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Abstract

Niemann-Pick type C1 (NPC1) disease is a rare progressive neurodegenerative disorder

characterized by endolysosomal cholesterol accumulation. Previous studies implicating oxidative

stress in NPC1 disease pathogenesis raised the possibility that non-enzymatic formation of

cholesterol oxidation products could serve as disease biomarkers. We measured these metabolites

in the plasma and tissues of the Npc1−/− mouse model and found several cholesterol oxidation

products that were elevated in Npc1−/− mice, were detectable prior to the onset of symptoms, and

were associated with disease progression. Non-enzymatically formed cholesterol oxidation

products were similarly increased in the plasma of all human NPC1 subjects studied and

delineated an oxysterol profile specific for NPC1 disease. This oxysterol profile also correlated

with age of disease onset and disease severity. We further show that the plasma oxysterol markers

decreased in response to an established therapeutic intervention in the NPC1 feline model. These

cholesterol oxidation products are robust blood-based biochemical markers for NPC1 disease that

may prove transformative for diagnosis and treatment of this disorder, and as outcome measures to

monitor response to therapy.

INTRODUCTION

Niemann-Pick type C1 (NPC1) disease is a rare, progressive neurodegenerative disorder

with an estimated incidence in Western Europeans on the order of one in 120,000–150,000
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(1). This number is almost certainly an underestimate because of the difficulty in

establishing the diagnosis. Approximately 95% of Niemann-Pick type C (NPC) cases are

caused by mutations of the NPC1 gene, which is located on chromosome 18q11 (2); the

remaining 5% are caused by mutations in the NPC2 gene, mapped to chromosome 14q24.3

(3). In patients with NPC1 disease cholesterol and other lipids accumulate in the viscera and

central nervous system (4,5). In early childhood affected individuals typically exhibit ataxia

and progressive impairment of motor and intellectual function, and they usually die in

adolescence. A major barrier to delivery of effective treatment for NPC disease has been the

lack of a non-invasive and inexpensive diagnostic test, thus leading to diagnostic delays of

>4 years (6). The time to diagnosis is critical since early intervention is likely to yield the

most benefit in this disease.

Mutations in the NPC1 and NPC2 genes profoundly affect the intracellular trafficking of

cholesterol and, as a consequence, lead to accumulation of free cholesterol in late

endosomal/lysosomal structures (4,7). Several lines of evidence suggest that the lysosomal

lipid accumulation in NPC disease is accompanied by cellular oxidative stress. In vitro

studies show increased oxidative stress in cultured fibroblasts and neurons. NPC1-deficient

fibroblasts show increased concentrations of reactive oxygen species (ROS) and lipid

peroxidation, and exhibit a gene expression profile indicative of oxidative stress (8,9).

Likewise, treatment of mouse cortical neurons with U18666A, a compound that induces an

NPC cellular phenotype, leads to increased oxidative stress (10). In vivo studies similarly

provide evidence of cellular and tissue oxidative stress in NPC1 disease. Murine Npc1-

deficient macrophages show increased ROS and harbor signs of chronic oxidative damage

(11), and in human NPC1 subjects, antioxidant capacity in serum is decreased (12).

Concomitant with elevated ROS, there is a marked increase in cholesterol oxidation

products, which are formed non-enzymatically after attack of cholesterol by oxygen free

radicals (11). These cholesterol oxidation products, or oxysterols, are uniformly elevated in

both multiple tissues and plasma of Npc mutant mice (Npc1−/−) (11,13).

We hypothesized that the elevated cholesterol oxidation products in the tissues of Npc1−/−

mice are a reflection of the unique intersection of oxidative stress and excess intracellular

free cholesterol that is the hallmark of NPC1 disease. In the present study, to test whether

concentrations of circulating oxysterols might serve as markers for NPC1 disease, we

analyzed plasma and tissue samples from Npc1−/− mice over their 11-week lifespan.

Furthermore, oxysterols that associate with disease in the murine model were examined in

plasma and cerebrospinal fluid (CSF) from NPC1 and age-matched control subjects. We

found that several cholesterol oxidation products were markedly elevated in the plasma of

NPC1 subjects, but not in other neurodegenerative or lysosomal storage diseases, and

correlated with severity and age of onset of disease.

RESULTS

Cholesterol oxidation products in plasma and tissues of Npc1-deficient mice

Previous demonstration of increased oxidative stress and elevated cholesterol oxidation

products in the tissues of Npc1 deficient mice raised the possibility that circulating, non-

enzymatically generated oxysterols might serve as markers for NPC disease. To test this

possibility, we monitored plasma oxysterol concentrations over the lifespan of the BALB/c

NPCnih (Npc1−/−) mouse, a naturally occurring murine model that harbors a retroposon

insertion in the Npc1 gene (14). We measured oxysterol species formed exclusively by non-

enzymatic reactions (cholestane-3β,5α,6β-triol (3β,5α,6β-triol), 7β-hydroxycholesterol (7β-

HC), and 7-ketocholesterol (7-KC)), and species for which there is evidence for both

enzymatic and non-enzymatic synthesis in vivo (4β-hydroxycholesterol (4β-HC), 7α-

hydroxycholesterol (7α-HC) and 25-hydroxycholesterol (25-HC)) (Fig. 1). In contrast to
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control wild type (WT) littermates, Npc1−/− mice failed to appropriately gain weight and

started to lose weight by 7–8 weeks of age (Fig. 2A). Npc1−/− mice exhibited decreased

coordination, as evidenced by rotarod testing, beginning at seven weeks of age (Fig. 2B),

and life span was markedly shortened, with a mean survival of 78 days (Fig 2C) (15). In

pooled plasma samples elevations in 25-HC and 3β,5α,6β-triol were present at virtually all

ages in Npc1−/− mice as compared to control mice (Figure 2, D and E). By contrast,

elevations in 7-KC, 4β-HC, 7α-HC, and 7β-HC were most prominent after 7 weeks of age,

when the Npc1−/− mice began losing weight and were overtly symptomatic (Fig. 2, F–I).

