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Abstract

Glycosphingolipids are structural membrane components, residing largely in the 
plasma membrane with their sugar-moieties exposed at the cell’s surface. In re-
cent times a crucial role for glycosphingolipids in insulin resistance has been 
proposed. A chronic state of insulin resistance is a rapidly increasing disease 
condition in Western and developing countries. It is considered to be the major 
underlying cause of the metabolic syndrome, a combination of metabolic ab-
normalities that increases the risk for an individual to develop type 2 diabetes, 
obesity, cardiovascular disease, polycystic ovary syndrome, and non-alcoholic 
fatty liver disease. As discussed in this chapter, the evidence for a direct regula-
tory interaction of glycosphingolipids with insulin signaling is still largely indirect. 
However, the recent finding in animal models that pharmacological reduction of 
glycosphingolipid biosynthesis ameliorates insulin resistance and prevents some 
manifestations of metabolic syndrome, supports the view that somehow gly-
cosphingolipids act as critical regulators. Importantly, since reductions in glyco-
sphingolipid biosynthesis have been found to be well tolerated, such approaches 
may have a therapeutic potential. 
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Introduction 

Serendipitously, Herman Boerhaave may have linked as early as the end of the 
17th century agents influencing glycosphingolipid metabolism with the body’s 
responsiveness to insulin. Boerhaave (1668, Voorhout – 1738, Leiden) was one 
of the most influential biomedical researchers who made major contributions 
to the fields of botany, chemistry and medicine. Boerhaave, called communis 
Europae praeceptor– the teacher of Europe, was already during his life inter-
nationally renowned: of the 2000 students who were enrolled in his courses at 
the university of Leiden in the 18th century, 690 came from English-speaking 
countries, 600 from German speaking countries, and several from the Near Ori-
ent and America. Boerhaave’s views on medicine and science are even today still 
remarkably modern. He strongly advocated the use of objective measurements 
in the analysis of clinical complications and remedies, an approach nowadays 
coined evidence-based medicine. In his inaugural address entitled De usu ra-
tiocinii mechanici in medicina, Boerhaave called ‘the chemical art the best and 
fittest means of improving natural knowledge’. He propagated the use of chemi-
cal analyses in clinical management, i.e. molecular medicine avant la lettre. 
Boerhaave also was the scientific founder of the world’s first company produc-
ing a medicament at industrial scale, the so-called Haarlem oil (1796) that was 
for centuries internationally widely used for various ailments including type 2 
diabetes. Boerhaave exploited for the development of Haarlem oil his broad 
knowledge about the medicinal potential of local and exotic plants. One of the 
most important constituents of the original medicament was an extract from 
Morus alba, the white mulberry. Interestingly, leaves of Morus alba are rich in 
deoxynojirimycin-type iminosugars. These compounds are now known to be po-
tent inhibitors of steps in glycosphingolipid synthesis and degradation. The value 
of deoxynojirimycin, and more in particular that of recently developed superior 
hydrophobic N-alkylated analogues, to ameliorate insulin resistance in various 
rodent models offers an intriguing indication for the involvement of glycosphin-
golipids in this condition.  
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1. Insulin resistance. 

1.1. Insulin and glucose homeostasis.
The hormone insulin fulfils a vital role in the regulation of glucose homeosta-
sis. Increased concentrations of circulating glucose following a meal or drink are 
counteracted by release of insulin by pancreatic beta-cells. Binding of insulin to 
the insulin receptor (IR) results in various cell types in increased glucose uptake 
by the GLUT4 transporter. In addition, insulin signalling in hepatocytes results in 
reduced gluconeogenesis and increased formation of glycogen. All these insulin-
driven responses contribute to the desired swift normalization of the plasma 
glucose concentration [1]. 
The insulin receptor (IR) is a heterodimer consisting of two alpha- and two be-
ta-subunits [1]. Binding of insulin to the extracellular alpha-subunits induces 
a conformational change, resulting in autophosphorylation of particular tyro-
sine residues in the intracellular beta-subunits. Recruitment of insulin receptor 
substrates 1 and 2 (IRS-1 and IRS-2) to the phosphorylated IR results in their 
phosphorylation, which allows binding and activation of class I phosphoinosit-
ide-3-kinase (PI3 kinase). Activated PI3 kinase produces phosphatidylinositol 
(3,4,5)-triphosphate (PIP3), serving as a binding site for proteins containing 
pleckstrin homology (PH) domains. The PH domain containing serine/threonine 
kinases PKB and phosphatidylinositol-3-phosphate dependent kinase 1 (PDK1) 
are brought into close proximity with each other by their interactions with PIP3. 
Additionally, PIP3 helps to activate PKB, by inducing conformational changes 
that expose two regulatory phosphorylation sites. First, the mammalian target 
of rapamycin (mTOR)-RICTOR protein complex phosphorylates the exposed reg-
ulatory serine (S473) in the C-terminus of PKB. Next, PDK1 phosphorylates the 
regulatory threonine residue (T307) of PKB that is requisite for enzyme activity 
[2-4]. All these early signalling steps take place at the plasma membrane. Activa-
tion of PKB allows its relocalization to the cytosol. Part of the activated PKB en-
ters the nucleus were it affects transcription of several target genes. The precise 
pathway from PI3 kinase/PKB to GLUT4 translocation is still not known [5]. PKB 
substrates are glycogen synthase kinase 3 or GSK3 [6], the transcription factor 
FoxO [7, 8], the Rheb GAP TSC2 [9] the phosphodiesterase PDE3b [10], and the 
RabGAP TBC1D4/AS160 [11]. Only TBC1D4 is shown to play an important role in 
insulin-stimulated GLUT4 translocation. It has recently been argued by Hoehn 
and co-workers that defects in upstream elements of the insulin cascade, like 
IR and IRS proteins, are actually an unlikely cause for insulin resistance [5]. This 
statement sharply contrasts with the existing dogma. The revolutionary view by 
Hoehn and colleagues is based on their finding in various models of insulin resis-
tance of discordance between upstream insulin signalling and GLUT4 transloca-
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tion, most strikingly in palmitate treated L6 myotubes and high fat fed mice [5]. 
They conclude from these findings that while defects in IRS/PI3 kinase/PKB may 
occur in insulin resistance it is unlikely that such defects contribute to its early 
development. They further raise the possibility that upstream signalling defects 
are either corollary or a consequence rather than a cause of insulin resistance 
possibly exacerbating the insulin resistance state once it has become established 
and promoting progression to metabolic disease. The apparent present lack of 
insight in the precise role of the PI3 kinase/PKB pathway in GLUT4 translocation 
warrants further investigation. Of note, an additional, PI3 kinase independent, 
pathway for insulin-stimulated GLUT-4 translocation involving the APS–CAP–Cbl 
protein complex has been postulated [12]. In this pathway, the APS–CAP–Cbl 
protein complex activates the small GTPase TC10, which in turn signals the cyto-
skeleton to promote GLUT-4 cell surface recruitment [12]. 
It should also be  noted that in addition to the activation of the PI3-kinase/PKB 
and GTPase TC10 pathways, binding of insulin to IR induces a distinct signalling 
pathway via Growth factor binding protein 2 (Grb2)/Son of sevenless (Sos) and 
Ras, leading to activation of the mitogen activated protein kinase (MAPK) iso-
forms extracellular signal-regulated kinases (ERK)1 and ERK2. The MAPK cascade 
is not involved in insulin-stimulated glucose transport or glycogen synthesis but 
may relate to regulation of cell survival and proliferation [13]. Insulin, together 
with other stimuli, is also involved in (PI3 kinase dependent) regulation of au-
tophagy [14, 15]. 

