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Abstract Newborn screening for hereditary tyrosinemia type I (HT1) is performed worldwide by measuring succinylac-

etone (SA) in dried blood spots using flow-injection tandem mass spectrometry with cut-off values for SA ranging from

1.29 to 10uM. In Japan, HT1 is not a target disorder for newborn screening, and high-risk screening is performed only after

disease onset. Blood SA concentrations in patients with HT1 who develop liver cirrhosis have been reported to be lower

than those in the neonatal period, and there is an urgent need for a reliable diagnostic method. Therefore, in this study, we

developed a highly sensitive method for SA analysis using liquid chromatography-mass spectrometry. This method allows

quantification of SA concentrations at 0.005xM and enables measurement of SA concentrations not only in patients with

HT1 who have liver cirrhosis but also in asymptomatic patients or patients undergoing drug therapy.
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1. Introduction

Hereditary tyrosinemia type I (HT1; McKusick 27670) is
an autosomal recessive disorder caused by a deficiency in
fumarylacetoacetate hydrolase in the tyrosine degradation
pathwayl). This disease can cause severe liver disease and
renal tubular dysfunction via the accumulation of fumarylac-
etoacetate (FAA) and maleylacetoacetate (MAA), which are
readily converted to succinylacetone (SA). The diagnosis of
HTI relies on the detection of increased levels of SA in the

blood and/or urine. Treatment with 2-(2-nitro-4-trifluorometh-
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ylbenzoyl)-1,3-cyclohexanedione has now become the stan-
dard treatment for the management of HT1 and provides sig-
nificant improvement of symptoms in patients by reducing
the levels of FAA, MAA, and SA in biological fluids.
Newborn screening for HT1 in Europe using SA as a
screening marker was first reported in 2007”. In the initial
study, screening was performed using a non-kit method; SA
in dried blood spots (DSB) was derivatized into the oxime
form. Then, flow injection-tandem mass spectrometry (FI-
MS/MS) analysis was performed with a cutoff value of
10uM. A review paper published in 20177 reported that the
methods used by screening laboratories included both non-kit
and kit methods and that the cutoff values of these methods
were not consistent, ranging from 1.29 to 10uM. These dis-
crepancies raised concerns about the accuracy of screening.
In Japan, HT1 has not been a target disorder for newborn
screening due to the low frequency of patients with the disease
and difficulties with the derivatization method. Instead, urinary
organic acid analysis was performed to detect increased SA

excretion for infants with symptoms of liver failure together
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with high tyrosine levels. However, we encountered a patient
with HT1 who had mildly elevated serum SA levels without
pathological increases in urinary SA due to advanced liver cir-
thosis”. In this case, the serum SA levels measured by liquid
chromatography (LC)-MS/MS were lower than the cutoff val-
ues for newborn screening using FI-MS/MS in the review
paper mentioned above. Notably, serum SA levels in patients
with asymptomatic HT1 and treated patients with HT1 mea-
sured by gas chromatography (GC)-MS were much lower than
those of untreated patients with HT1.

In the current study, we improved our LC-MS/MS
method to measure serum SA levels in patients with HT1,
as described above, and examined whether this approach

could be useful in clinical applications.

2. Materials and Methods

2.1

2.1.1.
DBS samples from two patients with HT1 prepared

Materials

Biological samples

during the newborn period for mass screening using MS/
MS were stored in a refrigerator in screening laboratories
and then transported to our laboratory at the University of
Fukui and measured using LC-MS/MS after obtaining per-
mission from the parents of each patient. DBS and serum
and urine samples from some patients with HT1 were col-
lected at the time of disease onset. Three patients with HT1
had liver cirrhosis at diagnosis, and diagnoses of HT1 were
confirmed by gene analysis. Informed consent was obtained

from all subjects involved in the study.

2.1.2.  Chemicals

A NeoSMAAT kit for MS/MS newborn screening, which
contained labeled acyl-carnitines and amino acids, was pur-
chased from Sekisui Medical Co. (Tokyo, Japan). Succiny-
lacetone was purchased from Tokyo Chemical Industry
(Tokyo, Japan), and succinylacetone-BC5 was purchased
from the VU Medical Center Metabolic Laboratory
(Amsterdam, The Netherlands).

