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ABSTRACT
Insulin resistance and hyperglycemia are prominently corrected in obese rodents
by reduction of tissue glycosphingolipids with the inhibitor of glucosylceramide
synthase N-(5-adamantane-1-yl-methoxy)-pentyl-1-deoxynojirimycin (AMP-DNM).
Excessive O-GlcNAcylation of proteins, including mediators of insulin signalling,
also occurs during hyperglycemia, and contributes to impaired insulin signalling.
Here we show that in ZDF rats, AMP-DNM treatment improves insulin sensitivity
and concomitantly reduces excessive O-GlcNAcylation of proteins in adipose
tissue, muscle and liver. Furthermore, it was established by immunoprecipitation
studies that several proteins of the insulin signalling cascade, such as IRS-1, PI3K
and PKB, are excessively O-GlcNAcylated in untreated ZDF rats and that this was
corrected by AMP-DNM treatment. In the case of cultured HepG2 cells, AMP-DNM
also reduced protein O-GlcNAcylation. Molecular mimicry between ceramide
glucosylation and serine O-GlcNAcylation, led us to examine whether AMP-DNM
directly interferes with the activity of enzymes involved in O-GlcNAcylation.
Neither recombinantly produced O-β-N-acetylglucosaminyltransferase (OGT) nor
O-beta-N-acetylglucosaminidase (O-GlcNAcase) was affected by AMP-DNM. The
N-acetylglucosamine analogue of AMP-DNM, theoretically more closely mimicking
the transition state intermediate of O-GlcNAc modification, did also not change
protein O-GlcNAcylation or inhibit OGT. In conclusion, the noted correction in
protein O-GlcNAcylation in ZDF-rats and HepG2 cells treated with AMP-DNM is
not due to a direct interference of the aza-sugar with enzymes involved in protein
O-GlcNAc modification. 

