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Online Table IV. Body weight and adipose tissue weight of C3H/HeJ and C3H/HeN mice on

a standard or high-fat diet for 16 weeks.

body weight (g) epididymal WAT weight (g) mesenteric WAT weight (g)

SD-fed HeN  27.1+0.8 0.21+0.03 0.17+0.03
HD-fed HeN ~ 39.3 +0.8% 0.54 + 0.04%* 0.47 + 0.02%*
SD-fed HeJ 312+1.0 0.31 +0.07 0.18 + 0.05
HD-fed Hel 41.0+0.87 0.61 +0.03™ 0.43 £ 0.03"

SD, standard diet; HD, high-fat diet; HeN, C3H/HeN; HeJ, C3H/HeJ, WAT, white adipose

tissue. *P < 0.05, **P < 0.01 vs. SD-fed HeN, ##P < 0.01 vs. SD-fed HeJ, n = 6-10.
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Gaucher's disease (GD), mainly caused by a defect of acid R-glucosidase (3-Glu), is the most common form of
sphingolipidosis. We have previously shown that the carbohydrate mimic and inhibitor of B-Glu, N-octyl-B-
valienamine (NOV), could increase the protein level and enzyme activity of various mutant 3-Glus in
cultured GD fibroblasts and in COS cells, suggesting that NOV acts as a pharmacological chaperone to
accelerate transport and maturation of these mutant enzymes. In present study, we continued to investigate
the chaperone characteristics of NOV. More importantly, chaperone activities of NOV were evaluated in COS
cells transiently expressing ten new, recombinant 3-Glu mutants with mutations located in domain I, Il and
HI. NOV was only effective on the T369M mutation, located in domain Iil. As we suggested in a previous
study, domain Iil may be a prerequisite for pharmacological rescue of the mutant B-Glu by NOV. These
characteristics of NOV could provide potential therapeutic chaperone properties that would be useful in the
treatment of GD with neurological manifestations due to gene mutations in p-Glu,

N-octyl-f-valienamine

© 2009 Elsevier Inc. All rights reserved.

Introduction

Gaucher's disease (GD) is the most prevalent lysosomal storage
disorder and is mainly caused by mutations in the gene encoding acid
B-glucosidase (3-Glu; glucocerebrosidase EC 3.2.1.45) [1]. The
mutations in B-Glu result in significant protein misfolding effects
during translation in the endoplasmic reticulum and reduction in
enzyme trafficking to the lysosome {2]. The deficiency of lysosomal 3-
Glu results in progressive accumulation of glucosylceramide in
macrophages and often leads to hepatosplenomegaly, anemia, bone
lesions, respiratory failure, and central nerve system (CNS) deficits.
Patients without neurological symptoms are classified as type 1,
whereas those with neurological symptoms are classified as type 2
(acute infantile form) or type 3 (juvenile form), depending on the age
of onset.

At present, there are two therapeutic strategies for GD. Enzyme
replacement has been achieved by intravenous administration of
macrophage-targeted recombinant R-Glu {3], whereas substrate
reduction has been achieved by oral administration of N-butyl-
deoxynojirimycin, which inhibits glucosyltransferase and decreases

* Corresponding author; Fax: +81 859 38 6779,
E-mail address: nicholasluan@gmail.com (Z. Luan),

1079-9796/% - see front matter © 2009 Elsevier Inc. All rights reserved,
d0i:10.1016/j.bcmd,2009,10.003

substrate biosynthesis [4]. Both therapies have been proven effective
for visceral, hematologic and skeletal abnormalities [5-7]. However,
the efficacy of these therapies in treating neurological manifestations
is limited [8-11}.

Since 2002, we proposed chemical chaperone therapy for
neuronopathic GD and found that the carbohydrate mimic, N-octyl-
j3-valienamine (NOV), which is also an inhibitor of $-Glu, works as a
potent pharmacological chaperone, and it could increase the protein
level and enzyme activity of F2131, N370S, G202R and N188S mutant
B-Glus in cultured cells {12-14]. NOV showed mutation-dependent
chemical chaperoning profiles. Thus, one may wonder whether there
is a relationship between the positively responding mutations and
NOV. X-ray crystallography of human 3-Glu revealed that it consisted
of three structural domains {15]. Domain 1l contains the catalytic site,
but the functional significance of domains I and If is unknown, We
determined that mutants that responded positively to NOV {N188S,
G202R, F2131 and N370S) were all located in domainill. Therefore, we
hypothesized that localization of the mutations to domain Il might be
a prerequisite for pharmacological rescue of mutant 3-Glu by NOV.
Therefore, the chaperone activity of NOV may be specific to the
catalytic domain.

