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of target hydrazones 8a~h in excellent yields. The structures of all
title compounds were confirmed by their physical and spectral
data, with overall yields in the range of 81-95%.""

All synthesized compounds were evaluated in vitro for their
ability to inhibit the catalytic activity of PARG, and for comparison
purposes, ADP-HPD was used as a positive control. PARG was iso-
lated from rat testes and purified.” Its complementary DNA
(cDNA) was cloned. Partial cDNA clones were joined to obtain a full
length PARG DNAs and named recombinant protein G (RPG). The
plasmids were transformed into Escherichia coli. The recombinant
rat PARG protein was expressed as a glutathione S-transferase
(GST) fusion protein, GST-RPG (136 kDa), and this was employed
in the PARG activity assay®” following the method described previ-
ously.*** The [*?P]poly(ADP-ribose) used in the assay were pre-
pared according to the method of Shimokawa et al.*® The assay
results are tabulated in Table 1. Certain of the compounds showed
anti-PARG ICsp values in the low micromolar range. More specifi-
cally, compound 3d (ICsg= 1.0 pM) was the most active PARG
inhibitor. Compounds 3e, 5d, 5e, 8a, 8b and 8c were also potent
inhibitors with ICsq values of 2.1, 3.1, 3.2, 3.1, 2.8 and 1.6 UM,
respectively. It is noteworthy that terephthalic acid dihydrazide
(having a 1,4 orientation about the central benzene ring) based
trihydroxyphenyl regioisomers 3d-f (ICso values of 1.0, 2.1 and
9.9 UM, respectively) were found to be more efficacious than the
isophthalic acid dihydrazide (having a 1,3 orientation about the
central benzene ring) based trihydroxyphenyl regioisomers 5d-f
(ICso values of 3.1, 3.2 and 18.8 uM, respectively). Dihydroxy-
phenyl derivatives were less potent as compared to their respec-
tive trihydroxypheny! derivatives. The 2,3-, 24- and 3,
4-dihydroxy and 2,4,6-trihydroxyphenyl derivatives analogous to
8a-h were also prepared and evaluated. However, these com-
pounds have not been reported, since they did not exhibit potent
activity (ICsg >75 UM, Table 1). Among the tested trihydroxyphenyl
regioisomers, the 2,3,4- and 3,4,5-trihydroxy isomers showed sim-
ilar potencies, which were greater than for the 2,4,6-trihydroxy
isomers.

The molecular docking analyses of the most potent compound
3d, its regioisomer 5d and the well studied PARG inhibitor ADP-
HPD were carried out to infer critical interactions with the PARG
active site. The X-ray crystal structure of rPARG?®® was employed
using the Molegro virtual docker. As depicted in Figure 2A-C, when
3d and 5d were docked into the deep central cleft of the catalytic
domain, the most stable docking model of 3d adopted a conforma-
tion that allows the C=0 and C=N of one hydrazide group to par-
ticipate in hydrogen bond interactions (bond length 2.76 A and
3.08 A, respectively) with the phenolic OH of Tyr791. In addition,
the second hydrazide and phenol functional groups also potentially
stabilize the conformation via formation of hydrogen-bonding
interactions with Ala735, Glu752, Asn865 and Phe898. In contrast,
the meta-regioisomer 5d does not form hydrogen bond with
Tyr791 and Glu752, although it forms several hydrogen bonds with
other amino acid residues, including Asn736, His824, Asn865,
Gly869, Alag70 and Phe871. Apparently, the para-orientation
about the central benzene ring in compound 3d endows it with
the extended geometry required to be accommodated in the active
site cleft. The docking conformation thus attained by 3d in the
rPARG catalytic domain is superior to its meta-regioisomer 5d in
respect to alignment and binding interactions. The docking orien-
tations of 3d and ADP-HPD within the binding site of the core
macrodomain fold (residues 712-918) were highly similar
(Fig. 2D). )

In summary, we have designed and synthesized new phenolic
hydrazide hydrazones, which were examined for their PARG inhib-
itory activity. Most of the synthesized compounds exhibited potent
activity in an in vitro rPARG assay, with 1Csp values in the low
micromolar range. Molecular docking of the most potent com-

pound 3d identified its hypothetical binding mode within the
rPARG catalytic domain. As per our preliminary finding, the pheno-
lic hydrazide hydrazone functionality remarkably interacts with
active site of PARG to inhibit its catalytic activity. This finding dem-
onstrates that chemical modification and incorporation of this
functionality in different biologically active scaffolds may lead to
the development of more potent inhibitors of PARG enzyme. Cur-
rently, modification, synthesis and evaluation of PARG inhibitory
activity are underway and the results will be reported in due
course.
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reflux with stirring for 6-8 h. Then the reaction mixture was cooled with
stirring. Precipitated solid was collected by filtration, and washed with little
ethanol and hexane to give the target products 3a-f, 5a-f and 8a-h.
Compound 3a: Off-white solid; yield: 92%; mp: >300 °C; 'H NMR (300 MHz,
DMSO0-ds): 6 6.75 (t,J = 7.8 Hz, 2H), 6.87 (d, J= 7.8 Hz, 2H), 6.99 (d, J= 7.7 Hz,
2H), 8.09 (s, 4H), 8.64 (s, 2H), 9.25 (s, 2H), 11.04 (s, 2H), 12.24 (s, 2H); TOF MS:
caled for Cy;HgN4Og [M+H]* 435.13, found 435.14. Compound 3b: Yellow
solid; yield: 86%; mp: >300 °C; "H NMR (300 MHz, DMSO-dg): 5 6.33-6.38 (m,
4H), 7.33 (d.] = 8.4 Hz, 2H), 8.05 (s, 4H), 8.53 (s, 2H), 9.96 (br s, 2H), 11.40 (brs,
2H), 12.02 (br s, 2H); TOF MS: calcd for CpaHgNsOg [M+H]" 435.13, found
435,15, Compound 3c: Yellow solid; yield: 89%; mp: >300°C; 'H NMR
(300 MHz, DMSO0-dg): § 6.79 (d, J= 8.1 Hz, 2H), 6.94 (d, J=8.1 Hz, 2H), 7.26
(s.2H), 8.02 (s, 4H), 8.28 (s, 2H), 9.34 (br s, 4H), 11.72 (br s, 2H); TOF MS: calcd
for Cz3H19N4Og [M+H]* 435.13, found 435.25. Compound 3d: Off-white solid;
yield: 95%; mp: >300 °C; 'H NMR (300 MHz, DMSO-dg): & 6.40 (d, J = 8.4 Hz,
2H), 6.80 (d, ] = 8.4 Hz, 2H), 8.06 (s, 4H), 8.50 (s, 4H), 9.50 (s, 2H), 11.44 (s, 2H),
12.08 (s, 2H); TOF MS: calcd for C33HgN4Og [M+H]* 467.12, found 467.23.
Compound 3e: Yellow solid; yield: 88%; mp: >300°C; 'H NMR (300 MHz,
DMSO-ds): 6 6.71 (s, 4H), 8.01 (s, 4H), 8.19 (s, 2H), 8.66 (br s, 2H), 9.13 (br s,
4H), 11.69 (br s, 2H); TOF MS: calcd for Cp3H9N4Og [M+H]" 467.12, found
467.22. Compound 3f: Orange solid; yield: 83%; mp: >300°C; 'H NMR
(300 MHz, DMSO-dg): & 5.85 (s, 4H), 8.04 (s, 4H), 8.82 (s, 2H), 9.86 (s, 2H),
11.09 (s, 4H), 12.01 (s, 2H); TOF MS: calcd for CaHq0N4Og [M+H]* 467.12,
found 467.20. Compound 5a: Off-white solid; yield: 91%; mp: >300 °C; '"H NMR
(300 MHz, DMSO-dg): 4 6.75 (t, J= 7.8 Hz, 2H), 6.87 (d, J = 7.7 Hz, 2H), 6.99 (d.
J=7.7Hz, 2H), 7.73 (t, ] = 7.7 Hz, 1H), 8.16 (d, ] = 7.7 Hz, 2H), 8.53 (s, 1H), 8.64
(s, 2H), 9.25 (s, 2H), 11.07 (s, 2H), 12.28 (s, 2H); TOF MS: calcd for CaH19N40g
[M+H]* 435.13, found 435.22. Compound 5b: Off-white solid; yield: 87%; mp:
>300 °C; 'H NMR (300 MHz, DMSO-dg): 6 6.33-6.39 (m, 4H), 7.33 (d, /= 8.4 Hz,
2H), 7.69 (t, J=7.7 Hz, 1H), 8.11 (d, J=7.7 Hz, 2H), 8.47 (s, 1H), 8.54 (s, 2H),
9.98 (s, 2H), 11.42 (s, 2H), 12.08 (s, 2H); TOF MS: caled for CpH1gN4Og [M+H]*
435,13, found 435.24. Compound 5c¢: Off-white solid; yield: 90%; mp: >300 °C;
'H NMR (300 MHz, DMSO-dg): & 6.79 (d, ] = 7.9 Hz, 2H), 6.94 (d, ] = 7.9 Hz, 2H),
7.26 (s, 2H), 7.65 (t, ] = 7.7 Hz, 1H), 8.07 (d, ] = 7.7 Hz, 2H), 8.28 (s, 2H), 8.42 (s,
1H), 9.35 (br s, 4H), 11.74 (br s, 2H); TOF MS: calcd for CppH;gN4Og [M+H]*
435.13, found 435.24. Compound 5d: off-white solid; yield: 93%; mp: >300 °C;
'H NMR (300 MHz, DMSO-dg): 6 6.39 (d, J = 8.4 Hz, 2H), 6.80 (d, ] = 8.4 Hz, 2H),
7.70(t,]=7.8 Hz, TH), 8.13 (d, ] = 7.5 Hz, 2H), 8.50 (s, 5H), 9.47 (s, 2H), 11.47 (s,
2H), 12.11 (s, 2H); TOF MS: caled for CopHgN4Og [M+H]* 467.12, found 467.23.

