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Abstract

A growing body of evidence implicates ceramide and/or its glycosphingolipid metabolites in the
pathogenesis of insulin resistance. We have developed a highly specific small molecule inhibitor
of glucosylceramide synthase, an enzyme that catalyzes a necessary step in the conversion of
ceramide to glycosphingolipids. In cultured 3T3-L1 adipocytes, the iminosugar derivative N-(5-
adamantane-1/-yl-methoxy)-pentyl-1-deoxynojirimycin (AMP-DNM) counteracted tumor necrosis
factor-a-induced abnormalities in glycosphingo-lipid concentrations and concomitantly reversed
abnormalities in insulin signal transduction. When administered to mice and rats, AMP-DNM
significantly reduced glycosphin-golipid but not ceramide concentrations in various tissues.
Treatment of ob/ob mice with AMP-DNM normalized their elevated tissue glucosylceramide
levels, markedly lowered circulating glucose levels, improved oral glucose tolerance, reduced
A1C, and improved insulin sensitivity in muscle and liver. Similarly beneficial metabolic effects
were seen in high fat-fed mice and ZDF rats. These findings provide further evidence that
glycosphingolipid metabolites of ceramide may be involved in mediating the link between obesity
and insulin resistance and that interference with glycosphingolipid biosynthesis might present a
novel approach to the therapy of states of impaired insulin action such as type 2 diabetes.

Obesity is strongly associated with insulin resistance, but the underlying pathogenic
mechanism is still an enigma. The strong correlation between insulin resistance and
intramyocellular lipid levels suggests that excessive exposure to lipids or their metabolites,
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so-called lipotoxicity, may play a crucial role (1-5). The rapid induction of insulin resistance
in rodents by infusions with palmitate has directed attention to the sphingolipid ceramide as
a potential mediator of insulin resistance (1,4,5). Palmitate is a critical precursor in the
synthesis of ceramide, and its enhanced supply inevitably increases sphingolipid formation
in tissues (5,6). Increased ceramide concentrations (twofold) have indeed been observed in
skeletal muscle from obese insulin-resistant individuals (4). The pivotal role of ceramide in
insulin resistance and lipotoxicity has been recently extensively reviewed (5). It is of interest
to note that ceramide is also considered a molecular link between inflammation and insulin
resistance (7).

Obesity triggers a chronic inflammatory state, and cytokines like tumor necrosis factor
(TNF)-a released from either adipocytes or from macrophages infiltrating adipose tissue
antagonize insulin action. The well-established induction of insulin resistance by TNF-a is
thought to be attributable to its ability to promote sphingolipid biosynthesis, as has been
demonstrated at both mRNA and cellular lipid levels (5,7-10). Several investigations with
cultured cells have linked excessive ceramide concentrations to disturbed insulin signaling
(5). Manipulation of ceramide concentrations in cultured cells was consistently found to
affect the insulin signaling pathway downstream of Akt, but conflicting reports exist
regarding effects on the insulin receptor, IRS-1, and associated phosphatidylinositol 3-
kinase activity (5,9-11). More recently, potentially important roles for protein kinase-CZ, Jun
NHo-terminal kinase, and IxKp (Ix-B kinase-B) in the regulation of insulin signaling have
been recognized. Ceramide has been shown to initiate signaling pathways leading to the
activation of both Jun NH,-terminal kinase and 1xKp (5,11,12), processes that would
support an insulin-resistant phenotype. Although there are compelling literature reports
pointing to direct and indirect antagonistic effects of ceramide on the insulin signaling
pathway, an additional role for glycosphingolipid metabolites of ceramide in the
development of insulin resistance also has to be considered. Glycosphingolipids are found in
specific (detergent-resistant) membrane microdomains in close physical proximity to the
insulin receptor, as well as other tyrosine kinase receptors such as the epidermal growth
factor receptor (13). A regulatory role for glycosphingolipids in hormone sensitivity was
first proposed by Bremer and colleagues (14) who showed that epidermal growth factor—
mediated signaling is inhibited by the ganglioside sialosyllactosylceramide (GM3). More
recently, Tagami et al. (15) reported that addition of GM3 to cultured adipocytes also
suppresses phosphorylation of the insulin receptor and its downstream substrate IRS-1,
resulting in reduced glucose uptake. Other observations further substantiate the role of the
ganglioside GM3 in responsiveness to insulin. Mutant mice lacking GM3 show an enhanced
phosphorylation of the skeletal muscle insulin receptor after ligand binding and are
protected from high-fat diet—-induced insulin resistance (16). Conversely, GM3 levels are
elevated in the muscle of certain obese, insulin-resistant mouse and rat models (15).
Inokuchi and colleagues (15) used the ceramide analog 1-phenyl-2-decanoylamino-3-
morpholinopropanol (PDMP), an inhibitor of glucosylceramide synthase, to reduce
glycosphingolipids in cultured adipocytes. They noted that PDMP counteracted the
inhibitory effects of TNF-a on insulin receptor and IRS-1 phosphorylation. More recently, it
was reported by the same researchers that high GM3 levels diminished insulin receptor
accumulation in detergent-resistant membrane microdomains and insulin-dependent IR
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internalization (17). Again, glycosphingolipid depletion by incubation of cells with PDMP
prevented these abnormalities. However, the observations made with PDMP are difficult to
interpret since this compound also inhibits transacylation to 1-O-acylceramide and
consequently increases cellular concentrations of ceramide (18).

