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Clinical aspects

Gaucher disease is caused by a deficiency in activity of the enzyme glucocerebrosidase (glu-
cosylceramidase, EC 3.2.1.45), resulting in insufficient degradation of the glycosphingolipid 
glucosylceramide to glucose and ceramide1,2. This leads to glucosylceramide accumulation in 
lysosomes of macrophages, so called Gaucher cells.
Gaucher disease is traditionally divided into different phenotypes, based on the presence or 
absence of central nervous system involvement. In type II and type III Gaucher disease, the 
rare neuronopathic forms, characteristic neurological manifestations occur, presumably at 
least partly explained by accumulation of glycosphingolipids in the central nervous system. 
In type III Gaucher disease - the subacute neuronopathic form - symptoms generally first 
occur during the second or third year of life. The disease can be characterised by the same 
visceral and haematological symptoms that occur in type I Gaucher disease, combined with 
slowly progressive neurological deterioration resulting in death at an age between 20 and 
40 years. The neurological manifestations in type II Gaucher disease - the acute neurono-
pathic form - are more severe and occur very early in life, leading to death before the age of 
2 years3,4. 
The overall incidence of Gaucher disease is estimated between 1 in 40 000 to 50 000 live 
births5. As indicated above, the neuronopathic forms are very rare and have a combined 
incidence of less than 1 per 100 000 life births4. Type I Gaucher disease is by far the most 
common variant and has an ethnic predilection, with the highest incidence (1 in 900) in the 
Ashkenazi Jewish population6. The estimated birth prevalence in the general population in 
the Netherlands is 0.9 per 100 000, based on the number of cases diagnosed between 1970 
and 19967.
Type I Gaucher disease patients exhibit a broad range of symptoms and disease severity and 
can therefore be diagnosed during childhood or at any age during adulthood. The reported 
percentages of patient diagnosed during childhood range from to 22%8 to 66%9. The key 
manifestations of type I Gaucher disease - hepatosplenomegaly, bone manifestations and cy-
topenia - are caused by the presence of Gaucher cells in liver, spleen and bone marrow. The 
enlarged liver and spleen may cause mechanical problems, resulting in upper-abdominal 
complaints. Hypersplenism, in combination with bone marrow failure, reduces the circulat-
ing thrombocyte and erythrocyte numbers. Anaemia leads to fatigue and, in severe cases, to 
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reduced exercise tolerability. Thrombocytopenia can result in an increased bleeding ten-
dency, which may be aggravated by reduced levels of coagulation factors and thrombocyte 
dysfunction, both of which are associated with Gaucher disease10-12. The most debilitating 
aspect of type I Gaucher disease is the skeletal disease. This can manifest itself in a wide 
scale of symptoms, ranging from acute pain and general illness typical for a bone crises to 
chronic bone pain of which the exact cause is less well understood13.
In a minority of patients, Gaucher cells gather in other organs such as the kidney and lungs, 
which can lead to symptomatic organ dysfunction. The presence of Gaucher cells in the 
alveolar walls and alveolar space may lead pulmonary hypertension14. Elevated pulmonary 
arterial pressure has been reported in a substantial number of type I Gaucher patients and 
seems to be more common in splenectomised patients and female patients15. Rare cases of 
renal disease due to Gaucher cell accumulation in kidney have been reported in literature 
16,17.
The visceral manifestations, skeletal disease and cytopenia are present in the majority of type 
I Gaucher disease patients, though the severity of the symptoms varies greatly. The cause of 
this puzzling clinical heterogeneity has not yet been elucidated. Genotype-phenotype cor-
relations are limited. Being homo- or heterozygous for the N370S mutation is believed to 
preclude the development of the neuronopathic forms of the disease. Homozygosity for the 
N370S mutation is usually associated with a relatively mild type I Gaucher disease pheno-
type18, though severe cases with this genotype have been reported19. On the other hand, a 
‘severe’ mutation such as L444P in combination with a ‘null’ mutation, almost always results 
in severe neuronopathic disease20. With these exceptions in mind, both the mutations in 
the glucocerebrosidase gene and the residual activity of the enzyme in most cases do not 
adequately predict disease severity in individual patients21. Even in monozygotic twins, 
Gaucher disease severity can vary22,23, indicating that environmental factors and epigenetic 
phenomena contribute to disease penetrance24. 

Pathophysiology

Glucocerebrosidase activity is low in lysosomes of all cells in Gaucher patients, yet massive 
accumulation of glucosylceramide takes place exclusively in macrophages. This is most likely 



11

a result of the large amount of glycosphingolipids arriving in the lysosome of macrophages 
due to their function as scavengers of pathogens and cellular debris. Though significant 
build up of glycosphingolipids only takes place in lysosomes, their concentrations are altered 
in other compartments of the cell as well25,26. 
Due to increased substrate availability, the synthesis of more complex glycosphingolipids 
and gangliosides, for which glucosylceramide is the precursor, is increased in Gaucher dis-
ease. Higher catabolic rates for gangliosides were found in cultured fibroblasts from Gaucher 
patients27 and increased concentrations of the gangliosides were noted in spleen and liver 
autopsy specimens from Gaucher patients28. 
How altered glycosphingolipid turnover results in Gaucher disease pathology is only partial-
ly understood. Glycosphingolipid storage alters the activation status of macrophages and this 
may be crucial for the development of clinical manifestations. Gaucher cells resemble alter-
native activated macrophages (AAM), with high expression of AAM markers such as CD14 
and CCL18. Gaucher cells do not produce pro-inflammatory cytokines such as TNF-a, but 
express the anti-inflammatory marker IL1-Ra29. In contrast, macrophages surrounding the 
mature Gaucher cells do express pro-inflammatory cytokines29 and may be the ones respon-
sible for the increased plasma levels of these cytokines found in Gaucher patients in several 
studies30-33. Glucocerebrosidase deficient mice exhibit a multi-system inflammatory reaction 
with B-cell proliferation and elevated TNF-α and IL-1β expression34. It is possible that the 
high frequency of gammopathies and multiple myeloma that have been found in patients 
with Gaucher disease is related to this B-cell stimulation35. On the other hand, the presence 
of anti-inflammatory markers in the human situation suggests a delicate balance between 
activation and inhibition of inflammation, which may influence the clinical expression of 
the disease within the genetic background of a patient.
Apart from the immunological activation of Gaucher cells by their storage material, other 
phenomena resulting from the impaired glycosphingolipid degradation may also contribute 
to Gaucher disease pathology. In a Gaucher cell model, the glycosphingolipid composi-
tion of cell membrane domains called Detergent Resistant Membranes (DRMs) is altered. 
Glucosylceramide concentrations in these membrane domains were clearly increased, with 
smaller secondary increases in ceramide and di- and trihexosylceramide36. This may have 
considerable consequences for the function of receptors present in these DRMs. 
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Therapy

At the end of the 1980’s treatment for type I Gaucher disease became available in the form 
of enzyme replacement therapy (ERT)37. Before the introduction of ERT, the management 
of Gaucher patients consisted of symptomatic treatment, such as blood transfusion and in 
severe cases splenectomy. Originally, the enzyme used for ERT was purified from human 
placenta (alglucerase, CeredaseTM, Genzyme Corp, MA, USA), but in 1994 this was replaced 
by recombinant enzyme, produced by Chinese hamster ovary cells in tissue culture (imiglu-
cerase, CerezymeTM, Genzyme Corp, MA, USA). The glycan composition of the enzyme is 
mannose terminated and thus the enzyme is preferentially taken up through the mannose 
receptor38. Given this route of uptake, it is surprising that mature Gaucher cells in spleen of 
two Gaucher patients were shown to have very low cell surface expression of the mannose 
receptor29. It has been hypothesised that the mannose receptor may disappear from a subset 
of Gaucher cells, possibly the long lasting cells, which can impair ERT efficacy39. Fortunately, 
the beneficial effects of enzyme treatment prove that this phenomenon is not always present.
Treatment with ERT results in a reduction of liver and spleen size, correction of cytopenia 
and improvement of bone symptoms37,40-44. Effects of therapy on organ size and cytopenia 
are already detectable after six months of treatment40-42 and significant positive effects of ERT 
are present in the majority of patients after four years of treatment44.
Since the introduction of ERT there has been debate regarding the appropriate treatment 
dose. Both high (³60 U/kg/month)45 and low (15-30 U/kg/month)42,46 dose schemes have 
been advocated in the past, though data showing the outcome of both regimens in a com-
parable patient population have only recently become available. These studies indicate that 
there is indeed a dose effect, although this does not imply that high doses are needed for 
all patients47-49. In general, Gaucher cell infiltration in the skeleton and the associated bone 
complications are the most difficult to treat. Even when treated for a substantial number of 
years with appropriately dosed ERT, a subset of Gaucher patients show little or no reduction 
in signs of skeletal disease39,50. 
A second approach for the treatment of Gaucher disease is the partial inhibition of synthe-
sis of glucosylceramide, generally referred to as Substrate Reduction Therapy (SRT). SRT, 
in the form of the iminosugar N-butyldeoxynojirimycin (Miglustat, ZavescaTM, Actelion 
Pharmaceuticals, Switzerland), became available in Europe in 2002. Miglustat can be taken 
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orally, is usually dosed 100 mg TID and has shown to be effective in treatment of the vis-
ceral and haematological aspects of Gaucher disease and improve bone manifestations51-53. 
Comparison of the relative effectiveness of both treatment modalities is limited by the fact 
that a comparative trial has never been carried out. Miglustat has side effects in the form of 
transient diarrhoea and weight loss. Some patients also temporarily develop tremors52. There 
has been discussion about other toxicities as well, including neuropathy, which is currently 
further investigated. Up to this moment ERT remains the standard of care for treatment of 
type I Gaucher disease. SRT is an alternative for patients with mild to moderate Gaucher 
disease for whom ERT is not suitable54,55.
With the possibility of causal therapy for the treatment of type I Gaucher disease the need 
for adequate markers of disease activity as a read-out of therapy effectiveness became appar-
ent. Several proteins are secreted in abundance by mature Gaucher cells, the most promi-
nent being chitotriosidase. Plasma concentrations of this chitinase are elevated in Gaucher 
patients. Chitotriosidase activity in plasma is thought to reflect whole body Gaucher cell 
burden56,57 and correlates to some extent with clinical parameters of disease severity58. After 
start of treatment, the activity level rapidly declines59. Plasma chitotriosidase activity can 
thus be used, together with other parameters, in the initial assessment of Gaucher disease 
severity and in monitoring response to therapy. A limitation of chitotriosidase as a marker is 
the fact that about 6% of all individuals is homozygous for a null allele of the chitotriosidase 
gene60 resulting in complete absence of plasma chitotriosidase activity. In addition, other 
genetic polymorphisms may influence enzymatic activity, dependent on which of the artifi-
cial substrates is being used in the assay56. CCL-18, a chemokine secreted by Gaucher cells, 
is an alternative marker for disease severity. Like chitotriosidase activity, the CCL-18 plasma 
concentration is elevated in Gaucher patients61 and plasma levels correspond with disease 
severity58. Plasma CCL-18 concentrations decline in response to therapy61 and can therefore 
be used as an alternative marker for the monitoring of Gaucher disease patients. 

Associated conditions

Apart from the aspects of type I Gaucher disease that are directly related to the presence 
of storage cells in certain organs, the disease is also associated with several conditions of 
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which the causal relationship with glycosphingolipid accumulation in macrophages is less 
well established. The introduction of treatment and the subsequent improvement of primary 
Gaucher disease symptoms, as well as the clustering of patient populations, has brought 
these related conditions to attention.
The incidence of haematological cancers is increased in type I Gaucher disease62,63. In par-
ticular, the risk for development of B cell malignancies such as multiple myeloma, leukae-
mia and lymphoma is significantly higher in Gaucher patients64. As is generally the case, 
multiple myeloma in Gaucher patients may be preceded by a monoclonal gammopathy of 
undetermined significance (MGUS). The occurrence of MGUS in type I Gaucher disease is 
increased and reported prevalences lie between 1.3%65 and 25%35,66. In a study performed 
in cohorts of patients from Germany and the Netherlands the risk for the development of 
cancer in general was significantly increased compared to the general population. More 
specifically, apart from the B-cell malignancies, the risk for hepatocellular carcinoma was 
strongly elevated62. 
Type I Gaucher disease is traditionally classified as the non-neuronopathic form, though 
recent studies indicate that in this phenotype neurological symptoms may also be present. 
However, they are different in nature and age of onset compared to the neurological symp-
toms in type II and III Gaucher disease67. Multiple studies report an increased incidence of 
Parkinson disease and Parkinsonian manifestations in type I Gaucher disease68,69. Gaucher 
disease patients are more likely to develop an aggressive form of Parkinson disease that 
manifests itself at a relatively young age and is refractory to standard L-dopa treatment67. Of 
interest in this respect is that being a carrier of a glucocerebrosidase mutation increases the 
risk for the development of Parkinson disease as well70,71.
Gaucher patients display intriguing deviations in basal metabolic parameters. In untreated 
type I Gaucher disease patients resting energy expenditure is increased with 24 to 44%72,73. 
Children with type I Gaucher disease exhibit growth retardation and treatment with ERT 
leads to catch up growth, both in length and weight74,75. In adults ERT leads to partial cor-
rection of the hypermetabolism76. Glucose homeostasis is also altered in Gaucher disease 
patients. The hepatic glucose output is about 30% increased compared to healthy control 
subjects, with normal fasting plasma glucose concentrations, but increased insulin levels73. 
High Density Lipoprotein cholesterol (HDL-c) and Low Density Lipoprotein (LDL-c) 
concentrations are low in type I Gaucher disease patients77. Concomitant reductions in 
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the major protein components apolipoprotein B100 and apolipoprotein A1 indicate re-
duced cholesterol particle numbers, most likely due to increased cholesterol catabolism78. 
There is an inverse relationship between disease severity and HDL-c and LDL-c cholesterol 
levels. Short term treatment with ERT increases HDL-c levels, while LDL-c levels remain 
unchanged79. 
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 Abstract

Obesity is associated with an increased risk for insulin resistance, a state characterized by 
impaired responsiveness of liver, muscle and adipose tissue to insulin. One class of lipids 
involved in the development of insulin resistance are the (glyco)sphingolipids. Ceramide, the 
most simple sphingolipid, directly inhibits phosphorylation of the insulin signaling media-
tor Akt/Protein Kinase B. More complex glycosphingolipids, so-called gangliosides, block 
phosphorylation of the insulin receptor and down-stream signaling, possibly by exclusion 
of the insulin receptor from specific membrane domains.  Pharmacological inhibition of 
glycosphingolipid synthesis is found to markedly improve insulin sensitivity in rodent mod-
els of insulin resistance. Partial glycosphingolipid reduction is well tolerated and may thus 
offer an attractive new treatment modality for obesity-induced insulin resistance and type II 
diabetes.
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1 Introduction

The ancient Greek motto µεδευ αγαυ (‘nothing in excess’) at the Apollo temple in Delphi, 
stresses the importance of moderation. In this time of nutrient excess and sedentary life style 
the motto seems more applicable than ever. Due to increases in the amount and caloric con-
tent of food as well as diminishing physical activity, the incidence of obesity is markedly in-
creasing. Obesity is associated with an increased risk for diminished insulin sensitivity. This 
so-called insulin resistance is characterized by reduced insulin-mediated glucose uptake and 
impaired suppression of lipolysis as well as hepatic glucose production1,2. Another common 
feature of obese individuals is low-grade inflammation3, mediated by cytokines secreted by 
macrophages in their adipose tissue, which further promotes insulin resistance4-8. 
In the last decade evidence has accumulated pointing to a key role for excessive lipids in the 
etiology of obesity-induced insulin resistance9. Triglycerides are normally predominantly 
stored in adipose tissue. In obesity, this storage capacity is often exceeded and triglycerides 
accumulate in other tissues such as liver and muscle. Lipid excess in tissues is associated 
with impaired insulin signaling and action10,11. A strong inverse correlation exists between 
the intramyocellular lipid content and whole body insulin stimulated glucose uptake12. It is 
thought that the surplus of triglycerides and free fatty acids delivered to insulin-responsive 
tissues results in local high concentrations of other lipids, among which sphingolipids. 
Excessive sphingolipids hamper insulin signaling and promote inflammation. For example, 
increased concentrations of ceramide lead to inhibition of insulin signaling at the level of 
Akt/Protein Kinase B (PKB) in cell models13,14. Since the role of ceramide in insulin resis-
tance has been extensively reviewed15,16, this review primarily focuses on the new findings 
which stress the importance of glycosphingolipids in regulating insulin responsiveness. 
Recent reports suggest that excessive glycosphingolipids are major contributors to the 
pathophysiology of obesity-induced insulin resistance. Moreover, pharmacological reduction 
of glycosphingolipids has been found to exert beneficial effects in animal models of insulin 
resistance and type II diabetes.
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2 Glycosphingolipid metabolism

2.1 Glycosphingolipid biosynthesis
Ceramide, formed by de novo synthesis or by catabolism of glycosphingolipids and sphin-
gomyelin, is the precursor of all complex glycosphingolipids (figure 1). De novo synthesis of 
ceramide takes place at the cytosolic leaflet of the ER. The first step in ceramide synthesis 
is the formation of 3-ketosphinganine by Serine Palmitoyl Transferase (SPT). The de novo 
synthesis rate of ceramide is regulated by the availability of the precursors palmitoyl-CoA 
and serine17. In addition, extracellular stimuli such as cytokines enhance ceramide formation 
by increasing expression of SPT18 (see section 6). Ceramide is the precursor for several types 
of sphingolipids: sphingomyelin, galactosylceramide and sulfatide, ceramide-1-phosphate, 
O-acylceramide, and glucosylceramide. This review focuses on glucosylceramide and its 
anabolites, the more complex glycosphingolipids. Glucosylceramide is formed via gluco-
sylation of ceramide by the enzyme Glucosylceramide Synthase (GCS). GCS transfers the 
glucose moiety from the donor UDP-glucose to ceramide present at the cytosolic leaflet 
of the Golgi apparatus19-21. Next, glucosylceramide can be either directly transported to 
the plasma membrane or translocated across the membrane of the Golgi apparatus where 
it may be transformed to more complex glycosphingolipids22-24. Glucosylceramide is first 
converted to lactosylceramide by (1-4)-β linkage of galactose. Next, from lactosylceramide 
so-called gangliosides can be formed (figure 1). Gangliosides include sphingolipids contain-
ing N-acetylneuraminic acid (sialic acid) units. A bewildering amount of gangliosides exists 
and a convenient shorthand nomenclature has been developed by Svennerholm, a pioneer 
in ganglioside research25. In this nomenclature G stands for ganglioside, A for asialo-, M for 
monosialo-, D for disialo- and T for trisialo-ganglioside. The principles of the ganglioside-
synthesizing machinery and their nomenclature have nicely been reviewed26,27. Specific sialyl 
transferases convert lactosylceramide stepwise to 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-se-
ries), one (a-series), two (b-series), or three sialic acid residues (c-series) linked to the 3-posi-
tion of the inner galactose moiety (figure 1). In adult human tissues, gangliosides from the 
0- and c-series are only found in trace amounts26,27.
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2.2 Glycosphingolipid catabolism
Catabolism of complex glycosphingolipids is a stepwise process, predominantly taking place 
in lysosomes28,29. Glycosphingolipids can reach the endosomal-lysosomal compartment in 
various ways30.  The first route is receptor-mediated endocytosis of LDL, which results in 
delivery of glycosphingolipids to the lumen of lysosomes. The second way is phagocytosis of 
larger structures such as senescent cells containing glycosphingolipids by specialized phago-
cytes like macrophages. Another major pathway in most cells involves endocytosis of plasma 
membrane. Glycosphingolipid-rich membrane parts are internalized and fuse with early 
endosomes. Next, glycosphingolipids destined for degradation are sorted out by formation 
of intraluminal vesicles (multivesicular bodies) which reach the lysosome31. In the lysosome, 
glycosphingolipids are catabolized sequentially by glycosidases. Some steps require the as-
sistance of sphingolipid activator proteins (Sap A, B, C and D and GM2 activator protein)31. 
The product formed by deglycosylation of glycosphingolipids is glucosylceramide, which in 
turn is degraded into ceramide and glucose by the enzyme glucocerebrosidase32. Ceramide 
can then be cleaved in sphingosine and fatty acid by ceramidase. Of note, ceramide degrada-
tion can also take place in other parts of the cell. Sphingosine can be either re-acylated to 
ceramide or used as a substrate for sphingosine 1-phosphate (S-1-P) synthesis33,34 (figure 1).
It has recently become apparent that metabolism of endocytosed glycosphingolipids is not 
restricted to lysosomes. Glucosylceramide derived from degradation of complex glycosphin-
golipids, from both intra- and extracellular sources, may escape lysosomal degradation and 
re-enter the glycosphingolipid synthesis pathway35. In addition, direct metabolic remodeling 
of glycosphingolipids at the plasma membrane has been proposed. This process may result 
in local formation of more simple glycosphingolipids from complex substrates36. The occur-
rence of an extra-lysosomal glucosylceramidase, converting glucosylceramide to ceramide, 
has also been demonstrated37-39. 
The importance of efficient glycosphingolipid catabolism is illustrated by the existence of 
inherited deficiencies in many lysosomal glycosidases and activator proteins. This results in 
accumulation of the corresponding glycosphingolipids and a broad spectrum of patholo-
gies28,29. The most common of the so-called sphingolipidoses is Gaucher disease, a disorder 
caused by deficiency of glucocerebrosidase32,40. The diagnosis of Gaucher disease can be con-
veniently confirmed by demonstration of deficient activity of glucocerebrosidase with artifi-
cial substrates such as 4-methylumbelliferyl-beta-glucoside or C6-NBD-glucoylceramide41,42.



29

IRS 1/2

PI3 kinase

mTOR

GSK3

PDK1PIP3 PKC

PKB

FOXO1

Insulin receptor
GLUT4

Inhibition of protein degradation

Stimulation of glycogen synthesis

Nucleus

Inhibition of gluconeogenesis

Glut4

FOXO3

Figure 2

Stimulation of fatty acid synthesis

SREBP1C

Figure 2 Major pathways in insulin receptor signaling. Some of the metabolic effects of insulin may 

also be mediated via other signaling branches than those depicted. Abbreviations: IRS=Insulin Recep-

tor Substrate, PI3kinase=Phosphoinositide-3-kinase, PIP3=Phosphatidylinositol (3,4,5)-triphosphate, 

PDK1=Phosphatidylinositol-3-phosphate Dependent Kinase 1, PKC=Protein Kinase C, PKB=Protein 

Kinase B, FOXO1=Forkhead box O1, GSK3=Glycogen Synthase Kinase 3, mTOR=mammalian Target 

of Rapamycin, FOXO3=Forkhead box O3, SREBP1C=Sterol Regulatory Element Binding Protein-1C, 

GLUT4=Glucose Transporter 4.



30

3 Insulin signaling and action 

3.1 The insulin signaling cascade
The insulin receptor (IR) is a heterodimer consisting of two α- and two β-subunits. Binding 
of insulin to the extracellular α-subunits induces a conformational change, resulting in auto-
phosphorylation of particular tyrosine residues in the intracellular β-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 phospho-inositide-3-
kinase (PI 3-kinase). Activated PI 3-kinase produces phosphatidylinositol (3,4,5)-triphos-
phate (PIP3), serving as a binding site for proteins containing pleckstrin homology (PH) 
domains. The PH domain containing serine/threonine kinases PKB and phosphatidylinosi-
tol-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 mam-
malian target of rapamycin (mTOR)-RICTOR protein complex phosphorylates the exposed 
regulatory serine (S473) in the C-terminus of PKB. Next, PDK1 phosphorylates the regula-
tory threonine residue (T307) of PKB that is requisite for enzyme activity43-45(figure 2). All 
these early signaling steps take place at the plasma membrane. Activation of PKB allows 
its relocalization to the cytosol. Part of the activated PKB enters the nucleus were it affects 
transcription of several target genes. 
In addition to the PI 3-Kinase/PKB pathway, binding of insulin to IR induces another 
signaling pathway via Growth factor binding protein 2 (Grb2)/Son of sevenless (Sos) and 
Ras, leading to activation of the mitogen activated protein kinase (MAPK) isoforms extra-
cellular signal-regulated kinases (ERK)1 and ERK2. However, insulin produces most of its 
metabolic actions through the PI 3-Kinase/PKB pathway. The MAPK cascade is not involved 
in insulin-stimulated glucose transport or glycogen synthesis but may relate to regulation of 
cell survival and proliferation46. Insulin, together with other stimuli, is also involved in the 
regulation of autophagy47,48. Since studies on the interference of insulin signaling by sphin-
golipids focus on the PI 3-Kinase/PKB pathway this review will further only discuss this part 
of the signaling cascade.
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3.2 Metabolic responses to insulin signaling
An important function of insulin is to rapidly increase glucose uptake by target organs. 
Following an insulin stimulus, activated PKB, in concert with Protein Kinase C (PKC) 
activated by PI3-kinase, promotes translocation of glucose transporter 4 (GLUT-4) to the 
plasma membrane, allowing immediate glucose uptake49 (figure 2). An additional pathway 
for insulin-stimulated GLUT-4 translocation involving the APS-CAP-Cbl protein complex 
has been postulated50. In this pathway, the APS-CAP-Cbl protein complex activates the 
small GTPase TC10, which in turn signals the cytoskeleton to promote GLUT-4 cell surface 
recruitment50. 
Insulin enhances the formation of glycogen and inhibits gluconeogenesis. PKB stimulates 
glycogen synthesis by phosphorylation of glycogen synthase kinase 3 (GSK3), which thus no 
longer can inhibit the enzyme glycogen synthase51. Inhibition of gluconeogenesis, is regulat-
ed, at least partially, by the transcription factor FOXO1. Phosphorylation of FOXO1 by PKB 
excludes it from the nucleus, abolishing FOXO1-mediated expression of the gluconeogenic 
enzymes glucose-6-phosphatase (G6Pase), fructose-1, 6-biphosphatase and phosphoenol-
pyruvate carboxykinase (PEPCK)52 (figure 2).  Inhibition of protein degradation by insulin 
requires activation of the mammalian target of rapamycin (mTOR) and inactivation of the 
transcriptionfactor FOXO3 by PKB48. Insulin stimulates lipogenesis by activating the tran-
scription factor Sterol Regulatory Binding Protein-1c (SREBP-1c) via the PI3K/Akt/mTOR 
pathway53. This enhances transcription of genes required for fatty acid and triglyceride 
biosynthesis, such as acetyl-coenzyme A carboxylase (ACC) and fatty acid synthase (FAS)54. 
Insulin activates SREBP-1c by both enhancing its transcription and increasing the amount 
of nuclear SREBP-1c, most likely by promoting conversion of the membrane-bound precur-
sor to its cleaved nuclear form55. Insulin decreases lipolysis in adipose tissue by activating 
phosphodiesterase-3B (PI3B)56 PI3B decreases intracellular cyclic Adenosine Monophospate 
(cAMP) concentrations, which in turn leads to dephosphorylation of hormone sensitive 
lipase (HSL) resulting in inhibition of lyspolysis.
Intriguingly, despite clear insulin resistance for the inhibitory of effect of insulin on hepatic 
glucose output, insulin sensitivity is maintained for lipogenesis in ob/ob mice57. This selective 
insulin resistance explains the paradoxical combination of hyperinsulinemia and hyperlip-
idemia in type II diabetes58. Partial postreceptor hepatic insulin resistance thus seems a key 
element in the development of dyslipidemia and hepatic steatosis.
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4 Insulin receptor membrane topology

4.1 Insulin receptor localization in caveolae/Detergent Resistant Membranes
As described above, insulin signaling requires the participation of many components. Proper 
insulin signaling, in terms of speed and specificity, requires spatial and temporal organiza-
tion of the key signal components in specific plasma membrane domains59. Caveolae are 
membrane invaginations visible with electron microscopy and characterized by the presence 
of the structural protein calveolin-1. Caveolae are stable and relatively immobile mem-
brane regions enriched for cholesterol, sphingomyelin and glycosphingolipids. They are 
most abundant in adipocytes but are also present in other cell types such as fibroblasts and 
endothelial cells60,61. Caveolae are thought to serve as signaling platforms for several recep-
tors including the insulin receptor, though this proposed function is still debated61. In tissues 
with relatively low caveolin-1 expression levels, such as skeletal muscle and liver62,63, the IR 
has been detected in membrane domains enriched in cholesterol and glycosphingolipids. 
These domains are mostly referred to as Detergent Resistant Membranes (DRMs) or rafts 
and are less well defined than caveolae. Regarding their composition, number and size, data 
widely differ between different cell types and the purification and identification protocols 
used. Apart from experimentally induced differences, there is evidence for compositional 
heterogeneity of rafts (for a review see 64). Isolation of DRMs using the detergent Triton 
X 100, the most common method, results in different outcomes regarding their content of 
specific proteins such as the insulin receptor. Results vary depending on the temperature at 
which the DRM isolation is performed and the concentration of the detergent used65. These 
limitations of present methodology should be taken into account when interpreting reports 
regarding insulin receptor detection in DRMs. 
One of the earliest reports on the presence of the IR in caveolae by Gustavsson and cowork-
ers showed co-localization of the insulin receptor with caveolin-1 by electron- and immuno-
fluorescence microscopy in both isolated rat adipocytes and 3T3-adipocytes. They separated 
a caveolae-enriched membrane fraction by centrifugation methods with and without deter-
gent and found the IR β-subunit to be present in this fraction66. Later studies on the presence 
of the IR in caveolae yielded conflicting results (see 67 for a review), most likely due to the 
different methods used for caveolae isolation. Recently several papers on the subject have 
been published. Souto and coworkers used a detergent-free caveolae isolation technique 
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based on mechanical homogenizing of primary rat adipocytes and gradient centrifugation 
of membranes. They failed to detect the IR in caveolae. They confirmed this finding by elec-
tron microscopy with immunogold labeling of the IR and caveolin-1 resulting in different 
staining patterns for these antigens68. In contrast, Karlsson and coworkers did show localiza-
tion of IR and IRS-1 in caveolae isolated from primary human adipocytes by gradient cen-
trifugation69. A recent report on the subject, using electron microscopy and freeze fracture 
analysis of 3T3-adipocytes, indicates that IR is located in the 'neck' of caveolae70. An earlier 
paper by Smith and coworkers also reported co-localization of IR and caveolin-1 as analyzed 
by immuno-electronmicroscopy of membrane fractions obtained from H35 hepatoma cells 
by gradient density gradient centrifugation71. Balbis and coworkers also show co-immuno-
precipitation of caveolin-1 with the phosphorylated IR in freshly isolated membranes from 
rat hepatocytes prepared after insulin stimulation72. A study by Vainio and coworkers using 
a hepatoma (HuH7) cell line indicated that upon insulin stimulation, the insulin receptor 
is recruited to a part of the membrane that is Triton X-100 resistant73. In DRMs of insulin 
stimulated differentiated L6 myocytes (myotubes), the phosphorylated insulin receptor only 
partially co-localized with caveolin-1, indicating that in these cells the IR is found both in 
caveolae and DRMs not containing caveolin-162.
Recent studies using transgenic mouse models suggested that the presence of caveolin is 
required for proper insulin signaling74. Caveolin may stabilize the IR protein or directly 
stimulate IRs. Other studies have proposed that caveolae also provide cellular microdomains 
for GLUT-4, but opposing views on this matter exist60. For an extensive overview of the 
role of caveolae and caveolin-1 in insulin-mediated glucose uptake the reader is referred to 
refs60,75,76.

4.2 Impact on insulin signaling
Several studies suggest that localization of IR in caveolae/DRMs is crucial for proper signal 
transduction. Gustavson and coworkers showed that disruption of caveolae in rat adipocytes 
and 3T3-adipocytes by reduction of cellular cholesterol with β-cyclodextrin attenuated 
insulin stimulated glucose uptake. Subsequent replenishment of cholesterol restored insulin 
signaling66. These results were later confirmed by the same group in additional studies69,77.
Others investigators have studied the effect of (glyco)sphingolipids on the IR membrane 
localization and signaling. A report by Grigsby et al. suggests that exposing 3T3-adipocytes 
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to TNFα increases caveolar ceramide concentration and impairs IR function. Prevention of 
ceramide accumulation using Z-VAD-FMK, a caspase inhibitor, restored IR and IRS-1 phos-
phorylation78. Kabayama et al. reported the effect of prolonged TNFα exposure on IR local-
ization in 3T3-adipocytes79. In untreated 3T3 cells, IR was found in DRMs extracted with 
low concentration Triton X-100 or under hypertonic alkaline conditions. Exposure of cells 
to TNFα, caused a partial shift of IR to higher density fractions, coinciding with a reduc-
tion in IRS-1 phosphorylation in response to insulin. GM3 was twice as abundant in DRMs 
from TNFα-treated adipocytes, whereas cholesterol and caveolin levels were unchanged. 
Depletion of GM3 using 1-phenyl-2-decanoylamino-3-morpholinopropanol (d-PDMP), an 
inhibitor of glucosylceramide synthesis, prevented exclusion of the IR from DRMs normally 
induced by TNFα79. An earlier study by Vainio and colleagues also revealed that in liver-
derived cells lacking caveolae, autophosphorylation of the endogenous IR is compromised 
by acute cyclodextrin-mediated cholesterol depletion or by antibody induced clustering of 
glycosphingolipids73.

5 Influence of (glyco)sphingolipid levels 
 on insulin signaling and action

5.1 Ceramide
Ceramide functions as a mediator in signaling cascades that regulate apoptosis, differentia-
tion and cell cycle arrest80. An additional role for ceramide in the insulin signaling pathway 
has more recently been proposed. Ceramide does not interfere at the level of IR or IRS-1 
phosphorylation, but impairs insulin signaling by inhibition of PKB activation81. The inhibi-
tion of PKB by ceramide is thought to be accomplished by two mechanisms. Ceramide 
blocks the translocation of PKB to the plasma membrane and activates PP2A, which impairs 
PKB activity by removing activating phosphates81. 
The role of ceramide in insulin resistance will only be dealt with briefly, for detailed reviews 
the reader is referred to Summers and coworkers15,82. Investigations with cultured cells first 
revealed an association between cellular ceramide and insulin responsiveness. Exposing 
cultured myotubes to high doses of the free fatty acid (FFA) palmitate increases de novo ce-
ramide synthesis, followed by inhibition of PKB phosphorylation14,83,84, glucose uptake85 and 
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glycogen synthesis86. Overexpression of acid ceramidase in these cells reverses FFA-induced 
ceramide accumulation and improves insulin signaling87. Addition of short-chain ceramide 
analogues to cultured 3T3-adipocytes was found to inhibit insulin signaling and action13,88-90. 
Several investigators have reported the occurrence of elevated concentrations of ceramide in 
plasma and tissues of animal models of obesity-induced insulin resistance and type II diabe-
tes82,91,92. However, not all studies confirmed this. Lee and coworkers reported that male rats 
on a diet rich in saturated fatty acids developed insulin resistance with an increase in muscle 
diacylglycerol concentration, but without significant changes in muscle ceramide content93. 
In two other recent studies no significant abnormalities in skeletal muscle ceramide content 
of insulin-resistant Zucker Diabetic Fatty (ZDF) rats were noted94,95. 
Planavila and coworkers showed that treatment of mice with the PPARγ agonist trogli-
tazone, an established antidiabetic drug, decreased muscle ceramide96.
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 insu-
lin resistance and elevated levels of ceramide in skeletal muscle97,98. 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 individuals99. Infusion of lipid emul-
sion (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 study100, 
but not in another investigation101. However, the lipid emulsion used (Intralipid), contains 
largely unsaturated fat and unsaturated fat has later been shown by Holland et al to cause 
insulin resistance in a ceramide independent manner92.
 The discrepancies in reported ceramide concentrations in relation to insulin resistance are 
difficult to explain. Animal and human muscle ceramide concentrations mentioned in vari-
ous publications differ greatly, pointing to crucial differences in applied analytic methods102. 

