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Niemann–Pick disease, type C1 (NPC1), which arises from a mutation in the NPC1 gene, is characterized by
abnormal cellular storage and transport of cholesterol and other lipids that leads to hepatic disease and
progressive neurological impairment. Oxidative stress has been hypothesized to contribute to the NPC1 dis-
ease pathological cascade. To determine whether treatments reducing oxidative stress could alleviate NPC1
disease phenotypes, the in vivo effects of the antioxidant N-acetylcysteine (NAC) on two mouse models for
NPC1 disease were studied. NAC was able to partially suppress phenotypes in both antisense-induced
(NPC1ASO) and germline (Npc12/2) knockout genetic mouse models, confirming the presence of an oxidative
stress-related mechanism in progression of NPC1 phenotypes and suggesting NAC as a potential molecule for
treatment. Gene expression analyses of NAC-treated NPC1ASO mice suggested NAC affects pathways distinct
from those initially altered by Npc1 knockdown, data consistent with NAC achieving partial disease phenotype
suppression. In a therapeutic trial of short-term NAC administration to NPC1 patients, no significant effects on
oxidative stress in these patients were identified other than moderate improvement of the fraction of reduced
CoQ10, suggesting limited efficacy of NAC monotherapy. However, the mouse model data suggest that the dis-
tinct antioxidant effects of NAC could provide potential treatment of NPC1 disease, possibly in concert with
other therapeutic molecules at earlier stages of disease progression. These data also validated the
NPC1ASO mouse as an efficient model for candidate NPC1 drug screening, and demonstrated similarities in
hepatic phenotypes and genome-wide transcript expression patterns between the NPC1ASO and Npc12/2
models.

INTRODUCTION

Niemann–Pick disease, type C (NPC) is an autosomal reces-
sive, neurovisceral disease stemming from abnormal intracel-
lular transport and storage of cholesterol and lipids. NPC

patients exhibit a broad range of clinical symptoms with vari-
able presentation, including hepatosplenomegaly, vertical
supranuclear gaze palsy, gelastic cataplexy, dysarthria, dys-
tonia, cerebellar ataxia, seizures, and progressive dementia
(1). Currently there are no FDA-approved treatments for
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NPC, and definitive NPC diagnosis typically occurs following
neuronal damage.

The majority of NPC patients harbor mutations in the gene en-
coding NPC1, while a small subset of patients carry mutations in
the gene encoding NPC2; these two genetically distinct disease
groups are respectively defined as Niemann–Pick disease, type
C1 (NPC1, MIM #257220) and Niemann–Pick disease, type C2
(NPC2, MIM #607625) (2,3). The protein encoded by NPC1 is a
large, multipass transmembrane glycoprotein that localizes to
the late endosome/lysosome (LEL) compartment, while NPC2
is a small, soluble protein localized to the lysosomal lumen.
NPC1 and NPC2 both bind cholesterol and work together to fa-
cilitate LEL cholesterol export and to maintain proper intracel-
lular cholesterol/lipid homeostasis, including the direct
transfer of cholesterol from NPC2 to the N-terminal domain of
NPC1 (4–6). Mutation of either NPC1 or NPC2 is associated
with impaired intracellular trafficking and the accumulation of
unesterified cholesterol and glycosphingolipids in LELs
(reviewed in (7)). This defective trafficking initiates an intracel-
lular pathological cascade that includes oxysterol deficiency (8),
dysfunctional peroxisomes (9), perturbed sphingosine metabol-
ism and calcium homeostasis (10,11), impaired synthesis of neu-
rosteroids (12), neuroinflammation (13), and induction of
apoptosis (14,15). In addition, increased oxidative stress has
been identified as a potential pathological process in NPC1
disease (16,17).

Although a classical germline mouse model for NPC1 disease
has been available to study for over 15 years (18), recently an
Npc1 antisense oligonucleotide (ASO) knockdown model was
created (19). In the spontaneous germline mutant BALB/
cNctr-Npc1m1N/J (hereafter Npc12/2), mutant mice harbor a
mutation at the Npc1 locus that is predicted to result in no func-
tional NPC1 protein (18). Npc12/2 homozygotes demonstrate
liver phenotypes along with retarded growth, neurological ab-
normalities and defects in LEL trafficking of lipids and choles-
terol paralleling those of human NPC1 patients (14,20–24).
The Npc12/2 neurological symptoms initially present at 6–7
weeks of age as visually detectable ataxia or tremor and then pro-
gress to death at 11–12 weeks. Thus the Npc12/2 mice accur-
ately model both neurological and hepatic aspects of NPC1
disease, but the severity of their neurological phenotypes
greatly restricts their experimental usage. In contrast, the new
Npc1 ASO knockdown model (hereafter NPC1ASO) is gener-
ated by transient intraperitoneal injection of 2′-O-methoxyethyl-
modified ASOs, which block Npc1 expression in the liver but not
other organs, thus replicating the NPC1 hepatic phenotype in a
neurologically normal mouse. The NPC1ASO model can be
rapidly generated in large numbers, and the absence of neurode-
generation allows hepatic phenotypic assessment in viable
animals, a characteristic that could be readily exploited for
candidate compound testing.

One such candidate molecule to study in NPC1 disease is
N-acetylcysteine (NAC; C5H9NO3S, PubChem Compound
CID 12035), the acetylated form of the amino acid cysteine.
NAC has been proposed to be a direct reactive oxygen species
(ROS) scavenger, to regulate redox reactions and consequently
alter cell signaling, and to reduce inflammatory cytokines
(25,26). Importantly, NAC undergoes deacetylation in vivo to
yield cysteine, which is the rate-limiting precursor to the synthe-
sis of the tripeptide glutathione (GSH; C10H17N3O6S, PubChem

Compound CID 124 886), a molecule essential for regulation of
intracellular oxidative stress via reduction of peroxides and other
free radical-producing molecules. Systemic administration of
NAC has the potential to increase cysteine availability and re-
plenish intracellular GSH, thereby increasing the body’s
ability to manage oxidative stress. This function of NAC
enables it to act in a variety of clinical applications where GSH
has been severely depleted, including as a highly effective anti-
dote for acetaminophen toxicity in the liver (27,28).

Several studies have found quantitative biochemical indica-
tors of oxidative stress that result from the absence of normal
NPC1 protein, suggesting that suppression of oxidative stress
may be a reasonable therapeutic approach to slow NPC1
disease clinical progression. Cultured NPC1-deficient cells
from human patients and mouse models demonstrated increased
ROS in fibroblasts, and apoptosis secondary to increased ROS
following treatment of primary cultured cortical neurons with
U18666A, a drug that induces an NPC-like cellular phenotype
(15,29–31). In vivo data from Npc12/2 mice showed elevated
mitochondrial cholesterol levels and depletion of GSH in cul-
tured hepatocytes, elevated cholesterol oxidation products in
macrophages and plasma, and lower glutathione S-transferase
levels in cerebellum (32–34). Human NPC1 patients may also
exhibit a lower antioxidant capacity, as cerebrospinal fluid
showed abnormal glutathione S-transferase and superoxide dis-
mutase levels, and plasma measurements showed a reduced frac-
tion of Coenzyme Q10 (CoQ10) and Trolox Equivalent
Antioxidant Capacity (TEAC) along with elevated thiobarbitu-
ric acid-reactive species and carbonyl formation (16,34,35).
Additional biochemical abnormalities are present that may
reflect the unique biochemical intersection of excess intracellu-
lar cholesterol along with increased oxidative stress, as the
non-enzymatically generated oxysterols 7-ketocholesterol
(7-KC) and 3b,5a,6b-cholestanetriol (3b,5a,6b-triol) are sig-
nificantly elevated in NPC1 patients as well as in Npc12/2
mice (36,37).

