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Abstract Niemann-Pick type C (NPC) is a progressive neuro-
degenerative disease characterized by lysosomal/endosomal
accumulation of unesterified cholesterol and glycolipids. Re-
cent studies have shown that plasma cholestane-3(3,50.,6 3-triol
(CT) and 7-ketocholesterol (7-KC) could be potential biomark-
ers for the diagnosis of NPC patients. We aimed to know the
sensitivity and specificity of these biomarkers for the diagnosis
of NPC compared with other diseases that can potentially lead
to oxysterol alterations. We studied 107 controls and 122 pa-
tients including 16 with NPC, 3 with lysosomal acid lipase
(LAL) deficiency, 8 with other lysosomal diseases, 5 with ga-
lactosemia, 11 with cerebrotendinous xanthomatosis (CTX),
3 with Smith-Lemli-Opitz, 14 with peroxisomal biogenesis dis-
orders, 19 with unspecific hepatic diseases, 13 with familial
hypercholesterolemia, and 30 with neurological involvement
and no evidence of an inherited metabolic disease. CT and
7-KC were analyzed by HPLC-ESI-MS/MS as mono-dimethylg-
lycine derivatives. Levels of 7-KC were high in most of the stud-
ied diseases, whereas those of CT were only high in NPC, LAL,
and CTX patients. Consequently, although CT is a sensitive
biomarker of NPC disease, including those cases with doubtful
filipin staining, it is not specific.Hi 7-KC is a very unspecific
biomarker.—Pajares, S., A. Arias, J. Garcia-Villoria, ]J. Macias-
Vidal, E. Ros, J. de las Heras, M. Gir6s, M. J. Coll, and A. Ribes.
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Niemann-Pick type C (NPC; MIM#257220) is a progres-
sive neurodegenerative disease caused by a disorder in the
intracellular trafficking of cholesterol that leads to a lyso-
somal/endosomal accumulation of unesterified choles-
terol and glycolipids in many tissues (1-3). The detection
of free cholesterol accumulation by filipin staining in fi-
broblasts has been for many years the gold standard meth-
odology for the biochemical diagnosis of the disease. This
method has good sensitivity and specificity. However, juve-
nile or adult onset forms sometimes present interpreta-
tion difficulties (4). In addition, the method involves an
invasive skin biopsy and the culture of fibroblasts that re-
quires several weeks for the cellular growth, which delays
the diagnosis. Some studies in cellular and animal models
showed a correlation between lipid accumulation and cel-
lular oxidative stress that produces an increase of reactive
oxygen species and lipid peroxidation (5-8). In the NPC
murine model, an increase of two oxysterols, cholestane-
3B,5a,6B-triol (CT) and 7-ketocholesterol (7-KC), has
been observed (8). This evidence was later confirmed in
NPC patients (8-13), showing a correlation between the
oxysterol profile and the age of onset and severity of the
disease (8, 14). Moreover, CT specifically has been found
to be increased in NPC disease compared with other lyso-
somal and neurodegenerative diseases (8). These results
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suggest that CT and 7-KC might be good biomarkers for
the diagnosis, prognosis, and probably therapeutic moni-
toring of NPC patients.

Over time different analytical methods have been de-
scribed for the determination of oxysterols in plasma (9,
15-24). Recently, other authors (12, 13) developed new
methods for the analysis of CT and 7-KC and confirmed pre-
vious results for the diagnosis of NPC disease. Based on this
evidence, we aimed to investigate plasma CT and 7-KC not
only in NPC patients but also in other patients that might
potentially have an increase of CT and 7-KC in order to
know the specificity and sensitivity of these biomarkers, as
well as the possible pitfalls for the diagnosis of NPC disease.