5.2 Neutral glycosphingolipids and gangliosides
Nojiri et al. were the first to demonstrate a negative correlation between ganglioside con-
centrations and insulin responsiveness by showing ganglioside-mediated inhibition of 
insulin-dependent cell growth in leukemic cell lines103. Tagami and coworkers later estab-
lised that addition of GM3 to cultured adipocytes suppresses phosphorylation of IR and its 
down-stream substrate IRS-1, resulting in reduced glucose uptake104. As described in section 
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4.2, Inokuchi and coworkers demonstrated that exposure of cultured adipocytes to TNFα 
increases the ganglioside GM379. 
The same investigators rendered important new insights regarding the interference of exces-
sive GM3 on the interaction of IR with caveolin-1105. 3T3-adipocytes were exposed to TNFa 
resulting in increased cellular GM3 concentration and diminished IR signaling. They noted 
that in lysates from untreated 3T3-adipocytes, the IR co-precipitated with caveolin-1. In 
lysates from 3T3-adipocytes that had been exposed to TNFα, the caveolin-1-IR interaction 
was diminished. Direct GM3-insulin receptor interactions were demonstrated using cross-
linking of GM3 followed by immunoprecipitation of the IR β-subunit. The basic lysine resi-
due in the insulin receptor (K944), located just above the transmembrane domain, proved to 
be essential for the binding of IR to GM3. Based on their findings, Kabayama and workers 
have proposed that in adipocytes high GM3 concentrations displace the IR from caveolae, 
resulting in compromised insulin signaling105. 
The findings in these in vitro experiments were strengthened by subsequent studies in 
rodents. GM3 synthase knockout (GM3S-/-) mice completely lack GM3 and show enhanced 
phosphorylation of the skeletal muscle IR after ligand binding. Insulin stimulated whole 
body glucose uptake and insulin mediated suppression of endogenous glucose produc-
tion were increased. High fat diet did not lead to a deterioration of these parameters in 
the GM3S-/- mice, indicating protection from high-fat diet induced insulin resistance106. In 
line with this, insulin sensitivity and glucose tolerance were found improved in mice with 
increased expression of the GM3 degrading sialidase Neu3 in the liver107. In another study, 
mice with a more general Neu3 overexpression showed variable increases in GM1 and 
GM2 and small decreases in GM3 in various tissues. Surprisingly, the male transgenic mice 
became resistant to insulin and even developed diabetes108. 
Data on glycosphingolipid concentrations in insulin resistant rodents, supporting a tentative 
role in insulin resistance are still scarce. Concentrations of glucosylceramide, the precur-
sor of complex glycosphingolipids, were found to be slightly elevated in liver and muscle of 
ob/ob mice and ZDF rats compared to lean animals with similar background94,95. Increased 
GM3 synthase mRNA concentrations were found in adipose tissue from ob/ob mice and 
ZDF rats104. In a later study however, reduced levels of GM3 synthase mRNA in adipose 
tissue from ob/ob mice were found109. Using anti-GM3 antibodies, immunofluorescent 
staining was found to be more intense in muscle sections from ZDF rats, compared to lean 
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littermates95. 
Very recently Inokuci and co-workers reported that serum GM3 concentrations were higher 
(1.4 to 1.6 fold) in hyperlipidemic individuals and type II diabetics with and without hyperl-
ipidemia (1.4-fold) compared to normal subjects110. There are unfortunately still no support-
ing data on ganglioside levels in tissues of obese, insulin-resistant or type II diabetic humans. 
In a single study, muscle glucosylceramide concentrations in obese humans were noted to 
be comparable to those in lean subjects, and FFA infusion did not change muscle glucosyl-
ceramide in lean or obese subjects101. Of interest are observations made in type I Gaucher 
disease (GD) patients. This condition is characterized by a primary glucosylceramide ac-
cumulation and secondary elevation of gangliosides111. An euglycemic clamp revealed that 
insulin-mediated whole body glucose uptake in GD patients is reduced compared to healthy 
control subjects112. Since plasma levels of GM3 are elevated in these patients111, one could 
hypothesize that in GD patients altered glycosphingolipid levels in muscle and/or fat tissue 
result in the observed insulin resistance.
An additional role for yet another sphingolipid metabolite, sphingosine, in insulin resistance 
has been proposed by Samad et al. They observed in ob/ob and leptin receptor deficient 
(db/db) mice elevated plasma concentrations of ceramide109. However, in adipose tissue of 
the obese animals, ceramide and sphingomyelin concentrations were found to be slightly 
decreased. Concentrations of glycosphingolipids in plasma and tissue were unfortunately 
not determined in the study. Of interest, a clear increase in the ceramide metabolite sphin-
gosine was detected in adipose tissue of obese mice. A concomitant increase was observed in 
mRNAs encoding enzymes involved in ceramide formation (SPT, acid and alkaline sphingo-
myelinase) as well enzymes responsible for the hydrolysis of ceramide to sphingosine (acid 
and alkaline ceramidase)109. Based on these results, it has been speculated that, via some 
unknown mechanism, sphingosine also influences the responsiveness to insulin of adipose 
tissue. 
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6 Obesity induced inflammation alters 
 glycosphingolipid metabolism 

There is a strong association between obesity-induced insulin resistance and inflammation6,8. 
Adipose tissue isolated from obese individuals is characterized by the presence of high num-
bers of macrophages that secrete pro-inflammatory cytokines and chemokines7. Storage of 
fat in the liver, derived from exogenous sources and produced by local lipogenesis, may also 
result in inflammation113. The increased cytokine levels in obesity promote sphingolipid me-
tabolism82, which may in turn exacerbate insulin resistance. For example, binding of TNFα 
to the 55kDa TNF receptor (TNF-R55) activates endosomal/lysosomal acid sphingomyelin-
ase (ASMase) and neutral sphingomyelinase (NSMase) through different domains of this 
receptor114. Activation of ASMase increases cellular ceramide derived from sphingomyelin115. 
TNFα also increases ceramide levels by stimulating de novo ceramide synthesis116. Consistent 
with this, intraperitoneal injections of TNFα were found to increase mRNA levels of ASMase 
and NSMase and SPT in adipose tissue of lean mice. In adipose tissue of obese ob/ob and db/
db mice mRNA levels of these enzymes were also found to be increased109. TNFα is known 
to increase GM3 in 3T3-adipocytes (see section 5.3). Not surprisingly, mice lacking the 
TNF-R55 (TNFRp55-/-) have reduced ganglioside levels in various tissues117. 
In analogy with TNFα, glucocorticoids induce insulin resistance and are known to stimu-
late sphingolipid synthesis. Administration of dexamethasone (a synthetic glucocorticoid) 
diminishes hepatic and peripheral insulin sensitivity118. In mice, dexamethasone stimu-
lates (glyco)sphingolipid synthesis by increasing expression of genes involved in ceramide, 
glucosylceramide and sphingosine synthesis. Treating mice with myriocin, a potent inhibi-
tor of  SPT, prevents glucocorticoid-induced insulin resistance92. In insulin-resistant obese 
individuals, plasma levels of glucocorticoids are not elevated, but expression and activity 
levels of the enzyme involved in the conversion of inactive cortisone to active cortisol 
(11beta-hydroxysteroid dehydrogenase type 1) are upregulated in adipose tissue, possibly 
contributing to reduced insulin responsiveness119. The role of glycosphingolipid synthesis in 
glucocorticoid-induced insulin resistance has not yet been studied in humans. 
Whilst synthesis of sphingolipids is promoted by inflammation, the lipids in turn may 
stimulate the expression of cytokines and chemokines, creating a vicious circle. For example, 
incubation of 3T3-adipocytes with short-chain ceramides, sphingosine, or GM3, was found 
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to increase expression of TNFα109. Inhibition of glucosylceramide synthesis by treatment 
with the iminosugar AMP-DNM potently reduces inflammation in adipose tissue of ob/ob 
mice120. 

7 The effect of inhibition of glyco(sphingo)lipid 
 synthesis on insulin sensitivity

Drugs that inhibit sphingolipid formation at different steps in the synthetic pathway amelio-
rate insulin resistance in cultured cells and animals. Inhibition of de novo ceramide synthesis 
in cultured myotubes by myriocin, fumonisin B1 or L-cycloserine, blocks the inhibitory ef-
fect of saturated FFA on insulin signaling82. Inhibition of de novo glucosylceramide synthesis 
in cultured cells has generally been found to be beneficial. The relatively specific glucosyl-

Figure 3 Effects of inhibition of (glyco)sphingolipid synthesis in rodent models of insulin resistance and type II 

diabetes. (A) Overview of pathway and inhibited steps of synthesis. Myriocin inhibits serine palmytoyl transferase, 

reducing ceramide synthesis. AMP-DNM and Genz-123346 inhibit glucosylceramide synthase, reducing glucosylce-

ramide synthesis. (B) Effects of inhibition. 
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ceramide synthase inhibitor AMP-DNM ameliorates insulin signaling in TNFα-treated 
3T3-adipocytes94. AMP-DNM prevents TNFα-induced increases in GM3 and GM2 and 
simultaneously improves insulin receptor, IRS-1 and AKT phosphorylation94. Contradictory 
effects of d-PDMP, a rather non-specific inhibitor of glucosylceramide synthase, have been 
reported. Tagami et al. reported that d-PDMP reduced GM3 and enhanced insulin signaling 
in TNFα-treated 3T3-adipocytes104. In contrast, Chavez et al. using higher concentrations of 
d-PDMP, observed an inhibition of insulin signaling in the same cell model84. The conflict-
ing outcomes of the two studies are most likely due to the poor specificity of d-PDMP. This 
compound inhibits glycosylation as well as transacylation of ceramide. At high concen-
tration, the latter effect of d-PDMP may result in increased cellular ceramide that causes 
impaired insulin signaling121. 
To study the role of sphingolipids in insulin resistance in vivo, Holland and coworkers stud-
ied the effect of myriocin on insulin signaling and glucose homeostasis in mice92. Insulin 
resistance was induced in mice by glucocorticoid or lard oil infusion. Myriocin treatment 
restored insulin-mediated PKB phosphorylation in liver and muscle, and improved hepatic 
and peripheral insulin sensitivity as measured by a hyperinsulinemic euglycemic clamp 
(figure 3). In ZDF rats, myriocin improved plasma glucose levels, reduced hyperinsulinemia 
and improved glucose tolerance and insulin sensitivity. In all models myriocin reduced liver 
ceramide concentrations92. Unfortunately, the effect of myriocin treatment on glycosphingo-
lipids concentrations was not documented. It can therefore not be excluded that reductions 
in glycosphingolipids, resulting from a decrease in their precursor ceramide, contribute to 
the beneficial responses induced by myriocin.
Two unrelated inhibitors of glucosylceramide synthase, AMP-DNM and Genz-123346, 
have also been tested in animal models of insulin resistance and type II diabetes94,95. In ob/
ob mice, treatment with AMP-DNM resulted in lower blood glucose levels, improved whole 
body glucose uptake and better suppression of endogenous glucose production by insulin 
as measured by a hyperinsulinemic euglycemic clamp. AMP-DNM also improved insulin-
stimulated insulin receptor phosphorylation in the liver, and reduced hepatic fat accumula-
tion (figure 3). In high fat diet-induced insulin-resistant mice and in ZDF rats, AMP-DNM 
improved fasting and non-fasting plasma glucose levels. Hyperinsulinemia was partially 
corrected and glucose tolerance was improved and glycated hemoglobin levels were reduced. 
In ob/ob mice and ZDF rats, AMP-DNM reduced hepatic and muscle glucosylceramide 
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content without changing ceramide concentrations. A reduction in gangliosides GM1, GM2 
and GM3 in liver and muscle of ZDF rats was demonstrable, again without alterations in 
ceramide levels94. 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 glucose tolerance. Treatment with 
Genz-123346, like AMP-DNM, promoted insulin-stimulated phosphorylation of the insulin 
receptor in muscle95 (figure 3).

8 Summary and future prospects

Evidence for a role for glycosphingolipids in insulin resistance is accumulating. 
Firstly, a growing number of studies indicate that the insulin receptor is present in glyco-
sphingolipid-rich caveolae/DRMs, and that this localization is essential for its function. 
Excessive ganglioside content of caveolae/DRMs seems to hamper insulin signaling by 
displacing the insulin receptor from these domains79. Support for this model still largely 
comes from investigations using cultured cells and membrane fractionations. Translation of 
such data to the in vivo situation is problematic given the remaining uncertainties about the 
physiological relevance of isolated DRMs. 
Secondly, several studies indicate that glycosphingolipids directly interfere with insulin 
signaling.  In cultured adipocytes and myotubes, increased concentrations of ceramide and 
GM3 both impair insulin signaling at different levels of the signaling cascade. Ceramide 
has been shown to inhibit PKB, a key mediator in insulin signaling82. Glycosphingolipids, in 
particular the ganglioside GM3, act even further upstream, at the level of insulin receptor 
phosphorylation.
Thirdly, pharmacological reduction of glycosphingolipid synthesis is found to ameliorate 
insulin sensitivity in rodents. Inhibition of ceramide synthesis by myriocin and inhibition 
of glucosylceramide synthesis by two unrelated inhibitors, AMP-DNM or Genz-123346 
all improve insulin signaling92,94,95. Reducing glycosphingolipid synthesis may also posi-
tively influence other consequences of obesity such as inflammation (see section 7) and 
atherosclerosis122-124. 
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Partial inhibition of glycosphingolipid synthesis is well tolerated by rodents and humans. 
Pharmacological reduction of glycosphingolipids is already applied clinically. Chronic 
administration of (3x100 mg/d) N-butyl-deoxynojirimycin (Miglustat, Zavesca), an inhibi-
tor of glucosylceramide synthase, effectively reduces glucosylceramide storage in Gaucher 
disease patients, without major side effects125-128. 
To establish whether pharmacological reduction of glycosphingolipid synthesis is a useful 
treatment for insulin resistance and type II diabetes, it seems crucial to demonstrate that 
elevated concentrations of glycosphingolipids indeed occur in relevant organs of insulin-
resistant humans.
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Aim and outline of the thesis

The general theme of this thesis is the role of glycosphingolipids in metabolism. 
In the first part of the thesis, type I Gaucher disease is used as a model to study the effect of 
an excess of glycosphingolipids on metabolism. It comprises studies on the metabolic devia-
tions observed in type I Gaucher disease and their response to enzyme replacement therapy. 
Abnormalities in glucose homeostasis and insulin responsiveness and their consequences 
for the development of overweight and type II diabetes in type I Gaucher disease patients 
are discussed in chapter 3, 4 and 6. Chapter 5 focuses on the plasma levels of glycosphin-
golipids and their relation to Gaucher disease severity. Chapter 7 deals with the question 
whether hypermetabolism in Gaucher disease is related to alterations in thyroid hormone 
levels. Chapter 8 considers the lipoprotein profile abnormalities in type I Gaucher disease 
patients and their effect on the development of atherosclerosis. 
The second part of the thesis examines the metabolic consequences of pharmacological 
lowering of glycosphingolipids concentrations. The glycosphingolipid reduction is achieved 
by administering the iminosugar AMP-DNM (N-(5-adamantane-1-yl-methoxy)-pentyl-1-
deoxynojirimycin) to genetically obese mice. 
In chapter 9 the effect of AMP-DNM treatment on hepatic insulin sensitivity and steatosis 
is studied. Effects of the drug on food intake, energy homeostasis and substrate oxidation 
patterns are the topic of chapter 10.
The thesis concludes with summaries both in English and Dutch and a general discussion of 
the results of the studies presented in this work.   



Chapter 3

Very low serum adiponectin levels
 in patients with type 1 Gaucher disease

 without overt hyperglycemia

M. Langeveld, S. Scheij, P. Dubbelhuis, C.E.M. Hollak
 H.P. Sauerwein, P. Simons and J.M. Aerts

Metabolism 2007; 56:314-319
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Abstract

Objectives and background
Gaucher disease (glucocerebrosidase deficiency) is characterized by massive accumulation 
of lipid-laden macrophages in various tissues. Gaucher patients show a hitherto unexplained 
increased hepatic glucose output. Since adiponectin is thought to influence hepatic glucose 
output, we studied its serum concentration in a cohort of Gaucher patients.

Results
Serum adiponectin was indeed found to be markedly reduced in patients (median value 
3.1 µg/ml, range 1.4 - 6.3) as compared to healthy subjects (median value 5.6 µg/ml range 
1.9 - 14.0). Successful therapy of Gaucher patients was accompanied by an increase in serum 
adiponectin, from 3.1 to 3.6 µg/ml (p=0.002). In healthy individuals low levels of circulating 
adiponectin, are generally associated with obesity. In Gaucher patients however adiponectin 
levels correlated not with body mass index. 

Conclusions
The hypoadiponectinemia  in Gaucher patients is most likely attributable to their low-
grade chronic inflammation. The characteristic storage macrophages produce inflamma-
tory cytokines such as TNF-alpha that is  known to suppress adiponectin production. It is 
of interest that the very low adiponectin levelsin Gaucher patients are not accompanied 
by hyperglycemia, contrary to their effect in obese individuals. It is hypothesized that the 
excessive hepatic glucose production on Gaucher patients balances the assumed increased 
glucose consumption by the massive amounts of storage macrophages. Hypoadiponectemia 
may play a regulatory role in preventing hypoglycaemia in this condition.



56

Introduction

Gaucher disease is caused by deficiency of the lysosomal enzyme glucocerebrosidase (EC 
3.2.1.45). In the most common, non-neuronopathic (type 1) variant of Gaucher disease, 
clinical manifestations are restricted to the viscera. The disorder is characterized by massive 
accumulation of glucosylceramide in tissue macrophages. The characteristic lipid-laden stor-
age cells (Gaucher cells) predominantly accumulate in spleen, liver and bone marrow. Their 
presence results in hepatosplenomegaly, cytopenia and bone complications.
Gaucher disease can be efficiently treated by chronic intravenous administration of recom-
binant glucocerebrosidase1. This so-called enzyme replacement therapy (ERT) results in fast 
removal of storage cells, as is indicated by the prominent reduction of plasma markers for 
Gaucher cells, the hydrolase chitotriosidase and the chemokine CCL18 2-5. More recently, an 
alternative treatment based on inhibition of glycosphingolipid biosynthesis by oral admin-
istration of the iminosugar N-butyldeoxynojirimycin has shown to be effective in type I 
Gaucher disease6. This so-called substrate reduction therapy (SRT) also results in major 
clinical improvements and leads to reduction in storage macrophages7. The disappearance 
of storage cells upon therapy can be visualized by monitoring of triglyceride content of the 
lumbar spine bone marrow by Dixon Quantitative Chemical Shift Imaging (QCSI)8. In se-
verely affected Gaucher patients the adipocyte content of the bone marrow is extremely low 
due to infiltration of Gaucher cells9. Successful ERT or SRT gradually normalizes the bone 
marrow adipocyte content. 
Gaucher patients show intriguing alterations in metabolism. Their resting energy expendi-
ture is dramatically elevated10,11. The hepatic glucose output is about 30% increased, however 
without concomitant abnormalities in blood glucose concentrations10. A simple hormonal 
explanation for the high glucose turnover in Gaucher patients is so far lacking. Glucagon, 
(nor)epinephrine, cortisol and growth hormone levels do not differ between healthy control 
subjects and Gaucher patients after 16 hours of fasting. Insulin is significantly higher in 
Gaucher patients compared to healthy control subjects10. The role of the prominent macro-
phage storage cells in the abnormalities in glucose metabolism of Gaucher patients is so far 
unclear. The effect of removal of storage cells by ERT on metabolic abnormalities has only 
partially been investigated. Clinical improvement of Gaucher patients coincides with a rapid 
and clear reduction in resting energy expenditure. Contrary to this, even after six month of 
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treatment only a modest correction in excessive hepatic glucose output occurs 12.
 In recent times much attention is paid to the importance of adiponectin in the control 
of glucose and whole body metabolism. Adiponectin is an abundant circulating hormone 
produced by adipocytes. Plasma levels in healthy non-diabetic subjects are reported to 
be 7.9±0.5 μg/mL in men and 11.7±1.0 μg/mL in women13. Adiponectin consists of an 
N-terminal collagenous repeat and a C-terminal globular domain that resembles the 
structure of tumor necrosis factor alpha. In muscle cells both the globular as well as the 
full-length adiponectin are able to stimulate fatty-acid oxidation and glucose uptake 
whereas in hepatocytes only full-length adiponectin is active in inhibiting gluconeogenesis14. 
Adiponectin occurs in different complexes, including low molecular weight (LMW) trimers, 
middle molecular weight (MMW) multimers, and high molecular weight (HMW) multim-
ers15,16. The biological importance of these different species is controversial. Most of the 
features activated by adiponectin seem to involve the AMPK pathway. 
Low circulating levels of adiponectin are considered to constitute a risk factor for develop-
ing impaired glucose tolerance and eventually type II diabetes17. Low adiponectin levels are 
negatively correlated to hepatic glucose production18. It may be conceived that the increased 
hepatic glucose output of symptomatic Gaucher patients is mediated by an abnormal low 
level of adiponectin. We therefore studied serum adiponectin concentrations in a cohort of 
type I Gaucher patients before and during treatment with EST or SRT. The outcome of this 
investigation is here reported and discussed.
 

Patients and methods

Patients
All consecutive patients that were referred to our hospital between 1993 and 2001 with 
symptomatic disease necessitating the initiation of treatment and of whom enough material 
was available for analysis were included in this study. Twenty-eight (18 males, 10 females) 
type I Gaucher patients and twenty-six control subjects matched on  age (± 5 years), sex 
and BMI (± 1 kg/m2) were investigated. In all patients a diagnosis of Gaucher disease was 
confirmed on the basis of deficient glucocerebrosidase activity in leukocytes. None of the 
patients were known to have diabetes or impaired fasting glucose levels. Before the initia-



58

tion of ERT, glucose and insulin levels in the postabsorptive state were available in 8 patients 
of whom 7 have been reported earlier10. In addition, random glucose levels were available 
for 16 patients. 26  patients received enzyme replacement therapy (ERT) (imiglucerase, 
Cerezyme, Genzyme Corp., Mass., USA)), and two patients received substrate reduction 
therapy (SRT) (N-butyldeoxynojirimycin, Zavesca, Actelion Pharmaceuticals). Samples were 
taken prior to initiation of treatment. A second serum sample was taken after several years 
of therapy (median 114 months of treatment, range 49 to 143). Samples were collected with 
consent of the patients.

Disease severity assessment
Before start of treatment and during follow up, various disease parameters were assessed, as 
depicted in table 1. Liver and spleen volume were measured by spiral CT scan. Bone marrow 
fat fraction of the lumbar spine was measured by Dixon quantitative chemical shift imag-
ing (QCSI) as described in detail by Maas et al and Hollak et al19,20. Chitotriosidase activity 
in plasma was determined by the standard enzyme activity assay with 4 MU-chitotriose 
(4-methylumbelliferyl ß-D-N,N’,N’’-triacetylchitotriose; Sigma) as substrate, as previously 
described2. 

Adiponectin measurements
Total serum adiponectin concentration was measured using an enzyme linked immu-
nosorbent assay. Commercially available anti-human adiponectin capture and detection 
antibodies and recombinant adiponectin as standard were used (R&D systems, Minneapolis, 
USA). The inter- and intra-assay coefficients of variation in our laboratory were <16% and 
<4% respectively. If the adiponectin level was measured more than once the mean of the 
measurements is presented.

Immunoblotting
SDS-PAGE was performed according to the standard Laemmli’s method. Sample buffer was 
3% SDS, 50 mM Tris-HCl pH 6,8 and 15% glycerol. The sample was diluted 1:10 with PBS 
and then mixed with 3 x sample buffer and incubated for 1 hour at room temperature. For 
immunoblotting proteins separated by SDS-PAGE were transferred to nitrocellulose mem-
branes. The membranes were blocked with commercially available blocking buffer (Pierce, 
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Rockford, USA) supplemented with 0,1% Triton X-100, followed by overnight incubation 
with the primary antigen (biotinylated anti-human adiponectin antibody, R&D systems, 
Minneapolis, USA) 1:500 diluted in blocking buffer. After washing the membranes were 
incubated with streptavidin horseradish peroxidase antibody 1:10.000 for one hour at room 
temperature and then washed and incubated with ECL-solution and exposed to X-ray film.

Statistical analysis
Results are given as median and range. For comparison of independent groups (e.g. patients 
versus healthy control subjects) a Mann-Whitney test was used. For comparison between 
paired data (measurements before and after therapy) a Wilcoxon signed rank test was used. 
Correlations were calculated using rank correlation (Spearman’s rho). In all cases a p-value 
<0.05 was considered statistically significant. 
 

Results

Adiponectin levels
Table 1 shows the characteristics of the studied type 1 Gaucher patients at baseline and after 
the prolonged period of ERT. The control population was successfully matched for gender, 
BMI (p=0.68) and age (p=0.95) to the Gaucher patients (only the ERT treated patients were 
matched).
Serum adiponectin levels were significantly lower (p<0.001) in untreated type I Gaucher 
patients compared to healthy controls. The median value in serum of patients was 3.1 µg/
ml (range 1.4 - 6.3) versus 5.6 µg/ml (range 1.9 - 14.0) in the control subjects (figure 1). 
Adiponectin levels are known to be lower in men than women. This difference was also ob-
served in the Gaucher population: median plasma adiponectin in male patients was 2.7 µg/
ml (range 1.4 - 5.0) and in female patients 5.3 µg/ml (range 2.5 - 6.3) (figure 1) (p= 0.00). 
Both female and male Gaucher patients showed significantly lower adiponectin levels than 
matched controls.
The median BMI in the patient group was 22 kg/m2 (range 17 -28). The patient group 
included only two obese patients (BMI above 25 kg/m2).  Adiponectin levels in untreated 
Gaucher patients did not correlate with their BMI (r=-0.11, p=0.59) (figure 2).



60

Pat nr 1 2 3 4 5 6 7 8 9

Sex m m f m m m f f m

Age (years) 53 42 34 24 51 48 39 55 44

BMI (kg/m2) 25 24 21 23 23 25 19 25 21

Change in BMI 
(kg/m2)

-1.00 4.00 2.00 4.00 6.00 4.00 3.00 -3.00 5.00

Adiponectin 
levels (µg/ml)

3.42 2.60 2.50 2.04 3.91 1.56 3.07 5.71 3.24

Liver volume (ml) 3424 3351 4919 2911 2393 3334 1797 1528 2014

Spleen volume 
(ml)

Sx 2029 Sx 3354 Sx 3118 535 470 885

Chitotriosidase 
activity (nmol/
ml.hour)

* 19.833 n.k. * 6.417 13.072 6.886 9.205 5.644

Bone marrow fat 
fractions (%) n.k. n.k. n.k. n.k. 34 24 22 n.k. 40

Months of 
ERT at second 
adiponectin 
measurement

126 120 73 114 114 114 89 138 102

Pat nr 10 11 12 13 14 15 16 17 18

Sex m f m m m m m m m

Age (years) 39 47 34 19 30 37 26 32 45

BMI (kg/m2) 25 25 20 20 22 22 18 17 22

Change in BMI 
(kg/m2)

4.00 .00 2.00 1.00 3.00 -1.00 5.00 4.00 .00

Adiponectin 
levels (µg/ml)

3.14 3.84 1.87 3.46 2.56 2.65 1.54 3.08 2.29

Liver volume (ml) 1830 2387 2108 2281 6542 2257 5814 3691 5005

Spleen volume 
(ml)

574 1905 501 1220 Sx Sx Sx Sx Sx

Chitotriosidase 
activity (nmol/
ml.hour)

7.917 * 11.765 14.056** 21.707 20.349 16.857** 55.377 62.122

Bone marrow fat 
fractions (%)

29 n.k. n.k. 9 n.k. n.k. 10 11 n.k.

Months of 
ERT at second 
adiponectin 
measurement

110 119 73 53 120 138 88 120 143

Table 1 Age, BMI, adiponectin levels, liver volume, spleen volume, chitotriosidase activity, bone marrow fat frac-

tion measured at start of ERT. Change in BMI during ERT. m=male, f=female, n.k.= not known, Sx= splenectomy. 

* chitotriosidase deficiency ** carrier of chitotriosidase mutation
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Pat nr 19 20 21 22 23 24 25 26

Sex f f m m m f f m

Age (years) 35 45 47 49 30 32 16 59

BMI (kg/m2) 19 22 27 22 23 22 17 28

Change in BMI 
(kg/m2)

2.00 1.00 1.00 1.00 4.00 4.00 5.00 4.00

Adiponectin 
levels (µg/ml)

6.28 5.36 1.44 4.96 1.69 5.32 5.36 3.64

Liver volume (ml) 4139 3139 3678 2269 3426 2485 1597 3195

Spleen volume 
(ml)

Sx 1042 2002 855 4379 766 864 Sx

Chitotriosidase 
activity (nmol/
ml.hour)

80.009 25.398 12.853** 11.864 42.260 8.320 10.639 14.774**

Bone marrow fat 
fractions (%)

11 22 18 18 8 7 n.k. n.k.

Months of 
ERT at second 
adiponectin 
measurement

103 132 120 96 108 49 120 120

Tabel 1 (continued)  Age, BMI, adiponectin levels, liver volume, spleen volume, chitotriosidase activity, bone mar-

row fat fraction measured at start of ERT. Change in BMI during ERT. m=male, f=female, n.k.= not known, Sx= 

splenectomy. * chitotriosidase deficiency ** carrier of chitotriosidase mutation
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Glucose levels before the initiation of ERT were normal in all but 1 patient (median 5.0 
mmol/l, range 4.4-6.9). For all patients in the postabsorptive state, (n=8), glucose levels were 
normal. In these 8 patients, insulin levels in the postabsorptive state were slightly elevated 
as previously reported (median 51.8 range 41.4-75.9 pmol/l)10. No correlation was found 
between glucose levels and adiponectin levels (r = 0.2, p=0.37) and insulin and adiponectin 
levels (r = 0.5, p=0.20). 

Relation between adiponectin levels and indicators of disease severity
There was no significant difference between adiponectin levels in patients who underwent 
splenectomy compared to non-splenectomized patients (p=0.4) (data not shown). Liver 
volume and spleen volume were not significantly correlated to plasma adiponectin levels 
(r=0.134, p=0.51, and r=0.482, p=0.06, respectively). Adiponectin levels did not correlate 
with plasma chitotriosidase activity (r=-0.032, p=0.88).  The triglyceride content of lumbar 
spine bone marrow as assessed by quantitative chemical shift imaging (QCSI) also did not 
correlate to the serum adiponectin levels of Gaucher patients (r=-0.13, p=0.527).    

Effects of treatment on adiponectin levels, BMI and organomegaly
After several years of treatment with ERT (median 114 months, range 49 to 143) the adi-
ponectin level in Gaucher patients increased marginally, but significantly (median serum 
adiponectin: 3.6 µg/ml, range 1.3 - 9.8) compared to baseline (median value 3.1 µg/ml range 
1.4-6.3). The adiponectin levels of Gaucher patients receiving ERT increased slightly but did 
not reach the level of BMI-matched controls (p=0.02). BMI increased during therapy from a 
median of 22 (range 17-28) to 23.5 (range 21-32), which was highly significant (p<0.00). In 
treated patients, the normal negative correlation between body weight (BMI) and adiponec-
tin levels was restored (figure 3).
Serum adiponectin levels were also determined in two female Gaucher patients who re-
ceived substrate reduction therapy. On therapy initiation both had a normal BMI (<25 kg/
m2) and low adiponectin levels (7.3  and 4.5 µg/ml). In both patients the serum adiponectin 
increased during therapy (with increments of 3.3 and 0.84 µg/ml, respectively). No correla-
tions could be established between absolute or relative reductions in organomegaly, bone-
marrow fat fraction or chitotriosidase and adiponectin levels (data not shown).
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Figure 3 Plasma adiponectin levels (µg/ml) in Gaucher patients before (n=24) and after treatment with enzyme 

replacement therapy. The dotted line indicates the median control adiponectin level (A) correlation between BMI 

(kg/m2) and plasma adiponectin level (µg/ml) in treated Gaucher patients (B).

Figure 4 Separation of low molecular, middle molecular and high molecular forms of adiponectin by SDS-PAGE.  

Profile of adiponectin forms in six healthy control subjects (3 male, 3 female) and seven Gaucher patients (5 female 

and 2 male) before (b) and after (a) enzyme replacement therapy.
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Adiponectin isoforms
Adiponectin circulates as LMW, MMW and HMW form.  No striking differences could be 
detected by Western blot analysis in the distribution of adiponectin forms in serum sam-
ples of Gaucher patients as compared to corresponding healthy control subjects (figure 
4). Treatment with ERT in Gaucher patients did not markedly change the distribution of 
adiponectin forms, although the increase in LMW adiponectin was prominent in some 
patients.

