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Abstract
This review deals with the pharmacological properties of an alkylated monosaccharide mimetic, N-
butyldeoxynojirimycin (NB-DNJ). This compound is of pharmacogenetic interest because one of its
biological effects in mice – impairment of spermatogenesis, leading to male infertility – depends
greatly on the genetic background of the animal. In susceptible mice, administration of NB-DNJ
perturbs the formation of an organelle, the acrosome, in early post-meiotic male germ cells. In all
recipient mice, irrespective of reproductive phenotype, NB-DNJ has a similar biochemical effect:
inhibition of the glucosylceramidase β-glucosidase 2 and subsequent elevation of glucosylceramide,
a glycosphingolipid. The questions that we now need to address are: how can glucosylceramide
specifically affect early acrosome formation, and why is this contingent on genetic factors? Here we
discuss relevant aspects of reproductive biology, the metabolism and cell biology of sphingolipids,
and complex trait analysis; we also present a speculative model that takes our observations into
account.

Keywords
acrosome; glucosylceramide; glycosphingolipid; imino sugar; semen parameters; sperm
morphology; spermatid; spermatogenesis

Drug pharmacokinetics, distribution & systemic effects
Chemically, N-butyldeoxynojirimycin (NB-DNJ) is a monosaccharide mimetic that is an N-
alkylated imino sugar ([2R,3R,4R,5S]-1-butyl-2-[hydroxymethyl]piperidine-3,4,5-triol),
resembling glucose (Figure 1A). The parental nonalkylated compound (deoxy)nojirimycin can
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be found in several plant and microbial systems [1–3]. In the literature, NB-DNJ is also referred
to as OGT918, miglustat and Zavesca®; its perbutyrated prodrug derivative is named
SC-48334.

NB-DNJ can be efficiently orally administered to mice by mixing the compound as a dry
crystalline powder with powdered mouse chow. After oral administration or injection in
mammals, NB-DNJ does not bind to proteins, is not metabolically converted and is efficiently
excreted in the urine [4,5]. In C57BL/6 mice, the serum level of NB-DNJ varies from 0.5 ± 0.3
μM to 21.5 ± 7.8 μM (measured at 15 and 2400 mg/kg/day, respectively) [6]. It is unlikely that
genetic background affects the serum level of NB-DNJ, as FVB/N mice have a similar serum
concentration to C57BL/6 mice [7]. The compound is not preferentially distributed to the testes
or any other tissue [5].

NB-DNJ is nontoxic to cultured cells [5,8]. The systemic effects of long-term low-dose NB-
DNJ administration have been evaluated in mice and other mammals [9,201]. Body weight,
testicular and epididymal weights remain unchanged over 12 months of drug administration;
the same applies to reproductive endocrinology, germ cell apoptosis, and general indicators of
liver and kidney functions and animal behavior (co-ordination, muscle strength and
spontaneous exploratory behavior [9]).

Drug-induced phenotype – reproductive biology
Compared with nucleated somatic cells, normal mammalian spermatozoa are morphologically
exceptional, as there is very little shape variation between individual cells. The murine sperm
head has a characteristic curved (falciform) shape, and it is laterally flattened; this shape is
closely followed by the sperm nucleus (Figure 2A & G). The sperm head contains a large,
specialized secretory vesicle, the acrosome, which overlies the sperm nucleus on the dorsal
and adjacent lateral sides. Upon contact of a spermatozoon with the outer shell (zona pellucida)
of an oocyte, the acrosomal contents are released via a massive exocytotic event, whereby the
outer acrosomal membrane fuses at many points with the closely overlying sperm plasma
membrane [10]. This is an essential process, without which the spermatozoon cannot penetrate
the zona pellucida, and thus will not fertilize the oocyte [11]. A very small fraction of
spermatozoa from C57BL/6 mice develops in an aberrant fashion [12]. This is more
pronounced in a few other mouse strains, including BALB/c mice [13,14].

After administration of low-dose NB-DNJ or N-butylgalacto(deoxy)nojirimycin (NB-DGJ),
male C57BL/6 mice become infertile [15,16]. The drug-treated animals are infertile because
they produce spermatozoa that have a grossly abnormal morphology, especially in the sperm
head and nucleus [15,16]. The sperm heads and nuclei of imino sugar-treated C57BL/6 mice
are not curved or flattened, but exhibit a variety of aberrant shapes, being either triangular,
oblate or elongate, the majority being spatulate (Figure 2B–F & H), in morphological terms
defined by Hollander et al. [17]. At 15 mg/kg/day of NB-DNJ, which is the minimal dose that
causes C57BL/6 mice to become infertile, around 95 ± 2% of epididymal spermatozoa have a
grossly aberrant nuclear shape (compared with 1 ± 1% in untreated mice). In addition, 97 ±
2% of sperm cells from the drug-treated mice are without acrosomal features, whereas 5 ± 3%
of sperm cells from normal mice are negative for acrosomal antigens (Figure 2G & H) [7,15,
16]. Also, the percentage of spermatozoa (from drug-treated C57BL/6 mice) that displays
forward motility is much lower than that of control mice, and the swimming speeds of the few
sperm cells that do move are considerably reduced [15]. These structural and functional sperm
deficiencies explain the infertility seen in imino sugar-administered C57BL/6 mice. After
withdrawal of NB-DNJ from C57BL/6 mice, the mice resume the production of
morphologically normal spermatozoa, and concomitantly regain their fertility. This is seen
after both short- and long-term drug administration (5 vs 52 weeks) [9,15]. The capacity of
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imino sugars to induce infertility in male mice is not limited to butylated derivative imino
sugars, as N-(5-adamantane-1-yl-methoxy)pentyl-deoxynojirimycin also has this effect [18];
nonalkylated deoxynojirimycin, however, does not [15,16].

