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Abstract

Background

Niemann-Pick disease type C (NPC) is an autosomal recessive disorder caused by muta-
tions of NPC1 or NPC2, which encode the proteins that are responsible for intracellular cho-
lesterol trafficking. Loss of this function results in the accumulation of cholesterol-related
products, such as oxysterols, sphingolipids, and NPC-related bile acids, which were recently
used as biochemical biomarkers for the diagnosis of NPC. Bile acid-408 is a new significant
compound we found in Japanese NPC patients, and it likely belongs to the category of bile
acids. However, the diagnosis of NPC using a single biomarker is not satisfactory for clinical
application because of the high instance of false negatives or positives. Therefore, we pro-
posed an application of NPC diagnosis using a combination of 7-ketocholesterol (7-KC),
lysosphingomyelin (lysoSM), bile acid-408 and/or glucosylsphingosine (lysoGL-1).

Methods and findings

7-KC, lysoSM and lysoGL-1 in sera and bile acid-408 in dried blood spots (DBS) were quan-
tified within 17 minutes using tandem mass spectrometry and high-resolution mass spec-
trometry, respectively. We measured these biomarkers in NPC patients (n = 19), X-linked
adrenoleukodystrophy (X-ALD) patients (n = 5), patients with other lysosomal diseases
(n=300), newborns (n = 124) and healthy people (n = 74). Our results showed a promising
accuracy (97%) for NPC diagnosis using the combination of 7-KC, lysoSM and bile acid-
408. However, contrary to our expectations, lysoGL-1 levels did not present at a significantly
greater amount in NPC patients than other patients and negative controls.

Conclusions

The combination of 7-KC, lysoSM and bile acid-408 improves the accuracy of NPC diagnosis
and is feasible for mass screening due to its simple sample preparation and measurement.
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Future research should investigate the chemical structure of bile acid-408 to further facilitate
its advantage in diagnosis.

1. Introduction

Niemann-Pick disease type C (NPC, OMIM#607623, OMIM#601015) is a fatal, inherited lyso-
somal cholesterol storage disorder disease caused by the mutations of NPCI (95%) or NPC2
(5%) [1-2]. The exact function of the proteins encoded by these genes is not certain, but NPC1
likely transfers low density lipoprotein-derived free cholesterol out of lysosomes or late endo-
somes, and NPC2 acts in concert with NPC1 [3-5]. Impaired intracellular lipid trafficking
leads to an accumulation of unesterified cholesterol and sphingolipids, which were found in
many tissues and organelles [1, 3, 6]. There is a huge heterogeneous clinical presentation of
NPC, including its age of onset (from infants to adults) and its clinical phenotypes, which
includes vertical supranuclear gaze palsy (VSGP), ataxia, dystonia, seizures, dysarthria, dys-
phagia and dementia [3, 7]. Although the age of onset varies significantly, the rate of progres-
sion appears linear independent of age of onset [3, 8, 9]. There are approximately 11 Japanese
NPC newborns annually, with an incidence of 1.12:100,000 [10], and this number is likely to
increase due to newborn screening of rare diseases in Japan. Miglustat is the only EMEA-
approved drug for the treatment of NPC [11, 12], but substrate reduction therapy (SRT),
chemical chaperones and gene therapy are under current investigation [13-16]. Recent clinical
data on the efficacy of enzyme replacement therapy (ERT) on other lysosomal diseases, such as
Gaucher disease and Fabry disease, indicated that disease prognoses improved dramatically
when patients were treated early, especially before the onset of clinical phenotypes [17-20].
This treatment strategy may also be effective for NPC [5, 9]. Therefore, appropriate diagnostic
methods are proposed.

A revised diagnostic algorithm for NPC was proposed with the initial screening use of an
NPC suspicion index, genetic panel, and biomarker profiles instead of filipin staining followed
by genetic analysis [21]. The primary drawbacks of previous processes are that they are not fea-
sible for mass screening because they need some skills, and repeats of filipin staining are not
always reliable [3, 6, 21]. Therefore, other methods to diagnose NPC, primarily the quantifica-
tion of abnormal metabolites as biomarkers using mass spectrometry, has been widely used.