INTRODUCTION
Obesity is well known to be associated with the development of type 2 diabetes
mellitus (T2DM), for which insulin resistance is the first discernable abnormality.
The correlation of intramyocellular lipid levels and insulin resistance suggests that
lipotoxicity is a key player in the development of insulin resistance (1). A growing
body of data links increased cellular concentrations of ceramide and/or its
glycosphingolipid metabolites to insulin resistance (2). A regulatory role for
glycosphingolipids, in particular the ganglioside GM3, in insulin sensitivity is
indicated by observations with cultured cells and rodent models of insulin
resistance. Interaction of gangliosides with the insulin receptor was originally
described by Nojiri et al. for leukemic cell lines (3). Next, Tagami and co-workers
demonstrated that addition of GM3 to cultured adipocytes suppresses
phosphorylation of the insulin receptor (IR) and its down-stream substrate IRS-1,
resulting in reduced glucose uptake (4). Inokuchi and co-workers demonstrated
that exposure of cultured adipocytes to TNF-alpha increases GM3 and inhibits IR
and IRS-1 phosphorylation. These effects are counteracted by 1-phenyl-2-
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decanoylamino-3-morpholinopropanol (PDMP), an inhibitor of glycosphingolipid 
biosynthesis (5). Mutant mice lacking GM3 were found to be protected from high-
fat diet induced insulin resistance (6). Improved insulin sensitivity and glucose
tolerance has recently been reported for mice with increased expression of the
GM3 degrading sialidase Neu3 (7). Conversely, elevated GM3 synthase
expression levels in the muscle of certain obese, insulin resistant mouse and rat
models have been described (4). Increased glycosphingolipid has also been
recently implicated in neuronal pathology in diabetic retinopathy (8). Recently
Kabayama et al. provided evidence that GM3 interacts with the insulin receptor via
a specific lysine residue located just above the transmembrane domain of the
receptor, and that excess of GM3 promotes dissociation of the insulin receptor
from caveolae, thus disrupting signal transduction (9). The value of
pharmacological lowering of excessive ganglioside to improve insulin sensitivity
has recently been demonstrated by others (10, 11) and us (12). Holland and co-
workers reported that inhibition of the synthesis of ceramide, the precursor of
glycosphingolipids, markedly improves glucose tolerance and prevents the onset
of frank diabetes in obese rodents (10). Zhao et al. demonstrated that inhibition of
the first step in biosynthesis of glycosphingolipids catalyzed by glucosylceramide
synthase exerts beneficial effects. The inhibitor (1R,2R)-nonanoic acid[2-(2,3-
dihydro-benzo [1,4] dioxin-6-yl)-2-hydroxy-1-pyrrolidin-1-ylmethyl-ethyl]-amide-L-
tartaric acid salt (GENZ-123346) lowered glucose and HbA1C levels and improved
glucose tolerance in insulin resistant rodents (11). Finally, we showed that
treatment of various rodent models of insulin resistance with the aza-sugar N-(5-
adamantane-1-yl-methoxy)-pentyl-1-deoxynojirimycin (AMP-DNM), a well
tolerated nanomolar inhibitor of glucosylceramide synthase, very markedly
lowered circulating glucose levels, improved oral glucose tolerance, reduced
HbA1C, and improved insulin sensitivity in muscle and liver (12). 
Insulin signalling involves autophosphorylation of the insulin receptor on specific
tyrosine residues followed by phosphorylation of IRS-1 and IRS-2 (13). Next,
phosphorylated IRS proteins mediate the recruitment and activation of
phosphatidylinositol 3-kinase (PI3K). Activated PI3K produces the lipid
phosphatidylinositol (3,4,5)-triphosphate (PIP3), which then recruits the
serine/threonine kinases phosphoinositide-dependent protein kinase-1 (PDK-1)
and protein kinase B (AKT/PKB) via their pleckstrin homology domains to the
plasma membrane. The constitutively active PDK-1 phosphorylates and activates
PKB, which in turn promotes glycogen synthesis and translocation of the glucose
transporter 4 (GLUT4) to the plasma membrane (14). Furthermore, activation of
PKB regulates protein synthesis by activation of the mammalian target of
rapamycin (mTOR), resulting in subsequent phosphorylations of the p70
ribosomal protein S6 kinase (p70S6K) and the ribosomal protein S6 (15). Several
regulatory mechanisms exist to prevent excessive insulin signalling. Signalling is
counteracted by specific protein phosphatases and phosphoinositide
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phosphatases acting on activated components of the signalling pathway (13).
Phosphorylation of IRS proteins by serine/threonine kinases is emerging as a
mechanism for negative-feedback inhibition of insulin signalling and for cross-talk
from other signalling pathways (13). In addition, a feedback is formed by p70S6K-
dependent phosphorylation of IRS proteins leading to proteasomal degradation of
IRS proteins (16). Another regulatory mechanism is the modification of specific
components of the signal transduction pathway by covalent attachment of N-
acetylglucosamine (O-GlcNAc) to serine and threonine residues, competing with
phosphorylation (17, 18). In this way several components of the insulin signal
transduction pathway, like IRS and PKB, are negatively regulated (19, 20). Only
two enzymes are responsible for the addition and removal of O-GlcNAc: O-β-N-
acetylglucosaminyltransferase (OGT) and O-beta-N-acetylglucosaminidase (O-
GlcNAcase). OGT and O-GlcNAcase can be found in the same functional
complex, but little is still known about the regulation of their activities (21).
Recently, two reports provided evidence that OGT is activated and recruited to the
plasma membrane as a direct result of insulin signalling (22, 23), due to an
interaction of the enzyme with PIP3 (22), providing a possible means of
termination of the insulin signal. 
Activity of OGT is very sensitive towards UDP-GlcNAc concentrations (24). UDP-
GlcNAc is produced from glucose by the hexosamine biosynthetic pathway (HBP).
An increase in the HBP flux due to hyperglycemia results in an elevated degree of
protein O-GlcNAc, a phenomenon observed in diabetes type 2 (17). Molecular
mimicry exists between protein O-GlcNAcylation by OGT and ceramide
glucosylation by glucosylceramide synthase (GCS). This is due to the fact that the
precursor of ceramide, sphinganine, is formed by condensation of a serine to
palmitate (25). To the hydroxyl-group of the serine element in sphinganine, the
glucose moiety from UDP-glucose is beta-glycosidically linked by GCS. In the
case of protein O-GlcNAcylation, to the hydroxyl of serine residues in acceptor
proteins OGT beta-glycosidically links the N-acetylglucosamine from UDP-GlcNAc
(17). We examined whether AMP-DNM, besides improving insulin signalling, also
corrects protein O-GlcNAcylation. Given the similarities in ceramide glucosylation
and serine O-GlcNAcylation, and the fact that AMP-DNM inhibits potently
glucosylceramide synthase, we next examined the possibility whether AMP-DNM
also directly affects enzymatic activity of OGT or O-GlcNAcase. For this study, a
theoretically closer mimic of the N-acetylglucosamine transition state, AMP-
GlcNAc (N-(5-adamantane-1-yl-methoxy)-pentyl-1-1,5-dideoxy-1,5-imino-2-
deoxy-2-(N-acetyl) aminoglucose), was designed and also examined. The
outcome of the investigation is here reported and discussed.
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MATERIALS & METHODS
AMP-DNM (N-(5-adamantane-1-yl-methoxy)-pentyl-1-deoxynojirimycin) was
synthesized as described previously (26). The N-acetylglucosamine iminosugar
analogue of AMP-DNM, AMP-DNM-NAc (N-(5-adamantane-1-yl-methoxy)-pentyl-
2-acetamido-1,5-imino-1,2,5-trideoxy-D-glucitol) (Scheme 1), was synthesized as
follows. Treatment of 2-[(benzyloxycarbonyl)amino]-3,4,6-tri-O-benzyl-1,2,5-
trideoxy-1,5-imino-D-glucitol (27) with two equivalents of 5-(adamantane-1-yl-
methoxy)-1-pentanal (26) under the agency of sodium cyanoborohydride (2 eq) in
a methanol/acetic acid solution (0.1 M; 99/1 v/v) with sodiumsulphate (2 eq)
produced the N-alkylated intermediate. This intermediate was purified and
subjected to a hydrogen atmosphere for 2 hours in the presence of palladium on
activated carbon (Degussa type; 25 wt%) in ethylacetate/acetic acid (0.1 M; 50/1
v/v). The crude reaction mixture was filtered, concentrated under reduced
pressure and treated with acetic anhydride/pyridine (0.2 M, 1/15 v/v) for 20 hrs.
The purified N-acetylated penultimate was exposed to a hydrogen atmosphere for
20 hrs in the presence of palladium on activated carbon (10% Pd, 25 wt%) in
ethanol/1M aqueous hydrochloric acid (0.05 M, 100/1 v/v) to yield AMP-DNM-NAc
after filtration, concentration under reduced pressure and silica gel column
purification (gradient: 5 to 15% methanol in chloroform with 5%
ammoniumhydroxide). Purity and identity of AMP-DNM-NAc was confirmed with
HRMS, 1H-NMR and 13C-APT NMR analysis.
Genz-123346 ((1R,2R)-nonanoic acid[2-(2,3-dihydro-benzo [1,4] dioxin-6-yl)-2-
hydroxy-1-pyrrolidin-1-ylmethyl-ethyl]-amide-L-tartaric acid salt) (Scheme 1),
hereafter called GENZ, was synthesized as described previously (11). PUGNAc
(O-(2-Acetamido-2-deoxy-D-glucopyranosylidene)amino-N-phenyl carbamate)
was obtained from Toronto Research Chemicals, Inc. (Ontario, Canada). Human
insulin Actrapid was obtained from Novo Nordisk (Bagsvaerd, Denmark). Peptides
for the OGT assay were from Eurogentec S.A. (Liege, Belgium). The chemicals for
enhanced chemi-luminescence (ECL) were from Sigma (St. Louis, MO, USA).
Complete protease inhibitor cocktail tablets were from Roche Diagnostics (Almere,
Netherlands). Phosphospecific anti-AKT (Thr473), phosphospecific anti-mTOR
(Ser2448) phosphospecific anti-IR (Tyr1146), anti-IRS-1 and anti-PKB were
obtained from Cell Signaling Technology Inc. (Leusden, The Netherlands). Anti-
PI3K p85 antibody was from Millipore (Bedford, MA, USA). Anti-O-GlcNAc
antibody was from Affinity BioReagents Inc. (Golden, CO, USA). Anti-OGT
antibody was from Sigma (St. Louis, MO, USA). Goat anti-rabbit-HRP and goat
anti-mouse-HRP were from Biorad (Hercules, CA, USA). Cell culture reagents
were from Gibco BRL Life technologies (Paisley, Scotland). All other chemicals
were obtained from Sigma (St. Louis, MO, USA). AMP-DNM, AMP-GlcNAc and
GENZ were dissolved in dimethyl sulfoxide (DMSO); the final DMSO
concentration did not exceed 0.25% (v/v) and these concentrations did not affect
any of the processes studied.
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Scheme 1. Compounds used in this study. See Materials & Methods for synthesis.