This paper demonstrated that NAC reduced oxidative stress
and provided modest therapeutic benefit to both the NPC1ASO
and Npc12/2 mouse models. Furthermore, these studies vali-
dated the NPC1ASO model and proved that it is useful for
rapid, efficient screening of drug candidates for treating NPC1
disease. These NAC studies were extended to a crossover clinic-
al trial of NPC1 patients; however, NAC treatment showed no
measureable changes in a variety of blood-based biomarkers, in-
cluding plasma levels of 7-KC or 3b,5a,6b-triol. These results
suggest that further studies will be needed to determine
whether the beneficial NAC effects seen in mouse NPC1
models are achievable in human NPC1 patients, potentially as
part of combination therapy, in which individual treatments
each address various aspects of NPC1 disease including oxida-
tive stress.

RESULTS

NPC1ASO mice recapitulate pathological and biochemical
changes consistent with induction of NPC1 disease pathology

To establish efficient screening of candidate compounds for
NPC1 disease treatment, we generated an NPC1ASO mouse
model by adding minor modifications to previously described
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NPC1ASO protocols (19). Adult BALB/c female mice injected
with NPC1ASO demonstrated a large decrease in NPC1 protein
expression after 2 weeks of injection, and undetectable expres-
sion after 4 or 8 weeks of injection (Fig. 1A and data not
shown). NPC1ASO mice developed hepatomegaly and
showed a significant and progressive increase in the liver/total
body weight ratio after 4 and 8 weeks of therapy relative to
control ASO-injected (CTLASO) mice (Fig. 1B). This change
was not attributable to reduced total body weight, since there
was no significant difference in body weight for CTLASO and
NPC1ASO mice (data not shown).

Liver histopathology after 4 weeks of NPC1ASO treatment
showed histiocytosis and numerous activated, lipid-laden
macrophages (Fig. 1C). Consistent with induction of a hepatic
NPC1 phenotype, the livers of these mice also showed signifi-
cantly elevated serum alanine aminotransferase (ALT) and as-
partate aminotransferase (AST) relative to CTLASO mice
(Fig. 1D and E). ALT activity was increased by 214% at 4
weeks and 469% at 8 weeks in NPC1ASO mice, and AST activ-
ity was increased by 132% at 4 weeks and 175% at 8 weeks in
NPC1ASO mice. Collectively, these results showed that
NPC1ASO-injected mice demonstrated pathological and bio-
chemical changes consistent with NPC1 disease liver pathology.

NPC1ASO mice demonstrate similar gene expression
changes to Npc12/2 mice

Transcriptome-wide microarray analysis was used to character-
ize gene expression changes in the liver of NPC1ASO mice.
Comparison of NPC1ASO and CTLASO mice following 4
weeks of ASO treatment (n ¼ 5 each for CTLASO and
NPC1ASO) revealed 2209 transcripts with significantly differ-
ent expression levels (FDR-corrected P , 0.05) (Supplemen-
tary Material, Table S1). As expected, one of these transcripts
was Npc1, which showed significantly reduced expression in
NPC1ASO mice (27.4-fold). However, the majority of these
transcripts were upregulated by NPC1ASO injection (1411/
2209, or 64%), similar to previous reports in Npc12/2 mice
(38–41).

We then compared liver gene expression in 12-week-old
NPC1ASO mice which had received 4 weeks of ASO treatment
with liver gene expression in Npc12/2 mice at various ages (1,
3, 5, 7, 9, 11 weeks) (38). Hierarchical clustering using the 2209
significantly altered transcripts in NPC1ASO mice (relative to
CTLASO mice) showed that this subset of transcripts can suc-
cessfully differentiate Npc12/2 mice from Npc1+/+ mice,
and also indicated that the expression of these transcripts in the
NPC1ASO mouse model most closely resembles the expression
patterns observed in Npc12/2 mice at 3 and 5 weeks of age
(Supplementary Material, Fig. S1). Direct comparison of the
transcripts showing statistically significant changes in expres-
sion levels in NPC1ASO versus CTLASO (2209 transcripts)
and Npc12/2 and Npc1+/+ at 3 weeks of age (2276 tran-
scripts, Supplementary Material, Table S2) showed 675
common transcripts (30%, Fig. 2A). The altered expression of
these 675 transcripts correlated in both the models, such that
hierarchical clustering grouped CTLASO with Npc1+/+ and
NPC1ASO with Npc12/2 (Fig. 2B). Furthermore, functional
enrichment ontology analysis (GeneGo MetaCore software)
with these 675 transcripts in both the ASO and the Npc12/2

experiments indicated NPC1 disease-related pathways and net-
works in both of these models. For example, functional ontology
analysis of Disease Biomarkers, in which gene expression
changes in an experimental dataset are mapped onto biomarker
networks previously identified as changing in specific disease
states, showed commonly affected pathways in both the
NPC1ASO and Npc12/2 models that corresponded with
NPC1 disease phenotypes, including inborn errors of metabol-
ism, lysosomal storage and lipid metabolism (Fig. 2C). Add-
itional ontology analyses were also consistent with the
NPC1ASO and Npc12/2 models exhibiting parallel gene ex-
pression changes in pathways related to NPC1 disease pheno-
types (Map Folders, Process Networks and Metabolic
Networks; Supplementary Material, Fig. S2). To further validate
that the NPC1ASO expression changes were similar to those of
Npc12/2, we compared the NPC1ASO data with previously
published genome-wide expression data from Npc12/2 mice
(39,41–43). The genes differentially expressed in the
NPC1ASO model included many (10–100%) of the genes pre-
viously reportedly in large-scale expression analyses of
Npc12/2 mutants with a high degree of correlation in the direc-
tion of expression change (27–100%; Supplementary Material,
Table S3). Interestingly, 100% overlap and correlation occurred
between the transcripts altered in NPC1ASO and 12 secretory
genes identified as potential markers of disease progression in
Npc12/2 (39), further suggesting strong parallels between
the two models.

Hierarchical clustering of the remaining significant transcripts
unique to either model (NPC1ASO versus CTLASO ¼ 1534
transcripts, and 3-week Npc12/2 versus Npc1+/+ ¼ 1601
transcripts, Fig. 2A) did not group NPC1ASO and Npc12/2 in
the same branch of the dendogram, as expected (Supplementary
Material, Fig. 3). These dissimilar expression changes likely
reflect inherent differences in the two mouse models, such as
adult rather than germline alteration of Npc1 expression, as well
as the physiological alterations caused by ASO injection.
However, taken together, the collective phenotypic and gene
expression data on NPC1ASO mice demonstrate that
NPC1ASO injection establishes a mouse model relevant to the
study of NPC1 hepatic disease.