Based on the present information, it may be conceived that not just ceramide itself but rather
its glycosphingo-lipid metabolites are instrumental in the development of insulin resistance.
To discriminate between these possibilities, we examined in obese rodents the effect of
reduction of glycosphingolipids by N-(5’-adamantane-1’-yl-methoxy)-pentyl-1-
deoxynojirimycin (AMP-DNM), a specific inhibitor of glucosylceramide synthase (19).
Here we show that pharmacological lowering of glycosphingolipids, without significant
reduction of ceramide, dramatically reverses insulin resistance in in vitro and in vivo
models.

RESEARCH DESIGN AND METHODS

Experimental procedures were all approved by the appropriate ethics committee for animal
experiments. C57BI/6J and ob/ob mice (C57BI/6J background) were obtained from Harlan
(Horst, the Netherlands) and ZDF (ZDF/GMi-fa/fa) rats from Charles River Laboratories
(Wilmington, MA). Animals were fed a commercially available lab diet (RMH-B; Hope
Farms, Woerden, the Netherlands). To induce glucose intolerance in C57BI/6J mice, animals
were fed a high-fat diet (16.4% protein, 25.5% carbohydrates, and 58.0% fat) for 4 weeks.
The iminosugar AMP-DNM was mixed in the food or, when indicated, administered by oral
gavage two times daily.

Plasma and tissue sampling

Blood samples were collected by either tail vein or retroorbital plexus puncture. A large
blood sample was collected by cardiac puncture. Tissues were quickly removed and frozen
for further analysis.

Cells

3T3-L1 preadipocytes were obtained from American Type Culture Collection (Manassas,
VA). They were propagated and differentiated as previously described (20).

Iminosugar

AMP-DNM was synthesized as described (21). Plasma levels of AMP-DNM were
determined by mass spectrometry, following high-pressure liquid chromatography (Xendo,
Groningen, the Netherlands).

Analysis of lipids and measurement of enzyme activities

Lipids were extracted according to Folch et al. (22). Ceramide and glucosylceramide were
determined by high-performance liquid chromatography (HPLC) analysis of
orthophtaldehyde-conjugated lipids according to a procedure previously described with
some modifications (23). Deacylation of lipids was performed in 0.5 ml 0.1 mol/l NaOH in
methanol in a microwave oven (CEM microwave Solids/Moisture System SAM-155).
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Deacylated glycolipids were derivatized on line for 30 min with O-phtaldehyde. Analysis
was performed using an HPLC system (Waters Associates, Milford, MA) and a Hypersil
BDS C18 3y, 150 x 4.6—-mm reverse-phase column (Alltech). Ganglioside composition was
determined by analysis of the acidic glycolipid fraction obtained after Folch extraction.
Gangliosides were quantified by densitometry after high-performance thin-layer
chromatography separation, spraying with resorcinol reagent, and heating at 105°C for 10
min. Alternatively, gangliosides were quantified following HPLC separation of
oligosaccharides released from glycolipids by ceramide glycanase digestion (24). Activity of
glucosylceramide synthase and glucocerebrosidase in living cells was determined using, as
substrates, fluorescently labeled NBD (4-fluoro-7-nitrobenz-2-oxa-1,3-diazole)-ceramide
and -glucosylceramide, respectively (25). Half-maximal inhibitory concentration (I1Csg)
values of AMP-DNM for various enzymes were determined by exposing cells or enzyme
preparations to an appropriate range of iminosugar concentrations. Lactase, maltase, and
sucrase were determined with homogenates of freshly isolated rat intestine using assay
conditions described earlier (26). Debranching enzyme (a-1, 6-glucosidase) was measured
with an erythrocyte preparation as enzyme source (27).