CELL CULTURE
HepG2 cells were cultured at 37 °C under a 5% CO2 air atmosphere in Dulbecco’s
modified Eagle’s medium (DMEM) containing 20 mM glucose and 10% fetal calf
serum (FCS). HepG2 cells were incubated for 3-5 days with inhibitors in DMEM
supplemented with 10% FCS or 18 hrs with PUGNAc. Subsequently, cells were
washed 3 times with ice-cold phosphate-buffered NaCl solution (PBS) and lysed
with ice-cold lysis buffer (20 mM Tris (pH 7.5), 50 mM NaCl, 250 mM sucrose, 50
mM NaF, 5 mM Na4P2O7, 1 mM dithiothreitol, 1.0% Triton X-100 and 100 μM
PUGNAc) supplemented with cocktail protease inhibitor tablets (1 tablet per 20 ml
of lysis buffer). Cell lysate was cleared by centrifugation in a microcentrifuge for 15
mins at 4 °C and stored at –80 °C.

ANIMALS
All animal experiments were approved by the appropriate ethics committee for
animal experiments. ZDF (ZDF/GMi-fa/fa) rats and lean littermates were obtained
from Charles River Laboratories (Wilmington, MA). Animals were fed a standard
lab diet (RMH-B; Hope Farms, Woerden, The Netherlands). The iminosugar AMP-
DNM was mixed in the food. After treatment for 10 weeks animals were fasted for
16 hrs, and insulin (0.75 units/kg body weight) was administrated intravenously.
After 5 mins animals were killed and the different tissues were collected and lysed
in ice-cold lysis buffer (20 mM Tris (pH 7.5), 50 mM NaCl, 250 mM sucrose, 50
mM NaF, 5 mM Na4P2O7, 1 mM dithiothreitol, 1.0% Triton X-100 and 100 μM
PUGNAc) supplemented with cocktail protease inhibitor tablets (1 tablet per 20 ml
of lysis buffer). Cell lysate was cleared by centrifugation in a microcentrifuge for 15
mins at 4 °C and stored at –80 °C until analysis. For the GENZ compound animals
were gavaged orally once a day for 4 weeks.