(These oxygenated cholesterol species represent, for the most part, non-enzymatically

formed oxidation products, although 4β-HC, 7α-HC and 25-HC can also be generated

enzymatically). Nonetheless, a subset of cholesterol oxidation products (25-HC, 3β,5α,6β-

triol, 7-KC, 7α-HC and 7β-HC) were all increased in the plasma of the 4 week Npc1−/−

mice, an age that predates onset of neurological symptoms, and all of the oxysterols

examined were significantly elevated in 8–10 week Npc1−/− mice.

The elevated plasma oxysterols in the Npc1−/− mice were accompanied by altered tissue

oxysterol levels. In livers of 9-week old Npc1−/− mice, there was marked accumulation

(3.4–8.9 times increase compared to WT) of multiple non-enzymatically formed cholesterol

oxidation products (4β-HC, 7β-HC, 5β,6β-epoxycholesterol, 5α,6α-epoxycholesterol, 7-KC,

7α-HC and 3β,5α,6β-triol) (Fig. 3, A and B). Elevated 3β,5α,6β-triol concentrations, in

contrast to other oxidized cholesterol species, were also evident in whole brain (increased

4.3-times, p<0.001) and in the cerebellum, a region of the brain profoundly affected by the

neurodegenerative disease process in the Npc1−/− mice (Fig. 3, C and D). An age dependent,

significant elevation of 3β,5α,6β-triol in the cerebellum was detected beginning at 4 weeks

in asymptomatic Npc1−/− mice (Fig. 3D), consistent with the known cholesterol storage and

asymptomatic neuroinflammatory changes that are evident as early as 9 days in the Npc1−/−

mice (16). In contrast to the non-enzymatic cholesterol oxidation products, enzymatically

formed 24(S)-hydroxycholesterol (24(S)-HC) levels were attenuated 35% (p<0.001) in

whole brain tissue of the 9-week old Npc1−/− mice, as compared to WT mice (Fig. 3E).

Reduced formation of 24(S)-HC has been reported previously for Npc1−/− mice, as well as

in human neurodegenerative diseases, and thought to be due to dysfunction and/or loss of

large neurons (17,18). In spite of the reduced 24(S)-HC production, 24(S)-HC

concentrations were increased 2.8-times (p<0.001) in the liver of the Npc1−/− mice (Figure

3B). These elevated steady-state concentrations of 24(S)-HC were likely a manifestation of

both the hepatocellular disease in the Npc1−/− mice and the central role of the liver in

clearance of plasma oxysterols (19). Taken together, these findings raised the possibility that

plasma concentrations of non-enzymatically generated oxysterols might aid the in diagnosis

of human NPC1 disease and be informative with respect to disease progression.

Elevated cholesterol oxidation products in the plasma of human NPC1 subjects

To study the association of oxysterols with human NPC1 disease, we obtained plasma

samples from human NPC1 subjects enrolled in an observational study at the U.S. National

Institutes of Health. We initially performed a pilot study on plasma samples from ten NPC

subjects, in which we used isotope dilution GC/MS to monitor 22 distinct oxysterol species

(Table S1) known to be present in human plasma (20,21). Comparison with previously

reported reference values (21–23) allowed us to identify two species that were increased (3β,

5α,6β-triol and 7-KC) and one that was decreased (24-HC) in the NPC1 plasma samples. On

the basis of these findings, we measured these three oxysterol species in plasma samples in a

validation cohort of 25 fasting NPC1 subjects (1–51 yrs; mean age 11.3 yrs), 25 controls (1–

47 yrs; mean age 11.0 yrs) and 23 obligate heterozygotes (parents of NPC1 subjects) or

known sibling carriers. Control subjects were matched for age, but not for gender, as there

were no differences in oxysterol profiles between male and female controls. We found that
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the two cholesterol oxidation products, 3β,5α,6β-triol (control mean 20.1, range 7.9–42.9;

NPC1 mean 193.6, range 82.9–328.8) and 7-KC (control mean 77.4, range 39.4–338.8;

NPC1 mean 725.9, range 311.6–1294.1), were strikingly elevated in NPC1 subjects

compared to age-matched controls (p<0.001 using Bonferroni posttest correction for

multiple comparisons) (Fig. 4, A and B). Although the range of values overlapped with

controls, these oxidation products were also significantly elevated in the heterozygotes.

Even excluding the single heterozygote subject with marked elevation of 7-KC, mean 7-KC

and 3β,5α,6β-triol levels in the heterozygotes were increased 1.8- and 1.9-times,

respectively, over control subjects (7-KC, p<.05; 3β,5α,6β-triol, p<.001) (Fig. 4C). When

both 7-KC and 3β,5α,6β-triol concentrations were plotted for individual subjects, these

oxysterol species were sufficient to permit complete discrimination of NPC1 subjects from

controls and heterozygotes (Fig. 4D). The plasma 3β,5α,6β-triol and 7-KC were highly

correlated (r = 0.9), indicating that generation of these oxidation products in vivo likely

involve a common process. This result is consistent with our hypothesis that increased

oxysterols in NPC1 subjects reflects the unique intersection of increased intracellular free

cholesterol and increased oxidative stress. Receiver-operator curve (ROC) analysis

demonstrated that the area under the curve for 3β,5α,6β-triol was 1.0 and for 7-KC was

0.9984, reflecting the high sensitivity and specificity afforded by the markers.

