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 Niemann-Pick type C (NPC) disease is a rare, primarily 
pediatric disorder characterized by accumulation of cho-
lesterol and other lipids in the viscera and central nervous 
system. Approximately 95% of NPC cases are caused by 
mutations of the  NPC1  gene, whereas the remaining 5% 
are caused by mutations in the  NPC2  gene ( 1, 2 ). Affected 
individuals typically present in early childhood with ataxia 
and progressive impairment of motor and intellectual 
function and usually die in adolescence. There are cur-
rently no FDA-approved therapies for this progressively 
fatal neurodegenerative disorder. However, a recent con-
trolled study and a series of case reports suggests effi cacy 
for miglustat ( 3 ), an inhibitor of glycosphingolipid biosyn-
thesis that is now licensed for use as a disease modifying 
therapy in multiple countries, including the European 
Union, Russia, Brazil, Australia, Canada, and Taiwan. 

       Abstract   Niemann-Pick type C1 (NPC1) disease is a rare, 
progressively fatal neurodegenerative disease for which 
there are no FDA-approved therapies. A major barrier to 
developing new therapies for this disorder has been the lack 
of a sensitive and noninvasive diagnostic test. Recently, 
we demonstrated that two cholesterol oxidation products, 
 specifi cally cholestane-3 � ,5 � ,6 � -triol (3 � ,5 � ,6 � -triol) and 
7- ketocholesterol (7-KC), were markedly increased in the 
plasma of human NPC1 subjects, suggesting a role for these 
oxysterols in diagnosis of NPC1 disease and evaluation of 
therapeutics in clinical trials. In the present study, we de-
scribe the development of a sensitive and specifi c LC-MS/
MS method for quantifying 3 � ,5 � ,6 � -triol and 7-KC human 
plasma after derivatization with N,N-dimethylglycine. We 
show that dimethylglycine derivatization successfully en-
hanced the ionization and fragmentation of 3 � ,5 � ,6 � -triol 
and 7-KC for mass spectrometric detection of the oxysterol 
species in human plasma. The oxysterol dimethylglycinates 
were resolved with high sensitivity and selectivity, and en-
abled accurate quantifi cation of 3 � ,5 � ,6 � -triol and 7-KC 
concentrations in human plasma.   The LC-MS/MS assay 
was able to discriminate with high sensitivity and specifi city 
between control and NPC1 subjects, and offers for the fi rst 
time a noninvasive, rapid, and highly sensitive method for 
diagnosis of NPC1 disease.  —Jiang, X., R. Sidhu, F. D.  Porter, 
N. M. Yanjanin, A. O. Speak, D. Taylor te Vruchte, F. M. 
Platt, H. Fujiwara, D. E. Scherrer, J. Zhang, D. J. Dietzen, 
J. E. Schaffer, and D. S. Ory.  A sensitive and specifi c LC-MS/
MS method for rapid diagnosis of Niemann-Pick C1 disease 
from human plasma.  J. Lipid Res.  2011.  52:  1435–1445.   
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standard 25,26,26,26,27,27,27-[ 2 H 7 ]cholestane-3 � ,5 � ,6 � -triol 
([ 2 H 7 ]3 � ,5 � ,6 � -triol) was prepared from 25,26,26,26,27,27,27-
[ 2 H 7 ]cholesterol based on modifi ed literature methods ( 19, 20 ) 
as described in the supplemental material. Dimethylglycine (DMG) 
hydrochloride,  N -(3-dimethylaminopropyl)- N  ′ -ethylcarbodiimide 
hydrochloride (EDC), 4-(dimethylamino)pyridine (DMAP), TCA, 
acetic acid, formic acid, 30% hydrogen peroxide, dichlo-
romethane, sodium hydroxide, dioxane, and chloroform were 
obtained from Sigma-Aldrich (St. Louis, MO). All HPLC solvents 
(methanol and acetonitrile) were HPLC grade and were pur-
chased from EMD Chemicals (Gibbstown, NJ). 

 Sample collection 
 NPC1 plasma samples were obtained from individuals enrolled 

in the National Institutes of Health protocol 06-CH-0186 (Evalu-
ation of Biochemical Markers and Clinical Investigation of 
Niemann-Pick Disease, type C; Principal Investigator: F. D. Porter). 
This clinical protocol was approved by the National Institute of 
Child and Human Development Institutional Review Board and 
the analysis of coded human samples was approved by the Hu-
man Studies Committee at Washington University, St. Louis, MO. 
Deidentifi ed, archived NPC1 plasma samples were also obtained 
from the University of Oxford, Oxford, UK. Normal plasma was 
obtained from anonymized residual samples at St. Louis Children’s 
Hospital, St. Louis, MO. Control human plasma, which was used to 
prepare quality control (QC) samples and standard curves, was 
obtained commercially from BioChemed Services (Winchester, 
VA). All plasma samples were collected in ethylenediamine tet-
raacetic acid dipotassium salt (EDTA-K 2 ) containing tubes. 

 Stock solution preparation 
 All the stock solutions (1 mg/ml) were prepared in methanol. 

A working solution containing 10  � g/ml of 3 � ,5 � ,6 � -triol and 10 
 � g/ml of 7-KC was prepared by the dilution of the stock solution 
with methanol. An internal standard/protein precipitation solu-
tion (40 ng/ml of [ 2 H 7 ]3 � ,5 � ,6 � -triol and 40 ng/ml of [ 2 H 7 ]7-
KC) was prepared in methanol. 