Discussion

Our investigation revealed that type 1 Gaucher patients show remarkably low serum levels 
of adiponectin. Hypoadiponectinemia is common in obese individuals21. However, in 
Gaucher patients low adiponectin levels are clearly not caused by the presence of excess 
adipose tissue. The bodyweight of Gaucher patients does not correlate with adiponectin 
levels. This is further emphasized by the fact that successful therapy of patients often results 
in an increase in adiponectin as well as in bodyweight. Also, a negative correlation between 
circulating adiponectin levels and insulin resistance has been demonstrated, but preliminary 
results in our study do not indicate a relationship between adiponectin and insulin levels.
The cause for the low adiponectin levels in symptomatic patients is not precisely known. 
Serum adiponectin levels in Gaucher patients do not strictly correlate to Gaucher cell bur-
den as reflected by plasma chitotriosidase level, liver and spleen volume or by QCSI analysis 
of bone marrow infiltration by storage cells. Enhanced clearance of serum adiponectin by 
an increased mass of macrophages in Gaucher patients offers therefore no likely explana-
tion for the observed low serum adipocytokine level. Low-grade systemic inflammation is 
a hallmark of Gaucher disease22. Massive storage of glucosylceramide in macrophages leads 
to specific activation of these Gaucher cells, manifested by the release of cytokines (TNFα, 
IL6, IL10) and other factors2,3,23-26. In vitro, high concentrations of TNFα and IL6 are known 
to inhibit adiponectin production by isolated human adipose tissue27. It might be specu-
lated that the (locally) altered cytokine profile in adipose tissue of Gaucher patients inhibits 
adiponectin production and causes the low serum adipocytokine levels. Obesity is another 
condition in which low adiponectin is associated with low grade systemic inflammation and 
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elevated circulating levels of TNFα and IL6, partially produced by macrophages residing in 
white adipose tissue28.
Despite the impressive clinical improvement of Gaucher patients receiving ERT, this is ac-
companied by relatively modest corrections in adiponectin levels. No correlation could be 
established between decreases in organomegaly and increase in adiponectin levels. It has 
to be realized that ERT or SRT treatments result in only partial removal of Gaucher cells, 
without complete correction of low grade systemic inflammation22.  This may contribute to 
persistent suppression of adiponectin formation and prevent complete normalization of the 
serum adiponectin level. Our earlier observation that hepatic glucose production remains 
high in Gaucher patients receiving ERT for one half year is consistent with the persistence of 
reduced adiponectin levels10. 
More recently attention has been paid to the multimeric composition of adiponectin. 
Adiponectin may occur as LMW or HMW form. The HMW multimer is specifically in-
volved in the activation of AMPK in hepatocytes15,16. In contrast only the LMW trimer is 
able to activate AMPK in muscle29. It has been proposed that particularly the HMW adi-
ponectin suppresses hepatic glucose output30. We observed no abnormalities in the distri-
bution of multimeric adiponectin isoforms. Moreover therapy did not result in marked 
changes in the distribution of various isoforms. 
Hypoadiponectinemia is generally considered an unfavorable condition associated with 
obesity, insulin resistance and type II diabetes21,31,32. Intriguingly, symptomatic Gaucher pa-
tients, despite their very low adiponectin levels, do not develop apparent hyperglycemia. We 
hypothesize that in Gaucher disease, there is an increased glucose consumption by the mas-
sive amounts of storage macrophages and that the liver responds with an increase in glucose 
production. Hypoadiponectemia could therefore play a role by preventing hypoglycemia.
In conclusion, symptomatic type 1 Gaucher patients show remarkably low serum adiponec-
tin levels. Nevertheless, Gaucher patients are generally far from overweight and show no 
overt hyperglycemia. Consistent with their low adiponectin levels, hepatic glucose output 
in Gaucher patients is high. Further investigations on insulin responsiveness of Gaucher 
patients and the factors mediating low adiponectin production are warranted. It is of inter-
est to note in this connection that very recently Ikonen and co-workers reported impaired 
insulin receptor activation in a mouse model for Niemann-Pick type C, another lysosomal 
storage disorder characterized by the presence of lipid-laden macrophages33. 
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Abstract  

Objectives and background
Complex glycosphingolipids, in majority GM3, surround the insulin receptor in a special 
membrane compartment (raft) and modulate signaling through this receptor. Increased lev-
els of GM3 in rafts impair insulin signaling, resulting in insulin resistance. Gaucher disease 
is a lysosomal storage disorder in which impaired breakdown of glucosylceramide leads to 
its accumulation in macrophages. Secondary to this defect GM3 concentrations, for which 
glucosylceramide is the precursor, in plasma and several cell types are elevated. We studied 
the influence of glycosphingolipid storage on whole body glucose and fat metabolism, by 
measuring insulin mediated (IMGU) and non-insulin mediated glucose uptake (NIMGU) 
and suppression of free fatty acids (FFA) by insulin. 

Methods
We studied six Gaucher patients, either naive to treatment or with considerable remain-
ing burden of disease and six matched healthy control subjects in the basal state, during an 
euglycemic and a hyperglycemic clamp with somatostatin measuring NIMGU and during 
an euglycemic hyperinsulinemic clamp measuring IMGU, using stable isotopes. 

Results 
NIMGU (both during eu- and hyperglycemia) did not differ between patients and control 
subjects. IMGU was lower in Gaucher patients, compared to controls. Suppression of lipoly-
sis by insulin tended to be less effective in Gaucher patients.

Conclusions
Gaucher disease, a lysosomal glycosphingolipid storage disorder, is associated with (pe-
ripheral) insulin resistance, possibly through the influence of glycosphingolipids on insulin 
receptor functioning.
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Introduction

In obesity induced insulin resistance, high plasma levels of free fatty acids (FFA) are caus-
ally linked to the impaired insulin signaling1. One of the most abundant FFA, palmitate is 
a precursor for the sphingolipid ceramide. Ceramide is elevated in skeletal muscle of obese 
insulin resistant individuals and is negatively correlated with whole body insulin sensitiv-
ity2,3. This effect is probably mediated by interference of cellular ceramide with insulin 
signal transduction at the level of Akt/PKB4. In contrast, short term elevation of plasma 
FFA induces insulin resistance, but does not affect ceramide concentration5. Conflicting 
data on increased levels of skeletal muscle ceramide in animal models of insulin resistance 
are reported6. Ceramide is a precursor for more complex glycosphingolipids such as GM3 
(5-acetyl-alpha-neuraminic acid(2-3)beta-D-galactopyranose(1-4)beta-D-glucopyran-
ose(1-1)ceramide)  which has been shown to negatively influence insulin sensitivity7.
Glycosphingolipids are complex molecules that are found in specialized membrane do-
mains (rafts) where they influence signaling of receptors imbedded in these domains8,9. The 
insulin receptor is one of the raft localized receptors10,11. Its signaling is influenced by the 
glycosphingolipid composition of the raft. Especially the ganglioside GM3 present in these 
rafts appears to influence insulin receptor signaling, since GM3 synthase knockout mice 
display higher insulin sensitivity and are protected from high fat diet induced insulin resist-
ance12. Moreover, in 3T3-L1 adipocytes TNFα-induced insulin resistance is accompanied by 
increased GM3 in rafts, leading to exclusion of the insulin receptor from these rafts, result-
ing in impaired signaling. Depletion of GM3 restores insulin signaling in these cells13,14,15. In 
mouse models of obesity-induced insulin resistance pharmacological inhibition of conver-
sion of ceramide to glycosphingolipids improves insulin sensitivity6,15.
Type I Gaucher disease is an autosomal recessive inherited glycosphingolipid storage dis-
order. It is caused by mutations in the gene encoding for the enzyme glucocerebrosidase, 
which degrades glucosylceramide into glucose and ceramide. This results in accumulation 
of glucosylceramide in lysosomes of macrophages which reside mainly in liver, spleen and 
bone marrow, leading to hepatosplenomegaly, cytopenia and skeletal complications. It can 
be successfully treated by Enzyme Replacement Therapy (ERT, Cerezyme, Genzyme, MA) in 
which a recombinant form of the deficient enzyme is administered intravenously, resulting 
in clearance of the storage material from Gaucher macrophages.
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Plasma levels of glucosylceramide16 and GM317 are elevated in Gaucher disease. Though 
lysosomal storage only occurs in macrophages, there is evidence that the increased availabil-
ity of glucosylceramide leads to an enhanced production of gangliosides. Increased synthesis 
of gangliosides, among them GM3, was found in cultured fibroblasts from Gaucher pa-
tients18 and increased levels of the ganglioside GM3 were noted in spleen and liver autopsy 
specimens from a small number of Gaucher patients19.Whether ganglioside levels are also 
elevated in muscle and fat tissue of Gaucher patients is unknown. 
Type I Gaucher disease is associated with abnormalities in whole body glucose metabolism. 
Earlier studies showed that this condition leads to higher endogenous glucose output, but 
similar plasma glucose concentrations20. This may be explained by higher glucose uptake by 
large numbers of metabolically highly active macrophages. Glucose uptake via the glucose 
transporters GLUT 1 and GLUT 3 in macrophages is non-insulin mediated and seems to 
depend on the activation status of the macrophages since activation (by LPS, fMLP or PMA) 
leads to an increase in GLUT 1 and/or 3 expression21,22. 
We hypothesized that these earlier findings in Gaucher patients are caused by increased 
glucose utilization by activated macrophages. The presence of several kilograms of activated 
Gaucher cells could then be reflected in an increased non-insulin mediated glucose uptake. 
Furthermore, since glycosphingolipids may be involved in the induction of insulin resistance 
and the primary genetic defect in Gaucher disease leads to increased levels of these mole-
cules, Gaucher patients constitute a human model to study the relationship between glucose 
metabolism and glycosphingolipids. We hypothesized that these patients are insulin resistant 
compared to matched controls.  

Patients and methods

Subjects
Six type I Gaucher disease patients and six control subjects (all male) were studied. The 
control subjects were matched for age and BMI, were healthy except for overweight in some 
subjects and did not use any medication. Gaucher disease severity can be assessed using 
the Severity Scoring Index (SSI)23  which takes into account cytopenia, hepatosplenomegaly 
and bone complications. Using this score, type I Gaucher disease can be classified as mild 
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(SSI 4-12), moderate (SSI 13-17) or severe (SSI >17). Since the introduction of ERT in 1991, 
severely affected, untreated patients are no longer available for study. We selected from our 
cohort those patients with the highest burden of disease based on SSI, excess liver and spleen 
volumes and chitotriosidase and CCL18 activity (both plasma markers for Gaucher cell 
burden). This resulted in the inclusion of three treatment naive patients and three severely 
affected patients that received ERT, but had suboptimal treatment response. All patients had 
stable disease (no recent infections or bone complications). They did not use any medica-
tion known to influence glucose metabolism and there was no significant co-morbidity. The 
study was approved by the Medical Ethical Committee of the Academic Medical Center in 
Amsterdam and written informed consent was obtained from all participants. 

Body composition
Lean body mass (LBM) and total fat mass were determined using dual energy x-ray absorp-
tiometry (model QDR 4500 W; Hologic, Waltham, MA)24. 

Glucose metabolism
The study consisted of a basal measurement in the postabsorptive state and three clamps, 
an euglycaemic clamp during somatostatin infusion (blocking pancreatic insulin secretion, 
studying non-insulin mediated glucose uptake), a hyperglycemic clamp during somatostatin 
infusion and an euglycaemic clamp during somatostatin and insulin infusion (studying in-
sulin mediated glucose uptake) (figure 1). Subjects consumed at least 250 g of carbohydrates 
during 3 days before the study and were asked to refrain from vigorous exercise. They were 
admitted to the metabolic research unit at 07.30h after fasting from 20.00h the previous day. 
They were allowed to drink water only. Subjects were studied in supine position. One cath-
eter was inserted into an antecubital vein of the left arm to infuse stable isotopes, glucose, 
insulin and somatostatin and one catheter was inserted into a contralateral hand vein. The 
right hand was kept in a thermo-regulated (600oC) plexiglas box for sampling of arterialized 
venous blood. 
At T = 0:00 h (08.00h), blood samples were drawn for determination of background enrich-
ments and a primed (8.8 μmol/kg) continuous (0.11 µmol/kg*min) infusion of [6,6-2H2]
glucose (>99% enriched; Cambridge Isotope Laboratories, Cambridge, MA) was started 
and continued until the end of the study. After an equilibration period of two hours, 3 
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blood samples were drawn for the measurement of glucose enrichments and 1 for glucose, 
glucoregulatory hormones, free fatty acids (FFA), glycolipids and chitotriosidase activity 
measurements. At T = 2:30 h (10.30h), a continuous infusion of somatostatin (UCB Pharma, 
Breda, the Netherlands) was started at a rate of 550 µg/h and continued until the end of the 
study. The plasma glucose concentration was determined every 5 minutes (glucose analyzer 
2; Beckman, Palo Alto, CA) and euglycemia (5.0 mmol/L) was maintained by a variable infu-
sion of a 10% (w/v) glucose solution. [6,6-2H2]glucose was added to the 10% glucose solu-
tion to achieve glucose enrichments of 1% to approximate the values for enrichment reached 
in plasma and thereby minimizing changes in isotopic enrichment due to changes in the 
infusion rate of exogenous glucose. After 145 minutes of somatostatin infusion, five plasma 
samples at 5 minutes-intervals were drawn for measurements of glucose enrichments and 
one to determine plasma levels of glucoregulatory hormones and FFA. At T=5:10h (13.10h) 
the hyperglycemic clamp started by increasing the 10% glucose infusion to reach a plasma 
glucose concentration of approximately 11 mmol/L. At T = 6:55 h (14.55h) 5 samples at 5 

Figure 1 The study consisted of a basal measurement in the postabsorptive state and three clamps, a euglycaemic 

clamp during somatostatin infusion (blocking pancreatic insulin secretion, studying non-insulin mediated glucose 

uptake), a hyperglycemic clamp during somatostatin infusion and an euglycaemic clamp during somatostatin and 

insulin infusion (studying insulin mediated glucose uptake)
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minutes-intervals were drawn for measurements of isotopic enrichment of plasma glu-
cose and one for above mentioned parameters. At T=7:10h (15.10 h) the hyperinsulinemic 
euglycemic clamp started by infusing insulin (Actrapid 100 IU/ml; Novo Nordisk Farma 
bv, Zoeterwoude, The Netherlands) at a rate of 60 mU/m2 body surface area per min and a 
variable infusion of the enriched glucose 10% solution to maintain the plasma glucose con-
centration at 5 mmol/L. In Gaucher patients this insulin infusion rate resulted in remarkably 
variable plasma insulin concentrations (expected insulin concentration: approximately 600 
pmol/L, measured insulin concentration in Gaucher patients: median 501, range 340-735 
pmol/L). The insulin infusion rate in the matched control subjects were therefore adjusted 
to the insulin levels of the patients, to reach comparable plasma insulin levels and be able to 
compare the glucose disposal rates. At T=8:55 h (16.55h), five plasma samples were drawn at 
5 minutes-intervals for measurements of isotopic enrichments of glucose and one for above 
mentioned parameters. Thereafter, the insulin infusion was stopped and subjects were of-
fered a carbohydrate rich meal.

Gas chromatography-mass spectrometry
Plasma samples for glucose enrichment of [6,6-2H2]glucose were determined as described 
earlier25. Briefly, aldonitril pentaacetate derivative of glucose was injected into a gas chroma-
tograph mass spectrometer system. Separation was achieved on a DB17 column (30 m x 0.25 
mm, df 0.25 µm; J&W Scientific, Folsom, CA). Glucose concentrations were determined by 
using gas chromatography, using xylose as an internal standard. Glucose was monitored at 
mass-to-charge ratios of 187, 188, and 189. The enrichment of [6,6-2H2]glucose (TTR) was 
determined by dividing the peak area of m/z 189 by the peak area of m/z 187 and correcting 
for natural enrichments.

Measurements of hormones, cytokines, FFA and glycolipids
Plasma insulin and cortisol concentrations were measured on an Immulite 2000 system 
(DPC, Los Angeles, CA). Insulin was determined with a chemiluminiscent immunometric 
assay, detection limit 15 pmol/L. Cortisol was determined with a chemiluminiscent im-
munoassay detection limit 50 nmol/L. Glucagon was determined by RIA (Linco Research, 
St Charles, MO), detection limit 15 ng/L. Catecholamines were measured by an in-house 
high-performance liquid chromatography method, norepinephrine detection limit 0.05 
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in which TTR is tracer trace ratio, I is infusion(umol/kg.min), pV is plasma dilution volume 
(40 ml/kg), C is concentration (mmol/L) and dCong(t)/dt the change of tracee concentra-
tion in time (in mmol/L*min).

Statistical analysis
All data are presented as median and range [minimum-maximum]. A Wilcoxon signed rank 
test was performed to detect differences between Gaucher patients and control subjects. 
There was a large spread in BMI (20-29 kg/m2) in the studied patients. Body composition is 
known to determine the variability in insulin sensitivity by more than 20%30 and compari-

nmol/L and epinephrine detection limit 0.05 nmol/L. Plasma FFAs were measured by an en-
zymatic method (NEFAC, Wako Chemicals, Neuss, Germany), detection limit 0.02 mmol/L. 
Ceramide and glucosylceramide in plasma were measured with a high performance liquid 
chromatography method as described previously16. The limit of quantification was 2 pmol. 
GM3 was detected by analysis of the upperphase of the Folch extraction. The upperphase 
was desalted on a C18 Sep-Pak ( Bakerbond) column as described by Kundu26. Gangliosides 
were eluted in methanol and quantified after the digestion with ceramide glycanase (re-
combinant endoglycoceramidase II, Takara Bio Inc., Otsu, Shiga, Japan). Released oligosac-
charides were labeled at their reducing end with the fluorescent compound anthranilic 
acid (2-aminobenzoic acid), prior to analysis using normal-phase high-performance liquid 
chromatography27. Throughout the procedure monosialoganglioside-GM1 (Sigma, St Louis, 
Mo, USA) was used as an internal standard. The limit of quantification was 5 pmol.

Calculations and statistics
Endogenous glucose production (EGP) and peripheral glucose disposal (Rd) were calculated 
using the modified form of the Steele equations28,29 
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son therefore has to be made between patients and healthy control subjects with the same 
body composition by using paired analysis, pairs being based on BMI. A P-value of <0.05 
was considered statistically significant. A P-value of <0.10 was considered indicative of a 
trend31.

Results

Subject characteristics
As shown in table 1, there was no difference in anthropometric variables between patients 
and controls.

Basal state
FFA and cortisol levels did not differ between patients and control subjects. Plasma glucose 
levels tended to be lower in patients. Basal endogenous glucose production did not differ 
between patients and controls (table 1). There was a trend towards lower plasma ceramide 
concentrations in Gaucher patients compared to control subjects (median 6.4 [range 5.3-8.0] 
vs. 8.3 [range 7.2-15.4] µmol/L, p=0.075). Plasma glucosylceramide (median 13.0 [range 
8.8-16.6] vs. 6.1 [range 4.3-8.5] µmol/L, p=0.028) and GM3 levels (median 7.6 [range 5.4-
12.0] vs. 4.9 [range 4.0-7.0] nmol/L, p=0.027) were elevated in patients compared to controls 
(figure 2).

NIMGU during euglycemia
Plasma glucose levels did not differ between patients and controls. During somatostatin 
infusion, plasma insulin levels were completely suppressed. Non-insulin mediated glucose 
uptake during euglycemia was comparable between patients and control subjects (table 2). 

NIMGU during hyperglycemia
Plasma glucose levels were comparable in Gaucher patients and control subjects. In two 
control subjects and one patient, the insulin levels were not completely suppressed by soma-
tostatin, but this did not result in hyperinsulinemia and there was no significant difference 
in insulin concentrations between patients and controls. NIMGU at hyperglycemia did not 
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Gaucher patients (n=6) Control subjects (n=6) P

Age (years) 37 [25-49] 35 [26-41] 0.225

BMI (kg/m2) 24 [20-29] 24 [19-30] 1.000

Fat mass (%) 24 [10-29] 19 [11-27] 0.463

SSI 5 [3-14] 0

Glucose (mmol/L) 5.3 [4.8- 5.5] 5.5 [4.9-5.8] 0.084

Insulin  (pmol/L) 63 [40 -97] 53 [19 -87] 0.173

FFA (mmol/L) 0.36 [0.25-0.68] 0.36 [0.23-0.46] 0.345

Cortisol (nmol/L) 217 [152-365] 265 [64-361] 0.753

EGP (µmol/kg*min) 12.3 [8.5-15.0] 12.6 [10.7-14.7] 0.753

Table 1  Basal characteristics of Gaucher patients and healthy control subjects. Data are presented as median 

[minimum-maximum]. BMI=Body Mass Index, FFA=Free Fatty Acid, lbm= lean body mass, EGP= Endogenous 
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Figure 2 Basal study. Dot plots of ceramide (median 

6.4 [range 5.3-8.0] vs. 8.3 [range 7.2-15.4] µmol/L) (A), 

glucosylceramide (median 13.0 [range 8.8-16.6] vs. 6.1 

[range 4.3-8.5] µmol/L) (B) and GM3 (median 7.6 [range 

5.4-12.0] vs. 4.9 [range 4.0-7.0] nmol/L) (C) plasma 

concentrations in Gaucher patients and control subjects. 

In all dot plots the bar represents the median.
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Glucose (mmol/L) Insulin (pmol/L) Rd (µmol/kg*min)

Euglycemic clamp Gaucher patients (n=6) 5.5 [4.8 -6.0] <15 10.7 [8.4-12.6]

(NIMGU) Control subjects (n=6) 5.1 [4.9-5.8] <15 10.7 [7.3-12.9]

P 0.68 0.92

Hyperglycemic Gaucher patients (n=6) 12.7 [11.6 -13.5] 18.0 [<15-51] 23.4 [16.2-33.4]

clamp (NIMGU) Control subjects (n=6) 11.9 [11.6-12.9] <15 [<15.0 -20] 24.0 [12.8-26.0]

P 0.25 0.11 0.75

Hyperinsulinemic Gaucher patients (n=5) 5.0 [4.9-5.3] 501 [340-735] 16.3 [8.3-21.5]

clamp (IMGU) Control subjects (n=5) 4.9 [4.5-5.1] 552 [266-735] 25.5 [10.4-28.4]

P 0.20 0.71 0.04

Table 2 NIMGU during euglycemia, hyperglycemia and IMGU during euglycemia. Data are presented as me-

dian [minimum-maximum]. NIMGU= Non-Insulin Mediated Glucose Uptake, IMGU= Insulin Mediated Glucose 

Uptake, Rd= rate of disappearance. 

differ between Gaucher patients and control subjects (table 2). 

IMGU during euglycemia
In one of the Gaucher patients, we did not manage to achieve euglycemia within the time 
limit of the clamp. The duration of the exposure to insulin before reaching euglycemia in 
this patient was 210 minutes compared to approximately 125 minutes in the matched con-
trol subject and all other patients and control subjects. Since the effect of insulin on glucose 
uptake is enhanced by longer insulin exposure, resulting in a final Rd of 37.2 µmol/kg*min 
in the patient, we decided to exclude this pair from the results. All following results from the 
hyperinsulinemic clamp were obtained in 5 matching pairs. 
Plasma glucose levels were not statistically different between groups. Plasma insulin con-
centrations were comparable between groups. Insulin-mediated glucose uptake was signifi-
cantly lower in the Gaucher patients compared to the control subjects (table 2 and figure 3). 
Endogenous glucose production was suppressed by insulin to comparable levels in Gaucher 
patients and controls (2.8 µmol/kg*min [0.22-4.7] vs. 1.3 µmol/kg*min [1.2-5.4], p=0.893). 
Insulin-mediated suppression of lipolysis, as reflected by the plasma FFA concentrations, 
showed a trend towards less suppression in the patients compared to controls (0.03 mmol/L 
[0.02-0.08] vs. 0.02 mmol/L [0.00-0.04], p=0.066). 
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Discussion

Glycosphingolipid metabolism influences insulin sensitivity6,13. Since the primary genetic 
defect in Gaucher disease results in elevated glycosphingolipid concentrations, it constitutes 
a human model for the study of the relationship between altered glycosphingolipid levels 
and glucose metabolism. Therefore, we studied glucose metabolism in patients with Gaucher 
disease in a case-control setting. 
We could not reproduce the earlier observation of an increased basal hepatic glucose output 
in Gaucher patients20. This discrepancy can be explained by a difference in study popula-
tion. In comparison to the earlier study20, our patients had less severe disease, measured 
by SSI (median 5 [range 3-14] in the current study versus 7 [5-16] in the previous study), 
excess liver (median 277 ml [0-1237] versus 1401 ml [711-3514]) and excess spleen volume 
(median 1130 ml [993-3650] versus 2452 ml [894-3178] ). This selection bias was inevita-
ble, since introduction of ERT has led to prompt treatment of patients with severe Gaucher 
disease to prevent complications.
In an earlier study, low dose ERT did not lead to a decrease in EGP after six months31, but 
it is likely that long term, higher dosed treatment may have influenced the outcome of the 
EGP in the current study. Accumulation of glucosylceramide within macrophages results in 
activation of these cells and hypothetically in increased glucose utilization. Macrophages do 
not express the glucose transporter GLUT 4 and their glucose uptake is therefore entirely 

Figure 3 Hyperinsulinemic clamp. Dot plot of insulin 

mediated glucose uptake as measured by hyperinsuline-

mic euglycaemic clamp. Each matched pair (Gaucher 
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non-insulin mediated. In-vitro studies showed that activation of macrophages (by phago-
cytosis or other stimuli) leads to an increased expression of the GLUT 1 and/or GLUT 3 
protein resulting in an increased glucose uptake21,22,33,34. Therefore, we postulated that the 
presence of a large amount of activated macrophages in liver, spleen and bone marrow 
would lead to an increase in whole body non-insulin mediated glucose uptake (NIMGU) in 
Gaucher patients. This might compensate for an assumed lower glucose uptake in skeletal 
muscle due to insulin resistance induced by accumulation of glycolipids. However, meas-
urements of NIMGU during euglycemia and hyperglycemia did not show an increase in 
NIMGU in Gaucher patients with moderate disease severity compared to controls. Whether 
NIMGU is elevated in more severely affected Gaucher disease patients, with a higher burden 
of activated macrophages, remains to be established.
We found lower peripheral insulin sensitivity in our patients compared to matched control 
subjects. The difference in insulin-mediated peripheral glucose uptake might be explained 
by increased glycosphingolipid (GM3) levels in Gaucher patients since lowering of glycoli-
pid levels with an experimental glucosylceramide synthase inhibitor results in improved 
insulin sensitivity in several animal models of insulin resistance6. However, whether elevated 
plasma levels of GM3 and glucosylceramide as found in our patients, also lead to increased 
levels of GM3 within the lipid rafts of myocytes and adipocytes, which account for thema-
jority of insulin-mediated glucose uptake, is not known. In  a mouse model of Niemann 
Pick type C disease (a lysosomal glycosphingolipid and cholesterol storage disorder), altered 
lipid composition of the rafts surrounding the insulin receptor was shown to be associated 
with insulin resistance in hepatocytes35. Alternatively, the difference in peripheral insulin 
sensitivity might hypothetically be explained by differences in systemic inflammation in 
our patients reflected by higher plasma TNF-α levels, which may result in disturbed insulin 
signaling in adipocytes and myocytes. However, this possibility is less likely, as several earlier 
studies in type I Gaucher disease patients have failed to show significantly elevated TNF-α 
levels36,37.
In conclusion, patients with type I Gaucher disease display peripheral insulin resistance 
compared to matched control subjects. Since GM3 has shown to be involved in insulin 
resistance, this may be caused by accumulation of GM3 in lipid rafts of myocytes and 
adipocytes, resulting in disturbed insulin signaling. The exact mechanism remains to be 
clarified.
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Abstract  

Objectives and background
Patients with Gaucher disease show signs of insulin resistance. The ganglioside GM3 has 
recently shown to be a negative regulator of insulin sensitivity. In fibroblasts of Gaucher 
patients, deficient in degradation of glucosylceramide, an increased anabolism of this lipid to 
gangliosides occurs. The goal of the current study was to establish whether GM3 is elevated 
in plasma of type I Gaucher disease patients, and is related to disease manifestations.

Methods 
Plasma GM3, glucosylceramide and ceramide were determined and compared to overall 
severity of disease, hepatomegaly, and plasma chitotriosidase activity.

Results 
The ceramide concentration in plasma of untreated Gaucher patients was slightly but not 
significantly lower than in control subjects (median: 9.8 μmol/L, range: 5.7–14.7 μmol/L, 
(n=40) vs. median: 11.0 μmol/L, range: 5.1–18.0 μmol/L, (n=30)). Glucosylceramide was 
significantly (p=0.00) elevated. GM3 was also significantly (p=0.00) increased (median: 
10.2 μmol/L, range: 4.3–19.1 μmol/L, (n=40) vs. median: 3.6 μmol/L, range: 2.7–5.4 μmol/L, 
(n=30)). Plasma GM3 concentrations correlated with plasma chitotriosidase activity 
(ρ=0.45, p=0.00), overall severity of disease (ρ=0.39, p=0.01) and hepatomegaly (ρ=0.49, 
p=0.00).

Conclusions 
GM3 is elevated in plasma of most Gaucher patients. The increase is comparable to that of 
glucosylceramide, the primary storage lipid. The marked elevations in GM3 may play a role 
in the insulin resistance of Gaucher patients.
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Introduction

Gaucher disease (OMIM 230800) is the most common lysosomal storage disorder1. The 
disease is due to a recessively inherited deficiency in lysosomal glucocerebrosidase (GBA1; 
EC:3.2.1.45), catalyzing the hydrolysis of the glycosphingolipid glucosylceramide to glucose 
and ceramide in lysosomes. Different phenotypes of Gaucher disease (types I, II, and III) 
are generally recognized, which are differentiated on the basis of the presence or absence of 
neurological symptoms. The most prevalent Gaucher phenotype is the non-neuronopathic 
type I variant. Although glucocerebrosidase is present in lysosomes of all cell types, type 
I Gaucher disease patients develop only pronounced lysosomal storage of glucosylcera-
mide in macrophages. Recently, the protein (GBA2) responsible for the ubiquitous non-
lysosomal glucocerebrosidase activity has been identified2-4. Most likely this enzyme largely 
protects most cell types of Gaucher patients from massive glucosylceramide accumulation. 
Lysosomal storage in macrophages of Gaucher patients can not be prevented due to the 
fact that large quantities of glycosphingolipids are directly introduced in their lysosomes by 
phagocytosis of senescent blood cells. 
The glucosylceramide loaded macrophages of Gaucher patients show a characteristic
morphology and are referred to as Gaucher cells. It has become clear that Gaucher cells are 
not inert containers of storage material but viable, chronically activated macrophages
which contribute to the diverse clinical manifestations of Gaucher disease. In tissue lesions 
of Gaucher patients, mature storage cells, which are alternatively activated macrophages, are 
surrounded by newly formed, highly inflammatory cells5.6. Consistent with these observa-
tions, Gaucher patients show increased plasma levels of several pro-inflammatory and anti-
inflammatory cytokines, chemokines, and hydrolases7. Factors released by Gaucher cells and 
surrounding macrophages are thought to play a crucial role in the development of common 
clinical abnormalities in Gaucher patients such as osteopenia, activation of coagulation, and 
gammopathies. 
Metabolic abnormalities also occur in Gaucher patients. Patients show a markedly increased 
resting energy expenditure and in addition an increased hepatic glucose production point-
ing to insulin resistance8,9. Consistent with this, adiponectin levels are reduced in sympto-
matic Gaucher patients10. The precise cause for these metabolic abnormalities is presently 
unclear. 
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Recent reports implicate gangliosides like GM3 as important negative regulators of insu-
lin sensitivity in liver and peripheral tissues11–14. This is of particular interest since there 
are reports on abnormalities in GM3 in association with Gaucher disease. Firstly, cultured 
fibroblasts from Gaucher patients were found to show an increased synthesis of gangliosides, 
among them GM315. Apparently, the deficiency in lysosomal glucosylceramide catabolism 
in fibroblasts is partly compensated by increased anabolism of the lipid to gangliosides. 
Secondly, increased levels of the ganglioside GM3 were noted for spleen, liver, and brain 
from a relatively small number of Gaucher patients investigated, again suggesting a compen-
satory increase in ganglioside biosynthesis16,17. 
This set of observations and the recent availability of a sensitive assay for plasma GM3 deter-
mination, prompted us to investigate the plasma concentration of this ganglioside in a large 
cohort of type I Gaucher disease patients. We here firstly report that plasma GM3 is strik-
ingly increased in association with Gaucher disease manifestation. The potential physiologi-
cal impact of GM3 elevation in Gaucher patients is discussed.

Methods

Patients
Plasma samples were collected of forty type I Gaucher disease patients who were referred to 
the Academic Medical Center in Amsterdam for assessment of the severity of their disease 
or the institution of therapy. The patients took part in an observational study for which ap-
proval for regular blood sampling was obtained by the institution's ethical committee. Thirty 
healthy control subjects also consented to the use of their stored plasma samples for analysis 
of glycosphingolipids. A diagnosis of Gaucher disease was confirmed by demonstration of 
deficient activity of glucocerebrosidase in leucocytes and genotyping. The severity of the dis-
ease was classified using the modified severity scoring index (SSI)18. Thirteen of the patients 
had been splenectomized prior to the start of therapy. Liver volume was measured by spiral 
computed axial tomography19. Excess liver volume was calculated as described before20.
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Chitotriosidase activity assay
The fluorogenic substrate 4MU-deoxychitobiose was synthesized as earlier described21. For 
the enzyme activity assay 25 μL plasma, diluted with BSA/PBS (bovine serum albumin/
phosphate buffered saline, 1 g/L) and 100 μL substrate mixtures were incubated for 20 min 
at 37 °C. The substrate mixtures contained 0.11 mM 4MU-deoxychitobiose and 1 g/L BSA 
in McIlvain buffer, pH 5.222. Reactions were stopped with 2.0 mL 0.3 M glycine NaOH buffer 
pH 10.6 and the formed 4MU was detected fluorometrically (excitation at 366 nm; emission 
at 445 nm). Only less than 10% difference in the duplicates was allowed. One unit (U) of 
activity is defined as 1 nmol of substrate hydrolyzed per hr. The chitotriosidase genotype of 
individuals was determined as described earlier23.

Lipid measurements
Plasma glucosylceramide, ceramide, and ceramidetrihexoside were determined exactly as 
previously described24. Ceramidetrihexoside was determined to establish alterations in the 
globoside anabolic pathway. All samples were run in duplicate and in every run 2 reference 
samples were included. Gangliosides, including GM3, were detected by analysis of the acidic 
glycolipid fraction obtained by Folch extraction. Gangliosides were desalted on a disposable 
SPE C18 column (Bakerbond, Mallinckrodt Baker Inc., Phillipsburg, NJ, USA) as described 
by Kundu25 and quantified following release of oligosaccharides from glycosphingolip-
ids by ceramide glycanase (Recombinant endoglycoceramidase II, Takara Bio Inc., Otsu, 
Shiga, Japan) digestion. The enzyme was used according to the manufacturer's instructions. 
Released oligosaccharides were labeled at their reducing end with the fluorescent compound 
anthranilic acid (2-aminobenzoic acid), prior to analysis using normal-phase high-per-
formance liquid chromatography26. Throughout the procedure monosialoganglioside-GM1 
(Sigma, St Louis, Mo, USA) was used as an internal standard. Similar procedures were used 
to measure the concentrations of ceramide, glucosylceramide, ceramidetrihexoside, and 
GM3 in homogenates of spleen specimens.