2.2.  Methods

For routine LC-MS/MS analysis of serum SA, 6uL
serum was placed in a small test tube with a punched piece
of unused filter paper for newborn screening, and 0.22 mL
of acetonitrile solution containing succinylacetone-BC5
(0.2nmol/mL), 0.1% hydrazine H,O, and 0.1% formic acid

was added. The tube was shaken slowly for 45min. The
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supernatant, which contained oxime derivatives of SA
(SA-oxime) and SA-13C5, was obtained by centrifugation,
dried, and then redissolved in 60uL of 2% formic acid/
methanol. For the analysis using 120xL serum, the com-
bined supernatant obtained from ten test tubes with 12uL
serum and 0.44mL reaction mixture was dried and then
redissolved in 2% formic acid/methanol.

To determine the linearity, we analyzed non-patient serum
spiked with SA to a final concentration of 0.005-10 M.

For the analysis of SA in DBS, a 3-mm-diameter punch
of DBS was used instead of a serum sample.

An aliquot (10uL) of the redissolved solution was intro-
duced into the LC mobile phase flow (flow rate: 0.4 mL/min)
using a 150 mmX*3.0mm Scherzo SM-C18 column (Imtakt,
Portland, OR, USA). Gradient elution of the analytes was
achieved using a program with mobile phase A as aqueous
0.5% formic acid and mobile phase B as 0.5M ammonium
formate and 0.5M NH,OH (9:1)/methanol (1:9).

A Triple Quad 4500 LC-MS/MS system (Sciex, Tokyo,
Japan) was used for LC-MS/MS. The MS/MS analyses were
performed in multiple reaction monitoring (MRM) mode
using transitions at m/z 155/137 for SA-oxime and m/z
160/142 for 13C5-SA-oxime. Suitable measurement condi-
tions for the designated transitions for SA-oxime and
13C5-SA-0xime were identified with the automatic tune func-
tion in Analyst software. For quantification, the recorded

peak areas of the designated MRM ion set were used.

3. Results

No measurable SA peak was observed on the chromato-
gram of non-patient serum without spiked SA (n=15). In the
analysis of non-patient DBS (n=6), the SA concentration
ranged from less than 0.05 to 0.14xM (Table 1). When
non-patient serum containing spiked SA (SA concentration:
0.05-10.0uM) was prepared and analyzed using our routine
method, good linearity (R2=0.9995) was obtained and intra-
and interday assay coefficients of variation (CVs) for SA at a
concentration of 0.05 M were 3.5% and 5.1%, respectively.

In the analysis using 120uL serum (SA concentration:
0.005-1.0uM), good linearity (R2=0.9995) was obtained,
and intra- and interday assay CVs for SA at a concentration
of 0.005uM were 4.1% and 5.4%, respectively (Fig. 1). Sev-
eral unknown peaks in MRM chromatograms for the transi-
tion at m/z 155/137 (representing SA-oxime) were observed,
together with an apparent SA-oxime peak (Fig. 2).

In HT1 patient A, the SA concentrations in DBS were
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Table 1.

Succinylacetone levels in serum samples, DBSs, and urine samples from patients with HT1

HT1 patient Age at diagnosis

Measurement at diagnosis

Newborn screening

SA in urine SA in DBS SA in serum SA in stored DBS
(mmol/molCr) (uM) (uM) (uM)
A 5 months 103 2.6 — 28.7
B 2 years 6 months <4 1.6 1.1 —
C 2 months <4 — 0.78 5.5
Controls <4 <0.05-0.14 <0.05 <0.05-0.14
y=1.0847x+0.0012
woows S 107 13C5-SA-oxime
= A 8.0¢6
\%; 0B ~"f.
%)
4 y
° 2 60e6
= < Q
< A4 = .
= = SA-oxime
3 406
S o
o o
S
g o ]
| 2.0e6 N
< 02 - H
)
g ’ “J
o J\‘ M
o o 0 UL
o 02 04 06 0B 1 0 1 2 3 4
designated concentration of SA (uM) retention time (min)
Fig. 1. Regression line of measured SA versus designated Fig. 2. MRM chromatograms for SA-oxime (m/z 155/137)

serum concentrations of SA in our analysis using
120 4L serum samples.

