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Abstract Niemann-Pick disease type C (NPC) is an autoso-
mal recessive disorder characterized by progressive nervous
degeneration. Because of the diversity of clinical symptoms
and onset age, the diagnosis of this disease is difficult. There-
fore, biomarker tests have attracted significant attention for
earlier diagnostics. In this study, we developed a simultane-
ous analysis method for five urinary conjugated cholesterol
metabolites, which are potential diagnostic biomarkers for a
rapid, convenient, and noninvasive chemical diagnosis, us-
ing LC/MS/MS. By the method, their urinary concentra-
tions were quantified and the NPC diagnostic performances
were evaluated. The developed LC/MS/MS method showed
high accuracy and satisfied all analytical method validation
criteria. When the urine of healthy controls and patients with
NPC was analyzed, three of five urinary conjugated cholesterol
metabolite concentrations corrected by urinary creatinine
were significantly higher in the patients with NPC. As a result
of receiver operating characteristics analysis, these urinary
metabolites might have excellent diagnostic marker per-
formance. 3-Sulfooxy-7(3-hydroxy-5-cholenoic acid showed
particularly excellent diagnostic performance with both
100% clinical sensitivity and specificity, suggesting that it
is a useful NPC diagnostic marker.ll The urinary conju-
gated cholesterol metabolites exhibited high NPC diag-
nostic marker performance and could be used for NPC
diagnosis.—Maekawa, M., I. Jinnoh, A. Narita, T. Iida, D.
Saigusa, A. Iwahori, H. Nittono, T. Okuyama, Y. Eto, K.
Ohno, P. T. Clayton, H. Yamaguchi, and N. Mano. Investiga-
tion of diagnostic performance of five urinary cholesterol
metabolites for Niemann-Pick disease type C. J. Lipid Res.
2019. 60: 2074-2081.
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Niemann-Pick disease type C (NPC) is a progressive and
life-limiting autosomal recessive inherited disorder (1).
The prevalence of this disease is approximately 1,/100,000,
and it is classified as a lysosomal disease. It is caused by mu-
tations in the NPC intracellular cholesterol transporter 1
(NPCI) gene coding for membrane proteins or NPC in-
tracellular cholesterol transporter 2 (NPC2) coding for
secreted proteins (2, 3). Lack of these functional pro-
teins, which work cooperatively with lysosomal free cho-
lesterol efflux, causes excessive accumulation of free
cholesterol and sphingolipids (4). However, the relation-
ship between the characteristic lipid abnormalities and
pathology of the disease remains unclear, as patients with
NPC present a wide variety of clinical symptoms (5). The
onset age of NPC ranges from neonatal to adult, and
the symptoms are diverse and include systemic, visceral,
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amine; HQC, high quality control; IS, internal standard (3@-sulfooxy-
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nervous, and psychiatric abnormalities. Because the prog-
nosis of patients with this disease is poor, it is important to
diagnose NPC early and apply the treatment to maintain
the quality of life of the patient (5). However, few trained
specialists are available and the process leading to the dis-
covery and diagnosis of NPC is complex. As conventional
laboratory tests, the filipin test and genetic examination
are considered to be the gold standards (5). However, both
of these tests are complicated, so biomarker tests have at-
tracted significant attention as a rapid screening method
for NPC. Oxysterols are generated from the accumulated
cholesterol in NPC cells and are present in higher concen-
trations in the plasma of the affected patients (6). The con-
centration of lysosphingomyelin, which is metabolized
from sphingomyelin, is also elevated in the plasma of pa-
tents with NPC (7). Lysosphingomyelin-509 is a blood bio-
marker that has recently been used, butits precise structure
remains unknown (8).