Statistical analysis
Results are given as median and [range]. To test differences between groups a Mann–
Whitney U-test was used. Correlations were tested by the rank correlation test (Spearman 
coefficient, ρ). A p-value <0.05 was considered statistically significant.
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Results

The median concentration of ceramide in plasma of Gaucher patients (9.8 [5.7–14.7 
μmol/L]) was comparable to that of control subjects (11.0 μmol/L [5.1–18.0 μmol/L]) 
(p=0.19) (figure 1A). The glucosylceramide concentration was significantly higher in 
Gaucher patients (20.3 [7.2–54.2] μmol/L) compared to control subjects (5.7 [3.7–7.6] 
μmol/L)( p=0.00)(figure 1B). The ceramidetrihexoside concentration in plasma of Gaucher 
patients (1.7 [0.8–3.3] μmol/L]) was not significantly different from the concentration 
measured in control subjects (1.7 [1.2–2.6] μmol/L)( p=0.77) (figure 1C). GM3 concentra-
tions were on average up to 3-fold elevated in plasma of Gaucher patients (10.2 [4.3–19.1] 
μmol/L) compared to control subjects (3.6 [2.7–5.4] μmol/L)( p=0.00) (figure 1D). Negroni 
previously reported values for total ganglioside concentration in human serum from control 
subjects between 4.0–8.9 μmol/L27.
Gaucher cells laden with cerebrosides mainly glucosylceramide, can be found predominantly 
in spleen and liver causing gross enlargement of these organs. Nilsson et al.17 reported of a 
200–500 times higher glucosylceramide concentration and a two- to six-fold elevation in 
GM3 concentration in spleen and liver of types I, II, and III Gaucher patients. They did not 
find major differences between the three types with respect to elevations in glucosylcera-
mide and GM3 concentrations. To confirm their results and to see if the glycosphingolipid 
composition in spleen and plasma is comparable, we analyzed spleens from four Gaucher 
type I patients and two control subjects on ceramide, glucosylceramide, ceramidetrihexo-
side, and GM3 content (table 1). The ceramide concentration in spleens of Gaucher patients 
was on average three times higher than in control spleens. Glucosylceramide was almost 
thousand-fold elevated and GM3 was five times higher in Gaucher spleen versus control 
spleen. 
It is known that splenectomized Gaucher patients have higher concentrations of glucosyl-
ceramide in the blood compared to Gaucher patients who did not have a splenectomy [28]. 
In our study thirteen out of 40 Gaucher patients were splenectomized and glucosylceramide 
levels were significantly higher (p=0.024) in these patients, consistent with was found earlier. 
GM3 concentrations were also significantly higher in the splenectomized patients (11.6 
μmol/L [7.3–19.1] μmol/L]) compared to the non-splenectomized patients (9.5  μmol/L 
[4.3–13.6] μmol/L),(p=0.010).
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Figure 1 Plasma concentrations of ceramide (Cer) (A), glucosylceramide (GlcCer)( B), globoside ceramidetrihexo-

side (CTH) (C) and GM3 (D ) were determined as described in Methods and are expressed as μmol/L. Displayed 

data are collected from 40 untreated symptomatic Gaucher patients and 30 control subjects. In all dot plots the bar 

represents the median.

In Gaucher patients GM3 and glucosylceramide concentrations are significantly correlated 
(ρ=0.64, p=0.00)(figure 2a).  Glucosylceramide is known to correlate with important param-
eters of Gaucher disease, like chitotriosidase, overall disease severity and hepatomegaly29. 
In our study we investigated the correlation of GM3 with these disease parameters. GM3 
concentration is significantly correlated to chitotriosidase activity (ρ=0.45, p=0.00)(figure 
2b), SSI (ρ=0.39, p=0.012)(figure 2c) and excess lever volume (ρ=0.49, p=0.00)(figure 2d).
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Cer (mmol/kg 
wet weight)

GlcCer (mmol/kg 
wet weight)

CTH (mmol/kg 
wet weight)

GM3 (mmol/kg 
wet weight)

Patient 1 0.32 35.8 0.02 0.19

Patient 2 0.22 28.1 0.02 0.14

Patient 3 0.30 38.1 0.02 0.17

Patient 4 0.19 17.0 0.02 0.10

Mean ± SD 0.25±0.06 29.7±9.5 0.02±0.001 0.15±0.04

Control 1 0.08 0.04 0.02 0.03

Control 2 0.09 0.03 0.01 0.02

Mean ± SD 0.09±0.001 0.03±0.01 0.01±0.002 0.03±0.01

Table 1 Concentrations of ceramide, glucosylceramide, ceramidetrihexoside and  GM3 in spleen specimens of 

Gaucher patients and controls. Concentrations of ceramide (Cer), glucosylceramide (GlcCer), ceramidetrihexoside 

(CTH), and GM3 were determined in spleen specimens of type I symptomatic Gaucher patients (n=4) vs. that of 

control subjects (n=2) as described in Methods. Concentrations are expressed as mmol/kg wet weight.

Figure 2 Correlation of plasma GM3 with plasma glucosylceramide (A), chitotriosidase activity (B), SSI (C), and 

excess liver volume (D). Plasma chitotriosidase activity in the case of carriers for 24-bp duplication in chitotriosi-

dase gene (open symbols) was multiplied by two.
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Discussion

There is compelling evidence for cellular adaptations in glycosphingolipid metabolism in the 
case of a lysosomal glucocerebrosidase deficiency. Firstly, Saito and Rosenberg demonstrated 
that cultured fibroblasts from Gaucher patients show increased conversion of glucosylce-
ramide to gangliosides15. Secondly, the accumulation of glucosylceramide in fibroblasts of 
Gaucher patients, or even in cells treated with Conditurol-B-epoxide, the potent covalent 
inhibitor of glucocerebrosidase, is surprisingly small. In our experience about 5 nmol gluco-
sylceramide/mg protein accumulate in completely glucocerebrosidase-deficient fibroblasts. 
This amount is about doubled, to 9 nmol glucosylceramide/mg protein, when concomitantly 
the non-lysosomal glucocerebrosidase (GBA2) is inhibited with a hydrophobic iminosugar30. 
This sharply contrasts to the accumulation of 26 nmol ceramidetrihexoside/mg protein in 
fibroblasts of Fabry patients compared to control fibroblasts. These latter cells are completely 
deficient in lysosomal alfa-galactosidase A activity generating glucosylceramide via the 
intermediate actosylceramide. Clearly, a large quantity of lysosomal glucosylceramide does 
not inevitably end up as inert storage material during glucocerebrosidase deficiency but is 
re-used in synthesis to gangliosides. Direct experimental evidence of such type of pathway 
was earlier elegantly generated by Trinchera et al. by studying the fate of labeled exogenous 
glycosphingolipid in rat liver31. Consistent with this, our study indicates that in glucocer-
ebrosidase deficient Gaucher patients, as compensatory mechanism GM3 is increased. Our 
findings with plasma specimens are consistent with very early  observations by Nilsson and 
coworkers who reported increased levels of GM3 in spleen, liver, and brain of investigated 
Gaucher patients16,17. It is of interest to note that the globoside ceramidetrihexoside is not 
abnormally high in plasma of Gaucher patients. Apparently, increased anabolism of gluco-
sylceramide is restricted to the gangliosides and involves not globosides. 
A chronically increased production of gangliosides like GM3 may not be without conse-
quence. We and others have recently demonstrated that elevated GM3 in tissues is associ-
ated with insulin resistance and abnormal glucose homeostasis. Obesity, an established risk 
factor for insulin resistance, is associated with elevations in glycosphingolipids. Importantly, 
it was demonstrated in two independent studies employing different classes of inhibitors 
of glycosphingolipid synthesis that lowering of the gangliosides leads to improved glucose 
homeostasis by increased insulin sensitivity in liver and peripheral tissues13,14. In view of this 
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it is not surprising that an increased hepatic gluconeogenesis, a characteristic sign of insulin 
resistance of the liver, has been described for Gaucher patients9. Furthermore, the observed 
reduction in plasma adiponectin in Gaucher patients is usually observed in association 
to insulin resistance10. Hyperinsulinemic euglycaemic clamp studies are presently being 
conducted in the Academic Medical Center to monitor more closely insulin sensitivity in 
Gaucher patients during follow-up of enzyme replacement therapy. It will be of interest to 
correlate the insulin sensitivity of individual Gaucher patients with plasma GM3 levels to 
test the possibility of a causal relationship between the ganglioside and regulation of glucose 
homeostasis. 
Compared to the increased glucosylceramide, the extent of elevation of GM3 in plasma of 
symptomatic Gaucher patients is remarkable. It should be noted that the GM3 elevation is 
almost just as pronounced as that of glucosylceramide, the primary storage lipid. Like plas-
ma glucosylceramide, increased plasma GM3 correlates with the body burden of Gaucher 
cells, overall severity of disease, and a clinical sign like hepatomegaly. It appears that increas-
es in GM3 may be considered as a hallmark of Gaucher disease manifestation and reflecting 
the cellular adaptations to impaired lysosomal catabolism of glucosylceramide. Attention is 
warranted to the occurrence and consequences of secondary abnormalities in monogenetic 
disorders like Gaucher disease.
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Abstract

Objectives and background
Type I Gaucher disease, a lysosomal storage disorder, is associated with metabolic abnor-
malities such as high resting energy expenditure, low circulating adiponectin concentrations 
and peripheral insulin resistance. Treatment with enzyme replacement therapy (enzyme 
therapy) leads to a decrease in resting energy expenditure, but its influence on weight and 
risk of development of type II diabetes is unknown.

Methods
We studied the BMI, prevalence of overweight, insulin resistance and type II diabetes in un-
treated and enzyme therapy treated Gaucher patients before and after several years of follow 
up and compared this to data on healthy subjects from literature.

Results
We established that in untreated Gaucher patients the prevalence of overweight is lower 
than in the general population. Long term treatment with enzyme therapy induces a larger 
than average weight gain leading to a similar prevalence of overweight in enzyme therapy 
treated patients and the general population. The prevalence of type II diabetes increases 
significantly during treatment with enzyme therapy, resulting in a comparable prevalence of 
type II diabetes in enzyme therapy treated patients and the general population.
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Introduction

Type I Gaucher disease, a lysosomal storage disorder, can be successfully treated by enzyme 
replacement therapy (enzyme therapy). A recombinant form of the deficient enzyme, glu-
cocerebrosidase, is administered intravenously, resulting in clearance of the storage material 
(glucocerebroside) from Gaucher macrophages. This leads to reversal or improvement of 
most symptoms related to the presence of these macrophages in liver, spleen and bone mar-
row, including hepatosplenomegaly, cytopenia and skeletal complications1,2. 
Apart from these classical symptoms, type I Gaucher disease is associated with several 
abnormalities in whole body metabolism. In untreated type I Gaucher disease the resting 
energy expenditure is increased up to 24-44%3,4.Children with type I Gaucher disease suf-
fer from growth retardation and treatment with enzyme therapy leads to catch up growth 
in both length and weight5,6. In adults enzyme therapy leads to partial correction of the 
hypermetabolism7. Levels of plasma adiponectin, a cytokine produced by adipose tissue that 
is involved in regulating glucose homeostasis are lower in Gaucher patients than in matched 
control subjects8. Low adiponectin levels are correlated with impaired insulin sensitivity9. A 
recent hyperinsulinemic, euglycaemic clamp study showed Gaucher patients to be relatively 
insulin resistant compared to healthy control subjects10.
In our experience (treating a cohort of 62 adult type I patients) long term treatment with en-
zyme therapy leads to an increase in body weight, resulting in overweight in many patients. 
In theory, the risk for developing type II diabetes of type I Gaucher patients that are treated 
with enzyme therapy is high, based on both the intrinsic insulin resistance and the induc-
tion of overweight by treatment with enzyme therapy. We therefore investigated the weight 
gain and the prevalence of overweight, insulin resistance and type II diabetes in our type I 
Gaucher patient cohort in relation to enzyme therapy.

Patients and methods

Cross sectional study
We performed a cross sectional study recording the prevalence of overweight, insulin 
resistance (as measured by homeostasis model assessment of insulin resistance) and type 
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II diabetes in Gaucher patients without a history of diabetes mellitus. In 2005 a total of 62 
adult type 1 patients (49 treated with enzyme therapy) were seen at regular intervals at our 
outpatient clinic at the Academic Medical Center in Amsterdam. Of these 62 patients, 12 
were not considered eligible for this part of the study: two because they are treated with 
substrate reduction therapy that may influence insulin sensitivity, four patients with severe 
co-morbidities (malignancies, severe cardiac disease) which hampered their participation, 
one patient with type I diabetes and five patients with type II diabetes mellitus. The latter 
five patients are included in the retrospective part of the study. Of the 50 eligible patients, 42 
(7 untreated, 35 treated with enzyme therapy) agreed to participate. A fasting blood sample 
(fasting duration was approximately twelve hours) was obtained from each patient, followed 
by a study visit during which body weight and length were determined. Two patients chose 
to have their fasting blood glucose levels determined in a local hospital. Other laboratory 
values (e.g. insulin) are not available for these two patients. One patient agreed to participate 
but did not want to be weighed. The study protocol was approved by our hospital’s ethics 
committee. Informed consent was obtained from all participants.

Retrospective study
For the time period between 1991 and 2005, the number of type II diabetes patients in our 
cohort was recorded. Data on the time at which they were diagnosed with diabetes, the 
kind of treatment they received and their weight change were retrieved. Of the 35 enzyme 
therapy and 7 untreated patients that took part in the cross sectional study we collected 
historical data on their weight, Severity Scoring Index (SSI) and chitotriosidase before start 
of treatment. 

Methods

Laboratory analysis
Chitotriosidase was determined by the standard enzyme activity assay with 4 MU-
chitotriosidase (4-methylumbelliferyl b-d-N,NV,NW-triacetylchitotriose; Sigma, St Louis, 
MO) as substrate as previously described11. Chitotriosidase activity was doubled in carri-
ers for the common chitotriosidase mutation (n=9)12. Plasma glucose was measured using 
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the HK/G-6PD method (Roche Diagnostics, Almere, the Netherlands). Plasma insulin 
concentration was determined by radioimmunoassay (RIA) (Insulin RIA 100, Pharmacia 
Diagnostic AB, Uppsala, Sweden): intra-assay coefficient of variation (CV) 3% to 5%, inter-
assay CV 6% to 9%, detection limit 15 pmol/L. Homeostasis model assessment of insulin 
resistance ((fasting insulin* fasting glucose/22.5), with fasting insulin expressed in µU/ml 
and fasting glucose expressed in mmol/l) was used for detecting insulin resistant individuals. 
In a large study (2,321 individuals) comparing homeostasis model assessment of insulin re-
sistance and hyperinsulinemic euglycaemic clamp (golden standard for determining insulin 
resistance) a cut-off value for the homeostasis model assessment of insulin resistance of 4.65 
corresponded with insulin resistance (defined as an insulin stimulated whole body glucose 
disposal per kg lean body mass at an insulin infusion rate of 40 mU/min*m2 of 28 µmol/
min) with a sensitivity 84.9 % of and specificity of 78.7%13. 

Patients
Gaucher disease severity was assessed using the severity scoring index (SSI)14. Change in 
weight over time, the incidence and prevalence of overweight (BMI>25 kg/m2) and insulin 
resistance and type II diabetes were compared to data from cohort studies in healthy con-
trols, comparable with respect to age and duration of follow-up. 
Obese subjects (BMI>30 kg/m2) were not separately analyzed, but included in the over-
weight group since the prevalence of obesity in the Gaucher cohort was too low (n=2 in the 
cross sectional study). Weight loss and weight gain were defined as a consistent change in 
weight of more that 1 kg.

Statistical analysis
Results are given as median and range. For comparison between paired data (measurements 
before and after therapy), a Wilcoxon signed rank test was used. For comparison between 
groups (treated and untreated) a Mann-Whitney test was used. Correlations were calculated 
by using rank correlation (Spearman). In all cases, a p-value less than 0.05 was considered 
statistically significant. Comparison of incidences and prevalences in our cohort and data 
from population studies was done by calculating an absolute risk reduction (ARR).
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Results

Cross sectional study
The median age of the enzyme therapy treated patients at the time of the cross sectional 
study was 49 (range 18 to 75 years, n=35). The median treatment duration in the enzyme 
therapy group was 11 years (range 1 to 14 years). The median BMI was 25.7 (range 19.0 to 
30.4) and the prevalence of overweight 56%. The median fasting plasma glucose was 4.9 
mmol/L (range 4.0 to 6.4) and the median plasma insulin concentration 50 pmol/L (range 
20 to 141). The prevalence of insulin resistance (homeostasis model assessment of insulin 
resistance >4.65) was 6% (table 1). The median age in the untreated group at the time of the 
cross sectional study was 52 (range 35 to 57 years, n=7), with a median period of follow up 
of 8.2 years (range 1-13 years). The prevalence of overweight was 57%. The median fasting 
blood glucose level in this group was 5.2 mmol/L (range 4.3 to 6.0) and the median insulin 
level 53 pmol/L (range 17 to 111 pmol/L). The prevalence of insulin resistance was 0% in the 
untreated group. No new cases of type II diabetes were detected during this cross sectional 
analysis in both groups. There was no significant difference in fasting glucose and insulin 
levels between the treated and the untreated group (p=0.9 and 0.8).

Retrospective study
Before start of treatment, the disease severity was assessed as moderate to severe (SSI 13-17) 
in the enzyme therapy group (n= 35, median age 37 range 13 to 66 years) and the median 
chitotriosidase activity was 23,922 nmol/ml.hour (range 6,973-82,062). The median BMI 
before treatment in the enzyme therapy group was 23.3 (range 16.1-28.1). The BMI’s of two 
patients were not included in this calculation because they were 13 and 15 years old when 
treatment was started. The prevalence of overweight before treatment was 16% (table 1).
In the untreated group, the disease severity at the beginning of the follow up period was 
assessed as mild (SSI 1-6) and the median chitotriosidase activity was 6,459 (1,790-14,703). 
The median BMI at the beginning of follow up was 22.8 (range 20.7-26.3) kg/m2. The preva-
lence of overweight at the beginning of follow up was 14%. 
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Before enzyme therapy Cross sectional study (after enzyme 
therapy, median 11 years)

Prevalence of overweight (%) 16 56

Prevalence of insulin resistance (%) not known 6

Prevalence of type II diabetes (%) 0 8.2

Table 1 Prevalence of overweight, insulin resistance and type II diabetes before and after enzyme therapy

Patient nr Age at diagnosis of 
type II diabetes

Years of enzyme 
therapy at diagnosis 
with type II diabetes

BMI (kg/m2)* 
(BMI at start 

enzyme therapy)

Weight gain during 
enzyme therapy 

(kg)*

1 51 no enzyme therapy not known not applicable

2 68 1.3 26.4    (25.4) 3

3 41 8.1 29.2    (23.7) 19

4 50 7.0 25.0    (22.5) 8

5 65 15.3 28.9    (23.8) 14

Table 2  Characteristics of type I Gaucher patients with type II diabetes mellitus. * Weight gain and BMI are 

measured at time of diagnosis with type II diabetes

Changes in weight and the development of overweight during follow up 
Type I Gaucher patients that were treated with enzyme therapy gained an average 6 kg 
(range -8 to 29 kg) or 2.4 kg/m2 (figure 1) in weight during 11 years of treatment, increasing 
the prevalence of overweight significantly from 16% to 56% (ARR 0.40, 95% CI 0.19-0.60) 
(table 1).  In the enzyme therapy group, 19% remained stable in weight or lost weight during 
follow up. Of the five patients that lost weight (-1.3 to -8 kg), three did so as a result of a 
calorie restricted diet and one because of strenuous exercise following recovery form skeletal 
complications. In one patient no obvious cause for the weight loss could be found .Weight 
gain was not correlated to the duration of therapy (r=0.04, p=0.8), nor to response to therapy 
as measured by the relative decrease in chitotriosidase (r=0.12, p=0.5)(data not shown).
In the untreated group the median weight gain during 8 years of follow up was 3.8 kg (range 
-5 to 14 kg) or 2.2 kg/m2. Two patients gained weight (12 and 14 kg) after starting treatment 
with antidepressive medication and one patient gained 10 kg in weight in six months after  
cholecystectomy because of improved appetite. Because of the small sample, no statistical 
test was performed.
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Patients with diabetes mellitus
Five patients in our complete adult type I Gaucher patient cohort (n=62) were diagnosed 
with type II diabetes. One patient had mild Gaucher disease without therapy indication. 
Four patients developed diabetes during treatment with enzyme therapy, increasing the 
prevalence in the enzyme therapy treated patients significantly from 0% before treatment to 
8.2% (4 out of 49) after a median eleven years of therapy (ARR 0.082, 95% CI 0.005-0.158) 
(table 1). The characteristics of these patients are described in table 2. The prevalence of type 
II diabetes at the time of the cross sectional study in our complete type I Gaucher patient 
cohort is 8.1% (5 out of 62). The 11 year cumulative incidence of type II diabetes in the 
complete cohort was 6.6% (4 out of  61) and in the enzyme therapy treated group 8.2% (4 
out of 49).

Discussion

The assumption that bodyweight in Gaucher disease patients was lower before treatment 
and showed a steeper increase in response to enzyme therapy was further substantiated by 
comparing the outcome of this study with data from the literature and a national database. 
In a random sample of inhabitants of Doetinchem15, data on weight gain during a follow up 
period of eleven years were available for 4,810 individuals aged 20-59 years at inclusion (first 

Figure 1  Increase in BMI during treatment with ERT (n=32)
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measurement in 1987 to 1991). The median weight gain in that study was 4.5 kg increasing 
the mean BMI from 24.6 at the first measurement to 26.2 kg/m2 after follow up, resulting in 
an increase in prevalence of overweight (from 41% to 59%). The prevalence of overweight 
in the Gaucher population at baseline was significantly lower (ARR: 0.25, 95% CI 0.13-0.38), 
but after a median duration of 11 years of enzyme therapy, this difference disappeared (ARR 
0.03, 95% CI -0.14-0.20). In 20,000 randomly selected individuals aged 20 years and older, 
retrieved from the Central Bureau of Statistics in the Netherlands (CBS), the prevalence of 
overweight was 45%, which is  also not significantly different from the Gaucher patients after 
long term enzyme therapy (ARR 0.11, 95% CI -0.06-0.28). 
Data from untreated type I Gaucher disease patients indicate that the prevalence of over-
weight at baseline as well as during follow up is not different from the treated population, 
but the number of patients followed does not allow a definite conclusion: there is also no 
significant difference at baseline with the control population. The median increase in weight 
was less than in the treated group, although again, this was not statistically significant. Since 
the untreated patients were less severely ill, presumably their weight gain follows the course 
of the control population. Thus, long term treatment with enzyme therapy induces a larger 
than average weight gain leading to a similar prevalence of overweight in enzyme therapy 
treated patients as compared to the general population. The actual gain in fat mass during 
enzyme therapy is probably an underestimation of the true increase, because excess liver 
and spleen volume (which consist in most untreated patients of several kilograms of storage 
cells) disappears as a result of treatment. This weight gain could be related to the decrease 
in resting energy expenditure during therapy7, speculating that patients do not adjust their 
caloric intake to their decreased energy expenditure.
Before treatment initiation, none of the patients in the enzyme therapy group were diag-
nosed with type II diabetes and no new cases of type II diabetes developed during follow 
up in the untreated group. During treatment with enzyme therapy, the prevalence of type II 
diabetes increased significantly. The prevalence of type II diabetes was further analyzed by 
comparison of our data to findings from the Hoorn study, a random sample of the Dutch 
population (50-74 years old, n = 2,484) that was screened for the presence of type II diabetes. 
The prevalence of type II diabetes was similar to that found in the Gaucher cohort (8.3%). 
However, in the Hoorn study the mean age was higher and the growing prevalence of type 
II diabetes with increasing age may have led to an under appreciation of the prevalence of 
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type II diabetes in the Gaucher cohort. Indeed, the prevalence of type II diabetes as found 
in the previously mentioned CBS prevalence report was lower: 4.3% in individuals aged 25 
to 64 and 4.8% in 1663 individuals aged 40 to 55, followed for a decade starting in 199017. 
In addition, the 12 year cumulative incidence of type II diabetes in a large study in the UK 
(24,714 individuals aged 40 to 74) was even lower: 3.3%16. The period in which the follow up 
was done in that study is more similar to the follow up period of the treated Gaucher cohort. 
Although no statistically significant differences can be established between the cumulative 
incidence of type II diabetes in the complete Gaucher cohort (or the enzyme therapy treated 
group) compared to these control populations, it is possible that this is due to the relatively 
small cohort in our study and larger studies are needed to clarify this issue.
Hypothetically, treatment with enzyme therapy could influence insulin sensitivity and 
therefore the likelihood of developing type II diabetes in the following manner. Untreated 
Gaucher patients are relatively insulin resistant10. This might be related to the enhanced 
synthesis of the glycosphingolipid GM3, for which glucosylceramide is the precursor. GM3 
concentrations are elevated in plasma of type I Gaucher patients (Ghauharali et al, chap-
ter 4). GM3 has been shown to induce insulin resistance in vitro and in mouse models18,19 
and inhibition of glycosphingolipid synthesis leads to normalization of insulin signaling 20. 
Treatment with enzyme therapy results in clearance of storage material and could therefore 
also lower GM3 production, leading to improvement of insulin sensitivity. The weight gain 
during treatment with enzyme therapy however induces overweight in a large number of 
patients, which once more induces insulin resistance. However, it is also possible that insulin 
resistance in obesity involves similar pathways as is hypothesized for untreated Gaucher 
patients. Although, the exact mechanism via which obesity induces insulin resistance is not 
known21 specific lipid metabolites (e.g. ceramides, GM3 ganglioside) may act as interme-
diates, providing a link between excess nutrients (i.e. saturated fatty acids), inflammatory 
cytokines and the induction of insulin resistance22. Future research is needed to support or 
refute this possibility.
In conclusion, type I Gaucher patients that start treatment with enzyme therapy should be 
informed about the potential weight gain and be advised to adjust their diet when small 
weight changes start to occur so that occurrence of overweight and possibly also type II 
diabetes can be prevented.
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Abstract

Objectives and background
Type I Gaucher disease is an inherited storage disorder in which deficiency of the enzyme 
glucocerebrosidase leads to accumulation of glucocerebroside in lysosomes of macrophages. 
These storage cells are present in liver, spleen and bone marrow resulting in hepatosplenom-
egaly, cytopenia and bone complications. Metabolic abnormalities in Gaucher patients 
include hypermetabolism, possibly caused by elevated levels of pro-inflammatory cytokines. 
Non thyroidal illness (NTI) is a combination of changes in circulating thyroid hormone 
levels (decreased T3, elevated rT3, normal or mildly depressed TSH) present in different ill-
nesses and might be an adaptation to protect the organism form harmful catabolic effects of 
hypermetabolism. The hypermetabolism and the elevated cytokine levels in Gaucher disease 
made us hypothesize that the alterations in thyroid hormone levels as seen in NTI might 
also occur in Gaucher patients.

Methods
We studied thyroid hormone levels before and during treatment in 22 adult type I Gaucher 
patients and Resting Energy Expenditure (REE) and correlations with thyroid hormone 
levels in 12 patients.

Results
Baseline thyroid hormone levels were normal in the majority (17) of patients. No cases of 
non-thyroidal illness were detected. Baseline REE (kcal/kg/24 h) was not correlated with 
circulating levels of T3, rT3 or fT4. Treatment of Gaucher disease with Enzyme Replacement 
Therapy (ERT) for several years resulted in a decrease in circulating fT4 levels. After several 
months of treatment most patients showed a decrease in REE. There was no correlation 
between the changes in REE and changes in fT4 and T3.
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Introduction

Gaucher disease, the most prevalent lysosomal storage disease in man, is an autosomal 
recessive disorder in which the inheritance of two mutated alleles of the glucocerebrosidase 
gene leads to impaired degradation of glucocerebroside (glucosylceramide)1. Due to their 
role in phagocytosis and breakdown of blood cells, whose membranes are rich in glycolipids, 
accumulation of glucosylceramide mainly takes place in macrophages. These ‘storage cells’ 
are abundantly present in liver, spleen and bone marrow of Gaucher patients. The phenotype 
of type I Gaucher disease is highly variable, but the most prevalent symptoms are hepat-
osplenomegaly, cytopenia and bone marrow infiltration which can cause bone complications 
such as avascular necrosis and pathological fractures1,2. 
Failure to thrive in children as well as cachexia in adults is a widely acknowledged feature 
of severe Gaucher disease. Less well known is the increased whole body hypermetabolism, 
which is also present in more moderately affected, normal weighted adults. In untreated type 
I Gaucher disease REE is increased up to 24-44%3,4. The cause of this hypermetabolism is 
unclear. It has been hypothesized that increased levels of pro-inflammatory cytokines, re-
leased by Gaucher cells or surrounding activated macrophages5. may be related to this phe-
nomenon. Increased levels of IL 6, IL 8, IL 10, TNFα, sCD14 and M-CSF levels in Gaucher 
disease have been reported6-9. Activation of macrophages (by different stimuli) in in vitro 
studies leads to hypermetabolism, reflected by increased glucose uptake10,11. Interestingly, 
although enzyme replacement therapy (ERT, Cerezyme, Genzyme, Boston, MA) in almost all 
cases leads to reversal of the majority of clinical manifestations, metabolic alterations show 
only a very partial response12.
Whole body metabolism is influenced by thyroid hormone levels. In many conditions that 
are associated with hypermetabolism thyroid hormone levels are altered. Non thyroidal ill-
ness (NTI) or low T3 syndrome, is a combination of changes in circulating thyroid hormone 
levels, which can occur both in acute and chronic illness (e.g. critical illness, chronic liver 
disease) and might be a physiological adaptation to protect the organism form harmful 
catabolic effects of hypermetabolism, such as protein degradation. In NTI, serum triiodothy-
ronine (T3) concentration is decreased and the reverse triiodothyronine (rT3) concentration 
is elevated. In mild to moderate NTI circulating thyroxine (T4), and free T4 concentrations 
remain within reference limits and the TSH concentration remains normal or becomes 
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mildly depressed13.
One of the factors that may play a role in the development of NTI is elevated levels of 
cytokines. In vitro systems and mice models indicate a possible role for TNFα, IL1, IL 2, IL6 
and IFNγ14. Studies in NTI patients showed increased IL6 serum concentration and a corre-
lation between the IL6 concentration and the decrease in T3 and/or the increase in rT315-17.
TNFα has been reported to be elevated in NTI patients in some studies, but was found to be 
normal in others18. IL 8, IL 10 and IFNγ were not correlated with T3 or rT3 levels in NTI 
patients19.
The hypermetabolism and the elevated cytokine levels in Gaucher disease made us hy-
pothesize that the alterations in thyroid hormone levels as seen in NTI might also occur in 
Gaucher patients. We therefore examined the thyroid hormone levels in treatment-naive 
Gaucher patients and determined whether there was a correlation between resting energy 
expenditure (REE) and thyroid hormone levels. To evaluate the effect of ERT on thyroid 
function we repeated the examination shortly after starting treatment and after several years 
of treatment. 

Methods

Patients
Eligible for the study were adult patients with type I Gaucher disease, who were naive to 
treatment when they first visited our outpatient clinic between 1991 and 2003 and later 
started treatment with ERT (n=45). Exclusion criteria were thyroid disease (one patient 
with a high titer of anti-TPO-antibodies and one patients with hyperthyroidism), the use 
of estrogen medication in female patients (n=4) since estrogens increase serum total T4, T3 
and cortisol and severe comorbidity (e.g. malignancies) (n=2). Of the remaining patients, 22 
(16 male, 6 female) had stored EDTA samples available before start ERT (median 0 months 
before therapy initiation, range 6 - 0 months before start), several weeks after start ERT 
(median 4 weeks after start therapy, range 3 days - 12 weeks) and, in a subset of 19 patients 
several years after start ERT (median 9.8 years after start therapy, range 3.3 to 12 years). The 
last time point was missing in three patients, because the treatment duration at the time of 
the study was not long enough to include this time point. Gaucher disease severity was as-
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sessed using the severity scoring index (SSI)20 as mild (SSI 4-12) to moderate (SSI 13-17) in 
all patients (median SSI: 8 range 4 - 17). The median chitotriosidase level, a plasma marker 
to assess Gaucher cell burden, was 20221 nmol/ml.hour (range 7917 - 110754).
Fifteen patients were initially treated with placental derived glucocerebrosidase (Aglucerase, 
(Ceredase), Genzyme Corp., Mass., USA ) and later switched to treatment with recom-
binant enzyme (Imiglucerase (Cerezyme), Genzyme Corp., Mass., USA), seven patients were 
treated from the start with the recombinant enzyme. Median age at start ERT was 35 years 
(range 19 to 68 years). Monthly doses of 15 up to 120 U/kg were applied according to the 
individualized dosing study as described earlier21. Five patients had undergone splenectomy 
before start of treatment. At all three evaluation points TSH, fT4, T3 and rT3 were measured. 

Indirect calorimetry
Indirect calorimetry measures were performed in twelve patients in the context of a previ-
ous study4. These patients do not differ from the whole study population used in this study 
in disease severity or thyroid hormone levels and can therefore be considered representa-
tive for the whole group. The Resting Energy Expenditure (REE) was measured by indirect 
calorimetry before treatment initiation. Oxygen consumption (VO2) and CO2 produc-
tion (VCO2) were measured on an energy expenditure unit (model 2900; Sensormedics, 
Anaheim, CA) with the ventilated hood technique. VO2 and VCO2 were measured con-
tinuously during 20 or 30 minutes. The mean rates of VO2 and VCO2 during the final 10 
minutes were used for calculations of the REE22. In eight patients, who took part in the study 
concerning the effect of ERT on metabolism12 the REE measurement was repeated, in two 
patients after six months in six patients after twelve months of therapy.

Hormone measurements and antibody detection
Hormone assays were performed stored samples. To check whether the storage of samples 
had an effect on thyroid hormone measurements, we compared thyroid hormone levels 
determined in several patients immediately after taking the sample with those measured 
after storage. No effect of storage was found. Serum T3 was measured by in-house RIA 
methods, with a detection limit of 0.3 nmol/l. The intra-assay coefficient of variation was 
3–4% and the interassay coefficient of variation was 7–8%. The reference range for serum T3 
was 1.3-2.7 nmol/l. Free T4 and TSH were measured by time-resolved fluoroimmunoassay 
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(respectively Delfia fT4 and hTSH Ultra; Wallac Oy, Turku, Finland), with a detection limit 
of 2 pmol/l and 0.01 mU/l respectively. The intra-assay coefficients of variation were 4–6% 
and 1–2% and the interassay coefficients of variation were 5–8% and 3–4% respectively. The 
reference range for serum TSH was 0.4–4.0 mU/l and for fT4 10–23 pmol/l. For rT3 meas-
urement an in-house RIA method was used, detection limit 0.03 nmol/l, intra-assay coeffi-
cient of variation 4-6% and interassay coefficient of variation 9-14%. The reference range for 
serum rT3 was 0.11-0.44 nmol/l.

