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Fig. 1. A. Amuscle MRI showed an area of high intensity in the bilateral biceps femoris muscle (arrow) and semimembranous muscle (arrowheads) in short-T1 inversion recovery
(STIR). This indicated that increased water content in these muscles due to cellular lysis or fluid accumulation secondary to inflammation [10]. B, C. Biopsy of the patient's right
biceps muscle. (B} Hematoxylin and eosin staining showed multiple optically empty vacuoles. (C) Oil Red O staining revealed excessive lipid droplets. The scale bar represents
20 pm. D. Western blot analyses of proteins in the patient’s fibroblasts. The patient's fibroblasts were prepared as described previously [5,11]. For analysis of ETFDH, ETFc, and
ETFB, 25 pg of protein was applied to the gel. For analysis of very long-chain acyl-CoA dehydrogenase (VLCAD) and medium-chain acyl-CoA dehydrogenase (MCAD), 10 pg of
protein was applied to the gel. Lane 1, patient's fibroblasts; lane 2, control (normal) fibroblasts; lane 3, ETFDH-defective fibroblasts; lane 4, ETFp-defective fibroblasts; lane 5,
MCAD-defective fibroblasts; lane 6, VLCAD-defective fibroblasts. Note that lane 1 from this patient, and lane 3 from the negative control, lack the band corresponding to
ETFDH. This indicates that this patient had no ETFDH protein. Compared to control, the patient's fibroblasts showed no change in the expression of ETFa, ETFB, VLCAD, or
MCAD proteins. E. Changes in blood acylcarnitines with various treatments. The acylcarnitine profile of the patient’s serum before treatment showed a broad-range elevation
of acylcarnitines, including C6, C8, C10, C12, C14, and C16 acylcarnitine at 1.06 nmol/mL (normal <0.46), 2.15 (<1), 3.84 (<0.8), 4.13 (<0.4), 2.81 (<0.3), and 2.22 (<0.5),
respectively. In the left panel, BEZ or riboflavin combined with L-carnitine, partially improved serum CK and serum acylcarnitine levels. Combining all three agents completely restored
to normal the patient's acylcarnitine profile (right panel). During the seven-month period between the results shown in panels E and F, the patient was treated with L-carnitine alone.
Units for acylcarnitine are nmol/mL and for CK are U/L. “m” indicates month. @, C4; ¢, C8; &, C10; 4, C12.

adult myopathic form of GA2, patients sometimes do not show Japanese children with ETFDH gene mutations exhibiting GA2 [5].

rhabdomyolysis, and there is no typical biochemical examination that
can help us to consider the presence of a fatty acid oxidation disorder
(FAQ), as was observed here. Muscle biopsy and acylcarnitine analysis
provide useful information and should be employed without hesitation.

Intake of L-carnitine has been reported to either exacerbate
symptoms or to be effective for GA2 patients [6,7]. In the present
case, oral carnitine alone leads to only partial improvement based
on amelioration of the patient's muscle weakness and decreases in
his serum CK and acyl-CoA. Riboflavin supplementation produces
improvements in the symptoms and metabolic profiles of GA2
patients with ETFDH mutations, and the late-onset form [2]. BEZ is
a hypolipidemic drug that is as an agonist of the peroxisome
proliferating activator receptor, and was found to be beneficial in

Several mechanisms for the effectiveness of BEZ for FAO have been
reported including upregulating mRNA and the activity of several
FAO enzymes [8,9]. In the present case, BEZ, L-carnitine, and
riboflavin each showed partial effectiveness and produced partial
remission in a patient with GA2. In children, BEZ has been adminis-
tered at doses from 17 to 25 mg/kg/day [5]. In the current patient,
600 mg/day of BEZ was administered, corresponding to only
8.2 mg/kg/day. This low dose was used because of the limitations
of BEZ as a hypolipidemic drug and may explain the limited
effectiveness of BEZ for our patient. A combination of BEZ, riboflavin,
and L-carnitine produced complete remission in this patient, not
only of his symptoms and serum CK, but also of his defect in fatty
acid metabolism.
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This case supports a new option for the treatment of GA2 patients,
even in adults. Additional clinical studies and experimental investigation
of the mechanisms of action of these drugs are required.
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Abstract

Background: Mitochondrial fatty acid oxidation (FAO) disorders are among the causes of acute encephalopathy- or myopathy-
like illness. Carnitine-acylcarnitine translocase (CACT) deficiency is a rare FAO disorder, which represent an energy production
insufficiency during prolonged fasting, febrile illness, or increased muscular activity. CACT deficiency is caused by mutations of
the SLC25420 gene. Most patients developed severe metabolic decompensation in the neonatal period and died in infancy despite
aggressive treatment.

Patients and methods: We herein report the clinical findings of two unrelated cases of CACT deficiency with mutation confirma-
tion, and in vitro bezafibrate responses using in vitro probe acylcarnitine (IVP) assay. Patients 1 and 2 are products of nonconsan-
guineous parents. Both patients developed cardiac arrest at day 3 of life but survived the initial events. Their blood chemistry
revealed hypoglycemia and metabolic acidosis. The acylcarnitine profiles in both patients demonstrated increased long-chain acyl-
carnitines, suggesting CACT or carnitine palmitoyltransferase-2 (CPT2) deficiency.

Results: The mutation analysis identified homozygous IVS2-10T>G in the SLC25A420 gene in both patients, confirming the diag-
nosis of CACT deficiency. The IVP assay revealed increased C16, C16:1, but decreased C2 with improvement by bezafibrate in the
cultured fibroblasts. The short-term clinical trial of bezafibrate in Patient 1 did not show clinical improvement, and died after start-
ing the trial for 6 months.