Following the previous report regarding urinary me-
tabolites in patients with NPC by Alvelius et al. (9), we de-
veloped a noninvasive diagnostic method using urine
analysis. First, we developed an analytical method for
three multi-conjugated cholesterol metabolites, nonami-
dated 3B-sulfooxy-7B-N-acetylglucosaminyl-5-cholenoic
acid (SNAG—AE’-CA) as well as its glycine and taurine conju-
gates [glycine-amidated 3B-sulfooxy-73-Nacetylglucosaminyl-
5-cholenoic acid (SNAG—A5-CG) and taurine-amidated
3B-sulfooxy-7B-N-acetylglucosaminyl-5-cholenoic acid
(SNAG—AB-CT)], using LC/MS/MS (10). It was observed
that the metabolites in the urine of two patients with NPC
were much higher than those of the controls without NPC.
Subsequently, we collected over 20 urine samples and pre-
liminarily investigated their diagnostic performance, as-
suming that they might be useful for NPC screening (11).
However, several patients with NPC had extremely low con-
centrations of the relevant metabolites and false-negatives.
Thus, a comprehensive analysis method was used to search
for other biomarker candidates (12), which yielded two
strongly detected metabolite peaks in urine of patients with
NPC, 3B-sulfooxy-7B3-hydroxy-5-cholenoic acid (§7B—A5—CA)
and 3B-sulfooxy-7-oxo-5-cholenoic acid (S70-A’-CA) (13).
In this study, we evaluated the NPC diagnostic marker per-
formance of five urinary conjugated cholesterol metab-
olites. Therefore, we developed an LC/MS/MS method
that could accurately and simultaneously analyze the uri-
nary concentrations of the five conjugated cholesterol me-
tabolites for each sample. The urinary conjugated cholesterol
metabolites in all samples were quantified by the developed
method, and their utility as NPC diagnostic markers was
evaluated.

MATERIALS AND METHODS

Chemicals and reagents

SNAG-A"-CA, SNAG-ACG, SNAG-A™CT, S7B-A’-CA, STO-A’-CA,
and 3B-sulfooxy-7B-hydroxy-23-nor-b-cholenoic acid [as an inter-
nal standard (IS) ] were synthesized as described in previous reports
(the structures are shown in Fig. 1) (13-15). Ultrapure water was

prepared with a PURELAB ultra apparatus (Organo Co. Ltd., To-
kyo, Japan). All reagents (HPLC grade) were purchased from
FUJIFILM Wako Pure Chemical Co. Ltd. (Osaka, Japan). The
urine samples were collected in the morning, stored at —80°C,
and analyzed within 1 month.

LC/MS/MS analysis

A Prominence model high-performance liquid chromatograph
system (Shimadzu Co., Kyoto, Japan) was connected to a triple
quadrupole tandem mass spectrometer (API15000) equipped with
an ESI probe (SCIEX, Framingham, MA). MS/MS was acquired
in selected reaction monitoring (SRM) mode with negative ion
detection. Ion spray voltage, turbo spray temperature, curtain gas,
nebulizer gas, turbo gas, and collision gas were set at —4,500 V,
700°C, 20 psi, 50 psi, 50 psi, and 6 units, respectively. SRM condi-
tions were set as listed in supplemental Table S1. The dwell and
pause times were set to 160 and 5 ms. Data acquisition was per-
formed using Analyst version 1.5.0 (SCIEX) and SCIEX OS-Q
software (SCIEX) for data integration. With respect to the LC, a
column-switching system was used (10-13, 16). After injection of
the sample aliquot, 2 20 mM ammonium acetate buffer (pH 5.5) /
methanol (9:1, v/v) mixture was loaded on an OASIS HLB col-
umn (2.1 mm i.d. x 20 mm, 5 pm; Waters, Milford, MA). Pretreat-
ment of the sample was performed at a flow rate of 1.0 ml/min for
3 min. After washing and concentrating the analytes, the sample
eluent was loaded on a Capcell pak C18 BB-H column (2.1 mm
i.d. x 150 mm, 3 pm; Osaka Soda, Osaka) by switching the valve
used for changing the flow path. Mobile phase A [20 mM ammo-
nium acetate buffer (pH 5.5)] and mobile phase B (methanol)
were gradually changed from A:B = 65:35 to A:B = 45:55 over 50 min.