1.2. Insulin resistance and obesity: a remaining riddle.
The incidence of obesity is rapidly increasing in Western and developing coun-
tries due to increased consumption of energy-rich food and diminishing physical 
activity, [4 SS]. A staggering 1.6 billion adults are overweight, of which 400 mil-
lion are obese, and 180 million suffer from type 2 diabetes mellitus [16]. Obesity 
is not without negative health consequences. It is strongly associated with an 
increased risk for chronic diminished responsiveness to insulin, so-called insulin 
resistance. In insulin-resistant individuals, normal levels of insulin fail to illicit 
the adequate responses in peripheral tissues required for swift normalization 
of plasma glucose concentration [1, 17]. To compensate for this, the pancreas is 
stimulated to release more insulin. This leads to high circulating levels of insulin, 
a condition called compensatory hyperinsulinemia. The impaired response to 
glucose administration in insulin-resistant individuals is designated as glucose in-
tolerance. Temporary insulin resistance is most likely not pathological, but rather 
a useful physiological response, for example to excessive supply of energy or to 
specific body demands. A temporary state of insulin resistance may be induced 
by a various factors, for example inflammation. However, in obese individuals in-
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sulin-resistance becomes gradually chronic and more prominent, constituting a 
pathological trait. In obese, insulin-resistant individuals the compensatory (over)
production of insulin ultimately becomes irreversibly impaired due to damage 
of pancreatic beta-cells. Subsequently, chronic hyperglycemia (type 2 diabetes 
mellitus) develops which is usually accompanied by dyslipidemia [18]. 

It is still an enigma why obese individuals are so prone to develop chronic in-
sulin-resistance. Obese individuals also typically show low-grade inflammation 
[19], mediated by cytokines secreted by macrophages in their adipose tissue, 
which further promotes insulin resistance [20–24]. It is attractive to speculate 
that in this manner a vicious self-reinforcing cycle of obesity, insulin resistance, 
and inflammation is formed. Importantly, the effect of insulin on lipid metabo-
lism may further add to this. In the liver insulin stimulates lipogenesis by activat-
ing SREBP-1c, enhancing its transcription and increasing the amount of nuclear 
SREBP-1c [25]. SREBP-1c promotes transcription of genes required for fatty acid 
and triglyceride biosynthesis, such as acetyl-coenzyme A carboxylase (ACC) and 
fatty acid synthase (FAS) [26]. Intriguingly, insulin resistance is selective. In obese 
insulin-resistant individuals, despite clear resistance for the inhibitory effect of 
insulin on hepatic glucose output, the sensitivity for the stimulatory effect of in-
sulin on lipogenesis is maintained [27]. This selective insulin resistance explains 
the paradoxical combination of hyperinsulinemia and hyperlipidemia in type II 
diabetes [18]. Partial postreceptor hepatic insulin resistance seems a key ele-
ment in the development of dyslipidemia and hepatic steatosis. A very recent 
paper by Sajan et al. sheds some new light on the puzzling phenomenon [28]. 
Evidence is presented indicating that in the liver of insulin-resistant obese rats 
and mice, PKB activation is impaired but concomitantly atypical protein kinase 
C (aPKC) activation by insulin is conserved, and that the latter causes excessive 
expression and activation of SREBP-1c, as well as activation of IKKβ/NFκB. Sajan 
et al. propose that in diabetic rodent liver, diminished PKB activation may largely 
reflect impaired IRS-1/PI3K activation, while conserved aPKC activation reflects 
retained IRS-2/PI3K activity, causing excessive SREPB-1c and NFκB activities [28]. 