MATERIALS AND METHODS

Subjects

A total of 107 EDTA plasma samples obtained from children and
adults, which were referred to our center for metabolic study and
were not diagnosed with an inborn error of metabolism, were used
as age-matched controls. EDTA plasma samples of 122 patients
were studied including the following pathologies: 16 patients with
NPC [the biochemical, molecular, and clinical data are summa-
rized in supplementary Table 1 (25-28); 3 patients were under treat-
ment with miglustat (patients 13, 15, and 16), and pretreatment
samples were not available]; 11 patients with lysosomal storage dis-
eases (LSDs) including Fabry (n = 5), metachromatic leukodystro-
phy (n = 2), mucolipidosis II/III (n = 1), and lysosomal acid lipase
(LAL) deficiency (n = 3); 5 patients with galactosemia; 11 patients
with cerebrotendinous xanthomatosis (CTX); 14 patients with per-
oxisomal disorders (including peroxisomal B-oxidation and bio-
genesis disorders); and 3 patients with Smith-Lemli-Opitz (SLO).
Moreover, we analyzed plasma samples from 19 patients with he-
patic disease (jaundice of prematurity, neonatal cholestasis, hepato-
splenomegaly, and liver disease), 30 patients with neurological
involvement (ataxia, gait disturbance, behavioral disorders, and
language disorders) with no evidence of an inherited metabolic dis-
ease, and 13 patients with familial hypercholesterolemia with cho-
lesterol in the range of 221-310 mg/dl (adult patients, n = 5) and
308-403 mg/dl (pediatric patients, n = 8). All the samples were col-
lected and stored at —80°C until analysis.

Samples were obtained in accordance with the Helsinki Decla-
ration of 1964, as revised in 2000. Informed consent was obtained
from the patients or patients’ parents.

Extraction, derivatization, and HPLC-ESI-MS/MS

The extraction procedure was performed according to Jiang et
al. (9) with some modifications. Briefly, 50 pl of plasma was mixed
with 150 pl of methanol that included a mixture of internal
standards, cholestane-33,5a,6B-triol-25,26,26,26,27,27,27-d, (CT-
d;) and 7-ketocholesterol-25,26,26,26,27,27,27-d; (7-KC-d;), at a
concentration of 100 ng/ml. The mixture was vortexed for 30 s
and centrifuged during 10 min at 16,100 g. The dried supernatant
was derivatized using 20 ul 0.5 M of N,N-dimethylglycine hydrochlo-
ride (DMG) /2M 4-(dimethylamino) pyridine (DMAP) in chloroform
and 20 pl of N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
(EDC) in chloroform during 1 h at 45°C in a shaking water bath.
The dimethylglycine derivatives were extracted using a mixture of
hexane-water (2:1). The organic phase was transferred to a clean
tube, evaporated to dryness under nitrogen, and finally reconsti-
tuted with 250 pl of acetonitrile-water (70:30); 50 wl of the mixture
was injected into the HPLC-ESI-MS/MS (Waters-Micromass model

Quattro micro™ API). To optimize the derivatization reaction,
three different concentrations of CT and 7-KC (50, 200, and
2,500 ng/ml) with plasma matrix at different incubation times
(30 min, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, and 3.5 h) were studied.

The chromatographic separation was performed on a
Symmetry®C18 column (2.1 mm x 50 mm, 3.5 pm; Thermo Fisher
Scientific). The mobile phase consisted of 1 mM ammonium for-
mate in water (mobile phase A) and 1 mM ammonium formate
in acetonitrile-water (95:5) (mobile phase B), both adjusted with
formic acid to pH 3. The step gradient used increased linearly
from 40% B to 80% B in 4 min, then to 100% during the next
1 min, followed by 40% during 1 min. The flow rate was 0.5 ml/min
and the column temperature was 45°C. The mass spectrome-
ter was operated in the electrospray positive ion mode using
multiple reaction monitoring (MRM) mode. In our hands, the
bis-dimethylglycine derivative of CT was not found. The corre-
sponding [M+H]" ion at m/z 591 and [M+2H]2+ ion at m/z 296 of
the bis derivative were observed in negligible amounts. Because
both target molecules can be formed ex vivo, we should find a
reason to explain the discrepancies. One of the reasons could be
the lower sensitivity of ESI compared with the atmospheric pres-
sure chemical ionization (APCI) used by Jiang et al. (9) or the
fact that perhaps the bis derivative is formed when using more
drastic conditions of dryness of the reagents. However, as a prom-
inent peak of monoderivative CT was detected, we decided to
monitor the transitions 506 > 104 and 486 > 104 of the mono-
dimethylglycine derivatives of CT and 7-KC, as well as 513 > 104 and
493 > 104 of the corresponding deuterated internal standards.
Nitrogen and argon were used as nebulizing and collision gas,
respectively. Dwell time for each transition was 200 ms, and the
interchannel delay was 20 ms. Run time was 6.1 min. The follow-
ing instrumental settings were used: source temperature, 150°C;
desolvatation temperature, 500°C; and capillary voltage, 3.2 kV.
Data acquisition and data analyses were performed using MassL-
ynxTM (V3.2) software. The quantification of the mono-dimeth-
ylglycine derivatives of CT and 7-KC was relative to the internal
standards (CT-d; and 7-KC-d;, respectively) External calibration
curves were used.