Data analysis
To determine whether endocrine parameters were different in splenectomized patients and 
whether there were differences between the patients using placental derived or recombinant 
enzyme, we used a Mann-Whitney test. To determine changes in TSH, fT4, T3 and rT3 levels 
during treatment with ERT we used the Wilcoxon signed rank test. Correlations were calcu-
lated using a Spearman test. For all tests a p-value<0.05 was considered to reflect statistical 
significance.

Results

Baseline thyroid hormone levels
The thyroid function tests at baseline in the 22 patients are listed in table 1. Values were 
within reference range in all except five patients. Three had elevated TSH levels (4.2-5.5 
mU/L), one had a T3 value of 1.1 nmol/l and one had a fT4 of 26 mmol/L in the presence of 
a normal TSH. There was no significant difference in TSH, fT4, T4, T3 and rT3 concentra-
tion between splenectomized and non-splenectomized patients (data not shown). After sev-
eral weeks of treatment, there was no difference in thyroid hormone levels between patients 
who started treatment with placental derived or recombinant enzyme (data not shown).

TSH (mU/l) fT4 (pmol/l) T3 (nmol/l) rT3 (nmol/l)

Reference range 0.4–4.0 10–23 1.3-2.7 0.11-0.44

Median (range) 
study population

2.3 (0.32-5.5) 14.6 (11.7-25.9) 1.7 (1.1-2.4) 0.19 (0.12-0.31)

Table 1 Baseline thyroid hormone levels in 22 type I Gaucher disease patients
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Figure 1 Baseline levels and changes during treatment with ERT in plasma TSH (mU/L) (A), fT4 (pmol/L) (B), 

T3 (nmol/L) (C), rT3 (nmol/L)(D) and the T3/rT3 ratio (E).
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Figure 2 Correlations between resting energy expenditure (kcal/kg/24 h) and circulating fT4 (A), T3 (B) and rT3 

(C) levels in twelve naïve Gaucher patients. Correlations between changes in REE and changes in circulating fT4 

(D) and T3 (E) levels in eight patients.
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Changes in thyroid hormone levels during treatment with ERT
There was no significant change in TSH level during therapy (figure 1a). There was a sig-
nificant decrease in fT4 concentration after several years of ERT (median 13.7, range 10.6 
to 15.8) compared to the baseline level (p=0.05) and compared to the level after several 
weeks of ERT (median: 16.0 range: 12.9 to 18.7 pmol/L, p=0.00)(figure 1b). T3 levels did not 
change during ERT (figure 1c). rT3 levels decreased significantly after several weeks of ERT 
(median: 0.16 range: 0.10 to 0.26 nmol/L) compared to baseline (p=0.02) but after several 
years of therapy the rT3 level (median: 0.20 nmol/L, range 0.11 to 0.31 nmol/L) did not dif-
fer from baseline (figure 1d).
There was a trend towards decrease of T3/rT3 after several weeks of ERT treatment com-
pared to baseline (median 10.2 range 5.8 to 16.9 versus median 8.8 range 5.5 to 15.8, 
p=0.06), but after several years of treatment there was no difference in T3/rT3 ratio com-
pared to baseline (p=0.84) (figure 1e).

REE and thyroid hormone levels
REE before therapy (kcal/kg/24 h) was not significantly correlated with circulating levels of 
T3, rT3 or fT4 (figures 2a to c). After treatment seven out of eight patients showed a decrease 
in REE (-5.6 to -0.7 kcal/kg/24 hours). This decrease in energy expenditure was accompa-
nied by weight gain in six out of eight patients (1 to 5 kg, data not shown). There was no 
correlation between the changes in REE and the changes in fT4 and T3 (figures 2d to e). 

Discussion

Despite the overt hypermetabolism and elevated levels of circulating cytokines present in 
Gaucher disease, no cases of non thyroidal illness were found in the examined cohort of 
type I Gaucher patients.
A possible effect of ERT on thyroid function that we wanted to rule out was the influence 
of βHCG, which was present in the placental derived enzyme preparations. In pregnancy, 
high circulating βHCG levels (>200.000 U/L) can lead to hyperthyroidism, because the HCG 
molecule can bind to and stimulate the TSH receptor and thus lead to fT4 secretion23. Given 
the relatively low βHCG concentration we measured in the dissolved placental derived 
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glucocerebrosidase (87.509 U/L) it is unlikely that after enzyme administration, the plasma 
βHCG reach levels that lead to TSH receptor stimulation. The fact that we found no new 
cases of hyperthyroidism after treatment initiation confirms this.
The general effect of enzyme replacement therapy on circulating thyroid hormone levels is a 
temporary decrease in circulating rT3 and a long term decrease in fT4. The decrease in rT3 
might be associated with the general decrease in burden of disease resulting from treat-
ment with ERT. ERT leads to a clearance of storage material, resulting in a decrease in liver 
and spleen volume24 and a concomitant decrease in circulating levels of M-CSF, sCD14 and 
CCL187,25,26. Effect of ERT on circulating levels of IL 6, IL 8, IL 10 and TNFα is not known, 
but it can be postulated that the decrease in rT3 after a short period of treatment may be due 
to a decrease in these pro-inflammatory cytokines. This explanation, however, cannot hold 
out since rT3 increases again to baseline levels after several years of ERT, while the improve-
ment of the Gaucher disease parameters continues27. Thus, the observation that no cases of 
NTI were found in this study together with the fact that treatment of Gaucher disease with 
ERT does not lead to consistent changes in T3 and rT3 levels, makes it unlikely that cytokine 
production by macrophages leads to NTI-like changes in thyroid hormone metabolism in 
Gaucher disease. This finding is supported by the results of a study in mice on the role of 
cytokines produced by liver and spleen macrophages in NTI. This study showed no evidence 
that cytokine production by macrophages in these organs is involved in the pathogenesis of 
NTI28.

Hypermetabolism in Gaucher disease is not caused by abnormalities in thyroid hormone 
levels since the level of T3, which is most closely correlated to resting energy expenditure29, 
is not elevated in Gaucher patients and its level does not change during enzyme therapy. 
After six or twelve months of therapy a decline in REE was seen in most patients. This was 
not correlated to the decrease in plasma fT4 nor to changes in T3 levels. 
In conclusion, in Gaucher patients, who carry a high burden of activated macrophages and 
display a high energy requirement, no evidence for altered thyroid function, especially NTI, 
can be established.
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Abstract

Objectives and background 
A low plasma high-density lipoprotein cholesterol (HDL-c) concentration is an important 
risk factor for the development of atherosclerotic cardiovascular disease. HDL-c levels are 
abnormally low in type I Gaucher disease (GD) patients. The aim of this study was to deter-
mine whether GD is associated with premature atherosclerosis. 

Methods 
Lipid profiles, apolipoproteins, and carotid artery intima-media thickness (cIMT) were ana-
lyzed in 40 type I GD patients, 34 carriers and 41 control subjects. cIMT is a non-invasive 
validated biomarker for the status of atherosclerosis and present and future cardiovascular 
disease risk. 

Results
Compared to control subjects, patients showed decreased HDL-c (1.1 ± 0.3 mmol/L) as well 
as mildly decreased low-density lipoprotein cholesterol (LDL-c) levels (2.8 ± 0.7 mmol/L), 
with an increased ApoB/ApoA1 ratio. In carriers, HDL-c levels were normal, but LDL-c 
levels were decreased (2.7 ± 0.8 mmol/L). Mean cIMT measurements were not different in 
the three study groups (patients: 0.63 ± 0.1mm versus carriers: 0.64 ± 0.1mm versus control 
subjects: 0.65 ± 0.1 mm). 

Conclusions 
In Gaucher disease low HDL-c levels do not lead to premature atherosclerosis as assessed 
by cIMT measurement. This indicates that the inverse relationship between levels of HDL-c 
and risk of cardiovascular disease in the general population may not be present in all condi-
tions characterised by low HDL-c levels.
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Introduction

Type 1 Gaucher disease (GD) is a lysosomal storage disorder, with a prevalence of 1:50.000 
in most countries1. The disorder is characterized by a deficiency of the lysosomal enzyme 
glucocerebrosidase, which results in accumulation of glucocerebroside in macrophages, 
so called Gaucher cells. Type 1 GD is the most prevalent form and can manifest itself at 
any age2. The presence of Gaucher cells in liver, spleen and bone marrow results in epat-
osplenomegaly, skeletal disease and cytopenia. In addition to these classical symptoms, GD 
is associated with several co-morbidities such as an increased prevalence of malignancies, 
hypergammaglobulinemias, pulmonary hypertension, polyneuropathies and an abnormal 
cholesterol profile3-7. 
In a study by Ginsberg et al low levels of total plasma cholesterol (TC), low-density lipopro-
tein cholesterol (LDL-c) and high-density lipoprotein cholesterol (HDL-c) in GD patients 
were reported. The reductions of LDL-c and HDL-c were associated with reduced levels of 
their respective major protein components apolipoprotein B100 (ApoB) and apolipoprotein 
A1 (ApoA1), indicating reduced numbers of these particles, while apolipoprotein E (apoE) 
levels were reported to be high. The levels of LDL-c and HDL-c were inversely correlated 
with parameters of disease severity and splenectomy was associated with a subsequent 
increase in LDL-c and HDL-c7. In another study decreased levels of LDL-c and HDL-c 
were associated with enhanced fractional catabolism of LDL-c and HDL-c. Taken together 
with the increased level of apoE this suggests a central role for the macrophages in these 
abnormalities8. 
Interestingly, although carriers of a mutation in the GBA gene coding for glucocerebrosidase 
(carriers) do not exhibit any Gaucher symptoms, significantly lower HDL-c levels have also 
been found in these subjects9. Type I GD can be treated with enzyme replacement therapy 
(ERT) in which the intravenous administration of recombinant glucocerebrosidase leads to 
clearance of glucocerebroside and improvement of symptoms. Treatment with ERT for 18 
months causes an increase in, but not normalization of HDL-c and ApoA1 concentrations 
while LDL-c and apoB levels remain unchanged10. 
In several epidemiologic studies it has been shown that low plasma HDL-c levels are associ-
ated with increased risk of cardiovascular disease (CVD)11,12. As a consequence, GD patients 
as well as carriers could be considered at risk for premature atherosclerosis. In our adult 
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cohort of more than 70 GD patients followed for 20 years, the occurrence of cardiovascular 
disease does not appear to be increased. However, this is difficult to ascertain in such a small 
population, with relatively young patients. 
A non-invasive validated biomarker for the status of atherosclerosis and present and future 
cardiovascular disease risk is ultrasonographically measured carotid intima-media thickness 
(cIMT)13,14 . To determine whether the low HDL-c levels observed in GD patients and car-
riers are associated with premature atherosclerosis, cIMT was analyzed in a cross sectional 
study in GD patients, carriers and control subjects.

Methods

Study population
Consecutive patients were recruited at the national outpatient clinic for inherited metabolic 
diseases at the Academic Medical Center, Amsterdam (AMC). In all patients, the diagnosis 
of GD was previously confirmed by enzymatic assay as well as by mutation analysis. Patients 
who consented to the protocol were asked to recruit family members. These family members 
were either blood relatives (brothers, sisters, children) or family members sharing the same 
household (spouses), to control for genetic and environmental influences on lipid profiles 
and other determinants of CVD risk as much as possible. Subjects known with hereditary 
dyslipidemia were excluded (n=1).  Medical history of CVD (myocardial infarction (MI), 
stroke), the presence of cardiovascular risk factors (smoking, diabetes, hypertension), and 
use of alcohol and medication were surveyed by questionnaires. Blood pressure, length 
and weight were measured. Hypertension was defined as a blood pressure >140/90 mmHg. 
In addition, in GD patients severity score index (SSI, as described by Zimran)15, use and 
duration of use of substrate deprivation or enzyme replacement therapy and genotype were 
recorded from patient files. The study was approved by the local Medical Ethical Committee 
and all participants provided written informed consent. 

Laboratory and genetic analysis:
In all subjects, blood samples were drawn after an overnight (12 hour) fast. C-reactive 
protein (CRP) was determined. TC, HDL-c and triglycerides (TG) were measured by enzy-
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matic colorimetric procedure. LDL-c was calculated by means of the Friedewald formula. 
ApoA1 and ApoB were determined by immunonephelometry. The concentration of apoE 
in plasma was determined by a turbidimetric immuno assay, as described by the manufac-
turer (Randox, Westburg, the Netherlands) using a Cobas Mirs auto analyzer (Roche, Basel 
Switzerland). Reference values were as follows: TC: 3.9-6.5 mmol/L; LDL-c: <4.49 mmol/L; 
HDL-c: male >1.1 mmol/L, female > 1.2 mmol/L; TG: 0.5-2.0 mmol/L; ApoA1: male 1.1-1.8 
g/L, female 1.1-2.1 g/L; ApoB: male 0.55-1.4 g/L, female 0.55-1.25 g/L. In all non-Gaucher 
patients of whom the mutation status was unknown, mutation analysis of the GBA gene 
was performed. DNA was extracted from peripheral blood leukocytes and the familial GBA 
mutations (if applicable) and/or the six most prevalent Gaucher mutations in the Dutch 
population were determined (p.Asn409Ser (N370S), p.Leu483Pro (L444P), p.Arg159Trp 
(R120W), c.84dupG, RecNci combination (p.leu483Pro (L444P)), p.Ala495Pro (A456P) and 
p.Val499Val (V460V)) and p.Leu363Pro (L324P)). Together, these six mutations account for 
>82% of the disease-causing alleles in the Dutch GD population16. To investigate a possible 
relation of the HDL-c levels with Gaucher cell burden, chitotriosidase activity was measured. 
This enzyme, produced by Gaucher cells, indicates the total Gaucher cell burden and the 
plasma activity is directly related to the amount of accumulated glycolipid in spleen17. Levels 
in carriers of the common chitotriosidase mutation were multiplied by two since heterozy-
gocity for this mutation results in a 50% reduction in enzyme activity18.

Carotid intima-media thickness
B-mode ultrasound images were acquired using an Acuson Aspen (Siemens/Acuson 
Corporation, Erlangen, Germany and Mountainview, CA, USA) using an L7 5-12MHz 
broadband transducer. Bilaterally, images of predefined arterial far wall segments of the 
right and left common carotid artery, the carotid bulb and the internal carotid artery were 
acquired. Images were saved and IMT was measured by one image analyst, blinded for the 
clinical and genetic status of the patient. cIMT was defined as the average of the six IMT 
measurements. 

Statistical analysis
ApoB/ApoA1 ratios were calculated. Descriptive statistics were used for exploration of the 
data. Correlation between HDL-c and chitotriosidase was calculated using a Spearman test. 
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Differences in variables with a continuous or a dichotomous distribution between GD pa-
tients, carriers and control subjects were evaluated using linear or logistic regression analy-
ses, respectively. These analyses were performed using the generalized estimating equations 
(GEE)-method in the SAS procedure GENMOD to account for correlations within families. 
The exchangeable correlation structure was used for these models. For differences in cIMT 
and the ApoB/ApoA1 ratio between the three groups, a stepwise backward multivariate 
regression analysis was used to adjust for potential confounders. Variables with a skewed 
distribution were log-transformed before statistical analyses. P-values <0.05 were considered 
to indicate statistical significance. A p-value of <0.10 was considered indicative of a trend. 
The analyses were performed with the SAS package version 9.1 (SAS Institute Inc, Cary, NC, 
USA).

Results

General characteristics
A total of 115 subjects (40 patients, 34 carriers and 41 control subjects) was investigated. 
Age, gender distribution, BMI, cigarette and alcohol use, CRP and the prevalence of hyper-
tension were comparable in the three study groups (table 1). Three patients, four carriers and 
two control subjects used lipid lowering drugs. The number of subjects with a cardiovascular 
event in the past was also not different between groups. Thirty-four of the patients received 
ERT (Cerezyme, imiglucerase, Genzyme Corp., Mass., USA) for a median of 13 years (range 
2-16). Two patients used substrate deprivation therapy (Miglustat, ZavescaTM, Actelion 
Pharmaceuticals, Switzerland), both for 9 years. The mean SSI in the patients was 8 ± 4.

Lipids and lipoproteins
In table 1 and figure 1, the levels of lipids and lipoproteins are shown. Levels of HDL-c and 
ApoA1 were significantly lower, and TG levels significantly higher, in patients as compared 
to control subjects (p<0.0001, p<0.0001 and p=0.01 respectively) and carriers (p<0.0001, 
p<0.0001 and p=0.01 resp). In patients compared to control subjects TC levels were signifi-
cantly lower, while LDL-c, but not apoB levels showed a trend towards lower levels (p=0.003 
and p=0.06 respectively). In carriers, no differences in HDL-c and ApoA1 levels were de-
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Table 1  Characteristics and levels of cholesterol, triglycerides and apolipoproteins of Gaucher disease patients, 

carriers of a glucocerebrosidase mutations and control subjects. Continuous variables are given as mean ± stand-

ard deviation, except for triglycerides which are given as median (interquartile range). Abbreviations: m=male; 

f=female; BMI=body mass index; y=yes; n=no; CRP=C-reactive protein; U/wk=units per week; MI=myocardial 

infarction; TC=total cholesterol; LDL-c=low-density lipoprotein cholesterol; HDL-c=high-density lipoprotein choles-

terol; TG=triglycerides; ApoA1=apolipoprotein A1; ApoB=apolipoprotein B; ApoE=apolipoprotein E.

Patients  Carriers Control 
subjects

p patients 
vs control 
subjects 

p patients vs 
carriers 

p carriers 
vs control 
subjects

N 40 34 41

Age (years) 51.4 ± 11.4 48 ± 16.5 47.7 ± 16.6 0.22 0.37 0.93

Sex (m/f) 23/17 Dec-22 19/22 0.65 0.07 0.24

BMI (kg/m2) 24.4 ± 3.0 25.0 ± 2.6 25.1± 3.5 0.30 0.33 0.88

Hypertension 
(y/n)

13/29 13/21 15/26 0.60 0.46 0.91

CRP (mg/L) 2.2  ± 2.2 2.1 ± 1.7 2.3 ± 2.6 0.93 0.78 0.77

Alcohol 
(U/wk)

5.0 ± 6.3 5.8 ± 7.1 7.6 ± 7.7 0.06 0.47 0.31

Smoking (y/n) Jun-34 Sep-25 Dec-29 0.11 0.17 0.96

History of MI 
(y/n)

0/40 Mar-31 0/41 - 0.09 0.09

History of 
stroke (y/n)

0/34 0/34 0/41 - - -

Plasma 
lipoprotein 
(mmol/L)

Patients  Carriers Control 
subjects

p patients 
vs control 
subjects 

p patients vs 
carriers 

p carriers 
vs control 
subjects

TC 4.5 ± 0.9 4.7 ± 0.9 5.2 ± 1.2 0.003 0.30 0.07

LDL-c 2.8 ± 0.7 2.7± 0.8 3.2± 1.1 0.06 0.54 0.03

HDL-c 1.1 ± 0.3 1.6 ± 0.4 1.6 ± 0.4 <0.0001 <0.0001 0.90

TG 1.0 (0.7-1.5) 0.7 (0.6-0.9) 0.8 (0.5-1.1) 0.01 0.01 0.79

Plasma apoli-
poprotein 
(g/L)

Patients  Carriers Control 
subjects

p patients 
vs control 
subjects 

p patients vs 
carriers 

p carriers 
vs control 
subjects

ApoA1 1.3 ± 0.2 1.6 ± 0.3 1.6 ± 0.3 <0.0001 <0.0001 0.40

ApoB 0.9 ± 0.2 0.8 ± 0.2 0.9 ± 0.2 0.64 0.12 0.07

ApoB/ApoA1 
ratio

0.7 ± 0.2 0.5 ± 0.1 0.6 ± 0.2 <0.001 <0.0001 0.01

Apo E 3.7 ± 1.5 3.4 ± 1.5 3.8 ± 1.2 0.32 0.69 0.17
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Figure 1  Levels of cholesterol, triglycerides, apolipoproteins and c-IMT measurements of Gaucher disease 

patients, carriers of a glucocerebrosidase mutations and control subjects. Abbreviations: LDL-c=low-density lipopro-

tein cholesterol; HDL-c=high-density lipoprotein cholesterol; ApoA1=apolipoprotein A1; ApoB=apolipoprotein B; 

cIMT=carotid intima media thickness.
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tected in comparison to control subjects, while the trend towards a lower TC was explained 
by significantly decreased LDL-c levels (p=0.03), with a slighter decrease in apoB levels 
(p=0.07). In fact the decrease in LDL-c was more pronounced in carriers than in the GD 
patients. There was no significant difference between any of the groups in ApoE levels. These 
results did not change after correcting for gender. The ApoB/ApoA1 ratio was significantly 
higher in patients compared to carriers (p<0.0001) and healthy control subjects (p<0.0001) 
and significantly lower in carriers compared to control subjects (p=0.01). The differences in 
ApoB/ApoA1 ratio remained significant after multivariate analysis, adjusting for gender, age 
and the use of lipid lowering drugs. 

Chitotriosidase
Of 36 Gaucher patients data on chitotriosidase activity levels, measured within 3 months of 
the apolipoprotein and cIMT analysis, were available. There was a weak but significant nega-
tive correlation between chitotriosidase activity and HDL-c (r=-0.35, p=0.03). All patients 
with a chitotriosidase level higher than 15000 nmol/ml*hour, which is considered to reflect a 
large Gaucher cell burden17, had a HDL-c of less than 1 mmol/L (n=6).

Intima media thickness
The mean cIMT was 0.63 ± 0.1mm in GD patients, compared to 0.64 ± 0.1mm and 0.65 ± 
0.1 mm in the carrier and control group, respectively (figure 1). Univariate analyses re-
vealed no differences in cIMT between the three groups. Also by multivariate analysis, after 
adjustment for gender and age, no significant difference between the three groups could be 
detected.  

Discussion

In this study we have established that low levels of HDL-c in type I GD do not result in 
premature atherosclerosis as assessed by cIMT. The importance of low HDL-c levels as a 
risk factor for the development of atherosclerotic CVD is supported by many studies. In 
the Framingham Heart Study, HDL-c was a more potent risk factor for subsequent coro-
nary artery disease than LDL-c, TC, or plasma TG11. A report combining the data from four 
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prospective American population studies showed that the risk for coronary artery disease 
decreases 1.9 to 2.9% with a 0.026 mmol/L increase in HDL-c level12.
In the current study, as demonstrated in previous studies, low levels of HDL-c and apoA1 
were reported in GD patients, as compared to healthy control subjects and carriers of a GBA 
mutation. Since the majority of patients in our study were treated for more than a decade, 
this indicates that HDL-c levels do not normalize during long term treatment. Using cIMT 
measurements we established that there is no indication that the low HDL-c levels in GD are 
associated with an increased risk for CVD. One could argue that the normal cIMT values 
in GD patients were the result of the relatively low levels of LDL-c, counteracting the effect 
of low HDL-c levels. We therefore calculated the ApoB/ApoA1 ratio which is an alternative, 
and in some studies superior, marker to asses CVD risk, especially in individuals with nor-
mal or low LDL-c levels19. Comparing ApoB/ApoA1 ratios in the GD patients to the ratios 
calculated in a large population cohort indicates that GD patients have an odds ratio of 1.42 
for future CAD based on the apolipoprotein levels in the current study20. The odds ratio for 
our control group, based on comparison to these data is 1. Since short term treatment with 
ERT leads to elevation of ApoA1 without affecting ApoB levels10, the ratio will have been 
even more unfavourable during the years prior to treatment. Patients therefore will have 
been exposed to an even greater CVD risk.
cIMT measurement is widely accepted as a modality that can reliably predict the risk of car-
diovascular disease and as such is used as a non-invasive surrogate marker in lipid-lowering 
drug trials21. In the Rotterdam study, a large cohort of healthy individuals was followed for 
four years registering the occurrence of stroke and myocardial infarction. At baseline cIMT 
was measured. In this study an odds ratio for myocardial infarction of 1.4, comparable to 
the odds ratio calculated in GD patients based on the ApoB/ApoA1 ratio, was associated 
with an 0.16 mm increase in cIMT22. Our results show that the expected increase in cIMT in 
GD patients was not present, since cIMT values were the same in GD patients, carriers and 
healthy control subjects.
In an earlier publication Pocovi et al suggested that heterozygosity for a GBA mutation 
might be the most common genetic cause of low α-lipoproteinemia in the general popula-
tion9 . HDL-c and ApoA1 levels were not decreased in GD carriers in the current study and 
mutations in the GBA gene are therefore not likely to contribute to the occurrence of hypo-
α-lipoproteinemia. On the contrary, carriers were found to have low plasma LDL-c levels, 
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which in combination with their normal HDL-c levels, may even be considered a favorable 
lipid profile. However, this possible advantageous lipid profile was not reflected in a lower 
cIMT value, indicating no positive influence of their lipid profile on vessel wall thickening.
The mechanisms resulting in low HDL-c levels in GD are only partially understood. In a 
study using radio-isotope labelled particles in untreated GD patients, enhanced catabo-
lism of HDL and LDL particles was established, pointing towards the macrophages as the 
responsible cells8. The increase in apoE in these patients may facilitate reverse cholesterol 
transport, resulting in increased clearance and lower levels of HDL-c. Evidence of enhanced 
cholesterol efflux by macrophage-derived apoE-containing lipoproteins comes from experi-
ments showing that lipid loading of macrophages stimulates synthesis and secretion of apoE, 
subsequently facilitating cholesterol release from these cells23.  In this study however, we did 
not establish an increased apoE plasma concentration in GD patients. This is probably due 
to the effect of ERT since, in contrast to earlier studies, most of our patients were treated. In 
an additional analysis of sixteen patients from the cohort described in this paper, treatment 
with ERT for four years resulted in a significant decrease in ApoE levels (data not shown). 
The persistence of low HDL-c levels, despite normalization of the ApoE levels, suggests that 
the HDL-c decrement in GD is at least not completely dependent on ApoE mediated reverse 
cholesterol transport. 
Both storage macrophages in Gaucher disease and foam cells in atherosclerosis are char-
acterized by activation as a result of lipid accumulation, although the pattern of activation 
differs24,25. Since Gaucher cells are not present in vessel walls, it is unlikely that vessel wall 
pathology is directly affected by Gaucher cells. However, the influence of circulating macro-
phage derived factors cannot be excluded.
Some limitations of our study warrant further discussion. The study sample was relatively 
small, although the earlier mentioned studies using cIMT in rare genetic diseases did show 
significant differences in even smaller cohorts26. Furthermore, most patients had received 
ERT for several years, which may have influenced the levels of HDL-c and subsequently the 
risk for cardiovascular events, though 27 of 42 patients (64%) still had a HDL-c level below 
the lower limit of normal. This is consistent with a previous study showing that therapy only 
partially corrected the HDL-c levels10.
In other genetic disorders that lead to low HDL-c levels, it has already become clear that 
there is not always an unequivocal relationship between the decrease in HDL-c and risk of 
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CVD. Different risks for the development of atherosclerosis have been established. For ex-
ample, heterozygosity for an apoA-I mutation resulting in 50% loss of apoA-I concentration 
and a concomitant decrease in HDL-c levels, yields a more pronounced effect on atheroscle-
rosis progression than similar reductions in HDL-c due to loss of either ABCA1 or LCAT 
activity (for review see 26). As a consequence, HDL-c levels per se do not necessarily reflect 
the atheroprotective potential of HDL-c. In type I Gaucher disease, the mechanism caus-
ing hypo-α-lipoproteinemia is most likely to be related to the degree of glycosphingolipid 
accumulation, since there was a negative correlation between burden of disease as measured 
by chiotriosidase activity and HDL-c. In addition, patients who despite treatment had a high 
residual burden of disease, all had HDL-c levels below 1 mmol/L.
Glycosphingolipids in plasma are present in liproteins (HDL, VLDL and LDL particles) and 
altered plasma glucosylceramide and ganglioside (GM3) levels, which have been reported in 
Gaucher disease27,28, may therefore change the nature and metabolic fate of these particles.
In conclusion, in Gaucher disease low HDL-c levels do not lead to premature atherosclerosis 
as assessed by cIMT measurement, indicating that the inverse relationship between levels 
of HDL-c and risk of CVD in the general population may not be present in all conditions 
characterised by low HDL-c levels.
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Abstract

Objectives and background 
Nonalcoholic fatty liver disease (NAFLD) is associated with obesity, insulin resistance 
and type II diabetes. The hyperinsulinemia that occurs as a consequence of insulin re-
sistance is thought to be an important contributor to the development of fatty liver. We 
have shown that the iminosugar AMP-DNM (N-(5-adamantane-1-yl-methoxy-pentyl)-
deoxynojirimycin), an inhibitor of the enzyme glucosylceramide synthase, is a potent en-
hancer of insulin signaling in rodent models for insulin resistance and type II diabetes. The 
present study was designed to assess the impact of AMP-DNM on NAFLD in ob/ob mice. 

Results 
Treatment of the mice with 100mg/day/kg body weight AMP-DNM reversed hepatic stea-
tosis, restored insulin signaling in the liver, corrected blood glucose values to levels found in 
lean mice and decreased insulin concentrations. In addition, AMP-DNM treatment almost 
completely corrected the gene expression profile of ob/ob mice livers towards the profile of 
lean mice. The correction of gene expression included SREBP1c target genes involved in 
fatty acid synthesis as well as inflammatory and fibrotic markers. 

Conclusions
Pharmacological lowering of glycosphingolipids with the iminosugar AMP-DNM strongly 
ammeliorates NAFLD in ob/ob mice. Since insulin signaling is improved as well, further 
development of this type of drugs holds considerable promise for treatment of the metabolic 
syndrome in humans.
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Introduction

The prevalence of the metabolic syndrome is rising dramatically in westernized societies1. 
Fundamental features of the metabolic syndrome are obesity, hyperglycemia, high blood 
pressure and elevated triglycerides. These abnormalities are considered to be the driving 
forces in the development of diabetes and heart disease. However, the precise underlying 
mechanism is still poorly understood and may involve other factors as well. Candidates in 
this respect are low-grade inflammation throughout the body and fatty liver, which both 
occur in obesity2,3.
The pro-inflammatory environment that exists in adipose tissue of the majority of obese 
individuals4 is thought to precede insulin resistance by enhancing deregulation of adipose 
tissue, leading to adipocyte cell death5. Subsequently, increased amounts of free fatty acids 
(FFA) coming from the inflamed adipose tissue, reach the liver where they decrease insu-
lin sensitivity6. In the liver, insulin resistance prevents suppression of glucose production 
and this signals the pancreas to produce more insulin. Despite hepatic insulin resistance 
for the glucose homeostasis pathway, insulin sensitivity remains for the lipogenic pathway7. 
Hyperinsulinemia triggers the activation of SREBP1c, the transcription factor that con-
trols genes in the lipogenic pathway such as fatty acid synthase (FAS). The combination of 
increased flux of FFA to the liver from dysfunctional adipose tissue, together with induced 
fatty acid synthesis in the liver, leads to lipid accumulation in the liver. Steatosis is the first, 
relatively benign stage of non-alcoholic liver disease. In the next stage non-alcoholic steato-
hepatitis (NASH) can develop that may result in cirrhosis and organ failure8.
Improving sensitivity of the liver for insulin is of outmost importance to break the vicious 
cycle leading from hyperinsulinemia to hepatic steatosis. Suitable insulin-sensitizing agents 
that enhance pathways that suppress gluconeogenesis and enhance peripheral glucose up-
take are needed. In this connection, the recent realization that insulin sensitivity is modulat-
ed by the lipid composition of the membrane harbouring the insulin receptor is of interest. 
Evidence is accumulating that especially glycosphingolipids play an important regulatory 
role in insulin sensitivity9-12. Ganglioside GM3 synthase deficient mice are protected from 
high fat diet-induced insulin resistance and exhibit increased insulin sensitivity13. Present 
findings suggest that excessive levels of glycosphingolipids promote insulin resistance. It 
has been demonstrated that pharmacological lowering of glycosphingolipid levels potently 
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improves glucose homeostasis by enhancing insulin signaling in rodent models for type 
II diabetes14,15. Two different classes of inhibitors of glucosylceramide synthase were used 
in these studies: the iminosugar AMP-DNM (N-(5-adamantane-1-yl-methoxy-pentyl)-
deoxynojirimycin) and Genz-123346 ((1R,2R)-nonanoic acid[2-(2',3'-dihydro-benzo', 4 
dioxin-6'-yl)-2-hydroxy-1-pyrrolidin-1-ylmethyl-ethyl-amide-l-tartaric acid salt). These 
compounds exert their function by reducing the synthesis of glucosylceramide, the precur-
sor for more complex glycosphingolipids such as gangliosides. Pharmacological glycosphin-
golipid lowering was found to increase hepatic insulin signaling and to decrease insulin 
concentrations, in combination with reductions in blood glucose and improved oral glucose 
tolerance. An additional beneficial feature of AMP-DNM is its ability to improve adipocyte 
function and reduce inflammation in adipose tissue of obese mice16.
The present study was designed to assess the hypothesis that increased insulin sensitivity via 
glycosphingolipid lowering will result in reduction of fatty liver and restoration of normal 
liver physiology. We therefore treated lean and ob/ob mice with AMP-DNM and determined 
the effect on glucose homeostasis, liver fat storage and gene expression. We found that 
AMP-DNM treatment reversed hepatic steatosis, comprising fat as well as inflammatory and 
fibrotic markers, and in addition almost completely corrected the gene expression profile 
towards that of lean mice.

Experimental procedures

Materials
AMP-DNM was synthesized as described17. All solvents and reagents used were of analytical 
grade.

Animals
Male wild type (~23 gram) and ob/ob mice (~31 gram) (C57BL/6J background, 7 weeks 
old; Harlan Laboratories, Horst, the Netherlands) were maintained 5 per cage in controlled 
conditions (20-22°C, 50-60% humidity, 12 hours light/dark cycle), with food and water ad 
libitum. Mice received the rodent AM-II diet (Hope Farms, Woerden, the Netherlands) with 
0 or 100 mg AMP-DNM/kg bodyweight (bw)/day mixed in the food. The study followed the 
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Dutch guidelines for the experimental animals use and was approved by the AMC Animal 
Experiments Committee.

Plasma and tissue sampling 
Blood samples were collected by either tail vein or retro orbital plexus puncture. A large 
blood sample was collected by cardiac puncture and plasma was stored at -20°C. The liver 
was quickly excised and weighed, and parts were either used directly, snap-frozen in liquid 
N2 and stored at -80°C, or fixed in 10% buffered formalin and embedded in paraffin for 
further analyses.

