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A B S T R A C T

Background: Niemann–Pick disease type C (NPC) is an autosomal recessive inherited disorder with progressive
neuronal degeneration. Because conventional diagnostic methods are complicated and invasive, biomarker tests
have drawn attention. We aimed to evaluate three urinary conjugated cholesterol metabolites as diagnostic
biomarkers for NPC.
Methods: Urine samples from 23 patients with NPC, 28 healthy controls, and 7 patients with inherited metabolic
disorders were analyzed. 3β-Sulfooxy-7β-N-acetylglucosaminyl-5-cholen-24-oic acid and its glycine and taurine
conjugates in urine were quantified by liquid chromatography-tandem mass spectrometry. The diagnostic per-
formance of the three metabolites and their total concentration was evaluated.
Result: Creatinine-corrected concentrations of three metabolites and their total concentration were all sig-
nificantly higher in NPC patients (0.0098 < P < .0448). The area under the receiver operating curve for all
metabolites exceeded 0.95, the clinical specificity was 92–100%, and the clinical sensitivity was ~95%. In the
urine of patients with other inherited metabolic diseases, the concentrations of the metabolites were lower than
those in the urine of patients with NPC.
Conclusion: These conjugated cholesterol metabolites in urine can serve as useful diagnostic markers for non-
invasive screening of NPC.

1. Introduction

Niemann–Pick disease type C (NPC) is an autosomal recessive in-
herited disorder that results in progressive neuronal degeneration. This
rare disease is classified as a lysosomal disease and the prevalence rate
of the disease is ~1/120000. Many inherited disorders develop during
the neonatal to infant period, but the onset age of NPC ranges from
neonate to adult [1]. In addition, various symptoms, including visceral,
neurological, and psychiatric symptoms are observed depending on the

age of onset [2]. Most symptoms of the disease overlap with other in-
herited diseases. Therefore, the diagnosis of NPC is complicated and
misdiagnosis or delay in diagnosis is common [1–4].

To date, two diagnostic techniques have been used as definitive
diagnostic procedures for NPC [2]. Staining with filipin, a fluorescent
antibiotic, detects free cholesterol that has accumulated in the lyso-
somes [5]. This method can visualize the intracellular accumulation of
free cholesterol but a skin biopsy is required. Furthermore, ~15% of
patients with NPC have a variant phenotype without obvious
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fluorescence [6]. Additionally, the fibroblast cells require a long cul-
turing time. Thus, the diagnosis of NPC by filipin staining is slow and
labour-intensive. Another test is a genetic analysis of the genes re-
sponsible for this disease: NPC intracellular transporter 1 (NPC1) and
NPC intracellular cholesterol transporter 2 (NPC2). NPC1 codes for a
membrane protein located in the late endosomes/lysosomes [7], and
NPC2 codes for a lysosomal soluble protein [8]. Because the two pro-
teins act to export cholesterol out of the lysosome in a coordinated
manner [9], mutations of either NPC1 or NPC2 affect their function,
resulting in the accumulation of lysosomal free cholesterol. How-
ever, > 700 different mutations have been found in the two genes,
making NPC diagnosis difficult [10].

In recent years, plasma oxysterols [11–13] and plasma sphingolipids
[14–15] have come to attention as potential NPC diagnostic markers.
Common oxysterols for NPC diagnostic screening are cholestane-
3β,5α,6β-triol and 7-ketocholesterol [12–13]. They have very high NPC
diagnostic performance, but there are problems with the analytical
procedures and the stability of the analytes, e.g., complicated deriva-
tization steps [12–13]. In addition, oxysterols are produced from cho-
lesterol in plasma at room temperature by autoxidation [13], yielding
potential false positives. Lysosphingomyelin and lysosphingomyelin-
509 are representative sphingolipids used for NPC screening. Lyso-
sphingomyelin shows high clinical performance as a diagnostic marker
but the ratio of the plasma concentration between patients with NPC
and healthy controls is only 2.8 and increased values are seen in NPA
and NPB as well as in NPC [14]. In contrast, the plasma concentration
of lysosphingomyelin-509 is much higher than that of lyso-
sphingomyelin in patients with NPC. However, the precise structure of
lysosphingomyelin-509 is still unknown and there is no certified re-
ference standard for absolute quantification [15].