Preparation of the stock and working solutions

The analytes and IS were adjusted to a concentration of 100
ng/ml using water/ethanol (1:1, v/v, as stock solution). The IS
was diluted with water/ethanol (1:1, v/v) to 33 ng/ml and used as
the IS solution. The analytes were mixed and diluted with water/
ethanol (1:1, v/v) to 0.3, 1, 3, 10, 30, 100, 300, and 1,000 ng/ml
(working solutions for the calibration curve). For quality control
(QC), mixed solutions of 2, 50, and 800 ng/ml were set as the low
QC (LQC), middle QC (MQC), and high QC (HQC) (working
solution for QC), respectively.

Calibration curve

A total of 50 pl of water was used as a surrogate matrix, and
50 wl of IS solution, 50 pl of working solution for the calibration
curve, and 350 pl of water were added and mixed. The mixture
was then centrifuged at 15,000 gat 4°C for 3 min, and 200 pl of
the supernatant were injected for LC/MS/MS analysis. The peak
area ratio of each analyte to IS was plotted against the standard
concentration and the calibration curves were prepared using the
least squares method with 1/ X’ weighting.

Matrix effects

To determine matrix effects, 50 pl of the IS solution, 50 pl of
water/ethanol (1:1, v/v) or QCM solution, and 350 pl of water
were added to 50 pl of urine from a healthy control or water.
After mixing and centrifugation, the supernatant was injected
into the LC/MS/MS system. The matrix factor (MF) for each
analyte was calculated using the following formula, and the ra-
tio considering the MF of the IS was calculated as the IS-normal-
ized MF (7).

MF (%)
(Peak area of spiked urine) — (Peak area of Blank urine) 100
= X
(Peak area of standard solution)
Urinary five cholesterol-conjugated metabolites for NPC 2075



(MF of each analyte)

ISmnormalized MF (%) = (MF fIS)
o

x100

Intra-assay and inter-assay reproducibility

To determine intra- and inter-assay reproducibility, 50 pl of QC
solution (Blank, LQC, MQC, HQC), 50 pl of IS solution, and 350
ul of water were added to 50 pl of urine from a healthy control,
and the specimens were analyzed using the procedure described
above. Every 3 days, urine samples were prepared and analyzed
for every Blank, LQC, MQC, and HQC (N = 6). Generally, the
recovery (percent) was calculated by relative error [RE. (%)].
However, because the analytes in this study were endogenous, it
was calculated by adding the concentration contained in the
healthy control urine (Blank).

RE. (%)
(Calculated concentration) — [(Added concentration) + (Blank concentration)l
(Added concentration) + (Blank concentration)
x100

Precision (percent) was calculated by relative standard deviation

[R.S.D. (%)].

RS.D. <%) _ (Standard dev1auon) 100
(Mean concentration)

Stability test

For the stability test, 50 pl of QC solution (Blank, LQC, HQC)
was dried under a nitrogen gas stream, and the urine of a healthy
control was added and stored under various conditions including:
6 months at —80°C, 24 h at 4°C, 12 h at 25°C as room tempera-
ture, freeze-thaw cycles (repeated three times), and 48 h in an
autosampler. Afterwards, analysis was performed using the same
pretreatment as described above, and the ratio between the data
immediately after preparation and the quantitative value was cal-
culated as recovery (percent).

Dilution test

A mixture of standard solutions was added to 1.5 ml of healthy
human urine to a final standard solution concentration of 645
ng/ml (dilute 1). Dilute 1 was further diluted 20-fold with water

C D
CONHCH,CH,S0H
OH
HO,S0 SN e ot HO,S0 OH
E F
COOH
HO,S0 o HO;80 OH
2076 Journal of Lipid Research Volume 60, 2019

COOH Fi . 1-
AE

(dilute 2) and dilutes 1 and 2 were analyzed as described above.
Dilution factor (percent) was calculated as follows.