Oxysterols, lysosphingolipids and NPC-related bile acids in serum/plasma or dried blood
spots (DBS) are biomarkers for the diagnosis of NPC [22-30]. Oxysterols are products of non-
enzymatic cholesterol oxidation because of oxidative stress in NPC patients. Two significant
oxysterols are used as plasma biomarkers, cholestane-38,50,6B-triol (C-triol) and 7-ketocho-
lesterol (7-KC) [25, 27, 31, 32]. Lysosphingolipids are N-deacetylated sphingolipids, which are
widely used in diagnosis of lysosomal disorders, such as globotriaosylsphingosine (lysoGb3)
for Fabry disease [33] and glucosylsphingosine (lysoGL-1) for Gaucher disease [34]. For NPC,
lysosphingomyelin (lysoSM), lysosphingomyelin-509 (lysoSM-509) and lysoGL-1 were
reported for their significant performance in plasma or DBS [22, 26, 30, 35, 36]. A third cate-
gory was also proposed as NPC-related bile acid-bile acid A/B and NPCBA1/BA2 [28, 29],
likely from C-triol and 7-KC. We also found a significant new compound in Japanese NPC
patients, bile acid-408. However, we have not confirmed its chemical structure at the date of
this publication. The diagnosis of NPC using these compounds was reported in the US and
Europe, but their applicability in Japanese NPC patients was not systemically presented. Fur-
thermore, none of these biomarkers shows considerable advantages over the others. We

PLOS ONE | https://doi.org/10.1371/journal.pone.0238624 September 8, 2020

2/11


https://doi.org/10.1371/journal.pone.0238624

PLOS ONE

7-Ketocholesterol, lysosphingomyelin and bile acid-408 to diagnose Niemann-Pick disease type C

proposed a biomarker-based diagnostic method using a combination of 7-KC, lysoSM and
bile acid-408 to diagnose NPC.

2. Methods and materials
2.1 Samples

DBS (n = 56) and sera (n = 74) of anonymous controls (healthy adults) were obtained from
Southern TOHOKU General Hospital, Japan. Anonymous newborn dried blood spots (NDBS;
n = 124) and healthy adult DBS (n = 11) were provided by Osaka City University, Japan. Sera
(n =300) and DBS (n = 17) of patients with X-linked adrenoleukodystrophy (X-ALD) or other
lysosomal diseases were collected by treating medical doctors across Japan. In addition, there
were Japanese NPC patients with DBS (n = 16) and sera (n = 19) collected that were included
in this cohort. All these samples were obtained with the participants’ full informed consent by
their signature. The research was approved by ethical committee of Southern Tohoku Institute
of Neuroscience (N0.90-2, 256).

2.2 Preparation of samples

60 pL of serum was added into a 1.5 mL tube with 540 pL 2-Propanol (HPLC grade, Kanto,
Japan) and a 20 pL mixture of deuterium-labeled internal standard (IS) 7-KC-d7, lysoSM-d7
and lysoGL-1-d5 (Avanti Polar Lipids, Inc., USA). After mixing for 2 min with a micro tube
mixer (Tomy, Japan), the extraction was centrifugated for 20 min at 12,000g. Next, 480 pL of
supernatant from this extraction was dried under an air stream and reconstituted with 20 pL
of methanol (HPLC grade, Kanto, Japan). The final solution was transferred to

autosampler micro vials for measurement. A mixture of IS was to normalize the process of
sample preparation.

Three 3-mm punches of DBS/NDBS were put into a 1.5 mL tube containing 30 uL of MilliQ
water. After mixing for 5 min, 690 UL of methanol and 30 pL IS mixture were added. Then the
extraction was sonicated for 15 min at room temperature followed by centrifugation for 5 min
at 10,000g. 600 pL of supernatant from this extraction was dried and reconstituted with 30 pL
of methanol.

2.3 Calibration of 7-KC, lysoSM and lysoGL-1

Multicomponent calibration standards consisted of 7-KC, lysoGL-1 (Avanti Polar Lipids, Inc.,
USA) and lysoSM (Matreya LLC, USA) standards with the same amount of IS mixture in the
methanol solvent. The calibrated amounts of 7-KC, lysoSM and lysoGL-1 were 0-0.8 ng (R* =
0.997), 0-0.7 ng (R*=0.999) and 0-0.8 ng (R*=0.998), respectively. One calibration set was
utilized for every 50 samples.

2.4 Quantification of 7-KC, lysoSM, lysoGL-1 by LC-MS/MS and bile acid-
408 by LC-HRMS

7-KC, lysoSM and lysoGL-1 in serum were quantified by high-performance liquid chromatog-
raphy (HPLC) connected to tandem mass spectrometry (LCMS-8040, Shimadzu, Japan). The
mixture was eluted by mobile phase A (10 mM NH,COOH, Wako, Japan) and phase B (10%
10 mM NH,COOH/MeOH) through a C8 column (Inertsil C8-3, 3 um, 2.1 x 50 mm, GL Sci-
ences Inc., Japan) connected with an in-line filter unit (ACQUITY, Waters, USA). The multi-
ple reaction monitoring (MRM) transitions were 401.3 > 95.1 m/z for 7-KC, 408.2 > 95.0 m/z
for 7-KC-d7, 465.2 > 184.0 m/z for lysoSM, 472.2 > 184.0 for lysoSM-d7, 462.0 > 282.1 m/z
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for lysoGL-1 and 467.3 > 287.2 m/z for lysoGL-1-d5. The quantification of 7-KC, lysoGL-1
and lysoSM was performed by comparing the peak molecular target area with the IS area.

