
Glycochemistry Today� CHIMIA 2011, 65, No. 1/2  35
doi:10.2533/chimia.2011.35 � Chimia 65 (2011) 35–39  © Schweizerische Chemische Gesellschaft

*Correspondence: Dr. T. D. Butters
Oxford Glycobiology Institute
Department of Biochemistry
Oxford University
South Parks Road
Oxford OX1 3QU, UK
Tel.: +44 1865 275725
Fax: +44 1865 275216
E-mail: terry.butters@bioch.ox.ac.uk

Therapeutic Targets for Inhibitors  
of Glycosylation

Dominic S. Alonzi and Terry D. Butters*

Abstract: Small molecule inhibitors of glycoconjugate metabolism are being exploited for therapeutic benefit in a 
number of human disorders. As examples of this class of compound, imino sugars, as monosaccharide mimics, 
have a number of advantages for compound design and synthesis to define biological activity. As polyhydroxyl-
ated molecules, each chiral centre offers manipulation to generate isomers with restricted or enhanced mimicry, 
and the endocyclic nitrogen atom is readily modified to gain selectivity, increase potency or improve pharmaco-
dynamics. This review focuses on the discovery of imino sugars that have considerable potential for treating a 
diverse range of diseases, from lysosomal storage disorders diabetes and cystic fibrosis to viral pathogenesis, 
and addresses the mechanism of action that is dictated by structural modification.
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Introduction

Imino sugars are polyhydroxylated intra-
molecular nitrogen molecules that adopt 
similar spatial conformations to monosac-
charides. These properties endow imino 
sugars with inhibitory potency for glyco-
sidases and in some cases glycosyltrans-
ferases where structural mimicry of the 
acceptor is the basis for competitive in-
hibition.[1] Many imino sugars are natural 
products but chemical synthesis involving 
manipulation of each stereocentre has al-
lowed improvement, largely through em-
pirical studies, in potency and selectivity.

The disorders that have been treated in 
man range from the orphan drug diseases 
where less than 1 in 10,000 persons may 
be affected, to viral pathogenesis where 
as many as 500 million people may have 
an exposure that is life threatening. One 
application of imino sugars that will be 
discussed is the treatment of disorders of 
catabolism leading to lysosomal accumu-

lation of undegraded or partially degraded 
glycosphingolipids (GSL) that results in 
pathology.[2–4]

Lysosomal Storage Disorders (LSD)

Lysosomal degradation of glycosphin-
golipids is catalysed by glycosidases and a 
number of inherited disorders are seen in 
man where the lack of lysosomal enzyme 
activity, due to mutations in the gene en-
coding the relevant protein, results in lyso-
somal storage of the enzyme’s substrate.[1,5] 
More than 40 lysosomal storage diseases 
are known of which at least ten are due 
to defective sphingolipid degradation.[6,7] 
The family of lysosomal storage disor-
ders includes Gaucher, Fabry, Tay-Sachs, 
Sandhoff disease, GMI gangliosidosis 
where GSLs are the major accumulated 
products. However, GSLs, such as GM2 
and GM3 ganglioside, may also accumu-
late secondarily as seen in Niemann-Pick 
type C (NPC) disease. This additional ac-
cumulation, predominantly observed in 
axons of neurons and ectopic dendrites 
appear identical to those observed in the 
gangliosidoses.[8] Defects in ganglioside 
metabolism result in neuronal dysfunction 
due to secondary storage of GSLs in NPC. 
The mechanism behind the accumulation 
of gangliosides leading to pathogenesis in 
this and many types of lysosomal storage, 
is unclear but pro-inflammatory cytokine 
cascades are involved.[9]

Substrate Reduction Therapy
Pharmacological intervention as a 

therapy for the LSDs, as an alternative to 
enzyme replacement therapy (ERT) was 
realised following the discovery that N-al-
kylated imino sugars of gluco- and galacto-

stereochemistry were potent inhibitors of 
ceramide glucosyltransferase (CGT).[10–12] 
Alkyl and arylalkyl chains were effective 
and 3–18 carbon atoms were required for 
inhibitory activity that increased with chain 
length as assessed using in vitro assays 
and cellular studies.[10–13] The therapeutic 
strategy of SRT is to reduce GSL substrate 
influx to the lysosome by partial biosyn-
thetic inhibition. The residual mutant en-
zyme activity then has a greater kinetic 
opportunity to catabolise the lysosomal 
burden, eventually leading to clearance. 
A compound that had previously been in 
clinical trials for HIV, N-butyl-DNJ (1), 
was successful in efficacy studies in Gau-
cher type I patients,[14] leading to approval 
of use in Europe, Israel and USA and is 
now marketed as Zavesca by Actelion. The 
evaluation of Zavesca in other indications, 
including the gangliosidoses and NP-C has 
been reported with mixed success.[15–25] 
Several attempts to improve inhibitory po-
tency, or selectivity have been published, 
mostly based on lipophilic substitution of 
the piperidine endocyclic nitrogen[26] but 
conduramine[27] and pyrrolidine scaffolds 
have been assessed.[10,28] 