Conclusion: This splicing mutation has been identified in other Asian populations indicating a possible founder effect. IVP assay
of cultured fibroblasts could determine a response to bezafibrate treatment. A long-term clinical trial of more enrolled patients is
required for evaluation of this therapy.
© 2014 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Mitochondrial fatty acid oxidation (FAQ) disorders
are among the causes of neuromuscular symptoms as
well as acute encephalopathy or even sudden death. In
particular, the carnitine cycle is important in energy-
producing pathway for cardiac and skeletal muscle and
for preventing from hypoglycemia especially during pro-
longed fasting or increased muscular exercise. Carnitine—
acylcarnitine translocase (CACT, EC 2.3.1.21) is one of
the enzymes in the carnitine cycle, which catalyzes the
transfer of the long-chain fatty acylcarnitines across the
inner mitochondrial membrane in exchange of free carni-
tine. CACT deficiency (OMIM 212138) was first
described in 1992 [1]. It is an autosomal-recessive disease
caused by mutations of the SLC25420 gene located in
chromosome 3p21.31 [2]. The gene consists of 9 exons
and encodes protein comprising 301 amino acids [3].
CACT deficiency is a very rare disorder with so far as
approximately 30 patients have been described, and
accounted for 10% of patients with FAO disorders in
French population [4]. However, it might be a common
FAO disorder in some East Asian countries such as
Hong Kong with the estimated incidence of 1 in 60,000
live births, and accounted for 33% of patients with
FAO disorders [5]. Most patients develop neonatal-onset
encephalopathy with nonketotic hypoglycemia, hyper-
ammonemia, and hypothermia, or sudden death from
cardiac arrhythmias. Cardiomyopathy and hepatic dys-
function may be the associated complications. CACT
deficiency could be detected by elevations of C16 and
C18 acylcarnitines, and low free carnitine in acylcarni-
tine profiles. However, the same profile could be found
in neonatal carnitine palmitoyltransferase-2 (CPT2) defi-
ciency. Therefore, confirmation of diagnosis requires
CACT enzyme assay or molecular analysis of the
SLC25A420 gene [6]. Treatment includes intravenous glu-
cose for acute decompensation, and avoidance of long
fasting with frequent meals. Long-chain fatty acids
may be restricted in diet, but medium-chain triglyceride
(MCT) oil is supplemented instead. Carnitine therapy
is still controversial. Despite aggressive treatment, most
patients still died in infancy {7]. However, there have
been some patients who received early treatment with
good outcomes [8,9]. Novel therapy for FAOD using
bezafibrate, which is a hypolipedimic drug acting as a
peroxisome proliferator-activated receptor (PPAR) ago-
nist has been reported. The clinical trials of bezafibrate
showed clinical improvement in adult patients with
CPT2 deficiency {10}, and a child with glutaric acidemia
type 2 (GA2) [11]. In vitro probe acylcarnitine (IVP)
assay can be used to evaluate FAO disorders [12], and
determine the effect of bezafibrate [13]. We herein report
the clinical findings of two unrelated cases with neonatal-
onset CACT deficiency, and in vitro bezafibrate response
using the IVP assay.

2. Patients and methods
2.1. Patients

2.1.1. Case 1

This patient was the first child of possibly consan-
guineous parents from the southern province of Thai-
land. He was born at 37 weeks of gestation with birth
weight of 2460 g (25th percentile), length 48 cm (3rd per-
centile), and head circumference 30 cm (<3rd percen-
tile). He developed hypothermia at 10 h of age. Sepsis
was suspected, but the patient rapidly responded to
rewarming treatment. However, after rooming-in with
the mother, he developed hypothermia again. At 60 h
after birth, he had cardiac arrest. On physical examina-
tion, no abnormalities were found. Serum glucose was
1.2 mmol/L and acetoacetate was 0 mmol/L. Venous
blood pH was 7.24 and serum bicarbonate was
13 mmol/L with an anion gap of 20. Plasma ammonia
was 471 pmol/L (normal, <110 pmol/L). There were
mildly elevated liver enzymes aspartate aminotransfer-
ase (AST) (97 U/L; normal, 0-32) and alanine amino-
transferase (ALT) (78 U/L; normal, 0-33). Serum
creatine kinase was 4439 U/L (normal, <190). He had
a good response to treatment with intravenous glucose
administration. Urine organic acids were unremarkable.
A dried blood spot acylcarnitine profile by tandem mass
spectrometry (MS/MS) showed free carnitine (CO),
5.26 uM (10-60); Cl6-acylcarnitine, 14.14 uM (0.6-7);
C18-acylcarnitine, 2.71 pM (0.15-2.1); C18:1-acylcarni-
tine, 4.3 uM (0.3-3.2); and a (C16+ C18)/C0O ratio,
3.21 (0.007-0.5). The profile was consistent with CPT2
or CACT deficiency. The patient has been treated with
a modular medical formula, which has been composed
of modified fats (long-chain fatty acid restriction along
with supplementation of 83% of fat as medium-chain tri-
glyceride oil), protein, maltodextrins, minerals, and fat-,
and water-soluble vitamins. L-Carnitine at a daily dos-
age of 100-150 mg/kg has been supplemented. Thereaf-
ter, he has had several episodes of hypoglycemia,
hyperammonemia, and metabolic acidosis following
infections. At 8 months of age, he developed cholestasis
and hepatomegaly. At 9 months of age, an echocardio-
gram revealed hypertrophic cardiomyopathy. At the
age of 15 months, he had mild developmental delay
and generalized hypotonia. He could stand with
support, put block in cup, and say one word. Then he
had a metabolic crisis, and developed generalized weak-
ness. After he recovered from encephalopathy, neuro-
logic examination revealed normal cranial nerves,
muscle weakness (grade 3/5), and decreased muscle tone
and deep tendon reflexes (1+4) in all extremities. A brain
computed tomography scan was normal. Serum creatine
kinase was elevated (1419 U/L). A nerve conduction
study showed no evidence of demyelination. He had
been ventilator-dependent since then. At 2% years of
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age, he had several complications including chronic liver
disease, upper gastrointestinal bleeding, and osteoporo-
sis. He died at the age of 2 years and 8 months from
upper  gastrointestinal  bleeding and  metabolic
decompensation.