In hyperinsulinemic individuals, the increased hepatic lipogenesis, and the cor-
respondingly increased supply of peripheral tissues with lipid from the liver, is 
likely to add to the vicious self-reinforcing cycle of obesity- insulin resistance-
inflammation. Indeed, there is growing evidence pointing to a key role for exces-
sive lipids in the etiology of obesity-induced insulin resistance [29]. Triglycerides 
are normally predominantly stored in adipose tissue. In obesity, this storage ca-
pacity is often exceeded, hepatic lipogenesis is increased, and triglycerides accu-
mulate in non-adipose tissues such as liver and muscle. Lipid excess in these tis-
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sues is associated with impaired insulin signaling and action [30,31]. A particular 
strong inverse correlation exists between the intramyocellular lipid content and 
whole body insulin-stimulated glucose uptake [32]. It is generally thought that in 
obese subjects the surplus of lipid delivered to tissues like muscle is pathogenic, 
i.e. lipotoxicity driving forward the pathology of insulin-resistance. However, the 
precise nature of the lipotoxic factors involved, as well as the sequence of patho-
logical events, are still very poorly understood. In a very recent, elegant review 
Summers and colleagues discuss the present insight in the molecular mecha-
nisms through which glycerolipids contribute to selective insulin resistance and 
lipotoxicity [33]. They conclude that triglyceride (TAG) is likely to be just an inert 
bystander. In contrast, diacylglycerol (DAG) is considered to be a strong candi-
date as lipotoxic factor. DAG is known to be able to activate PKC isoforms, re-
sulting in phosphorylation of insulin receptor substrates and the inhibition of 
phosphatidylinositol 3-kinase [34, 35]. Phosphatidic acid, an intermediate in the 
synthesis of DAG has also been proposed as antagonist of insulin action [36].
A completely different class of lipids, the so-called sphingolipids, has recently 
also been implicated in the etiology of insulin resistance. Sphingolipids have also 
been considered as primary lipotoxic agents, as will be discussed in detail in the 
sections below.

Next to specific lipotoxic lipid species, many investigators have proposed that 
excessive lipid supply to tissues in obese individuals in general forces the mito-
chondria to produce ever-increasing amounts of ROS, impairing mitochondrial 
function and inducing a concomitant development of insulin resistance. Houstis 
et.al. [37] observed that chronic treatment with an antioxidant agent (MnTBAP) 
improved insulin sensitivity and glucose homeostasis in insulin-resistant ob/ob 
mice. More recently, Hoehn and colleagues [38, 39] found that ROS scavengers 
prevented insulin resistance in animal models as well as L6-myotubes exposed 
to a number of factors which induce insulin resistance, including various exog-
enous fatty acids. 

2. Glycosphingolipids.

Sphingolipids (SLs) and glycosphingolipids (GSLs) are structural components of 
mammalian cell membranes and largely reside at the cell surface. Sphingolipids 
are composed of a ceramide moiety with an N-acylated sphingosine group [40-
42]. Either glucose or galactose is linked to the primary hydroxy group of the 
sphingosine moiety through a beta-glycosidic bond, thereby giving rise to the 
simplest glycosphingolipids: glucosylceramide and galactosylceramide. Linkage 
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of a phosphorylcholine moiety to glucosylceramide results in sphingomyelin,
a very abundant membrane lipid. Further additions of oligosaccharides and sul-
fate groups to glycosphingolipids give rise to a broad range of complex glyco-
sphingolipids [43, 44]. Those
with a capping N-acetylneuraminic acid are known as gangliosides. 
The discovery of the glycosphingolipids is generally attributed to Johan L. W. 
Thudichum, who in 1884 published on the chemical composition of the brain. 
Thudicum isolated several compounds from ethanolic brain extracts which he 
coined cerebrosides. He subjected one of these, phrenosin (now known as ga-
lactosylceramide) to acid hydrolysis, and this produced three distinct compo-
nents. One he identified as a fatty acid and another proved to be an isomer of 
D-glucose, which is now known as D-galactose. The third component, with an 
“alkaloidal nature”, presented “many enigmas” to Thudichum, and therefore he 
named it sphingosine, after the mythological riddle of the Sphinx. 

