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2-Methylacetoacetylcarnitine in blood of beta-ketothiolase deficiency
and HSD10 disease

Yosuke Shigematsul*, Miori Yuasal, Tkue Hatal, Hideki Nakaj imaz, Go Tajima3,

Nobuyuki Ishige4, Toshiyuki F ukaos, Yasuhiro Maeda®

! Department of Pediatrics, University of Fukui,
23-3 Matsuoka-shimoaizuki, Eiheiji-cho, Yoshida-gun, Fukui 910-1193, Japan
* Mass Screening Laboratory, National Research Institute for Child Health and Development,
2-10-1 Okura, Setagaya-ku, Tokyo 157-8535, Japan
’ Department of Pediatrics, Hiroshima University Graduate School of Biomedical Sciences,
1-2-3 Kasumi, Minami-ku, Hiroshima-shi, Hiroshima 734-8553, Japan
N Tokyo Health Service Association, 1-2 Ichigaya Sadohara-cho, Shinjuku-ku, Tokyo 162-8402, Japan
> Department of Pediatrics, Graduate School of Medicine, Gifu University,
1-1 Yanagito, Gifu 501-1194, Japan
6 Department of Hospital Pharmacy, Graduate School of Pharmaceutical Sciences, Nagoya City University,
1 Aza-Kawasumi, Mizuhocho, Mizuho-ku, Nagoya-shi, Aichi 467-8601, Japan

Abstract Together with 2-methyl-3-hydroxybutyrylcarnitine, 2-methylacetoacetylcarnitine has been newly identified in

significantly increased amounts in serum and dried blood spot of patients with f-ketothiolase deficiency. In patients with

HSDI10 disease, however, the amounts of 2-methylacetoacetylcarnitine were considerably low as compared with those in

patients with f-ketothiolase deficiency, and the decreased ratio of 2-methylacetoacetylcarnitine to 2-methyl-3-hydroxybutyr-

ylcarnitine in dried blood spot could be an additional index to discriminate HSD10 disease from /3-ketothiolase deficiency.
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Introduction

Mitochondrial 2-methylacetoacetyl-CoA thiolase defi-
ciency, or f-ketothiolase deficiency (KTD), is a rare autoso-
mal recessive disorder of isoleucine and ketone body
metabolism. HSD10 disease is a rare X-chromosomal dis-
ease caused by a moonlighting protein encoded by the
HSD17B10 gene, and this protein catalyzes the 2-methyl-
3-hydroxybutyryl-CoA dehydrogenation (MHBD) reaction
in isoleucine metabolism". Chemical diagnosis for these
disorders is based on the elevated concentrations of metab-

olites originating from isoleucine breakdown, and urinary
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organic acid analysis typically shows elevated excretion of
2-methyl-3-hydroxybutyrate (MHBA) and tiglylglycine in
both disorders, although increased 2-methylacetoacetate
(MAAA) has been detected only in KT D”. However, due
to broad spectrum in clinical pictures and biochemical
abnormalities of these disorders, the chemical diagnosis
seems problematic in not a few patients with these disor-
ders, and characteristic metabolites in urine were reportedly
missing or obscure in the patients with a milder form of KT
D or those with atypical forms of HSD10 disease’ . On
the other hand, elevated hydroxy-pentanoylcarnitines (C5-
OH) and tiglylcarnitine (C5:1) in dried blood spots were
observed in tandem mass spectrometric screening for
KTDg), and 2-methyl-3-hydroxybutyrylcarnitine (MHBC) in
serum of KTD patients has been reportd in liquid-chroma-
tography tandem mass spectrometric (LC-MS/MS) analy-
sis”. In the present study, we have investigated 2-methylac-

etoacetylcarnitine (MAAC) and the other metabolites related
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to these disorders in blood by LC-MS/MS in order to clar-

ify how useful these metabolites are as diagnostic markers.

Materials and Methods
Biological samples

Three patients with KTD and two with HSD 10 disease
were included in the present study. Patient A with KTD had
increased levels of MHBA, TG and MAAA in urine, con-
stantly: serum specimen and dried blood spot (DBS) were
collected in stable condition at the age of 19 years. Patient
B with KTD had also increased levels of the three metabo-
lites mentioned above in urine during a ketoacidotic epi-
sode at the age of 12 months: DBS was collected during
this episode. Patient C with KTD had very mildly increased
excretion of these metabolites during his first ketoacidotic
episode at the age of 18 months: serum specimen was col-
lected during this episode. Patient D with HSD10 disease
had typical clinical phenotype and increased levels of
MHBA and TG in urine during ketoacidotic events: DBS
was collected for newborn screening at the age of 5 days
and was stored in freezer before the present analysis.
Patient E with HSD10 disease’ had atypical clinical pheno-
type and had increased excretion of MHBA and TG during
a ketoacidotic event: the serum specimen was collected
during this event. The diagnosis for these patients was con-

firmed by mutation analysis.