2.1.2. Case 2

The patient was the first child of nonconsanguineous
parents. She was born at 35 weeks of gestation with a
birth weight of 2.3 kg (50th percentile), length 44 cm
(25th percentile), and head circumference 30 cm (10th
percentile). At 2 days after birth, she developed lethargy,
poor feeding, and cardiac arrest. Blood glucose was
0.56 mmol/L. She responded to cardiac resuscitation
and intravenous glucose infusion. Serum acetoacetate
was 0 mmol/L. Venous blood pH was 7.39 and serum
bicarbonate was 13 mmol/L with an anion gap of 20.
Plasma ammonia was 157 umol/L (normal, <110 pmol/
L). There were elevated liver enzymes AST (638 U/L;
normal, 0-32) and ALT (83 U/L; normal, 0-33). Plasma
lactate dehydrogenase (LDH) was 522 U/L (normal,
240-480). An echocardiogram revealed no cardiomyopa-
thy. A dried blood spot acylcarnitine profile by MS/MS
analysis showed C0, 13.8 uM (10-60); Cl6-acylcanitine,
15uM (0.6-7); Cl8-acylcarnitine, 4.3 uM (0.15-2.1);
Cl8:1-acylcarnitine, 59uM  (0.3-3.2); and a
(C16 + C18)/C0 ratio, 1.4 (0.007-0.5). The profile was
consistent with either CPT2 or CACT deficiency. The
patient had been treated with a high-MCT formula
(Portagen®, Mead Johnson Nutritionals), and 100 mg/
kg/day of L-carnitine. At 1 month of age, she developed
anemia from Hb AE Bart’s disease — a thalassemia inter-
media resulting from the interaction between o-thalasse-
mia and heterozygous Hb E, which required monthly
blood transfusion. At the age of 4 months, she had poor
feeding and cardiac arrest. Blood glucose was 0.5 mmol/
L. The patient died without any response to resuscita-
tion. An autopsy revealed left ventricular hypertrophy,
micro/macrovesicular steatosis of the liver with focal
areas of bridging fibrosis, and abnormal lipid accumula-
tion in skeletal muscles and the proximal renal tubules.

2.2. Materials and methods

This study was approved by the Siriraj Institutional
Review Board. The written informed consents for the
mutation analysis, IVP assay, and bezafibrate trial were
obtained from the parents. Genomic DNA was
extracted from leukocytes. Mutation analyses of the
CPT2 and SLC25A420 genes were performed in case 1,
and only SLC25A420 gene in case 2. All coding exons
and their flanking intron sequences (up to 20 bases for
both sides) of the CPT2 and SLC25A420 genes were
PCR-amplified and directly sequenced according to the
previously described method [14]. The IVP assay was
performed using the skin fibroblasts in the absence

and presence of bezafibrate according to the previously
described method {11].

3. Results
3.1. Mutation analysis and IVP assay

Mutation analysis of the SLC25420 gene identified
homozygous ¢.199-10T>G (1VS2-10T>G) mutation in
both patients, and heterozygous mutation in their par-
ents (Fig. 1). Mutation analysis of the CPT2 gene
revealed no pathogenic mutation in Case 1. The IVP
assay profiles revealed increased C16, C16:1 acylcarni-
tines, and decreased C2 (acetylcarnitine) indicating a
typical pattern of CPT2 or CACT deficiency, with sub-
stantial reduction of long-chain acylcarnitines by the
presence of bezafibrate in the cultured fibroblasts from
both patients (Fig. 2). However, C2 acylcarnitine did
not increase as expected.

3.2. Clinical trial of bezafibrate

We started a clinical trial of bezafibrate in case 1 at
age of 2 years and 2 months, after the IVP assay which

Intron 2

Control

Father

Patient 1

Mother

Father

Patient 2

Mother

Fig. 1. The reference DNA sequence of an intron 2/exon 3 boundary
of the SLC25420 gene, and the 1VS2-10T>G mutation identified in
both patients and their parents denoted by black arrows and the
underlined letter.
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Fig. 2. Acylcarnitine profiles of IVP assay in the presence and absence
of bezafibrate (BEZ) of cases 1, 2, and normal control respectively.
Unit of vertical lines, nmol/mg protein of acylcarnitines (ACs); the
horizontal lines represent acylcarnitines from C2, C4, C6, C8, C12,
C14, Cl14:1, C16, and C16:1. The experiments for each were performed
in triplicate, and the mean values of ACs are illustrated with bars.

showed some improvement in acylcarnitine profiles with
bezafibrate. We used a dosage of 17-25 mg/kg/day as
previously described [11]. Monitoring of liver functions,
lactate dehydrogenase (LDH), creatine kinase (CK), and
lipid profiles showed no adverse effects of bezafibrate. A
short-term evaluation, after 6 months of the trial, did not
show clinical improvement except for slightly increased
back muscle strength noted by the mother. An echocar-
diography showed stable but no improvement in a left
ventricular mass index. Acylcarnitine profiles in dried
blood spots and other biochemical parameters did not
show improvement (data not shown). Case 2 died before
a clinical trial was considered.

4. Discussion

We report 2 unrelated cases of CACT deficiency with
molecular confirmation first identified in Thailand. The
¢.199-10T>G (IVS2-10T>G) nucleotide change was the
most prevalent mutation and identified in 14 out of 76
mutant alleles [15]. This mutation was homozygously

identified in three Vietnamese and three Chinese
patients. In the present study, in spite that two families
had no consanguineous history, both patients were also
a homozygotes of the ¢.199-10T>G mutation. In Japan,
three CACT deficient patients have been described.
Among them the same mutation was identified heterozy-
gously in only one patient [14]. We propose that this
mutation is a founder mutation in Asian populations.
Clinical history of the three Chinese patients with homo-
zygous ¢.199-10T>G mutation were reported [16]. All of
them developed cardiac arrest within two days of age, as
well as our two patients. Hence the phenotype of homo-
zygotes of ¢.199-10T>G mutation is severe. This muta-
tion was suggested to reside at a consensus lariat
branch point sequence resulting in skipping of exons 3
and 4 or exon 3 alone, which leads to truncation of the
protein [17].

