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Hydroxypropyl-β-cyclodextrin (HPBCD) is an attractive drug candi-
date against Niemann–Pick Type C (NPC) disease. However, the safety
of HPBCD treatment for NPC patients remains to be elucidated. In this
study, we examined the acute toxicity of HPBCD in Npc1-deficient
mice. When treated with HPBCD (20,000 mg/kg, subcutaneously),
over half of the wild-type (Npc1+/+) or Npc1+/− mice died by 72 h
after the injection. In contrast, all of theNpc1−/−mice survived. Marked
pathophysiological changes, such as an elevation in serum transaminase
and creatinine levels, hepatocellular necrosis, renal tubular damage,
interstitial thickening, and hemorrhages in lungs, were induced by
the HPBCD treatment in Npc1+/+ or Npc1+/− mice. However, these
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pathophysiological changes were significantly alleviated in Npc1−/−

mice. In addition, in vitro analysis showed that theNpc1 gene deficiency
and treatmentwith U18666A, anNpc1 inhibitor, remarkably attenuated
the cytotoxicity of HPBCD in Chinese hamster ovary cells. These results
suggest that the NPC1 genotype exacerbates the cytotoxicity of HPBCD
and Npc1−/− mice have substantial resistance to the lethality and the
organ injury induced by HPBCD injection compared with Npc1+/+ or
Npc1+/−mice.We suggest that theNpc1 genotype should be considered
in the safety evaluation of HPBCD using experimental animals and cells.

© 2013 The Authors. Published by Elsevier Inc. All rights reserved.
1. Introduction

Niemann–Pick Type C (NPC) disease, an autosomal recessive disorder caused bymutations in either of the
Npc1 or Npc2 genes, is characterized by progressive neurological deterioration and death during childhood
[1]. Marked lysosomal accumulation of unesterified cholesterol and shortage of esterified cholesterol in
cellular compartments are observed in NPC disease, and cholesterol sequestration may be a key factor in
developing the disease. Recently, some reports have shown that hydroxypropyl-β-cyclodextrin (HPBCD), a
cyclic oligosaccharide derivative that has a solubilizing ability on lipophilic compounds, including cholesterol,
attenuated cholesterol sequestration in systemic cells and prolonged the lifespan in Npc1 null mice [2–4]. In
addition, Matsuo et al. [5] reported that treatment with HPBCD improved hepatosplenomegaly and central
nervous system dysfunction in two patients with NPC disease.

HPBCD has been used as a pharmaceutical additive with high aqueous solubility and extremely low
toxicity and has been used clinically with cardinal remedies in parenteral formulations [6]. Based on these
facts, HPBCD is compassionately used to treat patients with NPC disease. In our previous study, patients were
administered high-dose HPBCD (2000–2500 mg/kg) infusions twice or more per week without severe
adverse events [5]. However, Chien et al. [7] reported that chronic HPBCD infusion induced the pneumonia in
healthy pigs and suggested the risk of lung toxicity by HPBCD treatment for NPC disease. In addition, some
reports have demonstrated that HPBCD caused organ injury, such as renal and liver dysfunction, in animals
[8,9]. Therefore, the safety of HPBCD treatment for NPC patients remains to be elucidated.

Based on these facts, this studywas conducted to evaluate the acute toxicity of HPBCD in NPC disease. We
examined the toxic effects of HPBCD on mice as determined by survival rate, changes in serum biochemical
parameters, and histological analysis in wild-type or homozygous and heterozygous Npc1 mutant mice. In
addition, to evaluate the effects of NPC disease on cellular injury induced by HPBCD, we examined the effects
of NPC1 inhibition by gene deletion and pharmacological inhibition using U18666A on the HPBCD-induced
cell injury in in vitro cultured cells.