Bile acid-408 in DBS/NDBS was measured through high-performance liquid chromatogra-
phy (HPLC) connected to high resolution mass spectrometry (HRMS, QTOF-Maxis3G, Bru-
ker, Germany). The mixture was eluted by mobile phase A (H,O with 0.1% formic acid, Wako,
Japan) and phase B (acetonitrile with 0.1% formic acid, Wako, Japan) through a C8 column
connected with an in-line filter unit. The molecular ion of bile acid-408 is 409.1639 proposed
as the form of [M+H]". The amount of bile acid-408 was calculated based on IS 7-KC-d7.

Statistical analysis and plots were performed by GraphPad Prism 6. The scatter plot was
graphed with error bar in the form of mean with standard deviation (SD). ROC-AUC curve
was calculated on 95% confidence interval. The threshold for sensitivity and specificity was
49.80 ng/mL for 7-KC, 10.10 ng/mL for lysoSM, and 2.35 ng/punch for bile acid-408. Student’s
t-test was performed by unpaired and two-tailed designs.

3. Results
3.1 7-KC

7-KC levels in the sera of NPC patients, other patients (including X-ALD patients, Fabry
patients, Gaucher patients and patients with other lysosomal diseases) and negative controls
are shown in Fig 1 (sensitivity: 100%, specificity: 91%, ROC-AUC curve: 0.98, 95% CI: 0.97-
1.00, t-test: 17.54, p<0.0001). The amount of 7-KC in NPC patients (n = 19) ranged from 51
ng/mL to 721 ng/mL, which are above the predetermined threshold of 50 ng/mL. However,
the 7-KC levels of 32 samples from other patients (n = 295) and negative controls (n = 72)
were also over this threshold, which resulted in an 8% false positive in the cohort. They
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Fig 1. This is a plot of the amount of 7-KC in sera of NPC patients (n = 19), other patients (n = 295) and negative
controls (n = 72). One point is one sample. The error bar is mean value with standard deviation (SD). Red: 7-KC
amount above 50 ng/mL among other patients or negative controls.

https://doi.org/10.1371/journal.pone.0238624.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0238624 September 8, 2020 4/11


https://doi.org/10.1371/journal.pone.0238624.g001
https://doi.org/10.1371/journal.pone.0238624

PLOS ONE

7-Ketocholesterol, lysosphingomyelin and bile acid-408 to diagnose Niemann-Pick disease type C

included a Gaucher patient, a Mucopolysaccharidosis type IV (MPS 4) patient, 11 Fabry
patients and 18 patients with other diseases. The two highest values above 100 ng/mL were
Fabry patients with severe phenotypes. An abnormality in negative controls was a 32-year-old
healthy male without clinical features prior to the sampling date.

3.2 LysoSM and lysoGL-1

LysoSM levels in the sera of NPC patients (n = 19), other patients (n = 300) and negative con-
trols (n = 74) were also measured (Fig 2). These levels were in the range of 2.8-19.8 ng/mL for
NPC patients, 0.4-11.9 ng/mL for other patients, and 0.4-7.2 ng/mL for negative controls
(sensitivity: 57.9%, specificity: 98.4%, ROC-AUC curve: 0.76, 95% CI: 0.61-0.91, t-test: 9.75,
p<0.0001). Using the threshold of 10 ng/mL, there were 8 false negatives and 7 false positives.
Among the 8 false negatives, there were 3 mild types with Miglustat treatment more than 2
years, 1 adult type, 3 without clinical features and 1 severe type with Miglustat treatment lon-
ger than 5 years. Regarding the 7 false positives, 5 were without clinical features, 2 were Fabry
patients.

Another kind of lysosphingolipids is lysoGL-1, which is a common diagnostic biomarker
for Gaucher disease, and its levels in sera were also determined. The results did not show a dis-

crimination between NPC and other patients (S1 Fig), as presented by Welford R W.D. et al.
[22].