The striking elevation in circulating cholesterol oxidation products is consistent with known

increases in the free cholesterol precursor and oxidant tone in NPC1-deficient tissues

(8,9,11–13). The cholesterol oxidation products were unlikely to have been formed in the

circulation or subsequent to the blood collection, because no significant association was

found between plasma cholesterol and oxidation products (Fig. S1, A and B). As compared

to controls, plasma 3β,5α,6β-triol/cholesterol and 7-KC/cholesterol ratios in NPC1 subjects

were elevated 9.9 and 10.6-times, respectively, thus demonstrating that enhanced oxidant

stress, rather than an increase in oxidation product resulting from an increase in precursor,

was responsible for the elevated plasma oxysterols (Fig. S1, C and D). Even among Familial

Hypercholesterolemia subjects with total plasma cholesterol > 300 mg/dl, the plasma 3β,5α,

6β-triol and 7-KC levels were within the normal range (Fig. S1E). Furthermore, the lack of

association between plasma cholesterol oxidation products and serum Trolox Equivalent

antioxidant capacity (TEAC), a measure of total antioxidant capacity, demonstrate that

elevated serum levels of 3β,5α,6β-triol and 7-KC are independent of the oxidative

environment in the plasma (Fig. S1F).

In contrast to the elevated non-enzymatic oxidation products, mean plasma 24(S)-HC, an

enzymatically formed oxysterol, was lower in NPC1 subjects than in controls (control mean

97.7, range 34.8–234.1; NPC1 mean 75.1, range 19.3–209.3) (Fig. 4E). In light of the age-

dependent decline in circulating 24(S)-HC levels (22), plasma 24(S)-HC values were further

analyzed. We found that 24(S)-HC plasma concentrations were significantly reduced in the

NPC1 subjects, as compared to age-matched controls (Fig. 4E. p<0.005 using Bonferroni

posttest correction for multiple comparisons). In humans, 24(S)-HC is formed almost

exclusively in the central nervous system and its concentrations in plasma reflect the balance

between cerebral production and hepatic clearance (17). Therefore, neurodegenerative

changes in the NPC1 subjects would be expected to yield lower plasma 24(S)-HC

concentrations, similar to those reported for subjects with Alzheimer disease or

neuroinflammation (17). The considerable overlap in plasma 24(S)-HC concentrations

between the groups, however, suggests that by itself plasma 24(S)-HC is not a sufficiently

robust marker to permit discrimination between NPC1 and unaffected individuals.

To examine the stability of the oxysterol measurements in the plasma samples, we measured

the oxysterols under different processing conditions. Routine samples were collected in

EDTA and butylated hydroxytoluene (BHT)-containing tubes, immediately centrifuged, and
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the plasma was removed and stored at −80°C. All processing of archived samples was

performed under argon, which prevented formation of adventitious cholesterol oxidation

products. Stability of the oxysterols was determined by collecting the plasma samples in the

presence or absence of BHT and by processing after overnight storage at either 4°C or at

room temperature. 7-KC demonstrated remarkable stability and was unaffected by the

absence of BHT, processing delay or storage temperature (Fig. 4F). Detection of the 3β,5α,

6β-triol species was similarly unaffected by altered processing of the plasma samples. We

observed, however, up to a 25% increase in 3β,5α,6β-triol concentrations after a processing

delay and storage at room temperature (p<0.05), possibly reflecting conversion of precursor

oxidation products, 5α,6α-epoxycholesterol and 5β,6β-epoxycholesterol, to the tri-

hydroxylated 3β,5α,6β-triol species. On the other hand, oxysterol concentrations in plasma

samples appear to be stable during storage at −80°C. Repeat 3β,5α,6β-triol and 7-KC

determinations on samples stored at −80°C for up to six weeks showed a coefficent of

variance of <10%. Furthermore, we can detect elevated 3β,5α,6β-triol and 7-KC

concentrations in plasma samples from NPC1 subjects that have been archived for up to ten

years. We also investigated whether 7-KC or 3β,5α,6β-triol demonstrated diurnal variation.

We found no evidence of a diurnal pattern for either 7-KC or 3β,5α,6β-triol, although the

non-fasting oxysterol determinations deviated from fasting levels by up to 16% and 23% for

7-KC and 3β,5α,6β-triol, respectively (Fig. 4, G and H). Nonetheless, the observed intra-

subject variation for the oxysterol measurements was small compared to the differences

between NPC1 and control values.

Because the plasma cholesterol oxidation products are manifestations of tissue oxidative

stress, we explored whether the clinical presentation of disease in the NPC1 subjects might

reflect the degree of cellular oxidative stress and, ultimately, the severity of the intracellular

cholesterol trafficking defect. Using skin fibroblasts obtained from study subjects, we

measured free cholesterol levels, as well as low-density lipoprotein (LDL)-stimulated

cholesterol esterification in the fibroblasts. Impaired delivery of LDL-derived cholesterol to

the endoplasmic reticulum (ER) for re-esterification is a hallmark of the NPC1 cellular

lesion. Free cholesterol levels were increased 3.6–10.0-times in the NPC1 fibroblasts, as

compared to WT fibroblasts. Consistent with this finding, LDL-stimulated cholesterol

esterification was markedly reduced in the fibroblasts of the majority of the NPC1 subjects,

and, not unexpectedly, was strongly associated with the cellular free cholesterol (r=-0.64;

p<0.01) (Fig. S2). However, the association of these cellular phenotypes with the oxysterol

biomarkers was relatively modest (r=0.22 for 7-KC and r=0.25 for 3β,5α,6β-triol),

indicating that the amount of circulating oxysterol appears to be determined only in part by

the severity of the NPC1 cellular lesion.