2. Material and methods

2.1. Reagents

HPBCD was kindly donated by Nihon Shokuhin Kako Co., Ltd. (Tokyo, Japan). Mayer's hematoxylin, 1%
eosin alcohol solution, and mounting medium for histological examination (malinol) were from MUTO
Pure Chemicals (Tokyo, Japan). Dulbecco's modified Eagle's medium and F-12 medium were obtained
from Gibco-Life Technologies (Life Technologies Japan, Tokyo, Japan). HyClone™ fetal bovine serum (FBS)
was purchased from Thermo Scientific (Logan, UT, USA). The cell counting kit and Cellstain® Double
Staining Kit were obtained from Dojindo Laboratories (Kumamoto, Japan). All other reagents and solvents
were of reagent grade. De-ionized and distilled bio-pure grade water was used throughout the study.

2.2. Animal experiments

Age-matched (9–11 weeks)malewild-type (Npc1+/+)mice and homozygous (Npc1−/−) and heterozygous

(Npc1+/−) mutant (BALB/cNctr-Npc1m1N) mice [10] were used. A total of 75 mice were used in this study, 35
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and 40 mice were used for survival study and for biological and histological analysis, respectively. The mutant
mice were bred and kept in specific pathogen-free conditions in the Center for Animal Resources and
Development (CARD), Kumamoto University. Animals were housed in cages in a room under controlled
conditions at 24 °Cwith a 12-h light cycle and given free access to food andwater. All experimental procedures
conformed to the animal use guidelines of the Committee for Ethics on Animal Experiments of Kumamoto
University (approval numbers M24-367).

In our preliminary study, we examined the effects of 4000 to 10,000 mg/kg of HPBCD on the parameters
used in this study, such as survival rate, serum biochemical parameters, and histological changes in Npc1
mutant mice. However, significant changes were not observed at these doses. Therefore, we chose a dose of
20,000 mg/kg of HPBCD in this study. In the saline-treated groups, saline was subcutaneous injected instead
of HPBCD solution. In the survival study, mice were divided into the following groups: (1) HPBCD-treated
Npc1+/+ group (n = 12) (2) HPBCD-treated Npc1+/− group (n = 12), and (3) HPBCD-treated Npc1−/−

group (n = 11) and were monitored for 72 h after the injection. In the biological and histological analysis,
mice were divided into the following groups: (1) saline-treated Npc1+/+ group (n = 7); (2) HPBCD-treated
Npc1+/+ group (n = 7); (3) saline-treated Npc1+/− group (n = 7); (4) HPBCD-treated Npc1+/− group
(n = 7); (5) saline-treated Npc1−/− group (n = 5); and (6) HPBCD-treated Npc1−/− group (n = 7). In the
HPBCD-treated groups, HPBCD was dissolved in water and adjusted to pH 7.4 and administered by a
subcutaneous injection through the back of the neck inmice at a dose of 20,000 mg/kg. For measurements of
biochemical parameters and histological analysis, micewere euthanized 8 h after the injection, and blood and
organ samples were collected.

2.3. Measurement of serum biochemical parameters

Blood samples, collected from the inferior vena cava at 8 h after the HPBCD injection, were immediately
centrifuged at 4000 ×g at 4 °C for 10 min, and sera were collected. Alanine aminotransferase (ALT) and
creatinine were measured using a bio-analyzer (SPOTCHEM EZ SP-4430; ARKRAY, Inc., Kyoto, Japan).

2.4. Histological analysis

Tissue samples were fixed in 10% neutral buffered formalin and then embedded in paraffin before being
cut into 4-mm-thick sections. For histological examination of the liver and lung, sectionswere stainedfirstwith
Mayer's hematoxylin and then with 1% eosin alcohol solution. For histological examination of the kidney,
sections were stainedwith periodic acid-Schiff stain. Samplesweremountedwithmalinol and inspected using
a lightmicroscope (Biorevo; Keyence Co., Osaka, Japan). Lung injury score was determinedmacroscopically by
an observer unaware of the treatment the mice had received. According to a previously reported method [11],
the lung injury score was scored as follows: 0 (no damage) to 4+ (maximal damage) according to the
combined assessments of alveolar congestion, hemorrhage, infiltration/aggregation of inflammatory cells in
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Fig. 1. Effect of HPBCD injection on survival rate ofNpc1mutantmice.Npc1+/+ (n = 12), Npc1+/− (n = 12) andNpc1−/− (n = 11)
mice were administered HPBCD (20,000 mg/kg) subcutaneously and monitored for 72 h.