 Sample preparation 
 Standards, QCs, and blank or study samples (50  � l) were ali-

quotted into 2 ml polypropylene tubes. Because the LC-MS/MS 
assay was designed to only measure free or unesterifi ed oxysterols, 
saponifi cation of plasma samples during sample preparation, 
which is necessary for measurement of total oxysterol species, was 
not required. Elimination of this step avoids the known degra-
dation of oxysterols that occur during the alkaline hydrolysis pro-
cedure and the possibility for overestimation of total oxysterol 
concentrations ( 21 ). To each tube, internal standard/protein pre-
cipitation solution (250  � l) was added except that methanol 
(250  � l) was used for a blank. Tubes were vortexed, centrifuged for 
10 min at 9400 relative centrifugal force, supernatants transferred 
to clean 1.2 ml Corning polypropylene cluster tubes, and the or-
ganic layer was evaporated to dryness under a stream of nitrogen 
at 35°C in a Multi-Well Evaporation Systems (VWR, West Chester, 
PA). To the extracts, 20  � l of 0.5 M DMG/2M DMAP in chloroform 
and 20 uL of 1M EDC in chloroform were added to derivatize the 
samples. Mixtures were capped, vortexed, and heated for 1 h at 
45°C. 20  � l of methanol was added to all the samples to quench 
the reaction, tubes vortexed briefl y and dried with nitrogen stream 
at 35°C, and reconstituted with 200  � l of methanol-water (4:1). 

 LC-MS/MS analysis 
 Sample analysis was performed by HPLC-MS using a Prominence 

UFLC system (Shimadzu Scientifi c Instruments, Columbia, MD), 
and a 4000QTRAP mass spectrometer (Applied Biosystems/MDS 

 A major barrier to developing new therapies for NPC1 
disease has been the lack of an inexpensive and noninvasive 
diagnostic test. The current diagnostic standard for NPC1 
is an invasive skin biopsy and fi lipin staining, which is only 
available in one of several specialized clinical laboratories 
world-wide ( 4 ). This approach is confounded by ”variant” 
NPC cases that have normal fi lipin staining and, therefore, 
require another diagnostic method for their detection. 
Together, the complex and time-consuming processing of 
the biopsy and lack of sensitivity of the fi lipin test have 
contributed to signifi cant diagnostic delays in pediatric co-
horts (>4 years) and in adults (>6 years) with NPC1 disease 
( 5, 6 ). The delay in diagnosis is unfortunate as early inter-
vention is likely to yield the most benefi t in this disease. 

 Loss of NPC1 function results in endolysosomal accu-
mulation of unesterifi ed cholesterol ( 7, 8 ), which is the 
hallmark of NPC disease. In NPC1-defi cient cells, choles-
terol accumulation is associated with cellular oxidative 
stress, as evidenced by increased production of reactive 
oxygen species (ROS), oxidative damage, and a gene ex-
pression profi le indicative of oxidative stress ( 9, 10 ). In the 
NPC1 mouse model, the oxidative stress is accompanied 
by elevated ROS and nonenzymatic oxidation of choles-
terol in multiple tissues ( 11–13 ). These cholesterol oxi-
dation products, specifi cally cholestane-3 � ,5 � ,6 � -triol 
(3 � ,5 � ,6 � -triol) and 7-ketocholesterol (7-KC), similarly 
were markedly increased in the plasma of all human NPC1 
subjects studied ( 13 ). The 3 � ,5 � ,6 � -triol and 7-KC mark-
ers were not increased in the plasma of other neurode-
generative or lysosomal storage diseases, correlated with 
severity and age of onset of disease, and, in a NPC1 disease 
model, were reduced in response to therapy ( 13 ). These 
fi ndings indicate that 3 � ,5 � ,6 � -triol and 7-KC are NPC1 
disease-specifi c biochemical markers and suggest a role 
for these markers in diagnosis of NPC1 disease and evalu-
ation of therapeutics in clinical trials. 

 To date, quantifi cation of oxysterols in biological sam-
ples has been accomplished principally using GC-MS 
methods ( 14–18 ). Although this technique provides sensi-
tive detection of oxysterols in complex mixtures, GC-MS-
based methods are hampered by labor-intensive sample 
preparation and extraction procedures and by require-
ment for relatively large plasma volumes. Here, we de-
scribe the development of a sensitive and specifi c LC-MS/
MS method capable of quantifying 3 � ,5 � ,6 � -triol and 7-KC 
human plasma after derivatization with N,N-dimethylgly-
cine. In this study, we describe a noninvasive, rapid, and 
highly sensitive method for diagnosis of NPC1 disease and 
use this assay to discriminate with high sensitivity and spec-
ifi city between control and NPC1 subjects. 