To select the appropriate detection conditions and to opti-
mize the mass spectrometer parameters, 10 pg/ml of CT, CT-d;,
7-KC, and 7-KC-d; were derivatized with dimethylglycine and mon-
itored in the positive ion mode. To obtain the precursor and
product ions, different cone voltage (10, 15, 20, 25, 30, and 35 V)
or collision energy (10, 15, 20, 25, and 30 eV) in full scan or in
daughter scan mode were tested.

Reagents

CT and CT-d; were purchased from Toronto Research Chemi-
cals (Toronto, ON, Canada), and 7-KC and 7-KC-d; from Avanti
Polar Lipids (Alabaster, AL). Formic acid, ammonium formate,
butylhydroxytoluene (BHT), DMG, EDC, and DMAP were ob-
tained from Sigma-Aldrich (St. Louis, MO). Methanol, acetoni-
trile, and hexane (LC/MS PAI grade) were obtained from
Panreac (Barcelona, Spain), and chloroform from EMD Milli-
pore Corporation (Madrid, Spain).

Selectivity

To know the interferences of the plasma matrix, five indepen-
dent plasma samples with and without added internal standards
were studied.

Linearity
A stock solution of 1 mg/ml of CT and 7-KC in methanol were

prepared. Serial dilutions were prepared from a working solution
(10 pg/ml) at concentrations of 3, 6, 12.5, 25, 50, 100, 200, 400,
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and 800 ng/ml with or without added plasma matrix. Standard
samples were processed five times and analyzed as samples. Cali-
bration curves were constructed by linear regression analysis of
the ratio of CT/CT-d, and 7-KC/7-KC-d; areas to the correspond-
ing concentrations.

Limit of detection and quantification

Successive dilutions of CT and 7-KC were measured to esti-
mate the limit of detection (LOD) from a signal-to-noise (S/N)
ratio of 3, and the limit of quantification (LOQ) from S/N ratio
>10. All the analyses were performed in triplicate.

Imprecision and accuracy

The within-day imprecision (% coefficient of variation [%
CV]) and accuracy were evaluated by performing 10 analyses of a
spiked plasma matrix with standards at concentrations of 12.5,
100, and 800 ng/ml in the same day. To assess the between-day
imprecision and accuracy, plasma matrix spiked with standards
(12.5, 100, and 800 ng/ml) were processed in 10 independent
preparations in different days. The accuracy was expressed as the
percent relative error, calculated as mean concentration subtract-
ing the theoretical concentration, divided by the theoretical
amount, and multiplied by 100.

Recovery

Recovery was evaluated by adding known amounts of CT and
7-KC (25, 200, and 400 ng/ml) to a pooled plasma sample. All
the analyses were performed in triplicate.