The aims of this study were to investigate the chaperone
characteristics of NOV and confirm its catalytic domain-specific
chaperone activity. To accomplish these tasks, we examined the
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glycosidase inhibition profiles of different mutations at neutral and
acidic pHs, chaperone activity and cytotoxicity in human GD
fibroblasts, and the chaperone activity of ten mutants (located in
domain 1, I and 1) transiently transfected into COS cells.

Materials and methods
Materials

Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum
(FBS) and Lipofectamine reagent were obtained from Invitrogen Life
Technologies Inc. NOV was synthesized in our laboratory (Central
Research Laboratories, Seikagaku Co.). Anti-Flag M2 affinity gel and
rabbit polyclonal anti-Flag antibody were purchased from Sigma.

Construction of B-Glu expression plasmids

Human P-Glu cDNA (a kind gift from Dr. S. Tsuji, Tokyo University)
was subcloned into a mammalian expression vector pCAGGS. A Flag-
epitope was introduced at the C-terminus of the cDNA by PCR, The
mutations {16-24] were introduced by using the Quick Change site-
directed mutagenesis kit (Table 1). All the mutations were confirmed
by direct sequencing {14].

Cell culture

Human skin fibroblasts and COS cells were cultured in DMEM/10%
FBS at 37 °C in a humidified atmosphere at 5% CO,. For fibroblasts, we
used three control cell lines (H8, H22, and H37) and seven GD cell
lines. Six cell lines carried the -Glu mutations F2131/F2131, G202R/
L444P, N188S/G193W, F2131/L444P, 1444P/RecNcil and 1444P/
L444P. These cells were from Japanese patients. The other line of GD
cells that carried the N370S homozygous mutation was derived from
Caucasian patients {from Profs. Kaneski C. and Brady R.0.). Culture
medium was replaced every 2 days with fresh media supplemented
with or without NOV at the indicated concentrations. COS cells were
plated on 100-mm dishes and transfected with B-Glu cDNA using
Lipofectamine according to the manufacturer's instructions. Cells
were collected and seeded at 4x 10 cells/well in 6-well plates 24 h
post-transfection, ensuring consistent transfection efficiencies among
wells, Cells were treated with or without the NOV at the indicated
concentrations 36 h post-transfection and incubated for 24 h [14].

Immunoprecipitation and immunoblotting

All procedures were carried out at 4 °C. COS cells were lysed by
sonication in PBS supplemented with 1% Triton X-100 and a protease
inhibitor cocktail (Boehringer). After a brief centrifugation to remove
insoluble material, the supernatant was precleared with an aliquot of
agarose beads. For immunoprecipitation of Flag-3-Glu, the lysates
(500 ul from 1 well of the 6-well plate) were incubated for 16 h with

Table 1
The B-Glu mutations introduced with the Quick Change site-directed mutagenesis kit.

a.a. — amino acid.
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Fig. 1. Effects of NOV on lysosomal glycosidase activities in fysates from control human
fibroblasts, The in vitro lysosomal enzyme assay is described in the Materials and
methods section. NOV caused no inhibition of other lysosomal enzymes including a-
Glu, a-Gal, 3-Gal and f3-Hex in the same cell lysates, suggesting that NOV is a specific
inhibitor of 3-Glu. Each point represents the mean of triplicate determinations in a
single experiment. Values are expressed relative to activity in the absence of NOV
(100%).

anti-Flag M2 agarose beads (20 pl of 50% slurry). The beads were
washed with PBS/1% Triton X-100 and rinsed with H,0 and the final
volume of the precipitates was adjusted to 40 y with H,O0. For the
enzyme assay, 4 pd of the precipitates was used as described below. For
immunoblotting, bound proteins were eluted by incubation of 20 pl of
precipitates with the same volume of 2 x SDS-PAGE sample buffer at
100 °C for 3 min, SDS-PAGE and Western transfer were carried out as
previously described [13,14]. The blots were probed with rabbit
polyclonal anti-Flag antibody and developed using an ECL kit
(Amersham Pharmacia).

