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Summary

The research described in this thesis is based on the hypothesis that glycosphingoli-
pids are important mediators of obesity-induced insulin resistance. The availability 
of a specifi c inhibitor of glucosylceramide synthase, a key enzyme in the glycosphin-
golipid synthesis pathway, provided us a tool to study the impact of glycosphingolipid 
lowering in both in vitro and in vivo model systems. 

The background information for this thesis is provided in Chapter 1. Described are 
the metabolic consequences of insulin resistance that are not restricted to glucose 
homeostasis but affect also lipid and cholesterol metabolism. An explanation is put 
forward of how obesity is linked to increased amounts of glycosphingolipids and 
with insulin resistance based on own and available literature data. Briefl y, obesity 
promotes increases in glycosphingolipids, like the ganglioside GM3 and the sphingoli-
pid ceramide. Excessive amounts of these lipids interfere with the ability of insulin 
to activate the insulin receptor and downstream kinases. The experimental evidence 
for this partly stems from interventions with inhibitors of glycosphingolipid biosyn-
thesis. The development of such inhibitors is presented from a historic perspective 

Chapter 2 describes an investigation in which several inhibitors of glycosphingoli-
pid synthesis were tested for their capacity to improve insulin sensitivity in rodent 
models of insulin resistance. These iminosugar based inhibitors vary in their sub-
strate specifi city (IC50’s) for glucosylceramide synthase and intestinal glycosidases. 
We found that AMP-DNM, a compound that inhibits both intestinal glycosidases as 
well as glucosylceramide synthase showed the best effects on glycemic control. The 
ability of this compound to buffer carbohydrate uptake likely contributes to the 
improved glucose homeostasis in these rodent models.

Dysfunctional adipose tissue is a critical mediator in obesity-induced insulin resist-
ance, attributed to the limited secretion of adiponectin and increased secretion of 
pro-infl ammatory cytokines and free fatty acids. In Chapter 3 we show that treat-
ment of ob/ob mice with AMP-DNM restores insulin signaling in isolated ex vivo 
insulin-stimulated adipocytes. The adiponectin gene expression and protein levels 
increased and the number of adipose tissue macrophages decreased in vivo. 

In Chapter 4 the effect of AMP-DNM treatment on the development of hepatic 
steatosis is reported. Steatosis is commonly associated with insulin resistance and 
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attributed to high levels of insulin driving de novo lipid synthesis in the liver. Oral 
administration of AMP-DNM prevented hepatomegaly, restored insulin signaling in 
the liver and corrected blood glucose and insulin concentrations. The expression 
of SREBP-1c target genes involved in fatty acid synthesis normalized and fatty acid 
synthesis in the liver was decreased. The development of abundant steatosis in the 
centrilobular area was markedly prevented concurrent with normalization of glyco-
gen storage in livers of treated animals. In addition, AMP-DNM treatment corrected 
the gene expression profi le in liver to a large extend towards the profi le of lean 
mice.

In Chapter 5 we studied the effects of AMP-DNM on food intake and energy 
expenditure in ob/ob mice using metabolic cages. Directly after treatment initiation 
the fat oxidation rate increased and the carbohydrate oxidation decreased. This was 
accompanied by a reduction in food intake and a decrease in energy expenditure. 
After prolonged (fi ve weeks) treatment, a strong decrease in liver triglyceride con-
centrations of AMP-DNM treated animals was observed. In line with the high fat 
oxidation rates, liver CPT-1a expression was increased. In a second experiment, four 
hours of AMP-DNM exposure induced activation of regions of the hypothalamus 
known to be involved in the regulation of food intake. This short treatment span 
had no detectable peripheral metabolic effects in ob/ob mice, suggesting that the 
observed hypothalamus activation was caused by an independent mode of action of 
AMP-DNM. 

Chapter 6 describes the consequences of glycosphingolipid lowering at the cel-
lular level. A liver derived cell line (HepG2) was cultured and treated for 48 hours 
with AMP-DNM. This resulted in a 70% decrease in glycosphingolipid levels without 
obvious effects on cell growth or morphology. We analyzed mRNA expression using 
micro arrays comparing treated versus non-treated cells and found an increase in 
expression in a set of genes that are regulated by the SREBP transcription factor 
family. This transcription factor activates genes in the sterol biosynthesis pathway 
and we indeed confi rmed the functionality of this increase by showing enhanced 
cholesterol production in AMP-DNM treated cells. 