Sample stability

To asses sample stability, we used five different plasma samples
from NPC patients. Two aliquots of each were prepared with and
without the addition of BHT (0.1 mM). Freeze-thaw effects on
CT and 7-KC were studied using three samples of plasma from
NPC patients. Samples were frozen at —80°C and thawed at room
temperature for ~2 h. One aliquot of 50 pl was taken from each
sample and analyzed, then the initial sample was refrozen at
—80°C. This cycle was repeated six times to yield six freeze-thaw
samples. Stability of the processed samples was also studied by
reinjecting the derivatized extract once a day during 5 days
stored both at room temperature and at —20°C.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 6 soft-
ware and PASW Statistics 18.0. The unpaired nonparametric
Mann-Whitney U-test was used to evaluate the significance of dif-
ferences among different age groups in controls (with the excep-
tion of those age-matched groups with size =30 samples, for
which the Student’s #test was used) and between patients and
controls. Correlations between total cholesterol and CT and
7-KC levels were assessed using Spearman's correlation analysis.
The diagnostic capacity of plasma CT and 7-KC was assessed by
2 x 2 contingency table. Receiver-operating characteristic (ROC)
curve was constructed, and the area under ROC curve (AUC) was
calculated to evaluate the discriminatory capability of plasma CT
and 7-KC. A Pvalue <0.05 was considered statistically significant.

RESULTS

Method validation

We could not validate the method proposed by Jiang et
al. (9). We tried several MS/MS conditions, at different con-
centrations and several incubation times, but in none of them
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could we find any daughter ion of the bis-dimethylglycine
derivative of CT reported by these authors. We therefore
decided to monitor the mono-dimethylglycine derivative
of CT, and it was very prominent, as was that for 7-KC and
the corresponding deuterated internal standards. Conse-
quently, we modified the methodology of Jiang et al. (9)
and validated our own method. The precursor ion peaks of
CT, CT-d;, 7-KC, and 7-KC-d; at m/z 506, 513, 486, and 493
were identified, and the most important daughter for each
one was at m/z 104 (Fig. 1). Accordingly, the corresponding
MRM modes (m/z 506 > 104, 513 > 104, 486 > 104, 493 >
104) were monitored. The derivatization yield for both CT
and 7-KC was constant at different times and at the three
different concentrations (supplementary Fig. 1). Conse-
quently, 1 h incubation was considered enough to achieve a
good compromise between a complete derivatization and a
reduction of the total time of sample preparation.

The optimized MS parameters in the MRM mode and the
chromatographic separation of the four compounds are
shown in Fig. 2. CT and CT-d; eluted from the column at
the retention time of 4 min, and 7-KC and KC-d; at 4.2 min.

The selectivity assay was performed both in methanol
and plasma, and no significant interferences from endog-
enous substances at these retention times or at the corre-
sponding MRM channels (supplementary Fig. 2A, B) were
found. Interferences from the internal standards were also
ruled out (supplementary Fig. 2C, D).

The calibration curve prepared in plasma matrix had
similar slope and intercept as that prepared in methanol-
water (Table 1). Consequently, plasma matrix was chosen
in order to have the best similarity between standards and
samples. The calibration curve from 3 to 800 ng/ml for
CT and 7-KC showed a linear regression of 7 = 0.9908.
The LOD of the assay was 1 ng/ml, and the LOQ was
3 ng/ml for both compounds. The within-day and between-
day imprecision was <6% for CT and <8% for 7-KC. The
within-day and between-day accuracy was <9% and <6%
for CT and <6% and <7% for 7-KC, respectively. The re-
covery was >91% for CT and >94% for 7-KC. All the vali-
dation data are shown in Table 2.

To avoid autoxidation of cholesterol during sample
preparation, we added the antioxidant BHT to the plasma
samples of NPC patients, but the addition of this antioxi-
dant did not show remarkable changes of both CT and
7-KC as compared with samples lacking BHT (supplemen-
tary Fig. 3A). NPC samples kept at —80°C under six freeze-
thaw cycles were reasonably stable showing a % CV <6%
and <11% for CT and 7-KC, respectively (supplementary
Fig. 3B). The derivatized samples were stable at —20°C for
44 days (supplementary Fig. 3C), and they were stable at
least during 5 days if maintained at room temperature
(supplementary Fig. 3D).