Although our cases 1 and 2 were homozygotes of the
same mutation, Case 1 survived until 2 years and
8 months and Case 2 died at 4 months of age. Several
factors might attribute to their different clinical out-
comes: (1) Thalassemia disease in case 2 which required
repeated blood transfusions might affect cardiac func-
tions by chronic hypoxia, iron overload, or decreased
carnitine [18]; (2) differences in possible modifier genes
such as SLC25A429 gene (CACT-like, CACL) which
has palmitoyl-carnitine transporting activity [19];, and
(3) different formulas using in our cases, one is a syn-
thetic modular formula and the other is a commercial
formula. However, the rationale of both special formu-
las for diet therapy is a reduction in long-chain fatty
acids together with supplementation of medium-chain
triglyceride oil to be a caloric source shunting an
obstruction of long-chain fatty acid B-oxidation.

Although increased FAO flux induced by bezafibrate
was clearly shown in fibroblasts only from patients with
mild phenotypes of FAO disorders, increased mRNA
expression after bezafibrate exposure also occurred in
cell lines from patients with severe phenotypes [20]. This
could explain in vitro response to bezafibrate observed in
fibroblasts of patient 1 and 2. Despite the severe geno-
type leading to barely detectable enzyme activity [21],
we believe that there should be some FAO flux which
could be enhanced by bezafibrate in these patients.
Our hypothesis is if there is entirely absent FAO flux
in these patients, they should have anomalies like those
found in a lethal neonatal form of CPT2 deficiency or
GA2 [22], even though there has been no report of such
findings in CACT deficiency. To our knowledge, patient
1 is the first case of neonatal-onset CACT deficiency
who underwent a clinical trial of bezafibrate after show-
ing an in vitro response by IVP assay. However, no ben-
eficial short-term effect was shown. This might indicate
the irreversible damage of the affected organs esp. the
cardiac and skeletal muscles, and liver. Moreover, the
difference between the in vitro and in vivo responses is

— 119 —



N. Vatanavicharn et al. | Brain & Development xxx (2014) xxx-xxx 5

probably due to the difference of bezafibrate concentra-
tion used in the IVP assay (400 pmol/L) and typical con-
centrations obtained in patients on bezafibrate therapy
(50-200 umol/L) [23]. Another possible reason is inade-
quate acetyl-CoA production despite bezafibrate treat-
ment. This hypothesis is supported by persistently low
C2 acylcarnitines in [VP assays of our cases and a pre-
vious case with CACT deficiency [11]. Moreover, C16
acylcarnitine did not decrease to the control level after
bezafibrate treatment. Overall, although some improve-
ment of acylcarnitine profile was shown in the patient |
and 2’s fibroblasts in IVP assay with bezafibrate, the
effect of bezafibrate was less than those in fibroblasts
from patients with mild forms of FAO disorders
[11,24]. Hence clinical improvement in this patient was
thought to be limited. Since CACT-deficient patients
who developed metabolic decompensation in early neo-
natal period had poor prognosis with routine manage-
ment [7], we decided to use bezafibrate treatment in
patient 1. He survived until two years of age with bezaf-
ibrate treatment. However, it is uncertain whether this
longer survival owed to the effect of bezafibrate treat-
ment or not, since no apparent improvement of clinical
laboratory data was obtained.

In conclusion, CACT deficiency may be a common
FAO disorder in East Asian populations probably from
a founder effect. IVP assay of fibroblasts could deter-
mine a response to bezafibrate treatment. A long-term
clinical trial and more enrolled patients are required
for evaluation of this therapy.
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Biotin and carnitine deficiency due to hypoallergenic formula nutrition

in infants with milk allergy
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Abstract

Amino acid formulas and hydrolyzed formulas given to infants in Japan with milk allergies theoretically contain little,

if any, biotin and carnitine. We assessed biotin and carnitine insufficiency in six infants with milk allergy who were fed
amino acid formulas and/or hydrolyzed formulas, by measuring urine 3-hydroxyisovaleric acid (3-HIA) and serum free
carnitine (CO), respectively. All patients presented with elevated urine 3-HIA and lowered serum CO compared with
post-menstrual age-matched infants who were fed breast milk or standard infant formulas. Supplementation with biotin
and L-carnitine immediately improved the insufficiency. Care should be taken to avoid biotin and carnitine deficiency in
allergic infants fed amino acid or hydrolyzed formulas.

Key words

Carnitine is an important cofactor for B-oxidation, and in the
form of acylcarnitine facilitates the transport of long-chain fatty
acids into the mitochondrial matrix.! Carnitine could be consid-
ered a conditionally essential nutrient in neonates due to their
reduced ability to synthesize carnitine.” Biotin is a vitamin that
serves as a covalently bound coenzyme for carboxylases, which
catalyze essential steps in gluconeogenests, fatty acid synthesis,
and metabolism of odd-chain fatty acids and some amino acids.
Concerns have arisen that some types of milk and enteral nutri-
tion formulas used by patients with cow’s milk allergies lack
sufficient biotin and carnitine, and that use of these products can
lead to nutrient deficiency.'

We recently found that serum carnitine profile and urine
3-hydroxyisovaleric acid (3-HIA) are useful markers for detec-
tion of biotin deficiency in preterm infants.’ Moreover, we
found that serum free carnitine (CO) in preterm infants was sig-
nificantly lower than in term infants. Chronic biotin insuffi-
ciency frequently occurs in preterm infants, even those fed with
maternal milk or standard infant formulas. In this context,
preterm infants with milk allergy are at heightened risk for
development of biotin and carnitine deficiency after starting
hypoallergenic formula nutrition. Herein we report on six
infants with milk allergy who developed both biotin and
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amino acid formula, biotin deficiency, carnitine deficiency, hydrolyzed formula, milk allergy.

carnitine deficiency during treatment with amino acid formulas
and/or hydrolyzed formulas.

Methods

Six infants born at the University of Fukui Hospital and Toho
University Sakura Hospital between July 2010 and March 2012,
and diagnosed as having cow’s milk allergy were enrolled
(Table 1). The diagnosis of cow’s milk allergy was confirmed
when the following criteria were satisfied: (i) no other causes of
gastrointestinal symptoms; and (i) disappearance of gastrointes-
tinal symptoms after changing from a standard cow’s milk
formula to either amino acid or hydrolyzed milk formula, and
recurrence of symptoms after the re-introduction of standard
formula. Lymphocyte stimulation tests using cow’s milk protein
were performed in patients 1, 2, and 3, were positive.

