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Abstract

Glucosphingolipid (GSL) storage diseases are a
family of inherited, metabolic, progressive, lysosomal
storage disorders in which fatty glycosylated sphin-
golipids accumulate in cells of the spleen, lungs, bone
marrow and brain. Treatment options for GSL
storage disorders are limited and for most patients
there is no effective therapy available. Conventional
drug-based treatment involving inhibition of GSL syn-
thesis leading to a reduced rate of storage of GSLs
represents a viable option for the treatment of GSL
storage diseases. Iminosugars inhibit hydrolytic
enzymes such as endoplasmic reticulum a-glucosi-
dases | and Il involved in the biosynthesis of glycopro-
teins. Modification of these compounds can result in
inhibitory activity for other enzymes such as cer-
amide-specific glucosyltransferase (CerGlcT) which
catalyzes the transfer of glucose to ceramide in the
first step of the GSL biosynthesis pathway. The imi-
nosugar inhibitor miglustat (first developed as an
antiviral agent) exhibited potent CerGIcT inhibitory
activity and was chosen for further development as a
treatment for type 1 Gaucher’s disease.

Synthesis

Miglustat (N-butyldeoxynojirimycin) can be obtained
by several different ways:

1) The reductive ring opening of 2,3,4,6-tetra- O-ben-
zyl-a-p-glucopyranose () with LiAIH, in THF gives the
diol (Il), which is oxidized by means of DMSO, trifluo-
roacetic anhydride and triethylamine in dichloromethane
to yield the unstable ketoaldehyde (lIl), which, without
isolation, is submitted to a reductocyclization with butyl-
amine and NaBH,CN in methanol to afford the protected
iminosugar (IV). Finally, this compound is debenzylated
by means of Li and NH, in THF (1, 2). Scheme 1.

2) The oxidation of 1,2-O-isopropylidene-5-oxo-a-b-
glucofuranose (V) by means of Bu,SnO and Br, in
refluxing methanol provides the 5-oxoglucofuranose
derivative (VI), which is hydrolyzed with Dowex 50W-X8
in water to yield 5-oxo-D-glucose (VII). Finally, this com-
pound is submitted to a reductocyclization with butyl-
amine and NaBH,CN in methanol (3, 4). Scheme 1.

3) The reductocondensation of D-glucose (VIII) and
butylamine by means of H, over Pd/C in ethanol gives
N-butylglucamine (IX), which is submitted to a biochemi-
cal oxidation by means of Gluconobacter oxidans in water
to yield 6-(butylamino)-6-deoxy-a-L-sorbofuranose (X).
Finally, this compound is submitted to a reductive cycliza-
tion with H, over Pd/C in ethanol/water (5-7). Scheme 2.

4) The selective hydrolysis of 1,2:4,6-di-O-isopropyli-
dene-a-L-sorbofuranose (XI) (together with some of its
1,3:4,6-isomer) by means of H,SO, in methanol gives
1,2-O-isopropylidene-a-L-sorbofuranose (XIl), which is
treated with tosyl chloride, triethylamine and pyridine to
yield the monotosylated sugar (XIIl). Reaction of the
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Scheme 1: Synthesis of Miglustat
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ethylamine affords 6-(butylamino)-6-deoxy-1,2-O-iso-
propylidene-a-L-sorbofuranose (X1V), which is finally sub-
mitted to a reductive cyclization by means of H, over
Pd/C in water (8). Scheme 2.

5) Directly by reductocondensation of 1-deoxynojiri-
mycin (XV) with butyraldehyde (XVI) by means of H, over
Pd/C in methanol (9, 10) or with NaBH,CN in methanol/
HCI (11). Scheme 2.

