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2. Materials and methods

2.1. Case

The 13-year-old girl was the first child of non-consanguineous
parents, and was born at 42 weeks of gestation after an uneventful
pregnancy. Her birth weight was 3032 g. One month after birth, an
apparent life-threatening event (ALTE) developed; however, she
showed normal growth and development. From the age of 3 years,
she complained of pain in her leg muscles after walking over a long
distance. From the age of 9 years, the frequency of intermittent
acute muscle pain increased and even mild exercise occasionally
caused severe discomfort in her leg muscles. The symptom was
often triggered by infection and menstruation. She experienced
bouts of muscle pain after hard exercise such as running on a school
field day or hiking on a school excursion. After hard exercise, she
felt difficulty in moving because of unusual severe pain in her gener-
alized muscles. Serum acylcarnitine analysis performed at 10 years of
age revealed slightly increased levels of long-chain acylcarnitine,
on the basis of which very long-chain acyl-CoA dehydrogenase
(VLCAD) deficiency was suspected. However, her VLCAD activity
was normal and the disorder had not been definitely diagnosed.

At the age of 13 years, she was admitted to Kobe University Hospi-
tal with severe myalgia over the whole body. On admission, hemato-
logical and biochemical investigations revealed markedly elevated
serum creatine kinase (22,885 IU/L), aldolase (62.6 IU/L), and myo-
globin (2960 ng/mL). Plasma free and total carnitine and total keton
bodies concentration were normal (Table 1). Echocardiography and
electocardiography did not reveal any evidence of a cardiomyopathy.

Table 1
Laboratory findings upon hospitalization.

<Blood biochemistry> Reference range

AST 529 IU/L 13-31
ALT 205 Iu/L 8-34
LDH 909 1U/L 115-217
CK 22,885 /L 46-168
CK-MB 434 /L 0-25
Aldolase 62.6 1U/L 2.2-55
Myoglobin 2960 ng/mL 0-60
BUN 11 mg/dL 9-22
Cre 034 mg/dL 0.5-1.3
T.chol 167 mg/dL 146-219
TG 58 mg/dL 28-149
Glu 180 mg/dL 61-92
Lactic acid 19.1 mg/dL 3-17
Pyruvic acid 1.47 mg/dL 0.3-0.94
Total ketone bodies 39 pmol/L 26-122
Acetoacetate 24 pmol/L 13-69
{B-hydroxy butylate 15 pmol/L 0-76
Total carnitine 57 pmol/L 45-91
Free carnitine 45.7 umol/L 36-74
Acylcarnitine 11.3 pmol/L 6-23
<Acylcarnitine analysis> Reference range
(Blood spot)

C14:1 0.21 M <04
C14-OH 0.12 M <0.12
C16:1 0.15 M <0.785
C16:0-OH 0.18 uM <0.12
C18-OH 0.066 uM <0.1
C18:1-OH 0.15 M <0.07
(Serum)

C14:1 0.4 M <0.1
C14-0OH 0.2 oM <0.1
C16:1 0.2 M <0.1
C16:0-OH 0.16 M <0.8
C18-0OH 0.077 M <0.05
C18:1-0H 0.13 pM <0.7

2.2. Methods

2.2.1. Urine organic acid and acylcarnitine analysis

Urine organic acid and blood acylcarnitine analysis from dried
blood spots and serum were performed by GC/MS and ESI-MS/MS, re-
spectively, as described in detail previously [4].

2.2.2. Cell culture

Fibroblasts from the patient were cultured in Eagle's minimum es-
sential medium containing 10% fetal calf serum and antibodies
(100 pg/mL each of penicillin and streptomycin; Nissui Pharmaceutical
Co. Ltd., Tokyo, Japan).

2.2.3. Western blot analysis

Western blot analysis was performed following 12.5% SDS/PAGE
[5] using rabbit polyclonal antibodies raised against purified MTP pro-
tein as the primary antibody. Bound antibodies were visualized using
the ImmunoPure NBT/BCIP Substrate Kit (Promega, Madison WI,
USA). Protein concentrations were determined using the Bio-Rad pro-
tein assay protocol (Bio-Rad Laboratories, Hercules, CA).

2.2.4. Mutation analysis

Genomic DNA was extracted from the patient's fibroblasts using a
QlAamp DNA Micro Kit {Qiagen GmbH Hilden, Germany). We
designed 20 sets of primers for amplification of HADHA (one for
each exon, including 5/ and 3 splice sites), and 16 sets for amplifica-
tion of HADHB. Each exon was amplified by polymerase chain reaction
(PCR) and directly sequenced as described previously [6].