N-acetylcysteine treatment suppresses a subset of NPC1
pathologies in NPC1ASO mice

Because NAC may reduce oxidative stress in vivo, we next used
the NPC1ASO mouse model to test the potential efficacy of NAC
in the reduction of NPC1 pathology. As a proof of principle and
positive control, we treated 12-week NPC1ASO mice with
4000 mg/kg 2-hydroxypropyl-b-cyclodextrin (HPbCD), a com-
pound previously reported to reduce disease phenotypes in
Npc12/2 mice (44–47). This HPbCD treatment significantly
reduced both unesterified and total cholesterol in NPC1ASO
liver by �50% (P , 0.01, Fig. 3A and B), and also reduced
the elevated mRNA expression of the cholesterol synthetic
pathway gene Srebp2 and the macrophage marker Itgax in
NPC1ASO liver (P , 0.01, Fig. 3C). These data were consistent
with HPbCD liberating late endosomal/lysosomal cholesterol in
NPC1ASO mice in a similar manner as HPbCD-treated
Npc12/2 mice, thus demonstrating that the NPC1ASO model
can be used as an effective tool for testing therapeutic efficacy.
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To assess NAC treatment in NPC1ASO mice, 8-week-old
CTLASO and NPC1ASO mice were given 1% NAC orally for
4 weeks, concurrent with their ASO injections. NAC was able
to suppress the hepatomegaly and elevated ALT and AST in
NPC1ASO mice to levels indistinguishable from those of
CTLASO mice (Fig. 4A–C). These improved phenotypes asso-
ciated with NAC therapy were not due to NAC interfering with
NPC1 knockdown, as NPC1 protein levels remained undetect-
able (Fig. 4D). Liver GSH was elevated in NPC1ASO mice in re-
sponse to NAC treatment (3.8+ 1.3 and 7.8+ 2.2 mmol GSH/g
tissue for NPC1ASO and NPC1ASO + NAC, respectively);

however, this increase was not statistically significant
(Fig. 4E). Of note, the mean GSH level in NPC1ASO was signifi-
cantly lower than that of CTLASO (P , 0.05; Fig. 4E), consist-
ent with oxidative stress in NPC1ASO liver. Histopathological
evaluation of liver sections from untreated and NAC-treated
NPC1ASO mice showed no suppression of activated macro-
phages or histiocytosis in the NAC-treated liver (Fig. 4F), sug-
gesting that NAC-mediated effects in NPC1ASO liver lie
downstream of the primary defect in lipid accumulation. Con-
sistent with the histopathological findings, NAC treatment did
not suppress either the 7-fold increase in unesterified cholesterol

Figure 1. The NPC1ASO mouse model shows physiological and pathological liver changes consistent with the absence of NPC1 protein. (A) Western blot analysis
indicated that 2 weeks of ASO injections reduced NPC1 protein in the liver of NPC1ASO mice by 60–70% relative to CTLASO mice (left panel), and 4 weeks of ASO
injections rendered NPC1 protein levels undetectable in NPC1ASO liver (right panel). The NPC1 antibody recognizes various glycosylated forms of NPC1, with
prominent bands occurring at 220 kDa and 170 kDa. Expression ofb-actin (42 kDa) was used to normalize the NPC1 signal. (B) NPC1ASO mice developed hepato-
megaly, as indicated by the significant increase in the mean liver/body weight ratio of NPC1ASO mice (black bars) as treatment time increases, and also relative to the
liver/body weight ratio of control ASO mice (white bars). (C) Comparison of histological sections from CTLASO (left) and NPC1ASO liver (right) showed activated
macrophages with lipid storage as a result of NPC1ASO treatment. (D and E) Plasma ALT and AST levels in NPC1ASO mice (black bars) are both significantly
increased above those in CTLASO mice (white bars) at 4 and 8 weeks of ASO treatment. For B, D and E, columns which do not share common letters (a, b, c)
show significantly different mean values by two-way ANOVA with post-tests, P , 0.05; no difference was observed between columns with identical letters.
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or the 6.7-fold increase in total cholesterol present in NPC1ASO
livers (Fig. 5A and B). Of note, esterified cholesterol was dramat-
ically elevated from 0.38 to 4.24 mg/g tissue in NPC1ASO mice
following NAC treatment (P , 0.01; Fig. 5C), suggesting that
although the effect of NAC on cholesterol in these mice is
limited, it may cause some alteration of their abnormal choles-
terol homeostasis.

To gain insight into the biological pathways altered in NAC-
treated NPC1ASO mice, changes in liver gene expression were
identified using microarray analysis. Analysis of differential
gene expression between NAC-treated NPC1ASO mice and un-
treated NPC1ASO mice identified 490 significantly altered tran-
scripts (Supplementary Material, Table S4), with the majority
showing downregulation resulting from NAC treatment (338/
490, or 69%). These 490 transcripts altered by NAC treatment
included only 92 of the 2209 transcripts (4%) significantly
altered by NPC1ASO injection (Fig. 6A), indicating that NAC
primarily affected genes and pathways distinct from those
altered by NPC1ASO injection. In support of this, functional en-
richment ontology analysis using these 92 overlapping tran-
scripts showed distinct differences between the effects of NAC
treatment and NPC1ASO injection. For example, Disease Bio-
marker analysis did not identify the lysosomal- and lipid-related
disease pathways previously identified by the gene expression
changes associated with NPC1ASO-mediated knockdown of
Npc1 (Fig. 2C), but instead identified cancer-related pathways
indicative of cell cycle perturbation (Fig. 6C). Additional

ontology analysis (Map Folders, Process Networks and Meta-
bolic Networks; Supplementary Material, Fig. S4) also showed
little overlap between NAC-altered pathways and those altered
by NPC1ASO injection. Of note, hierarchical clustering of
samples using the 92 common transcripts (Fig. 6B) grouped
NPC1ASO + NAC in the same branch of the dendogram as
CTLASO. This suggested that for this transcript group, NAC
treatment restored abnormal NPC1ASO transcript expression
towards normal expression. Interestingly, these 92 transcripts
showed few expression differences between CTLASO and
CTLASO + NAC (Fig. 6B), suggesting that the NAC-induced
changes in NPC1ASO mice are specific to the context of
NPC1 knockdown. Collectively, the biochemical and gene ex-
pression data for NAC-treated NPC1ASO liver demonstrated
that NAC treatment caused partial suppression of NPC1
disease phenotypes, but affected gene expression pathways dis-
tinct from those affected by NPC1ASO treatment.

Effect of N-acetylcysteine treatment on Npc12/2 mice

Given that NAC therapy moderately suppressed hepatic disease
phenotypes in the NPC1ASO mouse, we administered NAC to
the Npc12/2 mouse, to determine whether NAC could
reduce markers of oxidative stress in the brain as well as liver,
and also suppress the adverse neurological symptoms, weight
loss and reduced lifespan that occur in this genetic model.
Since overt neurological symptoms in Npc12/2 mice begin

Figure 2. Microarray analysis shows similar expression patterns in the NPC1ASO and 3-week-old Npc12/2 mouse models. (A) A Venn diagram illustrates that 675
transcripts have statistically significant expression changes in both CTLASO versus NPC1ASO (2209 total transcripts) and Npc1+/+ versus Npc12/2 at 3 weeks of
age (2276 total transcripts). (B) Hierarchical clustering with the 675 common transcripts shared between NPC1ASO versus CTLASO and Npc1+/+ versus Npc12/2
at 3 weeks of age. Similar transcript expression patterns grouped CTLASO (solid red) with Npc1+/+ (diagonally striped red) and NPC1ASO (solid blue) with
Npc12/2 (diagonally striped blue), consistent with correlated gene expression patterns in the two mouse models. (C) Functional enrichment ontology analysis
(GeneGo MetaCore) was performed to identify significantly altered pathways common to both the NPC1ASO and the Npc12/2 models. Shown here are disease
biomarkers analysis results, indicating strong correlation with NPC1-associated disease phenotypes for both the NPC1ASO and the 3-week old Npc12/2 models
(blue and orange histograms, respectively), illustrated by histograms of FDR-corrected P-values for the association of the experimental gene expression changes
in each dataset with the indicated disease. Additional MetaCore results are shown in Supplementary Material, Fig. S2.
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at 5 weeks of age, oral NAC administration was initiated imme-
diately prior to the symptom onset, at 4 weeks of age, and/or soon
after symptom onset, at 6 weeks of age (for weight loss, tremor
and lifespan analyses), to determine whether age-dependent
effects occurred.