Chemicals

NeoSMAAT kit for MS/MS newborn screening, which
contains labeled acylcarnitines, including [2H9]3-hydroxy-
isovalerylcarnitine and [zHg]isovalerylcarnitine, was pur-
chased from Sekisui Medical CO. (Tokyo, Japan). 2-Methy-
lacetoacetylcarnitine was synthesized by mixing carnitine
hydrochloride and 2-methylacetoacetyl chloride in trifluoro-
acetic acid, which was formed from ethyl 2-methylacetoac-
etate (Sigma-Aldrich CO., Tokyo, Japan). Tiglylcarnitine
was synthesized from carnitine hydrochloride and tiglyl

chloride (Tokyo Chemical Industry Co., Tokyo, Japan).

Methods

One punch (1/8 inch of diameter) of DBS was extracted
with 100 4L of methanol solution of NeoSMAAT kit (0.075
nmol/ml [2H9]3-hydroxyisovalerylcarnitine and [2H9]isova-
lerylcarnitine) of by the routine manner for newborn
screening, and the extract was dried under the nitrogen

stream and was re-dissolved in 2% formic acid solution.
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The mixture of SuL of serum specimen and 167 uL of
NeoSMMAT kit solution was centrifuged at 10,000 rpm,
and the supernatant was collected. The samples (10 uL)
were introduced into the LC mobile phase flow of 0.4 mL/
min using 150mmX3.0mm Scherzo SS-C18 column
(Imtakt, Portland, USA). Gradient elution of the analyte
was achieved using a program with mobile phase A (aque-
ous 0.5% formic acid) and mobile phase B ((0.5 M ammo-
nium formate/0.5 M NH,OH=9:1)/methanol=1:9) as fol-
lows: 10% B for 1 min, 10% B to 40% B in 4min, 40% B
to 70% B in 8min, 70% B to 100% B in 0.1 min plus an
additional 7min at 100% B, then back to 10% B in 0.1 min
and re-equilibration for 5 min.

For the measurement of short-chain acylcarnitines in
DBS and serum specimen by electrospray-ionization
LC-MS/MS, a model API 4000 triple-stage mass spectrome-
ter (AB Sciex, Tokyo, Japan) equipped with a model
LC10Avp HPLC system and a model SIL-20AC auto-injec-
tor (Shimadzu, Kyoto, Japan) was used'”. The positive ion
MS/MS analysis was performed in multiple-reaction moni-
toring (MRM) mode with the following transitions; m/z
260>85 for MAAC, m/z 271>85 for [2H9]3-hydroxyisova-
lerylcarnitine, m/z 251>85 for [2H9]isovalerylcarnitine,
and m/z 244>>85 for tiglylcarnitine. Suitable measurement
conditions for the designated transitions were identified
with the automatic tune function of the Analyst software. In
addition, the positive ion MS/MS was performed in prod-
uct-ion scan mode, in order to get the product ion spectra of
any peak using variable collision-energy settings. The con-
dition for the transition m/z 262>103 for MHBC was
determined based on the data of product-ion scan measure-
ment of MHBC peak in DBS of patient A.

The data were recorded for 13min after every sample
injection. For quantification, the recorded peak areas of the

designated MRM ion set were used.

Results

In Fig. 1, MRM chromatogram for serum acylcarnitines
of a patient with KTD was shown. Three peaks of MHBC,
a single peak of MAAC, and a large peak of [2H9]isova-
lerylcarnitine, were observed from 7.8 to 8.8 min of reten-
tion time. As shown in Fig. 2, product ion mass spectra for
3 peaks of MHBC agreed with the reported mass spectra Y,
Since MHBC could not be quantitated separately from
3-hydroxyisovalerylcarnitine (HIVC), using transition of m/

z 262>>85, as shown in the lowest column of Fig. 3, the
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Fig. 1. MRM chromatogram for serum acylcarnitines of a
patient with f-ketothiolase deficiency.
Every MRM transition is shown in parenthesis: see text.
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Fig. 2. Three peaks in MRM chromatogram using transi-

tion of m/z 262>103 and product ion mass spectra
in the measurement of 2-methyl-3-hydroxybutyryl-
carnitine.

(1) MRM chromatogram using transition of m/z 262>
103, (2) Product ion mass spectra of precursor ion (m/
z 262) for three peaks, (3) supposed fragment ions from
[M+H]+0f 2-methyl-3-hydroxybutyrylcarnitine.
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Fig. 4. Two peaks in MRM chromatogram using transi-

tion of m/z 260>85 and product ion mass spectra
in the measurment of 2-methylacetoacetylcarnitine.
(1) MRM chromatogram using transition of m/z 260>
85, (2) Product ion mass spectra of precursor ion (m/z
260) for two peaks, (3) supposed fragment ions from
[M+H]+ of 2-methylacetoacetylcarnitine.
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Table 1. Characteristic acylcarnitines in HSD10 disease and f-ketothiolase deficiency
Tiglylcarnitine MHBC MAAC MAAC/MHBC

Pt-A: KTD (serum) 0.874 0.634 0.1471 0.232
Pt-A: KTD (DBS) 0.615 3.610 0.0590 0.016
Pt-B: KTD (DBS) 0.485 4.844 0.1360 0.028
Pt-C: KTD (serum) 0.036 0.048 0.0014 0.029
Pt-D: HSD10 (DBS) 0.247 0.550 0.0005 0.001
Pt-E: HSD10 (serum) 0.440 0.135 0.0016 0.012
Controls DBS (n=15) 0.003+0.001 0.014+0.004

mean=SD (range) (0.002-0.004) (0.008-0.018) (<0.0004)

Unit of acylcarnitines is nmol/mL.