2.1. Glycosphingolipid biosynthesis.
The biosynthesis of sphingolipids [45-49] starts at the cytosolic leaflet of mem-
branes of the endoplasmic reticulum (ER), where ceramide is synthesized by a 
sequence of four enzyme-catalyzed reactions from L-serine and two molecules 
of coenzyme A (CoA) activated fatty acid: (i) formation of 3-ketosphinganine by 
serine palmitoyl-CoA transferase (SPT), (ii) formation of sphinganine by 3-keto-
sphinganine reductase, (iii) formation of hydroxyceramide by dihydroceramide 
synthase (CerS) isoenzymes, and (iv) formation of ceramide dihydroceramide 
desaturase (DES). It has recently become clear that ceramide can also be gener-
ated for biosynthetic purposes by acylation of sphingosine stemming from lyso-
somal degradation of sphingolipids. This pathway is generally referred to as the 
salvage pathway [50]. Ceramide is the key precursor in the synthesis of various 
sphingolipids and glycosphingolipids. Ceramide is transported from the ER by 
the transport protein CERT to the cytosolic leaflet of the trans-Golgi apparatus 
membrane [51-53]. Here it equilibrates between the cytosolic and luminal side 
of the trans-Golgi membrane. On the luminal inside, sphingomyelin synthase 1 
(SMS1) converts ceramide into sphingomyelin (SM) by transfer of a phosphor-
ylcholine head group from phosphoglycerolipids. A second enzyme, SMS2, is 
located at the plasma membrane and converts ceramide there into sphingomy-
elin. In an alternative pathway, ceramide is phosphorylated at the plasma mem-
brane by ceramide kinase (CERK). Ceramide, after equilibration to the luminal 
side of the ER-membrane, is transformed into galactosylceramide by ceramide 
galactosyltransferase (CGalT) in the lumen of the ER of some cell types [54]. This 
lipid is further metabolized either by sulfation or glycosylation at its 3-O-position 
with Neu5Ac or by further extension to oligosaccharides at its 4-O-position. Ce-
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ramide is also transported from the ER to the cytosolic side of the cis-Golgi ap-
paratus membrane by a not yet understood CERT-independent mechanism [53, 
55]. Here the membrane-bound glycosyl transferase, glucosylceramide synthase 
(GCS), catalyzes the glycosylation of the primary hydroxy group in ceramide us-
ing UDP-glucose as a donor glycoside. It has been reported that a region of the 
ER that is closely associated with mitochondria also shows enzymatic activity 
that is capable of generating glucosylceramide [56]. Glucosylceramide synthase 
is an inverting transferase (family 21; GT-A fold) [57,58]. It possesses an N-ter-
minal hydrophobic transmembrane stretch that anchors the enzyme to the cy-
tosolic face of the Golgi membrane together with a hydrophobic loop near the 
C-terminal region [59]. 
Glucosylceramide occupies a key position in the biosynthesis of many glyco-
sphingolipids (Figure 1). The fact that both GCS and glucosylceramide face the 
cytosolic side of the cellular membrane is an intriguing aspect: further synthesis 
of complex glycosphingolipids takes place exclusively at the luminal inside the 
Golgi apparatus. When glucosylceramide is introduced to the outer leaflet of 
a model membrane it only slowly equilibrates to the luminal side when unas-
sisted (t1/2 = 5 h at 20 °C). However, glucosylceramide undergoes rapid trans-
bilayer movement in the Golgi-apparatus membrane (t1/2 = 3 min at 20 °C). An 
ATP-independent Golgi localized flippase seems responsible for this [60].The 
ATP-dependent multidrug transporter P-glycoprotein located throughout the 
cell acts as a rapid flippase for artificial, fluorescently labeled (NBD) glucosyl-
ceramide, galactosylceramide, and sphingomyelin, but possibly not for natural 
glucosylceramide [61]. De Matteis and co-workers recently showed that FAPP2 is 
required for the synthesis of complex GSLs because it mediates the nonvesicular 
transport of glucosylceramide to distal Golgi compartments, and proposed that 
FAPP2 is also responsible for the relocation of glucosylceramide to the luminal 
leaflet of trans-Golgi membranes where further GSL synthesis takes place [62, 
63]. Van Meer and co-workers reported that FAPP2 may also transport glucosyl-
ceramide to the ER. In addition to this, the closely related GLTP transport protein 
is capable of transporting glucosylceramide to the cytosolic leaflet of the plasma 
membrane [64, 65].
Having arrived at the luminal leaflet of trans-Golgi membranes, the biosynthesis 
of GSLs continues with the synthesis of lactosylceramide by GalT1. Lactosylce-
ramide is extended sequentially at either the 3-O-positon or the 4-O-position in 
a stepwise fashion. Most of these glycosphingolipids consist of alternating and 
branched combinations of alpha- or beta-linked glucose, galactose, N-acetylglu-
cosamine, and N-acetylgalactosamine. At their nonreducing end, many of these 
complex GSLs are terminated with either L-fucose or acidic Neu5Ac. Of particu-
lar interest are the gangliosides, that is, lactosylceramide-derived sphingolipids 
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containing capping N-acetylneuraminic acid (sialic acid) units. A bewildering 
number of gangliosides exists and a convenient shorthand nomenclature has 
been developed by Svennerholm, a pioneer in ganglioside research [66].In this 
nomenclature G stands for ganglioside, A for asialo-, M for monosialo-, D for 
disialo-, and T for trisialoganglioside. Specific sialyl transferases convert lacto-
sylceramide stepwise into GM3, GD3, and GT3. Lactosylceramide and each of 
its sialylated derivatives serve as precursors for complex gangliosides of the 0, a, 
b, and c series. These different series are characterized by the presence of no (0 
series), one (a series), two (b series), or three sialic acid residues (c series) linked 
to the 3-position of the inner galactose moiety [67]. Gangliosides from the 0 and 
c series are only found in trace amounts in adult human tissues.

 

