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ABSTRACT. The glycosphingolipid (GSL) lysosomal storage diseases result from mutations in the genes that
encode the enzymes required for glycosphingolipid catabolism within lysosomes. They are relatively rare diseases,
but are frequently severe in terms of their pathology. Many involve progressive neurodegeneration, and in the
most severe forms result in death in early infancy. The therapeutic options for treating these diseases are limited,
and for the majority of these disorders there are currently no therapies available. To date, most research has
focused on correcting the genetic lesion by gene therapy or by augmenting the enzyme activity deficient in these
patients by introducing fully functional enzyme. This can be achieved by bone marrow transplantation or
intravenous infusion of purified or recombinant enzyme (enzyme replacement). Gene therapy and enzyme
replacement therapy are disease specific, and pharmacological approaches for the treatment of these disorders
have not been fully explored. In this commentary, the problems associated with disease therapy are discussed,
and a pharmacological agent (N-butyldeoxynojirimycin) is presented for the potential generic treatment of this
family of disorders. Successful prevention of glycosphingolipid storage in a mouse model of Tay-Sachs disease
suggests that this strategy merits clinical evaluation. BIOCHEM PHARMACOL 56;4:421-430, 1998. © 1998 Elsevier
Science Inc.
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LYSOSOMAL STORAGE DISEASES There is a large amount of clinical heterogeneity associ-

ated with the lysosomal storage diseases, with apparently
The lysosomal storage diseases are a group of relatively rare minor changes in residual enzyme activity having a major
human disorders that are severe in nature and frequently impact on disease severity and, therefore, prognosis. There
fatal [1]. They are most commonly autosomal recessive is a correlation between the levels of residual enzyme
diseases in which the genes encoding the catabolic enzymes activity present in a given individual and disease severity
of the lysosome are mutated. As a consequence, the [1, 3, 4]. The infantile forms of these diseases are associated
substrate for the defective hydrolytic enzyme is incom- with little or no residual activity and exhibit the most

pletely broken-down and accumulates over time within the
lysosome. As many biochemical classes of molecules are
degraded within the lysosome, these diseases include stor-
age of sphingolipids, glycoproteins, glycosaminoglycans,
and glycogen [1]. Several classes of mutation have been
identified, including base substitutions, small insertions or
deletions, and partial gene deletions [1]. The mutations
that cause mRNA instability or no RNA production are the
most severe, as they are characterized by low or no
detectable residual enzyme activity. The milder mutations
cause alterations in enzyme structure and/or stability result-
ing in a concomitant loss of catalytic activity [1]. These
diseases can also arise indirectly due to defects in lysosomal
enzyme localization or lysosomal enzyme transport compo-
nents [1] or through defects in the activator proteins
required for the degradation of some GSLs? [2].

severe pathology, whereas adult onset forms have higher
levels of residual enzyme activity and a slower rate of
disease progression. The juvenile onset variants have an
intermediate clinical phenotype. Conzelmann and Sand-
hoff have proposed that there is a critical level of residual
enzyme activity above which the enzyme can catabolize the
influx of substrate to the lysosome. Below this threshold
level, the substrate flux is too great for the residual enzyme
activity, and undegraded substrate therefore accumulates
[3]. Residual enzyme levels that are only a small fraction of
normal levels can protect an individual from developing
severe disease. The critical enzyme threshold and the rate of
substrate influx may vary considerably between cells from
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different tissues and cell types at different developmental
stages.

GSL LYSOSOMAL STORAGE DISEASES

Within the lysosomal storage diseases is a subgroup of
biochemically related disorders in which the enzymes re-
quired for the catabolism of GSLs are defective [1]. Ap-
proximately half of all cases of lysosomal storage involve
the storage of GSLs, and estimates suggest that there are
approximately 9000 new cases worldwide per year.*

* B. Winchester, personal communication, 1998. Cited with permission.