For liver and brain biochemical analyses, 250 mg NAC / kg
body weight was administered beginning at 4 weeks of age, then
after 2 weeks or 4 weeks of NAC therapy (ages 6 and 8 weeks, re-
spectively) brains, livers, and/or plasma were analyzed for GSH,
7-KC and 3b,5a,6b-triol. At these ages, untreated Npc12/2
mice showed significantly lower GSH levels in liver (P ¼ 0.02)
and brain (P ¼ 0.007) relative to Npc1+/+ littermates (Fig. 7),
consistent with previously reported GSH levels in Npc12/2
hepatocytes (32), and also consistent with GSH levels in
NPC1ASO mice (Fig. 4E). NAC-treated Npc12/2 mice
showed significantly increased GSH levels in liver (P ¼ 0.007)
and brain (P ¼ 0.004) relative to Npc12/2 mice, rendering the
GSH levels in NAC-treated Npc12/2 liver and brain statistically
indistinguishable from those of Npc1+/+ mice (P ¼ 0.08 and
0.39, respectively) (Fig. 7). However, NAC treatment did not
alter Npc12/2 plasma levels of either 7-KC or 3b,5a,6b-triol
at 8 weeks (data not shown), and although slight reduction of
liver levels of both of these oxysterols occurred, these were not
statistically significant (Fig. 8A). Similarly, a modest but insignifi-
cant reduction of the elevated 3b,5a,6b-triol levels in the brain oc-
curred in NAC-treated Npc12/2 mice relative to untreated
Npc12/2 mice at 8 weeks (Fig. 8B). NAC treatment did signifi-
cantly decrease brain 7-KC levels in both Npc1+/+ and
Npc12/2 mice (�30%; P , 0.0001; Fig. 8C), indicating NAC
acted to reduce levels of this oxysterol regardless of genotype. In
summary, these biochemical data suggest that 250 mg/kg NAC
administered from 4–8 weeks of age achieves measureable but
modest effects on reducing oxidative stress in Npc12/2 mice.

To determine whether NAC treatment could suppress weight
loss, tremor onset and premature death in Npc12/2 mice, NAC
doses of both 125 and 250 mg/kg body weight were each admi-
nistered from 4 to 12 and from 6 to 12 weeks of age. NAC treat-
ment resulted in a moderate but statistically insignificant
improvement of the weight loss phenotype, as indicated by a
later mean age at which peak weight was reached (Npc12/2
mice ¼ 6.25 days, while all NAC-treated Npc12/2 mice
ranged from 6.5 to 6.875 days) (Fig. 9A). However, after reach-
ing this weight gain peak, NAC-treated mice showed precipitous
weight loss at a rate similar to or greater than that of untreated
Npc12/2 mice (Fig. 9A). Similarly, NAC therapy had a
modest effect on the tremor phenotype that is present in
Npc12/2 mice (22). Tremor amplitude at 11 Hz, a frequency
with relatively high tremor amplitude peaks in Npc12/2
mice (data not shown), was lower at most timepoints (5–10
weeks) in all NAC-treated mice relative to untreated
Npc12/2 mice (Fig. 9B), which was reflected in significantly
different line elevations of tremor amplitude over time (P ,
0.0001). However, the slopes of tremor amplitude over time
did not differ among NAC-treated and Npc12/2 mice (P ¼
0.18), indicating that NAC treatment did not alter tremor acqui-
sition rates. Interestingly, significant increases in the lifespan of
NAC-treated Npc12/2 mice occurred relative to untreated
Npc12/2 mice when NAC therapy was initiated at 4 weeks,
but NAC treatment initiated at 6 weeks showed less effect
(Fig. 9C). While Npc12/2 mice exhibited a mean lifespan of

Figure 3. HPbCD treatment reverses lipid storage and alters gene expression in
NPC1ASO liver. (A) HPbCD treatment reduced the significantly elevated unes-
terified cholesterol in NPC1ASO liver from 13.6+0.8 to 6.8+0.5 mg/g. (B)
The significantly elevated total cholesterol in NPC1ASO liver was decreased
from 14.0+0.9 to 7.8+0.5 mg/g after HPbCD treatment. (C) The significantly
elevated mRNA expression of Srebp2 and Itgax in NPC1ASO liver was reduced
by HPbCD treatment, consistent with reductions in cholesterol synthesis and in-
flammation. The expression levels of mRNA are the relative fold change over un-
treated CTLASO. Data analyzed by two-way ANOVA with post-tests; column
lettering (a, b, c) indicates significance (P , 0.05), as described in Figure 1.
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Figure 4. NAC treatment ameliorates a subset of abnormal phenotypes in NPC1ASO liver. (A) NAC reduced the significantly increased liver/body weight ratio in
NPC1ASO mice to that of CTLASO mice. (B and C) NAC reduced the significantly elevatedplasma levels of ALT and AST in NPC1ASO mice to CTLASO levels. (D)
NPC1 protein remained undetectable in NAC-treated NPC1ASO mice, demonstrating that NAC treatment did not interfere with ASO-induced knockdown of NPC1.
(E) Without NAC treatment (left two bars), NPC1ASO mice showed a significantly lower GSH level compared to CTLASO mice, indicative of oxidative stress. NAC
treatment of NPC1ASO mice increased the GSH level in liver, but this increase was not statistically significant. (F) Comparison of histological sections from untreated
(left) and NAC-treated (right) NPC1ASO mice showed that NAC treatment did not reduce the activated macrophages and histiocytosis in NPC1ASO liver. All mice
received ASO treatment for 4 weeks, and NAC-treated mice concurrently received NAC for 4 weeks. Data analyzed by two-way ANOVA with post-tests; column
lettering (a, b) indicates significance (P , 0.05), as described in Figure 1. Scale bar in F ¼ 5 mm. n ¼ 4–5 for each treatment group.
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only 77.5 days, the lifespan of Npc12/2 mice receiving
125 mg/kg NAC beginning at 4 weeks was significantly
extended to 82.5 days (P ¼ 0.0065), and those receiving
250 mg/kg NAC beginning at 4 weeks showed a significantly

longer lifespan of 84 days (P ¼ 0.0003). Overall, no dosage de-
pendence was apparent when comparing the 125 and 250 mg/kg
dosages. In summary, NAC appeared to have moderate, benefi-
cial effects on the phenotypes of weight loss, tremor and prema-
ture death in Npc12/2 mice, and delaying initial NAC
administration until after the onset of symptoms appeared to
lessen these modest benefits.

Effect of N-acetylcysteine treatment in individuals with
NPC1 disease

Patients with a diagnosis of NPC1 disease by biochemical testing
or mutation analysis were enrolled in a double-blind, placebo-
controlled, crossover trial to evaluate the effectiveness of oral
NAC treatment. Of the 35 patients enrolled (18 male, 17
female; mean age 16.9+ 13 years) 30 completed the trial and
5 were withdrawn from the study. Two patients were withdrawn
due to increased serum transaminase levels while receiving
NAC; in both cases liver enzymes decreased after discontinu-
ation of the drug. The remaining three patients were withdrawn
during the placebo phase due to hematuria, aspiration pneumo-
nia requiring hospitalization and non-compliance. The primary
outcome measures for the study were reduction of the abnormal-
ly elevated plasma levels of 7-KC or 3b,5a,6b-triol (37). Sec-
ondary outcome measures related to decreased oxidative stress
included improved plasma / total CoQ10 ratio and increased
TEAC, two measures of antioxidant capacity that have previous-
ly been shown to be abnormally low in NPC1 patients (16).
Plasma GSH, glutathione disulfide (GSSG), ALT and AST
levels were also measured. Secondary subjective measures of
clinical improvement included the PedsQLTM Pediatric
Quality of Life Inventory and the PedsQLTM Multidimensional
Fatigue Scale.