 MATERIALS AND METHODS 

 Chemicals and reagents 
 3 � ,5 � ,6 � -triol was obtained from Steraloids, Inc. (Newport, 

RI). 25,26,26,26,27,27,27-[ 2 H 7 ]cholesterol and 7-ketocholesterol 
(7-KC) were obtained from Medical Isotopes, Inc. (Pelham, NH). 
25,26,26,26,27,27,27-[ 2 H 7 ]7-ketocholesterol ([ 2 H 7 ]7-KC) was ob-
tained from Avanti Polar Lipids (Alabaster, AL). The internal 
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 Linearity, precision, and accuracy 
 The linearity of the response of each analyte was assessed over 

their respective calibration range for three analytical batch runs. 
The precision and accuracy of the assay was determined for each 
analyte at three QC concentration levels in human plasma over 
the three batch runs. The dilution QC was used to assess the dilu-
tion integration. These QC concentrations included the known 
fortifi ed levels added to the plasma plus the endogenous concen-
tration of analyte. For each QC concentration, analysis was per-
formed in six replicates on each day except for dilution QCs of 
which three replicates were prepared. Precision was denoted by a 
percent coeffi cient of variance (%CV) calculated by dividing the 
SD by the mean and then multiplied by 100; (SD/Mean×100). 
The accuracy was denoted by a percent relative error (%RE), cal-
culated by subtracting the nominal level from the mean amount 
divided by the theoretical amount and then multiplied by 100; 
[((Mean � Nominal)/(Nominal))×100]. 

 Sample stability 
 For each analyte, stability in stock solution and standard ma-

trix, stability to long-term storage and freeze/thaw, stability on 
the bench-top and in whole blood, and stability in the autosam-
pler were determined as described in the legend for Fig. 5. 

 Analysis of subject samples 
 An analytical batch consisted of LQC, MQC, and HQC and 

calibration standards in duplicate, a blank, a blank with internal 
standards, and <120 unknown subject samples. The standard 
curve covered the expected unknown sample concentration 
range, and the samples that exceeded the highest standard were 
diluted and reassayed. In the dilution sample reassay, a diluted 
QC in triplicate was also included in the analytical run. The re-
sults of the QC samples provided the basis of accepting or reject-
ing the run ( 22 ). At least two-thirds of QC samples should be 
within 15% of their respective nominal value. One-third of QC 
samples may be outside the 15% of their respective nominal 
value but not all at the same concentration. 

 Statistics 
 Results are expressed as mean ± SD or as mean ± SEM. For 

group comparisons, the statistical signifi cance of differences in 
mean values was determined by a two-tailed single-factor ANOVA 
or Student’s  t -test. To perform correlations, data was analyzed 
using Pearson and Spearman correlations as appropriate. A 
  p -value of 0.05 or less was considered signifi cant. 

 RESULTS 

 Selection of ions for monitoring by mass spectrometry 
 Initially, mass spectrometric detection of underivatized 

3 � ,5 � ,6 � -triol and 7-KC was investigated using ESI and 
APCI sources. Both 3 � ,5 � ,6 � -triol and 7-KC were detected 
in positive APCI Q1 full mass scan, although only 7-KC was 

Sciex Inc., Ontario, Canada). Data were acquired using Analyst 
software (v.1.5.1). Mass spectrometry was performed in the posi-
tive ionization mode using an atmospheric pressure chemical 
ionization (APCI) source. The partially purifi ed DMG derivatives 
prepared from 10  � g of 3 � ,5 � ,6 � -triol, [ 2 H 7 ]3 � ,5 � ,6 � -triol, 7-KC, 
[ 2 H 7 ]7-KC, which were isolated from the organic phase from par-
tition of the crude reaction mixture between diethyl ether and 
water, were dissolved in 1 ml of methanol-water (4:1). Mass spec-
trometric parameters were optimized by infusing these solutions 
into mobile phase fl ow via a T-union and manually adjusting 
mass spectrometric settings to achieve maximum response. 

 HPLC was performed on a Betasil C18, 100mm×2.1mm, 5  � m 
particle size column (Thermo Electron Corp., Waltham, MA). 
The mobile phase consisted of solvent A = 0.015% TCA, 0.5% 
acetic acid in water, and solvent B = 0.015% TCA, 0.5% acetic acid 
in acetonitrile; the fl ow rate was 1 ml/min. The step gradient used 
was as follows: after injection hold 35% solvent B for 0.1 min, 
35% to 56% solvent B in 4.5 min, 56% to 80% solvent B in 2 min, 
80% to 100% solvent B in 0.1 min, hold 100% solvent B for 0.5 min, 
100% to 35% solvent B in 0.1 min, reequilibrate at 35% solvent B 
for 1.5 min. The total run-time was 8.5 min. A 15  � l sample injec-
tion was used. The autosampler wash solvent was methanol. 

 The optimized heated nebulizer (APCI) and MS/MS condi-
tions were as follows. The source temperature was 500°C. Collision-
activated dissociation, ion source gas1 and curtain gases were set 
at medium, 35 and 20, respectively. Needle current was set at 5.00. 
The resolutions of Q1 and Q3 were set at unit and unit, respec-
tively. The Scheduled MRM TM  was used taking the advantage of well 
separation of DMG derivatives of 3 � ,5 � ,6 � -triol and 7-KC. The 
cycle time and time window were set as 0.2 s and 2 min, respec-
tively. Optimized voltages and retention time are shown in   Table 1  .  

 Standard curves 
 Because of the endogenous presence of 3 � ,5 � ,6 � -triol and 

7-KC in human plasma, methanol-water (1:1) was used to pre-
pare the calibration standards. Calibration curves were prepared 
by spiking the 3 � ,5 � ,6 � -triol and 7-KC working solution into 
methanol-water (1:1) and plasma, and preparing serial dilutions 
that yielded eight calibration standards consisting of 3 � ,5 � ,6 � -
triol and 7-KC at 2, 4, 10, 20, 50, 100, 200, and 400 ng/ml. 
Methanol-water (1:1) served as blank. 