**

A
L

T
(I

U
/L

)

+/+ +/- -/-

Npc1 genotype

0

400

1600

1200

800

** HPBCD

saline

Npc1+/- Npc1-/-

HPBCD (20,000 mg/kg)

saline

x10

x20

x10

x20

Npc1+/+

Npc1+/- Npc1-/-Npc1+/+

A

B

22 Y. Tanaka et al. / Molecular Genetics and Metabolism Reports 1 (2014) 19–30



23Y. Tanaka et al. / Molecular Genetics and Metabolism Reports 1 (2014) 19–30
the airspace or vessel wall, and thickness of the alveolar wall. Histological analysis, including the lung injury
score, was determined by light microscopy by three independent observers. The assignment of study groups
was blinded to the observers.

2.5. Cell culture and measurement of cytotoxicity

Wild-type and Npc1 null Chinese hamster ovary (CHO) cells that we previously developed [12] were
used in this study. The cells were grown in culture medium consisting of a 1:1 mixture of DMEM/F12
supplemented with 10% FBS. Cells were maintained at 37 °C in a saturated humidity atmosphere of 95% air
and 5% CO2.

To evaluate the cytotoxic effects of HPBCD, assays tomeasure cell viability and cell death were performed.
HPBCD-induced cell injurywas evaluated by a cell viability assay usingmitochondrial dehydrogenase activity
and by a calcein-acetomethoxy and propidium iodide (calcein-AM and PI stain viable and dead cells,
respectively) dual-staining assay.Mitochondrial dehydrogenase activity wasmeasured using amodifiedMTT
assay, namely the water-soluble tetrazolium salt (WST-8) assay, using a Cell Counting Kit according to the
manufacturer's protocol. Calcein-AM/PI co-staining was performed using the Cellstain® Double Staining Kit.
CHO cells were incubated in 96-well plates (1 × 104 cells/well) in culture medium at 37 °C for 24 h. After
24 h to allow cells to adhere, the medium was replaced with fresh medium containing HPBCD (0–80 mM)
without FBS for 3 h and then incubated with the WST-8 solution for 1.5 h at 37 °C. The maximum
absorption of the WST-8 formazan (450 nm) was measured using a micro plate reader (Tecan Co., Ltd,
Männedorf, Switzerland). Cell viability was expressed as a percentage of the viable cells relative to the
untreated controls. Cells were incubated with calcein-AM and 0.4 mmol/L PI in phosphate-buffered
saline for 15 min. Cell death was observed by measuring the fluorescence of calcein-AM and PI at
excitation/emission wavelengths of 490/510 nm and 530/580 nm, respectively, using a fluorescence
microscope (Biorevo; Keyence, Osaka, Japan).

2.6. Statistical analysis

Statistical analysis was performed using GraphPad Prism ver. 5.01 (GraphPad Software, San Diego, CA,
USA). Analysis of the histological score was also performed. Survival data were analyzed using the Kaplan–
Meier method, and the log-rank test was used to compare statistical significances. Multiple comparisons
were conducted to examine the statistical significance of the results. When uniform variance of the result
was identified by Bartlett's analysis (p b 0.05), one-way analysis of variance was used to test for significant
differences. When significant differences (p b 0.05) were identified, the results were further analyzed by the
Dunnett's or Tukey's multiple range test for significant differences among the values. If uniform variance of
the result was not identified, non-parametric multiple comparisons were made. After confirming significant
differences (p b 0.05) using the Kruskal–Wallis analysis, the differences were then examined using the
Dunnett's test. Analysis of histological score was also performed using these nonparametric multiple
comparison tests.