Globo-series|

GSLs are ubiquitous components of eukaryotic cells and
comprise a hydrophobic lipid component, ceramide, and a
hydrophilic glycan that is covalently attached to the lipid
[2]. The ceramide is anchored in the outer leaflet of the
plasma membrane, and the attached glycan moiety is
exposed on the extracellular surface of the cell membrane.
They are thought to mediate the majority of their functions
at the cell surface, where they are found at the highest
density [2]. GSLs containing sialic acid (NeuAc) are
termed gangliosides (Figs. 1 and 2) and are particularly
abundant on the surface of cells of the nervous system [5].
GSLs exhibit cell- and tissue-specific patterns of expression
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that change with cell growth and differentiation, viral
transformation, and oncogenesis [6]. They are also ex-
ploited as receptors by bacteria, toxins, and viruses [7].
They contribute to cell adhesion events and, along with
other glycoconjugates, contribute to the glycocalyx, pro-
tecting the membrane from degradation.

The biosynthesis and degradation of GSLs occur in a
step-wise fashion (Figs. 1 and 2, respectively) [2, 8, 9]. It is
interesting to note that there is a human disease state
associated with almost every catabolic enzyme in the GSL
degradation pathway (Fig. 2), but no diseases have been
identified that result from defects in GSL biosynthesis (Fig.
1) [2]. This implies that GSLs may play an indispensable

TABLE 1. GSL lysosomal storage diseases

role during embryogenesis, although direct evidence for this
is currently lacking.

When the lysosomal enzymes required for GSL catabo-
lism are defective, the hydrophobic GSLs form pathological
storage bodies in somatic cells, and the number and size of
the lysosomes increase. It is the storage of GSLs that leads
to the disease-specific pathologies associated with these
disorders. The diseases are summarized in Table 1. They are
all autosomal recessive disorders, with the exception of
Fabry disease, which is X-linked [10]. Although the under-
lying gene defects and the enzymes in question have, for the
most part, been well characterized, the biological conse-
quences of storage, and the mechanisms through which the

Disease Enzyme defect GSL stored
Gaucher types 1, 2 and 3 B-Glucocerebrosidase Glucosylceramide
Ceramide lactoside lipidosis B-Galactosidase Lactosylceramide

Fabry

Tay-Sachs

Sandhoff

GM1 gangliosidosis
Fucosidosis

Krabbe

Metachromatic leukodystrophy

a-Galactosidase
Hexosaminidase A
Hexosaminidases A and B
B-Galactosidase
a-Fucosidase
B-Galactocerebrosidase
Arylsulphatase A

Globotriaosylceramide
GM2 ganglioside

GM2 ganglioside

GM1 ganglioside
H-Isoantigen
Galactosylceramide
Galactosylceramide sulphate
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disease-specific pathologies result, remain largely obscure.
This is an area of research that clearly deserves more
attention, as it may result in the identification of therapeu-
tic intervention points downstream from the primary cata-
bolic enzyme defect, and should also shed some much
needed light on the functions of GSLs.

GSL LYSOSOMAL STORAGE
DISEASE DIAGNOSIS

The GSL storage diseases have been studied extensively,
and the diagnosis of the majority of these diseases is now
relatively routine and is based upon clinical presentation
with biochemical and molecular confirmation of the diag-
nosis by enzyme activity determinations and genotypic
analysis, respectively [11]. Some ethnic groups, such as the
Ashkenazi Jews, have a particularly high frequency of some
of the lysosomal storage diseases (Gaucher, Tay-Sachs, and
Niemann-Pick) (Fig. 2), and prenatal diagnosis and genetic
counseling have reduced the frequency of individuals born
with these disorders within this high risk group [12].
However, these diseases also occur in the population at
large, albeit at lower frequencies [12]. In the latter cases,
individuals are unaware that they are carriers of the gene
defect in question and have the statistical misfortune to
have partners who carry a genetic lesion in the same gene.
Their offspring have a one-in-four chance of developing the
disease (except in Fabry disease where hemizygous males are
affected). Many of these disorders present in infancy or
early childhood at which time a diagnosis is made, coun-
seling can be offered for subsequent pregnancies, and
siblings can be genotyped. As the relative rarity of these
diseases renders it uneconomic to screen the reproductive
population at large, individuals with these disorders con-
tinue to be born. We currently lack therapeutic options to
offer these patients and their families. The problem is
further compounded by the fact that the pharmaceutical
industry considers these diseases to be commercially non-
viable, and is therefore reluctant to develop drugs for their
therapy.

THERAPEUTIC OPTIONS

There are two basic approaches that can be considered for
the therapy of GSL lysosomal storage diseases. The first is to
increase the enzyme levels in the patient to compensate for
the underlying enzyme defect; the second is to reduce the
quantity of GSL synthesized to match the reduced level of
catabolism.