Introduction

Glucosphingolipid (GSL) storage diseases are a fam-
ily of inherited, metabolic, progressive, lysosomal storage
disorders in which harmful quantities of fatty glycosylated
sphingolipids accumulate in cells of the spleen, lungs,
bone marrow and brain. Glycosylated sphingolipids are
composed of the GSL and galactosphingolipid families.
GSLs in particular are located on plasma membranes on
mammalian cells. They are required during embryonic
development and differentiation and are the targets of
several types of bacterial viruses. The population of GSL
is strictly balanced by precise control of GSL biosynthe-
sis. In GSL storage diseases, disruption of GSL degrada-
tion leads to GSL accumulation and subsequent cellular
dysfunction and death. GSL storage diseases, including
types 1, 2 and 3 Gaucher’s, Fabry’s Tay-Sachs,

glycogenosis), are caused by mutations in genes that
encode acid glycosidases or their protein cofactors which
are involved in the removal of monosaccharide units from
GSLs in the lysosome. While Fabry’s disease is X-linked,
other GSL storage diseases are autosomal recessive.
The mutations responsible for the diseases alter the
residual activity of the specific encoded enzyme thus
determining the severity of the condition. For example,
low or undetectable enzyme activity is evident with infan-
tile-onset disease variants, low but detectable residual
enzyme activity is seen with juvenile-onset variants and
moderate residual activity is associated with adult-onset
variants (12-15).

The pathology of GSL storage diseases involves ac-
cumulation of GSLs in the brain with the exception of type
1 Gaucher’s disease, in which disruption of GSL storage
in the nervous system presents only in rare cases. In
severe cases, accumulation of GSL in the brain leads to
progressive neurodegeneration which is fatal in early
infancy. GSL disorders occur in 1 of every 18,000 live
births and are the most common neurodegenerative dis-
eases affecting infants and children (12-16).

Treatment options for GSL storage disorders are
limited and, for most patients, there is no effective
therapy available. This is partly due to the difficulties
in therapeutically accessing the central nervous system.
Direct enzyme replacement therapy, bone marrow
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Scheme 2: Synthesis of Miglustat
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transplantation and gene therapy have been a main focus
of research attempts to find an effective method to
increase enzymatic activity in the lysosome enabling GSL
degradation. However, to date, several disadvantages
are evident with these approaches. Direct enzyme
replacement therapy was established for type 1 Gaucher’s
disease although progress has also been made in Fabry’s
and Pompe’s disease. However, it is invasive because
the patient is infused i.v. with the fully functional enzyme
form and enzyme uptake across the blood-brain barrier is
inefficient; efficacy of this method is generally only seen
for nonneuropathic GSL storage disorders although sys-
temic manifestations of other neuropathic variants do
improve. Bone marrow transplantation which replaces
wild-type cells with wild-type cells secreting the wild-type
enzyme, is clinically limited due to the low level of brain
reconstitution seen with bone-derived microglial cells
(i.e., low level of functional enzyme available to brain
cells), the high mortality rates associated with the proce-
dure and the need for HLA-matched donors. Gene thera-

py, although theoretically an excellent therapeutic option,
still involves major technical difficulties and its efficacy
and safety remain clinical concerns (14, 15, 17-21).

An alternative option would be conventional drug-
based treatment involving inhibition of GSL synthesis
leading to a reduced rate of storage of GSLs. The goal of
this method would be to balance synthesis of the sub-
strate with the impaired rate of degradation due to the
inherited enzyme deficiency. Through use of oral CNS
penetrating agents and targeting an early step in the GSL
biosynthetic pathway, this therapeutic method — known as
substrate reduction therapy (also referred to as substrate
deprivation, substrate inhibition or substrate balance) —
could result in complete balance of GSL synthesis and
storage in individuals with sufficient residual enzyme
activity. Moreover, progression of severe disease could
be slowed in cases where residual enzyme activity was
low or undetectable (22, 23).

Iminosugars are monosaccharide mimics that act as
charge transition-state analogues. Some members of this
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family of compounds occur naturally in plants and
microorganisms and at submicromolar conceentrations,
they inhibit hydrolytic enzymes such as endoplasmic
reticulum a-glucosidases | and Il involved in the biosyn-
thesis of glycoproteins. According to Prous Science
Integrity®, 266 iminosugars have been studied to date as
potential antiviral or antidiabetic agents. Modification of
the nitrogen atom and simple alkylation of iminosugars
with glucose and galactose stereochemistries can result
in inhibitory activity for other enzymes such as ceramide-
specific glucosyltransferase (CerGIcT; also known as
UDP-glucose-N-acylsphingosine D-glucosyltransferase;
EC 2.4.1.80). CerGIcT catalyzes the transfer of glucose to
ceramide in the first committed step of the biosynthesis of
GSLs to yield glucosylceramide, the precursor for all
GSLs (24-26).