In vitro enzyme assay

Lysosomal enzyme activities in cell lysates were determined as
previously described [25-28]. Briefly, cells were scraped into ice-cold
H,0 (10 cells/ml) and lysed by sonication. For preparation of lysates,
tissue was lysed by homogenization in 0.1 M citrate buffer, pH 5.2,
supplemented with sodium taurocholate (0.8% w/v). Insoluble
materials were removed by centrifugation and protein concentrations
were determined with a BCA microprotein assay kit (Pierce). Ten
microliters of the cell lysates was incubated at 37 °C with 20 pl of the
substrate solution in 0.1 M citrate buffer, pH 4.5. The substrates were
4-methylumbeliiferone-conjugated o-p-glucopyranoside (for a-glu-
cosidase), a-D-galactopyranoside (for o-galactosidase), 3-p-galacto-
pyranoside (for R-galactosidase), and N-acetyl-3-p-glucosaminide
(for p-hexosaminidase). 3-Glu activities in the lysates, (cell and
tissue) or immunoprecipitates were determined by using 4-methy-
lumbelliferone-conjugated B3-p-glucopyranoside as a substrate [26].
Anti-Flag immunoprecipitates were prepared as described above. Ten
microliters of lysates or immunoprecipitates was incubated at 37 °C

Table 2

Inhibitory activities (ICsg, #M) of B-Glu in lysates from normal and mutant human
fibrablasts (ineans of three independent determinations) for NOV at acidic and neutral
pHs.
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Fig. 2. Chaperone activities of NOV on mutant B-Glu in human fibroblasts. (a) Cells were cultured for 4 days in the absence or presence of increasing concentrations of the
compounds. Lysosomal -Glu activity was estimated in intact cells. Each bar represents the mean+ SEM of three independent determinations done in triplicate, *p<0.01 cormpared
to the values in the absence of NOV (¢t test). (b) Time course. Cells were cultured in the presence of 3 uM NOV for up to 10 days (®). A subset of cells was cultured with ddfferent
chaperones for 4 days, washed and further cultured without the drug for 6 days (O). 3-Glu activity in cells was determined in triplicate at the indicated time.

with 20 i of the substrate solution in 0.1 M citrate buffer, pH 5.2 or pH buffer (pH 10.7). The liberated 4-methylumbelliferone was mea sured
7, supplemented with sodium taurocholate (0.8% w/v}. The reactions with a Perkin Elmer Luminescence Spectrometer (excitation wave
were terminated by adding 0.2 ml of 0.2 M glycine sodium hydroxide length: 340 nm; emission: 460 nm). One unit of enzyme activity was

Fig. 3. Effects of NOV on recombinant {-Glu expressed in COS cells. COS cells were transfected with Flag-tagged 3-Glu constructs and later treated with or without NOV for 2-4h. (a)
Basal activities of f-Glu in cell lysates (left panel} and anti-Flag immunoprecipitation {IP) products (right panet) are shown. The activities are expressed relative to that of thae wild-
type protein (100%). (b, c) Effects of NOV on protein levels and activities of recombinant $-Glu in anti-Flag IP products. In panel b, cells were treated with or without increasing
concentrations of NOV and the IP products were subjected to the in vitro enzyme assay or anti-Flag immunoblotting, as described in the Materials and methods section
(representative examples are shown). Molecular weights are given in the left (kDa). The data with NOV concentrations at 0 and 10 uM are depicted in a bar graph in ypanel ¢,
compared to the NOV effects on individual mutants. In panels a-c, each bar or point represents the mean + SEM of three or more determinations, ¥ p«< 0.01compared to the v aluesin
the absence of NOV (t test).
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defined as the quantity (nmol) of 4-methylumbelliferone released per
hour and normalized to the amount of protein contained in the
lysates.

Intact cell enzyme assay

B-Glu activities in live cells were estimated by the methods
described by Sawkar et al. [29], with some modifications. Briefly, cells
in 96-well assay plates were treated with the compounds for 4 days.
After washing with PBS, the cells were incubated in 8 pf of PBS and 8
of 0.2 M acetate buffer (pH 4.0). The reaction was started by adding
10 gl of 4-methylumbelliferyl-f3-p-glucoside (5 mM), followed by a 1-
h incubation at 37 °C. The reaction was stopped by lysing the cells
with 200 gl of 0.2 M glycine buffer (pH 10.7) and the liberated 4-
methylumbelliferone was quantified. Every experiment was per-
formed in parallel with cells that had been pre-incubated with or
without condurito] B epoxide (CBE, Toronto Research Chemicals) at
0.5 mM for 1 h. The CBE-sensitive component was ascribed to
lysosomal p-Glu, whereas the CBE-insensitive component was
attributed to non-lysosomal -Glu.