IMMUNOBLOTTING AND IMMUNOPRECIPITATION
Cellullar protein was determined by the bicinchoninic acid assay according to the
manufacture’s instructions (Pierce Company, Rockford, MI, USA) and 30 μg of
protein was separated by SDS-PAGE. After separation, a standard Western
blotting procedure was performed and the polyvinylidene fluoride (PVDF) blots
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were incubated with the appropriate antibodies. The proteins were visualised by
enhanced chemiluminescence (ECL). For immunoprecipitation cell lysates
containing 1 μg of protein were incubated with 5 μl of anti-O-GlcNAc antibody
overnight at 4 °C and captured with 20 μl of suspended (25% v/v) Protein G-
agarose beads (GE Healthcare, Diegem, Belgium) for 2 hrs at 4 °C, washed 4
times in ice-cold PBS and boiled for 5 mins in Laemmli sample buffer. 

HUMAN OGT AND O-GLCNACASE PRODUCTION
To obtain the complete coding sequences for both OGT and O-GlcNAcase PCRs
were performed on cDNA from human brain with the following primers:
ggatccatgctgcagggtcacttttg (sense) and gcggccgcttatgctgactcagtgacttcactt
(antisense) for OGT and ggtaccgcacacttggagctgaag (sense) and
gcggccgctcacaggctccgaccaag (antisense) for the full length O-GlcNAcase.
The PCR products were cloned into the pGEMT vector (Promega, Madison, WI)
and the nucleotide sequence was sequenced by the procedure of Sanger using
fluorescent nucleotides on an Applied Biosystems 377A automated DNA
sequencer following the manufacturers protocols.
The OGT PCR product was subcloned into pET-29a-c (Novagen). This construct
named pET-29OGT is designed to express OGT with an S-tag. The vector pET-
29OGT was transformed into competent Rosetta-gami B (DE3) Escherichia coli
(Novagen). 100 ml cultures were grown at 20 °C in Luria-Bertani (LB) medium
induced for 3 hrs with 1 mM IPTG. After induction E. coli cells were spun down and
resuspended in 1 ml PBS with protease inhibitors followed by sonication on ice
and centrifugation. The supernatant was mixed 1:2 with ice-cold 30% PEG-8000
dissolved in 25 mM Hepes, 10 mM MgCl2 pH 7.2. The mixture was centrifuged in
a table centrifuge at 4 °C for 20 mins to precipitate proteins. The protein pellet was
washed once with 1 ml ice-cold transferase assay buffer (TAB) containing 25 mM
Hepes, 10 mM MgCl2, and 1 mM EDTA and resuspended in 0.35 ml TAB.
The O-GlcNAcase PCR product was subcloned into the expression vector
pcDNA3.1. Transient transfection of COS-7 was accomplished using the FuGene
6 transfection reagent according to the manufacturer’s protocol (Roche). After 72
hrs, the medium was collected. In order to remove glycosylated lysosomal
hexosaminidases it was subjected to Concanavalin A precipitation. Prior to
incubation with excess ConA sepharose (Amersham) for 1 hr at 4 °C the medium
was diluted 1x with PBS containing 1 M NaCl. Subsequently, the supernatant was
used for O-GlcNAcase activity assays.

OGT ASSAY
The peptide glycosylation assay was performed as described previously (22) with
minor modifications. For a standard reaction the following reagents were mixed in
a 1.5 ml microcentrifuge tube: 5 μl of 10x transferase assay buffer (TAB)
containing 25 mM Hepes, 10 mM MgCl2, and 1mM EDTA, 0.1 μCi of [3H] UDP-
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GlcNAc, 10 μl of 30 mM positive peptide (PGGSTPVSSANMM), negative peptide
(PGGSTPVASANMM) or glucosylceramide synthase (GCS) peptide
(STQVAMQNSGSYSISQF), 20 μl of human OGT supernatant, and distilled water
to give a final volume of 50 μl. To mixtures containing positive peptide iminosugar
was added. The mixture was incubated for 2 hrs at room temperature. Subsequent
addition of 450 ml of 50 mM formic acid ended the reaction. Peptides mixtures
were loaded onto a 0.8 ml SPSephadex (SP-C25-120, Sigma) column. After 5
washing steps with 0.5 ml 50 mM formic acid the peptide was eluted with 0.8 ml
0.5 M NaCl. Labelled peptides were quantified by liquid scintillation.

