has been
associated with several sudden deaths among young
Faroese individuals due to cardiac arrhythmia (Rasmussen

Communicated by: Daniela Karall

Competing interests: None declared

J. Rasmussen (*) : J.A. Thomsen : J. Clementsen
Department of Internal Medicine, National Hospital, Torshavn, The
Faroe Islands
e-mail: lsjanra@ls.fo; ras_jan@yahoo.com

J.H. Olesen :A.M. Lund
Department of Clinical Genetics, Centre for Inherited Metabolic
Diseases, Copenhagen University Hospital, Rigshospitalet,
Copenhagen, Denmark

T.M. Lund
Department of Drug Design and Pharmacology, Faculty of Health and
Medical Sciences, University of Copenhagen, Copenhagen, Denmark

M. Mohr
Faculty of Natural and Health Sciences, University of the Faroe
Islands, Torshavn, The Faroe Islands

Department of Food and Nutrition and Sport Sciences, Centre of
Health and Human Performance, University of Gothenburg,
Gothenburg, Sweden

O.W. Nielsen
Department of Cardiology, Bispebjerg University Hospital,
Copenhagen, Denmark

JIMD Reports
DOI 10.1007/8904_2014_398



et al. 2013, 2014b). Cardiomyopathy has especially been
reported in children and patients may develop metabolic
disturbances and fatigue – though many remain asymptom-
atic (Tein 2003; Stanley 2004; Cano et al. 2008; Magoulas
and El-Hattab 2012; Rasmussen et al. 2014a). The principal
role of carnitine is to transport long-chain fatty acids into
the mitochondria for beta-oxidation and to preserve the
intracellular CoA homeostasis (Engel et al. 1981; Rebouche
2004). Patients suffering from PCD are treated with daily
oral L-carnitine supplements (Lund et al. 2007; Rasmussen
et al. 2014a). Four different PCD-related mutations and a
risk haplotype have been uncovered in the Faroese
population, with the c.95A>G mutation being the most
prevalent and severe (Rasmussen et al. 2014b, c). Patients
homozygous for the c.95A>G mutation have the lowest
mean plasma carnitine levels and mean residual OCTN2
transport activity among the Faroese patients (Rasmussen
et al. 2014c). Furthermore all patients found previously to
suffer from severe complications and sudden death were
homozygous for the c.95A>G mutation indicating a
phenotype–genotype correlation (Rasmussen et al. 2013,
2014c). Although it is documented that continued daily
L-carnitine supplementation increases blood carnitine levels
in PCD patients, the effect on carnitine levels in skeletal
muscle tissue, which is the main store of carnitine in the
human body, is currently unknown (Rasmussen et al.
2014a). Additionally the kinetics of renal carnitine elimina-
tion in PCD patients following interruption of regular L-
carnitine supplementation is to our knowledge not fully
described.

The objectives of the present study were to investigate
and monitor the effects of stopping L-carnitine supplemen-
tation in a small cohort of patients homozygous for the
c.95A>G mutation during a 5-day period with regard to
levels of carnitine in skeletal muscle, blood, and urine prior
to and following the intervention.

Materials and Methods

Five male patients with a mean age of 32.6 years (range
19–73) known to be homozygous for the c.95A>G
mutation gave informed consent to participate (Table 1).
They had all taken L-carnitine supplements continually for
at least 3 years. All patients were requested to ingest the
same amount of L-carnitine relative to their weight (75 mg/
kg/day) in three daily doses a week prior to the study. The
patients had no symptoms of PCD and had previously only
had symptoms of fatigue, which had been treated effec-
tively by L-carnitine supplementation. One patient was
treated with warfarin because of chronic atrial fibrillation;
apart from that, the patients did not receive any medication
other than L-carnitine.

The patients were admitted to the National Hospital of
the Faroe Islands during the study period under close
observation, including continuous heart monitoring.
Informed written consent was obtained from all participants
and the Faroese Ethics Committee approved the study. All
procedures followed were in accordance with the ethical
standards of the responsible committee on human experi-
mentation (institutional and national) and with the Helsinki
Declaration of 1975, as revised in 2000.