Cytotoxicity assay

The cytotoxicity assay was performed using the colorimetric assay
reagent TetraColor One (Seikagaku, Tokyo, Japan) [30}, according to
the manufacturer’s instructions. Fibroblasts were seeded on a 96-well
assay plate at a density of 3.0 x 10% cells/ml in medium and incubated
for 4 days with NOV. Then 10 pl of TetraColor One reagent was added
to each well, and cells were incubated for an additional 2 h. The
absorbance at 450 nm was then measured (reference wavelength:
630 nm) in the microplate reader. Measurements were repeated in
triplicate and averaged for each sample.

Results
Glycosidase inhibition profiling

It was previously shown that NOV strongly inhibited acid $-Glu
but did not inhibit two other lysosomal enzymes, oi-glucosidase, and
3-hexosaminidase, in lysates from normal human fibroblasts [13].
Here, we confirmed that NOV is a very specific inhibitor of 3-Glu and
additionally showed that NOV does not inhibit o-galactosidase and {3-
galactosidase (Fig. 1).

Next, we studied the inhibitory activity of NOV on mutant acid -
Glu and normal fibroblasts including F2131/F2131, N3705/N370S and
1444P/1444P. The ICso values for F2131/F2131 and 1444P/1444P
mutants were similar to those measured for normal 3-Glu, whereas
that for the N370S/N370S mutant was about one order of magnitude
higher (Table 2). We also investigated the ICsos of NOV at neutral pH.
As summarized in Table 2, NOV strongly inhibited F2131, N370S,
L444P and normal B-Glu at both neutral and acidic pHs. The -Glus
were much more sensitive to NOV at pH 7 than at pH 5.2.

Chaperone activity and cytotoxicity in human fibroblasts

In our previous study, the chaperone activity of NOV was evaluated
in GD fibroblasts for 4 days using the in vitro -Glu assay [14]. Since
the intact cell enzyme assay was more sensitive than the vitro enzyme
assay for detecting chaperone effects, we used the former to evaluate
the chaperone activity of NOV on three control cell lines and seven GD
cell lines at various concentrations (0, 0.3, 1, 3, 10 and 30 M) for 4
days. The results are basically consistent with the previous study. NOV
showed good chaperone activity with F2131/F2131, G202R/L444P,
N188S/G193W, N370S/N370S, and F2131/1444P, but no effects were
observed with the 1444P/RecNcil and 1L444P/1444P mutant cells or
any of the three control cell lines (Fig. 2a).

An additional 10-day time course analysis of chaperone activities
was carried out at the optimal inhibitor concentration chosen from
the results presented above, i.e,, 3 uM for NOV. For the F2131/F213]
and N370S/N370S cells in the presence of NOV, B-Glu activity
increased and plateaued on day 5 at a level of 250%-300% of the
baseline. When cells were deprived of the chemical chaperones on
day 4, the activity gradually decreased to the basal level within 2-
3 days. No effects were observed in the [444P/1444P and normal ceil
lines (Fig. 2b).

To evaluate the cytotoxicity of NOV, we cultured F2131/F2131,
N370S/N370S and 1444P/1444P mutant and normal human fibro-
blasts in the presence of various concentrations of NOV for 4 days, and
then assayed cell viability. The results showed that the viabilities of all
four fibroblast lines were unchanged after incubation with NOV, even
at the maximum concentration of 30 uM.

Chaperone activity of NOV on recombinant mutant 3-Glu expressed in
COS cells

We used heterclogous expression of recombinant 3-Glu in COS
cells [14]. To eliminate the effects of endogenous B-Glu activity in COS
cells, we placed a Flag-epitope at the C-terminus of recombinant p-
Glu and determined the enzyme activity recovered in anti-Flag
immunoprecipitates. As shown in Fig. 3a, the immunoprecipitates
from mock-transfected cells contained no activity, whereas those
from cells transfected with mutant Flag-p3-Glu showed various levels
of activity. The relative activity levels the in immunoprecipitates (Fig.
3a) consistently reflected the relative levels in lysates, suggesting
similar efficiencies of immunoprecipitation between the different
constructs.

