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biosynthesis, has been associated with non-dysmorphic au-
tism. Thus, new roles for carnitine are emerging that are un-
related to classic inborn errors of metabolism. 
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 Carnitine is essential for the transfer of long-chain fat-
ty acids across the inner mitochondrial membrane for 
subsequent β-oxidation  [1] . Carnitine can be synthesized 
by the body and can be obtained in the diet by consump-
tion of meat and dairy products. As such, genetic defects 
in carnitine biosynthesis do not routinely result in low 
plasma carnitine levels.

  The Carnitine Cycle and Carnitine Deficiency in 

Newborns 

 Carnitine is accumulated in cells and retained by the 
kidneys via  OCTN2 , a high affinity organic cation 
transporter that is specific for carnitine  [1] . Genetic de-
fects in the  OCTN2  carnitine transporter result in pri-
mary carnitine deficiency, which is associated with de-
creased accumulation of intracellular carnitine, in-

 Key Words 

 Carnitine · Biosynthesis · Transport · Deficiency · Newborn 
screening · Genetic variations · Autism 

 Abstract 

 Carnitine is needed for transfer of long-chain fatty acids 
across the inner mitochondrial membrane for subsequent 
β-oxidation. Carnitine can be synthesized by the body and is 
also obtained in the diet through consumption of meat and 
dairy products. Defects in carnitine transport such as those 
caused by defective activity of the OCTN2 transporter en-
coded by the SLC22A5 gene result in primary carnitine defi-
ciency, and newborn screening programmes can identify pa-
tients at risk for this condition before irreversible damage. 
Initial biochemical diagnosis can be confirmed through mo-
lecular testing, although direct study of carnitine transport 
in fibroblasts is very useful to confirm or exclude primary 
 carnitine deficiency in individuals with genetic variations of 
 unknown clinical significance or who continue to have low 
levels of carnitine despite negative molecular analyses. Ge-
netic defects in carnitine biosynthesis do not generally result 
in low plasma levels of carnitine. However, deletion of the 
trimethyllysine hydroxylase gene, a key gene in carnitine 
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creased loss of carnitine in urine and low levels of 
carnitine in serum. Affected individuals can present 
with hypoketotic hypoglycemia and hepatic encepha-
lopathy early in life, or with skeletal and cardiac my-
opathy or sudden death from cardiac arrhythmia later 
in life, usually triggered by fasting or catabolic state. 
While defects in  OCTN2  can lead to carnitine deficien-
cy, other conditions have also been identified that can 
cause carnitine deficiency in newborns. These include 
dietary carnitine deficiency, total parenteral nutrition 
without added carnitine  [2] , maternal glutaric acidemia 
type I  [3] , maternal medium chain acyl coenzyme A 
(CoA) dehydrogenase deficiency  [4] , 3-methyl-croto-
nyl-CoA carboxylase deficiency  [5] . There are also oth-
er conditions not associated directly with carnitine de-
ficiency, that may warrant treatment with carnitine 
such as deletions in the trimethyllysine hydroxylase 
( TMLHE ) gene on Xq28 encoding for ε-N-TMLHE, a 
risk factor for non-syndromic autism-spectrum disor-
ders in males  [6, 7] .

  The Need to Screen for and Treat Primary Carnitine 

Deficiency 

 Primary carnitine deficiency responds to oral carni-
tine that, at pharmacological doses, enters cells using the 
amino acid transporter B 0,+   [1] . Key aspects of carnitine 
transporter deficiency are shown in  figure 1 .

  The incidence of primary carnitine deficiency varies 
with a frequency of approximately 1:   40,000 newborns in 
Japan  [8] , 1:   37,000–1:   100,000 newborns in Australia  [9]  
and 1:   142,000 in the USA  [10] . The highest incidence 
(1:    300) has been reported in the Faroe Islands, an archi-
pelago that remained geographically isolated for centu-
ries  [11] . Decreased intracellular carnitine accumulation 
results in impaired fatty acid oxidation, and if carnitine 
supplements are not initiated, patients with primary car-
nitine deficiency can present with early acute metabolic 
decompensation, or later in life with skeletal and cardiac 
myopathy or sudden death from arrhythmia  [12] . New-
born screening programmes for primary carnitine defi-
ciency can identify affected patients at risk for this condi-
tion before irreversible damage occurs. Diagnosis of pri-
mary carnitine deficiency can be biochemically confirmed 
by demonstrating low free carnitine levels in plasma 
(<8 μ M , normal 25–50 μ M ) with reduced renal reabsorp-
tion (<90%) and normal renal function with no abnor-
malities in urine organic acids  [1] . Since a maternal dis-
order could also be responsible for primary carnitine de-

ficiency, plasma and urine carnitine, plasma acylcarnitine 
profile and urine organic acids should be evaluated in the 
mother. The diagnosis is definitively confirmed by mo-
lecular testing of the  SLC22A5  gene or by studying carni-
tine transport in fibroblasts (<20% of normal controls).

