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* Abstraet Mitochondrial fatty acid oxidation (FAO) disorders
are caused by defects in one of the FAO enzymes that regu-
lates cellular uptake of fatty acids and free carnitine. An in
vitro probe acylcarnitine (IVP) assay using cultured cells and

tandem mass spectrometry is a tool to diagnose enzyme -

defects linked to most FAO disorders, Extracellular acylcarni-
tine (AC) profiling detects carnitine. palmitoyltransferase-2,
carnitine acylcamitine translocase, and other FAO deficien-
cies. However, the diagnosis of primary carnitine deficiency
(PCD) or carnitine palmitoyltransferase-1 (CPT1) deficiency
using the conventional IVP assay has been hampered by the
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presence of a large amount of free camitine (C0), a key
molecule deregulated by these deficiencies. In the present
study, we developed a novel IVP assay for the diagnosis of
PCD and CPT1 deficiency by analyzing intracellular ACs.
When exogenous CO was reduced, intracellular CO and total
AC in these deficiencies showed specific profiles clearly
distinguishable from other FAO disorders and contro! cells.
Also, the ratio of intracellular to extracellular CO levels
showed a significant difference in cells with these deficiencies
compared with control. Hence, intracellular AC profiling us-
ing the IVP assay under reduced CO conditions is a useful
method for diagnosing PCD or CPT1 deficiency.

Keywords Fatty acid oxidation - Carnitine cycle disorder -
Acylcamitine profile - ESI-MS/MS

Intreduction

L-Carnitine plays an essential role in the transfer and activation of -
long-chain fatty acids across the outer and inner mitochondrial

membranes during which it is acted upon by enzymes including

carnitine transporter (OCTN2), camitine palmitoyltransferase-1

{CPT1), carnitine palmitoyltransferase-2 (CPT2), and camitine
acylcarnitine translocase (CACT) (Fig. 1) [1, 2]. Camitine pen-
efrates into cells across the plasma membrane against a high
concentration gradient of free camnitine with the aid of the plasma
membrane OCTN2 protein encoded by the SLC22AS5 gene [3].
Deficiency of OCTN2 causes primary carnitine deficiency
(PCD, OMIM 212140), which is characterized by systemic
camitine deficiency in tissues and blood but in concord with
increased excretion of free L-carnitine in the urine [4-6]. Clinical
symptoms in patients with PCD such as cardiomyopathy,

>
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Fig. 1 Pathway' for mitochondrial fatty acid beta-oxidation. Transport-
er: camitine uptake transporter; CP7-I: camitine palmitoyltransferase-
1, CACT: carnitine acylcarnitine translocase, CPT-2: carnitine

palmitoyltransferase-2. Solid arrows indicate single reactions; dashed

arrows indicate multiple reactions or steps

encephalopathy, hepatomegaly, myopathy, hypoglycemia, and
hyperammonemia, mainly result fiom low camitine concentra-
tion in the tissues. On the other hand, secondary carnitine defi-
ciency occurs in some conditions such as organic acidemias,
renal dialysis, long-term medication (antiepileptic drugs or some
antibiotics), and alimentary deficiency of L-camitine [7-9].

It is necessary to make a differential diagnosis of PCD
from the secondary carnitine deficiency or other false-
positive cases, and diagnosis is confirmed by demonstrating
reduced transport in skin fibroblasts from the patients. Until
now, cluster-tray method using radioisotope-labeled substrate
was used for the diagnosis of PCD [4, 10-12]. However, such
a diagnostic method requires handling of radioactive sub-
strates and focused only on diagnosis of PCD. Gene sequenc-
ing in SLC22A5 is one diagnostic method for PCD.
However, it is molecularly heterogenous, and around 50
different mutations have been identified [6]. After acylcarni-
tine analysis using tandem MS analysis became available in
the worldwide, blood acylcarnitine analysis was used as an
initial method for diagnosis of FAO disorders and a detection

~ of FAO disorders has been increased. However, it is neces-
sary to confirm the diagnosis of the diseases with detailed
analysis. The in vitro probe acylcarnitine (IVP) assay using
cultured fibroblasts and tandem mass spectrometry (MS/MS)

@ Springer

has been used to evaluate FAO capacity in the cultured cells
and make a diagnosis of FAO disorders [13~15]. However,
conventional VP assay is not feasible to diagnoese PCD or
CPT1 deficiency, because excess amount of free carnitine is
added to the experimental medium at the beginning. Estima-
tion of free carnitine, which is the key marker for the above -
diseases, in experimental medium was nonsense for diagnosis
of these disorders. We developed a novel functional assay for
PCD and CPT1 deficiency using the IVP assay, with some
modifications. This method uses different concentrations of
exogenous free carnitine and measures intracellular as well as
extracellular acylcarnitine (AC) levels, which overcomes the
disadvantage of the conventional IVP assay in the diagnosis
of carnitine cycle disorders.

Materials and methods
Materials

Hexanoylcarnitine (C6), octanoylcarnitine (C8), decanoylcar-
nitine (C10), and palmitoylcarnitine (C16) were purchased
from Sigma—Aldrich (St Louis, MO, USA). Methanol, aceto-
nitrile, and formic acid were purchased from Wako (Osaka,
Japan). As an internal standard, a labeled carnitine standard kit
(NSK-B), which contains *[H]o-camitine, *[H]s-acetylcami-
tine, *[H]s-propionylcamitine, *[H]s-butyrylcarnitine, *[H]o-
isovalerylcarnitine, 2[H]s-octanoylcarnitine, “[H]o-myristoyl-
carnitine, and *[H];-palmitoylcarnitine, was purchased from
Cambridge Isotope Laboratories (Andover, MA, USA).

Preparation of standard solutions of ACs
Standard solutions containing 1, 10, 25, and 50 pmol/L each

of C6, C8, C10, and C16 were used to validate the recovery
and determine linear concentration range of ACs after extrac-

. tion by the Folch method [16]. The ACs were dissolved in

methanol (99.8 %), and the prepared standard solution was
analyzed directly and after extraction by the Folch method.