Figure 1. Schematic overview of glycosphingolipid biosynthesis.
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2.2. Glycosphingolipid degradation
Catabolism of complex glycosphingolipids is a stepwise process that predomi-
nantly takes place in endosomes and lysosomes. Glycosphingolipids reach the 
endosomal-lysosomal compartment in various ways. Receptor-mediated endo-
cytosis of low-density lipoprotein (LDL) delivers glycosphingolipids to the lumen 
of lysosomes. Phagocytosis of larger structures, such as senescent cells contain-
ing glycosphingolipids, occurs by specialized phagocytes, such as macrophages. 
Another major pathway in most cells involves endocytosis of the plasma mem-
brane [68]. Glycosphingolipid-rich membrane parts are internalized and fuse 
with early endosomes. Here, glycosphingolipids destined for degradation are 
sorted through formation of intraluminal vesicles (multivesicular bodies) which 
reach the lysosome [69]. The endolysosomal catabolism of glycosphingolipids 
takes place at the surface of either the internal membrane vesicles or endocy-
tosed lipoproteins. The lysosomal membrane itself is protected from degrada-
tion by a glycocalix, which consists of heavily glycosidated membrane proteins 
[68].Carbohydrate residues from the nonreducing end of the glycosphingolipids 
are sequentially released by the action of exoglycosidases. In contrast to the 
biosynthetic enzymes, none of the catabolic glycosidases are bound to the mem-
brane. However, their GSL substrates are embedded in intralysosomal mem-
branes. Therefore, GSLs with less than four carbohydrate residues require the 
presence of specific (glyco)sphingolipid activator proteins (SAPs), which assist 
the glycosidases in their interaction with their target substrate. Five such pro-
teins are currently known: saposin-A, -B, -C, -D, and the GM2-activator protein 
[69]. 
Glucosylceramide is degraded into ceramide and glucose by the enzyme gluco-
cerebrosidase (GBA1; glucosylceramide-beta-glucosidase) [69]. GBA1 is a retain-
ing glycosidase (family 30), and the activator protein saposin C is essential for 
its function in vivo [69]. In 1994, Withers and co-workers identified the catalytic 
nucleophile at the active site as the side-chain carboxylate group of glutamic 
acid 340 [70]. In 2003, Futerman and co-workers published the first X-ray crystal 
structure of GBA1 [71], Recently, Rossmann and co-workers published the X-ray 
crystal structure of the GBA1 activator saposin C [72]. Ceramide is cleaved into 
sphingosine and fatty acid by acid ceramidase. Ceramide degradation can also 
take place in other parts of the cell by neutral ceramidases. Sphingosine can be 
either reacylated to ceramide or used as a substrate for sphingosine-1-phos-
phate (S1P) synthesis [73].
Metabolism of endocytosed glycosphingolipids is not restricted to lysosomes. 
A limited amount of glucosylceramide derived from the degradation of com-
plex glycosphingolipids may escape further lysosomal degradation and re-enter 
the glycosphingolipid biosynthesis pathway [74]. In addition, direct metabolic 
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remodelling of glycosphingolipids at the plasma membrane may result in local 
formation of simpler glycosphingolipids from complex ones [75]. The occurrence 
of nonlysosomal glucosylceramidase activity has long been known, and was re-
cently identified as beta-glucosidase 2 (GBA2) [76-78]. GBA2, a 105 kDa protein 
with a transmembrane region, has not yet been assigned to a specific family of 
glycosidases. In contrast to GBA1, it is not sensitive to inhibition by conduritol 
B epoxide. The enzyme has a pH optimum in the neutral region, as opposed to 
the acidic optimum of GBA1. GBA2 is not located in the lysosomes, but probably 
close to the cell surface. The function of GBA2 is currently not known, but its 
inhibition in mice is associated with impaired spermatogenesis, a result that is 
confirmed in studies with a GBA2 knock-out mouse model [78-80].
The importance of endolysosomal catabolism of sphingolipids is best illustrated 
by the existence of a group of inherited disorders in humans caused by deficien-
cy in lysosomal catabolic pathways, the sphingolipidoses [68]. Inherited deficien-
cies in a specific lysosomal enzyme or activator protein result in accumulation of 
the corresponding (glyco)sphingolipids. The most common of the sphingolipido-
ses is Gaucher disease [81], an autosomal recessive disorder caused by deficient 
glucocerebrosidase activity [82, 83]. The manifestation of Gaucher disease is 
remarkably heterogeneous: its onset can occur from birth up to an almost as-
ymptomatic course at old age. The underlying mutations in the GBA1 gene show 
some correlation with the severity of disease manifestation and, in particular, 
the development of neurological symptoms. A low residual enzyme activity in 
leukocytes or fibroblasts is associated with a more severe progression of the 
disease [84, 85]. The most common mutation in the GBA1 gene, which encodes 
the amino acid substation N370S, is usually associated with a relatively benign 
course of the disease, with no neuropathology involved. N370S-GBA1 is nor-
mally synthesized and delivered to lysosomes, but shows catalytic abnormalities 
[86, 87]. In sharp contrast, the other common L444P mutation results in a poly-
peptide that folds poorly in the ER [86]. Homozygotes for L444P-GBA1 develop 
a severe, neuropathic course of the disease. In contrast to other lysosomal gly-
cosidases, GBA1 does not acquire mannose-6-phosphate moieties, but is sorted 
and transported to lysosomes by interaction with the integral membrane-pro-
tein LIMP-2 [88-90]. Deficiency in LIMP-2 may, therefore, also result in reduced 
cellular GBA1 activity [91]. Since GBA1 requires the activator protein saposin C 
for efficient intralysosomal degradation of glucosylceramide, deficiency in this 
accessory protein also results in the accumulation of glucosylceramide in cells 
[92]. The majority of Gaucher patients have one N370S-GBA1 allele and develop 
a non-neuropathic, so-called type 1, disease. In these patients, accumulation of 
the substrate glucosylceramide is restricted to tissue macrophages. These heav-
ily lipid-laden macrophages, named Gaucher cells, have a characteristic appear-
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ance. Gaucher cells are viable and secrete characteristic proteins such as chi-
totriosidase and CCL-18 [93, 94]. Elevated levels of these proteins are found in 
Gaucher patients, and their measurement is currently used to monitor disease 
progression as well as efficacy of therapeutic interventions [95] The presence of 
large numbers of Gaucher cells in various tissues results in characteristic clini-
cal signs such as hepatosplenomegaly, pancytopenia, and skeletal deterioration. 
The constant release of hydrolases and cytokines by Gaucher cells and surround-
ing phagocytes is thought to underlie the pathological features of the disorder 
[96].