Analysis of insulin signaling in cultured human and 3T3-L1 adipocytes

Fully differentiated 3T3-L1 adipocytes were serum deprived, by incubation in Dulbecco’s
modified Eagle’s medium plus 1% BSA, and simultaneously pre-treated with or without
AMP-DNM (10 pmol/l) and/or TNF-a (0.6 nmol/l) for 24 h. Following insulin stimulation
(5 min with 100 nmol/l), cells were washed with ice-cold PBS and lysed in modified
radioimmunoprecipitation assay buffer (28). Cell lysates were clarified by centrifugation
(13,000 rpm for 10 min). Equal amounts of whole-cell lysates were separated by SDS-
PAGE and immunoblots performed in parallel using antiphosphotyrosine antibody (4G10),
anti-IRS-1 (Upstate), anti-IR (K. Siddle, Department of Clinical Biochemistry, University
of Cambridge, Cambridge, U.K.), anti-pSer473 Akt (Cell Signaling Technology),
appropriate horseradish peroxidase (HRP)-linked secondary antibody (Dako), and an
enzyme-linked chemiluminescent kit (Amersham) (28).

Analysis of insulin signaling in liver

Mice were fasted for 4 h, and insulin (0.75 units/kg body wt) was administered
intravenously. After 5 min, animals were killed and livers were collected and lysed in
modified radioimmunoprecipitation assay buffer as described above. Equal amounts of
lysates were separated by SDS-PAGE, and immunoblots were performed using appropriate
antibodies (Santa Cruz Biotechnology).

Measurement of whole-body insulin sensitivity

Whole-body insulin sensitivity of ob/ob mice was determined using hyperinsulinemic-
euglycemic clamps as previously described (29,30). Male ob/ob mice were treated for 7 days
with a diet with or without AMP-DNM (25 mg/kg body wt). All values represent mean = SE
for the number of animals indicated. Analyses were performed using SPSS for Windows
software (SPSS, Chicago, IL).
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Analysis of pancreatic tissue

For insulin and glucagon staining, sections were incubated with either HRP-conjugated
guinea pig 1gG anti-rat insulin (Crystal Chem, Downers Grove, IL) or a rabbit antihuman
glucagon (Dako-Cytomation, Glostrup, Denmark) and appropriate HRP-linked secondary
antibody. Glucose tolerance tests were performed in fasted animals (>6 h) with oral gavage
of glucose (1 or 2 g glucose/kg body wt). Blood glucose values were measured immediately
before and 120 min after glucose injection. Area under the curve (AUC) (arbitrary units per
minute) were determined for individual animals.

Cell surface expression of GM3

Flow cytometry using monoclonal anti-GM3 antibody (Seikagu) and fluorescein
isothiocyanate— or Alexa 488—conjugated secondary antibodies were used according to the
procedure described earlier (15).

Statistical testing

Values presented in figures represent means + SE. Statistical analysis of two groups was
assessed by Student’s t test (two tailed) or ANOVA for repeated measurement (clamp
experiment). Level of significance was set at P < 0.05.

RESULTS

Modulation of glycosphingolipids with AMP-DNM

Hydrophobic N-alkylated deoxynojirimycins, in particular AMP-DNM, are potent inhibitors
of glucosylceramide synthase (19,31). Exposure of cells to AMP-DNM results in swift
inhibition of synthesis of glucosylceramide. The apparent ICsq values range from 150 to 220
nmol/l in various cell types. Cellular concentrations of glucosylceramide and gangliosides
are gradually reduced by AMP-DNM, reaching equilibrium within 36 h. Ceramide levels,
however, remain constant on exposure to AMP-DNM. Drug treatment does not change
mRNA encoding glucosyl-ceramide synthase (not shown). No changes in cellular levels of
diacylglycerol, sphingomyelin, or phosphatidylcholine are observed following prolonged
AMP-DNM treatment of cells. At high concentrations (>1 umol/l), AMP-DNM also
significantly inhibits lysosomal glucocere-brosidase activity (19).

Effect of AMP-DNM on glycosphingolipid levels and insulin sensitivity of cultured 3T3-L1
adipocytes

To study the effect of AMP-DNM in a robust cellular model of insulin resistance, cultured
3T3-L1 adipocytes were incubated with TNF-a. As expected, TNF-a impaired insulin
receptor autophosphorylation, IRS-1 tyrosine phosphorylation, and Ser-473 phosphorylation
of Akt. All of these abnormalities were significantly ameliorated by the simultaneous
exposure of cells to 10 pmol/l AMP-DNM (Fig. 1, upper panel). TNF-a increased cell
surface levels of GM3 gangliosides, and this was blocked by AMP-DNM (Fig. 1, lower
panel). Quantification by HPLC revealed that ceramide and gangliosides were elevated by
TNF-a. The increase of the gangliosides GM3 and GM2 induced by the cytokine, but not
that of ceramide, was counteracted by the iminosugar AMP-DNM (Table 1).
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Reduction of glycosphingolipids in normal mice and rats by AMP-DNM