3. Results

3.1. Survival rate of wild type and Npc1 mutant mice treated with a toxic dose of HPBCD

We examined the effects of subcutaneously injected 20,000 mg/kg of HPBCD on survival in Npc1
mutant mice. Over half of the mice of the Npc1+/+ or Npc1+/− groups were dead within 72 h by an
administration of HPBCD (Fig. 1). Stress responses, such as anorexia and fluffing and withering of the fur,
were observed in the surviving mice of the wild-type and Npc1+/− groups. In contrast, all of the Npc1−/−

mice survived, and stress responses exhibited by the Npc1+/− mice were not observed. In the Kaplan–
Fig. 2. Hepatic biochemical and histological analysis of wild-type and Npc1 mutant mice treated with a toxic dose of HPBCD.
Serum ALT levels (A) and representative hepatic sections (hematoxylin eosin stained) (B) 8 h after saline or HPBCD (20,000 mg/kg)
subcutaneous injection. Values are the mean ± S.E.M., (n = 5–7). ** P b 0.01; n.s., not significant. Scale bar = 400 μm.



*

C
re

 (
m

g
/d

L
)

+/+ +/- -/-

*

Npc1 genotype

HPBCD

saline
2.5

0

0.5

1.0

1.5

2.0

Npc1+/- Npc1-/-

HPBCD (20,000 mg/kg)

saline

x10

x20

x10

x20

Npc1+/+

Npc1+/- Npc1-/-Npc1+/+

A

B

24 Y. Tanaka et al. / Molecular Genetics and Metabolism Reports 1 (2014) 19–30



25Y. Tanaka et al. / Molecular Genetics and Metabolism Reports 1 (2014) 19–30
Meier analysis, significant differences were observed in the Npc1−/− group compared with the Npc1+/+

and Npc1+/− groups. Although statistical significances were not observed between the Npc1+/+ and
Npc1+/− groups, the survival of the Npc1+/+ group tended to be lower than that of the Npc1+/− groups
(p = 0.108 in log-rank test).

3.2. Biochemical and histological analysis of Npc1 mutant mice treated with a toxic dose of HPBCD

3.2.1. Liver
The measurements of serum ALT levels and histological analysis were performed 8 h after subcutaneous

administration of HPBCD (20,000 mg/kg) in the Npc1+/+ or Npc1 mutant mice. As shown in Fig. 2A, serum
ALT levelswere significantly increased in theHPBCD-treated groups comparedwith the saline-treated groups
of both Npc1+/+ and Npc1+/− mice. Although significant differences were not observed between saline- and
HPBCD-treated groups in Npc1−/− mice, the Npc1−/− mice showed high serum ALT levels (approximately
1000 IU/L) in both the saline- and HPBCD-treated groups. The histological section of the HPBCD-treated
Npc1+/+ and Npc1+/− mice showed extensive hepatocellular necrosis with congestion and infiltration of
inflammatory cells, such as lymphocytes. In contrast, these pathological changes were not observed in the
saline-treated Npc1+/+ and Npc1+/− mice (Fig. 2B). Many vacuolated hepatocytes and Kupffer cells in the
histological section and hepatomegaly and fatty liver-like morphology were observed in both the saline- and
HPBCD-treated groups in Npc1−/− mice. However, hepatocellular necrosis as shown in the HPBCD-treated
Npc1+/+ and Npc1+/− mice was not observed in Npc1−/− mouse groups.

3.2.2. Kidney
To evaluate renal toxicity, measurements of serum creatinine concentration and histological analysis

were performed 8 h after subcutaneous administration of HPBCD (20,000 mg/kg) in Npc1mutant mice. As
shown in Fig. 3A, serum creatinine levels were significantly increased in the HPBCD-treated groups
compared with the saline-treated groups of both Npc1+/+ and Npc1+/− mice. In contrast, little difference
in the serum creatinine level was observed between the saline- and HPBCD-treated groups in Npc1−/−

mice. Although urinary hemorrhage was observed in the HPBCD-treated Npc1+/+ and Npc1+/− mouse
groups, no changes were observed in the HPBCD-treated Npc1−/− group. In histological analysis, significant
vacuolization of the tubular epithelium and hyperplasia of the Bowman capsule were observed in the
HPBCD-treatedNpc1+/+ andNpc1+/−mouse groups (Fig. 3B). However, a slight degree of histological change
induced by HPBCD was observed in the Npc1−/− mouse groups.