Analytical procedures
Blood glucose levels were determined in plasma of non-fasted animals using a hand-held 
Glucometer (Ascensia Elite, Bayer A.G., Leverkusen, Germany). Cholesterol and triglyc-
erides (TGs) in liver samples were determined using colorimetric enzymatic kit from 
Biolabo (Maizy, France). To correct the obtained lipid values for the amount of tissue, the 
protein content of the liver was measured using the BCA method (Pierce, Perbio Science 
Nederland BV, Etten-Leur, the Netherlands). HbA1c levels were measured using a single 
measurement A1C now device (Metrika, Sunnyvale, USA). Insulin levels were determined 
by ELISA (Crystal Chem Inc, USA). Oral Glucose Tolerance Tests (OGTT) was performed 
as described previously14. For the analysis of ceramide, glucosylceramide and gangliosides, 
the lipids from 50 µl plasma were extracted with 2 ml chloroform/ methanol (1:1, v/v) 
followed by deacylation in 500 μl 0.1 mol/L NaOH in methanol using a microwave oven 
(CEM microwave Solids/Moisture System SAM-155). The deacylated lipids were derivatised 
for 30 minutes with the addition of 25 μl O-phtaldehyde reagent to 50µl lipid mixture and 
separated with a high performance liquid chromatography (HPLC) method. Gangliosides 
were detected as recently described18 by analysis of the acidic glycolipid fraction obtained by 
the Folch extraction. In short, the upper-phase was desalted on a C18 Sep-Pak (Bakerbond) 
column and the eluted gangliosides were digested with ceramide glycanase. The released oli-
gosaccharides were labeled at their reducing end with the fluorescent compound anthranilic 
acid (2-aminobenzoic acid), prior to analysis using normal-phase HPLC.
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Histology
Paraffin sections were dewaxed and stained with hematoxylin and eosin (HE) for gen-
eral histology, with periodic acid-Schiff ’s reagent (PAS) to detect glycogen, or with 0.2% 
picro-sirius red (PSR) to detect fibrillar collagen. Cryostat liver sections were fixed in 10% 
formalin in saline, 0.1% CaCl2, 40 g/L dextran40 and stained with 0.3% Oil Red O in 60% 
isopropanol to detect neutral lipids.

Total RNA isolation, cRNA and cDNA synthesis, and mRNA expression
Total RNA was extracted from approximately 30 mg frozen tissues with TRIzol reagent 
(Invitrogen, Breda, The Netherlands) followed by LiCl precipitation, and further purified 
using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA; the manufacturer’s RNA Cleanup 
protocol was followed). Purified RNA concentration was measured on a NanoDrop ND-
1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, Delaware, USA) and the 
quality was assessed using the RNA 6000 Nano LabChip® Kit in an Agilent 2100 bioanalyzer 
(Agilent Technologies, Palo Alto, USA).
For cDNA synthesis, equal amounts of RNA were treated with RQ1 RNase-free DNase 
(1 units / 2 µg of total RNA, Promega, Leiden, The Netherlands) and reverse transcribed 
with SuperScript II Reverse Transcriptase and random hexamers (Invitrogen, Breda, The 
Netherlands) according to the protocols supplied by the manufacturer. Gene expression 
analysis was performed on a Bio-Rad MyiQ Single-Color Real-Time PCR Detection System 
by using the Bio-Rad iQ SYBR Green Supermix (Bio-Rad Laboratories Inc., Hercules, CA). 
PCR primers were designed on the basis of Primer Express 1.7 software with the manufac-
turer's default settings (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands) and 
validated for identical efficiencies using hypoxanthine-guanine phosphoribosyl transferase 

(HPRT), cyclophilin, and acidic ribosomal phosphoprotein P0 (36B4) as standard house-
keeping genes.
For microarray analysis, the starting amount of total RNA used for cRNA synthesis was 
500ng. The first and second strand synthesis, as well as in vitro transcription and cRNA pu-
rification were performed using Illumina® TotalPrep RNA Amplification Kit (Ambion Inc., 
Austin, Texas, USA) according to the protocol supplied by the manufacturer. The concentra-
tion and quality of cRNA were assessed the same way as of total RNA.
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Gene expression profiling and data analysis
Liver genome-wide gene expression profile was obtained using the Sentrix® Mouse-6 
Expression Beadchip (Illumina Inc., San Diego, CA, USA), containing > 47.000 50-mer 
oligonucleotide probes19. Five microarrays were used for each of the strains (lean and obese) 
and treatments (AMP-DNM and control diet) studied, summing up to 20. BeadStudio 
v2.2.22 (Illumina Inc, San Diego, CA, USA) was used for the scanned image processing, 
outlier removal, local background correction and summarization of multiple bead intensities 
per probe. The data were further background corrected; log transformed, and normalized 
using quantile normalization. To detect the differential gene expression, a moderated F-test 
was performed (to detect changes in more than one comparison), followed by a moder-
ated t-test applied to each comparison separately. Genes were considered significant if the 
P-values, adjusted for multiple testing by using Benjamini and Hochberg's method were 
<0.05. The false discovery rate was thereby controlled to be <5%. Pathway, network and 
gene-set enrichment analyses were applied, using the MetaCoreTM suit (version 4.7, build 
12996; GeneGo, Inc., St. Joseph, MI, USA)20.

Western blot
For western blot analysis, liver sections (10-15 mg) were pulverized under liquid nitrogen 
and the frozen powder was added to RIPA lysis buffer with protease inhibitors (Complete, 
Roche Molecular Biochemicals, Almere, Netherlands) and left to stand on ice for 30 minutes. 
Lysates were clarified by centrifugation (16, 000g for 10 minutes) and supernatants were 
collected and stored at -80°C. Equal amounts of protein (40 μg) were subjected to electro-
phoresis on 10% SDS-polyacrylamide gels and then transferred to nitrocellulose membranes 
(Protran BA, Whatman, Germany) using an electroblotting apparatus (Bio-Rad Laboratories, 
Hercules, CA). The blots were blocked in Starting Block buffer (Pierce, Rockford, IL) and in-
cubated with indicated antibodies diluted in block buffer containing 0.01% (v/v) Tween-20, 
overnight at 4ΊC. Blots were washed for 30 minutes in TBS (10 mM Tris-HCl (pH 8.0), 
150 mM NaCl) containing 0.05% (v/v) Tween-20. Proteins were detected with an infrared 
fluorescence detection system and secondary antibodies (Odyssey and IRDye 680 antibody, 
LI-COR Biosciences, Germany). The densitometric analysis of bands was performed with 
Image Quant software. To confirm equal protein loading and blotting, total protein on the 
blots was detected with a MemCode reversible protein stain kit (Pierce, Rockford, IL).
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Statistical analysis
A minimum of 5 animals per group was used and all measurements were performed in du-
plicate. Statistical significance of differences between groups was evaluated by ANOVA and 
Students t-test, and significance was set at P<0.05.

Results

AMP-DNM improves glucose homeostasis in ob/ob mice
C57BL/6J ob/ob mice were fed for 5 weeks with either standard AM-II chow or AM-II chow 
supplemented with 100 mg/kg bw/day AMP-DNM. Lean C57BL/6J mice were treated the 
same way and served as control groups. The compound was well tolerated and caused no 
overt side effects. As described previously16, AMP-DNM markedly reduced blood glucose, 
HbA1c and insulin levels and HOMA index in ob/ob mice (table 1). In lean mice blood 
glucose somewhat decreased with AMP-DNM treatment, but the effect was not significant 
and treatment did not result in hypoglycemia. Treatment with 100 mg/kg bw/day AMP-
DNM reduced total body weight gain by 16% and 5% in ob/ob and lean mice respectively. It 
is worth noting that a lower dose of 25 mg/kg bw/day AMP-DNM reduces plasma glucose 
and restores glucose tolerance in the absence of reduction of body weight gain14. AMP-DNM 
reduced plasma glycosphingolipid levels in both ob/ob and lean mice (GlcCer in ob/ob 
control 12.9±2.8 nmol/ml; ob/ob AMP-DNM 3.7±1.0; lean control 6.2±0.6; lean AMP-DNM 
2.9±0.6) (table 1) as well as liver glycosphingolipid levels (GlcCer in control ob/ob 55.8±11.0 
nmol/g wet weight; AMP-DNM 42.2±16.4). This was accompanied by increased insulin 
signaling in the liver at the level of Akt in AMP-DNM treated ob/ob mice (figure 1).

AMP-DNM decreases hepatic fat content
We next examined if the beneficial effects of AMP-DNM on glucose homeostasis influ-
enced liver morphology and fat content. Histology of ob/ob liver sections, stained with H&E 
(figure 2a) and Oil-Red-O (figure 2b), revealed extensive steatosis in the centrilobular area 
with hepatocytes containing micro- and macro lipid droplets. The liver weights of AMP-
DNM treated ob/ob mice were significantly lower (table 1) and histology showed a marked 
reduction in macrovesicular steatosis (figure 2b). Normal liver histology was not noticeably 
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Lean Ob/ob

General Vehicle AMP-DNM 
(100 mg/kg)

Vehicle AMP-DNM  
(100 mg/kg)

Body weight (g) at 
start of treatment 

23.2±0.9 24.1±1.4 32.9±1.9 33.6±1.7

Body weight (g) at 
end of treatment

28.3 ±2.5 27.4±2.1 49.0±2.3 42.7±2.3***

Liver weight (g) 1.4±0.1 1.5±0.1 4.5±0.5 2.5±0.4***

Liver weight/body 
weight (%)

5.0±0.1 5.6±0.2 9.1±0.3 6.0±0.3***

Lean Ob/ob

Metabolic 
parameters

Vehicle AMP-DNM 
(100 mg/kg)

Vehicle AMP-DNM  
(100 mg/kg)

Plasma insulin (ng/
ml)

0.8±0.2 N.M. 22.8±13.1 6.3±2.7**

Blood glucose fasted 
(mmol/L)

7.4±1.3 N.M. 10.1±1.8 7.3±0.7**

Blood glucose non-
fasted (mmol/L)

10.0±0.4 8.8±1.1 16.3±4.0 11.6±1.6*

HbA1C (%) 4.9±0.7 4.8±0.5 9.6±1.2 5.1±1.1***

HOMA index 6.0±2.0 N.M. 259±174 50±25**

Lean Ob/ob

Plasma lipids
(nmol/ml)

Vehicle AMP-DNM 
(100 mg/kg)

Vehicle AMP-DNM  
(100 mg/kg)

Ceramide 6.8±1.4 6.3±0.8 15.5±2.9 12.9±3.0

Glccer 6.2±0.6 2.9±0.6*** 12.9±2.8 3.7±1.0**

GM3 0.25±0.02 0.13±0.02*** 0.26±0.04 0.13±0.01**

GM2 0.63±0.01 0.53±0.44 1.8±0.4 1.2±1.2

GM2-GL 18.4±1.6 4.0±0.9*** 30.0±6.6 6.7±0.2**

Table 1 Plasma metabolic parameters and lipids of lean and ob/ob mice treated with 0 or 100 mg/kg AMP-

DNM mixed in the diet. Data are means ± SD. Lean or ob/ob mice were treated with 0 (vehicle) or 100 mg/kg/ 

day AMP-DNM mixed in the diet. Measurements were conducted after 5 weeks of treatment. AMP-DNM versus 

vehicle-treated mice. NM=not measured. * P<0.05 ** P<0.01 *** P<0.001 
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Fig 1

Figure 1 AMP-DNM increases insulin signaling. Ob/ob mice and lean controls (n=5 per group) were treated with 

0 or 100 mg/kg bw AMP-DNM mixed in the diet. After 5 weeks of treatment, animals were fasted for 4 hours and 

infused with vehicle (0.9% physiological salt solution) or insulin solution for 30 minutes in the bloodstream via the 

hepatic portal vein. Livers were harvested and the levels of Akt phosphorylation were detected using western blot 

analysis.

altered in lean mice that had received AMP-DNM (figure 2a). Biochemical analysis con-
firmed robust reductions of hepatic triglyceride in both ob/ob and lean mice treated with 
AMP-DNM (figure 2d). There was no effect on liver cholesterol content after AMP-DNM 
treatment in lean or ob/ob mice (figure 2e).

AMP-DNM inhibits hepatic lipogenic and glucose production pathways
We studied hepatic lipid metabolism to understand the molecular mechanism behind AMP-
DNM induced reduction of liver triglyceride content. The transcription factor SREBP1c 
is activated by insulin and enhances the transcription of genes required for fatty acid and 
triglyceride biosynthesis in the liver. In ob/ob mice, nuclear SREBP1c levels are extremely 
high and fatty acid synthesis is accelerated. We indeed found using RT-PCR that expression 
of SREBP1c and its target genes were up-regulated in the untreated ob/ob mice compared 
to untreated lean mice (figure 3a). Treatment with AMP-DNM had no effect on SREBP1c at 
the mRNA level. However, various lipogenic genes were down-regulated after AMP-DNM 
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Figure 2 AMP-DNM decreases hepatic fat content. Ob/ob mice and lean controls (n=5 per group) were treated 

with 0 or 100 mg/kg bw AMP-DNM mixed in the diet. After 5 weeks, livers were dissected and processed for histol-

ogy applying staining with either (A) hematoxylin and eosin or (B) Oil-Red-O or (C) periodic acid-Schiff (see inside 

book cover for a color version of this figure). Biochemical measurements of (D) total liver triglyceride and (E) total 

cholesterol levels. Data are shown as mean ± SEM (n=5 per group). Asterisk represents a significant difference 

(P<0.05) in lipid parameters between treatment groups and control group.
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Figure 3 AMP-DNM inhibits hepatic lipogenic and glucose production pathways. Total protein and RNA were 

extracted from frozen liver samples of ob/ob mice and lean controls (n=5 per group) treated with 0 or 100 mg/kg bw 

AMP-DNM for 5 weeks. (A) AMP-DNM reduced mRNA encoding enzymes involved in hepatic lipogenesis without 

changing SREBP1c mRNA. ATP CL=ATP citrate lyase; FAS=fatty acid synthase; SCD1= stearoyl-CoA desaturase 

1. (B) AMP-DNM reduced protein expression level of FAS. (C) AMP-DNM did not change the expression of genes 

involved in β-oxidation. CPT1a=carnitine palmitoyl transferase 1; LCAD=long-chain specific acyl-CoA dehydroge-

nase; PDK4=pyruvate dehydrogenase kinase, isoenzyme 4. (D) AMP-DNM reduced glucose-6-phosphatase mRNA. 

Data are shown as mean ± SEM (n=5 per group). Asterisk represents a significant difference in mRNA expression 

between untreated ob/ob mice compared to either lean controls or AMP-DNM treated ob/ob mice. * P<0.05 
** P<0.01 *** P<0.001
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treatment suggesting that SREBP1c activity was decreased (figure 3a). The change in mRNA 
level of FAS was also confirmed at the level of protein expression (figure 3b). The expres-
sion of PPAR-γ was increased in ob/ob mice compared to lean mice and was not corrected 
by AMP-DNM treatment. The expression of genes involved in fatty acid β-oxidation is 
known to be increased in ob/ob mice compared to lean mice21. Treatment with AMP-DNM 
did not further increase the expression of genes involved in β-oxidation, such as Pyruvate 
Dehydrogenase Kinase isoenzyme 4 (Pdk4), Carnitine Palmitoyl Transferase 1a (Cpt1a) and 
long-chain specific acyl-CoA dehydrogenase (Lcad)(figure 3c). AMP-DNM treatment sig-

Process and pathway Changed genes / total genes in pathway

Regulation of lipid metabolism

PPAR regulation of lipid metabolism 10/20

Regulation of fatty acid synthase activity in hepatocytes 8/16

G-alpha(q) regulation of lipid metabolism 10/23

Cell adhesion and cytoskeleton remodeling

Cell adhesion and ECM remodeling 21/51

Role of tetraspanins in the integrin-mediated cell adhesion 15/37

Endothelial cell contacts by non-junctional mechanisms 11/24

Immune response

Lipoxin inhibitory action on neutrophil migration 15/35

Lectin Induced complement pathway 15/38

Classic complement pathway 15/40

Carbohydrates metabolism

Glycolysis and gluconeogenesis 7/13

Vitamin and cofactor metabolism

Glutathione metabolism 15/39

Vitamin K metabolism 4/4

Other

dATP/dITP metabolism 21/54

(L)-selenoaminoacids incorporation 
in proteins during translation

16/38

Regulation of cell cycle 14/32

Table 2 The most affected differentially regulated pathways in livers of ob/ob mice in comparison with lean 

controls. The pathways are significantly differentially regulated (P<0.001), with the number of regulated genes and 

the total number of genes per pathway indicated.
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nificantly reduced the mRNA expression levels of glucose-6-phosphatase (G-6-P), confirm-
ing that glucose output from the liver is reduced (figure 3d). Glycogen content in livers from 
AMP-DNM treated ob/ob mice was increased compared to livers from untreated animals 
(figure 2c). Both reduced G-6-P expression and increased glycogen content are indicative of 
increased insulin signaling in the liver.

AMP-DNM corrects the gene expression profile in the ob/ob liver
To obtain a comprehensive picture of the total impact of AMP-DNM treatment, we com-
pared liver gene expression profiles using microarrays, of the lean and ob/ob mice fed by 
control, or AMP-DNM supplemented diet. A large number of genes (4013) was found to be 
significantly differentially regulated in ob/ob mice compared to lean animals on a con-
trol diet (adjusted P-value <0.05, fold change ≥ 1.4). Pathway analysis in MetaCoreTM suit 
revealed that these genes fell into numerous differentially expressed pathways, among which 
extracellular matrix remodeling, glucose, lipid and glutathione metabolism (top 15 pathways 
listed in table 2). As expected, numerous genes corresponded to those previously reported to 
be differentially regulated in ob/ob mice compared to lean22,23.
Treatment of ob/ob mice with AMP-DNM had a remarkable effect on total gene expres-
sion. We found that 81% of the 4013 differentially regulated genes were to a certain extent 
corrected towards the lean phenotype. Moreover, 45% (1459 genes) of them showed a 
complete correction in expression (figure 4). The pathways that were most corrected in gene 
expression are listed in table 3. Notably, they involve lipid and carbohydrate metabolism. 
Furthermore, pathways involved in cell adhesion, matrix remodeling, and inflammation and 
the immune system also belonged to the most corrected pathways (table 3). Pathways regu-
lated in lean animals treated with AMP-DNM were, not surprisingly, glutathione, choles-
terol and sphingolipid metabolism (data not shown). Expression changes in these pathways 
indicated enhanced detoxification, induced glycosphingolipid synthesis, and, as reported 
earlier24, increased cholesterol synthesis.

AMP-DNM reduces hepatic markers associated 
with matrix remodelling and inflammation
Matrix remodeling and immune responses belonged to the pathways most influenced by 
AMP-DNM treatment (table 3). This prompted us to look in detail at changes in expression 
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11 of these genes (differentially expressed genes involved in extracellular matrix remodeling 
and inflammation listed in table 4).
Interestingly, the expression level of almost all the genes involved in extracellular matrix ho-
meostasis corrected towards the lean phenotype by AMP-DNM treatment (apart from pro-
collagen type XXVII alpha 1, which was even more (down) regulated). The expression level 
of 9 out of 23 corrected genes did not differ from that in the lean animals. Of special interest 
was correction of collagens 1, 3 and 4, tissue inhibitor of metalloproteinase 1 (Timp1) and 
vinculin (Vcl), well known markers of fibrosis25,26. Picro-sirius red staining indeed showed 
slightly increased deposition of fibrillar collagens in the centrilobular area of ob/ob livers. 
Treatment of ob/ob mice with AMP-DNM largely normalized this pattern to that of control 
lean mice (data not shown).
Although the liver of ob/ob mice does not show a marked inflammatory phenotype27, a sig-
nificant increase in mRNA expression of several chemokines (monocyte-chemo attractant 
protein-1/ Mcp-1, Macrophage inflammatory protein-1α Mip-1α; Mip-1β) and their recep-
tors (chemokine-receptors 1 and 2) was observed in ob/ob mice livers compared to 
lean mice (table 4). We also found increased expression of several macrophage associated 

Figure 4 Gene expression changes induced by AMP-DNM. Diagram shows number of genes differentially 

expressed in the liver of obese mice in comparison to their lean counterparts. Genes that are not corrected by 

AMP-DNM treatment (ob/ob, dark grey box); genes corrected to a certain extent towards lean expression profile by 

AMP-DNM treatment (ob/ob+AMP-DNM; light grey box). The white area shows the number of genes completely 

corrected towards lean expression profile after treatment with AMP-DNM (P<0.05, fold change ≥ 1.4).

Not corrected

777 1777

Partially corrected

1459

Corrected

Not corrected
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Table 3 Top 15 corrected pathways in livers of ob/ob mice upon AMP-DNM treatment. The pathways are 

significantly differentially regulated (P<0.05), with the number of regulated genes and the total number of genes per 

pathway indicated.

Process and pathway Changed genes / total genes in pathway

Regulation of lipid metabolism

PPAR regulation of lipid metabolism 10/20

RXR-dependent regulation of lipid metabolism 
via PPAR, RAR and VDR

10/23

Triacylglycerol metabolism p.1 10/29

Cell adhesion and cytoskeleton remodeling

Cell adhesion and ECM remodeling 16/32

Cytoskeleton remodeling_Keratin filaments 14/36

Role of tetraspanins in the integrin-mediated cell adhesion 13/37

Gap junctions 9/22

Cell adhesion_Plasmin signaling 11/34

Immune response

Lipoxin inhibitory action on neutrophil migration 14/35

Carbohydrates metabolism

Glycolysis and gluconeogenesis p. 2 6/13

Vitamin and cofactor metabolism

Glutathione metabolism 12/39

Vitamin K metabolism 3/4

Other

Regulation of cell cycle 16/32

Development_VEGF signaling and activation 11/34

Transcription_CREB pathway 11/35

markers although the total number of macrophages did not differ between ob/ob and lean 
mice as indicated by the similar expression of F4/80, a macrophage specific marker (table 
4). This implies that the resident liver cells are the source of these cytokines. Treatment with 
AMP-DNM normalized the expression of the above mentioned chemokines and macro-
phage associated markers such as CD11c, osteopontin and YM1 (table 4).
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Table 4  Differentially expressed genes involved in extracellular matrix remodeling and inflammation. Data 

represent gene expression levels in ob/ob mice versus lean and in AMP-DNM treated ob/ob mice versus lean. 
* P<0.05 ** P<0.01 *** P<0.001

Extracellular matrix remodeling Fold change in gene expression

Symbol Gene name Ob/ob control
lean control

Ob/ob AMP-DNM
lean control

Col1a1 procollagen, type I, alpha 1 9.35* 3.05*

Col1a2 procollagen, type I, alpha 2 2.80* 1.34

Col3a1 procollagen, type III, alpha 1 6.39* 1.49

Col4a1 procollagen, type IV, alpha 1 2.31* 1.43

Col4a2 procollagen, type IV, alpha 2 1.93* 1.24

Col4a5 procollagen, type IV, alpha 5 2.13* 1.92

Col5a1 procollagen, type V, alpha 1 2.16* 1.06

Col6a1 procollagen, type VI, alpha 1 1.81* 1.11

Col6a1 procollagen, type VI, alpha 1 2.01* 1.17

Col12a1 procollagen, type XII, alpha 1 3.30* 2.45*

Col15a1 procollagen, type XV 2.72* 1.79

Col16a1 procollagen, type XVI, alpha 1 1.69* -1.07

Col20a1 collagen, type XX, alpha 1 1.99* -1.80*

Col27a1 procollagen, type XXVII, alpha 1 -2.15* -2.81*

Mmp12 matrix metalloproteinase 12 57.73* 31.90*

Mmp13 matrix metalloproteinase 13 20.53* 9.12*

Mmp15 matrix metalloproteinase 15 -1.63* -1.51*

Mmp23 matrix metalloproteinase 23 1.89* 1.24

Mmp24 matrix metalloproteinase 24 3.20* 1.81

Mmp24 matrix metalloproteinase 24 2.36* 1.69*

Mmp24 matrix metalloproteinase 24 -1.60* -1.21

Plat plasminogen activator, tissue 7.47* 2.54*

Timp1 tissue inhibitor of metalloproteinase 1 4.70* 2.17*

Vcl vinculin 1.45* 1.06
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Discussion

Previously we14 and others14 have shown that inhibition of glycosphingolipid synthesis has 
a beneficial effect on hepatic and peripheral insulin sensitivity in various rodent models of 
insulin resistance and type II diabetes. Now we show that in addition to the favorable effects 
on peripheral glucose uptake and gluconeogenesis, very prominent changes in liver occur. 
AMP-DNM treatment results in near correction of liver weight together with normalization 
in mRNA expression of a multitude of genes involved in metabolism, matrix remodeling 
and inflammation. Fatty acid synthesis in the liver is decreased and excessive triglyceride 
content is reduced. In particular, the development of abundant steatosis in the centrilobular 
area is markedly prevented concurrent with normalization of glycogen storage in livers of 
treated animals.
The storage of triglycerides in liver is not toxic per se and protects the organ from FFA over-
load. Steatosis progresses to NASH when the adaptive mechanisms that normally protect 
hepatocytes from fatty acid-mediated lipotoxicity become exhausted. This process triggers 
responses, which involve the activation of hepatic stellate cells and finally the production of 
chemokines by myofibroblasts that attract various kinds of inflammatory cells to the liver. In 
liver of ob/ob mice, triglyceride storage is quite striking. However, due to the lack of leptin 

Inflammation Fold change in gene expression

Symbol Gene name Ob/ob control
lean control

Ob/ob AMP-DNM
lean control

F4/80 Cell surface glycoprotein F4/80 0.94 0.67

Mcp-1 monocyte-chemo attractant protein-1 3.27* 1.84

MIP1α Macrophage inflammatory protein-1α 3.78* 1.13

MIP1β Macrophage inflammatory protein-1β 2.75* 1.38

Ccr1 chemokine-receptor 1 4.81* 2.15*

Ccr2 chemokine-receptor 2 2.52* 0.73

CD11c Integrin alpha-X 4.26* 1.48

YM1 Chitinase-3-like protein 3 5.34* 1.62

OPN osteopontin 25.36* 8.00*

Table 4 (continued) Differentially expressed genes involved in extracellular matrix remodeling and inflammation. 

Data represent gene expression levels in ob/ob mice versus lean and in AMP-DNM treated ob/ob mice versus lean. 
* P<0.05 ** P<0.01 *** P<0.001
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in these mice, full activation of stellate cells does not occur, thereby preventing development 
of steatohepatitis and frank fibrosis28,29. In accordance, αSMA positive stellate cells were not 
observed in livers from ob/ob mice (data not shown). We did note, however, slightly in-
creased picro-sirius red staining in the centrilobular area of livers of ob/ob mice which was 
absent in livers of ob/ob mice treated with AMP-DNM. Immunohistology for collagen type I 
confirmed this observation (data not shown). Gene expression analysis using a micro-array 
approach showed that pathways involved in inflammation and matrix remodeling where 
activated in ob/ob mouse livers compared to lean mice, indicating a slightly inflammatory 
profile in the livers of ob/ob mice. We did not detect an increased number of macrophages in 
the ob/ob mice livers by looking at F4/80 expression, suggesting that there was no recruit-
ment of inflammatory macrophages towards the liver. Interestingly, markers generally 
associated with activated macrophages, such as YM1 were elevated in ob/ob mouse liver and 
most likely originated from endogenous sources such as the Kupffer cells. In addition, it was 
found that CD11c, one of the defining markers of inflammatory macrophages in adipose tis-
sue, was highly expressed in ob/ob mouse liver. Treatment with AMP-DNM normalized the 
expression of these markers. This indicates that despite the fact that the ob/ob mouse liver is 
not truly inflamed or fibrotic, its inflammatory profile is corrected by AMP-DNM treatment. 
This is in line with the earlier reported anti-inflammatory capacity of AMP-DNM30,16. This 
finding is of particular interest since inflammation is considered to be a contributing factor 
to the development of insulin resistance and obesity-related liver injury31,32.
The metabolic changes by which AMP-DNM exerts its beneficial effect on the fatty liver of 
ob/ob mice warrant discussion. We hypothesized that restoring insulin sensitivity in ob/ob 
mice by AMP-DNM treatment breaks the vicious cycle of insulin resistance and increased 
lipogenesis in the liver. The hepatic steatosis found in ob/ob mice is mostly attributable to 
excessive de novo lipogenesis driven by high levels of insulin33. Reducing glycosphingolipids 
with AMP-DNM restored insulin signaling in various organs of the ob/ob mice, including 
the liver. Circulating insulin was markedly lower in AMP-DNM treated ob/ob mice, reflect-
ing their overall improved insulin sensitivity. The observed reduction in expression of genes 
involved in fatty acid synthesis is likely a direct consequence of the reduced insulin concen-
tration in the AMP-DNM treated mice.
Next to metabolic corrections in the liver and local reduction of inflammation, other fac-
tors might contribute to the improvement in the steatotic liver of AMP-DNM treated ob/
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ob mice. We recently reported that AMP-DNM treatment enhances adipocyte function and 
reduces inflammation in adipose tissue of ob/ob mice16. As a result of the improved adipose 
tissue function imposed by AMP-DNM, less inflammatory mediators as well as FFA are 
released in the circulation. Other organs, such as the liver, might profit from this. In the 
same study, AMP-treatment was found to increase production of adiponectin by adipose 
tissue. This adipokine, reported to be reduced in patients with obesity, insulin resistance, and 
cardiovascular disease34, is known to exert a beneficial, insulin-sensitizing effect on various 
tissues. Furthermore, hypoadiponectinemia is a feature of NASH, independent of insulin 
resistance35. Importantly, recent studies show that adiponectin also protects against alcoholic 
liver disease by enhancing fat oxidation, reducing lipid synthesis and prevention of hepatic 
steatosis36. Corrections in adiponectin levels induced by AMP-treatment of ob/ob mice 
might contribute to the marked improvements in liver of treated animals.
Our present study and earlier investigations in rodent models, shed light on the therapeutic 
potential of AMP-DNM for type II diabetes and hepatic steatosis. It is well documented that 
in diabetic subjects de novo lipogenesis is elevated despite insulin resistance in the gluconeo-
genesis pathway. The precise cause of this selective hepatic insulin resistance remains still an 
enigma7. The noted ability of AMP-DNM to increase insulin sensitivity and concomitantly 
reduce lipogenesis in ob/ob mice is therefore of particular interest.
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Abstract

Objectives and background
Obesity and its associated conditions such as insulin resistance and type II diabetes are a 
major cause of morbidity and mortality. Crucial in the treatment of obesity-associated pa-
thology is enhancement of insulin sensitivity, which leads to improved nutrient homeostasis. 
The iminosugar AMP-DNM has been shown to improve insulin sensitivity in rodent models 
for insulin resistance and type II diabetes by lowering glycosphingolipid levels. In the cur-
rent study we characterized the impact of AMP-DNM on metabolic parameters in ob/ob 
mice, by measuring substrate oxidation patterns, food intake and body weight gain.

Results
Eight mice treated with 100 mg/kg/day AMP-DNM mixed in the food and eight control 
mice were placed in metabolic cages during the first, third and fifth week of the experiment 
for measurement of substrate oxidation rates, energy expenditure, activity and food intake. 
Treatment initiation resulted in a rapid increase in fat oxidation, decrease in carbohydrate 
oxidation and a reduction in food intake as well as energy expenditure. Mice were sacrificed 
at day 37 of the experiment. In liver of AMP-DNM treated animals triglyceride content was 
markedly decreased and, in line with the elevated fat oxidation rate, CPT-1a expression was 
increased. In a second more acute experiment, four hours after administration of 100 mg/
kg AMP-DNM to ob/ob mice no changes were detected in plasma metabolic parameters but 
immunohistochemical analysis of the brain showed activation of the arcuate nucleus and 
lateral hypothalamus, both regions known to be involved in the regulation of food intake.

Conclusions
Treatment with AMP-DNM rapidly increases fat oxidation, decrease carbohydrate oxidation, 
and reduces food intake. These features of AMP-DNM, together with its insulin-sensitizing 
capacity, makes it an attractive candidate drug for the treatment of obesity and its associated 
metabolic derangements.
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Introduction

As the incidence of obesity and its associated morbidities, such as type II diabetes, increases, 
the search for new treatment modalities to combat these conditions continues.
Decreasing caloric intake and increasing the amount of physical activity have been shown 
effective in improving obesity, hypertension, insulin resistance and dyslipidemia1-4. However, 
the positive effect of dietary and life style interventions is often short lasted, due to the fact 
that permanent changes in life style and diet are hard to achieve5,6. Moreover, weight reduc-
tion obtained by low caloric diets induces adaptations in energy metabolism, resulting in a 
lower resting energy expenditure7,8. If caloric intake is subsequently increased again, fat mass 
may rapidly increase9,10. The emphasis in the treatment of those patients that fail to acquire 
or maintain weight loss should therefore be on pharmacological interventions, aimed at 
weight loss or the reduction of obesity-associated pathologies. 
An important link between obesity and its associated pathology is diminished responsive-
ness to insulin. Insulin resistance leads to impaired glucose and fat homeostasis and results 
in damage of organs such as the liver and pancreas due to exposure to inappropriately high 
insulin, glucose and fatty acid concentrations11,12. Moreover, obesity may have an effect on 
substrate oxidation patterns. In lean individuals, glucose is preferentially oxidized in the fed 
state and fat in the fasted state. This ability to switch between substrates, depending on their 
availability, is referred to as metabolic flexibility and this flexibility is impaired in the obese, 
insulin resistant state13. Reduced fat oxidation adds to fat accumulation in for example the 
liver, further reducing insulin sensitivity14. Improving insulin sensitivity is therefore essential 
for reduction of the negative consequences of obesity.
Lipid accumulation results in reduced responsiveness to insulin by the formation of specific 
lipid metabolites that interfere with insulin signaling15. Sphingolipids are one class of lipids 
involved in the induction of insulin resistance. The most simple sphingolipid, ceramide is 
formed from palmitoyl-CoA and serine by the enzyme serine-palmitoyltransferase and 
the availability of palmitoyl-CoA is rate limiting for ceramide synthesis16. From ceramide, 
glycosphingolipids and subsequently the more complex gangliosides can be formed. The in-
creased availability of the free fatty acid palmitate and the low grade inflammation in obesity 
results in an enhanced synthesis of sphingolipids and gangliosides17,18. Ceramide interferes 
with insulin signaling at the level of PKB-Akt, reducing the metabolic actions of insulin17. 
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The ganglioside GM3, when present in abundance, is thought to hamper phosphorylation of 
the insulin receptor, resulting in reduced responsiveness to insulin19,20. 
Inhibition of sphingolipid synthesis, either at the level of ceramide or glucosylceramide, 
restores insulin sensitivity in mouse models for insulin resistance and type II diabetes21-23. 
The iminosugar N-(5-adamantane-1-yl-methoxy-pentyl)-deoxynojirimycin (AMP-DNM) 
reduces glucosylceramide and subsequent ganglioside synthesis and is known to improve 
both peripheral and hepatic insulin sensitivity21. Succeeding studies showed that this drug 
also improves adipocyte function, reduces inflammation and ameliorates hepatic steatosis 
in insulin resistant genetically obese ob/ob mice24,25. In these studies, a reduction in body 
weight gain upon treatment with a relatively high dose of a 100 mg/kg/day AMP-DNM was 
noted24,25. The cause of this reduced body weight gain and the course of the metabolic effects 
of AMP-DNM administration in time has not been reported so far. To monitor the kinetics 
of the effect of AMP-DNM on metabolism in ob/ob mice we have now performed an investi-
gation using a setup of computerized metabolic cages, which allows in depth analysis of the 
effects of the drug on substrate oxidation, food intake, energy homeostasis and activity. In 
this study we show that treatment with AMP-DNM rapidly increases fat oxidation, reduces 
carbohydrate oxidation and decreases food intake. The latter effect results in a sustained 
lower body weight in the AMP-DNM treated animals. 