3. Results
3.1. Urine organic acid and acylcarnitine analysis

Urine organic acid analysis performed at the same time revealed
slight ketosis (as indicated by slightly increased excretion of 3-OH-
butyrate), low-ketotic dicarboxylic aciduria (as indicated by in-
creased excretion of adipate and suberate), and 3-OH dicarboxylic
aciduria (as indicated by increased excretion of 3-OH-sebacate and
3-OH-dodecanedioate).

Acylcarnitine analysis of blood spots at the time of hospitalization
revealed increases in the levels of long-chain 3-OH-acylcarnitines
(C14-0OH, C16-0H, C18-1-0OH). The changes indicated an MTP defi-
ciency. On the other hand, elevation of both long-chain acylcarnitines
(C14-1, C16-1) and long-chain 3-OH-acylcarnitines (C14-OH, C18-
OH) in serum suggested a VLCAD deficiency (Table 1). These findings
strongly suggested long-chain fatty acid metabolism disorder, VLCAD
or MTP deficiency, however, it was difficult to distinguish between
the two. So acylcarnitine analysis was performed another four
times, with inconsistent results: slightly increased levels of long-
chain 3-OH-acylcarnitine (C16-OH, C18-1-OH), a feature of MTP defi-
ciency, were noted on two occasions, while no abnormality was noted
on the other two occasions. On the basis of these results and her clin-
ical manifestations, we made a chemical diagnosis of a mild form of
MTP deficiency, in which neither symptoms nor abnormal laboratory
findings are noted during attack-free intervals.

3.2. Western blot analysis

Western blot analysis using samples extracted from the patient’s
skin fibroblasts detected neither o~ nor -subunits of MTP (Fig. 1),
whereas both subunits were detected in control fibroblasts. These
findings showed that the patient had an MTP deficiency.
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Fig. 1. Western blot analysis of cultured skin fibroblasts of mitochondrial trifunctional
protein. MTPa- and MTPR- were not detectable in the patient's fibroblasts.MTPa- and
MTPB-, o~ and B-subunits of MTP, respectively; VLCAD, very long-chain acyl-CoA
dehydrogenase.

3.3. Mutation analysis

Analysis of the genes encoding MTP component enzymes identi-
fied compound heterozygous mutations of ¢.520 C>T/c.1331 G>A
(p.R141C/p.R411K) in the HADHB gene encoding long-chain 3-
ketoacyl-CoA thiolase (LCT), one of the enzymes constituting MTP.
No mutation was found in the HADHA gene.

4. Discussion

Fatty acid metabolism plays an important role in energy supply in
the body. Its pathways comprise intake of fatty acids from cell mem-
branes, the fatty acid 3-oxidation cycle, an electron transport chain,
and production of ketone bodies. More than 20 enzymes and trans-
porters are known to be involved in the metabolism.

MTP resides in the mitochondrial inner membrane, and is a multien-
zyme complex involved in the metabolism of long-chain hydroxyacyl-
CoA. In MTP deficiency, B-oxidation of long-chain fatty acids is im-
paired; the deficiency is asymptomatic when the supply and demand
of energy is in balance; however, if the energy supply is inadequate
when the demand for energy is increased by infection, disease, exercise,
or elongated intervals between meals, the body cannot handle the ener-
gy shortage. Symptoms occur in organs requiring large amounts of en-
ergy produced by the metabolism of fatty acids, such as the brain,
cardiac muscle, liver, and skeletal muscle. The patient reported here
began to repeatedly complain of leg pain after exercise at around the
age of 3years, and as she grew up, her muscle symptoms became
more prominent. These findings led us to conclude that her clinical
manifestations were of the muscular type of MTP deficiency. Iin addi-
tion, an ALTE occurred at the age of one month. It was assumed that
this episode might also have been related to MTP deficiency.

MTP deficiency is a very rare disorder, and has thus far been reported
in only about 50 patients (of whom 20 were classified as having the neu-
romyopathic phenotype) in Europe and North America, and in five pa-
tients (of whom only one had the neuromyopathic phenotype) in
Japan. In many patients with the muscular type, the time from onset to
definite diagnosis was long. Spiekerkoetter et al. investigated the clinical
manifestations of 11 patients with muscular-type MTP deficiency and
reported an average period from initial onset of the disorder to diagnosis
of 5years and 10 months [7]. In the one patient with muscular-type
MTP deficiency reported in Japan, rhabdomyolysis began to repeatedly
occur at the age of 15 years, and a definite diagnosis was made at the
age of 23 years [8]. More recently, it has become possible to perform
less expensive, more convenient, and highly accurate blood acylcarni-
tine analysis using tandem mass spectrometry, which has resulted in di-
agnosis of a fatty acid metabolism disorder in an increasing number of