Subjects

Human skin fibroblasts from six healthy controls (volunteers)
and seven patients with various carnitine cycle disorders—
three each with PCD and CPT2 deficiency and one with
CPT1 deficiency—were analyzed. In all cases, diagnoses
were confirmed by mass spectrometric analyses (gas
chromatography-mass spectrometry and MS/MS), enzyme
assay, and protein or mutational analyses. Informed consent
was obtained from the patients or their families. This study
was approved by the Ethical Committee of the Shimane
University School of Medicine. -
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In vitro probe acylcarnitine (IVP) assay using MS/MS

An IVP assay was performed, as described, with some
modifications [13, 15, 17], and principle of IVP assay was
. shown Fig. 2. Briefly, 3% 10° cells were seeded in triplicate
onto a six-well microplate (35 mm i.d.; Iwaki) and cultured
until confluent. After washing twice with Dulbecco’s phos-
phate buffered saline (DPBS; Invitrogen, Carlsbad, CA,
USA), the cells were subsequently cultured for 96 h in
1 ml of a special experimental minimal essential medium
(MEM) containing bovine serum albumin (0.4 % essential
fatty acid-free BSA; Sigma), two different concentrations of
- CO (Sigma)—10 umol/L (reduced level, lower compared
- with physiological level) and 400 pmol/L (excess level)—

and unlabelled palmitic acid (0.2 mmol/L; Nacalai Tesque). -

C0-and AC levels in the culture medium (extracellular
fraction) and in the intracellular extract were analyzed after
a 96-h incubation period using MS/MS (API 3000; Applied
Biosystems, Foster City, CA, USA), as described [18].

Intracellular acylcarnitine extraction

Intracellular CO and ACs were extracted using the Folch
method, with some modification [16]. Briefly, harvested
cells were washed twice with DPBS buffer. The cell pellet
was resuspended in 100 pl volume of DPBS buffer and

immediately frozen in liquid N,. In order to separate phos--

pho“iipids and cell debris, 250 pul of Folch reagent (chloro-
form/methanol, 2:1) was added to the resuspended cell
pellet. After vigorous mixing using a vortex mixer, the
- solution was centrifuged for 10 min at 15,000 rpim at 4 °C.
The debris layer around the interface between the aqueous
and lipid phases was removed, and the extracted aqueous
and lipid phases were mixed and thereafter dried under a
nitrogen stream at 50 °C. ACs in culture medium super-
natants and extracted intracellular ACs lysate were analyzed

Glucose (=)
Cleacid
¢ Cl-caraitine

Fatty acid oxidation

(fibrablast).

MS/MS S
analysis €10 16

cs e
[ez] &6 o1z

-~ MCAD def.  VLCAD def. Cﬂ'zdef CPT-1def. PCD

Fig. 2 Prlnclple of in vitro probe acylcarnitine assay. C2, C4, C6, C8,
C10, C12, Cl14, and CI6 represent aqylcamitines' ’

using MS/MS (API 3000; Applied Biosystemns, Foster City,
CA, USA). Briefly, methanol (200 pl) including an isotopi-
cally labeled intemal standard (Cambridge Isotope Labora- -
tories, Kit NSK-A/B, Cambridge, UK) was added to 10 uL
of supernatant from culture medium and extracted intracel-
lular ACs, for 30 min. Portions were centrifuged at 1,000xg

for 10 min, and then 150 uL of supernatant was dried under

a nitrogen stream and butylated with 50 pL of 3 N »n-
butanol-HCl at 65 °C for 15 min. The dried butylated
sample was dissolved in 100 pL of 80 % acetonitrile/water
(4:1v/), and then the ACs in 10 uL of the aliquots were
determined using MS/MS [18] and quantified using Chemo-
View™ software (Applied Blosystems/MDS SCIEX, Tor-
onto Canada).

Protein concentration and cell viability

Protein concentrations were measured by a modification of
‘the Bradford method using the Bio-Rad protein assay (Bio-

Rad, Hercules, CA, USA) [19]. The percentage of viable
cells was determined at 24, 48, 72, and 96 h of incubation
using the modified 3-(4,5-dimethyl-2-y1)-2, 5-diphenyl-2H-~
tetrazolium bromide (MTT) assay [20].

Data and statistical analysis

The results are expressed as mean=SD from at least three !
independent experiments for IVP assay in each cultured

cell and three intra-assays and three inter-assays for recov-

ery of standard AC solutions, and statistical significance

was evaluated using Student’s test in Microsoft Excel. The

AC concentrations were expressed as nanomoles per milli-

gram protein.

Results
Recovery of ACs during Folch extraction

The AC standards in the aqueous or lipid fraction were
analyzed separately using MS/MS, after extraction by the
Folch procedure, and compared with direct analysis of
the total mixed standard solutions using three inter-assays
and three intra-assays of analysis of standard AC solu-
tion. As shown in Fig. 3, most of the C6 and C8-
carnitines fractionated to the aqueous phase, while almost
all Clé-camnitine was exclusively retained in the lipid
phase. The amount of Cl0-carnitine was comparable in
both aqueous and lipid phases.

To determine the loss of CO and ACs during Folch -
extraction, the standard AC solution was analyzed directly
after routine sample preparation for MS/MS and compared
with that after Folch extraction. The recovery of ACs in the

A Springer
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Fig. 3 Recovery of ACs during extraction using the Folch method.
Standard solutions of 10 pmol/L each of C6-, C8-, C10-, and C16-
carnitine were used to determine the recovery of ACs in the aqueous
and lipid fractions during extraction using the Folch method. Grey
column: ACs in the whole extract after Folch method; striped column:
ACs in the aqueous fraction of Folch extraction; open column: ACs in

lipid fraction of Folch extraction. Data are expressed as mean=SD’

(micromoles per liter) from three intra-assays and three inter-assays,
and statistical significance was evaluated using Student’s rtest in
Microsoft Excel

standard solutions after direct analysxs and Folch extraction

procedure was analyzed three times by inter-assay. The
inter-assay CV of acylcarnitines ranged from 3.21 to
8.33 %. No statistical difference was seen between direct
analysis and after Folch extraction.

Acylcarnitine profile in extracellular medium of cultured
fibroblasts with excess and reduced concentrations of free
carnitine

Using fibroblasts from various carnitine cycle disorders, AC
profiles were determined in the extracellular medium with
. reduced or excess concentration of C0. Reported conven-
tional IVP assay used excess levels of CO (400 pmol/L) [14,

Table 1 Acylcamnitine profiles of in vitro probe acylcamnitine assay

15, 17, 21]. With excess amount of CO (Table 1, “Medium
(CO-excess, 400 uM)™), a selective increase in C16 and a
decrease in acetylcarnitine (C2) was observed in cases of
CPT2-deficient fibroblasts. AC profiles in media from PCD-
and CPTl-deficient fibroblasts were similar to that of
healthy controls. In PCD fibroblasts, C2 was 53.1 % of the
normal control while C2 in CPT1-deficient fibroblasts was
140 % of the normal control. No statistical difference in C0O
level was observed among CPT2-, PCD-, and CPTI-
deficient fibroblasts and a healthy control.