3. (Glyco)sphingolipids and insulin resistance

3.1. A role for ceramide.
Ceramide functions as a mediator in signalling cascades that regulate apoptosis, 
differentiation and cell cycle arrest [97]. The seminal work by Unger identified 
the sphingolipid ceramide as candidate lipotoxic agent in obesity-induced insulin 
resistance [98]. The role of ceramide in insulin resistance will only be dealt with 
briefly, for detailed reviews the reader is referred to Summers and co-workers 
[99-101]. Briefly, many of the circulating factors associated with obesity (e.g. 
inflammatory cytokines, saturated fatty acids, glucocorticoids, etc.) are known 
to stimulate sphingolipid formation [33]. Ceramide has been shown in cellular 
models to inhibit insulin signalling. Exposing cultured myotubes to high doses 
of the free fatty acid (FFA) palmitate increases de novo ceramide synthesis, fol-
lowed by inhibition of PKB phosphorylation [102-104], glucose uptake [105] 
and glycogen synthesis [106]. Overexpression of acid ceramidase in these cells 
reverses FFA-induced ceramide accumulation and improves insulin signalling 
[107]. Addition of short-chain ceramide analogues to cultured 3T3-adipocytes 
was found to inhibit insulin signalling and action [108-111]. Ceramide does not 
interfere at the level of IR or IRS-1 phosphorylation, but impairs insulin signal-
ling by inhibition of PKB activation [112]. The inhibition of PKB by ceramide is 
thought to be accomplished by two mechanisms. Ceramide blocks the translo-
cation of PKB to the plasma membrane and activates PP2A, which impairs PKB 
activity by removing activating phosphates [111]. Several studies have investi-
gated the concentrations of ceramide in plasma and tissues of animal models of 
obesity-induced insulin resistance and type II diabetes [100, 113, 114]. Inconsis-
tent observations were reported (for a review see ref.115). For example, Lee and 
co-workers reported that male rats on a diet rich in saturated fatty acids devel-
oped insulin resistance with an increase in muscle diacylglycerol concentration, 
but without significant changes in muscle ceramide content [116]. In another 
recent study no significant abnormalities in skeletal muscle ceramide content 
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of insulin-resistant Zucker Diabetic Fatty (ZDF) rats were noted [117]. Recently, 
studies were conducted in humans on the possible role of ceramide in obesity 
and FFA induced insulin resistance. Two investigations reported an association 
between insulin resistance and elevated levels of ceramide in skeletal muscle 
[118,119]. A more recent study by Skovbro et al. showed no increase in muscle 
ceramide content in insulin-resistant and type II diabetic individuals compared 
to insulin sensitive individuals [120]. Infusion of lipid emulsion (Intralipid, an 
emulsion of soy bean oil and egg phospholipids), known to decrease peripheral 
insulin sensitivity, was found to increase muscle ceramide content in one study 
[121], but not in another investigation [122]. Of note, we noted ourselves that 
some batches of Intralipid contain very large amounts of ceramide, probably 
as breakdown product of sphingomyelin. It should be noted that the literature 
data on ceramide concentrations are difficult to interpret: (i), a variety of ana-
lytic methods has been used, and (ii) information on ceramide levels of specific 
cellular membranes are presently lacking. It may be conceived that relevant dif-
ferences in ceramide concentrations have been overlooked, or vice versa that 
noted differences in the lipid reflect irrelevant pools.
Consistent with a role of ceramide in insulin resistance are findings made in cell 
and animal models. For example, inhibition of ceramide formation by myriocin 
has been found to be improve insulin sensitivity in both muscle and the liver 
of obese rodents as assessed with hyperinsulinemic–euglycemic clamps [114]. 
Mouse models with an impairment in biosynthetic enzymes render a similar pic-
ture [33]. Mice that are haploinsufficient for DES1 are refractory to dexameth-
asone-induced insulin resistance. Moreover, muscles isolated from these mice 
remain insulin sensitive, even in a profoundly hyperlipidemic environment. Con-
sistently, the small molecule fenretinide, a potent inhibitor of DES1, improves 
insulin sensitivity in mice fed a high fat diet. Haploinsufficiency for a key subunit 
of SPT has also been reported to prevent features of metabolic disease [123].
Whilst these findings clearly point to some important role of sphingolipids in 
insulin resistance, they do not pinpoint one specific lipid species. It should be 
kept in mind that disruption of ceramide metabolism also impacts metabolites 
thereof such as sphingomyelin, ceramide-1-phosphate and glycosphingolipids. 
3.2. Lipid microdomains, glycosphingolipids and the insulin receptor.
The insulin receptor is localized at the cell surface in glycosphingolipid-containing 
lipid microdomains. The interaction of gangliosides with the insulin receptor was 
originally described by Nojiri et al. [124], who demonstrated the ganglioside-
mediated inhibition of the insulin-dependent cell growth of leukemic cell lines. 
Tagami et al. were the first to demonstrate that the addition of GM3 ganglio-
side to cultured adipocytes suppresses phosphorylation of the insulin receptor 
and its downstream substrate IRS-1, thereby resulting in reduced glucose uptake 



                        CHAPTER IX

179

[125]. Inokuchi and co-workers reported that exposure of cultured adipocytes 
to TNF-alpha increases GM3 and inhibits IR and IRS-1 phosphorylation. This was 
found to be counteracted by PDMP, an inhibitor of glycosphingolipid biosynthe-
sis [126]. Mutant mice lacking GM3 have been reported to show an enhanced 
phosphorylation of the insulin receptor of skeletal muscle after ligand binding, 
and to be protected from high fat diet induced insulin resistance [127]. Consis-
tent with this is the recent report on increased insulin sensitivity and glucose 
tolerance in mice with increased expression of the GM3-degrading sialidase 
Neu3 [128]. In contrast, GM3 levels are elevated in the muscle of certain obese, 
insulin-resistant mouse and rat models [117]. Altered sphingolipid metabolism, 
as reflected by increased glycosphingolipid levels, has recently also been docu-
mented in relation to neuronal pathology in diabetic retinopathy [129]. More 
recently, Kabayami et al. provided evidence that the interaction of GM3 with the 
insulin receptor is mediated by a specific lysine residue located just above the 
transmembrane domain of the receptor, and that excess levels of GM3 promote 
dissociation of the insulin receptor from caveolae, a location which is essential 
for transduction of the insulin signal (Figure 2) [130]. 
It should be noted that the recent data on interaction of glycosphingolipids like 
GM3 with upstream elements of the signalling pathway can be poorly reconciled 
with the view of some researchers that defects in upstream elements of the in-
sulin cascade, like IR and IRS proteins, are an unlikely cause for insulin resistance 
(section 1.1). 

 

Figure 2: Schematic overview of tentative role of GM3 in modulation of insulin signalling based on work by 
Inokuchi and co-workers [130].
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3.3. Gaucher disease and insulin resistance. 
Our laboratory was for the first time confronted with a possible link between gly-
cosphingolipids and insulin resistance during investigations on Gaucher disease. 
It was firstly noted that Gaucher patients show a markedly increased hepatic 
glucose production in combination with elevated insulin levels in the fasted state 
[131, 132]. Next, we encountered reduced adiponectin levels in Gaucher pa-
tients, again a feature usually associated with insulin resistance [133]. Finally, an 
euglycemic clamp revealed that insulin-mediated whole body glucose uptake in 
Gaucher patients is reduced compared to healthy control subjects [134]. The ap-
parent insulin resistance in Gaucher patients may be the result of their increased 
production of gangliosides like GM3 [135]. Probably, as compensation for the 
inability to degrade glucosylceramide sufficiently by the action of glucocerebro-
sidase, glucosylceramide is metabolized more than normal to gangliosides. In-
creased levels of GM3 can indeed be detected in plasma and tissues of Gaucher 
patients. One could therefore hypothesize that in Gaucher patients altered gly-
cosphingolipid levels in muscle and/or fat tissue result in their apparent insulin 
resistance. Of interest, Gaucher patients, despite insulin resistance, rarely show 
overt hyperglycemia or develop frank diabetes. It is conceivable that the mas-
sive presence of macrophages in their tissues, thriving on glycolysis, requires a 
major change in glucose homeostasis such as reduced insulin responsiveness. 
This would help to prevent attacks of hypoglycemia. It has been noted that fol-
lowing enzyme replacement therapy some Gaucher patients gain considerable 
body weight and develop diabetes [136, 137]. Apparently, the patient’s body 
metabolism cannot adapt appropriately to the rapid loss of kilograms of glucose 
consuming storage macrophages.