34,

35.

36.

R. Islam et al./ Bioorg. Med. Chem. Lett. 24 (2014) 3802-3806

Compound 5e: Off-white solid; yield: 89%; mp: >300 °C; 'H NMR (300 MHz,
DMSO-dg): ¢ 6.70 (br s, 4H), 7.67 (s, 1H), 8.07 (s, 2H), 8.19 (s, 2H), 8.40 (s, 1H),
8.62 (br s, 2H), 9.15 (br s, 4H), 11.72 (br s, 2H); TOF MS: calcd for C33H{gN4Og
[M+H]* 467.12, found 467.20. Compound 5f: brown solid; yield: 86%; mp:
>300°C; "H NMR (300 MHz, DMSO-ds): & 5.84 (s, 4H), 7.67 (t, ] = 7.7 Hz, 1H),
8.09 (d,J=7.7 Hz, 2H), 8.48 (s, 1H), 8.83 (s, 2H), 9.83 (s, 2H), 11.09 (br s, 4H),
12.05 (s, 2H); TOF MS: calcd for Cp;H19N4Og [M+H]* 467.12, found 467.18.
Compound 8a: yellow solid; yield: 88%; mp: >300 °C; J 6.39 (d, /= 8.4 Hz, 2H),
6.77 (d, J= 8.4 Hz, 2H), 8.53 (br s, 2H), 8.62 (s, 2H), 9.59 (br s, 2H), 11.27 (br s,
2H), 12.53 (br s, 2H); TOF MS: calcd for CigHysN4Og [M+H]" 391.09, found
391.30. Compound 8b: Yellow solid; yield: 86%; mp: >300°C; 'H NMR
(300 MHz, DMSO-de): 6 6.67 (s, 4H), 8.31 (s, 2H), 8.64 (s, 2H), 9.15 (s, 4H), 11.98
(s, 2H); TOF MS: caled for CygH15sN4Og [M+H]* 391.09, found 391.28. Compound
8c: Brown solid; yield: 85%; mp: 239-240 °C (decomp.); "H NMR (300 MHz,
DMSO-dg): 8 3.27 (s, 1H), 3.55 (s, 1H), 6.25 (d, J = 8.4 Hz, 1H), 6.37 (d, J = 8.4 Hz,
1H), 6.78 (d, J= 8.6 Hz, 1H), 6.91 (d, J = 8.6 Hz, 1H), 8.13 (s, 1H), 8.23 (s, 1H),
8.48 (br s, 2H), 9.44 (br s, 3H), 11.25 (br s, 2H), 11.69 (br s, 1H); TOF MS: calcd
for Cy7H7N4Og [M+H]* 405.10, found 405.30. Compound 8d: brown solid;
yield: 83%; mp: 201-202 °C; 'H NMR (300 MHz, DMSO-de): & 3.55 (s, 1H), 3.87
(s, TH), 6.54-6.64 (m, 4H), 7.72 (s, 1H), 7.89 (s, 1H), 8.89 (br s, 6H), 11.22 (br s,
2H); TOF MS: caled for Cy7H;7N4Og [M+H]" 405.10, found 405.25. Compound
8e: Pale yellow solid; yield: 89%; mp: 283-284°C (decomp.); 'H NMR
(300 MHz, DMSO-dg): & 2.44 (br s, 4H), 6.31 (d, J=8.4Hz, 2H), 6.69 (d,
J=8.4Hz, 2H), 8.12 (s, 2H), 8.39 (s, 2H), 9.36 (s, 2H), 11.31 (s, 2H), 11.49 (s, 2H);
TOF MS: caled for CygH19N4Og [M+H]" 419.12, found 419.31. Compound 8f:
Pale yellow solid; yield: 84%; mp: 243-244 °C; 'H NMR (300 MHz, DMSO-ds): &
2.88 (brs, 4H), 6.61 (s, 4H), 7.72 (s, 1H), 7.86 (s, TH), 8.49 (br s, 2H), 9.07 (br s,
4H), 10.97 (s, 1H), 11.13 (s, 1H); TOF MS: calcd for CygHqgN4Og [M+H]* 419,12,
found 419.33. Compound 8g: Pale yellow solid; yield: 85%; mp: 262-263 °C;
"H NMR (300 MHz, DMSO-ds): § 1.88 (br s, 2H), 2.21-2.27 (m, 2H), 2.64 (br s,
2H), 6.35 (d, ] = 8.4 Hz, 2H), 6.72 (d, ] = 8.4 Hz, 2H), 8.15 (s, 2H), 8.43 (br s, 2H),
9.40 (br s, 2H), 11.46 (br s, 4H); TOF MS: calcd for CygH21N4Og [M+H]* 433.14,
found 433.27. Compound 8h: Pale yellow solid; yield: 81%; mp: 174-175 °C;
"H NMR (300 MHz, DMSO-dg): & 1.85 (br s, 2H), 2.16-2.22 (m, 2H), 2.61-2.66
(m, 2H), 6.57 (s, 2H), 6.61 (s, 2H), 7.69 (s, 1H), 7.85 (s, 1H), 8.50 (br s, 2H), 9.06
(br s, 4H), 10.90 (s, 1H), 11.06 (s, 1H); TOF MS: calcd for CigHz1N4Og [M+H]"
433,14, found 433.16.

Shimokawa, T.; Masutani, M.; Nagasawa. S.; Nozaki, T.; tkota, N.. Aoki, Y.
Nakagama, H.; Sugimura, T. J. Biochem. 1899, 126, 748.

The sample solutions in DMSO were added to 4 uM {*2P]poly(ADP-ribose) in
20mM potassium phosphate buffer (pH 7.5), 50 mL KCl and 10mM 2-
mercaptoethanol. The reaction was initiated by the addition of 20 pL of GST-
PARG (15 ng), and the reaction mixture was incubated at 37 °C for 30 min. The
reaction was terminated by the addition of SDS to be final concentration of 1%.
Next, 2 pL of the reaction mixture was spotted on a poly(ethyleneimine)
cellulose TLC plate {(Macherey-Nagel Co.), and the plate was developed with
0.1 M LiCl, 3M AcOH and 3 M urea. Then, the radioactivity of the spots was
analyzed with photosensitive Fuji imaging plate BAS-2500 (Fuji Film). The
proportion of degradation products to the whole was measured, and PARG
activity was calculated.

Shimokawa, T.; Ogino, H.: Maeda, D.; Nakagama, H.; Sugimura, T.; Masutani, M.
Org. Chem. Insights 2009, 2, 1.
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with NPC had only partial and transient beneficial effects on neurological
function. The most likely reason for HPB-CD not significantly improving
the neurological deficits of NPC is its inability to cross the blood-brain
barrier. Herein, we describe the effects of intrathecal HPB-CD in an
eight-year-old patient with a perinatal onset of NPC, administered initially
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abnormality in vitro. Further studies are necessary to elucidate the
mechanisms of action of HPB-CD in NPC, and to determine the optimal
dose and intervals of HPB-CD injection.
© 2014 The Authors. Published by Elsevier Inc. This is an open access
article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).

1. Introduction

Niemann-Pick Type C disease (NPC) is an autosomal recessive lysosomal storage disorder characterized
by progressive neurological deterioration. NPC is caused by mutations in either the NPCT or NPC2 gene, both of
which encode proteins involved in regulating intracellular lipid trafficking. These gene mutations lead to
marked lysosomal accumulation of unesterified cholesterol and several glycosphingolipids [1].