 QC samples 
 A pooled-plasma sample was analyzed to establish the mean 

concentration of endogenous 3 � ,5 � ,6 � -triol and 7-KC by the 
LC/MS/MS method. The low, medium, and high plasma quality 
control (LQC, MQC, and HQC) samples were prepared by spik-
ing 3 � ,5 � ,6 � -triol and 7-KC working solution to yield endogenous 
level + 0/0, endogenous level + 150/150, and endogenous level + 
300/300 ng/ml, respectively. The lower limit of quantifi cation 
(LLOQ) sample was prepared in methanol-water (1:1). The en-
dogenous level + 800/800 ng/ml QC, also known as a dilution 
QC, was at a concentration higher than the upper limit of quan-
tifi cation (ULOQ), and was diluted 1:4 and 1:9 with water prior 
to extraction. 

 TABLE 1. Scheduled MRM TM  (positive ion mode) parameters and retention time 

DMG derivative Mass transition DP CE EP CXP Retention time (min)  a  

3 � ,5 � ,6 � -triol 591 → 104 115 46 10 12 6.6
591 → 488 115 27 10 12

7-KC 486 → 104 95 35 10 12 4.7
486 → 383 95 25 10 12

D7-3 � ,5 � ,6 � -triol 598 → 104 115 46 10 12 6.6
D7-7-KC 495 → 383 95 25 10 12 4.7

  a   Retention time may change on a different column.
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and only [M+H] +  was observed in APCI mode. The [M+H] +  
ion of KC-DMG at  m/z  486 was observed in both ESI and 
APCI modes. The [M+H] +  ions of CH-DMG 2  and KC-DMG 
were selected as precursor ions for obtaining MS/MS 
product-ion spectra. Introduction of the dimethylglycinate 
-20and improved collision activated dissociation effi ciency 
in Q2 quadrupole, greatly enhancing the overall response 
for the oxysterols. The fragmentation pathways of the 
oxysterol-DMG derivatives are proposed in  Fig. 1 . The loss 
of DMG via McLafferty rearrangement led to predominant 
product ions at  m/z  104 and 488 in [CH-DMG 2 +H] + , and 
 m/z  104 and 383 in [KC-DMG+H] + , respectively. Similarly, 
[D7-CH-DMG 2 +H] +  yielded the major product ions at  m/z  
104 and 495, and [D7-KC-DMG+H] +  yielded  m/z  104 and 
490 ions (spectra not shown), providing support for the 
proposed fragmentation mechanism. The MRM mass tran-
sitions for oxysterol-DMG derivatives were  m/z  591 → 104 
(quantifi er) and 591 → 488 (qualifi er) for CH-DMG 2  and  m/z  
486 → 383 (quantifi er) and 486 → 104 (qualifi er) for 7-KC-
DMG. Because APCI mode was slightly more sensitive 
than ESI mode and less affected by ion suppression 
caused by ion pairing reagents in the mobile phase, it 
was selected as the method for detection of the oxysterol-
DMG derivatives. 

 Evaluation of effi ciency of oxysterol extraction and 
matrix suppression effects 

 Recovery of 3 � ,5 � ,6 � -triol and 7-KC from human 
plasma was assessed using deuterated internal standards 
([ 2 H 7 ]3 � ,5 � ,6 � -triol and [ 2 H 7 ]7-KC) due to the presence 

detected as [M+H] +  at  m/z  401 in positive ESI Q1 spec-
trum. The 3 � ,5 � ,6 � -triol formed [M+H-2H 2 O] +  at  m/z  385 
and [M+H-3H 2 O] +  at  m/z  367 in positive APCI Q1 full mass 
scan. The [M+H] +  at  m/z  401 and [M+H-H 2 O] +  at  m/z  383 
were observed in positive APCI Q1 spectrum of 7-KC. Mul-
tiple fragments in low abundance including loss of water 
and cleavage of steroid nucleus were observed for both 
[3 � ,5 � ,6 � -triol+H-2H 2 O] +  and [7-KC+H] +  in collisionally 
activated dissociation. Several most abundant product ions 
such as [3 � ,5 � ,6 � -triol +H-3H 2 O] + , [7-KC+H-H 2 O] + , and 
fragments from cleavage of steroid nucleus were chosen to 
set up multiple reaction monitoring (MRM) mass transi-
tions for detections of 3 � ,5 � ,6 � -triol and 7-KC. However, 
low responses of 3 � ,5 � ,6 � -triol were observed when MRM 
detections were used even at the optimized collision en-
ergy (data not shown). 