The lack of acrosomes from spermatozoa from NB-DNJ- and NB-DGJ-treated C57BL/6 mice
stems from a perturbation at the start of acrosome formation. This process normally commences
not long after completion of the second meiotic division, when the germ cells are in the round
spermatid phase, and do not yet possess any of the characteristic features of spermatozoa
[19]. However, in contrast to many somatic cells, in round spermatids the Golgi is consistently
oriented with its trans-cisternae facing the nucleus. What marks the departure from the somatic
cell organization is the appearance, at first only observable at the ultrastructural level, of a
small number of dense-core vesicles in the space between the trans-Golgi and the spermatid
nucleus. These vesicles coalesce to form one single pro-acrosomal vesicle (having a dense core
and an electron-lucent halo), which becomes much larger than surrounding Golgiderived
vesicles. At this step, several proteins are allied with the pro-acrosomal vesicle, at its
cytoplasmic side. These proteins become components of the subacrosomal cytoskeleton
(perinuclear theca) in the mature spermatozoon [20–23]. During subsequent steps in round
spermatid development, the pro-acrosomal vesicle docks on the nuclear envelope, and grows
in size while expanding laterally to cover a large proportion of the nuclear surface, forming a
round cap that subtends an angle of approximately 150° (Figure 3A) [19]. Here, the part of the
nuclear envelope that is covered by the acrosome has also a distinguishing feature at the
opposite (internal) face of the nuclear envelope, an electron-dense lamina (Figure 3A). Next,
the murine spermatid begins its process of morphological transformation, with nuclear
elongation, loss of symmetry, lateral flattening and extensive chromatin condensation, while
forming a flagellum, and seceding of most of its cytoplasm and cytoplasmic organelles [19].

In spermatids of NB-DNJ-treated C57BL/6 mice, the nuclear lamina is present, underlying the
area of the nuclear envelope that normally is covered by the developing acrosome,
encompassing the anterior nucleus up to the anterior boundary of the manchette (nuclear ring)
in elongating spermatids (Figure 3B) [24]. However, in the ‘drug-treated’ spermatids, only a
fraction of this part of the nuclear envelope is occupied by acrosomal structures, if at all, even
when the spermatids start elongating. Not one, but multiple dense-core pro-acrosomal vesicles
can be observed in association with the nuclear envelope (Figure 3B) [24]. Alternatively, a
larger developing acrosome can be found harboring two dense cores [Walden CM and van der
Spoel AC, Unpublished Data]. By light microscopy, most of the ‘drug-treated’ round
spermatids are lacking their distinctive acrosomal structures [9]. The further development of
these spermatids is highly aberrant, but also irregular, so that the spermatozoa from the imino
sugar-treated mice are heterogeneous in shape (Figure 2B–F & H) [7,15,16].

The imino sugar-induced phenotype of C57BL/6 mice resembles, at least morphologically, the
phenotypes of a number of spontaneous mouse mutants and knock-out mouse models. Early
acrosome formation and production of acrosome-less spermatozoa is also seen in male mice
that are deficient in Hrb or GOPC [25–27], and those with mutations in HERC2 or Vps54,
which are found in the rjs and Wobbler (wr) mutants, respectively [28–30]. Interesting from a
genetic perspective is the Wobbler mutation, as the accompanying sperm phenotype differs
between C57BL/6 mice and C57BL/6 × CAST/Ei animals [31]. In addition, multiple dense-
core proacrosomal vesicles are seen on the nuclear envelope in the early spermatids from blind-
sterile (bs) mice [32]. Also, similar to imino sugar-treated C57BL/6 mice is the normal
development of the manchette, and the presence of the electron-dense lamina on the inner
aspect of the nuclear envelope of round spermatids from blind-sterile mice, in the absence of
an acrosome on the opposite side of the envelope [32]. Finally, in humans, a mutation in the
SPATA16 gene has been found to be responsible for the round-headed sperm phenotype
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(globozoospermia) [33]. Future developments may reveal any involvement of the products of
these genes in the imino sugar/glucosylceramide-sensitive pathway.