Oral L-carnitine supplements were discontinued when
admitted and the patients were without L-carnitine supple-
mentation for initially 97 h (�4 days). L-carnitine was then
infused with a rate of 3.75 mg/kg/h for 4 h and then stopped.
The patients were monitored for further 24 h before starting
their regular oral supplements again. Blood, drawn with
venipuncture from an antecubital vein into regular blood
sample tubes containing EDTA, and urine samples were
collected with predetermined intervals during the study
period. The blood was centrifuged and the resulting plasma
collected and frozen at �40�C until analysis in Copenhagen.
Some blood was though analyzed in the local hospital
laboratory to obtain routine blood parameters, e.g., glucose,
electrolytes, creatinine, hemoglobin, etc. Urine was stored at
�70�C until analysis. Skeletal muscle biopsies were
obtained from the medial part of m. vastus lateralis using
the Bergstrom technique before discontinuation of L-carni-
tine (t ¼ 0 h), midway through the study (t ¼ 48 h), and just
before infusion of L-carnitine (t ¼ 96 h) (Bergstrom 1975).
Muscle tissue was immediately frozen in liquid nitrogen and
stored at �80�C until analysis.

Standard echocardiography was performed before the
discontinuation and restart of L-carnitine supplementation
using a GE Medical Vivid s6 ultrasound system. Measure-
ments were obtained according to accepted standards and
techniques (Lang et al. 2005). All reported measures were
the average of two separate measurements.

Plasma, urine, and muscle tissue were analyzed at the
Centre for Inherited Metabolic Disease in Rigshospitalet,
Copenhagen.

Analyses of acylcarnitines and carnitine in plasma,
muscle, and urine were performed using stable-isotope
dilution combined with ultra-performance liquid chroma-
tography–tandem mass spectrometry, using a Quattro
Micro triple quadrupole mass spectrometer (Waters, Mil-
ford, Massachusetts).

d3-Carnitine, d3-acetylcarnitine, d3-propionylcarnitine,
d3-butyrylcarnitine, d9-isovalerylcarnitine, d3-octanoylcar-
nitine, d3-tetradecanoylcarnitine, and d3-hexadecanoylcar-
nitine (Herman ten Brink, Vrije Universiteit, Amsterdam,
The Netherlands) were added to samples before extraction/
homogenization. Carnitine and acylcarnitines in all three
matrices were quantified using external spiked plasma
calibration curves.
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Pharmacokinetic Methods

Pharmacokinetic parameters were determined using Phoe-
nix WinNonlin 6.2 (Pharsight Certara) and Microsoft Excel.
For each urine collection, interval (the amount of excreted
carnitine (Aeti)) was determined (ti represents a particular
time interval). The area under the plasma concentration
curves (AUCti) for carnitine was determined by non-
compartmental analysis in WinNonlin using the same time
intervals as the urine collection intervals. Renal clearance
(CLR) was estimated as amount excreted divided by the
area under the plasma concentration curve Aeti/AUCti.

Fraction reabsorbed (Freabs) was calculated as 1-(CLR/
CLCrea). Half-lives were calculated as ln(2)/lz, where lz
(the terminal rate constant) was determined by linear
regression of the semilogarithmic plot of the plasma
concentration–time profile.

Statistical Analysis

Data analysis was performed using IBM® SPSS® Statistics
Version 19 (SPSS Inc., Chicago, IL, USA). All continuous
variables were expressed as mean (standard deviation).
Paired student’s T-test was used to test for a significant
difference in carnitine levels. Level of significance was set
at p < 0.05 (two-tailed test).

Results

The mean level of free carnitine in skeletal muscle was
severely depressed before discontinuation of L-carnitine,

158 nmol/g (SD 47.4, range 87.6–217) compared to a mean
of 2,914 nmol/g (SD 249) found in healthy individuals
(Madsen et al. 2013). There was a tendency for the mean
level of free carnitine in muscle to decrease slightly
(13.5 nmol/g) during the L-carnitine intermission
(p ¼ 0.35) (Fig. 1).