3-Hydroxyisovaleric  acid was measured on  gas
chromatography—mass spectrometry with urease-treated urine,
and serum CO on tandem mass spectrometry using the non-
derivation method, according to previous reports.** Given that
serum CO0 level in preterm infants is dependent on post-menstrual
age, the serum CO level of post-menstrual age-matched control
infants who received enteral feeding with maternal milk and/or
standard formula made in Japan was used as a reference value.’

Biotin deficiency reduces biotin-dependent enzyme
methylcrotonyl-CoA carboxylase activity, resulting in increased
urinary excretion of 3-HIA.® Elevated urinary 3-HIA outside the
normal range (3.4-12.5 pig/mg creatinine) is considered a marker
of biotin deficiency.

The study was approved by the Institutional Ethics Committee
at the University of Fukui. The parents of the infants gave written
consent.
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Table 1 Demographic data for infants with milk allergy
During treatment with hypoallergenic formula

Birth weight (g)

Gestational age

Time of onset of milk allergy
Symptoms of milk allergy

Gender

Milk allergy and biotin/carnitine 287

Results

Median gestational age was 199 days (range, 173-250 days) and
median birth weight was 1089 g (range, 880-2327 g; Table 1).
All six patients had elevated urine 3-HIA on day 115 (median),
after commencement of amino acid or hydrolyzed milk formula
feeding (Fig. 1).

Serum CO0 level generally increases with post-menstrual age in
preterm infants fed breast milk or standard infant formulas.’?
Three patients, however, did not have any significant increase in
serum CO level during hypoallergenic formula feeding (Fig. 2).
After a median 68 days (range, 37-123 days) of treatment with
hypoallergenic formula, all patients had serum C0 <20 nmol/mL
or the reference level for post-menstrual age-matched control
infants.

Symptoms of camitine deficiency such as rhabdomyolysis,
hypoglycemia, and convulsion, were not observed in any of the
patients. Although patients 3 and 6 had mild elevation of serum
creatine kinase, each patient’s muscle tonus was normal. Patient
2 had well-circumscribed erosive erythema in the anogenital and
circumorbital regions and hair loss. Patient 5 presented with
erosive erythema on the face, and patient 6 developed alopecia
with hypopigmented hair. Five patients, all except patient 1, were
given oral supplementation with both biotin (0.5-5 mg/day) and
L-carnitine (15-99 mg/kg per day). Patient | outgrew the milk
allergy, so standard infant formula was started at 392 days of
post-menstrual age without any supplementation. The skin
lesions in patients 2, 5 and 6 immediately disappeared after
commencement of supplementation and did not recur.

100

£ (%3 @
o (=] o

Urinary excretion of 3-HIA (ug/mgCre)
N
o

175 210 245 280 315 350 385 4:’20 455
Post-menstrual age (days)

Fig. 1 Urinary excretion of 3-hydroxyisovaleric acid (3-HIA)
increased in infants fed amino acid formula and/or hydrolyzed
formula. Urinary cxcretion of 3-HIA (open symbols) before and
(closed symbols) after commencement of hypoallergenic formula
nutrition is given as urinary concentration of 3-HIA adjusted for
urinary concentration of creatinine. Broken lines, period of biotin
supplementation. Shading, normal range of 3.4-12.5 ig/mg Cre
reported by Mock et al.® €, patient 1; B, patient 2; A, patient 3; V,
patient 4; B>, patient 5; <4, patient 6.

3-H1A, 3-hydroxyisovaleric acid; AA, amino acid formula; C0, free carnitine; CK, creatine kinase; HM, hydrolyzed formula; MCV, mean corpuscular volume.

© 2014 Japan Pediatric Society
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Fig. 2 Serum free carnitine (C0O) decreased in infants fed with amino
acid and/or hydrolyzed formula. (open symbols), Serum C0 concen-
tration before and (closed symbols) after commencement of hypoal-
lergenic formula nutrition. Broken lines, period of carnitine
supplementation; (x), reference values for post-menstrual age-
matched control infants who were fed maternal milk or standard
infant formula made in Japan;® solid line, mean of reference values;
shaded polygon, 95% limit of agreement. €, patient |; B, patient 2;
A, patient 3; ¥, patient 4; P, patient 5; <4, patient 6.

Discussion

There are several reports exclusively in Japan of biotin deficiency
occurring in infants fed amino acid or hydrolyzed formula due to
milk allergy."” The observation that biotin deficiency due to
hypoallergenic infant formula nutrition is rare in other countries
may be due to the fact that supplementation of hypoallergenic
formulas with biotin as a food additive is not permitted in Japan.
We recently showed that there is a risk of biotin deficiency even in
preterm infants fed maternal milk or standard infant formulas.* In
the present study, although none of the infants had severe symp-
toms of biotin deficiency such as seizures, hypotonia, lactic aci-
dosis, or organic aciduria, half of them presented with skin lesions.
The anogenital erosive erythema and hypopigmented hair might
be caused by zinc and copper deficiency, respectively. They dis-
appeared, however, after commencement of biotin but not after
zinc or copper supplementation, suggesting that biotin deficiency
is common in preterm infants fed hypoallergenic formulas.

In contrast to the skin lesions characteristic of biotin defi-
ciency, carnitine deficiency is difficult to recognize in the infant
period, because its early symptoms are failure to thrive and
impaired function of organs such as cardiac muscle and skeletal
muscle that are highly dependent on fatty acid oxidation for fuel.?
Once vital energy is exhausted upon fasting or starvation, defec-
tive B-oxidation of fatty acids due to carnitine deficiency may
produce pathological situations such as sudden infant death syn-
drome, Reye-like episodes, hypoketotic hypoglycemic coma,
muscle weakness, and profound cardiac dysfunction. Given that
the patients developed carnitine insufficiency coincident with or

© 2014 Japan Pediatric Society

prior to biotin deficiency, physicians should be aware of the
possible comorbidity of carnitine deficiency in milk-allergic
infants treated with hypoallergenic formulas when typical skin
lesions associated with biotin deficiency develop.

