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Abstract

Hyperpyrexia occasionally triggers acute life-threatening encephalopathy-like illnesses, including influenza-associated encepha-
lopathy (IAE) in childhood, and can be responsible for impaired fatty acid B-oxidation (FAO). In this regard, patients with impaired
FAO may be more susceptible to febrile episodes. The effects of heat stress and a hypolipidemic drug, bezafibrate, on mitochondrial
FAO were investigated using cultured cells from children with FAO disorders and from normal controls, using an in vitro probe
acylcarnitine (AC) profiling assay. Fibroblasts were incubated in medium loaded with unlabelled palmitic acid for 96 h at 37 and
41 °C, with or without bezafibrate. AC profiles in culture medium were analyzed by electrospray ionization tandem mass spectrom-
etry. Heat stress, introduced by 41 °C, significantly increased acetylcarnitine (C2) but slightly decreased the other acylcarnitines
(ACs) in controls and medium-chain acyl-CoA dehydrogenase (MCAD)-deficient cells. On the other hand, in very long-chain
acyl-CoA dehydrogenase (VLCAD)-deficient cells, accumulation of long-chain ACs were enhanced at 41 °C, compared with that
at 37 °C. In contrast, bezafibrate decreased long-chain ACs with significant increase of C2 in both control and VLCAD-deficient
cells at 37 °C. These data suggest that heat stress specifically inhibits long-chain FAO, whereas bezafibrate recovers the impaired
FAO. Our approach is a simple and promising strategy to evaluate the effects of heat stress or therapeutic drugs on mitochondrial
FAO.
© 2009 Elsevier B.V. All rights reserved.
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1. Infreduction

Hyperpyrexia occasionally triggers acute life-threat-
ening encephalopathy-like illnesses, including influ-
enza-associated encephalopathy (IAE) in childhood
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[1,2], and it has been reported that heat stress can be
responsible for impaired fatty acid B-oxidation (FAO)
in IAE [3-5) In this regard, patients with impaired
FAO may be more susceptible to febrile episodes. The
mitochondrial FAO is a central energy generating pro-
cess particularly during long fasting, infection or acute
metabolic stress, such as hyperpyrexia [6,7]. Patients
with inherited mitochondrial FAO disorders occasion-
ally present acute life-threatening symptoms, such as
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encephalopathy or cardio-myopathy, due to energy cri-
sis of metabolic decompensation [8,9], which are often
remediable {10,11]. In addition, heat stress was consid-
ered as a model of thermal injury to the central nervous
system (CNS) in a number of research reports {3,4,12}.

In recent decades, in vitro probe acylcarnitine (AC)
profiling assay was developed to evaluate FAO disorders
[13-16]. AC profiles in culture medium after incubating
with various fatty acids as substrates were determined
by electrospray ionization tandem mass spectrometry
(MS/MS). In order to investigate the consequence of heat
stress on impaired FAO, we compared the quantitative
AC profiles at 37 and 41 °C in cultured fibroblasts from
Japanese children with mitochondrial FAO disorders
[15,16] as well as from normal controls. Furthermore,
we utilized the same approach to assess the effects of bez-
afibrate, a common hypolipidemic drug, which acts as
activator of peroxisome proliferators activated nuclear
receptors (PPARs) and up-regulates the expression of
genes encoding mitochondrial enzymes {17}, on mitochon-
drial FAO in the same groups. We report here the effects of
heat stress and bezafibrate on mitochondrial FAO with
the findings of the in vitro probe AC profiling assay.

2. Materials and methods
2.1. Skin fibroblasts

We cultured fibroblasts from 6 controls (healthy vol-
unteers, passages 3—-16) and 9 Japanese VLCAD-deficient
children (passages 3-14). VLCAD deficiency is clinically
divided into three subgroups [15}; (1) a severe form, with
early onset (infancy), high mortality, and high incidence
of cardio-myopathy; (2) an intermediate form, with onset
from infancy to early childhood, low mortality, and high
incidence of hypo-glycemia; and (3) a myopathic form
(milder form), with frequent onset in later childhood, ado-
lescence or after, and isolated skeletal muscle involvement
triggered by exercise, long fasting or other metabolic
stresses. In this study, cell lines from VLCAD deficiency,
2 cases of the severe; 3 of the intermediate; and 4 of the
myopathic forms, were examined. We also used 3 cell lines
from medium-chain acyl-CoA dehydrogenase (MCAD)
deficiency (passages 4-9) for reference in the study.