In the extracellular medium containing reduced C0, C16
remains higher in cells with CPT2 deficiency, while AC
profiles were similar to those observed in CO-excess for
PCD- and CPT1-deficient cells and the healthy controls
(Table 1, “Medium (CO-reduced, 10 uM)”).

Acylcarnitine profile in intracellular lysate with various
concentrations of free carnitine

The intracellular CO and ACs were measured after AC
extraction using the Folch method. C16 in the intracellular
lysate from CPT2-deficient fibroblasts was significantly
elevated in both reduced and excess CO conditions similar
to those in extracellular medium, and diagnostic significant
was kept. In the excess CO condition, CPT1- and PCD-
deficient fibroblasts could not be distinguished clearly;
based on the CO levels, even C16 level was relatively low
(Fig. 4a). On the other hand, the intracellular CO under
conditions with reduced CO was 41.78+1.47 and 6.31+
2.88 nmol/mg protein/96 h in the normal controls (n=6)
and patients with PCD (n=3), respectively, and the C0
levels of PCD cells were significantly lower (p<0.001) as
shown in Fig. 4b. This indicated that the CO uptake was
significantly decreased in PCD compared with control in

Acylcarnitines, nmol/mg protein/96 h

Co c2 C6 C8 Cl2 Cl4 C16
Medium (CO excess, 400 pM) ‘
Control (n=6) 411.74+23.08 11.80+1.54 2.60+0.09 1.70£0.47 0.79+0.22 0.34+0.19 . 2.06+0.77
PCD (n=3) 432.18+18.76 6.25+0.96 2.09+0.40 0.94£0.54 0.41+0.33 0.20+0.10 1.72+0.57
CPT-1 (n=1) 357.69+34.16 16.52£5.60 1.73+0.87 " 0.54+0.94 0.18+0.14 0.17+0.16 1.36+0.98
CPT-2 (n=3) 376.56£42.71 6.88+0.72 0.94+0.65 0.41+0.22 1.70+0.35 0.80+0.05 - 18.73+£1.07
Medium (CO reduced, 10 pM) : ‘ )
Control (#=6) 9.85+0.30 1.70+0.74 0.78+0.30 '0.18:?:0.09 0.10+0.08 0.03+0.01 0.51%0.11
PCD (#=3) - 10.03%0.71 0.74 £0.33 0.75+0.31 0.06+£0.04 0.03+0.01 0.01+0.01 0.20+0.08
CPT-1 (n=1) 11.06+0.75 7.56+3.10 0.98+0.30 0.55£0.62 0.09+0.09 0.08 +0.07 0.01 £0.02
CPT-2 (n=3) 9.73+1.94 0.64+0.23 0.5440.20 0.1120.03 0.22:+0.06 0.04+0.01 2.79+0.38

The results are expressed as mean+SD from three independent experiments with triplication in each cell line. The AC concentration was expressed
as nanomoles per milligram protein. C0 free carnitine, C2 acetylcarnitine, C6 hexanoylcamnitine, C8 octanoylcarnitine, C/2 dodecanoylcarmitine,

C14 myristoylcarnitine, C/6 palmitoylcamitine

@_ Springer



Intracellular acylcamitine assay for. camitine cycle disorders

1349,

'CO-reduced condition. Concentration of C16 was also sig-
nificantly low in PCD in CO-reduced condition. Under the
CO-reduced condition, intracellular CO was much higher, but
C16 was much lower in CPT1-deficient fibroblasts, com-
pared with the levels in controls (Fig. 4b).

' The ratio of intracellular CO to- extracellular C0 in PCD
was significantly lower than that of the controls (p<0.001)
in the CO-reduced condition, while that in CO-excessive

condition was not significantly different (Fig. 5). Cell via-
bility was measured using the MTT assay under reduced or’

excess concentrations of C0. The percentage of viable cells
cultured in CO-reduced medium was equnva]ent to that in
CO-excess media (data not shown),

Discussion

The present study developed a novel 1VP assay for the
" accurate diagnosis of PCD and CPT! deficiency. Although
previous studies reported that IVP assay was a powerful
method for the diagnosis of most FAO disorders [13, 14,
© 21], this assay turned out to be unable to identify PCD and
CPT1 deficiencies. At first, we used a CO-excess experi-
mental medium, which contained 400 umol/L of C0,
according to previous reports [13, 14, 21]. Extracellular

a
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Fig. 4 Intracellular CO and C16 correlation in patients with carnitine
cycle disorders. a C0-excessive condition (—£); b CO-reduced condi-

" tion (—R). open circle: healthy control (n=6); closed triangle: PCD

(n=3); closed square: CPT1 deficiency (n=1); closed diamond: CPT2
deficiency (s2=3). Cells were incubated in experimental medium with
400 or 10 mol/L of free camitine and 200 pmol/L of palmitic acid.
After 96-h incubation, cells were harvested, and intracellular free
camitine (CO) and palmitoylcamitine (C16) were extracted using Folch
method and measured using MS/MS. Data of mean values of triplicates
are presented (nanomoles per milligram protein per 96 h)

[ Nbrmat conirol

B }'ff;,

COin/Clex

Reduced ‘ Excess
Concentration of CO in medium .