Chaperone Mediated Therapy
The discovery that imino sugars with 

the correct stereochemistry are potent in-
hibitors of glycosidases that are deficient 
in the LSDs, also enhance enzymatic activ-
ity at sub-inhibitory concentrations,[29] has 
led to a further therapeutic opportunity to 
exploit these molecules. Imino sugar bind-
ing to proteins as they fold in the endo-
plasmic reticulum (ER) helps to stabilise 
enzyme conformation under non-inhibito-
ry conditions, since there is no substrate 
in the ER lumen. This interaction enables 
enzymes to traffic to the lysosome more 
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quired to inhibit ER a-glucosidase I has 
been measured, often requiring 1–10,000 
times that which inhibits the purified en-
zyme in vitro,[62] in contrast to inhibition of 
ceramide glucosyltransferase.[61]

Since the finding that imino sugars 
were antiviral against HIV, there has been 
considerable interest in studying the anti-
viral effects of N-alkylated imino sugars 
against hepatitis viruses belonging to the 
Flaviridae family, e.g. N-nonyl DNJ (NN-
DNJ) (8) against woodchuck hepatitis vi-
rus (WHV)[43] and bovine viral diarrhoea 
virus (BVDV).[44] The secretion of HBV 
from cultured hepatoblastoma cells has 
also been demonstrated to be sensitive 
to a-glucosidase inhibition. Woodchucks 
chronically infected with WHV, the ani-
mal model of HBV, following treatment 
with the long chain a-glucosidase inhibi-
tor, NN-DNJ (8), showed a dose-depen-
dent decrease in enveloped WHV. This 
antiviral effect correlated with an increase 
in glucosylated glycoproteins detected in 
plasma.[43]

Experiments performed in MDBK 
cells infected with BVDV, the cell culture 
model of hepatitis C, have shown that NB-
DNJ and to a greater extent NN-DNJ re-
duced the secretion of infectious BVDV.[45] 
The association of the BVDV envelope 
glycoproteins E1 and E2 with calnexin is 
prevented in the presence of NB-DNJ re-
sulting in misfolding and inefficient for-
mation of E1 and E2 heterodimers.[44] The 
disrupted folding and association of E1 
and E2 is dose dependent and correlates 
with antiviral effects of NB-DNJ. NN-DNJ 
has an antiviral effect on other members of 
the Flaviridae family of viruses, Japanese 
encephalitis virus (JEV) and dengue virus 
serotype 2.[46]

A study using a panel of galacto-imino 
sugars demonstrated a second antiviral 
property of long-chain compounds (opti-
mally N-nonyl) against BVDV that is un-
related to the protein misfolding induced 
by gluco-analogues. Treatment of BVDV-
infected cells with N-nonyl- and N-7-
oxadecyl-deoxygalactonojirimycin (9), 
that are not ER a-glucosidase inhibitors, 
resulted in the secretion of viral particles 
with reduced infectivity.[47,48]

The re-emergence of dengue virus as 
a major human pathogen has led to an in-
crease in studying the potential of imino 
sugars as therapeutics, with α-glucosidase 
II being shown to be a host cell require-
ment for dengue virus infection.[63] The 
host cell factors for viral biogenesis is a 
particularly attractive target since treat-
ment with imino sugars does not result in 
any escape mutants observed with other 
therapies, especially those dependent on 
virally encoded proteins.[64]

The main mechanism of action ap-
pears to be the inhibition of the ER 

efficiently (i.e. less misfolded enzyme has 
been degraded) leading to an increase in 
enzyme activity following dissociation of 
the inhibitor in a substrate-rich, low pH 
environment. Studies with Fabry and Gau-
cher mutant cells[30,31] and transgenic mice 
engineered for human mutations in a-ga-
lactosidase and b-glucocerebrosidase[32,33] 
have formed the basis for a clinical evalua-
tion. Deoxygalactonojirimycin, DGJ (2), is 
an effective chaperone for a-galactosidase 
and is in Phase III clinical trials (Amicus 
Therapeutics). In Phase II clinical trials in 
Gaucher patients (Amicus Therapeutics), 
the lack of clinical improvement, despite 
an enhancement of mutant glucocerebrosi-
dase activity by isofagamine (3), was un-
expected and progression to Phase III has 
been temporarily halted. 