The immunoprecipitation/enzyme assay allowed us to evaluate
chaperone effects of NOV on the wild-type and ten kinds of B-Glu
mutants. We found dose-dependent, positive effects with the domain
Il mutant, T369M only; all lines with domain [ and I mutations
showed negative effects. However, not all mutants in domain Il were
responsive to NOV, such as R120W, R359Q, and S366N. Anti-Flag
Western blotting of immunoprecipita tion products showed that NOV
caused dose-dependent increases in the protein levels of the T369M
mutant (Figs. 3b and c).

Discussion

Our laboratory has been investigating the chaperone activity of
NOV since 2002. With the development of chaperone therapy, we
identified some important characteristics of NOV that were not
explored in our previous studies {13,14]. First, we increased our
knowledge of its lysosomal glycosidase inhibition profile, showing
that in addition to a-glucosidase and B-hexosaminidase {13], NOV
does not inhibit a-galactosidase and $-galactosidase and thus, is a
very specific inhibitor of 3-Glu. Ideal chaperones could bind to B-Glu
in the ER, assisting in folding and enhancing transport out of the ER,
then dissociating from the complex in the lysosome. For this reason,
they should have lower ICsps at the neutral pH in the ER than at the
acidic pH in the lysosome. This feature has been previously reported
for chaperones such as isofagomine [31]. We found that NOV strongly
inhibits F213l, N370S, L444P and normal 3-Glu at both neutral and
acidic pH. All the acid B-Glus were much more sensitive to NOV at the
neutral than at the acidic pH. The results from intact cellular assays
performed on GD fibroblasts were consistent with the in vitro enzyme
assay used in our previous study {14]. NOV exhibited chaperone
activities in GD cell lines with the F2131/F213l, N188S/G193W,
G202R/L444P, N370S/N370S and F2131/L444P mutations at 0.3, 1, 3,
10, and 30 uM concentrations. Howev er, it was ineffective in cells with
the mutations 1444P/L444P and L444P/RecNcil. Persistent, good
chaperone activities in F2131/F2131 and N370S/N370S fibroblasts
were observed during long-term treatment with NOV. In addition,
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NOV showed no cytotoxicity on normal and F2131/F213l, N370S/
N370S and L444P/1.444P mutant GD fibroblasts, even at the maximum
concentration of 30 pM. Cumulatively, these results confirmed that
NOV is an excellent chaperone for mutant $-Glu.

NOV showed mutation-dependent chemical chaperoning profiles.
Recently, X-ray crystallography of human B-Glu revealed that it
consisted of three structural domains [15], All the mutations that gave
positive responses to NOV (N188S, G202R, F213], and N370S) were
located in domain i, the catalytic domain of human {3-Glu, whereas
those with negative responses, L444P and D409H, were located in
domains 1 and 1, respectively [14]. Since NOV is considered as a
structural mimic of the substrate, it is expected that it would bind to
domain Il Therefore, we thought that chaperone activity of NOV
might require domain IIl (catalytic domain). To confirm this theory,
we analyzed more mutations. In this study, we evaluated the
chaperone activities of NOV in COS cells transiently expressing ten
new recombinant B-Glu mutants located in domain [, 1 and Iil. We
found positive effects only for the domain Il mutation, T369M, and
negative effects for all mutants in domains I and II. These findings are
consistent with our theory that localization of the mutations in
domain 11l might be a prerequisite for pharmacological rescue of the
mutant proteins by NOV. Nevertheless, this feature does not warrant
the rescue of all mutations located in domain I, such as G193W [14],
R120W, R359Q or $366N, which responded negatively. NOV may
stabilize misfolded proteins produced by mutations in domain IIL
However, for those mutations in domains [ and 1I, though NOV can
bind to the catalytic domain of mutants like L444P [14], G389E,
V398L, D40SH, D474Y, S488P or T491}, the chaperones may not be
able to alleviate the misfolding and instability of these domains.
Thus far, no chaperone activities have been observed for the known
mutations [29,32,33]. It may be necessary to develop chaperones
that can correct the misfolding of these mutants by binding to
domain | or 1I, protecting these proteins from ER-associated protein
degradation.

We are in the process of developing transgenic mice that lack the
endogenous wild-type enzyme but express a mutant human $-Glu.
This strategy will be used to confirm the chaperone activity of NOV for
mutant p-Glu in vivo.