2.2. In vitro probe assay of AC profiling

Fibroblasts were cultured in 75-cm® flasks (Iwaki,
Tokyo, Japan) containing modified Eagle’s minimal
essential medium (MEM; Nissui, Tokyo, Japan) supple-
mented with 2 mmol/L of L-glutamine (Nacalai Tesque,
Kyoto, Japan), 10% FBS (Sigma, St Louis, MO, USA)
and 1% penicillin/streptomycin (Nacalai Tesque) at
37 °C in a humidified 5% CO,/95% air incubator.

Confluent cells were harvested by trypsinization
(0.25%-Trypsin/l mM-EDTA; Nacalai Tesque) and

seeded onto 6-well microplates (35 mm i.d.; Iwaki) with
fresh above medium (2 mL/per well) until they reached
confluence again. Thereafter, the cells were washed twice
with Dulbecco’s phosphate buffered saline (DPBS; Invit-
rogen, Carlsbad, CA, USA) and cultured for96 hin 1 mL
of experimental substrate A, MEM containing bovine
serum albumin (0.4% essential fatty acid-free BSA;
Sigma), L-carnitine (0.4 mmol/L; Sigma), unlabelled pal-
mitic acid (0.2 mmol/L; Nacalai Tesque) and 1% penicil-
lin/streptomycin without L-glutamine, or substrate B,
medium of substrate A added bezafibrate (0.4 mmol/L;
Sigma). The start and the end points of the 96-h incuba-
tion are expressed as Tp and Ty, respectively. AC profiles
in the culture medium were analyzed at Tyg.

Cultured cells were incubated with substrate A at 37
or 41 °C for 96 h to determine the effects of heat stress
on mitochondrial FAO. Cells were also incubated in
substrate B, medium containing bezafibrate and palmitic
acid, at 37, and 41 °C to determine the effects of bezaf-
ibrate. In a replicate experiment, the supernatants were
collected at 24, 48, 72 and 96 h to determine their time
course effects on the FAO.

2.3. Quantitative acylcarnitines analysis

ACs in culture medium supernatants were analyzed
using MS/MS (API 3000, Applied Biosystems, Foster
City, CA, USA). Briefly, methanol (200 puL) including
an isotopically-labeled internal standard (Cambridge
Isotope Laboratories, Kit NSK-A/B, Cambridge, UK)
was added to 10 pL of the supernatant from culture
medium, for 30 min. Portions were centrifuged at
1000g for 10 min, and then 150 pL of the supernatant
was dried under a nitrogen stream, and butylated with
50 pL. of 3 N n-butanol-HCI at 65 °C for 15 min. The
dried butylated sample was dissolved in 100 pL of 80%
acetonitrile:water (4:1 v/v) and then the ACs in 10 uL
of the aliquots were determined using MS/MS and
quantified using ChemoView™™ software (Applied Bio-
systems/MDS SCIEX, Toronto, Canada).

2.4. Protein concentration, cell count and cell viability

Protein concentrations were measured at 7 and Ty,
by a modification of the Bradford method using the Bio-
Rad protein assay (Bio-Rad, Hercules, CA, USA) {18].
Cells were enumerated in a model Z1 Coulter Counter
(Beckman Coulter Electronics, Luton, UK). The ratio
of viable cells at 24, 48; 72 and 96 h of incubation were
determined using the modified 3-(4,5-dimethyl-2-yl)-2,
5-diphenyl-2H-tetrazolium bromide (MTT) assay [19].

2.5. Data and statistical analysis

The results are expressed as mean + SD from at least
two independent experiments. The AC concentrations
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are expressed as nmol/mg protein. Data were statisti-
cally analyzed by the one-way analysis of variance
(ANOVA) and post hoc LSD test for multiple group
comparisons, and Independent-Samples T test for com-
parisons of two groups using SPSS version 11.5 software
for Windows.

3. Results
3.1. Clinical characters of VLCAD-deficient patients

The clinical characteristics of the patients with
VLCAD deficiency are summarized in Table 1. Patients
1 and 2 with the severe form both died in infancy. The
patients (from No. 3 to 9) with the intermediate or myo-
pathic forms remain alive, although patients classified
into the intermediate form had episodes of cardio-myop-
athy, acute encephalopathy, hypo-glycemia or hyper-
ammonemia.

3.2. AC profiles in VLCAD-deficient cells under heat
stress

As shown in Fig. 1, the levels of C2 in all forms of
VLCAD deficiency were lower than that of normal con-
trols at 37 °C, and the levels of long-chain ACs, such as
Cl12, Cl4, Cl4:1 and C16, were higher in VLCAD defi-
ciency. In particular, the amount of C14 was remarkably
elevated in the severe form, while C12 was significantly
increased in all forms of VLCAD deficiency.