The majority of emphasis to date has been placed on the
first approach, through the development of gene therapy or
protein replacement strategies [12]. Both of these avenues
aim to correct the underlying defect by introducing either a
normal gene or the normal enzyme. In addition, bone
marrow transplantation also serves as enzyme replacement
therapy, where normal cells of bone marrow origin are
introduced into the affected individual to serve as a source
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of fully functional enzyme, leading to clinical improvement
[13-15]. This therapy is dependent upon the availability of
suitable donors.

The second approach aims to balance the rate of GSL
biosynthesis so that all GSL molecules synthesized by the
cell can be completely catabolized by the residual enzyme
activity present. In other words, the amount of substrate the
defective enzyme has to catabolize is reduced to a level that
matches the residual enzyme activity, thus balancing syn-
thesis with degradation and preventing storage and its
associated pathology. This therapeutic strategy has been
termed substrate deprivation [12]. To date this approach
has not been explored due to the lack of suitable pharma-
cological agents with which to control GSL biosynthesis.
This article highlights a novel class of GSL biosynthesis
inhibitors with which to evaluate substrate deprivation.
Before describing these inhibitors in more detail, the
potential therapeutic strategies will be discussed briefly to
illustrate the difficulties inherent in treating these disor-
ders, and why substrate deprivation may be a viable generic
therapy for these diseases.

Gene Therapy

Over the past few years, there has been a relatively large
research effort aiming to correct lysosomal storage diseases
by introducing the wild-type gene back into the affected
individual [16]. This is a disease-specific therapy that needs
to be tailor-made for each individual disorder. There are
several factors that make the application of gene therapy to
the lysosomal storage diseases particularly attractive. For
instance, the genes that correspond to the affected enzymes
have been identified, and their cDNAs are available. Also,
even relatively low unregulated expression of the enzyme
should be sufficient to correct the defect, as long as the
residual enzyme levels achieved exceed the critical thresh-
old below which storage occurs. The availability of spon-
taneous and engineered animal models for several of these
diseases should greatly facilitate progress in evaluating this
approach. Currently, the aim is to introduce the gene using
viral vectors into somatic cells, which would secrete enzyme
into the patient’s blood and tissues, replacing the enzyme
activity that the individual lacks. Clearly, reconstitution of
only peripheral tissues will be inadequate, as the majority of
these diseases have CNS storage and pathology. One
example of progress towards gene therapy was reported
recently in a mouse model of the lysosomal storage disease
mucopolysaccharidosis type VII (Sly disease). In this study
retroviral vector-corrected fibroblasts (secreting high levels
of B-glucuronidase) were grafted into the brain and were
able to clear storage in neighboring cells [17].

At a technical level, several issues must be resolved
before gene therapy can be viable in the clinic. These
include the safety of the retroviral/viral vectors used, the
targeting of sufficient enzyme to cells of the CNS, the
length of time the patient benefits from this therapy, and
whether the amount of enzyme produced is enough to
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prevent disease progression or clear pre-existing storage.
Several clinical gene transfer protocols have been approved
in the U.S.A., and data from clinical trials will emerge over
the next few years.

Enzyme Replacement Therapy

Successful enzyme replacement therapy has, to date, only
been used to treat one of the GSL lysosomal storage
diseases, namely type 1 Gaucher disease [11, 12, 18, 19].
This disease results from mutations in the glucocerebrosi-
dase gene, which leads to the storage of GlcCer [20]. This
is primarily a disease of macrophages. Although all cells
carry the gene defect, the residual enzyme present in these
cells is sufficient to degrade all of the GSLs synthesized.
Macrophages, however, phagocytose senescent erythro-
cytes, leukocytes, and apoptotic cells. This adds to the GSL
burden the cell has to degrade, and exceeds the influx level
of GSLs that can be catabolized fully by the residual
glucocerebrosidase activity present in the cell. Macro-
phages, therefore, store GlcCer in their lysosomes. The
features of the disease are hepatosplenomegaly, bone frac-
tures, anemia, and low platelet counts [20].