Our laboratory has previously demonstrated the effectiveness of
chemical chaperone therapy in Gy;-ganglosidosis {25,34], Gaucher's
disease [13,14,] and Fabry's disease [35]. We recently found that
NOEV, an isomer of NOV, can act as a pharmacological chaperone for
mutant B-galactosidase in the prevention of neurological deteriora-
tion due to Gyy-gangliosidosis in a mouse model expressing the
R201C human R-galactosidase mutation [36]. Other researchers have
experimentally confirmed the effectiveness of chaperone therapy in
Gaucher's disease [37], Gmz-gangliosidosis [38] and Pompe's disease
[39]. Theoretically, this principle can be applied to other lysosomal
diseases, if a specific chaperone compound becomes available for each
target enzyme. Our work with NOV provided evidence of its catalytic
domain-specific chaperone activity. These properties confer a poten-
tial therapeutic value to the chaperone for the treatment of Gaucher's
disease due to 3-Glu mutations in the catalytic domain, which result
in neuronopathies.
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Abstract

Gaucher disease (GD), mainly caused by a defect of acid B-glucosidase (B-Glu), is the most common sphingolipidosis. We have
previously shown that a carbohydrate mimic N-octyl-B-valienamine (NOV), an inhibitor of B-Glu, could increase the protein level
and enzyme activity of various mutant -Glu in cultured GD fibroblasts, suggesting that NOV acted as a pharmacological chaper-
one to accelerate transport and maturation of this mutant enzymes. In the present study, the NOV effect was evaluated for B-Glu
activity, tissue distribution and adverse effects in normal mice. We measured the B-Glu activity in tissues of normal mice which
received water containing increasing concentrations of NOV ad libitum for 1 week. Fluid intake and body weight were measured
periodically throughout the study. Measurement of tissue NOV concentration, blood chemistry and urinalysis were performed at
the end of the study. The results showed that NOV had no impact on the body weight but fluid intake in the 10 mM NOV group
mice decreased and there was a moderate increase in blood urea nitrogen (BUN). No other adverse effect was observed during this
experiment. Tissue NOV concentration increased in all tissues examined with increasing NOV doses. No inhibitory effect of NOV on
B-Glu was observed. Furthermore, NOV increased the B-Glu activity in the liver, spleen, muscle and cerebellum of the mice signif-
icantly. This study on NOV showed its oral availability and wide tissue distribution, including the brain and its lack of acute tox-
icity. These characteristics of NOV would make it a potential therapeutic chaperone in the treatment of GD with neurological
manifestations and selected mutations.
© 2009 Elsevier B.V. All rights reserved.
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1. Introduction ing acid B-glucosidase (B-Glu; glucocerebrosidase EC
3.2.1.45) [1]. The mutations in this gene lead to protein

Gaucher disease (GD) is the most prevalent lysosomal misfolding in the endoplasmic reticulum causing reduced
storage disorder caused by mutations in the gene encod- enzyme trafficking to the lysosome [2]. The deficiency of

lysosomal B-Glu results in progressive accumulation of
lucosylceramide in macrophages which often leads to
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of macrophage-targeted recombinant B-Glu [3] or sub-
strate reduction by oral administration of N-butyl-
deoxynojirimycin, which inhibits glucosyltransferase
and decreases substrate biosynthesis [4]. Both therapies
have been proven to be effective for visceral, hemato-
logic and skeletal abnormalities [5-7], but the efficacy
of these therapies with regard to neurological manifesta-
tions is limited [8-11].

We proposed chemical chaperone therapy for neur-
onopathic Gaucher disease and found a carbohydrate
mimic N-octyl-B-valienamine (NOYV), an inhibitor of
B-Glu as a potent pharmacological chaperone that
increases the protein level and enzyme activity of
F2131, N3708, G202R and N188S mutant p-Glu in cul-
tured cells [12-15]. Since we do not know whether NOV
can work as a pharmacological chaperone in whole ani-
mals, the NOV effect was evaluated for B-Glu activity,
tissue distribution (especially in brain) and adverse
effects in normal mice.

2. Materials and methods
2.1. Animals

All procedures were carried out in accordance with
Guide for Care and Use of Laboratory Animals by the
National Institutes of Health and were approved by
the Animal Ethics Committee of Tottori University.
Studies were performed in normal male C57BL/6N mice
(20 mice, 8 weeks old). The animals were housed in a
room with a 12 h light schedule (12 h light/12 h dark)
and an ambient temperature maintained at 20 °C.