(Concentration of dilute 2x 20)

Dilution factor (%) = %100

(Concentration of dilute 1)

Urine analysis

For analysis of the urine samples, 50 wl of urine from healthy
subjects (N = 38) and patients with NPC (N = 28) were sub-
jected to analysis. The data were processed using JMP Pro ver-
sion 13.2.1 software (SAS Institute Inc.). Wilcoxon’s #test and
receiver operating characteristic (ROC) analysis were used for
intergroup analysis and diagnostic performance tests. Urinary
creatinine was analyzed with an enzymatic creatinine analysis
kit (Serotec, Sapporo, Japan). The urinary concentrations of
five metabolites were corrected with the urinary creatinine
concentration.Urine samples were collected after obtaining in-
formed consent from untreated patients diagnosed with NPC and
healthy volunteers. This study abided by the Declaration of
Helsinki principles and was performed according to the protocol
approved by the Ethics Committee of the Graduate School of
Medicine in Tohoku University (Approval number, 2013-1-293).

RESULTS AND DISCUSSION

Detection and separation of analytes with
column-switching LC/ESI-MS/MS

The analytes and IS, which are sulfate conjugates (Fig. 1),
were detected with high sensitivity in negative ion mode
(10-13). As a result of optimization, the SRM condition was
set as listed in supplemental Table SI1. A column-switching
LC system, which was capable of large volume injection
and online solid phase extraction, was used for the analy-
sis (10-13, 16). Under this LC condition, the separation
of all analytes and IS was achieved with sharp peak shapes
(Fig. 2A). In addition, the peaks were separated from uri-
nary contaminant peaks, which were detected constantly
at the SRM transitions of m/z 469 > 97 and m/z 467 > 97
(Fig. 2B).

OH
AcHN
bl e B W

Chemical structures of analytes and IS. SNAG-
"CA (A), SNAG-A"-CG (B), SNAG-A-CT (C), S7B-
A’-CA (D), S7O-A*CA (E), and IS (F).

COCH
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Calibration curves and matrix effects

In general bioanalysis, working solution-spiked sample
matrices are used for preparing calibration curves. Because
the analytes in this study were endogenous in urine, it was
necessary to use a surrogate matrix. Therefore, we investi-
gated the matrix effects for quantification of analytes.

Procedures of sample preparation for calibration curves,
QC samples, and urine samples are summarized in supple-
mental Table S2. We prepared calibration curves using wa-
ter as a surrogate matrix, and all the calibration curves
showed high linearity over a wide range from 0.3 to 1,000
ng/ml (supplemental Table S3A). Next, the matrix effects

TABLE 1. Analytical validation data, intra-day and inter-day assay
Recovery (%) Accuracy (%)
Number Compound Blank LQC MQC HQC LQC MQC HQC
Intra-day assay (N = 6)
1 SNAG-A™-CA 4.69 2.53 2.59 2.20 3.64 —6.01 —6.73
2 SNAG-A"CG 3.07 4.36 3.19 2.87 2.56 —6.63 —7.99
3 SNAG-A’-CT 3.07 6.68 2.39 2.54 4.21 —4.06 —3.40
4 S7B-A’-CA 3.69 2.12 1.86 3.96 —4.94 —6.49 —10.23
5 S70-A°-CA 7.48 1.54 2.13 4.28 5.73 6.10 3.17
Inter-day assay (N = 6)
1 SNAG-A™-CA 4.27 5.50 2.95 2.25 —0.94 —3.60 —4.64
2 SNAG-A’-CG 2.43 4.29 3.50 2.03 —0.81 —4.25 —7.35
3 SNAG-A’-CT 3.11 6.15 1.69 1.82 0.100 —3.92 —4.26
4 S7B-A’-CA 8.31 6.79 4.57 3.00 =5.79 —2.46 —8.75
5 S70-A’-CA 5.76 4.11 3.55 4.25 3.06 9.76 7.67

LQC, 2 ng/ml; MQC, 50 ng/ml; and HQC, 800 ng/ml.