In the study presented in Chapter 7 we determined whether AMP-DNM also 
affects lipid homeostasis and in particular the reverse cholesterol transport pathway. 
Treatment of C57BL/6J mice with AMP-DNM for 5 weeks decreased plasma levels 
of triglycerides and cholesterol by 35%, whereas neutral sterol excretion increased 
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twofold. Secretion of biliary lipid also increased twofold, which resulted in a similar 
rise in bile fl ow. This effect was not due to altered expression levels or kinetics of 
the various export pumps involved in bile formation. However, the bile salt pool size 
increased and the expression of Cyp7A1 was up-regulated. In vitro experiments 
using HepG2 hepatoma cell line revealed this to be due to inhibition of fi broblast 
growth factor (FGF) 19 mediated suppression of Cyp7A1 via the FGF receptor.

Bile acids are synthesized from cholesterol and have long been thought to be just 
a degradation product with an additional function in food digestion. During the 
past decade many new functions of bile acids emerged and, instead of functioning 
at the interphase of the outside world and the body, bile acids turned out to be 
extremely important signal transduction molecules which play an important role in 
balancing fl ux through diverse metabolic pathways. In Chapter 8 we focus on the 
function of bile acids in regulation of cholesterol homeostasis at both the cellular 
and organismal level.

This chapter (Chapter 9) provides a summary and a general discussion of the 
results presented in this thesis. The effects of AMP-DNM on glucose homeostasis 
by virtue of its effects on insulin signaling in muscle and the liver as well as its ability 
to inhibit intestinal glycosidases are outlined. Furthermore, the benefi cial effects of 
AMP-DNM on lipid metabolism in the liver and on adipocyte function, both con-
tributing to overall insulin sensitivity, are discussed. The impact of AMP-DNM on 
cholesterol and bile homeostasis via pathways that do not involve the insulin recep-
tor is also addressed. Additional modes of action of AMP-DNM besides reducing 
glycosphingolipids are conceivable and ideas for future studies to test these ideas 
are provided. 
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General Discussion

The metabolic effect of AMP-DNM treatment: glucose homeostasis
In healthy individuals the muscle and fat cells are largely responsible for the rapid 
uptake of glucose from the blood after a meal. The impairment of muscle-mediated 
glucose uptake is thought to be the largest contributing factor for hyperglycemia 
in insulin-resistant diabetic subjects. It has been suggested that the accumulation of 
excess lipid metabolites such as sphingolipids interfere with insulin signaling in these 
tissues causing insulin resistance. These sphingolipids can also be used as building 
blocks for the more complex glycosphingolipids. Glycosphingolipids have also been 
implicated as causal mediators of insulin resistance ([1]). Indeed it was found that 
in insulin resistant ob/ob mice, muscle glycosphingolipid levels are increased ([2]). 
Treatment with AMP-DNM decreased the glycosphingolipid content in muscle to 
levels observed in lean mice. This was accompanied by a pronounced reduction in 
blood glucose concentrations as well as HbA1c levels, suggesting long term improve-
ments in glucose homeostasis. Hyperinsulinemic-euglycemic clamp studies demon-
strated that this was at least partly due to a signifi cant increase in glucose disposal 
(Rd), implying improved insulin sensitivity in the periphery (muscle and /or fat)([2]). 
These clamp studies also revealed a decrease in hepatic glucose production (Ra). The 
reduced glucose output by the liver is most likely a direct effect of improved insulin 
signaling in the liver. AMP-DNM treatment of ob/ob mice resulted in reduction of 
hepatic glycosphingolipids, co-inciding with an improved responsiveness for insulin. 
Besides direct effects on existing enzymes involved in gluconeogenesis insulin also 
stimulates the phosphorylation of the transcription factor FoxO1 thereby inactivat-
ing it. Inactivation of FoxO1 normally results in decreased transcription of genes 
required for gluconeogenesis, most prominently phosphoenolpyruvate carboxyki-
nase and glucose-6-phosphate phosphatase. We indeed observed a reduction in 
transcripts of these genes in the livers of drug-treated ob/ob mice. Furthermore, we 
found a restoration of glycogen deposits which also indicates restoration of insulin 
action in the liver (chapter 4).