Recent studies in NPC mice showed that hydroxypropyl-p-cyclodextrin (HPB-CD) injections are effective in
treating the disease [2-5]. Cyclodextrins (CDs) are cyclic oligosaccharides known as host molecules that form
inclusion complexes with guest molecules, including exogenous and endogenous lipophiles, and are widely
used in food, cosmetics, and pharmaceuticals [6]. HPB-CD has high aqueous solubility and extremely low
toxicity, and is already used clinically with other drugs in parenteral preparations. Previously, we reported the
effectiveness of HPB-CD administered intravenously in two patients with NPC [7]. It had only partial and
transient beneficial effects on neurological function, probably due to issues with crossing the blood-brain
barrier [4]. Recently, direct administration of HPB-CD into the cerebral ventricle of NPC model mice normalized
the biochemical abnormalities and completely prevented the expected neurodegeneration, and Phase I Clinical
Trial of intracerebroventricular (ICV) HPB-CD administration began in February 2013 [4,8]. Thus, we tested the
effectiveness and safety of intrathecal administration of HPB-CD in a patient with NPC.

2. Patient and methods
2.1. Patient

A girl in whom hepatosplenomegaly was detected before birth, was diagnosed with NPC based on mutations
in the NPC1 gene (c.581_592delinsG, Y1088C) at the age of two months. She developed slowly until 3 years of
age, walking alone at 19 months and using two-word sentences at 3 years. However, after 3 years of age she
started to exhibit rapid neurological deterioration, including progressive ataxia, cataplexy, dysarthria, dysphagia,
and convulsions. She was started on intravenous HPB-CD treatment at 4 years of age, by which stage she had
marked hepatosplenomegaly, could walk indoors with assistance, and speak only a few unclear words. She also
exhibited vertical gaze palsy, mild occasional dysphagia, slight hypotonia, ataxia, frequent attacks of cataplexy,
and rare convulsions. After one year of treatment with HPB-CD, the hepatosplenomegaly was slightly improved,
but unfortunately, her neurological signs had worsened as she gradually developed dysphagia, rigidity, and
frequent seizures. Consequently, she became bed-ridden and lost the ability to speak. She was started on tube
feeding via a gastrostomy. We added miglustat after one year of treatment with HPB-CD; however, her
neurological deterioration continued. Her swallowing function worsened, and she suffered from severe
aspiration pneumonia. Her head MRI also showed progressive brain atrophy (Fig. 2).

2.2. Intrathecal administration of HPB-CD

After two years of intravenous HPB-CD treatment, intrathecal HPB-CD therapy was started at the age of
6 years. With informed consent from the parents, we initiated a 10 mg/kg dose of 20% HPB-CD diluted with
6 mL saline administered via lumber puncture every other week. Two months later, no adverse effects were
observed, thus we implanted an Ommaya reservoir to administer 20 mg/kg HPB-CD weekly thereafter
(Table 1). The dose was increased by up to 450 mg (22.5 mg/kg) every week. Fifteen months later, we
changed the treatment schedule to a 200-mg dose twice a week according to the measured concentrations of
HPB-CD in the cerebrospinal fluid (CSF) (Table. 2). Twenty-one months later, we transiently increased the
dose of HPB-CD up to 300 mg twice a week, but reduced it again shortly after due to an increased total tau in
the CSF. Intravenous administration of HPB-CD was stopped 12 months after the start of intrathecal HPB-CD
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Table 1
The dose and intervals of HPB-CD.
IV HPB-CD ICV HPB-CD Interval Weight
0-2 M 20 g x 2/week 165 mg Every 2 weeks 16.5 kg
3 M-4 M 20 g x 2/week 330 mg Every 2 weeks 15.7 kg
5M-6 M 20 g x 2/week 450 mg Every 2 weeks 185 kg
7 M-14 M 20 g x 1/week 450 mg Every week 20.0 kg
15 M-20 M 200 mg Twice a week 213 kg
21 M-22 M 300 mg Twice a week 224 kg
23 M- 200 mg Twice a week 24.0 kg

treatment, whereas miglustat was continued. The treatment protocol used in the present study was approved
by the Ethics Committees of Saga University (no. 2009-05-04) and Kumamoto University (no. 608).

Clinical assessments were performed before the start of treatment and then after 3, 6, 12, 18, and 24 months
of treatment, comprising blood and CSF testing, head magnetic resonance imaging (MRI), magnetic resonance
spectroscopy (MRS), positron emission tomography (PET), electroencephalography (EEG), auditory brainstem
evoked potentials (ABR), and videofluoroscopy. CSF levels of total tau (T-tau) were also measured by the ELISA
Kit (R&D, Minneapolis) according to the manufacture's protocol to determine axonal damage.

2.3. Determination of HPB-CD concentrations in CSF

CSF concentrations of HPB-CD were determined by high-performance liquid chromatography according
to the method of Frijlink et al. [9] with slight modifications. HPB-CD was purchased from Roquette Japan K.K.
(Osaka). The average degree of substitution of 2-hydroxypropyl groups was 4.41, and the average molecular
weight was 1391 Da. All other chemicals used were of analytical grade.

The HPLC system consisted of two LC-10A pumps (Shimadzu, Tokyo), a SIL-10A XL auto injector
(Shimadzu), and a SPD-10A UV-VIS absorbance detector (Shimadzu). Capillary tubing of 10 m (1.0 mm i.d.)
was used for mixing the column eluent with the post-column reagent.

We added 100 pL of CSF sample to 40 pL of 20% trichloroacetic acid. After mixing and centrifugation at
10,000 g at 4 °C for 5 min, 40 uL of 1 M sodium carbonate solution was added to 80 pL of the clear
supernatant. The sample was passed through a filter (MILLEX-HP PES 0.45 pm), and 10 pL of the filtrate
was injected onto the HPLC column. The analytical column was a OHpak Shodex column (SHOWA DENKO
KK, Tokyo, 300 x 8.0 mm i.d.), used with a guard column. The column eluent was a sodium chloride
solution (0.9%) adjusted to pH 4.3 by acetic acid, with a flow rate of 0.9 mL/min. The post-column reagent
was 8 mM sodium carbonate and 60 uM phenolphthalein in water, and the flow rate was 0.9 mL/min. The
effluent was monitored at 546 nm. The detection limit of HPB-CD in CSF was 20 ug/mL.

3. Results
3.1. Clinical symptoms and signs

Clinical symptoms and signs remained virtually stable during two years of intracerebroventricular HPB-CD
treatment. Although the patient's facial expression is slightly impaired two years later, she can still laugh with

Table 2 :
Concentrations of HPB-CD in the CSF after the intrathecal injection of HPB-CD at a dose of 200 mg or 300 mg to the patient with NPC.
Age of the Body weight of Dose of Concentration of HPB-CD in the CSF? Apparent volume
patient (year) the patient (kg) HPB-CD (mg) (ng/mL) of distribution®

(mL/kg)
15 min after injection 1 h after injection
7.58 20.1 200 1106 4 24 205 £ 23 5.1
7.75 23.1 300 2122 4 28 284 £ 25 3.1

* The mean + S.E.M. of three determinations of the same sample.
b Estimated by the dose of HPB-CD and the CSF concentration extrapolated immediately after the injection.
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voice and horizontal eye movements have been preserved. Swallowing function assessed by videofluoroscopy
was slightly improved at 18 months after treatment started, but became slightly worse at 24 months
(Supplemental data 1). At 21 months from the beginning of intrathecal HPB-CD, she received the
SynchroMed-2 pump implant to start intrathecal baclofen (ITB) therapy for increased rigospasticity of her
trunk and limbs. She suffered from aspiration pneumonia immediately after the implantation operation.
Seizure frequency was not changed significantly.

Frontal dominant, irregular, high-voltage, slow activities on the awake EEG were significantly
decreased after two years of treatment with intrathecal HPB-CD (Fig. 1), although there were no
significant changes on brain MRI (Fig. 2). MRS of the cerebral white matter, basal ganglia, and cerebellum
showed a decreased choline to creatine ratio (Cho/Cr), indicating decreased myelin destruction, and an
increase in the N-acetylaspartate to creatine ratio (NAA/Cr), indicating decreased neurcnal and axonal
damage in all areas (Fig. 3A,B). The standardized uptake values on PET were slightly increased in all areas
after two years (Fig. 4A, B), indicating increased metabolism and activities of the patient’s brain. There
were no changes in ABR.

3.2. Changes in CSF T-tau

Changes in CSF T-tau are represented in Fig. 5. The levels of CSF T-tau gradually decreased after the
beginning of intrathecal HPB-CD therapy, but were transiently increased from the 21 months to 23 months
period, when the dose of HPB-CD reached 300 mg twice a week.