Specificity of plasma oxysterols for NPC disease

To evaluate the specificity of the plasma oxysterol profile for NPC1 disease, we measured

oxysterols in subjects with type 2 diabetes and in subjects with coronary artery disease

(CAD), two common conditions that are associated with oxidative stress. In diabetics,

plasma 3β,5α,6β-triol and 7-KC concentrations were increased only 1.4- and 1.2-times,

respectively compared with controls matched for age, gender, smoking status and statin

usage (Fig. 5). In subjects with angiographically proven CAD, plasma 3β,5α,6β-triol or 7-

KC concentrations were increased 1.4- and 1.5-times, respectively compared with matched

controls. By contrast, these biomarkers were elevated 9.6- and 9.3-times, respectively, in the

NPC1 subjects. Moreover, none of the diabetic or CAD subjects exhibited oxysterol levels

that overlapped with the range of values for the NPC1 subjects.

We further examined the circulating oxysterol concentrations in several other lysosomal

storage diseases (infantile neuronal ceroid lipofuscinosis (INCL), GM-1 gangliosidosis,

GM-2 gangliosidosis, and Gaucher disease) that have similar clinical presentations (e.g.,
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hepatosplenomegaly and cognitive impairment) to NPC1 disease and for which a diagnostic

blood-based test that differentiated NPC1 disease from other lysosomal storage diseases

would be extremely useful. Plasma 3β,5α,6β-triol and 7-KC concentrations were

significantly elevated in NPC1 subjects (Fig. 6, A and B). 3β,5α,6β-triol concentrations, and

to a lesser extent 7-KC, were able to differentiate NPC1 subjects from subjects with other

lysosomal storage diseases. Plasma 24(S)-HC concentrations were similar in subjects with

NPC1 and other lysosomal storage diseases, with the exception of INCL subjects in which

the 24(S)-HC was profoundly reduced (Figure 6C), consistent with the widespread cortical

atrophy that typifies this disorder.

Cholesterol oxidation products in the CSF of human NPC1 subjects

In NPC1 subjects, the elevated plasma cholesterol oxidation products were likely formed in

multiple peripheral tissues prior to release into the circulation, similar to situation in

Npc1−/− mice (11,13). To identify specific biomarkers for neurodegeneration in NPC1

disease, the CSF in NPC1 study subjects and pediatric controls was monitored for possible

enrichment of CNS-derived cholesterol oxidation products. CSF oxysterol concentrations,

however, were only ~10% that of corresponding plasma concentrations and below limits of

detection in approximately a quarter of the subjects. Significant elevations were observed in

the NPC1 subjects for 3β,5α,6β-triol (p<0.001) (Fig. 7A), which is increased in brain tissue

of Npc1−/− mice (Fig. 3, C and D), and 5β,6β-epoxycholesterol (p<0.01) (Fig. 7B), a

precursor of the 3β,5α,6β-triol. By contrast, 7α,27-HC and 7β,27-HC (Fig. 7, C and D),

which were undetectable in the all of the NPC1 subjects, were present in the CSF of the

control subjects. Surprisingly, we could not detect 24(S)-HC, a measure of CNS cholesterol

turnover, in the CSF of either the NPC1 or control subjects. This could reflect reduced

24(S)-HC synthesis, or more likely, conversion to oxidation products not detectable by the

selective ion monitoring employed in our study. Thus, NPC subjects demonstrate a distinct

CSF oxysterol profile in which there is alteration of specific cholesterol oxidation products,

consistent with the cholesterol oxidation signature found in the brain tissue of the Npc1−/−

mice.

Correlation of oxysterol biomarkers with severity of human NPC1 disease

The wide range in 7-KC (311–1294 ng/ml) and 3β,5α,6β-triol (89–328 ng/ml) plasma

concentrations within this phenotypically heterogeneous cohort of patients with NPC1

disease raised the possibility that the magnitude of the oxysterol biomarkers might be

informative regarding disease severity. We found that the age of initial presentation of

disease in the NPC1 subjects, which ranged from 1 week to 8 years, was significantly

associated with plasma concentrations of both 7-KC (r = −0.41, p<0.05) and 3β,5α,6β-triol

(r = −0.40, p<0.05) (Fig. 8, A and B). Furthermore, NPC1 disease severity, based on

severity scale rank within the cohort (6), correlated significantly with concentrations of both

7-KC (r = 0.39, p<0.05) and 3β,5α,6β-triol (r = 0.39, p<0.05) (Fig. 8, C and D). An even

more robust association emerged between disease severity and an oxysterol index that

incorporates either 7-KC or 3β,5α,6β-triol concentrations, which vary directly with severity,

and age-corrected 24(S)-HC levels, which vary inversely with disease severity (for 7-KC, r

= 0.66, p<0.001; for 3β,5α,6β-triol, r = 0.60, p<0.001) (Fig. 8, E and F). Together, these

findings indicate the oxysterol biomarkers may be informative with respect to the clinical

course of disease.

Circulating oxysterol biomarkers are decreased in response to therapy

To assess whether 7-KC and 3β,5α,6β-triol might serve as markers of therapeutic efficacy in

NPC1 disease, we measured the oxysterols in a feline model of NPC1 disease that is well

documented and known to resemble the juvenile-onset form of the disease in children (5,24).

In the NPC1 cats serum 7-KC and 3β,5α,6β-triol concentrations were increased 1.3- and 9.4-
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times, as compared to WT littermates (Fig. 9) Notably, the relative increase in 3β,5α,6β-triol

concentration in the affected cats was identical to that observed in human NPC1 subjects.