The prototypic iminosugar inhibitor is miglustat (OGT-
918; N-butyldeoxynorjirimycin [NB-DNJ]; SC-48334;
Vevesca®, Zavesca®) which was first developed as an
antiviral agent. Orally active miglustat inhibits CerGIcT in
addition to a-glucosidases | and Il in the endoplasmic
reticulum. However, the agent showed poor efficacy as a
treatment of HIV infection (27, 28) possibly due to diffi-
culties in reaching the endoplasmic reticulum. This, how-
ever, proved to be an advantage for GSL storage dis-
eases in which the inhibition of other cellular enzymes
such as glucosidases must be avoided. Furthermore,
CerGIcT is the enzyme more accessible to miglustat
because of its location on an early Golgi compartment
with a cytoplasmic catalytic domain (29). Miglustat has
displayed potent activity in vitro and in vivo and was
selected for further development as a treatment for type 1
Gaucher’s disease.

Pharmacological Actions

The effects of miglustat (0.5 mM) on glycolipid biosyn-
thesis were examined in vitro in HL-60 cells labeled with
['“C]-palmitic acid. Although the major cellular phospho-
lipid species were unaffected by treatment, neutral gly-
colipids and gangliosides were absent from cultures.
Further examination showed that treatment with the agent
inhibited synthesis of glycolipid species by 90%.
Experiments using rat brain homogenate found that
miglustat (0.45 and 4.5 mM) inhibited transfer of glucose
from radiolabeled CerGIcT. Inhibition of glycolipid synthe-
sis was further confirmed in in vitro experiments in which
cholera toxin (a probe for the GM1 ganglioside) binding
was decreased by about 90% in miglustat-treated lym-
phoid (MOLT-4 and H9) and myeloid (HL-60 and K-562)
cells. These results suggest that treatment with the agent
caused a decrease in GM1 from the cell surface, further
demonstrating that miglustat inhibited biosynthesis of all
glucosylceramide-based GSLs (26).

Miglustat was shown to be effective in inhibiting GSL
accumulation in 2 in vitro models of Gaucher’s disease.
Experiments using a murine macrophage cell line (WEHI-
3B) cultured in the presence of an irreversible glucocere-

Miglustat

brosidase inhibitor (conduritol-B-epoxide [CBE]) to
increase intracellular glucosylceramide levels, showed
that miglustat treatment (50 or 500 uM) prevented accu-
mulation of glucosylceramide (26). Similarly, in murine
neuroblastoma x rat glioma cells (NG108-15) incubated
with CBE, treatment with miglustat inhibited the elevation
in intracellular ceramide levels and did not induce cell
death in contrast to the glucosylceramide synthase
inhibitor, D,L-threo-1-phenyl-2-decanoylamino-3-mor-
pholino-1-propanol (D,L-threo-PDMP) (30).

Miglustat was safe, tolerable and effective in vivo.
Long-term administration of miglustat (600 mg/kg/day for
50 days followed by 1200 mg/kg/day for 50 more days
and 1800 mg/kg/day for 20 days or 2400 mg/kg/day p.o.
for 14 days) to young (6-week old) mice resulted in sig-
nificant reductions in liver and splenocyte GSL levels of
50-79%. No overt toxicity was observed in treated ani-
mals through the 118 days of the experiment. Growth
rates of miglustat-treated animals were 15% lower as
compared to untreated controls at 118 days. Serum con-
centrations of the agent were dose-dependent with 18 pM
observed after dosing with 600 mg/kg/day and 57 pM
observed with 2400 mg/kg/day. In treated animals, lym-
phoid tissues (spleen and thymus) were 50% acellular as
compared to nonlymphoid tissue (liver and brain). These
results suggest that miglustat may have additional
effects, possibly on the immune system (28).