3.3. HPB-CD concentrations in CSF

Table 1 details the concentrations of HPB-CD in CSF 15 min and 1 h after the intrathecal injection of
HPB-CD at a dose of 200 mg (10.0 mg/kg) or 300 mg (13.0 mg/kg). At these doses, the HPB-CD concentration
ranged from 2122 pg/mL (1.53 mM) to 205 pg/mL (0.15 mM) during 1 h. The apparent volumes of
distribution for HPB-CD were estimated to be 5.1 mL/kg at a dose of 200 mg and 3.1 mL/kg at a dose of
300 mg, respectively.

4. Discussion

[ntravenous HPB-CD treatment has only partial and transient beneficial effects on neurological function,
whereas direct administration of HPB-CD into the cerebral ventricle of NPC model mice normalizes the
biochemical abnormalities and completely prevents the expected neurodegeneration [4]. Herein, we also
demonstrated the efficacy of ICV administration of HPB-CD in a patient with NPC. Unfortunately, it was
difficult to improve the clinical symptoms because our patient was already progressed at the beginning of [CV
HPB-CD therapy. However, she could maintain residual functions such as horizontal gaze pursuit and
laughing with voice, and swallowing function at 18 months was improved. Taking into account the rapid
progression of neurological dysfunction in our patient after two years of treatment with intravenous HPB-CD
and miglustat, the stable clinical state for two years with ICV HPB-CD indicates the effectiveness of such
therapy. Furthermore, EEG, MRS and PET study showed beneficial effects.

Increased levels of T-tau in CSF have been reported in NPC patient [10,11], indicating axonal
degeneration. The CSF T-tau levels of our patient were decreased, except for one transient increase at 20 to
22 months after the beginning of [CV HPB-CD therapy. [nterestingly, the reduced levels of NAA/Cr in MRS,
which indicates degeneration of neurons and axons, changed reciprocally with the CSF T-tau levels.
Although increased NAA/Cr and reduced T-tau have been reported in miglustat therapy, ICV HPB-CD was
probably the major effective contributor to improvements in this case because miglustat had been started
one year before the beginning of the ICV HPB-CD and the patient's neurological conditions deteriorated
during the pre-ICV HPB-CD period.

The major concern with direct administration of HPB-CD into CSF is adverse effects, especially in
auditory function, and dose-dependent auditory toxicity from HPB-CD has been reported in cats [12].
Specifically, weekly subcutaneous injections of 4 g/kg HPB-CD and every other weekly intrathecal injections
of 120 mg HPB-CD in NPC cats increased the hearing threshold. Fortunately, our patient showed no adverse
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Fig. 1. Changes in the awake EEG before and after treatment with intrathecal 2-hydroxypropyl-3-cyclodextrin. Frontal-predominant, irregular, high-voltage, slow activities were significantly

decreased after two years of treatment.
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Fig. 2. Changes in MRI (FLAIR, fluid attenuated inversion recovery, images) before and after treatment with 2-hydroxypropyl-p-cyclodextrin. Miglustat was added after 1 year of treatment.
Progressive brain atrophy is visible especially before the ICV HPB-CD therapy.
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Fig. 4. (A) Changes in PET images after ICV HPB-CD. The cerebral cortex and cerebellum looks brighter than before. (B) Changes in
standardized uptake PET values after ICY HPB-CD. The uptake values reached the peak 18 months after ICV HPB-CD in every region.

effects from ABR studies even after two years of treatment with frequent intrathecal administration (Data not
shown).

A recent study using sensitive liquid chromatography-tandem mass spectrometry described the
concentrations of HPB-CD in CSF and plasma after an intrathecal injection of HPB-CD at a dose of 50 mg in
3 patients with NPC, where the clearance, volume of distribution, and half life were 18-19 mL/h, ~130 mL,
and 6.58-10.1 h, respectively [13]. Due to the limited sensitivity of our analytical methods in the present
study, the concentrations of HPB-CD in CSF seemed comparable to those with initial distribution phase
after the intrathecal injection. During the distribution phase after the ICV injection, the concentrations of
HPB-CD in CSF were in the range at which HPB-CD could normalize cellular cholesterol abnormality in
vitro [14,15]. In addition, the apparent volumes of distribution of HPB-CD estimated from the distribution
phase were slightly larger than the CSF volume in children [16]; the volume of distribution of HPB-CD at
steady state should be larger than the apparent volume. This indicates that following the ICV injection,
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Fig. 5. Changes in CSF T-tau concentration after ICV HPB-CD therapy. The levels of CSF T-tau gradually decreased after the ICV
HPB-CD therapy, but were transiently increased from the 21 months to 23 months period, when the dose of HPB-CD reached 300 mg
twice a week.

HPB-CD penetrates deeper into the central nervous system beyond the CSF compartment, as suggested by
Ottinger et al. in an animal study [8].

The reported EDsg in NPC mice is approximately about 0.5 mg/kg, with 35 mg/kg administration of
HPB-CD effective for 1 week [4]. An in vitro study using primary cultures of neurons and glial cells from
Npcl1™'~ mice also demonstrated that 0.1 mM of HPB-CD is the optimum concentration and that 10 mM is
toxic for cells [15]. Our present data combined with these previous observations suggest that 10 mg/kg
would be a sufficient dose of ICV HPB-CD, although the optimum intervals for ICV injections of HPB-CD
remain unclear. In our experience, the patient looks more alert after several days of HPB-CD injection
according to the parents' observation. Thus, we tried twice a week injections of 200 mg HPB-CD. MRS and PET
study suggested better results, supported by the observation of slightly lower clearance rates of HPB-CD
compared to the CSF turn-over rate of 21-25 mL/h in normal human subjects [13].

In the present study, we showed the efficacy and safety of ICV HPB-CD treatment and the effect on
concentrations of HPB-CD in CSF. However, the optimal dose and dosing intervals for ICV HPB-CD remain
to be determined, necessitating further studies into the mechanisms of HPB-CD action in NPC.

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.ymgmr.2014.08.004.
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Stable hydrophilic Cp(OH )0 nanoparticles were prepared from 2-hydroxypropyl-B-cyclodextrin (HP-B-
(D) and applied to the treatment of an acetaminophen overdose induced liver Injury. Cgo(OH)1p nano-
particles were produced by cogrinding ¢-CD, B-CD, y-CD and HP-B-CD and characterized in terms of
solubility, mean particle diameter, {-potential and long term dispersibility in water. Hydrophilic
Cgo(OH);0 nanoparticles with particle sizes less than 50 nm were effectively produced by cogrinding HP-
B-CD with Cgo(OH)q0 at a molar ratio of 1:3 (Cgo(OH)10:CD). The resulting Cgo(OH)10/HP-B-CD nano-
particles were stable in water and showed no aggregation over a 1 month period. The Cgo(OH)10/CDs
Nanoparticle nanoparticles scavenged not only free radicals (DPPH and ABTS radicals) but also reactive oxygen species
Antioxidant (03~ and «OH). When Cgo(OH)10/HP-B-CD nanoparticles were intraperitoneally administered to mice
Liver with a liver injury induced by an overdose of acetaminophen (APAP), the ALT and AST levels were
Acetaminophen markedly reduced to almost the same level as that for normal mice. Furthermore, the administration of
the nanoparticles prolonged the survival rate of liver injured mice, while all of the mice that were treated
with APAP died within 40 h. To reveal the mechanism responsible for liver protection by Cgo(OH)io
nanoparticles, GSH level, CYP2E1 expression and peroxynitrite formation in the liver were assessed.
Ceo(OH )10/HP-B-CD nanoparticles had no effect on CYP2E1 expression and GSH depletion, but suppressed
the generation of peroxynitrite in the liver. The findings indicate that the protective effect of Cgo(OH);o/
HP-B-CD nanoparticles was due to the suppression of oxidative stress in mitochondria, as the result of
scavenging ROS such as 037, NO and peroxynitrite, which act as critical mediators in the liver injuries.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Fullerenes, large spherical molecules composed of only carbon
atoms, have been of great interest for practical applications that
exploit their unique electronic properties and biological activities
[1]. The fullerene family, especially Cgo, has appealing photo-,
electro-chemical and physical properties, which have been exploi-
ted in various medical fields [2]. For example, it can function as a
radical scavenger [3], an antioxidant [4] and as a gene carrier [5] orin
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drug delivery [6]. However, these potential biomedical applications
of Cgp have been hampered by its extremely poor solubility in water
[7,8], thus various fullerene derivatives have been synthesized in
attempts to overcome the drawback associated with the limited
solubility of Csp. Polyhydroxylated fullerenes (fullerenol, Cso{OH),),
some of the simplest Cgg derivatives, show improved solubility in
aqueous media. The number of hydroxyl groups introduced into a
Cgo molecule is a key factor for enhancing the hydrophilicity of the
material as well as its biological activity [9,10]. Fullerenols are
regarded as potential candidates for use in scavenging reactive ox~
ygen species (ROS), which arise due to neuroprotective [11] and
cytoprotective [12] effects by reducing oxidative stress. It has been
reported that Cgp(OH)a4 directly quenches nitric oxide (NO) and
blocks its biological activity in vivo [13]. Injac et al. reported that
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Cso(OH)y4 exerts an organo-protective effect on the cardiotoxicity
induced by doxorubicin [14]. However, these studies were con-
ducted using water as a solvent or biological media including
dimethyl sulfoxide, in which fullerenols were suspended or were
present in the form of large aggregates. Although fullerenols are
more soluble than unmodified Cgg, further enhancement in their
solubility is necessary for a precise evaluation of their biological
activities and for extensive biomedical applications. In addition,
some researchers have reported that fullerenol shows cytotoxic ef-
fects that are dependent on the number of hydroxyl groups con-
tained by the molecule [15,16]. Therefore using fullerenol with a
minimum number of hydroxy! groups would be a desirable
approach for pharmaceutical applications of fullerenol.