Mean free carnitine in plasma (fC0) was 38.7 (SD 20.4)
mmol/L measured 1 h after the last dose of L-carnitine. The
mean T1/2 following oral supplementation was approxi-
mately 9 h (Table 2). fC0 decreased most rapidly during the
first 24 h before leveling off and dropping further to a mean
6.3 (SD 1.7) mmol/L before infusion of L-carnitine at 96 h
(p ¼ 0.02) (Fig. 2). During the 4-h infusion of L-carnitine,
the mean level of fC0 rose quickly to 174 (SD 51) mmol/L
but then fell rapidly to 12.3 (SD 6.8) mmol/L within 26 h
(Fig. 2). There was practically no difference in mean renal
reabsorption of filtered carnitine following oral supplemen-
tation (23%) and following infusion with L-carnitine (25%),
combined mean 24% (Table 2), when measured in the
lower plasma free carnitine concentration range
(5.9–54.3 mmol/L) where reabsorption would be expected
to be more than 90% in healthy subjects.

The level of mean free carnitine excreted in urine
correlated (R2 ¼ 0.78, p < 0.01) with fC0 in plasma, with
a decreased excretion with decreasing plasma levels of fC0
and vice versa (Fig. 3).

The level of mean plasma acetylcarnitine fell signifi-
cantly within 7 h (p ¼ 0.037) from 23.0 (SD 9.2) mmol/L to
10.7 (SD 5.0) mmol/L and then dropped to 0.7 (SD 0.6)
mmol/L (p < 0.001) before infusion of L-carnitine. Follow-
ing the start of L-carnitine infusion, we measured a

Fig. 1 Free carnitine in muscle measured three times during the study
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Fig. 2 Mean free carnitine in plasma following discontinuation of oral L-carnitine and then during and after L-carnitine infusion

Fig. 3 Mean free carnitine in urine following discontinuation of oral L-carnitine and then during and after L-carnitine infusion
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nonsignificant increase in the level of mean plasma
acetylcarnitine to 3.5 (2.9) mmol/L (p ¼ 0.13), before
decreasing again following the infusion. As with fC0, the
acetylcarnitine in plasma was rapidly excreted in urine
following the intermission of supplementation and then
following the L-carnitine infusion (Fig. 4). The elderly
patient (#2 in Table 1) who had a decreased renal function
exhibited a slower decrease in plasma fC0 than the other
younger patients and reached a higher level of plasma
acetylcarnitine (from 0.4 to 8.6 mmol/L) following
L-carnitine infusion.

Baseline values including routine safety blood samples
and echocardiography were normal – apart from a mild
renal insufficiency in the elderly patient (Table 1). There
was no change in echocardiographic parameters following
4 days without L-carnitine supplementation. Except for the
changes in carnitine levels, there were no changes in other
measured blood parameters, including hemoglobin, glu-
cose, electrolytes, ALAT, and creatinine.

Discussion

Our primary findings were that L-carnitine supplemented
adult PCD patients homozygous for the c.95A>G mutation
had very limited skeletal muscle carnitine stores and that
the level of mean free carnitine in plasma dropped rapidly

with a mean T1/2 of 9 h following intermission with oral L-
carnitine.

The mean concentration of free carnitine in skeletal
muscle was only 158 nmol/g in the participants
corresponding to approximately 5.4% of the reported
normal mean level of 2,914 nmol/g (Madsen et al. 2013).
Previous data from children with PCD, showing only a
slight increase in skeletal muscle carnitine following
supplementation, supports our findings (Stanley et al.
1991). In normal healthy individuals, skeletal muscle
carnitine stores account for 97% of all carnitine in the
body with a slow estimated turnover of 105 h (Reuter and
Evans 2012). There was a tendency toward a decrease in
mean muscle carnitine following intermission with L-
carnitine supplementation, which was not significant,
possibly due to the low number of subjects. It has been
hypothesized that if the intramuscular concentration of
carnitine is above 4% of normal then fatty acid oxidation in
muscle is not compromised (Stanley et al. 1991). Four of
our patients reported prior to the study improved physical
ability and endurance following long-term L-carnitine
supplementation, compared to before being diagnosed with
PCD when they did not receive L-carnitine, indicating that
even though the obtained skeletal muscle stores were only
just above 5% of normal during supplementation, the
patients may have benefited with improved physical fitness.