2.2. NOV administration and determination

The mice were divided into five groups (four in each
group) provided 0, 0.3, 1, 3 and 10 mM aqueous solution
of NOV ad libitum, respectively, for 1 week. We recorded
the fluid intake every day and measured the body weight
every 2 days during the week. At the end of the week, eight
kinds of tissues (cerebrum, cerebellum, heart, lung, liver,
spleen, kidney and muscle) were collected by sacrificing
the animals. The NOV concentration in tissue was deter-
mined by combined liquid chromatography and tandem
mass spectrometry system [16].

2.3. Tissue B-Glu activities assay

Tissue B-Glu activities were determined by using
4-methylumbelliferone-conjugated B-p-glucoside as a
substrate [17]. For preparation of lysates, tissue was
lysed in 0.1 M citrate buffer, pH 5.2, supplemented with
sodium taurocholate (0.8% w/v) by homogenizer. Insol-
uble materials were removed by centrifugation and pro-
tein concentrations were determined with a BCA
Microprotein Assay Kit (Pierce, Rockford, IL, USA).

Four microlitres of the lysate was incubated at 37°C
with 8 uL of the substrate solution in 0.1 M citrate buf-
fer, pH 5.2, supplemented with sodium taurocholate
(0.8% w/v). The reaction was terminated by adding
0.4mL of 0.2 M glycine sodium hydroxide buffer (pH
10.7). Liberated 4-methylumbelliferone was measured
with Perkin Elmer Luminescence Spectrometer (excita-
tion wave length: 340 nm, emission: 460 nm). One unit
of enzyme activity was defined as nmol of 4-methylum-
belliferone released per hour and normalized for the
protein content of the lysate.

2.4. Blood chemistry and urinalysis

Blood was collected by cardiac puncture and centri-
fuged. Plasma was analyzed using FUJI DRI-CHEM
3000V (Fuji Film, Tokyo, Japan) for seven test items,
including aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (ALP),
lactate dehydrogenase (LDH), creatine kinase (CK),
glucose and blood urea nitrogen (BUN). Urine was col-
lected by external pressure or direct puncture of the
bladder, and analyzed using multistix SG urine test
strips (Bayer, Tokyo, Japan) to analyze for urobilino-
gen, blood, ketone, glucose, protein and pH.

3. Results

3.1. The effect of NOV treatment on daily drink volume
and body weight of mice

NOV had no impact on daily fluid intake and
the body weight of the mice except that the fluid

Daily fluid intake (ml)

Fig. 1. The daily fluid intake during NOV treatment for 1 week. NOV
had no impact on the fluid intake of the mice except that of 10 mM
NOV group. #P <0.01, compared with the control group (¢ test).
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Fig. 2. NOV concentration in mice after NOV treatment for 1 week. (a) NOV concentration increased in the cerebrum, cerebellum, heart, lung, liver,
spleen, kidney and muscle of the mice provided NOV aqueous solution. With increasing doses, tissue NOV concentration increased. (b) NOV
concentrations in blood and urine also show dose-dependence.

intake decreased slightly in the 10 mM NOV group 3.3. The effect of NOV on tissue B-Glu activity in mice

(Fig. 1).

3.2. Tissue distribution of oral administered NOV

B-Glu activity increased significantly after high-dose
treatment for 1 week, in the heart, liver, spleen, muscle
and cerebellum of the mice. Especially, in the cerebel-
lum, B-Glu activity in high-dose treated mice was
increased 50-60% when compared to the control group
(Fig. 3). In addition, B-Glu activity in the cerebrum of

Following the treatment with aqueous solution of
NOV ad libitum on mice for 1 week, we measured the
NOV concentration in the tissues. Oral administered

NOV was distributed in all tissues examined including
the cerebrum and cerebellum. The NOV concentration
increased in the cerebrum, cerebellum, heart, lung, liver,
spleen, kidney and muscle of the mice provided with
NOV aqueous solution. With increasing doses, tissue
NOV concentration increased (Fig. 2a). NOV concen-
trations in blood and urine were also dose-dependent
(Fig. 2b).

high-dose groups was increased 40% but the increase
was not statistically significant. No inhibitory effect of
NOV on B-Glu activity was observed in all groups.