patients. MTP deficlency is characterized by increased 3-OH-
acylcarnitine (C16:0, C16:1, C18:0, C18:1) in serum (or plasma) or
blood spots, demonstrated by acylcarnitine analysis, whereas the
analysis does not detect any abnormality when no episodic symptoms
occur [9]. In our patient, we repeatedly performed blood acylcarnitine
analysis and found no consistent results. In the first analysis, the
profile from the blood spots indicated an MTP deficiency, while that
from the serum indicated a VLCAD deficiency. It was difficult to
distinguish between VLCAD and MTP deficiency on the basis of results
from the first analysis. In the following analysis, a slight increase in the
levels of long-chain 3-OH-acylcarnitines, a feature of MTP deficiency,
was noted on some occasions, but no abnormality was detected on
other occasions. Comprehensive evaluation of these acylcarnitine analy-
sis results and her clinical manifestations were highly suggestive of MTP
deficiency. Furthermore, diagnosis was confirmed by Western blot anal-
ysis and genetic analysis. When patients with recurrent myalgia and
rhabdomyolysis are examined on the assumption that fatty acid disor-
der including MTP deficiency may be diagnosed, it is important to re-
peatedly perform acylcarnitine analysis using samples obtained while
symptoms occur.

MTP is an octamer composed of four a-subunits that function as
long-chain hydroxyacyl-CoA dehydrogenases (LCHADs) and long-
chain enoyl-CoA hydratases (LCEHSs), and four B-subunits that func-
tion as LCTs [10]. LCHAD and LCEH subunits are encoded by the
HADHA gene, and LCT subunits are encoded by the HADHB gene.
These two genes are adjacently located in the human chromosome
region 2g23 [11], and consist of 20 and 16 exons, respectively
{12,13]. The ¢1331G>A (p.R411K) mutation detected by the
HADHB gene analysis in our patient is the same as that found by
Orii et al. in two Japanese family lines with MTP deficiency, which
they reported was mild in both patients [14]. On the other hand, the
€520 C>T (p.R141C) mutation has never been reported, and is there-
fore novel. Because the latter mutation was not detected in 50 normal
controls and Arg141 is conserved in different species, we concluded
that the ¢.520 C>T (p.R141C) mutation was a causative mutation,

Some investigators have compared the neuromyopathic pheno-
type of MTP deficiency with the lethal phenotype and found that
the neuromyopathic phenotype is associated with better preserved
enzyme activities and is more closely related to protein expression
and clinical manifestations [15,16]. In our patient, the clinical mani-
festations fell into the category of the neuromyopathic phenotype,
but Western blot analysis detected neither a~ nor 3-subunits of
MTP. It has been reported that MTP exerts enzymatic activities in a
stable manner only when the a- and B-subunits making up the octa-
meric MTP are all normal, and that mutant proteins yield dominant
negative effects to inhibit the activities of normal proteins [17]. How-
ever, the reason for this apparent discrepancy between the pheno-
type and the enzyme activities remains unclear.

5. Conclusion

In patients with recurrent muscular symptoms such as myalgia
and rhabdomyolysis, a fatty acid metabolism disorder such as MTP
deficiency should be a suspected etiology, even when tests performed
during attack-free intervals frequently detect no abnormalities. For
the purpose of diagnosing MTP deficiency in these patients, it is im-
portant to suspect the disorder on the basis of their past histories
and to repeatedly perform acylcarnitine analysis when attacks
occur. The biochemical findings in VLCAD and MTP deficiency can
overlap, which occurred in our patient and suggest that suspected de-
ficiency of either should lead to Western blot and genetic analysis to
rule out both when appropriate. MTP deficiency is a rare disorder, and
its rareness may be explained by the presence of patients with recur-
rent muscular symptoms in whom the disorder has not yet been
diagnosed.
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Carnitine Palmitoyltransferase-2 (CPT2) Deficiency @ Time-dependent Changes of Acylcarnitine Profiles
in Dried Blood Spots and Serum after Birth

Kazuo Kubota®, Toshiyuki Fukao”?, Tomohiro Hori”, Hironori Kobayashi’,
Michinori Funato®, Yuki Hasegawa®, Seiji Yamaguchi® and Naomi Kondo”
YDepartment of Pediatrics, Graduate School of Medicine, Gifu University
2Medical Information Science Division, United Graduate School of Drug Discovery and Medical Information,
Gifu University
PDepartment of Pediatrics, Shimane University School of Medicine