Fig. 5 Ratio of intracellular CO to extracellular CO. Open square:
normal control (n=6); closed square: PCD (n=3). Extra- and intracel-

. lular CO of cells with normal control and PCD were measured in CO-

reduced (10 pmol/L) and CO-excess (400 nmol/L) conditions using
MS/MS. Data are expressed as mean+SD of six normal controls and
three patients with PCD. Experiment in each cell line was repeated
twice with triplications. Significant differences between normal control
and PCD are shown as *p<0.001

AC profiles of patients with PCD and CPT1 deficiency
showed a pattern similar to that of normal controls by the
conventional assay that contains excessive C0 (400 yumol/L)
in the culture medium, since CO moves across the cell
membrane down its concentration gradient by passive dif-

fusion. Long-chain fatty acids are transferred across the

inner mitochondrial membrane with the assistance of carni-
tine and carnitine cycle enzymes. The subsequent FAO
functions normally even in PCD, and AC profile in PCD
is similar fo that in normal FAO. Next, we used 50 pmol/L -

" of CO because the normal range of free carnitine in human

plasma was approximately 25 to 50 pmol/L [6]. However,
there was no diagnostic difference compare with C0-excess
condition, and data are not shown. We analyzed [VP assay
in CO-deficient condition (10 umol/L of C0). »

It is known that fibroblasts and muscle andcardiac cells
have a high-affinity, low-capacity transporter system [22], and
carnitine concentrations in the tissues are much higher than
those in serum [23]. Analysis of intracellular CO and ACs is
more relevant for the diagnosis of PCD and CPT1 deficiency
because it was shown that CO was decreased in PCD and
increased in CPT! deficiency in those tissues. When we
analyzed cell lysates with MS/MS after direct sonication,
attificial peaks of ACs were detected, and the bdckground
peaks of mass spectrum were high and hampered the subse-
quent analyses (data not shown). Hence, we extracted intra-
cellular ACs using a modified Folch method and analyzed
both the intracellular lysate and the extracellular medium. This
allowed visualization of clear peaks of CO and ACs in the
intrace]lular lysate, validating that the Folch extraction can be
used for simultaneous quantitation of intracellilar CO and a
wide range of ACs (short- to long-chain AC).

- Uptake of CO and abnormalities in ACs were associated
with the concentration of C0 in culture medium. In the CO-
excess condition, it was hard to differentiate PCD from control
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cells. Levels of CO and C16 were overlapped with those of
normal control. On the other hand, in the CO-reduced condi-
tion, intracellular CO was significantly decreased in PCD
while being increased in CPT1 deficiency, compared with that
in normal control. CO-reduced medium was changed after
fibroblasts equilibrated in MEM, and normal control could
force to uptake free carnitine in CO-deficient condition while
cells with PCD could not uptake sufficiently in that condition.
Furthermore, the following fatty acid oxidation cycle inter-
rupted, and C16 also decreased in PCD. This correlation of CO
and C16 in the CO-reduced condition is more informative for
the diagnosis of carnitine cycle disorders (Fig. 4b). Since cells
with PCD cannot uptake CO via the cell membrane, the
finding of reduction of both C0 and C16 is specific for PCD.
In case of CPT1 deficiency, CO uptake is normal, but it cannot
bind acyl-CoA ester, resulting in reduced long-chain acylcar-
nitine production, and FAO is disturbed. Therefore, the stored

' intracellular ACs were consumed by FAO, and intracellular -

C16 as well as total ACs were decreased, and CO was accu-
mulated in intracellular lysate. In contrast, the AC profile of
low level of CO and high level of C16 is diagnostic for CPT2
deficiency. In this disease, normally transferred long-chain
AC cannot be converted back from ACs to acyl-CoA esters
and CO, the substrate for FAO. Additionally, the ratio of
intracellular and extracellular COs can sensitively distinguish
PCD froin control in the CO-reduced medium because carni-
tine transporter of normal cells was forced to uptake CO up to
physiological level in CO-reduced condition while cells with
PCD failed for it. In excessive CO condition, ratio of intracel-
lular and extracellular CO was similar to that in normal control
and PCD since CO transfer by passive diffusion across the cell
membrane.

In conclusion, the simultaneous analysis of intracellular

and extracellular CO and ACs under the various ¢oncentra- -

tions of free camitine in the culture medium is useful for
diagnosis of FAO, especially carnitine cycle disorders. This
study confirms that the newly modified IVP assay is an easy
and safe method to diagnose PCD and CPT1 deficiency.
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The late-onset type of ornithine transcarbamylase (0TC) deficiency is al-
most asymptomatic before an abrupt onset of metabolic crisis in adoles-
cence. This study focused on coagulopathy in 0TC deficiency. We collected
laboratory data regarding coagulation from 0TC-deficient patients in
Kyushu University Hospital in Japan or from cases reported from previous
articles. Five patients with late-onset OTC deficiency, admitted to Kyushu
University Hospital at the first metabolic attack or who presented at the
outpatient clinic in the hospital, were analyzed, and 3 additional cases of
OTC deficiency with coagulopathy in previous articles were included. As
a result, the blood ammonia levels in these patients were remarkably high
at the time of the metabolic attack, and prothrombin times were far below
the normal level. The prothrombin times remained significantly abnormal
on remission, despite almost normal levels of blood ammonia, serum
aspartate aminotransferase, and alanine aminotransferase. Coagulation
abnormality is a previously unidentified complication of OTC deficiency in
remission state. This information will aid in the identification of patients
with OTC deficiency before a lethal metabolic crisis occurs during ado-
lescence. Pediatrics 2013;131:e1—e4
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Ornithine transcarbamylase (0TC) de-
ficiency, an X-linked disorder, isthe most
frequent urea cycle disorder charac-
terized by an acute clinical manifestation
of hyperammonemia, accounting for
>60% of all urea cycle disorders.” The
classic type of OTC deficiency demon-
strates a severe hyperammonemia dur-
ing infancy and sometimes proves fatal,

whereas the late-onset type is almost

asymptomaﬁo before an abrupt onset
of metabolic crisis in adolescence. 24
The early diagnosis of the late-onset
type is sometimes difficult because
thefirst crisis usually appearsin either
adolescent or adult patients who have
exhibited normal growth and devel-
opment. Specific findings of abnormal
metabolites in urine such as orotic acid
or uracil are critical for making an
accurate diagnosis of 0TC deficiency.s
In contrast, the biochemical markers in
routine examinations are usually within
the normal ranges. Consequently, the
identification of specific markers in a
routine biochemical analysis would be
clinically beneficial for patients with OTC
deficiency. Coagulopathy in OTC deficiency
is usually accompanied by acute liver
failure, and slight changes in the coag-
ulation data in a remission state have
been overlooked as nonspecific findings.
Hence, coagulopathy is not recognized as
a consequence of OTC deficiency by itself.

This report focused on the presence of
any underlying coagulation abnormality
in OTC deficiency during a metabalically
compensated state. We retrospectively
collected laboratory data on coagulation
from the clinical records of O0TC-deficient
patients of Kyushu University Hospital in
Japan. A bibliographic search was also
conducted to determine whether any
coagulopathy had previously been no-
ticed before the abrupt onset of meta-
bolic attack in cases of OTC deficiency.