AMP-DNM is well tolerated by rodents when administered by gavage or mixed in the food.
AMP-DNM does not accumulate with daily exposure over 28 days. No significant in vivo
metabolism of the compound could be demonstrated by mass spectrometric analysis of urine
and plasma samples. More than 90% of AMP-DNM was recovered after in vitro incubation
with microsomes for 4 h (not shown). Iminosugar administration to rodents up to
concentrations of 100 mg - kg™ - day~? for 2 months did not result in any overt toxicity. The
plasma half-life of AMP-DNM was ~3.1 and 4.2 h in mice and rats, respectively. After oral
administration of 25 mg AMP-DNM/kg body wt, maximal plasma concentrations of 5
pumol/l AMP-DNM were reached at 30 min.

To study the effect on tissue glycosphingolipid levels, 6-week-old C57BI/6J mice (n = 4)
were treated with or without AMP-DNM at a dose of 25 mg - kg body wt™1 - day~1 for 14
days. The mean + SE plasma concentration of AMP-DNM, 108 + 6 nmol/l, remained stable
during the period of treatment. After treatment, ceramide and glucosylceramide
concentrations in liver and muscle were determined (Table 2). The hepatic ceramide content
of C57BI/6J mice was not changed by the AMP-DNM diet. In sharp contrast, liver
glucosylceramide was reduced by 41 + 5%. Quantification of the ganglioside GM3 by
HPLC revealed that the lipid was reduced by 28 + 6% in liver of AMP-DNM-treated mice.
Similar effects on sphingolipids were observed in muscle tissue (Table 2). Unfortunately,
accurate determination of glycosphingolipid concentrations in adipose tissue proved
technically not feasible due to marked interference of the large amounts of triglycerides in
the analytic procedures, causing very high intra-assay coefficients of variation (>35%).

Ceramide and glycosphingolipids in ob/ob mice before and after treatment with AMP-DNM

Leptin-deficient ob/ob mice spontaneously develop obesity and associated insulin resistance.
Analysis of glycosphingolipids revealed that the hepatic concentration of glucosylceramide
was higher in ob/ob mice (115 £ 16 nmol/liver) compared with matched wild-type animals
(85 = 15 nmol/liver; P = 0.045) (Table 2). In muscle tissue of ob/ob mice, glucosylceramide
was again elevated compared with wild-type mice (P = 0.031); however, ceramide
concentrations were similar (Table 2). Two weeks’ treatment of ob/ob mice with 25 mg
AMP-DNM - kg~ - day™! did not result in any significant changes in ceramide
concentrations in muscle or liver. In sharp contrast, glucosylceramide content of muscle and
liver from ob/ob mice decreased by 45 + 23 and 45 + 11%, respectively, with AMP-DNM,
reaching values similar to those in wild-type animals (Table 2).

Beneficial effects of AMP-DNM on metabolism in ob/ob mice

To investigate whether signaling is improved by AMP-DNM, mice were killed 5 min after
insulin administration. Figure 2 shows that insulin signaling in the liver is improved by
AMP-DNM in a dose-dependent manner, as indicated by increased phosphorylation of the
insulin receptor and mTOR.

Prominent effects of AMP-DNM on glucose homeostasis were noted when ob/ob mice (n =
4) were treated at a dose of 25 mg - kg body wt1 - day~1. AMP-DNM had no significant
effect on body weight or food intake (Fig. 3A) but concomitantly led to a pronounced
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reduction in blood glucose concentrations (P = 0.008) (Fig. 3B). Hyperinsulinemic-
euglycemic clamp studies demonstrated that this was associated with a marked improvement
in whole-body insulin sensitivity (P = 0.003) (Fig. 3C). This was due in part to a significant
(~26%) decrease in hepatic glucose production (R;) (P = 0.035) as well as a significant
(~29%) increase in glucose disposal (Ry) (P = 0.0028) (Fig. 3D).

The beneficial effect of AMP-DNM was also revealed by glucose tolerance tests. Animals
fed with 25 mg/kg AMP-DNM for 8 days showed a better response to oral glucose
administration (1 g/kg body wt) compared with untreated mice. The AUCs of blood glucose
concentrations were significantly lower (P = 0.023) in AMP-DNM-treated mice (13.21 =
1.43 [SD] compared with 20.15 + 2.33). A marked reduction was also observed in A1C in
ob/ob mice receiving 25 mg AMP-DNM - kg body wt™1 - day™! for 9 weeks. The A1C
concentration was 4.82 £ 0.85% in the treated ob/ob mice compared with 6.82 + 0.88% in
the untreated animals and 4.31 + 0.66% in corresponding wild-type mice. Hepatic fat
accumulation was apparent in untreated ob/ob mice, and this was reduced by AMP-DNM
therapy. Triglyceride concentrations in livers of AMP-DNM-fed ob/ob mice were
significantly decreased from 107 + 13 to 80 £ 11 nmol/mg liver (P = 0.035). Comparable
treatment of normal C57BI1/6J mice with AMP-DNM did not result in reduction of blood
glucose or A1C. No changes occurred in insulin concentration in fasted blood samples (not
shown).