O-GLCNACASE ASSAY
O-GlcNAcase activity was determined using a fluorometric assay. 5 μl of ConA
supernatant was incubated with 2 mM 4-methylumbelliferyl (4MU) N-Acetyl-β-D-
glucosaminide, diluted in McIlvain buffer, pH 6.3. In order to inhibit residual
lysosomal hexosaminidases, to all samples GalNAc was added to a final
concentration of 50 mM. Samples were incubated for 1 hr at 37 °C after which the
reactions were stopped with 2.0 ml 0.3 M Glycine NaOH buffer, pH 10.6. The
formed 4MU was detected fluorometrically (excitation at 366 nm; emission at 445
nm). Only less than 10% difference in the duplicates was allowed.

REAL TIME-PCR
RNA was isolated from pulverized muscle using TRIzol. Tissue was homogenized
using a rotor-stator homogeniser. RNA concentrations were measured on a
Nanodrop Spectrophotometer (Nanodrop Technologies). cDNA was made with
Superscript II (Gibco BRL) using equal amounts of RNA. Ten times diluted cDNA
was used for gene-specific analysis by real-time RT-PCR using an iCycler
MyiQTM system (Biorad Laboratories). Expression levels were normalized to
hypoxanthine phosphoribosyltransferase. The ΔΔCt method (28) was used to
analyse the data. The primers used were the following: for hypoxanthine
phosphoribosyltransferase sense primer ttgctcgagatgtcatgaagga and antisense
primer agcaggtcagcaaagaacttatag, for OGT forward primer
ggtgacaatgcagacaccac and reverse primer ggtacggggaacttcctctc and for O-
GlcNAcase forward primer tgttgagtttccagtaagagc and reverse primer
tggcctttagtgaagacagg.

GLUCOSYLCERAMIDE SYNTHASE ASSAY
Activity of glucosylceramide synthase in HepG2 cells was determined as
described previously using fluorescently labeled NBD (4-fluoro-7-nitrobenz-2-oxa-
1,3-diazole)-ceramide as substrate (29).
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RESULTS
AMP-DNM ENHANCES INSULIN SIGNALLING IN ZDF RATS
In an earlier study we already showed that AMP-DNM has beneficial effects on
insulin resistance in cultured cells and reduces hyperglycemia in ZDF rats (12). We
next examined more closely the effects of AMP-DNM on insulin signalling in
different tissues of ZDF rats treated with or without 25 mg AMP-DNM/kg*day for
10 weeks. For this purpose, animals were injected intravenously with insulin (0.75
units/kg body weight) and sacrificed after 5 min. Adipose tissue, skeletal muscle
and liver were collected and components of the insulin signalling pathway were
analyzed. Insulin signalling is reduced in various tissues from untreated ZDF rats
compared to their lean littermates, and this resistance is reversed by treatment of
the animals with AMP-DNM (Fig. 1). In all tissues insulin signalling was enhanced
by treatment of the animals with AMP-DNM. For example, in fat tissue improved
insulin signalling was detectable at the level of the insulin receptor and at the
downstream targets PKB and mTOR (Fig. 1C). 

Figure 1. Improved insulin signalling in tissues of AMP-DNM treated ZDF rats. ZDF rats were treated for 10 weeks
with 0 or 25 mg AMP-DNM/kg*day (n=4 for each group). To animals starved overnight, insulin (0.75 units/kg) was
administered via the vena porta. Tissues were collected after 5 min. As a control, lean littermates were analysed.
Insulin receptor autophosphorylation and phosphorylation of, PKB and mTOR were visualized. To ensure equal
loading β-actin was measured. Ctl: untreated animal; Ins: insulin treated animal; AMP-DNM+Ins: AMP-DNM and
insulin treated animal.

AMP-DNM REDUCES O-GLCNAC MODIFICATION OF PROTEINS
Employing a monoclonal antibody recognizing N-acetylglucosamine moieties
linked to protein serine/threonine residues, western blot analysis revealed
increased O-GlcNAcylation in several proteins in tissues from ZDF rats compared
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to lean littermates (Fig. 2A). Animals treated with AMP-DNM showed a protein O-
GlcNAcylation comparable to that of lean littermates (Fig. 2A). Thus, AMP-DNM
treatment not only improved insulin signalling, but also had a corrective effect on
the degree of protein O-GlcNAc. It was established by immunoprecipitation studies
that several proteins of the insulin signalling cascade, such as IRS-1, PI3K and
PKB, are excessively O-GlcNAcylated in the liver of untreated ZDF rats, consistent
with previous literature reports (19, 20). Treatment with AMP-DNM corrected this
phenomenon (Fig. 2B).

Figure 2. Decreased protein O-GlcNAcylation in tissues from AMP-DNM treated ZDF rats. (A) Animals were treated
as described in Figure 1. Western blots prepared from different tissue lysates were developed with an anti-O-GlcNAc
antibody. Blots were stained for total protein to ensure equal loading. (B) Tissue lysates were immunoprecipitated with
anti-O-GlcNAc antibody and immunoblotted with antibodies against IRS-1, PI3K or PKB. Ctl: untreated animal; Ins:
insulin treated animal; AMP-DNM+Ins: AMP-DNM and insulin treated animal. IP: immunoprecipitation; WB: Western
blot.