Methods

Animals, diets and indirect calorimetry
Experiments were all approved by the ethics committee for animal experiments of the 
Academic Medical Center or Leiden University Medical Center. Leptin deficient ob/ob 
mice (C57Bl/6J background), 6 weeks old, were purchased from Charles River Laboratories 
(Maastricht, the Netherlands). Before start of the experiments, the animals were housed in 
a temperature controlled room on a 12:12-h light-dark cycle for two weeks. They were fed 
ad libitum with rodent AM-II chow (Arie Blok Diervoeders, Woerden, the Netherlands), 
containing 24.8% crude protein, 6.6% crude fat (0.018% wt/wt cholesterol), 3.6% crude 
fiber and 4.5% minerals. In the first experiment 16 mice were subjected to individual indi-
rect calorimetry measurements (Comprehensive Laboratory Animal Monitoring System, 
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Columbus Instruments, Columbus Ohio, US) for four consecutive days during week 1, 3 and 
5 of the experiment. A period of 24 hours was included at the start of the experiment to al-
low acclimatization of the animals to the cages and the single housing. In the first week, after 
38 hours of basal measurements, 8 mice were switched to food containing AMP-DNM at a 
dose of approximately 100 mg/kg body weight/day. Analyzed parameters included real time 
food intake and activity. Oxygen consumption (VO2) and carbon dioxide production rates 
(VCO2) were recorded at 7 minute intervals. Respiratory exchange rates (RER) as a measure 
for metabolic substrate choice as well as quantitative analysis of fat and carbohydrate oxida-
tion were calculated using the following formulas (with VO2 and VCO2 in ml/hr):
RER = VCO2/VO2 
Fat oxidation (kcal/hr)=(((1.695*VO2) - (1.701*VCO2))*9)/1000   
Carbohydrate oxidation (kcal/hr)=(((4.585*VCO2) - (3.226*VO2))*4)/1000  
Total energy expenditure was calculated as the sum of carbohydrate and fat acid oxidation. 
Body weight was measured at the beginning of the first, third and fifth week and at the 
end of the experiment. Temperature was measured rectally and blood glucose concentra-
tion was determined with a hand held meter (Accu-Check, Roche Diagnostics, Mannheim, 
Germany) at the end of the first, third and fifth week upon exiting the metabolic cages. On 
day 37 (week 6), mice were weighed and blood glucose and HbA1C concentrations (A1Cnow, 
Metrika Inc, Sunnyvale, CA) were determined. Subsequently mice were fasted for four 
hours and anesthetized by ip injection with a combination of 6.25 mg/kg acetylpromazine 
(Sanofi Santé Nutrition Animale, Libourne Cedex, France) 6.25 mg/kg midazolam (Roche, 
Mijdrecht, The Netherlands), and 0.3125 mg/kg fentanyl (Janssen-Cilag, Tilburg, The 
Netherlands). Tissues were quickly removed and immediately placed in liquid N2 and stored 
at -80°C until further analysis. EDTA plasma was stored at -20ºC.
In the second experiment 12 ob/ob mice were fasted for 4 hours. Next, a single dose of 100 
mg/kg body weight AMP-DNM was administered to 6 mice by gavage. Six control mice re-
ceived vehicle (water) by gavage. Four hours later, mice were anesthetized and blood and tis-
sues were handled as in the first experiment. The mice brains were removed and immersion 
fixed with 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4) at 4°C. For cryopro-
tection the brain tissue was equilibrated for 48hrs with 30% sucrose in 0.1M Tris-buffered 
saline (TBS) before sectioning. Thereafter, the brain tissue was cut into 30 μm sections and 
divided into two equal vials for immunocytochemical staining.



163

Plasma and tissue biochemical analysis
Plasma insulin concentrations were determined by ELISA (Crystal Chem Inc, USA). 
Colorimetric enzymatic kits were used for the measurements of plasma and liver triglyc-
eride concentrations (Human, Wiesbaden, Germany) and plasma free fatty acid (FFA) 
concentrations (Wako Chemicals GmbH, Neuss, Germany). To correlate liver lipid values, 
the protein content of the liver was measured using the BCA method (Pierce, Perbio Science, 
Etten-Leur, the Netherlands).
For the analysis of ceramide and glucosylceramide, lipids from 50 µl of 4 times diluted liver 
homogenate were extracted according to Folch, followed by deacylation in 500 μl 0.1 mol/L 
NaOH in methanol using a microwave oven (CEM microwave Solids/Moisture System 
SAM-155). The deacylated lipids were derivatised with O-phtaldehyde reagent and separated 
using the high performance liquid chromatography (HPLC) method as described earlier26.
Part of the EDTA blood from the second experiment was directly mixed with 1M per-
chloric acid and stored on ice for at least 10 minutes. After centrifugation the supernatant 
was neutralized using 2M KOH, 0.5M 2-(N-morpholino)ethanesulfonic acid. Metabolite 
concentrations were measured in the neutralized supernatant after removal of KClO4. Blood 
glucose was measured using hexokinase and glucose-6-phosphate dehydrogenase. Pyruvate 
was measured using lactate dehydrogenase. For lactate, we used lactate dehydrogenase and 
glutamate pyruvate transaminase. Beta-hydroxybutyrate was measured using beta-hydroxy-
butyrate dehydrogenase.

Gene expression in liver and muscle
Total RNA was extracted from approximately 50 mg frozen tissues using Trizol reagent 
(Invitrogen, Breda, the Netherlands). For cDNA synthesis RNA was treated with RQ1 
RNase-free DNase (Promega, Leiden, The Netherlands) and reverse transcribed with 
SuperScript II Reverse Transcriptase and random hexamers (Invitrogen, Breda, The 
Netherlands). The real time PCR measurement of individual cDNAs was performed on a 
Bio-Rad MyiQ Single-Color Real-Time PCR Detection System using the Bio-Rad iQ SYBR 
Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA). PCR primers were designed 
on the basis of Primer Express 1.7 software (Applied Biosystems, Nieuwerkerk a/d IJssel, the 
Netherlands). The expression data were normalized by calculating the ratio with cyclophilin 
B (Ppib), a housekeeping gene.
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Immunohistochemistry
The two vials of brain sections were incubated overnight at 4°C with either goat anti-Fos 
(1:1500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) for the single Fos staining, or goat 
anti-Fos and rabbit anti-orexin or rabbit anti-MCH primary antibodies (1:2000; Phoenix 
Pharmaceuticals, Belmont, CA) for orexin/Fos or MCH/Fos double stainings. Sections were 
then rinsed in 0.1M TBS, incubated 1 hour in biotinylated horse anti-goat IgG, and then 
1 hour in avidin–biotin complex (ABC, Vector Laboratories, Inc., Burlingame, CA). The 
reaction product was visualized by incubation in 1% diaminobenzidine (DAB) with 0.01% 
hydrogen peroxide for 5-7 minutes. Nickel ammonium sulphate (0.05%) was added to the 
DAB solution to darken the reaction product (DAB/Ni). For double stainings, after Fos im-
munostaining, sections were rinsed in 0.1M TBS, incubated 1 hour in biotinylated goat anti-
rabbit IgG, and then 1 hour in ABC. This reaction product was visualized by DAB staining 
only. All sections were mounted on gelatine-coated glass slides, dried, run through ethanol 
and xylene and covered for observation by light microscopy.

Statistical analysis
Data are represented as mean±sd. Statistical analysis for the metabolic cage data were 
performed on 12 hour averages per parameter, based on the light-dark cycle, apart from 
total accumulated food intake. Diurnal data were generated during the light period between 
07:00 and 19:00 and nocturnal data were generated during the dark period between 19:00 
and 07:00. Normality checks were performed and in case of normal distribution of the data, 
comparisons were made using unpaired t-tests. In all other cases Mann-Whitney tests were 
used. Significance was set at p<0.05. 

Results

Exposure to AMP-DNM rapidly increases fat oxidation 
and decreases carbohydrate oxidation
Leptin-deficient ob/ob mice (n=8) were exposed to 100 mg AMP-DNM/kg bodyweight/day 
mixed in food for 5 weeks. Parallel, control ob/ob mice (n=8) received identical food without 
AMP-DNM. In accordance with earlier studies, AMP-DNM was well tolerated and caused 
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no overt side effects. Prior to treatment initiation, respiratory exchange ratio (RER), carbo-
hydrate and fatty acid oxidation rates, energy expenditure (figure 1) and food intake (not 
shown) were comparable in both groups. 
Exposure to AMP-DNM rapidly and significantly decreased the RER (nocturnal: AMP-
DNM 0.88±0.07 vs control 0.95±0.05, p=0.03; diurnal: AMP-DNM 0.84±0.08 vs control 
0.92±0.06, p=0.04), indicating an increase in fat to carbohydrate oxidation ratio (figure 1a, 
table 1). During the first two days of exposure to AMP-DNM, total fat oxidation was higher 
in AMP-DNM treated animals, both during the nocturnal period (AMP-DNM 0.16±0.09 vs 
control 0.07±0.06 kcal/hr, p=0.05) and the diurnal period (AMP-DNM 0.19±0.10 vs control 
0.10±0.08 kcal/hr, p=0.08) (figure 1b, table 1). The high fat oxidation rate in the treated 
animals was maintained during the third (nocturnal: AMP-DNM 0.18±0.0 kcal/hr; diurnal: 
AMP-DNM 0.19±0.06) and fifth week (nocturnal: AMP-DNM 0.15±0.06 kcal/hr; diurnal: 
AMP-DNM 0.16±0.05) of treatment (table 1). 
Carbohydrate oxidation was markedly lower in AMP-DNM treated animals during the first 
(nocturnal: AMP-DNM 0.28±0.12 vs control 0.43±0.08 kcal/hr, p=0.01; diurnal: AMP-DNM 
0.20±0.34 vs control 0.34±0.09 kcal/hr, p=0.01) and third week (nocturnal: AMP-DNM 
0.26±0.07 vs control 0.42±0.08 kcal/hr, p=0.01; diurnal: AMP-DNM 0.20±0.08 vs control 
0.39±0.08 kcal/hr, p<0.01) of the experiment (figure 1c and table 1).
During the fifth week of the experiment, differences in substrate oxidation rates between the 
treated and control animals were no longer detectable. Nocturnal and diurnal RER did not 
differ significantly between treated and control animals (nocturnal: AMP-DNM 0.86±0.05 
vs control 0.87±0.04, p=1.00; diurnal: AMP-DNM 0.90±0.04 vs control 0.90±0.04, p=0.73) 
and absolute fat oxidation and glucose oxidation rates were similar in both groups (table 1). 
This was due to an increase in the fat oxidation rate in untreated animals and an increase 
in glucose oxidation rate in the AMP-DNM treated animals between week 3 and 5 of the 
experiment. From two weeks of treatment onwards, non-fasted plasma glucose levels were 
significantly lower in the AMP-DNM treated animals. The improved glucose homeostasis 
was reflected in lower glycated haemoglobin (HbA1C) concentrations in the treated animals 
(table 3).
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Figure 1 Exposure to AMP-DNM leads to rapid changes in metabolic substrate selection and total energy ex-

penditure. Vertical dotted lines in all first four graphs indicate start of treatment. Grey areas represent the dark (12 

hrs) and white areas the light periods (12 hrs). AMP-DNM exposed animals (dotted line) have an increased fat to 

carbohydrate oxidation ratio (A). Absolute fat oxidation (B) is higher and absolute carbohydrate oxidation (C) and 

energy expenditure (C) lower in the AMP-DNM fed animals in both the dark and light periods. RER=Respiratory 

Exchange Ratio, Carb oxidation=Carbohydrate oxidation.
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Week 1 AMP-DNM Control P

RER  nocturnal 0.88±0.07 0.95±0.05 0.03

RER  diurnal 0.84±0.08 0.92±0.06 0.04

Fat oxidation nocturnal (kcal/h) 0.16±0.09 0.07±0.06 0.05

Fat oxidation diurnal (kcal/h) 0.19±0.095 0.10±0.08 0.08

Glucose oxidation nocturnal (kcal/h) 0.28±0.12 0.43±0.08 0.01

Glucose oxidation diurnal (kcal/h) 0.20±0.10 0.34±0.09 0.01

Energy expenditure nocturnal (kcal/h) 0.44±0.06 0.50±0.05 0.03

Energy expenditure diurnal (kcal/h) 0.45±0.04 0.39±0.05 0.02

Food intake (g in 48 h) 8.02±0.61 10.87±1.47 <0.01

Week 3 AMP-DNM Control P

RER  nocturnal 0.84±0.05 0.93±0.05 <0.01

RER  diurnal 0.86±0.04 0.93±0.05 <0.01

Fat oxidation nocturnal (kcal/h) 0.18±0.0 0.10±0.07 0.01

Fat oxidation diurnal (kcal/h) 0.19±0.06 0.10±0.07 0.02

Glucose oxidation nocturnal (kcal/h) 0.26±0.07 0.42±0.08 <0.01

Glucose oxidation diurnal (kcal/h) 0.20±0.08 0.39±0.08 <0.01

Energy expenditure nocturnal (kcal/h) 0.43±0.06 0.52±0.04 <0.01

Energy expenditure diurnal (kcal/h) 0.40±0.07 0.45±0.03 <0.01

Food intake (g in 48 h) 8.07±1.18 11.83±1.08 <0.01

Week 5 AMP-DNM Control P

RER  nocturnal 0.86±0.05 0.87±0.04 1.00

RER  diurnal 0.90±0.04 0.90±0.04 0.73

Fat oxidation nocturnal (kcal/h) 0.15±0.06 0.17±0.07 0.59

Fat oxidation diurnal (kcal/h) 0.16±0.05 0.20±0.07 0.24

Glucose oxidation nocturnal (kcal/h) 0.37±0.09 0.43±0.10 0.24

Glucose oxidation diurnal (kcal/h) 0.25±0.08 0.34±0.09 0.08

Energy expenditure nocturnal (kcal/h) 0.52±0.08 0.60±0.05 0.02

Energy expenditure diurnal (kcal/h) 0.41±0.08 0.54±0.05 <0.01

Food intake (g in 48 h) 8.39±1.13 9.88±1.72 0.04

Table 1 Substrate oxidation rates, energy expenditure and food intake during 5 weeks of AMP-DNM treatment. 

Values are presented as mean ± SD for eight mice in each group. RER=Respiratory Exchange Ratio. Values for food 

intake are the total grams of food consumed during the final 48 hours of each period in the metabolic cages. RER, 

glucose and fat oxidation rates and energy expenditure are the mean values of all measurements during either the 

nocturnal or the diurnal periods in the metabolic cages in which the mice were exposed to AMP-DNM.
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Exposure to AMP-DNM decreases food intake and total energy expenditure 
Concomitant with the changes in substrate oxidation patterns, food intake started to 
decrease after treatment initiation (table 1). Total caloric intake was significantly lower in 
treated compared to control animals in the first (calories consumed during 48 hrs: AMP-
DNM 8.0±0.6 vs control 10.9±1.5 kcal/hr, p<0.01), third (calories consumed during 48 hrs: 
AMP-DNM 8.1±1.2 vs control 11.8±1.1 kcal/hr, p<0.01) and the fifth week of treatment 
(calories consumed during 48 hrs: AMP-DNM 8.4±1.1 vs control 9.9±1.7 kcal/hr, p0.04) 
(table 1). 
Total energy expenditure was lower in treated animals during the first (nocturnal: AMP-
DNM 0.44±0.06 vs control 0.50±0.05 kcal/hr, p=0.03; diurnal: AMP-DNM 0.45±0.04 vs con-
trol 0.39±0.05 kcal/hr, p=0.02), third (nocturnal: AMP-DNM 0.43±0.06 vs control 0.52±0.05 
kcal/hr, p<0.01; diurnal AMP-DNM 0.40±0.07 vs control 0.45±0.03 kcal/hr, p<0.01) and fifth 
week of treatment (nocturnal: AMP-DNM 0.52±0.08 vs control 0.60±0.05 kcal/hr, p=0.02; 
diurnal: AMP-DNM 0.41±0.08 vs control 0.54±0.05 kcal/hr, p<0.01)(table 1). Activity did 
not differ between the treatment groups at any point during the whole experiment (data not 
shown). Lower body weight gain in the treated animals was noted during the first two weeks 
(gain as percentage of initial body weight: AMP-DNM 5.0±5.3 vs control 14.1±1.6%, p=0.00) 
and the second two weeks of treatment (table 2). This had not yet resulted in a significantly 
lower body weight at the beginning of the third week of treatment, probably due to a slightly 
higher body weight in the treated group at the start of the experiment (table 2). At the begin-
ning of the fifth week (table 2) and at the end of the experiment (day 37: AMP-DNM 46.2 vs 
control 51.3 gram, p=0.01) body weight was significantly lower in the treated animals. 
Temperature did not differ significantly between both groups after 48 hours of treatment, 
but at the end of both the third and fifth week of treatment, it tended to be lower in the 
AMP-DNM treated animals (table 2). 

Treatment with AMP-DNM results in upregulation in 
beta-oxidation genes in liver and reduction hepatic fat content
Given the finding of an increased fat oxidation rate in AMP-DNM treated ob/ob mice, we 
decided to study the expression of genes involved in fatty acid oxidation (CPT-1a, LCAD, 
PDK-4) in liver and muscle and the effects of treatment on liver lipid content. Mice were 
sacrificed after five weeks of treatment with AMP-DNM. We found increased hepatic 
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Table 3 Metabolic blood/plasma parameters during AMP-DNM treatment. Values are presented as mean ± SD 

for eight mice in each group. Glucose values at week 1,3,5 and 6 were measured in non-fasted animals. All other 

parameters at week 6 were measured after 4 hour fasting.

Blood parameters week 1, 3 and 5 Ob/ob  AMP-DNM Ob/ob control P

Glucose week 1 (mmol/L) 13.9±5.2 19.5±8.6 0.14

Glucose week 3 (mmol/L) 6.8±1.2 10.8±3.7 0.01

Glucose week 5 (mmol/L) 6.5±2.0 12.6±5.1 0.00

Blood/plasma parameters week 6 Ob/ob  AMP-DNM Ob/ob control P

Glucose (mmol/L) 6.9±1.1 10.9±2.3 0.00

Insulin (mg/ml) 7.8±2.6 9.7±3.4 0.22

HbA1C (%) 4.3±0.3 6.1±0.7 <0.00

Triglycerides (mmol/L) 0.85±0.22 0.62±0.11 0.02

FFA (mmol/L) 1.2±0.20 0.66±0.10 <0.00

Week 1 AMP-DNM Control P

Weight (g) 41.0±2.4 39.9±2.1 0.33

Temperature (°C) 33.8±3.8 36.8±1.6 0.13

Week 3 AMP-DNM Control P

Weight (g) 43.5±2.8 45.5±2.3 0.14

Body weight gain (g)≠ 2.1±2.3 5.6±0.6 <0.01

Percentage body weight gain (%)≠ 5.0±5.3 14.1±1.6 <0.01

Temperature (°C) 36.0±0.5 37.1±0.7 <0.01

Week 5 AMP-DNM Control P

Weight (g) 44.3±3.3 49.5±3.0 <0.01

Body weight gain (g)≠ 3.0±3.1 9.7±2.3 <0.01

Percentage body weight gain (%)≠ 7.1±6.8 24.2±4.0 <0.01

Temperature (°C) 32.5±3.7 36.5±0.8 <0.01

Table 2 Body weight, body weight gain and temperature during AMP-DNM treatment. Values are presented as 

mean ± SD for eight mice in each group. ≠ Body weight gain and percentage body weight gain compared to initial 

body weight at the start of the experiment.
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expression of carnitine palmitoyl transferase-1a (CPT-1a, AMP-DNM 0.36±0.13 vs control 
0.12±0.06, p<0.01) (figure 2d), which is in line with the increased fatty acids oxidation rates. 
Expression of LCAD and PDK4 in liver was not significantly changed (figures 2e and 2f). 
Expression of the examined fatty acid oxidation genes in muscle was not changed after 
five weeks of AMP-DNM treatment (CPT-1a; AMP-DNM 0.15±0.03 vs control 0.23±0.10 
p=0.09, LCAD; AMP-DNM 2.4±0.80 vs control 3.1±1.6 p=0.37, PDK4; AMP-DNM 4.5±2.3 
vs control 3.3±0.9 p=0.19).
As described previously21,24 AMP-DNM lowered glucosylceramide in liver (AMP-DNM 
0.11±0.02 vs control 0.27±0.06 nmol/mg protein, p=0.00)(figure 2b), without altering 
ceramide levels (figure 2c). Liver triglyceride content was drastically lowered (AMP-DNM 
208±64 vs control 614±91 nmol/mg protein, p=0.00) (figure 2a), most likely as a result of 
both the earlier observed decreased lipogenesis25 and here observed increased fat oxidation. 

Figure 2 Long term treatment with AMP-DNM results in reduction in liver triglyeride (A) and glucosylceramide 

(B) content, while the ceramide (C) concentration does not change significantly. CPT-1a expression, regulating 

fatty acid entry into mitochondrion for oxidation, is significantly increased (D), whereas LCAD (E) and PDK4 (F) 

expression are not significantly changed. Data presented as mean ± SEM. * p=0.001

A

D E F

B

contro l AM P -DNM0
100
200
300
400
500
600
700

*

liver trig lycerides

nm
ol

/m
g 

pr
ot

ei
n

c o n tr o l AM P -D N M0.00
0.05
0.10
0.15
0.20
0.25
0.30

*

g lucosylceram ide

nm
ol

/m
g 

pr
ot

ei
n

c o n tro l AM P-D N M0.0
0.4
0.8
1.2
1.6
2.0
2.4

ceram ide

nm
ol

/m
g 

pr
ot

ei
n

C PT-1a

control AM P-D N M0.0

0.1

0.2

0.3

0.4

0.5

*

*

re
la

tiv
e 

ex
pr

es
si

on

LC AD

control AM P-D N M0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

re
la

tiv
e 

ex
pr

es
si

on

PD K-4

control AM P-D N M0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

re
la

tiv
e 

ex
pr

es
si

on

C

Figure 2



171

Four hour exposure to AMP-DNM does not change metabolic parameters 
but activates brain regions involved in appetite regulation
To further characterize the rapid effects of AMP-DNM on fat and glucose oxidation, we 
studied metabolic parameters and expression of fatty acid oxidation genes in liver and mus-
cle in ob/ob animals four hours after administration of 100 mg/kg AMP-DNM. Groups of six 
ob/ob mice that had either received AMP-DNM or vehicle by gavage were compared. Four 
hour exposure to AMP-DNM did not change plasma levels of glucose, insulin, FFAs, trig-
lycerides nor of the intermediate metabolites pyruvate, lactate and the ketone b-hydroxybu-
tyrate (table 4). Expression of fatty acid oxidation genes in liver and muscle was unchanged 
after this short treatment span (table 4). Due to the short treatment duration, liver glucosyl-
ceramide concentrations were not yet reduced in the treated animals (AMP-DNM 0.17±0.02 
vs control 0.16±0.05, p=0.70). 
Given the immediate effect of AMP-DNM on food intake in the first experiment, we ana-
lyzed activation of brain regions involved in appetite regulation in the four hour treated 
animals. We looked at staining for Fos, an immediate early gene and marker of neuronal ac-

Table 4 Plasma metabolic parameters and liver and muscle fatty acid oxidation gene expression after 4 hours of 

AMP-DNM exposure. Values are presented as mean ± SD for six mice in each group.

Plasma Ob/ob  AMP-DNM Ob/ob control P

Glucose (mmol/L) 12.0±2.3 15.0±3.4 0.10

Insulin (ng/ml) 15.5±8.6 9.2±1.9 0.11

Triglycerides (mmol/L) 0.83±0.12 0.79±0.12 0.55

FFA (mmol/L) 0.60±0.20 0.49±0.22 0.41

Pyruvate (mmol/L) 109±26 130±40 0.30

Lactate (mmol/L) 1.73±0.75 1.38±0.50 0.36

b-hydroxybutyrate (mmol/L) 66±33 54±51 0.64

Liver Ob/ob  AMP-DNM Ob/ob control P

CPT 1 expression 0.23±0.14 0.23±0.14 0.98

LCAD expression 0.77±0.43 0.97±0.20 0.33

PDK-4 expression 0.11±0.03 0.12±0.07 0.65

Muscle ob/ob  AMP-DNM ob/ob control P

CPT 1 expression 0.14±0.06 0.15±0.04 0.72

LCAD expression 3.1±1.0 3.3±1.0 0.78

PDK-4 expression 7.1±3.0 5.0±2.4 0.22
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Figure 3 Hypothalamic Fos immunoreactivity in response to AMP-DNM treatment (see inside book cover for a 

color version of this figure). Increased Fos expression, 4-h after gavage with AMP-DNM (100 mg/kg bodyweight), 

is observed specifically in the lateral hypothalamic area (A), the arcuate nucleus (C) as well as the xiphoid nucleus 

in thalamus (E). The panels on their respective right side (B, D and F) show the absence of Fos immunoreactivity in 

these areas in vehicle treated mice. Despite their close location, Fos positive nuclei (arrow) in the lateral hypothala-

mus are not colocalized with either orexin (G) or MCH containing neurons (H) (arrowheads in G and H). III, third 

ventricle, OT: optic tract. Scale bar: A-F: 200μm, G, H: 50 μm.

Figure 3
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tivation. In the AMP-DNM treated animals, compared to vehicle treated mice (figures 3b, ed 
and 3f), the immunohistochemical analysis of the brains showed increased staining for Fos 
in the lateral hypothalamic area (figure 3a) and arcuate nucleus (figure 3c) in the hypothala-
mus, as well as the xiphoid region in the thalamus (figure 3d). Both the lateral hypothalamus 
and the arcuate nucleus are well known for their involvement in appetite regulation. Two 
well known orexigenic neuropeptides that are produced in the lateral hypothalamus are 
orexin and melanin-concentrating hormone (MCH). Although the observed Fos immuno-
reactivity was located in the same region where these two populations of orexigenic neurons 
reside, double staining for Fos with orexin (figure 3f) and MCH (figure 3g) did not show any 
co-localization. This is compatible with the reduced food intake in response to AMP-DNM 
treatment since activation of these orexigenic neurons is expected to increase in food intake.

Discussion

Previous studies on the effect of AMP-DNM treatment in ob/ob mice showed marked 
improvement of insulin resistance, hepatic steatosis and inflammation21,24,25. This prompted 
us to investigate the effect of this compound on substrate oxidation patterns and energy 
homeostasis.
In the current study we show that treatment of ob/ob mice with AMP-DNM rapidly increas-
es fat oxidation and lowers carbohydrate oxidation. The change in substrate oxidation pat-
tern does not seem to result from a reduced glucose availability, since plasma glucose levels 
were not significantly different after four and 36 hours of AMP-DNM treatment. 
Food intake is also immediately affected by treatment. How the reduction in food intake and 
the changes in substrate oxidation patterns are related remains to be clarified. Reduction 
in body weight, as a result of a low caloric diet, has been shown to induce an increase in fat 
oxidation in the fasted state in some studies, though others report no effect of weight loss on 
fatty acid oxidation13. In the current study, changes in body weight do not seem to be respon-
sible for the altered substrate oxidation pattern, as the increase in fat oxidation precedes the 
reduction in body weight gain. 
The reduction in food intake resulting from AMP-DNM treatment may be regulated at the 
level of the hypothalamus, since two areas involved in food intake regulation show specific 
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activation after short-term treatment. This precedes changes in metabolic parameters such 
as blood glucose levels and changes in expression of genes involved in fatty acid oxidation 
in liver and muscle. Thus, the hypothalamic activation seems not to occur secondary to 
peripheral metabolic effects of AMP-DNM, suggesting that there is either a direct effect of 
the compound in the involved brain areas or the effect is mediated by a specific signal from 
for example the gut to these brain regions. Double staining for the orexigenic neuropep-
tides orexin and MCH showed no co-localization of the neurons activated by AMP-DNM 
treatment and these markers. This fits with a reduction in food intake by AMP-DNM, since 
release of oxerigenic neuropeptides would have had the opposite effect, namely an increase 
in food intake27. 
One of the peptides involved in appetite regulation that could be responsible 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 emptying28. Peripheral administration of PYY 3-36 leads 
to increases in c-Fos immunoreactivity in the arcuate nucleus and PYY binding to the 
Y2-receptor in arcuate nucleus mediates its inhibitory effect on feeding29. Peripheral acute 
and chronic PYY 3-36 administration stimulates fatty acid oxidation30. 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. In a previous unpublished study in diabetic Zucker (fa/fa) 
rats, plasma PYY levels were significantly elevated in animals treated for 35 days with AMP-
DNM 50 mg/kg/day compared to both control animals and animals treated with 3 mg/kg 
Rosiglitazone, a PPARg-agonist. As was found in the mice in the current study, food intake 
and body weight gain were also considerably lower in the AMP-DNM treated rats. Whether 
PYY indeed mediates the AMP-DNM effect on fat oxidation and food intake in ob/ob mice 
remains to be established.
In conclusion, treatment with AMP-DNM rapidly increases fat oxidation and decreases 
glucose oxidation and food intake. This may be regulated by stimulation of specific brain 
areas, either directly by AMP-DNM or by an intermediate messenger. Added to the insulin 
sensitizing capacities of AMP-DNM, the ability of this drug to reduce body weight gain and 
increase fat oxidation makes it an attractive candidate for the treatment of obesity and its 
metabolic complications.
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Summary

Type I Gaucher disease, a glycosphingolipid storage disorder, is associated with metabolic 
aberrations, such as an increased basal metabolic rate and altered glucose and cholesterol 
homeostasis. In Part I of this thesis it is described how these metabolic abnormalities are 
related to the glycosphingolipid excess present in Gaucher disease patients and whether the 
metabolic changes put patients at risk for developing complications such as overweight, type 
II diabetes and cardiovascular disease. In addition, the influence of treatment with enzyme 
replacement therapy (ERT) on metabolic parameters is studied. 
In Chapter 3 plasma adiponectin levels in type I Gaucher disease patients are studied. 
Adiponectin, an adipocytokine secreted by adipocytes, has insulin-sensitizing properties. 
Low adiponectin concentrations, usually found in obese individuals, are associated with 
peripheral and hepatic insulin resistance. Serum adiponectin concentrations were shown 
to be significantly reduced in untreated type I Gaucher disease patients compared to BMI 
and age matched healthy control subjects. Treatment with ERT for several years resulted in 
an increase in adiponectin concentrations. The abnormally low adiponectin concentrations 
in type I Gaucher disease patients may contribute to reduced insulin responsiveness in this 
disorder. 
The study described in Chapter 4 shows that symptomatic type I Gaucher disease is indeed 
associated with peripheral insulin resistance. Using the hyperinsulinemic euglycemic clamp 
technique, peripheral glucose uptake was shown to be lower in six type I Gaucher disease 
patients compared to matched healthy control subjects. Plasma concentrations of the gan-
glioside GM3, a lipid metabolite known to be involved in obesity induced insulin resistance, 
were elevated in the Gaucher patients. Excess gangliosides may therefore play a role in the 
observed insulin resistance in type I Gaucher disease patients. Non-insulin mediated glucose 
uptake was not significantly different between Gaucher patients and control subjects. This 
finding was unexpected since the presence of the large number of glucose-utilizing Gaucher 
cells in patients was presumed to be reflected in an increased non-insulin mediated glucose 
uptake. 
Chapter 5 demonstrates that the concentration of the ganglioside GM3 was on average 
threefold elevated in plasma of 40 untreated type I Gaucher disease patients. The plasma 
GM3 concentrations correlated with disease severity as assessed by excess liver volume, 
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plasma chitotriosidase activity and the Severity Scoring Index. Increased GM3 levels were 
also found in spleen samples from four Gaucher patients.
In Chapter 6 the effect of Gaucher disease and treatment with ERT on the occurrence of 
overweight and type II diabetes is reported. In untreated type I Gaucher disease patients the 
prevalence of overweight is lower compared to the general population. Long term treatment 
with ERT induces weight gain, leading to the development of overweight in many patients. 
The resulting prevalence of overweight in Gaucher patients is similar to that in the general 
population. The prevalence of type II diabetes also increases significantly during treatment 
with ERT, resulting in a prevalence of type II diabetes in the ERT treated patients compa-
rable to that in the general population.
In Chapter 7 the possibility that hypermetabolism in Gaucher disease is associated with 
altered thyroid hormone metabolism is explored. Baseline thyroid hormone levels were 
within the reference range in the majority of the 22 investigated patients. No cases of Non-
Thyroidal Illness, a condition associated with diseases that cause an increase in the basal 
metabolic rate, were found. Also, there was no correlation between the increased Resting 
Energy Expenditure (REE) and the plasma T3, rT3 or fT4 concentration. REE decreased, 
but not normalized in most patients after several months of treatment with ERT. There 
was no correlation between the changes in REE and changes in fT4 and T3 concentrations. 
Concluding, in type I Gaucher disease there seems to be no influence of thyroid hormone 
metabolism on hypermetabolism, and vice versa.
Chapter 8 explores the consequences of the altered lipoprotein metabolism in type I 
Gaucher disease patients and carriers of a Gaucher disease mutation. Lipid profiles, apoli-
poproteins, and carotid artery intima-media thickness (cIMT) were analyzed in 40 type I 
Gaucher disease patients, 34 carriers and 41 control subjects. cIMT is a non-invasive vali-
dated biomarker for the status of atherosclerosis and for present and future cardiovascular 
disease risk. Compared to control subjects, patients showed decreased high-density lipo-
protein cholesterol (HDL-c), as well as mildly decreased low-density lipoprotein cholesterol 
(LDL-c) levels, with an increased ApoB/ApoA1 ratio. In carriers HDL-c levels were normal, 
but LDL-c levels were decreased. Mean cIMT measurements were not different in the three 
study groups. It may be concluded that low HDL-c levels do not lead to premature athero-
sclerosis in type I Gaucher disease patients. 
Sphingolipids and gangliosides have been described to be involved in obesity induced 
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insulin resistance. In rodent models for insulin resistance increased concentrations of 
sphingolipids and gangliosides were found in muscle, liver and adipose tissue and inhibition 
of (glyco)sphingolipid synthesis ameliorates insulin resistance. In Part II of this thesis we 
further explore the effects of reducing glycosphingolipid concentrations on obesity induced 
metabolic pathology. This was done by treating genetically obese leptin deficient ob/ob mice 
with the glycosphingolipid synthesis inhibitor N-(5-adamantane-1-yl- methoxy)-pentyl-1-
deoxynojirimycin (AMP-DNM). 
In Chapter 9 ob/ob mice were treated with 100mg/kg body weight/day AMP-DNM, which 
reversed hepatic steatosis, restored insulin signaling in the liver and subsequently cor-
rected blood glucose and insulin concentrations. In addition, AMP-DNM treatment almost 
completely corrected the gene expression profile in liver towards the profile of lean mice. 
The correction of gene expression included SREBP1-c target genes involved in fatty acid 
synthesis, as well as inflammatory and fibrotic markers. 
In Chapter 10 ob/ob mice were treated with a similar dose of AMP-DNM for five weeks. 
Treatment initiation resulted in a rapid increase in the fat oxidation rate, a decrease of 
carbohydrate oxidation and a reduction in food intake and energy expenditure. During 
the third and fifth week of treatment fat oxidation levels remained high and food intake 
and energy expenditure reduced. After five weeks of treatment, a strong decrease in liver 
triglyceride concentrations 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 brain activation precedes the 
peripheral effects.