  Evaluation of Carnitine Transport in Fibroblasts 

 A functional assay (carnitine transport in fibroblasts) 
is very useful to confirm or exclude primary carnitine de-
ficiency in individuals with genetic variations of un-
known clinical significance or who continue to have low 
levels of carnitine despite negative molecular analyses. In 
addition, the parents of affected children have around 
half-normal carnitine transport in fibroblasts and may 
have low levels of plasma carnitine  [13] . Functional stud-
ies in fibroblasts can also be considered as the most de-
finitive test, since up to 16% of mutant alleles causing pri-
mary carnitine deficiency can not be identified by se-
quencing and deletion/duplication analysis of all 10 exons 
of the  SLC22A5  gene and flanking regions. Most patients 
have at least one missense mutation in the  OCTN2  carni-
tine transporter and expression studies in Chinese ham-
ster ovary (CHO) cells can confirm a causal role for single 
amino acid substitutions.  Figure 2  shows that not all mis-
sense changes identified in patients with primary carni-
tine deficiency impair carnitine transport since some 
variations have the same activity of the wild type OCTN2.

Carnitine transporter deficiency
(Primary carnitine deficiency MIM 212140)

: 1:142,000 (USA), 1:40,000 (Japan), 1:300 (Faroe Islands)
 : Carnitine transporter (OCTN2) defect (SLC22A5 gene)
 : Loss of carnitine in urine reduces availability of carnitine
in liver, muscle and heart, impairing fatty acid oxidation

 : Hepatic encephalopathy, hypoglycemia, cardiomyopathy
in childhood, arrhythmia in adults, sudden death in children and adults

 : Plasma carnitine levels (very low, usually <5 μM, can be
higher in newborns), decreased urinary carnitine reabsorption,
confirmed by transport studies in fibroblasts or DNA testing. Can be
detected by newborn screening

 : Carnitine 100–150 mg/kg up to 3 g per day PO divided into
3–4 daily doses

 : Plasma carnitine free and total
 : Excellent with treatment

  Fig. 1.  Key features of primary carnitine deficiency. 
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  Shortcomings of Newborn Screening 

 A recent study by Therrell et al.  [10]  found that the 
frequency of primary carnitine deficiency among new-
born screening programs in the USA is 1:   142,000. How-
ever, the frequency of mutations (nonsense, splicing and 
expressed missense only) in 60,000 normal individuals 
(carriers) in the exac browser (http://exac.broadinstitute.
org/gene/ENSG00000197375) is 1:   141, with an extrapo-
lated frequency of affected individuals (homozygous or 
compound heterozygous) of 1 in 79,910. Since the report-
ed frequency is 1 in 142,236, this would suggest that many 
cases are missed by newborn screening. The possibility 
that newborn screening might miss cases of carnitine 
transporter deficiency should be considered in patients 
with persistent low or borderline levels of carnitine or 
who show a decrease in carnitine levels after stopping 
supplementation. Such individuals should be investigat-
ed for primary carnitine deficiency.

  Strategies for Newborn Screening 

 There are different strategies for newborn screening 
that vary among states in the USA. In Utah, we perform 
2 screenings, the first within about 48 h after birth, and 

the second at 7–21 days of life. Carnitine is transferred 
from the mother to the child via the placenta and levels of 
carnitine can be normal in an infant if the sample is col-
lected shortly after birth. In this case, carnitine levels may 
decline over time. A two-step screening might allow bet-
ter detection of infants with primary carnitine deficiency. 
On the other hand, maternal primary carnitine deficiency 
is better identified with very low carnitine levels on the 
first screening. In such cases, most mothers are symptom-
atic, but are at risk of sudden death. Carnitine supple-
mentation in asymptomatic mothers can increase plasma 
carnitine levels and prevent cardiac arrhythmia.