Pharmacogenetics & pharmacogenomics
In inbred mice, the consequences of the administration of low doses of NB-DNJ or NB-DGJ
on spermatogenesis are highly dependent on the genetic background of the animals. Most
strains from the C57 lineage are sensitive to NB-DNJ and produce high percentages (± 92%)
of grossly abnormal spermatozoa lacking an acrosome following administration of the drug
[7]. By contrast, a few mouse strains (AKR, BALB/c and MA/My) display an intermediate
level (± 18% grossly abnormal spermatozoa) of susceptibility, whereas most strains from the
Swiss and Castle lineages (e.g., FVB and 129S1/SvImJ) were not affected in this way by the
imino sugar (± 0.5% grossly abnormal spermatozoa) (Figure 4) [7]. Males with intermediate
proportions of acrosome-deficient spermatozoa with grossly abnormal nuclei (e.g., from the
Ma/My and AKR strains) were able to produce offspring when mated with C57BL/6 females
[7]. The reproductive effect of a low-dose NB-DNJ regimen thus differs widely between
different mouse strains. Furthermore, NB-DNJ does not cause infertility in rabbits or in men
[7,34].

In mouse strains of which the males do not become infertile after NB-DNJ treatment, the drug
has a milder effect. A high percentage of their spermatozoa have an abnormal acrosomal
morphology, and mildly dysmorphic nuclei [7]. These spermatozoa carry acrosomes that are
aberrantly structured, while their nuclei can be classified as falciform, being laterally flattened,
and to some extent curved at the anterior end. Clearly, what is critical for the fertility of the
drug-treated mice is the percentage of nonfalciform acrosome-less spermatozoa (inversely
correlated) [7]. Thus from a reproductive perspective, it is relevant and sufficient to
discriminate between two categories of spermatozoa from imino sugar-treated mice, either
falciform-with-acrosome or nonfalciform/lacking an acrosome.

To understand how the sensitivity to NB-DNJ is inherited, intercross hybrid mice have been
generated from two inbred strains that differ widely in their biological response to imino sugar
administration, C57BL/6 and FVB (having 95 ± 2% and 0.2 ± 0.3% nonfalciform spermatozoa,
respectively). Over 200 fourth-generation hybrid males have been evaluated for their response
to the drug, and scored for their percentage of grossly abnormal spermatozoa. The majority of
these hybrid mice responded to imino sugar administration in a similar fashion to FVB mice,
while a minority showed a wide range of effects, with very few animals having a similar
proportion of grossly aberrant sperm nuclei as C57BL/6 mice (Figure 4) [7]. The drug responses
of approximately a third of the interstrain hybrid mice were exceptional. Each of the animals
from this group produced spermatozoa from both of the categories described above, for
example, spermatozoa with an acrosome and a falciform nuclear shape, as well as acrosome-
deficient spermatozoa with grossly aberrant nuclei. What was remarkable about this group of
C57BL/6 × FVB/N hybrid mice was that they produced the two types of spermatozoa in
proportions that were not seen in either of their progenitor strains. Their percentages of
nonfalciform spermatozoa ranged from 2 to 90%, spanning the extremes of the scale set by the
progenitor strains.

Clearly, the sensitivity of murine spermatogenesis for NB-DNJ is not inherited in a Mendelian
fashion. As a genetic trait, the reproductive outcome of imino sugar administration may be
regarded in different ways. At the cellular level, distinguishing only two categories of
spermatozoa (falciform-with-acrosome versus nonfalciform/acrosome-less), the reproductive
trait of imino sugar-treated mice is binary. In turn, as very large numbers of spermatozoa are
produced, the trait can be expressed as the percentage of total spermatozoa that are
nonfalciform. In this sense, the trait of imino sugar-treated mice can be presented as
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quantitative. Even so, in this way it is not comparable with other quantitative traits, like blood
pressure, tumor size or tibia length. As one arrives at the percentage of abnormal spermatozoa
by counting cells, instead of taking one measurement, the trait may be viewed as meristic. The
number of grossly aberrant spermatozoa only differs from, for example, the number of
abdominal bristles on Drosophila [35], by being very large – too large to count. It remains to
be seen what the most fitting model is to describe the reproductive phenotype of imino sugar-
treated mice.

Biochemistry
As a glucose- and short-chain ceramide-mimetic, NB-DNJ can inhibit a number of
carbohydrate or glycoconjugate-modifying enzymes [36–38]. The biochemical property of
NB-DNJ that is responsible for its reproductive effect in male mice can be delineated by
comparing its characteristics with those of its galactose analogue, NB-DGJ. Administration of
NB-DGJ results in a similar reproductive phenotype to NB-DNJ [16], but the galactose
analogue affects a different set of enzymes [36]. The two alkylated imino sugars share the
capacity to inhibit two enzymes that are involved in the metabolism of glucosylceramide, a
ubiquitous eukaryotic cellular glycosphingolipid (Figure 1B, molecular model after [39])

Glycosphingolipids
Glycosphingolipids are produced by the transfer of one or more monosaccharide residue to the
sphingolipid ceramide, and are thus amphipathic constituents of cellular membranes [40,41].
A large number (>400) of structurally distinct glycosphingolipids has been described, with
variations in the carbohydrate domain, as well as in the ceramide moiety [202].
Glycosphingolipid levels are regulated in space and time, as animal tissues differ considerably
in the occurrence and quantity of individual sphingolipid species, and tissue glycosphingolipid
profiles (including those of murine testes) change during postnatal development (e.g., [42–
44]). At present, the regulatory processes that underlie these differences are being investigated
[45].