Intrasubject plasma levels of 7-KC (Fig. 10A–C) and
3b,5a,6b-triol (Fig. 10D–F) did not change significantly from
baseline levels when either placebo or NAC were administered,
suggesting no improvement in circulating oxysterol levels in this
NPC1 patient cohort as a result of NAC administration. The
7-KC and 3b,5a,6b-triol levels in patients who were simultan-
eously taking miglustat, an inhibitor of glycosphingolipid syn-
thesis that has been shown to lessen some phenotypes of NPC1
disease (48), showed no significant differences from those not
taking miglustat (data not shown). Similarly, the secondary
outcome measurements showed little change as a result of
NAC treatment. Intrasubject measurements of both GSH/
GSSG (Fig. 10G–I) and TEAC (data not shown) were un-
changed over the placebo or NAC treatment phases, and the ele-
vated levels of ALT or AST were unaffected (data not shown).
Total and reduced forms of CoQ10 did not change significantly
from baseline in either placebo- or NAC-treated datasets (data
not shown); however, the fraction of reduced CoQ10 during
the NAC treatment phase showed a small but statistically signifi-
cant increase compared with that of the placebo treatment phase
(Fig. 10J–L). In the NAC treatment phase, the mean reduced
CoQ10 percentages were maintained at 93%, but in the
placebo phase they dropped from 94% at baseline to 91% after
treatment (P ¼ 0.02, Fig. 10L). Neither the PedsQLTM Pediat-
ric Quality of Life Inventory nor the PedsQLTM Multidimen-
sional Fatigue Scale revealed any significant difference
between placebo and NAC treatment phases. In summary, this

Figure 5. NAC treatment increases esterified cholesterol in NPC1ASO mice. (A
and B) NAC treatment had no effect on the elevated levels of unesterified (A) and
total cholesterol (B) in NPC1ASO mice. (C) Esterified cholesterol in NAC-
treated NPC1ASO mice was significantly elevated relative to untreated
NPC1ASO or CTLASO mice. Data analyzed by two-way ANOVA with
post-tests; column lettering (a, b) indicates significance [P , 0.001for (A and
B), and P , 0.01 for (C)], as described in Figure 1. n ¼ 4–5 for each treatment
group.
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cohort of NPC1 patients did not exhibit reduction of oxidative
stress from NAC treatment.

DISCUSSION

In this study, we assessed the impact of pharmacological inter-
vention with the antioxidant NAC in alleviating oxidative
stress and disease symptoms in two distinct NPC1 disease
mouse models and individuals with NPC1 disease, since oxida-
tive stress in NPC1 disease has been suggested in Npc12/2
mice and NPC1 patients (16,29–31,37,49). Our data showed a
number of distinct effects of NAC, demonstrating that NAC
reduced biochemical, molecular and phenotypic changes in
liver tissue of both the NPC1ASO and Npc12/2 mouse
models and had small but beneficial neurological effects in the
Npc12/2 mouse model. Although NAC treatment in NPC1
patients did not show measureable positive effects other than
minimal improvement of the fraction of reduced CoQ10, the
mouse model data suggest NAC holds potential as a treatment
for NPC1 disease and confirm the existence of a mechanism in-
volving oxidative stress in the NPC1 pathological cascade.

NAC has been widely used in a variety of clinical trials and
treatments. In humans, NAC is used to treat acetaminophen

overdose, based on its ability to replenish GSH levels, and to
relieve bronchial obstruction based on mucolytic effects
(27,28). NAC can cross the blood–brain barrier, and prior
studies have suggested that NAC therapy may be beneficial in
human neurodegenerative disorders such as Alzheimer disease
(50,51) and Parkinson disease (52,53). Additionally, NAC has
been shown to improve neuron survival in the CA1 region of
the hippocampus following ischaemic brain injury (54). NAC
has also been shown to have some benefit in acute liver failure
and chronic hepatitis C (55,56). Mouse models also suggest
beneficial effects of NAC, as NAC reverses memory impairment
and diminishes brain oxidative stress in age-accelerated SAMP8
mice (57), and rescues neurons from apoptotic death by activa-
tion of the Ras-ERK pathway (58).

Similar to what has been shown previously (19), the
NPC1ASO mouse model replicated phenotypic aspects of
NPC1 hepatic disease. These included increased liver size, pres-
ence of lipid inclusions in hepatic cells and increased serum
transaminase levels. Using gene expression array analysis, we
extended the characterization of this model, showing that gene
expression patterns in NPC1ASO mice share many similarities
to gene expression patterns observed in 3week old Npc12/2
mice. Pathway analysis showed that significantly altered

Figure 6. Microarray analysis of NPC1ASO and NAC-treated NPC1ASO liver shows that NAC treatment induces expression changes distinct from those of
NPC1ASO alone. (A) A venn diagram illustrates that 92 transcripts have statistically significant expression changes in both CTLASO versus NPC1ASO (2209
total transcripts) and NPC1ASO versus NPC1ASO + NAC (490 total transcripts). (B) Hierarchical clustering with the 92 common transcripts shared between
CTLASO versus NPC1ASO and NPC1ASO versus NPC1ASO + NAC. Similar transcript expression patterns grouped NPC1ASO + NAC (vertically striped
blue) with CTLASO (solid red) in the dendogram, consistent with NAC restoring some normal gene expression in NPC1ASO. When data from CTLASO + NAC
were included (vertically striped red), few expression differences were seen between CTLASO and CTLASO + NAC, suggesting that the observed NAC-induced
changes in NPC1ASO mice are specific to the NPC1 knockdown conditions. (C) Functional ontology enrichment analysis (GeneGo MetaCore) was performed to
identify significantly altered pathways with the 92 common transcripts. Shown here are the results of disease biomarkers analysis, showing numerous cancer-related
pathways that suggest cell cycle alterations. These differ from the lysosomal- and lipid-related pathways identified by analysis of the transcripts altered in NPC1ASO
treatment (see Fig. 2C). The histograms indicate FDR-corrected P-values for the association of the indicated disease pathways with experimental gene expression
changes in CTLASO versus NPC1ASO (blue) or NPC1ASO versus NPC1ASO + NAC (orange). Additional MetaCore results are shown in Supplementary Material,
Fig. S4.
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pathways common to both mouse models corresponded to NPC1
disease-affected pathways. Our studies not only demonstrated
that the NPC1ASO model recapitulates the hepatic phenotypes
and gene expression changes of Npc1 null animals, but also
proved with HPbCD and NAC treatments that the NPC1ASO
mouse can be used to quickly and effectively screen for drug
treatments to alleviate NPC1 hepatic phenotypes. Future
studies to examine NPC1 disease drug candidates in
NPC1ASO mice rather than Npc12/2 mice can be performed
economically and efficiently, due to the ease of creating these
mice via administration of the ASO to healthy inbred strains
and avoidance of the interruption of severe neurological symp-
toms present in Npc12/2 mice.