Enzyme replacement therapy has proven to be very
successful in the clinic [20, 21]. The purified placentally
derived glucocerebrosidase (CEREDASE™) (B-p-glucosyl-
N-acylsphingosine glucohydrolase, EC 3.2.1.45) is modified
so that its N-glycans terminate in mannose, to facilitate
uptake via macrophage mannose receptors [20]. The en-
zyme is administered intravenously to patients on a regular
basis using dosing regimens that involve either low- or
high-dose strategies [22]. A recombinant form of the
enzyme is now available (CEREZYME™), which will
reduce the potential infection risks associated with intra-
venous infusion of an enzyme derived from pooled human
tissues [23].

The success of this therapy, however, has highlighted a
major problem with developing therapeutics for rare dis-
eases, in that the development and production costs of
enzyme replacement are high (in common with all drug
discovery/development), yet the potential market is rela-
tively small (albeit life-long therapy for treated individu-
als). The cost of treating each patient, therefore, is prohib-
itively expensive and, as a consequence, is unavailable to
individuals in countries where the drug costs are beyond the
means of the countries’ health care system, or beyond the
financial means of the affected individual. In countries with
good health care provision, it poses the ethical dilemma of
whether a small number of patients should consume a
disproportionately large share of the national drug budget.
The Wall Street Jowrnal has called CEREDASE™ “the
world’s most expensive drug.” CEREDASE™ has illustrated
all too graphically that small disease therapies can be
commercially lucrative. Whether commercial exploitation
of minority diseases in this way is desirable or socially
acceptable remains a point of considerable debate.

If the costs are high for enzyme replacement therapy for
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type 1 Gaucher disease, which is the most common of these
disorders, the cost of enzyme replacement therapy for the
treatment of much rarer diseases would be anticipated to be
even more prohibitive. The major biological issue when
considering enzyme replacement for the GSL storage dis-
eases is that the vast majority of these disorders, in contrast
with type 1 Gaucher disease, have neurological phenotypes
that result from GSL storage in cells of the CNS. Large
glycoprotein enzymes do not cross the blood-brain barrier,
and so this approach is only useful in diseases with systemic,
non-CNS storage (such as type 1 Gaucher disease and,
potentially, Fabry disease). Also, this approach is disease
specific, with each disease-specific enzyme requiring devel-
opment for clinical evaluation. A single drug that could be
used to potentially treat several of these diseases would
negate the requirement for disease-specific therapy.

Substrate Deprivation

One potentially generic therapeutic strategy is substrate
deprivation. Substrate deprivation aims to reduce the bio-
synthesis of GSLs to match the impaired rate of catabolism,
thereby preventing storage [12]. If a compound could be
identified which blocked the transfer of glucose to cer-
amide, the first step in GSL biosynthesis (Fig. 1), this would
act as a generic means of potentially treating all of the GSL
lysosomal storage diseases, as they all involve the storage of
GlcCer-derived GSLs and are the products of a common
biosynthetic pathway (Fig. 1). Furthermore, only subtle
changes in biosynthesis would be anticipated to have a
major impact on storage.

There are two key assumptions implicit in this strategy, if
it is to be successful. First, partial GSL depletion must be
tolerated by mammalian systems. Second, there has to be
some residual enzyme activity present in the diseased cells
with which to catabolize the reduced levels of GSLs
synthesized. Therefore, it would be anticipated that the
higher the levels of residual enzyme activity present, the
more successful substrate deprivation therapy would be.
Hence, adult onset disorders would be predicted to be more
amenable to therapy than infantile forms. However, even
in individuals with low or undetectable levels of residual
enzyme activity, if bone marrow transplantation or gene
therapy were to be used to reconstitute even a small
fraction of normal enzyme levels, then substrate depriva-
tion could be used to treat the affected individual. There-
fore, substrate deprivation has the potential not only to be
used as a therapy in its own right, but also could lower the
amount of enzyme replacement required to treat type 1
Gaucher patients (making their therapy far less costly), and
could potentially augment the effects of bone marrow
transplantation and gene therapy. Finally, as the majority of
the GSL storage diseases involve storage within the CNS,
any drug that is to be considered for substrate deprivation
therapy would need to cross the blood—brain barrier.
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FIG. 3. Structures of the GSL biosynthesis inhibitors PDMP, PPMP, NB-DN]J, and NB-DG]J. All four compounds inhibit the
ceramide-specific glucosyltransferase, which catalyses the first step in GSL biosynthesis (Fig. 1).