Urinary five cholesterol-conjugated metabolites for NPC
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were investigated. The matrix effect is usually calculated by
the ratio of peak intensity of the standard solution spiked
in a pretreated matrix to that of the neat standard solution
(17). However, the analytical system used herein features
an online solid phase extraction, so we could not evaluate
the typical method (17). Therefore, it was evaluated using
MF, which is the parameter combining the pretreatment
extraction efficiency and matrix effects from biological
contaminants (7). As a result, the MFs of all analytes and IS
were 101-105% (supplemental Table S3B). The IS-normal-
ized MFs of all analytes were nearly 100%), and it was found
that the analytes could be quantified without considering
the matrix effect.

Reproducibility test

The method reproducibility was investigated using QC
samples. Accuracy was evaluated by subtracting the concen-
tration in the healthy control urine as Blank. The accuracy
of the inter- and intra-day assays was within 100 = 10% for
all QC samples and their precision (percent) was within
10% (Table 1).

Stability test

The QC solution-spiked urine samples were stored un-
der various conditions and the analytes were subsequently
quantified. All analytes could be stably stored under all
conditions tested and could be quantified even for the
long-term-preserved specimens (Table 2).

Dilution test

When the upper limit of the calibration curve was ex-
ceeded, it became necessary to dilute with the matrix and
remeasure the sample using general bioanalytical tech-
niques. Because endogenous analytes of this study are in-
cluded in urine, water was used as a surrogate matrix. The
influence on the quantitative value was investigated and it
was found that 20-fold dilution of the urine sample by wa-
ter did not affect the quantitative results (Table 2).

Analysis of five urinary cholesterol metabolites in healthy
controls and patients with NPC

Subsequently, all urine samples from the healthy con-
trols and patients with NPC were analyzed. A total of 66
specimens were collected from patients with NPC and
healthy controls, and their demographics are listed in sup-
plemental Table S4. The age of the groups did not differ
between healthy controls (0.33-47 years) and patients
with NPC (0.0274—48 years; P = 0.1739), but a larger pro-
portion of females were recruited in the NPC patient
group (P =0.0179). A typical SRM chromatogram of pa-
tients with NPC is shown in Fig. 2C. The data are summa-
rized in both creatinine-corrected concentrations, which
are often used for biochemical examinations (Fig. 3, sup-
plemental Table S5), and uncorrected concentrations
(supplemental Fig. S1, supplemental Table S6). All me-
tabolites were significantly higher in patients with NPC in
terms of creatinine-corrected concentrations and uncor-
rected concentrations other than SNAG-A’-CT (Fig. 3,
supplemental Fig. S1). The correlations between each of
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TABLE 2. Analytical validation data, stability and dilution test

—80°C for 6 Months 4°Cfor 24 h 24°C for 12 h Autosampler for 48 h

Freeze and Thaw

Dilution (10 wg/ml)

LQC HQC LQC HQC LQC HQC LQC HQC LQC HQC

Compound

Number

109 £ 0.759
109 + 0.976
107 £ 1.81
104 +1.11
102 +1.76

93.7 + 0.797
94.4 + 0.844
96.3 +2.18
106 + 1.09
109 + 1.40

101 + 3.09

92.2 + 2.80
99.7 + 2.21
94.7 + 2.38
103 +1.43

95.8 +2.16
959+ 1.15
94.6 + 0.399
93.8 +2.30
96.9 + 3.36

95.5 + 3.23
98.4 + 2.36
95.6 + 2.17
94.4 +7.45
95.3 + 2.92

97.1 £ 0.227

97.2 +0.931
97.2 +1.97
92.1 +0.347

93.4 + 1.65

101 + 3.84

99.1 +3.19
97.7 +4.48
96.8 + 1.34
102 +6.30

95.0 + 2.64
97.6 + 1.88
98.5 + 1.66
103 + 1.46
104 £ 0.168

76

96.8 + 2.13
98.9 +5.89
99.9 + 3.05

104 £ 0.687 95.3 + 4.58
110 + 3.