Acetaminophen (paracetamol, N-acetyl-p-aminophenol (APAP))
is a widely used analgesic and antipyretic drug. While there are
generally few side effects when the recommended dose is used, an
overdose causes hepatic injury and is the most frequent cause of
the acute liver failure in the United State, the United Kingdom and
other countries [17—19]. The development and progression of liver
injury induced by APAP is related to the production of ROS {20},
such as superoxide anions and peroxynitrite [21,22], the release of
cytokines [23] and eicosanoids [24]. N-acetylcysteine (NAC) is used
to treat patients with an APAP overdose. However, the efficacy is
limited and a novel approach for addressing this issue is required.

In a previous study, we reported on the preparation of stable Cgg
nanoparticles (mean particle size ca. 90 nm), the surfaces of which
were covered by a hydrophilic 2-hydroxypropyl-B-cyclodextrin
(HP-B-CD) through physical adsorption and weak hydrophobic in-
teractions [25]. The Cgp nanoparticles maintained their small par-
ticle size in water for periods of over 1 month and no evidence of
aggregation was found. In this study, we report on the preparation
of stable hydrophilic Cgo(OH )10 nanoparticles using HP-$-CD and an
evaluation of its biological activities was conducted, with respect to
issues such as the free radicals and ROS scavenging ability.
Furthermore, a protective effect against APAP overdose induced
liver injury was studied with comparing the effect of NAC.

2. Materials and methods
2.1. Materials

Ceo(OH)0 (nanom spectra D100) was purchased from Frontier Carbon Co.
(Tokyo, Japan) and was confirmed by mass spectrometry that approximately 10
hydroxy! groups were introduced in a molecule. 2-Hydroxypropyl-B-CD (HP-3-CD,
the degree of substitution (D.S.) of the 2-hydroxypropy! group was 5.6) and parent
CDs («-CD, B-CD and y-CD} were gifts from Nihon Shokuhin Kako Co., Ltd. (Tokyo,
Japan). APAP and NAC were purchased from Wako Pure Chemical Industries, Ltd.
(Tokyo, Japan). The 1,1’-diphenyl-2-picrylhydrazyl (DPPH) and 2,2’-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) reagents were supplied by Nacalai
Tesque (Kyoto, Japan). 5,5-Dimethy-1-pyrroline N-oxide (DMPO) was purchased
from Labotec Co. Ltd. (Tokyo, Japan). Sodium nitroprusside dehydrate (SNP) was
purchased from Sigma—Aldrich Co. LLC (Tokyo, Japan). Dihydrorhodamine 123 was
purchased from Cayman Chemical Company (Michigan, USA). Peroxynitrite solution
was purchased from Chemical Dojin Co. Ltd. (Kumarmoto, Japan). All other materials
and solvents were of analytical reagent grade and Milli-Q water was used
throughout the study.

2.2. Preparation and characterization of Cep(OH)10/HP-8-CD nanoparticles

Cso(OH)10 (15 mg) was ground with a-CD (49 mg), B-CD (57 mg), y-CD (66 mg)
or HP-B-CD (73 mg) in different molar ratios (generally 1:3 for guest:host), using an
automatic magnetic agitating mortar (MNV-01, AS ONE, Tokyo, Japan) for 3 hat4 °C
under reduced pressure [25]. The pulverized Cgo/CDs material was dispersed in
water by ultrasonication for 5 min, to give approximately 1 mm of Cgg(OH)s0. The
resulting solutions were syringe-filtered through a 0.2 um pore size filter. Particle
sizes of the Cgg(OH)10/CDs nanoparticles were determined by dynamic light scat-
tering (DLS-8000HL, Otsuka Electronics Co., Ltd. Tokyo, Japan) equipped with a
He—Ne laser (10 mW) operating at 632.8 nim. DLS measurements were performed at
a scattering angle of 90°. The autocorrelation function was analyzed by the cumulant
method to obtain the average particle diameter. Zeta potentials for the colloids were
determined by a Zetasizer (Nano-zs, Sysmex Co., Tokyo, Japan). Transmission elec-
tron microscopy (TEM) images were obtained on a JEM-1400Plus (JEOL, Tokyo,

Japan) operating at 100 KkV. Specimens for TEM observations were prepared by
immersing a 150 mesh copper grid coated with a carbon film in the sample solution
(Cgo(OH)10 = 0.05 pum) including uranyl acetate to stain the sample.

2.3. Free radical scavenging activity of Cgo(OH)19/HP-8-CD nanoparticles

The radical scavenging ability of Css(OH)jg nanoparticles was studied using
DPPH and ABTS radicals. Different concentrations of Cgp(OH)jo nanoparticles
(5—250 um) were tested in 50% ethanolic solutions of DPPH (0.2 mwm). Radical
scavenging ability was estimated from the decrease in absorbance of the DPPH
radical at 540 nm {26] due to the reaction with Cgg(OH )0, using Eq. (1) below.

Radical scavenging activity (%) = 100~ (absorbance with samples/absorbance
without samples) x 100. (¢)]

Stable ABTS cation radicals were generated by oxidation with potassium per-
sulfate. The reaction mixture contained 2.45 mm potassium persulfate and 2 mm
ABTS in distilled water and, after 1 day, the resulting stable ABTS radical was used in
the assay. The ABTS solutions were diluted by 10% with PBS, and then mixed with
sample solutions at a ratio of 9:1. The reaction of Cgg(OH )10 with ABTS radicals was
monitored based on the decrease in its absorbance at 734 nm {27, using Eq. (1).

2.4. ROS scavenging activity of Cso(OH)10/CD nanoparticles

To evaluate the ROS scavenging ability of Cgo(OH)10/CDs nanoparticles, 05~ was
enzymatically generated by treating hypoxanthine with xanthine oxidase and «OH
was generated via the Fenton reaction [28]. The generation of 05~ was measured by
means of an X-band electron spin resonance (ESR) spectrometer (JES-FA100, JEOL
Ltd., Tokyo, Japan) under the following conditions: microwave frequency 9.417 GHz,
microwave power 4 mW, field modulation 0.1 mT at 100 kHz and sweep time 30s.
03~ was detected using DMPO as a spin-trapping reagent. One hundred microliter
aliquots of sample solutions, 60 pL of 0.67 mm hypoxanthine, 20 pL of 0.8 unit/mL of
xanthine oxidase and 20 pL of DMPO were vigorously mixed well under aerobic
conditions. The mixed solutions were collected in a flat cell, then immediately
subjected to ESR measurement. ¢OH was also detected by ESR using DMPO as a spin-
trapping reagent. One hundred microliters of a sample solution, 40 uL of 4.4 mm
H;03, 40 pL of 1 pm FeSO4 solution and 20 pL of DMPO were well mixed under
aerobic conditions and subjected to ESR measurements. Scavenging ability of
Ceo(OH)10 to O3~ and oOH species was evaluated by the reduction in ESR intensities
of DMPO-OOH and DMPO-0OH adducts, respectively, compared to the intensities
observed in the absence of Cgg{OH)1g, using Eq. (2).

ROS scavenging activity (%) = 100— (relative intensity with samples/relative
intensity without samples) x 100. (2)

2.5. Protective effect of Cep(OH )10/HP-8-CD nanoparticles on APAP overdose induced
liver injury mice

An APAP overdose induced liver injury model was prepared according to the
method reported by Ishituka et al. [29]. Male 7-9 week-old C57BL6 mice (Japan SLC,
Inc,, Shizuoka, Japan) were fasted overnight, but had free access to water prior to the
experiments. APAP was dissolved in PBS and administered to the mice intraperito-
neally (400 mg/kg). At 30 min after the APAP injection, Cgo(OH)0/HP-B-CD nano-
particles (Cgo(OH)10 = 100 or 200 mg/kg) or NAC (200 mg/kg) were administered
intraperitoneally. The mice were sacrificed at 24 h after APAP injection, and blood
and liver samples were collected. Blood samples were centrifuged at 4000 x gat4°C
for 10 min, and serum ALT and AST levels were measured. The care and maintenance
of animals was in accordance with the institutional guidelines of the Institutional
Animal Care and Use Committee of Sojo University.