28.7uM in the neonatal period and 2.6uM at the time of
diagnosis (5months of age). In patient B, the SA concentra-
tions at 2.5years of age were 1.6u4M in DSB, 1.1uM in
serum, and less than 4 mmol/mol Cr in urine. In patient C,
the serum SA concentrations at 2months of age were
0.78 uM and less than 4 mmol/mol Cr in urine, whereas the
SA concentration in newborn DBS was 5.5 M (Table 1).

4. Discussion

According to a review paper on HT1 screening in Europe
and the United States”, the cutoff value for SA in neonatal
DBS by FI-MS/MS ranges from 1.29 to 10uM. The uncer-
tainty regarding test accuracy is assumed to be related to
differences in sample preparation methods. Many of the
laboratories surveyed in the review paper used non-kit

methods, although SA was derivatized in different ways in
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and “C.SA-oxime (m/z 160/142), showing an
SA-oxime peak of 0.01 M together with several
unknown peaks.

both laboratories using kit and non-kit methods. A recent
report from a screening facility using the Neobase2 kit”
showed that the SA cutoff value was 1.54M and that the
non-patient control value was 0.60=0.07 M. However,
according to a report from the 2020 CDC Newborn Screen-
ing Quality Assurance Program (NSQAP)7), the cutoff
value for the SA concentration in seven screening facilities
using the Neobase2 kit ranged from 0.9 to 2.8 uM. They
also reported large differences in SA concentrations deter-
mined using the FI-MS/MS method at various facilities. In
addition, the detection limit for SA using FI-MS/MS may
be affected by the presence of nonspecific compounds,
which could appear as unknown peaks, as shown in our
MRM chromatogram (m/z 155/137) for SA-oxime.

In an analysis of SA in blood samples using LC-MS/MS
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and SA derivatives of butyl ester and oxime obtained when
using dansylhydrazineg), the SA concentrations in neonatal
DBS from patients with HT1 were reported to range from
3.3 to 65uM, and the lower limit of measurement was
0.2uM. In present study, the lower limit of measurement
was 0.05uM, although our derivatization method using
only hydrazine was simpler than that of the above report.

In an analysis of plasma SA concentrations using GC-MS
(lower limit of measurement: 0.024 ,uM)S), the plasma SA
concentrations were reported to be 0.11-0.14 M in asymp-
tomatic HT1 cases, 0.021-0.056 4M in treated patients with
HT1, and 0.003-0.021 M in controls, although 0.5mL of
sample was required for measurement. In addition, com-
plex derivatization using fluoride compounds was per-
formed for GC-MS analysis, resulting in four isomer peaks
for SA; this seems to be disadvantageous in terms of quan-
titation. In our LC-MS/MS method, the sample volume
required to obtain the same sensitivity as in the above
GC-MS was just 0.12mL, and the simple derivatization
procedure was advantageous in terms of accuracy.

Using LC-MS/MS, we found that blood SA concentra-
tions in patients with HT1 with liver cirrhosis were mark-
edly lower than those collected from patients during the
neonatal period. Regarding the difference between serum
and DBS in our SA analysis, SA concentrations in DBS
were higher than that in the serum sample from patient B,
as shown in Table 1. These findings suggest that SA may
accumulate more markedly in blood cells than in the liquid
component of biological fluids from patients with HT1.

It is difficult to obtain consistent quantitative values
using the FI-MS/MS method owing to the ion suppression
phenomenong). In addition, as shown in Fig. 2, a few
unknown peaks appeared in the MRM chromatogram close
to the peak for SA-oxime. These peaks may significantly
influence SA quantification using FI-MS/MS. Thus, mea-
surement of blood SA concentrations by LC-MS/MS may
be essential for the chemical diagnosis of patients with HT1

with a variety of conditions.
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