Effects of AMP-DNM in Zucker diabetic fa/fa rats

Male ZDF rats spontaneously develop pronounced obesity accompanied by marked insulin
resistance and subsequent hypoinsulinemic diabetes. To test the efficacy of AMP-DNM in
this model, we examined 8-week-old ZDF rats that were treated for 9 weeks with 0, 5, or 25
mg AMP-DNM - kg~1 - day™1 (n = 4 for each group). Body weights of ZDF rats receiving
AMP-DNM were not significantly different from those of untreated animals.

Table 3 shows that treatment with a dose of 25 mg AMP-DNM - kg body wt™1 - day~1
resulted in a clear reduction in hepatic concentrations of glucosylceramide and gangliosides
but did not change ceramide levels. Similar observations were made for muscle (not shown).
Marked improvements in fasted and nonfasted blood glucose became already apparent
within 1 week of treatment (Fig. 4A and B). Around 3 weeks of treatment, the ZDF rats
receiving 25 mg AMP-DNM - kg1 - day~1 showed close to normal fasted and nonfasted
blood glucose concentrations, but, subsequently, blood glucose levels gradually rose. Before
treatment, 8-week-old ZDF rats were already hyperinsulinemic (Fig. 4C). During the
treatment period, insulin production in placebo-treated ZDF rats markedly diminished. In
rats treated with 25 mg AMP-DNM - kg1 - day™1, hyperinsulinemia improved but was not
completely corrected (Fig. 4C). Oral glucose tolerance tests conducted at weeks 2 and 9 of
the treatment period revealed significantly improved glucose tolerance in ZDF rats receiving
25 mg AMP-DNM - kg~ - day™ (P = 0.014 and P = 0.021, respectively) (Fig. 4D). After 9
weeks of treatment, A1C in ZDF rats receiving the highest dose of AMP-DNM (6.31 +
0.68%) was significantly reduced (P = 0.0016) compared with untreated ZDF rats (8.89 +
0.33%) but still higher (P = 0.012) than in lean littermates (4.24 = 0.1%) (Fig. 4E). Of note,
there was a correlation between the ratio of hepatic glucosylceramide/ceramide in rats at the
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end of the 9-week treatment period and A1C (Fig. 4F), providing support for the notion of a
causal relationship between these two variables. We observed in a separate experiment that
ZDF rats, treated for 10 weeks with a dose of 60 mg AMP-DNM - kg body wt™1 - day 1,
showed ALC levels (5.4 = 0.4%) similar to normal littermates (5.3 + 0.5%). AMP-DNM
treatment of normal littermates of ZDF rats did not result in a reduction of blood glucose
and A1C or cause changes in insulin concentrations in fasted blood samples (hot shown).

The very low plasma insulin levels in 17-week-old placebo-treated ZDF rats indicate p-cell
decomposition (Fig. 4C). The remaining high plasma insulin levels of drug-treated ZDF rats
suggest some preservation of pancreatic -cell function. Histological analysis of pancreatic
tissue (Fig. 4G-L) revealed the presence of more insulin-producing p-cells in drug-treated
ZDF rats (Fig. 4J) than in placebo controls (Fig. 4H) but clearly less than in lean littermates
(Fig. 4L).

A consistent picture emerged from analysis of the insulin signaling pathway in livers
collected from animals fasted for 6 h. Only the livers of the fasted ZDF rats receiving 25 mg
AMP-DNM - kg1 - day~1 showed marked insulin receptor autophosphorylation and serine
phosphorylation of Akt, nTOR, and p70S6K (online appendix data [available at http://
dx.doi.org/10.2337/db06-1619]). This finding is not surprising, since only these animals
showed high insulin levels while fasted.