2.6. CYP2E1 expression

The expression of the CYP2E1 protein in the liver was determined by western
blotting. Protein samples were subjected to SDS-PAGE on a 10% polyacrylamide gel.
Proteins were electroblotted onto a PVDF membrane (Millipore Corp., Bedford, MA,
USA). After blocking with 5% skim milk, the membranes were washed three times
and treated with the primary antibody. Primary antibodies were diluted in 5% skim
milk at the following dilutions: anti-CYP2E1 antibodies (Abcam, Inc., Cambridge,
MA, USA) (1:2500) or anti-B-actin (Cell Signaling Technology, Danvers, MA, USA)
(1:1000), incubated overnight at 4 °C. The membranes were washed three times
with TBS in Tween-20 and then incubated with HRP-conjugated secondary anti-
bodies (Cell Signaling Technology). The blots were visualized using SuperSignal
(Pierce, Rockford, IL, USA) and measured by ImageQuant LAS 4000mini (GE
Healthcare Japan, Tokyo, Japan).

2.7. Hepatic total glutathione contents

The liver tissue samples were weighed and stored at —80 °C until used in assays.
Tissue homogenates were prepared in 5% metraphosphoric acid solution at a 1:5 (w/
v) ratio and centrifuged for 10 min at 1000 g at 4 °C. The supernatant was collected
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and total GSH concentration was measured by a BIOXYTECH GSH/GSSG-412 (OXIS
Health Products, Inc, Portland, OR, USA) according to the manufacturer's protocol.

2.8. Immunohistochemistry (anti-nitrotyrosine)

To evaluate nitrotyrosine formation, an immunohistochemical analysis using an
anti-nitrotyrosine polyclonal antibody (Merck Millipore) was performed. The
microtome sections were incubated overnight at 4 °C with an anti-nitrotyrosine
antibody (1:500 dilution) and then stained with Histofine® Simple Stain MAX PO
(Nichirei Biosciences, Tokyo, Japan). Following the washing step, 3,3-
diaminobenzidine was applied to the sections, which were then incubated with
Mayer's hematoxylin. The liver histopathological changes were visualized and
analyzed using a microscope system (BIOREVO BZ-9000; Keyence Co., Osaka, Japan).

2.9. Nitric oxide (NO) and peroxynitrite scavenging activity of Cgo(OH)1o/HP-3-CD
nanoparticles

To estimate the NO scavenging activity of Ceo{ OH)10/HP-B-CD nanoparticles, so-
dium nitroprusside (SNP) was used as a potent NO donor [i3]. 40 puL of T mm SNP
solution was mixed with 40 pL of Cgo(OH)19/HP-B-CD nanoparticles at various con-
centrations in a 96 well plate. The plate was irradiated for 5 min at 35 mW/cm? from a
xenon light source (MAX-303, Asahi spectra Co,, Ltd., Tokyo, Japan) to produce a
constant level of NO. The resulting NO was detected by means of a Griess reagent kit
(Chemical Dojin Co. Ltd, Kumamoto, Japan) and measured UV at 540 nm. Peroxynitrite
was evaluated by the oxidation of dihydrorhodamine 123. 50 yL of gelatin (1.2 mg/mL),
50 pL of dihydrorhodamine 123 (0.1 mm) and 50 pL of Cgo( OH)10/HP-B-CD were added
to a 96 well plate, and then incubated for 5 min. A fifty microliter aliquot of the per-
oxynitrite solution (0.28 mm) was added to the above prepared solution. After a 5 min
incubation, the fluorescence was measured at 535 nm for rhodamine emission.

3. Results

3.1. Preparation and characterization of Ceo(OH)10/CD
nanoparticles

Cgo(OH)q was ground with ¢-CD, B-CD, y-CD and HP-B-CD at
various molar ratios using the magnetic agitating mortar
described in the experimental section. The resulting powders
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Fig. 1. Apparent solubility of Cee(OH),o/CDs ground mixtures prepared at various
molar ratios and the appearances of filtrates after filtration through a 0.2 ym Filter,
Each point represents the mean + S.E. of 3—4 experiments. *, p < 0.05 versus Cgo{OH)10/
9-CD and/B-CD. **Molar ratio of CDs/Cgo{OH 1o during grinding process. ¢ : Cgo(OH)10/
o~CD, O: Ceo(OH)10/B-CD, A : Ceo(OH)10/Y-CD, O: Coo(OH)10/HP-B-CD. (a) Ceo(OH o
alone, (b) Cgo(OH)10/et-CD, (c) Coo(OH)10/B-CD, (d) Coo(OH)1ofy-CD, (&) Coo OH )10/HP-p-
CD.

were dispersed in water and the resulting suspensions were
passed through a 0.2 um pore size filter. As shown in Fig. 1, the
filtrate of the Cgo(OH )10 solutions prepared with HP-B-CD or y-CD
was a transparent dark red-colored solution, indicating that
Cpo(OH )10 was completely dissolved in the solution. Light yellow-
colored solutions were obtained in the case of the Cgo(OH)ip/o-
CD and/p-CD systems. On the other hand, transparent solutions
with no color were obtained for a ground sample of Cgo(OH)g
alone, because it was largely present in the form of large
aggregated states in the absence of CDs and thus Cgg(OH)qg
particles were completely removed by the 0.2 pm filter. The ef-
fect of CDs on the solubility of Cgo(OH)qo in water is shown in
Fig. 1. The Cgo(OH)1o concentration in the filtrate increased with
increasing amount of CD added to the grinding mixture, whereas
Co(OH)10 was not detected in the filtrate for the Cgo(OH)qp
sample ground without CDs. HP-B-CD and y-CD produced high
Cgo(OH)10 concentrations, i.e. about 750 M at a molar ratio of 1:3
(Ceo(OH)0: CD). Highly water soluble HP-B-CyD and y-CD can
pass through a 0.2 pm filter without being adsorbed to the filter,
thus the actual molar ratio of Cgo(OH)1g : CD in the filtrate was
1:4, when the Cgg(OH)10/CD (1:3) powder was dispersed in water.
In the case of ¢-CD and B-CD, the Cgp(OH)jo concentration was
lower compared to the others. The particle size and {-potential of
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Fig. 2. Particle size (A) and {-potential (B} of Cgo(OH)10/HP-B-CD and/y-CD nano-
particles prepared using various amounts of CDs. Each point represents the mean + S.E.
of 3 experiments. *, p < 0.05 versus Cgo{OH);0/y-CD. ™*Molar ratio of CDs/Cgo(OH )10
during grinding process. O: Cgg{OH)10/HP-B~CD, A : Cgo(OH)10/y-CD.
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Fig. 3. TEM images of Cgo(OH)10/HP-B-CD nanoparticles.

Cgo(OH)10 nanoparticles found for HP-B-CD and y-CD are shown
in Fig. 2. The mean diameter of the particles decreased with
increasing CD/Cgo(OH)19 molar ratio, and became constant for a
molar ratio of 1:3 (Cgo(OH)10: CD), reaching less than 50 and
80 nm diameters for the HP-8-CD and y-CD systems, respectively.
The presence of HP-B-CD significantly reduced the particle size of
Cso(OH)10 compared to y-CD. The (-potential of the Cgo(OH)10o
nanoparticles was also decreased to negative values by the
addition of HP-B-CD and y-CD, reaching —41 mv at a molar ratio
of 1:1 (Cgp(OH)q9:CD). No differences in the {-values were found
between the HP-B-CD and y-CD systems. This large negative
value may contribute to the high dispersibility of the Cgo(OH)1o
nanoparticles in water. The morphology of Cgo(OH)10/HP-3-CyD
nanoparticles in the water was determined by TEM observations
(Fig. 3). The resulting images revealed that Cgo(OH)9/HP-B-CyD
nanoparticles were comprised of fairly uniform spheres with a
mean diameter of 50 nm. Cgo(OH)1p nanoparticles that were
prepared at a molar ratio of 1:3 (Ceg(OH)1p: CD) were stored in
the dark at 25 °C to evaluate long term stability. As shown in
Fig. 4, Co(OH ) 0/HP-B-CD and/y-CD nanoparticles were stable in
water, with the initial diameters (50 nm and 80 nm, respectively)
maintained constant for over 1 month, and no aggregation was
observed during storage. These collective results indicate that
HP-B-CD and y-CD are useful for solubilizing Cgo(OH)qg9 as hy-
drophilic nanoparticles in water. Therefore, the following studies
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Fig. 4. Dispersibility of Cgo(OH);0/HP-B-CD and/y-CD nanoparticles in water at 25 °C

for long period. Each point represents the mean =+ S.E. of 3 experiments. O: Cgo(OH )10/
HP-B-CD, A : Cgo(OH);0/y-CD.

were conducted focusing on Cgo(OH)10/HP-B-CD and Cso(OH)10/v-
CD nanoparticles prepared at a molar ratio of 1:3 (Cgo(OH)10:CD).