In NPC1ASO mice, NAC treatment ameliorated some abnor-
mal phenotypes, causing significant decreases in hepatomegaly
as well as serum ALT and AST levels. However, other liver phe-
notypes were unchanged by NAC treatment. NAC therapy
increased GSH levels in liver tissue from NPC1ASO mice, but
these were small, statistically insignificant changes. However,
this could be a result of a later age of NAC administration
(from 8 to 12 weeks of age); administration at younger ages
might result in greater GSH changes, as was seen in the
Npc12/2 model when NAC given from 4 to 8 weeks of age.
NAC therapy also did not significantly reduce total or unesteri-
fied cholesterol levels, nor did it provide improvement of liver

histopathology. Interestingly, esterified cholesterol levels were
increased in liver tissue from NAC-treated NPC1ASO mice;
this phenomenon has been observed previously in Npc12/2
mice in response to HPbCD treatment (45). This could suggest

Figure 7. NAC treatment restores normal GSH levels in Npc12/2 mice. From 4
to 8 weeks of age, untreated Npc12/2 mice (open circles) had significantly
decreased GSH levels compared with Npc1+/+ mice (triangles) in liver (A)
and brain (B) (P , 0.05). When NAC was administered to Npc12/2 mice
from 4 to 8 weeks of age (filled circles), significant increases in both liver (A)
and brain (B) GSH were seen relative to untreated Npc12/2 mice (P , 0.01).
These increased GSH levels achieved in NAC-treated Npc12/2 mice were stat-
istically similar to those of Npc1+/+ (P ≥ 0.08). NAC-treated Npc12/2 mice
received NAC at 250 mg/kg NAC beginning at 4 weeks of age (P28). Signifi-
cance determined by two-way ANOVA. n ¼ 4–5 for each treatment group.

Figure 8. NAC treatment shows little effect on oxysterol levels in Npc12/2
mice. (A) In liver, both 7-KC and 3b,5a,6b-cholestanetriol (3b,5a,6b-triol)
levels showed statistically insignificant reductions following NAC treatment of
Npc12/2 mice (unpaired t-test, P . 0.3; n ¼ 11 for Npc12/2, n ¼ 9 for NAC-
treated Npc12/2 mice). (B) In brain, the significantly higher level of
3b,5a,6b-triol of Npc12/2 mice relative to Npc1+/+ (P , 0.0001) was not
reduced following NAC treatment (P ¼ 0.12). (C) In brain, Npc1+/+ and
Npc12/2 mice showed similar 7-KC levels (P ¼ 0.3), and NAC treatment uni-
formly reduced 7-KC levels in both genotypes (P , 0.0001). For (B) and (C):
n ¼ 4–6 for each group; data analyzed by two-way ANOVA with Tukey’s
post-test; column lettering (a, b) indicates significance, as described in
Figure 1. NAC-treated mice received 250 mg/kg NAC for 4 weeks, beginning
at 4 weeks of age (P28). Means+SD are shown.
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partial restoration of cholesterol flux in NPC1ASO cells by
NAC, inhibition of lysosomal acid lipase A (LIPA), which
removes the fatty acid from cholesterol esters in the endolysoso-
mal system, or increased sterol O-acyltransferase 1 (SOAT1),

which esterifies intracellular cholesterol. However, the genome-
wide expression data did not indicate significant alterations in
gene expression for either Lipa or Soat1 following NAC treat-
ment of NPC1ASO mice, so further biochemical analyses will
be needed to determine the causes for this esterified cholesterol
increase.

Hierarchical analyses of the expression profile of NAC-
treated NPC1ASO mouse liver suggested that NAC conferred
gene expression changes that differed from those changed by
NPC1 knockdown, and also that these changes occurred in an
NPC1 disease-specific manner. The small number of transcripts
(92) that were common to both NPC1ASO and NPC1ASO +
NAC was primarily changed to resemble control expression
levels in the NPC1ASO + NAC samples, suggesting that NAC
acted to restore some normal gene expression. Overall, the
gene expression data were consistent with the concept that
NAC therapy did not address the primary biochemical defect
in NPC1ASO mice, but rather treated one aspect of the NPC1
pathological cascade.

In Npc12/2 mice, NAC treatment increased both liver and
brain GSH levels and additionally showed modest improvement
in the more severe, neurologically derived symptoms of this
model. Early initiation of NAC therapy in Npc12/2 mice had
transitory but beneficial effects in maintaining weight, decreas-
ing tremor and increasing survival. These results, taken collect-
ively with the data from NAC-treated NPC1ASO mice, indicate
that oral supplementation of NAC partially improved liver func-
tion and moderately reduced neurologic symptoms. Quantitative
in vivo measurements showing restoration of GSH levels suggest
that these NAC-induced effects are achieved by reduction of oxi-
dative stress. Recent studies examining NAC’s effect in
Npc12/2 cerebellum and liver (43) or on Npc12/2 primary
neurons (15) have also suggested that NAC could alleviate por-
tions of oxidative stress-related phenotypes, thus correlating
well with our results.

Concomitant with the NPC1 mouse model analyses, we per-
formed a placebo-controlled, crossover clinical trial studying
orally administered NAC in NPC1 patients. We previously
hypothesized that increased plasma levels of the disease-specific
biomarkers 7-KC and 3b,5a,6b-triol in NPC1 disease are due to
the combination of intralysosomal accumulation of unesterified
cholesterol and increased oxidative stress (37), thus the primary
outcome measures for this study were plasma 7-KC and
3b,5a,6b-triol levels. NAC therapy did not have a beneficial
effect on the plasma levels of these oxysterols, mirroring the
data on plasma oxysterols in the Npc12/2 mouse model and
suggesting that 7-KC and 3b,5a,6b-triol plasma levels may
not be sensitive outcome measures for NAC treatment. These
patients did show slight improvement in the fraction of
reduced CoQ10; however, this small change is unlikely to be
clinically significant. Given the additional results that neither
plasma GSH/GSSG nor total serum antioxidant capacity were
altered, it appears that this therapeutic regimen of NAC did not
significantly impact the degree of oxidative stress in these
patients.

It is possible that antioxidant therapy may be limited by inher-
ent characteristics of NPC1 disease. These include the fact that
oxidative stress arises late in the NPC1 disease pathogenic
cascade (37,38), or in the case of NAC, that mitochondrial mem-
brane changes within NPC1 mutant cells limit GSH subcellular