Another important organ that contributes to blood glucose levels is the intestine, 
which mediates the process of glucose uptake from food. In this regard it is of inter-
est to note that AMP-DNM inhibits intestinal glycosidases like sucrose and maltase 
that normally digest carbohydrates into monosaccharides which can be absorbed by 
the body ([3]). This effect on intestinal enzymes is the mode of action of the regis-
tered oral anti-diabetic drug Miglitol (N-(1-hydroxyethyl)-1-deoxynojirimycin) ([4]). 
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This drug can be used to lower the post-prandial hyperglycemia and thus establish 
greater glycemic control. To dissect these two actions of AMP-DNM (i.e. improve-
ment of insulin signaling by glycosphingolipid lowering and reduction of intestinal 
carbohydrate digestion) with regard to glucose homeostasis, we tested the capacity 
of another more specifi c iminosugar (chapter 2). This iminosugar, L-ido-AMP-DNM, 
inhibits GCS comparable to AMP-DNM, but shows greatly decreased inhibition of 
the intestinal glycosidases. These studies demonstrated that sole reduction of vis-
ceral glycosphingolipids prominently contributes to improvements in blood glucose, 
HbA1C, oral glucose tolerance and insulin signaling. These observations are in 
accordance with studies performed by others with a different class of glycosphin-
golipid inhibitor. Zhao et al. demonstrated that Genz-123346, a ceramide based 
glycosphingolipid inhibitor that does not inhibit intestinal glycosidases, improves 
glucose homeostasis and insulin sensitivity in ZDF rats and high fat fed mice ([5]). 
These studies indicate that the effect of AMP-DNM on glucose homeostasis can be 
largely attributed to systemic improvement of insulin responsiveness as a result of 
glycosphingolipid lowering and that buffering of intestinal carbohydrate uptake by 
the drug contributes to this phenomenon. 

The metabolic effect of AMP-DNM treatment: lipid homeostasis
The liver of hyperinsulinemic, diabetic individuals offers an enigma. Whilst the 
glucose homeostasis pathway has become insensitive to insulin action, the activa-
tion of SREBP-1c by insulin is not impaired. Since SREBP-1c activation promotes 
lipogenesis, the hyperinsulinemia in diabetic subjects therefore results in excessive 
fatty acid synthesis and eventually accumulation of fat in the liver. The observation 
that the liver in diabetic subjects is only partially resistant to the effects of insulin 
is not new and was already described in 1993 ([6]). Growing evidence from murine 
models now support the idea of partial insulin resistance and the phenotype of the 
ob/ob mouse is a good example: these mice show a disturbed glucose homeostasis 
together with massive steatosis. 
Brown and Goldstein recently proposed a model featuring selective post-recep-
tor hepatic insulin resistance to explain the phenomenon that insulin resistance 
seems differentially regulated for fat and glucose metabolism ([7]). Their hypothesis 
that regulation takes place at the post-receptor level is strengthened by observa-
tions in humans ([8]). Individuals with a defect at the insulin receptor exhibit low 
serum TG, liver fat content and de novo lipogenesis, together with hyperglycemia. In 
other words, both pathways are resistant to the actions of insulin in this situation. 
Individuals with a defect downstream of the insulin receptor (AKT2 mutation) also 
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exhibit hyperglycemia. In contrast, they manifest increased lipogenesis, elevated liver 
fat content and hypertriglyceridemia. The observed differential effects on glucose 
(resistant) and lipid metabolism (sensitive) in individuals with an AKT2 mutation 
suggest that these pathways diverge upstream of this point but downstream of the 
insulin receptor. Likewise in mice the loss of Akt2 decreases the ability of insulin to 
suppress hepatic glucose output ([9]) whereas serum triglycerides are increased. 