3.3 Bile acid-408

Bile acid-408 is a novel proposed compound that exhibited significance in the differentiation
of Japanese NPC in our cohort. Initially, molecular ions at a range of 100 to 1000m/z from sera
of 4 NPC patients and 48 healthy persons were investigated. According to the retention time,

a molecular jon of 409.1639 m/z and MS/MS pattern suggested bile acid-408. However, its
chemical structure has not been confirmed. Trihydroxy-cholestanoic acid (THCA, 30,70,120-
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Fig 2. This is a plot of the amount of lysoSM in sera of NPC patients (n = 19), other patients (n = 300) and
negative controls (n = 74). One point is one sample. The error bar is mean value with standard deviation (SD). Red:
lysoSM amount over 10 ng/mL among other patients; blue: lysoSM amount below the threshold in NPC patients.

https://doi.org/10.1371/journal.pone.0238624.g002
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Fig 3. This is a plot of the amount of bile acid-408 in NDBS (n = 124), DBS of NPC patients (n = 16) and negative
controls (n = 67). One point is one sample. The error bar is mean value with standard deviation (SD). Red: bile acid-
408 amount over 2.4 ng/punch among negative controls; blue: bile acid-408 amount below the threshold in NPC
patients.

https://doi.org/10.1371/journal.pone.0238624.g003

trihydroxycholestanoic acid, Avanti Polar Lipids, Inc., USA), a kind of bile acids, was not oxi-
dized in the process of sample preparation, which was applied to bile acid-408.

The performance of bile acid-408 in NDBS (n = 124), DBS of NPC (n = 16) and negative
controls (n = 67) was evaluated (Fig 3). These levels were generally much higher in NDBS than
normal DBS samples. Comparison of NPC newborns and NDBS was not performed due to the
lack of NPC newborn samples. Furthermore, NPC patients showed an increase in bile acid-
408 levels, but with a 6% misdiagnosis rate based on lower 95% CI of the mean, 2.4 ng/punch
(sensitivity: 75.0%, specificity: 98.5%, ROC-AUC: 0.95, 95% CI: 0.87-1.03, t-test: 10.25,
p<0.0001). No clinical features were available on these 4 false negatives and 1 false positive.

3.4 Correlation

The correlations of these biomarkers were also investigated (Fig 4). According to Spearman’s
and Pearson’s coefficients, there was no obvious correlation among these biomarkers.

3.5 Combinations

The efficiency of the combination of 7-KC, lysoSM and bile acid-408 in NPC diagnosis

was evaluated in NPC patients (n = 16), high risk suspicious (n = 12) and negative controls

(n = 38) with X-ALD patients (n = 5), and the results are presented in Fig 5. High risk suspi-
cious (false positives) were selected that their 7-KC or lysoSM values were above the threshold,
they did not have typical clinical features of NPC, and their DBS were also available. Abnormal
accumulation of bile acids is related to peroxisomal diseases, therefore 5 X-ALD patients (a
kind of peroxisomal diseases) were added to check the specificity of bile acid-408 to NPC.
Threshold of each biomarker is also applied to the combinations. As the results, 14 of 16 NPC
patients had at least two abnormal accumulated biomarkers, but all suspicious cases had only
one biomarker. Two or more of three biomarkers in positives generated 100% sensitivity and
specificity to NPC. However, 2 false negatives (2 NPC patients) had one abnormal biomarker
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https://doi.org/10.1371/journal.pone.0238624.9004

resulting in 97% accuracy. In additional, X-ALD patients did not show significant amounts of
bile acid-408 in their DBS.

4. Discussion
4.1 The combination of 7-KC, lysoSM and bile acid-408

Evaluation of 7-KC levels in sera/plasma of NPC patients was used for the diagnosis for several
years, but its performance in DBS is not satisfactory. However, its stability is a main drawback
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Fig 5. This is a plot of the combination of 7-KC, lysoSM and bile acid-408. One point is one sample. Left: NPC
patients (n = 16); middle: high risk suspicious (n = 12); right: negative controls (n = 38) with X-ALD patients in blue

(n =5). Two NPC patients (red) had only one abnormal biomarker.

https://doi.org/10.1371/journal.pone.0238624.9005
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as a biomarker. The amount of 7-KC in serum/plasma is easily elevated by high temperatures,
which accelerate cholesterol (ex vivo) oxidization to 7-KC, such as the temperature fluctuation
during transportation, sample preparation and cycles of freeze-thaw [24]. Some severe Fabry
patients also exhibit high 7-KC levels in their sera, which magnified the false positives. The
high levels were likely the result of the accumulation of endosomal-lysosomal cholesterol,
which correlated with globotriaosylceramide (GB3).