Glycosphingolipids are involved in many essential biological processes, including cell motility
and adhesion [46], embryonic development [47], establishment of skin impermeability [48,
49], postnatal development of the CNS [50,51], insulin signaling [52,53], invariant natural
killer T cell maturation [54,55] and spermatogenesis [56,57]. In addition, in a number of
inherited diseases, lysosomal accumulation of glycosphingolipids causes severe pathology in
several organ systems (reviewed in [58–61]). Examples of these conditions include Fabry,
Gaucher, Niemann–Pick type C, Sandhoff and Tay–Sachs diseases. These disorders are caused
by defects in the transport of glycosphingolipids to lysosomes, or by deficiencies in the
lysosomal catabolism of one or more glycosphingolipids [58–61]. High doses of NB-DNJ are
effective in reducing or delaying the accumulation of glycosphingolipids in mouse models of
Sandhoff and Tay–Sachs disease, with improvement in survival and well-being of the Sandhoff
mice [62,63]. Also, in type 1 Gaucher disease patients, NB-DNJ has shown efficacy [64,65]
(reviewed in [66–70]). NB-DNJ has been licensed for clinical use in Type 1 Gaucher patients
(tradename Zavesca®), and is currently in clinical trials for other glycosphingolipid storage
disorders [71,72].

Glucosylceramide
The first step in the biosynthetic pathway of most complex glycosphingolipids is the production
of glucosylceramide. This step is catalyzed by glucosylceramide synthase (GCS, UDP-glucose:
N-acylsphingosine D-glucosyltransferase), which transfers the monosaccharide from UDP-
glucose to ceramide (Figure 1C). Among sphingolipids, glucosylceramide occupies a unique
position, both from a biochemical and a cell biological perspective. Firstly, in biosynthetic

van der Spoel et al. Page 5

Pharmacogenomics. Author manuscript; available in PMC 2009 September 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pathways it is situated between ‘simple’ sphingolipids (including the signaling molecules
sphingosine-1-phosphate and ceramide-1-phosphate [73,74]) and sphingolipids with complex
glycosylation (see previous paragraph). Glucosylceramide is the single entity that connects
these two families of sphingolipids, which each have branching metabolic pathways (Figure
1C). Secondly, cell biologically, glucosylceramide is the only glycosylated sphingolipid that
is located in the cytoplasmic leaflet of cellular membranes, so that it is oriented with its
hydrophilic headgroup extending in the cytoplasmic compartment [75,76]. The cytoplasmic
orientation of glucosylceramide is the consequence of the topology of glucosylceramide
synthase, which has its active site facing the cytoplasmic side of the Golgi (Figure 5A) [77–
79]. In stably transfected HeLa cells, glucosylceramide synthase is distributed over all Golgi
stacks, but is more concentrated in the medial/trans-cisternae [80]. All other
glycosyltransferases involved in glycosphingolipid biosynthesis, including ceramide
galactosyltransferase are active on the lumenal side of the Golgi. After translocating to the
lumenal side of the Golgi, glucosylceramide is further metabolized by these enzymes, to
produce lactosylceramide and more complex glycosphingolipids (Figure 1C & 5A).
Glucosylceramide can be degraded to glucose and ceramide in lysosomes, by
glucocerebrosidase (GBA, β-glucosidase 1), and in extralysosomal locations by β-glucosidase
2 (GBA2, nonlysosomal glucosylceramidase/bile acid β-glucosidase) (Figure 1C) [18,81].

Recent studies have suggested that glucosylceramide can be transferred from its site of
synthesis at the Golgi to other organelles through the cytoplasmic compartment, via a specific
transfer protein, FAPP2 (Figure 5A) [80,82]. In vitro, FAPP2 can mediate the transfer of
glucosylceramide between phospholipid vesicles, and, in FAPP2-deficient HeLa cells,
glucosylceramide remains mostly at the cis-side of the Golgi stack, instead of being in the
trans-cisternae and the trans-Golgi network [82]. Other data indicate that, in MEB4 cells,
FAPP2 is instrumental in the transport of glucosylceramide from its site of synthesis to the
endoplasmic reticulum (ER), where it translocates to the lumenal leaflet of the limiting
membrane (Figure 5A) [80]. It can be envisaged that the internalized glucosylceramide then
becomes available for the biosynthesis of complex glycosphingolipids via vesicular transport
to the Golgi. This explains the observation that in various cultured cells that have been depleted
for FAPP2, newly synthesized glucosylceramide accumulates, while the rate of biosynthesis
of complex glycosphingolipids diminishes [80,82].