Urine collection is noninvasive but there is currently no urinary NPC
biomarker testing method. Thus, we focused on the fact that many
conjugated cholesterol metabolites resulting from several inherited
diseases are excreted in the urine [16] and searched for characteristic
peaks in the urine samples of patients with NPC using the metabolomics
method [17]. Several strong, characteristic peaks were detected, some
of them consistent with previously reported conjugated cholesterol
metabolites [18]. We hypothesized that these unusual metabolites were
possible diagnostic markers of NPC and developed a liquid chromato-
graphy/tandem mass spectrometry (LC-MS/MS) method for the de-
termination of the multi-conjugated cholesterol metabolites 3β-sul-
fooxy-7β-N-acetylglucosaminyl-5-cholen-24-oic acid (SNAG-Δ5-CA)
and its glycine and taurine-conjugates (SNAG-Δ5-CG and SNAG-Δ5-CT,
respectively) in urine. The concentrations of these biomarkers in the
urine of two patients with NPC were higher than those of controls [19].
These conjugated metabolites could also be analyzed using LC-MS/MS
without derivatization. Additionally, because urine sample collection is
noninvasive, urine testing via LC-MS/MS would be preferable to current
NPC diagnostic screening. In this study, we analyzed three metabolites
in the urine from 23 patients with NPC, 28 healthy controls, and 7
patients with inherited metabolic diseases and evaluated the usefulness
of the multiply conjugated cholesterol metabolites as diagnostic mar-
kers of NPC.

2. Materials and methods

2.1. Chemicals and reagents

SNAG-Δ5-CA, SNAG-Δ5-CG, SNAG-Δ5-CT, and 3β-sulfooxy-7β-hy-
droxy-23-nor-5-cholenoic acid (internal standard (IS), Supplementary
Fig. S1) were synthesized as previously reported [20–21]. Ultrapure
water was prepared using a PURELAB ultra apparatus (Organo Co.,
Ltd., Tokyo, Japan). All other chemicals were analytical grade, and the
solvents were high-performance liquid chromatography (HPLC) or LC-
MS grade.

2.2. Urine samples

Urine samples from patients with NPC were collected at the Tottori
University Hospital (Yonago, Japan), Klinik für Kinder und
Jugenmedizin (Muenster, Germany), University Medical Center of the
Johannes Gutenberg University Mainz (Mainz, Germany), Osaka Red
Cross Hospital (Osaka, Japan), and Southern Tohoku Research Institute
for Neuroscience (Koriyama, Japan). Urine of patients with glycogen
storage disease type I, citrin deficiency, and abetalipoproteinemia were
donated by the Department of Pediatrics, Graduate School of Medicine,
Tohoku University (Sendai, Japan). Urine samples of a patient with
glycogen storage disease type II was collected at Dokkyo University
Hospital (Mibu-machi, Japan). All experiments were carried out ac-
cording to the protocol approved by the Ethics Committee of the
Graduate School of Medicine in Tohoku University.

2.3. Urine analysis

LC-MS/MS analysis was performed using a previously reported
method (19). In short, MS/MS measurements were conducted in the
selected reaction monitoring and negative ion mode by using an API
5000 (SCIEX, Framingham, MA) equipped with an electrospray ion
source probe. The mass-to-charge ratios (m/z) of 672>97, 364> 433,
389> 460, and 455>97 were used for the selected reaction mon-
itoring transitions of SNAG-Δ5-CA, SNAG-Δ5-CG, SNAG-Δ5-CT, and IS,
respectively. A Nanospace SI-2 system (Osaka Soda Co. Ltd., Osaka) was
used for liquid chromatography and online solid phase extraction was
carried out by column switching. First, the specimen was mixed with
the IS solution and subjected to online pretreatment. Shim-pack MAYI-
C8 (4.6 mm i.d.× 10mm, 50 μm, Shimadzu Co., Kyoto) was used as the
trapping column, and 20mM ammonium acetate buffer (pH 5.5)/me-
thanol (9:1, v/v) was used as the mobile phase at flow rate of 1.0mL/
min. After 3min, the pretreated fraction was loaded into the LC-MS/MS
system. YMC-Pack Pro C18 (2.1mm i.d.× 150mm, 5 μm, YMC Co.
Ltd., Kyoto, Japan) was used as the analytical column, and 20mM
ammonium acetate buffer (pH 5.5)/methanol (1:1, v/v) was used as the
mobile phase at the flow rate of 0.2 mL/min. All data were analyzed
with SCIEX OS-Q software (SCIEX). Analytical method validation was
carried out according to the items of FDA guidance.