LysoSM overcomes the problem of stability, but its application for DBS is not satisfactory.
LysoSM-509, which probably belongs to the category of lysoSM, was reported for its sensitiv-
ity in DBS to diagnose NPC [36], but our results did not confirm its significance in DBS.
Unlike 7-KC, lysoSM showed high false negatives, especially for patients who were treated
with Miglustat for several years. Nevertheless, their clinical phenotypes were not improved
obviously. LysoSM is easily degraded during prolonged storage time, and it is independent
of age [23]. LysoSM levels were also high in the sera of severe Fabry patients, which may be
indirectly caused by the storage of globotriaosylsphingosine (IlysoGb3) in the metabolism of
sphingolipids.

Bile acid-408 exhibits significant differentiation in DBS, but its chemical structure is under
investigated in our laboratory. According to previous reports of bile acid A/ B and NPCBA1/
BA2 [28, 29], bile acid-408 is likely to a third NPC-related bile acid. The results indicated that
the threshold for newborn screening should be separate from juveniles and adults, that is, the
amount of bile acid-408 in NDBS was greater than the lower 95% CI of NPC patients.

LysoGL-1 was previously thought to increase in NPC patient, but the content of lysoGL-1
in sera did not show any obvious difference between NPC patients and other patients in our
study. This result did not confirm a previous publication [22].

The combination of three biomarkers provides a promising result that cannot be achieved
with the use of any single biomarker. A new diagram of NPC diagnosis recently recommended
the use of one biomarker for suspicious NPC followed by gene analysis and additional bio-
marker’ tests. It emphasized the importance of biomarkers, and our method has the advantages
of being simple, effective, and applicable for mass or newborn screenings across Japan followed
by gene analysis. All high risk suspicious in our cohort were screened out of NPC patients that
they had only one abnormal biomarker, either 7-KC or lysoSM or bile acid-408 value above
corresponding threshold. The diagnostic results were further confirmed by the gene analysis.
Thus, we recommended that LysoSM and 7-KC in serum/plasma were measured simulta-
neously, and bile acid-408 in DBS was determined as a third confirmatory index. People with
more than two biomarkers over their optimal thresholds are highly NPC patients.

4.2 Hypothesis of the metabolism of bile acid-408

Bile acids are primarily responsible for the absorption of fats and fat-soluble vitamins and the
maintenance of cholesterol homeostasis [37]. Abnormalities in the metabolism of bile acids
lead to several disorders, such as peroxisomal disease-Zellweger spectrum disorders (ZSDs)
[37, 38]. Liver disease in ZSDs shows accumulation of dihydroxy-cholestanoic acid (DHCA)
and trihydroxy-cholestanoic acid (THCA). X-ALD is also a peroxisomal disease, with the same
diagnostic biomarker as ZSDs, 26:0 lysophosphatidylcholine (26:0 lysoPC) [39], but bile acid-
408 in DBS of X-ALD patients did not present the significance we expected. There was no
obvious correlation between 7-KC, lysoSM and bile acid-408 in our study. Therefore, bile
acid-408 did not originate from 7-KC and lysoSM. Other reported NPC-related bile acids
from 7-KC and C-triol were proposed [28, 29]. However, bile acid-408 is not likely to have
the same metabolism pathway as other bile acids that are formed in peroxisomal diseases.
The increase of bile acid-408 in NPC patients may be related to liver manifestations. One
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hypothesis is that bile acid-408 is involved in cholesterol transportation or degradation. Studies
on the chemical structure and function of bile acid-408 should be performed in the future.

5. Conclusion

In summary, we propose a methodology using the combination of 7-KC, lysoSM and bile
acid-408 for the diagnosis of NPC. The major advantages of the combination are its promising
accuracy and its feasibility for mass screening. However, future investigations will confirm the
chemical structure of bile acid-408.

Supporting information

S1 Fig. This is a plot of the amount of lysoGL-1 in sera of NPC patients (n = 4) and other
patients (n = 207) including Gaucher patients (n = 3). One point is one sample. The error
bar is mean value with standard deviation (SD). LysoGL-1 amount above 10 ng/mL are
Gaucher patients.

(TIF)

S2 Fig. These are chromatograms of 7-ketocholesterol, lysosphingomyelin, glucosylsphin-
gosine and bile acid-408. a: chromatogram of 7-KC and 7-KC-d7 standards; b: chromatogram
of lysoSM and lysoSM-d7 standards; c: a chromatogram of lysoGL-1 and lysoGL-d5 standards;
d: a chromatogram of bile acid-408 and 7-KC-d7 in a DBS sample.

(TIF)
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