We analyzed time-dependent changes of acylcarnitine profiles in dried blood spots and serum samples af-
ter birth in a CPT2-deficient patient. The boy was born at 37 weeks gestation via Caesarean section. Since his
sister had CPT2 deficiency, he was carefully followed with intravenous glucose infusion from birth to day 6. Al-
though he had no clinical symptoms, he was also diagnosed as CPT deficiency based on the family history and
acylcarnitine analyses. In the acylcarnitine analyses using dried blood spots, peak levels of C16, C18, and
C18 : 1 acylcarnitines, which are the usual screening markers for CPT2 deficiency, were above their upper
cutoff values on day 3. However, their levels decreased and were under the cutoff values thereafter. The ratio
Cl6+C18 : 1/C2 was above the upper cutoff values until day 14, indicating that the ratio is a useful screening
marker for CPT2 deficiency. In contrast, for acylcarnitine analyses using serum, although the peak levels of
C16, C18, and C18 : 1 acylcarnitines were also detected on day 3, their levels declined gradually but still were
above their upper cutoff values until day 14. These facts indicate that acylcarnitine analyses using serum de-
tected this abnormality more effectively than using dried blood spots. Therefore, screening for fatty acid oxi-
dation using dried blood spots on day 5 may result in a false-negative result since the values of C16, C18, and
C18 : 1 acylcarnitines were under their cutoff values in our CPT2 deficient patient. Screening earlier than on
day 5 may be considered to detect CPT2-deficient patients like this case.
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acidurias.

GC/MS is widely used for the analysis of urinary organic acids for the chemical diagnosis of organic
acidurias such as methylmalonic acidemia, propionic acidemia, isovaleric acidemia, glutaric aciduria
type I, and multiple carboxylase deficiency. In this study, a rapid and simple preparation method for this
analysis was developed in order to improve the laboratory productivity and the working environment.
The solvent extraction and trimethylsilyl derivatization steps of the conventional method were improved
by reducing the volume of urine sample and extraction solvent and by applying the flash-heater derivati-
zation, respectively. The new method was successfully applied to the chernical diagnoses of five organic

©® 2010 Elsevier B.V. All rights reserved.

1. Introduction

Due to the expanding newborn screening by electrospray
jonization-tandem mass spectrometry, gas chromatograph/mass
spectrometry (GC/MS) will be extensively employed for the chem-
ical diagnosis of organic acidurias [1]. For infants with the positive
screening result and high-risk infants with a family history of those
diseases, the chemical diagnostic method by GC/MS is indispens-
able [2-4], because a simultaneous analysis of urinary organic acids
using GC/MS provides a wide range of metabolite profiling, which
is very important for the diagnosis.

However, the major disadvantage of the GC/MS method is
that the sample preparation is the most labor intensive and time
consuming work of this analysis [5,6]. For the sample prepara-
tion, solvent extraction of organic acids in the urine, followed by
trimethylsilyl (TMS) derivatization is commonly used [2,7]. There
are several disadvantages in such an approach, for example, the
time required for the extraction step, and the evaporation of therel-
atively large volume of extraction solvent, and for the subsequent
derivatization reaction, the constant attention that the operators
must pay to in performing these procedures, and the exposure of
the operators to toxic reagents such as the extraction solvent and
the derivatization reagent. '

We developed a rapid and simple sample preparation method
by improving the conventional solvent extraction and trimethylsi-
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Iyl derivatization procedures [7]. The volume of extraction solvent
and the number of extraction cycles were reduced for the solvent
extraction procedure, and a flash-heater derivatization technique
[8-15] was used for the TMS derivatization procedure, by injecting
derivatization reagent together with the extract into the GC/MS.

The developed method was applied to urine samples obtained
from patients with organic acidurias to demonstrate the effective-
ness of this method.

2. Experimental
2.1. Chemicals

Since the target compounds possess different properties, cer-
tain representative compounds were chosen from commercially
obtainable compounds to validate this method, namely: lactic acid,
3-hydroxy-propionic acid, 2-hydroxy-isovaleric acid, 3-hydroxy-
isovaleric acid as hydroxyl fatty acid; 3-hydroxy-butyric acid as
ketone body; methy!malonic acid, ethylmalonic acid, glutaric acid,
adipic acid, sebacic acid and suberic acid as dicarboxylic acid; and
4-hydroxy-phenyllactic acid as aromatic acid. In addition to these,
isovalerylglycine and phenyllactic acid were also chosen. All the
compounds except 2-hydroxy-isovaleric acid (Japan Sigma-Aldrich
Chemical Co., Tokyo, Japan) and isovalerylglycine (Tokyo Chemical
Industry Co., Ltd., Osaka, Japan) were purchased from Wako Pure
Chemical Industries Ltd. (Osaka, Japan).

Margaric acid (MGA) and tetracosane {Cp4) for internal stan-
dard, urease for decomposition of urea, ethyl acetate for solvent
extraction, hydrochloric acid for adjusting pH of urine and N,O-
bis(trimethylsiliyl)trifluoroacetamide+ 1% trimethyl-chlorosilane