Inhibitors of GSL Biosynthesis

Although many inhibitors of glycohydrolases have been
described and characterized [24], there have been very few
compounds identified, to date, that inhibit glycosyltrans-
ferases [25]. If we consider the ceramide-specific glucosyl-
transferase (glucosylceramide synthase, UDP-glucose:N-
acylsphingosine D-glucosyltransferase, EC 2.4.1.80) that
initiates the GSL biosynthetic pathway (Fig. 1) by cata-
lyzing the transfer of glucose from UDP-Glc to ceramide,
two main classes of inhibitor have been identified.

The first group of inhibitors were described by Radin and
colleagues [26] of which the prototype is PDMP and its
derivative, PPMP (Fig. 3). These compounds both contain
phenyl N-acyl groups and a morpholine ring that may
mimic ceramide fatty acid chains and the charged transi-
tion state of the enzyme/UDP-glucose/ceramide complex,
respectively [27]. PDMP is a reversible, mixed-type inhib-
itor for ceramide, with an inhibitory constant of 0.7 pM,
but it is uncompetitive for the nucleotide sugar donor [27].
Radin has advocated the therapeutic use of PDMP for the
treatment of Gaucher disease, recognizing the potential of
substrate deprivation as a clinical approach [28].

The second class of inhibitory compounds are imino
sugars and are the N-alkylated derivatives of deoxynojiri-
mycin (DN]J) (Fig. 3). DNJ and its derivatives are potent
inhibitors of the N-linked oligosaccharide-processing en-
zymes a-glucosidases [ and 11 (K; 0.22 pM) [29]. However,
relatively recently they have also been found to inhibit the
ceramide-specific glucosyltransferase (K; 7.4 uM) [30],
although this activity is critically dependent on a minimal
N-alkyl chain length of three carbons [30]. In wvitro studies
reveal that both NB-DNJ and NB-DG]J are competitive
inhibitors for ceramide in a glucosyltransferase assay, and
non-competitive inhibitors for UDP-glucose. Molecular
modeling studies show that there is structural homology of
at least three chiral centers in NB-DNJ/NB-DG]J with the
trans-alkenyl chain of ceramide. Further molecular homol-
ogy is demonstrated by superimposition of the N-alkyl
chain of the compounds and the N-acyl chain of ceramide.
Consequently, as well as mimicking the hydrophobic re-
gions of ceramide, N-alkylation of the imino sugars leads to
lipid phase insertion and thus establishes high local con-
centrations that inhibit the membrane-bound glucosyl-
transferase (T. Butters, unpublished data). The stereochem-

istry of the ring moiety is important, with the glucose and
galactose derivatives exhibiting inhibitory activity, whereas
the mannose, fucose, and N-acetylglucosamine derivatives
fail to inhibit [31]. The majority of studies to date have
been carried out with NB-DNJ and NB-DGJ] [29-32]
(Fig. 3).