METHODS

Patients with OTC deficiency, admitted to
Kyushu University Hospital at the first

e2 IHARA et al

metabolic attack or who presented at
the outpatientclinicinthe hospital from
January 1993 to December 2010, were
enrolled in this study. A systematic
search of the PubMed database was
conducted for all articles from 1990

- through 2012 with the terms “0TC

ETTS

deficiency,” “coagulopathy,” “coagula-
tion,” or “prothrombin time” in the title,
abstract, or key words to determine
whether any articles described coagu-
lation abnormality before and after the
onset of metabolic attack in 0TC-deficient
patients.

RESULTS

Five patients were identified at our
hospital as follows: patient 1 was a
10-year-old boy with OTC deficiency
underlying asymptomatic coagulop-
athy of unknown etiology before the
onset of metabolic crisis. Two patients
(patients 2 and 4) were diagnosed
during the asymptomatic period be-
cause the brother of patient 2 and
the maternal uncle of patient 4 died of
OTG deficiency at the first metabolic
attack. Patients 3 and 5 experienced

the first attack during infancy (10

months) and. childhood (10 years),
respectively. The database search iden-
tified 3 publications, and 3 cases of 0TC
deficiency from these articles with the
description of the coagulation at re-
mission state are shown in Table 1
{patients 6-8).88

Six of these 8 patients were male. Five
patients were successfully treated and
maintained normal growth and de-
velopment for years. One patient died
a sudden death at 19 years of age. The 2
patients described in the literature

~developed a metabolic attack at 24

years of age and died at the first attack.
The levels of blood ammonia of these
patients were remarkably high during

~the metabolic attack, whereas other

laboratory data such as aspartate ami-
notransferase (AST) and alanine amino-
transferase (ALT) levels were indistinctive.

In contrast, prothrombin times (PTs)
were below the normal level at
the metabolic attack and were also
considerably abnormal during re-
mission. The blood ammonia, serum
AST, ALT, or albumin levels were close
to normal ranges while the patients
were being managed by using ei-
ther mild restriction of protein in-
take or oral arginine supplementation
(Table 1).

DISCUSSION

Coagulation abnormalities have rarely
beenrecognized in association with OTC
deficiency. Coagulopathy may occur if
the metabolic attacks cause severe liver
damage or disseminated intravascular
coagulation, but such critical conditions
were not found in any of these patients.
These cases also demonstrated the
presence of abnormalities in coagulation
even during remission. The findings
suggest that coagulopathy may be a
useful sign for detecting an underlying
OTC deficiency, especially in boys with
nonspecific clinical symptoms such as
cyclic vomiting or psychological prob-
lems. To the best of our knowledge, no
common genetic coagulopathy has yet
been identified in the Japanese pop-
ulation; therefore, it is likely that this
coagulation abnormality may be specific
to OTC deficiency.

The pathogenesis of such a coagulation
abnormality is unclear. This coagu-
lopathy does not seem similar to that
in fulminant hepatic failure with the
collapse of protein synthesis inthe liver.
The coagulopathy in OTC deficiency
might be under the same mechanism
that occurs with vitamin K (VK) de-
ficiency because elevation of serum
des-y-carboxyprothrombin  (PIVKA-Il)
leveis was sometimes detected, and
VK administration seemed effective for
these patients. The coagulation factors
I, VIl, IX, and X are activated in a VK
dependent manner during carboxyla-
tion at the vy-erminus-glutamate in
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TABLE 1 Clinical, Molecular, and Laboratory Data of the Patients

Variable RR Patient No.
1 2 3 4 5 6 7 8
(Thurlow et al, (Schimanski et al®  (Zammarchi et al,”
2010) 1996) 1996)

Gender M. M M M M M F F
Proband Himself Brother® Himself Maternal uncle® Himself Himself Herself Herself
Transmission type ND Maternal Maternal Maternal ND Maternal ND ND
0TC gene mutation R40H R40H IV§2-1G>A R4A0H - R40H R40C Deletion ND
Diagnosis

Age 10y PP 8 mo 1 mo 10y 24y 24y 11 mo

Method BDx GDx BDx BDx BDx BDx BDx BDx
Age at first attack 10y 12y 7d None 10y 24y 24 y° None
Representative data at attack ;

AST/ALT, U/L 13-33/6-30 31/23 16/14 86/126° — 67/154° 114 (AST)® 52/47° —

PT, % UNR] =70% [080-1.10] 44 [159)° 56 [1.371° " — 175%"° ND [2.71¢ ND (3.00° —

APTT, s 26.0-41.0 38.3 -.384 64.0° s 60.7¢ ND ND —_

Ammonia, mol/L 7-39 175¢ 3994 1124 —_ 2149 348° 380¢ —
Representative data at 15y 17y 23y 6y 12y 24y 24y 11m

remission, age

AST/ALT, U/L 15-33/6-30 21/21 12/11 25/34% 16/8 29/18 Normal 32/32° 223/103¢

PT, % [INR] =70 [0.90-1.10] 58 [1.40]° 68 [1.20]° 69 [1.221¢ 82 [1.113° 64.1%¢ ND [2.2] ND [3.01¢ 50¢

APTT, 5 26.0-41.0 4214, 406 44,0 320 303 47.09 (RR: 29-37)  Normal 42 (RR: 30-45)

Ammonia, gmol/L 7-39 19. 27 4 9 19 Normal 235 74°

PIVKA-lI, mAU/mL <40 32 27 37 567 ND ND ND ND

Serum albumin, g/dL 40-50 A1 42 39 5.0 4.0 ND ND ND
Frequency of severe attack Once 3 times 3 times None 3 times Gnce Once None
Long-term treatment AP A AP A AB =5 = B,PC
Outcome (age) Healthy Healthy Healthy Healthy Dead (19 y) Dead (24 y) Dead (24 y) Healthy (ND)

adolescent adolescent adult (24 y) adolescent
(16 y) 17y 17y

A, oral arginine supplement; APTT, activated partial thromboplastin time; B, oral sodium benzoate treatment; BDX, biochemical diagnosis based on the hypersecretion of orotic acid and uracil in urine without elevation of any specific amino acid in blood; G,
oral citrulline treatment; GDx, genetic diagnosis by the analysis of the OTC gene; INR, international normalized ratio; ND, not described or not available; P, intake protein restriction; PP, during the prenatal period; RR, reference range.

a Dead.

b Deletion, T892del,G893del in exon 9.