The urine samples were frozen immediately after collection. The
frozen urine samples were shipped via a refrigerated courier service in a
frozen state. The delivered urine was thawed and analyzed within
1 week of arrival. If the quantitative concentration of analytes exceeded
the upper limit of quantification, the urine was diluted to one tenth or
one hundredth using water and reanalyzed. Urinary creatinine was
analyzed with enzymatic creatinine analysis kit (Serotec, Sapporo,
Japan). The urinary concentrations of the three metabolites were cor-
rected for the urinary creatinine concentration.

2.4. Statistical analysis

JMP Pro version 13.2.1 (SAS Institute Inc., NC, USA) was used as the
statistical analysis software. Significant differential analysis of the age
of each group was carried out with Student's t-test. Pearson's χ2 cor-
relation test was used for sex differential analysis, as shown in Table 1.
Wilcoxon's t-test was used in the correlation of urinary concentration of
cholesterol metabolites between patients with NPC and healthy controls
(Fig. 1 and Supplementary Fig. S2). Single regression analysis was used
for the analysis of the correlation between age and concentration
(Supplementary Fig. S3). Wilcoxon's t-test was used in the correlation
between sex and the concentration of each analyte (Supplementary Fig.
S4). Receiver operating characteristic curves and the area under the
curve (AUC) were generated by a logistic regression model (Supple-
mentary Fig. S5).
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3. Results and discussion

3.1. Analytical method validation

Because it was necessary to develop a simple diagnostic method for
NPC, we investigated the usefulness of NPC diagnosis with urinary
SNAG-Δ5-CAs using an established LC-MS/MS method [19]. Before
evaluating the diagnostic performance of SNAG-Δ5-CA, SNAG-Δ5-CG,
and SNAG-Δ5-CT as noninvasive biomarkers for NPC, we revalidated
the reliability of the analytical method. Matrix effect was evaluated
using matrix factor and IS normalized matrix factor [14]. The values of
all analytes were in the range of 100 ± 15% and so were measurable
without being influenced by urinary components (Supplementary Table

Fig. 1. Creatinine-corrected concentrations of SNAG-Δ5-CA (A), SNAG-Δ5-CG (B), SNAG-Δ5-CT (C), and the total concentration (D) in the urine of healthy controls
and patients with NPC. All metabolite concentrations and their total concentration in the urine of patients with NPC were significantly higher than those in the
healthy controls. P-values of SNAG-Δ5-CA, SNAG-Δ5-CG, SNAG-Δ5-CT, and the total concentration were 0.0098, 0.0440, 0.0448, and 0.0163, respectively.

Table 1
Demographics of healthy controls and patients with NPC.

Group Healthy controls Patients with NPC P-value

Number of values 28 23
Male (%) 71.4 39.1 0.0261
Age (y) minimum 0.33 0.0274
Age (y) 25 percentile 1.25 4
Age (y) median 21.5 12 0.4074
Age (y) 75 percentile 29.75 22
Age (y) maximum 47 36

NPC, Niemann–Pick disease type C.
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S1A). Intra-assay and inter-assay reproducibility showed the values
meeting FDA criteria (Supplementary Table S1B). In addition, the
analytes were stable under all storage condition (Supplementary Table
S1D). There was no difference in concentration upon dilution with
water, and no carryover was observed (Supplementary Table S1E and
F).