 Oxysterol derivatization with dimethylglycine 
 To enhance mass spectrometric detection of 3 � ,5 � ,6 � -triol 

and 7-KC, the oxysterols were converted into dimethyl-
glycinates, which we previously have shown greatly im-
proves ionization effi ciencies of the oxysterols ( 23 ) (  Fig. 1   
and supplementary Fig. I).  The dimethylglycinate deriva-
tive of 3 � ,5 � ,6 � -triol was temporally assigned as cholestane-
5 � -hydroxy-3 � ,6 � -bis(dimethylglycinate) (CH-DMG 2 ); 
the 5 � -OH moiety of 3 � ,5 � ,6 � -triol was not esterifi ed likely 
due to steric hinderance. The 7-KC was converted into 
7-ketocholestryl dimethylglycinate (KC-DMG). CH-DMG 2  
yielded [M+H] +  at  m/z  591 and [M+2H] 2+  at  m/z  296 in ESI 
mode, the [M+H] +  was 3-fold more abundant than [M+2H] 2+ , 

  Fig.   1.  Product ion spectra and collision-activated dissociation of dimythlglycine derivatives of 3 � ,5 � ,6 � -triol and 7-KC. Spectra for 
cholestane-5 � -hydroxy-3 � ,6 � -bis(dimethylglycinate) (CH-DMG 2 ) (A) and 7-ketocholesterol dimethylglycinate (KC-DMG) (B) are pre-
sented. Fragmentation patterns for each analyte are shown above spectra.   
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nal standards ( Fig. 2C, I ) are shown. Endogenous 3 � ,5 � ,6 � -
triol and 7-KC were present in all human plasma examined. 
No signifi cant interfering peaks from the methanol-water 
samples containing internal standards were observed at 
the retention times and in the MRM channels for the ana-
lytes ( Fig. 2D, J ). Chromatograms of the second mass tran-
sitions of 591 → 488 (3 � ,5 � ,6 � -triol) and 486 → 104 (7-KC) 
were used for confi rmation purposes ( Fig. 2F, L ). The se-
lectivity was further confi rmed by determining the branching 
ratio of the mass transitions from six individual blank plasma 
samples within 10% of the value of the calibrator (prepared 
in methanol-water, 1:1). The branching ratio is the ratio 
of peak areas of two mass transitions of 3 � ,5 � ,6 � -triol 
(591 → 104/591 → 488) and 7-KC (486 → 383/486 → 104), and 
was used to assure specifi city of the detection ( 24–26 ). The 
branching ratios of six individual blank plasma samples 
were compared with the ratios of the same transitions in 
the ULOQ calibrator containing 400 ng/ml 3 � ,5 � ,6 � -triol 
and 7-KC (supplementary Table I). 

 Sensitivity of the method 
 The sensitivity of the assay, as defi ned by the LLOQ, 

was determined for both 3 � ,5 � ,6 � -triol and 7-KC using 
methanol-water (1:1) samples at 2 ng/ml, the lowest con-
centration in the standard curve. Samples were processed 
and analyzed with a calibration curve and QC samples. At 
the LLOQ, the intra-run precision (CV) was <8% for 
3 � ,5 � ,6 � -triol and 7-KC, and the intra-run accuracies (RE, 
relative error) was within ± 10% for 3 � ,5 � ,6 � -triol and 
7-KC (  Fig. 3A, B  ).  A typical MRM chromatogram at the 
LLOQ concentration is shown in  Fig. 2E and K . 

 Precision and accuracy of the method 
 The accuracy and precision of the plasma method were 

assessed by analyzing QC samples along with a calibration 
curve on three different days. The calibration curve con-
sisted of eight standards of different concentrations, each 
in duplicate, ranging from 2 to 400 ng/ml of 3 � ,5 � ,6 � -
triol and 7-KC in methanol-water (1:1). Excellent results 
were obtained for the calibration curves as the deviations 
of the back-calculated concentrations from their nominal 
values were within 15% for all the calibration standards in 
the 3 days of validation. All the QC samples were prepared 
in human plasma, and the endogenous levels of 3 � ,5 � ,6 � -
triol and 7-KC were determined by mean of multiple rep-
licates (n = 12). The endogenous levels were used to 
calculate the nominal concentrations of the spiked and/
or diluted QCs. The results of the QC samples in the three 
validation runs demonstrate intra-run precision (CV) 
<15% and intra-run accuracies (RE) <15% for 3 � ,5 � ,6 � -
triol and 7-KC, and inter-run precision (CV) <15% and 
inter-run accuracy <15% for 3 � ,5 � ,6 � -triol and 7-KC ( Fig. 
3 ). The accuracies of dilution integration samples are 
shown in supplementary Table II. Because sample carry-
over could adversely affect accuracy of an assay, we evalu-
ated carryover by injecting a blank sample immediately 
following the highest standard (400 ng/ml for 3 � ,5 � ,6 � -
triol and 7-KC). No carryover or interference was observed 
in the region of interest (not shown). 

of endogenous 3 � ,5 � ,6 � -triol and 7-KC in all plasma sam-
ples. First, replicates of control plasma, with and without 
the deuterated oxysterols, were extracted and recoveries 
of 3 � ,5 � ,6 � -triol and 7-KC assessed by comparison of the 
mean peak areas of internal standard and recovery sam-
ples (an internal standard was added to the control plasma 
extracts alone set to provide recovery standard). The re-
coveries of 3 � ,5 � ,6 � -triol and 7-KC following protein pre-
cipitation with methanol and derivatization were 89% 
(2.04%CV, n = 3) and 90% (1.54%CV, n = 3), respectively. 
Because LC-MS/MS-based assays can also be affected by 
matrix ion suppression effects related to variation in ion-
ization response due to matrix components coeluting with 
the analyte, we assessed the suppression coeffi cient for 
3 � ,5 � ,6 � -triol and 7-KC by calculating the ratio of the av-
erage peak area response for the deuterated standards 
spiked in the recovery sample to the average peak area re-
sponse in methanol-water (1:1) samples. The suppression 
coeffi cients of 3 � ,5 � ,6 � -triol and 7-KC were 0.945 and 
0.915, respectively, indicating similar matrix effects in 
plasma and nonbiological matrix. 