General discussion

Energy and glucose homeostasis in type I Gaucher disease
Gaucher disease is characterised by the presence of large numbers of lipid-laden macro-
phages in liver, spleen and bone-marrow which leads to the primary disease symptoms; 
hepatosplenomegaly, bone disease and cytopenia. In addition, several other phenomena 
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have been recognized in the past years as part of the clinical expression of the disorder. In 
untreated Gaucher disease patients resting energy expenditure is significantly increased1,2. 
We hypothesized that the massive amount of storage cells is responsible for the excess en-
ergy usage. However, we were unable to show an increase in non-insulin mediated glucose 
uptake, which would have been indicative of increased glucose utilization by the storage 
cells. The study was performed in a relatively small number of patients, which may have 
hampered the detection of a (small) difference in non-insulin mediated glucose uptake be-
tween patients and control subjects. A separate study invalidated the hypothesis that altered 
thyroid hormone metabolism could be responsible for the hypermetabolism observed in 
Gaucher disease. A more definite conclusion regarding the cause of the hypermetabolism in 
Gaucher disease may come from studies in recently developed inducible knockout mouse 
models for type I Gaucher disease3,4, which will allow precise assessment of metabolic rate 
and of labelled glucose uptake in different organs. 
As shown in this thesis, and recently confirmed by Ucar and co-workers5, symptomatic type 
I Gaucher disease is associated with insulin resistance. It is hypothesized that the reduced 
responsiveness to insulin in Gaucher disease is due to the formation of excess gangliosides, 
for which the accumulating glucosylceramide serves as substrate. Plasma levels of the gan-
glioside GM3 are increased in type I Gaucher disease patients. In insulin resistant rodents, 
elevated concentrations of gangliosides were found in liver, muscle and adipose tissue6-8. 
Surplus gangliosides, especially GM3, are thought to induce insulin resistance by hamper-
ing insulin receptor phosphorylation9-11. Whether increased plasma GM3 concentrations in 
Gaucher patients reflect increased levels of gangliosides in their insulin responsive tissues, 
thus explaining their blunted response to insulin, remains to be established. Muscle biop-
sies for ganglioside measurements were not performed because of the increased bleeding 
tendency in symptomatic type I Gaucher patients. Future research, for example in the mouse 
models for type I Gaucher disease, is needed to establish whether insulin resistance in 
Gaucher disease is indeed caused by excess gangliosides.
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Long-term treatment of Gaucher disease patients affects 
the pattern of complications and associated conditions
Treatment of type I Gaucher disease with ERT reverses most of its primary disease manifes-
tations. In the majority of the patients organomegaly and cytopenia respond very well12  and 
bone marrow infiltration by Gaucher cells also reduces in response to treatment with ERT13. 
This means that, especially in those patients that did not suffer from bone complications 
prior to treatment initiation, near normal health status can be achieved14. However, new 
complications and conditions associated with Gaucher disease, that were previously less well 
recognized, now become apparent in long term treated patients. 
As was described in the early work by Ginsberg and co-workers15, Gaucher disease is as-
sociated with reduced plasma levels of low-density lipoprotein cholesterol (LDL-c) and 
high-density lipoprotein cholesterol (HDL-c). A low plasma HDL-c level is an independ-
ent risk factor for the development of atherosclerotic cardiovascular disease in the general 
population16,17. During treatment with ERT cholesterol levels increase18, but in this thesis we 
established that HDL-c concentrations remain below the normal range in many long term 
treated Gaucher disease patients. We further show that this does not lead to an increased risk 
for atherosclerotic cardiovascular disease in Gaucher patients. This was assessed by measur-
ing the Intima Media Thickness (IMT) of the carotid arteries. An increase in IMT is consid-
ered a surrogate marker for atherosclerosis. In Gaucher disease patients, IMT is comparable 
to control subjects. Interestingly, all patients in whom the HDL-c concentration remained 
significantly reduced during treatment with ERT had high chitotriosidase activity levels in 
plasma. Chitotriosidase is secreted by Gaucher cells and its plasma activity is thought to 
reflect total body Gaucher cell burden19,20. This indicates that the low HDL-c level may be a 
sign of ongoing Gaucher disease activity, which seems to alter lipoprotein metabolism. The 
low HDL-c concentration in type I Gaucher patients is not indicative of a higher risk for 
atherosclerosis related events. Therefore, in the assessment of cardiovascular disease risk in 
an individual Gaucher disease patient, low HDL-c concentrations should not be weighed as 
a contributing factor. We show that carriers of a glucocerebrosidase mutation have decreased 
plasma LDL-c concentrations, whereas their HDL-c concentrations were within the normal 
range. In an earlier study by Pocovi and co-workers, the opposite was found in Gaucher 
disease carriers: a lower HDL-c concentration and a normal LDL-c plasma concentration21. 
The outcome of the study reported in this thesis provides a theoretical survival advantage for 
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Gaucher disease carriers, since lower LDL-c concentrations could potentially reduce the risk 
of cardiovascular disease and thus benefit survival. This adds another option to the list of 
possible advantages of being a carrier of glucocerebrosidase mutation that may explain the 
high carrier frequency for Gaucher disease22. On the other hand, the reproductive potential 
may not be influenced by the risk for cardiovascular complications, because these complica-
tions usually occur later in life. In addition, this potential beneficial effect was not reflected 
in a reduced IMT in the Gaucher disease carriers compared to the control subjects. Larger 
studies are needed to confirm the abnormalities in cholesterol profile in Gaucher disease 
carriers as well as their influence on cardiovascular risk and survival in these individuals.
One of the features of Gaucher disease patients that is most dramatically changed by treat-
ment with ERT is the metabolic phenotype. Untreated patients, with considerable disease 
activity, are generally slim, sometimes even underweight and hypermetabolic1. In this thesis, 
we show that long term treatment with ERT is associated with weight gain, resulting in 
overweight in many patients. The resulting incidence of overweight in ERT treated Gaucher 
disease patients is similar to that in the general population in western countries. The actual 
increase in fat mass in Gaucher patients may be even larger than the body weight gain 
in kilograms since organomegaly is reduced by ERT. Treatment of Gaucher disease with 
ERT reduces plasma concentrations of glucosylceramide, the main storage product in this 
disorder23. If this reflects identical alterations in tissue glycosphingolipid levels, an improve-
ment in insulin sensitivity as a result of treatment can be envisioned. On the other hand, 
development of overweight is generally associated with a decrease in insulin sensitivity24. 
Obesity associated insulin resistance may, at least partially, be mediated by increased (glyco)
sphingolipid formation in adipose tissue and muscle25,26. In Gaucher disease patients, devel-
opment of significant overweight or even obesity may thus once more lead to an increase 
in glycosphingolipid levels in insulin responsive tissues. The net result, improvement or 
worsening of insulin sensitivity during ERT is difficult to predict for the individual Gaucher 
disease patient. If insulin sensitivity declines, the risk for the development of type II diabe-
tes increases27,28. During treatment, four out of the 49 patients receiving ERT in our cohort 
developed type II diabetes. Although this was not significantly different from the incidence 
of type II diabetes in studies in the general population, definite conclusions about the risk 
for development of type II diabetes during ERT requires a study in a larger patient cohort, 
including a well defined control group.
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Treatment considerations regarding the metabolic complications 
of Gaucher disease
The metabolic abnormalities associated with symptomatic type I Gaucher disease and 
changes in these parameters during treatment should be taken into consideration when 
monitoring patients. Treatment with ERT reduces energy expenditure29. Weight gain during 
treatment with ERT may thus be due to the fact that patients do not adjust their caloric in-
take to the reduced energy expenditure. It is therefore advisable to discuss the risk of weight 
gain with patients that start with ERT. If weight gain does occur, advice from a dietician may 
be helpful. Regular monitoring of the fasted plasma glucose concentrations in overweight 
and obese type I Gaucher disease patients is justified since it is unknown whether their risk 
for the development of type II diabetes, that may be already increased due their altered gly-
cosphingolipid metabolism is further augmented by the development of overweight
Gaucher disease can also be treated by inhibiting glucosylceramide synthesis, a principle re-
ferred to as substrate reduction therapy (SRT). The only currently registered drug for SRT in 
Gaucher disease is the iminosugar N-butyldeoxynojirimycin (miglustat, ZavescaTM, Actelion 
Pharmaceuticals, Switzerland). In contrast to ERT, treatment with miglustat is not associated 
with weight gain but, in the initial phase of treatment, with weight loss30. This is most likely 
due to the limited specificity of miglustat. Miglustat inhibits the activity of disaccharidases 
in the intestine31 resulting in diminished absorption of complex carbohydrates. This is most 
likely the cause of the osmotic diarrhoea32 and perhaps also the cause of the observed weight 
loss in many patients after start of treatment with miglustat. These side effects are transient 
and in a study on the longer-term efficacy of miglustat most patients had regained weight 
and returned to their initial body weight by 24 months of treatment33. Whether weight gain 
continues during subsequent years of treatment with SRT is unknown. More potent and 
specific iminosugars, that inhibit glucosylceramide synthase without affecting intestinal 
disaccharidases, have recently been generated31. Another class of small molecules, ceramide 
analogues (for example Genz-112638, Genzyme) have also been shown effective in reduc-
ing glucosylceramide synthesis, with limited aspecific activity34. A phase 2 study, evaluating 
efficacy and safety of Genz-112638 in type I Gaucher patients, is currently conducted. A 
potential advantage of SRT is that, if reduction in energy expenditure results in overweight 
in treated Gaucher patients, the resulting increase in ganglioside synthesis is counteracted 
and the negative metabolic consequences of increased adiposity may thus be reduced.
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A role for iminosugars in treatment of obesity associated pathology?
In addition to their role in treatment of lysosomal storage diseases, glycosphingolipid syn-
thesis inhibitors are promising candidates for the treatment of obesity associated metabolic 
complications. Obesity has far reaching metabolic consequences in the majority of individu-
als. Surplus nutrient supply to adipose tissue, due to overfeeding, eventually exceeds the 
storage capacity of this organ35. This has several negative consequences. First, pathological 
adaptations to lipid oversupply result in inflamed and dysfunctional adipose tissue36. Second, 
due to the exhausted buffering capacity of the adipose tissue, spill of lipids to other organs 
occurs37. This leads to reduced insulin sensitivity of muscle and liver due to the formation 
of lipid metabolites that negatively influence insulin signalling, a phenomenon referred to 
as lipotoxicity38,39. Interestingly, increased fat content of the liver is associated with a mixed 
resistance for the different metabolic actions of insulin. The glucose pathway becomes insen-
sitive to insulin signaling, resulting in impaired suppression of hepatic glucose production 
by insulin. The fatty acid synthesis pathway on the other hand, remains insulin sensitive and 
increased insulin concentrations thus enhance fat synthesis40. The pathological changes in 
liver resulting from fat accumulation are united under the name Non Alcoholic Fatty Liver 
Disease (NAFLD) and consist of steatosis, inflammation, hepatocyte injury and fibrosis41. 
In addition to insulin resistance and NAFLD, obesity is associated with hypertension and 
dyslipidemia, resulting in a strongly increased risk for the development of cardiovascular 
disease42,43.
In this thesis we show that treatment with the iminosugar N-(5-adamantane-1-yl- 
methoxy)-pentyl-1-deoxynojirimycin) AMP-DNM corrects several of these complications 
of obesity. Previous studies already showed that the iminosugar AMP-DNM improves 
hepatic and peripheral insulin sensitivity in rodent models of obesity induced insulin resist-
ance6. AMP-DNM partially inhibits the enzyme glucosylceramide synthase, resulting in 
reduced glucosylceramide and ganglioside synthesis. This may improve insulin sensitivity 
by abolishing the inhibition of insulin receptor phosphorylation by surplus gangliosides. 
Treatment with AMP-DNM results in lower plasma glucose and insulin levels and lower 
glycated hemoglobin concentrations, all signs of improved glucose homeostasis6. Moreover, 
AMP-DNM has been shown to correct pathological changes in adipose tissue. Inflammation 
was reduced and adipocyte function improved in genetically obese ob/ob mice treated with 
AMP-DNM44.
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In the first study on the effect of AMP-DNM treatment in ob/ob mice described in this the-
sis, the positive effect on NAFLD is described. Central in this effect was a spectacular reduc-
tion in hepatic fat content in the treated animals and this was shown to be, at least partially, 
the result of lower fat synthesis. Concomitantly, insulin sensitivity improved, resulting in 
lower circulating insulin levels. Since insulin is one of the driving forces behind fat synthesis 
in the liver via activation of SREBP1-c, the lower insulin concentrations may have contrib-
uted to the reduction in fat synthesis. 
In the second study in ob/ob mice described in this thesis, a surprisingly rapid effect of 
AMP-DNM treatment on substrate oxidation patterns, food intake and energy expenditure 
is described. AMP-DNM increases fat oxidation and reduces carbohydrate oxidation in ob/
ob mice. Moreover, food intake almost immediately starts to decline after treatment initia-
tion. The AMP-DNM effect on food intake may be mediated by a change in appetite, since 
brain areas involved in the regulation of food intake show an altered activation pattern after 
short-term exposure to AMP-DNM. Determination of the mechanisms behind the effects 
of AMP-DNM on food intake and substrate oxidation, and to which extent these effects are 
independent of each other, requires further investigation. 
The positive effects of AMP-DNM on insulin sensitivity, fatty liver, substrate oxidation 
patterns and inflammation of adipose tissue and liver make this drug an attractive option 
for the treatment of obesity associated pathology. Part of the effects of AMP-DNM may be 
mediated by a reduction in food intake. In this thesis we show that treatment with a relative-
ly high dose (100 mg/kg/day) of AMP-DNM is associated with a reduction in food intake, 
resulting in less weight gain than normally observed in ob/ob mice. The insulin sensitizing 
effects of AMP-DNM seem to be directly related to the glycosphingolipid lowering capac-
ity of the drug, since this effect is also seen in mice treated with a low dose (25 mg/kg/day) 
at which food intake and body weight gain are not affected6. Moreover, the non-iminosugar 
glucosylceramide inhibitor Genz-123346 also improved insulin sensitivity in insulin resist-
ant rodent models, without a change in body weight7.

Suggestions for future studies
Glycosphingolipids may negatively influence insulin sensitivity. Future studies are needed to 
validate this hypothesis in humans. Measurement of sphingolipid concentrations in insulin 
responsive tissues are needed to confirm their supposed excess in the insulin resistant state. 
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Since ceramide and GM3 are the sphingolipid species most frequently associated with obes-
ity induced insulin resistance25,26, determination of their concentrations in liver, muscle and 
adipose tissue from insulin resistant individuals would contribute to the understanding of 
their contribution to pathology in human obesity. Moreover, if animal studies show accept-
able safety profiles, a clinical trial using glycosphingolipid synthesis inhibitors should be 
carried out to establish whether glycosphingolipid lowering also improves insulin resistance 
in humans. If so, this would be of interest for the treatment of both obese insulin resistant 
individuals as well as Gaucher disease patients. AMP-DNM would be an especially good 
candidate for treatment of obese individuals since, apart from improving insulin sensitivity 
through glycosphingolipid lowering, it seems to have an effect on food intake, reducing ca-
loric intake and subsequently lowering body weight gain. This reduction in body weight will 
further improve insulin sensitivity and it would therefore be interesting to what extent the 
metabolic effect of high dose AMP-DNM treatment is mediated by either glycosphingolipid 
lowering or by weight reduction. This could be done by performing a pair fed study, limit-
ing the caloric intake of ‘control’ animals to that of AMP-DNM treated animals. The rapid 
effect of AMP-DNM on food intake is an intriguing finding and the mechanism behind this 
phenomenon will be an interesting topic for future research. 

References

1. Barton DJ, Ludman MD, Benkov K, et al. Resting energy expenditure in Gaucher’s disease type 1: effect of 

Gaucher’s cell burden on energy requirements. Metabolism 1989; 38:1238-1243.

2. Corssmit EPM, Hollak CEM, Endert E, et al. Increased basal glucose production in type 1 Gaucher’s disease.  J 

Clin Endocrinol Metab 1995;80:2653-2657.

3. Enquist IB, Nilsson E, Ooka A, et al. Effective cell and gene therapy in a murine model of Gaucher disease. 

Proc Natl Acad Sci USA. 2006;103(37):13819-13824. 

4. Sinclair GB, Jevon G, Colobong KE, et al. Generation of a conditional knockout of murine glucocerebrosidase: 

utility for the study of Gaucher disease. Mol Genet Metab. 2007;90(2):148-156. 

5. Ucar SK, Coker M, Argin M, et al. A cross-sectional, mono-centric pilot study of insulin resistance in enzyme 

replacement therapy patients with Gaucher type I without overweight. Mol Genet Metab. 2009;96(1):50-51. 

6. Aerts JM, Ottenhoff R, Powlson AS, et al. Pharmacological inhibition of glucosylceramide synthase enhances 



189

insulin sensitivity. Diabetes 2007;56:1341-1349.

7. Zhao H, Przybylska M, Wu IH, et al. Inhibiting glycosphingolipid synthesis improves glycemic control and 

insulin sensitivity in animal models of type 2 diabetes. Diabetes 2007;56:1210-1218.

8. Tanabe A, Matsuda M, Fukuhara A, et al. Obesity causes a shift in metabolic flow of gangliosides in adipose 

tissues. Biochem Biophys Res Commun. 2009;379(2):547-552. 

9. Tagami S, Inokuchi JJ, Kabayama K, et al. Ganglioside GM3 participates in the pathological conditions of insu-

lin resistance. J Biol Chem. 2002;277:3085-3092.

10. Kabayama K, Sato T, Kitamura F, et al. TNFalpha-induced insulin resistance in adipocytes as a membrane 

microdomain disorder: involvement of ganglioside GM3. Glycobiology 2005;15:21-29.

11. Kabayama K, Sato T, Saito K, et al. Dissociation of the insulin receptor and caveolin-1 complex by ganglioside 

GM3 in the state of insulin resistance. Proc Natl Acad Sci USA 2007;104:13678-13683.

12. Weinreb N, Taylor J, Cox T, et al. A benchmark analysis of the achievement of therapeutic goals for type 1 

Gaucher disease patients treated with imiglucerase. Am J Hematol 2008;83(12):890-895.

13. Poll LW, Maas M, Terk MR, et al. Response of Gaucher bone disease to enzyme replacement therapy. Br J 

Radiol. 2002;75 Suppl 1:A25-36.

14. Giraldo P, Solano V, Pérez-Calvo JI, et al.Quality of life related to type 1 Gaucher disease: Spanish experience. 

Qual Life Res. 2005 Mar;14(2):453-462.

15. Ginsberg H, Grabowski GA, Gibson JC, et al. Reduced plasma concentrations of total, low density li-

poprotein and high density lipoprotein cholesterol in patients with Gaucher type I disease. Clin Genet 

1984;26(2):109-116.

16. Gordon T, Castelli WP, Hjortland MC, et al. High density lipoprotein as a protective factor against coronary 

heart disease. The Framingham Study. Am J Med. 1977;62(5):707-714.

17. Gordon DJ, Probstfield JL, Garrison RJ, et al. High-density lipoprotein cholesterol and cardiovascular disease. 

Four prospective American studies. Circulation. 1989;79(1):8-15.

18. Cenarro A, Pocovi M, Giraldo P, et al. Plasma lipoprotein responses to enzyme-replacement in Gaucher’s 

disease. Lancet. 1999;353(9153):642-643.

19. Bussink AP, van Eijk M, Renkema GH, et al. The biology of the Gaucher cell: the cradle of human chitinases. 

Int Rev Cytol 2006;252:71-128.

20. Aerts JM, van Breemen MJ, Bussink AP, et al. Biomarkers for lysosomal storage disorders: identification and 

application as exemplified by chitotriosidase in Gaucher disease. Acta Paediatr Suppl 2008;97(457):7-14.

21. Pocovi M, Cenarro A, Civeira F, et al. Beta-glucocerebrosidase gene locus as a link for Gaucher’s disease and 

familial hypo-alpha-lipoproteinaemia. Lancet. 1998;351(9120):1919-1923.



190

22. Diamond JM. Human genetics. Jewish lysosomes. Nature. 1994;368(6469):291-292.

23. Groener JE, Poorthuis BJ, Kuiper S,et al. Plasma glucosylceramide and ceramide in type 1 Gaucher disease 

patients: Correlations with disease severity and response to therapeutic intervention. Biochim Biophys Acta. 

2008;1781(1-2):72-78.

24. Misra A, Vikram NK. Clinical and pathophysiological consequences of abdominal adiposity and abdominal 

adipose tissue depots. Nutrition 2003;19:457-466.

25. Holland WL, Summers SA. Sphingolipids, insulin resistance, and metabolic disease: new insights from in vivo 

manipulation of sphingolipid metabolism. Endocr Rev 2008;29:381-402.

26. Langeveld M, Aerts JM. Glycosphingolipids and insulin resistance. Progr Lipid Res 2009;March.

27. Lillioja S, Mott DM, Spraul M, et al. Insulin resistance and insulin secretory dysfunction as precur-

sors of non-insulin-dependent diabetes mellitus. Prospective studies of Pima Indians. N Engl J Med. 

1993;329(27):1988-1992.

28. Warram JH, Martin BC, Krolewski AS, et al. Slow glucose removal rate and hyperinsulinemia precede the 

development of type II diabetes in the offspring of diabetic parents. Ann Intern Med. 1990;113(12):909-915.

29. Hollak CE, Corssmit EP, Aerts JM, et al. Differential effects of enzyme supplementation therapy on manifesta-

tions of type 1 Gaucher disease. Am J Med 1997;103(3):185-191.

30. Cox T, Lachmann R, Hollak C, et al. Novel oral treatment of Gaucher’s disease with N-butyldeoxynojirimycin 

(OGT 918) to decrease substrate biosynthesis. Lancet 2000;29;355(9214):1481-1485.

31. Wennekes T, Meijer AJ, Boot RG, et al. Improved glycemic control by a hydrophobic 1-deoxynojirimycin in 

obese rodent models of type 2 diabetes is due to both reduction of visceral glycosphingolipids and buffering 

of carbohydrate assimilation. Sumitted.

32. Butters TD, Mellor HR, Narita K, et al. Small-molecule therapeutics for the treatment of glycolipid lysosomal 

storage disorders. Philos Trans R Soc Lond B Biol Sci. 2003;358(1433):927-945.

33. Elstein D, Hollak C, Aerts JM, et al. Sustained therapeutic effects of oral miglustat (Zavesca, 

N-butyldeoxynojirimycin, OGT 918) in type I Gaucher disease.J Inherit Metab Dis. 2004;27(6):757-766.

34. McEachern KA, Fung J, Komarnitsky S, et al. A specific and potent inhibitor of glucosylceramide synthase for 

substrate inhibition therapy of Gaucher disease. Mol Genet Metab. 2007;91(3):259-267. 

35. Virtue S, Vidal-Puig A. It’s not how fat you are, it’s what you do with it that counts. PLoS Biol. 2008;6(9):e237.

36. Xu H, Barnes GT, Yang Q, et al. Chronic inflammation in fat plays a crucial role in the development of obesity-

related insulin resistance. J Clin Invest. 2003;112(12):1821-1830.

37. Frayn KN. Adipose tissue as a buffer for daily lipid flux. Diabetologia. 2002;45(9):1201-1210.

38. Unger RH. Minireview: weapons of lean body mass destruction: the role of ectopic lipids in the metabolic 



191

syndrome. Endocrinology. 2003;144(12):5159-5165.

39. Szendroedi J, Roden M. Ectopic lipids and organ function. Curr Opin Lipidol. 2009;20(1):50-56.

40. Brown MS, Goldstein JL. Selective versus total insulin resistance: a pathogenic paradox. Cell Metab. 

2008;7(2):95-96.

41. Greenfield V, Cheung O, Sanyal AJ. Recent advances in nonalcholic fatty liver disease. Curr Opin 

Gastroenterol 2008;24:320-327.

42. Haffner SM. Relationship of metabolic risk factors and development of cardiovascular disease and diabetes. 

Obesity 2006;14 Suppl 3:121S-127S.

43. Bays HE. ”Sick fat,” metabolic disease, and atherosclerosis. Am J Med. 2009;122:S26-37.

44. van Eijk M, Aten J, Bijl N, et al. Reducing glycosphingolipid content in adipose tissue of obese mice restores 

insulin sensitivity, adipogenesis and reduces inflammation. PLoS ONE 2009;4(3):4723.



Appendices



193

Samenvatting

De ziekte van Gaucher type I, een aandoening die wordt gekenmerkt door stapeling van 
glycosphingolipiden, gaat gepaard met metabole afwijkingen als een verhoogd basaal meta-
bolisme en een veranderde glucose- en cholesterolhuishouding. 
In Deel I van dit proefschrift wordt beschreven hoe deze veranderingen samenhangen met 
stapeling van glycosphingolipiden. Ook wordt bekeken of type I Gaucher patiënten door de 
metabole veranderingen een verhoogd risico lopen op complicaties als overgewicht, type 
II diabetes en cardiovasculaire ziekten. Daarnaast wordt de invloed van behandeling met 
enzymtherapie op de verschillende metabole parameters beschreven. 
In Hoofdstuk 3 worden de plasmaspiegels van het eiwit adiponectine in type I Gaucher 
patiënten bestudeerd. Adiponectine, een adipocytokine dat wordt uitgescheiden door 
adipocyten, maakt het lichaam gevoeliger voor insuline. In obese individuen zijn de plas-
ma-adiponectinespiegels laag, hetgeen verband houdt met perifere en hepatische insuline 
resistentie. Serum adiponectinespiegels bleken fors verlaagd in onbehandelde type I Gaucher 
patiënten, onafhankelijk van het lichaamsgewicht en de leeftijd. Behandeling met enzym-
therapie deed de plasma-adiponectineconcentraties stijgen, maar niet normaliseren. De 
abnormaal lage adiponectineconcentraties in patiënten met de ziekte van Gaucher type I zou 
bij kunnen dragen aan verminderde gevoeligheid voor insuline.
De studie die beschreven wordt in Hoofdstuk 4 laat zien dat symptomatische ziekte van 
Gaucher type I inderdaad gekenmerkt wordt door perifere insulineresistentie. Met behulp 
van de hyperinsulinemische euglycemische clamptechniek werd aangetoond dat de perifere 
glucoseopname van type I Gaucher patiënten lager was dan die van vergelijkbare gezonde 
vrijwilligers. Plasmaconcentraties van het ganglioside GM3, een vetverbinding die bekend 
staat om zijn rol in obesitas geïnduceerde insulineresistentie, waren verhoogd in type I 
Gaucher patiënten. Een overschot aan gangliosiden zou dus een rol kunnen spelen in de 
gevonden insulineresistentie bij Gaucher patiënten. De glucose opname die niet door insu-
line gestimuleerd wordt was niet anders in Gaucher patiënten in vergelijking met gezonde 
vrijwilligers. Dit was onverwachte bevinding gezien de hypothese dat de grote hoeveelheid 
glucose consumerende Gaucher cellen, die in het lichaam van symptomatische Gaucher pa-
tiënten aanwezig zijn, zou leiden tot een hogere niet insuline gestimuleerde glucoseopname.
Hoofdstuk 5 laat zien dat de plasmaconcentratie van het ganglioside GM3 gemiddelde 
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drie keer verhoogd was in veertig onbehandelde type I Gaucher patiënten. De ernst van de 
ziekte, weergegeven als het teveel aan levervolume, de plasma-chitotriosidaseactiviteit en 
de Severity Scoring Index, correleerde met de plasma GM3 concentratie. Verhoogde GM3 
concentraties werden ook gevonden in miltweefsel van Gaucher patiënten.
In Hoofdstuk 6 wordt het effect van ziekte van Gaucher type I en de behandeling met 
enzymtherapie op de ontwikkeling van overgewicht en diabetes mellitus type II beschreven. 
Bij onbehandelde type I Gaucher patiënten is de prevalentie van overgewicht lager dan in de 
algemene bevolking. Langdurige behandeling met enzymtherapie leidt tot gewichtstoename, 
hetgeen bij veel patiënten leidt tot overgewicht. De prevalentie van diabetes mellitus type II 
neemt ook toe gedurende behandeling met enzymtherapie. Dit resulteert in een prevalentie 
van diabetes mellitus type II in behandelde type I Gaucher patiënten die vergelijkbaar is met 
de algemene bevolking.
In Hoofdstuk 7 wordt onderzocht of het verhoogde basaalmetabolisme in ziekte van 
Gaucher type I samenhangt met veranderingen in de schildklierhormoonhuishouding. 
Schildklierhormoonconcentraties in onbehandelde patiënten vielen binnen de normaal-
waarden in de meerderheid van de 22 bestudeerde patiënten. Er werden geen gevallen 
gevonden van Non-Thyroidal Illness, een aandoening die geassocieerd is met ziektes met 
een hoog basaalmetabolisme. Ook was er geen relatie tussen de Resting Energy Expenditure 
(REE), de maat voor het basaalmetabolisme en de plasmaconcentraties van schildklierhor-
moonvormen T3, rT3 en fT4. Na een aantal maanden behandeling met enzymtherapie nam 
de REE in de meeste patiënten af, maar normaliseerde niet. Er was geen correlatie tussen 
de afname in REE en veranderingen in fT4 en T3 concentraties. In conclusie, bij ziekte van 
Gaucher type I lijkt het hypermetabolisme niet te worden beïnvloed door de schildklierho-
moonhuishouding en vice versa.
In Hoofdstuk 8 worden de consequenties van de veranderde cholesterolhuishouding 
in patiënten met ziekte van Gaucher type I en dragers van deze ziekte onderzocht. 
Lipidenprofielen, apolipoproteine concentraties en dikte van de wand van de carotiden 
(carotid artery Intima-Media Thickness (cIMT)) werden geanalyseerd in 40 patiënten, 34 
dragers en 41 controle individuen. cIMT is een niet-invasieve, gevalideerde marker voor de 
ernst van aanwezige atherosclerose en voor het huidige en toekomstige risico op cardiovas-
culaire aandoeningen. In vergelijking met controlepersonen hebben type I Gaucher patiën-
ten een verlaagd high-density lipoprotein cholesterol (HDL-c) en iets lagere low-density 
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lipoprotein cholesterol (LDL-c) concentraties, met een toegenomen ApoB/ApoA1 ratio. 
Dragers hadden een normale HDL-c concentratie, maar een verlaagde LDL-c concentratie. 
Het gemiddelde van de cIMT-metingen was niet verschillend tussen de drie groepen. In 
conclusie, lage HDL-c concentraties bij type I Gaucher patiënten leiden niet tot versneld 
ontstaan van atherosclerose.
Zowel sphingolipiden als gangliosiden lijken betrokken te zijn bij de verminderde insuline-
gevoeligheid die in zich voordoet in de meerderheid van individuen met obesitas. Verhoogde 
concentraties van sphingolipiden en gangioliosiden zijn gevonden in spier-, lever- en vet-
weefsel in muismodellen voor obesitas-geïnduceerde insulineresistentie. Pharmacologische 
remming van de aanmaak van (glyco)sphingolipiden verbetert de insulinegevoeligheid. 
In Deel II van dit proefschrift worden de metabole effecten van glycosphingolipiden-
verlaging in obesitas verder gekarakteriseerd. Als model worden genetische obese, 
leptine-deficiente ob/ob muizen gebruikt die behandeld worden met de glycosphingo-
lipidesyntheseremmer N-(5-adamantane-1-yl- methoxy)-pentyl-1-deoxynojirimycin 
(AMP-DNM).
In de studie die beschreven wordt in Hoofdstuk 9 werden ob/ob muizen behandeld met100 
mg per kg lichaamsgewicht AMP-DNM per dag. Hiermee nam de leververvetting sterk 
af, herstelde de insulinesignalering in de lever en verbeterden de glucose- en insulinecon-
centraties in het bloed. Het afwijkende genexpressieprofiel in de lever van ob/ob muizen 
corrigeerde door behandeling met AMP-DNM in de richting van het genexpressieprofiel 
in slanke muizen. De correctie werd onder andere gezien voor genen die betrokken zijn bij 
vetsynthese, inflammatie en fibrose. 
In de studie die beschreven wordt in Hoofdstuk 10 werden ob/ob muizen gedurende vijf 
weken behandeld met dezelfde dosis AMP-DNM. De start van de behandeling leidde tot een 
snelle toename in vetverbranding, een afname in koolhydraatverbranding en een afname 
in voedselinname en energieverbruik. Gedurende de derde en vijfde week van de behande-
ling bleef de vetverbranding hoog en de voedselinname en het energieverbruik laag. Na vijf 
weken behandeling was er een sterke afname van de hoeveelheid triglyceriden in de lever 
van de met AMP-DNM behandelde dieren. In samenhang met de verhoogde vetverbranding 
werd er een verhoogde expressie van CPT-1a in de lever gevonden.
In een tweede experiment leidde blootstelling van ob/ob muizen aan AMP-DNM gedurende 
vier uur tot activatie van delen van de hypothalamus die bekend staan om hun rol in de 
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regulatie van voedselinname. Deze korte behandelingsduur had geen waarneembare perifere 
metabole effecten, hetgeen suggereert dat de veranderingen in het brein voorafgaan aan de 
perifere effecten.
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