¢ In pregnancy.

d The laboratory data out of RRs.

e Hepaplastin test (normal range: 67%—138%).

o
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their N-terminal domains, whereas in
the absence of VK or in the presence of
VK antagonists, hepatic VK-dependent
carboxylase activity is inhibited, and
PIVKA-Il is released into the blood 8 It is
possible that abnormal metabolites in
association with OTC deficiency, such
as orotic acid, might inhibit the he-
patic VK-dependent carboxylase. In fact,
hyperornithinemia-hyperammonemia-
homocitrullinuria syndrome, which is
a congenital error inthe metabolism of
ornithine accompanied with  sub-
stantial elevations of orotic acid, is also
associated with coagulopathy.’0! In
addition, a large amount of polyunsatu-
rated fatty acids reduced the expression
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‘Abstract

Expanded newborn mass screening (NBS) with tandem mass spectrometry (MS/MS) and
medium-chain acyl-CoA dehydrogenase (MCAD) deficiency in Japan are described. Prognosis
of patients with inborn metabolic disease was compared between groups detected in the
symptomatic and pre-symptomatic stages. Furthermore, clinical, biochemical and genetic
findings of Japanese children with MCAD deficiency, which is a most important target of
MS/MS screening, was investigated. Our study concluded as follows: 1) the detection inci-
dence in MS/MS screening in Japan is tbtally about 1 in 9,000, which might be smaller
~ than that of the other countries; 2) Outcomes of patients detected by NBS (pre-symptomatic
stage) is more favorable than that of cases detected after symptomatic onset; 3) the inci-
dence of MCAD deficiency in the Japanese population is 1 in 110 thousands, which is ap-
proximately 10 times smaller than that in Caucasian; 4) Japanese patients with MCAD
~ deficiency have a common mutation, ¢.449-452delCTGA, which covers about 45% of alleles
~ of MCAD gene, but not have 985A>G, which is a common mutation of Caucasians pa-
tients; 5) genotype/phenotype correlation was not observed in MCAD deficiency; 6) prognosis
~ of the non-symptomatic group is much more favorable than that of the symptomatic group.
- In conclusion, it is indicated that detection of inborn metabolic disease in the pre-
symptomatic stage by NBS is essential to prevent children affected with target diseases of
NBS including MCAD deficiency from neurological impairments or infant death.

Key words
expanded newborn mass screening, MS/MS, MCAD deficiency, genotypelphenotype
‘correlatlon, prevention of neurological impairment

< Correspondence > | 1. Introducfion
- Seiji YAMAGUCHI, MD '

‘ The expanded newborn screening (NBS
Professor, Department of Pediatrics, P g )

Shimane University Scheol of Medicine using tandem mass spectrometry (MS/MS)

89-1, Bnyarcho, Tzumo, Shimane 693-8501, Japan is becoming popular worldwide. In Japan, a
‘Tel:+81-853-20-2220 Fax:+81-853-20-2215 pilot screening was initiated at Fukui
E-mail:seijiyam@med.shimane-u.ac.jp University in 1997 (1), and the national -
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project of MS/MS screening  (Principle
Investigator, Dr. Seiji Yamaguchi, Shimane
University) funded by Grant-in-Aid for
Scientific Research from the Ministry of
Health, Labour, and Welfare was started in
2004, For the pilot screening, about 10
laboratories in Japan joined up to 2012.
The Japanese gdvernment issued notice
urging implementation of MS/MS to NBS
in 2011. Eventually, the MS/MS screening
is becoming spread from 2012 to 2013 (2),
and will initiate officially nationwide in
next year (2014).

In the expanded ‘NBS, it is considered
that medium-chain acyl-CoA dehydrogenase
(MCAD) deficiency is a most important
screening target, particularly in Caucasian
people, because the incidence is high (1 in
10,000), and MCAD deficiency is a causa-

tive disease of sudden infant death, and
* preventable by detection in NBS (3). In this

paper, clinical and gerietic aspects of

MCAD deficiency as well as the results of

the pilot MS/MS screening in Japan are de-

seribed.

2. Piloet MS/IMS Screening In Japan
a) Results of pilot MS/MS screening in Japan
A total number of babies screened by
MS/MS during the period between 1997
and 2012 was 1,949,987 (about 1.95 mil-

lion), and 217 cases affected with disease

were found as shown in Table 1. The detec-
tion incidence of Japanese babies was cal

culated to be 1 in 8,986, while that in USA

was estimated to be 1 in 4,353 (4). The
prevalence of Japanese is likely smaller
.- than that of the other countries.

b) The detection prevalence of each disease group

The incidence of amino acidemias was to-

tally 1 in 27 thousands; that of organic

acid disorders, 1 in 22 thousands; and that
of fatty acid disorders, 1 in 34 thousands.
The most common disease in Japan was
propionip acidemia, which was found in 1
in 45,349 (about 45 thousands); and
phenylketonuria, 1 in 52,702 (58 thou-
sands); followed by methylmalonic acidemia
and MCAD deficiency, each of which in 1
in 108,333 (110 thousands). A considerable
number of Japanese patients with propionic
acidemia show a mild phenotype with a
common- mutation, 1304T>C (Y435C) in
PCCB gene (5).

' ¢) Comparison of outcomes between cases
detected by NBS and by tests after
symptomatic onset

Outeomes of cases with organic and fatty
acid disorders detected in NBS were com-

pared with those detected after sympto-

matic onset by MS/MS, GC/MS and/or
molecular  investigation in  Shimane
University. As shown in Table 2, in organic
acid disorder, normal development was
achieved in 58 of 70 cases (83%) of the
NBS group, as of at least 1 year of age. In
contrast, normal developmenf was gotten in
only 28 of 114 cases (19%) in the “sympto-
matic” group. '
In fatty acid d@sotder, normal develop-

~ ment was achieved in 40 of 45 cases (89%)
" in the NBS group, although that was in 25

of 52 cases (48%) in the symptomatic

‘ “group. Hence, beneficial effect of NBS

using MS/MS was indicated. Through the -
results of the pilot study, we proposed 16
kinds of disease which should be screened
as primary targets as marked with black
circle in- Table 1, in consideration of the

