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Abstract

Primary carnitine deficiency impairs fatty acid oxidation and can result in hypoglycemia, hepatic encephalopathy, cardiomyopathy
and sudden death. We diagnosed primary carnitine deficiency in six unrelated women whose unaffected infants were identified with
low free carnitine levels (C0) by newborn screening using tandem mass spectrometry. Given the lifetime risk of morbidity or sudden
death, identification of adult patients with primary carnitine deficiency is an added benefit of expanded newborn screening programs.

© 2007 Published by Elsevier Inc.
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Introduction

Analysis of blood spots through tandem mass spectrom-
etry has revolutionized newborn screening for inborn
errors of metabolism. The simultaneous detection of multi-
ple metabolites allows the presumptive identification of
patients with inborn errors of amino acid, organic acid,
and fatty acid metabolism within a few days after birth
[1]. Early identification and prospective treatment can pre-
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vent catastrophic illness as a result of metabolic decompen-
sation [2].

Primary carnitine deficiency (OMIM No. 212140) is an
autosomal recessive disorder of fatty acid oxidation caused
by mutations in the SLC22A45 gene encoding the high-affin-
ity carnitine transporter, OCTN2 [3-5]. Deficiency of this
transporter increases urinary carnitine losses and produces
tissue carnitine deficiency. Since carnitine is required for
the entry of long-chain fatty acids into mitochondria, tissue
carnitine deficiency impairs mitochondrial fatty acid p-ox-
idation with defective energy production during fasting [6].
Affected patients typically present in childhood with
hypoketotic hypoglycemia, hepatic encephalopathy, hypo-
tonia, cardiomyopathy or sudden death [6,7]. Diagnosis is
based on the identification of very low free carnitine levels
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in plasma and is confirmed by the measurement of dimin-
ished carnitine transporter activity in skin fibroblasts [8]
or mutational analysis of the SLC2245 gene [5,9]. This
disorder responds well to oral carnitine supplementation
(starting at 100 mg/kg/day) that can prevent crises and
reverse cardiomyopathy if present [6,7].

Primary carnitine deficiency can be identified in infants
by expanded newborn screening using tandem mass spec-
trometry by detection of low levels of free carnitine (CO0)
[3]. In affected infants, oral carnitine supplementation is
followed by a slow normalization of plasma carnitine levels
[6,7]. In the cases described herein, we observed a group of
infants with low newborn screening free carnitine with a
rapid rise in plasma levels upon supplementation. Our
studies show that the observed infants’ low carnitine levels
resulted from primary carnitine deficiency in their affected
mothers.

Materials and methods
Subjects

Mothers identified by a low free carnitine (C0) on newborn screening
of their infants are reported in Table 1. All infants have been asymptom-
atic. The mothers of cases 2, 3 and 5 were asymptomatic. The mothers of
cases 1 and 4 had decreased stamina, easy fatigability with exercise, and in
one case fasting intolerance. All these symptoms have been reported in
patients with primary carnitine deficiency [8,9]. Evaluation of their hearts
by physical exam, echocardiography or electrocardiography did not reveal
any anomaly.

The mother described as case 6, became symptomatic at 20 years of
age. She suffered a syncopal episode and was diagnosed with prolonged
QT interval causing ventricular tachycardia. A defibrillator was implant-
ed. Over the following 5 years, she had two further episodes of tachycar-
dia. During the first trimester of pregnancy, she had ten more events that
activated automatic defibrillation. These events did not recur in the second
part of pregnancy with modification of anti-arrhythmic therapy. She was
diagnosed with carnitine deficiency after the birth of her child and placed
on carnitine, with improvement of plasma carnitine levels. Cardiac func-
tion improved and there have been no new episodes of cardiac arrest since
starting carnitine.

DNA analysis and molecular techniques

The protocol for DNA studies was approved by the University of Utah
Institutional Review Board. Molecular testing for mutations in SLC22A45
the gene encoding OCTN2 was performed after obtaining informed con-
sent for DNA studies. GenBank sequence AB016625.1 was used as refer-
ence for the gene, NM_003060.2 was used as the reference sequence for the
cDNA. Genomic DNA was extracted from fibroblasts or peripheral blood
by standard methods and amplified using PCR and primers flanking each
of the 10 exons [8,9]. Mutations were identified by bidirectional sequencing
and confirmed by sequencing a second, independent PCR product.

Carnitine transport

All mothers underwent a skin biopsy for diagnostic testing of carnitine
transport in fibroblasts. Fibroblasts were grown in Dulbecco-modified
MEM supplemented with 15% fetal bovine serum. Carnitine (0.5 uM)
transport was measured at 37 °C for 4 h as described previously [8,9]. This
procedure assesses the initial rate of carnitine entry into the cells. Nonsat-
urable carnitine transport was measured in the presence of 2 mM cold car-
nitine and was subtracted from total transport to obtain saturable
transport.