Subjects’ study

Controls. 'We studied 107 control samples from donors
aged 1 day to 55 years (mean of age, 9.7 years). Concern-
ing CT concentration, no significant differences with age
were found (95% confidence interval [CI], 3.5-4.4 ng/ml),
whereas 7-KC concentration was significantly lower in
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D: 7-KC-d; (m/z493).

children than in the adult group (95% CI, 10.2-12.4 ng/ml
vs. 14-19.5 ng/ml, respectively; P< 0.0001; Fig. 3A).

NPC patients. Plasma samples of all patients showed sig-
nificant differences for both CT and 7-KC compared with
controls (95% CI for CT, 62-275 ng/ml vs. 3.5—4.4 ng/ml,
P<0.0001; 95% CI for 7-KC, 178-795 ng/ml vs. 11.8-14,

ESI-MS/MS product ion spectra from the corresponding precursor ions. A: CT (m/z506). B: CT-d; (m/z513). C: 7-KC (m/z 486).

P <0.0001; Fig. 3B). A negative correlation between CT and
7-KC levels and the age of disease onset was observed (Fig. 3C).
The highest levels of CT and 7-KC (>400 ng/ml and >
1,400 ng/ml, respectively) were found in patient 1, patient 2,
and patient 3 presenting the neonatal form of the disease
(supplementary Table 1), followed by patients presenting the
severe infantile form (CT range, 64-158 ng/ml, and 7-KC
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Analyte Cone Collision ~ MRM transition Retention
voltage (V)  energy (eV) time (min)
CT 25 25 506>104 4
CT-d, 25 25 513>104 4
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Fig. 2. Optimized MS parameters in the MRM mode and chromatographic separation of CT and 7-KC.
Optimized MS parameters for the detection of each oxysterol (A) and MRM extracted ion chromatograms

of CT, CT-d; 7-KC, and 7-KC-d; (B).

range, 164-505 ng/ml) (Fig. 3C). Patients with late infantile,
juvenile, and adult forms present lower CT and 7-KC concen-
trations (range, 34-98 ng/ml and 73-203 ng/ml, respec-
tively) (Fig. 3C; supplementary Table 1). All the patients but
patients 11 and 13 presented the classical biochemical phe-
notype. Patients 11 and 13, with the juvenile form of the dis-
ease, presented a variant biochemical phenotype that was
difficult to diagnose with the classical filipin staining, but CT
and 7-KC concentrations were significantly higher (CT, 51
and 98 ng/ml; 7KC, 111 and 183 ng/ml) compared with
age-matched controls (supplementary Table 1). In addition,
it is interesting to mention the case of one asymptomatic pa-
tient (patient 7) presenting the classical filipin staining and
significantly high CT and 7-KC concentrations (CT, 57 ng/ml,
and 7-KC, 122 ng/ml; supplementary Table 1).

Other LSDs.  With the aim to know the possible overlap-
ping of both compounds with other LSDs we analyzed sam-
ples of Fabry, metachromatic leukodystrophy, mucolipidosis
II/1II, and LAL deficiency. Plasma CT concentration in
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these patients was in the control range except for patients
with LAL deficiency showing CT levels overlapping with
those observed in different clinical phenotypes of NPC
except the neonatal form (10.7, 22.2, and 49.3 ng/ml,
respectively); 7-KC was high in all LSDs tested (mean,
77.7 ng/ml; range, 29.6-178; Fig. 3D).

Peroxisomal disorders.  Patients with peroxisomal 3-oxidation
and biogenesis disorders showed normal CT, but some of
the patients presented high levels of 7-KC (Fig. 3D).

TABLE 1. Calibration curves prepared both in methanol-water
and plasma
Matrix Slope Intercept 7
CT
Methanol-water 0.0076 0.048 0.998
Plasma 0.0077 0.07 0.998
7-KC
Methanol-water 0.0079 0.074 0.995
Plasma 0.0081 0.079 0.996




TABLE 2. Validation results of CT and 7-KC by HPLC-ESI-MS/MS

CT

7-KC

Calibration curve, n =5
Mean slope (range; SD)
Mean intercept (range; SD)
Mean coefficient of linear
- 2
regression, » (range; SD)
Imprecision (% CV)
Within day, n = 10