Both morpholino and deoxynojirimycin analogues could
be considered for evaluating substrate deprivation as a
potential therapy for the GSL lysosomal storage diseases.
However, there are several differences between PDMP and
the DNJ derivatives when considering their evaluation as
potential pharmacological agents for human therapy. In
physical terms, PDMP is more hydrophobic than NB-DNJ,
which makes it more difficult to administer to biological
systems as it requires solvent/detergent solubilization. In
contrast, NB-DNJ is readily water soluble. PDMP is also
metabolized rapidly in wvivo by cytochrome P450 [33],
whereas NB-DNJ is metabolically inert due to the presence
of nitrogen (instead of oxygen) in the ring (see Fig. 3).
Mammalian systems lack enzymes that can break open the
ring structure of imino sugars and, as a consequence,
NB-DNJ is secreted intact via the kidney [34]. The in vivo
administration of NB-DNJ, therefore, is not complicated by
biological activities of metabolites, whereas this is clearly a
consideration with PDMP. The ceramide analogues such as
PDMP, and in particular PPMP, have relatively narrow
therapeutic windows with toxicity resulting at concentra-
tions in excess of 100 uM with PDMP and only 10 pM
with PPMP [32]. NB-DN]J is tolerated by tissue culture cells
to concentrations in excess of 2 mM [35]. The cytotoxicity
associated with PDMP probably reflects two independent
features of this compound. First, by virtue of its hydropho-
bicity, it partitions into membranes and, as its concentra-
tion increases, ultimately causes membrane disruption and
cell death. Second, PDMP also causes an increase in free
ceramide levels, which may well influence signaling path-
ways within the cell and also contribute to cytotoxicity.
Normally, ceramide levels are regulated very tightly by cells
due to the biological potency of this molecule [36]. Free
ceramide levels can be reduced by the conversion of
ceramide to GlcCer via the action of the ceramide-specific
glucosyltransferase, can be galactosylated by the ceramide-
specific  galactosyltransferase ~ (UDP-galactose:ceramide
galactosyltransferase, EC 2.4.2.62) to form GalCer (in cells
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of the CNS and kidney where this enzyme is expressed), or
can be converted into sphingomyelin by the addition of
phosphorylcholine (Fig. 1). PDMP not only inhibits the
glucosylation of ceramide but also inhibits sphingomyelin
synthesis in some cell lines at certain compound concen-
trations [37, 38]. In the absence of galactosylation as an
option in the majority of tissues, free ceramide accumulates.
In contrast, NB-DN]J does not inhibit sphingomyelin bio-
synthesis, and hence treatment of cells with this compound
leads to an increase in sphingomyelin levels [29]. These
different fates of the “surplus ceramide” resulting from
inhibition of the glucosyltransferases in the presence of the
two types of inhibitor may well account for the relative
cytotoxicity of PDMP. The imino sugars, therefore, exhibit
several advantageous features over PDMP and, as a conse-
quence, have been evaluated for their therapeutic poten-
tial, both in wvitro (NB-DNJ and NB-DGJ) and in vivo
(NB-DNJ).

POTENTIAL DISEASE TARGETS FOR NB-DNJ
AND NB-DG]J

There are two main classes of GSL lysosomal storage
diseases (Table 1): those that involve the storage of
GlcCer-derived GSLs (Gaucher, ceramide lactoside lipido-
sis, Fabry, Tay-Sachs, Sandhoff, and fucosidosis) and those
in which the storage product is GalCer or its sulphated
derivative, sulphatide (Krabbe and metachromatic leuko-
dystrophy, respectively).

The biosynthesis of GlcCer-based GSLs is initiated
through the action of the ceramide-specific glucosyltrans-
ferase, which is inhibited by NB-DNJ and NB-DGJ. The
GalCer-based GSLs arise from the transfer of galactose to
ceramide by the action of the ceramide-specific galactosyl-
transferase. It is interesting to note that neither the glucose
analogue (NB-DNJ) nor the galactose analogue (NB-DG]J)
inhibits the ceramide galactosyltransferase (T. Butters,
unpublished observation). This is significant for two rea-
sons. First, it restricts the potential therapeutic application
of these drugs to the GlcCer-based GSL storage diseases, as
they will have no impact on the storage of GalCer-based
GSLs. Second, as GalCer and sulphatide play key roles in
myelin stability and function, it would be anticipated that
in vivo therapy with either NB-DNJ or NB-DGJ would not
adversely affect myelin function in the nervous system. The
reason for the selective inhibition of the glucosyltransferase
by these compounds is not currently understood. However,
both transferases have been cloned recently [39, 40], and so
the differences between the two enzymes, in terms of
substrate and inhibitor specificity, can now be determined.

Substrate Deprivation in an In Vitro Gaucher Disease
Model

The substrate deprivation strategy was tested directly in an
in vitro Gaucher disease model [30, 31]. Mouse macrophages
were induced to store GlcCer by treating the cells with the
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inhibitor of glucocerebrosidase, CBE, thus mimicking the
genetic defect. When NB-DN]J and NB-DGJ were added to
cultured cells in the presence of CBE, both compounds
prevented storage of GlcCer, providing proof of concept at
the level of the intact storage cell. Concentrations of 5-50
M resulted in GlcCer levels comparable to those of the
untreated control cells [31]. When the lysosomes of these
cells were examined by electron microscopy, the NB-DNJ-
and NB-DG]-treated cells showed no evidence of electron
dense storage material, in contrast to cells that were treated

with CBE alone [31].