Effects of AMP-DNM in a murine model of diet-induced obesity and glucose intolerance

To induce glucose intolerance, C57BI/6J mice were fed a high-fat diet for 4 weeks. Animals
(n = 8 for each group) were treated by daily oral gavage for 2 weeks with different doses of
AMP-DNM (0, 5, and 25 mg - kg1 - day™1). There were no significant differences in body
weight between the different treatment groups (Fig. 5A). In the animals treated with 25 mg -
kg™! - day~! AMP-DNM, fasting blood glucose (7.74 + 0.40 [SD] mmol/l) was significantly
lower than in animals treated with 0 or 5 mg - kg~! - day~? AMP-DNM (9.57 + 0.38 and
9.46 + 0.26 mmol/l, respectively) (Fig. 5B). After oral glucose load (1 g/kg body wt), the
glycemic profile was significantly (P = 0.021) better in mice treated with the highest dose of
AMP-DNM than in the other animals (AUC 9.72 + 0.21, 12.24 + 0.20, and 12.25 + 0.29 for
mice, 5 and 0 mg AMP-DNM - kg™ - day™1, respectively) (Fig. 5C). Plasma insulin
concentrations tended to be lower in animals treated with 25 mg AMP-DNM - kg™! - day™1
compared with the other two groups (Fig. 5D).

DISCUSSION

In these studies, we have demonstrated that AMP-DNM, a potent inhibitor of
glucosylceramide synthase, has dramatic beneficial effects on the insulin resistance and
hyperglycemia seen in ZDF rats, ob/ob mice, and high-fat diet-induced glucose-intolerant
mice via a mechanism that does not require a reduction in food intake or loss of body
weight. Interestingly, 17-week-old ZDF rats treated with 25 mg AMP-DNM - kg™1 - day ™1
were still able to produce significant amounts of insulin in contrast to placebo-treated
animals. Apparently, in this rodent diabetes model, the iminosugar treatment exerts a
protective effect on the pancreas. Since AMP-DNM does not change oral glucose tolerance,
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blood glucose concentrations, or plasma insulin levels in lean animals, it seems unlikely that
the drug stimulates insulin secretion directly.

Inhibition of glucosylceramide synthase by AMP-DNM causes no concomitant
accumulation of ceramide, suggesting the existence of some feedback in ceramide
metabolism. A key question that arises relates to the specificity of AMP-DNM as an
inhibitor of glucosylceramide synthase. At a concentration <1 pmol/l, AMP-DNM causes no
significant inhibition of activity of the lysosomal enzymes glucocerebrosidase,
sphingomyelinase, acid a-glucosidase, or the endoplasmic reticulum—-trimming a-
glucosidases. The cytosolic debranching enzyme and glycogen synthase are also unaffected
at such concentrations (data not shown). AMP-DNM was originally developed as an
inhibitor of a nonlysosomal glucosylceramidase (24). This enzyme is inhibited by AMP-
DNM in the picomolar range (ICsg ~1 nmol/l). Cultured adipocytes or ob/ob mice exposed
to low nanomolar concentrations of AMP-DNM do not show improved responsiveness to
insulin. Inhibition of the nonlysosomal glucosylceramidase by AMP-DNM seems not to be
sufficient to increase insulin sensitivity. The molecular identity of the nonlysosomal
glucosylceramidase as GBA2 (B-glucosidase 2) has been recently established (32,33).
Analysis of GBA2 knockout mice revealed impaired spermatogenesis, but, otherwise, the
phenotype of the animals is normal (32). Iminosugars can also significantly inhibit intestinal
glycosidases, thus reducing the rate of digestion and absorption of oligo- and
polysaccharides. This may additionally contribute to the beneficial effects of AMP-DNM.
However, AMP-DNM is only a low-affinity inhibitor of sucrase and maltase, with 1Csq
values for these enzymes of 4.5 and 18 umol/l, respectively. Therefore, it appears highly
unlikely that the AMP-DNM dose used would impact intestinal glycosidases. Finally, it is
unlikely that AMP-DNM had significant nonspecific toxic effects, as food intake remained
unchanged in treated rodents and no abnormalities were noted on histological examination
of liver, kidney, and brain. Only modest (30-50%) increases of liver glycogen were
observed during the first week of feeding ob/ob mice with the AMP-DNM diet.
Subsequently, glycogen levels remained stable in the normal range of C57BI/6J animals,
suggesting that there was no marked inhibition of debranching enzyme. Analysis of gene
expression in livers of AMP-DNM-treated ob/ob mice (n = 3) rendered no indications for
any cytotoxicity.

Our studies with AMP-DNM may help to clarify the relationship between obesity,
ceramides, and insulin resistance. First, we confirmed previous observations that liver tissue
from insulin-resistant ob/ob mice had elevated levels of ceramide, glucosylceramide, and
gangliosides and demonstrated that muscle tissue from these animals had increased
glucosylceramide but normal ceramide concentrations. We then demonstrated that AMP-
DNM had dramatic beneficial effects on insulin sensitivity without any change in ceramide
concentrations but with a marked reduction in tissue levels of glucosylceramide. These
observations strongly suggest that it is unlikely that the elevation in ceramide itself solely
mediates the insulin resistance seen in ob/ob mice but that downstream metabolites of
ceramide are also likely to be critically involved. Our studies in cultured 3T3-L1 adipocytes
revealed that AMP-DNM reversed the adverse effects of TNF-a on several steps in the
insulin signal transduction pathway. This effect was demonstrable at a proximal step, i.e.,
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insulin receptor autophosphorylation, of interest because of the previously reported
localization of GM3 gangliosides in plasma membrane subdomains containing the insulin
receptor and the effect of genetic depletion of GM3 on insulin receptor autophosphorylation.