Figure 9. NAC facilitates moderate improvement of the Npc12/2 mouse phe-
notypes of weight loss, tremor and shortened lifespan. (A) NAC-treated
Npc12/2 groups (green, teal, red, and purple) reached their peak weight at a
slightly later age than untreated Npc12/2 (orange), but this difference was
not statistically significant (Kruskal–Wallis test, P ¼ 0.2259). Following the
peak of weight gain, NAC-treated Npc12/2 groups showed a rapid weight
loss at a rate similar to or greater than that of untreated Npc12/2 mice. (B) Ana-
lysis of the tremor amplitude at 11 Hz in Npc12/2 mice indicated that at most
timepoints (from 5–10 weeks) the tremor amplitude was lower in NAC-treated
Npc12/2 groups relative to untreated Npc12/2 (line elevations by linear re-
gression, P , 0.0001), but the rate of tremor acquisition did not differ among
NAC-treated Npc12/2 and Npc12/2 groups (slopes by linear regression,
P ¼ 0.18). Means+SD are shown. (C) NAC treatment significantly increased
the lifespan of NAC-treated Npc12/2 mice relative to that of Npc12/2 at
both the 125 mg/kg and 250 mg/kg dosages when initiated at 4 weeks
(P ¼ 0.0065 and 0.0003, respectively, log-rank test with Bonferroni’s correc-
tion). Initiation of NAC treatment at the later timepoint of 6 weeks provided a
modest increase of lifespan at the 125 mg/kg dosage, but no increase at the
250 mg/kg dosage relative to that of Npc12/2 (P ¼ 0.03 and 0.1, respectively).
The six experimental groups (n ¼ 8 per group) were: untreated Npc1+/+, un-
treated Npc12/2, Npc12/2 treated with 125 mg/kg NAC beginning at 4
weeks (P28), Npc12/2 treated with 250 mg/kg NAC beginning at 4 weeks,
Npc12/2 treated with 125 mg/kg beginning at 6 weeks (P42), and Npc12/2
treated with 250 mg/kg NAC beginning at 6 weeks.
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Figure 10. Administration of NAC to NPC1 patients in a crossover clinical trial shows little evidence of phenotypic rescue. A, D, G, and J show individual patient
measurements at baseline and end of the placebo phase (each connected by a line) for 7-ketocholesterol (7-KC), 3b,5a,6b-cholestanetriol (3b,5a,6b-triol), reduced to
oxidized glutathione (GSH/GSSG) ratio, and reduced CoQ10 percentage, respectively. B, E, H and K show individual patient measurements at baseline and end of the
NAC treatment phase for these same biochemical measurements. The box-and-whisker plots in C, F, I, and L show the change (D) in the same biochemical measure-
ments for each patient during placebo and NAC phases. (A–F) Plasma levels of 7-KC (A–C) and 3b,5a,6b-triol (D–F) showed no significant changes resulting from
NAC treatment in NPC1 patients. The mean 7-KC levels (in ng/mL) were as follows: baseline placebo ¼ 245, end placebo ¼ 235, baseline NAC treatment ¼ 265, and
end NAC treatment ¼ 239. Mean 3b,5a,6b-triol levels (in ng/mL)were as follows:baseline placebo ¼ 91.9, end placebo ¼ 88.9, baseline NAC treatment ¼ 101, and
end NAC treatment ¼ 94.1. (G–I) GSH/GSSG levels were unchanged in NAC-treated NPC1 patients when compared with placebo levels. Mean GSH/GSSG ratios
were as follows: baseline placebo ¼ 7.2, end placebo ¼ 12.2, baseline NAC treatment ¼ 13.8, and end NAC treatment ¼ 9.4. (J–L) The percentage of reduced
CoQ10 in NPC1 patients was maintained at a slightly higher level during NAC treatment when compared to placebo treatment, and theD reduced CoQ10 percentage
wassignificantly differentbetween NACand placebo (panelL, P ¼ 0.02). MeanreducedCoQ10percentageswere as follows:baseline placebo ¼ 93.5, end placebo ¼
90.9, baseline NAC treatment ¼ 93.2, and end NAC treatment ¼ 93.0. Data analyzed by Wilcoxon-matched pairs signed rank-test.
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transport and thus restrict the efficiency of GSH antioxidant ac-
tivity, as proposed by Vazquez et al. (17). However, the
Npc12/2 mouse model data showed greater efficacy if NAC
was administered prior to neurological symptom onset, suggest-
ing that NAC antioxidant therapy might benefit NPC1 patients if
initiated earlier in disease progression, a scenario that would
require a reduction in the currently long lag time between the
symptom onset and definitive diagnosis (59). Furthermore,
future studies using different diagnostic markers of oxidative
stress, such as enzymes that function to regulate lipid peroxida-
tion, may provide more details regarding potential antioxidant
effects following NAC treatment in NPC1 patients. In support
of this, a recent study on the glycosphingolipid synthesis inhibi-
tor miglustat showed that elevated GSH-peroxidase activity in
erythrocytes from NPC1 patients was significantly lessened fol-
lowing miglustat treatment, but reduced GSH in erythrocytes did
not differ among controls, untreated NPC1 patients or migulstat-
treated NPC1 patients (35).

It is important to note that two NPC1 patients had to be with-
drawn from the trial while receiving NAC, due to increased
serum transaminase levels. Although mild transaminase eleva-
tions are common in NPC1 patients, retrospective analysis of
their medical histories showed that these individuals had
higher than typical transaminase elevations. This was unantici-
pated and underscores the fact that safety of supplements in
rare diseases should not be assumed and, like any pharmaco-
logical therapy, should be evaluated in controlled studies.
Should an NPC1 patient elect to initiate antioxidant therapy
based on the data from NAC-treated NPC1 disease mouse
models, we would strongly recommend that serum transaminase
levels be monitored.

Although the human trial results did not support NAC as a
treatment for NPC1 disease, the data collected provided valuable
biochemical data from the NPC1 patient human subject popula-
tion. Repeated measures of plasma oxysterol species and other
biomarkers will be a useful foundation for future biomarker-
driven NPC1 trials. Additionally, the mouse data support the
idea that NAC could play a role as one component of a multi-
drug, combinatorial therapy that would address multiple
aspects of the NPC1 disease pathological cascade. Since most
currently available therapeutic interventions only correct a
subset of pathological defects, a combination therapy that
targets multiple NPC1 pathological aspects may be required.
Future studies in NPC1 disease mouse models such as the
NPC1ASO model could efficiently determine whether thera-
peutic benefits exist from an increased NAC dose, a combination
of antioxidants or NAC administered in combination with other
drugs that could potentiate antioxidant therapy or simultaneous-
ly address other aspects of the pathological cascade. These
results paired with improved diagnostic methods for NPC1
disease in human patients (36) will make more effective NPC1
disease treatment possible in the future.

MATERIALS AND METHODS

Mouse care and treatment

Protocols for experiments on ASO mice were approved by the
National Human Genome Research Institute Animal Care and

Use Committee and were in compliance with the NIH Guide
for the Care and the Use of Laboratory Animals. Eight-week-old
female Balb/cJ mice (The Jackson Laboratory, Bar Harbor, ME,
USA) were injected intraperitoneally twice per week with either
an Npc1 mRNA-targeted ASO (5′-CCCGATTGAGCTCA
TCTTCG-3′) or a mismatched CTLASO (5′-CCTTCCCTGAA
GGTTCCTCC-3′) as previously described (19). Both CTL and
NPC1 ASOs were obtained from Isis Pharmaceuticals, Inc. For
HPbCD treatment, mice that had been injected for 4 weeks
with CTLASO and NPC1ASO were given a single intraperito-
neal injection of HPbCD at a 4000 mg/kg dosage, then after
24 h, tissues were analyzed. For NAC treatment, mice were
treated with 1% NAC (Sigma-Aldrich, St Louis, MO, USA)
administered in drinking water for 4 weeks, concurrent with
ASO injections. NAC water was changed twice per week.

Protocols for experiments on Npc1+/+ and Npc12/2 mice
were approved by the Washington University Animal Care and
Use Committee. NAC was administered in drinking water that
was changed every other day. Dosing was based on water con-
sumption (7 ml/day), which was determined experimentally in
control groups before initiation of the trial. The dose was
adjusted weekly based on weights of the animals, allowing for
accurate NAC dose delivery.

For animal survival studies, the general clinical condition of
the mice was monitored daily. Death was defined as either
being found dead in the cage or the inability to eat or drink on
their own, necessitating euthanasia.