3.4. Blood chemistry and urinalysis

Blood chemistry and urinalysis were normal in all
mice examined. Worthy to be mentioned, BUN level

(2010), dox 10. 1016/3 bmmdev 2009.12. 005
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Fig. 3. B-Glu activity in normal mice tissues after NOV treatment for 1 week. NOV enhanced the B-Glu activity in liver, spleen, muscle and
cerebellum of the mice significantly. *P < 0.05, #P < 0.01, compared with the control group (¢ test).

increased in the 3 and 10 mM groups. However, the
increase remained in the normal range (Table 1).

4. Discussion

We already elucidated the excellent chaperone activ-
ity of NOV at the cellular level [13,14]. The present
study addresses a few important aspects of NOV namely
its oral availability, tissue distribution (especially brain),
excretion and toxicity in normal mice.

Orally administered NOV was distributed in all tis-
sues examined, including the brain. Tissue NOV concen-
tration increased with increasing doses. Thus, NOV may
be of particular therapeutic value in the neuronopathic
GD, since there is no established therapy against GD
brain lesions [8-11]. The NOV concentration in urine
was 100-fold higher than that in blood, which suggests
that NOV is predominantly excreted in urine.

Because NOV is an inhibitor of §-Glu, we wondered
whether high doses of NOV treatment produced an
inhibitory effect on tissue B-Glu activity. If so, that
would attenuate and possibly even overwhelm the chap-
erone activity. In none of the groups an inhibitory effect

of NOV on B-Glu activity was observed. The fact that
NOV increased the B-Glu activities in most tissues
examined including the cerebellum, heart, liver, spleen
and muscle provides evidence that NOV, penetrating
the blood-brain barrier, exerts its chaperone activity
on B-Glu in the brain without inhibitory effect.

No significant adverse effect was observed during
NOYV administration. NOV had no impact on daily fluid
intake and the body weight of the mice except that the
fluid intake decreased slightly in the 10mM NOV
group. There were neither obvious abnormalities in the
blood chemistry and urinalysis during NOV administra-
tion nor acute toxicity even at high doses.

Our study on NOV showed its oral availability and
wide tissue distribution, including the brain in mice;
and its lack of acute toxicity in mice even at high doses.
Therefore, these characteristics of NOV would make it
more likely to have a potential therapeutic clinical value
for the neuronopathic Gaucher disease.

We already demonstrated effectiveness of chemical
chaperone therapy in GMI-ganglosidosis [16,18,19],
Gaucher’s disease [13,14,20,21] and Fabry’s disease
[22]. Especially, we recently found that NOEV, an iso-

Table 1

Results of mice blood chemistry.

Groups (mM) AST (1U/L) ALT (1U/L) ALP (1U/L) LDH (IU/L) CK (IU/L) Glu (mg/dL) BUN (mg/dL)
0 120.3 £24.80 3524202 116.4 +9.81 803.9 +121.87 1993.8 + 828.64 156 + 19.66 22.5+5.80
0.3 91.9+17.93 33.9+4.17 124.6 +5.59 633 4+ 120.01 1163.9 & 329.04 140.5 + 24.62 22.7£4.27

1 131.1 £42.27 31.9+3.61 115.6 + 6.42 960.4 4 270.53 1921.1 £ 1414.94 140.7 +22.24 2424579

3 110.5 +23.28 32.5+2.57 120.2+£9.31 6223+ 151.38 1581.8 + 698.47 1102+ 13,14 31.2+1.70"
10 105.7 + 6.47 31.4+3.83 1041 £11.84 511.3+£71.72 1199.3 + 204.41 139.5 £ 13.89 324346

Values are expressed as means &= SEM, n=4.
* P <0.05, compared with 0 mM group (¢ test).
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mer of NOV, as a pharmacological chaperone for
mutant B-galactosidase, can prevent neurological deteri-
oration of Gy;-gangliosidosis model mice expressing
the R201C mutant human B-galactosidase [16,18]. Other
researchers confirmed the effectiveness of chaperone
therapy in experimentally Gaucher’s disease [23], Gypo-
- gangliosidosis [24] and Pompe’s disease [25]. Theoreti-
cally, this principle can be applied to other lysosomal
diseases, if a specific chaperone compound becomes
available for each target enzyme. In general mutant
enzymes are expected to respond to chaperones more
than normal enzyme. Actually we are developing trans-
genic mice that lack the endogenous wild-type enzyme
and express a mutant human B-Glu. The strategy will
be used to determine whether NOV works as a pharma-
cological chaperone for mutant B-Glu in the near future.
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