Alkylated imino sugars & glucosylceramide
As mentioned above, NB-DNJ and NB-DGJ are inhibitors of enzymes involved in
carbohydrate, glycoprotein and glucosylceramide metabolism. Each of these imino sugars
affects a distinct set of enzymes, but it has become apparent that these two compounds share
two common enzyme targets. Thus, two enzymes have been identified that are sensitive to both
NB-DNJ and NB-DGJ. These enzymes are both involved in the metabolism of
glucosylceramide. They are GCS [83,84] and GBA2 (Figure 1C) [85,86]. It is important to
note that these enzymes differ in their sensitivities to inhibition by NB-DNJ and NB-DGJ –
GBA2 being the more susceptible enzyme (Figure 1C) [6]. Therefore, in vivo, drug dosage
determines whether one or both of these enzymes is/are inhibited. Low doses of NB-DNJ and
NB-DGJ (15–150 mg/kg/day, respectively) will only affect GBA2, whereas at higher doses
(600–2400 mg/kg/day) the activity of both enzymes will be reduced. At low imino sugar doses
the substrate of this enzyme, glucosylceramide, accumulates in tissues of drug-treated mice,
reaching (in testes) 6–8-times the levels found in control animals (Figure 5B) [6]. In turn, at
higher drug doses the biosynthesis of glucosylceramide is increasingly attenuated, so that
whole-testis glucosylceramide levels are not as high as at 15–150 mg/kg/day; at the highest
dose used (2400 mg/kg/day NB-DNJ) the biosynthetic enzyme is inhibited to such an extent
that whole-testis glucosylceramide levels are similar to those of untreated mice [6]. When
administration of low-dose NB-DNJ is extended from a few weeks to several months, testicular
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glucosylceramide levels do not rise any further, but remain at 6–8 times control levels [6]. The
drug-induced elevation of glucosylceramide is reversible: its level returns to normal within a
few weeks of drug withdrawal, even after 12 months of administration [6].

The data on the relationships between doses of NB-DNJ and NB-DGJ and testicular
glucosylceramide levels all come from studies in C57BL/6 mice. However, more recently
glucosylceramide levels have also been measured in ten other inbred mouse strains (129S1/
SvImJ, AKR, BALB/c, C3H, C57BL/10, C57BR, DBA2, FVB, MA/My and NZW). After
treating males of these strains with low-dose NB-DNJ, testicular glucosylceramide levels were
found to be raised in all strains, comparable to drug-treated C57BL/6 mice [6]. Thus the genetic
background of the mice does not determine the primary biochemical effect of the imino sugar
when it is administered at 15–150 mg/kg/day.

In this context it is important to consider the cell biology of glucosylceramide. A major
uncertaintly here is the subcellular location of GBA2, as current reports on the subcellular
localization of this glucosylceramidase are not in agreement. By density gradient
electrophoresis of organelles from Mel JuSo human melanoma cells, the β-glucosidase activity
was found in fractions containing light endosomes [86]. Similarly, in transfected COS-7 cells,
human GBA2-GFP fusion proteins were preferentially localized at the plasma membrane
(Figure 5) [18]. However, in COS cells overexpressing GBA2 by itself, the protein displayed
a distribution indicative of an association with the ER (as detected with an anti-GBA2
antiserum) (Figure 5) [81].

Assuming that GBA2 is present at the plasma membrane, glucosylceramide will initially
accumulate at this location upon low-dose NB-DNJ administration. Subsequently, this
sphingolipid will be subject to the constitutive endocytosis of cell-surface glycosphingolipids
(reviewed in [87,88]). Accordingly, most of the internalized glucosylceramide will be
transported to lysosomes, where it is degraded, while a small proportion may traffic to the
trans-Golgi (Figure 5B). The latter pool of glucosylceramide may translocate to the Golgi
lumen and be converted to complex glycosphingolipids. Two experimental findings support
this scenario. Firstly, in tissues from drug-treated animals, the level of glucosylceramide is
several-fold higher than in controls, but it is stationary – there is no continuous increase in
glucosylceramide in these tissues [6], in spite of the fact that the biosynthesis of
glucosylceramide is not held back. Secondly, in the testes from low-dose NB-DNJ-treated
animals, there is a modest increase in the levels of complex glycosphingolipids [6]. This may
be the result of a fraction of the internalized glucosylceramide being recycled to the trans-
Golgi. Therefore, current evidence suggests that, when GBA2 is inhibited, a localized pool of
supraphysiological glucosylceramide is generated, the size of which is primarily limited by
lysosomal degradation, and, to a much smaller extent, by recycling via the Golgi. Nevertheless,
it is important to note that most studies on (glyco)sphingolipid biochemistry and cell biology
have been carried out with somatic cells, and that at present our knowledge on these processes
in haploid male germ cells is limited.

Glucosylceramide metabolism & acrosome formation
Considering that, in C57BL/6 mice, NB-DNJ and NB-DGJ give rise to a reproductive
phenotype at low doses (≥15–150 mg/kg/day, respectively), and that, at such drug doses, the
serum level of NB-DNJ exceeds its in vitro IC50 towards GBA2 (but remains well below the
corresponding value for ceramide glucosyltransferase), it is most likely that the reproductive
phenotype is owing to inhibition of GBA2 [6]. This is in agreement with the finding that GBA2-
deficient mice, which have a reproductive phenotype that is comparable to that of imino sugar-
treated mice, also have increased levels of glucosylceramide in their testes [81]. The available
data thus support the idea that, in C57BL/6 mice, the imino sugar-induced disturbance of
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acrosome formation is mediated by inhibition of GBA2 and subsequent increase in
glucosylceramide [6].