The same phenomenon regarding reduction of protein O-GlcNAcylation by AMP-
DNM was observed in experiments with cultured HepG2 cells (Fig. 3A). Incubation
of cells with AMP-DNM for 3 days significantly reduced glycosylated protein. Also
in HT-29 cells it was shown that specific components of the insulin signalling
pathway are modified by O-GlcNAc in an AMP-DNM sensitive manner (not
shown).
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Figure 3. Effect of AMP-DNM, GENZ and AMP-GlcNAc on protein O-GlcNAcylation in HepG2 cells. (A) HepG2 cells
were incubated with 1 μM AMP-GlcNAc, 1 μM AMP-DNM or 0.25 μM GENZ for 3 days. Cell lysates were
immunoblotted and incubated with an anti-O-GlcNAc antibody. (B) O-GlcNAc modified proteins were
immunoprecipitated with an anti-O-GlcNAc antibody and immunoblotted with antibodies to either IRS-1 or PKB. IP:
immunoprecipitation; WB: Western blot.

OGT AND O-GLCNACASE MRNA AND OGT PROTEIN LEVELS ARE NOT INFLUENCED BY
AMP-DNM
The degree of O-GlcNAcylation of proteins is the resultant of addition and removal
of O-GlcNAc moieties by OGT and the neutral β-hexosaminidase O-GlcNAcase,
respectively. In order to ascertain whether the observed differences were due to
transcriptional regulation, the expression of OGT and O-GlcNAcase 
mRNA was examined by RT-PCR (Fig. 4). In liver of ZDF rats, expression of OGT
mRNA was not significantly higher (p=0.3) compared to lean littermates, and was
not affected by AMP-DNM treatment (Fig. 4A). No differences in concentration of
OGT protein in livers obtained from various types of rats were detected (Fig. 4A).
The expression of O-GlcNAcase mRNA was also not different in livers from ZDF
rats upon treatment with AMP-DNM, nor in tissue from lean littermates (Fig. 4B).
O-GlcNAcase protein content could unfortunately not be directly assessed due to
lack of a specific antibody. Similar observations to those with tissues of ZDF rats
were made with cultured HepG2 cells; changes in protein O-GlcNAcylation
induced by AMP-DNM were not accompanied by changes in OGT or O-
GlcNAcase expression (data not shown).
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Figure 4. Effect of AMP-DNM on OGT and O-GlcNAcase mRNA and protein levels. (A) Real time PCR analysis of
OGT mRNA expression and western blot analysis of OGT protein in liver of ZDF rats treated with 0 or 25 mg AMP-
DNM/kg*day (n=4 for each group) for 6 weeks. (B) Real time PCR analysis of O-GlcNAcase mRNA expression in liver
of ZDF rats treated with 0 or 25 mg AMP-DNM/kg*day (n=4 for each group) for 6 weeks.

No effect of AMP-DNM on in vitro activity of recombinant OGT and O-
GLCNACASE
Given the similarity in both sugar transfer reactions catalyzed by OGT and GCS,
we considered the possibility that AMP-DNM not only directly inhibits GCS activity
but also that of OGT. Such combined action of AMP-DNM would even stronger
promote the observed insulin-sensitizing effect of the iminosugar. To examine this
possibility, we expressed, as described earlier by Hart and co-workers, human
OGT in E. coli, and analyzed its enzymatic activity using a suitable synthetic
peptide as acceptor and UDP-[3H] GlcNAc as donor (22). The expressed human
OGT was found to O-GlcNAcylate the peptide PGGSTPVSSANMM (pep+) as
expected (Fig. 5A). The same peptide with its serine substituted to alanine (pep-)
was found not to be O-GlcNAcylated. Inclusion of AMP-DNM in the assay had no
effect on the transfer of [3H] GlcNAc to the acceptor peptide (Fig. 5A). 

Figure 5. Effect of AMP-DNM on activity of recombinant OGT and O-GlcNAcase activities. Enzyme assays were
performed as described in Experimental Procedures. Presented are mean values (± SD). (A) OGT enzyme activity is
presented as counts per minute (cpm). (B) O-GlcNAcase enzyme activity is presented as percentage of control with
control set to 100.