3.2. Evaluation of antioxidant ability of Cgo(OH)19/HP-3-CD and/
y-CD nanoparticles

The antioxidant ability of Cgo(OH);0/CDs nanoparticles was
evaluated based on their scavenging effect on the stable free radi-
cals (DPPH and ABTS radicals) and ROS (03~ and «OH), in com-
parison with that of a Ceg(OH)o suspension prepared by the
sonication of Cgo(OH)g alone in water for 1 h. Fig. 5A shows the
scavenging effect of Cgg(OH)10/HP-B-CD and/y-CD nanoparticles on
DPPH radicals. Both Cgp(OH)10/CD nanoparticles scavenged DPPH
radicals in a concentration dependent manner. The HP-B-CD
nanoparticles showed a tendency to scavenge DPPH radical more
effectively than the y-CD nanoparticles at high Cgo(OH)j0 concen-
trations, although the difference was not significant. On the other
hand, the scavenging effect of Cgg(OH)qg alone on DPPH radicals
was low, as expected. The scavenging ability of Cgo(OH)1g nano-
particles for ABTS radicals is shown in Fig. 5B. Cgo(OH)10/HP-B-CD
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Fig. 5. DPPH radical (A) and ABTS radical (B) scavenging activity of Co(OH);0/HP-B-CD
nanoparticles and/y-CD nanoparticles. Each value represents the mean + SE. of 3
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(Ceo(OH)y0 = 100 pm), O3 Cgo(OH)qp alone (Ceo(OH)10 = 200 pm), B: Coo(OH )y alone
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nanoparticles reduced ABTS radicals in the same manner as
observed for DPPH radicals. The scavenging ability approached 75%
for Cgo(OH)19/HP-B-CD nanoparticles at 200 jum of Cgg(OH )19, while
that of Cgo(OH)10/y-CD nanoparticles was 60% at the same con-
centration. The Cgp(OH )1 alone had less scavenging ability for ABTS
radicals.

ROS such as O3~ and «OH lead to cell death and trigger various
diseases related to oxidative stress. Therefore, the scavenging ef-
fect of Cgo(OH)10/CD nanoparticles on 05~ and «OH species was
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evaluated by means of an ESR spin-trapping method, by moni-
toring the intensity of ESR signals of DMPO-OH and DMPO-OOH
adducts produced by the reaction of DMPO with «OH and 03~
species, respectively. The ESR intensities of the DMPO-OH adduct
(Fig. 6A) and the DMPO-0OO0H adduct (Fig. 6C) were reduced by the
addition of Cgo(OH)19/HP-B-CD nanoparticles, indicating that «OH
and O3~ species were scavenged. The relative intensity of the
DMPO-OH and DMPO-OOH adducts compared to an external
reference of Mn®* was plotted to calculate the scavenging ability
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Fig. 8. Effect of Cgo(OH)0/HP-B-CD nanoparticles on CYP2E1 expression (A) and GSH
depletion (B) in the liver. (a) normal mice (control), (b) administration of APAP
(400 mg/kg), (c) administration of APAP (400 mg/kg) + Cgo(OH)10/HP-B-CD (200 mg/
kg).

(%) of the Cgo(OH)1p nanoparticles. As shown in Fig. 6B and D,
Ceo(OH)1o nanoparticles scavenged these ROS, especially «OH, by
50% even at 5 um of Cgo(OH)10. The scavenging ability of the HP-p-
CD nanoparticles was larger than that of the y-CD nanoparticles.
The ROS scavenging ability of the Cgo(OH)qp alone suspension was
low, similar to the results of the free radical scavenging studies
using DPPH and ABTS radicals, as described above. These in vitro
studies indicate that Cgo(OH)1o/HP-B-CD can function as an effec-
tive antioxidative agent.

A

3.3. Protective effect of Cep(OH )19/HP-3-CD nanoparticles on APAP
overdose induced liver injury mice

Cgo(OH)10/HP-B-CD nanoparticles with a high radical scavenging
ability were applied to the treatment of an APAP overdose induced
liver injury, because various ROS such as the superoxide anion, hy-
droxyl radicals and peroxynitrite are significantly involved in this
type of drug-injury. In this experiment, Cgo(OH)10/HP-B-CD nano-
particles were intraperitoneally administered to liver injured mice
induced by the injection of an overdose of APAP, Serum ALT and AST
levels were monitored in order to measure the level of the liver
injury. As shown in Fig. 7, the serum ALT and AST levels of the mice
were significantly increased to about 7000 ~ 13,000 IU/Las the result
of the administration of a APAP overdose (400 mg/kg). A suspension
of Cgg(OH )10 alone had no effect on those values. The administration
of HP-B-CD alone had no effect on the increased serum AST and ALT
levels, because it exerted no antioxidant effect (data not shown). In
sharp contrast, Cgg(OH)19/HP-B-CD nanoparticles markedly sup-
pressed those values. By the administration of 100 mg/kg Ceo(OH)1o/
HP-B-CD nanoparticles, the ALT and AST values were about 60 IU/L
and 128 IU/L respectively, and the value was almost the same as
those of normal mice (20—100 IU/L). 200 mg/kg of NAC was also
intraperitoneally administered to the liver injury mice as a positive
control. The AST (74 TU/L) and ALT (116 IU/L) levels were low as well
as those in the case of the administration of Cgo(OH )10/HP-8-CD. The
infiltration of inflammatory cells and bleeding were observed in
cases of livers that had been treated with APAP (Fig. 7C). However,
such damage was suppressed by the administration of Cgo(OH)10/
HP-B-CD nanoparticles and NAC. Furthermore, Cgo(OH )10/HP-B-CD
nanoparticles prolonged the survival rate of liver injured mice
(Fig. 7C). About 80% of the mice treated with Cgo(OH)10/HP--CD
nanoparticles survived for over 72 h, all of the mice that received no
treatment died within 40 h. 85% of the mice treated with NAC sur-
vived for over 72 h. These results clearly indicate that Cgp(OH )1o/HP-
B-CD nanoparticles have a protective effect against the progression
of liver injury induced by an overdose of APAP.

3.4. Changes in CYP2E1 expression and GSH level in liver

Liver injury is initiated by the formation of the reactive metab-
olite N-acetyl-p-benzoquinone imine (NAPQI), which is mainly

B

Fig. 9. Immunohistochemical staining of liver sections for nitrotyrosine protein adducts (A) and nitrotyrosine positive ratio in liver sections (B).
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produced by CYP2E1 and results in the depletion of GSH. To better
understand the mechanism associated with the protection of
Cgo(OH)10/HP-B-CD nanoparticles, CYP2E1 expression and hepatic
GSH levels were assessed. CYP2E1 activity was not affected by the
administration of Cgo(OH)1o/HP-B-CD nanoparticles, as shown in
Fig. 8A. Hepatic GSH levels were significantly decreased after the
injection of 400 mgfkg of APAP compared to the value for mice
without APAP administration (Fig. 8B). Such GSH depletion was
observed even in the case of the APAP plus Cgg(OH)1p/HP-B-CD
administration. The results indicate that Cgo( OH)y0/HP-3-CD nano-
particles had no effect on CYP2E1 expression and GSH depletion.

3.5. Effect of Ceo(OH )1o/HP-B-CD nanoparticles against oxidative
stress induced by APAP overdosed

Peroxynitrite generation was visualized by immunohistochem-
ical staining of liver sections for nitrotyrosine protein adducts.
Livers were collected at 4 h after APAP administration. A significant
number of hepatocytes were stained after an overdose of APAP and
the entire liver section was stained (Fig. 9A). In contrast, in the case
of the liver treated with Cgg(OH)io/HP-B-CD nanoparticles, the
staining was limited to hepatocytes around the interlobular veins.
The nitrotyrosine positive area for liver sections was calculated by
based on microscopy observations (Fig. 9B), 17% of the area was
stained in APAP overdosed liver sections, while the positive area
was decreased to 3% by the administration of Cgp(OH);0/HP-B-CD
nanoparticles, indicating that Cgo(OH)0/HP-B-CD nanoparticles
protect liver from oxidative stress. The positive ratio was almost the
same as 2% of NAC. The direct peroxynitrite scavenging ability of
Cso(OH)1p/HP-B-CD nanoparticles was also examined (Fig. 10), The
Cso(OH)1p nanoparticles effectively scavenged peroxynitrite even at
a low concentration and 80% of the peroxynitrite was scavenged by
10 pm of Cap(OH)1p nanoparticles (Fig. 10A). Peroxynitrite is formed
by the reaction between 03~ and NO, because of this, the scav-
enging activity of Cgo(OH)19/HP-B-CD nanoparticles against NO
generated from SNP was studied. Cgo( OH)10/HP-B-CD nanoparticles
showed scavenging ability for NO in a concentration dependent
manner as shown in Fig. 10B. Cgo(OH);0/HP-B-CD nanoparticles had
ability to suppress oxidative stress such as peroxynitrite and NO.