12.5 ng/ml 5.5

100 ng/ml 3.6

800 ng/ml 2.4
Between day, n = 10

12.5 ng/ml 5.8

100 ng/ml 5.8

800 ng/ml 2.9
Recovery (%), n=3

25 ng/ml 94.4

200 ng/ml 98.2

400 ng/ml 91.8
LOD (ng/ml),n=3 1
LOQ (ng/ml), n=3 3

0.0080 (0.0074-0.0089; 0.0006)
0.39 (0.29-0.44; 0.061)
0.9908 (0.9830-0.999; 0.006)

Accuracy (%)

0.0044 (0.0037-0.0049; 0.0005)
0.10 (0.09-0.12; 0.013)
0.9926 (0.9817-0.9975; 0.0058)

Imprecision (% CV)  Accuracy (%)

3.8 5.5 0.3
1.7 4.4 3.7
8.9 3.9 4.4
1.5 5.8 4
5.3 7.9 6.4
0.5 7.7 5.4
94
107
100.7
1
3

Sterol disorders. Patient with SLO syndrome showed
normal CT, but the levels of 7-KC were high in all three
patients (Fig. 3D). All CTX patients showed high levels of
CT and 7-KC (CT mean, 43.7 ng/ml, and range, 25.4-88.6;
7-KC mean, 830 ng/ml, and range, 137-1,529) clearly
overlapping with NPC patients (Fig. 3D). It is interesting
to remark that a big peak eluting prior CT was detected in
all CTX patients (Fig. 4). CT and this peak share the same
molecular ion (m/z506) and the same prominent daughter
ion (m/z104) (Fig. 4) and fit well with the triol (3a,7a,120-
trihydroxycoprostane) already described to be found in
CTX (29). Interestingly, we have evaluated four CTX pa-
tients before and after treatment with chenodeoxy-cholic
acid, and as expected, 3a,7a,12a-trihydroxycoprostane
and 7-KC showed an impressive decrease, but the levels of
CT remained unchanged (Table 3).

Patients with other disorders. Patients with galactosemia,
unspecific hepatic diseases, or different neurological
affectation and patients with familial hypercholesterol-
emia all showed CT and 7-KC within the control range
(Fig. 3D).

Correlation between total cholesterol and high levels of
CT and 7-KC in plasma

Spearman’s correlation analysis including all the pa-
tients available (NPC, CTX, and LAL deficiency) was as-
sessed and showed a moderate negative correlation
between total cholesterol and CT (r=—0.679, P< 0.0001),
and between total cholesterol and 7-KC (r = —0.687,
P < 0.0001; supplementary Fig. 4).

Sensitivity and specificity

To assess the performance of plasma CT as a potential
biomarker for patients with NPC, we calculated test sensi-
tivity and specificity. The contingency table for the diag-
nostic capacity showed high sensitivity (100%) and an
acceptable specificity (88.7%) (cutoff threshold of =8 ng/dl).
These results indicate an absence of false negatives and

a mild percentage of false positives (11.3%). ROC curve
used to determine the discriminatory capability of CT
between NPC patients and healthy subjects showed that
plasma CT has a high detection capability (AUC =0.992,
P < 0.05). Concerning 7-KC, sensitivity and specificity
were 100% and 79.8%, respectively (cutoff threshold of
=22.8 ng/dl for age <18 years and =34.5 ng/ml for age
=18 years), without a false-negatives percentage, but with
a mild rate (20.2%) of false positives (AUC = 0.932, P <
0.05).

DISCUSSION

The first approach for the diagnosis of NPC is clinical
suspicion, and the gold standard methodology for the bio-
chemical diagnosis is filipin staining in cultured fibroblasts
(1-3). However, this method is time consuming, and some
forms of the disease present interpretation difficulties.
Therefore, it is desirable to have the concurrence of other
methods or other biomarkers to help the diagnosis of this
disease. Recent studies have shown that plasma CT and
7-KC could be potential biomarkers for the diagnosis of
NPC patients (8-13). We aimed to determine the sensitiv-
ity and specificity of these biomarkers for the diagnosis of
NPC compared with patients suffering from other lyso-
somal, peroxisomal, or sterol disorders, or other patients
with hepatic or neurological alterations, as well as patients
with familial hypercholesterolemia.