RE
DU

CT
IO

N
OF

PR
OT

EI
N

GL
CN

AC
YL

AT
IO

N
BY

AM
P-

DN
M

AD
DE

ND
UM

 2

269

0

0.1

0.2

0.3

ZDF
Ctl

ZDF
AMP-DNM

lean
Ctl

0

0.1

0.2

0.3

0.4

ZDF
Ctl

ZDF
AMP-DNM

lean
Ctl

ZDF
Ctl

ZDF
AMP-DNM

lean
Ctl

WB OGT

A B

0

4000

8000

12000

16000

pep+ pep- 0.01µM 0.1µM 1.0µM GSS 1.0µM
AMP-GlcNAc

cp
m

A

AMP-DNM

0

20

40

60

80

100

120

ctl pugnac 0.01µM 0.1µM 1.0µM 1.0µM
AMP-GlcNAc

%
 o

f c
on

tro
l

B

AMP-DNM

Addendum 2.qxp  18-11-2008  17:01  Pagina 269



Next we examined the effect of AMP-DNM on the activity human O-GlcNAcase
overexpressed in COS cells with 4-methylumbelliferyl-beta-N-acetylglucosamine
as substrate at neutral pH. It was observed that AMP-DNM has no effect on O-
GlcNAcase activity (Fig. 5B). The established inhibitor of O-GlcNAcase, PUGNAc,
completely inhibited O-GlcNAcase activity in the assay (Fig. 5B).

LACK OF REGULATORY O-GLCNAC MODIFICATION OF GLUCOSYLCERAMIDE SYNTHASE
Glycogen synthase contains a regulatory loop, in which several serine residues
may undergo O-GlcNAc modification (30). The sugar modification affects the
phosphorylation of an adjacent serine residue and thus the enzymatic activity of
glycogen synthase. Some homology exists between the amino acid stretch in
glycogen synthase and one in GCS (see Fig. 6A). We therefore examined whether
GCS is subject to regulation by O-GlcNAc modification. For this purpose, a
synthetic peptide from GCS (STQVAMQNSGSYSISQF), was tested as an
acceptor of [3H] GlcNAc in the glycosylation assay with recombinant OGT. No
glycosylation of the GCS fragment was detected (Fig. 5A). To test further whether
GCS activity is regulated by O-GlcNAcylation, cultured HepG2 cells were treated
with PUGNAc for 18 hours, resulting in increased protein O-GlcNAcylation (Fig.
6B), and slight stimulation of glucosylceramide synthesis (Fig. 6C). AMP-DNM
was used as negative control.

Figure 6. Homology between glucosylceramide synthase and glycogen synthase. Shown is the homology between
GCS and glycogen synthase (A). Predicted O-GlcNAc sites in both sequences by YinOYang 1.2a are presented in
bold. (B) HepG2 cells were incubated with 100  M PUGNAc for 18 h. Cell lysates were immunoblotted and incubated
with an anti-O-GlcNAc antibody. (C) Activity of GCS was measured as described in Experimental Procedures.
a(http://www.cbs.dtu.dk/services/YinOYang/).
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SYNTHESIS AND EFFECTS OF THE N-ACETYLGLUCOSAMINE ANALOGUE OF AMP-DNM
To establish more firmly whether OGT is sensitive to inhibition by hydrophobic
deoxynojirimycin-type compounds, the N-acetylglucosamine analogue of AMP-
DNM : N-(5-adamantane-1-yl-methoxy)-pentyl-1-1,5-dideoxy-1,5-imino-2-deoxy-
2-(N-acetyl) aminoglucose. This analogue, AMP-GlcNAc, was examined with
respect to inhibitory features. We first examined its ability to inhibit the synthesis
of glucosylceramide using fluorescent NBD-ceramide as substrate. AMP-GlcNAc,
up to concentrations of 50 micromolar, did not inhibit formation of fluorescent NBD-
glucosylceramide (Fig. 6C). Next, we investigated the effect of AMP-GlcNAc on
protein O-GlcNAcylation. Exposure of HepG2 cells to AMP-GlcNAc did not affect
the degree of O-GlcNAcylation of proteins as detected by Western blot (Fig. 3A).
This sharply contrasts with the strong reduction of protein O-GlcNAcylation by
AMP-DNM. Furthermore, AMP-GlcNAc could not lower O-GlcNAc levels on IRS-1
and PKB protein as seen with AMP-DNM (Fig. 3B). Finally, the effect of AMP-
GlcNAc on the activities of recombinant expressed OGT and O-GlcNAcase was
analyzed. Again, no effects on these activities were observed (Fig. 5A and B). 