Control cells exposed to heat stress (41 °C) showed a
significant elevation of C2 (p =0.012), but slightly
decreased other species from short-chain to medium-
chain ACs (Fig. 1B). Similarly, C2 was significantly ele-
vated in the intermediate and myopathic forms of
VLCAD-deficient cells incubated at 41 °C compared to
37°C (p <0.01). Most importantly, accumulation of
C16 was significantly enhanced in all the clinical forms
of VLCAD deficiency (p <0.01) (Fig. 1B).

Since overall accumulation of long-chain' ACs repre-
sents the impairment of long-chain FAO rather than

Table 1

Clinical and biochemical characteristics of patients with VLCAD deficiency.

individual long-chain ACs, we calculated the XZLC,
the sum of long-chain AC productions (C12 + Cl4 +
C14:1 + C16), and the ratio of ZLC/C2, which may be
more useful to evaluate the capacity of long-chain
FAO. Regardless of temperature, the ZLC and the ratio
of TLC/C2 values in VLCAD-deficient cells were signif-
icantly higher than those of controls (p <0.01), as
shown in Fig. 2. The £LC was significantly higher at
41°C than that at 37°C in VLCAD-deficient cells
(p = 0.043), among which myopathic form showed the
highest XL.C, suggesting that the long-chain FAO was
inhibited by heat stress and the myopathic form is most
sensitive to heat stress (p <0.01).

We compared the effects of heat stress between
VLCAD-deficient cells (mild form, n = 4) and MCAD-
deficient cells (n = 3) using the same strategy. As shown
in Fig. 3, C2 was significantly increased at 41 °C in all
VLCAD-, MCAD-deficient cells as well as normal con-
trols. In VLCAD deficiency (Fig. 3A), medium-chain
ACs (C6, C8 and Cl10) decreased, whereas long-chain
ACs (Cl12, Cl4, Cl14:1 and Cl16) elevated at 41 °C. On
the other hand, in MCAD deficiency (Fig. 3B), med-
ium-chain ACs (C6 and C8) were also decreased at
41 °C but long-chain ACs did not change. Namely, while
medium-chain ACs were down-regulated by heat stress in
control, MCAD-, and VLCAD-deficient cells, long-chain
ACs were accumulated exclusively in VLCAD deficiency.

3.3. Effect of bezafibrate on FAQ disorder

Compared with the basic condition (Fig. 4A), bezafi-
brate treatment significantly increased the amount of C2
in VLCAD-deficient cells (p = 0.014) as well as control
cells, while the accumulation of long-chain ACs remark-
ably decreased (p <0.01) at 37 °C (Fig. 4B). Although
the mean values of ZLC (p =0.029) and the ratio of
ZLC/C2 (p =0.015) remained higher in VLCAD defi-
ciency patients than that in controls (Fig. 3), bezafibrate
significantly reduced ZL.C in all the clinical forms to a dif-
ferent extent at 37 °C (Fig. 5A) compared with that with-
out bezafibrate as shown in Fig. 2A. The reduction of

Patient . - Age at Clinical Outcome Clinical and biochemical findings

fo. onset subgroup Cardio- Acute Myalgia or Hypo- Hyper- Hepato-
myopathy . encephalopathy  rhabdomyolysis  glycemia ~ ammonemia  megaly

1 2m Severe Dead (8m) . + + - + + _

2 4m Severe Dead (5m) -+ + - — + +

3 tydm Intermediate  Alive - + — + + +

4 1ySm Intermediate ~ Alive = + + ~ - =

5 4y9m Intermediate  Alive + - + = — -

6 ly Myopathic Alive - - + - — -

7 2y Myopathic Alive — — + - -

8 2yl0m  Myopathic Alive — — + —

9 8y Myopathic Alive - + - - —
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Fig. 1. AC profiles in medium loaded with palmitic acid from VLCAD deficiency with different clinical forms under heat stress. (A) 37 °C; (B) 41 °C.
[, Control (CN); @, severe VLCAD deficiency (VD-S); &, intermediate form (VD-I); B, myopathic form (VD-M). Data are expressed as mean & SD
(nmol/mg protein/96 h). Significant differences between 37 and 41 °C are shown as "p <0.01 and "p < 0.05.
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Fig. 2. Comparison of ZLC and ZLC/C2 of VLCAD deficiency under heat stress. (A) ELC, C12 + C14 + Cl4:1 + CI16; (B) ratio of ZLC/C2. CN,
control; VD, VLCAD deficiency. O, Control; B, severe VLCAD deficiency; A, intermediate form; [J, myopathic form. Significant differences between
different groups are shown as *"p <0.01 and "p <0.05.