One iminosugar, N-hydroxyethyldeoxynojirimycin (Miglitol), is already registered as an oral
agent for treating diabetes (34). The ancient use of iminosugar-rich mulberry leaves in the
Far East to control hyperglycemia stimulated the development of this drug (35,36). The
presumed mode of action of Miglitol is inhibition of intestinal glycosidase activities, thereby
buffering monosaccharide assimilation (34). We have established that Miglitol does not
inhibit glucosylceramide synthase; however, we cannot exclude that some proportion of the
well-absorbed compound is metabolized to some structure that is capable of inhibiting
glucosylceramide synthase.

In summary, our investigations indicate that the beneficial effects of hydrophobic
iminosugars like AMP-DNM on hyperglycemia are largely mediated by reduction of
excessive glycosphingolipids in tissues. These findings support the notion that
glycosphingolipids may play a critical role in the mediation of lipotoxic insulin resistance
and should encourage the further evaluation of this class of imino-sugar-based compounds
for the treatment of human insulin resistance and diabetes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary
AMP-DNM N-(5’-adamantane-1’-yl-methoxy)-pentyl-1-deoxynojirimycin
AUC area under the curve
GM3 sialosyllactosylceramide
HPLC high-performance liquid chromatography
HRP horseradish peroxidase
PDMP 1-phenyl-2-decanoylamino-3-morpholinopropanol
TNF tumor necrosis factor
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FIG. 1.
AMP-DNM reverses TNF-a-induced insulin resistance and surface expression of GM3 in

3T3-L1 adipocytes. Serum-starved 3T3-L1 adipocytes were treated with either vehicle/
control, AMP-DNM (10 pmol/l), and/or TNF-a (0.6 nmol/l) for 24 h before stimulation with
or without insulin (100 nmol/l for 5 min). A: Immunoblots of whole-cell lysates were
performed in parallel as described in researc pesien ano metrons. Representative blots are shown
from one of three independent experiments. B: Cell surface expression of GM3 was
determined on basal adipocytes (not stimulated with insulin) by fluorescence-activated cell
sorter analysis. Values represent means + SE of viable cells that stained positive for GM3.
*P < 0.05; observed in four independent experiments.
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Improved insulin signaling in the liver of ob/ob mice treated with AMP-DNM. Animals
were fed for 2 weeks with 0, 5, or 25 mg AMP-DNM/kg. To animals starved overnight,
insulin (0.75 units/kg) was administered via the vena porta. Livers were collected after 5
min. Insulin receptor protein, and its autophosphorylation, and mTOR protein, and its serine

phosphorylation, were visualized and quantified.
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FIG. 3.
Beneficial effects of iminosugar feeding on glucose metabolism in ob/ob mice. ob/ob mice

were fed either a control diet (O and ) or with diet providing a dose of 25 mg AMP-DNM -
kg body wt™! - day~ (@ and m). Body weight (A) and blood glucose levels (B) were
determined at indicated time points. During the clamp, glucose infusion rate (GIR) was
monitored (C), the rate of glucose disposal [Rd(glc)], and the rate of endogenous hepatic
glucose production [Ra(glc;endo)] were calculated (D). Data presented are means + SD.
Significant differences between both groups (*) are indicated. Statistical significances of
differences were determined using Student’s t test, except in calculations over time where
ANOVA with repeated measurements was used. P < 0.05 was considered statistically
significant.
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FIG. 4.

Beneficial effects of iminosugar feeding in ZDF rats. ZDF rats (10 weeks old) were treated
for 10 weeks with 0, 5, or 25 mg AMP-DNM - kg™1 - day™1 (n = 4 for each group). As a
control, lean littermates were analyzed. Presented are means = SD. A: Fasted blood glucose
during treatment period. B: Nonfasted blood glucose during treatment period. C: Plasma
insulin levels during treatment period. D: Oral glucose tolerance at week 2 (O) and week 9
(m) of treatment. E: A1C after 10 weeks of treatment. F: Relation of level of A1C (%) with
hepatic glucosylceramide—to—ceramide ratio (GlcCer/Cer). Values are means + SD. G:
Pancreas glucagon immunostaining placebo-treated ZDF rats. H: Pancreas insulin
immunostaining placebo-treated ZDF rats. |: Pancreas glucagon immunostaining 25 mg
AMP-DNM-treated ZDF rats. J: Pancreas insulin immunostaining 25 mg AMP-DNM-
treated ZDF rats. K: Pancreas glucagon immunostaining lean littermate. L: Pancreas insulin
immunostaining lean littermate. m, 0 mg AMP-DNM - kg™! - day™!; @, 5 mg AMP-DNM -
kg™! - day™1; O, 25 mg AMP-DNM - kg1 - day~1; <, lean rats.
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FIG. 5.
Beneficial effects of AMP-DNM on glucose homeostasis in diet-induced glucose-intolerant