3.2.3. Lung
Lung histological sections of the saline-treated Npc1+/+ and Npc1+/− mouse groups exhibited normal

morphology. In contrast, severe hemorrhage, infiltration of inflammatory cells, and thickened alveolar
septum were observed in the HPBCD-treated Npc1+/+ and Npc1+/− mouse groups (Fig. 4A). Many
vacuolated alveolar macrophages were found in both the saline- and HPBCD-treated Npc1−/− mouse
groups. Minor lung pathological changes that were exhibited in the HPBCD-treated Npc1+/+ and Npc1+/−

mouse groups were also observed in the HPBCD-treated Npc1−/− mouse group. As shown in Fig. 4B, the
histopathological scores in the HPBCD-treated groups were significantly higher than in the saline-treated
Npc1+/+ and Npc1+/− mouse groups. In contrast, significant differences were not observed between the
HPBCD- and saline-treated groups of Npc1−/− mice.

3.3. In vitro analysis of HPBCD-induced cell injury

As shown in Fig. 5A, treatment with HPBCD induced a decrease in cell viability in wild-type CHO cells in
a dose-dependent manner. Significant decreases were observed when cells were treated with 30 mM or
higher HPBCD. In Npc1 null CHO cells, statistically significant decreases in cell viability were observed
Fig. 3. Renal biochemical and histological analysis of wild-type and Npc1 mutant mice treated with a toxic dose of HPBCD.
Serum creatinine levels (A) and representative renal sections (periodic acid-Schiff stained) (B) 8 h after saline or HPBCD
(20,000 mg/kg) subcutaneous injection. Values are the mean ± S.E.M., (n = 5–7). * P b 0.05; n.s., not significant. Scale bar =
400 μm.
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when cells were treated with 60 mM or higher HPBCD. There were significant differences in the decrease
in cell viability induced by HPBCD between wild-type and Npc1 null cells. Representative fluorescence
images of calcein-AM and PI co-stained cells are shown in Fig. 5B. Although a significant number of
PI-stained cells (red) were observed when wild-type cells were treated with HPBCD, many cells were
stained with calcein-AM (green) in Npc1 null cells after HPBCD treatment. In addition, the decreases in cell
viability induced by HPBCD (60–80 mM) exposure were significantly attenuated by pretreatment with
U18666A (1 μM), anNpc1 inhibitor, inwild-type CHO cells (Fig. 5C). The increase in PI-stained cells (red) and
decrease in calcein-AM-stained cells (green) induced by HPBCD exposure in wild-type cells were reduced by
treatment with U18666A (Fig. 5D).

4. Discussion

In this study, we demonstrated that a subcutaneous injection of 20,000 mg/kg HPBCD induced over
50% death within 72 h and severe injury of principal organs, such as the liver, kidneys, and lungs, at 8 h after
injection in Npc1+/+ and Npc1+/− mice. In contrast, we demonstrated that the lethality and organ injury
attributed to an injection of HPBCDwere alleviated inNpc1−/−mice. These results suggest thatNpc1−/−mice
have substantial resistance to the lethality and organ injury induced by HPBCD injection compared with
Npc1+/+ and Npc1+/− mice. In addition, the in vitro data demonstrated that HPBCD-induced cell injury was
mild in Npc1 null cells compared with wild-type cells and suggests that the Npc1 genotype influences the
cytotoxicity of HPBCD.