Table 1

Maternal carnitine deficiency identified by newborn screening

Symptoms, cardiac evaluation

SLC22A5 mutations

Carnitine transport

Maternal plasma
free carnitine

Infant plasma free
(umol/L)

Infant carnitine (CO)

Maternal Cases
(age in years,
location)

allelel(exon)/allele2

(exon)

(percent of control)

carnitine on supplements

(umo/L)
137

MS/MS newborn screen

(pmo/L)

2.5

Fasting intolerance, fatigue, normal

echocardiogram

¢.136 C > G, P46S (1)/

3.3

1. Mother (28, MN)

c.844 C > T, R282X (5)
¢.136 C > G, P46S (1)/
¢.1556dupACAC
T520£sX521 (9)

None, normal echocardiogram

4.2

38

44

2. Mother (34, MN)

None, normal echocardiogram

c.1462 C > T, R488C (9)/
¢.1462 C > T, R488C (9)
¢.760 C > T, R254X (4)/

¢.1400 C > G, S467C (8)

3.7

21

7.7

3. Mother (30, D)

Decreased stamina, nonspecific T
wave abnormality, normal

echocardiogram

37

8

4. Mother (34, CA)

Ventricular arrhythmias, prolonged

None, normal echocardiogram
QT interval

c.95A > G, N32S (1)/
c.136C > G, P46S (1)

ND

7.7
4.8

53
70.5

33
4.1

5. Mother (28, MN)
6. Mother (25, SC)

Carnitine levels were measured in newborn screening spots (second column) or in plasma (third and fourth column). Carnitine supplements were given orally at 25-100 mg/kg/day (third column).

Normal levels for plasma free carnitine (third and fourth columns) are 25-50 pmol/L. Carnitine transport is expressed as percent of normal controls (fifth column). Mutations identified in the SLC22A45
gene are reported in the sixth column. Symptoms and cardiac evaluation was performed by physical examination, electrocardiogram, and echocardiogram. ND, not done. MN, Minnesota; D, Germany;

CA, California; SC, South Carolina.
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Results

Over the course of 2 years, we identified a number of
infants with very low free carnitine levels obtained at 24—
48 h after birth by tandem mass spectrometry. Table 1
summarizes laboratory and clinical findings in six infants
and their mothers. Five of the six mothers were of Cauca-
sian origin and one mother was of Asian origin. In new-
born screening blood spot samples, the infants had free
carnitine (CO) levels between 2.5 and 8 umol/L (column
2). Measurements of plasma carnitine levels at 7-21 days
of life confirmed carnitine deficiency (free carnitine 5-
9 umol/L, normal 25-50 umol/L). Typically, we observe a
slow increase in plasma carnitine levels in patients with pri-
mary carnitine deficiency when carnitine supplements are
started. In contrast these infants treated with carnitine
(25-100 mg/kg/day) normalized free carnitine levels within
weeks (column 3).

As part of the clinical evaluation, plasma carnitine levels
were measured in the infants’ mothers. The mothers of
these infants (age 25-34 years) had very low plasma free
carnitine levels (1.9-5 umol/L, normal 25-50 pmol/L) (col-
umn 4), in the range observed in patients with primary car-
nitine deficiency. Carnitine is transferred from the placenta
to the fetus during intrauterine life. Levels of free carnitine
in infants reflect those of their mothers if the levels are
obtained shortly after birth [10,11]. To confirm the suspect-
ed diagnosis of primary carnitine deficiency, skin biopsies
were obtained to determine if the mothers had defective
fibroblast carnitine transport.

Carnitine transport in fibroblasts from all the mothers
tested was markedly impaired compared to normal cells
(2-7.7% of normal) and to cells obtained from carriers
for primary carnitine deficiency (Fig. 1, summary in Table
1, column 5). Mutation analysis of the SLC22A45 gene
encoding the OCTN2 carnitine transporter identified muta-
tions in all samples tested (Table 1, column 6). Of the

N

CARRIERS
{n=83)

*
AFFECTED
*PATIENTS (n=117)

* -
% MOTHER-1

(nmol/ml cell water/h)
CONTROLS (n=139)

*
% MOTHER-2
*
4 MOTHER-6

SATURABLE
CARNITINE TRANSPORT
*

0

Fig. 1. Carnitine transport by fibroblasts from mothers with primary
carnitine deficiency. Carnitine (0.5 uM) transport was measured for 4 h at
37 °C. Nonsaturable transport, measured in the presence of 2 mM cold
carnitine, was subtracted from total transport to obtain saturable carnitine
transport. Data are means & SE of six observations for mothers’ cells
while the number of observations for normal controls, obligate carriers,
and affected controls (patients with classic primary carnitine deficiency
and demonstrated mutations) is indicated. *p <0.01 versus controls,
affected patients and mothers; **p < 0.01 versus control and carriers using
analysis of variance.

mutations identified, N32S, R254X, R282X, and S467C
were previously reported in patients with classic primary
carnitine deficiency [5,12-17]. The duplication of 4 bp in
exon 9 of patient 2 producing a frameshift and the prema-
ture insertion of a stop codon (T520fsX521) is likely to
result in nonsense mediated RNA decay, as reported in
all other patients with primary carnitine deficiency with
similar mutations [5,8] or in a severely truncated protein
lacking the C-terminal 37 amino acids (truncation before
position 526 of the OCTN2 transporter completely abolish-
es carnitine transport; Amat di San Filippo and Longo,
unpublished results). The P46S missense mutation has
not been previously reported. Expression of the P46S-mu-
tant OCTN2 cDNA in Chinese Hamster Ovary cells
decreased carnitine transport to <5% of that measured
using normal OCTN2 cDNA, as seen with several other
missense mutations associated with classic primary carni-
tine deficiency [8,9].