It is not clear how liver insulin resistance manifests itself in the ob/ob mice. The 
pathway for lipogenesis is still sensitive in these mice whereas the pathway for 
glucose homeostasis is not, in line with the hypothesis of post-receptor insulin 
resistance. Treatment with AMP-DNM clearly showed improvements in insulin sig-
naling already at the level of the insulin receptor ([2]) and this means that the insulin 
receptor was in some extend resistant to insulin before treatment. The effect of 
AMP-DNM on insulin signaling can therefore at least be partially explained by a 
direct positive effect on the insulin receptor. 
Although AMP-DNM treatment restores the insulin responsiveness of the liver of 
ob/ob mice, this does not result in increased de novo lipogenesis. On the contrary, 
the effect of AMP-DNM treatment in ob/ob mice was a spectacular prevention of 
the hepatic steatosis that is typically found in these mice. This is at least partially 
caused by reduced de novo fatty acid synthesis as indicated by decreases in expres-
sion of SREBP1c target genes, including fatty acid synthase (Chapter 4). 
Similar results on hepatic steatosis reduction have been obtained by other research-
ers using the ceramide based GCS inhibitor Genz-123346 ([10]). Treatment of ob/ob 
mice with Genz reduced the liver/body weight ratio and decreased the accumula-
tion of triglycerides. In addition, inhibiting glycosphingolipid synthesis in diet-induced 
obese mice both prevented the development of steatosis and partially reversed 
pre-existing steatosis. 