Serum samples were analyzed in 16–18-week NPC1 cats that were untreated or treated with

a single dose of 2-hydroxypropyl-β-cyclodextrin (cyclodextrin; 4000 mg/kg or 8000 mg/kg

subcutaneously), which has been shown to prolong the lifespan in both the NPC1 mouse and

feline models (25–28). Initiation of cyclodextrin treatment at three weeks led to amelioration

of clinical neurological disease and significant reduction of 3β,5α,6β-triol and 7-KC

concentrations in the serum of the cyclodextrin-treated cats (Fig. 9). These findings raise the

possibility that the oxysterol biomarkers may provide metrics to follow efficacy of therapy

and/or disease progression in human NPC1 subjects.

DISCUSSION

A major impediment to the development of effective treatments for Niemann-Pick C disease

has been the lack of outcome measures to evaluate therapeutic efficacy in this cholesterol

storage disorder. A number of recent in vitro and in vivo studies indicate the presence of

increased oxidative stress in NPC1 disease (8–11,13). On the basis of these studies, we

explored the possibility that oxidative attack of the excess free cholesterol in these patients

might lead to increased formation of cholesterol oxidation products, which could serve as

disease biomarkers. Using the Npc1−/− mouse model, we identified cholesterol oxidation

products that were elevated, both in tissues and plasma, and were associated with disease

progression. Non-enzymatically formed cholesterol oxidation products were similarly

increased in the plasma of human NPC1 subjects. The specific oxysterol species differed to

some degree between humans and mice, and this may reflect inherent differences in sterol

metabolism between the species. Measurement of plasma oxysterols allowed for sensitive

and specific detection of NPC1 disease in mice and humans. Furthermore, plasma oxysterol

concentrations were correlated with the severity and age of disease onset. In mice lacking

the Npc1 gene, alterations in plasma oxysterols could be detected prior to onset of clinical

disease, and in NPC1 patients were evident when there were minimal to no neurological

symptoms. These cholesterol oxidation products can serve as NPC1 disease-specific

biochemical markers and may prove useful for early detection of NPC1 disease and for

evaluation of therapeutics in clinical trials.

In vivo conversion of lipoprotein cholesterol to oxygenated cholesterol metabolites

(oxysterols) occurs in all tissues through both enzymatic and non-enzymatic pathways (Fig.

1). Side-chain oxysterols, which are generated by oxidation of the isooctyl side-chain of

cholesterol, are biologically active and regulate acute sterol homeostatic responses via

transcriptional and posttranslational mechanisms. These oxysterols, which include 24-, 25-

and 27-HC, are predominantly synthesized by cytochrome P450 enzymes that reside in the

ER (e.g., CYP46A1) and mitochondria (e.g., CYP27A1). In contrast to side-chain

oxysterols, steroid ring-modified oxysterols are principally generated non-enzymatically as a

result of the susceptibility of the C-5,6 double bond and the C-7 vinylic methylene group of

cholesterol to radical and nonradical oxidation reactions (29,30). The major products of free-

radical based oxidation of cholesterol include 7α-HC, 7β-HC, 7-KC and the epimeric 5,6-

epoxides (30). The latter species are abundant in oxidized LDL and in macrophages, and

serve as substrates for the ubiquitous cholesterol epoxide hydrolase to yield 3β,5α,6β-triol

(29,31).

In vivo, multiple mechanisms are likely responsible for generation of the free radicals

responsible for cholesterol oxidation, including iron-catalyzed reduction of H2O2 by

superoxide by iron or peroxynitrite (30). Superoxide anions interact with polyunsaturated

fatty acyl chains in membranes to produce hydroperoxy lipid radicals that are required for

formation of both 5,6-epoxycholesterols, the precursor to 3β,5α,6β-triol, and 7-KC. In cells
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the enzyme complex primarily responsible for generation of superoxide anions is the

NADPH oxidase complex (32). This complex is activated by lactosylceramide-enrichment

of cell surface glycosphingolipid signaling domains (33,34). In light of the marked

accumulation of lactosylceramide in multiple tissues in NPC1 subjects (35), it seems

plausible that the well-characterized cholesterol-induced perturbations of glycosphingolipid

metabolism in NPC disease, may be contribute to ROS production through activation of

NADPH oxidase.

Non-enzymatically formed oxysterols have been reported to be elevated in human diseases

associated with oxidative stress. The major circulating cholesterol oxidation products–7α-

HC, 7β-HC, 7-KC and the epimeric 5,6-epoxides–have been shown to be elevated in the

plasma of diabetic (36,37) and obese subjects (38). Increased 7α-HC and 7β-HC

concentrations were also found in subjects with normal plasma cholesterol and

atherosclerotic disease (39). In diabetes and atherosclerosis, however, the relatively modest

increase in circulating oxysterol concentrations (increased ~1.3-times) and considerable

overlap between subject groups suggests that these metabolites may have limited utility as

disease markers in these disorders. By contrast, mean plasma 7-KC and 3β,5α,6β-triol

concentrations were increased 9.4- and 9.6-times, respectively, in the NPC1 subjects, and,

when used in combination, these species allowed discrimination of NPC1 subjects from age-

matched controls with 100% sensitivity and specificity. These plasma oxysterols are stable,

can be reproducibly measured, and exhibit only modest within subject variation, which

auger well for their use as clinical biomarkers for NPC1 disease. In addition to their utility in

monitoring disease, non-enzymatically formed oxysterols may also contribute to disease

pathogenesis through their ability to promote apoptosis or to stimulate inflammation

(29,40,41). In particular, the 3β,5α,6β-triol species, which is elevated in the cerebellar tissue

of Npc1−/− mice and in the CSF of human NPC1 subjects, has been reported to be cytotoxic

and promote mitochondrial dysfunction (42).