Parenteral nutrition without carnitine supplementation in both
term and premature infants resulted in decreased carnitine plasma
concentration, and carnitine supplementation in parenteral nutri-
tion enhanced fatty acid oxidation and clearance, improved lipid
tolerance, and increased nitrogen balance in the nconates.” These
findings suggest that carnitine supplementation might allow for
more rapid growth and better fat utilization in infants fed amino
acid or hydrolyzed formulas.

Weaknesses of the current study include the small sample size
and methodologic limitations, specifically with respect to assess-
ment of metabolic and anthropometric measurements, and the
dosing regimens for carnitine supplementation. For ethical
reasons, the patients were treated with different doses of carnitine
with the goal of maintaining serum CO concentration >20 nmol/
mL, which is the reference value for diagnosis of carnitine defi-
ciency."? Future studies evaluating the effects of camitine and
biotin supplementation on infant morbidity parameters should
include an assessment of different dosing regimens.

Conclusion

When treating milk-allergic infants with amino acid or
hydrolyzed formulas, supplementation of biotin and carnitine is
recommended. It would be beneficial if hydrolyzed and amino
acid formulas produced in Japan could be fortified with biotin
and carnitine.

References

I Kodama H, Shimizu T, Takitani K et al. Pitfalls of using some types
of milk and enteral nutrient formulas. J. Jpn. Pediatr. Soc. 2012,
116: 637-54.

2 Crill CM, Storm MC, Christensen ML, Hankins CT, Bruce Jenkins
M, Helms RA. Carnitine supplementation in prematurc neonates:
Effect on plasma and red blood cell total carnitine concentrations,
nutrition parameters and morbidity. Clin. Nutr. 2006; 25: 886-96.

3 Tokuriki S, Hayashi H, Okuno T er al. Biotin and carnitine profiles
in preterm infants in Japan. Pediatr: Int. 2013; 55: 342-5.

4 Shoemaker JD, Elliott WH. Automated screening of urine samples
for carbohydrates, organic and amino acids after treatment with
urease. J. Chromatogr. 1991; 562: 125-38.

5 Shigematsu Y, Hata I, Tajima G. Useful second-tier tests in
expanded newborn screening of isovaleric acidemia and
methylmalonic aciduria. J. Inherit. Metab. Dis. 2010; 33 (Suppl. 2):
5283-8.

6 Mock DM, Stratton SL, Horvath TD et «l. Urinary excretion of

3-hydroxyisovaleric acid and 3-hydroxyisovaleryl carnitine

increases in response to a leucine challenge in marginally biotin-

deficient humans. J. Nutr 2011; 141: 1925-30.

Teramura K, Fujimoto N, Tachibana T, Tanaka T. Biotin deficiency

in dizygotic twins due to amino acid formula nutrition. Eur

J. Dermatol. 2010; 20: 856-7.

8 Campoy C, Bayes R, Peinado JM, Rivero M, Lopez C, Molina-Font
JA. Evaluation of carnitine nutritional status in full-term newborn
infants. Early Hum. Dev. 1998; 53: S149-64.

9 Battistella PA, Vergani L, Donzelli F, Rubaltelli FF, Angelini C.
Plasma and urine carnitine levels during development. Pediatr. Res.
1980; 14: 1379.

~J

— 128 —



AR A A7 Y -y ey §24% (35) 20044

CPT IRBIEDOFHERAIU-ZVT. RBUAERBOEEREDOZ

BRoOE—"Y EE OB, NEETT, AR, M

By, teafesk”, ® ORI, ESREaTY

1) ERBRMRER L 2 —/NRH, 2) KBRS RERE MR 2 O FEBe it & R BB 5

FI/NERL, 3) RIZA B/ NRH, 4) BV GE) ik ERt s

RR, 6) AR E SRR

(ZE 5]

gnntlE, ) MIFRFEE/N

HN=ZF NI PN II A7 25—810 (CPT 1) KRIFEE, BRBA TR AL TLIA -
A7) ==y =X RIRBEL > T, RS TERABRMTURA Y~ TERATE
o0, AR M TETAMIEL 2SRRI HBIL 12720, gAY — = JH5iE

DEHEETH 2.

AP == JEFRBL 199 EN SIERET LT E TOMIFEMICBESIERTH -1
i, 01IFE 1A OHEEEEANS2014ETH F TOMIERITIT 81,466 HAERPI3F A& o 7o
HEBRBTEERICIMERBAT VAN F %, sHICIEMBAREOBRERTE2ED, 55
261 CPT UBHE FOIBEEBAZD . SEOEELTIILY, ERBEHETIZ 0L L
EFNFBHHBETEREL - FIERESSBE AV -0 VB IUBHEER O dD

HENRDOEN S,

HETX - RO U—Z 025 24(3): 49-54, 2014

(& &)

26Ny, NEME SR LIz AL ¥ -t oK
e 55, REBTEIMKENS B
BtoBTthdIbary FUTHARIYIAZH
L2012, 7N CoANE—HT VI
F (AC) ICEWENn, I bor KUY FRRBU
GETDLANZFUNRLIMMILENILY AT 2
=1 (CPT 1) {Z& > THUT ¥ ILCoAIL
TRMENZLENH B,

CPT UKIBE X BHEHLARCERMIERT
BIETHBERHUNBON, LOEEMTHLHE
FRABER OO RRBEM B HSN TV 5.

Z6HH - PRI26HESH TR RER - FR26EN 130
<> W E=—
F737-0023 JLEURETTFILAT3ER 1S
M FTBGE ABRIRRR IS SR 2~ H
f L BRI
Tel:0823-22-3111  Fax:0823-21-0478
E-mail : keiichih@kure-nh.go.jp

LA RIFIERNS A8 6-24 7 F I &/ 55
2/ BRI o BEE & A FEIE L, £ by
MR MBEAE & T IC ) Bl meE g/
Reye BRIEREF R EA B L, ETLA-0, HEOD
MR Z B L 20§ 5. LIEAKPTE
REFEIZELH B,

W0 T, ARBOIMAMFEN & f O
HRAIY = JTRRTIERITKEL,
JRESR TR 1999 E O BB FT MR AR, AER
DRRBIZEDTE L. LHhLAhs, Bz
ELEEBEL IR E E, 2010F I AERERHMNE
WTBEEh”, IERAV Y- T TER
EHIEEN TN Z EAHIBEL /2.