long-chain ACs tended to be greater in the intermediate On the other hand, bezafibrate treatment at 41 °C, curi-

(58 4 24% reduction) and myopathic forms (54 + 24% ously, reduced all species of AC including C2 in both con-
reduction) than in the severe form (35 + 20% reduction). trol and VLCAD-deficient cells (Fig. 4C).
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Fig. 3. Comparison of AC profiles in the medium loaded with palmitic acid between VLCAD deficiency and MCAD deficiency under heat stress. (A)
VLCAD deficiency; (B) MCAD deficiency; (C) Control. &, 37 °C; 8, 41 °C. Data are expressed as mean = SD (nmol/mg protein/96 h).

3.4. MTT assay and the protein concentration of cultured
cells under different conditions

Since all species of ACs were significantly reduced in
the presence of bezafibrate at 41 °C, we measured cell
viability using the MTT assay, and protein concentra-
tion in lysates to exclude variations in cell number or
viability that could otherwise affect ACs in cells cultured
in fatty acid-free BSA for up to 96 h under various con-
ditions. The ratio (%) of viable cells (Fig. 6) and the pro-
tein concentration (Fig. 7) declined over time in all

groups and under all culture conditions. Incubation with
bezafibrate at 41 °C diminished the viable cell number
after 24 h as shown in Fig. 6 and the average protein
concentration at 96-h (7o) was decreased by >50%
compared with start point (7p) as shown in Fig. 7.

4, Discussion
The primary purpose of our study was to investigate

the susceptibility of hyperpyrexia, and a hypolipidemic
drug, bezafibrate, on mitochondrial FAO capacity using
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Fig. 4. AC profiles in medium loaded with palmitic acid from VLCAD deficiency with different clinical forms after bezafibrate treatment. (A) 37 °C
without Bez; (B) 37 °C + Bez; (C) 41 °C + Bez. (0, Control (CN); B, severe VLCAD deficiency (VD-S); 8, intermediate form (VD-1); B, myopathic
form (VD-M). Data are expressed as mean -+ SD {(nmol/mg protein/96 h). Significant differences between cells treated with or without bezafibrate at

37 °C are shown as ""p <0.01 and "p <0.05.

in vitro probe AC profiling assay. Although hyperpy-
rexia may be responsible for deterioration of various
metabolic disorders in childhood and occasionally is
associated with life-threatening encephalopathy such as
IAE [1-5], it is difficult to confirm the susceptibility to
hyperpyrexia in vivo.

We used fibroblasts from patients with VLCAD defi-
ciency, in which longer chain FAO is impaired, as well

as normal controls, to determine the effect of heat stress
and bezafibrate on mitochondrial FAO. While mito-
chondrial acyl-CoA dehydrogenases (ACDHs) share
the same basic chemical mechanism, they differ mark-
edly in their specificity towards the ‘length’ of their
acyl-CoA substrates [20]. In this context, we evaluated
the FAO capacity based on the accumulation of specific
length-chain of ACs. Acetylcarnitine (C2), derived from
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Fig. 5. Comparison of ZLC and ZLC/C2 of VLCAD deficiency after bezafibrate treatment. (A) ZLC, C12 + Cl4 + Cl4:1 + C16; (B) ratio of ILC/
C2. CN, control; VD, VLCAD deficiency; O, Control; B, severe VLCAD deficiency; 4, intermediate form; O, myopathic form. Significant differences

between different groups are shown as **p <0.01 and "p <0.05.
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Fig. 6. Cell viability measured by MTT assay at various conditions.
(A) Control; (B) VLCAD deficiency. @, 37 °C; 4, 41 °C; 3, 37 °C with
bezafibrate; A, 41°C with bezafibrate. Data are expressed as
mean + SD.

acetyl-CoA, the final product of FAO cycles, is consid-
ered to be the most important marker of the whole
FAO flux, and the long-chain ACs specifically represent
the long-chain FAO flux.
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Fig. 7. Protein concentration at Ty and Ty at various conditions. (A)
Control; (B) VLCAD deficiency. Each line represents individual cells.

Our previous data indicate that in vitro AC profiling
assay can identify patients with various FAO disorders
[21], which is consistent with the findings of others
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[22-26]. Our results showed significant reduction of the
amount of C2, and accumulation of long-chain ACs in
VLCAD-deficient cells. In particular, the accumulation
of C12 and C14 were the most sensitive diagnostic mark-
ers to specify the clinical subgroups of VLCAD
deficiency.