The causative cascade, through which the higher level of glucosylceramide has an impact on
acrosome development, remains to be delineated. To this end it is important to identify those
lipids and proteins of which the functioning is altered by an abundance of glucosylceramide.
One such protein has been put forward by van Meer et al. They suggest that glucosylceramide
positively regulates the activity of the vacuolar proton-ATPase (V-ATPase) [80], which
controls the luminal pH of intracellular compartments, including endosomes, lysosomes and
the Golgi (Figure 5) (for reviews, see [89,90]). However, the impact of glucosylceramide on
the vacuolar ATPase in germ cells is not clear at present.

Genetics, beyond genetics (& mice)
Ultimately, it is our aim to build a model that takes into account that after NB-DNJ treatment
the highly aberrant sperm phenotype is only seen in a subset of spermatozoa from each mouse
(regardless of its genotype), and that the size of this subset depends on the genetic constitution
of the mouse.

It is intriguing that after NB-DNJ treatment only a proportion (small, large or anywhere
inbetween) of the spermatozoa from a mouse develops abnormally. Similarly, it is fascinating
that in man different spermatids develop in different ways, as within one man only a proportion
of spermatozoa has a ‘normal’ morphology and functionality, while the remainder develop in
various abnormal ways, resulting in a heterogeneous collection of spermatozoa (for example
[91–93]). The fact that spermatids of one individual mouse/man, experiencing the same
environmental influences (e.g., small molecules), can develop in different ways, points to a
heterogeneity among the germ cells that determines the course of their development. The
relevant heterogeneity between individual spermatids may be present at the genetic level, a
consequence of recombinations in the progenitor spermatocyte. Alternatively, the
heterogeneity between spermatids may be present at the transcriptional, translational or
metabolic level. There is indeed increasing appreciation for the significance of differences
between morphologically similar cells of one individual, in levels of gene expression,
translational efficiency or metabolic processes. These differences may be stochastic in nature
[94–97]. Thus, cellular individuality may underlie the variation in the course of spermatid
maturation observed in individual NB-DNJ-treated mice; this may also apply to germ cell
development in man. It is important to determine at what level the crucial differences between
spermatids lie, and characterize the relevant parameters, especially considering the current
concern regarding spermatogenesis in man (for example [98–100]). This will require analysis
of mRNA, protein and metabolite levels in individual germ cells, and may benefit from new
analytical methodologies for single cells [101,102].

We have established that one of the factors that can affect spermatid development in mice is
the level of glucosylceramide. It can be envisaged that the outcome of NB-DNJ administration
for an individual spermatid depends on the following: the level of glucosylceramide in that
particular cell (dependent on the local imino sugar concentration and the flux through GBA2
in this cell); the genetic constitution of the spermatid, specifying which allelic variants of
proteins forming the glucosylceramide-sensitive pathway are expressed, and at what level; and
stochastic variation between cells, in glucosylceramide level, and in levels of proteins that
make up the glucosylceramide-sensitive pathway. In this model, C57BL/6 mice can be assumed
to carry exclusively those alleles of proteins that are highly sensitive to glucosylceramide, so
that the level of glucosylceramide in almost all spermatids is sufficient to impair acrosome
formation. Thus, in this case the stochastic variation between cells in glucosylceramide level
is of very little consequence. By contrast, FVB/N mice will possess those allelic variants that
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are insensitive to glucosylceramide. Thus in the large majority of FVB/N spermatids, the
glucosylceramide concentration is not sufficient to have an effect. Finally, in mice with a mixed
genetic constitution, the glucosylceramide-sensitive pathway may have an intermediate affinity
for glucosylceramide. In these mice, the glucosylceramide level in individual spermatids
(having a stochastic distribution over all spermatids) is the crucial parameter determining the
course of germ cell development.

Within the framework of this model, one can speculate on the reasons for the lack of a
reproductive effect of NB-DNJ in male rabbits and in man. Possibly, the flux of
glucosylceramide through GBA2 may be much lower than in mice, so that, after drug
administration, the level of glucosylceramide is increased, but remains well below the level
reached in murine testes, so that the glucosylceramide-sensitive proteins are not affected and
acrosome formation proceeds unperturbed. Alternatively, these species have in common with
the drug-insensitive mouse strains that they express an allelic variant of a protein that is less
sensitive to glucosylceramide.

Future perspective
Clearly, the reproductive phenotype induced by NB-DNJ in male mice is highly variable, and
is dependent on genetic background. We have also seen that the susceptibility of post-meiotic
male germ cells to the consequences of imino sugar administration can be regarded as a
complex pharmacogenetic trait, involving the pharmacodynamics of the drug. Thus it is to be
expected that the imino sugar susceptibility, like many other complex traits, is determined by
multiple genetic features. The anticipation is therefore that multiple quantitative trait loci
(QTLs) will be found that together are responsible for the observed variation in imino sugar
sensitivity.