[(FEFHIETR]

Rk LB OFNE RS, ERTH PRI
L, ZO#%3KM CEt, 7 THORANH
B 7. Hamxah, MEHREIC Lo B
Ty E—=v A, R b omEmEE, TS
THEIUILT7FoFF~POREEEDL.

— 49 (261 ) —

— 129 —



Jpn J Mass Screcning 24(3), 2014
7 RO L 07 2 K= A U ML
m@%@*&ﬁbrﬁzHVS*géMﬁ@%
5550, JunAOMENZHEL, BT
tﬁﬁﬁmm&fméﬁﬁzﬁbt.@&ww
ik % F O fo ACH T TR S AC A Ui ¢ dH
D, BEEE ) 8k E Bl o 7 E R EE (L RER
ETHRTAE B . FhCPT TR T2 E
«TD%%ﬁK%%F”bﬁhmﬁW@%i
WHIC A F LR A AV Y == ThZHL
Twéﬁ,ﬁ%mﬁ%énTm@#ot.cm
I OUREWMOBHEONB AN <X, AV~
Zy JEEOBET R T o /.

(55 k)

2010 F 12H & COHEMMIMA 7 U — =
FHEHEE TC16-AC 6.3nmol/mL LA 4D C18:1-
AC 30nmol/mLy & U T/, Bk USEF B
%, 00FE 1AM A2 ) —=2 v JRIES
[C16-AC 3.0nmol/mL PA L/ D (C16+C18:1)/
C2 062LA ) (CEWL 22 (1), WigtdnACH
BB R LR A R THr o T i, &
YFLRA AV =2 HHBRIEEE
N7z 2018 €F 25 LARE (3 96 4714 b 17 BR AT 2 BR PR AR
#Frr 2—TCHMMACHHE{TY, RERT
DAY Y == JEHEE(E TC16-AC 2.5nmol/mL
PAEDD(C16+C18:1)/C2 0,404ty THit:&
2o IR & |HRE T L T 5.

RAUFHBEEZEO AT Y — = VHUIETE D)
f%, 201448 7F KBLTE & T O 3 F 241 81,466
HOAZY - JaiTU /2. 135 & it
SEFIMTL 7o (3R2). fEH L3 TEEREEEERY
Dy — AT, FicsEYD D HCI6-ACL M
AL TR A, EROBEELE ML T
Wil OEENSRE L. ER TS LU IR
B EMSEERE LY & — ORERETEME & f

TN AVDU-Z U TRBEQEE

RYY—Z T 4548 Cutoff {f
~2010 20111~
C16-AC (nmol/mL) >6.3 >3.0
Cl18: 1-AC (nmol/mL) >3.0
(Cl16+C18: 1)/ C2 >0.62

[ &4, WHKSEC o R — MU (E & b 7
B CEIEHEE A N - T o, BB 1313210
O LT SERER R L 2 — O BT
i E A, fHRE T O M AC TS EHE
LT aH, MR KL Ty, fE
{7 812 CO-AC LM THY T & 73 » 1R, I E
I o ffiL i AC 43 #7 T C16-AC > 0.10nmol/mL,
C18:1-AC  >0.10nmol/mL % # VR L f= f= ),
CPT NRHUEDRI A XL T 5.

SE OB CES N HNUIIL AC s R
DNT, T FEF IR CIEE R S N
THEH] (BAEFEAEW O Btk A 3H, A0V —
I & B Al & ORI bIT o .

K& T AC 270, TC16-ACH &
UC181H 0 ¥R £0.10nmolmL A L) # B&E
EfIBL, 2R E L T(CI6+C18:1)/C2%
FHIIL T3 (0.09 PA L% Fifil) . fR7EE o RIE
NS S NI, B U 2 NERIC & B ERGEE
BALBERSES L UXAL 2 b — 2 20 ABRIC
L HCPT NRHETRHT & HML 7.

(& R
WAt A 7 ) — = RO T DARE I B &
Mo - EH ) C16-AC B & U (C16+C18:1)/C2
i, RAUEMICILLEERE DHBEODD
ﬁ%%,%ﬁ@&ﬂm@%mnmm,wfnmﬁ
Fa%ﬁ@w%mﬁ Wlcd ok (X1).
Lﬂmeﬁnkﬁm&%E”%én
ﬁjr%mﬁmmT & (HD ItmA b0
%(l@&bfﬁ%?é.&ﬁbtﬂ%Mx
) =z THEMA . NS TIERE RN <
BRHTEnbn 5. ERCR2OBBRL
feRAELFAY, D THROML W —ATH->
RO oF o) 1 T
BRI LB A7 Y —=0 T CHENRE 8-
FSEFNIC ST B M AC T ClX 6 H MRS
FER-> T (#82). 5 BERSBEEFER
RFETHEL, HESHEENBREEERL T
W3, E3hOSFIEBAE S CRSEREZED T
WL, IS eHIO T ACTHERIEL, wWIhb
R#BLFIBERE LT 5 EWIERL B
1I0LLF O, BEOLERIZEEE> TS (F2).