Mouse biochemical, histological and tremor analyses

For western blot analysis, 20 mg of individual mouse liver
protein preparations were separated by 4–12% NuPAGE
Tris-Acetate gels, transferred to nitrocellulose membranes
using iBlot, and then chemiluminescence detection was per-
formed using WesternBreeze kits (Life Technologies/Invitro-
gen, Grand Island, NY). Primary antibodies and dilutions
were: rabbit-derived NPC1 polyclonal antibody NB400-148
(Novus Biologicals, Littleton, CO, USA) at 1:2000, and mouse-
derived b-actin monoclonal antibody (Bio-Rad Laboratories,
Hercules, CA, USA) at 1:10 000. Band intensity was quantified
with Quantity One software (Bio-Rad Laboratories) and normal-
ized to b-actin.

For serum chemistry evaluation, blood was obtained from the
retro-orbital sinus and centrifuged at 14 000 rpm for 10 min to
isolate serum. ALT and AST levels were measured by the De-
partment of Laboratory Medicine, Clinical Center, NIH. Sterol
and oxysterol analyses were performed by GC/MS and LC/
MS, respectively, as previously described (36,60). Approxi-
mately 30 and 100 mg of tissue were used for sterol and oxysterol
measurements, respectively. Total GSH levels were measured
using the Glutathione Assay kit (Cayman Chemical Company,
Ann Arbor, MI, USA).

Liver tissue was fixed in 10% formalin. Sectioning, H&E
staining and pathology reporting were performed by Histoserv,
Inc. (Germantown, MD, USA).

Tremor was characterized in Npc12/2 mice using a San
Diego Instruments tremor monitor (San Diego, CA, USA)
according to manufacturer’s instructions (10). Each animal
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was allowed a 5 min acclimation period in the chamber, fol-
lowed by a 256 s data acquisition period.

Microarray analyses

Microarray experiments were performed using Affymetrix-
recommended protocols (Affymetrix, Inc., Santa Clara, CA,
USA). Briefly, RNA quality and quantity were evaluated using
a Bioanalyzer (Agilent, Inc., Santa Clara, CA, USA) and Nano-
Drop (Thermo Scientific, Inc., Waltham, MA, USA). Two
hundred nanograms of total RNA were used for labeling with
the Affymetrix-recommended protocol. The hybridization cock-
tail containing fragmented, labeled complementary DNA
(cDNAs) was hybridized to whole transcriptome Affymetrix
Mouse GeneChip 1.0 ST arrays, which were subsequently
washed and stained using Affymetrix Fluidics Station standard
protocols. The arrays were stained with streptavidin phycoeryth-
rin solution (Molecular Probes, Carlsbad, CA, USA) enhanced
with a 0.5 mg\ml biotinylated anti-streptavidin antibody solu-
tion (Vector Laboratories, Burlingame, CA, USA). Arrays
were scanned with an Affymetrix GeneChip Scanner 3000 and
gene expression intensities were calculated using Affymetrix
GeneChip Command Console software. Affymetrix .CEL files
were normalized using the Robust Multi-Array Analysis algo-
rithm within Partek Genomics Suite software, version 6.5
(Partek Inc., St Louis, MO, USA). Analysis of variance
(ANOVA) and linear contrasts were used to identify differential-
ly expressed genes. Type I error was controlled using the
Benjamini-Hochberg False Discovery Rate (FDR) correction
for multiple testing (61). All microarray-associated P-values
reported herein were subjected to FDR correction. Hierarchical
clustering was carried out using Partek, and pathway analysis
was carried out using MetaCore software (GeneGo, Inc., St
Joseph, MI, USA). Full datasets available at GEO Accession
number GSE33467.

Relative quantification of RNA transcripts

Total RNA was extracted from 30 mg of liver tissue using an
RNAeasy kit (Qiagen, Germantown, MD, USA), and cDNA li-
braries were prepared using an Invitrogen High Capacity cDNA
Reverse Transcription kit. Realtime-PCR was performed with a
TaqManw Universal PCR Master Mix and Itgax/CD11c
(Mm00498698_m1) and Srebp2 (Mm01306297) probes (all
from Applied Biosystems, Carlsbad, CA, USA). All probes
were validated, and the results were evaluated by the comparative
CT method using Gapdh as the internal control. NPC1ASO gene
expression levels were relative to control samples, reflecting the
fold change compared with control.

NPC1 patient treatment and biochemical analyses

NPC1 patients were evaluated at the National Institutes of Health
(NIH) in Bethesda, MD from September, 2009 to August, 2010
in a crossover clinical trial (NCT00975689) approved by the In-
stitutional Review Board of the Eunice Kennedy Shriver Nation-
al Institute of Child Health and Human Development. Written
consent, and when feasible assent, was obtained. A total of 35
patients were enrolled: 18 male and 17 female, with a mean
age of 16.9+ 13 years (s.d.), an age range of 1–53 years at the

time of enrollment and a mean NPC1 disease severity score of
20+ 13 points (s.d.), with a range 1–43 points (62). NAC was
provided under IND #106,112. This trial was not formally rando-
mized for miglustat; however, 16 patients in this cohort were re-
ceiving miglustat off-label prior to the trial, and therefore
continued a constant dose 2 months prior to and throughout the
trial. After a pretrial 4-week washout period during which all
dietary supplements were discontinued, patients were rando-
mized to receive either PharmaNAC effervescent tablets
(BioAdvantex Pharma, Mississauga, ON, Canada) or placebo
for an 8-week period. Patients were given an initial dose of
15 mg/kg/day for 1 week, then 30 mg/kg/day for the second
week and then advanced to 60 mg/kg/day for the remainder of
the phase (maximum dose of 900 mg per day); these were
divided into three doses spaced throughout the day. Upon suc-
cessful completion of the first phase, patients underwent a
second 4-week washout, followed by a second 8-week period
of receiving NAC (if placebo in Phase 1) or placebo (if NAC
in Phase 1). The treatment order was determined by block ran-
domization. For all datasets, no order effects were observed,
other than a modest order effect for the fraction of reduced
CoQ10 (data not shown), thus all data were combined for statis-
tical analyses. Patients were evaluated at the NIH at baseline
(Weeks 0 and 12) and phase conclusion (Weeks 8 and 20) time
points, in addition to interval blood draws obtained at home
every 1 to 2 weeks to monitor liver enzymes. Blood was collected
in BD Vacutainerw serum collection tubes. The primary
outcome measures were reduction of 7-KC or 3b,5a,6b-triol
plasma levels, and these were measured using LC/MS. Second-
ary outcome measures were reduced/total CoQ10 ratio, GSH/
GSSG ratio and increased total serum antioxidant capacity
(TEAC). Total and reduced serum CoQ10 levels were measured
by the Mayo Clinic Department of Laboratory Medicine and
Pathology. GSH/GSSG ratio and TEAC were measured using
Glutathione Assay and Trolox Equivalent Assay kits from
Cayman Chemical Company (Ann Arbor, Michigan) and per-
formed as per manufacturer’s protocols. Subjective measures
of clinical improvement were also collected as an exploratory
outcome measure using the PedsQLTM Pediatric Quality of
Life Inventory and PedsQLTM Multidimensional Fatigue Scale.

Statistical analysis

All graphical data present mean+SEM unless otherwise indi-
cated. Differences between the mean values were tested for stat-
istical significance (P , 0.05) using two-tailed t-tests for two
groups, and either one-way or two-way ANOVA (with Bonfer-
roni’s correction when appropriate) for three or more groups, fol-
lowed by Newman–Keuls, Bonferroni, Tukey or Dunnett’s
post-tests. Significant differences in survival curves were
determined by log-rank analysis (63). Significant differences
for human crossover trial data were determined by Wilcoxon-
matched-pairs signed-rank test.
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