The challenge is now to move from imino sugar pharmacogenetics to pharmacogenomics, to
be able to explain the variation in response to the drug on the basis of nucleotide differences
between mouse strains. This is indeed a challenge as of the many complex quantitative traits,
for which QTLs have been mapped, only very few have been resolved at the nucleotide level
(reviewed in [103]). Current mapping strategies to identify the genetic variation underlying a
QTL are limited by the effect size of the QTL, the percentage of the total phenotypic variation
that is explained by one QTL (or a combination of QTLs) [103]. Individual QTLs with a
substantial contribution to the total phenotypic variation are more likely to be reduced to
quantitative trait nucleotides than those with small effect sizes. The QTLs that have at present
been resolved at the nucleotide level, have in common that on average they control
approximately a quarter of the total phenotypic variation [103]. Therefore, in order to estimate
the likelihood of identifying quantitative trait nucleotides linked to the pharmacogenetics of
NB-DNJ, it will be informative to determine how many high-resolution QTLs underlie this
complex trait. Currently, efforts are underway to identify and fine-map QTLs that are
associated with reproductive effects of the imino sugar. This endeavor, as well as other murine
pharmacogenetic studies, are likely to benefit from the increasing array of resources and
approaches that are available for complex trait analysis in mice (see [103–107] for overviews).
Recently, Su et al. successfully followed a mouse intercross strategy to identify QTLs and
candidate genes that control aspects of lipid metabolism and distribution [108].

Our knowledge regarding the biochemical pathways that are affected by NB-DNJ and of the
cell biology that is impacted by the drug may facilitate the design of functional studies needed
to substantiate the involvement of candidate proteins. Most of the enzymes involved in the
metabolism of simple and complex sphingolipids have been identified, and improved methods
for quantitation of sphingolipids in biological samples are being developed [109–111]. As both
sphingolipid biochemistry and male germ cell development are of significant biological
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importance and require further understanding, it is of considerable interest to take this project
to the next step.

Executive summary

The alkylated imino sugar N-butyldeoxynojirimycin can cause male mice to become
infertile

• The affected mice produce over 90% grossly abnormal spermatozoa that do not
have an acrosome and are poorly motile.

• Administration of the drug to C57BL/6 mice first impacts the early steps of
acrosome formation: it leads to aberrant behavior of pro-acrosomal dense-core
vesicles.

Imino sugar pharmacogenetics

• The reproductive effect of N-butyldeoxynojirimycin (NB-DNJ) is limited to a
number of inbred strains from the C57 lineage.

• Intercross mice generated from a high- and a low-responding strain display a
continuous range of effects of the drug.

• The susceptibility for the spermatogenic impact of NB-DNJ is not inherited in a
Mendelian fashion, and can be considered a quantitative trait.

NB-DNJ affects glycosphingolipid metabolism

• NB-DNJ acts in vitro and in vivo as inhibitor of β-glucosidase 2, which is an
extralysosomal membrane-bound glucosylceramidase, it cleaves
glucosylceramide in glucose and ceramide.

• Administration of NB-DNJ at low doses significantly elevates testicular
glucosylceramide in inbred mice, irrespective of strain background.

Impact of glucosylceramide on acrosome formation

• In C57BL/6 mice and in related strains, some of the enzymes and other proteins
that are involved in early acrosome formation may be affected by higher
glucosylceramide levels.

• Other inbred strains may express allelic variants of such enzymes that differ in
their susceptibility to glucosylceramide.

Model for sperm heterogeneity within individual mice (or men)

• A model is presented that takes into account that after NB-DNJ treatment the highly
aberrant sperm phenotype is only seen in a subset of spermatozoa from each mouse
(regardless of its genotype), and that the size of this subset depends on the genetic
constitution of the mouse.

• This model can also be applied to human spermatogenesis, and predicts that the
morphological and functional heterogeneity between human spermatozoa may be
owing to either genetic or stochastic nongenomic differences between individual
germ cells.