_ false negative rate, complexity of diagnostic

approaches, or the benefit of detection by
NBS. ‘
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~ Table 1. Results of the pilot sgreehing using MS/MS in Japan (1997 to 2012)

. No. of Incidence Estimated
Digease Cases (Japan) in USA*
AMINO ACIDEMIA 72 (1:27 K) {1:15 K)
e Phenylketonuria - 37 1:53K 1:19K
e MSUD : 1 1:1,950K = 1:159K
e Homocystinuria 3 1: 650 K 1:88K
“e Citrulinemia type I 6 1:330K 1:173 K
e Argininosuccinic A 2 1:980 K 11891 K
Citrin deficiency 23 1: 85 K n.a.
ORGANIC ACIDEMIA 87 (1: 22 K) (1:16 K)
e Methylmalonic acidemia 18 1: 110K 1:67K
e Propionic acidemia 43 1:45K 11276 K
e Isovaleric acidemia 8 . 1:650K  1:129K
" eMCD : 3 1: 650 K 1: 1,380K
e Methylcrotonylglycinuria 13 11150 K 1:44 K
o HMGL deficiency . , —_ — 1:1,380K
o Glutaric acidemia typel 7 1: 280K 1:109K -
B-ketothiolase deficiency — — , 1: 591 K
FATTY ACID DISORDER 58 - (1:34K) (1:10K)
e CPT1 deficiency 5 1: 390K n.a.
@ VLCAD deficiency R 12 1:160K 1:69K
e MCAD deficiency 18 o 17110K ITK
e TFP/LCHAD deficiency 2 1:980 K 1:276 K
CPT2 deficiency 7 1:280 K n.a.
CACT deficiency — _ n.a.
Glutaric acidemia type 2 -8 1: 830 K Cn.a.
Carnitine uptake defect 7 1:280K - 1149K
SCHAD deficiency 1 1: 1,950 K n.a.
ToTAL  Afected cases 217 1:8986  1:4353

-Screened babies = 1,949,987

e, primary target disease in the MS/MS screening in Japan. “K” means
thousands. * Estimated incidence in USA, based on live birth for 2006
(n=4,138,349) (4). Abbreviation: —, not detected; n.a., not applicable;
'MCD, multiple carboxylase deficiency; HMGL, 3-hydroxy-3- methyl
glutaryl-CoA lyase; CPT1 and CTP2, carnitine palmitoyl transferase-l
and -II, respectively; VLCAD and MCAD, very-long-, and medium-chain
acyl-CoA dehydrogenase, respectively; TFP, mitochondrial trifunctional
protein; CACT, carnitine acylcarnitine translocase; LCHAD and SCHAD,
long- and short-chain 3-hydroxyacyl-CoA dehydrogenase, respectively.

. 3. Clinical, Biochemical and Genetic drome-like illness in 1982, and has been
investigation of Japanese MCAD found at an incidence of I in 10,000. A
Deficiency : .common: mutation, 985A > G, covering about
a) Qutline of MCAD deficiency 90% of the alleles in this disease was seen

MCAD deficiency was first discovered in  among Caucasian population. Acute symp-
children with sudden infant death syn- toms of MCAD deficiency include acute
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Table 2. Comparison of outcomes between présy%nptomatic and symptomatic detection cases
in Japanese children with organic academia and fatty acid disorder.

Disease NBS Symptomatic
- . (MS/MS screening) (Shimane)
No. of cases ~ - 115 196
ORGANIC ACID DISORDER 70 144
Normal development 58 (83%) 28 (19%)
Handicaps or death 12 (17%) 116 (81%)
FATTY ACID. DISORDER 45 ) 52
Normal devlopment 40 (89%) 25 (48%)
Handicaps or death 5(11%) 27 (52%)

NBS, newborn mass screening, MS/MS screening, cases detected by the
pilot study between 2004 and 2011. Symptomatic, cases after symptomatic

onset and detected by MS/MS, GC/MS or molecular tests in Shimane

\ University from 2001 to 2011.

encephalopathy-like symptoms, or even sud-
den death (6), following after long fasting
or infection, although the patients have no
the
Concerning - the prognosis, it has been
claimed that as many as 35% of MCAD de-

symptoms in stable  condition.

ficiency patients are asymptomatic lifelong,

but that over 25% of the symptomatic
cases die suddenly during the first episodic
attack (3).

Abnormalv laboratory tests in the acute
condition mclude hypoglycemia  or
hyperammonemia. Biochemical markers in-
MS/MS analysis of blood acylcarnitines are
elevation of C8, C6 or C10, or C8/C10.
Elevation of hexanoylglycine (HG) and
suberylglycine (SG) as well as dicarboxylic
acids is often observed by GC/MS analysis

of urinary organic acids.

b) Prevalence of MCAD deficiency in Japan

According to the results of pilot screening
using MS/MS, MCAD deﬁciehcy was found
at the incidence of 1 in 110 thousands, and
was most common among fatty acid disor-
ders in the pilot study of Japan, as shown
in Table 1. However, the incidence is

about 10 times smaller than that of
Caucasian whose incidence is 1 in 10 thou-

sands (3).

¢) Subjects of MCAD deficiency

Ages at onset, and diagnosis, clinical, bio-
chemical and genetic findings of a total 20
Japanese cases blood C8
acylcarnitine, a diagnostic marker of MCAD

whose

deficiency, was over the cut off value (0.3
nmol/mL) in MS/MS analysis were investi-
gated (Table 3).- Cases 1 through 9 were
identified after symptomatic onset (sympto-
matic group), while cases 10 through 18
were detected in the non-symptomatic or
pre-symptomatic stage (non-symptomatic
group). Cases 10 through 17 were detected
by NBS while Case 18 was by the sibling
screening using MS/MS. Acylcarnitine
analysis was performed at Shimane
University or the other laboratories. GC/MS
analysis (7) and gene analysis (8) were per-
formed at Shimane University. The final
diagnosis was confirmed by gene analysis,
which revealed that cases 19 and 20 were
heterozygotes (carrier group). Clinical infor-

mation was surveyed using guestionnaire.
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Table 3. Clinical; ‘biochemical and genetic profiles of Japanese cases of MCAD deficiency

No. Age at Age at NBS MS/MS VGCIMS } Genotype Outcome
onset | diag. C8(<0.3) | HG SG Allelé | Allele 2