Anti-infl ammatory effects of AMP-DNM ([11]) may additionally contribute to its 
benefi cal effect given the present view that infl ammation contributes to steato-
sis ([12]). It should be noted that the total amount of fat in the liver is a result 
of balance between uptake, de novo synthesis, and export via VLDL and bile. The 
increased availability of free fatty acids during insulin resistance is thought to be an 
important contributing factor to the development of steatosis. We did not study the 
uptake and export of fatty acids in our ob/ob mice and can therefore not eliminate 
the possibility that these processes contribute to the AMP-DNM induced decrease 
in hepatic fat content. 
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The changes in liver histology that result from fat accumulation associated with 
insulin-resistance are united under the name Non Alcoholic Fatty Liver Disease 
(NAFLD). These include hepatic steatosis, infl ammation, hepatocyte injury and fi bro-
sis ([12]). In a recent large population-based study, a third of the American population 
was found to have hepatic steatosis ([13]). Although steatosis in itself is considered 
a benign disease, about 10% of the patients progresses into hepatic steatohepatitis 
and cirrhosis ([14]). Our presently conducted investigations provide no answer to 
the question whether AMP-DNM may impact the development of hepatic steatosis 
into steatohepatitits. The lack of leptin in ob/ob mice prevents the activation of 
stellate cells, a crucial step in the development of steatohepatitis and frank fi brosis. 
Future investigations in more suitable animal models for this pathology should be 
able to render more insight. 
The improvement of adipose tissue of ob/ob mice that is observed after AMP-DNM 
treatment (chapter 3) could have signifi cantly contributed to changes in liver physi-
ology (chapter 4). Insulin is the main regulator of adipocyte fat content, since it is 
both a potent inhibitor of fat release and an activator of fat storage and triglyceride 
synthesis in adipocytes. Dysfunctional adipocytes are a major source of free fatty 
acids that provide a source for triglyceride synthesis in the liver. Restoring adipocyte 
function keeps fatty acids at the adipocytes and reduces the burden of free fatty 
acids in the liver as well as in other tissues ([15]). For example, in muscle cells the 
presence of excess lipids is thought to cause insulin resistance ([16]). In pancreatic 
beta cells, the accumulation of free fatty acids contributes to β cell failure that leads 
to frank diabetes ([17]). Furthermore, adipocytes are a major source of adipokines 
and abnormalities in such proteins can cause detrimental effects on metabolism 
([18]). Recent studies have focused on the role of adipose tissue dysfunction as a 
common mediator in the development of type 2 diabetes ([19, 20]) as explained in 
the introduction of this thesis. 
It is not yet clear how AMP-DNM restores adipocyte function. Restoring insulin sig-
naling capacity could have led to an increase in adipocyte size due to increased fatty 
acid storage and reduced hydrolysis. The adipocytes appeared larger in ob/ob mice 
compared to those in lean mice. Following treatment with AMP-DNM the average 
adipocyte size in ob/ob mice did not change but the numbers of the large adipocyte 
population decreased. Hypertrophic adipocytes are prone to cell death, causing a 
cascade of events leading to free fatty acid release and infl ammatory processes in 
adipose tissue ([21]). The noted reduction in large adipocytes in ob/ob mice upon 
AMP-DNM treatment could therefore be a key trigger in the observed reduction of 
infl ammation and hence improvement of adipocyte functions. 
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The metabolic effect of AMP-DNM: total body metabolism
Treatment of ob/ob or lean mice with a relatively high dose of 100 mg/kg/day AMP-
DNM causes a reduction in body weight gain (chapters 3 and 4). At a lower dose 
of 25 mg/kg/day AMP-DNM and with another GCS inhibitor (Genz-123346) gly-
cosphingolipid lowering increases insulin sensitivity independently of weight gain 
reduction ([2, 5]). This indicates that loss of weight gain is a contributing rather than 
an explaining factor for the observed metabolic effects of AMP-DNM. To monitor 
the kinetics of the effect of AMP-DNM on metabolism in ob/ob mice we analysed 
the effects of AMP-DNM on substrate oxidation, food intake, energy homeostasis 
and activity using a setup of computerized metabolic cages (chapter 5). AMP-DNM 
treatment rapidly increased fat oxidation and reduced carbohydrate oxidation in 
ob/ob mice. This preceded changes in metabolic parameters such as blood glucose 
levels and changes in expression of genes involved in fatty acid oxidation in liver and 
muscle. Interestingly, the change in substrate oxidation pattern was accompanied by 
a reduced food intake. This points to a direct effect of AMP-DNM on metabolism 
independent of reductions in glycosphingolipid levels since these lipid levels could 
not have been changed in such a short time span. 
The hypothalamus is known to be a regulator of food intake by modulating appetite. 
Indeed two areas in the hypothalamus involved in food intake regulation show spe-
cifi c activation 4 hours after treatment with AMP-DNM. How the reduction in food 
intake and the changes in substrate oxidation patterns are related remains to be 
clarifi ed. One of the peptides involved in appetite regulation that could be respon-
sible for the AMP-DNM effect on both food intake and fat oxidation is peptide YY 
3-36 (PYY 3-36). This peptide is released by L cells in the intestine in response to 
food intake and subsequently reduces appetite and slows gastric emptying ([22]). 
Peripheral administration of PYY 3-36 leads to increases in c-Fos immunoreactiv-
ity in the arcuate nucleus and PYY binding to the Y2-receptor in arcuate nucleus 
mediates its inhibitory effect on feeding ([23]). Peripheral acute and chronic PYY 
3-36 administration stimulates fatty acid oxidation ([24]). Thus, an increase in PYY 
3-36 release from the gut in response to AMP-DNM could explain the observed 
acute effects of AMP-DNM treatment. We are currently studying if activation of the 
hypothalamus regions with AMP-DNM treatment indeed involves the peptide PYY. 
Future studies are needed to confi rm this hypothesis and to study the origin of PYY 
in AMP-DNM treated mice. 
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The metabolic effect of AMP-DNM: cholesterol and bile synthesis
Lowering glycosphingolipid levels by AMP-DNM treatment has major metabolic con-
sequences at the organismal level. At the cellular level (HepG2) AMP-DNM induced 
the activation of SREBP-1a target genes, associated with both the synthesis of lipids 
and cholesterol (chapter 6). Events leading to SREBP activation upon reduction in 
sphingolipid levels, rather than by classical activation by cholesterol depletion are 
somewhat enigmatic. 
Evidence that glycosphingolipids are directly involved in SREBP processing comes 
from a study in cells that lack glycosphingolipids. These cells, GM95, are defi cient in 
ceramide glucosyltransferase and therefore lack glucosylceramide and its metabo-
lites: the complex glycosphingolipids. In these cells the content of mature SREBP 
is increased and the transcriptional activation of SREBP target genes is induced 
([25]). 
An interesting view on this matter comes from studies in the fruit fl y Drosophila 
melanogaster. The fruit fl y has a similar cast of protein characters involved in lipid 
metabolism. These include a SREBP (fl ies only have one), a SCAP, and orthologs of 
the two proteases that release SREBP from the membrane. Surprisingly this system 
is regulated by phosphatidylethanolamine rather than by cholesterol. It is not clear 
yet how SCAP senses sterols in mammals and phosphatidylethanolamine in fl ies. It 
is suggested that SCAP does not respond to cholesterol directly but to a choles-
terol or phosphatidylethanolamine-induced change in the physical properties of the 
endoplasmic reticulum membrane ([26]). 
This idea is strengthened by experiments by Scheek et al. ([27]) that suggest that 
the balance between cholesterol and other components of the endoplasmic reticu-
lum membrane such as sphingomyelin, is more important for SREBP activation than 
cholesterol levels as such. 
It is conceivable that AMP-DNM treatment disturbs the (glycosphingolipid) com-
position of the endoplasmac reticulum membrane and by this action activates the 
post-translational processing of SREBP. 