Similar results were obtained in another in vivo study.
GSL depletion (GM2) was observed in the liver of miglus-
tat-treated (300-4800 mg/kg/day p.o. for 10 days or 2400
mg/kg/day for 5 weeks) 6-week old mice; a reduction in
GM2 of 35 + 4% was observed after long-term treatment
with 2400 mg/kg. Serum and liver concentrations of
miglustat following treatment with 2400 mg/kg for 5
weeks, were 51 + 13.3 and 103 = 21.2 pM, respectively.
However, treated animals displayed a decrease in body
weight (25% less than controls) and a shrinkage of the
thymus (61 + 2%) and spleen (62 + 3%); the decrease in
lymphoid organs was not responsible for the weight loss.
Miglustat treatment was also found to inhibit glycogen
catabolism in the liver (after 12 h of starvation) which
could be partially responsible for the weight loss
observed in treated animals. In vitro enzyme experiments
revealed that the agent also potently inhibited porcine
sucrase (K;= 0.26 pM) and maltase (K, = 0.37 uM) but not
lactase (31).

Miglustat was shown to be effective in 2 in vivo mouse
models of a GSL storage disease with CNS pathology.
Miglustat (4800 mg/kg/day p.o. starting at 4 weeks post-
partum) showed marked efficacy in the brain in a mouse
model of Tay-Sachs disease, in which targeted disruption
of the Hexa gene results in a deficiency in hexosa-
minidase A and consequent GM2 ganglioside accumula-
tion. Serum concentrations of miglustat after dosing were
about 50 pM. Treatment was well tolerated with no toxic-
ity observed. Alterations in lymphoid tissue (spleen and
thymus) were observed with treatment so that they were
50% acellular. A decrease in brain GM2 accumulation
was observed in mice after 4 weeks of treatment as
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compared to untreated controls. Significant reductions in
brain GM2 of approximately 50% were observed at 12
weeks of treatment (32).

Another in vivo study used a mouse model of
Sandhoff disease consisting of mice with targeted disrup-
tion of the Hexb gene resulting in a lack of hexosa-
minidase A and B isozymes and a consequential increase
in GM2 and GA2 gangliosides. Miglustat (2400 or 4800
mg/kg p.o. starting from 3 or 6 weeks of age)-treated mice
had significantly delayed symptom onset (about 30 days),
decreased GM2 and GA2 storage in the brain (41% and
35%, respectively), decreased GM2 storage in the liver
(41%) and an increased life expectancy (about 40%) as
compared to untreated mice. Serum concentrations of the
agent were approximately 50 uM (33).

Pharmacokinetics

The pharmacokinetics of miglustat (100 mg p.o. t.i.d.)
were reported for 5 patients with nonneuropathic
Gaucher’s disease participating in an open-label, 1-year
study. The parameters obtained appeared to be dose-lin-
ear and time-dependent. T__, C__ and t,, values were
2.5 h, 0.86 pg/ml and 6.3 h, respectively. Steady-state
plasma levels of the agent were reached after 4-6 weeks
of treatment (34).

The pharmacokinetics of miglustat (50 mg p.o. t.i.d.)
were assessed in 6 patients with type 1 Gaucher’s dis-
ease involved in a 6-month, open-label, phase /Il trial.
Tmax' Cmax @nd t,, values were 2.5 h, 800 ng/ml and 5-6
h, respectively. Steady state was reached within the first
month of treatment and was sustained throughout the
6-month study period (35).

Further information on the pharmacokinetics and
toxicity of miglustat can be found in the Product Fact
Sheet from Oxford GlycoSciences (36).