In contrast to the marked elevation of cholesterol oxidation products, NPC1 disease was

associated with reduced enzymatic formation of 24(S)-HC in the brain tissue of Npc1−/−

mice. Because the rate of 24(S)-HC flux into the plasma reflects cholesterol turnover in

metabolically-active neurons in the CNS, reduced plasma 24(S)-HC concentrations in NPC1

may result from the loss of sterol 24-hydroxylase-expressing neuronal populations (e.g.,

Purkinje cells). Reduced plasma 24(S)-HC concentrations have previously been reported in

Alzheimer disease and in the setting of neuroinflammation (17). Moreover, the profound

reduction in 24(S)-HC concentrations in the subjects with infantile neuronal lipofuscinosis

(Figure 6C), a lysosomal storage disease characterized by rapidly progressive brain atrophy,

provides further support for 24(S)-HC as a general marker of neurodegeneration.

Concomitant with reduced 24(S)-HC, we detected increased formation of 3β,5α,6β-triol in

the brain tissue of the Npc1−/− mice. Thus, non-enzymatic cholesterol oxidation may explain

the augmented CYP46A1-independent sterol excretion in the Npc1−/− mice (18).

Barriers to the development of more effective treatments for NPC disease have been its rare

disease status and the lack of outcome measures to evaluate efficacy of therapy in clinical

trials. The finding that 7-KC and 3β,5α,6β-triol markers were significantly lowered by

treatment with cyclodextrin, a compound that prolongs survival in NPC1 animal models

(25–28) and is being administered to human NPC1 subjects through an FDA-approved

single patient investigational new drug application, provides a biochemical-based, surrogate

end-point that could facilitate clinical evaluation of cyclodextrin and other emerging

therapeutics.

Circulating oxysterols may additionally serve as metrics for monitoring the clinical course

of NPC1 disease. Although correlation of the oxysterol markers with disease progression is
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clearly limited by the pleiotropic nature of the disease (e.g., multiple disease genotypes) and

small sample size in our study, we were able to demonstrate significant correlations between

plasma concentrations of 7-KC and 3β,5α,6β-triol and age of disease onset and severity.

Moreover, plasma oxysterol concentrations expressed as the ratio of cholesterol oxidation

products to age-normalized 24(S)-HC was even more informative than individual oxysterols

in predicting disease severity. The higher predictive power of this oxysterol index may

reflect inclusion in the index of markers of both oxidative stress and neuronal damage/loss,

processes that are central to the pathogenesis of NPC1 disease. Given the variability in

disease progression, even among siblings with a common genotype, these oxysterol

biomarkers may prove most useful when applied longitudinally in individual NPC1 subjects.

An unexpected finding was the near doubling in plasma 7-KC and 3β,5α,6β-triol among the

NPC1 heterozygotes, since humans with NPC1 haploinsufficiency have not been reported to

develop clinical symptoms of NPC1 disease. On the other hand, Purkinje cell loss and

enhanced phosphorylation of tau is present in aged Npc1+/− mice, and in a feline NPC1

model heterozygotic cats exhibit intermediate biochemical phenotypes for cholesterol

esterification and liver lipid accumulation (43,44). Moreover, abnormal filipin staining

patterns have been reported in skin fibroblasts from obligate human heterozygotes,

indicating accumulation of lysosomal free cholesterol, which may serve as substrate for non-

enzymatic formation of cholesterol oxidation products (45). Because of the wide phenotypic

spectrum of NPC1 and the fact that a skin biopsy is necessary for biochemical diagnosis,

NPC1 disease is likely underdiagnosed. Thus, the carrier frequency for NPC1 mutations is

likely higher than the 0.6% predicted by a disease incidence of 1:120,000. If the increased

circulating oxysterols are indicative of tissue oxidative stress, then human NPC1

heterozygotes, in whom the magnitude of the oxysterol elevation is comparable to those of

diabetic and atherosclerotic subjects (36,37,39), may be at risk for neurodegeneration or

other oxidative stress-related diseases. Thus, it is possible that therapeutic strategies under

development for NPC1 subjects, such as antioxidant therapy to reduce ROS or small

molecule chaperones to increase NPC1 protein stability, may also reduce disease risk in

heterozygotic subjects.

The availability of a simple, quantitative blood test for diagnosis of NPC disease would

provide an unprecedented opportunity for early disease detection and the possibility of

intervention in neurologically asymptomatic subjects. Specifically, a blood-based screening

or diagnostic test would be applicable to infants presenting with cholestatic jaundice, in

which the prevalence of NPC is as high as 8% (46); any infant or child with hepatomegaly

or splenomegaly, in which there is suspected storage disease; children with mild

neurological deficits or learning disorders; and adolescents or adults with psychiatric disease

and neurological symptoms (47). Although not yet FDA-approved for NPC, clinical

evidence is accumulating that miglustat, an iminosugar that inhibits the synthesis of

glycosphingolipids, may slow neurological progression (48), and miglustat has been

approved for use in Europe for treatment of NPC (49). Given that the length of the

neurologically asymptomatic phase may be a major factor in determining the age of

neurological onset and that disease progression after neurological involvement is linear (6),

identification of affected patients prior to the onset of neurological symptoms is critical. The

current diagnostic standard for NPC1 is an invasive skin biopsy and filipin staining in one of

several specialized clinical laboratories world-wide (50). The lack of a non-invasive

screening or diagnostic test contributes to a significant diagnostic delay, which has been

shown to be 4.3 years in a predominately pediatric cohort and 6.2 years in adults with NPC1

disease (6,51). Recent advances in mass spectrometric detection of oxysterols raise the

possibility that these cholesterol-derived biomarkers could be quantified with sufficient

sensitivity to enable implementation of newborn screening (52,53). A similar approach to

detection of sterol compounds is being pursued for Smith-Lemli-Opitz syndrome, another
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inborn error of sterol metabolism (54). The finding that circulating oxysterols are

informative with respect to NPC1 disease severity suggests that oxysterol biomarkers may

also be useful for following disease progression or response to therapy by providing

outcome measures in clinical trials. Validation of these oxysterol biomarkers is currently

underway in an NIH-sponsored clinical trial (61).