 Calibration curves 
 Because of the endogenous presence of 3 � ,5 � ,6 � -triol 

and 7-KC in human plasma, calibration standards were 
prepared in methanol-water (1:1), in addition to human 
plasma. Methanol-water mixture was selected as a standard 
matrix because it allowed use of a simple and well-controlled 
preparation method, demonstrated excellent linearity and 
repeatability, and minimized nonspecifi c binding of the ox-
ysterols. The slopes of the calibration curves were shown 
to be nearly identical in methanol-water and plasma (  Ta-
ble 2  ).  The intercept of the plasma calibration curve was 
larger than zero due to the endogenous oxysterol concen-
trations, whereas the intercept of the methanol-water cali-
bration curve passed close to zero. The near identity in the 
slopes between the calibration curves indicated that meth-
anol-water (1:1) was a suitable surrogate matrix. 

 Selectivity of the method 
 Selectivity is the ability of a bioanalytical method to dis-

tinguish between analyte and interference in the matrix. 
To ascertain the selectivity of the method, we analyzed 
methanol-water (1:1) blanks with and without internal 
standard and six independent human plasma samples. No 
signifi cant interference peaks were found in the methanol-
water or plasma samples at the retention times or in the 
MRM channels for either the analytes or the internal stan-
dard (  Fig. 2A, G  ).  Typical chromatograms of human 
plasma in the absence ( Fig. 2B, H ) and presence of inter-

 TABLE 2. Characteristics of calibration regression line data 
prepared in the methanol-water (1:1) and in plasma 

Analyte Matrix Slope Intercept R 2 

3 � ,5 � ,6 � -triol Methanol-water (1:1) 0.00563 0.000856 0.9990
Plasma 0.00534 0.00686 0.9946

7-KC Methanol-water (1:1) 0.00383 0.000302 0.9990
Plasma 0.00389 0.00777 0.9940
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 Measurement of 3 � ,5 � ,6 � -triol and 7-KC in plasma from 
human subjects 

 The LC-MS/MS assay was used to measure the free or 
unesterifi ed 3 � ,5 � ,6 � -triol and 7-KC concentrations in 
plasma samples from 109 NPC1 subjects (0–47 years; mean 
age 12 years), 89 controls (1–64 years; mean age 22 years) 
and 45 obligate heterozygotes (parents of NPC1 subjects) 
or known sibling carriers (5–77 years; mean age 40 years) 
(  Fig. 5A , B ).  The 3 � ,5 � ,6 � -triol (control mean 14.6 ng/
ml, range 7.42–21.2 ng/ml; NPC1 mean 80.3 ng/ml; range 
15.1–201 ng/ml;  P  < 0.001) and 7-KC (control mean 29.0 
ng/ml, range 11.4–44.4 ng/ml; NPC1 mean 229 ng/ml, 
range 24.7-489 ng/ml;  P  < 0.001) plasma concentrations 
were signifi cantly elevated in the NPC1 subjects, consistent 
with our previous fi ndings ( 13 ). The plasma 3 � ,5 � ,6 � -
triol and 7-KC were highly correlated ( Fig. 5C ; r 2  = 0.86), 

 Sample stability 
 3 � ,5 � ,6 � -triol and 7-KC were stable in methanol stock 

solution and in standard matix (methanol-water (1:1)) 
for up to 24 h at room temperature and for 42 days at 
-20°C (supplementary Table III). Stability of 3 � ,5 � ,6 � -
triol and 7-KC in the matrix of interest was evaluated un-
der a variety of conditions to establish lengths of storage 
and sample processing conditions. The bench-top stabil-
ity study showed that the 3 � ,5 � ,6 � -triol and 7-KC were 
stable in human plasma for 15 h at room temperature, 
and for 223 days at  � 80°C and 100 days at  � 20°C (  Fig. 
4A  ).  For processed samples (autosampler stability), the 
analytes were stable for 3 days at room temperature. The 
3 � ,5 � ,6 � -triol and 7-KC were stable in human whole 
blood at room temperature for 24 and 4 h, respectively 
( Fig. 4B ). 

  Fig.   2.  Chromatograms of oxysterol dimethylglycinates. Chromatograms are shown for 3 � ,5 � ,6 � -triol with retention time of 4.7 min 
(A–F) and 7-KC with retention time of 6.6 min (G–L), with analytes in blue and internal standards in red. Selected chromatograms are 
shown for blank (A, G), control plasma without internal standard (B, H), control plasma with internal standard (C, I), blank with internal 
standard (D, J), LLOQ (E, K), and control plasma in 2 MRM transitions (F, L).   
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( Fig. 6B ) and for 7-KC was 0.9907 ( Fig. 7B ). For 3 � ,5 � ,6 � -
triol, a cut-off value of 24.5 ng/ml yields a sensitivity of 
97.3% and specifi city of 100% to discriminate between 
NPC1 subjects and controls. Similarly, for 7-KC, a cut-off 
value of 47.5 ng/ml yields a sensitivity of 96.4% and speci-
fi city of 100% to discriminate between NPC1 subjects and 
controls. These oxysterol disease markers were also signifi -
cantly elevated in NPC1 heterozygotes (3 � ,5 � ,6 � -triol 

indicating that production of these oxysterols in vivo likely 
involves a common process ( 13 ). To assess the ability of 
the 3 � ,5 � ,6 � -triol and 7-KC assays to discriminate NPC1 
subjects from controls, oxysterol concentrations in these 
groups were compared using histogram plots (  Figs. 6A   
and   Fig. 7A  ) and receiver-operator characteristic (ROC) 
analysis was performed. ROC curves demonstrated that 
the area under the curve for 3 � ,5 � ,6 � -triol was 0.9958 