mice. Glucose-intolerant C57BI/6J mice were obtained after a high-fat diet for 4 weeks. For
2 weeks, two groups of eight animals were administered, by daily oral gavage, 0, 5, and 25
mg AMP-DNM - kg™1 - day™L. Values represent means + SD. A: Body weight. B: Fasted
blood glucose. C: Oral glucose tolerance (expressed as AUC). D: Plasma insulin.
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Effect of AMP-DNM on ceramide and glycosphingolipids in 3T3-L1 adipocytes

TABLE 1

Sphingolipid (pmol/well) Ceramide GM3 GM2
Without insulin
No addition 957+71 2,192+144 335%21
With TNF 1328+95 3,265+225 442+20
With AMP-DNM 970 +£57 1,063 + 65 170+ 12
With TNF + AMP-DNM 1,241 +88 2,205+138 267 +18
With insulin
No addition 955+56 2,451+184 382+26
With TNF 1492+92 4,288+321 61936
With AMP-DNM 1,096 +56 1,074 +87 175+ 10
With TNF + AMP-DNM 1,241 +99 1988+169 267 +97

Page 18

Data are means + SE. Serum-starved 3T3-L1 adipocytes were treated with either vehicle/control, AMP-DNM (10 umol/l), and/or TNF-a (0.6

nmol/l) for 24 h prior to stimulation with or without insulin (100 nmol/I for 5 min). Sphingolipid content was determined by HPLC-based

procedures as described in ReseArRcH DEsIGN AND METHODS. Values represent means of four wells. Similar results were obtained in two independent

experiments.
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TABLE 2

Effect of AMP-DNM on ceramide and glucosylceramide content of liver and muscle of ob/ob and normal
C57BI/6J mice

GlcCer (nmol/mg protein)  Cer (nmol/mg protein)

Liver
Normal: 0 mg AMP-DNM 212+0.15 9.44 £0.82
Normal: 25 mg AMP-DNM 1.24+0.09° 10.31£0.96
ob/ob: 0 mg AMP-DNM 3.81+0.24 102.6 +12.3
ob/ob: 25 mg AMP-DNM 2924 +0.14" 95.9+11.6
Muscle
Normal: 0 mg AMP-DNM 1.48+0.31 1.42 +£0.60
Normal: 25 mg AMP-DNM 0.89 +0.22° 147 +0.22
ob/ob: 0 mg AMP-DNM 2.49+0.41 1.21+0.31
ob/ob: 25 mg AMP-DNM 1.41+0.16" 1.29+0.24

Data are means + SD. Animals were fed for 2 weeks with 0 or 25 mg AMP-DNM/Kg. Liver and muscle tissue were collected and analyzed on
ceramide and glucosylceramide content by HPLC-based procedures described in ResearcH besicn AND METHODS. Values represent the mean of four
animals.

syduosnuelA Joyiny sispun4 DA @doing ¢

Cer, ceramide; GlcCer, glucosylceramide-to-ceramide ratio.

*
P < 0.05 by Student’s t test (0 vs. 25 mg treatment group).
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TABLE 3
Ceramide and glycosphingolipid levels in liver of normal and ZDF rats treated with AMP-DNM

Liver sphingolipid 0mg AMP-DNM 5 mg AMP-DNM 25 mg AMP-DNM  Normal

(nmol/g wet wt) kg™t - day? kg™t day™* kg™ day! littermate
Ceramide 461 + 29 416 + 24 451 +37 475+ 25
Glucosylceramide 56.7 +9.2 534 +57 474+£52 46.1+£5.0
Gangliosides
GM3 225+3.2 21.3+29 17327 20022
GM2 6.2+1.0 59+09 48+08 50+04
GM1 11.6+29 11422 56+1.1 9.1+15
GDA1 15715 155+1.7 79+0.9 16.4+1.2

Data are means + SD. Animals were fed for 10 weeks with 0, 5, or 25 mg AMP-DNM/kg. Liver was collected and analyzed on ceramide,
glucosylceramide, and ganglioside content.
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