MATERIALS AND METHODS

Animals

BALB/c NPCnih mice were obtained from Jackson Laboratories and maintained on a

standard chow diet. Rotarod performance was monitored as described (15). Experimental

procedures were approved by the Washington University Animal Studies Committee and

were conducted in accordance with the USDA Animal Welfare Act and the Public Health

Service Policy for the Humane Care and Use of Laboratory Animals. NPC1 cats were raised

in the animal colony of the School of Veterinary Medicine at the University of Pennsylvania

under NIH and USDA guidelines for the care and use of animals in research (55). Treatment

with 2-hydroxypropyl-β-cyclodextrin was performed as described previously (55). The

experimental protocol was approved by the University of Pennsylvania Institutional Animal

Care and Use Committee.

Human Subjects

NPC1 fibroblasts and plasma were obtained from individuals enrolled in NIH protocol 06-

CH-0186 (Evaluation of Biochemical Markers and Clinical Investigation of Niemann-Pick

Disease, type C; PI: F.D. Porter). This clinical protocol was approved by the NICHD

Institutional Review Board and the analysis of coded human samples was approved by the

Human Studies Committee at Washington University. Plasma samples for diabetes and

coronary artery disease subjects were obtained from a prospective registry (PI: S. Marso) for

patients who have been admitted to St. Luke’s Hospital for in-hospital coronary

angiography.

Cells

NPC1 mutant fibroblasts were obtained from skin biopsy specimens and control human

fibroblasts were obtained from ATCC (CRL-1474). Fibroblasts cell lines were cultured as

described (56).

Oxysterol determinations

Plasma samples were collected in tubes containing K3-EDTA and butylated hydroxytoluene

(BHT) and stored at −80°C. CSF samples were collected using standard procedures in tubes

containing BHT and stored at −80°C. Samples were analyzed in a blinded fashion. Prior to

analysis, BHT (50 μg/ml) was added to plasma and CSF samples. For total oxysterol

measurements, 200 pmol deuterated 27-HC (d5-27-HC) as an internal standard (IS) were

added under a continuous argon stream, samples saponified (RT for 2 hrs) and

chlorofom:methanol extraction performed twice as described (11,57). All sample processing

was performed under argon to prevent adventitious cholesterol oxidation. Oxysterol

purification was accomplished using aminopropyl (Waters Sep-Pak Vac RC 500mg NH2

Cartridges) and silica columns (Isolute 100mg SI 10mL XL cartridges) (58). Following solid

phase separation from other lipid species, oxysterols were derivitized using

pyridine:hexamethyldisilazane:trimethylchlorosilane (3:2:1) (21), and analyzed by gas

chromatography/mass spectrometry (GC/MS) using an Agilent Technologies 5975B inert

XL MSD with an Agilent Technologies 6890N Network GC System. Oxysterols were

monitored with ions at m/z 472 (7-KC); m/z 456 (3β,5α,6β-triol, 7α-HC, 7β-HC, 4β-HC,
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and 27-HC); m/z 413 (24(S)-HC); m/z 131 (25-HC); and m/z 461 (d5-27-HC). Quantitative

GC/MS determinations were calculated from triplicate injections and from the linear

response range of standard curves established for each oxysterol/IS pair. Recovery of

oxysterol species in plasma samples was typically in the 60–70% range.

Cholesterol esterification

LDL-stimulated cholesterol esterification in fibroblasts was performed as described (59).

Cholesterol determinations

For fibroblasts, lipids were isolated from cells by extraction in hexane: isopropanol (3:2),

and cellular protein determined by BCA. Free cholesterol was quantified by GC/MS as

previously described (60) and normalized to total cellular protein.

Statistical analyses

Results are expressed as mean ± SEM. For group comparisons, the statistical significance 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 significant. A

Bonferroni posttest correction was used to adjust for multiple comparisons. For correlations

with NPC1 disease severity, study subjects were ranked according to a disease severity scale

from highest (most affected) to lowest (least affected) (6). For calculation of oxysterol

ratios, 24(S)-HC values were first normalized to age-matched control values, which were

interpolated from an exponential decay curve modeling the age-dependent decline in 24(S)-

HC levels in control subjects (22).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Oxysterol structures.

(A–C) 3β,5α,6β-cholestane-triol (3β,5α,6β-triol), 7β-hydroxycholesterol (7β-HC) and 7-

ketocholesterol (7-KC) are generated through non-enzymatic cholesterol oxidation. (D–F)

7α-hydroxycholesterol (7α-HC), 4β-hydroxycholesterol (4β-HC) and 25-hydroxycholesterol

(25-HC) can be generated through both non-enzymatic and enzymatic pathways. (G–H)

24(S)-hydroxycholesterol (24(S)-HC) and 27-hydroxycholesterol (27-HC) are produced

exclusively through enzymatic cholesterol oxidation.
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Fig. 2.

Cholesterol oxidation products are elevated in the plasma of Npc1−/− mice.