GSL Depletion In Vivo

Substrate deprivation as a therapeutic strategy requires
partial GSL depletion to be tolerated in vivo. Therefore,
GSL depletion was studied in healthy mice. It was found
that GSL depletion occurred in a dose-dependent fashion,
and that even 70% peripheral GSL depletion was well
tolerated over a 4-month treatment period [29]. This raises
interesting questions concerning the biology of GSLs, as
they appear to be expressed at levels that are in excess of
those required under normal physiological conditions. It is
currently unclear whether or not cells can compensate for
the reduced levels of GSLs, for example by concentrating
the remaining molecules in microdomains on the cell
surface, and thus continuing to mediate their functions, or
whether other glycoconjugates can substitute for them. It is
also a possibility that GSLs are dispensable in adult mam-
mals, although this would require direct evaluation in mice
null for the glucosyltransferase [39]. It should be empha-
sized, however, that due to the very long in vivo half-lives of
GSLs in the CNS, minimal depletion was observed in brain
tissue in NB-DNJ-treated mice after 4 months of drug
treatment [29].

Substrate Deprivation in a Mouse Model of Tay-Sachs
Disease

The recent interest in gene therapy and enzyme replace-
ment for these diseases has led to the development of a
series of “knockout” mouse models of these disorders. This
has been necessitated by a lack of spontaneous mouse
models of these diseases. The engineered disease models
have been generated by targeted gene disruption tech-
niques, and they offer a unique opportunity to evaluate
substrate deprivation in GSL storage diseases. However,
one of the criteria for the substrate deprivation approach is
that there is some residual enzyme activity present. A gene
knockout model, rather than models where the human
mutated enzyme is introduced, would therefore appear to be
inappropriate. Fortuitously, there are some mouse models,
such as the Tay-Sachs mouse, where residual enzyme
activity is present due to the activities of other enzymes [41,
42].

Tay-Sachs disease results from mutations in the HEXA
gene, which encodes the a-subunit of B-hexosaminidase.
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This results in a deficiency of the A isoenzyme, which is
required for the catabolism of the ganglioside GM2 in
lysosomes. The human disease is characterized by progres-
sive neurodegeneration [43]. The Tay-Sachs mouse exhibits
progressive storage of GM2, but the levels of the stored
ganglioside never cross the threshold required to induce
neurodegeneration [41]. This is because the mouse, in
contrast to humans, has significant sialidase activity that
converts GM2 to GA2, which can then be acted upon by
the hexosaminidase B isoenzyme [44]. This provides a
situation analogous to the human disease state where there
may be some detectable levels of residual enzyme activity,
as found in late onset variants of this disease.

When this mouse model was treated orally with NB-
DNJ, two observations were made. First, NB-DN]J gained
access to the brain to a sufficient degree to prevent GM2
accumulation, and, second, the number of storage neurones
and their storage burden were reduced drastically in NB-
DN]J-treated Tay-Sachs mice when compared with the
untreated controls [45]. Limiting the biosynthesis of the
substrate (GM2) for the defective enzyme (B-hexosamini-
dase A) therefore prevents GSL accumulation, and the
neuropathology associated with its lysosomal storage [45].
This study, therefore, provides proof of concept of substrate
deprivation at the level of an animal disease model.

FUTURE PROSPECTS
Symptomatic Mouse Models

The next step in the evaluation of NB-DN] as a potential
therapeutic agent would be to treat a symptomatic animal
model, such as the Sandhoff disease mouse [44]. This mouse
exhibits progressive neurodegeneration, is severely affected,
and dies within the first 4-5 months of life. Sandhoff
disease results from mutations in the HEXB gene, which
encodes the B-subunit of hexosaminidase, resulting in the
loss of activity of HexA (aB) and HexB (BB) [44]. The
trace levels of residual enzyme activity present in this
mouse model are conferred by the minor HexS (aa) form.
[t remains to be determined whether or not the HexS
activity will be sufficient for the substrate deprivation
approach to show efficacy. If it does, it will be of interest to
determine whether any of the early symptoms associated
with pathological levels of storage can be prevented or
reversed.