3.2. Urinary concentrations of SNAG-Δ5-CAs

Next, samples from the healthy controls and those from patients
with NPC were compared. We collected urine samples from 23 patients
with NPC (age 0.0274–36 y) and 28 healthy controls (age 0.33–47 y)
(Table 1). We evaluated the NPC diagnostic performance of urinary
cholesterol metabolites using creatinine-corrected and uncorrected
concentrations. Urinary creatinine correction is generally used for
biochemical examination. However, the creatine concentration varies
with age, particularly in the neonatal period because of premature renal
function. The creatinine-corrected concentrations are summarized in
Fig. 1, and all data are shown in Supplementary Table S2. The un-
corrected concentrations are shown in Supplementary Fig. S2 and
Supplementary Table S3. Although there was a slight difference in the
two datasets, the trends were similar. The urinary metabolites corrected
by creatinine were higher in patients with NPC (P-values show in Fig. 1
and Supplementary Fig. S2), and their mean concentrations in the pa-
tients with NPC were 360- to 558-times higher than those of the healthy
controls (Supplementary Table S4). Early onset cases with more severe
symptoms and high mortality rates are known to show high cholesterol
accumulation [5]. In contrast, late onset cases with weak systemic
symptoms show low cholesterol accumulation [6]. Although a detailed
association between lipid accumulation and pathophysiology has not
yet been elucidated, these metabolite concentrations can be related to
cholesterol accumulation. In contrast, the plasma oxysterol concentra-
tions in the patients with NPC were only eight-times higher than those
in the healthy controls [12]. Oxysterols induce proteins that facilitate
their metabolism and excretion, such as sulfotransferase [22], uridine
5′-diphospho (UDP)-glucuronosyltransferase (UGT) [23], and CYP27A1
[24] via the liver X receptor. Bile acids, which are the primary meta-
bolites of cholesterol, are conjugated with sulfuric acid and eliminated
in urine, many of which are conjugated with amino acids [25]. Ac-
cordingly, the metabolism of cholesterol to SNAG-Δ5-CAs and their
excretion in urine may function as a mechanism for the elimination of
abnormally accumulated cholesterol and oxysterols. As a result, the
difference in urinary SNAG-Δ5-CAs between patients with NPC and
healthy controls might become larger than those of plasma oxysterols.
Regarding the difference in amino acid conjugation type, the ratio of
glycine conjugates to taurine conjugates was larger in patients with
NPC than healthy controls (14.2 ± 12.0 vs. 8.10 ± 7.29, P= .0415).
Amino acid conjugation of the 24th carboxylic acid by glycine or
taurine is catalyzed by bile-acid CoA:amino acid N-acyltransferase in
peroxisomes. The glycine/taurine ratio is also affected by diet, and a
reduction in the taurine content in NPC mice brains has been reported
[26]. Accordingly, the change in amino acid metabolism in NPC might
affect taurine vs glycine conjugates of SNAG-Δ5-CA. However, we could
not recruit the statistically sufficient samples (> 120 samples) for
elucidating their true biomarker performances for NPC, we showed the
possibility of the usefulness of urinary SNAG-Δ5-CAs as high-perfor-
mance and noninvasive diagnostic biomarkers for NPC.

On the other hand, analysis of individual cases revealed a few cases
of low analyte concentrations in patients with NPC. For example, all
metabolite concentrations in the urine of patients 10 and 17 were much
lower than the mean concentrations of those of the healthy controls
(Supplementary Tables S2 and S3). Mazzacuva et al. reported a low
urinary concentration of 3β-hydroxy-7β-GlcNAc-5-cholenoic acid in
two patients with NPC who had mutations in UGT3A1 [27]. UGT3A1 is
thought to be inactivated by this mutation (p.C121G/p.C121G) [28].
Because the allele frequencies are considered to be around 30% [29],

several subjects might have this type homozygous mutation. The sub-
jects showing extremely lower concentrations of urinary SNAG-Δ5-CAs
such as patients with NPC 10 and 17 might be affected by mutations in
UGT3A1. Therefore, it may be better to set a threshold between the
concentrations of patient No. 23, who had the third lowest concentra-
tion of SNAG-Δ5-CAs, and healthy control 19 in the case of SNAG-Δ5-
CA, SNAG-Δ5-CG, and the total concentration or healthy control 6 in the
case of SNAG-Δ5-CT.

3.3. Sex- and age-difference of urinary SNAG-Δ5-CAs

Subsequently, the correlation between age and the concentration of
urinary metabolites was investigated (Supplementary Fig. S3). Patients
are roughly divided into five phenotypes according to the age of onset.
It is thought that there is a correlation between the severity of symp-
toms and age in patients with NPC (2). Based on filipin staining, the
classical type is more common in younger onset cases, and the variant
type is more common in older onset cases [1]. Accordingly, the degree
of cholesterol accumulation could be related to the onset age. In this
study, we collected urine specimens from 10-day-old to 36-year-old
patients to cover the five NPC phenotypes. The age of the healthy
controls was also in accordance with these groups (Table 1). There was
an inverse correlation for all metabolites and age, and the correlation
coefficients were− 0.492 to −0.202 for the patients with NPC (Sup-
plementary Fig. S3). Because SNAG-Δ5-CAs showed the same degree of
correlation as oxysterols [12], they might be markers reflecting the
pathology of NPC. Interestingly, inverse correlations were only ob-
tained for only SNAG-Δ5-CT in the healthy controls. The supplying
taurine with breast milk might influence the result.

Subsequently, the relationship between sex and urinary concentra-
tions was investigated. While Jiang et al. reported higher plasma me-
tabolites in male patients with NPC [30], Porter et al. reported no sex
differences in plasma oxysterols [12]. In female rats, the sulfation ac-
tivity and transporter proteins related to bile acids were higher than
those of male rats [31]. The metabolites were not affected by the gender
of the patients (Supplementary Fig. S4) at least in this study. However,
because the number of samples used in this study was small, we could
not confirm the sex difference regarding these metabolites.