4. Discussion

Water soluble Cgo(OH);p nanoparticles were prepared in high
yields by grinding a mixture of HP-B-CD or y-CD. On the other hand,
o-CD and B-CD were less effective for solubilizing Cgo(OH)1g in
water (Figs. 1 and 2). The resulting Cgg(OH )10/HP-B-CD and/y-CD
nanoparticles were stable in water for periods of over 1 month, and
the initial small particle sizes of ca. 50 nm and 80 nm, respectively
were retained (Fig. 4). A number of papers have reported that the
large cavity of y-CD is favorable for the inclusion of Cgp and forms a
water soluble inclusion complex {30,31]. On the other hand, «-CD
and B-CD are thought to form a complex with more difficulty,
because of the smaller cavity size. We previously reported that HP-
B-CD and y-CD are useful in terms of producing hydrophilic Cgo
nanoparticles in high yields and revealed that HP-B-CD can sup-
press the aggregation of the particles by covering the surface of the
Cgo nanoparticles through weak hydrophobic interactions and by
physical adsorption {25]. It is likely that HP-8~CD and y-CD would
cover the surface of the Cgo(OH)io nanoparticles in a manner
similar to that for the Cgp/CD systems. This surface covering of CDs
on the Cgo(OH)10 nanoparticle is supported by a change in {-po-
tential, as shown in Fig. 2B. The {-potential value reached a peak
of —41 mv at a molar ratio of 1:1 (Cgo(OH)10:CD). However, it tended
to increase positively with an increase in the molar ratio of CD from
1:1 to 1:5. The covering of the CDs shields the negative {-potential
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Fig. 10. Peroxynitrite (A) and NO (B) scavenging activity of Cgo(OH);o/HP-B-CD
nanoparticles.

of the particles and shifts the potential in a positive direction,
although the change is small. This hydrophilic layer of CDs formed
on the Cgo(OH)19 nanoparticle surface, together with the large
negative {-potential, prevents the particles from undergoing ag-
gregation during storage.

The antioxidant ability of Cso(OH)10/CDs nanoparticles were
evaluated by scavenging studies using DPPH and ABTS radicals and
ROS (Figs. 5 and 6). Cgo(OH)10/HP-B-CD and/y-CD nanoparticles
rapidly reacted with DPPH and ABTS radicals, compared with
Ceo(OH)1p alone. HP-B-CD and y-CD alone had no radical scavenging
(data not shown). ESR spin-trapping studies using DMPO indicated
that Cgo(OH)10/HP-B-CD and/y-CD nanoparticles effectively scav-
enged ROS such as 03~ and «OH. The scavenging ability of Cgo(OH )10/
HP-B-CD nanoparticles were higher than that of Cgp(OH)ip/y-CD
nanoparticles, which may be due to the difference in surface areas
between the HP-B-CD nanoparticles (46 nm) and the y-CD nano-
particles (81 nm), i.e. the surface area involved in the scavenging is
larger in the former particles than the latter particles. Therefore,
stable hydrophilic Cgo(OH)10/HP-B-CD nanoparticles have the ability
to act as a powerful antioxidant against, not only artificial free rad-
icals, but also ROS that could affect biological systems.

Ce0(OH)10/HP-B-CD nanoparticles were administered to APAP
induced liver injured mice (Fig. 7). The increment of serum ALT and
AST levels was significantly suppressed, when Cgo(OH)10/HP-B-CD
nanoparticles were administered. Survival rates were prolonged as
the result of by the Cgo(OH)10/HP-B-CD administration, indicating
that Cgo(OH)19/HP-B-CD nanoparticles have a hepatoprotective
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effect. It has been reported that APAP induced liver injury is initi-
ated by the production of the reactive metabolite, N-acetyl-p-
benzoquinone imine (NAPQI) that is mainly produced by the
enzyme CYP2E1. The metabolite, NAPQI is preferentially detoxified
by hepatic glutathione (GSH). However, when the formation of
NAPQI exceeds the capacity of GSH to eliminate NAPQI, GSH be-
comes depleted and NAPQI reacts with proteins, resulting in a se-
lective oxidant stress and peroxynitrite formation in mitochondria
[32]. Such an oxidant stress is responsible for mitochondrial DNA
damage and the breakdown of the mitochondrial membrane po-
tentials, which lead to necrotic cell death [33,34]. N-acetylcysteine
(NAC), the only approved drug for the treatment of an APAP over-
dose, stimulates the synthesis of hepatic GSH, which supports the
detoxification of NAPQI [35,36]. However CYP2E1 activity was not
affected by the administration of Cgo(OH)19/HP-B-CD nanoparticles,
as shown in Fig. 8A. Hepatic GSH levels were also decreased after
the injection of APAP and (APAP + Cgo(OH)1o/HP-B-CD) (Fig. 8B).
Thus, CYP2ET normally metabolizes APAP to NAPQI even in the case
of the administration of Cgg(OH)19/HP-B-CD and the resulting
overproduced NAPQI is consumed by GSH in hepatocytes. These
results suggest that the protective effect of Cgo{OH)ip/HP-B-CD
against APAP induced liver injury cannot be explained in terms of
changes in the production of NAPQI, an initiator of the APAP
induced liver injury [37].

Peroxynitrite generation was evaluated by immunohistochem-
ical staining liver sections for nitrotyrosine protein adducts
(Fig. 9A). Entire liver sections were stained at 4 h after the APAP
overdose. In contrast, the nitrotyrosine staining area was reduced
by the treatment with Cgo(OH)1o/HP-B-CD nanoparticles. The
Cso(OH )1 nanoparticles effectively scavenged peroxynitrite, even
at a low concentration (Fig. 10A). The results indicate that
Cso(OH )10/HP-B-CD nanoparticles protect hepatocytes from oxida-
tive stress, probably due to the scavenging of peroxynitrite. In
addition to peroxynitrite, the Cgo(OH)19 nanoparticles also scav-
enged NO and 03~ in a concentration dependent manner (Figs. 6D
and 10B). It is recognized that peroxynitrite is a critical mediator in
the APAP overdose liver injury process [33] and is being mainly
generated in hepatocytes [21,34]. Peroxynitrite is formed by a re-
action between 03~ and NO inside mitochondria [34]. The findings
reported herein reveal that Cgo{ OH)10/HP-B-CD nanoparticles have
the ability to scavenge, not only peroxynitrite, but also NO and 0%~
(Figs. 6 and 10). Some Cgp derivatives can permeate across the
external cellular membrane and become preferentially localized in
mitochendria [15,38,39]. Therefore, it is probable that Cgo(OH)10/
HP-B-CD nanoparticles become localized in mitochondria after
their administration and suppress oxidative stress by scavenging
ROS such as 037, NO and peroxynitrite, which act as critical me-
diators of such an injury (Fig. 11). A number of papers have reported
that Cgo(OH)yp has a low biological activity and toxicity in biological
media [9,15]. The above findings show that Cgo(OH)qp acquired a
high ability for scavenging ROS and exerted a protective effect
against liver injury by virtue of the formation of water soluble
nanoparticles. The protective effect was almost the same as that of
NAC, although the mechanism of liver protection is different in that
‘NAC targets NAPQI while Cgo(OH)1o targets ROS. The combined
administration of Cgo(OH)10/HP-B-CD and NAC might bring a syn-
ergetic effect in the treatment of APAP induced liver injury.
Cgo(OH )10/HP-B-CD nanoparticles might be a potent antioxidant
not only for the APAP overdosed liver injury but also for other
diseases related to oxidative stress.

5. Conclusions

Stable hydrophilié Coo(OH)1p nanoparticles were prepared by
grinding with HP-B-CD. Cgo{OH)19/HP-3-CD nanoparticles were
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Fig. 11. Protective mechanism of Cgp(OH);o/HP-B-CD nanoparticles against APAP
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found to scavenge not only free radicals (DPPH and ABTS radicals)
but also ROS (05~ and «OH). By modifying the particles to acquire
hydrophilic characteristics, they became more water soluble. In
addition, the Cgo(OH )10/HP-B-CD nanoparticles were found to show
a protective effect against APAP induced liver injury and the hep-
atoprotective effect of the nanoparticles is due to their ability to
scavenge ROS such as 03, NO and peroxynitrite. The developed
Cgo(OH)1o/HP-B-CD nanoparticles have the potential to serve as a
new type of antioxidant and could be applied to other oxidative
stress-related diseases.
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