The data on survival in Npc1 mutant mice suggest that a subcutaneous injection of 20,000 mg/kg of
HPBCD may approximate a sublethal dose (50% to 80% lethal doses) in Npc1+/+ and Npc1+/− mice,
respectively. Although the exact cause of the lethality is unknown, acute multiple organ injury seems to be
involved. Severe hepatocellular necrosis with accumulation of inflammatory cells, significant vacuolization of
the renal tubular epithelium, an increase in serum creatinine level, severe pulmonary hemorrhage, and
inflammationwere induced by this dose of HPBCD in bothNpc1+/+ andNpc1+/−mice at 8 h after injection. In
contrast, less lethality and less severe organ injuries by HPBCD in Npc1−/−mice compared with Npc1+/+ and
Npc1+/−mice indicate that theNpc1 genotype affects cell death sensitivity of HPBCD inmice. This suggestion
is also supported by our in vitro data on the cytotoxicity induced by HPBCD in wild-type and Npc1 null CHO
cells. In addition, Appelqvist et al. [13,14] demonstrated that the NPC1 mutant and U18666A-treated cells
show a higher resistance to cellular injury induced by hydrogen peroxide and O-methyl-serine dodecylamide
hydrochloride, a lysosomotropic apoptosis inducer. Their reports seem to be concordant with our in vivo and
in vitro results of HPBCD toxicity. Based on these facts, we suggest that the Npc1mutation plays an important
role in cellular/organ injury induced by high doses of HPBCD.

The results of our present study may be valuable to evaluate the safety of HPBCD therapy for patients
with NPC disease. Thus far, HPBCD is the only attractive drug candidate to treat NPC disease and offers a
small ray of hope for an effective cure for these patients. However, some reports strike a note of warning
for the use of HPBCD in NPC patients [7–9]. Chien et al. [7] showed the possibility of HPBCD-induced
pneumonia in young pigs and advocated that the pulmonary toxicity of HPBCD should not be neglected.
However, the Npc1 genotype (or function) was not considered in their study. In the present study, we also
observed lung injury inducedwith an injection of a sublethal dose of HPBCD. Additionally, the susceptibility to
HPBCD was different between Npc1+/+ and Npc1+/−, and Npc1−/− mice. Muralidhar et al. [15] and Ramirez
et al. [4] reported that treatment of Npc1−/− mice with HPBCD had little or no effect on the development of
progressive pulmonary disease. Therefore, when evaluating the safety of HPBCD therapy for NPC disease, the
difference of NPC1 genotype should be considered.

Significantly elevated ALT, hepatomegaly, and fatty liver-like morphology are a recognized hepatic
Npc1−/− phenotype [16]. This phenotype seems to obfuscate the hepatotoxicity of HPBCD treatment. In
the present study, both saline- and HPBCD-treated Npc1−/− mouse groups as well as the HPBCD-treated
Npc1+/− mouse group exhibited high ALT levels. Significant hepatocellular necrosis was not observed in
Fig. 4. Pulmonary histological analysis of wild-type and Npc1 mutant mice treated with a toxic dose of HPBCD. Representative
lung sections (hematoxylin eosin stained) (A) and lung injury scores (B) 8 h after saline or HPBCD (20,000 mg/kg) subcutaneous
injection. Lung injury scorewasmeasured as described in theMaterial andMethods. Values are themean ± S.E.M., (n = 5–7). * P b 0.05,
** P b 0.01; n.s., not significant. Scale bar = 400 μm.
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the HPBCD-treated Npc1−/− mouse group compared with the HPBCD-treated Npc1+/− mouse group.
We considered that the HPBCD-induced hepatotoxicity was not exerted in Npc1−/− mice compared with
Npc1+/− mice.