Based on clinical observation of low carnitine levels,
impaired fibroblast carnitine transport activity and the
identification of two pathogenic mutation in SLC22A45,
we confirmed that the low carnitine levels in newborn
screening blood spots resulted from previously undiag-
nosed maternal primary carnitine deficiency.

Discussion

Primary carnitine deficiency is a life-threatening inborn
error of metabolism. We show that this disorder can be sus-
pected in mothers identified by the presence of low free car-
nitine (CO) on newborn screening of their unaffected infants
(Table 1). In these infants, carnitine levels improved briskly
on carnitine supplements (Table 1). The mothers of these
infants had plasma carnitine levels similar to those of
patients with classic primary carnitine deficiency (Table
1) and their diagnosis was confirmed by measuring carni-
tine transport in fibroblasts (Fig. 1) and/or by mutational
analysis of the SLC22A45 gene (Table 1). Some of the muta-
tions identified (N32S, R254X, R282X, and S467C) have
been found in other patients with classic primary carnitine
deficiency, others (P46S, R488C, and T520fsX521) have
not been described previously. Based on fibroblast and
Chinese Hamster Ovary cells expression studies, these nov-
el mutations severely impair carnitine transport [8,9].

Most affected mothers had minimal or no symptoms at
time of diagnosis (Table 1). One, however, had a history of
syncope that worsened during pregnancy when plasma car-
nitine levels are physiologically lower [18]. Further studies
and a longer follow-up are required to define the relation-
ship between carnitine deficiency and cardiac arrhythmia in
this case. The other maternal cases indicate that a signifi-
cant cohort of patients with primary carnitine deficiency
do not present in infancy or early childhood as currently
described [6,7], but remain asymptomatic into adulthood.
Because other fatty acid oxidation defects such as medium
chain acyl CoA dehydrogenase deficiency (MCADD) can
remain completely asymptomatic until causing sudden
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death or other acute presentation during severe stress in
adults [19-21], we believe that mothers with primary carni-
tine deficiency are likely to benefit from diagnosis and ini-
tiation of carnitine supplementation. As we were preparing
this manuscript for publication, Vijay et al. [22] reported
four mothers from consanguineous Asian families with car-
nitine transporter defects identified through low free carni-
tine levels in their newborn infants. Our patients were of
different ethnic backgrounds without consanguinity (except
in case 3) and had different mutations in the carnitine
transporter gene (Table 1, mutations were not reported in
the previous cases, [22]) indicating that this disorder is
not limited to specific ethnic groups. Primary carnitine defi-
ciency has also been identified in the asymptomatic father
of a patient with classic primary carnitine deficiency [23],
indicating that males can also have the disease. This would
be expected in an autosomal recessive disorder.

While the precise frequency of this disorder in adults
is not known, the previous report identified four affected
mothers in 62,004 infants screened, with a frequency of
1:15,500 [22]. Limiting our analysis to cases in Minneso-
ta, four mothers (one not reported in Table 1) were iden-
tified out of approximately 161,420 births spanning the
period of time from July 1, 2004 until September 30,
2006, providing an approximate frequency of 1:40,000.
Since asymptomatic males are not identified by this sys-
tem, this frequency likely underestimates the prevalence
of this disorder in adults. A larger population is required
to define the precise prevalence of this condition. In
infants, the frequency reported is about 1:40,000, with
about 1% of the population being a carrier for this dis-
ease [17].

With expanded newborn screening, we can identify
maternal cases of 3-methylcrotonyl-CoA carboxylase
deficiency (3-MCC) [24] or, through family studies of
affected infants, MCAD [25]. Our cases, collected over
the relatively short time period of 2 years, indicate that
maternal primary carnitine deficiency can be detected
by expanded newborn screening. We suspect that mater-
nal primary carnitine deficiency goes unrecognized as the
newborn screening low free carnitine levels may be con-
sidered to be false positives as confirmatory testing is
usually limited to the infant. Our results support testing
both the infant and mother in the event of low newborn
screening carnitine levels. Primary carnitine deficiency
carries a lifetime risk of sudden death; it is not a benign
condition. The diagnoses of maternal primary carnitine
deficiency in these six cases demonstrate that expanded
newborn screening has the power to detect a cohort of
hitherto asymptomatic adult individuals at risk for meta-
bolic decompensation and possible sudden death.
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