  Fig.   3.  Intra- and inter-assay accuracy and precision of measurement of plasma 3 � ,5 � ,6 � -triol and 7-KC. 
Assay accuracy and precision was determined for (A) 3 � ,5 � ,6 � -triol and (B) 7-KC measurements at LLOQ, 
LQC, MQC, and HQC. %CV and RE were based on three independent runs (six replicates/run) and are 
shown below each graph.   
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cultured fi broblasts for cholesterol ( 4 ). The fi lipin assay, 
however, has several drawbacks. The assay is performed in 
only a few specialized centers world-wide and typically 
 requires several weeks from time of biopsy to report re-
sults. Moreover, the fi lipin test has limited sensitivity, is 
frequently indeterminate in NPC1 subjects with less severe 
disease, and may be confounded by NPC1 carriers who test 
positive. To improve measurement of cholesterol accumu-
lation in cells, quantitative microscopy has been proposed 
as a diagnostic tool, but this approach similarly is unable 
to discriminate some classic and variant NPC1 cases from 
normal controls ( 27 ). Routine DNA sequence analysis, 
which is used to confi rm fi lipin test results, is more sensi-
tive, but in both our and others’ experience, fails to iden-
tify mutations on both alleles in 10–15% of NPC1 cases 
( 28 ). Because there is no dominant genotype in NPC1 dis-
ease and there are >300 private mutations in the NPC1 
locus, mutation analysis alone may be unable to distin-
guish between disease-causing alleles and polymorphisms. 
By contrast, the LC-MS/MS assay for the 3 � ,5 � ,6 � -triol 
and 7-KC species provides a functional readout of the 
NPC1 cellular phenotype ( 13 ) with far higher sensitivity 
and specifi city (for 3 � ,5 � ,6 � -triol, 97.3% sensitivity and 
100% specifi city) than is afforded by the fi lipin assay. The 
oxysterol analytes do not require specialized collection 
tubes (e.g., routine EDTA chelation is suffi cient), are sta-
ble during processing, and in samples stored at  � 20°C, 
can be performed with small amounts of plasma (<50  � l), 
and require limited sample processing, all characteristics 
that will facilitate implementation of the LC-MS/MS oxy-
sterol assay in clinical laboratory settings. 

 The availability of a simple, noninvasive, and quantita-
tive test has profound implications for diagnosis and treat-
ment of NPC1 disease. The oxysterol assay will enable 

mean 19.7 ng/ml, range 9.61–38.6; 7-KC mean 43.8 ng/ml, 
21.2–83.7 ng/ml), as compared with controls ( Fig. 5 ). Twenty-
fi ve percent of the NPC1 carriers demonstrated plasma 
3 � ,5 � ,6 � -triol concentrations above the 24.5 ng/ml cut-
off, and 36% of the NPC1 carriers demonstrated plasma 
7-KC concentrations above the 47.5 ng/ml cut-off (  Fig. 8  ).  

 DISCUSSION 

 The nonenzymatically formed cholesterol oxidation 
products, 3 � ,5 � ,6 � -triol and 7-KC, have recently been 
shown to be diagnostic markers for NPC1 disease ( 13 ). 
The goal of this study was to develop a sensitive, high-
throughput method for detection of these metabolites in 
human plasma that could be readily implemented in a 
clinical laboratory setting. We show that chemical derivati-
zation with dimethylglycine successfully enhanced the ion-
ization and fragmentation of 3 � ,5 � ,6 � -triol and 7-KC for 
mass spectrometric detection of the oxysterol species in 
human plasma ( 23 ). The LC-MS/MS method successfully 
resolved the oxysterol dimethylglycinates with high sensi-
tivity and selectivity, and enabled accurate quantifi cation 
of 3 � ,5 � ,6 � -triol and 7-KC concentrations in human 
plasma. Examination of plasma from control and NPC1 
subjects confi rmed our earlier report of elevated plasma 
oxysterols in NPC1 disease and demonstrated that this 
method could discriminate between control and NPC1 
subjects with high sensitivity and specifi city. This method 
provides a robust platform for clinical assessment of the 
oxysterol markers and offers for the fi rst time a noninva-
sive, rapid, and highly sensitive method for diagnosis of 
NPC1 disease. 

 The current diagnostic standard for NPC1 disease is an 
invasive skin biopsy followed by fi lipin staining of the 

  Fig.   4.  Stability of 3 � ,5 � ,6 � -triol and 7-KC. A: Stability of oxysterols in LQC and HQC plasma and pro-
cessed samples under a variety of conditions. B: Stability of oxysterols in whole blood at room temperature. 
Each data point represents n = 3–6 replicates.   



Method for diagnosis of Niemann-Pick C disease 1443

individuals most likely to benefi t from medical interven-
tion ( 6 ). Moreover, newborn screening of the general 
population will also provide, for the fi rst time, the true in-
cidence of NPC1 disease, which has likely been underesti-
mated due to the diffi culty in establishing a diagnosis. 