(A) Weight gain of WT and Npc1−/− mice. (B) Rotarod performance of WT and Npc1−/−

mice. Error bars for WT mice are contained within the bars. (C) Kaplan-Meier survival

analysis of WT and Npc1−/− mice. (D–H) 25-HC, 3β,5α,6β-triol, 7-KC, 4β-HC, 7α-HC and

7β-HC plasma concentrations measured weekly in pooled plasma samples (n=5–8 mice/

group) obtained from WT and Npc1−/− mice. For 8–10 week time points, *p≤0.05 for

Npc1−/− vs. WT control. In panels D–H the error bars represent the precision of replicate

testing of pooled samples.
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Fig. 3.

Accumulation of non-enzymatic cholesterol oxidation products in Npc1−/− mouse tissues.

(A,B) Oxysterol concentrations in livers of 9-week-old WT and Npc1−/− mice. (C) 3β,5α,

6β-triol concentrations in the brain tissue of 9-week-old WT and Npc1−/− mice. (D) 3β,5α,

6β-triol concentrations in cerebellar tissue of 10 day, 4-week and 7-week-old WT and

Npc1−/− mice. (E) 24(S)-HC concentrations in the brain tissue of 9-week-old WT and

Npc1−/− mice. Error bars represent samples from independent mice as denoted in each

panel. *p<0.05 and **p<0.001 for Npc1−/− vs. WT.
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Fig. 4.

Elevated plasma concentrations of cholesterol oxidation products in human NPC1 subjects.

(A) 3β,5α,6β-triol and (B) 7-KC concentrations in plasma samples in age-matched control

(n=25), NPC1 subjects (n=25), and heterozygotes (n=25). (C) Mean plasma 7-KC and 3β,

5α,6β-triol levels for control, NPC1 and heterozygote subjects. *p<0.05 for heterozygotes

vs. controls; **p<0.001 for heterozygotes vs. controls, and NPC1 vs. controls. (D) 7-KC

concentrations as a function of 3β,5α,6β-triol concentrations for individual control, NPC1

and heterozygote subjects. (E) 24(S)-HC concentrations in fasting plasma samples in age-

matched control and NPC1 subjects, and difference between age-matched subjects. *p<0.05

for difference between controls and NPC1 subjects. (F) Stability tests of 7-KC and 3β,5α,6β-

triol in plasma samples processed in the presence and absence of BHT, or after a 24-hour

delay after storage at 4°C or at room temperature. *p<0.05 for BHT/delay/room temperature

vs. BHT/no delay (G,H) Diurnal variation of 7-KC and 3β,5α,6β-triol in plasma of NPC1

subjects.
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Fig. 5.

Plasma levels of cholesterol oxidation products in human subjects with diabetes and

coronary artery disease.

(A) Plasma 7-KC and 3β,5α,6β-triol levels re-plotted for individual control and NPC1

subjects (heterozygote subjects have been omitted), (B) Plasma 7-KC and 3β,5α,6β-triol

levels plotted for individual control and diabetic (DM) subjects (n=34), which have been

matched for age, gender, smoking status and statin usage. (C) Plasma 7-KC and 3β,5α,6β-

triol levels plotted for individual control subjects and subjects with angiographically-proven

coronary artery disease (CAD) (n=18), which have been matched for age, gender, smoking

status and statin usage.

Porter et al. Page 19

Sci Transl Med. Author manuscript; available in PMC 2011 September 9.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 6.

Comparison of plasma oxysterol concentrations in NPC1 disease and other lysosomal

storage diseases.

(A) 3β,5α,6β-triol, (B) 7-KC and (C) 24(S)-HC concentrations in fasting plasma samples

from control, NPC1, infantile neuronal ceroid lipofuscinosis (INCL), GM-1 gangliosidosis

(GM-1), GM-2 gangliosidosis (GM-2) and Gaucher disease (GD) subjects. For 3β,5α,6β-

triol, p<0.001 for NPC1 vs. INCL, GM-1, GM-2 and GD; for 7-KC, p<0.001 for NPC1 vs.

GM-1 and GM-2 and p<0.01 for NPC1 vs. INCL
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Fig. 7.

CSF oxysterol profile in NPC1 and control subjects.

(A) 3β,5α,6β-triol, (B) 5β,6β-epoxycholesterol, (c) 7α-27-HC and (d) 7β-27-HC

concentrations in CSF from control and NPC1 subjects with established disease.
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Fig. 8.

Correlation of plasma oxysterol concentrations with age of NPC1 disease onset and disease

severity.

(A) Plasma 7-KC and (B) 3β,5α,6β-triol concentrations correlated with age of disease onset

in NPC1 subjects. For 7-KC: r = −0.40, p<0.05; For 3β,5α,6β-triol, r = −0.41, p<0.05. (C)

Plasma 7-KC and (D) 3β,5α,6β-triol concentrations correlated with disease severity rank in

NPC1 subjects. For panels C–E, the severity rank increases with clinical severity of disease.

For 7-KC: r = 0.39, p<0.05; For 3β,5α,6β-triol: r = 0.39, p<0.05. (E,F) Correlation of ratio

of (E) plasma 7-KC and (F) 3β,5α,6β-triol to age-corrected 24(S)-HC values with disease

severity rank in NPC1 subjects. For 7-KC: r = 0.66, p<0.001; For 3β,5α,6β-triol, r = 0.60,

p<0.001.
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Fig. 9.

Circulating oxysterol biomarkers are decreased in response to cyclodextrin therapy.

(A) Serum 7-KC and (B) 3β,5α,6β-triol concentrations were measured in untreated WT (4–

16 weeks) and NPC1 (16 weeks) cats, and in NPC1 cats (16–18 weeks) treated with a single

subcutaneous injection of 4000 or 8000 mg/kg at 3 weeks (n=2–4/group). *p≤0.05 for

cyclodextrin-treated vs. untreated animals, and **p<0.01 for untreated NPC1 vs. WT

animals.
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