To this aim, we initially followed the method described
by Jiang et al. (9), but we could not validate it. We tried
several MS/MS conditions, at different concentrations
and several incubation times, but in none of them could
we find appreciable amounts of the bis-dimethylglycine
derivative of CT reported by these authors. On the con-
trary, we detected predominantly the mono-dimethylgly-
cine derivative of CT. In agreement with our findings,
Boenzi et al. (12) also showed that the bis-derivative of CT
was not formed, although the derivatization reagent was
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Fig. 3. Plasma CT and 7-KC concentration in controls, NPC patients, and other diseases. A: CT and 7-KC
concentration in controls: reference values by age range. B: CT and 7-KC in NPC patients. C: NPC patients
grouped by clinical phenotype. D: NPC patients compared with other diseases: LSD [metachromatic leuko-
dystrophy (n = 2), mucolipidosis II/III (n = 1), and LAL-deficient patients (n = 3)]; sterol disorders [CTX
(n=11) and SLO (n = 3)]; peroxisomal B-oxidation or biogenesis disorders (n = 14); galactosemia (n = 5);
hepatic diseases (n = 19); patients with neurological involvement (n = 30); and patients with familial hyper-
cholesterolemia (n = 13). Black arrow indicates LAL-deficient patients. Black circle indicates CTX patients.
A, adult; AS, asymptomatic; Cts, controls; GALT, galactosemia; HC, hypercholesterolemia; HD, hepatic
diseases; |, juvenile; LI, late infantile; N, neonatal; NI, neurological involvement; P, peroxisomal diseases;
SD, sterol disorders; SI, severe infantile. Significant differences were considered when P < 0.05.
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7-KC (486 > 104), and 7-KC-d; (493 > 104) in a control, LAL-deficient patient, NPC patient, and CTX patient. CTX patient showed a peak
with the same 7-KC transition that eluted at 3.46 min (blue line) and is probably 7-a-hydroxycholest-4-en-3-one.

different. Our method showed a good analytical perfor-
mance with the capability to discriminate between patients
and controls. We have demonstrated that CT monoderiva-
tive and 7-KC monoderivative are stable compounds in a
wide range of concentrations and temperatures. There-
fore, both compounds in their monoderivative form were
good analytes to be used for the purpose of this study. In
addition, HPLC-MS/MS with ESI is an instrument avail-
able in most laboratories, whereas APCI (9) is not. There-
fore, our method and also the method described by Boenzi
et al. (12) represent an advantage as they facilitate the
general use of laboratories working in the diagnosis of in-

herited metabolic diseases. We would like to emphasize
that we participate in the external quality control program
“Special Assays in Serum” managed by ERNDIM (www.ern-
dimgqa.nl), which includes CT and 7-KC. The mean value
obtained with the present method fits very well with the
mean value obtained by other laboratories using other
methods (data not shown).

Concerning NPC patients, a positive correlation between
CT and 7-KC profile and the clinical severity of the disease
was found. These results are in agreement with those re-
ported by other authors (8, 14). The neonatal form pre-
sented with the highest levels of both oxysterols, whereas

TABLE 3. Levels of CT, 3a,7a,120-trihydroxycoprostane, and 7-KC before and after chenodeoxy-cholic
treatment in CTX patients

3a, 7,120
CT Trihydroxycoprostane 7-KC
CTX Patient Pre-T Post-T Pre-T Post-T Pre-T Post-T
CTX-1 28 35 1,251 24 596 38
CTX-2 57 88 1,732 363 838 112
CTX-3 57 47 3,101 29 1,021 51
CTX-4 55 48 2,588 121 1,529 56

T, treatment. Values are expressed as ng/ml.
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these levels were intermediate in the severe infantile form
and were much lower in the late infantile, juvenile, and
adult forms (Fig. 3C). Moreover, two patients with the vari-
ant biochemical phenotype (patients 11 and 13) included
in our study showed high CT and 7-KC, close to the levels of
patients with the classical phenotype. Consequently, the
method appears useful to identify those cases with doubtful
filipin staining, including the adult presentation and the
asymptomatic form of the disease. These data are remark-
able because few correlations between CT and 7-KC and
the biochemical and clinical phenotypes have been previ-
ously published (14).