 Plasma oxysterol concentrations were elevated not only 
in NPC1 subjects but also in nonaffected NPC1 hetero-
zygotes. Despite considerable overlap in oxysterol values 
between heterozygotes and controls, we found that mean 
3 � ,5 � ,6 � -triol and 7-KC plasma concentrations in NPC1 
heterozygotes were increased approximately 1.3- and 1.6-
fold as compared with control subjects, consistent with our 
earlier fi ndings ( 13 ). Nonetheless, a signifi cant propor-
tion of the heterozygotes demonstrated plasma 3 � ,5 � ,6 � -
triol and 7-KC concentrations that exceeded the upper 
limits of the normal range, indicating that the oxysterol 
assay is able to discriminate a subset of NPC1 carriers from 
the general population. Because cholesterol oxidation 
products, such as 3 � ,5 � ,6 � -triol and 7-KC, result from ex-
cess tissue oxidative stress, elevated circulating oxysterol 
concentrations may refl ect increased susceptibility for 
 oxidative stress-related disease (e.g., atherosclerosis or 
neurodegeneration) and in theory, could identify at-risk 
individuals. Based on a calculated NPC1 mutation carrier 
frequency of 0.6%, we estimate that the subset of NPC1 
heterozygotes with elevated oxysterol levels may represent 

more widespread testing in populations enriched for NPC1 
disease, such as neonates with jaundice or adolescents and 
adults with psychiatric disease and neurological symptoms, 
patient groups in which the prevalence of NPC1 disease 
may approach 8% ( 29, 30 ). Because the clinical presenta-
tion of NPC1 disease is similar to a number of other lyso-
somal storage disorders, measurement of plasma oxysterols 
will likewise provide a new diagnostic tool to clinicians to 
exclude the diagnosis of NPC1 disease in patients with en-
larged livers or spleens or with a suspected storage disor-
der. The oxysterol assay may also prove useful for 
monitoring response to therapy by providing quantitative 
biomarkers that could serve as surrogate endpoints in clin-
ical trials ( 13 ). Finally, the LC-MS/MS-based assay could 
provide a platform for newborn screening. The feasibility 
of screening newborns for elevated oxysterol levels is sup-
ported by the demonstrated stability of the oxysterol ana-
lytes, the sensitivity for analyte detection in small blood 
volumes, and the stringent ROC curves. Early detection 
of NPC1 disease by an oxysterol newborn screening test 
would facilitate treatment in presymptomatic NPC1 subjects, 

  Fig.   5.  Plasma 3 � ,5 � ,6 � -triol and 7-KC concentrations in human 
subjects. A: 3 � ,5 � ,6 � -triol and (B) 7-KC concentrations in plasma 
samples in control (n = 89), NPC1 heterozygote (n = 45), and 
NPC1 subjects. (n = 109). Data are presented as mean ± SEM. *  P  < 
0.001 for heterozygotes versus controls and for NPC1 versus con-
trols. C: Correlation of plasma 3 � ,5 � ,6 � -triol and 7-KC concentra-
tions. 7-KC concentrations are shown as a function of 3 � ,5 � ,6 � -triol 
concentrations for all subjects. R 2  = 0.86,  P  < 0.0001.   

  Fig.   6.  Sensitivity and specifi city of plasma 3 � ,5 � ,6 � -triol assay. A: 
Histogram plots for control and NPC1 subjects. B: ROC curve dem-
onstrates 0.9958 area under the curve for 3 � ,5 � ,6 � -triol assay. Using 
cut-off value of 24.5 ng/ml, sensitivity is 97.3% and specifi city is 100%.   
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jaundice, 5–8%), the false-positive rate due to this heterozy-
gote subset is negligible, and accordingly, the positive pre-
dictive value of the oxysterol test is >97%. On the other 
hand, population-based screening using a cut-off value for 
3 � ,5 � ,6 � -triol of 24.5 ng/ml may be more problematic as 
the positive predictive value is <1%. This can be readily 
addressed by raising the cut-off value to 38 ng/ml, which 
effectively lowers the sensitivity to 87.6% but increases the 
positive predictive value to 100%. The approximate 10% 
NPC1 cases in the overlap zone could then be detected 
using a secondary screen such as another NPC1 disease-
specifi c biomarker or sequencing of the NPC1 gene. 

 In summary, we describe the development of a sensitive 
and specifi c LC-MS/MS method capable of quantifying 
3 � ,5 � ,6 � -triol and 7-KC human plasma. Here, this assay is 
used to evaluate the intra- and inter-subject variability of 
these oxysterol species in control, heterozygote, and NPC1 
subjects, and validate our earlier fi ndings of increased 
plasma 3 � ,5 � ,6 � -triol and 7-KC concentrations in NPC1 
subjects. Measurement of plasma oxysterols offers the fi rst 
noninvasive, quantitative, and highly sensitive method for 
detection of NPC1 disease and, we believe, will replace the 
fi lipin test as the diagnostic standard for NPC1 disease. 
The LC-MS/MS assay also provides a conceptual basis to 
screen newborns for NPC1 disease and has the potential to 
transform current approaches to diagnosis and treatment 
of the disorder.  

 The authors thank Dr. Doug Covey for providing laboratory 
equipment and space for chemical synthesis and Sarah Gale for 
assistance in preparation of fi gures. 
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