It has been reported that some of the milder FAO dis-
orders are thermolabile in IAE {3,4] and that bezafibrate
improves the residual VLCAD activity in patients with
milder form of VLCAD deficiency {17,27]. However,
the effect of heat stress or bezafibrate on FAO capacity
in VLCAD deficiency by the in vitro probe assay with
unlabelled palmitic acid as substrate, has never been
characterized. Our approach is simpler than the other
methods to determine the effects of metabolic stresses
as well as of drugs on FAO disorders in vitro or in vivo.

Under heat stress, C2 significantly increased in cells
from controls, intermediate, myopathic forms of
VLCAD- and MCAD-deficient patients as well as in
normal controls. On the other hand, C2 did not change
in the severe form of VLCAD deficiency. The amounts
of long-chain ACs, especially C16, were significantly ele-
vated in all forms of VLCAD deficiency, but not in
MCAD deficiency at 41 °C, suggesting that long-chain
FAO are more susceptible to the heat stress, compared
with medium-chain FAO. Although heat stress also
increased C2 in the myopathic and intermediate forms
as in normal controls, this is most likely a consequence
of enhanced short- or medium-chain FAO at higher
temperature (Fig. 1B). ZLC was significantly higher in
the myopathic form of VLCAD deficiency compared
with that of the other two forms at 41 °C, suggesting
that the myopathic form of VLCAD deficiency is most
sensitive to heat stress. These results are accordance with
the fact that asymptomatic patients with the myopathic
form often triggered the symptoms under conditions of
metabolic stress [28].

The regulation of mitochondrial FAO by PPARs has
been studied extensively by several groups [29]. Bezafi-
brate, one of the activators of PPARs, represents an alter-
native therapeutic approach to treat long-chain FAO
disorders [17,27,30-32]. In keeping with previous studies,
we also explored the effect of bezafibrate on mitochon-
drial FAO using our in vitro probe assay, and found that
bezafibrate (0.4 mM) enhanced the long-chain FAO pro-
cess. It is hypothesized that the drug diminishes the accu-
mulation of toxic long-chain ACs in cells from VLCAD-
deficient patients. We also found that bezafibrate reduced
long-chain ACs more effectively in the intermediate and
myopathic forms than in the severe form. These findings
suggest that bezafibrate may represent a potential treat-
ment strategy for VL.CAD deficiency, specifically for the
clinically milder forms.

On the other hand, all species of ACs were signifi-
cantly reduced not only in VLCAD-deficient cells but
also in controls, incubated with bezafibrate at 41 °C.

We therefore explored the mechanism responsible for
this phenomenon. Our data showed that the viable cell
number significantly decreased after 24 h in the presence
of bezafibrate at 41 °C. The obvious reduction of ACs is
probably a consequence of loss of cell viability at this
condition. These data may imply a potential toxicity
of bezafibrate during fever.

In conclusion, in vitro probe acylcarnitine profiling
assay using unlabelled palmitic acid as substrate is a
simple and promising strategy to determine the effects
of heat stress or drugs on mitochondrial FAQO. Heat
stress inhibits long-chain FAO specifically in long-chain
FAO disorders, and bezafibrate improves impaired
long-chain FAO.
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ARTICLE INFO ABSTRACT

Artic{e history: Glutaric acidemia type 1 (GA1) is usually diagnosed with an accumulation of glutaric acid (GA) or 3-
Received 7 November 2008 hydroxyglutaric acid by GC/MS. In some cases, however, excretion of GA is low. We investigated enzymatic
Accepted 26 April 2009 evaluation of GA1 using fibroblasts and MS/MS. After loading substrates, lysine, 2-aminoadipate (2AA), or

Avaitable online 3 May 2009 GA., in fibroblasts, and incubating for 96 h, glutarylcarnitine (C5DC) levels in the media were measured. A

significant increase of C5DC was observed in GA1 patients, irrespective of substrates added. 2AA showed

g‘iy:"ofd&' demi . the largest difference between patients and controls {p = 0.0004). Results suggested enzymatic evaluation
G :] aric academia type of GA1 is useful under appropriate culture conditions.