4. Pharmacological modulation of glycosphingolipids and insulin 
resistance.

4.1. Inhibitors of glucosylceramide synthesis.
Next to the enzyme replacement therapy, based on chronic intravenous admin-
istration of human glucocerebrosidase, so-called substrate deprivation therapy 
(SRT) has been developed for the treatment of Gaucher disease (see ref. 138 for 
recent review). This approach implies a chronic inhibition of the biosynthesis of 
glucosylceramide. Platt and Butters were the first to recognize that N-butyl-1-
deoxynojirimycin is an inhibitor of glucosylceramide synthase (GCS) [139]. Treat-
ment of mild to moderately affected type 1 Gaucher patients has been found 
to be effective and led to the registration of Zavesca (Miglustat; N-butyl-1-de-
oxynoijirimycin) at a dose of 3 x 100 mg/day [140,141]. SRT with Zavesca is gen-
erally well tolerated, although intestinal side-effects are encountered at higher 
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doses. During the last decade, we developed more hydrophobic N-alkylated 
1-deoxynojirimycins of which some proved to be very potent inhibitors of GCS 
[142-145]. One of the most appealing compounds is the iminosugar derivative 
N-(5-adamantane-1-yl-methoxy)- pentyl-1-deoxynojirimycin (AMP-DNM) that 
shows attractive pharmacokinetics and is hardly metabolized. Oral administra-
tion of AMP-DNM at high concentrations is well tolerated in rodents and dogs. 
The IC50 value of AMP-DNM for GCS is around 150 nM [143]. Such a steady-state 
plasma concentration of the compound can be obtained by administration of 
50 mg/kg bw/day in mice and 20 mg/kg bw/day in rats. Incubation of cultured 
cells with AMP-DNM results in dose-dependent reductions of glucosylceramide 
and gangliosides without a concomitant increase in ceramide levels. The same is 
observed in drug-treated mice and rodents.
The impact of AMP-DNM on insulin resistance was investigated. Treatment with 
AMP-DNM of obese, insulin resistant ob/ob mice corrected their elevated tissue 
glucosylceramide levels, markedly lowered circulating glucose levels, improved 
oral glucose tolerance, reduced HbA1C, and improved insulin sensitivity in mus-
cle and liver as measured by euglycemic clamps [143]. Similarly beneficial meta-
bolic effects were seen in high fat–fed (DIO) mice and ZDF rats [143]. In cultured 
3T3-L1 adipocytes, AMP-DNM counteracted tumor necrosis factor-alfa–induced 
abnormalities in glycosphingolipid concentrations and concomitantly reversed 
abnormalities in insulin signal transduction. Thus, AMP-DNM rendered improve-
ments in upstream elements of the insulin signalling pathway like IR and IRS-1 
protein, both in the 3T3-L1 cell model as in various tissues of treated animals. 
Very similar findings were made by Zhao and co-workers with a chemically un-
related inhibitor of GCS, named GENZ-123346. (1R,2R)-nonanoic acid[2-(2',3'-di-
hydro-benzo [1, 4] dioxin-6'-yl)-2-hydroxy-1-pyrrolidin-1-ylmethyl-ethyl]- amide) 
[114, 146]. Inhibition of glycosphingolipid formation in ZDF rats and diet-induced 
insulin-resistant mice with Genz-123346 had comparable beneficial effects on 
glucose homeostasis: correction of hyperinsulinemia, reduction of non-fasted 
blood glucose levels, lowering of glycated hemoglobin and improvement of glu-
cose tolerance. Treatment with Genz-123346, like AMP-DNM, promoted insulin-
stimulated phosphorylation of the insulin receptor in muscle [114]. Of interest, 
both AMP-DNM and GENZ-123346 treatment were found to offer protection 
against beta-cell damage in the pancreas of ZDF-rats. 
3.2. Mode of action of inhibitors.
GENZ-123346, being a very specific inhibitor of GCS, has a clear target: glucosyl-
ceramide synthase [146]. In sharp contrast, AMP-DNM not only inhibits GCS (IC50 
~150 nM), but also GBA2 (IC50 ~1 nM) and GBA, the lysosomal glucocerebrosi-
dase (IC50 220 nM) [143]. Inhibition of GBA2 seems to have limited consequenc-
es as suggested by the normal phenotype of GBA2 deficient mice. We only noted 
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a spermatogenesis impairment in some mouse strains, an effect also observed 
with Zavesca and low dose AMP-DNM (see section 2.2). In rabbits and dogs this 
effect does not occur. Partial inhibition of GBA1 at the plasma concentrations 
of AMP-DNM reached in conducted animal studies (20-200 nM) cannot be ex-
cluded. However, even at a steady-state plasma concentrations of 200 nM AMP-
DNM, there should be sufficient residual GBA1 enzyme capacity to prevent lyso-
somal accumulation of glucosylceramide. Indeed, no elevations in the lipid were 
noted in muscle or liver of AMP-DNM treated animals. Another potential target 
of AMP-DNM are intestinal glycosidases. Particularly sucrase-isomaltase is sensi-
tive to inhibition by 1-deoxynojirimycin-type compounds. Buffering of carbohy-
drate assimilation by inhibition of intestinal glycosidases is an existing therapeu-
tic approach for diabetes [144]. To dissect whether AMP-DNM treatment exerts 
its beneficial effect on glucose homeostasis partly via buffering of carbohydrate 
assimilation, we designed a related compound, L-ido-AMP-DNM that inhibits 
GCS and GBA2 comparable to a AMP-DNM, but is a much poorer inhibitor of 
sucrase-isomaltase and GBA1 [147]. The pharmacokinetics of L-ido-AMP-DNM 
and AMP-DNMin in ZDF rats were equivalent. L-ido-AMP-DNM lowered viscer-
al glycosphingolipids in ob/ob mice and ZDF rats on a par with AMP-DNM and 
improvements in oral glucose tolerance and insulin signalling in the liver were 
almost comparable. L-ido-AMP-DNM was less potent in lowering blood glucose 
and reducing HbA1C in these animals [147]. Apparently, combined reduction of 
glycosphingolipids in tissue and buffering of carbohydrate assimilation produces 
an optimal correction of glucose homeostasis (Figure 3). Therefore AMP-DNM 
seems intrinsically more suited for controlling type 2 diabetes associated hyper-
glycemia, whilst L-ido-AMP-DNM appears to be more attractive for the treat-
ment of those diseases where the exclusive reduction of glycosphingolipids is 
required such as the hereditary lysosomal glycosphingolipidoses.
AMP-DNM treatment has a number of additional effects in animal models. Oral 
administration of AMP-DNM to two distinct mouse models of inflammatory bow-
el disease was found to result in beneficial effects [148]. The anti-inflammatory 
action of AMP-DNM is also apparent in ZDF rats and ob/ob mice: drug-treatment 
results in a reduced expression of genes encoding proteins involved in inflam-
mation in liver as well as adipose tissue [149, 150]. Markedly reduced numbers 
of macrophages were also observed in adipose tissue of AMP-DNM treated ob/
ob mice [149]. AMP-DNM treatment of ob/ob mice restored insulin signalling in 
adipose tissue and in isolated ex vivo insulin-stimulated adipocytes. Drug treat-
ment led to improved adipogenesis as the number of larger adipocytes was re-
duced and expression of genes like peroxisome proliferator-activated receptor 
(PPAR) c, insulin responsive glucose transporter (GLUT)-4 and adipsin increased 
[149]. In addition, adiponectin gene expression and protein were found to be in-
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creased by AMP-DNM treatment [149]. Thus, treatment of ob/ob mice improved 
adipocyte function and reduced inflammation in the adipose tissue. 
AMP-DNM has also been found to beneficially affect lipid homeostasis and, 
in particular, the reverse cholesterol transport pathway [151]. Treatment of 
C57BL/6J mice with AMP-DNM for 5 weeks decreased plasma levels of triglycer-
ides and cholesterol by 35%, whereas neutral sterol excretion increased twofold. 
Secretion of biliary lipid also increased twofold, which resulted in a similar rise in 
bile flow [151]. Treatment of ob/ob mice with AMP-DNM, while restoring insulin 
signalling in the liver, correcting blood glucose and insulin levels, also reduced 
the expression of SREBP-1c target genes involved in fatty acid synthesis. AMP-
DNM treatment significantly reduced liver to body weight ratio and reversed he-
patic steatosis, comprising fat as well as inflammatory markers [150]. Treatment 
of obese ob/ob mice with GENZ 123346 was also found to result in correction of 
hepatic steatosis [152].
The pleiotropic beneficial effects of AMP-DNM remain puzzling. It is far from 
clear that all effects can be ascribed to drug-induced lowering of glycosphingo-
lipids. A comparison of AMP-DNM with the much more specific GCS inhibitor 
GENZ-123346 is informative. Both compounds reduce glycosphingolipids and 
concomitantly correct insulin resistance and hepatosteatosis. The superior ef-
ficacy of AMP-DNM in this respect may be ascribed to its concomitant buffering 
of carbohydrate assimilation. Since the broad anti-inflammatory effect of AMP-
DNM and its ability to influence reverse cholesterol transport are not mimicked 
by GENZ 123346, it is very questionable that these actions require inhibition of 
glucosylceramide formation. 