101 + 1.08
104 + 1.64

99.1 + 0.642
97.4+1.18

99.9 +3.75
979 +1.17
98.1 +2.34
98.6 +2.47
96.8 + 4.99

SNAG-A"-CA
SNAG-A*-CG
SNAG-A’-CT
S7B-A’-CA
S70-A°-CA

— N eO F o

Recovery (%, mean + SD). LQC, 2 ng/ml; MQC, 50 ng/ml; HQC, 800 ng/ml.
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the metabolites were investigated and observed to gener-
ally correlate (supplemental Fig. S2). On the other hand,
the correlation for S7B-A’-CA and other metabolites was
slightly lower than other combinations. Similar to the re-
ports of Mazzacuva et al. (18) and Jiang et al. (19), we
speculate that the analytes in this study were produced via
oxysterols. It was also assumed that S70-A’-CA is metabo-
lized from 7-ketocholesterol, and SNAG-A"-CA, SNAG-
A’-CG, SNAG-A’-CT, and S7B-A°-CA are produced from
7B-hydroxycholesterol. The sequence of cleavage of the
side chain, conjugation with sulfuric acid, amino acid,
and N-acetylglucosamine (GlcNAc) remains unknown.
Because SNAG-A’-CA, SNAG-A™-CG, and SNAG-A’-CT
showed high correlations, it is expected that they are pro-
duced via similag metabolic pathways. In contrast, S7B-
A’-CA and S70-A’-CA may pass through a slightly different
route. In addition, S7B-A’-CA did not overlap at all be-
tween the samples from the patients with NPC and healthy
controls in any cases tested. In our previous studies (11)
and the report by Mazzacuva et al. (18), several cases
where metabolites bearing the 7B-GlcNAc group were
present in extremely low concentration were observed due
to mutation of the UGT3A1 gene, which codes for UDP

Urinary five cholesterol-conjugated metabolites for NPC

glucosyltransferase 3A1 as a GlcNAc conjugation enzyme
(20). In this study, the concentrations of the metabolites
of SNAG-A"-CA, SNAG-A’-CG, and SNAG-A’-CT were very
low in the urine of patients with NPC numbers 10 and 17.
Conversely, the concentration of S7B—A5—CA, which does
not contain a GIcNAc group, in NPC samples was higher
than those of healthy controls, and it is likely that the dis-
crimination between ;)atients with NPC from other sub-
jects by urinary S7B-A”-CA concentration may be possible.
Similarly, S70-A°-CA does not contain a GIcNAc group,
but some overlap was observed between the concentra-
tions present in the urine samples of the patients with
NPC and healthy subjects. The results suggested that anal-
ysis of urinary S7B-A’-CA may prevent overlooking of pa-
tients with NPC with false negative results based on
abnormally low concentrations due to the UGT3Al muta-
tion (18, 20). Because the concentrations of urinary cho-
lesterol metabolites were generally higher than plasma
oxysterols (Fig. 3, supplemental Table S7, Refs. 6, 21),
these metabolites act as an excretion pathway of excessive
accumulated cholesterol due to metabolic abnormalities
similar to other cholesterol metabolic disorder diseases
(22-26).