Glutarylcarnitine © 2009 Elsevier B.V. All rights reserved.
C5DC

Acylcarnitine

Electrospray ionization/tandem mass
spectrometry

MS/MS

Fibroblasts

In vitro probe assay

Lysine

Aminoadipate

Glutaric acid

1. Introduction from infancy with extrapyramidal symptoms or neuronal regres-
sion, such as myotony and dystonia [6-8]. In patients with GA1,
a characteristic appearance of the brain can be seen [9]; namely,

marked enlargement of the sylvian fissure, atrophy of the brain

Glutaric acidemia type 1 (GA1) is a metabolic disorder of organic
acids due to a defect of glutaryl-CoA dehydrogenase (GCDH, EC

1.3.99.7), which acts in the intermediate metabolic steps of lysine,
hydroxylysine, and tryptophan (Fig. 1) [1-3]. GA1 shows an auto-
somal recessive inheritance, and its frequency has been reported in
one out of 100,000 people. The GCDH gene, the causative gene for
GAT1, has been mapped to chromosome 19q13.1. The active enzyme
is 2 homotetramer consisting of 43.3-kDa subunits, localized in the
mitochondrial matrix [4,5}.

Many disorders of organic acid metabolism induce arapid devel-
opment of symptoms after early neonatal onset; however, GA1
shows the slow and gradual development of neuronal regression in
most cases. If not diagnosed early and treated, disease onset starts
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Biomedical Mass Spectrometry, Tokyo, Japan, 25-26 September 2008.
* Corresponding author, Tel.: +81 853 20 2219; fax: +81 853 20 2215.
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cortex, and enlargement of the cerebral ventricle.

Urinary organic acid analysis is useful for the diagnosis of GA1,
with the characteristic findings of increases in glutaric acid (GA), 3-
hydroxyglutaric acid (3-OH-GA), and glutaconic acid. Furthermore,
blood acylcarnitine analysis using electrospray ionization/tandem
mass spectrometry (MS/MS) shows an increase of glutarylcarnitine
(C5DC). However, it has been reported that:GA1 can be classified
into two types based on excreted GA levels: a high GA excretion
(GA>100 mmol/mol creatine), and a low one (GA < 100 mmol/mol
creatine) [1-2]. In some GA1 cases with low GA excretion, addi-
tional examinations are necessary, including measurement of the
enzymatic activity or gene analysis.

Schulze-Bergkamen et al. reported enzymatic evaluation for
GAT1 on peripheral blood mononuclear cells (PBMC) using an in vitro
probe assay and MS/MS, in which 2-oxoadipic acid was used as
a substrate {13]. However, 2-oxoadipic acid is no longer available
on a commercial basis, which led us to determine the alterna-
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tive substrate. Additionally, to date, little has been done to apply
the enzymatic evaluation of using fibroblast and MS/MS to organic
acidemia. In the present study, we investigated the efficacy of the in
vitro probe assay using fibroblasts and MS/MS in enzymatic detec-
tion of GA1, with three different substrates.

2. Materials and methods
2.1. Subjects

Human skin fibroblasts obtained from 10 Japanese patients diag-
nosed as having GA1 based on the characteristic metabolic profiles
of urinary organic acids and genetic analysis were studied. Among
the 10 patients, 6 were previously described in case reports [9-12].
The 7 control cell lines were also used.

2.2. Cell culture

Skin fibroblasts were cultured and maintained in a minimal
essential medium (MEM), containing modified Eagle's essential
medium (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) supple-
mented with 10% fetal calf serum (Sigma, St. Louis, MO, USA),
1% penicillin/streptomycin (Nacalai Tesque, Kyoto, Japan), and
2 mmol/l of L-glutamine (Nacalai Tesque) at 37 °C and 5% CO; in
a humidified atmosphere until confluency.

2.3. Substrate loading to cultured fibroblasts

As shown in Fig. 1, to determine an appropriate substrate to
add to the culture medium, 3 compounds related to glutaryl-
CoA metabolism were used: lysine (Lys; Sigma), L-2-aminoadipate
(2AA; Wako, Osaka, Japan), and glutaric acid (GA; Wako). Confluent
cells were harvested by trypsinization (0.25%-trypsin/1 mM-
EDTA; Nacalai Tesque), then distributed onto 6-well-microplates
(35mm i.d.; Iwaki, Tokyo, Japan), and re-cultured. When they
reached confluence, the cells were washed twice with Dulbecco's
phosphate-buffered saline (DPBS; Invitrogen, Carlsbad, CA, USA),
and 1 m! of MEM with containing each substrate plus L-carnitine

|
/

2-Ketoadipate

Glutaryl-CoA - g=—p

GCDH

Crotonyl-CoA

}

Acetyl-CoA

Fig. 1. Flow chart of added substrates and metabolic map of GA1.
The substrates shown in the boxes were added in the present study. GCDH is an
abbreviation of glutaryl-CoA dehydrogenase.