Figure 7. Effect of GENZ on protein O-GlcNAcylation in rats. (A) ZDF rats were treated for 4 weeks with 0 or 100 mg
GENZ/kg*day (n=4 for each group) via oral cavage. Muscle tissue lysates were immunoblotted with an anti-O-GlcNAc
antibody. As loading control  -actin was used. (B) O-GlcNAc modified proteins were immunoprecipitated with an anti-
O-GlcNAc antibody and immunoblotted with antibodies to either IRS-1 or PKB. IP: immunoprecipitation; WB: Western
blot.
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INHIBITION OF GLUCOSYLCERAMIDE SYNTHASE IS ACCOMPANIED BY REDUCED PROTEIN O-
GLCNACYLATION
Besides AMP-DNM, (1R,2R)-nonanoic acid[2-(2,3-dihydro-benzo [1,4] dioxin-6-
yl)-2-hydroxy-1-pyrrolidin-1-ylmethyl-ethyl]-amide-L-tartaric acid salt (GENZ) is a
potent inhibitor of glucosylceramide synthase (11). Its effect on protein O-
GlcNAcylation was examined. Treatment of ZDF rats resulted in a reduction of
protein O-GlcNAcylation in muscle as indicated by Western blot analysis using
anti-O-GlcNAc monoclonal antibody (Fig. 7A). Like AMP-DNM, inhibiting GCS with
GENZ lowers the amount of O-GlcNAcylation on IRS-1 and PKB (Fig. 7B). The
same effect of GENZ was noted with cultured HepG2 cells (Fig. 3A). Furthermore,
in HT-29 cells it was shown that specific components of the insulin signalling
pathway are modified by O-GlcNAc in a GENZ dependent manner (not shown).
The comparable effects of both inhibitors of glucosylceramide synthase on protein
O-GlcNAcylation suggest that reduction of glucosylceramide or its
glycosphingolipid metabolites is required for the observed phenomenon.

DISCUSSION
Consistent with our earlier findings (12), the present study reveals that oral
treatment of obese ZDF rats with AMP-DNM ameliorates glycemic control. Insulin
signalling was improved by the aza-sugar in the liver, skeletal muscle and adipose
tissue. The prominent insulin-sensitizing effects of AMP-DNM are rather striking,
which made us consider the existence of an additional target for AMP-DNM
besides glucosylceramide synthase. An attractive candidate in this respect
seemed OGT, the transferase involved in protein O-GlcNAcylation. Perturbations
in protein O-GlcNAc modification are implicated in various human diseases
including diabetes mellitus (18). Abnormal O-GlcNAc modification of the insulin
signalling pathway, in particular of IRS-1 and PKB, is thought to contribute to
insulin resistance (17, 19). We noted that AMP-DNM treated rats and cultured
HepG2 cells showed a reduction in protein O-GlcNAcylation and influenced O-
GlcNAc modification of IRS-1, PI3K and PKB. This prompted us to investigate the
possibility that AMP-DNM directly inhibits OGT. Our investigations show that this
is not the case. Recombinant OGT was not inhibited by AMP-DNM in its transfer
of GlcNAc to a synthetic acceptor peptide. The GlcNAc analogue of AMP-DNM,
AMP-GlcNAc, also did not inhibit OGT in this assay. Despite the fact that
considerable molecular mimicry exists between ceramide glucosylation by GCS
and serine O-GlcNAcylation by OGT, only the former enzyme is inhibited by AMP-
DNM. 
Some homology exists between an AA stretch in GCS and a regulatory loop of
glycogen synthase. Interestingly, this regulatory loop of glycogen synthase
undergoes O-GlcNAc modification of a serine residue, which negatively affects the
activating phosphorylation at the adjacent residue (30). Due to the homology
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between both enzymes, we investigated whether such a mechanism exists for
GCS, which would for the first time provide a link between nutrient sensing, by
means of O-GlcNAcylation, and glycosphingolipid synthesis. However, no
indication was obtained that GCS is regulated by O-GlcNAcylation. Firstly, a
synthetic peptide of the region of GCS homologous to glycogen synthase did not
serve as acceptor for O-GlcNAc. Secondly, treatment of cultured cells with
PUGNAc, conditions increasing protein O-GlcNAcylation, resulted only in a slight
increase of GCS activity. It has to be therefore concluded that the formation of
glucosylceramide by GCS is not influenced by O-GlcNAc modification. 
The results of our investigation indicate that inhibition of glycosphingolipid
biosynthesis results in reduction of protein O-GlcNAcylation rather than vice versa.
Consistent with this is the observation that excessive protein O-GlcNAcylation,
induced by addition of glucosamine or PUGNAc to the medium, is partly lowered
in the presence of AMP-DNM and GENZ, two potent inhibitors of GCS. In contrast
to this, AMP-GlcNAc, that does not inhibit GCS, did not affect protein O-
GlcNAcylation. These observations suggest that reduction of glycosphingolipids is
essential to prevent excessive O-GlcNAcylation. The underlying mechanism is
unclear. No effect of AMP-DNM on the expression of OGT was detected. The aza-
sugar did also not influence the hydrolase O-GlcNAcase. Recently, it was
discovered that OGT is recruited to the plasma membrane as a direct result of
insulin signaling due to an interaction of the enzyme with PIP3 (22). It could be
envisioned that alteration of the glycosphingolipid composition of the plasma
membrane influences this interaction, and therefore warrants further investigation.
In summary, our study shows that OGT, unlike GCS, is insensitive to direct
inhibition by a hydrophobic deoxynojirimycin-type compound. Corrections in
protein O-GlcNAcylation, specifically those that are involved in the insulin
signaling pathway, imposed by AMP-DNM appear to occur secondary to reduction
of glycosphingolipids. 
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