Zavesca also has shown some improve-
ment in mutant N370S glucocerebrosidase 
and may therefore have a dual activity in 
the clinical improvement of disease phe-
notype in Gaucher disease.[34]

Glycogenolysis type II or Pompe dis-
ease, is a deficiency in lysosomal a-glu-
cosidase activity and is a tractable disease 
for CMT. The small molecular weight, 
lack of cytotoxicity and glucose mimicry 
of the deoxynojirimycins endows these 
molecules with properties as being good 
candidates for therapy and has led to Phase 
I clinical trials of DNJ (4) (Table 1). The 
alkylated DNJ compounds are also po-
tential therapeutics for this indication and 
N-butyl-DNJ has also shown a synergistic 
activity with ERT in enhancing enzyme 
activity.[36]

Type II Diabetes
Miglitol (N-hydroxyethyl-DNJ) was 

the first imino sugar to be granted ap-
proval for any therapeutic indication in 
man (5) (Table 1). As a potent a-gluco-
sidase inhibitor, this compound reduces 
the activity of the intestinal disacchari-
dase, especially following a meal, and is 
used to control glucose uptake in com-
promised individuals with type 2 dia-
betes. The choice of this compound by 
Bayer now seems rather fortunate since 
it shows few other side effects due to in-
hibition of ceramide glucosyltransferase 
and ER-a-glucosidases in cellular assays 
(Alonzi & Butters, unpublished). Zaves-
ca, N-butyl-DNJ, also inhibits intestinal 
disaccharidases and is regarded as a side 
effect that can be readily resolved in pa-
tients taking this drug for the treatment 
of Gaucher disease. Recent data by Aerts 
and colleagues have described a further 
mechanism shared by N-butyl-DNJ and 
some adamantanyl-DNJ compounds (6) 
that leads to an improvement in glycemic 
control in diabetes induced obesity. Insu-
lin sensitivity can be increased following 
GSL inhibition and like inhibition of di-

saccharidases, aids the reduction in circu-
lating glucose levels.[37,38,52]

Inhibition of Viral Biogenesis

Imino sugar glucose mimics, such as 
DNJ and castanospermine, were found to 
have potential HIV treatment, with a-gluco-
sidase inhibition appearing to be the mecha-
nism that reduced the titre of HIV (human 
immunodeficiency virus) in vitro.[53,54] 
It was subsequently shown that N-alkyla-
tion of DNJ with an N-methyl, N-ethyl or 
N-butyl side chain greatly increased this 
activity at non-cytotoxic concentrations.[55] 
Further work confirmed ER a-glucosidase 
inhibition to be a candidate mechanism for 
the antiviral activity of NB-DNJ following 
analysis of the N-linked glycosylation of 
HIV envelope glycoprotein gp-120 that 
revealed profound alterations in the pres-
ence of this compound.[56] Using confor-
mationally-dependent antibodies to gp 
120, it was discovered that a-glucosidase 
inhibition led to subtle changes in the V1 
and V2 loops of gp120 folding, preventing 
the conformational change required to ex-
pose the fusogenic peptide gp41.[57,58] This 
resulted in the inability of HIV to fuse with 
the target cell thus blocking the life cycle 
of the virus at the viral entry stage. When 
NB-DNJ was evaluated in patients with 
AIDS (acquired immunodeficiency syn-
drome) the drug was poorly tolerated at 
high doses and the concentration achieved 
in plasma was insufficient to achieve a re-
duction in viral titre alone[59] or in com-
bination with azidothymidine (AZT).[60] A 
6-butanoyl ester derivative of castanosper-
mine (7) was 50 times more potent than 
NB-DNJ against HIV-1,[39] and has dem-
onstrated efficacy for reducing viremia in 
Herpes simplex virus (HSV-1),[40] hepatitis 
B (HBV)[41] and mouse models for dengue 
virus.[42] Preliminary data for combination 
therapy (with interferon) Phase II clinical 
trials were reported in 2007 (Migenix). 