(0.4 mmol/l; Sigma) was added. After 96 h, the supernatant was col-
lected, and acylcarnitine profiling by MS/MS was performed. The
measured blood acylcarnitine levels were corrected by the protein
concentration of the cells at the starting point. The protein concen-
tration was calculated based on the previously described method
by Lowry et al. [14]. The experiment was repeated at least 3 times
for each sample.

2.4. Sample preparation for MS/MS analysis

Methanol, acetonitrile, and formic acid were purchased from
Wako (Osaka, Japan). The contents of an acylcarnitine reference
standard kit (NSK-B, Cambridge Isotope Laboratories, Andover,
USA): ?[H]o-carnitine, 2[H]3-acetylcarnitine, 2[H]3-propionylcar-
nitine, 2[H]3-butyrylcarnitine, 2[H]o-isovalerylcarnitine, 2[H]3-
octanoylcarnitine, 2[H|o-miristoylcarnitine, and 2[H]3-palmitoyl-
carnitine, were diluted in methanol and used as an internal
standard.

The routine sample preparation method for MS/MS was used
for acylcarnitine analysis [15-17]. Briefly, 10 .l of the supernatant
was transferred to a 96-well microplate, and 200 pl of the methanol
reference standard kit was added to each well. The aliquots were
centrifuged at 4000 rpm for 10 min, and then 150 ! of supernatant
was obtained. After drying the sample under a gentle stream of
nitrogen, 50 ! of 3N n-butanol-HCl was added, and butylation
was performed at 65 “C for 15 min. After drying up, the sample was
reconstituted in 100 @l of 80% acetonitrile:water (4:1, v/v, without
formic acid).

2.5. Acylcarnitine analysis by MS/MS

An API 3000 triple quadrupole tandem mass spectrometer
(Applied Biosystems, Foster City, CA, USA) in combination with a
SIL-HTc autosampler (Shimadzu, Kyoto, Japan) was used, with a
sample volume of 10 pl. Quantitative analysis was conducted using
ChemoView™ software (Applied Biosystems/MDS SCIEX, Toronto,
Canada) by comparing the signal intensity of an analyte against
the corresponding internal standard (Supplemental “Fig. 3”). The
heated gas temperature was 250 °C, and the ion spray voltage was
5500eV. All acylcarnitines were measured by positive precursor
ion scan of m/z 85 (scan range mjz: 200-500, C5DC m/z: 388.2)
with declustering potential of 40V, entrance potential of 10V, and
collision cell exit potential of 5V.

2.6. Data analysis

The data were expressed as mean plus or minus standard devia-
tion. Statistical analysis was performed using Student’s t-test in JMP
version 5.01a. 2[H]s-octanoylcarnitine was used as an internal stan-
dard of glutarylcarnitine (C5DC). The quality assurance of MS/MS
analysis was validated by measuring the standard samples includ-
ing C5DC at the concentration of 0.06, 0.23, 0.39, and 0.72 nmol/ml.
The calibration curves of the measurements (n=10) indicated good
linearity (p<0.01, r=0.99). Intra- and inter-assay variability was
9.9% and 17.3%, respectively (n=6).

3. Results
3.1. Substrates and concentrations

The effects of different substrates, Lys, 2AA, and GA, on C5DC
levels were compared using 5 cell lines from 5 GA1 patients. Each
substrate was used at 0.5, 2.0, and 4.0 mM (Supplemental “Fig.
4"). When Lys or GA was added, the C5DC level was significantly
higher than in medium alone (p<0.01) at concentrations. of 2.0
and 4.0mM. When 2AA was added, C5DC level was significantly
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Fig. 2. Amount of C5DC in the medium of GA1 cells and control with different sub-
strates.

As a substrate, 2,0mM of Lys, 2AA, or GA was added. The amount of C5DC in the
medium was compared between patients with GA1 cases and controls. *p <0.01.
Abbreviations: C, control; Lys, lysine; GA, glutaric acid; 2AA, 2-aminoadipate.

increased at a concentration of 2.0 mM (p <0.01). These substrates
at 2mM did not affect the cell viability as determined by the 3-
(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide assay
(MTT assay |18}) (Supplemental “Fig. 5"). Based on these findings,
the optimum concentration of substrates was considered to be
2.0mM in the present study.

3.2. Amount of C5DC in culture medium in patients with GA1

The amount of C5DC was compared with control subjects and 10
patients with GA1 by adding substrates (Lys, 2AA, or GA at 2.0 mM)
(Fig. 2 and Supplemental “Fig. 6"). In patients with GA1, a signif-
icant increase of C5DC was seen in each sample, with the level of
significance regarding the difference. The addition of 2AA led to the
greatest difference. When cultured without any substrates, no sig-
nificant difference was seen between patients with GA1 and control
subjects.