3.4. Evaluation of diagnostic performance of SNAG-Δ5-CAs with receiver
operating characteristic analysis

Next, the diagnostic performance of urinary metabolites was eval-
uated using Receiver operating characteristic analysis. The AUC values
of each metabolite were all> 0.95 (Supplementary Fig. S5). However,
the AUC values were slightly lower than those of the other biomarker
candidates [12,14] (Supplementary Fig. S5). We think that this differ-
ence is due to the extremely low metabolite concentration (patients 10
and 17). Regarding the cut-off concentration, the concentrations with
the highest value of sensitivity-(1-specificity) were selected for each
metabolite. The cut-off concentrations of SNAG-Δ5-CA and SNAG-Δ5-CG
were 90 ng/mg creatinine and 140 ng/mg creatinine, whereas that of
SNAG-Δ5-CT was much lower (18.0 ng/mg creatinine). The clinical
sensitivity and specificity at those conditions for each metabolite are
also shown in Supplementary Fig. S5. The sensitivities were 95.5% or
95.2%, and the specificities were 100% or 92.3%. Thus, all metabolites
were useful urinary markers for NPC diagnosis. On the other hand, if
the cut-off concentrations were set at lower values, the specificity
dramatically decreased, and the false positive rate dramatically in-
creased. As a result, the number of secondary tests would increase
significantly, and the diagnostic test would be considered unsuitable for
primary screening. We previously identified two biomarker candidates
that did not have an N-acetylglucosamine (GlcNAc) group [32]. Thus,
we consider them not affected by the polymorphism of UGT3A1, and
the development as diagnostic biomarkers for NPC will also be expected
in the future. However, because the number of samples used in this
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Fig. 2. Selected reaction monitoring chromatograms of SNAG-Δ5-CA, SNAG-Δ5-CG, and SNAG-Δ5-CT in urine samples from an patient with NPC (A), cere-
brotendinous xanthomatosis (B), abetalipoproteinemia (C), citrin deficiency (D), glycogen storage disease type 1 (E), and glycogen storage disease type 2 (F). High-
intensity peaks were observed in the chromatograms of patients with (A), but low-intensity peaks were observed in the urine of the other controls (B–F).
NPC, Niemann–Pick disease type C; SNAG-Δ5-CA, nonamidated 3β-sulfooxy-7β-N-acetylglucosaminyl-5-cholen-24-oic acid; SNAG-Δ5-CG, glycine-amidated 3β-sul-
fooxy-7β-N-acetylglucosaminyl-5-cholen-24-oic acid; SNAG-Δ5-CT, taurine-amidated 3β-sulfooxy-7β-N-acetylglucosaminyl-5-cholen-24-oic acid.
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study was small, further investigation will be necessary to verify the
observed diagnostic performance.

3.5. Urinary concentration of SNAG-Δ5-CA in subjects with various
common symptomatic diseases

Finally, we analyzed urine specimens of patients with diseases
having similar clinical symptoms to NPC, such as cholestasis, hepato-
megaly, central nervous symptoms, and lipid abnormalities. All these
diseases are genetic and result in abnormalities in lipids and carbohy-
drates. Low concentrations of urinary cholesterol metabolites were
observed for these diseases (Fig. 2 and Supplementary Tables S2 and
S3). However, the number of samples for each disease was considerably
fewer, and we could not determine the value of these metabolites for
differentiating among these diseases.

4. Conclusions

In summary, we evaluated the diagnostic performance of urinary
conjugated cholesterol metabolites as noninvasive diagnostic bio-
markers of NPC. The concentrations of SNAG-Δ5-CA in the urine of
patients with NPC were higher than those of the healthy controls and
patients with congenital diseases requiring discrimination from NPC.
These urinary conjugated metabolites can serve as highly accurate di-
agnostic markers. Thus, we show that urinary SNAG-Δ5-CAs are re-
markably characteristic metabolites of NPC, and urinary cholesterol
metabolites are useful diagnostic biomarkers for the noninvasive diag-
nostic screening of NPC.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cca.2019.03.1610.

NPC, Niemann–Pick disease type C; SNAG-Δ5-CA, nonamidated 3β-
sulfooxy-7β-N-acetylglucosaminyl-5-cholen-24-oic acid; SNAG-Δ5-CG,
glycine-amidated 3β-sulfooxy-7β-N-acetylglucosaminyl-5-cholen-24-
oic acid; SNAG-Δ5-CT, taurine-amidated 3β-sulfooxy-7β-N-acet-
ylglucosaminyl-5-cholen-24-oic acid.
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