— 50 (262) —

— 130 —



— 1¢€1

— (€92) 16

®2. R UEAIC TOBROBEABENFE (R0 U — 0 TH#%81,4664)

AC-profie (D8S)

AC-profile {serum)

Case Year of D;l};igf capacity of Gene analysis of CPT
bith % C16 (nmolimL) (CI6+C18:1)/C2  Cl6 (nmoliml)  CI8&1  (CI6+C18:1)/C2 beta-oxidation ysis of CPT I
cutoff 3.0 cutoff 0.62 cutoff 0.10 cutoff 0.10 {cutoff 0.09)
ELE 2010  Days 3.45 0.75 3.01 392 7.93 Il RI161W, F383Y

| 2011 Days 9.67 0.46 * 0.11 0.1 0.032 - WwT
2 2011 Day4 5.18 0.84 0.09 0.07 0.027 - WT
3 2011 Days 3.12 0.94 0.08 0.07 0.021 N.A N.A.
4 2012 Dayd 5.33 0.64 0.09 0.11 0.025 - N.A.
5 2012 Day4 3.51 0.77 0.29 0.15 0.062 ! WT
6 2013 Day 4 3.41 0.64 0.17 0.24 0.057 l WT
7 2013 Day6 2.98 % 0.59 * N.A. N.A. NA. ~
8 2013 Day4 3.58 0.51 % 0.12 0.1 0.035 ! T509A hetero
9 2013 Day4 311 0.83 0.09 0.12 0.026 N.A N.A.
10 2003 Day6 421 0.86 0.1 0.1 0.025 N.A N.A.
1 2013 Days 2.74 % 0.66 0.09 0.06 0.021 ! NA.
12 2013 Days 4.44 0.65 0.09 0.09 0.02 ;’335628CI (é:’;)) 2‘;’0’;’0
13 2014 Days NA. N.A. 0.13 0.18 0.035 I N.A.

W.T.; wild type, N.A.; not analyzed

oAy

(&

1

.{"‘:
>
53

.

=3

e

GF

58)

S

HP107 (



Ipn J Mass Sercening 2103), 2014

1
&3 3.8
- :
amn 0.4 M
-
&8 Z ‘

RS

(C16+C18

7 8 9 10

4 5 - ‘ 4
C 1 6 (nmol/mL)
1. WS RmACIERE DD

{10.19, 26.3)

w
Ly

1)/C2

N

& 8 2

1.5

(C16+C18

g 10 12 14
(nmol/mL)

2. FEEHMACIEROS M (U Eﬁfﬁéﬁ%ﬁﬁénﬂtﬁiﬁﬂw T—9EMAILBD)

—.52 (261) —

— 132 —



Rk L #E SHEREROLERNIZCI6-AC 0.76
nmol/mL, C18:1-AC 0.76nmol/mL & \» 5 & & ¥
BonTHY, ZhEWL THEME BN

DRV EE 8 7o, SERFFIEHRTRL Thab
N, AFBIZF50F B I0FIRRIE O FE £ 2B,
A5 E b AR 0.4 0L -, BrEi2-10 BAE
Thb.

BT R & 72 - FEHNI W T 5 iGN RS (L EE
PR I0FH-ERTE, SHICRERTER
fo. REUFEFTIZHS hAKTEED TS,
W c BT B AP Y — = JI5HEE L, RiT
1B B IEEEE L AR IR A ST, R AE
D s hg (F1).

HIEN R &L -5 7EW O S B7TEIIZcPT 1l
LEFRFEIT > 1. CO-ACRAL D & B - 1= 5ERF
SIZ HAILE R c.1525A> G (p.THO9A) % ~F O
SHECEEL L ERN200F VERERE 20
RO, WIFNHSNPEL THROH B
DTH-T:. REUERMICEAANRE S
HUTHERFBY 2 FUHE~NT AN
HBREFBEL T3, [EiEELEE ORI
TEBDOLSFIZ DO T, FEEDACHHTHH
ERBLIBANF /TN ANZF L b3
v Au - (CACT) K& &l 5 /-0,
EHE T OBMERE L BRFTL T 5.

(& =&

HAETRID & o THMMIM T — 2 5| E/
JERBECRABTH > - BEOMIEEEHEN T2
CEHEETH o OB S T, FEELT(C
SOMBILI-BEREE»SIE, IFHACHIT
LHMICERTAEMNFELHEL T35, de
Sain-van der Velden MG & (3CPT IIKHIERH
4ZDOBEE RO IORET, I ToORETR
Bl X Y CI6-ACH LU CIB-ACHEAIE > &Y
L, Z8, SOEFLHELTVWEY A, B4
DORHTIRZD L I LAIRIEENLR P12,
REYCPT URBIED AV ) —=> JIEBURT
WBEIEEIFEBETHE. 20 F LT AORKMER
HTHBBMIBWTHCPT NEFRERE L
TWbHDRITOFERAIV -7y
FLDHBTDCBE LN,

AT A - AV Y=o sl 247 (35) 20140

ASRH S IECPT NAE R O HIIL5 & Uil
i AC profile® = (R MENFHIICMBT L 7o R,
WMMES7T L AN =F i3RI E—7%
RL, TOEERTAIEERL, HEELO
oL E RN T s e AT Y -0 Y
g ECHEBERREL TL 3™ Ll itk
HBOAZY - 7enHhREndbdo, HA
TORBI#HLOEUDN S,

WERBIRCPT UARAYEA I V-2 T D
DIZEH RS TR B R A LT B 2 &
NAARTH B, 5, BiEEY o NEKER O
fo, & O E{EQCPT HEEHREMRIEED M
ENETLIOT, SEKRBOERMADILHE
EDLTETH 5.

[ #R)

1) Longo N, Amat di San Filippo C, Pasquali
M: Disorders of carnitine transport and the
carnitine cycle. Am J Med Genet C Semin
Med Genet 15: 77-85, 2006.

2) Kobayashi Y, Ishikawa N, Tsumura M et al:
Acute severc encephalopathy related to
human herpesvirus-6 infection in a patient
with camitine palmitoyltransferase 2 defi-
ciency carrying thermolabile variants. Brain
& Development 35:449-53, 2013

3) Yamamoto S, Abe H, Kohgo T et al: Two

(Glul74>Lys,

Phe383>Tyr) causing the "hepatic” form of

novel  gene  mutations
carnitine palmitoyltransferase [l deficiency.
Hum Genet 98(1): 116-8, 1996.

1) Aoki J,

Japanese adult form of CPT 1l deficiency

Yasuno T, Sugie H et al: A

associated with a homozygous F383Y muta-
tion. Neurology €9: 804-805, 2007.

5) De Sain-van der Velden MG, Dieckman EF,
Lans JJ, et al: Difference between
acylcamnitine profiles in plasma and blood-
spots. Mol genet Metab 110(1-2): 116-121,
2013,

6) McHugh D, Cameron CA, Abdenur JE, et

al: Clinical validation of cutoff target ranges

— 53 (265) —

— 133 —