The internal standards were [ZH(,] isovalerylcarnitine for tiglylcarnitine and [ZH()]3-hydroxyisovalerylcarnitine for 2-methyl-3-hydroxybutyryl-
carnitine and 2-methylacetoacetylcarnitine, respectively; see text for details.
MHBC; 2-methyl-3-hydroxybutyrylcarnitine, MAAC; 2-methylacetoacetylcarnitine,

KTD; S -ketothiolase deficiency, DBS; dried blood spot

transition of m/z 262>103 for MHBC was used, and the
sum of the areas of three peaks was used for calculation.
Because authentic MHBC was not available, the peak areas
measured by the transition m/z 262>103 were compared to
those by m/z 262>85 in DBS of patient B, who had a
markedly large amount of MHBC, but a very low amount
of HIVC; the mean ratio of the former areas to the latter
were 0.32 (n=7).

As shown in Fig. 4, the product ion mass spectrum for
Peak D was identical to that of synthesized MAAC. The
product ion mass spectrum for Peak E, which was observed
constantly in both of control subjects and the patients, was
similar to that of MAAC.

The concentrations of MHBC and MAAC, which were
calculated using [2H9]3-hydroxyisovalerylcarnitine as an
internal standard, and tiglylcarnitine, which were calculated
using [zHg]isovalerylcarnitine, were shown in Table 1. HSD
10 patients had large amounts of tiglylcarnitine and MHBC,
but very low amounts of MAAC, while KTD patients had
large amounts of tiglylcarnitine, MHBC together with
increased amounts of MAAC, which were more clearly
shown by the ratio of MAAC/MHBC. In addition, KTD
patient 3 had higher concentrations of MHBC in DBS than
in serum, while those of MAAC in DBS were lower than in

serum.

Discussion

In the present study, accumulated MAAC has been first
identified in blood of KTD patients. Increased MAAA in
urine of KTD patients suggested the accumulated 2-methy-
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lacetoacetyl-CoA, which is a substrate of mitochondrial
[ -ketothiolase. Therefore, it is speculated that MAAC can
be produced from accumulated 2-methylacetoacetyl-CoA
by carnitine acetyltransferase”). In our experience, how-
ever, MAAA seems unstable in body fluids, and sometime
could not be detected in the urine of the patients with KTD,
especially after long-time storage. Since MAAA was not
commercially available unfortunately, the stability of
MAAA could not be tested and LC-MS/MS measurement
of MAAA has not been performed, yet. Although MAAC
may not be stable enough, it could be detected in consider-
able amounts in blood samples of the patients with KTD,
which were stored in freezer for up to 3 years. Blood sam-
ple, instead of urine, was suggested to be a useful substitute
for chemical diagnosis of KTD.

Increased MHBC, which was assumed to be produced
from accumulated 2-methyl-3-hydroxybutyryl-CoA, has
been reported in patients with KTD". In the reported
LC-MS/MS measurement, there were three isomer peaks of
MHBC, which possesses two chiral carbons and exists in
four isomers. It is thought that the second peak of 2-meth-
yl-3-hydroxybutyrylcarnitine in Fig. 2 may contain two of
the four isomers and three peaks of 2-methyl-3-hydroxybu-
tyrylcarnitine appeared.

On the other hand, MAAC has no chiral carbon and
showed a single peak in our LC-MS/MS measurements.
Interestingly, one peak with a product ion mass spectrum
similar to that of MAAC was observed close to the peak of
MAAC. While it appeared in small amounts even in con-

trols and the ingredient of the peak has not been clarified, it
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should not be counted as MAAC, accidentally. In our
MRM measurements, in addition, very small amounts of
MAAC were quantitated even in patients with HSD10, and
the peak of MAAC may contain some unknown substance
which could influence on the quantitation of MAAC in very
low concentration range, using the MRM transition m/z 260
>85.

In the report mentioned above’, MAAC was not
observed. It may be partly because the concentrations of
MAAC might not be high enough, or simply because the
MRM measurement to detect MAAC was not be per-
formed.

In the present study, the accumulation of MHBC was
more evident in DBS, as compared with that of tiglylcarni-
tine, than in serum. The dominant accumulation of
3-hydroxyisovalerylcarnitine in DBS of the infants with
biotin deficiency has been reportedlz), and MHBC in DBS
could be a better marker for KTD and HSD10 than that in
serum. As shown in KTD patient C, MAAC was rather low
in KTD patient with very mildly increased amounts of
tiglylcarnitine and MHBC, while the ratio of MAAC to
MHBC seems to be a better marker than MAAC concentra-
tion itself to discriminate KTD from HSD10.
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