Alternatively it has also been suggested that decreasing plasma membrane sphingo-
myelin content induces the transport of cholesterol to the endoplasmic reticulum 
([28]) resulting in local cholesterol increase and suppression of SREBP cleavage. 
Treatment with AMP-DNM could have affected SREBP maturation by indirectly 
changing sphingomyelin metabolism. Both sphingomyelin and glycosphingolipids can 
be formed from ceramide. Since AMP-DNM blocks the synthesis of glycosphin-
golipids it is possible that alternatively more sphingomyelin is formed. Increases 
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in plasma membrane sphingomyelin induced by AMP-DNM treatment would then 
keep the cholesterol at the plasma membrane preventing the translocation to the 
endoplasmic reticulum resulting in an increase in SREBP activation. The total pool 
of sphingomyelin is much larger than the glycosphingolipid pool and it has not been 
possible to detect small increases in sphingomyelin with currently available analytical 
methods. 

Considerable attention has been paid to the role of glycosphingolipid in insulin 
receptor functioning. However, various growth factor receptors such as the EGF, 
FGF and PDGF receptor are sensitive to their glycosphingolipid environment as 
well ([29-34]). Recently the importance of gangliosides in receptor signaling has 
extended into the fi eld of transporter research. There is increasing evidence that 
transporters (e.g. the adenosine triphosphate-binding cassette (ABC) transport-
ers P-glycoprotein/Abcb1 and Abca1, and Breast Cancer Resistant Protein, BCRP/
Abcg2;) are located in detergent resistant membrane domains in close proximity 
to gangliosides, and that membrane composition could be involved in regulation of 
transporter activity ([35-38]). It was investigated whether AMP-DNM infl uences 
the ABC-transporters located in the glycosphingolipid-rich environment of the 
bile canaliculi (chapter 7) in lean mice treated for 5 weeks with AMP-DNM. The 
apparent Vmax of both cholesterol and phospholipids secretion into bile decreased, 
suggesting that an altered glycosphingolipid content of the canalicular membrane 
diminished maximal activity of both Abcb4 and the Abcg5/Abcg8 heterodimer. It 
should be kept in mind that the actual glycosphingolipid content of the bile canaliculi 
of treated and untreated animals was not determined. Subsequent studies revealed 
that the FGFR signaling pathway was hampered by AMP-DNM. This resulted in de-
repression of the Cyp7a1 gene, the rate limiting enzyme in bile production. Whether 
AMP-DNM treatment infl uences FGFR by changing glycosphingolipids or via a yet 
unknown other mechanism requires further investigations. At the time of these 
experiments various reports appeared describing how FGFR function relies on the 
presence of another protein: beta-klotho ([39]). Beta-klotho belongs to a family of 
β-glucosidases that also comprises the protein klotho, and the enzymes GBA3 and 
lactase-phlorizin hydrolase. Both klotho and beta-klotho seem to lack enzymatic 
activity due to the absence of two essential glutamic acids in the catalytic centre 
of the enzymes. Klotho protein is shown to be important in vivo, since klotho 
knockout mice show a severe phenotype that resembles human aging including 
among others growth retardation, arteriosclerosis, kyphosis, osteoporosis, ectopic 
calcifi cations and shortened lifespan ([40]). The absence of klotho is now thought 
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to be related to increased insulin signalling ([41]), whereas the overexpression in 
mice reduces insulin sensitivity leading to increased life span ([42]). Beta-klotho on 
the other hand is involved in bile acid homeostasis via modulation of FGF signaling 
via the FGFR ([43]). 