  Differences in Presentation of Primary Carnitine 

Deficiency 

 Unfortunately, there is little correlation between the 
type of mutation and timing or type (metabolic versus 
cardiomyopathy) of presentation in children with prima-
ry carnitine deficiency. Moreover, even within the same 
family, there is variability in clinical presentation, with 
some children presenting early with hepatic encephalop-
athy and others presenting later with cardiac dysfunction. 
This lack of genotype–phenotype correlation has been 
demonstrated in several studies  [14–16] .
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  Fig. 2.  Carnitine transport by CHO cells ex-
pressing normal and mutant  OCTN2  car-
nitine transporters. 
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  This aspect has been studied in greater depth by Rose 
et al.  [17]  where carnitine transport was found to be sig-
nificantly reduced in fibroblasts from all patients with 
primary carnitine deficiency, but significantly higher in 
fibroblasts from asymptomatic women. DNA sequence 
analysis found an increased frequency of nonsense muta-
tions in symptomatic patients. Expression of missense 
mutations from asymptomatic patients in CHO cells in-
dicated that many retained residual carnitine transport 
activity, with a decrease in the average activity of missense 
mutations identified in symptomatic versus asymptom-
atic patients. From these results, it was suggested that as-
ymptomatic women have average levels of residual carni-
tine transport activity that are higher than symptomatic 
patients due to the presence of at least one missense mu-
tation. However, not all mothers identified by newborn 
screening are asymptomatic. Chen et al.  [18]  reported on 
cases of carnitine uptake defects in 13 mothers identified 
by a newborn screening programme. One mother had 
cardiomyopathy, and another died suddenly 1 year after 
delivering. This latter individual had experienced a few 
episodes of syncope since 13 years of age without under-
standing the etiology, and diagnosis was made retrospec-
tively. This highlights the need for screening in both in-
fants and mothers.

  The Faroe Islands: A Case Study 

 As mentioned above, the incidence of primary carni-
tine deficiency is very high in the Faroe Islands. This is 
a small archipelago in the North Atlantic located be-
tween Scotland and Iceland. The Faroe Islands are geo-
graphically isolated and are part of the Kingdom of 
 Denmark, along with Denmark proper and Greenland. 
The population of the Faroe Islands is about 50,000 with 
another 20,000 living abroad, mostly in Denmark. It 
originated mainly from colonization by a small number 
of Norwegians about 1,000 years ago. The native popu-
lation of the Faroe Islands has a very high incidence of 
several genetic conditions: cystic fibrosis, glycogen stor-
age disease type IIIA, holocarboxylase synthase defi-
ciency and 3-methylcrotonyl CoA carboxylase deficien-
cy. The high incidence of primary carnitine deficiency is 
due to a founder mutation (p.N32S)  [19] . Of interest, 
young adults (age 25–30 years) frequently died from 
ventricular fibrillation in the absence of cardiomyopa-
thy. Some individuals also complained of lassitude and 
weakness, which improved with carnitine supplementa-
tion.

  The  TMLHE  Gene, Carnitine Biosynthesis and Autism 

 Defects in carnitine synthesis are not responsible for 
carnitine deficiency since most carnitine is supplied 
through diet. However, deletion of the  TMLHE  gene, 
which is part of the carnitine synthesis pathway and lo-
cated on the X chromosome, is found more often in males 
with non-dysmorphic autism  [20] . In the study by Celes-
tino-Soper et al.  [20] ,  TMLHE  deficiency was found to be 
common in control males (1 in 366) and was not in-
creased in frequency in probands from simplex autism 
families (1 in 323). However, it was nearly 3-fold more 
frequent in probands from male–male multiplex autism 
families compared with controls (1 in 130). Moreover, 
6  of 7 autistic male siblings of probands in male–male 
multiplex families had the deletion, thus suggesting that 
 TMLHE  deficiency is a risk factor for autism, albeit with 
low penetrance (estimated at 2–4%). Hemizygous dele-
tion of a second gene in the carnitine biosynthesis path-
way, BBOX1, also results in low-normal carnitine levels, 
although it is unclear if the observed phenotypic effects 
(microcephaly and delays) are directly related to the de-
creased carnitine levels or to deletion of nearby genes 
 [21] . The possible dysregulation of carnitine metabolism 
in non-dysmorphic autism thus warrants further study.

  Conclusions 

 •  OCTN2  carnitine transporter deficiency causes a spec-
trum of diseases, from hepatic encephalopathy to car-
diomyopathy and sudden death. 

 • Newborn screening can miss infants with primary car-
nitine deficiency, in part due to the timing of the 
screening. 

 • DNA testing identifies about 85% of causative muta-
tions, with the rest being in non-exonic regions. 

 • Defects in carnitine biosynthesis have been identified 
in humans, which results in low-normal carnitine lev-
els and accumulation of intermediates before metabol-
ic bloc – such defects might represent a risk factor for 
non-dysmorphic autism. 

 • New roles for carnitine are emerging in metabolic dis-
orders that are unrelated to classic inborn errors of 
metabolism. 
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