NB-DGJ: A “Second Generation” Drug

The galactose analogue NB-DGJ [31] (Fig. 3) is a potential
second drug that could be used for disease therapy. It may
be better tolerated when considering life-long therapy due
to its more restricted enzyme inhibitory profile relative to
NB-DNJ. In particular, NB-DG]J fails to inhibit the N-
glycan-processing enzymes a-glucosidase I and II [31]. This
may well only prove to a be a concern when high systemic
doses of NB-DNJ are administered to achieve therapeutic
levels of the drug in the CNS. Only approximately 10% of
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the serum level of NB-DNJ is present in the cerebrospinal
fluid, necessitating high peripheral dosing to achieve GSL
biosynthesis inhibition in the brain [45]. What will perhaps
be of greater potential interest is the in vivo distribution of
NB-DG]J, and whether or not it has any increased uptake
into the CNS relative to NB-DN]J. This would permit lower
peripheral dosing, yet still achieve inhibition in the CNS.

Clinical Studies

The glucose analogue NB-DNJ was developed originally as
an antiviral compound and has been through phase II
clinical testing as an anti-HIV agent [46]. The mechanism
of action of NB-DNJ as an antiviral compound is based
upon the a-glucosidase inhibitory properties of this drug.
When N-glycan processing is arrested in vitro at the level of
a-glucosidases I and II, immature glucosylated N-glycans
are present on the HIV envelope glycoproteins gp120 and
ep41 [47]. Conformational changes occur in the V1 and V2
loops of gpl120 when it folds in the presence of these
glucosylated N-glycans [48]. As a consequence, the virus
can bind to its cellular receptor CD4, but gp120 cannot
undergo the post-CD4 binding conformational change
required to expose the fusogenic peptide of gp41 [48-50].
As a result, HIV cannot enter the host cell and cause
infection. NB-DNJ, therefore, offers a novel means of
disrupting the HIV life cycle and targets host cellular
enzymes (a-glucosidases I and II) rather than the conven-
tional virally encoded enzyme targets. However, because
the enzyme target is in the lumen of the endoplasmic
reticulum (ER), very high extracellular concentrations of
the drug are needed to achieve a-glucosidase inhibition in
vitro. For example, NB-DN]J has a K; of 0.2 uM against
isolated a-glucosidase I in wvitro, but extracellular concen-
trations of 0.5 mM are required to achieve inhibition of
a-glucosidase I in intact cells in tissue culture [47]. When
evaluated in HIV patients as a potential antiviral drug, it
was not possible to achieve high enough serum levels of this
drug (and so it would be anticipated that minimal inhibi-
tion of a-glucosidases would occur in the ER lumen), and
hence no major impact was observed on viremia [40].
However, despite its lack of antiviral efficacy, several
important pieces of information resulted from the HIV
clinical trials. NB-DNJ was well tolerated, with the major
side-effect being gastrointestinal (GI) tract distress due to
Gl tract disaccharidase inhibition, resulting in osmotic
diarrhea. Serum levels in the range of 10-50 uM were
achieved through oral dosing [46]. These levels of com-
pound are known to inhibit GSL biosynthesis in vitro in
human cells [30, 31] and in vivo in mice [29].

The glucosyltransferase inhibited by NB-DN]J is known
to have its catalytic site oriented towards the cytosolic face
of an early Golgi compartment [32]. This is why even
though NB-DNJ is a weaker inhibitor of the transferase
relative to a-glucosidases I (K; of 7.4 and 0.2 uM, respec-
tively), high levels of GSL biosynthesis inhibition is
achieved in vivo, as the enzyme target is more accessible to
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the drug [29]. This is a salutary example, for those inter-
ested in drug discovery, where against the isolated enzymes
one inhibitory activity looks superior to the other (a-
glucosidase inhibition is more potent than glucosyltrans-
ferase inhibition), yet in the biological reality of the intact
cell the exact reverse is found to be the case, and is due to
the different intracellular localization of the two enzyme
targets.

As NB-DN]J administration to adult HIV-infected indi-
viduals was well tolerated in phase II clinical studies,
NB-DNJ can now be rapidly applied to the clinical evalu-
ation of substrate deprivation as a potential therapeutic
strategy for the GSL lysosomal storage disease. Such studies
are currently being planned and should provide insight into
the utility of this generic pharmacological approach for
treating these rare human metabolic diseases.

We thank Raymond Dwek for a critical reading of the manuscript.
F. P. is a Lister Institute Research Fellow.
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