Symtpomatic group :
1  8m 8m - 597 111 445 c.449-452del ¢.157C>T impair

"2 1y0Om  1yOm I 4,52 n.a na IVS4+1G>A ¢.422 A>T SID

3 1yOm 8ylOm — 1.57 454 29.6 ¢.449-452del c.449-452del impair
4 lylm 1lylm - 7.00 147 1122 del.ex11-12 del.ex 11-12 impair
5 1y8m 1y3m  — high* n.a na del.ex11-12. del.ex 11-12 impair
6 1lydm lydm - 3.33 9.9 153 ¢.449-452del ¢.449-452del impair
7 1lylm 1y7m - 4.12 6.1 64 c.275C>T ¢.157C>T impair
8 1y8m 1y8m  — 475 693 12 c449-452del c.449-452del SID

9 2yZm  2y2m - 1.71 n.a na ¢.449-452del  ¢.449-452del normal
Non-symptomatic group _ : _

10 - 5d + 5.92 12.9 14.8 ¢.1085G>A  ¢.843A>T normal
1 - 5d + 5.37 6.3 39.9 ¢.449-452del ¢.154A>G normal
12 -  5d + 4.82 153 3.8  IVS3+2T>C  ¢.843 A>T normal

13 - 5d + 404 na na c449-452del c.212G>A  normal
14 - 5d + 2.78 115 59 c.449-452del ¢.134A>G  normal
15 - 5d + 2.59 3.1 () ¢1085G>A  c.1184A>G  normal
16 - 5d + 2.58 ¢ 3.2 = c.449-452del IVS3+5G>A  normal
17 — 5d + 0.49 9.7 15 c.449-452del ¢.820 A>C normal
i —  5y5m @ — 1.37 na na ¢449-452del c.449-452del normal
Carrier group ' o '
19 - 5d + 0.44 Q] ) c.845C>T Q) normal
20 - 4m’ - 0.51 Q] () c.843A>T Q) " normal

Cases 3 and 8 (a-a), and cases 6 and 18 (b-b) are sibling cases, respectively. Abbreviation:
diag, diagnosis; NBS, newborn mass screening; —, none; +, NBS received; MS/MS, blood
acylcarnitine analysis; GC/MS, urinary organic acid analysis; HG and SG, hexanoylglycine
and suberylglycine, respectively; high*, elevated but detailed value not available. n.a, data -
not available in Shimane University: (), not detected; SID, sudden infant death; c.449-

452del, 4 base deletion of CTGA. impair, neurological

" nmol/mL (cut off, <0.3);
both undetectable).

d) Comparison between Symptomatic and
non-symptomatic groups of MCAD
~ deficiency
1) Ages at onset and diagnesis: In the
symptomatic group, the ages at onset was
8 mo to 2 yr 2 mo. Cases 8 and 8, and

‘cases 6 and 18, were siblings. In 9 cases of

the non-symptomatic group, 8 cases were
detected on 5 day after birth by NBS, and
the other one (case 18) was identified .at
the age of 5 yr 5 mo by sibling screening.

impairments as sequallae. Unit: C8,

HG and SG, peak area ratio to IS (%) (7) on GC/MS (normal,

2) Clinical findings of symptomatic case: In
the symptomatic group, all 9 cases had
acute encephalopathy- or sudden death-like
illness in the acute stage. Hypoglycemia
was observed in all 7 cases tested, while
hyperammonemia was seen in 4 of the 9
cases,

3) Biochemical findings: As shown in Table
2, C8 (cut off, <0.3 nmol/mL) ranged be-
tween 1.57 and 7.00 in the symptomatic
group, while C8 did between 0.49 and 5.92
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in the non-symptomatic group. No signifi-

cant difference between these two groups

was seen in the level of C8. The C8 value’

of the carrier group (cases 19 and 20) was
0.44 and 0.51, respectively, which ~was
lower compared to those of the 18 affected
cases. No significant difference was seen in
the urinary excretion amounts of HG or SG
between these two groups (Table 3).

4) Gene  mutation:
(c.449deld) was identified in 16 of 36 al-
leles (44%) in 18 Japanese patients with
MCAD deficiency. The homozygote of
c.449del4 mutants were observed in 4 and
1 cases in the .symptomaftic and non-
symptomatic groups, respectively. A com-
mon 985A>G, found in
Caucasian population was never identified
in Japanese cases (8). On the other hand, it
was reported that the c¢.449del4 mutation
was in 3 of 5 alleles of 3 Korean MCAD
deficiency cases (9). It would be interesting
to investigate and compare the genotypes
of Japanese MCAD deficiency with those of

mutation,

the other Asian countries and the other:

ethnic groups.

5) Qutcomes: With respect to the out-
comes, 8 of 9 cases of the symptomatic
group resulted in severe handicaps or sud-
den death, whereas all' 9 cases of the non-
‘ symptomatic group  showed
development and growth (Table 3). It was
-likely that there were no genotype/pheno-
type correlation, although existence of the
correlation is not clear enough in the pre-
sent point (10). These findings indicate that
pre-symptomatic detection is important for
the favorable outcome in MCAD deficiency.
Namely, @—NBS is  essential (11,12).
Furthermore, our data suggests no clear
genotype/phenotype in MCAD deficiency.

normal

¢.449-452delCTGA -

4. Conclusion |

Our study indicated that: 1) the detection
incidence in MS/MS screening is totally
about 1 in 9,000 in Japan, which might be
2 times smaller than that of other coun-
tries; 2) the outcomes of patients detected
by NBS is more favorable compared with
that of cases detected after symptomatic
onset; 3) the incidence of MCAD deficiency
is 1 in 110 thousands in Japanese popula-
tion. This is approximately 10 times
smaller than that in Caucasian population;
4) 45% of alleles of MCAD gene in
Japanese patients have a common muta-
tion, ¢.449-452delCTGA. The genetic back-
ground of Japanese cases is likely the same
with Korean patients, but different from
those in Caucasians with MCAD; 5) clinical
severity of MCAD deficiency may be simi-
lar despite the different genetic mutations,
suggesting that genotype does not necessar-
ily predict phenotype in MCAD deficiency;
6) prognoSis of the symptomatic cases with
MCAD deficiency was poor, whereas that of
the non-syrhptomatic group was excellent,
indicating “pre-symptomatic detection” is
essential to prevent children affected with
MCAD deficiency from impairments or sud-
den death. ‘
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