The inhibition of ER glucosidases 
causes the disruption of the N-linked oli-
gosaccharide processing in cells. Imino 
sugars cross the plasma membrane quickly 
and efficiently such that the concentration 
of compound in the cytosol is at equilibri-
um with the extracellular concentration.[61] 
N-Alkylated DNJ analogues enter the cell 
rapidly where they directly interact with 
the ceramide glucosyltransferase on the 
cytosolic side of the cis Golgi. However, 
to interact with ER a-glucosidases the im-
ino sugar has to gain entry to the ER and 
hence alter N-linked processing. The rate 
of entry into this organelle is unknown, but 
the concentration of imino sugar is much 
lower in the ER lumen, than is supplied ex-
ogenously. Evidence for this comes from 
experiments where the concentration re-
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α-glucosidases since several broad spec-
trum antivirals act to a similar extent 
against viruses which have no viral ion 
pore, such as dengue virus, and no syn-
ergy with long alkyl chain imino sugars in 
viral ion pore dependent viruses, such as 
HCV, is observed. The lack of ER access 
and poor inhibitory activity of clinically 
approved therapeutics such as NB-DNJ 
remains the major hurdle to an effective 
broad spectrum antiviral. This has led to 
two major developments for solving this 
problem; generating a better inhibitor of 
ER α-glucosidases or providing a delivery 
method to the intracellular site of action. 
The latter has been achieved by targeted 
liposome-mediated delivery of imino 
sugars. This has been shown to be effec-
tive using weak cellular inhibitors, such 
as NB-DNJ, in HIV and HCV where in 
the latter virus, liposomes alone showed 
a dramatic effect in reducing viral copy 
numbers.[65,66] Other delivery improve-
ments could utilise peptide-conjugated 
technology. However, in all cases the 
idea of an orally delivered monotherapy 
remains an attractive goal. A nanomolar 
α-glucosidase inhibitor, NAP-DNJ (10)[49] 
has been reported and although its full 
antiviral potential has yet to be fully 
characterised, should have considerable 
potential (Table 1). Other novel imino 
sugar derivatives (11) (Table 1) have also 
been shown to have potent antiviral activ-
ity against dengue in vitro and West Nile 
Virus as well as being significantly less 
cytotoxic than NN-DNJ for example.[50]

Cystic Fibrosis 

Human genetic diseases such as cystic 
fibrosis (CF) and α1-antitrypsin deficiency 
are well known examples of impaired or 
aberrant folding in the ER where mutant 
polypeptides accumulate and are degraded 
by the cell before functionality is acquired. 
The most common mutation that results in 
CF is in the CF transmembrane regulator 
(CFTR), which is a chloride channel at 
the plasma membrane.[67] The mutation is 
a deletion of Phe-508 (ΔF508) of CFTR 
leading to ER retention.[68] However, this 
mutant would be functional if it were able 
to traffic correctly to the plasma mem-
brane.[69] Becq and colleagues showed 
that treatment with NB-DNJ appeared to 
prevent ΔF508-CFTR/calnexin interaction 
and hence restored cAMP-activated chlo-
ride current in human and mouse epithe-
lial CF cells. By contrast, NB-DGJ, had 
no effect.[35] Moreover, NB-DNJ rescued 
a mature and functional ΔF508-CFTR in 
the intestinal crypts of ileal mucosa from 
ΔF508 mice.[35] Inhibition of glucosidases, 
the proposed mechanism of action, may 
not be an exclusive means whereby imino 

sugars can chaperone mutant proteins from 
the ER. The recently synthesised imino 
sugar IsoLAB (12) (Table 1), which has no 
ER α-glucosidase or other glycohydrolase 
inhibitory activity, partially rescues defec-
tive ΔF508-CFTR.[51]

Conclusions and Future 
Perspectives

Imino sugars may be powerful lead 
compounds to therapeutics. They can act 
as charge transition state analogues and 
enzyme inhibitors. The inhibitory potential 
of imino sugars has been harnessed to en-
hance enzyme activity due to their role as 
molecular chaperones. For therapeutic ex-
ploitation there is a need for better inhibi-
tors/chaperones. NAP-DNJ for example 
is 50-fold better than NB-DNJ in vitro and 
in cells and could be predicted to have an 
improved activity in reducing viral biogen-
esis. One critical determinant for increas-
ing potency is the length of the N‑alkyl 
chain, where a six-carbon spacer appears 
optimal for a-glucosidase inhibition.[70] 
The addition of alkyl chains and a variety 
of substituents to the ring nitrogen permits 
endless scope for variety and can lead the 
archetypal imino sugar therapeutics away 
from perturbing classical carbohydrate 
pathways. Endocyclic nitrogen substitu-
tions may improve secondary mechanisms 
and aid cellular or intracellular targeting 
which makes these attractive drug leads for 
the therapy of viral diseases, in particular.
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