Imino sugar pharmacogenomics

• Efforts are underway to identify quantitative trait loci and the relevant genes that
control the reproductive outcome of NB-DNJ administration in male mice.
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• This endeavor may provide novel insights in the biochemical role of
glucosylceramide, a ubiquitous eukaryotic sphingolipid, and in the early steps of
acrosome formation, an essential event in mammalian spermatogenesis.
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Figure 1. Structural formulas and metabolic pathways
(A) Structural formula and model of NB-DNJ (miglustat, Zavesca®). The molecule differs
from glucose in the presence of a nitrogen in the ring (where glucose has an oxygen), the butyl
moiety linked to the ring nitrogen, and in the absence of a hydroxyl group from position 1.
(B) Structural formula and model of glucosylceramide with an acyl chain of 24 carbons, without
unsaturated bonds. (C) Metabolism of sphingolipids, focusing on glucosylceramide. Both the
biosynthetic enzyme GCS as well as the degradative enzyme GBA2 can be inhibited by NB-
DNJ and NB-DGJ, but GBA2 is much more sensitive to these compounds. This is evident from
the differences between the IC50 values of the two drugs towards GCS and GBA2.
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Colour code for molecular models: White: Hydrogen; Green: Carbon; Red: Oxygen; Blue:
Nitrogen.
Cer: Ceramide; GBA2: β-glucosidase 2; GCS: GlcCer synthase; Glc: Glucose; GlcCer:
Glucosylceramide; LacCer: Lactosylceramide; NB-DGJ: N-butyldeoxygalactonojirimycin;
NB-DNJ: N-butyldeoxynojirimycin.
Panel (C) adapted from [6].
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Figure 2. Effect of NB-DNJ on morphology of spermatozoa from C57BL/6 mice
Cells were from control mice (A, G) and from NB-DNJ-treated animals (15–150 mg/kg/day)
(B–F, H). Images were obtained by scanning electron microscopy (A–F) and fluorescence
microscopy (G, H). In the latter panels, acrosomal structures were detected with an
antiacrosomal monoclonal antibody (green) and nuclei were stained with propidium iodide
(red). Evident is the lack of acrosomes from the majority of spermatozoa from drug-treated
mice, as well as the morphological heterogeneity of sperm heads and nuclei, which is in great
contrast with the uniformity of spermatozoa from control mice.
NB-DNJ: N-butyldeoxynojirimycin
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Figure 3. Acrosome development
(A) Depicts a murine step 5 spermatid, with its acrosome covering a significant portion of the
nuclear envelope. Indicated are the subacrosomal layer (red) in between the acrosome and the
nuclear envelope, and the nuclear lamina (gray), on the inner aspect of the nuclear envelope.
Also important to note that in these cells the Golgi is oriented with its trans-cisternae facing
the nucleus.
(B) Depicts a round spermatid from a C57BL/6 mouse that has been treated with a low-dose
of NB-DNJ or NB-DGJ. Associated with the nuclear envelope are multiple proacrosomal
vesicles, each accompanied by a small amount of subacrosomal material. The nuclear lamina
is present as in control spermatids.
NB-DGJ: N-butyldeoxygalactonojirimycin; NB-DNJ: N-butyldeoxynojirimycin.
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Figure 4. Imino sugar pharmacogenetics
(Strains) Graphical representation of the differences in the reproductive effect of NB-DNJ
between 19 inbred mouse strains. The mice were from the Swiss (FVB/N) and Castle (129S1/
SvImJ, A/J, AKR/J, BALB/c, C3H/HeN, CBA/Ca, DBA/2, NZB, NZW and SM/J) families of
strains, from the C57 lineage (C57BL/10, C57BR, C57L, C58, MA/My and YBR), and from
a mixed background (MRL/Mp). Average standard deviation in percentage abnormal sperm
nuclei was 2% (range 0.2–9%, n = 2–3 mice per strain). Indicated are the positions of C57BL/
6 and FVB/N mice, which differ widely in their responses to NB-DNJ. (C57 × FVB cross)
Indicated are the results of drug administration in individual C57BL/6 × FVB/N intercross
mice. As most – but not all – hybrid mice had a similar response as FVB/N mice, the dots
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around the baseline are overlapping. The effect of NB-DNJ in the remainder of the intercross
mice varied widely.
NB-DNJ: N-butyldeoxynojirimycin.
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Figure 5. Glycosphingolipid cell biology
Depicts part of the metabolism and intracellular movements of glucosylceramide and complex
glycosphingolipids in somatic cells, based on the available experimental data (see text for
references). (A) Control cell. Glucosylceramide is produced by GCS, situated at the
cytoplasmic face of the cis-Golgi. Glucosylceramide is transported through the Golgi stack by
vesicular transport, but it can also be transferred to the trans-Golgi and other locations in the
cell, by the protein FAPP2. At the trans-Golgi, glucosylceramide is translocated from the
cytoplasmic to the lumenal side, and there it is converted to complex glycosphingolipids.
Alternatively, glucosylceramide is transported to the cytoplasmic leaflet of plasma membrane
via vesicular or nonvesicular means. It is here (or at the ER) that this glycolipid is cleaved by
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GBA2, to yield ceramide and glucose. (B) Cell cultured in the presence of a low concentration
of NB-DNJ or NB-DGJ. These drugs reduce the activity of GBA2. Consequently,
glucosylceramide accumulates at sites where GBA2 is present (either the ER or the plasma
membrane – see text). From the plasma membrane, supraphysiological levels of
glucosylceramide may enter the endocytic pathway. Most of the internalized glucosylceramide
is transported to lysosomes, where it is degraded, while a small fraction of this pool is recycled
to the trans-Golgi.
ER: Endoplasmic reticulum; GBA2: β-glucosidase 2; GCS: Glucosylceramide synthase; NB-
DGJ: N-butyldeoxygalactonojirimycin; NB-DNJ: N-butyldeoxynojirimycin.
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