To determine the specificity of these biomarkers, we
studied other diseases that might potentially have high lev-
els of CT and 7-KC. In fact, high levels of 7-KC were found
in all lysosomal diseases tested. These results are in agree-
ment with a previous study showing elevated 7-KC in
patients with Gaucher and infantile neuronal ceroid
pipofuscinosis (8). However, CT was only high in patients
with LAL deficiency, overlapping with the adult and the
infantile form of NPC (Fig. 3D). These results support the
data previously reported at the Society for the Study of
Inborn Errors of Metabolism (SSIEM) meeting in one
patient (30) with LAL deficiency and those reported many
years ago (31, 32) showing accumulation of oxygenated
esteryl esters, including 7-ketocholesteryl esters, 5,6-a-
epoxycholesteryl esters, and 5,6-B-epoxycholesteryl esters
in liver, spleen, and adrenal samples of patients with LAL
deficiency. In addition, Amraoui et al. (30) and Klinke et al.
(13) also reported an increase of CT and 7-KC in Niemann-
Pick type A and B (NPA/NPB) patients. Therefore, levels
of CT and 7-KC were higher than normal not only in NPC
but also in other lysosomal lipidosis. The primary product
of cholesterol autoxidation is cholesterol-5,6-epoxide (5,6-
EC), which is then cleaved either enzymatically or nonen-
zymatically to give CT (15, 33-35). Moreover, a recent
study suggested that CT would be a substrate for ABCG1
(36) involved in cellular export of oxysterols, sterols, phos-
pholipids, and sphingomyelin, suggesting that ABCGI1
would act as an oxysterol detoxification system removing
CT from cells. All these findings could explain the high
plasma levels of CT in these patients, which would result
from intracellular 5,6-EC accumulation, their hydrolysis
into CT, and their efflux to plasma via ABCG1. However,
it remains to be known how 5,6-epoxycholesteryl esters
could be transesterified.

Moreover, 7-KC was also high in patients with CTX and
SLO syndrome, as has been previously described (37-39),
butit s interesting to note that all CTX patients showed high
plasma levels not only of 7-KC but also of CT (Fig. 3D), data
not previously described, and a very big peak of another triol
presumably of 3a,7a,12a-trihydroxycoprostane (Fig. 4). The
MS/MS data of this compound fit very well with the identity
of 3a,7a,12a-trihydroxycoprostane, in the metabolic path-
way of cholic acid (40, 41); in addition, it is a substrate for
sterol 27-hydroxylase activity that is deficient in CTX. On the
other hand, this compound and 7-KC decreased dramatically
after chenodeoxy-cholic treatment (Table 3), whereas CT re-
mained unchanged. Therefore, it is quite clear that it is an
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intermediate in cholic acid biosynthesis, and the most likely
possibility is 3a,7a,12a-trihydroxycoprostane. This peculiar
profile could be useful to distinguish CTX from NPC and
other lipidosis. Moreover, our results suggest that 3o, 7c,120-
trihydroxycoprostane would be a good biomarker for treat-
ment monitoring.

Other patients with liver disease including cholestasis,
galactosemia, neurologic symptoms, or familial hypercho-
lesterolemia showed CT and 7-KC within the control
range, which therefore will not interfere with the diagno-
sis of the diseases previously mentioned.

In conclusion, we have demonstrated that CT is a sensi-
tive but not a specific biomarker of NPC disease. More-
over, the present procedure is quick and sensitive for the
diagnosis of all NPC variants. Based on this evidence, we
have included this approach in the first-line diagnostic al-
gorithm of NPC disease in our laboratory. Therefore, we
expect this inclusion will be of help to uncover new pa-
tients with not only NPC but also other diseases such as
CTX, SLO, LAL deficiency, or NPA/NPB Ell

The authors thank Dr. Gregori Casals and Dr. Nayra Rico
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