Although we demonstrated the high tolerability of Npc1 null CHO cells against HPBCD toxicity
compared with wild-type CHO cells, the precise mechanisms of the tolerability are unclear. In our
previous study, we demonstrated that there was a positive correlation between in vitro hemolytic
activity and cholesterol-solubilizing activity of cyclodextrin derivatives and therefore suggested that the
cellular injury induced by cyclodextrins was involved in cholesterol extraction from the cell surface
membrane [17,18]. Some reports have indicated that Npc1 null cells or U18666A-treated cells showed a
lower cholesterol content in the plasma membrane and a higher content in the lysosome compared with
the plasma membrane of non-treated wild-type cells [19–21]. Therefore, we considered that the lower
cholesterol portion on the plasma membrane in Npc1 null cells or U18666A-treated cells may be
related to lower toxicity by HPBCD. In addition, Appelqvist et al. demonstrated that Npc1 null cells or
U18666A-treated cells significantly attenuated cell injury induced by O-methyl-serine dodecylamide
hydrochloride, an apoptosis inducer, and hydrogen peroxide, an oxidative stress inducer, and suggested
that the Npc1 mutation and inhibition can modulate lysosomal function through an increase in cholesterol
content in the lysosome and thereby influence cell death sensitivity [14]. Therefore, complicatedmechanisms
of tolerability of the Npc1-deficient cells against cellular injury seem to be involved. To clarify the precise
molecular mechanisms of tolerability to HPBCD toxicity, further study will be necessary.

Although we provided evidence of low susceptibility to acute HPBCD toxicity in Npc1−/− mice and CHO
cells, further basic and clinical studies are warranted to establish the safety of HPBCD therapy for NPC
patients. We examined the acute toxicity of a single high-dose HPBCD treatment in mice in this study. Some
previous reports have demonstrated that the usual dosage of HPBCD, which can attenuate cholesterol
sequestration in organs and prolong lifespan in Npc1−/− mice, was 4000 mg/kg, and it was subcutaneously
injected once aweek for life [2–4]. Therefore, data of “sub-acute or chronic” safety of “multiple administration”
of HPBCD in Npc1−/− mice are needed. In addition, information regarding appropriate dosage regimen and
blood concentrations of HPBCD, which ensure both efficacy and safety in Npc1−/− mice and NPC patients, is
insufficient. Therefore, both pharmacokinetic and pharmacodynamic studies of HPBCD in Npc1−/− mice and
NPC patients are warranted.

In our previous study, NPC patients were administered HPBCD (2000–2500 mg/kg) infusions twice or
more per week [5]. Despite administration of high- and multiple-doses of HPBCD, severe adverse reactions
were not observed during the therapy periods. In contrast, fever and transient diffuse pulmonary
cloudiness on chest X-ray following HPBCD infusion were observed in an NPC patient at 23 months after
the start of the HPBCD therapy [5]. The patient also suffered from aspiration pneumonia when the episode
of fever and pulmonary cloudiness was observed. Since then, same symptoms have not been observed;
however, the possibility of an adverse reaction of HPBCD cannot be denied. Therefore, we considered that
further clinical studies are warranted to establish the long-term safety of HPBCD therapy for NPC patients.

5. Conclusion

We demonstrated that the lethality and organ injury induced by an injection of HPBCD, which was
observed in Npc1+/− mice, were attenuated in Npc1−/− mice. In addition, HPBCD-induced cell injury was
alleviated in Npc1 null CHO cells, and the cell injury was also attenuated by U18666A, an Npc1 inhibitor, in
wild-type CHO cells. These results suggest that the Npc1 genotype affects the cytotoxicity of HPBCD, and
therefore, Npc1−/− mice have substantial resistance to the lethality and organ injury induced by HPBCD
injection compared with Npc1+/− mice. Up to the present, healthy (wild-type) animals have been used to
evaluate the safety of HPBCD as a therapeutic agent for NPC disease. We suggest that the Npc1 genotype
should be considered when performing a safety evaluation of HPBCD therapy for NPC disease in animal or
cellular experiments.
Fig. 5. Effect of gene deletion or pharmacological inhibition of NPC1 against HPBCD cytotoxicity. Cell viability was measured 3 h
after HPBCD treatment using theWST-8 assay (A and C) and calcein-AM and PI co-staining (B and D). HPBCD-induced cytotoxicity in
wild-type or Npc1 null CHO cells (A and B) and U18666A (1 μM) pretreated CHO cells (C and D). Values are the mean ± S.E.M.,
(n = 3–4). ** P b 0.01; * P b 0.05. Scale bar = 100 μm.
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