2079



A B
1.0 1 1.0 1
-
0.8 A 0.8
AUC 0.961 AUC 0.928
€46 { Cutoff 180 ng/imgCr £06 { Cutoff 100 ngimg Cr
s Sensitivity 92.6% £ Sensitivity 92.9%
g 04 Specitivity 100% % 04 Specitivity 97.3%
» »
0.2 1 0.2 A
0.0 T T T 0.0 T T T T d
0.0 0.2 04 0.6 0.2 04 0.6 0.8 1.0
1-Specificity 1-Specificity
Cc D
0 0 Fig. 4. ROC analysis results of the urinary concen-
08 - o8 tration of SNAG-A*-CA (A), SNAG-A*-CG (B), SNAG-
" ’ A’-CT (C), S7TB-ACA (D), S7O-A*-CA (E), and their
S 0.6 ‘; 0.6 total concentration (F). AUC, cut-off concentration,
= ggt?off 2'59;5“"“9 - =2 gﬂtcoff jl::?ng!mg - sensitivity, and specificity are also shown. The AUC val-
€04 4 . = - e
3 Sensitivity 96.3% 8 0.4 Sensitivity 100% ues ranng between 0.916 afld‘l..(). The sensitivities
Specitivity 81.1% Specitivity 100% were 92.6-100% and the specificities were 81.1-100%.
2 0.2 1 The cut-off concentrations ranged from 15 to 800 ng/
i i mg creatinine (Cr) and S7B-A’-CA showed clear-cut
00 02 04 06 08 10 00 02 04 06 08 10 diagnostic performance.
1-Specificity 1-Specificity
E F
1.0 1.0
0.8 0.8
Fy 06 4 AUC 0.987 2 0.6 AUC 0.998
= Cut-off 80 ng/mg Cr Z Cut-off 800 ng/mg Cr
@ Sensitivity 96.4% e Sensitivity 96.4%
& 04 1 specitivity 97.4% &04 1 specitivity 100%
0.2 0.2
0.0 T T T T | 0.0 T T T T )
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

1-Specificity 1-Specificity

Diagnostic performance of the urinary NPC biomarker candi-
dates. Finally, the NPC diagnostic performance of each
urinary cholesterol metabolite was evaluated using ROC
analysis (Fig. 4). This study investigated the biomarkers for
a rare lysosomal disease, NPC, and we experienced diffi-
culty collecting urine specimens and collected a total of 66
specimens. This limited sample size is not ideal, but the
sample number in this study exceeded the threshold that
could yield significant differences as a result of power anal-
ysis (data not shown). Accordingly, the analytical results
were subjected to statistical analysis and the area under the
curve (AUC) value exceeded 0.92 for each metabolite. In
particular, because S7B-A’-CA exhibited no overlap be-
tween NPC and control patients, the AUC value of the me-
tabolite was 1.0. The cut-off concentration was set to the
concentration with the highest value of sensitivity-(1-speci-
ficity), which is representative of the highest true positive
rate and lowest false negative rate. The sensitivity was 92.6—
100% and specificity was 81.1-100%, but S7B-A’-CA showed
100% for both parameters. These results were nearly equiv-
alent to the plasma oxysterols (6) and their metabolites
(18, 19). Therefore, the metabolites investigated herein
represent a series of metabolites produced from cholesterol
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accumulated by NPC pathology (18, 19). These results also
suggest that urinary metabolites are a series of metabolites
generated from cholesterol accumulation in an NPC-de-
pendent manner (6, 18, 19). In addition, some patients
with other lysosomal diseases and cholesterol metabolic
disorders provided almost low concentrations (supplemen-
tal Tables S5, S6). Thus, it is suggested that these urinary
metabolites can serve as useful NPC diagnostic biomarkers,
reflecting the pathology of NPC.

CONCLUSIONS

A simultaneous analytical method for five urinary conju-
gated cholesterol metabolites identified from the urine of
patients with NPC was developed using LC/MS/MS. The
performance of the five metabolites as NPC diagnostic bio-
markers was also evaluated. First, we developed a reliable
analytical method using column-switching LC/MS/MS,
and then five NPC diagnostic biomarker candidates in
urine were quantified. All five metabolites were generally
present in higher concentrations in the urine of patients
with NPC compared with that of healthy controls and



showed excellent diagnostic marker performance. It was
observed that the conjugated cholesterol metabolites are
useful as diagnostic markers of NPC. In particular, S7B-

A’-

CA is a valuable biomarker, exhibiting both 100% sensi-

tivity and specificity. In the future, it is expected that these
five urinary cholesterol metabolites (S7B-A’-CA in particu-
lar) will be used for a noninvasive diagnostic screening
method for NPC.H
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editing.
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