Fig. 4 Mean acetylcarnitine in plasma following discontinuation of oral L-carnitine and then during and after infusion of L-carnitine
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Mean free carnitine in the participants following long-
term L-carnitine supplementation was in the lower normal
range (Reuter et al. 2008). Carnitine in plasma accounts for
only 0.1% of total body carnitine in normal subjects (Reuter
and Evans 2012). Plasma carnitine levels are normally
maintained by renal tubular reabsorption, a rapidly equili-
brating compartment (liver and kidneys) and a slowly
equilibrating compartment (muscle) (Evans et al. 2000). It
is likely that a compromised renal reabsorption, and a lack
of sufficient carnitine stores to maintain plasma levels in the
PCD patients, led to rapidly decreasing carnitine levels
toward pretreatment plasma levels and an fC0 half-life of
only 9 h following the last oral dose of L-carnitine (Fig. 2).

The patients experienced continued excessive loss of
carnitine in urine because the mean renal tubular
reabsorption of filtered L-carnitine was only 24% com-
pared to more than 90% in normal subjects under normal
conditions (Engel et al. 1981; Rebouche et al. 1993;
Rebouche 2004; Steiber et al. 2004). We have previously
shown that the mean residual OCTN2 transport activity
measured in fibroblasts from patients homozygous for
the c.95A>G mutation was only 4% compared to normal
– the dysfunctional transporter is thus not capable of
adequately reabsorbing the filtered carnitine, which is
lost in urine instead (Rasmussen et al. 2014c). When
L-carnitine was infused, the plasma levels rose quickly,
but the infused L-carnitine was excreted in urine within a
short period of time in all participants. One exception
was the elderly individual with a decreased glomerular
filtration, who may not have been able to clear the
L-carnitine as effectively as his younger counterparts.
Acetylcarnitine is formed intracellularly during normal
metabolic activity when L-carnitine is present (Flanagan
et al. 2010). The level of plasma acetylcarnitine in the
participants fell when they stopped oral supplementation,
which may also indicate decreasing intracellular levels of
L-carnitine as plasma levels were decreasing (Fig. 4).
Plasma acetylcarnitine levels only increased marginally
in the young participants following L-carnitine infusion,
which might indicate that the amount of infused
L-carnitine reaching the intracellular compartment was
negligible (Fig. 4). The rise in the level of plasma
acetylcarnitine in the elderly man was more pronounced
– which might indicate that a greater fraction of infused
L-carnitine reached the intracellular space due to reduced
glomerular filtration and a slower excretion of the
infused carnitine. This may support a strategy of main-
taining plasma carnitine levels at a reasonable level with
several daily doses of L-carnitine in order to ensure
sufficient intracellular carnitine levels. This was partially
achieved clinically as shown by a mean plasma acetyl-
carnitine level of 23 mmol/L after long-term L-carnitine
supplementation. The mean plasma half-life of 9 h in the

patients following oral intermission supports a daily
regime of at least three daily dosages of L-carnitine,
which is also recommended in all Faroese PCD patients.

This study demonstrated that adhesion to continued oral
L-carnitine supplementation is necessary to ensure and
maintain plasma carnitine levels at close to normal levels.
It should not be expected that the patients develop sufficient
carnitine stores during continued supplementation to com-
pensate for an intermission in their daily supplementation
regime. Even though a short-term pause in oral supplemen-
tation might not be harmful, our study shows that the
plasma levels fall rapidly, which could lead to decreased
intracellular carnitine levels, which again might affect
cellular metabolism and prove detrimental.

Conclusion

Patients homozygous for the severe c.95A>G mutation had
only limited skeletal muscle carnitine stores following long-
term high-dosage L-carnitine supplementation. Mean renal
reabsorption of L-carnitine was only 24% and the mean
plasma half-life of free carnitine following the last oral dose
of L-carnitine was 9 h. A treatment strategy of at least three
daily separate doses of L-carnitine is recommended from a
pharmacokinetic perspective, and while the biochemical
consequences of intermission with supplementation in PCD
patients are clear, the associated clinical risk is unknown
from this study.
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