Clinical Studies

Results from a 1-year, open-label study involving 28
adults with nonneuropathic Gaucher’s disease (who were
unable or unwilling to received enzyme replacement
therapy) demonstrated the efficacy in improving clinical
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disease features and the safety of miglustat (100 mg p.o.
t.i.d.). Treatment was well tolerated. Two patients each
withdrew for gastrointestinal complaints, personal rea-
sons and severe preexisting disease. The most common
adverse event was diarrhea (79%). Analysis of leuko-
cytes from 5 patients revealed that treatment reduced the
rate of glycolipid synthesis (i.e., decrease in cell surface
GM1 expression). At 12 months, significant reductions of
12% and 19% were observed in liver and spleen vol-
umes, respectively, which were increased at baseline
(1.1-2.7 and 5.1-24.8 times, respectively) as compared
to normal subjects. Treatment was also associated with a
slight improvement in hemoglobin concentrations (0.5
g/dl increase at 12 months) and platelet counts (more
than 15 x 10% increase). Blood counts and mean organ
volumes increased progressively from 6 until 12 months
of treatment. A significant reduction in chitotriosidase
levels of 16.4% was also seen (34) (Table I).

The efficacy and safety of low-dose miglustat (50 mg
p.o. ti.d.) were examined in an open-label, 6-month,
phase /Il study with an optional extension-use phase
(100 mg p.o. t.i.d.). The study involved 18 patients with
type 1 Gaucher’s disease who were unable or unwilling to
receive enzyme replacement therapy; 17 patients com-
pleted the 6-month phase. Of the 16 patients who entered
the extension phase, 13 were evaluable at 12 months;
4 patients discontinued this phase due to disease pro-
gression, concurrent illness and weight loss (1 patient),
gastrointestinal complaints (1 patient) and at the investi-
gator’s request (2 patients). Treatment was well tolerated
with no serious adverse events observed with treatment.
The most common adverse events were diarrhea (94%)
and weight loss (66.7%). Other adverse events seen dur-
ing the first 6-month phase were abdominal pain, flatu-
lence and headache (50%), fine tremor (39%) and flu-like
symptoms (33%). Two patients developed neurological
symptoms or abnormal electrodiagnostic findings after 12
months. Significant reductions in liver and spleen volume
(5.9% and 4.5%, respectively) and chitotriosidase levels
(4.6%) were observed at 6 months, although the reduc-
tions were lower than those observed in the study
described above (35) in which patients received 100 mg
miglustat. No changes in hemoglobin or platelet counts
were observed. At 12 months during the extension study
and administration of 100 mg miglustat, significant reduc-

Table I: Clinical studies of miglustat in Gaucher’s disease (from Prous Science Integrity®).

Indication Design Treatments n  Conclusions Ref.

Gaucher Open Miglustat, 100 mg p.o. b.i.d. x 1y 28 Miglustat was well tolerated and may 34

disease multicenter Miglustat, 200 mg p.o. t.i.d. x 1y be effective in patients with type 1
Gaucher disease

Gaucher Open, Miglustat, 50 mg p.o. t.i.d. x 6 mo - [extension 18 Miglustat was well tolerated and 35

disease multicenter period] 50-150 mg b.i.d. [dose adjusted induced significant liver and spleen

according to investigator]

reductions as well as improvements
in hemoglobin concentrations and
platelet counts in patients with
Gaucher disease




234

tions in liver and spleen volume (6.2% and 10.1%,
respectively) and chitotriosidase (15.3%) and hexosa-
minidase (13.1%) levels were observed; slight changes in
platelet counts and hemoglobin concentrations were also
noted. It was concluded that miglustat dose-dependently
improved symptoms of type 1 Gaucher’s disease.
However, the lower 50 mg miglustat dose did not result in
any improvement over the 100 mg t.i.d. dose in improving
the rate of hematological response or reducing adverse
events. Thus, the 100 mg t.i.d. dose was recommended
as the starting regimen for patients with symptomatic type
1 Gaucher’s disease (35) (Table I).

Miglustat (Zavesca®) was approved in the E.U. in
November 2002 for the treatment of patients with mild to
moderate type 1 Gaucher’s disease who are unable to
receive enzyme replacement therapy (36). Zavesca® is
now available in the U.K. and launches in other countries
are expected to begin in early March (37, 38).

Source

Oxford GlycoSciences Ltd. (GB); marketed by
Actelion Ltd. (CH); licensed to Teva Pharmaceutical
Industries Ltd. (IL) for Israel.
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