4. Discussion

Our study verified that enzymatic activity evaluation in patients
with GA1 is practical by an in vitro probe assay of acylcarnitine pro-
filing using human skin fibroblasts. Since 2-oxoadipic acid used by
Schulze-Bergkamen et al. {13} is no longer commercially available,
we determined whether the other molecules involved in GCDH rep-
resent alternative substrates. Lys and 2AA were used as substrates
as they locate upstream of glutaryl-CoA synthesis pathway (Fig. 1).
Since administration of GA would increase C5DC in cells with GCDH
deficiency as a consequence of accumulation of glutaryl-CoA, to
which GA is converted [19], GA was also used as another substrate.
The results showed that all substrates increased the amount of
C5DC in GA1 cells, compared with normal controls and GA1 cells
cultured in medium alone. Our data indicate that 2AA can be used
as an alternative substrate to evaluate the enzyme activity of GCDH.

If the concentration of a substrate is higher than 4mM, the
amount of C5DC in GA1 cells reduces in some cases. This tendency
was striking when 2AA was added, which is likely due to growth
suppression of the cells by the presence of an excessive substrate.
However, these substrates at 2.0 mM did not affect the cell viability
as determined by the MTT assay (Supplemental “Fig. 5"), making
it highly unlikely that the substrate used in our study affected cell
proliferation that could influence the amount of cellular protein
and the C5DC level. Based on these results, the appropriate sub-
strate concentration was considered to be 2.0 mM in the present
study.

The difference of the C5DC between 10 patients with GA1 and
7 control subjects was most remarkable when 2AA was added as
a substrate, showing no overlaps. Thus it was considered that 2AA
was the most suitable substrate. When Lys or GA was added, there
was an overlap in C5DC between GA1 patients and controls.

The in vitro probe assay has been reported to be useful for
the enzymatic evaluation of 3-oxidation disorders {20} Based on
our results, it was indicated that our method was useful for the
diagnosis of patients with GA1. In future studies, analysis of C5DC
using d6-glutarylcarnitine as internal standard or quantifing the
metabolite by a fast liquid chromatography (LC) step or the multiple
reactions monitoring (MRM) would make the analysis more quanti-
tative and improve the performance of the results. Although various
metabolic disorders of organic acids can be diagnosed through uri-
nary organic acid analysis by GC/MS, some cases require further
diagnostic methods for enzymatic evaluation. Our data suggests
that the in vitro probe assay will be useful for the diagnosis of other
organic acidemias, though an appropriate substrate and experi-
mental condition are required. Because PBMC do not allow us to
repeat the experiments using the same sample, fibroblasts would
provide more accurate and reliable information to determine an
appropriate substrate.
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The First Japanese Case of Ethylmalonic Encephalopathy with Novel ETHET Gene M utations
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Nobuo Sakura’. Takashi Kusumoto', Mikihiro Aoki' and Yoshio Nakashita”
"Department of Pediatrics, Sasebo City General Hospital
“Department of Pediatrics, Hiroshima University Graduate School of Biomedical Sciences

Ethylmalonic encephalopathy (EE) is a rare inborn error of metabolism that is characterized by develop-
mental delay. acrocyanosis, petechiae, chronic diarrhea and early death in infancy. EE also has characteristic
abnormalities in brain magnetic resonance imaging. blood acylearnitine analysis and urinary organic acid tests.
It is an autosomal recessive disorder caused by the ETHE] gene mutation on chromosome 19q13. While ap-
proximately 30 patients have been reported worldwide, no patient has been reported in Japan.

We here report a boy with EE that was genetically proven. He was referred to our hospital at 5 months of
age. presenting hypotonia. failure to thrive. chronic diarrhea, repeated cyanosis and petechiae. Although he
had been under attentive medical care with suspicion of certain inborn ervor of metaholism. he died of septice-
mia with aggravated nephrotic syndrome at 23 months of age.

Having had the typical clinical symptoms and characteristic biochemical and urine abnormalities of EE,
his ETHE1 gene was analyzed after 4 years of his death. making diagnosis of EE with novel compound het-
erozygous mutations in exon 2. Further investigation revealed his parents and two elder brothers were het-
erozygotes for either of the ETHET gene mutations, except for the eldest brother who was wild type.

Since most of the previously reported cases as well as the present case died suddenly in early infancy. it is
important to perform biochemical and genetic analyses for suspected patients as early as possible for appropri-
ate medical management and genetic counseling.