Figure 3: Dual action of AMP-DNM: buffering of carbohydrate assimilation and improvement of insulin sen-
sitivity. L-ido-AMP-DNM is a poor inhibitor of intestinal glycosidases. 
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5. Conclusions

At present it still remains open whether glycosphingolipids directly interact with 
the insulin signaling pathway. On the one hand, Inokuchi and co-workers have 
demonstrated in a series of elegant studies that the insulin receptor (IR) reside in 
lipid domains enriched in gangliosides and they presented data suggesting that 
gangliosides like GM3 directly interact with a specific lysine residue located just 
above the transmembrane domain of the receptor, (see figure 2). On the other 
hand it has been postulated by Hoehn and colleagues that upstream elements of 
the insulin signaling pathway are not the underlying cause of insulin resistance. 
A reconciliation of the views may be possible by assuming that the physiological 
chronic insulin resistance in obese subjects requires the sustained impairment 
of upstream elements of the signaling pathway by excessive gangliosides.
Agents such as AMP-DNM and GENZ 123346 that lower glycosphingolipid levels 
by inhibition of glucosylceramide formation correct insulin resistance in cell and 
animal models. These findings are consistent with the hypothesis of Inokuchi 
and co-workers, but obviously do not proof that glycosphingolipid levels at the 
cell surface are the culprit during insulin resistance. The observed concomitant 
correction of hepatosteatosis and insulin resistance observed with AMP-DNM 
and GENZ 123346 is not entirely surprising. Correction of hyperinsulinemia itself 
is likely to result in reduced lipogenesis and inflammation in the liver.
Questions remain about the mode of action of AMP-DNM, or more simple de-
oxynoijirmycins as present in the leaves of Morus albus. It seems at present that 
the beneficial pleiotropic effects of AMP-DNM cannot be explained by reduc-
tion of glycosphingolipid synthesis alone. Future investigations with conditional 
tissue-specific knock outs of GCS may help to shed light on the contribution of 
glycosphingolipid lowering to the observed corrections of insulin resitance by 
AMP-DNM and GENZ 123346. Since compounds like AMP-DNM are very well 
tolerated, they seem to offer an attractive approach for the treatment of insulin 
resistance and some other aspects of the metabolic syndrome. A better under-
standing of the mode(s) of action of the iminosugars is required to expedite such 
applications. 
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