The observations made with AMP-DNM on FGFR signaling and the involvement of 
klotho protein in insulin signalling made this family of proteins an interesting poten-
tial target for AMP-DNM. Various attempts were made to show in vitro binding 
of AMP-DNM to (beta)klotho. The outcome of these studies has been inconclu-
sive. The negative results that were obtained may be due to either lack of binding 
between AMP-DNM and klotho proteins or because of the conditions in which this 
interaction was tested were not optimal. 

Future perspectives
The insulin-sensitizing effects of AMP-DNM treatment in vivo as described in this 
thesis and by others seem to be directly related to the glycosphingolipid lowering 
capacity of this drug. This is suggested by the similarity in effects exerted by the 
unrelated GCS inhibitor Genz-123346 as well as recent fi ndings made with myrio-
cyn, an inhibitor of ceramide synthesis ([44]). Nevertheless, a key question forms 
the specifi city of AMP-DNM. We have shown in chapter 2 that the inhibitory effect 
of AMP-DNM on intestinal glucosidases contributes to the amelioration of glucose 
control. At the concentration used in the in vivo studies no signifi cant inhibition 
of activity of the lysosomal enzymes glucocerebrosidase, sphingomyelinase, or acid 
α-glucosidase is noted. The cytosolic debranching enzyme and glycogen synthase 
are also unaffected at these concentrations. AMP-DNM was originally developed 
as an inhibitor of the non-lysosomal glucosylceramidase ([45]) and this enzyme is 
inhibited at very low concentrations of AMP-DNM (IC50 ~1 nmol/l). The function of 
this enzyme, -glucosidase 2 (GBA2) seems to relate to spermatogenesis only, since 
the phenotype of GBA2 knockout mice appear otherwise normal ([2, 46]).
The possibility that AMP-DNM, given its structure, also interacts with high affi n-
ity with other proteins of the glucosidase family 1, including klotho or beta-kloto 
remains intriguing. Sophisticated AMP-DNM analogues could be designed to study 
this possibility more closely. Considered may be (fl uorescent) structures that can be 
cross-linked. Fluorescent analogues of AMP-DNM may also be useful to study more 
closely the tissue distribution and cellular localization of AMP-DNM in various cell 
types. It will also be of interest to confi rm the hypothesis of Inukuchi and cowor-
kers that glycosphingolipids infl uence the localisation of the insulin receptor ([47]). 
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A thorough analysis of membrane location of the insulin receptor in cells derived 
from treated and untreated animals will be required for this. Preferably, accurate 
analysis of glycosphingolipid composition of membrane domains is included in such 
investigations. Moreover, it seems important to study the effects of AMP-DNM on 
internalisation of the insulin receptor in cell models.
The research described in this thesis is based on the hypothesis that glycosphingoli-
pids are crucial mediators in obesity-induced insulin resistance. Although supportive 
data for this view are piling up for rodents, such data are still lacking for humans. 
Studies are needed that measure levels of (glyco)sphingolipids in metabolically 
important organs such as liver, fat and muscle cells in healthy and insulin-resistant 
individuals. If one can confi rm the relation between excessive glycosphingolipids 
and insulin resistance, one may consider the use of AMP-DNM or other specifi c 
inhibitors of GCS for the treatment of insulin resistance. Increasing insulin sensitiv-
ity in combination with a reduction of steatosis as reported in this thesis makes 
treatment with AMP-DNM an appealing modality for these features of the Metabolic 
Syndrome.
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